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Abstract

Arthrospira (known commercially as Spirulina) is an edible cyanobacterium traditionally used for centuries as human food by
various cultures. Its biochemical profile includes many bioactive molecules with enormous potential in human health. The aim of
this paper is to systematically review the scientific evidence about the effects of dietary Arthrospira biomass consumption on a
range of health outcomes. A search was made in PubMed and the Cochrane Library for randomised controlled clinical trials in
which Arthrospira was used as a dietary supplement. An additional search was conducted for studies on rodents. Studies were
organised by health outcomes. A total of 25 randomised clinical trials were included in the study. Four analysed the role of
Arthrospira in dyslipidaemia, four in diabetes, one in hypertension, two in exercise, two in immune response, four in inflam-
mation and precancerous lesions, and two in allergic rhinitis. Three studies analysed the antiviral effect of Arthrospira and a
further three assessed its effect on nutritional status. For most of the targeted health outcomes in the selected clinical trials, daily
consumption of Arthrospira biomass provided considerable benefits. However, more extensive studies that meet higher quality
criteria are needed to confirm the reported results before any validated and absolute health claims can be made for this
microorganism.
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Introduction
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Arthrospira is an edible cyanobacterium traditionally con-
sumed by some human civilisations (Ciferri 1983;
Abdulgader et al. 2000). Spirulina is the commercial name
of Arthrospira platensis and Arthrospira maxima (Tomaselli
1997), which were previously known as Spirulina platensis
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and Spirulina maxima, and which are commonly used as food,
dietary supplements and feed supplements (Belay 2008). The
rediscovery of Arthrospira and its biochemical properties in
the 1960s led to mass production of microalgae for commer-
cial purposes in the late 1970s and the development of an
algae-based industry (Durand-Chastel 1980; Shimamatsu
2004; de la Jara et al. 2016).

Arthrospira is a source of amino acids, fatty acids,
minerals and pigments. Its protein content is known to
reach 60-70% of dry weight, with a profile that includes
the full range of essential amino acids (Dillon et al. 1995).
In addition, given the absence of a cellulosic cell wall, its
protein digestibility can be as much as 83—90% compared
to 95.1% for the standard casein (Falquet 1997).
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Arthrospira has other important biochemical characteris-
tics: for instance, its lipid profile contains palmitic,
linoleic and <y-linolenic acid (GLA), which together ac-
count for 88-92% of the total fatty acid content
(Miihling et al. 2005). The presence of GLA is important
from the nutritional point of view because of its rarity in
our daily food and possible prophylactic role in treating
various chronic disease states (Fan and Chapkin 1998)
such as atopic eczema, cyclic mastalgia, premenstrual
syndrome, diabetes, cardiovascular disease, inflammation
and cancer (Horrobin 1992). The pigments contained in
Arthrospira are chlorophyll a, (3-carotene, zeaxanthin,
cryptoxanthin, C-phycocyanin and allophycocyanin (Yan
etal. 2011; Kumar et al. 2015) (Table 3), all of which are used
by the organism to collect light for photosynthesis and protect
it from photo-oxidative damage. Chlorophyll and its deriva-
tives are well known; their bioactivity includes cancer preven-
tion due to antioxidant and antimutagenic activity, mutagen
trapping, modulation of xenobiotic metabolism and induction
of apoptosis (Ferruzzi and Blakeslee 2007). Phycocyanin, its
main pigment, is known to have potent antioxidant, anti-in-
flammatory, hepatoprotective and anticarcinogenic properties
(Sekar and Chandramohan 2008; Soni et al. 2015). Other
molecules such as sulphated polysaccharides are present in
Arthrospira biomass. A compound known as calcium spirulan
(Hayashi et al. 1996) has also been studied for its antiviral
properties (Hayashi et al. 1993; Ayehunie et al. 1998).

The bioactivity of all these compounds has been shown
independently in many in vitro and in vivo studies. As this
information reaches the market, Arthrospira and other
microalgal supplements are chosen by consumers for nu-
tritional, immune-boosting and detoxifying purposes
(Rzymski and Jaskiewicz 2017; Wells et al. 2017).
However, the question of the therapeutic or preventive
roles of Arthrospira in most diseases remains controver-
sial. Clinical trials are isolated and sometimes lack scien-
tific rigour, e.g., in the use of inappropriate model sys-
tems or non-rigorous experimental design (Wells et al.
2017). Quality scales give readers a quantitative index
of the likelihood that the reported methodology and re-
sults are free of bias (Moher et al. 1995) and therefore
the lack of such quality restricts the use of claims regard-
ing health, nutrient content and structure or function that
are needed to fully develop an algae-based food industry
(Grobbelaar 2003).

The main aim of this paper is to systematically review the
current scientific evidence guaranteed by quality criteria about
the effect of dietary Arthrospira whole biomass on a range of
health outcomes in human trials. In order to identify targets for
future validation in clinical trials, we also assessed studies on
rodents. The final result will provide an overview of the cur-
rent and potential roles of dietary Arthrospira consumption in
human health.

@ Springer

Material and methods
Search strategy

One of the objectives of this study is to identify fields of
human health in which the effect of dietary Arthrospira con-
sumption has been addressed. A literature search was conduct-
ed to retrieve suitable clinical trials. It was considered impor-
tant to include preclinical research on rodents, given that these
results form the basic science knowledge that will be trans-
ferred to clinical applications.

The literature search for human studies was conducted in
PubMed and Cochrane, and for studies on rodents (rats and
mice) PubMed was used. Both searches were performed in
June 2017. The medical subject headings (MeSH) of the
National Library of Medicine were used to devise the key
word search terms. The words, terms and combinations used
were “Spirulina” plus “clinical trial”, “Spirulina” plus “rats”
and “Spirulina” plus “mice”. In PubMed the term Spirulina
includes the entry terms Arthrospira, Arthrospira maxima and
Spirulina maxima.

