
nutrients

Article

Impact of Varying Dosages of Fish Oil on Recovery
and Soreness Following Eccentric Exercise

Trisha A. VanDusseldorp 1,* , Kurt A. Escobar 2, Kelly E. Johnson 3, Matthew T. Stratton 4,
Terence Moriarty 5 , Chad M. Kerksick 6 , Gerald T. Mangine 1 , Alyssa J. Holmes 1,
Matthew Lee 1, Marvin R. Endito 7 and Christine M. Mermier 7

1 Department of Exercise Science and Sport Management, Kennesaw State University,
Kennesaw, GA 30144, USA; gmangine@kennesaw.edu (G.T.M.); alyssajh@hotmail.com (A.J.H.);
mlee120@students.kennesaw.edu (M.L.)

2 Department of Kinesiology, California State University Long Beach, Long Beach, CA 90840, USA;
kurt.escobar@csulb.edu

3 Department of Exercise and Sport Science, Coastal Carolina University, Conway, SC 29528, USA;
kjohns10@coastal.edu

4 Kinesiology and Sport Management, Texas Tech University, Lubbock, TX 79409, USA;
matthew.stratton@ttu.edu

5 Department of Kinesiology, University of Northern Iowa, Cedar Falls, IA, 50614, USA;
terence.moriarty@uni.edu

6 School of Health Sciences, Lindenwood University, St. Charles, MO 63301, USA; ckerksick@lindenwood.edu
7 Department of Health, Exercise and Sports Sciences, University of New Mexico,

Albuquerque, NM 87131, USA; ray87323@yahoo.com (M.R.E.); cmermier@unm.edu (C.M.M.)
* Correspondence: tvanduss@kennesaw.edu; Tel.: +1-470-578-4266

Received: 16 June 2020; Accepted: 23 July 2020; Published: 27 July 2020
����������
�������

Abstract: Fish oils (FOs) are rich in omega-3 long-chain polyunsaturated fatty acids, which have
been purported to enhance recovery of muscular performance and reduce soreness post-exercise.
However, the most effective FO dose for optimizing recovery remains unclear. The purpose of this
investigation was to examine the effect of FO supplementation dosing on the recovery of measures
of muscular performance, perceived soreness, and markers of muscle damage following a rigorous
bout of eccentric exercise. Thirty-two college-aged resistance-trained males (~23.6 years, 71.6 kg,
172.1 cm) were supplemented with 2, 4, 6 g/day (G) FO or placebo (PL) for ~7.5 weeks. Following
7 weeks of supplementation, pre-exercise (PRE) performance assessments of vertical jump (VJ), knee
extensor strength, 40-yard sprint, T-test agility, and perceived soreness were completed prior to a bout
of muscle-damaging exercise and were repeated immediately post (IP), 1-, 2-, 4-, 24-, 48-, and 72-h
(H) post-exercise. Repeated measures analysis of variance indicated a treatment × time interaction
(p < 0.001) for VJ and perceived soreness, but no group differences were observed at any time point.
VJ returned to PRE (54.8 ± 7.9 cm) by 1H (51.8 ± 6.5 cm, p = 0.112) for 6G, while no other groups
returned to baseline until 48H. Lower soreness scores were observed in 6G compared to PL at 2H
(mean difference [MD] = 2.74, p = 0.046), at 24H (MD: 3.45, p < 0.001), at 48H (MD = 4.45, p < 0.001),
and at 72H (MD = 3.00, p = 0.003). Supplementation with 6G of FO optimized the recovery of jump
performance and muscle soreness following a damaging bout of exercise.

Keywords: muscle damage; muscle recovery; omega-3 polyunsaturated fatty acids; fish oil;
eccentric exercise

1. Introduction

It is well known that exercise induces both mechanical and metabolic stress [1–5]. While those
who are accustomed to exercise will often recover from an exercise session with limited negative
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repercussions, those engaging in unaccustomed exercise or rigorous training (e.g., eccentric exercise)
often experience undesirable side effects. These may include impaired muscle function [6,7], such as
decreases in strength, range of motion, and soreness [8,9]. Such outcomes are often products of
immediate post-exercise morphological alterations in the activated musculature [10], as well as
increases in inflammation [11] and markers of oxidative damage [12,13]. Such physiological alterations
may delay recovery and decrease subsequent performance.

To facilitate faster recovery and maintain subsequent training session volumes, intensity,
and performance, individuals who exercise and train employ a range of recovery strategies [14],
including massage therapy [15], myofascial release [16], stretching [17], nonsteroidal
anti-inflammatories [18], compression garments [19], and cryotherapy/cryostimulation [20],
among others. While these recovery strategies have been shown to be successful in alleviating
some of the symptoms of skeletal muscle damage, nutritional strategies have also been proposed
to mitigate the negative effects that one may experience following a damaging/rigorous bout
of exercise [21]. One dietary strategy that has garnered interest is consumption of omega-3
(ω-3) long-chain polyunsaturated fatty acids (LCPUFAs) [22]. The discovery of ω-3 LCPUFA’s
pleiotropic effects on human health (e.g., cardioprotective [23–25], triglyceride lowering [26–28],
and anti-inflammatory [29–31]) have driven significant medical and public interest, but of late, ω-3
LCPUFAs have caught the exercise community’s attention. ω-3 LCPUFAs, hereinafter referred to as
ω-3, are commonly obtained via the diet by consuming oily fish, such as tuna and salmon, and may
also be obtained via oral supplementation, such as fish oil (FO) soft-gel supplements.

Interest in the impact of theω-3 on “recovery”, or more specifically eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) in the form of FO supplementation, have been investigated using
an array of interventions, spanning damaging eccentric contractions [32–35], exhaustive endurance
exercise [36], and immobilization [37], in trained and untrained men and women [37–40], with only
limited work completed in women [35,40–42]. Current data suggests, and as highlighted in a
comprehensive systematic review by Heileson and Funderburk (2020), that FO supplementation
likely enhances recovery and preserves strength following stressful exercise. More specifically,
and as it relates to this literature, the term recovery may be defined as positive modulation in
blood biomarkers associated with muscle damage and fatigue, reductions in muscle swelling or
soreness/pain, improvements in joints’ range of motion, and improvements, maintenance, or a decrease
in the reduction of muscular performance in the recovery period, such as jump height or muscular
strength. The positive influence ofω-3 on these outcome measures has mostly been attributed to the
anti-inflammatory and immunomodulatory properties conferred by these fatty acids [43].

To date, conflicting results are present regarding FO’s ability to enhance recovery, which may
be partially attributed to the varying dosages of FO implemented (i.e., 1.8–6.0 g/day), as well as the
length of supplementation. While data suggest several positive impacts of EPA and DHA obtained
from FO supplements on recovery, there has yet to be a consensus on the dosage. Further, to the best
of our knowledge, no study has compared different dosages of FO supplements on recovery from
very strenuous muscle-damaging exercise. Thus, a FO dose–response investigation is warranted and
needed. It has been suggested that the minimum effective dose to enhance recovery is a 2G FO dose for
at least four weeks [22], but more research is needed to fully examine this recommendation. Therefore,
we sought to contribute to the gap in the scientific literature by investigating the dose–response of FO
supplementation on recovery from damaging resistance exercise. More specifically, the purpose of
the investigation was to examine the effect of 7 weeks of 2G, 4G, and 6G of FO supplementation on
markers of recovery (muscular performance, perceived muscle soreness, markers of muscle damage)
following damaging eccentric exercise in both men and women.
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2. Materials and Methods

2.1. Experimental Approach

Utilizing a randomized placebo-controlled double-blind experimental design, participants were
randomly assigned to consume 2- (2G), 4- (4G), or 6- (6G) g/da of either FO or placebo (PL)
supplementation for ~7.5 weeks (8 participants per group (4 males and 4 females per group); a 6-week
run in the supplementation period, 1 week involving familiarization testing at the beginning of the
week and experimental testing at the end of the week, and three days of recovery testing). Muscle
soreness, venous blood (for the assessment of creatine kinase (CK) and lactate dehydrogenase (LDH),
and indices of muscle function were collected prior to eccentric exercise, as well as immediately post,
1-, 2-, 4-, 24-, 48-, and 72-h (H) post-exercise. Participants continued to supplement until they completed
the 72H time-point. A study overview can be found in Figure 1. The study was approved by the
University of New Mexico (UNM) Institutional Review Board (HRRC #15–192) and data were collected
in accordance with the Declaration of Helsinki.
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2.2. Participants

