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Twenty-one days of spirulina supplementation lowers heart rate during submaximal
cycling and augments power output during repeated sprints in trained cyclists

Abstract

Spirulina supplementation is reported to improve time to exhaustion and VOamax. However,
there is limited information on its influence over the multiple intensities cyclists experience
during training and competition. Fifteen trained males (Age 40 + 8 years, VOomax 51.14 + 6.43
ml/min/kg) ingested 6g/day of spirulina or placebo for twenty-one days in a double-blinded
randomized cross over design, with a fourteen-day washout period between trials. Participants
completed a 1-hour submaximal endurance test at 55% external power output max and a
16.1km time trial (day 1), followed by a lactate threshold test and repeated sprint performance
tests (RSPTs) (day 2). Heart rate (bpm), Respiratory Exchange Ratio, oxygen consumption
(ml/min/kg), lactate and glucose (mmol/L), time (secs), power output (Watts), and hemoglobin
(g/L) were compared across conditions. Following spirulina supplementation, lactate and heart
rate were significantly lower (P<0.05) during submaximal endurance tests (2.05 = 0.80mmol/L
Vs 2.39 £ 0.89mmol/L & 139 £+ 11bpm Vs 144 + 12bpm), hemoglobin was significantly higher
(152.6 = 9.0 g/L) than placebo (143.2 = 8.5 g/L), and peak and average power were
significantly higher during RSPTs (968 + 177Watts Vs 929 + 149Watts & 770 = 117Watts Vs
738 + 86Watts). No differences existed between conditions for all oxygen consumption values,
16.1km time trial measures and lactate threshold tests (P>0.05). Spirulina supplementation
reduces homeostatic disturbances during submaximal exercise and augments power output
during RSPTs.

Novelty bullets:

e Spirulina supplementation lowers heart rate and blood lactate during =1-hour
submaximal cycling.

e Spirulina supplementation elicits significant augmentations in hemoglobin and power
outputs during RSPTs.
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INTRODUCTION

The supplementation of spirulina (SP), a cyanobacteria that is commonly referred to as blue-
green algae, is garnering attention. However, at present, the understanding of the ergogenic
capabilities of SP are equivocal. This multicomponent species boasts a vast array of vitamins,
minerals and proteins (Kalafati et al., 2010) and the exact mechanisms of action behind any
ergogenic effect has been difficult to ascertain. Yet, authors have previously reported SP to
improve time to exhaustion whilst running (Kalafati et a., 2010; Lu et al., 2006) and VO2max
whilst cycling (Kalpana et al., 2017; Hernandez-Lepe et al., 2018). Indeed, these previous
investigations have primarily focused on SP’s antioxidant mechanistic potential during/after
exercise by comparing a variety of oxidative stress markers (Kalafati et al., 2010; Lu et al.,
2006; Kalpana et al., 2017), albeit with conflicting findings (Pappas et al., 2021; Franca et al.,
2010). However, the oxidative stress biomarkers used in the aforementioned studies are
considered outdated and lack robustness (Cobley et al., 2017). Some positive in Vitro research
has however supported the notion that SP may increase the activity of intracellular antioxidant
enzymes, possibly via the activation of the NRF2 signaling pathway (Finamore et al., 2017;
Gao et al., 2016). Nevertheless, these findings should be interpreted with caution, particularly
as the direct link between antioxidant effects and improvements in exercise tolerance in the
previous studies are not clear. Therefore, possible new mechanistic avenues are worthy of

consideration when investigating the efficacy of SP supplementation.

Previous SP supplementation research has also reported improvements in hemoglobin (Hb)

(Gurney & Spendiff, 2020; Kelkar et al., 2008; Milasius et al., 2009; Selmi et al., 2011; Ulivar



et al., 2000). However, thus far, how these increases in Hb might influence exercise
performance has received little attention and remains unanswered. For example, it is well
reported that Hb is indispensable for oxygen transport and cell respiration (Buratti et al., 2015),
and even trivial increases in Hb have been associated with improving oxygen transport to the
working muscles which therefore could improve aerobic oxidative capacity and VOzmax
(Buratti et al., 2015; Mairbéurl, 2013). As such, recent research has reported SP to reduce heart

rate and improve oxygen uptake during arm cycling exercise (Gurney & Spendiff, 2020).