Data collection

For human studies, we collected items with no time restriction
that met all the inclusion criteria: (a) human studies, (b) studies
written in English and (c) studies using Arthrospira as a die-
tary supplement. We excluded reviews, congress abstracts,
and clinical trials that had fewer than 10 participants, used
pharmaceutical or botanical preparations with Arthrospira as
an ingredient, or were based on Arthrospira extracts.

For rodent studies, selected items had to meet the following
inclusion criteria: (a) mice or rat studies, (b) studies written in
English, (c) studies using Arthrospira as a dietary supplement
and (d) studies published in the last 10 years.

Quality assessment

Three independent reviewers assessed the methodological
quality of the studies identified. The full texts of articles for
studies that met or appeared to meet the inclusion criteria were
retrieved. The reference section in these papers was reviewed
to identify relevant publications not captured electronically.

The Jadad scale was used to evaluate the quality of the
studies, allocating a score from zero (very poor) to five (rig-
orous), based on randomisation, blinding and description of
withdrawals (Halpern and Douglas 2005). Only studies meet-
ing randomisation, blinding and control inclusion should be
included in a systematic review. However, considering the
lack of scientific rigour found in most of the studies, blinding
was considered optional for inclusion. Results are summarised
in Table 1.
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Table 1

Clinical trials used in the present study. Quality criteria were R randomisation, B blinding, C control; presence or absence were labelled + and —

Quality criteria

Activity / Field Author, year, country No
R B C
Zeinalian et al, 2017, Iran 1 + + +
Chitsaz et al, 2016, Iran 2 + - +
Mazopakis et al, 2014, Greece 3 - - -
Ngo-Matip et al. 2014, Cameroon 4 + - +
Dyslipidaemia | Torres-Duran et al, 2012, Mexico 5 - - -
Torres-Duran, 2007, Mexico 6 - - -
2 Samuels et al, 2002, India 7 + - +
"g Ramamoorthy & Premakumari, 1996, < ) ) N
g India
E Serban et al, 2015, Romania 9 + + +
:.% Marcel et al, 2011, Cameroon/Switzerland 10 + + +
" g Anitha & Chandralekha, 2010, India 11 - - +
% Diabetes Kaur et al, 2008, India 12 - - +
= Lee et al, 2008, South Korea 13 + - +
g Parikh et al, 2001, India 14 + - +
E Mani et al, 2000, India 15 - - +
% Miczke et al, 2016, Poland 16 + + +
@ Hypertension
@ Juarez-Oropeza et al, 2009, Mexico 17 - - -
E . Johnson et al, 2016, USA 18 + +
g Exercise Lu et al, 2006, Taiwan 19 +
Park and Lee, 2016, Korea 20 + + +
Immune response | Selmi et al 2011, USA 21 - - -
Park et al, 2008, Korea 22 + + +
Patil et al, 2015, Saudi Arabia 23 + - +
Zwiri et al, 2015, Saudi Arabia 24 + - +
Inflammation and | Shetty et al, 2013, India 25 - - +
precancerous lesions | Mulk et al, 2013, India 26 + - +
Labhe et al, 2001, India 27 - - +
Mathew et al, 1995, India 28 + - +
Cingi et al, 2008, Turkey 29 + + +
Allergy
Mao et al, 2005, USA 30 + + +
Ngo-Matip et al, 2015, Cameroon 31 + - +
Antiviral Winter et al, 2014, Germany 32 + + +
Teas & Irhimeh, 2012, USA 33 + - -
Biicus C & Tanasescu C, 2002, Romania 34 + + +
Matondo et al, 2016, Congo 35 - -
Masuda et al, 2014, Zambia 36 - - +
Ouedraogo et al, 2013, Burkina Faso 37 - - +
Ramesh et al, 2013, India 38 - - -
Nutrition
Yu et al, 2012, China 39 - - -
Lietal, 2012, China 40 + - +
Simpore et al, 2006, Burkina Faso 41 + - +
Simpore et al, 2005, Burkina Faso 42 + - +
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Results and discussion

Many in vitro and in vivo studies have evaluated the efficacy
of various Arthrospira compounds in health (Deng and Chow
2010; Karkos et al. 2011). However, as far as we know, except
for the meta-analysis by Serban et al. (2016) targeting the
impact of Arthrospira supplementation on plasma lipid con-
centrations, there has been no systematic evaluation of the
effect of Arthrospira biomass on health using clinical trials
guaranteed by quality criteria such as double-blind, placebo
controlled, randomised trials. To our knowledge, this study is
the first systematic review to examine clinical trials on the
effect of dietary supplementation with Arthrospira on human
health that meet a quality scale criteria, specifically the Jadad
scale criteria (Halpern and Douglas 2005).

Health outcomes targeted in animal and human
studies

A total of 154 studies were retrieved from the databases: 129
rodent studies (79 on rats and 50 on mice) and 42 human
clinical trials. Flowcharts of the selection process for animal
and human studies are shown in Figs. 1 and 2, respectively.
Retrieved studies were classified by main outcome to target
the major fields of action of Arthrospira in health (Figs. 3 and
4). We found that even though each study keeps to one main
health target, outcomes could be found linked together. Lipid
profile, for instance, was frequently included in trials targeting
diabetes or immune response. Lipid parameters such as total
cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C) and high-density lipoprotein cholesterol
HDL-C were the most prevalent outcomes (Table 2).
Xenobiotic metabolism and oxidative stress was the most re-
curring field in animal studies, followed by inflammation,
metabolic diseases, cancer, neuroprotection and immune re-
sponse. Human studies focused on dyslipidaemia, hyperten-
sion and diabetes, which were grouped for this study as met-
abolic dysfunctions, exercise performance, immune response
and ageing, inflammation and cancer, and allergy. The two
groups (humans and animals) had common health targets,
such as immune response, metabolism, virus control, allergy
immune response, ageing, inflammation, cancer and nutrition.

