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Abstract: Background: Consuming collagen hydrolysate (CH) may improve symptoms of exercise-
induced muscle damage (EIMD); however, its acute effects have not been compared to dairy protein
(DP), the most commonly consumed form of protein supplement. Therefore, this study compared
the effects of CH and DP on recovery from EIMD. Methods: Thirty-three males consumed either CH
(n = 11) or DP (n = 11), containing 25 g of protein, or an isoenergetic placebo (n = 11) immediately
post-exercise and once daily for three days. Indices of EIMD were measured before and 30 min
and 24, 48, and 72 h after 30 min of downhill running on a −15% slope at 80% of VO2max speed.
Results: Downhill running induced significant EIMD, with time effects (all p < 0.001) for the delayed
onset of muscle soreness (visual analogue scale), countermovement jump height, isometric midthigh
pull force, maximal voluntary isometric contraction force, running economy, and biomarkers of
muscle damage (creatine kinase) and inflammation (interleukin-6, high-sensitivity C-reactive protein).
However, no group or interaction effects (all p > 0.05) were observed for any of the outcome measures.
Conclusions: These findings suggest that the post-exercise consumption of CH or DP does not
improve indices of EIMD during the acute recovery period in recreationally active males.

Keywords: collagen hydrolysate; delayed-onset muscle soreness; exercise-induced muscle damage;
post-exercise recovery; milk proteins

1. Introduction

Exercise-induced muscle damage (EIMD) is caused by exercise that is strenuous, repet-
itive, novel, and/or involves eccentric muscle contractions, such as downhill running [1].
Whilst EIMD is temporary, and may be beneficial for future muscle adaptation [2], it can cre-
ate problems for regular exercisers by impairing performance during subsequent bouts of
exercise [3] and/or by causing a disruption to normal daily activities that are not otherwise
an issue [4]. Therefore, timely recovery from EIMD is important.

Nutritional supplements and functional foods may provide benefits for physical
health [5], performance [6], and recovery from exercise [7]; however, although significant
effort has been made to find nutritional interventions that alleviate the symptoms of EIMD,
including omega-3 fatty acids, various amino acids, polyphenols, and herbal extracts,
there is no strong consensus on the best option [8]. One intervention at the forefront of
most recommendations is dairy protein (DP) [9], which includes whey, casein, and whole
milk. The consumption of DP following EIMD is believed to improve recovery through
the delivery of essential amino acids that enhance rates of muscle protein synthesis, thus
promoting muscle repair [10]; however, this mechanism has been disputed [11]. Irrespective
of the mechanism, whether consuming DP is beneficial for recovery remains unclear, with
some studies showing that DP can alter markers of EIMD, including muscle function (for

Nutrients 2024, 16, 4389. https://doi.org/10.3390/nu16244389 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu16244389
https://doi.org/10.3390/nu16244389
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0001-6481-8256
https://orcid.org/0000-0001-5758-7605
https://orcid.org/0000-0001-9995-408X
https://doi.org/10.3390/nu16244389
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu16244389?type=check_update&version=1


Nutrients 2024, 16, 4389 2 of 14

example, Brown et al. [12]; Buckley et al. [13]; Cooke et al. [14]), while others, including
Gee et al. [15]; Nieman et al. [16]; Ormsbee et al. [17]; and Saracino et al. [18], have failed
to see an effect. Moreover, the majority of research has shown that supplementing with
protein, including DP, does not specifically reduce exercise-induced delayed-onset muscle
soreness (DOMS) [19]. Despite mixed evidence for its effects on EIMD, and a significant
environmental footprint [20], DP’s convenience and effects on muscle protein synthesis
make it the major contributor to a protein supplement industry that is expected to be worth
over USD 10 billion by 2030 in the US alone [21].

