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Abstract: Chlorella is a marine microalga rich in proteins and containing all the essential amino
acids. Chlorella also contains fiber and other polysaccharides, as well as polyunsaturated fatty acids
such as linoleic acid and alpha-linolenic acid. The proportion of the different macronutrients in
Chlorella can be modulated by altering the conditions in which it is cultured. The bioactivities of these
macronutrients make Chlorella a good candidate food to include in regular diets or as the basis of
dietary supplements in exercise-related nutrition both for recreational exercisers and professional
athletes. This paper reviews current knowledge of the effects of the macronutrients in Chlorella on
physical exercise, specifically their impact on performance and recovery. In general, consuming
Chlorella improves both anaerobic and aerobic exercise performance as well as physical stamina and
reduces fatigue. These effects seem to be related to the antioxidant, anti-inflammatory, and metabolic
activity of all its macronutrients, while each component of Chlorella contributes its bioactivity via a
specific action. Chlorella is an excellent dietary source of high-quality protein in the context of physical
exercise, as dietary proteins increase satiety, activation of the anabolic mTOR (mammalian Target
of Rapamycin) pathway in skeletal muscle, and the thermic effects of meals. Chlorella proteins also
increase intramuscular free amino acid levels and enhance the ability of the muscles to utilize them
during exercise. Fiber from Chlorella increases the diversity of the gut microbiota, which helps control
body weight and maintain intestinal barrier integrity, and the production of short-chain fatty acids
(SCFAs), which improve physical performance. Polyunsaturated fatty acids (PUFAs) from Chlorella
contribute to endothelial protection and modulate the fluidity and rigidity of cell membranes, which
may improve performance. Ultimately, in contrast to several other nutritional sources, the use of
Chlorella to provide high-quality protein, dietary fiber, and bioactive fatty acids may also significantly
contribute to a sustainable world through the fixation of carbon dioxide and a reduction of the
amount of land used to produce animal feed.

Keywords: algae; fatty acid; protein; fiber; physical activity

1. Introduction

Algae, as well as the products made from them, are in increasing demand worldwide
because of their nutritional value and practical contributions. Microalgae (unicellular
algae) are a source of high-quality proteins, similar to those found in milk, eggs, and
meat, with a low fat content [1]. They also include other bioactive components, specifically
polyunsaturated fatty acids (PUFAs), polysaccharide fibers, polyphenols, carotenoids, phy-
cobiliproteins, vitamins, and sterols [2–4]. In addition to the nutritional benefits provided
by these, the viability of cultivating microalgae in specific installations as an alternative
source for CO2 fixation, thereby capturing this greenhouse gas without occupying soil,
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makes them particularly promising for the sustainability of the planet. Microalgae are used
in the pharmaceutical, cosmetic, and food industries; however, the European Commission
only lists two species in their Novel Food Catalogue: Arthrospira (also called Spirulina, a
cyanobacterium) and Chlorella (a green alga). (In this paper, we use the terms “Chlorella”
when referring to the genus of this living organism, and “spirulina” and “chlorella” when
referring generically to biomass preparations of these microalgae. We will also use the terms
“spirulina” and “chlorella” when referring to studies or reports in which the particular
species used is not specified.)

Chlorella was first described by Beijerinck in 1890. Its name is derived from ‘chloros’
(from Greek, meaning green) and the suffix ‘ella’ (from Latin, meaning small). Nowadays,
more than 20 species and over 100 strains of Chlorella have been described [5], belonging
to 2 classes of Chlorophyta: Chlorophyceae and Trebouxiophyceae. Chlorella is a spheri-
cal/ellipsoidal cell with a 2–10 µm diameter that reproduces via asexual autospores. The
main habitats where Chlorella lives are both fresh water and seawater, although it can also
be found in soil, living independently as well as in symbiosis with lichens or protozoa [6].
The biochemical compositions of Chlorella vary greatly between species and even strains
and also depend on the culture conditions, including nutritional and environmental factors.
The general growth and protein production of this microalga increase with the rising nitro-
gen content of its medium, while nitrogen limitation augments the proportion of starch or
lipids in Chlorella [6]. In general, the macronutrient composition of Chlorella biomass is over
60% dry weight of protein (including all the essential amino acids) and more than 10% of
both lipids and carbohydrates (Table 1) [7]. Moreover, Chlorella contains many different
components with functional activities (Table 1).

Table 1. Most relevant biochemical composition of Chlorella.

Main Components

Macronutrients
Proteins All the essential amino acids

Carbohydrates α- and β-glucans, fiber
Lipids PUFAs (linoleic acid, alpha-linolenic acid)

Micronutrients
Minerals Na+, K+, Fe2+, Ca2+, Mg2+, Mn2+, Zn2+, Co2+

Vitamins A, B1, B2, B6, B12, C, E, K1, folic and
pantothenic acids, niacin

Pigments Chlorophylls, carotenoids, lutein

Spirulina is the other microalga approved for human consumption [4]. Preparations of
chlorella and spirulina have different proportions of common components. The polysaccha-
ride (β-glucans and arabinomannans) composition of Chlorella spp. has been better defined
than that of Spirulina [4]. Chlorella contains β-glucans (polymers of β-D-glucose linked
through 1–3 β-glycosidic bonds, 6–9% of dry weight) [8] and arabinomannans (oligomers
of arabinose and mannose) [9] as well as other less known saccharides with hypolipidemic
activity [10]. As well as these lipidemic functions, up to 50% of Chlorella dry weight can
consist of triacylglycerols (TAGs) when it has been exposed to high light or nitrogen defi-
ciency conditions [11]. Peptides from the enzymatic hydrolysis of Chlorella can also have
health benefits, such as hypoglycemic, anti-inflammatory, and blood pressure-lowering
activities (e.g., inhibition of angiotensin I-converting enzyme, ACE) [4,12,13]. Therefore,
because of its nutritional value and bioactive compounds, Chlorella is an interesting mi-
croalga for human consumption; however, if it is not properly processed, it could be poorly
digested and induce side effects because, in its naturally occurring form it contains a
cellulose cell wall. So, chlorella must be mechanically broken down during production
for human consumption to avoid gastrointestinal issues, including nausea, vomiting, and
stomach problems. Other side effects related to chlorella intake include renal and allergy
problems [14]. Despite this, in the context of human health and disease, chlorella has been



Nutrients 2023, 15, 2168 3 of 17

shown to have cardiovascular benefits, as revealed by its capacity to lower total cholesterol,
low-density lipoprotein cholesterol, systolic blood pressure, diastolic blood pressure, and
fasting blood glucose in healthy individuals and patients with non-alcoholic fatty liver
disease, hypertension, hypercholesterolemia, and dyslipidemia [15]. At the doses used to
elicit these responses, chlorella is considered to be safe [16].

In addition to its macronutrients, chlorella also contains phenolic compounds with
radical scavenging capacity and α-amylase/glycosidase inhibitory activity [12], as well
as other components such as vitamins (e.g., vitamin B9 or folate) [17] and carotenoids
(e.g., astaxanthin) [18] that may contribute to its antioxidant and anti-inflammatory activi-
ties [19]). Moreover, it incorporates chlorophyll and other minerals with some biological
functions [7]. Taken together, it seems that the functional activity of chlorella intake could
be complementary or synergistic with other health-related habits, such as consuming a
balanced diet, getting adequate sleep, or taking physical exercise.

Physical exercise represents a stressful activity for the body’s cells, tissues, and organs,
which dysregulates whole-body homeostasis in a progressive and reversible way. However,
as a consequence of its regular and systematic practice, different cellular signaling pathways
become activated and generate systemic and local chronic adaptations. These promote
physiological, biochemical, and morphological adjustments of the organism to the exer-
cise [20], such as a gain of muscle mass and strength and improvements in cardiovascular
health and functional capacity [21].

