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Spirulina platensis prevents
oxidative stress and inflammation
promoted by strength training in
rats: dose-response relation study
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The purpose of this study was to evaluate the effects of Spirulina Platensis supplementation on selected
blood markers of oxidative stress, muscle damage, inflammation, and performance in trained rats.

Rats (250 g - 300 g) were submitted to a strength training program (eight weeks), divided into four
groups: control (GT) (trained without supplementation), trained with daily-supplementation of 50 mg/
kg (GT50), 150 mg/kg (GT150) and 500 mg/kg (GT500). Training consisted of a jump protocol in PVC-
cylinder containing water, with increasing load over experimental weeks. We evaluated the markers

of oxidative stress (malondialdehyde - MDA and antioxidant capacity) and inflammation (C-reactive
protein) at the end of the training. Among groups submitted to strength training, concentration of
C-reactive protein decreased after 8 weeks of intervention in the trained group and GT500. Strength
training enhanced plasma MDA concentration of malondialdehyde with supplementation of S. platensis
in GT150 and GT500. In plasma analysis, strength training enhanced the percentage of oxidation
inhibition, with spirulina supplementation in rates of 150 and 500 mg/kg. Spirulina supplementation for
8 weeks (in a dose-effect manner) improved antioxidant capacity as well as attenuated exercise-induced
increases in ROS and inflammation. As a practical application, the use as high doses did not cause a
reduction in positive physiological adaptations to exercise training. Additional studies are necessary to
test the application of Spirulina Platensis in other contexts, as collective sports (basketball, football,
soccer).

Spirulina platensis is a microalga with biological activity as antioxidant, immunomodulatory, and
anti-inflammatory and nowadays is used to produce nutritional supplements!'-. S. platensis is composed of pro-
tein (55%-70%)*, carbohydrates (15%-20%)°, lipids (approximately 7%)>, fiber, ash, and water including various
minerals, vitamins, ~-linolenic acid, chlorophyll, carotenoids, and phycocyanin®®. Recently, some researchers
have reported that the latter played a crucial role in the antioxidative action of S. platensis®.
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Weeks
Adaptation 1*tand 2"¢ 3 and 4" 5% and 6 7% and 8t
2-4 setsx 5-9 jumps | 4 setsx 10 jumps 4setsx 10 jumps | 4setsx 10 jumps | 4 sets x 12 jumps
(50%) (50%) (60%) (80%) (80%)

Table 1. experimental design of the strength training protocol.

In this way, many animal and human studies have reported possible beneficial effects of S. platensis under
several diseases such as diabetes’, dyslipidemia®, and chronic obstructive pulmonary diseases’. In most cases, the
decrease in the oxidative stress and the inflammatory process reportedly had beneficial effects?.

In addition to clinical settings, S. platensis has demonstrated promising results in an exercise context'’.
In India, athletes have been eating S. platensis while training for track and field events''. Chinese and Cuban
Olympic teams are also known to eat S. platensis daily during their training'?. It suggests some strength or exer-
cise performance related to the effects of S. platensis supplementation in humans''. Concomitantly, we know that
high volume and intensity of physical training imposes a challenge for athletes to modulate their immune system,
as well as promotes an increase of reactive oxygen species (ROS) production'"!?, that are associated with early
fatigue. Due to its nutritional, immunosuppressive, and antioxidant properties, Spirulina platensis can protect
against early fatigue onset.

In recent years, several studies have reported ergogenic effects in athletes using raw or unprocessed foods'*.
Evidence suggests that many phytochemicals (usually not yet fully known) present in these foods can act syn-
ergistically, increasing the effectiveness of physiological outcomes, and decreasing possible adverse effects, such
as toxicity, and positive adaptations to training'®. The latter decreased with supplementation (vitamin C, E, and
Resveratrol)'®-18. Thus, we can infer that S. platensis (that contains several compounds with bioactive properties
and different mechanisms of action) can promote ergogenic action in the context of physical exercise with min-
imized negative effects.