Records identified through
database search

Additional records identified through
other sources

=
=]
< (n=55) (n=22)
<9
=
£ v v
= Duplicates
(n=12)
%ﬂ Records screened Records excluded:
§ (n=65) o Effect of Arthrospira on health
= is not study objective (4)
@ l — e Herbal or pharmaceutical
preparations (13)
E Full-text articles assessed ¢ if:izg thél; 10 participants
3 for eligibility Y
& (n=45)
=
l <«—— | Records excluded:
e Letter to editor, congress
Studies peered for abstract, review (3)
qualitative criteria
= (n=42)
§ Records excluded due to lack
E l <4— | of randomisation or control
- . . (17)
Studies included in
systematic review
(n=25)

Fig. 2 Review process in human literature flowchart

Unexpectedly, the use of Arthrospira for nutritional purposes
was poorly represented in both groups, even though this mi-
croorganism is considered an important protein source
(Falquet 1997). The results show that most studies about the
benefits of consuming Arthrospira have targeted its antioxi-
dant bioactivity rather than its nutritional potential.

Effect of Arthrospira in animal models

Animal studies outnumbered human studies (129 on animals, 42
on humans). The earliest study on rodents in the MedLine data-
base is from 1988. Oxidative stress and xenobiotic metabolism
was the field that returned the highest number of studies (56).
These studies addressed the protective effect of Arthrospira bio-
mass on organs, mainly the liver and kidney, based on its anti-
oxidant protection against various substances including heavy
metals (lead and cadmium) and tumorigenic compounds
(nitroquinoline, organochlorides), and medication such as antibi-
otics (gentamicin), immunosuppressants (cyclosporine) and che-
motherapy medication (cisplatin). Inflammation and metabolism,

Fig. 1 Review process in rodent
literature flowchart

Records identified through PubMed
database search:

@ Springer

Rats: 92
Mice: 71
Papers excluded:
v »| e Herbal or pharmaceutical preparations
o Arthrospira used as tracer in
Eligible Studies methodological studies

Rats (n=79)
Mice (n=50)
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including diabetes and hyperlipidaemia, with 21 and 19 studies
respectively, are next in the ranking of studies on consumption of
Arthrospira for disease prevention, followed by studies based on
the protective action of Arthrospira against mutagenicity and
teratogenicity (16), neuroprotection (7) and immune response
(3). A common factor in these studies is the use of Arthrospira
as a vector of antioxidant compounds. A small group was iden-
tified with the targeted fields of nutrition (3 studies), antimicro-
bial activity (1) and allergy (1) (Fig. 3). These findings support
the hypothesis that the main benefit of consuming Arthrospira
could be associated with the high antioxidant capacity of this
organism rather than its use as a source of protein.

Animal models offer a wider range of possibilities for ex-
amining toxicity of interventions or studying disease patholo-
gy and mechanisms, whereas most clinical trials focus only on
clinical efficacy (Hooijmans and Ritskes-Hoitinga 2013). This
was confirmed in the present work, given that a high number
of animal studies not only addressed the effect of Arthrospira
on the organism, but also attempted to find the mechanism
underlying the improvement in the disease. Because of the
high number of works found on rodents only, it was decided
simply to group them to assess the most common fields of
study. However, it would be worthwhile carrying out an in-
depth review of this information and making a critical apprais-
al of animal studies. A study of this kind could include a
calculation of the human dose equivalent (HDE) to estimate
the starting doses to prevent or treat serious pathologies in
humans such as cancer, which, due to their vulnerable nature,
are frequently addressed in animal studies but rarely in clinical
studies.

60

50

30 A

Number of studies in rodents

10 1

Fig. 3 Number of studies on the effect of Arthrospira consumption in
rodents (rats and mice). White bars correspond to health outcomes related
to the antioxidant capacity of Arthrospira. Black bars correspond to
studies related to other properties of Arthrospira

Human studies

The literature search identified 42 potentially relevant reports,
from which 25 studies with a total of 2329 participants were
selected for the systematic review. The earliest clinical trial in
the database was from 1995. Studies were classified and
grouped by health outcomes (Table 1). Eight studies were
found on dyslipidaemia, seven on diabetes, two on hyperten-
sion, two on exercise, three on immune response and ageing,
six on inflammation and precancerous lesions, and two on
allergy. In other fields, four studies were retrieved for antiviral
activity and eight for nutrition. However, only 25 of the 42
studies identified met quality standards and were systemati-
cally reviewed. Figure 4 shows the inclusion percentage of
studies in the systematic review in their category after peering
for quality criteria. Studies related to exercise and allergy were
the most rigorous, followed by antiviral studies, whereas those
on nutrition had the lowest quality criteria.

The information extracted from targeted studies on humans
comprised author, publication year and country; study design;
study size and participant characteristics (age, gender and
inclusion/exclusion criteria); description of the intervention;
follow-up period; outcomes and results (Table 2). Twenty
works on the antioxidant effect of Arthrospira that met quality
criteria were found. Four of these analysed its role in
dyslipidaemia, four were on diabetes, two on hypertension,
two on exercise, two on immune response, four on inflamma-
tion and precancerous lesions, and two on allergic rhinitis. A
further three studies analysed the antiviral effect of
Arthrospira and three others studied the effect of
Arthrospira on nutritional status. Most works reported a pos-
itive response between Arthrospira consumption and im-
provement in the targeted health outcome (Table 2).

100

80 -

60 1

40

20 1 I
0

Percentage

&

Fig. 4 Percentage of studies included in the systematic review in their
category
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Arthrospira consumption and oxidative stress-related
diseases

Because oxidative stress is an inevitable result of life in an
oxygen-rich environment (Davies 1995), aerobic organisms
are fully equipped with mechanisms to prevent this type of
stress. Certain compounds maintain equilibrium with pro-ox-
idants, giving rise to total antioxidant capacity (Ferrari 2012).
When this equilibrium is lost because of increased exposure to
high concentrations of reactive oxygen species (ROS) caused
by alcohol, smoking, heavy metals, pesticides, electromagne-
tism, nuclear radiations or UV exposure, the cell is no longer
capable of neutralising them and damage is caused. From the
medical point of view, oxidative stress is linked to the preva-
lence of many human diseases such as neurodegenerative dis-
ease (e.g., Alzheimer’s, Parkinson’s and amyotrophic lateral
sclerosis), inflammatory disease (e.g., rheumatoid arthritis),
cardiovascular disease (e.g., muscular dystrophy), allergies,
immune system dysfunction, diabetes, age-related diseases
and cancer, all of which are increasing in prevalence. The
influence of ROS may be detrimental to virtually all biomol-
ecules (lipids, proteins and nucleic acids), resulting in struc-
tural and functional changes and eventually in necrotic or
apoptotic cell death (Rizzo et al. 2009).

