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ABSTRACT
Rationale: Firefighters are at risk for cardiovascular disease due to 
occupational-related inflammation, oxidative stress, and lifestyle 
practices. Astaxanthin (AX) possesses anti-inflammatory/antioxi-
dant and purported ergogenic properties. This study examined 
the impact of supplementing the diet with 12 mg/d AX for four 
weeks on markers of inflammation, oxidative stress, cardiometa-
bolic health, exercise capacity, and occupation-related performance 
in career firefighters.
Methods: In a randomized, double-blinded, placebo-controlled, 
crossover fashion, 15 male career firefighters (34.5 ± 7.4 years; 
177.7 ± 7.0 cm; 95.6 ± 12.0 kg; 30.1 ± 2.9 kg/m2; 11.03 ± 6.85 years 
of service) ingested 12 mg/d of AX (AstaReal®, AstaReal AB, Nacka, 
SWE) or placebo (PLA) for four weeks while following a standardized 
resistance training program. After each treatment, testing sessions 
were completed to assess inflammatory markers, oxidative stress 
markers, cardiopulmonary exercise capacity, and performance to 
a fire ground test (FGT) consisting of nine fire suppressive activities. 
Data were analyzed using general linear model (GLM) analysis with 
repeated measures. Clinical significance was assessed via mean 
changes from baseline with 95% confidence intervals.
Results: Analysis of mean percent changes from baseline revealed 
that AX supplementation lessened the inflammatory response to to 
performing an incremental maximal exercise test and attenuated 
increases in interleukin-1β, cortisol, and uric acid in response to 
performing fire suppressive activities compared to when they 
ingested PLA. However, most of these effects were within groups 
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rather than between groups. Additionally, there was evidence that 
AX ingestion increased the ventilatory anaerobic threshold. Four 
weeks of AX supplementation did not significantly affect fasting 
markers of oxidative stress, blood lipids, performance during the 
FGT, general clinical chemistry panels, or self-reported side effects.
Conclusions: Results provide some evidence that AX supplementa-
tion may help mediate occupation-related inflammation in 
response to high-intensity, short-duration exercise in firefighters. 
More research is warranted to determine if long-term supplemen-
tation can improve cardiometabolic risk in this population.
Clinical trial registration: ISRCTN10901752.

1. Introduction

Firefighting is a physically demanding occupation where unpredictable and dangerous 
environmental conditions are commonplace. Exposure to occupational-related, environ-
mental stressors (e.g. products of incomplete combustion, smoke inhalation, heat stress) 
coupled with lifestyle stressors (e.g. disrupted sleep patterns, frequent snacking/feeding 
habits, alcohol abuse, and psychological stressors, such as family separation, trauma, or 
dual-stress cognitive challenges) can promote progression of cardiovascular disease 
(CVD) and lead to premature mortality [1–7]. Firefighting has also been reported to 
elevate markers of inflammation and oxidative stress [8–13]. For this reason, nutritional 
interventions that can help manage stress and inflammation or promote cardiometabolic 
health may benefit firefighters [5].

Astaxanthin is a naturally occurring lipid-soluble carotenoid found in microalgae and 
marine species [14] that has been purported to possess antioxidant properties and health 
benefits [15–20]. For example, Yoshida et al. [21] reported that 61 non-obese individuals 
with mild hyperlipidemia consuming 12 mg/d of astaxanthin for 12 weeks increased high- 
density lipoprotein cholesterol (HDL, 14.5%) and plasma adiponectin (28%) while redu-
cing triglycerides (−25.2%). Shokri-Mashhadi and colleagues [22] found that type-2 dia-
betic patients consuming 8 mg/d of astaxanthin for eight weeks reduced interleukin-6 
(−9.2%) and the oxidative stress marker malondialdehyde (−31.1%). Moreover, Choi et al. 
[23] reported that 27 overweight adults ingesting 20 mg/d of astaxanthin for 12 weeks 
experienced reductions in low-density lipoproteins (LDL, −10.4%), apolipoprotein 
B (−7.5%), malondialdehyde (−32.7%), and 15-isoprostane F2 (−59%) and an increase in 
total antioxidant capacity (34.5%). Consequently, it is plausible that astaxanthin supple-
mentation may help firefighters manage oxidative stress, inflammation, and/or blood lipid 
levels.

There are also exercise and training-related effects of astaxanthin that could enhance 
firefighter-related performance and/or recovery. In this regard, Brown et al. [24] reported 
that 12 recreationally trained male cyclists consuming 12 mg/d of astaxanthin for seven 
days improved fatty acid oxidation (69.2%) during the final stages of a 40-km cycle and 
time trial performance times (−1.2%). Baralic and associates [25] reported that 40 male 
soccer players consuming 4 mg/d of astaxanthin for 90 days increased the antioxidants 
paraoxonase (17.1%) and diazoxon (42%) compared to the placebo trial, highlighting the 
ability to protect against oxidative damage to lipoproteins and the glycation of HDL [26]. 
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Additionally, these researchers found that astaxanthin supplementation decreased the 
inflammatory marker and cardiometabolic risk factor C-reactive protein (−12%) during 
training compared to a 57% increase in the placebo group [27]. Finally, Fleischmann and 
coworkers [28] reported that 22 healthy males supplementing their diet with 12 mg/d of 
astaxanthin for 30 days experienced a −11.4% reduction in maximal exercise blood lactate 
and a −10.9% decrease in post-exercise oxygen uptake (−10.9%) suggesting a greater 
contribution of oxidative metabolism to incremental maximal exercise and improved 
recovery. These findings provide evidence that astaxanthin may affect exercise and/or 
recovery.

This study aimed to assess the effects of ingesting 12 mg/d of astaxanthin for four 
weeks on markers of oxidative stress, inflammation, cardiometabolic health, exercise 
capacity, and occupational task-related performance in career firefighters. We hypothe-
sized that astaxanthin supplementation would reduce oxidative stress and inflammation 
markers while improving blood lipid profiles, exercise capacity, and recovery. The primary 
outcomes were fasting and exercise markers of inflammation, oxidative stress, and blood 
lipid profiles. Secondary outcomes were maximal exercise capacity, fire ground test 
performance, clinical chemistry markers of health and safety, and self-reported symptoms 
and side effects.

2. Methods

2.1. Experimental design

The study was conducted in a randomized, double-blind, placebo-controlled, crossover 
manner with the approval of an Institutional Review Board (IRB2020-1379F) in compliance 
with the Declaration of Helsinki. This clinical trial was registered with the International 
Standard Randomized Control Number Registry (ISRCTN10901752). Healthy, career male 
firefighters (24–48 years of age) were recruited to participate in this study. Participants 
supplemented their diet with a placebo or astaxanthin for four weeks while participating 
in a standardized training program. A cross-over design was used based on the ability to 
recruit participants from one firestation, reduce the impact of training and seasonal 
variations on results, and improve statistical power. Recommended doses were ingested 
for 4 weeks to assess the impact a consumer might experience if purchasing a bottle of 
the supplement and to determine if findings would justify conducting a larger and longer 
clinical trial. Participants performed a series of laboratory-based and occupation-specific 
tests. Participants observed a two-week washout and repeated the experiment with the 
alternative treatment. The length of washout was selected assuming that that the primary 
outcome of astaxanthin would be as a natural anti-inflammatory in which the impact 
would diminish within a few days after the cessation of supplementation. Figure 1 dis-
plays the general experimental design and testing sequences employed.