To date, only aerobic exercises were used to analyze S. platensis supplementation on markers of oxidative
stress, inflammation, muscle damage, and performance'®?. Previous studies could not answer whether the ergo-
genic effect of S. platensis is replicable in strength exercises. Therefore, this study aimed to investigate S. platensis
supplementation on oxidative stress and inflammation and whether possible improvements in these variables
would result in better performance in trained rats.

Methods

Preparation and administration of Spirulina platensis. Spirulina platensis in powder form was
obtained from Bio-Engineering Dongtai Top Co. Ltd laboratory (Nanjing, China) (Lot n°. 20130320). The extract
was certificated by Pharma Nostra Quality Control Laboratory (Anapolis-GO, Brazil) (Lot No. 1308771 A); and
preparing lyophilized by Dilecta Manipulation (Jodo Pessoa-PB, Brazil) (lot n°. 20121025). The preparation of
each dose of S. platensis was daily dissolved in saline in the proportions of 0.005, 0.015 and 0.05 g/mL for the
preparation of the doses of 50, 150 and 500 mg/kg, respectively, which were administered to animals at the end of
the preparation. We delivered the supplements over a period of eight weeks for all doses (50, 150 and 500 mg/kg/
day) (BD-12, Insight, Ribeirdo Preto, SP, Brazil) adapted from (Juarez-Oropeza et al., 2007)?!. The oral adminis-
tration was done from 12 to 14 hours, using stainless steel gavage needles (BD-12, Insight, Ribeirdo Preto, SP) and
10 mL disposable syringes with 0.2 mL accuracy (BD, HIGILAB, Jodo Pessoa, PB). At the beginning of each week,
the animals in each group were weighed in order to consider the average weight of each group to properly cal-
culate the gavage volume for each dose, considering the average animal weight. For groups undergoing strength
training, supplementation was administered 30 minutes before the exercise session.

Animals, ethical and experimental protocol. Wistar rats (Rattus norvegicus), weighing between 250
and 300 g, were obtained from Prof. Thomas George’s vivarium of the Center for Biotechnology (CBiotec/UFPB).
The animals were kept under a balanced diet to feed base (Labina®) with free access to water. All experiments
occurred from 08:00 h to 20:00 h, following guidelines for ethical animal use®?, previously approved by the Ethics
Committee of CBiotec (n° 0511/13). Forty animals were divided into groups subjected to the same strength train-
ing protocol and supplemented with S. platensis or saline (0.9% NaCl): trained group (GT; control group, n=10),
supplemented with saline, and trained group 50 (GT50, n=10), (GT150, n=10) and (GT500, n = 10), supple-
mented with S. platensis.

Strength training program.  Animals from the strength training group underwent a specific jump proto-
col in a PVC cylinder with 30 cm in diameter and 70 cm length, containing water. Water depth was 50 cm, close
to twice the rat height, to avoid the animals doing alternative climbing and clinging to the cylinder’s edge, not
to perform the exercises. The water was at a temperature of around 32 °C%. Based on Marqueti et al. (2006)%,
the protocol of strength training through jumps in the water consists of progressively increasing the load as it
adjusts to body weight. Overload was applied to the animals’ chest through a special vest that did not disconnect
or restrict movement during jumps. Two-hour sessions, from 12:00 to 14:00 h, took place three times a week on
alternate days. During each exercise series, the analysis of the time taken by the animal to perform the exercise
evaluated the effectiveness of exercise on muscle performance.
Strength training and overload adjustments were developed as follows (Table 1):
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1. Adaptation Week - performed with 50% of overload corresponding to animal body weight (1st day: 2 sets x
5 jumps; day 2: 4 sets x 5 jumps and day 3: 4 sets x 9 jumps) and a 30-second rest between sets

2. I*and 2" Weeks - 4 set of 10 jumps with and an overload corresponding to 50% and a 30-second rest
between sets

3. 3 and 4" weeks - 4 sets of 10 jumps, with a 30-second rest between sets and an overload corresponding to
60%.

4. 5" and 6" weeks - 4 sets of 10 jumps, with an overload corresponding to 80% and a 30-second rest between
sets.

5. 7th and 8th weeks - 4 sets of 12 jumps with an overload of 80% and a 30-second rest between sets.