Further investigations have also attempted to distinguish how SP may influence the blood
lactate response following exercise; conflicting results have been reported when looking at
peak lactate values following time to exhaustion during cycling and running (Lu et al., 2006;
Kalpana et al., 2017; Torres-Durdan et al., 2012; Hernandez-Lepe et al. 2018), whilst
Juszkiewicz et al. (2018) reported no differences in lactate after a 2000m rowing time trial.
However, to the best of our knowledge, no investigation has investigated how SP may influence
the blood lactate response during lower intensities. The possibility of SP reducing metabolic
perturbation in the muscle, and therefore metabolic acidosis, may permit submaximal exercise

intensities to be performed with lower homeostatic disturbance.

Many cycling races elicit a variety of intensities that characteristically include long lower
intensity rides lasting > 1-hour, time trials and uphill sprint finishes (Bell et al., 2017) whereby
each cyclist will have to produce a continuous high-power output. Certainly, producing high
power-outputs has previously been reported to be a determinant of sprint cycling performances
(Kordi et al., 2019,2020; Dorel et al., 2005). Consequently, having both efficient aerobic and
anerobic energy metabolism systems, including the ability to tactically produce repeated sprints

whilst using brief recovery periods to buffer the raised acidosis and shuttle lactate associated



with fatigue, are considered essential to cycling competition performance and training sessions

(Santalla et al., 2012).

To date, limited research has been directed into trained cyclists supplementing with SP (Franca
et al., 2010) and to the best of our knowledge, no study has investigated how SP may influence
performance over multiple cycling intensities. Furthermore, while the optimal dose/duration
strategy is yet to be established, with previous research ranging from 1.5 g/day — 7.5 g/day and
7 — 60 days, in line with previous efficacious results by both Kalafati et al., 2010 and Lu et al.,
2006, it was decided to supplement 6 g/day for 21-days. Therefore, the aim of this study was
to investigate whether 6 g/day supplementation of SP for 21-days can influence key
physiological measures during submaximal endurance tests, 16.1km time trial (TT), lactate
threshold, and repeated sprint performance tests (RSPT). It was hypothesised that the
supplementation of SP would lower the homeostatic disturbance during submaximal exercise

and improve 16.1km TT performances, lactate thresholds and RSPTs.
MATERIALS AND METHODS

Participants

Fifteen trained, healthy male, experienced cyclists volunteered and gave their written consent
to participate in the study (Mean = SD; Age 40 £ 8 years, Stature 182.3 £ 6.2 cm, Mass 77.4 +
6.8 kg, average weekly self-reported Kilometers/hours cycled 198.3 + 68.0 km/8.0 = 3.0 hrs,
VOomax 51.14 + 6.43 ml/min/kg). A priori power analysis in G¥*Power® software (version
3.1.9.2; Universitdt Kiel, Kiel, Germany) (Faul et al., 2007) using an alpha of .05 and a power
of .80, and using the improvement in heart rate during submaximal arm cranking with SP from
our previous work (Gurney & Spendift, 2020), indicated that a sample size of 15 participants

were required to detect a medium effect for SP supplementation.



Participants were required to train at least 4-5 hours per week and have a minimum of 2 years
of cycling experience. Any cyclist that currently smoked or had a history of cardiovascular
disease was excluded. The Faculty of Science, Engineering and Computing Ethics Committee
at Kingston University London approved the study in accordance with the Declaration of

Helsinki.

Study Design

In a double-blind randomized cross-over design, participants were required to visit the
laboratory on a total of six separate occasions, at the same time of day, following an overnight
fast and were asked to refrain from exercise 48hrs before each visit. Throughout the
intervention, participants were instructed to refrain from taking any other supplements, to
maintain their regular training regime and to record a 48hr food and exercise diary prior to the
first session, this was replicated prior to each subsequent visit. Adherence to the diary was

100%.

The first visit comprised baseline anthropometric measurements and included a VOamax test.
Additionally, familiarisation of the exercise testing protocols occurred during visit 1 and 2,
separated by at least 24hrs, whereby participants completed the protocols in the exact same

order as they would post intervention.