2.2. Study participants

Healthy male career firefighters from a cooperating local fire department were recruited to 
participate in this study. Participants were required to have: 1) no signs, symptoms, or 
diagnoses of cardiometabolic diseases; 2) no known blood disorders; 3) refrained from 
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ingesting caffeinated supplements, as well as alcohol or nicotine, for 24 hours prior to all 
testing; 4) refrained from consuming ergogenic aids two weeks prior study initiation; 5) no 
current or previous (within the last year) musculoskeletal injuries; and 6) no known allergy to 
the extra virgin olive oil or astaxanthin. Participants had to have been engaged in resistance 
training (at least twice per week) and moderate-intensity aerobic exercise (at least 150  
minutes per week) over the past six months. All participants provided voluntary, written 
informed consent to participate in the study. Figure 2 presents the study’s Consolidated 
Standard of Reports Trials (CONSORT) diagram. Twenty-three experienced male firefighters 

Figure 1. Overview of study design.

Figure 2. Consolidated standards of reporting trials (CONSORT) diagram.
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responded to study advertisements and underwent preliminary screening. Of these, three 
potential participants declined to participate due to scheduling issues. Twenty participants 
met eligibility criteria, gave voluntary consent to participate in the study, and were familiarized 
with the study requirements. A total of 15 firefighters who were 34.5 ± 7.4 years old, 177.7 ±  
7.0 cm, 95.6 ± 12.0 kg, and 30.1 ± 2.9 kg/m2 body mass index with 11.0 ± 6.9 years of service as 
a firefighter completed the study. Five participants dropped out after beginning the study due 
to time and scheduling conflicts.

2.3. Testing sequence

2.3.1. Laboratory-Based Testing
Participants reported to the laboratory between 0500 and 1100 in a fasted state (≥12  
hours), returned a 4-day food log, and completed a side effects assessment. The partici-
pants rested for six minutes before resting heart rate and blood pressure were recorded. 
Then, anthropometric data, body composition via a dual-energy x-ray absorptiometry 
(DEXA), and a pre-exercise fasting blood sample were obtained. The participants per-
formed an incremental maximal cardiopulmonary exercise test to fatigue and then 
donated a post-exercise blood sample. Figure 3 displays the Day 1 testing sequence.

2.3.2. Occupation-specific testing
Participants reported to the Bryan Fire Department Training Tower site (Bryan, TX, 
USA) between 0700 and 1100 during a familiarization practice session and follow-
ing each treatment. The participants completed the fire grounds test (FGT), which 

Figure 3. Overview of day one tests performed and sequence.
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consisted of nine occupation-related tasks performed during live fire suppression 
conditions (see Figure 4). Participants had a monitor strapped to their chest to 
record their heart rate. Participants were dressed in full personal protective equip-
ment (PPE) and “on air” (i.e. breathing positive pressure oxygen from a self- 
containing breathing apparatus [SCBA]). Saliva samples were collected 30 minutes 
and 5 minutes before the FGT and 5 minutes and 30 minutes after the FGT. Table 
S1 shows the environmental conditions participants experienced during the prac-
tice and treatment sessions.

2.4. Supplementation protocol

Participants ingested two 416 mg soft gelatin capsules containing extra virgin olive 
oil and Caramel Powder (Colorant) with 0 mg astaxanthin (PLA) or algal meal of 
Haematococcus pluvialis (AstaRealⓇ, AstaReal Inc., Moses Lake, WA, USA,), including 
extra virgin olive oil (AX). The AX capsules contained 6 mg ±15% of high- 
performance liquid chromatography (HPLC) verified astaxanthin. The PLA (batch 
21112001P) and AX (batch UC210760) supplements were prepared, evaluated, and 
certified for content by the quality manager at AstaReal Inc. (Moses Lake, WA, US). 
Capsules containing the PLA or AX were packaged into small zip-lock bags labeled 
“A” or “B” by a colleague not involved in the study who maintained the study 
code. Participants were instructed to take two capsules of the assigned treatment 
daily at the same time of day during each treatment phase. Supplement compli-
ance was checked weekly using an online survey and reported to be 100%.

Figure 4. Overview of the fire ground tests and sequence.
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2.5. Standardized resistance training and conditioning program

Participants followed a standardized eight-week strength and conditioning pro-
gram (see Tables S2a–S2e). Training sessions consisted of a 10-minute cardiovas-
cular warm-up followed by performing a dynamic warm-up and stretching protocol 
(Table S2d). The resistance training program consisted of weekly workouts focused 
on core, accessory, circuit training, and cardiovascular power exercises (Table S2b) 
using standard strength and conditioning equipment (Table S2c) performed on 
shift following an undulated (i.e. high-volume/low-intensity and low-volume//high- 
intensity training sessions within the training week/block), non-linear training 
periodization model with non-circuit, circuit training, and muscle endurance- 
based workouts (see Table S2e). The muscular endurance portion of the program 
consisted of circuit-based training with movement patterns mimicking firefighter 
occupational tasks, while the other components (hypertrophy, strength, and power) 
focused on compound movements and traditional strength and conditioning exer-
cises. The training session frequency was two sessions per week except for weeks 
1, 4, and 7, which consisted of three training sessions for those weeks (see Table 
S2e). The training intensity, focus, sets and repetitions, and work-to-rest ratios can 
be viewed in Table S2a. Training compliance was assessed via weekly surveys 
where participants reported a percentage of the training sessions, they were able 
to complete for the respective week. Random compliance checks via e-mail or text 
message were done throughout the study. However, we did not ask participants to 
record exercise intensities or amounts of weight lifted to calculate training volume. 
Table S3 shows subjective training compliance data.

2.6. Procedures

2.6.1. Demographics
Body weight and height were evaluated via a Health-O-Meter Professional 500KL (Pelstar 
LLC, Alsip, IL, USA) self-calibrating digital scale (±0.02 kg). Resting heart rate and blood 
pressure were measured using a calibrated ConnexSupplemental data for this article can 
be accessed online at https://doi.org/10.1080/15502783.2024.2427751 ProBP™ 3400 digi-
tal blood pressure device (Welch Allyn, Tilburg, NL) using standard procedures [29,30]. 
Body composition was assessed via a DEXA (Hologic Inc., Waltham, MA, USA using APEX 
Corporation Software, Pittsburg, PA, USA) [31,32]. Test-retest reliability studies in our lab 
show CV ranges of 0.31–0.45% for fat-free mass with a mean intraclass correlation (ICC) of 
0.98 [33].