Using an exogenous source of antioxidant compounds to
help the animal cell to neutralise the ROS level is feasible
(Lobo et al. 2010). Arthrospira is known to have antioxidant
properties, which are attributed to its biochemical profile con-
taining phytopigments (Table 3), tocopherol, y-linolenic acid
and phenolic compounds (Chu et al. 2010; Lobo et al. 2010).
Arthrospira consumption may play a role in preventing oxi-
dative stress, but in our selection, only three studies explored
the relation between Arthrospira consumption and oxidative
stress using specific antioxidant biomarkers to establish this
relationship (Table 2). Lu et al. (2006) found a higher signif-
icant increase in superoxide dismutase (SOD) after
Arthrospira treatment (1324.09 to 1852.45 pHb) (p <0.01)
than with soy protein treatment (control group) (1251.1 to
1510.1 uHD) (p < 0.05). A study on obese and non-obese peo-
ple (Park and Lee 2016) found a significant decrease in thio-
barbituric acid-reactive substances (TBARS)
(7.12 nmol mL™", p<0.01) in the non-obese group after
Arthrospira consumption and a significant increase in total
antioxidant status (TAS) (1.6 to 2.09 nmol L', p<0.01) in
the same group. Park et al. (2008) reported that after 16 weeks
of Arthrospira consumption (8 g day '), TBARS decreased
significantly in both males (p <0.01) and females (p <0.05)
compared to the control group. A significant increase occurred
in TAS in males (1.6 to 2.2 nmol L', p<0.01) and in SOD
(1.6t02.7 Umg ', p<0.01) in females. The study by Winter
et al. (2014) included in the antiviral group also assessed an-
tioxidant potential through the measurement of the total anti-
oxidant capacity of the serum (TAOS). This value is reported
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to provide an integrated index of antioxidant potential. In the
placebo group, the authors found a decreasing value of TAOS
(r=0.48, p=0.008) reflecting the progression of infection
while the intervention group had a significantly increased ef-
fect on the TAOS (r=0.51, p=0.007) reflecting a possible
rehabilitation of patients with initially low TAOS.

Dyslipidaemia Dyslipidaemia is an increase in plasma TG or
LDL-C levels that contributes to the development of athero-
sclerosis, increasing the risk of cardiovascular events (e.g.,
myocardial infarction, ischemic stroke and death). Causes of
dyslipidaemia may be primary (genetic) or secondary (e.g.,
lifestyle, sedentary routine, diabetes mellitus, excess alcohol,
hypothyroidism, liver disease and drugs). It is estimated that
prevalent cases of dyslipidaemia in the nine major countries
(the USA, France, Germany, Italy, Spain, the UK, Japan, India
and China) will increase at the rate of 1.76% a year to surpass
500 million in 2022 (Shi et al. 2014). Téth et al. (2012) re-
ported that the prevalence of standard lipid abnormalities
among US adults is 53%, of which 27% have high LDL-C,
23% have low HDL-C and 30% have high TG. In addition,
21% of US adults have mixed dyslipidaemia, defined as the
presence of high LDL-C combined with at least one other lipid
abnormality. Nearly 6% of US adults have all three lipid ab-
normalities. Approximately 6.6% of adults have low HDL-C
combined with hypertriglyceridemia. In China, the prevalence
of dyslipidaemia in adults was estimated in a meta-analysis
conducted by Huang et al. (2014) as 41.9% of adults with lipid
abnormalities. Dyslipidaemia is closely associated with in-
creased endothelial production of ROS. Clinical studies have
documented strong positive associations between plasma
levels of oxidative stress parameters and atherogenic lipopro-
teins in patients with cardiovascular disease (Rizzo 2009).
Dyslipidaemia treatment involves dietary changes, exercise
and pharmacologic therapy.

A meta-analysis of the impact of Arthrospira supplemen-
tation on plasma lipid concentrations (Serban et al. 2016)
showed a significant effect in reducing TC, LDL-C and TG
and raising HDL-C. This is consistent with our findings which
retrieved eight interventions investigating the association be-
tween Arthrospira consumption and dyslipidaemia. All in-
cluded lipid markers total cholesterol (TC), total triglycerides
(TG), low-density lipoprotein (LDL-C) and high-density lipo-
protein (HDL-C). In every case, the authors reported improve-
ments in some of these parameters after Arthrospira treatment,
mainly in TC and TG. However, only four of eight studies in
this field met the quality criteria for systematic review.

Table 1 shows that the study by Zeinalian et al. (2017) was
the most rigorous. The authors reported that obese individuals
who were administrated a dose of 1 g day ™' of Arthrospira for
12 weeks had a significant reduction in body weight (BW),
body mass index (BMI) and appetite compared to individuals
who were supplemented with 1 g day ' of starch as control.
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This dosage of Arthrospira partially modified serum lipids,
significantly decreasing TC in comparison with the placebo.
The authors also found an increase in HDL-C, but it was
significant in both groups. The results were independent of
age, gender or physical activity. Chitsaz et al. (2016) com-
pared Chlorella and Arthrospira consumption to treat non-
alcoholic fatty liver disease. They found that after supplemen-
tation of 1 g day ' for 8 weeks, anthropometric indices de-
creased significantly. Alanine transaminase values (ALT)
were significantly different between intervention and non-
intervention groups. The study by Ngo-Matip et al. (2014)
also met randomisation and control inclusion and showed that
supplementation with Arthrospira combined with a balanced
diet can retard lipid abnormalities in immunosuppressed pa-
tients. In a study of HIV-infected people antiretroviral-naive to
treatment, they found a significant increase in HDL-C and a
significant decrease in LDL-C and triglycerides in the group
supplemented with 10 g day ' of Arthrospira for 6 months
combined with a fresh local balanced diet, compared to the
group that had only a balanced local diet. The atherogenic
index (TC/HDL-C) also decreased significantly in the group
supplemented with Arthrospira. Samuels et al. (2002) treated
patients with hyperlipidemic nephrotic syndrome with either
medication plus 1 g day ' of Arthrospira or medication only
for 2 months. They found that TC and LDL-C decreased in
both groups, with a higher significant decrease in the
Arthrospira group. Triglycerides decreased in both groups
but the decrease was significant only in the Arthrospira group.