Besides their role as biochemical triggers and mechanical platforms for strength pro-
duction, skeletal muscle fibers are nowadays also considered to be essential pleotropic
sources of several compounds and molecules crucial for muscle-to-organ/tissue cross-
talk communication [22]. Myokines, for example, are specific cytokines, small peptides,
growth factors, and metallopeptidases produced and released by skeletal muscle, with both
paracrine and endocrine effects, that promote communication between muscle cells and
other target organs or tissue cells [21]. It has been shown that regular exercise increases the
production and secretion of myokines, such as irisin, insulin-like growth factor 1 (IGF-1),
brain-derived neurotrophic factor (BDNF), meteorin-like protein (Metrnl), fibroblast growth
factor, β-aminoisobutyric acid (BAIBA), the interleukins (ILs) IL-15, IL-7, IL-6, and decorin,
whilst reducing the production and release of myostatin. These myokines are the drivers
of the most beneficial effects of exercise in terms of health-related outcomes and chronic
adaptive responses to training [23,24]. This is because their regulation is directly related,
among other things, to increased protein synthesis and reduced muscle protein breakdown,
increased lipid oxidation, browning of white adipose tissue, increased insulin sensitivity,
increased myogenesis, and satellite cell activation (for a review, see [25]). Furthermore, it
is known that, both during and after conventional exercise models, contracting muscles
increase ROS production in a way that positively impacts muscle cellular signaling and
adaptive responses, thereby strengthening cells to deal better with the demands of physical
exercise and to mitigate several deleterious consequences associated with pathological
conditions [20,22]. Regarding health-related benefits, regular exercise has been defined as a
prophylactic but also a therapeutic, non-pharmacological “polypill”, able to prevent around
26 different chronic diseases and reduce all-cause mortality [23,24,26], by reducing the
incidence of cardiovascular diseases; through the regulation of blood lipids, hypertension,
and arterial fitness [22]; and by protecting against atherosclerosis, type 2 diabetes, and
breast and colon cancer [23]. Moreover, regular exercise is a consensual treatment tool
against different pathological risk factors or situations, such as obesity (by helping prac-
titioners to lose weight, reducing the metabolic risk factor, and improving adipose tissue
health [22,27]), ischemic heart disease, heart failure, type 2 diabetes, chronic obstructive
pulmonary disease, chronic low-grade systemic inflammation, and non-alcoholic fatty liver
disease [23]. Furthermore, physical exercise has been considered crucial to mental health,
helping in the management of depression and anxiety and in the therapeutic challenge
against neurodegenerative disorders such as Alzheimer’s or Parkinson’s disease [28,29].
Apart from preventing and treating pathological situations, regular physical exercise can im-
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prove cardiovascular fitness and aerobic capacity, thereby slowing biological aging through
a reduction of age-related sarcopenia and thus increasing quality of life and potentially
life expectancy.

Chlorella, as well as spirulina and other microalgae, is progressively being introduced
into human and animal nutrition as a wholesome source of nutrients that is complementary
or an alternative to animal-derived foodstuffs. Whereas research on the properties of edible
microalgae in the context of health and disease has been summarized many times, the
important area of sports nutrition has not been systematically reviewed to date. Therefore,
the present paper aims to contribute to the advancement of research on the use of new
environmentally friendly and health-promoting foodstuffs in this area. Taken together,
it is reasonable to assume that microalgae and their bioactive compounds are interesting
nutritional sources to improve exercise performance and post-exercise recovery, as well
as enhance the beneficial clinical features of physical exercise [1]. This paper reviews the
available evidence supporting the benefits of the edible microalgae Chlorella in the context
of physical exercise; however, the role played by chlorella’s multiple components in these
effects is still an active area of research.

2. Methods

We searched the literature using the PUBMED and Google Scholar databases in June
2022. A variety of combinations of words and terms were entered as the search criteria,
including, but not limited to, “chlorella”, “physical activity”, “training”, “exercise”, “algae”,
“fatty acid”, “protein”, “fiber”, “polysaccharides”, and “PUFAs”.

Both animal and human studies are included in this review. Additionally, healthy
subjects as well as animals or humans with any stated medical condition are included.
Manuscripts published before 1992 and non-English language publications were excluded.
We also excluded from the analysis studies with no exercise protocol or those with no direct
or indirect relationship with physical exercise.

Nineteen papers that evaluated supplementation with chlorella or some of its macronu-
trients in the context of physical exercise are included in this review. Some features of
these articles that discuss chlorella supplementation, such as participants, supplementation,
exercise protocols, and findings, are summarized in Table 2.

Table 2. Studies involving the effects of Chlorella administration on physical parameters.

Subjects Supplementation Protocol Exercise Protocols and Tests Results

ICR mice, male
Healthy

C. vulgaris (Hot water extract)
Dosage: 0.05–0.15 g/kg/day
Intervention: 1 week

Training: –
Forced swimming test (6′,
measured the total duration of
immobility.

↓ Immobility time, BUN, CK, and
LDH
No effect: Glc, TP [30]

ICR mice, male
4 weeks old
Healthy

C. vulgaris (Hydrolyzed)
Dosage: 10 mL/kg/day
Intervention: 2 weeks

Training: –
Forced swimming test (6′,
measured the total duration of
immobility.

↑ IFN-γ, IL-2 (in Molt-4 cells)
↓ Immobility time, BUN [31]

BALB/c mice, male
6 weeks old
Healthy

Chlorella powder in chow
Dosage: 0.5%, 1 mg/kg/day
Intervention: 2 weeks

Training: –
Forced swimming test
(Measured the maximum
swimming time).

↑ Swimming time, FFA, Glc, TG,
and lactic acid.
↓ Oxidoreductase activity and the
leukotriene synthesis pathway
[32]

Men and women
≈21 years old
Healthy

Chlorella tablets
Dosage: 15 tablets,
2 times/day
Intervention: 4 weeks

Training: –
Maximal exercise test
(Incremental cycling to
exhaustion).

↑ VO2 peak [33]
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Table 2. Cont.

Subjects Supplementation Protocol Exercise Protocols and Tests Results

Sprague-Dawley rats,
male
12 weeks old
Healthy

Chlorella powder in chow
Dosage: 0.5%
Intervention: 6 weeks

Training: HIIE (14 × 20” swim,
with a 10” pause between series,
bearing a weight, 4 days/week,
for 6 week).
Exercise performance test
(Maximal number of HIIE).

↑ number HIIE sessions, the
expression of MCT1, MCT4, and
PPARγ coactivator-1α, and the
activities of LDH, CS, and COX in
the red region of gastrocnemius.
No effect: MCT1 expression and
LDH, CS, and COX activities in
the white region of gastrocnemius
[34]

OLETF rats, male
20 weeks old
Type 2 diabetics

Chlorella powder in chow
Dosage: 0.5%
Intervention: 8 week

Training: Aerobic exercise
(running on the treadmill for
1 h, 25 m/min, 5 days/week,
during 8 weeks).

↑ insulin sensitivity index
concomitant with muscle PI3K
activity, Akt phosphorylation, and
GLUT4 translocation levels
↓ fasting blood glucose, insulin
levels, and total glucose AUC
during the OGTT [35]

Men
≈23 years old
Overweight

C. vulgaris tablets
Dosage: 300 mg, 4 times/day
Intervention: 1 week

Training: –
Acute eccentric exercise
protocol (20´ treadmill run at a
speed of 9 km/h with a
negative 10% slope, 1 week after
supplementation)

↓ IL-6 levels and insulin
resistance, 24 h after acute
eccentric exercise test [36]

Legend. HIIE: high-intensity intermittent exercise; MCT: monocarboxylate transporter; LDH: lactate dehydro-
genase; CS: citrate synthase; COX: cytochrome-c oxidase; ICR: Institute of Cancer Research; CVE: extracts of
C. vulgaris; BUN: blood urea nitrogen; CK: creatine kinase; Glc: glucose; TP: total protein; HCV: Chlorella vulgaris by
malted barley; CPK: creatine phosphokinase; IFN-γ: interferon gamma; IL-2: interleukin 2; OLETF: Otsuka Long-
Evans Tokushima Fatty; AUC: area under the curve; OGTT: oral glucose tolerance test; PI3K: phosphatidylinositol-
3 kinase; Akt: protein kinase B; GLUT4: glucose transporter 4; BALB/c: albino, laboratory-bred strain; FFA: free
fatty acid; TG: triglyceride; HR: heart rate; PPAR: peroxisome proliferator-activated receptor.

3. Chlorella spp. and Physical Exercise

The use of chlorella as a nutritional source of specific bioactive compounds in the
context of novel foods or as a supplement has been shown to enhance physical exercise per-
formance in humans and other mammals (Table 2). For example, through the improved ex-
pression of monocarboxylate transporters (MCT) 1 and 4, peroxisome proliferator-activated
receptor gamma (PPAR-γ) coactivator-1α, and the activities of lactic dehydrogenase (LDH),
phosphofructokinase, citrate synthase, and cytochrome oxidase (COX) in the red region of
rat muscle, chlorella synergistically enhances the ability to perform maximum numbers
of high-intensity intermittent training (HIIT) sessions as a result of training [34]. These
biochemical effects increased the ability to produce ATP in skeletal muscle via the glycolytic
and oxidative pathways, resulting in a significant improvement in exercise performance.
Additionally, diverse chlorella preparations can influence the magnitude of intense exercise-
related muscle damage and physical stamina. Hot water extracts from Chlorella vulgaris
decrease blood urea nitrogen (BUN), creatine kinase, and LDH in the blood serum of mice
after a forced swimming test [30]. Additionally, hydrolyzed C. vulgaris reduces the immo-
bility time in forced swimming tests in mice while reducing BUN [31]. Despite numerous
studies that link chlorella intake with improvements in different aspects of physical exer-
cise, there is still a lack of consensus about the main mechanism(s) via which these effects
are produced. In general, chlorella intake has been shown to have mainly antioxidant,
immunomodulatory, metabolic, and antihypertensive effects [7]. All together, these effects
could act synergistically to improve exercise performance.

