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Abstract: Creatine is a naturally occurring compound, functioning in conjunction with creatine
kinase to play a quintessential role in both cellular energy provision and intracellular energy
shuttling. An extensive body of literature solidifies the plethora of ergogenic benefits gained
following dietary creatine supplementation; however, recent findings have further indicated a
potential therapeutic role for creatine in several pathologies such as myopathies, neurodegenerative
disorders, metabolic disturbances, chronic kidney disease and inflammatory diseases. Furthermore,
creatine has been found to exhibit non-energy-related properties, such as serving as a potential
antioxidant and anti-inflammatory. Despite the therapeutic success of creatine supplementation in
varying clinical populations, there is scarce information regarding the potential application of creatine
for combatting the current leading cause of mortality, cardiovascular disease (CVD). Taking into
consideration the broad ergogenic and non-energy-related actions of creatine, we hypothesize that
creatine supplementation may be a potential therapeutic strategy for improving vascular health
in at-risk populations such as older adults or those with CVD. With an extensive literature search,
we have found only four clinical studies that have investigated the direct effect of creatine on vascular
health and function. In this review, we aim to give a short background on the pleiotropic applications
of creatine, and to then summarize the current literature surrounding creatine and vascular health.
Furthermore, we discuss the varying mechanisms by which creatine could benefit vascular health and
function, such as the impact of creatine supplementation upon inflammation and oxidative stress.
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1. Introduction

Creatine is an organic compound that is both synthesized endogenously and found exogenously
in various food sources such as meats and fish. Since creatine’s isolation and extraction from animal
skeletal muscle by French chemist Michel Eugène Chevreul in 1832, the function of creatine has been
extensively researched. Furthermore, studies such as those by Chanutin [1], Walker [2], and Harris et al.
in 1992 [3] have all shown that supplemental creatine can augment natural human intramuscular
creatine stores. These studies, among others, pioneered the current understanding of creatine and
the use of creatine supplementation to promote energy provision and to benefit skeletal muscle
performance and health. Considering the undeniably important role that creatine and phosphocreatine
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(PCr) play in rapid energy provision, it is of no surprise that the primary focus of creatine research has
centered around the ergogenic effects of creatine supplementation to improve exercise performance.
The accumulation of creatine-focused research has contributed to a vast body of knowledge and has
led to several authors declaring creatine as being one of the most effective and underrated nutritional
supplements [4–6]. Furthermore, with clear scientific support and expanding mainstream popularity,
creatine remains one of the most dominant sports supplements on the market, accumulating more
than $400 million in annual sales [7,8].

In addition to the well-known ergogenic value of creatine [5,9], there has been an emerging
interest in the clinical application of creatine. Creatine has been cited as a potential adjuvant therapy
for the treatment of a variety of diseases such as myopathies, dystrophies, inflammatory diseases,
neurodegenerative disorders, metabolic disturbances, and joint syndromes [4]. With advancing
understanding, it is clear that the function of creatine goes far beyond that of a primary role in
metabolism and energetics. In fact, recent evidence indicates that creatine supplementation results in
a multitude of non-energy-related beneficial effects on a wide range of cellular targets. Among these
promising effects includes the antioxidant potential of creatine, scavenging and neutralizing the reactive
oxygen species (ROS) that underly many pathologies [10,11].

Despite the scientific literature supporting the use of creatine for performance enhancement and
for the potential treatment of pathologies, the possible application of creatine supplementation for the
improvement of vascular health has not yet been fully examined. With this being said, some studies have
elucidated that creatine supplementation may be able to attenuate factors such as homocysteine [12–14],
inflammation [15–17], and damaging ROS [10,11,18]; all of which, if left uncontrolled or circulating in
augmented amounts, have been associated with heightened cardiovascular disease (CVD) risk and
compromised vascular health [19–21]. Therefore, despite the scarcity of literature focusing on creatine
within the vasculature, there may be mechanisms modulated by creatine that can be linked to vascular
health. In addition to this gap in the creatine literature, the exact mechanisms by which creatine exerts
non-energy-related benefits are still relatively unknown; therefore, there is a need for further research
into the more novel applications and functions of creatine.

The aim of this short review is to briefly outline the cellular role of creatine and to touch upon
the potential therapeutic application of dietary creatine supplementation in clinical populations.
We will then summarize the current literature available on creatine supplementation and its effects
upon the vasculature specifically. Furthermore, we will highlight the possible mechanisms by which
creatine could therapeutically promote vascular health, exploring creatine’s impact upon homocysteine,
inflammation, and oxidative stress.

2. Brief Overview of Creatine Metabolism and the Cellular Actions of Creatine

In addition to being consumed in an omnivorous diet, creatine is also synthesized endogenously.
Endogenous synthesis of creatine is an interorgan process and requires the investment of three major
amino acids: glycine, arginine, and methionine; together with two primary enzymes: l-arginine:
glycine amidinotransferase (AGAT) and guanidinoacetate N-methyltransferase (GAMT). The first
step of creatine biosynthesis occurs in the kidneys, when AGAT catalyzes the transfer of an amidino
residue from arginine to glycine, resulting in the formation of l-ornithine and guanidinoacetate
(GAA). GAA then exits the kidneys and is transported to the liver where GAMT functions to transfer
a methyl group from S-adenosylmethionine (SAM) to GAA, resulting in the final production of creatine.
Cellular uptake of creatine is mediated by a specific creatine transporter (CRT), also known as SLC6A8.
This transporter is sodium- and chloride-dependent, requiring at least two sodium ions and one
chloride ion for the transport of one creatine molecule [22]. Given its vital role in metabolism and energy
provision, the largest stores of creatine are found in skeletal muscle (~95%); however, other notable
stores include the brain, kidneys, and liver [5]. Intracellularly, creatine can exist in a free form or in
a phosphorylated form, PCr. Both creatine and PCr are metabolized and lost naturally throughout
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the day via a non-enzymatic, spontaneous reaction into creatinine, which is then excreted at a rate of
~2 g/day by the kidneys in the urine [23–25] (Figure 1).
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Figure 1. Physiological Journey of Creatine: Synthesis of creatine (Cr) happens at a rate of ~1 g/day [7]
via an interorgan process. (1) Within the kidneys, l-arginine: glycine amidinotransferase (AGAT)
transfers an amidino group from L-arginine to glycine, resulting in the formation of L-ornithine and
guanidinoacetate (GAA). (2) GAA is then transferred and processed in the liver. Guanidinoacetate
N-methyltransferase (GAMT) transfers a methyl group from the methyl donor S-adenosylmethionine
(SAM) to GAA, resulting in the formation of Cr and S-adenosylhomocysteine (SAH). SAH can thereon
be hydrolyzed into homocysteine by S-adenosylhomocysteine hydrolase (not shown). (3) Cr is released
from the liver into circulation, where Cr is transported to varying tissues such as the skeletal muscle, brain,
kidney, and heart. (4) Cellular uptake of Cr is mediated by a creatine transporter (CRT), or SLC6A8.
Cr carries both positive and negative charges, and is transported via secondary-active transport,
driven by a sodium/chloride-ATPase generated gradient. Once in the cell, Cr has a multitude of fates.
(5) Cellular Cr can be transformed into phosphocreatine (PCr) by mitochondrial creatine kinase (mtCK)
which is coupled to oxidative phosphorylation (OP) via the electron transport chain (ETC). (6) Cr can be
converted into PCr by cytosolic creatine kinase (Cyt. CK) coupled to glycolysis. (7) The cellular Cr/PCr
pool is utilized to maintain adenosine triphosphate (ATP)/ adenosine diphosphate (ADP) ratios through
ATP resynthesis or “buffering.” (8) Cyt. CKs located throughout the cytosol can utilize the high-energy
PCr stores to shuttle and utilize energy at sites of ATP demand, or ATP-dependent processes, via ATPase
enzymes. Such processes include ATP-gated ion channels, ATP-regulated receptors, ATP-regulated ion
pumps; contractile processes, cell motility, cell signaling, or organelle transport. (9) Both Cr and PCr are
naturally metabolized into creatinine via a non-enzymatic, spontaneous reaction. Creatinine diffuses
freely into the circulation to be transported to the kidneys. (10) Creatinine is fully excreted in the urine.

Creatine and PCr, together with creatine kinase (CK) isoenzymes, function as quintessential
high-energy compounds crucial for metabolism. In the case of low adenosine triphosphate (ATP)
levels or high ATP demand, CK will catalyze the transfer of the N-phosphoryl group from PCr to
adenosine diphosphate (ADP) to resynthesize ATP. This process quickly replenishes the ATP pool,
maintaining ATP:ADP ratios and cellular homeostasis. Conversely, when ATP production from either
glycolytic or oxidative pathways are greater than ATP utilization, CK can function in reverse to capture
and store this cellular energy by replenishing PCr stores. There is a long-held belief that the primary
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function of the creatine-phosphocreatine system (Cr-PCr system) is to serve as a temporal high-energy
phosphate buffer [23,26] (Figure 1). The presence of specific CKs throughout the cell are integral to the
function of the Cr-PCr system. CKs exist in a variety of isoforms, which, in addition to the subcellular
distribution and compartmentalization of such CKs, led to the proposal that the Cr-PCr system plays
a far more complex role in energy metabolism than once believed. Cytosolic CKs (Cyt.CKs) exist as
dimers, composed of either muscle (M) type or brain (B) type; therefore, three cytosolic isoenzymes
exist: muscle-muscle creatine kinase (MM-CK); brain-brain creatine kinase (BB-CK); and, muscle-brain
creatine kinase (MB-CK) [27]. Specific mitochondrial CKs (MtCKs) also exist, such as sarcomeric
MtCK (sMtCK) found in striated muscle and ubiquitous MtCK (uMtCK) found in other tissues
such as the brain [28]. MtCKs are found between the inner and outer mitochondrial membranes,
and when in the presence of creatine, ensure the bulk of ATP from oxidative phosphorylation is
converted into PCr [23,28]. Cyt.CKs, on the other hand, are found within the cytoplasm and at sites
of high energy consumption or demand (e.g., cellular ATPases, myofibrils, sarcoplasmic reticulum,
plasma membrane) [23]. With a sophisticated variety of CKs and their subcellular localization, the Cr-PCr
system is capable of functioning as an energy shuttle of high energy phosphates, shuttling energy
between sites of mitochondrial ATP production and sites of ATP utilization [26] (Figure 1).

The function of the Cr-PCr system as a temporal high-energy phosphate buffer and a spatial
high-energy shuttle are not mutually exclusive and coexist in varying degrees. The masterful interplay
between both shuttle and buffering abilities enables the Cr-PCr system to intricately monitor and
stabilize ATP:ADP ratios within the cell, minimize adenine nucleotide loss, maintain cellular pH
via hydrogen ion buffering, and to reduce free inorganic phosphates [29–31]. Furthermore, it has
been speculated that it is the interaction between MtCKs and Cyt.CKs that ensures the maintenance
of ATP:ADP ratios within the mitochondrial matrix, thereby stimulating healthy respiratory chain
function [32]. This therefore leads to a reduction in electron leakage and reduced production of harmful
mitochondrial-specific ROS.

From the above, it is clear that the Cr-PCr system plays a vital role in cellular function. Those readers
interested in expanding their knowledge on the function, compartmentalization, and pharmacokinetics
of the Cr-PCr system are directed to read reviews by Wallimann et al. [33] and Perksy and Brazeau [34].

3. Pleiotropic Application of Creatine

Creatine supplementation has been widely utilized by healthy individuals and athletes as an
ergogenic aid to improve intermittent high-intensity exercise capacity due to the Cr-PCr system
sustaining rapid ATP resynthesis. The total creatine pool (creatine + PCr) of a 70 kg individual is
approximately 120 mmol/kg of dry muscle mass, or around 60–80% saturation [5]. Pivotal research
conducted by Dr. Roger Harris and colleagues demonstrated that oral creatine supplementation
is capable of increasing muscle creatine and PCr stores by around 20% [3]. Although consumed
naturally in the diet (~1–2 g/day) and synthesized daily, with intramuscular creatine metabolism
and excretion of around 2 g/day [23], additional dietary supplementation with creatine analogs,
such as creatine monohydrate, remains the most efficient way of increasing creatine stores. A common
supplementation protocol usually involves a loading phase of 4 × 5 g of creatine for five to seven
days, followed by a maintenance phase of 3 to 5 g/day [3,5]. A low dose protocol of consuming
3 g/day for approximately 28 days, however, can still result in increased intramuscular creatine
stores [3]. Considering the extensive body of literature on the efficacy of creatine supplementation,
there is evidence that creatine supplementation can enhance many exercise-related variables such as
exercise capacity [35–38], recovery [5,39,40], resistance to fatigue [41–43], and lean body mass [5,44],
in both young and older individuals. For in-depth reviews highlighting the ergogenic value of creatine
supplementation, readers are directed to those by Kreider et al. [5] and Butts et al. [8].

With significant success as an ergogenic aid, the potential application of creatine supplementation
in clinical populations has gained attention. Creatine supplementation has been shown to impart
a variety of benefits upon skeletal muscle, such as the enhancement of force output during skeletal
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muscle contraction [45], the augmentation of lean body mass [46], fatigue resistance [41,42], and the
improvement of intracellular calcium handling [47]. Furthermore, it has been proposed that creatine
supplementation may impart further favorable effects on skeletal muscle physiology and metabolism,
such as enhancing growth and hypertrophy through direct modulation of components of the mammalian
target of rapamycin (mTOR), secretion of myokines such as myostatin and insulin-like growth
factor-1, and increasing the expression of myogenic regulatory factors which can stimulate satellite
cell mitotic activity [48–50]. Considering the beneficial impact of creatine upon muscle, several
investigators have studied the effects of creatine on myopathies. Low creatine and PCr stores have
been observed in those suffering from muscular disorders, contributing to poor cellular bioenergetics
and muscle integrity [51]. These findings led to the proposed hypothesis that creatine supplementation
may serve as a therapeutic intervention for myopathies. Tarnopolsky and Martin supported this
hypothesis, reporting substantial increases in muscle strength, exercise capacity, and body mass in
patients with mitochondrial cytopathies, neuropathic disorders, dystrophies/congenital myopathies,
and inflammatory myopathies [52]. Further trials by Tarnopolsky et al. [53], Walter et al. [54],
and Louis et al. [55] provide additional evidence that supports the use of creatine for the therapeutic
management of various myopathies; however, the complexity and difference between myopathies has
limited the ability to make an overarching conclusion. In addition, the potential therapeutic application
of creatine for neurological diseases has similarly been hypothesized. The brain, despite having a
relatively small mass, represents one of the largest sources of energy consumption, accounting for
approximately 20% of resting metabolism [56,57]. While all energy systems play a vital role in ATP
provision, the presence of brain-specific CKs suggests a vital role of the Cr-PCr system within the
brain [58,59]. Furthermore, considering genetic creatine deficiency syndromes are often characterized
by cognitive impairment, developmental delay, autistic behavior, and seizures, it is clear that creatine
contributes to healthy brain function [60]. Researchers have since tested this hypothesis and have
shown that creatine supplementation can aid in the improvement of cognitive processes such as
memory and attention in both young [61] and older individuals [62,63]. It has also been shown that
creatine exhibits potential anti-depressant properties [64]. Animal and in vitro models have further
been used to assess the efficacy of creatine supplementation for certain neurodegenerative disorders
such as Parkinson’s, Huntington’s, and Alzheimer’s disease, some of which report promising results
in regard to offering neuroprotection against oxidative stress and neurotoxicity [65–67]. Results of
clinical trials, however, remain mixed, with some trials reporting potential benefit following creatine
supplementation that warrants further investigation [68–71], and others reporting minimal or no
benefits [72,73].