Participants were then randomly allocated to either SP (Indigo Herbs Limited — see Table 1 for
nutritional composition) or placebo (microcrystalline cellulose) in a counter-balanced design
and were instructed to ingest 6 grams (14 capsules: 5 with breakfast, 5 with lunch, 4 with

dinner) each day for 21-days. All capsules were visually identical, sealed within 21 small bags



and were coded and counter-balanced by an independent lab technician. No participants
reported any visual or taste differences nor gastrointestinal issues after each supplement and

could not guess which supplement, they were on.

The morning after the 21-day supplementation period, participants reported to the laboratories
to begin their two-day testing period (visit 3 & 4). During visit 3, participants were required to
complete a 1-hour submaximal endurance test at 55% of their maximal external power output
(Mean £ SD: 205 £ 37W) achieved at VOamax (Mean + SD: 377 + 67W), followed 5-minutes
later by a 16.1km TT. The 2" testing day occurred 24hrs later (visit 4, + 2-day post
intervention) and consisted of a lactate threshold test followed 10-minutes later by RSPT (see
below for protocols). All testing was always completed with participants sat in the saddle. Each
performance test was assessed for test-retest reliability, expressed as CV%: 16.1km TT (time
taken - 3.6%, power output - 4.2%), RSPT (peak power - 3.1%, average power - 1.9%), lactate
threshold (heart rate - 4.2%, power output - 1.4%), 55% submaximal endurance test (respiratory
exchange ratio (RER) - 3.0%, oxygen consumption (VO.) - 2.2%, lactate - 4.2 %, heart rate —
1.6%). Between the 4™ and 5" visit to the laboratory, there was a minimum interval of 35 days
to allow for a 14-day wash out and the subsequent 21-day supplementation period before
completing the exact same 2-day testing period (visit 5 & 6). This daily dosage and wash-out
period is similar to previous work (Kalafati et al., 2010). A schematic illustration of the

protocol design can be seen in Figure 1.

Baseline measurements & VO«
During the first visit, and at the beginning of each subsequent visit, body mass (kg) and a 10pL.
capillary blood sample for Hb (g/L) analysis (HemoCue AB Hb 2001+, Angelholm, Sweden)

was taken. Thereafter, participants were asked to adjust each bike to their preferred saddle



height, which was recorded and replicated for each subsequent visit. For the 16.1km TT,
participants used a TT bike (Boardman Bikes Ltd, London, UK) fixed on a Tacx Turbo Trainer
(1-Genius T2020, Fisher Outdoor Leisure PLC UK) which was calibrated following the
manufacturer’s instructions prior to each trial. All other tests were completed on a Peak Bike

(Monark Exercise AB, S-432 82 Varberg, Sweden).

For the VOamax test, respiratory variables were measured (Vyntus CPX; Vyaire Medical GmbH,
Germany) continuously and averaged to 15-second intervals. Heart rate was recorded (Polar
Electro Oy, Kempele, Finland) at every minute until volitional fatigue. The test comprised an
initial 3-minute warm up period with no resistance (OW) at a cadence between 60-70
Revolutions Per Minute (RPM). Each participant then started at 120W and was asked to cycle
at exactly 8ORPM throughout the test, with 25W increments every minute until volitional
fatigue or until the cadence could no longer be maintained. The VOamax was determined by the
highest VO2 value that was recorded from the 15-second averages and maximal external power
output (W) was rounded down to the nearest incremental stage. The maximum VOamax and
external power output was recorded to subsequently establish each participant’s 55% relative

intensity for the 1-hour submaximal endurance tests.

Exercise testing protocols

Day 1 - Submaximal endurance test and 16.1km TT

Participants’ 55% relative intensity was manually adjusted onto the Peak Bike before being
instructed to cycle at exactly SORPM for 1-hour. Respiratory variables (RER, VO,, and CO,)
were recorded continuously, averaged over 15 seconds and subsequently averaged over 20-
minute intervals for data analysis. Heart Rate and 20uL capillary blood samples (glucose and

lactate) were recorded every 20-minutes (20, 40, 60-minutes) (Biosen C-Line Sport, EKF



10

GmbH, Germany). Each participant was then given a 5-minute rest whereby water was
consumed ad libitum before starting the 16.1km TT. The volume of water consumed was
subsequently recorded and standardized for the following visits. The TT was executed at a
freely chosen RPM, participants were able to see the distance cycled but were blinded to all
other variables. VO» (ml/min/kg) and power output (Watts) were continuously measured and
averaged for total mean comparative data analysis. Additionally, capillary blood samples were

taken at every 4km interval (4, 8, 12, 16km). Verbal encouragement was provided throughout.