In order to improve sustainability, reduce environmental harm, and open up new
commercial markets, researchers (and the supplement industry) are increasingly interested
in novel protein sources [22] and how they may impact recovery and performance [19,21].
Sourced from the underutilised by-products of the meat industry, bovine collagen is high
in the non-essential amino acids used to synthesise collagen and remodel the extra-cellular
matrix (ECM) [23]. Once ingested, collagen hydrolysates (CHs) are digested in the gastroin-
testinal tract to yield free amino acids [24], as well as collagen-specific di- and tripeptides,
including hydroxyprolylglycine (Hyp-Gly) and prolylhydroxyproline (Pro-Hyp) [25]. These
are absorbed intact, via specific transporters on the enterocyte brush border membranes [26],
and are increased in circulation following the ingestion of CH [25]. Additionally, Pro-Hyp
is produced naturally as a product of collagen degradation in damaged tissues [27], where
it stimulates the proliferation of fibroblasts and subsequent collagen synthesis; collagen-
derived Pro-Hyp is therefore considered a fibroblast growth-initiating factor [28]. The
effect of endogenous, wound-derived Pro-Hyp appears to be enhanced by Pro-Hyp from
dietary CH [27]; therefore, CHs may offer a simple and inexpensive approach to optimising
recovery from connective tissue damage, as occurs with EIMD [2].

Damage to the ECM negatively impacts force transmission [29], storage and utilisation
of elastic energy during the stretch-shortening cycle [30], and, because of the high density
of nociceptors located in the ECM, may be a major contributor to DOMS [31]. As such,
enhancing the rate of repair is likely important for recovery. Indeed, there is some, limited,
evidence showing that CH attenuates several markers of EIMD, most notably DOMS [32,33]
and movements that rely on the stretch-shortening cycle [30,32]. Greater evidence for such
benefits may provide economic opportunities and optimise the use of a food industry waste
product, thus helping to improve the sustainability and environmental impact of the protein
industry by reducing the reliance on DP. Although studies have compared the effects of CH
and DP on rates of protein synthesis [34], and a combination of whey and CH on EIMD [9],
to date, the separate effects of DP and CH have not been directly compared. A greater
understanding of whether either protein source is better than the other, or indeed better
than a placebo, may help inform consumers who are considering protein supplementation
as an aid for muscle recovery. Therefore, we compared the effects of CH and DP on acute
recovery from EIMD. It was hypothesised that, when consumed in the days after eccentric
exercise, CH would reduce ratings of DOMS, increase the recovery of muscle function, and
attenuate bloodborne biomarkers of muscle damage and inflammation following EIMD, to
an equal or greater extent than an equivalent amount of protein from DP, and that both
protein sources would be more effective than an isoenergetic placebo (PLA).

2. Materials and Methods
2.1. Participants

Thirty-three active, healthy males aged between 18 and 40 years participated in
this study. All participants performed aerobic and resistance exercise at least twice per
week in the six months prior to this study and, based on their maximal oxygen uptake
(VO2max; Table 1), had fair to good aerobic fitness [35]. Individuals who regularly consumed
protein or other potentially ergogenic supplements (e.g., pre-workout products, branched-
chain amino acids, or creatine monohydrate), consumed more than 1.6 g protein/kg
body mass/day, who were vegan or vegetarian, and/or who were participating in other
research studies were excluded. Participants completed a 24 h diet record one week before
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familiarisation to ascertain their habitual protein consumption, daily energy intake, and if
they were consuming any ergogenic supplements. This was analysed by a nutritionist and
was used to determine each participant’s suitability for participation. Potential participants
who habitually consumed greater than 1.6 g protein/kg body mass/day and/or consumed
ergogenic supplements were excluded from this study. If suitable, participants were asked
to attend a familiarisation session in the Human Performance Laboratory, School of Sport,
Exercise and Nutrition at Massey University, Palmerston North. The participants were
instructed to maintain their habitual diet and refrain from strenuous exercise, alcohol,
and anti-inflammatory drugs from 48 h before the main trial and for the duration of this
study. All participants were volunteers, recruited by means of public advertisement. The
recruitment and data collection process is outlined in Figure 1. Health screening and
written informed consent were completed prior to the familiarisation. Ethical approval
was obtained from the New Zealand Health and Disability Ethics Committee (HDEC EXP
12330), and this study was registered with the Australian and New Zealand Clinical Trials
Register (ACTRN12622000529741).

Table 1. Characteristics of participants in the dairy protein (DP), placebo (PLA), and collagen
hydrolysate (CH) groups (mean (SD)). No differences were observed between groups.