Studies in other fields of this review which met quality
criteria included lipid parameters in their outcomes, show-
ing that Arthrospira consumption improves health status in
terms of dyslipidaemia for seropositive diabetics (Marcel
etal. 2011) and the elderly (Park et al. 2008). Marcel et al.
(2011) observed a lower total-body fat and a downward
trend for TC in the Arthrospira-treated group, although this
group showed no significant differences in TC and TG
levels.

Diabetes Oxidative stress also plays a key role in diabetes
(Maritim et al. 2003) and its microvascular and cardiovascular
complications (Giacco and Brownlee 2010). Pancreatic beta
cells in type 2 diabetes are lost due to oxidation (Li et al.
2015). Free radicals are formed disproportionately in diabetes
by glucose oxidation, non-enzymatic glycation of proteins,
and subsequent oxidative degradation of glycated proteins
(Maritim et al. 2003). HIV and HCV infections are both
characterised by increased oxidative stress (Shin et al. 2012),
which increases complications.

Seven studies analysing the effect of dietary Arthrospira in
diabetes were retrieved, but only four met quality criteria.
Serban et al. (2015) studied patients treated with metformin
and placebo or metformin and Arthrospira. They found that
after supplementation of 0.8 g day ' for 2 months, glycaemia

@ Springer

decreased significantly in both groups, although the decrease
was higher in the Arthrospira group. The authors analysed the
lipid profile and found that supplementation with Arthrospira
did not improve the results compared with the medication
group. Marcel et al. (2011) studied the effect of supplementa-
tion for 2 weeks with 5 g day™' of Arthrospira on insulin
resistance in HIV-infected adult patients compared with soy-
bean supplementation. They reported a significant increase in
insulin sensitivity in the Arthrospira group despite a lower
follow-up rate and fewer intake days (45 vs 59) in the
Arthrospira group due to complaints about poor palatability.
They also reported that Arthrospira seemed to be better than
soybean at correcting HIV/HAART (human immunodeficien-
cy virus/highly active antiretroviral therapy)-associated insu-
lin resistance and concluded that Arthrospira supplementation
may play a key role in HIV/HA ART-associated insulin resis-
tance. Lee et al. (2008) found that Arthrospira supplementa-
tion of 8 g/day for 12 weeks in patients with type 2 diabetes
mellitus significantly lowered plasma triglycerides and plasma
malondialdehyde level and increased plasma adiponectin.
They also found that patients with higher initial total choles-
terol and LDL-cholesterol showed higher reduction in plasma
concentration of total cholesterol, LDL-C, interleukin-6 (IL-6)
and blood pressure. Parikh et al. (2001) determined the effi-
cacy of Arthrospira supplementation of 2 g day ' for
2 months. They reported an appreciable reduction in fasting
blood glucose and postprandial blood glucose. A significant
reduction in glycosylated haemoglobin (GH) was also found,
indicating a long-term improvement in glucose regulation. In
the lipids, triglycerides were significantly lowered, as were
atherogenic indices (TC:HDL-C and LDL-C:HDL-C). An in-
crease in the ratio of apolipoprotein Al to apolipoprotein B
was also observed.

Hypertension Earlier studies have shown that phycocyanin
can ameliorate systemic blood pressure by enhancing endo-
thelial nitric oxide synthase (eNOS) expression in the aorta
(Ichimura et al. 2013). Two studies analysing the role of die-
tary Arthrospira in hypertension were retrieved, but only one
met quality criteria.

Miczke et al. (2016) studied the effect of daily supplemen-
tation for 3 months with 2 g day ' of Arthrospira in patients
with hypertension and obesity. They reported a significantly
positive effect on systolic blood pressure and a tendency to
decrease in diastolic blood pressure, suggesting a hypotensive
and body mass reduction effect due to Arthrospira. The work
by Lee et al. (2008), included in this review in the field of
diabetes, also found a reduction in blood pressure after
3 months of Arthrospira supplementation.

Exercise Regular physical exercise has many health benefits,
including a reduced risk of cardiovascular disease, cancer and
diabetes. Paradoxically, it also promotes the production of
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reactive oxygen and nitrogen species (RONS) (Powers and
Jackson 2008), which contribute to muscle fatigue. In addition
to the cellular strategies to regulate reactive species, such as
superoxide dismutase, glutathione peroxidase and catalase,
dietary antioxidants contribute to cellular protection against
radicals and other ROS. Important dietary antioxidants
include vitamin E, vitamin C and carotenoids, all of which
are found in Arthrospira composition. Two studies in this
field met the quality criteria. Lu et al. (2006) studied the pre-
ventive effects of A. platensis on skeletal muscle damage un-
der exercise-induced oxidative stress induced by exhaustive
exercise. They reported a significant decrease in
malondialdehyde (MAD) levels and a significant increase in
lactate (LA), SOD and time to exhaustion (TE) levels. A pos-
itive interaction between the parameters lactate dehydroge-
nase (LDH) and glutathione peroxidise (GPx) with time was
found after administration of 7.5 g day ' of Arthrospira.
Johnson et al. (2016) reported an anti-fatigue effect with
short- and long-term Arthrospira intake.