The capacity of the bioactive compounds present in Chlorella to scavenge free radicals
could be one of the main mechanisms underlying its biological activities. C. vulgaris
supplementation improves several oxidative stress markers, such as malondialdehyde
(MDA), total antioxidant capacity (TAC), and lipid peroxidation in rats in which oxidative
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stress has been induced [37], as well as increasing the activities of some antioxidant enzymes,
such as superoxide dismutase (SOD) and catalase (CAT) in smokers [38]. Additionally,
some of its bioactive compounds, like astaxanthin, modulate signaling pathways related
to oxidative stress, such as those involving mitogen-activated protein kinases (MAPK),
phosphatidylinositol-3 kinase/protein kinase B (PI3K/Akt), and nuclear factor erythroid
2-related factor 2/antioxidant response element (Nrf2/ARE) [39]. Altogether, the data
suggest that Chlorella has potential as an antioxidant during and after physical exercise.
However, the role of antioxidants in exercise training is still controversial. Antioxidant
supplementation can reduce the advantages induced by training, as some chronic exercise
adaptations related to performance are mediated by both ROS and reactive nitrogen species
(RNS), namely enhancements in antioxidant capacity, mitochondrial biogenesis, cellular
defense mechanisms, and insulin sensitivity [40]. In general, it seems that physiological
doses of ROS/RNS are beneficial when it comes to improving exercise performance-related
“machinery”, while exaggerated production may be detrimental. Therefore, more studies
are needed to ascertain adequate chlorella doses that support antioxidant benefits related to
exercise intensity and duration without compromising ROS/RNS-related cellular signaling
adaptations and, ultimately, performance.

Similarly to the production of ROS/RNS, physical exercise also increases the concen-
tration of a number of pro-inflammatory cytokines in the blood [23], depending on the
intensity, duration, and predominant mode of the imposed muscle contractions. Specifically,
IL-6 is the first cytokine present in the bloodstream during physical exercise; in turn, it
activates the production of other cytokines, such as IL-1 and IL-10, and inhibits the release
of TNF-α. Data regarding Chlorella vulgaris show that it reduces the production of IL-6
and TNF-α in vitro, as well as reducing NO and prostaglandin E2 (PGE2) release, which
suggests that this microalga has significant anti-inflammatory activity [41]. The activity
of Chlorella vulgaris on serum IL-6 levels has also been related to a reduction of insulin
resistance after one session of intense acute eccentric exercise in overweight men [36]. This
ability of chlorella to modulate insulin signaling pathways seems to also be related to
its activity on muscle sirtuin 1 (SIRT1) [34], as increased expression of SIRT1 improves
insulin sensitivity and attenuates insulin resistance [42]. A combination of chronic intake
of chlorella and endurance training further increased PI3K activity, Akt phosphorylation,
and glucose transporter type 4 (GLUT4) translocation in the skeletal muscle of diabetic
rats [35]. This combined treatment may produce larger beneficial effects on improving
glycemic control via the enhancement of skeletal muscle glucose uptake.

The effects of chlorella on glucose metabolism may also be interesting for exercise
performance under several specific conditions. During moderate to intense or prolonged
exercise, liver glycogen stores and gluconeogenesis help to maintain blood glucose levels
in the body and sustain the glycolytic flux in the active musculature. Surprisingly, chlorella
intake preserved liver glycogen stores and performance during a swimming test, as it
prompted an energy shift from carbohydrate to free fatty acid utilization [32].

Glucose metabolism is linked to blood pressure as insulin resistance is a main upstream
event leading to hypertension [43]. However, there are other factors that can also modulate
blood pressure, such as nitric oxide (NO) levels. Local NO production by the vascular
endothelium improves the flow-mediated dilation (FMD) that affects arterial function by
decreasing peripheral vascular resistance, thus impacting general vascular health [44].
Chlorella supplementation increases NO production [45] and the expression of endothelial
nitric oxide synthase (eNOS) in men, thereby augmenting blood flow to muscles [46], which
could eventually enhance performance. The vasodilatation induced by NO would lead
to greater muscle perfusion and O2 delivery, theoretically speeding up VO2 kinetics and
improving muscle performance and recovery [47]. Accordingly, supplementation with
chlorella leads to a significant increase in peak oxygen uptake, suggesting that chlorella
increases endurance in young individuals [33]. Moreover, the antihypertensive effects
of chlorella are significant not only in healthy young subjects but also in middle-aged
and elder individuals, as reported by Otsuki et al. [45,48]. The antihypertensive effect of
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chlorella seems to be related to the activation of NO production by endothelial cells, which
triggers vasodilatation, as well as the improvement of glucose metabolism.

Although the beneficial effects of chlorella on exercise performance might involve
synergies between its bioactive features, they might also be related to some specific bioactive
compounds that are present in it. So, discriminative knowledge of the benefits of each
Chlorella-derived product as a positive ergogenic effector could be an interesting subject for
the functional food industry, as well as for the consumer.

4. Bioactive Macronutrients from Chlorella and Physical Exercise
4.1. Benefits of Proteins and Peptides from Chlorella for Physical Exercise

Chlorella species have a great potential to be used as an alternative protein source
because over 80% of them are digestible by humans and comparable both quantitatively and
qualitatively to other conventional vegetable proteins [49]. In terms of quantity, proteins
range from 51% to 58% in C. vulgaris, and 57% for C. pyrenoidosa on a dry weight basis
in growth conditions that are rich in nitrogen. In the absence of nitrogen, the amount of
proteins present can decrease by up to 20% w/w on a dry weight basis [49–51]. The current
trend of increasing atmospheric CO2 may also lead to an increase in the protein content of
these species [51]. In terms of quality, most microalgae contain all of the essential amino
acids that mammals are unable to synthesize and therefore must obtain from their food
intake [50]. Specifically, the essential amino acid index (EAAI) of C. pyrenoidosa indicates
that all essential amino acids are present at substantial concentrations [52]. Compared to
other macronutrients, protein intake increases satiety, activation of the anabolic mTOR
(mammalian target of rapamycin) pathway in skeletal muscle, and the thermic effects
of meals [53]. As plant-based diets seem to be a good option for enhancing athletic
performance while also improving general physical and environmental health [54], a
regular intake of Chlorella or its isolated proteins could be an environmentally friendly
choice of dietary supplement for people undergoing training.

Apart from its protein content, Chlorella also contains bioactive peptides that may
be of interest in terms of exercise performance. Bioactive peptides usually contain 3–16
amino acid residues, and their activities are mainly based on their amino acid composition
and sequence [55]. Some bioactive peptides are antioxidants, as they scavenge ROS and
free radicals or prevent oxidative damage by interrupting the radical chain reaction of
oxidation. This antioxidant activity of peptides mainly depends on the hydrophobic amino
acids they contain, specifically some aromatic amino acids and their histidine content [56].
A peptide from C. ellipsoidea (LNGDVW, 702.2 Da) has demonstrated great efficiency in
scavenging various free radicals in vitro and therefore has the potential to be a good dietary
supplement for the prevention of oxidative stress [57]. Another peptide from C. vulgaris
(VECYGPNRPQF, 1309 Da) can efficiently quench a variety of free radicals, including
hydroxyl, superoxide, peroxyl, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) radicals, and also has significant protective
effects on DNA and against cellular damage caused by hydroxyl radicals [58]. So, the
intake of certain peptides from Chlorella with a tested antioxidant capacity could improve
the detrimental oxidative stress potentially induced by particular high-intensity bouts of
exercise or periods of exacerbated exercise regimens and training schedules [40].

Most analyses show that the highest proportions of amino acids in marine algae, and
specifically in most Chlorella species, are glutamic and aspartic acids [6,59]. Besides the
organoleptic properties of glutamate (one of the main components of the savory flavor,
contributing to the basic umami taste), it also has bioactive activities that are potentially
interesting in the context of exercise. Dietary supplementation with glutamic acid increases
intramuscular free amino acid (FAA) concentrations and decreases the mRNA levels of
genes involved in protein degradation in the skeletal muscle of growing pigs [60]. Moreover,
when combined with leucine, it improves the FAA profile and mRNA levels of amino acid
transporters in muscle, including neutral amino acid transporter 2 (ASCT2), large neutral
amino acid transporter (LAT1), sodium-coupled neutral amino acid transporter 2 (SNAT2),
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low-affinity intestinal transporter of glycine and imino acids (PAT-1), and high-affinity
renal transporter of glycine, proline, and hydroxyproline (PAT2) [61]. Meanwhile, aspartate,
the other main amino acid in chlorella, enhances the ability of muscle to utilize free fatty
acids during moderate exercise, thereby sparing glycogen and improving the biochemical
capacity of the muscle for the oxidation of fatty acids through β-oxidation [62]. Chlorella
products also contain high levels of arginine, a pivotal amino acid for the production
of NO and the regulation of the immune system [7]. L-arginine supplementation in
combination with other components improves tolerance of aerobic and anaerobic physical
exercise in untrained and moderately trained subjects [63]. Moreover, supplementation with
L-arginine together with physical training seems to be an important stimulus that induces
significant improvements in exercise performance and redox status in rats [64].

Numerous papers have provided evidence that Chlorella-derived bioactive peptides
have notably beneficial effects on human health. This evidence suggests that various amino
acids and their metabolites play important roles in the skeletal muscle and have a significant
overall ergogenic effect on exercise.