All participants were informed verbally as to the aims and risks of the study as well as provided
written informed consent prior to study enrollment and participation. A total of 41 men and women
were recruited for this research study. Participants were recruited via flyers, email announcements,
and word of mouth. Sixteen males (n = 16; 23.8 ± 2.7 years 81.5 ± 9.9 kg, 175.7 ± 4.5 cm) and 16 females
(n = 16; 23.4 ± 3.1 years, 61.7 ± 7.2 kg, 170.4 ± 6.2 cm) completed the study (Table 1). Four males
and four females made up each supplement group. Participants were defined as recreationally active:
Currently engaging in resistance exercise, 3–5 days per week, with a minimum of 3-H per week and
a maximum of 8-H per week and no more than 2-H of aerobic exercise per week. All individuals
were apparently healthy without a history of disease or current medication use. Participants were
screened for supplementation use and only enrolled if they had not consumed fish oil supplements
one-year prior, creatine two months prior, and beta-alanine one month prior to study enrollment.
They were permitted to consume protein supplements and multivitamins during the 6-week run
in the supplementation period but asked to discontinue for the final 1.5-weeks of the investigation.
Participants who consumed 2 servings or greater of fish per week on a consistent basis were also
excluded. Females were excluded if they had taken any form of hormonal contraception one year prior
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to participation in the study. Of the nine participants who dropped out of the study, five (2 females,
3 males) removed themselves due to scheduling conflicts and four were removed for missing 5 or more
days of supplementation (1 female and 4 males). Regarding dropouts from randomly assigned groups,
the placebo, 2G, 4G, and 6G groups each experienced dropouts; specifically, two, two, three, and two
individuals dropped out from their assigned groups, respectively. No adverse events were reported by
any of the participants at any time related to supplementation.

Table 1. Participant descriptive for each supplement group. Participants were randomly assigned
(n = 8/group; 4 males and 4 females per group) to their designated supplement group. No significant
differences (p > 0.05), as determined via a one-way analysis of variance, were noted between groups for
age, height, body mass, body fat percentage, or calorie or protein intake from day 42–day 52.

Participant Characteristics 2G 4G 6G Placebo

Age (year) 23.5 ± 3.3 23.3 ± 3.0 23.8 ± 2.8 23.0 ± 3.0

Height (cm) 170.9 ± 6.9 172.9 ± 4.7 173.8 ± 7.6 173.6 ± 6.2

Body Mass (kg) 76.1 ± 14.2 69.7 ± 15.9 72.8 ± 13.5 67.9 ± 10.7

Body Fat (%) 20.8 ± 4.1 19.0 ± 6.2 19.4 ± 6.1 20.6 ± 7.2

Calorie Intake
(kcal/day)-Familiarization-Experimental

Trial (Day 42–Day 52)
2363.25 ± 489.13 2283.88 ± 375.98 2050.88 ± 552.04 2160.13 ± 415.21

Protein Intake
(g/kg)-Familiarization-Experimental

Trial (Day 42–Day 52)
1.28 ± 0.10 1.21 ± 0.24 1.23 ± 0.11 1.19 ± 0.17

2.3. Visit 1: Initial Screening and Supplement Distribution

Following written informed consent and determination of study involvement, participants’ height
and body mass were assessed using a calibrated scale (Tanita Model #3101, Arlington Heights, IL, USA)
and stadiometer (Seca, Chino, CA, USA). Following this, the 3-site skinfold (Lange Skinfold Caliper,
Cambridge Scientific Industries, Cambridge, MD, USA) measurement was collected and body fat
percentage was determined using the sex-specific Jackson–Pollock 3-site skinfold technique [44,45] for
demographic purposes. All participants were then counseled on how to complete dietary food logs,
dietary recommendations, and physical activity logs, and were randomly assigned to a supplement
group, given their supplements, and then scheduled to return at the end of their 6-week supplementation
regimen (day 42) (Figure 1).

Supplementation and Diet

Participants ingested either 2G, 4G, or 6G of either FO (MusclePharm, MusclePharm, Denver,
CO, USA) or placebo (PL) (safflower oil, MusclePharm) daily for ~7.5 weeks following visit 1. Each FO
capsule contained 400 mg of EPA and 300 mg of DHA, and provided a total FO dose of 1000 mg. Table 2
shows the EPA and DHA breakdown for each FO supplement group (divided into two doses per
day—morning and evening). Regardless of group, pills were the same shape, color, size, and texture.
Supplementation compliance was defined as consuming the assigned supplement on 47 of the 52
required days (~90%) and no missed supplements during the final 1.5-weeks of testing. Compliance
was checked by a member of the research team on a bi-weekly basis.

Participants were asked to maintain their normal dietary intake up until one week before
pre-testing (or day 49), with which a protein intake of 1.2 g/kg/day was recommended throughout the
remainder of the study. A registered dietician was made available to counsel individuals on protein
intake, if needed.
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Table 2. Eicosapentaenoic acid and docosahexaenoic acid totals per day of supplementation for each
fish oil supplemented group.

Supplementation EPA (mg) DHA (mg) Total EPA+DHA (mg)

2G FO 800 600 1400

4G FO 1600 1200 2800

6G FO 2400 1800 4200

FO = fish oil, G = grams per day, EPA = eicosapentaenoic acid, DHA = docosahexaenoic acid, mg = milligrams.

2.4. Visit 2: One-Repetition Maximum (1RM), Familiarization, and Diet Counseling

Following 6-weeks of supplementation, participants returned to the laboratory for one-repetition
maximum (1RM) and familiarization of muscle function indices. Participants were asked to bring their
dietary recall sheets (2 weekdays and 1 weekend day) for the past 6-weeks, as well as make note of
any changes to their training habits. A member of the research team also made a note of supplement
dosages missed, if applicable. Back squat 1RM was determined according to methods previously
described (Kraemer et al. 1995) using a Smith machine (Pro-Elite Strength Systems, Salt Lake City,
UT, USA). Following a 10-min self-selected dynamic warm-up, each participant completed a specific
warm-up that included one set of 8–10 repetitions at 50% of their estimated (est) 1RM), a second set
of 3–5 repetitions at ∼75% of 1RMest, and a third set of 1–3 repetitions at ∼90% of 1RMest. After the
warm-up, each participant’s 1RM was determined within 3 maximal one-repetition trials separated by
3–5 min of rest. Attempts was defined as successful when the participant reached a depth equal to 90◦

of knee flexion and returned to their starting position (i.e., knees and hips at full extension). Spotters
were present to provide verbal encouragement and spotting to ensure the safety of the subjects.

Following the 1RM assessment, participants were asked to rest for 10 min, and then completed
a thorough familiarization of the countermovement vertical jump (VJ), T-test agility, 40-yard (yd)
sprint, and maximal voluntary isometric contraction (MVIC) of the quadriceps at 120◦ of knee flexion
to eliminate any learning effects on test performance during data collection. During the 10 min of
rest, participants were familiarized with the visual analog scale used for the assessment of perceived
muscle soreness. Following the conclusion of the 1RM assessment and familiarization of performance
assessments, participants were counseled on maintaining their normal caloric intake, while adhering
to a protein intake of 1.2 g/kg/day throughout the remainder of the study. A registered dietician was
available for counsel if necessary. Participants were asked to return one week later to complete the
investigational protocol.