2.6.2. Dietary records
All food and energy-containing beverages consumption was standardized via four-day 
(3 weekdays and 1 weekend day) self-reported dietary records. Participants were 
instructed to record their dietary intakes on the MyFitnessPal Calorie Counter smart-
phone app (MyFitnessPal, Inc., Baltimore, MD, USA) or a provided written food log. The 
participants were instructed to replicate their Phase 1 dietary records for Phase 2 to 
standardize.
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2.6.3. Maximal cardiopulmonary exercise test
Participants completed a symptom-limited incremental maximal cardiopulmonary exer-
cise test (CPXT) on a motorized treadmill (TrackMaster 425, Newton, KS, USA) while 
wearing an H10 heart rate monitor (Polar Electro Inc., Bethpage, NY, USA) positioned at 
chest level. The participants were encouraged to exercise to volitional exhaustion using 
standard test termination criteria [30]. Cardiorespiratory data were collected using 
a TrueOne 2400 (Parvo Medics, Sandy, UT, USA) metabolic cart. The exercise test consisted 
of 3-minute stages beginning at 5.5 km/h and a 1% grade, then 7.5 km/h and a 3% grade, 
followed by an increase of 2% grade every stage thereafter until volitional fatigue [34]. 
Breath-by-breath data were collected and averaged from 15-sec intervals in the 
last minute of each stage and used to calculate substrate oxidation rates, minute ventila-
tion (VE), volume of oxygen consumption (VO2), volume of carbon dioxide production 
(VCO2), and respiratory exchange ratio (RER). The VO2 and VE values of each participant 
were plotted in MicrosoftⓇ ExcelⓇ (MicrosoftⓇ, Redmond, WA, USA) to establish lines of 
best-fit [35], which was used to estimate the ventilatory anaerobic threshold (VANT) [36]. 
At the end of each stage, heart rate and ratings of perceived exertion using Borg’s 6–20 
scale [37] were recorded. Oxidation rates were calculated from the averaged VO2 and 
VCO2 values for fats [1.718 × VO2 − 1.718 × VCO2 (g/min)] and carbohydrates [4.170 × VO2 

− 2.965 × VCO2 (g/min)] [38].

2.6.4. Occupation-related fire grounds test
Upon arrival, participants performed a mouth rinse prior to the first saliva sample collec-
tion and were briefed on the testing protocol. The participants were instructed to provide 
a passive drool saliva sample 30 minutes before performing the FGT by tilting their heads 
and leaning forward. Then, an H10 heart rate monitor (Polar Electro Inc., Bethpage, NY, 
USA) was attached using a chest strap. Heart rate was determined 5-min before perform-
ing the FGT, at the top-of-stairs (following task 7) during the FGT, and immediately 
following performing the FGT. Heart rate was evaluated in beats per min (bpm) and as 
a percentage of maximal heart rate determined on the CPXT. Participants then dress in full 
firefighter personal protection equipment (i.e. turnout gear, hoods, fire helmet, boots, 
gloves, belts, SCBA harness, etc.) and rest until the next saliva sample collection. Five 
minutes before performing the FGT, the participants had their pre-FGT heart rate 
recorded and provided a second passive drool saliva sample (5-min pre-FGT). The parti-
cipants were then fixed with an air tank and pre-FGT pounds per square inch (PSI) values 
were recorded from the air tank and extension piece.

The FGT consisted of nine firefighter-related tasks including: 1.) a dry hose deployment 
and pull; 2.) charged hose deployment; 3.) building walk with heavy equipment; 4.) low 
room search; 5.) forcible entry; 6.) ladder carry; 7.) stair climb and hose hoist task; 8.) ceiling 
breach; and 9.) victim dummy drag. Participants were encouraged to complete the FGT as 
fast as possible. Time-to-complete the FGT was recorded using a Deluxe stopwatch 
(Model: H-5671; Uline, Pleasant Prairie, WI, USA). The equipment used for the stations 
was provided by the Bryan Fire Department, and a Keiser sled Force Machine Model 6070 
(Keiser Corporation, Fresno, CA, USA) was used to simulate forcible entry. Researchers and 
safety officers were present for the duration of the testing and monitored the participants 
throughout the FGT. Immediately after completing the FGT, heart rate, and air tank and air 
tank extension piece PSI values were recorded. Finally, saliva samples were obtained after 
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5 and 30 minutes of recovery. Saliva samples were immediately frozen at −20°C and were 
transported to the laboratory for storage at −80°C for later analysis within 6 hours of 
collection. The air tank difference in the pre-post air tank and extension recordings of PSI 
was recorded and used to calculate percent change: [((Post-FGT PSI – Pre-FGT PSI)/Pre- 
FGT PSI) x 100 (%)]. In addition, work efficiency [1/((Pre-FGT PSI – Post-FGT PSI) x FGT 
completion time) x 10,000 (lbs./in2/min)] was assessed via the air tank PSI data based on 
previous work [39].

2.6.5. Blood collection and analysis
Participants donated about 20 mL of fasted (≥12 hours) blood before and after perform-
ing and incremental maximal exercise test. Venous blood was collected into 2 × 8.5 mL 
serum separation tubes (SST) and 1 × 4 mL K2 EDTA tubes (Becton, Dickinson and 
Company, Franklin Lakes, New Jersey) using standard procedures [40]. After sitting at 
room temperature for 15-min, the SST samples were centrifuged at 3500 G for 10-min in 
a refrigerated (4ºC) benchtop Thermo Scientific Heraeus MegaFuge 40 R Centrifuge 
(Thermo Electron North America LLC, West Palm Beach, FL, USA). Serum samples were 
aliquoted from one SST and stored at −80ºC in polypropylene microcentrifuge tubes 
(Eppendorf North America, Inc., Hauppauge, NY, USA) for later analysis, while the other 
SST tube was sent with the K2 EDTA tube to a commercial lab (Clinical Pathology Labs Inc., 
Austin, TX) for analysis. An automated multichannel hematology analyzer method with 
platelet counts and 5-part differential determination was used to analyze whole blood 
samples. Serum samples were analyzed using a Roche Cobas Gen 2 enzymatic/colori-
metric analyzer (Roche Diagnostics International AG, Rotkreuz, Switzerland). Test-retest 
reliability of performing these assays ranged from 2% to 6%.

Commercially available enzyme-linked immunosorbent assay (ELISA) kits were used to 
determine serum concentrations of adiponectin (R&D Systems Inc., Minneapolis, MN, 
USA), advanced glycated end products (AGEs; Cell Bio Labs, San Diego, CA, USA), and 
advanced oxidation protein products (AOPP; OxiSelect, Cell Bio Labs, San Diego, CA, USA). 
Absorbance was determined using an Epoch 2 colorimetric plate reader (BioTek, 
Winooski, VT, USA). Assays wash steps using an automated plate washer (BioTek, 
Winooski, VT, USA). Serum cytokine concentrations of granulocyte-macrophage colony- 
stimulating factor (GM-CSF), interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF- 
α), and inflammatory interleukins (IL)-1β, IL-2, IL-4, IL-5, IL-6, IL-8, and IL-10 were measured 
in duplicate using a multiplex, magnetic bead-based Luminex™ MagPlex magnetic micro-
sphere assays (Thermo Fisher Scientific, Waltham, MA, USA) with a Luminex MagPix 
instrument (Luminex Corporation, Austin, TX, USA), given its previous validity and relia-
bility [41–43]. The inter-assay and intra-assay variation for the serum cytokine Luminex 
assays typically ranges between 2.2–17.5% and 3.3–9.8% in our laboratory, respectively.