The physiological benefits of creatine do not stop at the muscular and neurological systems.
Creatine supplementation has also been found to help ameliorate hyperglycemia [74] and improve
glycemic control in those suffering from type 2 diabetes [75], improve function in those suffering from
fibromyalgia [76], protect the integumentary system from age-related deterioration and damage [77],
increase bone mineral density and tensile strength in elderly individuals [78], decrease triglyceride
accumulation and increase liver health in models of non-alcoholic fatty liver disease [79], and protect
both mitochondrial and nuclear deoxyribonucleic acid (DNA) from markers of oxidative and
inflammatory damage [11,18,80].

Despite the above described potential of creatine for the management of various metabolic,
muscular, and neurological diseases, there is surprisingly very little information on the use of creatine
supplementation to reduce the current leading cause of mortality in the United States (US): CVD.
Major examples of CVDs can include coronary heart disease, heart failure, stroke, atherosclerosis,
hypertension, and peripheral artery disease. It has been estimated that approximately 610,000 deaths
are caused by CVDs in the US every year [81], with more than 43.7 million adults aged >60 years
suffering from one or more CVDs in 2016 alone [82]. Deteriorations in vascular integrity such as
arterial thickening, stiffening, endothelial dysfunction, and inflammation are associated with most
CVDs, and are all related to, or augmented by, the accumulation of ROS [83–86]. Considering creatine’s



Nutrients 2020, 12, 2834 6 of 23

proposed antioxidant properties and promising application within varying clinical populations,
the sparse amount of research on the effect of creatine supplementation on vascular function and
health is surprising and highlights a major gap in the literature. The following sections of this review
outline the current literature available on creatine supplementation and vascular health and function,
in addition to possible mechanisms by which creatine may improve vascular health.

4. Current Clinical Trials of Creatine Supplementation and Vascular Health

The maintenance of healthy vasculature is vital for longevity; which is in part why the development
of vascular pathologies remains the leading cause of mortality in the US. In this respect, maintenance
of normal endothelial function has a significant influence on overall vascular health. Endothelial cells
(ECs) line the innermost layer of vessels and contribute to the intricate control of the vascular system.
The vascular endothelium adapts to humoral [87], mechanical [88], and neural stimuli [89]. In addition,
the endothelium plays a role in fluid filtration and control of vasomotor tone through release of
vasoactive factors such as nitric oxide (NO), regulation of blood flow and blood pressure, hemostasis,
hormone trafficking, angiogenesis, immune response, and inflammation [90,91]. Like many biological
targets, ECs can be damaged by varying factors such as ROS [92] and chronic inflammation [93],
both of which can be augmented by, or a result of, hyperglycemia [94], dyslipidemia [95], obesity [96],
smoking [97], alcohol abuse [98], and aging [99]. This damage can result in deleterious alterations
to endothelial physiology, consequentially leading to endothelial dysfunction (ED). ED can be
characterized by a reduction in the bioavailability of the potent vasoactive compound NO [100,101],
often resulting in impaired endothelium-dependent vasodilation, which is associated with CVD [85].
In addition, ED can lead to ECs expressing more procoagulation factors, promoting a prothrombotic,
pro-inflammatory state [90], all of which underly a multitude of CVDs [102]. While pharmacological
approaches may be effective in attenuating or managing vascular deteriorations seen with CVD, side
effects, financial costs, and medical adherence often hinder these benefits, with many older adults
reporting poor adherence due to fear of side effects and prescription costs [103]. This is in part why the
consumption of dietary nutritional supplements, or the use of nutraceuticals, has increasingly grown
in popularity and is utilized by many older individuals for the maintenance and promotion of health
and wellbeing [104].

Despite the promising potential of creatine as an adjuvant therapy or nutraceutical, there have
been few studies investigating the role of creatine in vascular health. Among the few to investigate
whether creatine supplementation could influence vascular function were Arciero et al. [105].
Arciero et al. investigated whether creatine, either alone or in combination with resistance training
(RT), could enhance lower limb (calf) and forearm blood flow. Thirty healthy male volunteers were
assigned to receive creatine alone (4 × 5 g/day for 5 days, followed by 2 × 5 g/day for 23 days);
creatine + RT; or placebo (maltodextrin 4 × 5 g/day for 5 days, followed by 2 × 5 g/day for 23 days)
+ RT. It was reported that following creatine supplementation, limb blood flow in both the calf and
forearm increased significantly; however, these changes were only seen in the creatine + RT group
and not in the creatine alone or placebo groups. The authors stated that these findings indicated a
synergistic interplay, or “additive” effect, between creatine and RT. These findings are similar to that of
other studies that suggest the benefits of supplements are often augmented when used in combination
with physical activity [106,107], but provide little evidence to suggest creatine could independently
impact vascular function in younger, healthy adults.

Sanchez-Gonzalez et al. [108] sought to determine whether creatine alone could help improve
hemodynamic and vascular responses to a short bout of isokinetic exercise in young healthy males.
Subjects ingested either a placebo (maltodextrin) or creatine (2 × 5 g/day) for three weeks. Brachial
systolic blood pressure (SBP), heart rate (HR), brachial-ankle pulse wave velocity (baPWV), and leg
pulse wave velocity (PWV) were measured at rest before and after the intervention, in addition to
5 and 15 min after exercise. The authors reported that creatine attenuated the increase in SBP seen
5 min after exercise, and HR at both 5 and 15 min after exercise. The ingestion of creatine also led
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to suppressed increases in baPWV and faster return to resting hemodynamics. It was concluded
that creatine supplementation may have improved the hemodynamic and vascular responses to
isokinetic exercise by reducing left ventricle afterload and reducing muscle ammonia and lactic acid
production, which would have otherwise stimulated sympathetic-mediated increases in heart rate
and blood pressures [109]. Considering that PWV is an indicator of arterial stiffness [110] and that
heart rate recovery time is a powerful indicator of mortality [111], these findings are in contrast to
those of Arciero et al. and suggest a potential benefit of creatine supplementation for vascular function
and health.

Two further studies, by Moraes et al. [112] and Van Bavel et al. [12], assessed the impact of creatine
supplementation more specifically on the microvasculature. Moraes et al. investigated the effect
of creatine (20 g/day for one week) on systemic microcirculation, microvascular reactivity, and skin
capillary density in healthy males [112]. Following supplementation, it was reported that creatine
significantly increased skin functional capillary density and recruitment during post-occlusive reactive
hyperemia. It was further reported that cutaneous microvascular vasodilation induced by hyperemia
increased following creatine supplementation. Despite the lack of a control group for true comparison,
the improvement shown here in vascular reactivity holds great promise. As previously mentioned,
the ability of ECs to release vasoactive compounds and to control vasomotor tone is paramount
for the management of blood flow and blood pressures. The inability of ECs to release vasoactive
compounds, such as NO, or to stimulate endothelium-derived hyperpolarization factors (EDHFs) to
induce vasodilation, is a primary underlining characteristic of many vascular pathologies [113,114].
Moraes et al. demonstrated that following creatine supplementation, vascular reactivity significantly
improved. Although no direct mechanism of action for creatine was reported, it was speculated by the
authors that creatine may have contributed to an increased epoxyeicosatrienoic acid (EET) bioavailability
and thereon improved EDHF stimulation and microvascular dilation [115]. However, this claim was
not supported by any literature and again no mechanism was proposed. Alternatively, it was proposed
that the increase in intracellular creatine levels caused by supplementation may have been sufficient to
activate ATP-dependent potassium channels, thereby hyperpolarizing vascular smooth muscle cells
and enhancing hyperemia-mediated vasodilatation.

Van Bavel et al. similarly assessed the effects of creatine on the systemic microcirculation,
although they studied subjects who were habitually using a strict vegan diet [12]. Considering dietary
creatine is found primarily in meat and fish sources, it has been shown that vegans present with
lower creatine stores than those ingesting an omnivorous diet; hence the speculation that vegans,
or vegetarians, may benefit from creatine supplementation to a greater extent [116]. Forty-nine vegan
subjects were separated into either creatine (5 g/day for three weeks) or placebo (5 g/day maltodextrin
for three weeks) groups. Laser speckle imaging with acetylcholine (ACh) skin iontophoresis was
used to measure cutaneous microvascular reactivity, and intravital video-microscopy was used to
determine skin capillary density and reactivity at rest and following post-occlusive reactive hyperemia.
Basal capillary density of the creatine group was found to be significantly increased in comparison
to the placebo group following supplementation. Further supporting the findings of Moraes et al.,
the authors also reported a significant increase in capillary recruitment during post-occlusive reactive
hyperemia for those in the creatine group, but not the placebo group. Despite these promising results,
the authors did not assess any specific mechanism of action in which creatine may have produced
these benefits. The authors did, however, report that creatine supplementation led to a decrease in
plasma homocysteine in hyperhomocysteinemic subjects, which may have yielded the improvements
seen. It was further proposed that a reduction in vascular oxidative stress may have also resulted in
vascular benefits; however, biomarkers of vascular oxidative stress were not directly assessed.

To our knowledge, the studies mentioned above remain the only studies to date that have
utilized specific vascular methodologies such as plethysmography, PWV, and microscopy to investigate
the impact of creatine on micro- or macro-vascular function. These previous findings reported by
Sanchez-Gonzalez et al. [108], Moraes et al. [112], and Van Bavel et al. [12] suggest a possible application
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of creatine to improve vascular function; however, the lack of a broader body of knowledge warrants
the need for further investigation of creatine use to improve vascular function. One commonality
shared between these studies that should be considered is the use of healthy, young individuals as
study subjects. Considering that benefits, albeit minor but still statistically significant, were seen
following creatine supplementation in this young, healthy demographic, there remains a question as
to whether creatine supplementation could impart an even greater benefit when applied in a clinical
population suffering from CVD or a population already at risk of vascular dysfunction.

Age is a primary risk factor for CVD across the lifespan [117], partly due to the natural process of
vascular aging characterized by reductions in NO [114], arterial stiffness [99], increase in ROS [83,118],
ED [119], and inflammation [120]. Due to these age-related changes and the likelihood that creatine
supplementation would be beneficial in older individuals, we conducted a small pilot study in
50–70-year-old individuals [121]. Four older adults were given creatine for five days at a loading
dose of 4 × 5 g/day, and macrovascular endothelial function was determined via brachial artery
flow mediated dilation (FMD). Although there was no statistical significance found, each individual
showed a clinically relevant improvement in FMD% (+2.4 percentage units), which was similar to,
or greater than, improvements in older individuals in response to drug treatment [122], other dietary
supplementation [123], and exercise training [124]. Additionally, improvements in FMD% still remained
once normalized to account for individualized shear stress. Despite the lack of control and small
sample size, the indication of vascular improvement following just five days of creatine provides
further indication of the potential for creatine to contribute to improved vascular health.

5. Potential Mechanisms of How Creatine May Improve Vascular Health

Despite the scarcity of literature exploring creatine’s physiological role within the vasculature,
there are a number of ways in which creatine may be therapeutically beneficial for vascular health.
Creatine may, for example, decrease oxidative stress and contribute to the antioxidant system,
reduce circulating levels of homocysteine, and reduce chronic or acute inflammation.

5.1. Creatine, Oxidative Stress, and the Antioxidant System

Oxidative stress can be defined as a state of imbalance between the production of damaging free
radicals and removal by natural antioxidant defenses [125]. Highly reactive, unstable free radicals
can be formed from many compounds; however, those most common include reactive oxygen
species (ROS) and reactive nitrogen species (RNS); or collectively, reactive oxygen and nitrogen
species (RONS) [126]. Although in small amounts these radicals are necessary for various beneficial
physiological actions [127], an abundance of RONS can cause irreversible damage to biomolecules,
proteins, carbohydrates, lipids, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA), underlying
the development of many pathologies [83,128]. Fortunately, the human body possesses an antioxidant
system to protect against free radical toxicity. The physiological antioxidant system is diverse
with enzymatic and non-enzymatic processes, both serving to lower the oxidative potential of
RONS through direct and in-direct mechanisms. Direct antioxidants, which are redox active, are
sacrificed during the process in which they trap and deactivate RONS and must be replenished or
regenerated [129]. Indirect antioxidants, on the other hand, may or may not be redox active and exert
their antioxidant effects through the upregulation of cytoprotective proteins [129]. Despite the promise
of this natural defense, the healthy function of the antioxidant system has been shown to diminish
progressively as a result of aging [83,130], in addition to other factors such as poor nutrition [131]
and lack of physical activity [132]. Considering the importance of antioxidants, the benefits of
consuming antioxidant-containing supplements and their impact upon oxidative stress have been
well researched [128,133,134]. Relatively new research indicates that creatine may also possess both
indirect- and direct-antioxidant properties [10,11,135]. Considering that oxidative stress underlies many
CVDs [134,136], if creatine could appropriately reduce oxidative stress, then creatine supplementation
may be able to improve vascular health.
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One of the first groups to investigate the antioxidant properties of creatine was Matthews et al. [137].
Using an animal model of Huntington’s disease, Matthews et al. examined whether creatine could
protect against the formation of striatal lesions (tissue damage) in the brain, induced either by
intrastriatal injections of malonate or intraperitoneal injections of nitropropionic acid (3-NP); both of
which are inducers of neurotoxicity. It was reported that supplementation of 1% creatine for two
weeks significantly reduced malonate-induced striatal lesions and reduced 3-NP-induced striatal lesion
volume by 83%, indicating significant neuroprotection. It was also reported that supplemental creatine
significantly increased striatal stores of PCr while preventing 3-NP-induced reduction in other energy
metabolites. Finally, creatine significantly protected the animals against malonate-induced increases in
the conversion of salicylate to 2,3-and 2,5-dihydroxybenzoic acid, which stands as a marker of hydroxyl
free radical generation. Matthews et al. concluded here that creatine exhibited novel antioxidant
properties and suggested that creatine supplementation could serve as a potential therapeutic strategy
for neurodegenerative disorders characterized by oxidative stress.