To evaluate exercise effectiveness on muscle strength, the runtime that the animal spent performing the same
movement was assessed during each exercise. After 48 hours from the last training session and supplementing,
animals were euthanized by cervical dislocation followed by cervical vessels section®.

Biochemical measurements. After euthanasia of the animals, we collected 3 mL of blood through cardiac
puncture®. From it, 1 mL of blood was collected immediately for determination of C-reactive protein (CRP)%.
The other 2mL was placed in test tubes containing (EDTA) to determine nitrite, malondialdehyde (MDA), and
antioxidant activity?®. Samples were centrifuged in a CENTRIBIO centrifuge, model 80-2B-15ML (Guarulhos- SP,
Brazil). The supernatant or serum was transferred to Eppendorf tubes and refrigerated at -20 °C until analysis.

The CRP activities assay followed the method described by the International Federation of Clinical Chemistry
and Laboratory Medicine®, using the commercial kit Labtest (Minas Gerais, Brazil). Absorbance was read in
an automatic analyzer, LabMax 240 premium, at 340 nm for CK and LDH, and 540 nm for CRP, at ambient
temperature.

Assessment of malondialdehyde (MDA) levels. Samples of liver and quadriceps muscle were quickly
removed, cleaned with Krebs solution to remove remaining blood, placed in Eppendorf tubes and stored in a
freezer at -80 °C until analysis. After these tissues were homogenized with a 10% KCl ratio of 1:1, both 250 L of
plasma and homogenate were removed separately and incubated in a water bath at 37 °C for 60 minutes. Later,
samples from both preparations were precipitated by Ohkawa et al.?’. The material was read in a spectrophotom-
eter (Biospectro, SP-220 model/Brazil) at 532 nm wavelength. A standard curve determined the MDA concen-
tration in each plasma sample or tissue'’. In tissues, absorbance values obtained were normalized by dry weight
from the given sample volume.

Evaluation of antioxidant activity. The basis of the procedure was the method described by
Brand-Williams et al.’. The supernatant was necessary for the reading in a spectrophotometer at 515 nm
(Biospectro, model SP-220/Brazil). The results were expressed as a percentage of oxidation inhibition, wherein:
AOA =100 — ([DPPHeR]T/[DPPHeR]B 100). Where [DPPHeR]T and [DPPH e R]B corresponding to DPPH
concentration remaining after 30 minutes, measured in the sample (T) and blank (B) prepared with distilled
water.

Statistical analysis. Results were expressed as mean and standard deviation (SD). These results were ana-
lyzed statistically using analysis of variance (ANOVA) two-way followed by Bonferroni post-test, where the dif-
ferences between means were considered significant when p < 0.05. All results were analyzed by GraphPadPrism®
program version 5.01 (GraphPad Software Inc., San Diego CA, USA).

Results

Effect of strength training and S. platensis supplementation on systemic inflammation level in
rats. Among groups submitted to strength training, the concentration of C-reactive protein decreased after
eight weeks of intervention in the trained group and supplemented with 500 mg/kg, but this decrease was signif-
icant when compared to the group submitted only to strength training (0.100 £0.011 vs. 0.154+0.011 mg/dL,
respectively). Trained group values supplemented with 50 mg/kg was pre (0.100£0.011) vs. post 0.140 4 0.03 mg/
dL), and trained group values supplemented with 150 mg/kg was pre (0.100 £0.011) vs. post (0.14040.011 mg/
dL). Thus, data reflect training the effectiveness as well as effectiveness of the most concentrated supplementation
(Fig. 1).

Effect of strength training and Spirulina platensis supplementation on the production of
malondialdehyde. Strength training enhanced the decreased plasma MDA concentration of malondialde-
hyde with S. platensis supplementation at rates of 150 and 500 mg/kg. Values decreased from 7.1 41.0 (GT50) and
6.942.0 (GT50) to 5.6 0.4 (GT150) and 3.9 £ 0.4 (GT500) nmol/L, yet less than GT500 and GT150 (Fig. 3A).
Unlike plasma, the liver, when the trained group was supplemented with 500 mg/kg, presented lower MDA pro-
duction compared to sedentary group exposed to the same condition (8 £2 vs 18 =2 uM/g) (Fig. 3B). Similarly,
in the quadriceps, GT500 showed a lower MDA production regarding WG (442 vs 10+2 uM/g) (Fig. 2).