DP
(n = 11)

PLA
(n = 11)

CH
(n = 11) p Value

Age (years) 26.2 ± 7.2 23.5 ± 6.1 26.6 ± 6.4 0.468
Height (cm) 181.1 ± 11.4 182.0 ± 7.6 176.0 ± 5.3 0.220
Weight (kg) 87.0 ± 12.6 82.3 ± 13.1 82.6 ± 9.0 0.581

VO2max (ml/kg/min) 45.8 ± 5.2 46.3 ± 5.3 45.2 ± 5.7 0.896
Protein (g/day) * 117.9 ± 55.8 103.7 ± 38.3 102.8 ± 38.4 0.697

Protein (g/day/kg BM) * 1.4 ± 0.6 1.3 ± 0.6 1.3 ± 0.5 0.905
Energy (MJ/day) * 10.8 ± 5.6 8.3 ± 2.1 10.0 ± 2.7 0.353

* Calculated from 24 h diet diaries recorded one week prior to familiarisation.
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2.2. Experimental Design

A double-blind, placebo controlled, between-subjects design was used to compare the
effects of CH, DP, and PLA on recovery from 30 min of downhill running. Participants
were stratified by VO2max and then randomly assigned to one of three groups (CH, DP,
PLA).

During the familiarisation session, participants completed a health screening ques-
tionnaire and provided informed written consent, before individual characteristics were
collected (Table 1). They were then familiarised with the measures of muscle soreness,
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muscle function, and the muscle-damaging protocol (downhill running). They then com-
pleted a VO2max test to establish running speeds for use in the main trial. Having had an
opportunity to ask any further questions, they were then provided with a plastic shaker
that contained 61.6 g (1000 kJ) of maltodextrin powder and were instructed to mix this with
250 mL of water and consume it two hours before returning to the laboratory for the main
trial. This drink ensured that each participant consumed an equal amount of energy prior
to the downhill run and, because each treatment contained 1000 kJ, that energy intake two
hours before each measure (pre-downhill run (PRE), 24, 48, and 72 h post-downhill run)
was the same.

At least one week after familiarisation, participants returned to the laboratory for
the main trial at a convenient time for them. To understand and compare the effects
of the interventions used in this study, and to allow for comparison with other similar
studies [9,12,13,30,32,36–43], a series of commonly used, validated measures of EIMD
were chosen [44]. PRE indices of EIMD were measured (blood sampling, soreness, muscle
function, and running economy) and then participants completed 30 min of downhill
running at 80% of their predetermined VO2max speed. After a 30 min rest, indices of EIMD
were measured again, and participants consumed their first supplement drink (CH, DP,
or PLA).

For the three subsequent follow-up visits (24, 48, and 72 h post-downhill run), par-
ticipants were instructed to consume their allocated supplement drink two hours before
returning to the laboratory.

2.3. Supplements

To ensure double blinding, the supplement powders (CH (bovine collagen hydrolysate;
FoodPilot, Massey University, New Zealand, and maltodextrin; Archer Daniels Midland
Company, Chicago, IL, USA), DP (milk protein concentrate 470; Fonterra Cooperative
Group Ltd., New Zealand, and maltodextrin), and PLA (maltodextrin)) were sealed in
foil packaging and labelled A, B, or C by staff not involved in this study. Prototype
spray-dried enzymatic CH was prepared conventionally from frozen, fresh dehaired cow
hide in the FoodPilot, Massey University, Palmerston North, New Zealand. Hide was
provided by Southern Pastures (Auckland, New Zealand ) Ltd. (New Zealand Business
Number 9429031978873). While previous studies have used whey, casein, or whole milk,
we used milk protein concentrate, which contains both whey and casein. It is believed
that consuming this has a synergistic effect, where simultaneously there is an immediate
effect from faster-acting whey protein and also a sustained effect from slower-acting casein
protein [45]. All supplements were isoenergetic and flavour-matched with artificial and
natural vanilla flavourings (see Table 2 and Table S1 for supplement details and amino acid
profiles, respectively). The CH and DP supplements also contained an equal amount of
protein (25 g [46]). Each serving was mixed in a plastic shaker with 250 mL of water and
then consumed.

Table 2. Nutritional content of milk protein concentrate (DP), placebo (PLA), and collagen hydrolysate
(CH) supplements.