2.6.6. Saliva analysis
Saliva analysis involved thawing frozen samples and centrifuging at 4ºC for 15-min at 
1500 × G using a refrigerated (4°C) Thermo Scientific Heraeus MegaFuge 40 R Centrifuge 
(Thermo Electron North America LLC, West Palm Beach, FL, USA). Saliva samples were 
analyzed for cortisol (Catalog#: 1–3002), uric acid (Catalog#: 1–3802), and IL-1β (Catalog#: 
1–3902) using commercially available kits (Salimetrics LLC., Carlsbad, CA, USA). Salivary 
uric acid required incubation in which a standard laboratory incubator was used (Thermo 
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Fisher Scientific, Waltham, MA, USA). Absorbance was determined using an Epoch 2 
colorimetric plate reader (BioTek, Winooski, VT, USA). An automated plate washer was 
used (BioTek, Winooski, VT, USA) for wash steps. Intra-assay and inter-assay CVs for these 
assays are typically between 4.5% to 7.2% [44].

2.6.7. Side Effects Assessment
Participants ranked the frequency (F) and severity (S) of experienced symptoms or side 
effects (i.e. dizziness, headache, tachycardia, heart skipping/palpitations, shortness of 
breath, nervousness, blurred vision), if any, using (0) none; (1) minimal, 1 to 2/week; (2) 
slight, 3 to 4/week; (3) F: occasional, 5 to 6/week, S: moderate; (4) F: frequent, 7 to 8/week, 
S: severe; or (5) F: severe ≥ 9/week, S: very severe. Test to test the variability of performing 
this survey yielded mean CVs in the range of 1.2 to 2.6 and a mean ICC range of 0.59 to 
0.88 for individual items on the survey [45].

2.6.8. Statistical Analysis
Data were analyzed by the IBMⓇ Version 29 SPSSⓇ statistical analysis software (IBM Corp., 
Armonk, NY, USA). We determined the sample size based on our prior research evaluating 
the effects of nutritional interventions on exercise performance and markers of inflammation 
[33,46,47] and oxidative stress [46–51] which reported significant effects in several related 
markers, with sample sizes ranging from 10 -to 16 per group in parallel-arm-designed 
studies. Additionally, we evaluated the sample sizes used in studies conducted on firefighters 
that assessed these markers [9,34,35] and astaxanthin supplementation on inflammatory 
markers [52,53], markers of oxidative stress [25,52,54], and blood lipids [25] that had 
10–20 per group in parallel-arm designed studies and 13 per group in a crossover designed 
study [53]. We also considered reported effect sizes of related literature and used the 
reported means, standard deviations, and statistically significant mean differences reported 
in these studies to calculate power, assuming an 80% power with a 5%–10% standard 
deviation to the mean and a 5%–10% improvement in primary outcomes. This analysis 
generally revealed that a sample size of 12–20 per group in a parallel-arm study with one 
treatment or a sample size of 10–15 in a crossover-design was sufficiently powered to detect 
significant differences between treatment groups. General linear model analysis of variance 
(ANOVA) using a mixed model was used to analyze the data where between-subjects effects 
were evaluated as separate groups and within-subjects effects over time were evaluated 
using repeated measures. Sphericity was assessed using Mauchly’s test, while skewness and 
kurtosis statistics assessed normality. The Wilks’ Lambda and Greenhouse-Geisser univariate 
correction tests were used to assess Time and Group x Time interaction effects to adjust for 
F-value inflation if the assumption of sphericity was violated. Fisher’s Least Significant 
difference (LSD) tests and 95% upper and lower confidence intervals (CIs) at preplanned 
contrasts of interest were used to assess pairwise comparisons of means and post-hoc tests. 
Additional tests to correct for multiple comparisons were not employed since the 
Greenhouse-Geisser correction was used to adjusts for F-value inflation [55,56]. The prob-
ability of type I error (p-level) was set at 0.05 or less. Statistical trends were noted when 
p-values >0.05 to < 0.10 were observed. Partial Eta squared (ηp

2) values were used to assess 
effect size where values of 0.01 represented a small effect, 0.06 represented a medium effect, 
and 0.14 represented a large effect size [57]. The clinical significance of the findings was 
evaluated by assessing mean changes or percentage mean changes from baseline or PLA 
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with 95% confidence intervals (CI). Means and 95% CIs entirely above or below baseline or 
PLA were considered statistically and clinically significant [58]. We did not use measurement 
error or consider clinician perspectives regarding minimally meaningful clinical changes to 
assess clinical significance. However, test-retest reliability CVs are reported for readers to 
consider. Data are means ± standard deviations (SD) or mean percent changes from baseline 
(mean change [LL, UL]). Missing data (298 of 6,570 data points; ≈4%) were replaced using the 
series means for numerical data [59] while responses to categorical survey questions (i.e. 
ordinal data) were replaced using the most frequent response or value method [60]. Both 
methods have been reported to be appropriate and valid methods of replacing missing data 
[59,60]. Our statistical approach provides a comprehensive and transparent statistical analy-
sis that goes beyond assessing statistical differences using p-levels by reporting effect sizes 
and pairwise comparisons of contrasts of interest to reduce likelihood of type II statistical 
error and help researchers decide whether additional research with larger populations is 
warranted [61–63] and the clinical significance of findings by assessing percent changes 
from baseline with 95% CIs [58,61–66].

3. Results

3.1. Demographics

Table S4 presents participant demographic and resting hemodynamic data. No significant 
differences were observed between treatments in demographic markers. Collectively, 
participants were 34.5 ± 7.4 years old, 177.7 ± 7.0 cm, 95.6 ± 12.0 kg, 30.1 ± 2.9 kg/m2, 
and 22.7 ± 4.5% body fat. Participants had normal resting heart rate (63 ± 11 bpm), systolic 
blood pressure (126.2 ± 11.7 mmHg), and diastolic blood pressure (75.5 ± 6.8 mmHg).