Lawler et al. [10] was the first study to assess the hypothesis that creatine was capable of
exerting direct antioxidant properties. Experiments were conducted using a highly controlled
acellular setting to determine the antioxidant ability of varying doses of creatine on five
ROS systems: xanthine oxidase for superoxide anions (O2

−), H2O2, peroxynitrite (ONOO−),
lipid peroxidation, removal of 2,2′-azino-bis3-ethylbenzothiazoline-6-sulphonic acid (ABTS+) cation
radical, and tert-butyl-hydroperoxide (tBOOH). Antioxidant scavenging capacity (ASC) was also
assessed. Lawler et al. reported that although creatine had no effect upon non-radical oxidants
(H2O2 or tBOOH), creatine exhibited significant scavenging of ionized radicals such as ABTS+, O2

−,
and ONOO−. Additionally, there was a direct dose-response relationship found between creatine and
total ASC. Despite this study being limited to a controlled acellular environment, these novel results
clearly demonstrated the direct antioxidant capacity of creatine, thus prompting the need for further
in vitro and in vivo investigation.

In an attempt to further identify the antioxidant potential of creatine in an in vitro setting,
Sestili et al. [138] investigated the antioxidant potential of creatine on oxidatively injured animal
(murine myoblasts–C2C12) and human (promonocytic–U937; umbilical vein endothelial cells–HUVEC)
cultured cell lines. Cells were pretreated with varying doses of creatine before being treated by a variety
of oxidative stressors (H2O2, tBOOH, or ONOO−) all capable of generating free radicals and inducing
cell death. The authors reported that creatine treatment significantly attenuated the cytotoxic effects of
each oxidative stressor, improving cell vitality in a dose-dependent manner. It was further found that
creatine supplementation successfully increased intracellular contents of creatine but had no impact
upon antioxidant enzymes. From these findings it was concluded that creatine was capable of exerting
mild, yet significant, antioxidant activity. Interestingly, Sestili et al. also reported that antioxidant
effects were abolished following the addition of a creatine uptake inhibitor, β-guanidinopropionic
acid. This therefore suggests that the antioxidant effects of creatine are dependent upon intracellular
creatine concentrations.

Mitochondria and mitochondrial DNA (mtDNA) are susceptible targets of free radical damage and
mtDNA mutations are an underlying etiology of CVDs [139]. Guidi et al. [80] investigated the potential
of creatine to serve as an antioxidant against oxidatively injured DNA. Cultured human umbilical vein
endothelial cells (HUVECs) were pretreated for 24 h with varying doses of creatine before being treated
with 200 µM of H2O2 to induce oxidative damage. The pretreated cells were then grown for a further
72 h while cell viability and DNA damage were assessed. Guidi et al. reported that cells pretreated with
creatine had significantly increased viability following H2O2 insult, and that mtDNA was significantly
protected from oxidative damage in comparison to controls. Guidi et al. concluded that creatine
exhibited direct antioxidant effects, successfully protecting mtDNA against cytotoxicity induced by
oxidative stress. These results, in addition to those previously reported, further support the notion that
creatine could be a successful therapeutic strategy for combating oxidative stress-induced diseases.
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The scientific evidence supporting creatine’s direct and indirect antioxidant properties does
not stop with the above-outlined studies. Further evidence reported by Fimognari et al. [140],
Rambo et al. [141], Sestili et al. [142], and Hosamani et al. [143] all support the contention that
creatine protects cellular components against varying forms of oxidative stress. An in-depth review
by Sestili et al. [11] further outlines creatine’s role as an antioxidant. Additionally, Meyer et al. [32]
reported that activation of mtCKs by supplemental creatine contributed to sustained and efficient
electron transport chain functioning, thereby reducing mitochondria-specific ROS production (H2O2)
directly at the source. Although the majority of these studies were conducted in vitro or using animal
models, there is evidence to suggest creatine offers analogous antioxidant protection in humans as well.
For example, Rahimi et al. [18] reported a significant reduction in markers of lipid peroxidation and
DNA oxidation in response to an acute anaerobic exercise stimulus following seven days of creatine
supplementation (4 × 5 g/day) in young, resistance-trained males.

Although how mechanistically creatine exerts antioxidant effects is still speculative, there is
evidence supporting that creatine can serve as a direct and indirect antioxidant. Supplements or
foods rich in antioxidants have been shown to benefit a variety of at-risk populations such as the
elderly [133,144], and have also been shown to have potential to help those suffering from CVDs that
are characterized by vascular dysfunction and oxidative stress [145–148]. Further clinical trials are
needed to assess the generalizability of the above findings and to explore the long-term benefits of
creatine for combating oxidative stress-related CVD in humans.

5.2. Creatine and Homocysteine

Homocysteine is a sulfhydryl-containing amino acid and a byproduct of creatine
synthesis [2]. Following the demethylation of S-adenosylmethionine (SAM) via GAMT, creatine and
S-adenosylhomocysteine (SAH) are formed. SAH is then hydrolyzed into homocysteine (Hcy) via SAH
hydrolase (SAHH). Elevated levels of Hcy have been associated with an increased risk for a variety of
CVDs [149]. For example, a 5 µM increment in plasma Hcy has been associated with a 60% and 80%
increase in the risk of coronary heart disease in both men and women, respectively [150]. Although
increased plasma Hcy levels have been established as a potent independent risk factor for CVD
development, the underlining mechanism in still largely unknown. It has been proposed, however,
that the detrimental effects of increased plasma Hcy levels on vascular health are, in part, mediated by
ROS accumulation and consequent reductions in NO bioavailability [151]. Considering that creatine
synthesis consumes between 40–70% of the total labile methyl groups [152,153], it has been proposed
that creatine supplementation may spare the investment of SAM, thereby reducing the formation of
Hcy and lessening the risk of CVD development [154,155].

One of the first to test this hypothesis was Stead et al. who supplemented Sprague-Dawley
rats with either creatine or GAA for two weeks [156]. Following supplementation, the authors
reported that plasma Hcy was significantly increased (+50%) in rats supplemented with GAA,
but significantly lower (−25%) in those supplemented with creatine. Steenge et al. similarly tested
this hypothesis but did so using a cohort of healthy, young women [157]. Following supplementation
(20 g/day for five days, 3 g/day for eight weeks), it was reported that those ingesting creatine alone
exhibited a small, nonsignificant decrease in mean plasma Hcy concentrations (−0.3 ± 0.5 µmol/L);
however, those ingesting creatine and partaking in RT showed a further reduction (−0.6 ± 0.5 µmol/L),
yet this was still statistically insignificant. Although results from this early study lacked significance,
it is possible that an increase in Hcy might be detected in less healthy individuals, such as those
suffering from compromised or dysfunctional Hcy homeostasis.

Considering that hyperhomocysteinemia is prevalent in more than 85% of patients with end-stage
renal disease, Taes et al. investigated whether creatine supplementation could reduce plasma
concentrations of Hcy in an animal model of uremia [158]. Authors reported that nephrectomized
animals displayed the highest level of plasma Hcy; however, those fed supplemental creatine showed
a significantly lower level of plasma Hcy in comparison to those fed a control diet (12.1 ± 2.4 µmol/L
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vs. 15.4 ± 1.7 µmol/L). More than a decade later, Deminice et al. used Walker-256 tumor-bearing rats,
comparably presenting with hyperhomocysteinemia, to determine whether creatine supplementation
could attenuate plasma levels of Hcy [159]. Analogous to that found by Taes et al., Deminice reported
that creatine supplementation resulted in a significant reduction in plasma Hcy in comparison to those
receiving a control diet (6.3 ± 0.9 µmol/L vs. 10.3 ± 1.5 µmol/L). These findings further supported those
previously reported by Deminice, in which decreases in Hcy and markers of oxidative stress where
seen following four weeks of creatine supplementation in healthy rats [160].

Although creatine supplementation displays Hcy-lowering potential in varying animal models,
studies using human subjects still remain relatively inconclusive. Korzun et al. in a human trial of
young, healthy subjects found that creatine supplementation taken in conjunction with a multi-vitamin
for four weeks resulted in a statistically significant reduction in total plasma Hcy, in comparison to a
control group consuming the multi-vitamin only (−0.9 µmol/L vs. + 0.2 µmol/L) [13]. The authors
suggested from these results that creatine supplementation may be effective for lowering Hcy, but only
when introduced as an adjuvant supplement. Similarly, Bereket-Yücel et al. reported that creatine
supplementation (25 g/day for first five days, 5 g/day thereafter for eight weeks) in addition to RT
lowered plasma Hcy levels in young males (pre = 12.66± 5.89 µmol/L vs. post = 9.33± 4.60 µmol/L) [14].
No reductions in Hcy were reported for either the placebo or placebo + RT groups; however, the lack of a
creatine-only group limits the ability to conclude whether creatine lowered plasma Hcy independently,
or whether the addition of RT augmented this effect. In addition to these studies, Van Bavel et al. [12]
found that creatine supplementation (5 g/day for three weeks) significantly reduced plasma Hcy levels
in strict vegans with hyperhomocysteinemia, in comparison to a placebo.

In contrast, a comparable number of studies report either little or no reduction in Hcy following
creatine supplementation. Peters et al. reported that creatine supplementation (3 g/day for 12 weeks)
in Bangladeshi adults did result in a significant reduction in GAA, representative of a decrease in
the first step of creatine synthesis; however, no reduction was reported for Hcy, SAM, or SAH [161].
A study by Deminice et al. utilizing young soccer players further reported that seven days of creatine
supplementation (0.3 g/kg body weight) did not prevent the increase in plasma Hcy induced by an
acute bout of exercise [162]. Furthermore, Taes et al., who had previously reported Hcy lowering effects
of creatine supplementation in an animal model of uremia, reported no reduction in Hcy following
supplementation (2 g/day for four weeks) in patients suffering from chronic hemodialysis [163].
Even more controversially, Jahangir et al. [164] and Shelmadine et al. [165] both reported significant
increases in Hcy levels following creatine supplementation.

Although in vivo studies have provided evidence to suggest the Hcy-lowering properties of
creatine [156,158–160], clinical trials are relatively inconsistent with some supporting [12–14,157] and
some opposing [161–164] this hypothesis. This therefore makes it difficult to confidently conclude that
creatine supplementation lowers CVD risk by reducing Hcy in humans. The variations between studies
could be due to differing disease state, age, dosing strategy, time frame, or inclusion of additional
stimuli such as RT or multivitamins. Despite the inconsistencies found between clinical trials, there
is still evidence supporting the role of creatine in Hcy metabolism. Considering that CVD develops
over time and the apparent lack of longitudinal studies, there is a clear need for future investigations
focusing on the long-term impact of creatine supplementation on Hcy. Furthermore, few studies have
investigated the impact of creatine on Hcy within older adults specifically, and considering the natural
increase in plasma Hcy seen progressively with age [166–168], one might hypothesize a greater benefit
of creatine within this population as compared to younger individuals.

5.3. Creatine and Inflammation

Inflammation, or the presence of chronic inflammatory markers, has been long associated
with CVD [20,169]. Inflammation can detrimentally impact vascular function, contributing to the
manifestation and progression of ED, and creating an environment that fosters the development
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of vascular pathologies. Although the literature is limited regarding the impact of creatine on
inflammation, there are a few reports that suggest potential anti-inflammatory effects of creatine.

Madan and Khana were amongst the first to investigate the potential anti-inflammatory role of
creatine. To determine the ability of creatine to function as an anti-inflammatory agent, Madan and
Khana utilized a rat model of carrageenan-induced acute inflammation: one of the most common
models utilized in inflammatory research [170]. The injection of carrageenan into the paw causes an
acute and local inflammatory response characterized by edema and the release of histamine, serotonin,
bradykinin, prostaglandins, and cytokines such as interleukin-1beta (IL-1β), IL-6, IL-10, and tumor
necrosis factor alpha (TNF-α). Using this model, Madan and Khana reported that those animals treated
with an intraperitoneal injection of creatine showed significantly reduced paw swelling and edema [171].
A follow-up study was later conducted to determine the efficacy of creatine for the mediation of
acute and chronic inflammation, as well as the potential for creatine to serve as a local analgesic.
Utilizing the same animal model, it was similarly reported that treatment with creatine successfully
attenuated inflammatory symptoms to the same extent as a control non-steroidal anti-inflammatory
drug (NSAID-phenylbutazone) [172]. The authors further examined the application of creatine for
defending against other edema models including formaldehyde-induced arthritis, and analogous
to previous findings, creatine proved again to be a beneficial anti-inflammatory agent [171–173].
Despite these findings being limited to localized inflammation in animals, the above studies served as
the impetus for further examination into the anti-inflammatory potential of creatine.

Nomura et al. [17] expanded upon these early findings and investigated the impact of creatine
supplementation on EC stores of creatine, PCr and ATP, in addition to the anti-inflammatory activity of
creatine. Using pulmonary ECs in culture, the addition of 0.5 mM of creatine to the culture medium was
found to significantly increase both intracellular creatine and PCr stores in ECs, with cellular uptake
being mediated by an evidential CRT. The addition of 5 mM of creatine also significantly suppressed
the endothelial permeability induced by serotonin and H2O2, indicating improved membrane stability
and reduced EC leakiness. Furthermore, when assessing varying cell adhesion molecules associated
with inflammation, supplemental creatine of 5 mM significantly reduced neutrophil adhesion to ECs,
while supplementation of just 0.5 mM of creatine inhibited the expression of Intercellular Adhesion
Molecule-1 (ICAM-1) and E-selectin on ECs. Considering that elevated levels of ICAM-1 [174] and
E-selectin [175] and increased endothelial permeability or “leakiness” [176,177] have all been linked to
ED and CVDs, these results suggest promising potential for creatine to serve as an anti-inflammatory
aid and to provide vascular protection.