4.2. Benefits of Polysaccharides from Chlorella for Physical Exercise

A key part of the bioactivity of chlorella might be associated with its polysaccha-
rides [65]. Polysaccharides with different structural features from various Chlorella species
present a variety of biological activities, such as immunomodulatory, antioxidant, hypolipi-
demic, antitumor, or anti-asthmatic [66].

Research into the bioactivity of polysaccharides extracted from C. pyrenoidosa has
focused on their effects on immunity and their antioxidant activities [66]. The polysac-
charide fractions from C. pyrenoidosa, consisting mainly of the D-arabinose, D-glucose,
D-xylose, D-galactose, D-mannose, and L-rhamnose moieties, have in vitro antitumor [67]
and antioxidant capacity, specifically against superoxide and hydroxyl radicals [66]. α and
β-Glucans, polysaccharides present in C. pyrenoidosa and C. sorokiniana [65], can modulate
ROS production, the expression of the ROS-generating enzyme dual oxidase 2 (DUOX-2),
and the immune factors TNF-α, IL-1β, and COX-2, thereby contributing to maintaining
low levels of oxidative stress and pro-inflammatory molecules [68].

Dietary fiber consists of complex polysaccharides that are poorly or non-digestible
by humans. High-fiber diets improve glycemic control, blood lipids, body weight, and
inflammation [69]. C. vulgaris contains dietary fiber in highly variable proportions, ranging
from 5.6% to 26.0% w/w on a dry weight basis [70]. In Chlorella-derived products, more than
65% of their carbohydrate content is dietary fiber from the Chlorella cell wall [7]. Soluble
dietary fiber is mainly composed of resistant or functional oligosaccharides, such as fructo-
oligosaccharides (FOS), galacto-oligosaccharides (GOS), and inulin, and viscous dietary
fibers with a high molecular weight (glucan, pectins, and gums) [71]. Several studies sug-
gest that both resistant oligosaccharides and viscous dietary fibers can effectively increase
the bacterial diversity of the human gut microbiota and the abundance of bifidobacteria,
lactobacilli, Prevotellaceae, and Faecalibaculum spp. [72]. Recent research has revealed a
connection between the profile and diversity of the gut microbiota and the host’s physical
performance [73]. Fiber intake promotes gut microbial diversity and increases the propor-
tion of species, such as Faecalibacterium prausnitzii, Lactobacillus spp., Bifidoacterium spp.,
Firmicutes, and Bacteroidetes, that produce SCFAs [74]. SCFAs, including acetate, butyrate,
and propionate, exert a wide range of metabolic functions, including anabolic regula-
tion, insulin sensitivity, and modulation of inflammation, when absorbed into systemic
circulation [75]. In vitro, C. pyrenoidosa increases the abundance of the genera Prevotella,
Ruminococcus, and Faecalibacterium, as well as the production of butyrate and propionate [76].
Meanwhile, C. pyrenoidosa polysaccharides (CPPs) reduce Escherichia-Shigella, Fusobacterium,
and Klebsiella and increase Parabacteroides, Phascolarctobacterium, and Bacteroides [77]. At
the phylum level, CPPs increase the abundance of Bacteroidetes, leading to a lower Firmi-
cutes/Bacteroidetes ratio [77], which seems to be closely related to body weight control
and to the maintenance of intestinal barrier integrity, as precursors of low-grade inflam-
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mation, which are both important aspects affecting exercise performance. Other Chlorella
species, such as C. vulgaris and C. protothecoides, increase propionate-producing bacteria
in vitro [78]. In rats, a CPP treatment increased the growth of Coprococcus, Turicibacter, and
Lactobacillus and the concentrations of acetate, propionate, and butyrate [10,79]. C. vulgaris
also modulates Lactobacillus spp. metabolism, thereby increasing growth and the produc-
tion of L-lactic acid while reducing the production of D-lactic acid [79]. Increasing the
proportion of Lactobacillus plantarum in the gut seems to augment muscle mass, enhance
energy harvesting, and have health promotion, performance improvement, and anti-fatigue
effects [80].

Other aspects of physical performance can also be directly improved by SCFAs [73].
SCFAs can be used as carbon and energy sources for liver and muscle cells, thus improving
endurance performance by maintaining blood glucose levels [81]. SCFAs also appear to
regulate neutrophil function and migration, inhibit inflammatory cytokines, and control the
redox environment in cells, which may help to enhance muscle renewal and adaptability,
improve exercise performance, and delay symptoms of fatigue [81]. However, the efficacy
of chlorella supplementation depends on the gut microbiota of the host [82], so future
studies should focus on the underlying mechanisms implicated in the crosstalk between
Chlorella polysaccharides, gut microbiota, and exercise performance in order to maximize
the metabolic benefits of polysaccharides from Chlorella.

4.3. Benefits of Fatty Acids from Chlorella for Physical Exercise

Chlorella synthesizes high levels of unsaturated fatty acids in response to some envi-
ronmental factors, such as temperature, pH, light, air composition (mainly nitrogen and
phosphorous limitations), salinity, and nutrients [83]. The lipid composition of C. vulgaris
includes about 23–34% of saturated fatty acids (SFAs), 15–25% of monounsaturated fatty
acids (MUFAs), and 42–62% of PUFAs (of which over 30% are ω3 PUFAs) by weight as
a percentage of the unfractionated total lipids [84,85]. The major PUFAs in C. vulgaris
are linoleic acid (LA, C18:2ω6; over 23%) and alpha-linolenic acid (ALA, C18:3ω3; over
21%) [84]. LA is considered an essential fatty acid because higher animals, including
humans, cannot synthesize it [86]. The proportions of total unsaturated fatty acids and
PUFAs in C. vulgaris are the highest of the green microalgae [84], and they can be increased
under favorable growing conditions. This makes it suitable for industrial and nutritional
purposes [87].

Incorporating specific nutrients or dietary supplements to enhance exercise perfor-
mance and recovery is a common strategy used by recreational practitioners and, particu-
larly, by professional athletes. Moreover, supplementation with unsaturated fatty acids has
been shown to have a number of biological effects on health and is related to diseases [88].
Many studies have evaluated the impact of unsaturated fatty acid supplementation, mainly
with ω3 PUFAs, on exercise performance, because of their antioxidant effects [89]. As
mentioned before, particular conditions of physical exercise, specifically those involving
extremely intense exercise, very concentrated training, or periods of competition, as well as
exercise sessions with a high predominance or proportion of eccentric contractions, can
result in increased oxidative damage to cellular constituents. This is because such exercise
increases the production of ROS/RNS in skeletal muscle above a physiological thresh-
old [90]. Under these conditions, instead of being positive triggers of adaptive cellular
signaling pathways, high levels of ROS cause functional oxidative damage to proteins,
lipids, and other cell components that could exacerbate atrophy, sarcopenia, and myopa-
thy factors in muscle. The persistence of greatly elevated levels of ROS at the local level
may also reduce muscle reparation and differentiation of myoblasts and myotubes [91].
However, it has been shown that the MUFAs in chlorella reduce lipid peroxidation and ox-
idative stress damage [88]. Additionally,ω3 ALA is an antioxidant fatty acid that enhances
eNOS activity and inhibits superoxide and peroxynitrite formation, thereby contributing
to endothelial protection among other possible activities [92]. The effect of ω3 ALA on
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endothelial function can also be related to its activity on SIRT3 impairment, which in turn
restores the mitochondrial redox balance in endothelial cells [93].

The antioxidant potential and free radical scavenging activity of ω3 ALA can also
protect against cellular damage, apoptosis, and inflammation [94,95]. Inflammatory re-
sponses have been observed in athletes who engage in long-duration exercise, such as
marathons or triathlons [96]. Inflammation is a physiological response to tissue damage
that increases the expression of TNF-α, IL-1β, and IL-6 via NFk, B. After muscle injury,
NFk, B increases the expression of RING-finger protein-1 (MuRF1), eventually promoting
muscle wasting [97,98]. ω3 ALA intake seems to reduce plasma concentrations of IL-6 and
other molecules related to inflammatory signaling, such as C-reactive protein, E-selectin,
ICAM-1, and soluble vascular cell adhesion molecule 1 (VCAM-1), thereby helping to
control the inflammatory response [99]. Several epidemiological studies show thatω6 LA
also reduces the inflammatory response, despite its pro-inflammatory effect in vitro [100].
An adequate proportion of these two principal PUFAs (ω6 LA andω3 ALA) in chlorella
seems important to arrive at the desired anti-inflammatory effect, as a high ω6 diet can
inhibit the anti-inflammatory and inflammation-resolving effects of theω3 fatty acids [100].