3.2. Primary outcome variables

3.2.1. Markers of inflammation
Table S5 shows the pre- and post-maximal exercise inflammatory and cytokine response 
to the treatments. GLM analysis revealed no significant overall Wilk’s Lambda treatment 
x time effect (p = 0.243, np

2 = 0.428, large effect) for the panel of 10 inflammatory cyto-
kines. Univariate analysis found no significant treatment x time effects for IL-1β, IL-6, and 
IL-8 pro-inflammatory cytokines, the anti-inflammatory cytokine IL-4, or white cell stimu-
lator Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF). The anti- 
inflammatory cytokine IL-10 approached a significant treatment x time effect (p = 0.099, 
np

2 = 0.094, medium effect) with changes significantly increased from baseline with PLA 
treatment (0.21 pg/mL [0.028, 0.384], p = 0.025) while IL-10 was unchanged with AX 
(−0.003 pg/mL [−0.181, 0.175], p = 0.970). Similarly, pairwise analysis revealed that IL-2 
(regulator or inflammatory homeostasis), IL-5 (B cell growth stimulator of immunoglobu-
lins), and proinflammatory markers IFN-γ and TNF-α significantly increased in response to 
maximal exercise with PLA treatment but not AX treatment. The only inflammatory 
cytokine that tended to increase in response to AX treatment was IL-4, which is an anti- 
inflammatory cytokine (0.56 pg/mL [−0.013, 1.128], p = 0.055). This is more clearly seen in 
Figure 5, which presents the mean percent change from baseline with 95% CIs for the 
blood inflammatory cytokines. Analysis of percent mean change from baseline indicated 
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Figure 5. Percent change in blood inflammatory cytokine response to incremental maximal exercise. 
Data are represented as percent differences from baseline with means ±95% confidence intervals. 
PLA = placebo, AX = astaxanthin. † represents p < 0.05 difference from baseline. ‡ represents p > 0.05 
to p < 0.10 difference from baseline.

12 D. E. GONZALEZ ET AL.



that the inflammatory cytokines IL-1β (16.4% [0.8, 32.0], p = 0.040), IL-2 (13.1% [0.8, 25.4], 
p = 0.038), IL-5 (5.2% [0.3, 9.9], p = 0.037), IL-6 (6.9% [−0.94, 14.7], p = 0.082), IL-10 (8.8% 
[1.6, 16.0], p = 0.018), GM-CSF (14.7% [0.6, 28.9], p = 0.041), IFN-γ (9.9% [0.5, 19.2], p =  
0.039), and TNF-α (18.8% [6.1, 31.5], p = 0.005) increased above baseline with PLA treat-
ment while only the anti-inflammatory cytokine IL-4 (4.7% [−0.4, 9.8], p = 0.068) and pro- 
inflammatory marker TNF-α (10.9% [−1.7, 23.7], p = 0.086) tended to increase above 
baseline with AX treatment. These findings suggest that AX supplementation lessened 
the inflammatory and immune response to incremental maximal exercise.

Table S6 presents the salivary inflammatory and stress markers evaluated prior to and 
during the FGT while Figure 6 shows the percent changes observed from baseline in these 
markers. Overall GLM Wilk’s Lambda analysis revealed a time (p < 0.001, np

2 = 0.304, large 
effect) but no treatment x treatment effects (p = 0.918, np

2 = 0.015, small effect) on 
salivary IL-1β, cortisol, and uric acid levels. Likewise, univariate analysis showed significant 
time but no treatment x time interaction effects. However, analysis of the percent mean 
change from baseline with 95% CIs indicated that the exercised-induced increases in IL- 
1β, cortisol, and uric acid were attenuated to a greater degree with AX treatment 
compared to PLA treatment. For example, Post-5 IL-1β, cortisol, and uric acid levels 
increased above baseline with PLA treatment but not with AX treatment and Post-30 
FGT IL-1β tended to be higher with PLA treatment (124% [−5, 253], p = 0.059). These 
findings provide some evidence that AX ingestion may lessen the inflammatory effects of 
intense exercise by delaying a clinically significant increase in these markers. However, 
only one data point tended to be different between groups.

3.2.2. Markers of oxidative stress
Table S7 presents fasting markers of oxidative stress evaluated in this study. Overall GLM 
analysis revealed no significant treatment effect (p<0.427, np

2 = 0.100, medium effect) for 
AOPP, AGEs, and adiponectin. Pairwise analysis showed no statistically significant differ-
ences between treatments for AOPP (p = 0.530, np

2 = 0.014, small effect) or adiponectin 

Figure 6. Percent change in salivary inflammatory and oxidative stress markers evaluated during the 
fire ground test. Data are represented as means ±95% confidence intervals. PLA = placebo, AX =  
astaxanthin. ‡ represents p > 0.05 to p < 0.10 difference from baseline. ¥ represents p > 0.05 to p <  
0.10 difference between PLA and AX treatments.
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(p = 0.836, np
2 = 0.002, small effect). However, AGEs concentrations tended to differ 

between treatments (p = 0.098, np
2 = 0.095, medium effect) with AGEs values tending to 

be higher after AX treatment compared to PLA (0.357 µg/ml [−0.07, 0.783], p = 0.098). 
Figure 7 presents the percent change from PLA treatment values with 95% CIs for the 
oxidative stress markers analyzed. Although not statistically significant, analysis of the 
mean percent change from PLA also indicated that AGEs tended to be higher after 
4 weeks of AX supplementation (8.7% [−0.5, 17.9], p = 0.063).

3.2.3. Blood lipids
Table 1 presents pre- and post-CPXT blood lipid responses to four weeks of PLA and AX 
supplementation. Overall GLM analysis revealed a significant Wilk’s Lambda time effect (p  
< 0.001, ηp

2 = 0.905) with no significant treatment x time effects (p = 0.958, ηp
2 = 0.059). 

Univariate analysis revealed that total cholesterol, triglycerides, HDL, LDL, Non-HDL 
cholesterol, and very low-density lipoprotein (VLDL) significantly increased in response 
to incremental maximal exercise while the LDL/HDL ratio and total cholesterol/HDL ratio 
were unaffected. Moreover, no significant treatment x time interactions were observed. 
Interestingly though, while not statistically significantly different, fasting total cholesterol, 
triglycerides, LDL, non-HDL cholesterol, and VLDL lipid values were lower and displayed 
a more favorable lipid profile with AX treatment.

3.3. Secondary outcome variables

3.3.1. Exercise performance
Table 2 presents results from the incremental maximal cardiopulmonary exercise test. 
GLM analysis revealed an overall Wilk’s Lambda revealed a significant treatment effect 
(p = 0.013, np

2 = 0.478, large effect) with univariate treatment effects observed in VANT 
expressed in L/min (PLA 2.67 ± 0.38, AX 3.03 ± 0.56, L/min, p < 0.06, np

2 = 0.121, medium 
effect) and as a percentage of peak oxygen uptake (PLA 66.7 ± 4.7%, AX 73.8 ± 4.7%, p <  
0.001, np

2 = 0.315, large effect). Figure 7 presents carbohydrate and fat oxidation rates and 
RER values observed at stage 1, stage 2, VANT, or maximal effort. Carbohydrate oxidation 
and RER values increased during the incremental maximal exercise test. However, no 
significant differences were observed between treatments in carbohydrate and fat oxida-
tion or RER values.