Creatine has also been shown in many studies to help attenuate the inflammatory response to
immune stressors, such as exercise-induced muscle damage. Santos et al. [178] evaluated the impact of
creatine supplementation (20 g/day) taken for five days prior to a 30 km race event on inflammatory
markers. The authors reported that creatine supplementation attenuated prostaglandin E2 (PGE2)
and TNF-α concentrations by 60.9% and 33.7%, respectively, in comparison to the placebo group that
presented with significant increases in all markers. Similarly, Bassit et al. [16] used an analogous
creatine supplementation protocol five days prior to a half Iron Man event. The authors reported
that those individuals who ingested creatine showed a markedly reduced increase in plasma levels
of TNF-α, PGE2, interferon-α (INF-α), and IL-1β, in comparison to placebo at both 24- and 48-h
post-event. Further supporting these findings, Deminice et al. [179] showed that seven days of creatine
supplementation (0.3 g/kg body weight) in young soccer players abolished the increase in TNF-α seen
following a repeated sprint exercise, in comparison to placebo. Although in contrast Silva et al. [180]
reported no reduction in inflammatory markers following eccentric contraction in rats, the majority
of the above evidence suggests that creatine attenuates the pro-inflammatory response to exercise,
therefore exhibiting potential anti-inflammatory properties.

Despite the lack of studies on the anti-inflammatory potential of creatine as it specifically pertains
to the human vasculature, there is evidence to suggest that creatine can impact the inflammatory
response [171–173], and reduce circulating levels of damaging cytokines [17] in response to various
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stressors such as exercise [181]. Considering the association between global inflammation and CVD [20,
169], there is a clear need for further research focusing on the application of creatine for the management
of inflammation. Furthermore, perhaps more specifically, there is a need for studies to utilize
populations that present with underlining chronic inflammation, such as the elderly [120] or those
with atherosclerosis [182], in order to truly determine the anti-inflammatory ability of creatine and the
therapeutic value it may have for vascular health.

6. Conclusions

Although creatine was extracted in 1832, creatine supplementation did not become mainstream
or publicly well-known until the 1990s when two Olympic gold medalists credited the addition of
creatine supplementation as part of their sporting success [183,184]. Since then there has been an
extensive and ever-growing body of literature surrounding the efficacy and application of dietary
creatine supplementation. It is clear that the addition of supplementary creatine to the diet can exert
beneficial ergogenic effects, enhancing a variety of sport performance variables such as lean mass,
fatigue resistance, power output, and intermittent high-intensity exercise capacity. Furthermore, it is
evident that creatine plays a quintessential role in functional bioenergetics, metabolism, and overall
cellular health. From a clinical perspective, these findings suggest an exciting potential for creatine
supplementation as an adjuvant therapy for a multitude of pathologies. Evidence of therapeutic
benefits induced by creatine have been reported in pathologies such as myopathies, chronic kidney
disease, neurodegenerative disorders, joint syndromes, and type 2 diabetes. Additionally, creatine
has been shown to function as an antioxidant, protecting against damage caused by free radicals.
Unsurprisingly, the clear widespread potential of this simple supplement has led many to propose that
this natural compound is arguably one of the most promising, pleiotropic, nutritional supplements
in the therapeutic field. In addition, over the course of decades of research, creatine has been found
to exhibit an excellent safety profile, with minimal side effects presenting after acute or chronic
supplementation, in moderate or large doses, in a variety of populations from young to old [5,185].

Despite the strong evidence for the clinical application of creatine, much of this evidence has been
built upon in vitro and animal models with a limited number of clinical trials attempting to expand
upon this evidence. Additionally, the mechanisms by which creatine exerts beneficial effects are still
relatively unknown; therefore, this warrants further investigation to provide necessary insight into
potential mechanisms of action. Furthermore, there is still much yet to be discovered in regard to
whether creatine could provide therapeutic benefit within other specific clinical diseases, perhaps as
an adjuvant therapy for those pathologies characterized by bioenergetic disturbances, inflammation,
or oxidative stress, such as CVDs.

In summary, throughout this review we have highlighted studies that have not only shown
potential benefit of using creatine to improve vasculature function, but have also elucidated the
potential of creatine to alleviate the various factors that contribute to the development of CVD
(Figure 2). For example, creatine has shown potential to: (1) help decrease Hcy levels in those with
dysfunctional Hcy homeostasis [12,154], (2) increase EC-specific creatine stores [17,27], (3) quench
damaging free radicals such as superoxide and peroxynitrite, which have long been associated with
CVD [10,18,138], (4) manage the inflammatory response [17,173,181], (5) improve EC membrane stability
and decrease EC leakiness [17,150], (6) preserve the integrity and efficiency of mitochondria and reduce
mtROS production [32], (7) reduce hemodynamic and inflammatory responses to exercise [16,108,178],
and (8) increase microvasculature density, recruitment, and vasotone [12,112]. Therefore, it is clear that
further disorder-specific randomized control trials must be conducted, using populations who are at
risk of vascular deterioration and complications, to determine the full therapeutic potential of creatine
supplementation in the fight for vascular health.



Nutrients 2020, 12, 2834 14 of 23

Nutrients 2020, 12, x FOR PEER REVIEW 13 of 23 

 

beneficial ergogenic effects, enhancing a variety of sport performance variables such as lean mass, 
fatigue resistance, power output, and intermittent high-intensity exercise capacity. Furthermore, it is 
evident that creatine plays a quintessential role in functional bioenergetics, metabolism, and overall 
cellular health. From a clinical perspective, these findings suggest an exciting potential for creatine 
supplementation as an adjuvant therapy for a multitude of pathologies. Evidence of therapeutic 
benefits induced by creatine have been reported in pathologies such as myopathies, chronic kidney 
disease, neurodegenerative disorders, joint syndromes, and type 2 diabetes. Additionally, creatine 
has been shown to function as an antioxidant, protecting against damage caused by free radicals. 
Unsurprisingly, the clear widespread potential of this simple supplement has led many to propose 
that this natural compound is arguably one of the most promising, pleiotropic, nutritional 
supplements in the therapeutic field. In addition, over the course of decades of research, creatine has 
been found to exhibit an excellent safety profile, with minimal side effects presenting after acute or 
chronic supplementation, in moderate or large doses, in a variety of populations from young to old 
[5,185]. 

Despite the strong evidence for the clinical application of creatine, much of this evidence has 
been built upon in vitro and animal models with a limited number of clinical trials attempting to 
expand upon this evidence. Additionally, the mechanisms by which creatine exerts beneficial effects 
are still relatively unknown; therefore, this warrants further investigation to provide necessary 
insight into potential mechanisms of action. Furthermore, there is still much yet to be discovered in 
regard to whether creatine could provide therapeutic benefit within other specific clinical diseases, 
perhaps as an adjuvant therapy for those pathologies characterized by bioenergetic disturbances, 
inflammation, or oxidative stress, such as CVDs. 

In summary, throughout this review we have highlighted studies that have not only shown 
potential benefit of using creatine to improve vasculature function, but have also elucidated the 
potential of creatine to alleviate the various factors that contribute to the development of CVD (Figure 
2). For example, creatine has shown potential to: (1) help decrease Hcy levels in those with 
dysfunctional Hcy homeostasis [12,154], (2) increase EC-specific creatine stores [17,27], (3) quench 
damaging free radicals such as superoxide and peroxynitrite, which have long been associated with 
CVD [10,18,138], (4) manage the inflammatory response [17,173,181], (5) improve EC membrane 
stability and decrease EC leakiness [17,150], (6) preserve the integrity and efficiency of mitochondria 
and reduce mtROS production [32], (7) reduce hemodynamic and inflammatory responses to exercise 
[16,108,178], and (8) increase microvasculature density, recruitment, and vasotone [12,112]. 
Therefore, it is clear that further disorder-specific randomized control trials must be conducted, using 
populations who are at risk of vascular deterioration and complications, to determine the full 
therapeutic potential of creatine supplementation in the fight for vascular health. 

 

Figure 2. Potential mechanisms contributing to improved vascular health: ROS = reactive oxygen
species, ABTS+ = 2,2’-azino-bis3-ethylbenzothiazoline-6-sulphonic acid, ETC = electron transport chain,
mtROS = mitochondrial specific ROS, EC = endothelial cell, O2

− = superoxide, ONOO− = peroxynitrite.

Author Contributions: Conceptualization, H.C.; writing–original draft preparation, H.C.; writing–review and
editing, D.-H.K., C.A.M., M.J.O., R.C.H.; funding acquisition, R.C.H. All authors have read and agreed to the
published version of the manuscript.

Funding: R.C.H. and H.C. are supported by the National Heart, Lung, and Blood Institute (NHLBI) or
NIH: 2R15HL113854-02.

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

References

1. Chanutin, A. The fate of creatine when administered to man. J. Biol. Chem. 1926, 67, 29–41.
2. Walker, J.B. Creatine: Biosynthesis, regulation, and function. Adv. Enzym. Relat. Areas Mol. Biol. 1979, 50,

177–242.
3. Harris, R.C.; Soderlund, K.; Hultman, E. Elevation of creatine in resting and exercised muscle of normal

subjects by creatine supplementation. Clin. Sci. 1992, 83, 367–374. [CrossRef] [PubMed]
4. Gualano, B.; Artioli, G.G.; Poortmans, J.R.; Lancha Junior, A.H. Exploring the therapeutic role of creatine

supplementation. Amino Acids 2010, 38, 31–44. [CrossRef]
5. 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]

6. Wallimann, T.; Harris, R. Creatine: A miserable life without it. Amino Acids 2016, 48, 1739–1750. [CrossRef]
[PubMed]

7. Momaya, A.; Fawal, M.; Estes, R. Performance-enhancing substances in sports: A review of the literature.
Sports Med. 2015, 45, 517–531. [CrossRef]

8. Butts, J.; Jacobs, B.; Silvis, M. Creatine Use in Sports. Sports Health 2018, 10, 31–34. [CrossRef]
9. Cooper, R.; Naclerio, F.; Allgrove, J.; Jimenez, A. Creatine supplementation with specific view to exercise/sports

performance: An update. J. Int. Soc. Sports Nutr. 2012, 9, 33. [CrossRef]
10. Lawler, J.M.; Barnes, W.S.; Wu, G.; Song, W.; Demaree, S. Direct antioxidant properties of creatine.

Biochem. Biophys. Res. Commun. 2002, 290, 47–52. [CrossRef]
11. 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] [PubMed]

http://dx.doi.org/10.1042/cs0830367
http://www.ncbi.nlm.nih.gov/pubmed/1327657
http://dx.doi.org/10.1007/s00726-009-0263-6
http://dx.doi.org/10.1186/s12970-017-0173-z
http://dx.doi.org/10.1007/s00726-016-2297-x
http://www.ncbi.nlm.nih.gov/pubmed/27422546
http://dx.doi.org/10.1007/s40279-015-0308-9
http://dx.doi.org/10.1177/1941738117737248
http://dx.doi.org/10.1186/1550-2783-9-33
http://dx.doi.org/10.1006/bbrc.2001.6164
http://dx.doi.org/10.1007/s00726-011-0875-5
http://www.ncbi.nlm.nih.gov/pubmed/21404063


Nutrients 2020, 12, 2834 15 of 23

12. Van Bavel, D.; de Moraes, R.; Tibirica, E. Effects of dietary supplementation with creatine on homocysteinemia and
systemic microvascular endothelial function in individuals adhering to vegan diets. Fundam. Clin. Pharm. 2018.
[CrossRef]

13. Korzun, W.J. Oral creatine supplements lower plasma homocysteine concentrations in humans. Clin. Lab. Sci.
2004, 17, 102–106.

14. Bereket-Yucel, S. Creatine supplementation alters homocysteine level in resistance trained men. J. Sports
Med. Phys. Fit. 2015, 55, 313–319.

15. Candow, D.G.; Forbes, S.C.; Chilibeck, P.D.; Cornish, S.M.; Antonio, J.; Kreider, R.B. Effectiveness of Creatine
Supplementation on Aging Muscle and Bone: Focus on Falls Prevention and Inflammation. J. Clin. Med.
2019, 8, 488. [CrossRef] [PubMed]

16. Bassit, R.A.; Curi, R.; Costa Rosa, L.F. Creatine supplementation reduces plasma levels of pro-inflammatory
cytokines and PGE2 after a half-ironman competition. Amino Acids 2008, 35, 425–431. [CrossRef]

17. Nomura, A.; Zhang, M.; Sakamoto, T.; Ishii, Y.; Morishima, Y.; Mochizuki, M.; Kimura, T.; Uchida, Y.;
Sekizawa, K. Anti-inflammatory activity of creatine supplementation in endothelial cells in vitro. Br. J. Pharm.
2003, 139, 715–720. [CrossRef]

18. Rahimi, R. Creatine supplementation decreases oxidative DNA damage and lipid peroxidation induced by a
single bout of resistance exercise. J. Strength Cond. Res. 2011, 25, 3448–3455. [CrossRef]

19. Wald, D.S.; Law, M.; Morris, J.K. Homocysteine and cardiovascular disease: Evidence on causality from a
meta-analysis. BMJ 2002, 325, 1202. [CrossRef] [PubMed]

20. Willerson, J.T.; Ridker, P.M. Inflammation as a cardiovascular risk factor. Circulation 2004, 109, II-2–II-10.
[CrossRef]

21. Dhalla, N.S.; Temsah, R.M.; Netticadan, T. Role of oxidative stress in cardiovascular diseases. J. Hypertens.
2000, 18, 655–673. [CrossRef] [PubMed]

22. Snow, R.J.; Murphy, R.M. Creatine and the creatine transporter: A review. Mol. Cell. BioChem. 2001, 224,
169–181. [CrossRef] [PubMed]

23. Brosnan, J.T.; Brosnan, M.E. Creatine: Endogenous metabolite, dietary, and therapeutic supplement.
Annu. Rev. Nutr. 2007, 27, 241–261. [CrossRef]

24. Kan, H.E.; van der Graaf, M.; Klomp, D.W.; Vlak, M.H.; Padberg, G.W.; Heerschap, A. Intake of 13C-4
creatine enables simultaneous assessment of creatine and phosphocreatine pools in human skeletal muscle
by 13C MR spectroscopy. Magn. Reson. Med. 2006, 56, 953–957. [CrossRef]

25. Cockcroft, D.W.; Gault, M.H. Prediction of creatinine clearance from serum creatinine. Nephron 1976, 16,
31–41. [CrossRef]

26. Wallimann, T.; Wyss, M.; Brdiczka, D.; Nicolay, K.; Eppenberger, H.M. Intracellular compartmentation,
structure and function of creatine kinase isoenzymes in tissues with high and fluctuating energy demands:
The ‘phosphocreatine circuit’ for cellular energy homeostasis. Biochem. J. 1992, 281, 21–40. [CrossRef]
[PubMed]

27. Decking, U.K.; Alves, C.; Wallimann, T.; Wyss, M.; Schrader, J. Functional aspects of creatine kinase
isoenzymes in endothelial cells. Am. J. Physiol. Cell Physiol. 2001, 281, C320–C328. [CrossRef]

28. Schlattner, U.; Tokarska-Schlattner, M.; Wallimann, T. Mitochondrial creatine kinase in human health and
disease. Biochim. Biophys. Acta 2006, 1762, 164–180. [CrossRef]