A reduction of plasma IL-6 by ω3 ALA has also been reported during resistance
training in older men [101]. This action may be based on the stimulation of muscle pro-
tein synthesis and enhancement of muscle mass via mTOR signaling, as described for
ω3 PUFAs [102]. Insulin signaling plays a key role in mTOR activation, so PUFA supple-
mentation might alleviate anabolic resistance [103] and improve the action of insulin, as
skeletal muscle is the major site of insulin-stimulated glucose disposal [104]. Interestingly,
metabolic benefits in terms of muscle glycemia have been reported forω6 LA rather than
ω3 PUFA [105], and there is an inverse association between the serum proportion ω6
LA and both fasting plasma glucose and post-load glucose [106]. ω3 ALA is also active
at the metabolic level, as it increases the activity of carnitine palmitoyl transferase I and
FA translocase [107]. The activity of these enzymes increases maximal fat oxidation in
mitochondria, thus supporting the assumption that ω3 ALA intake may be used as a
nutritional support to increase aerobic performance with substantial reliance on lipid-based
metabolism and, at the same time, a glycogen sparing effect [107]. Dietary ω3 ALA and
ω6 LA are oxidized much more rapidly than other biologically active fatty acids, such
as docosahexaenoic acid (DHA) and arachidonic acid [108]. Specifically, ω3 ALA has
been shown to have the highest rate of β-oxidation among the unsaturated fatty acids
tested [86], so ω3 ALA could serve better than other fatty acids, as an energy substrate
during long-term exercise bouts when carbohydrate reserves are depleted.

The dietary lipid profile determines the tissue phospholipid composition, which
modulates not only insulin signaling but also the fluidity and rigidity of the cell mem-
brane [109,110]. The administration ofω3 ALA maintains the integrity of the membrane
in red blood cells (RBCs) when exposed to oxidative damage, and reduces lipid peroxida-
tion [95]. The inclusion of ω3 PUFAs in the phospholipids of the RBC membrane increases
the loss of deformability induced by exercise, thus improving performance by enhancing
oxygen transport to the skeletal muscle [111]. However, most studies of ω3 PUFAs and
RBC deformability have used fish oil, which is rich in ALA-derived ω3 PUFAs, mainly
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), but not with the major
fatty acids found in Chlorella (LA and ALA). Additionally, there is some concern about
the adequate dosage ofω3 fatty acids, as excessive incorporation into plasma and tissue
lipids may increase their susceptibility to lipid peroxidation, which is much more evident
in athletes who may undergo high levels of oxidative stress [111]. So, further studies are
still needed to provide better knowledge of the effects of fatty acids from Chlorella on cell
membrane dynamics and the implications in the context of physical exercise.

5. Discussion

Chlorella is a low-fat, rich source of high-quality protein that has been authorized for
human consumption by different regulatory agencies, including the European Food Safety
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Authority (EFSA). Chlorella also contains other bioactive macronutrients, such as fiber and
unsaturated fatty acids. The proportion of each macronutrient stored in chlorella biomass
can be maximized by modulating the growing conditions of this microalgae, which makes
it an interesting option for the food industry as well as offering an opportunity to improve
public health through better nutrition [6]. The intake of chlorella as part of a regular diet or
as a supplement for humans and other mammals has been associated with many activities
related to the improvement of exercise performance and recovery, such as glycemia and
lipid balance and immunomodulation (Figure 1) [112].
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In general, chlorella intake improves anaerobic and aerobic exercise performance as
well as physical stamina and reduces the onset of fatigue [30,32–34]. One of the primary
bases for all these benefits could be the antioxidant capacity of its macronutrients, such as
peptides, polysaccharides, and fatty acids. This antioxidant capacity of chlorella also confers
it an interesting anti-inflammatory capacity that could be useful in some exercise conditions
and regimens [41]. Moreover, the effects of chlorella on endurance seem to be related to its
activities at the metabolic level, improving glycemic control via the enhancement of muscle
glucose uptake and sparing of glycogen stores, and augmenting blood flow to the muscles
by increasing NO production and vasodilatation [34,35,45]. Chlorella is used in humans at
doses of a few grams per day and is considered safe at doses of up to 10–15 g per day [16].
Cardiovascular benefits have been shown at a dose of 4 g per day, while a lower dose of
1.5 g per day was ineffective in patients with type-2 diabetes mellitus [113].

Besides the activities (antioxidant, anti-inflammatory, and metabolic) common to all
the macronutrients in chlorella, each of them makes different specific contributions that
improve exercise performance. The high content of protein in chlorella makes it a good
dietary recommendation in physical exercise contexts, as it increases satiety, activation
of the anabolic mTOR pathway in skeletal muscle, and the thermic effects of meals [53].
Proteins from Chlorella also increase the amount of intramuscular free amino acids and
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enhance the ability of the muscles to utilize them during moderate exercise, thereby sparing
glycogen and improving the biochemical capacity of the muscle for fatty acid oxidation
through β-oxidation [60,61]. The carbohydrates from Chlorella contribute to the benefits of
dietary fiber, which promotes the right balance of gut microbiota and increases its diversity;
two factors also related to the exercise performance of the host [73]. This prebiotic effect of
chlorella also increases the production of SCFAs, which can be used as carbon and energy
sources by liver and muscle cells, thus improving endurance by maintaining blood glucose
levels [81]. Finally, lipids from Chlorella, mainly ω3 ALA and ω6 LA, can modify tissue
phospholipid composition, contributing to the fluidity and rigidity of the cell membranes,
which are important aspects of physical performance [111].

This review summarizes the still limited information available on chlorella and phys-
ical exercise in humans and other animals. The main strength of this work lies in the
conclusion that all the studies reviewed underscore the positive effects of chlorella on
physical performance. The main limitation of the review lies in the difficulty of establishing
possible mechanisms of action, as chlorella is a complex mixture of bioactive components
with different activities. More accurate mechanistic suggestions can be made when looking
at individual components. Therefore, an important section of this review examines the role
of proteins and peptides, polysaccharides (fiber), and unsaturated fatty acids, the main
bioactive components of chlorella, whether or not they have been isolated from this and
other microalgae. This is a limitation because it is always difficult to extrapolate such
results to the whole mixture. Furthermore, the doses used in the different studies may
differ considerably from those in supplements. Moreover, cooperative or opposite effects
may be as important as those attributed to the individual components.

Despite the increasing evidence linking chlorella consumption to the improvement of
different aspects of physical exercise, there is a lack of consensus about the significance of
the different mechanism(s) proposed. The observations made related to the bioactivity of
chlorella in the context of physical exercise require verification by new mechanistic studies
in animal models. In addition, research is needed on adequate dosages to be adminis-
tered under different exercise conditions and regimens and to ascertain if a personalized
prescription is required. Moreover, as the efficacy of chlorella supplementation on gut
microbiota will also depend on the previous status of the host, which is in turn modulated
by his or her engagement in physical exercise, new studies should address these complex
interrelationships. As microalgae, particularly chlorella, are rich sources of high-quality
proteins and peptides, they are good candidates for functional components in sports nu-
trition, while it is also being demonstrated that other components in chlorella contribute
to sports performance. In particular, the cell wall is a source of prebiotic polysaccharides.
Prebiotics help to maintain a balanced intestinal microbiota and are important actors in
the prevention of non-communicable diseases such as diabetes. Recently, beneficial effects
of exercise on the gut microbiota have been revealed [114], and still more recent studies
are exploring the inverse relationship: the influence of the gut microbiota on exercise
performance via the action of gut fermentation-derived short-chain fatty acids and the
stimulation of various pathways of lactate metabolism (same reference). Polysaccharides in
chlorella preparations are released from the cell wall by enzymatic treatments. To maximize
the prebiotic potential of chlorella-derived products, future efforts should be devoted to
the optimization of hydrolysis conditions.

The evidence available to date shows that chlorella, as well as spirulina and maybe
other microalga, can effectively be used as supplements or even meal replacements to
improve sports performance or simply to maximize the benefits of moderate exercise
in the normal population. Microalgae may be one of the foodstuffs of the future, since
they are a source of high-quality protein and many other bioactive components, and they
may also significantly contribute to a sustainable world through their contribution to the
fixation of carbon dioxide and a reduction in the amount of land used for the production of
animal feed.
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6. Conclusions

Chlorella improves anaerobic and aerobic exercise performance, physical stamina, and
reduces the onset of fatigue. These benefits could be attributed to the antioxidant, anti-
inflammatory, and metabolic activities common to its macronutrients (peptides, polysaccha-
rides, and fatty acids). Moreover, each macronutrient brings to Chlorella some particular
functions that could be related to the improvement of physical exercise and performance.

Proteins from Chlorella increase the amount of intramuscular free amino acids and
enhance the ability of the muscles to utilize them, thereby sparing glycogen and improving
the biochemical capacity for fatty acid β-oxidation. Some carbohydrates derived from
Chlorella cell walls, help to maintain a balanced gut microbiota and increase its diversity.
This prebiotic effect of chlorella results in an increased production of SCFAs, which can be
used as carbon and energy sources. Thus, carbohydrate-derived SCFAs improve endurance
by maintaining blood glucose levels. Finally, lipids such as ω3 ALA and ω6 LA can
contribute to physical performance by favorably modifying the fluidity and rigidity of the
cell membranes.

Author Contributions: Writing—original draft preparation, K.L. and G.S.; writing—review and
editing, S.R.-R., J.M. and J.R.T.; supervision, T.P., G.V. and J.L.T.; funding acquisition, S.R.-R., G.V. and
J.L.T. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Spanish Ministry of Science and Innovation (grant number
PID2020-117009RB-I00).

Data Availability Statement: Not applicable.