Effect of strength training and Spirulina platensis supplementation in antioxidant activity
determination. In plasma analysis, strength training enhanced the percentage of antioxidant activity with S.
platensis supplementation in rates of 150 and 500 mg/kg. Values increased from 65+ 2 (GT) and 67 £ 2 (GT50) to
82£2 (GT150) and 93 £2 (GT500), though greater than GT500 and GT150. In the liver, the trained group sup-
plemented with 150 mg/kg (68 £2%) and 500 mg/kg (78 & 3%) showed a higher percentage of antioxidant activity
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Figure 1. C-reactive protein after eight weeks of exercise for the groups (E3) GT (IW) and GT50 (E), GT150
(72) and GT500 (E==). Vertical columns and bars represent mean and standard deviation, respectively (n =8).
“Two-way” ANOVA followed by Bonferroni post-test. *p < 0.05 GT vs. GT500; *p < 0.05 GT50 vs. GT500;

Tp <0.05 GT150 vs. GT500.

compared to GT and GT50 (45 2; 50 =2 uM/g). And in the quadriceps muscle, GT500 had a higher antioxidant
activity percentage compared to GT, GT150, and GT150 (40 &3 vs. 18 £2, 20+ 3 and 23 +2%) (Fig. 3).

Discussion

To our knowledge, this is the first study to examine the effects of chronic Spirulina supplementation on markers
of oxidative stress and inflammation related to resistance training. Results showed that Spirulina supplementation
for eight weeks (in a dose-effect manner) induced a significant improvement in the antioxidant capacity (AC) as
well as attenuated exercise-induced increases in ROS (measured by MDA) and inflammation (CRP). Our research
group recently demonstrated that Spirulina supplementation for eight weeks induced significant improvement in
exercise performance (time of execution) and decrease of muscle damage with the reduction of creatine kinase
(CK) and lactated dehydrogenase (LDH) (Brito ef al.)™°.

The combination of phytochemicals can exhibit complementary and overlapping mechanisms of action,
including antioxidant activity, and scavenging free radicals; modulation of enzymes activity in detoxification,
oxidation, and reduction; and stimulation of the immune system and regulation of hormone metabolism?**.
Besides, undesirable effects such as induction of pro-oxidant states and decrease of mitochondrial biogenesis and
myofibrillar hypertrophy have been recently demonstrated with dietary supplementation (isolated: vitamins C,
E, and Resveratrol)*'-*. By presenting various phytochemicals, especially phycocyanin, S. platensis shows great
potential for its employment in sports, with possible deleterious effects minimized.

Dose analysis of dietary intervention is of most importance. In this context, only* attempted to identify S.
platensis dose-response. Our study confirms their findings since we observed that 500 mg/kg showed as more
effective. Adverse effects have been observed with high doses of fish oil - inflammatory aspects®® and bulbine
natalensis — hormonal aspects®’. Thus, it appears that the use of S. platensis is a viable supplementation alternative
regarding adverse events (with high doses). Further dose-response studies are required.

Supplements antioxidants may benefit exercise performance, directly by a muscle fatigue decrease and indi-
rectly by a decrease of physiological stressors or improvement to recover from training®. Results found in human
studies conducted on S. platensis chronic consumption demonstrated there were moderate performance improve-
ments in quadriceps 1 and in one rat study®*. It is necessary to recognize that these studies were carried out with
aerobic exercises, while our study contemplated strength training protocol. Thus, our data demonstrate, in an
unprecedented manner (as shown by execution time), that S. platensis supplementation may benefit strength
athletes (Brito et al.)'.