Day 2 — Lactate Threshold test & Repeated Sprint Performance Tests

An incremental test modified from Valenzuela et al. (2018) and Bentley et al. (2007) was
employed. The test started at 120W with increases of 25W every 3-minutes, with each
participant maintaining SORPM. Capillary blood samples and heart rate were collected at rest
and in the final 30-seconds of each 3-minute stage. The test was terminated once the participant
could no longer maintain a cadence of S0RPM. Lactate threshold was calculated by using the
Dmax method in ‘Lactate E’ software (Newell et al., 2007). Power output and heart rate at the

calculated lactate threshold were compared across each condition.

After a 10-minute rest period, each participant was instructed to complete the RSPT which was
designed in accordance to previous research employing similar repeated sprint protocols
(Jonvik et al., 2018). The test consisted of a S-minute warm up at SOW (including 2 x 3 second
sprints). A 1-minute rest period was then given before starting 3 x 20 second all out sprints.
The RSPT was performed with a flying start against an applied fixed load of 8.5% body mass
which automatically dropped once the participant cycled above 90RPM. Each sprint was
interspersed by a 4-minute active recovery period whereby the participant was instructed to

freely spin at SOW and consume water ad libitum. In the 2" minute of the 4-minute recovery
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periods, capillary blood samples were taken (lactate and glucose). Participants were blinded to
all output variables. Average power (AP), peak power (PP) (Watts), cadence (RPM), as well
as fatigue indexes (Watts/sec & power drop %), were automatically recorded by the Peak Bike
Monark software during each repeated sprint for analysis. Overall means, individual RSPT

means and total mean cadence across the entire RSPT were used for analysis.

Statistics

Data are presented as mean = SD. All statistical procedures were carried out using IBM SPSS
version 26 for windows. All data sets were analyzed for normality using Shapiro Wilk, while
Mauchly’s test of Sphericity was employed to establish any potential violations. Any violation
of sphericity was corrected by using values from the Greenhouse-Geisser. Statistical
significance alpha level was set at <0.05. Effect sizes (ES) calculated using Partial ETA squared
SPSS output, Observed Power and 95% Confidence Intervals (95% CI) were used where
appropriate. All variables from the submaximal endurance test, RSPT, heart rate and lactate
during the first 4 stages of the lactate threshold tests and lactate from the 16.1km TT were
analyzed using a two-way within subjects repeated measures ANOVA, whereas Hb were
analyzed using a one-way within subjects repeated measures ANOVA, with both ANOVA’s
using a Bonferroni correction for multiple comparisons to determine any differences. Heart
rate and power output at lactate threshold and 16.1km TT variables were compared using a

paired sample 7-Test.

RESULTS

1-hour submaximal endurance tests:

Lactate
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During the 1-hour submaximal endurance test, the total average blood lactate response was
lower following SP supplementation (2.05 = 0.80 mmol/L) compared to placebo (2.39 + 0.89
mmol/L) (P=0.012, ES= 0.37, Observed Power = 0.76). Post Hoc analysis revealed lactate to
be significantly lower between conditions during the first and last 20-minutes, see Figure 2a
(P=0.021, 95% CI=-.61 —-.05 & P=0.005, 95% CI=-.67 —-.14). A significant effect for time
was detected (P<0.05), with values at rest being significantly lower than all other time points

(P<0.05). A condition*time interaction was detected (P<0.05).