Table 3 overviews performance-related variables assessed during the FGT. GLM overall 
Wilks’ Lambda analysis revealed no significant treatment effects (p = 0.873, np

2 = 0.206) 

Figure 7. Carbohydrate and fat oxidation rates and respiratory exchange ratio values observed during 
the incremental maximal exercise test. Data are represented as means ±95% confidence intervals. PLA  
= placebo, AX = astaxanthin. ‡ represents p > 0.05 to p < 0.10 difference from baseline.
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for the FGT performance variables. Pairwise analysis also showed no differences between 
treatments in time-to-completion, air tank difference (PSI), air extension piece difference 
(PSI), work efficiency, pre-FGT heart rate, top-of-stair heart rate, immediate post-FGT heart 
rate, peak heart rate during the FGT, or average heart rate during the FGT. Interestingly, 
although not statistically significant, participants took fewer hits on the Keiser Sled 
simulated door breach with AX treatment (−1.9 hits, p = 0.127, np

2 = 0.081, medium 
effect).

3.4. General health markers

Tables S8–S10 present pre- and post-CPXT liver function biomarkers, serum glucose, 
electrolytes, and renal function biomarkers, and whole blood red and white cell counts 
with percent differential results, respectively. Although some time effects were observed, 
no significant overall or univariate treatment x time interaction effects were observed in 
pre- and post-CPXT serum markers of liver function (p = 0.815, ηp

2 = 0.140, large effect), 
renal function (p = 0.983, ηp

2 = 0.120, medium effect), or whole blood red and white cell 
complete blood counts (p = 0.871, ηp

2 = 0.336, large effect). All values were within normal 
clinical ranges for active individuals.

3.5. Side effects assessment

Table S11 shows a Chi-square analysis of symptom frequency and severity values 
observed following the four weeks for each treatment. No significant differences were 
observed between treatments in perceptions of the frequency or severity of dizziness, 
headaches, tachycardia, heart palpitations, dyspnea, nervousness, blurred vision, or other 
side effects.

Table 2. Maximal exercise test results.
Variable Treatment n Mean p-Value ηp

2

Relative Peak Oxygen Uptake PLA 15 42.4 ± 5.8 0.818 0.002
(ml/kg/min) AX 15 43.0 ± 6.5

Total 30 42.7 ± 6.0
Absolute Peak Oxygen Uptake PLA 15 4.03 ± 0.59 0.839 0.002
(L/min) AX 15 4.07 ± 0.60

Total 30 4.05 ± 0.58
Ventilatory Threshold PLA 15 2.67 ± 0.38 0.060 0.121
(L/min) AX 15 3.03 ± 0.56

Total 30 2.85 ± 0.51
Ventilatory Threshold PLA 15 66.7 ± 4.7 0.001 0.315
(%) AX 15 73.8 ± 4.7

Total 30 70.2 ± 6.5
Time to Exhaustion PLA 15 14.72 ± 3.74 0.862 0.001
(min) AX 15 14.96 ± 3.82

Total 30 14.84 ± 3.72
Time to VANT PLA 15 7.92 ± 3.04 0.518 0.015
(min) AX 15 8.66 ± 3.11

Total 30 8.29 ± 3.05

Data are expressed as means ± standard deviations for the placebo (PLA) and astaxanthin (AX) treatments. VANT =  
Ventilatory anaerobic threshold. Data were analyzed using a multivariate and univariate General Linear Model. P-levels, 
with partial ETA squared (ηp

2) effect size, were reported. General Linear Model analysis revealed a significant overall 
Wilk’s Lambda for treatment (p = 0.013, ηp

2 = 0.478) effect. ηp
2 effect size values of 0.01–0.05 = small, 0.06–0.13 =  

medium, and > 0.14 = large.
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4. Discussion

The main findings of this study were that astaxanthin supplementation (12 mg/d for four 
weeks) blunted some markers of inflammation and oxidative stress in response to an 
incremental maximal exercise test and firefighter occupational tasks, as well as attenuated 
VANT. However, four weeks of astaxanthin supplementation did not statistically signifi-
cantly affect fasting oxidative stress markers, lipid profiles, or occupational performance. 
These findings provide some evidence that astaxanthin may help mediate inflammation 
and oxidative stress in response to high-intensity, short-duration exercise in firefighters. 
The following provides a more detailed assessment of these findings in the context of 
related work.

4.1. Primary outcomes

4.1.1. Markers of inflammation
Several studies have demonstrated that astaxanthin can reduce inflammation 
[22,67,68]. For example, Shokri-Mashhadi et al. [22] demonstrated that 44 type-2 
diabetic patients consuming 8 mg/d for eight weeks of astaxanthin reduced IL-6 

Table 3. Fire ground test performance data.
Variable Treatment n Mean p-Value ηp

2

Time-to-completion PLA 15 9.34 ± 1.42 0.966 0.000
(min) AX 15 9.31 ± 1.91

Total 30 9.32 ± 1.66
Air Tank Difference PLA 15 2,400 ± 382 0.829 0.002
(PSI) AX 15 2,430 ± 373

Total 30 2,415 ± 371
Air Extension Piece Difference PLA 15 2,343 ± 399 0.496 0.017
(PSI) AX 15 2,437 ± 339

Total 30 2,390 ± 367
Work Efficiency PLA 15 0.47 ± 0.14 0.986 0.000
(lbs/in2/min) AX 15 0.48 ± 0.14

Total 30 0.47 ± 0.13
Pre-FGT Heart Rate PLA 15 93.95 ± 19.31 0.817 0.002
(bpm) AX 15 92.60 ± 11.51

Total 30 93.28 ± 15.63
Post-FGT Heart Rate PLA 15 176.4 ± 11.3 1.000 0.000
(bpm) AX 15 176.4 ± 7.6

Total 30 176.4 ± 9.5
Top-of Stair Heart Rate PLA 15 179.3 ± 9.3 0.919 0.000
(bpm) AX 15 178.9 ± 9.2

Total 30 179.1 ± 9.1
Average Heart Rate PLA 15 158.8 ± 11.5 0.404 0.025
(bpm) AX 15 154.9 ± 13.5

Total 30 156.8 ± 12.5
Maximal Heart Rate PLA 15 181.3 ± 10.0 1.000 0.000
(bpm) AX 15 181.3 ± 8.6

Total 30 181.3 ± 9.2
Keiser Sled PLA 15 17.00 ± 3.95 0.127 0.081
(# of hits) AX 15 15.13 ± 2.36

Total 30 16.07 ± 3.33

Data are expressed as means ± standard deviations for the placebo (PLA) and astaxanthin (AX) treatments. FGT = Fire 
Ground Test; PSI = Pounds Per Square Inch. Data were analyzed using a multivariate and univariate General Linear 
Model. P-levels, with partial ETA squared (ηp

2) effect size, were reported. General Linear Model analysis revealed 
a nonsignificant overall Wilk’s Lambda for treatment (p = 0.873, ηp