Regarding muscle damage, our study showed that higher doses (500 mg/kg) decreased CK and LDH. Similarly,
Lu et al’®. demonstrated positive changes in plasma concentrations of MDA, SOD, LDH, and GPx after Spirulina
supplementation for three weeks in untrained individuals and a single exercise session. On the other hand, Franca
et al”®. did not show any improvements in muscle damage biomarkers (in well trained cyclists). About that, some
considerations are mandatory. Biomarkers are frequently thought in terms of muscle damage. However, they dif-
fer in time, course of appearance, and disappearance after exercise. So, a study design concerning the timeline for
blood sampling must take into account the exercise type, duration, and intensity, diet, and if the subjects recruited
are trained or untrained®”.

The parameters evaluated in our study were inflammation and oxidative stress. In this context, the investiga-
tions showed that systemic inflammation could be one of the physiological stress markers in athletes'>** because
this process is required to promote training adaptations. Our study shows that both parameters improved with
S. platensis supplementation. Therefore, other markers as cytokines and CRP were used as inflammatory mark-
ers for manuscripts previously to us. Although CRP has a fast response (1 to 2 days), it remains increased for
short periods (5 to 6 days)*. In our study, we evaluated CRP and saw a reduction in this inflammatory marker.
Regarding oxidative stress, we evaluated lipid peroxidation markers, the thiobarbituric acid reactive substances
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Figure 2. Malondialdehyde concentration in blood plasma (A), liver (B) and quadriceps (C) obtained after
eight weeks of treatment groups GT(Ill), GT50 (), GT150 (7ZZ) and GT500 (). Vertical columns and bars
represent mean and standard deviation, respectively (n=8). *p< GT vs. GT150; GT vs. GT500; *p < 0.05; GT50
vs. GT150; GT50 vs. GT500; 1‘p <0.01; GT150 vs. GT500.

(TBARS). We observed a decrease in them, demonstrating an improvement in oxidative stress. That observation
suggests that supplementation with Spirulina in athletes can promote a decrease in systemic inflammation.
Although not regarded in this study, the physiological alterations and mechanisms by which Spirulina pro-
motes performance improvement need to be further investigated due to the lack of published studies. Some other
possible mechanisms included: increased supply of cysteine (cysteine is generally the limiting amino acid for
GSHx synthesis in humans and other animals), inhibition of NF-Kb, COX-2, and NADPH oxidase*!-*. Possible
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Figure 3. Antioxidant activity percentage in blood plasma (A), liver (B) and quadriceps (C) obtained after eight
weeks of treatment GT (Ill) and GT50 (8H), GT150 (ZZ) and GT500 (&=8). Vertical columns and bars represent
mean and standard deviation, respectively (n=8).*p <0.05; GT vs. GT150; GT vs. GT500; *p < 0.05; GT50 vs.
GT150; GT50 vs. GT500; 'p < 0.01; GT150 vs. GT500.

mechanism of S. platensis in the improvement of oxidative stress has been demonstrated by McCarty 2007,
where he showed that S. platensis inhibits NADPH oxidase, which is an enzyme that catalyzes the production of
the superoxide free radical. Meanwhile, the reduction in the inflammatory process, as demonstrated in our study,
was also seen in other studies, they showed that S. platensis reduces the production of proinflammatory cytokines
such as TNF-q, IL-13, and IL-6 by NF-kB pathway inhibition*>%.

SCIENTIFICREPORTS|  (2020) 10:6382 | https://doi.org/10.1038/s41598-020-63272-5


https://doi.org/10.1038/s41598-020-63272-5

www.nature.com/scientificreports/

Conclusions section. This study is the first to demonstrate the use of Spirulina platensis in the context of
physical training (high-intensity exercise) since it is effective in improving the performance and reducing muscle
damage, oxidative stress, and inflammation. The chronic nature of the study (8 weeks) differs from other studies
in the literature that only verified the acute responses to an exercise session. Therefore, proving it to be a dietary
strategy of high applicability in sport. It is noteworthy that the use of high doses did not cause a reduction of pos-
itive physiological adaptations to exercise training, a fact already seen with some supplements (vitamins C, E, and
Resveratrol). Additional studies are necessary to test the application of Spirulina platensis in other contexts, such
as collective sports (such as basketball, football, and soccer) and during low-calorie diets (bodybuilding athletes,
martial arts, and gymnastics).
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