2.5. Visit 3: Investigational Protocol (Muscle-Damaging Exercise Visit)

Upon arrival to the laboratory, a phlebotomist collected the first (pre-exercise) of five blood
samples, followed by pre-exercise assessment (PRE) of perceived soreness, VJ, T-test agility, 40-yd
sprint, and MVIC. Participants then completed a 10-min self-selected dynamic warm-up followed
by the muscle-damaging squat exercise protocol. Following completion of the exercise protocol,
participants had their blood drawn, rated their current perceived muscle soreness, and completed all
measures of muscle performance testing, IP, 1-, 2-, 4-, 24-, 48-, and 72-H post-squat exercise.

Resistance Exercise Protocol

Participants completed eccentric squats (4-s lowering phase and 1-s upward phase) in order to
induce muscle damage. All participants completed the squat exercise: 10 sets of 8 repetitions, 70% 1RM
using a Smith machine. Three minutes of rest was permitted between sets. Following the 10th squat
set, participants completed 5 sets of 20 consecutive split jump-squats using only their body weight.
Two minutes of rest was permitted between sets. Following competition of set 5, the muscle-damaging
resistance exercise protocol was considered complete.
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2.6. Blood Collection, Perceived Soreness, and Muscle Performance Indices

2.6.1. Blood Collection and Assessments

Blood was collected pre-muscle-damaging exercise, IP, 1-, 2-, 4-, 24-, 48-, and 72-H post-exercise
for the collection of plasma. Blood samples were collected from the antecubital vein, centrifuged
at 1650× g for 10 min, and stored at −80 ◦C until analysis. As indirect markers of muscle damage,
plasma concentrations of CK and LDH were determined at pre-muscle-damaging exercise, 4-, 24-, 48-,
and 72-H. CK (Pointe Scientific, Canton, MI, USA) and LDH (Pars Azmoon Inc. Tehran, Iran) were
determined in duplicate using enzymatic assays according to the manufacturer’s guidelines.

2.6.2. Perceived Soreness

A paper-version visual analog scale was used to assess perceived soreness. Zero centimeters
represented no soreness, while 10 cm represented extreme soreness. Participants rated their perceived
soreness at all time-points (pre-exercise, IP, 1-, 2-, 4-, 24-, 48-, and 72-H).

2.6.3. Vertical Jump

Following appropriate determination of their standing height, the participant’s maximum
countermovement VJ was assessed using a Vertec device (Perform Better, West Warwick, RI, USA).
Participants were allowed three jumps, with the highest jump recorded and used for statistical analysis.
Two minutes of rest was given between attempts.

2.6.4. T-Test Agility Test

The T-test is used to measure agility. Participants began with both feet behind the tape line.
Participants were instructed to sprint forward (from the start cone) (10-yd) and touch a cone directly in
front of them, then lateral shuffle to the left (5-yd) and touch a second cone, then shuffle right (10 yd)
and touch a third cone, before shuffling back, left, 5-yd to the middle, and backpedaling past the start
cone (5-yd) to finish the test. Two stopwatch timers (Pro survivor, 6013-3v, AccuSplit, Pleasanton, CA)
were used to measure the total time in seconds(s) from the start of the movement until the participant
crossed the finish line. An average of the two timers’ times was used for statistical analysis.

2.6.5. Forty-Yard Sprint

Participants were asked to sprint 40-yd as fast as possible in a straight line down a non-occupied
Terazzo Tile surface hallway. They were instructed to begin with their preferred foot forward and
placed on a line taped on the floor from a standing position. The same forward foot was used for
all test timepoints. Participants performed three sprints and an automatic digital timer linked to
sensors (Bower Timing Systems, Draper, UT) was placed at the 0- and 40-yd marks to assess the total
sprint time.

2.6.6. Maximal Voluntary Isometric Contraction

Using the Biodex System 4 (Shirley, NY, USA), participants’ MVIC strength of the dominant
limb knee extensor was assessed. Each participant’s Biodex chair position was kept standard for all
visits and attempts. The participant’s knee was placed at 120◦ of flexion. Three 5-s contractions were
completed with one minute of rest between attempts. The attempt resulting in the highest peak torque
(newton-meters) was recorded and used for statistical analysis.

2.7. Statistical Analysis

A one-way analysis of variance (ANOVA) was performed to determine between-group differences
at baseline. To determine the effect of FO dosing, separate treatment (4 levels: PL, 2G, 4 G, 6G) × time
(8 levels: PRE, and IP, H, 2H, 4H, 24H, 48H, and 72H post-muscle-damaging exercise) ANOVA with
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repeated measures was completed on all performance measures (i.e., vertical jump height, T-test, 40-yd
sprint, and MVIC), CK, LDH, and perceived muscle soreness data. In the event of a significant F-ratio,
a repeated measures ANOVA with a Bonferonni correction was performed on each group separately
to determine the main effect of time and specific time differences. Additionally, separate one-way
ANOVAs were performed at IP, 1H, 2H, 4H, 24H, 48H, and 72H to examine group differences at each
time point followed by Tukey’s honestly significant difference post-hoc analysis with any significant
F-ratio. All between-group differences were further analyzed using effect sizes (η2: Partial eta squared).
Interpretations of the effect size were evaluated [46] at the following levels: Small effect (0.01–0.058),
medium effect (0.059–0.137), and large effect (>0.138). A criterion alpha level of p ≤ 0.05 was used to
determine statistical significance. All data are reported as mean ± standard deviation. SPSS statistical
software (V. 24.0, Chicago, IL, USA) was used for all analyses.

3. Results

3.1. Performance Measures

A large dosing effect was observed in the interaction between treatment and time on VJ height
(F = 2.66, p < 0.001, η2 = 0.22). Post-hoc analysis indicated significant (p < 0.001) main effects for time
for each group. At IP, VJ height was significantly reduced for PL (−17.4 ± 6.0%, p < 0.001), 2G (−13.9 ±
6.9%, p = 0.019), 4G (−12.4 ± 6.5%, p = 0.036), and 6G (−5.4 ± 2.8%, p = 0.022). However, VJ performance
recovered to PRE by 1 h for 6G (p = 0.112), whereas it remained depressed (p < 0.03) from PRE for all
other groups until 48H; an exception was noted for 2G at 4H (p = 0.13). No group differences were
observed at any specific time point. The changes in VJ performance are illustrated in Figure 2.
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Figure 2. Effect of fish oil supplementation dosing on the recovery of vertical jump height following a
bout of muscle-damaging exercise. (n = 32; n = 8 per group; data are presented as mean ± standard
deviation). * indicates statistical significance (p < 0.05) from PRE for a given fish oil dose; PRE =

pre-exercise; IP = immediate post-exercise; H = hour post-exercise; PL = placebo; G = grams per day;
cm = centimeters.

Although repeated measures ANOVA did not reveal any other significant (treatment × time)
interactions, a significant main effect for time was observed for MVIC (F = 43.68, p < 0.001, η2 = 0.61)
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and a tendency was noted for the 40-yd sprint time to improve (F = 3.26, p = 0.072, η2 =0.10) (Tables 3
and 4). When the data were collapsed across groups, MVIC was significantly (all p < 0.001) reduced
from PRE (234 ± 66 Nm) at IP (185 ± 65 Nm), 1H (181 ± 57 Nm), 2H (185 ± 58 Nm), 4H (188 ± 60 Nm),
24H (194 ± 65 Nm), 48 H (206 ± 66 Nm), and 72H (223 ± 70 Nm). Likewise, when the 40-yd sprint
time data were collapsed across groups, significantly (p < 0.005) slower sprint times were observed
at IP (6.20 ± 0.69 s), 1H (6.10 ± 0.65 s), 2H (6.07 ± 0.60 s), 4H (6.13 ± 0.71 s), 24H (6.13 ± 0.78 s), 48H
(6.26 ± 2.15 s), and 72H (5.76 ± 0.59 s) compared to PRE times (5.63 ± 0.48 s). Complete data for
MVIC and 40-yd sprint can be found in Tables 3 and 4, respectively. No effects on T-test performance
were observed.