2 = 0.206) effect. ηp
2 effect size values of 0.01–0.05 =  

small, 0.06–0.13 = medium, and > 0.14 = large.
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(−9.2%). Chan et al. [67] also demonstrated that 54 type-2 diabetic patients consum-
ing 12 mg/d of astaxanthin for eight weeks reduced C-reactive protein (−23.5%) and 
IL-6 (−24.5%). Interestingly, other reports have noted no statistically significant effects 
of astaxanthin supplementation inflammatory biomarkers [53,69]. For instance, 
Coombes and colleagues [69] demonstrated that 58 patients undergoing renal trans-
plantation who consumed 12 mg/d of astaxanthin or placebo for 12 months experi-
enced non-statistically significantly different changes in the inflammatory marker 
pentraxin-3 (PLA: 50.6% increase; AX: 11.0% decrease). Furthermore, a recent study 
by Waldman et al. [53] found that 13 resistance-trained males consuming 12 mg/d of 
astaxanthin for four weeks did not impact the IL-6 and C-reactive protein inflamma-
tory markers. Researchers have purported that higher doses of astaxanthin (12 mg/d) 
for extended supplementation periods (12 weeks or more) may be needed to induce 
more consistent and favorable outcomes on resting markers of inflammation [70,71]. 
For example, Satoh et al. [71] reported some dose-related benefits of astaxanthin 
supplementation on fasting glucose and triglycerides in participants at risk of meta-
bolic syndrome when supplementing the diet with 4, 8, and 20 mg/d of astaxanthin 
for 4 weeks and cognitive benefits when supplementing the diet with 12 mg/d for 12- 
weeks.

Our findings demonstrate that the inflammatory response to an incremental max-
imal exercise test was blunted following the astaxanthin treatment compared to the 
PLA. In particular, post-exercise mean percent change from baseline values for IL-1β, 
IL-2, IL-5, IL-10, IFN-γ, and TNF-α were significantly elevated following the PLA but not 
astaxanthin treatments. These findings suggest that astaxanthin may lessen the inflam-
matory response to intense exercise, which aligns with previous reports showing 
a blunting in the inflammatory response to strenuous exercise bouts (e.g. lower 
C-reactive protein concentrations post 90-d astaxanthin supplementation) [27]. 
Considering the antioxidant and anti-inflammatory potential, future research should 
consider assessing the impact of astaxanthin supplementation over longer periods, 
particularly in older and less fit firefighters. We also evaluated the effects of occupa-
tion-related fire-suppressive activities on oxidative stress markers. It is well established 
that firefighting exposes the operator to several stressors that increase pro- 
inflammatory activity. Our study demonstrates a blunted inflammatory response to 
the FGT following the astaxanthin treatment compared to the PLA. Salivary IL-1β 
values increased above baseline at 5-min pre-FGT, 5-min post-FGT, and 30-min post- 
FGT following the PLA, whereas IL-1β values were only increased above baseline 
following the astaxanthin treatment at 30-min post-FGT. In addition, salivary cortisol 
increased above baseline at 5-min post-FGT and 30-min post-FGT following the PLA, 
whereas salivary cortisol values only increased above baseline following the astax-
anthin treatment at 30-min post-FGT. Salivary cortisol is a common marker of physio-
logical stress [6] and has been shown to increase when environmental factors (i.e. heat 
stress) are introduced [9,72]. These findings support contentions that astaxanthin may 
attenuate the normal increases in inflammatory responses to intense exercise. 
However, only Post-30 IL-1β values tended to differ between groups. Together, these 
findings provide promising real-world information about the utility of astaxanthin in 
lessening the physiological stress and inflammatory response to fire-suppressive 
activities.
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4.1.2. Markers of oxidative stress
Several studies have demonstrated that astaxanthin can function as an antioxidant. For 
example, Shokri-Mashhadi et al. [22] demonstrated that 44 type-2 diabetic patients 
consuming 8 mg/d for eight weeks of astaxanthin reduced fasting malondialdehyde 
(31.1%) compared to a placebo. In addition, Choi and colleagues [73] demonstrated 
that low (5 mg/d) and high (20 mg/d) doses of astaxanthin decreased malondialdehyde 
(Low: 34.7%; High: 35.3%) and isoprostane (Low: 64.8%; High: 64.6%) with concomitant 
increases in plasma superoxide dismutase (Low: 93.9%; High: 93.8%;) and total antioxidant 
capacity (Low: 22.2%; High: 26.2%) among 27 overweight participants supplementing for 
12 weeks. Kim et al. [74] also showed that various doses of astaxanthin (5, 20, or 40 mg/d 
for 3 weeks) decreased plasma malondialdehyde (5 mg/d: 32.1%; 20 mg/d: 30.3%; 40 mg/ 
d: 60.6%) and isoprostane (5 mg/d: 87.4%; 20 mg/d: 93.1%; 40 mg/d: 94.8%) while 
increased superoxide dismutase (5 mg/d: 66.7%; 20 mg/d: 250%; 40 mg/d: 120%) and 
total antioxidant capacity (5 mg/d: 53.8%; 20 mg/d: 66.7%; 40 mg/d: 56.7%) among 
39 healthy smokers supplementing for three weeks.

In the present study, we did not find that astaxanthin supplementation (12 mg/d for 
4 weeks) improved fasting AOPP, AGEs, or adiponectin levels compared to ingesting the 
placebo for four weeks. It is plausible that a longer duration study is needed as previous 
studies have employed longer-duration supplementation periods (i.e. 8–12 weeks) and 
found improvements in oxidative stress markers. We did note a trend toward an increase 
in fasting AGEs with AX. AGEs are formed endogenously by condensing carbonyl groups 
from sugars and free amine groups from proteins, lipids, and nucleic acids and can be 
obtained from the diet [75]. AGEs also interact with their cellular receptors that help 
mediate inflammatory and oxidative stress pathways [75]. An increase in fasting AGEs has 
been associated with chronic disease pathology and exercise training has been suggested 
as a way to manage elevated AGEs in patients with human immunodeficiency virus [76]. 
However, the effects of acute exercise on AGE production with or without antioxidant 
and/or anti-inflammatory nutrients or medications are unknown. A transient increase may 
reflect an increased influence of AX ingestion on oxidative stress and/or inflammatory cell 
signaling. However, the etiology of this increase remains to be determined. Additionally, it 
should be noted that the firefighters assessed in this study were healthy and did not have 
elevated oxidative stress markers at baseline. Interestingly, we did see some evidence that 
astaxanthin reduced oxidative stress in response to performing the FGT. In this regard, 
salivary uric acid levels, used as a cost-effective, noninvasive method to assess oxidative 
stress [77], were blunted with astaxanthin supplementation during and following the fire- 
suppressive exercise assessment. These findings provide some evidence that astaxanthin 
can serve as an antioxidant in fire-suppressive activities. However, more research is 
needed to determine whether long-term supplementation may affect fasting oxidative 
stress markers, including AGEs.