Immune response Another important health outcome identi-
fied was immune response. The immune system has evolved
to protect us from a universe of pathogenic microbes and
toxins using a complex array of protective mechanisms to
control and usually eliminate them (Chaplin 2006), as seen
in the role of cytokines to control the behaviour of immune
cells. Once activated, cytokines trigger other cells in the im-
mune system, leading to a whole cascade of immune reac-
tions. In healthy individuals, the immune system is self-
regulated and once the threat disappears, the immune cells
stop the inflammatory response via apoptosis. If this does
not occur, chronic inflammation and even cancer may devel-
op. In certain situations, such as advanced age or immunosup-
pressant diseases, numerous changes occur in the immune
system, contributing to a decreased immune response
(Ginaldi et al. 1999; McMichael et al. 2010).

Two of the three studies found in this field met the quality
criteria for systematic review. Park and Lee (2016) studied
the effect of Arthrospira supplementation on obese elderly
people and found that a dosage of 8 g day ' for 12 weeks
decreased lipid parameters and increased interleukin-2 (IL-
2) and total antioxidant status level. They also reported a
decrease in TBARS. Park et al. (2008) determined the anti-
oxidant capacity, immunomodulatory and lipid-lowering
effects of Arthrospira in healthy older people to examine
the effectiveness of Arthrospira as a functional food in this
stage of life. They reported that after 4 months of supple-
mentation with 8 g day ' of Arthrospira, significant in-
creases in IL-2 levels and superoxide dismutase activities
occurred in female participants. Plasma levels of TBARS
decreased 29% in males and SOD activity increased in fe-
males. With regard to immune variables, a significant rise in
plasma IL-2 concentrations and a significant reduction in

IL-6 levels were found in males. Plasma TC levels also
decreased in both genders.

Interleukin-2 is an anti-inflammatory cytokine essential in
the regulation of chronic inflammation which, together with
lipid peroxidation and dysregulated lipid metabolism, is a ma-
jor characteristic of age-related changes. Although Park et al.
(2008) did not find a significant reduction in the levels of
proinflammatory cytokines such as tumour necrosis factor
(TNF-«), monocyte chemoattractant protein (MCP-1) or C3,
it is likely that the sum of the downregulating effect of proin-
flammatory cytokines and improvement in other parameters
improved the health of the population studied.

Inflammation and precancerous lesions Cancer prevention is
another field in which Arthrospira could be beneficial.
Reactive species damage DNA and its repair mechanism in
a process that enhances ageing and carcinogenesis. Cancer
cells exhibit accelerated metabolism and demand high ROS
concentrations to maintain their high proliferation rate (Sosa
et al. 2013). As the present review shows, the antioxidant
compounds present in Arthrospira could be used to treat oral
submucous fibrosis, a high-risk premalignant condition and
reverse oral leukoplakias, both of which are well-known pre-
cancerous lesions. Animal studies have demonstrated the po-
tential of Arthrospira in co-treatment of a range of malignant
conditions. More studies in humans are needed, although
conducting clinical trials on cancer treatment with natural
products remains a sensitive issue. According to Paller et al.
(2016), a likely explanation is that manufacturers of dietary
supplements do not submit their products to the rigour and
expense of a randomised, placebo-controlled phase 3 trial,
which is required for therapy approval.

Six studies analysing the role of dietary Arthrospira in
inflammation and precancerous lesions were retrieved, but
only four met the quality criteria. All of them addressed the
preventive effect of Arthrospira in oral precancerous
conditions such as oral leukoplakias and oral submucous
fibrosis. Patil et al. (2015) found that 0.5 g day ' of
Arthrospira for 3 months improved certain symptoms (mouth
opening and ulcers/erosions/vesicles). Zwiri et al. (2015) simi-
larly administered 0.5 g day ' of Arthrospira for 3 months and
compared the results with pentoxifylline administration. They
observed improvements in all parameters for both groups, with
clinical improvements in mouth opening and subjective
symptoms of pain and burning sensation significantly higher
in the Arthrospira group, while those treated with
pentoxifylline had significant improvement in their ulcers,
erosions and vesicles. In a similar study, Mulk et al. (2013)
found significant improvements in mouth opening, burning
sensation and tongue protrusion for both compounds after
3 months of treatment (0.8 g day ' pentoxifylline plus
1 g day ! Arthrospira). Comparing the effect of the two com-
pounds, burning sensation was significantly improved after
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pentoxifylline administration than with Arthrospira, but side
effects such as stomach bloating, nausea and gastritis were
reported to a greater extent after pentoxifylline treatment.
Mathew et al. (1995) administered Arthrospira to participants
with oral leukoplakia at a dosage of 1 g day ' for 1 year and
found 45% complete regression of lesions compared to 7% in
the placebo-treated group. They also observed a greater re-
sponse in homogeneous than in nonhomogeneous lesions
(erythroplakia, nodular/ulcerated and verrucous leukoplakia).

Allergy Allergic rhinitis is a worldwide affection. Between 10
and 30% of the population suffer this disorder and, according
to the American Academy of Allergy, Asthma and
Immunology, its prevalence is increasing globally due to sev-
eral factors. Allergic rhinitis exerts a major impact on the
quality of life of sufferers. Pharmacotherapeutic options in-
clude oral antihistamines and topical antihistamines that can
be administered in the nose (Mullol et al. 2005), but the long-
term effects of these medications cannot be declared
completely safe (Paakkari 2002). Natural products could be
useful to treat allergy while caring for the organism. Two
studies analysing the role of dietary Arthrospira in allergy
were retrieved and both met the quality criteria.

Cingi et al. (2008) evaluated the effectiveness of 2 g day '
of Arthrospira for 6 months in treating patients with allergic
rhinitis. The symptoms evaluated were nasal discharge, sneez-
ing, nasal congestion and itching. Arthrospira consumption
significantly improved the evolution of symptoms and
physical findings compared with placebo. Mao et al. (2005)
found that at the same dosage, Arthrospira reduced production
of IL-4, a cytokine involved in the induction of type I hyper-
sensitivity that leads to the release of inflammatory mediators.