Heart Rate

During the 1-hour submaximal endurance test, heart rate was lower following SP
supplementation (139 £ 11bpm) compared to placebo (144 + 12bpm) (P=0.001, ES= 0.73,
Observed Power = 0.90). Post Hoc tests reported SP to yield a significantly lower heart rate at
each 20-minute time point, see Figure 2b (20-minutes: P=0.001, 95% CI= -6.35 — -2.54, 40-
minutes: P=0.001, 95% CI= -7.50 — -3.35, 60-minutes: P=0.001, 95% CI= -8.85 — -3.61). A
significant effect for time was detected, with both conditions demonstrating increases at every

20-minute interval (P<0.05). There was no condition*time interaction (P>0.05).

There was no effect of condition or time for: VO (SP= 33.46 + 4.48 ml/min/kg Vs Placebo=
34.34 £ 5.61 ml/min/kg, P=0.127), RER (SP=0.93 £ 0.05 Vs Placebo= 0.94 + 0.03, P=0.393)
and glucose (SP= 3.88 £+ 0.62mmol/L Vs Placebo= 3.90 + 0.56mmol/L, P=0.862), and no

condition*time interaction during the 1-hour submaximal endurance tests (P>0.05).

16.1km TT:
There was no difference in TT performance between placebo and SP (P=0.436). There was no

effect of condition or time for: lactate (P=0.747), glucose (P=0.413), heart rate (P=0.857),
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power output (P=0.981) and VO (P=0.360) during the TT (see Table 2), and no condition*time

interaction (P>0.05).

Hemoglobin:

Following SP supplementation, a significant effect on Hb was observed (P=0.001, ES= 0.43,
Observed Power = 0.97), with Post Hoc tests revealing there to be a significant increase after
SP supplementation (152.6 + 9.0 g/L) in comparison to baseline (142.8 = 6.9 g/L, P=0.008,
95% CI= 2.55 — 17.05) and placebo (143.2 + 8.5 g/L, P=0.007, 95% CI= 2.49 — 16.17). No

differences were detected between baseline and placebo (P>0.05) (see Figure 3).

Repeated Sprint Performances Test:

Average Power

During the RSPT, AP was significantly higher following SP supplementation (770 £ 117W)
compared to placebo (738 = 86 W) (P=0.029, ES=0.29, Observed Power = 0.61). Post Hoc tests
revealed SP to produce a higher AP output during the 1% (P=0.007, 95% CI= 13.39 — 68.95)
and 3 (P=0.018, 95% CI= 7.83 — 70.33) sprint. A condition*sprint interaction was detected

(P<0.05), see Figure 4a.

Peak Power

During the RSPT, PP was significantly higher following SP supplementation (968 + 177W)
compared to placebo (929 = 149W) (P=0.037, ES= 0.27, Observed Power = 0.57). Post Hoc
tests reported SP to produce higher PP during the 1% (P=0.006, 95% CI= 17.73 — 89.24) and
3" (P=0.017, 95% CI= 10.93 — 97.80) sprint. There was no condition*sprint interaction

(P>0.05), see Figure 4b.
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For both PP and AP there was a significant effect detected across time in both conditions

(P<0.05).

Lactate

During the RSPT, the blood lactate response was significantly higher following SP
supplementation (11.69 & 3.30mmol/L) compared to placebo (10.62 + 2.74mmol/L) (P=0.011,
ES=0.38, Observed Power = 0.78). Post Hoc tests revealed blood lactate to be significantly
higher during the 1% (P=0.015, 95% CI= .29 — 2.33) and 2™ (P=0.017, 95% CI= .25 — 2.25)
sprint. A significant effect for time was detected in both conditions whereby lactate increased

continuously at every subsequent sprint (P<0.05). There was no condition*sprint interaction

(P>0.05).

Cadence

During the RSPT, cadence was significantly higher following SP supplementation (146 +
20RPM) compared to placebo (138 = 17RPM) (P=0.003, ES=0.49, Observed Power = 0.92).
Post Hoc tests revealed cadence to be significantly higher during the 1% (P=0.042, 95% CI=
.19 —8.82) and 2™ (P=0.005, 95% CI=5.55 — 26.54) sprint. There were both a significant effect

for time and a condition*time interaction (P<0.05).