29. Wyss, M.; Kaddurah-Daouk, R. Creatine and creatinine metabolism. Physiol. Rev. 2000, 80, 1107–1213.
[CrossRef]

30. Wallimann, T.; Hemmer, W. Creatine kinase in non-muscle tissues and cells. Mol. Cell. Biochem. 1994, 133,
193–220. [CrossRef]

31. Greenhaff, P.L. The creatine-phosphocreatine system: There’s more than one song in its repertoire. J. Physiol.
2001, 537, 657. [CrossRef]

32. Meyer, L.E.; Machado, L.B.; Santiago, A.P.; da-Silva, W.S.; De Felice, F.G.; Holub, O.; Oliveira, M.F.; Galina, A.
Mitochondrial creatine kinase activity prevents reactive oxygen species generation: Antioxidant role of
mitochondrial kinase-dependent ADP re-cycling activity. J. Biol. Chem. 2006, 281, 37361–37371. [CrossRef]

33. Wallimann, T.; Dolder, M.; Schlattner, U.; Eder, M.; Hornemann, T.; O’Gorman, E.; Rück, A.; Brdiczka, D.
Some new aspects of creatine kinase (CK): Compartmentation, structure, function and regulation for cellular
and mitochondrial bioenergetics and physiology. Biofactors 1998, 8, 229–234. [CrossRef]

http://dx.doi.org/10.1111/fcp.12442
http://dx.doi.org/10.3390/jcm8040488
http://www.ncbi.nlm.nih.gov/pubmed/30978926
http://dx.doi.org/10.1007/s00726-007-0582-4
http://dx.doi.org/10.1038/sj.bjp.0705316
http://dx.doi.org/10.1519/JSC.0b013e3182162f2b
http://dx.doi.org/10.1136/bmj.325.7374.1202
http://www.ncbi.nlm.nih.gov/pubmed/12446535
http://dx.doi.org/10.1161/01.CIR.0000129535.04194.38
http://dx.doi.org/10.1097/00004872-200018060-00002
http://www.ncbi.nlm.nih.gov/pubmed/10872549
http://dx.doi.org/10.1023/A:1011908606819
http://www.ncbi.nlm.nih.gov/pubmed/11693194
http://dx.doi.org/10.1146/annurev.nutr.27.061406.093621
http://dx.doi.org/10.1002/mrm.21068
http://dx.doi.org/10.1159/000180580
http://dx.doi.org/10.1042/bj2810021
http://www.ncbi.nlm.nih.gov/pubmed/1731757
http://dx.doi.org/10.1152/ajpcell.2001.281.1.C320
http://dx.doi.org/10.1016/j.bbadis.2005.09.004
http://dx.doi.org/10.1152/physrev.2000.80.3.1107
http://dx.doi.org/10.1007/BF01267955
http://dx.doi.org/10.1113/jphysiol.2001.013478
http://dx.doi.org/10.1074/jbc.M604123200
http://dx.doi.org/10.1002/biof.5520080310


Nutrients 2020, 12, 2834 16 of 23

34. Persky, A.M.; Brazeau, G.A. Clinical pharmacology of the dietary supplement creatine monohydrate.
Pharm. Rev. 2001, 53, 161–176.

35. Kreider, R.B.; Ferreira, M.; Wilson, M.; Grindstaff, P.; Plisk, S.; Reinardy, J.; Cantler, E.; Almada, A.L. Effects of
creatine supplementation on body composition, strength, and sprint performance. Med. Sci. Sports Exerc.
1998, 30, 73–82. [CrossRef] [PubMed]

36. Volek, J.S.; Ratamess, N.A.; Rubin, M.R.; Gómez, A.L.; French, D.N.; McGuigan, M.M.; Scheett, T.P.;
Sharman, M.J.; Häkkinen, K.; Kraemer, W.J. The effects of creatine supplementation on muscular performance
and body composition responses to short-term resistance training overreaching. Eur. J. Appl. Physiol. 2004,
91, 628–637. [CrossRef]

37. Aguiar, A.F.; Januário, R.S.; Junior, R.P.; Gerage, A.M.; Pina, F.L.; do Nascimento, M.A.; Padovani, C.R.;
Cyrino, E.S. Long-term creatine supplementation improves muscular performance during resistance training
in older women. Eur. J. Appl. Physiol. 2013, 113, 987–996. [CrossRef]

38. Tarnopolsky, M.A. Potential benefits of creatine monohydrate supplementation in the elderly. Curr. Opin.
Clin. Nutr. Metab. Care 2000, 3, 497–502. [CrossRef]

39. Cooke, M.B.; Rybalka, E.; Williams, A.D.; Cribb, P.J.; Hayes, A. Creatine supplementation enhances muscle
force recovery after eccentrically-induced muscle damage in healthy individuals. J. Int. Soc. Sports Nutr.
2009, 6, 13. [CrossRef] [PubMed]

40. Smith, S.A.; Montain, S.J.; Matott, R.P.; Zientara, G.P.; Jolesz, F.A.; Fielding, R.A. Creatine supplementation
and age influence muscle metabolism during exercise. J. Appl. Physiol. 1998, 85, 1349–1356. [CrossRef]

41. Urbanski, R.L.; Vincent, W.J.; Yaspelkis, B.B., 3rd. Creatine supplementation differentially affects maximal
isometric strength and time to fatigue in large and small muscle groups. Int. J. Sport Nutr. 1999, 9, 136–145.
[CrossRef] [PubMed]

42. Rawson, E.S.; Stec, M.J.; Frederickson, S.J.; Miles, M.P. Low-dose creatine supplementation enhances fatigue
resistance in the absence of weight gain. Nutrition 2011, 27, 451–455. [CrossRef] [PubMed]

43. Stout, J.R.; Sue Graves, B.; Cramer, J.T.; Goldstein, E.R.; Costa, P.B.; Smith, A.E.; Walter, A.A. Effects of
creatine supplementation on the onset of neuromuscular fatigue threshold and muscle strength in elderly
men and women (64–86 years). J. Nutr. Health Aging 2007, 11, 459–464.

44. Chilibeck, P.D.; Kaviani, M.; Candow, D.G.; Zello, G.A. Effect of creatine supplementation during resistance
training on lean tissue mass and muscular strength in older adults: A meta-analysis. Open Access J. Sports Med.
2017, 8, 213–226. [CrossRef]

45. Tarnopolsky, M.A.; MacLennan, D.P. Creatine monohydrate supplementation enhances high-intensity
exercise performance in males and females. Int. J. Sport Nutr. Exerc. Metab. 2000, 10, 452–463. [CrossRef]
[PubMed]

46. Mihic, S.; MacDonald, J.R.; McKenzie, S.; Tarnopolsky, M.A. Acute creatine loading increases fat-free mass,
but does not affect blood pressure, plasma creatinine, or CK activity in men and women. Med. Sci. Sports Exerc.
2000, 32, 291–296. [CrossRef]

47. Pulido, S.M.; Passaquin, A.C.; Leijendekker, W.J.; Challet, C.; Wallimann, T.; Rüegg, U.T. Creatine
supplementation improves intracellular Ca2+ handling and survival in mdx skeletal muscle cells. FEBS Lett.
1998, 439, 357–362. [CrossRef]

48. Farshidfar, F.; Pinder, M.A.; Myrie, S.B. Creatine Supplementation and Skeletal Muscle Metabolism for
Building Muscle Mass-Review of the Potential Mechanisms of Action. Curr. Protein Pept. Sci. 2017, 18,
1273–1287. [CrossRef]

49. Parise, G.; Mihic, S.; MacLennan, D.; Yarasheski, K.E.; Tarnopolsky, M.A. Effects of acute creatine monohydrate
supplementation on leucine kinetics and mixed-muscle protein synthesis. J. Appl. Physiol. 2001, 91, 1041–1047.
[CrossRef]

50. Olsen, S.; Aagaard, P.; Kadi, F.; Tufekovic, G.; Verney, J.; Olesen, J.L.; Suetta, C.; Kjaer, M. Creatine
supplementation augments the increase in satellite cell and myonuclei number in human skeletal muscle
induced by strength training. J. Physiol. 2006, 573, 525–534. [CrossRef]

51. Tarnopolsky, M.A.; Parise, G. Direct measurement of high-energy phosphate compounds in patients with
neuromuscular disease. Muscle Nerve 1999, 22, 1228–1233. [CrossRef]

52. Tarnopolsky, M.; Martin, J. Creatine monohydrate increases strength in patients with neuromuscular disease.
Neurology 1999, 52, 854–857. [CrossRef]

http://dx.doi.org/10.1097/00005768-199801000-00011
http://www.ncbi.nlm.nih.gov/pubmed/9475647
http://dx.doi.org/10.1007/s00421-003-1031-z
http://dx.doi.org/10.1007/s00421-012-2514-6
http://dx.doi.org/10.1097/00075197-200011000-00013
http://dx.doi.org/10.1186/1550-2783-6-13
http://www.ncbi.nlm.nih.gov/pubmed/19490606
http://dx.doi.org/10.1152/jappl.1998.85.4.1349
http://dx.doi.org/10.1123/ijsn.9.2.136
http://www.ncbi.nlm.nih.gov/pubmed/10362451
http://dx.doi.org/10.1016/j.nut.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20591625
http://dx.doi.org/10.2147/OAJSM.S123529
http://dx.doi.org/10.1123/ijsnem.10.4.452
http://www.ncbi.nlm.nih.gov/pubmed/11099372
http://dx.doi.org/10.1097/00005768-200002000-00007
http://dx.doi.org/10.1016/S0014-5793(98)01399-4
http://dx.doi.org/10.2174/1389203718666170606105108
http://dx.doi.org/10.1152/jappl.2001.91.3.1041
http://dx.doi.org/10.1113/jphysiol.2006.107359
http://dx.doi.org/10.1002/(SICI)1097-4598(199909)22:9&lt;1228::AID-MUS9&gt;3.0.CO;2-6
http://dx.doi.org/10.1212/WNL.52.4.854


Nutrients 2020, 12, 2834 17 of 23

53. Tarnopolsky, M.A.; Mahoney, D.J.; Vajsar, J.; Rodriguez, C.; Doherty, T.J.; Roy, B.D.; Biggar, D. Creatine
monohydrate enhances strength and body composition in Duchenne muscular dystrophy. Neurology 2004,
62, 1771–1777. [CrossRef]

54. Walter, M.C.; Lochmuller, H.; Reilich, P.; Klopstock, T.; Huber, R.; Hartard, M.; Hennig, M.; Pongratz, D.;
Muller-Felber, W. Creatine monohydrate in muscular dystrophies: A double-blind, placebo-controlled
clinical study. Neurology 2000, 54, 1848–1850. [CrossRef] [PubMed]

55. Louis, M.; Lebacq, J.; Poortmans, J.R.; Belpaire-Dethiou, M.C.; Devogelaer, J.P.; Van Hecke, P.; Goubel, F.;
Francaux, M. Beneficial effects of creatine supplementation in dystrophic patients. Muscle Nerve 2003, 27,
604–610. [CrossRef]

56. Hyder, F.; Rothman, D.L.; Bennett, M.R. Cortical energy demands of signaling and nonsignaling components
in brain are conserved across mammalian species and activity levels. Proc. Natl. Acad. Sci. USA 2013, 110,
3549–3554. [CrossRef]

57. Watts, M.E.; Pocock, R.; Claudianos, C. Brain Energy and Oxygen Metabolism: Emerging Role in Normal
Function and Disease. Front. Mol. Neurosci. 2018, 11, 216. [CrossRef] [PubMed]

58. Hemmer, W.; Wallimann, T. Functional aspects of creatine kinase in brain. Dev. Neurosci. 1993, 15, 249–260.
[CrossRef]

59. Béard, E.; Braissant, O. Synthesis and transport of creatine in the CNS: Importance for cerebral functions.
J. Neurochem. 2010, 115, 297–313. [CrossRef] [PubMed]

60. National Organization of Rare Disorders Creatine Transporter Deficiency. Available online: https:
//rarediseases.org/rare-diseases/creatine-transporter-deficiency/ (accessed on 27 August 2020).

61. Rae, C.; Digney, A.L.; McEwan, S.R.; Bates, T.C. Oral creatine monohydrate supplementation improves brain
performance: A double-blind, placebo-controlled, cross-over trial. Proc. Biol. Sci. 2003, 270, 2147–2150.
[CrossRef]

62. McMorris, T.; Harris, R.C.; Swain, J.; Corbett, J.; Collard, K.; Dyson, R.J.; Dye, L.; Hodgson, C.; Draper, N.
Effect of creatine supplementation and sleep deprivation, with mild exercise, on cognitive and psychomotor
performance, mood state, and plasma concentrations of catecholamines and cortisol. Psychopharmacology
2006, 185, 93–103. [CrossRef] [PubMed]

63. Rawson, E.S.; Venezia, A.C. Use of creatine in the elderly and evidence for effects on cognitive function in
young and old. Amino Acids 2011, 40, 1349–1362. [CrossRef]

64. Pazini, F.L.; Cunha, M.P.; Rodrigues, A.L.S. The possible beneficial effects of creatine for the management of
depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 2019, 89, 193–206. [CrossRef]

65. Matthews, R.T.; Ferrante, R.J.; Klivenyi, P.; Yang, L.; Klein, A.M.; Mueller, G.; Kaddurah-Daouk, R.; Beal, M.F.
Creatine and cyclocreatine attenuate MPTP neurotoxicity. Exp. Neurol. 1999, 157, 142–149. [CrossRef]

66. Andres, R.H.; Ducray, A.D.; Perez-Bouza, A.; Schlattner, U.; Huber, A.W.; Krebs, S.H.; Seiler, R.W.;
Wallimann, T.; Widmer, H.R. Creatine supplementation improves dopaminergic cell survival and protects
against MPP+ toxicity in an organotypic tissue culture system. Cell Transpl. 2005, 14, 537–550. [CrossRef]

67. Brewer, G.J.; Wallimann, T.W. Protective effect of the energy precursor creatine against toxicity of glutamate
and beta-amyloid in rat hippocampal neurons. J. Neurochem. 2000, 74, 1968–1978. [CrossRef] [PubMed]

68. Li, Z.; Wang, P.; Yu, Z.; Cong, Y.; Sun, H.; Zhang, J.; Zhang, J.; Sun, C.; Zhang, Y.; Ju, X. The effect of creatine
and coenzyme q10 combination therapy on mild cognitive impairment in Parkinson′s disease. Eur. Neurol.
2015, 73, 205–211. [CrossRef] [PubMed]