Arthrospira consumption and viral infections

In the field of antiviral activity, many studies have used
Arthrospira extracts. Hernandez-Corona et al. (2002) assessed
50% effective inhibition doses (EDsg) of Arthrospira maxima
hot water extract against viruses such as herpes simplex virus
type 2 (HSV-2), pseudorabies virus (PRV), human cytomeg-
alovirus (HCMV) and HSV-1 (0.069, 0.103, 0.142, and
0.333 mg mL™", respectively). For adenovirus, inhibition
was less than 20%, and no inhibition was found for measles
virus, subacute sclerosing panencephalitis virus (SSPE), ve-
sicular stomatitis virus (VSV), poliovirus 1 or rotavirus SA-
11. El-Baz et al. (2013) reported the antibacterial and antiviral
effect of ethanol extract of S. platensis against non-enveloped
RNA and DNA enteric viruses. Gustafson et al. (1989) ob-
served remarkable in vitro activity of the sulfonic acid-
containing glycolipids fraction of Arthrospira against HIV-1
virus. However, in the present study, antiviral activity is per-
haps the field with the poorest results, because supplementa-
tion with whole dried biomass was unable to reduce the viral
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load of HIV or hepatitis C in any of the clinical studies carried
out in humans. Bioactive compounds may be found in higher
concentrations in the extract than in whole biomass,
explaining the difference in efficacy between the types of
products. In the case of HIV-1, the mean level of CD38 on
CDS8+ cells is typically higher in HIV-positive untreated pa-
tients than in those on antiviral therapy and control because
the level of CD8+ CD38+ T lymphocytes in blood correlates
with disease progression in HIV-infected individuals, inde-
pendently of the CD4 count (Benito et al. 2004).

Three of the four studies retrieved met the quality criteria.
Two examined the role of Arthrospira consumption in HIV
infections. Ngo-Matip et al. (2015) reported a significant in-
crease in CD4 cell count and a significant decrease in viral
load levels after 6 months of treatment with 10 g day '
Arthrospira supplementation plus usual diet during a 12-
month study. Haemoglobin level was significantly higher in
this same treatment group and fasting blood glucose concen-
tration decreased after 12 months compared to control. Winter
et al. (2014) studied the effect of 5 g day ' Arthrospira sup-
plementation for 3 months on the viral load of people living
with HIV/AIDS (PLHIV). They reported no difference be-
tween the immunological (CD4-T cell count) and virus
markers (CD8 antigen expression) between the placebo group
and the group supplemented with Arthrospira, although lon-
ger intervention periods could make a difference. Antioxidant
capacity measured with the TAOS indicator (total antioxidant
capacity of the serum) increased significantly in the
Arthrospira supplemented group and decreased significantly
in the placebo group. However, the intervention appeared to
reduce the prevalence of concomitant events and opportunistic
infections in both cases and showed a positive effect on pa-
tients’ quality of life. Baicus and Tanasescu (2002) treated
chronic viral liver disease or child A cirrhosis patients with
3.2 g day ' Arthrospira for 30 days. A greater decrease in
aminotransferases occurred in the control than in the treated
group. Although Arthrospira appears to improve markers of
antioxidant capacity, no positive effects were found. These
authors also assessed potentially toxic effects of Arthrospira,
but found no significant modifications in haemoglobin, white
bold cells, platelets, renal function or urinary sediments.

Arthrospira consumption and nutritional status

Belay (2002) attributed initial interest in Arthrospira to its rich
content of protein, vitamins, essential amino acids, minerals
and essential fatty acids. Siva et al. (2015) found that signifi-
cant studies have been done on Arthrospira to establish its
potential use as a food supplement and food additive and to
combat all forms of protein energy malnutrition (PEM) and
protein energy wasting (PEW). Only three of the clinical trials
retrieved met the quality criteria. Two of these were by
Simpore et al. The first, published in 2005, assessed the
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Table 3 Pigments found

in Arhrospira (extracted ~ Phytopigments % dry weight
from Herrera et al. 1989)
Phycocyanin 7.71
Chlorophyll-a 0.67
Carotenes 0.57

impact of an alimentary integrator composed of Arthrospira
on the nutritional status of undernourished HIV-infected and
HIV-negative children. They observed a decrease in the level
of anaemia during the study in all children, although the level
of recovery was less efficient among HIV-infected children
(81.8% recovery in HIV-negative undernourished children
compared to 63.6% in HIV-infected children). The second
study, in 2006, assessed the impact of another alimentary in-
tegrator on the nutritional status of undernourished children in
Burkina Faso. To test the effect of their proposed diet, anthro-
pometrics and haematological parameters were compared af-
ter children aged less than 5 years old were given different
meal combinations. The results revealed differences in weight
increase: children in the group given Misola (millet, soya,
peanut) plus Arthrospira showed faster weight correction. Li
et al. (2012) studied the effect of Arthrospira as a dietary
source of nutrients and found an increase in serum f3-
carotene and total-body vitamin A in children after 10 weeks
of intervention supplemented with 2 or 4 g day . The studies
that did not meet the quality criteria showed a significant
improvement in children’s HAZ after an intake of
10 g day ' of Arthrospira (Masuda et al. 2014); gains in
height, weight, proteinograms and other biochemical parame-
ters such as blood haemoglobin, serum ferritin, serum zinc and
serum protein, and an increase in albumin levels in girls who
took Arthrospira in India (Ramesh et al. 2013); and a greater
increase in anthropometry and biochemical parameters such
as leukocyte and lymphocyte number in HIV-positive children
supplemented with Arthrospira than in HIV-negative children
fed with traditional meals only (Simpore et al. 2005).