4.1.3. Blood lipids
Several human trials have demonstrated that astaxanthin can improve blood lipid profiles. 
For instance, Chan et al. [67] demonstrated that 54 type-2 diabetic patients consuming 
either a low dose (6 mg/d) or a high dose (12 mg/d) of astaxanthin for eight weeks 
experienced reductions in triglycerides (6 mg/d: 4.5%; 12 mg/d: 17.6%) and LDL (6 mg/ 
d: 6.5%; 12 mg/d: 8.8%). The 12 mg/d astaxanthin group also demonstrated lower total 
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cholesterol levels than baseline (6.4%). Yoshida et al. [21] also showed that 61 non-obese 
individuals with mild hyperlipidemia consuming 6 and 12 mg/d of astaxanthin for 
12 weeks increased HDL (10.6% and 15.4%, respectively), while 12 and 18 mg/d of 
astaxanthin for 12 weeks reduced triglycerides (25.2% and 23.8%, respectively). Lastly, 
albeit without statistical significance, Saito et al. [78] demonstrated that 20 healthy 
participants supplementing their diet with 12 mg/d of astaxanthin for four weeks reduced 
triglyceride concentrations by 15%. Additionally, Ciaraldi and colleagues [79] reported 
that 12 mg/d of astaxanthin supplementation for 12-weeks decreased low-density lipo-
protein, total cholesterol, fibrinogen, L-selectin, and fetuin-A while tending to improve 
insulin-stimulated whole body glucose disposal. Our findings did not reveal improve-
ments in blood lipids, which may be attributed to the short study duration. Several studies 
have employed more than 8-weeks of supplementation with 12 mg/d of astaxanthin is 
needed to observe positive effects on blood lipids [21,23,67]. In addition, the study 
populations showing benefit of astaxanthin on blood lipids were patient populations 
[21,23,67], while the firefighter cohort of our study were healthy and had blood lipid 
profiles within normal ranges. Consequently, it is also possible that astaxanthin supple-
mentation may have a greater impact on blood lipids when they are elevated. 
Nevertheless, future research is warranted to assess the potential cardiometabolic benefit 
of astaxanthin among firefighters with higher blood lipids and based on risk stratification.

4.2. Secondary outcomes

4.2.1. Maximal exercise capacity
Astaxanthin has been purported to impact substrate oxidation rates, recovery, and 
cardiovascular/metabolic response to exercise. For instance, Fleischmann et al. [28] 
demonstrated that 22 healthy males supplementing with 12 mg/d of astaxanthin for 
30 days lowered post-exercise blood lactate levels by 11.4%. In addition, Brown et al. 
[24] demonstrated that 12 recreationally trained male cyclists consuming 12 mg/d of 
astaxanthin for 7 days improved fatty acid oxidation rates. However, Wika et al. [80] 
demonstrated that 19 overweight males and females consuming 12 mg/d for four 
weeks of astaxanthin did not experience favorable changes in fatty acid oxidation 
rates. In addition, Res et al. [81] also reported no effect on substrate oxidation rates 
with 32 young, well-trained male cyclists consuming 20 mg/d of astaxanthin for four 
weeks. Lastly, McAllister et al. [82] demonstrated that 14 healthy college-aged males 
consuming 6 mg/d of astaxanthin for four weeks did not favorably impact fatty acid 
oxidation rates. The authors postulated that 12 mg/d for four or more weeks may be 
needed to induce changes in substrate oxidation. Although our study did not find an 
effect on substrate oxidation rates for the cardiopulmonary exercise test, we did find 
an improvement in absolute and relative VANT, as well as time to VANT. The etiology 
of this finding is unclear. Speculatively, if astaxanthin affects inflammation and/or 
perceptions of pain, it could promote greater training adaptations. Additionally, 
since firefighters do intense exercise while wearing masks and attached to oxygen 
tanks, there may be a training effect on respiratory muscles thereby enhancing 
ventilation and/or on respiratory buffering which could affect VANT. There is also 
some evidence that astaxanthin may affect fat oxidation. If the percentage of fat 
oxidation is increased, it could attenuate how long it takes to begin hyperventilating 
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and thereby affect VANT. However, more research is needed to replicate these find-
ings, assess potential mechanisms, and determine whether astaxanthin supplementa-
tion may affect endurance exercise capacity at anaerobic threshold intensities.

4.2.2. Occupation-related performance
The FGT used in this study comprises a series of firefighting suppressive activities 
performed at near-maximal effort for over nine minutes. Astaxanthin did not improve 
FGT performance times or affect exercise heart rate, the on-tank oxygen needed to 
perform the FGT, or work efficiency. The only potentially ergogenic benefit observed 
was in the Keiser Sled number of hits, which simulates door breaching; however, this 
finding was not statistically significantly different between treatments (PLA: 17.0 ± 3.95; 
AX: 15.1 ± 2.36, p = 0.127, np

2 = 0.081, medium effect). Nevertheless, the time to perform 
the FGT was not affected. It should also be noted that since it took some time to turn off 
air tanks after mask removal and air may leak around the mask during intense exercise, air 
tank and piece differences may have been affected. Therefore, these data should be 
viewed as descriptive. Further work is needed to assess the impact of nutritional inter-
ventions on air tank utilization and the economy.

4.3. Safety

Our findings demonstrate that astaxanthin does not negatively affect whole blood cell 
count, liver function, renal function biomarkers, or self-perceived side effects. These 
findings are consistent with other studies reporting that astaxanthin is well-tolerated at 
the dosages studied.

4.4. Limitations and future directions

The present study is limited by several factors. First, coordinating testing sessions 
and scheduling around shiftwork/mandatory overtime shifts can be difficult. The 
participants may have experienced a high call volume during their shift before 
testing, influencing the performance outcomes. Future research should consider 
recording non-emergency/emergency response call volumes better to assess shift-
work’s impact on health and performance outcomes. Second, our study only 
involved four weeks of supplementation. While this represented the typical amount 
and length of supplementation of taking a commercial supplement, a longer 
supplementation duration is likely needed to induce favorable health and perfor-
mance outcomes. Third, we did not obtain a pre-supplementation baseline blood 
sample. Even though the study was conducted in a crossover manner, it is difficult 
to know how four weeks of astaxanthin supplementation affected fasting markers 
of cardiometabolic health. Fourth, air tank and piece differences may have been 
affected by air leaking around the mask and time to turn off the tanks and should 
therefore only be viewed as a descriptive estimate of air use. Fifth, while we 
monitored training compliance and participants completed a standardized training 
program, we did not record exercise intensities or amount of weight lifted to 
determine training volume. It is possible that astaxanthin may have allowed for 
more training to occur compared to the placebo. Lastly, the participants of the 
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present study were considered trained. Future work should assess the long-term 
effects of astaxanthin on unhealthy firefighters during more consistent training on 
cardiometabolic health outcomes.

5. Conclusion

Four weeks of astaxanthin supplementation (12 mg/d) attenuated VANT and appeared to 
blunt the clinically significant increase in some markers of inflammatory and oxidative 
stress during training, in response to an incremental maximal exercise test, and during the 
fire ground test. However, most changes observed were from assessing the clinical 
significance of changes from baseline within groups rather than between groups. 
Astaxanthin supplementation had no statistically or clinically-significant effects on cardi-
ometabolic health markers and performance measures. These findings provide some 
evidence that astaxanthin supplementation may help mediate occupation-related inflam-
mation and oxidative stress response to high-intensity, short-duration exercise in fire-
fighters. However, more research is needed to determine if long-term supplementation 
may have a greater impact in this population.
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