69. Bender, A.; Koch, W.; Elstner, M.; Schombacher, Y.; Bender, J.; Moeschl, M.; Gekeler, F.; Müller-Myhsok, B.;
Gasser, T.; Tatsch, K.; et al. Creatine supplementation in Parkinson disease: A placebo-controlled randomized
pilot trial. Neurology 2006, 67, 1262–1264. [CrossRef]

70. Hersch, S.; Gevorkian, S.; Marder, K.; Moskowitz, C.; Feigin, A.; Cox, M.; Como, P.; Zimmerman, C.; Lin, M.;
Zhang, L. Creatine in Huntington disease is safe, tolerable, bioavailable in brain and reduces serum 8OH2′ dG.
Neurology 2006, 66, 250–252. [CrossRef]

71. Investigators, N.N.-P. A randomized, double-blind, futility clinical trial of creatine and minocycline in early
Parkinson disease. Neurology 2006, 66, 664–671. [CrossRef]

72. Kieburtz, K.; Tilley, B.C.; Elm, J.J.; Babcock, D.; Hauser, R.; Ross, G.W.; Augustine, A.H.; Augustine, E.U.;
Aminoff, M.J.; Bodis-Wollner, I.G.; et al. Effect of creatine monohydrate on clinical progression in patients
with Parkinson disease: A randomized clinical trial. JAMA 2015, 313, 584–593. [CrossRef] [PubMed]

http://dx.doi.org/10.1212/01.WNL.0000125178.18862.9D
http://dx.doi.org/10.1212/WNL.54.9.1848
http://www.ncbi.nlm.nih.gov/pubmed/10802796
http://dx.doi.org/10.1002/mus.10355
http://dx.doi.org/10.1073/pnas.1214912110
http://dx.doi.org/10.3389/fnmol.2018.00216
http://www.ncbi.nlm.nih.gov/pubmed/29988368
http://dx.doi.org/10.1159/000111342
http://dx.doi.org/10.1111/j.1471-4159.2010.06935.x
http://www.ncbi.nlm.nih.gov/pubmed/20796169
https://rarediseases.org/rare-diseases/creatine-transporter-deficiency/
https://rarediseases.org/rare-diseases/creatine-transporter-deficiency/
http://dx.doi.org/10.1098/rspb.2003.2492
http://dx.doi.org/10.1007/s00213-005-0269-z
http://www.ncbi.nlm.nih.gov/pubmed/16416332
http://dx.doi.org/10.1007/s00726-011-0855-9
http://dx.doi.org/10.1016/j.pnpbp.2018.08.029
http://dx.doi.org/10.1006/exnr.1999.7049
http://dx.doi.org/10.3727/000000005783982756
http://dx.doi.org/10.1046/j.1471-4159.2000.0741968.x
http://www.ncbi.nlm.nih.gov/pubmed/10800940
http://dx.doi.org/10.1159/000377676
http://www.ncbi.nlm.nih.gov/pubmed/25792086
http://dx.doi.org/10.1212/01.wnl.0000238518.34389.12
http://dx.doi.org/10.1212/01.wnl.0000194318.74946.b6
http://dx.doi.org/10.1212/01.wnl.0000201252.57661.e1
http://dx.doi.org/10.1001/jama.2015.120
http://www.ncbi.nlm.nih.gov/pubmed/25668262


Nutrients 2020, 12, 2834 18 of 23

73. Verbessem, P.; Lemiere, J.; Eijnde, B.O.; Swinnen, S.; Vanhees, L.; Van Leemputte, M.; Hespel, P.; Dom, R.
Creatine supplementation in Huntington′s disease: A placebo-controlled pilot trial. Neurology 2003, 61,
925–930. [CrossRef] [PubMed]

74. Ferrante, R.J.; Andreassen, O.A.; Jenkins, B.G.; Dedeoglu, A.; Kuemmerle, S.; Kubilus, J.K.;
Kaddurah-Daouk, R.; Hersch, S.M.; Beal, M.F. Neuroprotective effects of creatine in a transgenic mouse
model of Huntington’s disease. J. Neurosci. 2000, 20, 4389–4397. [CrossRef] [PubMed]

75. Gualano, B.; de Salles Painelli, V.; Roschel, H.; Lugaresi, R.; Dorea, E.; Artioli, G.G.; Lima, F.R.; da Silva, M.E.;
Cunha, M.R.; Seguro, A.C.; et al. Creatine supplementation does not impair kidney function in type 2
diabetic patients: A randomized, double-blind, placebo-controlled, clinical trial. Eur. J. Appl. Physiol. 2011,
111, 749–756. [CrossRef]

76. Alves, C.R.; Santiago, B.M.; Lima, F.R.; Otaduy, M.C.; Calich, A.L.; Tritto, A.C.; de Sa Pinto, A.L.; Roschel, H.;
Leite, C.C.; Benatti, F.B.; et al. Creatine supplementation in fibromyalgia: A randomized, double-blind,
placebo-controlled trial. Arthritis Care Res. 2013, 65, 1449–1459. [CrossRef]

77. Lenz, H.; Schmidt, M.; Welge, V.; Schlattner, U.; Wallimann, T.; Elsasser, H.P.; Wittern, K.P.; Wenck, H.; Stab, F.;
Blatt, T. The creatine kinase system in human skin: Protective effects of creatine against oxidative and UV
damage in vitro and in vivo. J. Investig. Derm. 2005, 124, 443–452. [CrossRef]

78. Chilibeck, P.D.; Candow, D.G.; Landeryou, T.; Kaviani, M.; Paus-Jenssen, L. Effects of Creatine and Resistance
Training on Bone Health in Postmenopausal Women. Med. Sci. Sports Exerc. 2015, 47, 1587–1595. [CrossRef]

79. Da Silva, R.P.; Kelly, K.B.; Leonard, K.A.; Jacobs, R.L. Creatine reduces hepatic TG accumulation in hepatocytes
by stimulating fatty acid oxidation. Biochim. Biophys. Acta 2014, 1841, 1639–1646. [CrossRef]

80. Guidi, C.; Potenza, L.; Sestili, P.; Martinelli, C.; Guescini, M.; Stocchi, L.; Zeppa, S.; Polidori, E.;
Annibalini, G.; Stocchi, V. Differential effect of creatine on oxidatively-injured mitochondrial and nuclear
DNA. Biochim. Biophys. Acta 2008, 1780, 16–26. [CrossRef]

81. Murphy, S.L.; Xu, J.; Kochanek, K.D.; Arias, E. Mortality in the United States, 2017. NCHS Data Br. 2018, 328, 1–8.
82. Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha, M.J.; Cushman, M.; Das, S.R.; de Ferranti, S.;

Despres, J.P.; Fullerton, H.J.; et al. Heart Disease and Stroke Statistics-2016 Update: A Report from the
American Heart Association. Circulation 2016, 133, e38–e360. [CrossRef] [PubMed]

83. Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.;
Bonaduce, D.; et al. Oxidative stress, aging, and diseases. Clin. Interv. Aging 2018, 13, 757–772. [CrossRef]
[PubMed]

84. Seals, D.R.; Jablonski, K.L.; Donato, A.J. Aging and vascular endothelial function in humans. Clin. Sci. 2011,
120, 357–375. [CrossRef] [PubMed]

85. Widmer, R.J.; Lerman, A. Endothelial dysfunction and cardiovascular disease. Glob. Cardiol. Sci. Pr. 2014,
2014, 291–308. [CrossRef]

86. Kohn, J.C.; Lampi, M.C.; Reinhart-King, C.A. Age-related vascular stiffening: Causes and consequences.
Front. Genet. 2015, 6, 112. [CrossRef]

87. Henderson, K.K.; Byron, K.L. Vasopressin-induced vasoconstriction: Two concentration-dependent signaling
pathways. J. Appl. Physiol. 2007, 102, 1402–1409. [CrossRef]

88. Ye, G.J.; Nesmith, A.P.; Parker, K.K. The role of mechanotransduction on vascular smooth muscle myocytes’
[corrected] cytoskeleton and contractile function. Anat. Rec. 2014, 297, 1758–1769. [CrossRef]

89. Thomas, G.D. Neural control of the circulation. Adv. Physiol. Educ. 2011, 35, 28–32. [CrossRef]
90. Rajendran, P.; Rengarajan, T.; Thangavel, J.; Nishigaki, Y.; Sakthisekaran, D.; Sethi, G.; Nishigaki, I.

The vascular endothelium and human diseases. Int. J. Biol. Sci. 2013, 9, 1057–1069. [CrossRef]
91. Pugsley, M.K.; Tabrizchi, R. The vascular system. An overview of structure and function. J. Pharm. Toxicol. Methods

2000, 44, 333–340. [CrossRef]
92. Incalza, M.A.; D′Oria, R.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Oxidative stress and reactive

oxygen species in endothelial dysfunction associated with cardiovascular and metabolic diseases. Vasc. Pharm.
2018, 100, 1–19. [CrossRef]

93. Castellon, X.; Bogdanova, V. Chronic Inflammatory Diseases and Endothelial Dysfunction. Aging Dis. 2016,
7, 81–89. [CrossRef] [PubMed]

94. Popov, D. Endothelial cell dysfunction in hyperglycemia: Phenotypic change, intracellular signaling
modification, ultrastructural alteration, and potential clinical outcomes. Int. J. Diabetes Mellit. 2010, 2,
189–195. [CrossRef]

http://dx.doi.org/10.1212/01.WNL.0000090629.40891.4B
http://www.ncbi.nlm.nih.gov/pubmed/14557561
http://dx.doi.org/10.1523/JNEUROSCI.20-12-04389.2000
http://www.ncbi.nlm.nih.gov/pubmed/10844007
http://dx.doi.org/10.1007/s00421-010-1676-3
http://dx.doi.org/10.1002/acr.22020
http://dx.doi.org/10.1111/j.0022-202X.2004.23522.x
http://dx.doi.org/10.1249/MSS.0000000000000571
http://dx.doi.org/10.1016/j.bbalip.2014.09.001
http://dx.doi.org/10.1016/j.bbagen.2007.09.018
http://dx.doi.org/10.1161/CIR.0000000000000350
http://www.ncbi.nlm.nih.gov/pubmed/26673558
http://dx.doi.org/10.2147/CIA.S158513
http://www.ncbi.nlm.nih.gov/pubmed/29731617
http://dx.doi.org/10.1042/CS20100476
http://www.ncbi.nlm.nih.gov/pubmed/21244363
http://dx.doi.org/10.5339/gcsp.2014.43
http://dx.doi.org/10.3389/fgene.2015.00112
http://dx.doi.org/10.1152/japplphysiol.00825.2006
http://dx.doi.org/10.1002/ar.22983
http://dx.doi.org/10.1152/advan.00114.2010
http://dx.doi.org/10.7150/ijbs.7502
http://dx.doi.org/10.1016/S1056-8719(00)00125-8
http://dx.doi.org/10.1016/j.vph.2017.05.005
http://dx.doi.org/10.14336/AD.2015.0803
http://www.ncbi.nlm.nih.gov/pubmed/26815098
http://dx.doi.org/10.1016/j.ijdm.2010.09.002


Nutrients 2020, 12, 2834 19 of 23

95. Kim, J.A.; Montagnani, M.; Chandrasekran, S.; Quon, M.J. Role of lipotoxicity in endothelial dysfunction.
Heart Fail. Clin. 2012, 8, 589–607. [CrossRef] [PubMed]

96. Lobato, N.S.; Filgueira, F.P.; Akamine, E.H.; Tostes, R.C.; Carvalho, M.H.; Fortes, Z.B. Mechanisms of
endothelial dysfunction in obesity-associated hypertension. Braz. J. Med. Biol. Res. 2012, 45, 392–400.
[CrossRef] [PubMed]

97. Michael Pittilo, R. Cigarette smoking, endothelial injury and cardiovascular disease. Int. J. Exp. Pathol. 2000,
81, 219–230. [CrossRef]

98. Tanaka, A.; Cui, R.; Kitamura, A.; Liu, K.; Imano, H.; Yamagishi, K.; Kiyama, M.; Okada, T.; Iso, H. Heavy
Alcohol Consumption is Associated with Impaired Endothelial Function. J. Atheroscler. Thromb. 2016, 23,
1047–1054. [CrossRef]

99. Fleg, J.L.; Strait, J. Age-associated changes in cardiovascular structure and function: A fertile milieu for
future disease. Heart Fail. Rev. 2012, 17, 545–554. [CrossRef]

100. Hadi, H.A.; Carr, C.S.; Al Suwaidi, J. Endothelial dysfunction: Cardiovascular risk factors, therapy,
and outcome. Vasc. Health Risk Manag. 2005, 1, 183–198.

101. Kawashima, S.; Yokoyama, M. Dysfunction of Endothelial Nitric Oxide Synthase and Atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2004, 24, 998–1005. [CrossRef]

102. Widlansky, M.E.; Gokce, N.; Keaney, J.F., Jr.; Vita, J.A. The clinical implications of endothelial dysfunction.
J. Am. Coll. Cardiol. 2003, 42, 1149–1160. [CrossRef]

103. Kaiser Family Foundation. Data Note Prescription Drugs and Older Adults. Available online: https://www.kff.
org/health-reform/issue-brief/data-note-prescription-drugs-and-older-adults/ (accessed on 27 August 2020).

104. Council for Responsible Nutrition. 2018 Consumer Survey on Dietary Supplements. Available
online: https://www.crnusa.org/sites/default/files/images/2018-survey/CRN-ConsumerSurvey-Infographic-
2019f.pdf (accessed on 27 August 2020).

105. Arciero, P.J.; Hannibal, N.S., 3rd; Nindl, B.C.; Gentile, C.L.; Hamed, J.; Vukovich, M.D. Comparison of
creatine ingestion and resistance training on energy expenditure and limb blood flow. Metabolism 2001, 50,
1429–1434. [CrossRef] [PubMed]

106. Englund, D.A.; Kirn, D.R.; Koochek, A.; Zhu, H.; Travison, T.G.; Reid, K.F.; von Berens, Å.; Melin, M.;
Cederholm, T.; Gustafsson, T.; et al. Nutritional Supplementation with Physical Activity Improves
Muscle Composition in Mobility-Limited Older Adults, the VIVE2 Study: A Randomized, Double-Blind,
Placebo-Controlled Trial. J. Gerontol. A Biol. Sci. Med. Sci. 2017, 73, 95–101. [CrossRef] [PubMed]

107. Beaudart, C.; Dawson, A.; Shaw, S.C.; Harvey, N.C.; Kanis, J.A.; Binkley, N.; Reginster, J.Y.; Chapurlat, R.;
Chan, D.C.; Bruyère, O.; et al. Nutrition and physical activity in the prevention and treatment of sarcopenia:
Systematic review. Osteoporos. Int. 2017, 28, 1817–1833. [CrossRef] [PubMed]

108. Sanchez-Gonzalez, M.A.; Wieder, R.; Kim, J.S.; Vicil, F.; Figueroa, A. Creatine supplementation attenuates
hemodynamic and arterial stiffness responses following an acute bout of isokinetic exercise. Eur. J. Appl. Physiol.
2011, 111, 1965–1971. [CrossRef]

109. Cui, J.; Mascarenhas, V.; Moradkhan, R.; Blaha, C.; Sinoway, L.I. Effects of muscle metabolites on responses
of muscle sympathetic nerve activity to mechanoreceptor(s) stimulation in healthy humans. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 2008, 294, R458–R466. [CrossRef]

110. Jadhav, U.M.; Kadam, N.N. Non-invasive assessment of arterial stiffness by pulse-wave velocity correlates
with endothelial dysfunction. Indian Heart J. 2005, 57, 226–232.