Variable DP PLA CH

Serving size (g) 35.8 53.2 26.9
Energy (kJ) 1000 1000 1000
Protein (g) 25.0 0.0 25.0
CHO (g) 32.9 58.8 33.8
Fat (g) 0.42 0.0 0.0

2.4. VO2max

A graded treadmill running test was used to determine participants’ oxygen consump-
tion at four submaximal running speeds and to ascertain VO2max (L/min). Participants
were fitted with a silicone mask that covered their nose and mouth, and a heart rate strap
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(Polar Electro Oy, Kempele, Finland) was fitted around the chest. Breath-by-breath gas
analysis was performed, and heart rate was measured continuously throughout the test
using a metabolic cart (Quark CPET, Cosmed, Rome, Italy). Participants ran continuously
on a motorised treadmill (True, St Louis, MO, USA) at 1% incline for four increasingly faster,
predetermined, submaximal speeds for four minutes per stage. After the last submaximal
stage, the speed was increased by 1 km/hour every minute until VO2max was achieved.
The relationship between submaximal oxygen consumption and running speed was used
to formulate a linear regression equation. This equation, in conjunction with VO2max, was
used to calculate running speed at 60% and 80% VO2max for each participant.

2.5. Muscle-Damaging Exercise Protocol

Previous studies investigating the effects of protein supplementation on recovery have
used a range of exercise modalities, including maximal eccentric knee extensions [13,18,
38,39,43,47], drop jumps [9,30,32,36,41,48], various resistance exercise protocols [10,14,17,
33,34,40,42], and downhill running [16,49]. As such, there is no standard methodology
used to experimentally cause EIMD. In order to minimise participant burden and avoid
the repeated bout effect [50], we asked participants to complete a single bout of downhill
running. Bontemps et al. [51] suggest that downhill running has direct applicability to
real-world exercise scenarios, such as off-road/trail and on-road running, and that it is
appropriate for inducing EIMD in participants who are unfamiliar with this mode of
exercise, as was the case with our participants. Additionally, downhill running has been
shown to specifically alter the measures used in our study [51].

Muscle damage was induced using a modified downhill running protocol that has
successfully been used and validated in similar studies [52,53]. Participants ran at 80% of
their predetermined VO2max speed on a motorised treadmill (VacuMed, Ventura, CA, USA)
set at −15% incline for 30 min.

2.6. Muscle Soreness

A visual analogue scale (VAS) was used to assess participants’ self-reported muscle
soreness. After holding a bodyweight squat for three seconds at a 90◦ knee angle, the
participants were asked to rate the muscle soreness of their lower body on a scale of 0–10
(0 being no soreness and 10 being extreme soreness) by marking a vertical line through a
100 mm horizontal line [41]. Using the same VAS, the participants also rated the muscle
soreness of their right quadriceps after performing three maximal voluntary isometric
contractions (MVICs) of the right knee extensors [39]. The distance from zero on the VAS
was recorded and compared between time points.

2.7. Muscle Function Measures
2.7.1. Counter Movement Jump

Counter movement jump (CMJ) height (cm) was measured using a digital jump mat
(SmartSpeed, Milton, QLD, Australia). Participants stood on the mat, placed their hands
on their hips, and used a counter movement to perform a maximal vertical jump without
any tucking of the knees while in flight [30]. Three CMJ attempts were made, with 30 s rest
in between jumps. The highest jump was used for the analysis.

2.7.2. Isometric Midthigh Pull

The peak isometric force of the lower body was determined using an isometric
midthigh pull (IMTP [54]). Participants stood on a custom-made platform, bending the
hips and knees to 120◦ and 140◦, respectively. Measured with a goniometer at each time
point, these joint angles ensured that the bar was positioned at approximately midthigh
level [55]. The bar was connected to the platform and a load cell via a chain. After a
verbal countdown, participants were told to produce maximal force for three seconds by
attempting to extend at the hips and knees. Peak force (N) was then recorded, with the best
out of three attempts used for the analysis.
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2.7.3. MVIC

MVIC of the right knee extensors was assessed using a custom-made isometric dy-
namometer. Participants were seated upright with their hips and knees at 90◦ flexion and a
seat belt was fastened across their lap. A strap was also placed around their right ankle,
securing them to a lever arm that was attached to a load cell. The load cell was connected
to a custom-made amplifier and data were recorded using a Powerlab data acquisition
unit (ADInstruments, Bella Vista, NSW, Australia) with force (N) recorded in Chart for
Windows (v8, ADInstruments, Australia). After being strapped in place, a three second
countdown was given, and the participant attempted to maximally extend their right knee
for three seconds [56]. They repeated this three times, with 30 s rest between attempts. The
highest peak force was recorded and used for the analysis.