There was no effect of condition or time for: Watts/Second (SP= 22 + 5 Vs Placebo= 21 £ 5,
P=0.511), Power Drop % (SP= 44 + 8% Vs Placebo= 44 + 8%, P=0.887) and glucose (SP=
476 £ 0.73mmol/L Vs Placebo= 4.49 + 0.77mmol/L, P=0.066), and no condition*time

interaction.
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Lactate Threshold:

Power output (SP= 252 + 53W Vs Placebo= 246 + 55W) and heart rate (SP= 158 &+ 8bpm Vs
Placebo= 161 + 8bpm) were not significantly different (P=0.970 & P=0.223, respectively) at
the calculated threshold. Heart rate during the first 4-stages (120W, 145W, 170W, 195W) of
the lactate threshold test was not significantly different between conditions (P=0.066, 95% CI=
-5.92 - .22). Equally, there was no difference between conditions for lactate during the first 4-

stages (P=0.549).

DISCUSSION

To date this appears to be the first study to compare key physiological responses during
submaximal endurance tests, TTs, lactate thresholds and RSPTs after the supplementation of
SP in trained cyclists. The key novel findings of this study were that 6 g/day supplementation
of SP for 21-days significantly reduced heart rate whilst demonstrating a reduced blood lactate
response during submaximal exercise intensities (Figure 2). Spirulina supplementation also

elicited significant augmentations in Hb (Figure 3) and power outputs during RSPTs (Figure

4).

Submaximal Endurance Tests

Following SP supplementation, a continuous lower heart rate and lactate response (Figure 2)
in comparison to placebo transpired, consistent with previous research trends (Kalpana et al.,
2017; Hernandez-Lepe et al., 2018; Gurney & Spendiff, 2020; Torres-Duran et al., 2012).
While the exact physiological mechanism of action may be difficult to establish due to SP’s
multicomponent properties, a key mechanistic avenue to consider when interpreting these
cardiovascular responses is that Hb significantly increased, consistent with previous literature

owed to SP containing iron (Gurney & Spendiff, 2020; Kelkar et al., 2008; Milasius et al.,
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2009; selmi et al., 2011). In clinical SP supplementation studies, Selmi et al. (2011) reported
significant increases in Hb in elderly citizens following a 3g/day for 12-weeks protocol and
Uliyar et al. (2000) reported up to an 11% increase of Hb in young women following 5g/day
for 30-days. Kelkar et al. (2008) previously demonstrated that after just a 4g/day two-week SP
supplementation period, Hb in healthy elite marathon runners prior to a race significantly
increased. A further positive haemopoietic system trend was also noted by Milasius et al.
(2009) following a two-week supplementation of just 2.25g/day in ‘high performance
sportsmen’. With both authors further supporting the notion of good bodily assimilation of iron
from SP, whilst also suggesting that SP can combat against the adverse effects from oxidative
stress that may occur in erythrocyte membranes (Kelkar et al. 2008). It has been reported that
the absence of phytate and oxalate in SP allows for a high iron absorption rate (Gutiérrez-
Salmean et al., 2015), as both compounds have previously been reported to inhibit iron
absorption due to the binding of insoluble complexes within iron (Walter, 1997). Given the
importance of optimal iron stores for daily Hb synthesis (Buratti et al., 2015), the possible high

iron absorption rate from SP supplementation can play a key role in daily Hb formation.

However, its plausible to suggest that increases in Hb following the supplementation of SP in
healthy subjects, without an iron deficiency, may have been derived from a different
mechanism. Recent work by Engan et al. (2020) demonstrated that 5 mmol nitrate
supplementation can stimulate the contraction of the spleen during apneas which can
consequently elevate circulatory Hb by up to 3%. Although previous investigations into SP and
nitrate are sparse, previous work by Brito et al., (2018) and Ichimura et al. (2013) may support
the notion that SP can increase circulatory nitrate/nitrite whereby it was reported that the
phycocyanin constituent found in SP increased nitric oxide availability in the aorta and plasma