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

References
1. Koyande, A.K.; Chew, K.W.; Rambabu, K.; Tao, Y.; Dinh-Toi, C.; Show, P.-L. Microalgae: A potential alternative to health

supplementation for humans. Food Sci. Hum. Wellness 2019, 8, 16–24. [CrossRef]
2. de Jesus Raposo, M.F.; Miranda Bernardo de Morais, A.M.; Santos Costa de Morais, R.M. Emergent sources of prebiotics:

Seaweeds and microalgae. Mar. Drugs 2016, 14, 27. [CrossRef] [PubMed]
3. Udayan, A.; Arumugam, M.; Pandey, A. Nutraceuticals from algae and cyanobacteria. In Algal Green Chemistry: Recent Progress in

Biotechnology; Rastogi, R.P., Madamwar, D., Pandey, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 65–89. [CrossRef]
4. Ramos-Romero, S.; Torrella, J.R.; Pages, T.; Viscor, G.; Torres, J.L. Edible Microalgae and Their Bioactive Compounds in the

Prevention and Treatment of Metabolic Alterations. Nutrients 2021, 13, 563. [CrossRef] [PubMed]
5. Wu, H.L.; Hseu, R.S.; Lin, L.P. Identification of Chlorella spp. isolates using ribosomal DNA sequences. Bot. Bull. Acad. Sin. 2001,

42, 115–121.
6. Richmond, A.; Hu, Q. Handbook of Microalgal Culture: Applied Phycology and Biotechnology; John Wiley & Sons: Hoboken, NJ,

USA, 2013.
7. Bito, T.; Okumura, E.; Fujishima, M.; Watanabe, F. Potential of Chlorella as a dietary supplement to promote human health.

Nutrients 2020, 12, 2524. [CrossRef]
8. Schulze, C.; Wetzel, M.; Reinhardt, J.; Schmidt, M.; Felten, L.; Mundt, S. Screening of microalgae for primary metabolites including

β-glucans and the influence of nitrate starvation and irradiance on β-glucan production. J. Appl. Phycol. 2016, 28, 2719–2725.
[CrossRef]

9. Pieper, S.; Unterieser, I.; Mann, F.; Mischnick, P. A new arabinomannan from the cell wall of the chlorococcal algae Chlorella
vulgaris. Carbohydr. Res. 2012, 352, 166–176. [CrossRef]

10. Wan, X.-z.; Ai, C.; Chen, Y.-h.; Gao, X.-x.; Zhong, R.-t.; Liu, B.; Chen, X.-h.; Zhao, C. Physicochemical characterization of a
polysaccharide from green microalga Chlorella pyrenoidosa and its hypolipidemic activity via gut microbiota regulation in rats.
J. Agric. Food Chem. 2020, 68, 1186–1197. [CrossRef]

11. Becker, E.W. Microalgae for human and animal nutrition. In Handbook of Microalgal Culture; Richmon, A., Ed.; John Wiley & Sons:
Oxford, UK, 2013; pp. 461–503. [CrossRef]

12. Fernando, I.P.S.; Ryu, B.; Ahn, G.; Yeo, I.-K.; Jeon, Y.-J. Therapeutic potential of algal natural products against metabolic syndrome:
A review of recent developments. Trends Food Sci. Technol. 2020, 97, 286–299. [CrossRef]

13. Suetsuna, K.; Chen, J.-R. Identification of antihypertensive peptides from peptic digest of two microalgae, Chlorella vulgaris and
Spirulina platensis. Mar. Biotechnol. 2001, 3, 305–309. [CrossRef]

14. Tiberg, E.; Dreborg, S.; Bjorksten, B. Allergy to green-algae (Chlorella) among children. J. Allergy Clin. Immunol. 1995, 96, 257–259.
[CrossRef]

https://doi.org/10.1016/j.fshw.2019.03.001
https://doi.org/10.3390/md14020027
https://www.ncbi.nlm.nih.gov/pubmed/26828501
https://doi.org/10.1016/b978-0-444-63784-0.00004-7
https://doi.org/10.3390/nu13020563
https://www.ncbi.nlm.nih.gov/pubmed/33572056
https://doi.org/10.3390/nu12092524
https://doi.org/10.1007/s10811-016-0812-9
https://doi.org/10.1016/j.carres.2012.02.007
https://doi.org/10.1021/acs.jafc.9b06282
https://doi.org/10.1002/9781118567166.ch25
https://doi.org/10.1016/j.tifs.2020.01.020
https://doi.org/10.1007/s10126-001-0012-7
https://doi.org/10.1016/S0091-6749(95)70016-1


Nutrients 2023, 15, 2168 14 of 17

15. Fallah, A.A.; Sarmast, E.; Habibian Dehkordi, S.; Engardeh, J.; Mahmoodnia, L.; Khaledifar, A.; Jafari, T. Effect of Chlorella
supplementation on cardiovascular risk factors: A meta-analysis of randomized controlled trials. Clin. Nutr. 2018, 37, 1892–1901.
[CrossRef]

16. Ferreira de Oliveira, A.P.; Arisseto Bragotto, A.P. Microalgae-based products: Food and public health. Future Foods 2022, 6, 100157.
[CrossRef]

17. Woortman, D.V.; Fuchs, T.; Striegel, L.; Fuchs, M.; Weber, N.; Brück, T.B.; Rychlik, M. Microalgae a auperior source of folates:
Quantification of folates in halophile microalgae by stable isotope dilution assay. Front. Bioeng. Biotechnol. 2020, 7, 481. [CrossRef]

18. Liu, J.; Sun, Z.; Gerken, H.; Liu, Z.; Jiang, Y.; Chen, F. Chlorella zofingiensis as an alternative microalgal producer of astaxanthin:
Biology and industrial potential. Mar. Drugs 2014, 12, 3487–3515. [CrossRef]

19. Gómez-Zavaglia, A.; Prieto Lage, M.A.; Jiménez-Lopez, C.; Mejuto, J.C.; Simal-Gandara, J. The potential of seaweeds as a source
of functional ingredients of prebiotic and antioxidant value. Antioxidants 2019, 8, 406. [CrossRef]

20. Bouviere, J.; Fortunato, R.S.; Dupuy, C.; Werneck-de-Castro, J.P.; Carvalho, D.P.; Louzada, R.A. Exercise-Stimulated ROS Sensitive
Signaling Pathways in Skeletal Muscle. Antioxidants 2021, 10, 537. [CrossRef]

21. Zunner, B.E.M.; Wachsmuth, N.B.; Eckstein, M.L.; Scherl, L.; Schierbauer, J.R.; Haupt, S.; Stumpf, C.; Reusch, L.; Moser, O.
Myokines and Resistance Training: A Narrative Review. Int. J. Mol. Sci. 2022, 23, 3501. [CrossRef]

22. Louzada, R.A.; Bouviere, J.; Matta, L.P.; Werneck-de-Castro, J.P.; Dupuy, C.; Carvalho, D.P.; Fortunato, R.S. Redox Signaling in
Widespread Health Benefits of Exercise. Antioxid. Redox Signal. 2020, 33, 745–760. [CrossRef]

23. Petersen, A.M.; Pedersen, B.K. The anti-inflammatory effect of exercise. J. Appl. Physiol. 2005, 98, 1154–1162. [CrossRef]
24. Fiuza-Luces, C.; Garatachea, N.; Berger, N.A.; Lucia, A. Exercise is the Real Polypill. Physiology 2013, 28, 330–358. [CrossRef]

[PubMed]
25. Bilski, J.; Pierzchalski, P.; Szczepanik, M.; Bonior, J.; Zoladz, J.A. Multifactorial Mechanism of Sarcopenia and Sarcopenic Obesity.

Role of Physical Exercise, Microbiota and Myokines. Cells 2022, 11, 160. [CrossRef] [PubMed]
26. Pedersen, B.K.; Saltin, B. Exercise as medicine—Evidence for prescribing exercise as therapy in 26 different chronic diseases.

Scand. J. Med. Sci. Sport. 2015, 25, 1–72. [CrossRef] [PubMed]
27. Atakan, M.M.; Kosar, S.N.; Guzel, Y.; Tin, H.T.; Yan, X. The Role of Exercise, Diet, and Cytokines in Preventing Obesity and

Improving Adipose Tissue. Nutrients 2021, 13, 1459. [CrossRef] [PubMed]
28. Deslandes, A.; Moraes, H.; Ferreira, C.; Veiga, H.; Silveira, H.; Mouta, R.; Pompeu, F.; Coutinho, E.S.; Laks, J. Exercise and Mental

Health: Many Reasons to Move. Neuropsychobiology 2009, 59, 191–198. [CrossRef] [PubMed]
29. Ruegsegger, G.N.; Booth, F.W. Health Benefits of Exercise. Cold Spring Harb. Perspect. Med. 2018, 8, a029694. [CrossRef]
30. An, H.J.; Choi, H.M.; Park, H.S.; Han, J.G.; Lee, E.H.; Park, Y.S.; Um, J.Y.; Hong, S.H.; Kim, H.M. Oral administration of hot water

extracts of Chlorella vulgaris increases physical stamina in mice. Ann. Nutr. Metab. 2006, 50, 380–386. [CrossRef]
31. Kim, N.H.; Kim, K.Y.; Jeong, H.J.; Kim, H.M.; Hong, S.H.; Um, J.Y. Effects of hydrolyzed Chlorella vulgaris by malted barley on the

immunomodulatory response in ICR mice and in Molt-4 cells. J. Sci. Food Agric. 2010, 90, 1551–1556. [CrossRef]
32. Mizoguchi, T.; Arakawa, Y.; Kobayashi, M.; Fujishima, M. Influence of Chlorella powder intake during swimming stress in mice.