Table 3. Maximal voluntary isometric contraction of the dominant limb knee extensors for each group
at all time-points. All values are newton-meters (Nm). n = 8/group; 4 males and 4 females per group

Time Point 2G 4G 6G Placebo

PRE 233.26 ± 63.45 221.76 ± 50.21 250.74 ± 85.51 230.95 ± 70.36

IP 182.00 ± 63.79 172.55 ± 61.28 217.16 ± 70.46 169.64 ± 65.47

1H 182.41 ± 51.02 174.56 ± 54.36 196.23 ± 64.08 169.25 ± 65.89

2H 183.06 ± 53.45 174.85 ± 53.53 210.64 ± 68.17 172.95 ± 60.08

4H 189.03 ± 42.78 171.20 ± 56.02 222.51 ± 79.28 170.38 ± 62.35

24H 191.46 ± 57.54 178.75 ± 57.00 229.79 ± 74.16 175.64 ± 66.94

48H 204.10 ± 59.57 196.05 ± 65.85 231.13 ± 73.67 191.59 ± 68.22

72H 224.93 ± 62.66 205.76 ± 54.48 251.28 ± 89.69 211.43 ± 67.93

PRE = pre-exercise, IP = immediate post-exercise, H = hour, G = grams per day; data are presented as mean ± SD.

Table 4. Sprint (40-yd) time (s) for each group at all time-points. All values are seconds. n = 8/group;
4 males and 4 females per group

Time Point 2G 4G 6G Placebo

PRE 5.69 ± 0.38 5.63 ± 0.55 5.51 ± 0.41 5.68 ± 0.61

IP 6.36 ± 0.53 6.17 ± 0.83 5.81 ± 0.31 6.46 ± 0.87

1H 6.25 ± 0.57 6.03 ± 0.64 5.74 ± 0.39 6.38 ± 0.84

2H 6.19 ± 0.49 6.04 ± 0.64 5.75 ± 0.45 6.31 ± 0.74

4H 6.19 ± 0.50 6.04 ± 0.61 5.73 ± 0.43 6.56 ± 1.02

24H 6.19 ± 0.57 6.13 ± 0.92 5.72 ± 0.31 6.48 ± 1.03

48H 5.93 ± 0.37 5.90 ± 0.70 5.68 ± 0.32 6.27 ± 0.92

72H 5.79 ± 0.44 5.79 ± 0.67 5.52 ± 0.41 5.96 ± 0.79

PRE = pre-exercise, IP = immediate post-exercise, H = hour, G = grams per day; data are presented as mean ± SD).

3.2. Perceived Soreness

A large dosing effect was observed in the interaction between treatment and time on perceived
soreness (F = 2.32, p < 0.001, η2 = 0.20). At IP, perceived soreness was similar (p > 0.05) to PRE-perceived
soreness for all groups, though perceived soreness tended to be elevated for PL (4.5 ± 2.8 arbitrary units
(au), p = 0.071) and 2G (3.4 ± 2.2 au, p = 0.093). Further, a difference (p = 0.024) was observed between
6G (1.5 ± 1.3 au) and 4G (5.5 ± 3.7 au). Subsequently, significant (p < 0.05) perceived soreness score
elevations beginning at 1H and continuing through 48H were observed for PL and 4G; an exception
was noted for PL at 4H (p = 0.147). For 2G, the perceived soreness score did not significantly rise until
24H (5.8 ± 1.7 au, p < 0.001), at which point it remained elevated through 48H (5.0 ± 1.6 au, p < 0.001).

For 6G, the perceived soreness score was significantly elevated at 4H (3.3 ± 1.0 au, p < 0.001) and
24H (4.4 ± 1.9 au, p = 0.009). Lower perceived soreness scores were reported for 4G compared to PL at
24H (mean difference = 2.38, p = 0.023) and 72H (mean difference: 2.38, p = 0.025). Compared to 6G,
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greater perceived soreness scores were observed in PL at 2H (mean difference = 2.74, p = 0.046), 24H
(mean difference: 3.45, p < 0.001), 48H (mean difference = 4.45, p < 0.001), and 72H (mean difference =

3.00, p = 0.003). Lower perceived soreness scores for 6G were also noted when compared to 2G (mean
difference = 3.20, p = 0.011) and 4G (mean difference = 2.74, p = 0.034) at 48H. Other group differences
were variable by time-point. The effect of fish oil dosing on perceived soreness is illustrated in Figure 3.
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Figure 3. Effect of fish oil supplementation dosing on perceived muscle soreness following resistance
exercise (mean ± SD). (n = 8/group; 4 males and 4 females per group). * Significant (p < 0.05) difference
from PRE. † Significant (p < 0.05) difference between groups.

3.3. Indirect Markers of Muscle Damage

Group x time interactions were observed for CK (F = 2.63, p = 0.018, η2 = 0.22) and LDH (F = 4.00,
p < 0.001, η2 = 0.30) (Table 5). Significant (p < 0.05) main effects for time were observed for all dosage
groups in relation to PRE concentrations (CK and LDH). Compared to PL (CK: 1805 ± 2035 IU/L;
LDH: 410 ± 200 IU/L), CK tended (p = 0.055) to be lower at 72H for 6G (114 ± 21 IU/L) while LDH
tended to be lower for 6G at 24H (194 ± 49 IU/L) and 48H (198 ± 55 IU/L) before significantly (p = 0.005)
lower concentrations were observed at 72H (131 ± 28 IU/L). At 24H, lower (p = 0.020) CK concentrations
were observed in 6G (545 ± 151 IU/L) compared to 2G (3021 ± 1753 IU/L). At 48H, CK concentrations
tended (p = 0.076) to be lower in 6G (261 ± 104 IU/L) compared to 4G (2188 ± 2110 IU/L). At 72H, lower
(p = 0.005) LDH concentrations were observed in 6G compared to 2G (412 ± 135 IU/L).

Table 5. Creatine kinase (CK) and lactate dehydrogenase (LDH) blood values for each group at all
time-points. n = 8/group; 4 males and 4 females per group.

Baseline PRE 2-HR 4-HR 24-HR 48-HR 72-HR

Creatine
Kinase (IU/L)

PL 115.8 ± 70.5 116.1 ± 70.4 218.1 ± 67.9 355.8 ± 141.7 1751.9 ± 1397.3 1784.5 ± 1713.5 1804.9 ± 2034.8
2G 89.9 ± 44.1 89.6 ± 42.2 193.3 ± 93.9 427.6 ± 198.4 3020.6 ± 1753.4 2060.6 ± 1353.3 956.8 ± 692.7
4G 108.8 ± 59.2 101.9 ± 56.6 181.3 ± 72.4 435.8 ± 290.0 2058.0 ± 2217.7 2188.3 ± 2110.3 1371.1 ± 1309.9
6G 106.0 ± 17.0 102.9 ± 19.3 128.0 ± 58.8 285.1 ± 121.3 544.5 ± 150.8 261.1 ± 103.5 114.3 ± 21.1
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Table 5. Cont.

Baseline PRE 2-HR 4-HR 24-HR 48-HR 72-HR

Lactate
Dehydrogenase

(IU/L)
PL 108.3 ± 52.6 109.5 ± 46.7 167.3 ± 74.7 193.9 ± 106.8 401.2 ± 165.3 423.3 ± 186.2 410.0 ± 200.3
2G 121.6 ± 16.5 121.4 ± 17.8 151.0 ± 39.9 188.6 ± 108.1 364.0 ± 139.7 397.5 ± 139.9 412.1 ± 135.0
4G 167.6 ± 87.5 149.6 ± 70.7 197.1 ± 73.2 210.3 ± 79.5 376.1 ± 212.5 375.9 ± 233.9 237.7 ± 180.1
6G 114.3 ± 15.6 114.5 ± 17.0 152.9 ± 45.5 181.4 ± 53.8 194.2 ± 49.2 198.0 ± 55.0 130.9 ± 28.3

4. Discussion

This is the first study to examine the dose–response impact of FO supplementation on markers of
recovery following vigorous eccentric exercise. This is the second study with which our research group
has utilized lower body eccentric resistance exercise to induce skeletal muscle damage in order to study
recovery. Like a previous investigation [47], it appears from the significant time effects and magnitude
of responses that the exercise protocol adequately induced skeletal muscle damage, as indirectly
assessed by the post-exercise increases in participants’ CK and LDH concentrations, reductions in
muscular performance, and increases in perceived soreness. Thus, we are confident that we were able
to adequately examine the impact of different FO dosages on recovery.