in rats, and increases the expression of Endothelial Nitric Oxide Synthase (eNOS).
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Considering both aforementioned mechanisms, the elevation of Hb can cause an ergogenic
effect as Hb plays an indispensable role in transporting oxygen from the lungs to the working
muscles and consequently supports the oxidative phosphorylation pathway (Buratti et al., 2015;
Mairbaurl, 2013). Hence, augmentations in Hb have been associated with improving aerobic
oxidative capacity during exercise (Mairbdurl, 2013). Indeed, it has been purported that SP
may enhance oxidative capacity (Kalpana et al., 2017; Hernandez-Lepe et al., 2018; Torres-
Duran et al., 2012), which may concomitantly attenuate the heart rate and lactate response via
an increase in lactate metabolism during the 1-hour submaximal endurance test. Efficient
lactate metabolism has recently been highlighted to play an important role in mitochondrial
respiration and provides fuel as an energy source (Brooks, 2020). Conversely, the incessant
higher blood lactate values in the placebo condition (Figure 2a) indicates an increasing rate of
metabolic acidosis during the 1-hour submaximal endurance tests (Robergs et al., 2004).
Subsequently, this caused heart rate to increase in order to redress and expel the metabolic

unbalance which ultimately resulted in a significant difference to occur over time.

Spirulina contains several constituents which may further support the apparent lower
cardiovascular demand seen in the current study when exercising submaximally. These
overlapping mechanisms may be influencing similar pathways. Firstly, SP contains
phycocyanin, a pigment-protein complex that has previously been reported to increase the
expression of Endothelial Nitric Oxide Synthase (eNOS) in rats (Ichimura et al., 2013).
Secondly, SP contains arginine (Lafarga et al., 2020), the amino acid precursor to nitric oxide,
which has previously been reported to increase muscle blood volume via its endothelium
vasodilatory effects (Alveres et al., 2012). Whilst Brito et al. (2018) has demonstrated that the

supplementation of SP improves the contractile reactivity of the aorta via increases in nitrite
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production and increases in the antioxidant activity in rats. Though the measurement of these
potential mechanisms was omitted, the plausibility of SP possessing vasodilatory mechanistic
properties is supported by previous research in humans (Torres-Duran et al., 2012; Miczke et

al., 2016).

Despite the apparent amelioration in heart rate and blood lactate response, a similar trend was
not observed in the present study when analysing the submaximal VO results. As such, these
findings contradict our previous research whereby SP reduced oxygen demand during
submaximal arm cycling (Gurney & Spendiff, 2020). Importantly, differing muscle
groups/exercise modalities, population, duration and intensities make comparisons
problematic. Although further research is needed, collectively, these results indicate SP
supplementation has several mechanisms which may allow submaximal exercise to be

performed with a lower homeostatic disturbance.

Repeated Sprint Performance Tests

Another novel finding from the study following SP supplementation is that both PP and AP
(Figure 4) during the RPSTs significantly increased. The results from the present study are
consistent with previous literature whereby SP has been reported to improve peak and average
force of the dominant quadricep muscle (Sandhu et al., 2010) and short high intensity exercise
(Chaouachi et al., 2020; Kalafati et a., 2010; Lu et al., 2006; Kalpana et al., 2017; Hernandez-
Lepe et al., 2008). Indeed, having the ability to produce large power outputs, particularly PP,
is an essential prerequisite in competitive cyclists and has previously been reported to be a
determinant of performance (Kordi et al., 2019, 2020). Although there was a significantly

(P=0.011) higher blood lactate response during the RSPTs after SP supplementation, this is
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consistent with previous work by Lu et al., (2006), and might indeed reflect an increase in

glycolytic flux and/or increased clearance via improved blood flow.

The authors currently have little understanding on the potential mechanistic reasonings behind
an improvement in PP, particularly as previous research has highlighted that both
neuromuscular and morphological changes are related to increases in PP. However, our results
demonstrated that cadence (RPM) at PP was significantly higher after SP supplementation —
perhaps suggestive that the changes observed could be neuromuscular rather than
morphological (Dorel et al., 2005). Further, previous in Vitro research suggests that the
phycocyanin content in SP can increase in the scavenging and activity of intracellular
antioxidant enzymes, possibly via the activation of the NRF2 signaling pathway (Finamore et
al., 2017; Gao et al., 2016). Undeniably, the measurement of both these changes were omitted
as they were beyond the scope of the study, nonetheless the results can help elucidate further

suggested physiological mechanisms of action following SP supplementation.