Biochem. Biophys. Res. Commun. 2011, 404, 121–126. [CrossRef]
33. Umemoto, S.; Otsuki, T. Chlorelladerived multicomponent supplementation increases aerobic endurance capacity in young

individuals. J. Clin. Biochem. Nutr. 2014, 55, 143–146. [CrossRef]
34. Horii, N.; Hasegawa, N.; Fujie, S.; Uchida, M.; Miyamoto-Mikami, E.; Hashimoto, T.; Tabata, I.; Iemitsu, M. High-intensity

intermittent exercise training with chlorella intake accelerates exercise performance and muscle glycolytic and oxidative capacity
in rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2017, 312, R520–R528. [CrossRef]

35. Horii, N.; Hasegawa, N.; Fujie, S.; Uchida, M.; Iemitsu, K.; Inoue, K.; Iemitsu, M. Effect of combination of chlorella intake and
aerobic exercise training on glycemic control in type 2 diabetic rats. Nutrition 2019, 63–64, 45–50. [CrossRef]

36. Samadi, M.; Shirvani, H.; Shafeie, A.A. Effect of Chlorella vulgaris supplementation with eccentric exercise on serum interleukin 6
and insulin resistance in overweight men. Sport Sci. Health 2020, 16, 543–549. [CrossRef]

37. Vijayavel, K.; Anbuselvam, C.; Balasubramanian, M.P. Antioxidant effect of the marine algae Chlorella vulgaris against naphthalene-
induced oxidative stress in the albino rats. Mol. Cell. Biochem. 2007, 303, 39–44. [CrossRef]

38. Lee, S.H.; Kang, H.J.; Lee, H.J.; Kang, M.H.; Park, Y.K. Six-week supplementation with Chlorella has favorable impact on
antioxidant status in Korean male smokers. Nutrition 2010, 26, 175–183. [CrossRef]

39. Zhu, X.; Chen, Y.; Chen, Q.; Yang, H.; Xie, X. Astaxanthin promotes Nrf2/ARE signaling to alleviate renal fibronectin and collagen
IV accumulation in diabetic rats. J. Diabetes Res. 2018, 2018, 6730315. [CrossRef]

40. Merry, T.L.; Ristow, M. Do antioxidant supplements interfere with skeletal muscle adaptation to exercise training? J. Physiol. 2016,
594, 5135–5147. [CrossRef]

41. Sibi, G.; Rabina, S. Inhibition of Pro-inflammatory Mediators and Cytokines by Chlorella Vulgaris Extracts. Pharmacogn. Res. 2016,
8, 118–122. [CrossRef]

42. Sun, C.; Zhang, F.; Ge, X.; Yan, T.; Chen, X.; Shi, X.; Zhai, Q. SIRT1 improves insulin sensitivity under insulin-resistant conditions
by repressing PTP1B. Cell Metab. 2007, 6, 307–319. [CrossRef]

43. Tran, L.T.; Yuen, V.G.; McNeill, J.H. The fructose-fed rat: A review on the mechanisms of fructose-induced insulin resistance and
hypertension. Moll. Cell. Biochem. 2009, 332, 145–159. [CrossRef]

https://doi.org/10.1016/j.clnu.2017.09.019
https://doi.org/10.1016/j.fufo.2022.100157
https://doi.org/10.3389/fbioe.2019.00481
https://doi.org/10.3390/md12063487
https://doi.org/10.3390/antiox8090406
https://doi.org/10.3390/antiox10040537
https://doi.org/10.3390/ijms23073501
https://doi.org/10.1089/ars.2019.7949
https://doi.org/10.1152/japplphysiol.00164.2004
https://doi.org/10.1152/physiol.00019.2013
https://www.ncbi.nlm.nih.gov/pubmed/23997192
https://doi.org/10.3390/cells11010160
https://www.ncbi.nlm.nih.gov/pubmed/35011721
https://doi.org/10.1111/sms.12581
https://www.ncbi.nlm.nih.gov/pubmed/26606383
https://doi.org/10.3390/nu13051459
https://www.ncbi.nlm.nih.gov/pubmed/33922998
https://doi.org/10.1159/000223730
https://www.ncbi.nlm.nih.gov/pubmed/19521110
https://doi.org/10.1101/cshperspect.a029694
https://doi.org/10.1159/000094303
https://doi.org/10.1002/jsfa.3989
https://doi.org/10.1016/j.bbrc.2010.11.078
https://doi.org/10.3164/jcbn.14-58
https://doi.org/10.1152/ajpregu.00383.2016
https://doi.org/10.1016/j.nut.2019.01.008
https://doi.org/10.1007/s11332-020-00656-0
https://doi.org/10.1007/s11010-007-9453-2
https://doi.org/10.1016/j.nut.2009.03.010
https://doi.org/10.1155/2018/6730315
https://doi.org/10.1113/JP270654
https://doi.org/10.4103/0974-8490.172660
https://doi.org/10.1016/j.cmet.2007.08.014
https://doi.org/10.1007/s11010-009-0184-4


Nutrients 2023, 15, 2168 15 of 17

44. Thijssen, D.H.J.; Black, M.A.; Pyke, K.E.; Padilla, J.; Atkinson, G.; Harris, R.A.; Parker, B.; Widlansky, M.E.; Tschakovsky, M.E.;
Green, D.J. Assessment of flow-mediated dilation in humans: A methodological and physiological guideline. Am. J. Physiol. Heart
Circ. Physiol. 2011, 300, H2–H12. [CrossRef] [PubMed]

45. Otsuki, T.; Shimizu, K.; Maeda, S. Changes in arterial stiffness and nitric oxide production with Chlorelladerived multicomponent
supplementation in middleaged and older individuals. Clin. Biochem. Nutr. 2015, 57, 228–232. [CrossRef] [PubMed]

46. Ichimura, M.; Kato, S.; Tsuneyama, K.; Matsutake, S.; Kamogawa, M.; Hirao, E.; Miyata, A.; Mori, S.; Yamaguchi, N.; Suruga, K.;
et al. Phycocyanin prevents hypertension and low serum adiponectin level in a rat model of metabolic syndrome. Nutr. Res. 2013,
33, 397–405. [CrossRef] [PubMed]

47. Meirelles, C.M.; Matsuura, C.; Silva, R.S., Jr.; Guimarães, F.F.; Gomes, P.S.C. Acute Effects of L-Arginine Supplementation on
Oxygen Consumption Kinetics and Muscle Oxyhemoglobin and Deoxyhemoglobin during Treadmill Running in Male Adults.
Int. J. Exerc. Sci. 2019, 12, 444–455. [PubMed]

48. Otsuki, T.; Shimizu, K.; Zempo-Miyaki, A.; Maeda, S. Changes in salivary flow rate following Chlorella derived multicomponent
supplementation. J. Clin. Biochem. Nutr. 2016, 59, 45–48. [CrossRef]

49. Becker, E.W. Micro-algae as a source of protein. Biotechnol. Adv. 2007, 25, 207–210. [CrossRef]
50. Barkia, I.; Saari, N.; Manning, S.R. Microalgae for high-value products towards human health and nutrition. Mar. Drugs 2019,

17, 304. [CrossRef]
51. Molino, A.; Iovine, A.; Casella, P.; Mehariya, S.; Chianese, S.; Cerbone, A.; Rimauro, J.; Musmarra, D. Microalgae Characterization

for Consolidated and New Application in Human Food, Animal Feed and Nutraceuticals. Int. J. Environ. Res. Public Health 2018,
15, 2436. [CrossRef]

52. Waghmare, A.G.; Salve, M.K.; LeBlanc, J.G.; Arya, S.S. Concentration and characterization of microalgae proteins from Chlorella
pyrenoidosa. Bioresour. Bioprocess. 2016, 3, 16. [CrossRef]

53. Morales, F.E.; Tinsley, G.M.; Gordon, P.M. Acute and Long-Term Impact of High-Protein Diets on Endocrine and Metabolic
Function, Body Composition, and Exercise-Induced Adaptations. J. Am. Coll. Nutr. 2017, 36, 295–305. [CrossRef]

54. Lynch, H.; Johnston, C.; Wharton, C. Plant-Based Diets: Considerations for Environmental Impact, Protein Quality, and Exercise
Performance. Nutrients 2018, 10, 1841. [CrossRef]

55. Li, Y.W.; Li, B. Characterization of structure-antioxidant activity relationship of peptides in free radical systems using QSAR
models: Key sequence positions and their amino acid properties. J. Theor. Biol. 2013, 318, 29–43. [CrossRef]