To date, research on the role of FO on recovery from vigorous exercise has focused on a single
dosage (2G for example) compared to a placebo, with the exception of Jakeman et al. [48], who used
a single relative dose. With the previously published literature in mind, we aimed to explore 2-, 4-,
and 6G per day of FO supplementation, as it spans many of the dosages studied to date. The primary
finding from our research indicates that 6G of FO (2400 mg/day EPA and 1800 mg/day DHA) is most
effective for delaying perceived muscle soreness following a damaging bout of exercise and perceived
soreness at the 6G dose displayed lowered soreness ratings at all post-exercise time-points when
compared to all other supplementation groups. Further, 6G enhanced the recovery of VJ performance,
which was evident on the same day participants completed the damaging bout of eccentric exercise
(at 1H post) and throughout the entire 72H recovery period. While statistical significance was variable,
interestingly, 6G of FO tended to result in lower levels of markers of indirect muscle damage.

It is understood that the perception of soreness one experiences following unaccustomed
or vigorous exercise results from increased nociceptor signaling, specifically group III and IV
afferents [49,50]. More specifically, damaged skeletal muscle is infiltrated with inflammatory markers
(e.g., proinflammatory prostaglandins, histamines, kinins) and edema, which apply pressure to the
nociceptors [49–51]. Omega-3 fatty acids (i.e., EPA and DHA) found in FO supplements produce
anti-inflammatory and inflammation-resolving mediators (e.g., protectins, resolvins, maresins),
while simultaneously reducing the transcription of proinflammatory cytokine genes [52]. Thus,
FO supplements have the potential to reduce the perception of soreness by indirectly decreasing
nociceptor activation.

The literature to date has been published examining FO supplementation and perceived soreness
following damaging or vigorous exercise [32–34,38,41,53–56]. While a direct comparison is impossible
due to the array of damaging or vigorous exercise protocols that have been studied (e.g., eccentric
squat, bench stepping, eccentric exercise of the elbow flexors), our finding that 6G FO supplementation
reduces perceived soreness following a single bout of damaging exercise has been demonstrated in
previous research. Specifically, our results are in agreement with an investigation by Tinsley et al. [33],
who examined 6G of FO supplementation compared to PL. It was noted that females, who were
untrained and consumed 6G FO, reported less muscle soreness at rest and during functional movements
of both the upper and lower body following vigorous resistance exercise (10 sets to failure, 50%
1RM—both elbow flexion and knee extension). It should be noted that the findings were not
statistically significant, but a 33% to 42% lower effect size for FO was noted in the post-exercise
period. One prominent difference between the Tinsley et al. investigation and our study is that
we employed a seven-week run-in the supplementation period prior to inducing muscle damage,
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while their experimental design included supplementation for seven days prior to the damaging
exercise bout. To add, and in contrast to our findings, an investigation by McKinely-Barnard et al. [40]
found that 6G per day FO for 21 days resulted in higher perceived soreness ratings by young women 6-
and 24-H post-eccentric exercise when compared to PL. Interestingly, the investigation utilized the
same supplementation (FO and PL brands) as our study. While our results support the higher dosage
of 6G, the literature to date on this dose is variable.

Further, and importantly, previous research on FO dosages less than 6G has also yielded positive
outcomes on the perception of soreness. An investigation of untrained men consuming 1.8G FO for
30 days demonstrated significant decreases in delayed onset muscle soreness at 48 h post-eccentric
exercise (bench stepping) [57]. Similar results have also been noted by Jouris et al. [32] and Lembke
and colleagues [35], who found 3G FO for 7 days and 2.7G FO for 30 days, respectively, resulted
in significant decreases in perceived soreness. Overall, the majority of the literature to date tends
to support supplementation with FO from low (1.8G) to higher (6G) dosages per day to decrease
perceived soreness [32,33,35,38,53,54,56,57], though conflicting data do exist [34,41].

It has been highlighted that following the consumption of omega-3 fatty acids, omega-3 blood
profiles increase, often in a dose-dependent manner, within days [58,59]. However, the incorporation
of omega-3 fatty acids into skeletal muscle takes longer due to the slower fatty acid turnover in skeletal
muscle [37,58]. As such, and to the best of our knowledge, the literature to date on FO supplementation
and perception of soreness following vigorous training or skeletal muscle-damaging exercise ranges
from 1 to 8 weeks in both trained and untrained men and women, with results indicating that both short
and longer duration supplementation may positively impact the perception of soreness (i.e., lower it)
following vigorous/damaging bouts of exercise (for a recent review, please see [22]). While our results
positively support 7 weeks of supplementation with 6 g per day, compared with lesser dosages, we did
not investigate shorter time periods, and thus more research is warranted.

While previous research has indicated FO supplementation may attenuate losses in muscular
strength following vigorous exercise [35,54,55], our results do not support these findings, which is
similar to the majority of research to date [34,40,41,53,55]. It is thought that FO may reduce the amount
of damage assumed by the worked skeletal muscle and conserve strength and power production,
and thus muscular performance. As such, we examined participants’ dominant knee extensors’
MVIC, as well as more applied aspects of muscular performance testing (T-test agility, 40-yd dash,
and VJ). Our results indicated no meaningful impact of FO supplementation on MVIC, T-test agility,
and 40-yd dash performance. Interestingly, 6G of FO supplementation positively impacted VJ recovery,
an assessment of muscular power, at 24H post-exercise and throughout the remainder of the recovery
period. As the VJ assessment is an indirect test of very brief lower-body power production [60],
the simple decrease in perceived soreness in the 6G group may have contributed to these results.
Interestingly, our VJ recovery results are similar to that of Jakeman and colleagues [60], despite the vast
differences in FO supplementation time periods and different FO supplement regimens. Specifically,
Jakeman et al. incorporated a single relative FO dose of either “high” (EPA 750 mg, DHA 50 mg) or
“low” (EPA 150 mg, DHA 100 mg) at a dose of 1 g per 10 kg of body mass immediately post-plyometric
exercise. Results from their investigation indicated that the decrement in VJ performance was ~4%
after 1H for the high-EPA group in comparison with the ~10% and ~15% decrements observed for
the control or low-EPA groups, respectively. The high-EPA group returned to within ~2% of the
baseline performance after 24H, in comparison with the control and low-EPA groups, whereby their VJ
performance was still ~4.4% and 3.8% below baseline at the 96H post-exercise time-point.

While our research is novel in that it is the first to examine the impact of different FO dosages
with the same EPA/DHA ratio on recovery from skeletal muscle-damaging exercise, there are a few
limitations to this research. We did not measure the increase in omega-3 fatty acid levels in the blood
or skeletal muscle. Further, in females, we did not control for the menstrual cycle phase, which may
have influenced our results. Lastly, our small sample size did not allow use to determine differences
between sexes for dependent variables. This may have attributed to the lack of significant differences
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noted between groups, especially for blood enzymes. However, our research is the first to employ
a comprehensive assessment of perceived soreness, muscular performance, and blood biomarkers
following prolonged supplementation of varying FO doses in both men and women, making this
research novel.

5. Conclusions

Based on the results of our investigation, we suggest exercising individuals undergoing vigorous
or unaccustomed exercise consume a higher dose of 6G per day (2400 mg EPA, 1800 mg DHA) in order
to reduce perceived soreness and improve acute power production in the recovery period.

The ideal dose of FO should continue to be researched in exercising men and women,
with appropriate caution towards high-dose FO and the potential inhibition of platelet function [61].
Further, future investigations should consider incorporating a comprehensive assessment of
inflammatory markers, as well as conducting acute and long-term FO supplementation periods
at different dosages, as well as different EPA and DHA ratios.