Time Trial and Lactate Thresholds

The non-significant findings from the TT in the present study are perhaps consistent with
previous literature whereby SP seems to improve exercise performance during short high
intensity exercise tests such as VOamax Whilst cycling (Kalpana et al., 2017; Hernandez-Lepe
et al., 2018), time to exhaustion whilst running (Kalafati et al., 2010; Lu et al., 2006), and
during short intermittent exercise modalities such as RSPTs (as seen in the current study). The
16.1km TT in both conditions lasted on average 26-minutes and according to our heart rate and
power output data, was performed above the participants lactate threshold for the duration (see
results ‘lactate threshold” and Table 2). Therefore, it is plausible to suggest that SP does not

influence exercise performance that is performed for a substantial time over the threshold. For
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example, the 1-hour endurance test was performed on average at 205 =37W and 139 + 1 1bpm,
nearly 50W and 20bpm lower than the calculated threshold in the SP condition (252 + 53W
and 158 + 8bpm), whereby it was evident that SP supplementation alleviated the physiological

demand in comparison to placebo (Figure 2).

Spirulina did not generate a significant improvement in heart rate and lactate at the calculated
lactate threshold. There were also no significant differences in heart rate (P=0.066, 95% Cl= -
5.92 - .22) or lactate (P=0.549) during the first 4 lower intensity stages of the lactate threshold
test. These results conflict with previous research whereby it has been reported that SP can
reduce heart rate at the onset blood lactate accumulation during an incremental test (Hernandez-
Lepe et al., 2018). However, these findings were from overweight populations, making
comparisons between the two studies difficult. Overall, SP’s influence on lactate metabolism
capabilities is conflicting, particularly at high intensities (Lu et al., 2006; Juszkiewicz et al.,
2018). Whilst there seems to be some trends in this study during lower intensities and previous
research (Lu et al., 2006; Hernandez-Lepe et al., 2018; Torres-Duran et al., 2012), further

research is warranted to establish the optimal intensity SP is most efficacious at.

Limitations

Interpretation of the results should come with caution due to several key limitations associated
with the study. Firstly, a major limitation is that the SP powder used in this study was not
independently batch tested for its nutritional compositional analysis. Secondly, although every
attempt was made to recruit ‘healthy’ participants, monitoring of the nutritional status of
participants throughout the intervention was not completed. It is not yet established whether
SP may be most beneficial to athletes who may be initially nutritionally deficient due to the

algae containing multiple proteins, vitamins and minerals. Indeed, this may explain any
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potential ‘responders’ and ‘non responders’ in future studies. Another key limitation to the
study is that we were unable to successfully recruit any female participants; female athletes are
severely underrepresented in research and therefore the results from the current study may lack
application to the wider cycling community. Future research should ensure to include both
sexes. Future research should also attempt to focus on specific constituents found in SP and
their potential conclusive mechanisms of action. Further comparisons should also be made in
order to find the optimal dosage, exercise modality and intensity. Finally, it’s important to
acknowledge that since the 16.1km TT, lactate threshold and RSPT were conducted after
fatiguing exercise, the findings might not necessarily be translatable to the same test initiated

from an unfatigued state.
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Figure Legends:

Figure 1. A schematic illustration of the study design.

Figure 2. Lactate (mmol/L) (A) and heart rate (bpm) (B) values during the 1-hour submaximal
endurance test following the 21-day supplementation of spirulina or placebo. * signifies P<.05
between conditions. T# signifies both a spirulina (1) and placebo (#) within trial increase P<.05.

I signifies condition*time interaction effect.

Figure 3. Hemoglobin (g/L) at baseline and following the consumption of placebo and

spirulina. * signifies P<.05 between spirulina and placebo, and spirulina and baseline.

Figure 4. Average power (A) and peak power (B) (Watts) during the repeated sprint
performance test following the 21-day supplementation of spirulina or placebo. Black solid
line represents group mean, dotted grey line represents individual responses, * signifies P<.05
between conditions. T# signifies both a spirulina (1) and placebo (#) within trial increase P<.05.

I signifies condition*sprint interaction effect.

Table 1. Nutritional composition of spirulina (100g & 6g)

Table 2. Mean + SD for performance variables measured during the 16.1km TT.
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