56. Ngo, D.H.; Vo, T.S.; Ngo, D.N.; Wijesekara, I.; Kim, S.K. Biological activities and potential health benefits of bioactive peptides
derived from marine organisms. Int. J. Biol. Macromol. 2012, 51, 378–383. [CrossRef]

57. Ko, S.C.; Kim, D.; Jeon, Y.J. Protective effect of a novel antioxidative peptide purified from a marine Chlorella ellipsoidea protein
against free radical-induced oxidative stress. Food Chem. Toxicol. 2012, 50, 2294–2302. [CrossRef]

58. Sheih, I.C.; Wu, T.-K.; Fang, T.J. Antioxidant properties of a new antioxidative peptide from algae protein waste hydrolysate in
different oxidation systems. Bioresour. Technol. 2009, 100, 3419–3425. [CrossRef]

59. Wells, M.L.; Potin, P.; Craigie, J.S.; Raven, J.A.; Merchant, S.S.; Helliwell, K.E.; Smith, A.G.; Camire, M.E.; Brawley, S.H. Algae as
nutritional and functional food sources: Revisiting our understanding. J. Appl. Phycol. 2017, 29, 949–982. [CrossRef]

60. Hu, C.J.; Li, F.N.; Duan, Y.H.; Zhang, T.; Li, H.W.; Yin, Y.L.; Wu, G.Y.; Kong, X.F. Dietary supplementation with arginine and
glutamic acid alters the expression of amino acid transporters in skeletal muscle of growing pigs. Amino Acids 2019, 51, 1081–1092.
[CrossRef]

61. Hu, C.; Li, F.; Duan, Y.; Kong, X.; Yan, Y.; Deng, J.; Tan, C.; Wu, G.; Yin, Y. Leucine alone or in combination with glutamic acid, but
not with arginine, increases biceps femoris muscle and alters muscle AA transport and concentrations in fattening pigs. J. Anim.
Physiol. Anim. Nutr. 2019, 103, 791–800. [CrossRef]

62. Lancha, A.H.J.; Recco, M.B.; Abdallat, D.S.P.; Curi, R. Effect of Aspartate, Asparagine, and Carnitine Supplementation in the Diet
on Metabolism of Skeletal Muscle During a Moderate Exercise. Physiol. Behav. 1995, 57, 367–371. [CrossRef]

63. Sureda, A.; Pons, A. Arginine and Citrulline Supplementation in Sports and Exercise: Ergogenic Nutrients? Med. Sport. Sci. 2013,
59, 18–28.

64. Silva, E.P., Jr.; Borges, L.S.; Mendes-da-Silva, C.; Hirabara, S.M.; Lambertucci, R.H. L-arginine supplementation improves rats’
antioxidant system and exercise performance. Free Radic. Res. 2017, 51, 281–293. [CrossRef] [PubMed]

65. Yuan, Q.; Li, H.; Wei, Z.; Lv, K.; Gao, C.; Liu, Y.; Zhao, L. Isolation, structures and biological activities of polysaccharides from
Chlorella: A review. Int. J. Biol. Macromol. 2020, 163, 2199–2209. [CrossRef] [PubMed]

66. Chen, Y.X.; Liu, X.Y.; Xiao, Z.; Huang, Y.F.; Liu, B. Antioxidant activities of polysaccharides obtained from Chlorella pyrenoidosa
via different ethanol concentrations. Int. J. Biol. Macromol. 2016, 91, 505–509. [CrossRef] [PubMed]

67. Sheng, J.; Yu, F.; Xin, Z.; Zhao, L.; Zhu, X.; Hu, Q. Preparation, identification and their antitumor activities in vitro of polysaccha-
rides from Chlorella pyrenoidosa. Food Chem. 2007, 105, 533–539. [CrossRef]

68. De Felice, B.; Damiano, S.; Montanino, C.; Del Buono, A.; La Rosa, G.; Guida, B.; Santillo, M. Effect of beta- and alpha-glucans on
immune modulating factors expression in enterocyte-like Caco-2 and goblet-like LS 174T cells. Int. J. Biol. Macromol. 2020, 153,
600–607. [CrossRef]

69. Reynolds, A.N.; Akerman, A.P.; Mann, J. Dietary fibre and whole grains in diabetes management: Systematic review and
meta-analyses. PLoS Med. 2020, 17, e1003053. [CrossRef]

https://doi.org/10.1152/ajpheart.00471.2010
https://www.ncbi.nlm.nih.gov/pubmed/20952670
https://doi.org/10.3164/jcbn.15-86
https://www.ncbi.nlm.nih.gov/pubmed/26566309
https://doi.org/10.1016/j.nutres.2013.03.006
https://www.ncbi.nlm.nih.gov/pubmed/23684441
https://www.ncbi.nlm.nih.gov/pubmed/30899346
https://doi.org/10.3164/jcbn.16-3
https://doi.org/10.1016/j.biotechadv.2006.11.002
https://doi.org/10.3390/md17050304
https://doi.org/10.3390/ijerph15112436
https://doi.org/10.1186/s40643-016-0094-8
https://doi.org/10.1080/07315724.2016.1274691
https://doi.org/10.3390/nu10121841
https://doi.org/10.1016/j.jtbi.2012.10.029
https://doi.org/10.1016/j.ijbiomac.2012.06.001
https://doi.org/10.1016/j.fct.2012.04.022
https://doi.org/10.1016/j.biortech.2009.02.014
https://doi.org/10.1007/s10811-016-0974-5
https://doi.org/10.1007/s00726-019-02748-9
https://doi.org/10.1111/jpn.13053
https://doi.org/10.1016/0031-9384(94)00243-X
https://doi.org/10.1080/10715762.2017.1301664
https://www.ncbi.nlm.nih.gov/pubmed/28277983
https://doi.org/10.1016/j.ijbiomac.2020.09.080
https://www.ncbi.nlm.nih.gov/pubmed/32950523
https://doi.org/10.1016/j.ijbiomac.2016.05.086
https://www.ncbi.nlm.nih.gov/pubmed/27235730
https://doi.org/10.1016/j.foodchem.2007.04.018
https://doi.org/10.1016/j.ijbiomac.2020.03.046
https://doi.org/10.1371/journal.pmed.1003053


Nutrients 2023, 15, 2168 16 of 17

70. Matos, A.P.; Feller, R.; Moecke, E.H.S.; de Oliveira, J.V.; Furigo, A.; Derner, R.B.; Sant’Anna, E.S. Chemical Characterization of Six
Microalgae with Potential Utility for Food Application. J. Am. Oil Chem. Soc. 2016, 93, 963–972. [CrossRef]

71. Guan, Z.W.; Yu, E.Z.; Feng, Q. Soluble Dietary Fiber, One of the Most Important Nutrients for the Gut Microbiota. Molecules 2021,
26, 6802. [CrossRef]

72. Mao, G.; Li, S.; Orfila, C.; Shen, X.; Zhou, S.; Linhardt, R.J.; Ye, X.; Chen, S. Depolymerized RG-I-enriched pectin from citrus
segment membranes modulates gut microbiota, increases SCFA production, and promotes the growth of Bifidobacterium spp.,
Lactobacillus spp. and Faecalibaculum spp. Food Funct. 2019, 10, 7828–7843. [CrossRef]

73. Marttinen, M.; Ala-Jaakkola, R.; Laitila, A.; Lehtinen, M.J. Gut Microbiota, Probiotics and Physical Performance in Athletes and
Physically Active Individuals. Nutrients 2020, 12, 2936. [CrossRef]

74. Simpson, H.L.; Campbell, B.J. Review article: Dietary fibre-microbiota interactions. Aliment. Pharm. Ther. 2015, 42, 158–179.
[CrossRef]

75. Blaak, E.E.; Canfora, E.E.; Theis, S.; Frost, G.; Groen, A.K.; Mithieux, G.; Nauta, A.; Scott, K.; Stahl, B.; van Harsselaar, J.; et al.
Short chain fatty acids in human gut and metabolic health. Benef. Microbes 2020, 11, 411–455. [CrossRef]

76. van der Linde, C.; Barone, M.; Turroni, S.; Brigidi, P.; Keleszade, E.; Swann, J.R.; Costabile, A. An In Vitro Pilot Fermentation
Study on the Impact of Chlorella pyrenoidosa on Gut Microbiome Composition and Metabolites in Healthy and Coeliac Subjects.
Molecules 2021, 26, 2330. [CrossRef]

77. Lv, K.L.; Yuan, Q.X.; Li, H.; Li, T.T.; Ma, H.Q.; Gao, C.H.; Zhang, S.Y.; Liu, Y.H.; Zhao, L.Y. Chlorella pyrenoidosa Polysaccharides
as a Prebiotic to Modulate Gut Microbiota: Physicochemical Properties and Fermentation Characteristics In Vitro. Foods 2022,
11, 725. [CrossRef]

78. Jin, J.B.; Cha, J.W.; Shin, I.S.; Jeon, J.Y.; Cha, K.H.; Pan, C.H. Supplementation with Chlorella vulgaris, Chlorella protothecoides,
and Schizochytrium sp. increases propionate-producing bacteria in in vitro human gut fermentation. J. Sci. Food Agric. 2020, 100,
2938–2945. [CrossRef]
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