Author Contributions: Conceptualization, T.A.V., C.M.K., and C.M.M.; methodology, T.A.V., K.A.E., K.E.J., M.T.S.,
T.M., C.M.K., and C.M.M.; formal analysis, T.A.V., G.T.M., A.J.H., M.L., and M.R.E.; investigation, T.A.V., K.A.E.,
K.E.J., M.T.S., T.M., and M.R.E.; resources, T.A.V, C.M.K., and C.M.M.; data curation, T.A.V., K.A.E., K.E.J., M.T.S.,
G.T.M., A.J.H., M.L., and M.R.E.; writing—original draft preparation, T.A.V, G.T.M., and K.E.J.; writing—review
and editing, T.A.V., K.A.E., K.E.J., M.T.S., T.M., C.M.K., G.T.M., A.J.H., M.L., M.R.E., and C.M.M.; supervision,
T.A.V., C.M.K, and C.M.M.; project administration, T.A.V.; funding acquisition, T.A.V., C.M.K, and C.M.M.
All authors have read and agreed to the published version of the manuscript.

Funding: International Society of Sports Nutrition and MusclePharm Grant.

Acknowledgments: The authors would like to acknowledge MusclePharm® for donating the fish oil supplements
and placebo.

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

References

1. De Freitas, M.C.; Gerosa-Neto, J.; Zanchi, N.E.; Lira, F.S.; Rossi, F.E. Role of metabolic stress for enhancing
muscle adaptations: Practical applications. World J. Methodol. 2017, 7, 46–54. [CrossRef] [PubMed]

2. Friden, J.; Lieber, R.L. Eccentric exercise-induced injuries to contractile and cytoskeletal muscle fibre
components. Acta Physiol. Scand. 2001, 171, 321–326. [CrossRef] [PubMed]

3. Fielding, R.A.; Manfredi, T.J.; Ding, W.; Fiatarone, M.A.; Evans, W.J.; Cannon, J.G. Acute phase response in
exercise. III. Neutrophil and IL-1 beta accumulation in skeletal muscle. Am. J. Physiol. 1993, 265, R166–R172.
[PubMed]

4. Cannon, J.G.; Meydani, S.N.; Fielding, R.A.; Fiatarone, M.A.; Meydani, M.; Farhangmehr, M.; Orencole, S.F.;
Blumberg, J.B.; Evans, W.J. Acute phase response in exercise. II. Associations between vitamin E, cytokines,
and muscle proteolysis. Am. J. Physiol. 1991, 260, R1235–R1240. [CrossRef] [PubMed]

5. Hyldahl, R.D.; Nelson, B.; Xin, L.; Welling, T.; Groscost, L.; Hubal, M.J.; Chipkin, S.; Clarkson, P.M.;
Parcell, A.C. Extracellular matrix remodeling and its contribution to protective adaptation following
lengthening contractions in human muscle. FASEB J. 2015, 29, 2894–2904. [CrossRef] [PubMed]

6. Sayers, S.P.; Clarkson, P.M. Force recovery after eccentric exercise in males and females. Eur. J. Appl. Physiol.
2001, 84, 122–126. [CrossRef]

7. Byrne, C.; Eston, R. The effect of exercise-induced muscle damage on isometric and dynamic knee extensor
strength and vertical jump performance. J. Sports Sci. 2002, 20, 417–425. [CrossRef]

8. Miles, M.P.; Clarkson, P.M. Exercise-induced muscle pain, soreness, and cramps. J. Sports Med. Phys. Fit.
1994, 34, 203–216.

9. Clarkson, P.M.; Newham, D.J. Associations between muscle soreness, damage, and fatigue. Adv. Exp.
Med. Biol. 1995, 384, 457–469.

10. Morgan, D.L.; Allen, D.G. Early events in stretch-induced muscle damage. J. Appl. Physiol. 1999, 87,
2007–2015. [CrossRef]

http://dx.doi.org/10.5662/wjm.v7.i2.46
http://www.ncbi.nlm.nih.gov/pubmed/28706859
http://dx.doi.org/10.1046/j.1365-201x.2001.00834.x
http://www.ncbi.nlm.nih.gov/pubmed/11412144
http://www.ncbi.nlm.nih.gov/pubmed/8342683
http://dx.doi.org/10.1152/ajpregu.1991.260.6.R1235
http://www.ncbi.nlm.nih.gov/pubmed/1905495
http://dx.doi.org/10.1096/fj.14-266668
http://www.ncbi.nlm.nih.gov/pubmed/25808538
http://dx.doi.org/10.1007/s004210000346
http://dx.doi.org/10.1080/026404102317366672
http://dx.doi.org/10.1152/jappl.1999.87.6.2007


Nutrients 2020, 12, 2246 13 of 15

11. Peake, J.; Nosaka, K.; Suzuki, K. Characterization of inflammatory responses to eccentric exercise in humans.
Exerc. Immunol. Rev. 2005, 11, 64–85. [PubMed]

12. Gomez-Cabrera, M.C.; Vina, J.; Ji, L.L. Interplay of oxidants and antioxidants during exercise: Implications
for muscle health. Phys. Sportsmed. 2009, 37, 116–123. [CrossRef] [PubMed]

13. Jamurtas, A.Z. Exercise-Induced Muscle Damage and Oxidative Stress. Antioxidants 2018, 7, 50. [CrossRef]
[PubMed]

14. Howatson, G.; van Someren, K.A. The prevention and treatment of exercise-induced muscle damage.
Sports Med. 2008, 38, 483–503. [CrossRef]

15. Poppendieck, W.; Wegmann, M.; Ferrauti, A.; Kellmann, M.; Pfeiffer, M.; Meyer, T. Massage and Performance
Recovery: A Meta-Analytical Review. Sports Med. 2016, 46, 183–204. [CrossRef]

16. Cheatham, S.W.; Kolber, M.J.; Cain, M.; Lee, M. The Effects of Self-Myofascial Release Using a Foam Roll or
Roller Massager on Joint Range of Motion, Muscle Recovery, and Performance: A Systematic Review. Int. J.
Sports Phys. Ther. 2015, 10, 827–838.

17. Apostolopoulos, N.C.; Lahart, I.M.; Plyley, M.J.; Tauton, J.; Nevill, A.M.; Koutedakis, Y.; Wyon, M.;
Metsios, G.S. The effects of different passive static stretching intensities on recovery from unaccustomed
eccentric exercise—A randomized controlled trial. Appl. Physiol. Nutr. Metab. 2018, 43, 806–815. [CrossRef]

18. Morelli, K.M.; Brown, L.B.; Warren, G.L. Effect of NSAIDs on Recovery from Acute Skeletal Muscle Injury:
A Systematic Review and Meta-analysis. Am. J. Sports Med. 2018, 46, 224–233. [CrossRef]

19. Marqués-Jiménez, D.; Calleja-González, J.; Arratibel, I.; Delextrat, A.; Terrados, N. Are compression garments
effective for the recovery of exercise-induced muscle damage? A systematic review with meta-analysis.
Physiol. Behav. 2016, 153, 133–148.