111. Cole, C.R.; Blackstone, E.H.; Pashkow, F.J.; Snader, C.E.; Lauer, M.S. Heart-rate recovery immediately after
exercise as a predictor of mortality. N. Engl. J. Med. 1999, 341, 1351–1357. [CrossRef]

112. Moraes, R.; Van Bavel, D.; Moraes, B.S.; Tibirica, E. Effects of dietary creatine supplementation on systemic
microvascular density and reactivity in healthy young adults. Nutr. J. 2014, 13, 115. [CrossRef]

113. Raddino, R.; Caretta, G.; Teli, M.; Bonadei, I.; Robba, D.; Zanini, G.; Madureri, A.; Nodari, S.; Dei Cas, L.
Nitric oxide and cardiovascular risk factors. Heart Int. 2007, 3, 18. [CrossRef]

114. Sverdlov, A.L.; Ngo, D.T.; Chan, W.P.; Chirkov, Y.Y.; Horowitz, J.D. Aging of the nitric oxide system: Are we
as old as our NO? J. Am. Heart Assoc. 2014, 3, e000973. [CrossRef] [PubMed]

115. Lorenzo, S.; Minson, C.T. Human cutaneous reactive hyperaemia: Role of BKCa channels and sensory nerves.
J. Physiol. 2007, 585, 295–303. [CrossRef] [PubMed]

116. Kaviani, M.; Shaw, K.; Chilibeck, P.D. Benefits of Creatine Supplementation for Vegetarians Compared to
Omnivorous Athletes: A Systematic Review. Int. J. Env. Res. Public Health 2020, 17, 3041. [CrossRef]

http://dx.doi.org/10.1016/j.hfc.2012.06.012
http://www.ncbi.nlm.nih.gov/pubmed/22999242
http://dx.doi.org/10.1590/S0100-879X2012007500058
http://www.ncbi.nlm.nih.gov/pubmed/22488221
http://dx.doi.org/10.1046/j.1365-2613.2000.00162.x
http://dx.doi.org/10.5551/jat.31641
http://dx.doi.org/10.1007/s10741-011-9270-2
http://dx.doi.org/10.1161/01.ATV.0000125114.88079.96
http://dx.doi.org/10.1016/S0735-1097(03)00994-X
https://www.kff.org/health-reform/issue-brief/data-note-prescription-drugs-and-older-adults/
https://www.kff.org/health-reform/issue-brief/data-note-prescription-drugs-and-older-adults/
https://www.crnusa.org/sites/default/files/images/2018-survey/CRN-ConsumerSurvey-Infographic-2019f.pdf
https://www.crnusa.org/sites/default/files/images/2018-survey/CRN-ConsumerSurvey-Infographic-2019f.pdf
http://dx.doi.org/10.1053/meta.2001.28159
http://www.ncbi.nlm.nih.gov/pubmed/11735088
http://dx.doi.org/10.1093/gerona/glx141
http://www.ncbi.nlm.nih.gov/pubmed/28977347
http://dx.doi.org/10.1007/s00198-017-3980-9
http://www.ncbi.nlm.nih.gov/pubmed/28251287
http://dx.doi.org/10.1007/s00421-011-1832-4
http://dx.doi.org/10.1152/ajpregu.00475.2007
http://dx.doi.org/10.1056/NEJM199910283411804
http://dx.doi.org/10.1186/1475-2891-13-115
http://dx.doi.org/10.1177/1826186807003001-203
http://dx.doi.org/10.1161/JAHA.114.000973
http://www.ncbi.nlm.nih.gov/pubmed/25134680
http://dx.doi.org/10.1113/jphysiol.2007.143867
http://www.ncbi.nlm.nih.gov/pubmed/17901123
http://dx.doi.org/10.3390/ijerph17093041


Nutrients 2020, 12, 2834 20 of 23

117. Dhingra, R.; Vasan, R.S. Age as a risk factor. Med. Clin. N. Am. 2012, 96, 87–91. [CrossRef] [PubMed]
118. Taddei, S.; Virdis, A.; Ghiadoni, L.; Salvetti, G.; Bernini, G.; Magagna, A.; Salvetti, A. Age-related reduction

of NO availability and oxidative stress in humans. Hypertension 2001, 38, 274–279. [CrossRef]
119. Yavuz, B.B.; Yavuz, B.; Sener, D.D.; Cankurtaran, M.; Halil, M.; Ulger, Z.; Nazli, N.; Kabakci, G.; Aytemir, K.;

Tokgozoglu, L.; et al. Advanced age is associated with endothelial dysfunction in healthy elderly subjects.
Gerontology 2008, 54, 153–156. [CrossRef]

120. Chung, H.Y.; Kim, D.H.; Lee, E.K.; Chung, K.W.; Chung, S.; Lee, B.; Seo, A.Y.; Chung, J.H.; Jung, Y.S.; Im, E.;
et al. Redefining Chronic Inflammation in Aging and Age-Related Diseases: Proposal of the Senoinflammation
Concept. Aging Dis. 2019, 10, 367–382. [CrossRef]

121. Clarke, H.; Kim, D.-H.; Meza, C.; Hickner, R. Pilot Study: The Effect of Acute 5-Day Creatine Supplementation
on Macrovascular Endothelial Function in Older Adults. Curr. Dev. Nutr. 2020, 4, 15. [CrossRef]

122. Rawlings, R.; Nohria, A.; Liu, P.-Y.; Donnelly, J.; Creager, M.A.; Ganz, P.; Selwyn, A.; Liao, J.K. Comparison
of effects of rosuvastatin (10 mg) versus atorvastatin (40 mg) on rho kinase activity in caucasian men with a
previous atherosclerotic event. Am. J. Cardiol. 2009, 103, 437–441. [CrossRef]

123. Eskurza, I.; Myerburgh, L.A.; Kahn, Z.D.; Seals, D.R. Tetrahydrobiopterin augments endothelium-dependent
dilatation in sedentary but not in habitually exercising older adults. J. Physiol. 2005, 568, 1057–1065.
[CrossRef]

124. Pierce, G.L.; Eskurza, I.; Walker, A.E.; Fay, T.N.; Seals, D.R. Sex-specific effects of habitual aerobic exercise
on brachial artery flow-mediated dilation in middle-aged and older adults. Clin. Sci. 2011, 120, 13–23.
[CrossRef] [PubMed]

125. Betteridge, D.J. What is oxidative stress? Metabolism 2000, 49, 3–8. [CrossRef]
126. Burton, G.J.; Jauniaux, E. Oxidative stress. Best Pr. Res. Clin. Obs. Gynaecol. 2011, 25, 287–299. [CrossRef]

[PubMed]
127. Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Harmful and Beneficial Role of ROS. Oxid. Med. Cell. Longev.

2016, 2016, 7909186. [CrossRef] [PubMed]
128. Pham-Huy, L.A.; He, H.; Pham-Huy, C. Free radicals, antioxidants in disease and health. Int. J. Biomed. Sci.

2008, 4, 89–96.
129. Dinkova-Kostova, A.T.; Talalay, P. Direct and indirect antioxidant properties of inducers of cytoprotective

proteins. Mol. Nutr. Food Res. 2008, 52, S128–S138. [CrossRef]
130. Tan, B.L.; Norhaizan, M.E.; Liew, W.P.; Sulaiman Rahman, H. Antioxidant and Oxidative Stress: A Mutual

Interplay in Age-Related Diseases. Front. Pharm. 2018, 9, 1162. [CrossRef]
131. Liu, Z.; Ren, Z.; Zhang, J.; Chuang, C.C.; Kandaswamy, E.; Zhou, T.; Zuo, L. Role of ROS and Nutritional

Antioxidants in Human Diseases. Front. Physiol. 2018, 9, 477. [CrossRef]
132. Simioni, C.; Zauli, G.; Martelli, A.M.; Vitale, M.; Sacchetti, G.; Gonelli, A.; Neri, L.M. Oxidative stress: Role of

physical exercise and antioxidant nutraceuticals in adulthood and aging. Oncotarget 2018, 9, 17181–17198.
[CrossRef]

133. Fusco, D.; Colloca, G.; Lo Monaco, M.R.; Cesari, M. Effects of antioxidant supplementation on the aging
process. Clin. Interv. Aging 2007, 2, 377–387.

134. Senoner, T.; Dichtl, W. Oxidative Stress in Cardiovascular Diseases: Still a Therapeutic Target? Nutrients
2019, 11, 2090. [CrossRef]

135. Wallimann, T.; Tokarska-Schlattner, M.; Schlattner, U. The creatine kinase system and pleiotropic effects of
creatine. Amino Acids 2011, 40, 1271–1296. [CrossRef] [PubMed]

136. Madamanchi, N.R.; Vendrov, A.; Runge, M.S. Oxidative stress and vascular disease. Arter. Thromb. Vasc. Biol.
2005, 25, 29–38. [CrossRef]

137. Matthews, R.T.; Yang, L.; Jenkins, B.G.; Ferrante, R.J.; Rosen, B.R.; Kaddurah-Daouk, R.; Beal, M.F.
Neuroprotective effects of creatine and cyclocreatine in animal models of Huntington′s disease. J. Neurosci.
1998, 18, 156–163. [CrossRef] [PubMed]

138. Sestili, P.; Martinelli, C.; Bravi, G.; Piccoli, G.; Curci, R.; Battistelli, M.; Falcieri, E.; Agostini, D.; Gioacchini, A.M.;
Stocchi, V. Creatine supplementation affords cytoprotection in oxidatively injured cultured mammalian cells
via direct antioxidant activity. Free Radic. Biol. Med. 2006, 40, 837–849. [CrossRef]

139. Bray, A.W.; Ballinger, S.W. Mitochondrial DNA mutations and cardiovascular disease. Curr. Opin. Cardiol.
2017, 32, 267–274. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.mcna.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22391253
http://dx.doi.org/10.1161/01.HYP.38.2.274
http://dx.doi.org/10.1159/000129064
http://dx.doi.org/10.14336/AD.2018.0324
http://dx.doi.org/10.1093/cdn/nzaa040_015
http://dx.doi.org/10.1016/j.amjcard.2008.10.008
http://dx.doi.org/10.1113/jphysiol.2005.092734
http://dx.doi.org/10.1042/CS20100174
http://www.ncbi.nlm.nih.gov/pubmed/20642454
http://dx.doi.org/10.1016/S0026-0495(00)80077-3
http://dx.doi.org/10.1016/j.bpobgyn.2010.10.016
http://www.ncbi.nlm.nih.gov/pubmed/21130690
http://dx.doi.org/10.1155/2016/7909186
http://www.ncbi.nlm.nih.gov/pubmed/27818723
http://dx.doi.org/10.1002/mnfr.200700195
http://dx.doi.org/10.3389/fphar.2018.01162
http://dx.doi.org/10.3389/fphys.2018.00477
http://dx.doi.org/10.18632/oncotarget.24729
http://dx.doi.org/10.3390/nu11092090
http://dx.doi.org/10.1007/s00726-011-0877-3
http://www.ncbi.nlm.nih.gov/pubmed/21448658
http://dx.doi.org/10.1161/01.ATV.0000150649.39934.13
http://dx.doi.org/10.1523/JNEUROSCI.18-01-00156.1998
http://www.ncbi.nlm.nih.gov/pubmed/9412496
http://dx.doi.org/10.1016/j.freeradbiomed.2005.10.035
http://dx.doi.org/10.1097/HCO.0000000000000383
http://www.ncbi.nlm.nih.gov/pubmed/28169948


Nutrients 2020, 12, 2834 21 of 23

140. Fimognari, C.; Sestili, P.; Lenzi, M.; Cantelli-Forti, G.; Hrelia, P. Protective effect of creatine against RNA
damage. Mutat. Res. 2009, 670, 59–67. [CrossRef]

141. Rambo, L.M.; Ribeiro, L.R.; Oliveira, M.S.; Furian, A.F.; Lima, F.D.; Souza, M.A.; Silva, L.F.; Retamoso, L.T.;
Corte, C.L.; Puntel, G.O.; et al. Additive anticonvulsant effects of creatine supplementation and physical
exercise against pentylenetetrazol-induced seizures. Neurochem. Int. 2009, 55, 333–340. [CrossRef] [PubMed]

142. 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]

143. Hosamani, R.; Ramesh, S.R. Attenuation of rotenone-induced mitochondrial oxidative damage and
neurotoxicty in Drosophila melanogaster supplemented with creatine. Neurochem. Res. 2010, 35, 1402–1412.
[CrossRef]

144. Peng, C.; Wang, X.; Chen, J.; Jiao, R.; Wang, L.; Li, Y.M.; Zuo, Y.; Liu, Y.; Lei, L.; Ma, K.Y.; et al. Biology of
Ageing and Role of Dietary Antioxidants. Biomed. Res. Int. 2014, 2014, 831841. [CrossRef] [PubMed]

145. Tribble, D.L. Antioxidant Consumption and Risk of Coronary Heart Disease: Emphasis on Vitamin C,
Vitamin E, and β-carotene: A statement for healthcare professionals from the American Heart Association.
Circulation 1999, 99, 591–595. [CrossRef] [PubMed]

146. Goszcz, K.; Deakin, S.J.; Duthie, G.G.; Stewart, D.; Leslie, S.J.; Megson, I.L. Antioxidants in Cardiovascular
Therapy: Panacea or False Hope? Front. Cardiovasc. Med. 2015, 2, 29. [CrossRef] [PubMed]

147. Johnson, S.A.; Figueroa, A.; Navaei, N.; Wong, A.; Kalfon, R.; Ormsbee, L.T.; Feresin, R.G.; Elam, M.L.;
Hooshmand, S.; Payton, M.E.; et al. Daily Blueberry Consumption Improves Blood Pressure and Arterial
Stiffness in Postmenopausal Women with Pre- and Stage 1-Hypertension: A Randomized, Double-Blind,
Placebo-Controlled Clinical Trial. J. Acad. Nutr. Diet. 2015, 115, 369–377. [CrossRef]