Effect of size, dosage, gender, age and drop-out rate

Clinical trials must be carefully planned. According to Sakpal
(2010), the basic rules for establishing the size of a clinical
trial are level of significance, typically 5%; power, usually >
80%; clinically meaningful differences (smaller differences
need a larger sample size); and a search for equivalence or
equality. Small clinical trials should be carried out only in
cases of rare disorders, unique patient populations or studies
requiring participation of patients with terminal, severely de-
bilitating or incapacitating disorders (Evans and Ildstad 2001).
Because few studies were eligible for this systematic review,
the sample size cut-off was established as n =10, although
smaller studies were also retrieved from the databases.
Future clinical trials should pay particular attention to this

parameter, because it establishes the level of significance
and the power of the study.

With regard to dosage, most of the health outcomes
targeted in the clinical trials selected show significant benefits
in daily consumption of Arthrospira biomass for a period
varying from 1 to 12 months, with a mode of 2-3 months
and a mean of 3.85 months with doses ranging from 0.5 to
20 g day ' with amode of 1 g day ' and a mean of 7.5 g day
(Table 2). Dosage was low in most of the works reviewed.
Studies on diabetes, hypertension and nutrition applied the
highest dosages. Two studies on nutritional status used dos-
ages of 10 and 20 g day " for children under 5 years, exceed-
ing the ratio of Arthrospira intake (g)/weight (kg). The World
Health Organisation (WHO) defined a safe level of protein
intake for adults of 0.83 g kg ' day ', irrespective of gender
or age. The level is different for children and adolescents,
varying from 1.31 to 0.89 g kg ' day ' from birth to adult-
hood depending on age, weight and height (WHO/FAO/UNU
2007). One gram of optimum quality Arthrospira would ren-
der 0.7 g of protein, which supports the theory of the current
use of Arthrospira as a source of antioxidants rather than
proteins. More studies are needed to assess the effect of dos-
age on outcomes.

Some studies included in the review found that Arthrospira
bioactivity is gender- and age-dependent (Table 2).
Improvements in the design and scope of studies would help
to determine the correct dosage for a given health condition,
gender and age group.

The drop-out rate was not excessively high in the studies.
No adverse effects were recorded, which is not surprising
given that the Dietary Supplements Information Expert
Committee (DSI-EC) of the United States Pharmacopeial
Convention (USP) assigned a class A safety rating for
A. maxima and A. platensis after analysing 31 adverse event
reports of Arthrospira to evaluate potential health concerns
(Marles et al. 2011). The main concern expressed by patients
was poor palatability.

Quality, the key factor
i.  Quality in clinical practice

Arthrospira is a safe and promising dietary supplement to
prevent and even treat a range of health conditions, as dem-
onstrated by many of the studies included in this review.
However, much work is needed before this organism can oc-
cupy the position it deserves and be gainfully applied in nu-
trition and medicine. Laboratory findings must be translated
into scientifically validated health claims to fill the gaps be-
tween scientific knowledge, medical practice and consump-
tion habits. This can only be achieved through high quality,
controlled clinical trials. The methodology exists, but consis-
tent clinical trials are costly. The quality and scope of most of
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the studies found was lower than expected. Only 25 of the 42
studies targeted were eligible for inclusion in the systematic
review (Table 1, Fig. 4). The Jadad scale is one of the simplest
quality scales in clinical practice (Berger and Alperson 2009),
even though more than half the studies retrieved could not be
used in the review (Table 1). The Jadad quality criteria
(randomisation, blinding and control inclusion) should be
the minimum requirements of future studies to ensure irrefut-
able scientific proof about the benefits of Arthrospira, because
these results will become the health claims demanded by the
food industry. The result of any systematic review is suscep-
tible to selection bias, detection bias, implementation bias and
publication bias. The trials included in this study are all
randomised control trials but the variety of conditions ad-
dressed made a pooled analysis impossible. More accurate
results could be obtained through a pooled analysis based on
disease progress, course of medication and control group
dosage.

ii. Quality of Arthrospira biomass used as a supplement

Because the results of this review highlight the antioxidant
capacity of Arthrospira as its major attribute in the treatment
of various health conditions and diseases, the quality of the
biomass is a key issue. Dosage is directly related to biomass
quality. Arthrospira composition, as in all cyanobacteria and
microalgae, is strongly affected by the production conditions
(Colla et al. 2004; Miihling et al. 2005; Markou 2012;
Kepekei and Saygideger 2012; Kim et al. 2012) and process-
ing (Morist et al. 2001, Tiburcio et al. 2007; Oliveira et al.
2010). Protein content in Arthrospira can be as much as 70%
of dry weight (Uslu et al. 2009; Falquet 1997). C-phycocyanin
and allophycocyanin, the main antioxidants in Arthrospira,
account for 20% of the protein fraction when this microorgan-
ism is cultured under optimum conditions (Avila-Leon et al.
2012). Mass production, dehydration and storage probably
reduce the antioxidant content (Torzillo et al. 1984). The safe-
ty of Arthrospira has been a major concern for authorities.
Now that safety guidelines have been established, the scien-
tific and medical community and manufacturers and suppliers
need to make a considerable effort to define biochemical qual-
ity standards for Arthrospira biomass used for therapy.

Conclusion

To our knowledge, this study is the first systematic review to
examine the effect of dietary supplementation with
Arthrospira in various fields of human health. It reveals a
variety of health outcomes that benefit from Arthrospira con-
sumption. Most of the health outcomes targeted in the clinical
trials selected showed significant benefits in daily consump-
tion of Arthrospira biomass during a period varying from 1 to
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12 months and doses of 0.5-20 g day '. Some diseases, such
as dyslipidaemia, improved by directly recovering proper
values, while others such as diabetes and viral infections
benefitted from a reduced prevalence of concomitant effects
or increased immunity. Our findings also support the theory
that the main benefit of Arthrospira consumption could be
associated with the high antioxidant capacity of this organism,
even though manufacturers and suppliers commercialise itas a
protein source.

Large randomised, double-blind, placebo-controlled trials
are needed before firm, unequivocal conclusions can be drawn
about the suitability of Arthrospira to improve health condi-
tions. Many variables must be taken into account, including
biomass quality, dosage, gender and age. Achieving this will
pave the way for more thorough studies that are essential to
validate Arthrospira health claims.
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