20. Fonda, B.; Sarabon, N. Effects of whole-body cryotherapy on recovery after hamstring damaging exercise:
A crossover study. Scand. J. Med. Sci. Sports 2013, 23, e270–e278. [CrossRef]

21. Harty, P.S.; Cottet, M.L.; Malloy, J.K.; Kerksick, C.M. Nutritional and Supplementation Strategies to Prevent
and Attenuate Exercise-Induced Muscle Damage: A Brief. Review. Sports Med. Open 2019, 5, 1. [CrossRef]

22. Heileson, J.L.; Funderburk, K. The effect of fish oil supplementation on the promotion and preservation of
lean body mass, strength, and recovery from physiological stress in young, healthy adults: A systematic
review. Nutr. Rev. 2020, 1–14. [CrossRef] [PubMed]

23. Kris-Etherton, P.M.; Harris, W.S.; Appel, L.J. Fish consumption, fish oil, omega-3 fatty acids, and cardiovascular
disease. Circulation 2002, 106, 2747–2757. [CrossRef] [PubMed]

24. Adkins, Y.; Kelley, D.S. Mechanisms underlying the cardioprotective effects of omega-3 polyunsaturated
fatty acids. J. Nutr. Biochem. 2010, 21, 781–792. [CrossRef]

25. Sekikawa, A.; Cui, C.; Sugiyama, D.; Fabio, A.; Harris, W.S.; Zhang, X. Effect of High.-Dose Marine Omega-3
Fatty Acids on Atherosclerosis: A Systematic Review and Meta-Analysis of Randomized Clinical Trials.
Nutrients 2019, 11, 2599. [CrossRef] [PubMed]

26. Davidson, M.H. Mechanisms for the hypotriglyceridemic effect of marine omega-3 fatty acids. Am. J. Cardiol.
2006, 98, 27i–33i. [CrossRef] [PubMed]

27. Wei, M.Y.; Jacobson, T.A. Effects of eicosapentaenoic acid versus docosahexaenoic acid on serum lipids:
A systematic review and meta-analysis. Curr. Atheroscler. Rep. 2011, 13, 474–483. [CrossRef]

28. Lopez-Huertas, E. The effect of EPA and DHA on metabolic syndrome patients: A systematic review of
randomised controlled trials. Br. J. Nutr. 2012, 107 (Suppl. S2), S185–S194. [CrossRef]

29. Allaire, J.; Couture, P.; Leclerc, M.; Charest, A.; Marin, J.; Lépine, M.C.; Talbot, D.; Tchernof, A.; Lamarche, B.
A randomized, crossover, head-to-head comparison of eicosapentaenoic acid and docosahexaenoic acid
supplementation to reduce inflammation markers in men and women: The Comparing EPA to DHA
(ComparED) Study. Am. J.Clin. Nutr. 2016, 104, 280–287. [CrossRef]

30. Calder, P.C. N-3 polyunsaturated fatty acids, inflammation, and inflammatory diseases. Am. J. Clin. Nutr.
2006, 83 (Suppl. S6), 1505S–1519S. [CrossRef]

31. Mori, T.A.; Beilin, L.J. Omega-3 fatty acids and inflammation. Curr. Atheroscler. Rep. 2004, 6, 461–467.
[CrossRef] [PubMed]

32. Jouris, K.B.; McDaniel, J.L.; Weiss, E.P. The Effect of Omega-3 Fatty Acid Supplementation on the Inflammatory
Response to eccentric strength exercise. J. Sports Sci. Med. 2011, 10, 432–438. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/16385845
http://dx.doi.org/10.3810/psm.2009.12.1749
http://www.ncbi.nlm.nih.gov/pubmed/20048548
http://dx.doi.org/10.3390/antiox7040050
http://www.ncbi.nlm.nih.gov/pubmed/29597252
http://dx.doi.org/10.2165/00007256-200838060-00004
http://dx.doi.org/10.1007/s40279-015-0420-x
http://dx.doi.org/10.1139/apnm-2017-0841
http://dx.doi.org/10.1177/0363546517697957
http://dx.doi.org/10.1111/sms.12074
http://dx.doi.org/10.1186/s40798-018-0176-6
http://dx.doi.org/10.1093/nutrit/nuaa034
http://www.ncbi.nlm.nih.gov/pubmed/32483626
http://dx.doi.org/10.1161/01.CIR.0000038493.65177.94
http://www.ncbi.nlm.nih.gov/pubmed/12438303
http://dx.doi.org/10.1016/j.jnutbio.2009.12.004
http://dx.doi.org/10.3390/nu11112599
http://www.ncbi.nlm.nih.gov/pubmed/31671524
http://dx.doi.org/10.1016/j.amjcard.2005.12.024
http://www.ncbi.nlm.nih.gov/pubmed/16919514
http://dx.doi.org/10.1007/s11883-011-0210-3
http://dx.doi.org/10.1017/S0007114512001572
http://dx.doi.org/10.3945/ajcn.116.131896
http://dx.doi.org/10.1093/ajcn/83.6.1505S
http://dx.doi.org/10.1007/s11883-004-0087-5
http://www.ncbi.nlm.nih.gov/pubmed/15485592
http://www.ncbi.nlm.nih.gov/pubmed/24150614


Nutrients 2020, 12, 2246 14 of 15

33. Tinsley, G.M.; Gann, J.J.; Huber, S.R.; Andre, T.L.; La Bounty, P.M.; Bowden, R.G.; Gordon, P.M.; Granjean, P.W.
Effects of Fish. Oil Supplementation on Postresistance Exercise Muscle Soreness. J. Diet Suppl. 2017, 14,
89–100. [CrossRef] [PubMed]

34. Gray, P.; Chappell, A.; Jenkinson, A.M.; Thies, F.; Gray, S.R. Fish oil supplementation reduces markers of
oxidative stress but not muscle soreness after eccentric exercise. Int. J. Sport Nutr. Exerc. Metab. 2014, 24,
206–214. [CrossRef]

35. Lembke, P.; Capodice, J.; Hebert, K.; Swenson, T. Influence of omega-3 (n3) index on performance and
wellbeing in young adults after heavy eccentric exercise. J. Sports Sci. Med. 2014, 13, 151–156. [PubMed]

36. Da Boit, M.; Mastalurova, I.; Brazaite, G.; McGovern, N.; Thompson, K.; Gray, S.R. The Effect of Krill Oil
Supplementation on Exercise Performance and Markers of Immune Function. PLoS ONE 2015, 10, e0139174.
[CrossRef]

37. McGlory, C.; Gorissen, S.H.M.; Kamal, M.; Bahniwal, R.; Hector, A.J.; Baker, S.K.; Chabowski, A.; Phillips, S.M.
Omega-3 fatty acid supplementation attenuates skeletal muscle disuse atrophy during two weeks of unilateral
leg immobilization in healthy young women. FASEB J. 2019, 33, 4586–4597. [CrossRef]

38. Tsuchiya, Y.; Yanagimoto, K.; Ueda, H.; Ochi, E. Supplementation of eicosapentaenoic acid-rich fish oil
attenuates muscle stiffness after eccentric contractions of human elbow flexors. J. Int. Soc. Sports Nutr. 2019,
16, 19. [CrossRef]

39. Black, K.E.; Witard, O.C.; Baker, D.; Healey, P.; Lewis, V.; Tavares, F.; Christensen, S.; Pease, T.; Smith, B.
Adding omega-3 fatty acids to a protein-based supplement during pre-season training results in reduced
muscle soreness and the better maintenance of explosive power in professional Rugby Union players. Eur. J.
Sport Sci. 2018, 18, 1357–1367. [CrossRef]

40. McKinley-Barnard, S.K.; Andrew, T.L.; Gann, J.J.; Hwang, P.S.; Willoughby, D.S. Effectiveness of Fish Oil
Supplementation in Attenuating Exercise-Induced Muscle Damage in Women During Midfollicular and
Midluteal Menstrual Phases. J. Strength Cond. Res. 2018, 32, 1601–1612. [CrossRef]

41. Lenn, J.; Uhl, T.; Mattacola, C.; Boissonneault, G.; Yates, J.; Ibrahim, W.; Bruckner, G. The effects of fish oil
and isoflavones on delayed onset muscle soreness. Med. Sci. Sports Exerc. 2002, 34, 1605–1613. [CrossRef]
[PubMed]

42. Gravina, L.; Brown, F.F.; Alexander, L.; Dick, J.; Bell, G.; Witard, O.C.; Galloway, S.D.R. n-3 Fatty Acid
Supplementation During 4 Weeks of Training Leads to Improved Anaerobic Endurance Capacity, but not
Maximal Strength, Speed, or Power in Soccer Players. Int. J. Sport Nutr. Exerc. Metab. 2017, 27, 305–313.
[CrossRef]

43. Calder, P.C. n-3 fatty acids, inflammation and immunity: New mechanisms to explain old actions.
Proc. Nutr. Soc. 2013, 72, 326–336. [CrossRef] [PubMed]

44. Jackson, A.S.; Pollock, M.L.; Ward, A. Generalized equations for predicting body density of women. Med. Sci.
Sports Exerc. 1980, 12, 175–181. [CrossRef] [PubMed]

45. Jackson, A.S.; Pollock, M.L. Generalized equations for predicting body density of men. Br. J. Nutr. 1978, 40,
497–504. [CrossRef]

46. Cohen, J. Statistical Power Analysis for the Behavioral Sciences; Academic Press: Cambridge, MA, USA, 1988;
pp. 284–288.