148. Alizadeh, M.; Kheirouri, S. Curcumin reduces malondialdehyde and improves antioxidants in humans with
diseased conditions: A comprehensive meta-analysis of randomized controlled trials. Biomedicine 2019, 9, 23.
[CrossRef] [PubMed]

149. Kumar, A.; Palfrey, H.A.; Pathak, R.; Kadowitz, P.J.; Gettys, T.W.; Murthy, S.N. The metabolism and
significance of homocysteine in nutrition and health. Nutr. Metab. 2017, 14, 78. [CrossRef]

150. Wyss, M.; Schulze, A. Health implications of creatine: Can oral creatine supplementation protect against
neurological and atherosclerotic disease? Neuroscience 2002, 112, 243–260. [CrossRef]

151. Tyagi, N.; Sedoris, K.C.; Steed, M.; Ovechkin, A.V.; Moshal, K.S.; Tyagi, S.C. Mechanisms of
homocysteine-induced oxidative stress. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H2649–H2656.
[CrossRef]

152. Brosnan, J.T.; da Silva, R.P.; Brosnan, M.E. The metabolic burden of creatine synthesis. Amino Acids 2011, 40,
1325–1331. [CrossRef]

153. Mudd, S.H.; Ebert, M.H.; Scriver, C.R. Labile methyl group balances in the human: The role of sarcosine.
Metabolism 1980, 29, 707–720. [CrossRef]

154. McCarty, M.F. Supplemental creatine may decrease serum homocysteine and abolish the homocysteine
‘gender gap’ by suppressing endogenous creatine synthesis. Med. Hypotheses 2001, 56, 5–7. [CrossRef]
[PubMed]

155. Marcus, J.; Sarnak, M.J.; Menon, V. Homocysteine lowering and cardiovascular disease risk: Lost in translation.
Can J Cardiol. 2007, 23, 707–710. [CrossRef]

156. Stead, L.M.; Au, K.P.; Jacobs, R.L.; Brosnan, M.E.; Brosnan, J.T. Methylation demand and homocysteine
metabolism: Effects of dietary provision of creatine and guanidinoacetate. Am. J. Physiol. Endocrinol. Metab.
2001, 281, E1095–E1100. [CrossRef]

157. Steenge, G.R.; Verhoef, P.; Greenhaff, P.L. The Effect of Creatine and Resistance Training on Plasma
Homocysteine Concentration in Healthy Volunteers. Arch. Intern. Med. 2001, 161, 1455–1457. [CrossRef]

158. Taes, Y.E.; Delanghe, J.R.; De Vriese, A.S.; Rombaut, R.; Van Camp, J.; Lameire, N.H. Creatine supplementation
decreases homocysteine in an animal model of uremia. Kidney Int. 2003, 64, 1331–1337. [CrossRef]

159. Deminice, R.; Cella, P.S.; Padilha, C.S.; Borges, F.H.; da Silva, L.E.; Campos-Ferraz, P.L.; Jordao, A.A.;
Robinson, J.L.; Bertolo, R.F.; Cecchini, R.; et al. Creatine supplementation prevents hyperhomocysteinemia,
oxidative stress and cancer-induced cachexia progression in Walker-256 tumor-bearing rats. Amino Acids
2016, 48, 2015–2024. [CrossRef]

http://dx.doi.org/10.1016/j.mrfmmm.2009.07.005
http://dx.doi.org/10.1016/j.neuint.2009.04.007
http://www.ncbi.nlm.nih.gov/pubmed/19393274
http://dx.doi.org/10.1002/mnfr.200800504
http://dx.doi.org/10.1007/s11064-010-0198-z
http://dx.doi.org/10.1155/2014/831841
http://www.ncbi.nlm.nih.gov/pubmed/24804252
http://dx.doi.org/10.1161/01.CIR.99.4.591
http://www.ncbi.nlm.nih.gov/pubmed/9927409
http://dx.doi.org/10.3389/fcvm.2015.00029
http://www.ncbi.nlm.nih.gov/pubmed/26664900
http://dx.doi.org/10.1016/j.jand.2014.11.001
http://dx.doi.org/10.1051/bmdcn/2019090423
http://www.ncbi.nlm.nih.gov/pubmed/31724938
http://dx.doi.org/10.1186/s12986-017-0233-z
http://dx.doi.org/10.1016/S0306-4522(02)00088-X
http://dx.doi.org/10.1152/ajpheart.00548.2005
http://dx.doi.org/10.1007/s00726-011-0853-y
http://dx.doi.org/10.1016/0026-0495(80)90192-4
http://dx.doi.org/10.1054/mehy.1999.1014
http://www.ncbi.nlm.nih.gov/pubmed/11133246
http://dx.doi.org/10.1016/S0828-282X(07)70814-0
http://dx.doi.org/10.1152/ajpendo.2001.281.5.E1095
http://dx.doi.org/10.1001/archinte.161.11.1455
http://dx.doi.org/10.1046/j.1523-1755.2003.00206.x
http://dx.doi.org/10.1007/s00726-016-2172-9


Nutrients 2020, 12, 2834 22 of 23

160. Deminice, R.; Portari, G.V.; Vannucchi, H.; Jordao, A.A. Effects of creatine supplementation on homocysteine
levels and lipid peroxidation in rats. Br. J. Nutr. 2009, 102, 110–116. [CrossRef] [PubMed]

161. Peters, B.A.; Hall, M.N.; Liu, X.; Parvez, F.; Siddique, A.B.; Shahriar, H.; Uddin, M.N.; Islam, T.; Ilievski, V.;
Graziano, J.H.; et al. Low-Dose Creatine Supplementation Lowers Plasma Guanidinoacetate, but Not Plasma
Homocysteine, in a Double-Blind, Randomized, Placebo-Controlled Trial. J. Nutr. 2015, 145, 2245–2252.
[CrossRef]

162. Deminice, R.; Rosa, F.T.; Franco, G.S.; da Cunha, S.F.; de Freitas, E.C.; Jordao, A.A. Short-term creatine
supplementation does not reduce increased homocysteine concentration induced by acute exercise in humans.
Eur. J. Nutr. 2014, 53, 1355–1361. [CrossRef]

163. Taes, Y.E.; Delanghe, J.R.; De Bacquer, D.; Langlois, M.; Stevens, L.; Geerolf, I.; Lameire, N.H.; De Vriese, A.S.
Creatine supplementation does not decrease total plasma homocysteine in chronic hemodialysis patients.
Kidney Int. 2004, 66, 2422–2428. [CrossRef]

164. Jahangir, E.; Vita, J.A.; Handy, D.; Holbrook, M.; Palmisano, J.; Beal, R.; Loscalzo, J.; Eberhardt, R.T. The effect
of L-arginine and creatine on vascular function and homocysteine metabolism. Vasc. Med. 2009, 14, 239–248.
[CrossRef] [PubMed]

165. Shelmadine, B.; Hudson, G.M.; Buford, T.W.; Grothe, A.; Moreillon, J.J.; Gutierrez, J.L.; Bowden, R.G.;
Wilson, R.L.; Willoughby, D.W. The effects of supplementation of creatine on total homocysteine. J. Ren. Nurs.
2012, 4, 278–283. [CrossRef]

166. Brattström, L.; Lindgren, A.; Israelsson, B.; Andersson, A.; Hultberg, B. Homocysteine and cysteine:
Determinants of plasma levels in middle-aged and elderly subjects. J. Intern. Med. 1994, 236, 633–641.
[CrossRef] [PubMed]

167. Strassburg, A.; Krems, C.; Lührmann, P.M.; Hartmann, B.; Neuhäuser-Berthold, M. Effect of age on plasma
homocysteine concentrations in young and elderly subjects considering serum vitamin concentrations and
different lifestyle factors. Int. J. Vitam. Nutr. Res. 2004, 74, 129–136. [CrossRef] [PubMed]

168. Kuo, H.-K.; Sorond, F.A.; Chen, J.-H.; Hashmi, A.; Milberg, W.P.; Lipsitz, L.A. The Role of Homocysteine in
Multisystem Age-Related Problems: A Systematic Review. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2005, 60,
1190–1201. [CrossRef]

169. Moore, K.J. Targeting inflammation in CVD: Advances and challenges. Nat. Rev. Cardiol. 2019, 16, 74–75.
[CrossRef]

170. Winter, C.A.; Risley, E.A.; Nuss, G.W. Carrageenin-Induced Edema in Hind Paw of the Rat as an Assay for
Antiinflammatory Drugs. Proc. Soc. Exp. Biol. Med. 1962, 111, 544–547. [CrossRef]

171. Madan, B.; Khanna, N. Effect of aminoacids on the carrageenan induced paw oedema in rats: A preliminary
report. Indian J. Pharmacol. 1976, 8, 227–229.

172. Khanna, N.K.; Madan, B.R. Studies on the anti-inflammatory activity of creatine. Arch. Int. Pharm. 1978, 231,
340–350.

173. Madan, B.R.; Khanna, N.K. Effect of creatinine on various experimentally induced inflammatory models.
Indian J. Physiol. Pharm. 1979, 23, 1–7.

174. Luc, G.; Arveiler, D.; Evans, A.; Amouyel, P.; Ferrieres, J.; Bard, J.M.; Elkhalil, L.; Fruchart, J.C.; Ducimetiere, P.
Circulating soluble adhesion molecules ICAM-1 and VCAM-1 and incident coronary heart disease: The PRIME
Study. Atherosclerosis 2003, 170, 169–176. [CrossRef]

175. Roldan, V.; Marin, F.; Lip, G.Y.; Blann, A.D. Soluble E-selectin in cardiovascular disease and its risk factors.
A review of the literature. Thromb. Haemost. 2003, 90, 1007–1020. [CrossRef] [PubMed]

176. Chistiakov, D.A.; Orekhov, A.N.; Bobryshev, Y.V. Endothelial Barrier and Its Abnormalities in Cardiovascular
Disease. Front. Physiol. 2015, 6, 365. [CrossRef] [PubMed]

177. Mundi, S.; Massaro, M.; Scoditti, E.; Carluccio, M.A.; van Hinsbergh, V.W.M.; Iruela-Arispe, M.L.;
De Caterina, R. Endothelial permeability, LDL deposition, and cardiovascular risk factors-a review.
Cardiovasc. Res. 2018, 114, 35–52. [CrossRef] [PubMed]

178. Santos, R.V.; Bassit, R.A.; Caperuto, E.C.; Costa Rosa, L.F. The effect of creatine supplementation upon
inflammatory and muscle soreness markers after a 30km race. Life Sci. 2004, 75, 1917–1924. [CrossRef]
[PubMed]

179. Deminice, R.; Rosa, F.T.; Franco, G.S.; Jordao, A.A.; de Freitas, E.C. Effects of creatine supplementation on
oxidative stress and inflammatory markers after repeated-sprint exercise in humans. Nutrition 2013, 29,
1127–1132. [CrossRef]

http://dx.doi.org/10.1017/S0007114508162985
http://www.ncbi.nlm.nih.gov/pubmed/19079843
http://dx.doi.org/10.3945/jn.115.216739
http://dx.doi.org/10.1007/s00394-013-0636-1
http://dx.doi.org/10.1111/j.1523-1755.2004.66019.x
http://dx.doi.org/10.1177/1358863X08100834
http://www.ncbi.nlm.nih.gov/pubmed/19651674
http://dx.doi.org/10.12968/jorn.2012.4.6.278
http://dx.doi.org/10.1111/j.1365-2796.1994.tb00856.x
http://www.ncbi.nlm.nih.gov/pubmed/7989898
http://dx.doi.org/10.1024/0300-9831.74.2.129
http://www.ncbi.nlm.nih.gov/pubmed/15255449
http://dx.doi.org/10.1093/gerona/60.9.1190
http://dx.doi.org/10.1038/s41569-018-0144-3
http://dx.doi.org/10.3181/00379727-111-27849
http://dx.doi.org/10.1016/S0021-9150(03)00280-6
http://dx.doi.org/10.1160/TH02-09-0083
http://www.ncbi.nlm.nih.gov/pubmed/14652631
http://dx.doi.org/10.3389/fphys.2015.00365
http://www.ncbi.nlm.nih.gov/pubmed/26696899
http://dx.doi.org/10.1093/cvr/cvx226
http://www.ncbi.nlm.nih.gov/pubmed/29228169
http://dx.doi.org/10.1016/j.lfs.2003.11.036
http://www.ncbi.nlm.nih.gov/pubmed/15306159
http://dx.doi.org/10.1016/j.nut.2013.03.003


Nutrients 2020, 12, 2834 23 of 23

180. Silva, L.A.; Tromm, C.B.; Da Rosa, G.; Bom, K.; Luciano, T.F.; Tuon, T.; De Souza, C.T.; Pinho, R.A. Creatine
supplementation does not decrease oxidative stress and inflammation in skeletal muscle after eccentric
exercise. J. Sports Sci. 2013, 31, 1164–1176. [CrossRef] [PubMed]

181. Kim, J.; Lee, J.; Kim, S.; Yoon, D.; Kim, J.; Sung, D.J. Role of creatine supplementation in exercise-induced
muscle damage: A mini review. J. Exerc. Rehabil. 2015, 11, 244–250. [CrossRef]

182. Hansson, G.K.; Robertson, A.K.; Söderberg-Nauclér, C. Inflammation and atherosclerosis. Annu. Rev. Pathol.
2006, 1, 297–329. [CrossRef]

183. Anderson, O. Creatine propels British athletes to Olympic gold medals: Is creatine the one true ergogenic
aid. Run. Res. News 1993, 9, 1–5.

184. Bird, S.P. Creatine supplementation and exercise performance: A brief review. J. Sports Sci. Med. 2003, 2,
123–132.

185. Persky, A.M.; Rawson, E.S. Safety of creatine supplementation. Subcell Biochem. 2007, 46, 275–289.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/02640414.2013.773403
http://www.ncbi.nlm.nih.gov/pubmed/23560674
http://dx.doi.org/10.12965/jer.150237
http://dx.doi.org/10.1146/annurev.pathol.1.110304.100100
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Brief Overview of Creatine Metabolism and the Cellular Actions of Creatine 
	Pleiotropic Application of Creatine 
	Current Clinical Trials of Creatine Supplementation and Vascular Health 
	Potential Mechanisms of How Creatine May Improve Vascular Health 
	Creatine, Oxidative Stress, and the Antioxidant System 
	Creatine and Homocysteine 
	Creatine and Inflammation 

	Conclusions 
	References