47. VanDusseldorp, T.A.; Escobar, K.A.; Johnson, K.E.; Stratton, M.T.; Moriarty, T.; Cole, N.; McCormick, J.J.;
Kerksick, C.M.; Vaughan, R.A.; Dokladny, K.; et al. Effect of Branched-Chain Amino Acid Supplementation
on Recovery Following Acute Eccentric Exercise. Nutrients 2018, 10, 1389. [CrossRef]

48. Jakeman, J.R.; Lambrick, D.M.; Wooley, B.; Babraj, J.A.; Faulkner, J.A. Effect of an acute dose of omega-3 fish
oil following exercise-induced muscle damage. Eur. J. Appl. Physiol. 2017, 117, 575–582. [CrossRef]

49. Armstrong, R.B. Initial events in exercise-induced muscular injury. Med. Sci. Sports Exerc. 1990, 22, 429–435.
50. Smith, L.L. Acute inflammation: The underlying mechanism in delayed onset muscle soreness? Med. Sci.

Sports Exerc. 1991, 23, 542–551. [CrossRef]
51. Brocklehurst, W.E. Role of kinins and prostaglandins in inflammation. Proc. R. Soc. Med. 1971, 64, 4–6.
52. Calder, P.C. Omega-3 polyunsaturated fatty acids and inflammatory processes: Nutrition or pharmacology?

Br. J. Clin. Pharmacol. 2013, 75, 645–662. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/19390211.2016.1205701
http://www.ncbi.nlm.nih.gov/pubmed/27441600
http://dx.doi.org/10.1123/ijsnem.2013-0081
http://www.ncbi.nlm.nih.gov/pubmed/24570619
http://dx.doi.org/10.1371/journal.pone.0139174
http://dx.doi.org/10.1096/fj.201801857RRR
http://dx.doi.org/10.1186/s12970-019-0283-x
http://dx.doi.org/10.1080/17461391.2018.1491626
http://dx.doi.org/10.1519/JSC.0000000000002247
http://dx.doi.org/10.1097/00005768-200210000-00012
http://www.ncbi.nlm.nih.gov/pubmed/12370562
http://dx.doi.org/10.1123/ijsnem.2016-0325
http://dx.doi.org/10.1017/S0029665113001031
http://www.ncbi.nlm.nih.gov/pubmed/23668691
http://dx.doi.org/10.1249/00005768-198023000-00009
http://www.ncbi.nlm.nih.gov/pubmed/7402053
http://dx.doi.org/10.1079/BJN19780152
http://dx.doi.org/10.3390/nu10101389
http://dx.doi.org/10.1007/s00421-017-3543-y
http://dx.doi.org/10.1249/00005768-199105000-00006
http://dx.doi.org/10.1111/j.1365-2125.2012.04374.x
http://www.ncbi.nlm.nih.gov/pubmed/22765297


Nutrients 2020, 12, 2246 15 of 15

53. Philpott, J.D.; Donnelly, C.; Walshe, I.H.; MacKinley, E.E.; Dick, J.; Galloway, S.D.R.; Tipton, K.D.; Witard, O.C.
Adding Fish. Oil to Whey Protein, Leucine, and Carbohydrate over a Six-Week Supplementation Period.
Attenuates Muscle Soreness Following Eccentric Exercise in Competitive Soccer Players. Int. J. Sport Nutr.
Exerc. Metab. 2018, 28, 26–36. [CrossRef] [PubMed]

54. Tsuchiya, Y.; Yanagimoto, K.; Nakazato, K.; Hayamizu, K.; Ochi, E. Eicosapentaenoic and docosahexaenoic
acids-rich fish oil supplementation attenuates strength loss and limited joint range of motion after eccentric
contractions: A randomized, double-blind, placebo-controlled, parallel-group trial. Eur. J. Appl. Physiol.
2016, 116, 1179–1188. [CrossRef] [PubMed]

55. Ochi, E.; Yanagimoto, K.; Morishima, T.; Tsuchiya, Y. Eicosapentaenoic Acid-Rich Fish. Oil Supplementation
Inhibits the Decrease in Concentric Work Output and Muscle Swelling of the Elbow Flexors. J. Am. Coll. Nutr.
2019, 38, 125–131.

56. Ochi, E.; Tsuchiya, Y.; Yanagimoto, K. Effect of eicosapentaenoic acids-rich fish oil supplementation on motor
nerve function after eccentric contractions. J. Int. Soc. Sports Nutr. 2017, 14, 23. [CrossRef]

57. Tartibian, B.; Maleki, B.H.; Abbasi, A. The effects of ingestion of omega-3 fatty acids on perceived pain and
external symptoms of delayed onset muscle soreness in untrained men. Clin. J. Sport Med. 2009, 19, 115–119.
[CrossRef]

58. McGlory, C.; Galloway, S.D.R.; Hamilton, D.L.; McClintock, C.; Breen, L.; Dick, J.R.; Bell, J.G.; Tipton, K.D.
Temporal changes in human skeletal muscle and blood lipid composition with fish oil supplementation.
Prostaglandins Leukot. Essent. Fat. Acids 2014, 90, 199–206. [CrossRef]

59. Browning, L.M.; Walker, C.G.; Mander, A.P.; West, A.L.; Madden, J.; Gambell, J.M.; Young, S.; Wang, L.;
Jebb, S.A.; Calder, P.C. Incorporation of eicosapentaenoic and docosahexaenoic acids into lipid pools when
given as supplements providing doses equivalent to typical intakes of oily fish. Am. J. Clin. Nutr. 2012, 96,
748–758. [CrossRef]

60. Wright, G.A.; Pustina, A.A.; Mikat, R.P.; Kernozek, T.W. Predicting lower body power from vertical jump
prediction equations for loaded jump squats at different intensities in men and women. J. Strength Cond. Res.
2012, 26, 648–655. [CrossRef]

61. Gammone, M.A.; Riccioni, G.; Parrinello, G.; D’Orazio, N.D. Omega-3 Polyunsaturated Fatty Acids: Benefits
and Endpoints in Sport. Nutrients 2018, 11, 46. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1123/ijsnem.2017-0161
http://www.ncbi.nlm.nih.gov/pubmed/28871832
http://dx.doi.org/10.1007/s00421-016-3373-3
http://www.ncbi.nlm.nih.gov/pubmed/27085996
http://dx.doi.org/10.1186/s12970-017-0176-9
http://dx.doi.org/10.1097/JSM.0b013e31819b51b3
http://dx.doi.org/10.1016/j.plefa.2014.03.001
http://dx.doi.org/10.3945/ajcn.112.041343
http://dx.doi.org/10.1519/JSC.0b013e3182443125
http://dx.doi.org/10.3390/nu11010046
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Approach 
	Participants 
	Visit 1: Initial Screening and Supplement Distribution 
	Visit 2: One-Repetition Maximum (1RM), Familiarization, and Diet Counseling 
	Visit 3: Investigational Protocol (Muscle-Damaging Exercise Visit) 
	Blood Collection, Perceived Soreness, and Muscle Performance Indices 
	Blood Collection and Assessments 
	Perceived Soreness 
	Vertical Jump 
	T-Test Agility Test 
	Forty-Yard Sprint 
	Maximal Voluntary Isometric Contraction 

	Statistical Analysis 

	Results 
	Performance Measures 
	Perceived Soreness 
	Indirect Markers of Muscle Damage 

	Discussion 
	Conclusions 
	References