2.8. Running Economy

Participants warmed up for five minutes on a motorised treadmill, set at a 1% incline,
at 60% of their previously determined VO2max speed. The speed was then increased to
80% of VO2max speed, an intensity that has been shown to be impacted after downhill
running [52], for an additional five minutes. Respiratory gases were sampled and analysed
continuously and VO2 (L/min) was averaged over the last minute and used for the analysis.

2.9. Blood-Borne Biomarkers

Blood samples were drawn at PRE and 30 min, 24, 48, and 72 h post-downhill run
from an antecubital vein by a trained phlebotomist and collected into vacutainer tubes
(24 mL total per draw). They were then centrifuged and stored at −80 ◦C until analysis. The
samples were analysed by Canterbury Health Laboratories (Christchurch, New Zealand)
for creatine kinase (CK), high-sensitivity C-reactive protein (hsCRP), and interleukin-6
(IL-6). Plasma CK and hsCRP were determined on a AU5822 Clinical Chemistry Analyser
(Beckman Coulter Inc., Brea, CA, USA). IL-6 was analysed using an ELISA (InvitrogenTM,
Thermo Fisher Scientific, Waltham, MA, USA).

2.10. Statistical Analysis

Sample size for the repeated-measures design was calculated using G*Power software
(version 3.1.97; Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany). Using 80%
power, moderate effect size, and an alpha of 5%, a total of n = 9 participants per group
were needed to determine significant differences in responses between groups. However,
to account for participant drop out and/or non-compliance, this study aimed to recruit
33 participants as a minimum and 36 participants as a maximum.

All analysis was performed in SPSS (version 28.0.1.1 SPSS Inc., Chicago, IL, USA).
Baseline participant characteristics were compared using a one-way analysis of variance
(ANOVA). Prior to the analysis of the results, data were examined for normality using
the Shapiro–Wilk test. Non-normal data (CK, hsCRP, and IL-6) were nlog transformed
prior to the analysis. Mauchley’s test was used to assess sphericity (ε) and, where the
assumption of sphericity was violated, adjustments to the degrees of freedom were made
(ε > 0.75 = Huynh–Feldt; ε < 0.75 = Greenhouse–Geisser). After examining for normality,
a two-factor mixed ANOVA with repeated measures was used to identify differences
between treatments (DP, PLA, or CH), time (pre and 30 min and 24, 48, and 72 h post), and
the treatment × time interaction. Where main or interaction effects were identified, post
hoc analysis using the Bonferroni adjustment was carried out. Partial eta squared was used
to determine the effect size (small effect: ηp2 ≥ 0.01, medium effect: ηp2 ≥ 0.06, large effect:
>0.14). Statistical significance was set to p < 0.05. All data are reported as mean ± SD.
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3. Results
3.1. Participant Characteristics

No differences in mean age, height, body mass, aerobic fitness (VO2max), downhill
running speed, and energy and protein intake between treatment groups were found (all
p > 0.35; Table 1).

3.2. Muscle Soreness

Muscle soreness increased following downhill running across all treatments (Figure 2).
Large significant time effects for muscle soreness were observed during the squat (p ≤ 0.001,
ηp2 = 0.514) and during the MVIC (p ≤ 0.001, ηp2 = 0.424). However, no significant
treatment effect for muscle soreness was observed for either measure (during the squat:
p = 0.063, ηp2 = 0.168; during the MVIC: p = 0.065, ηp2 = 0.189) and, similarly, no treatment
x time interaction effects were found during the squat (p = 0.401, ηp2 = 0.066) or during the
MVIC (p = 0.225, ηp2 = 0.94).
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Figure 2. Muscle soreness, measured on a 100 mm visual analogue scale (VAS), during a squat (A)
and after three MVICs (B) before (PRE) and after 30 min of downhill running. Participants were
allocated into dairy protein (n = 11, DP), placebo (n = 11, PLA), or collagen hydrolysate (n = 11, CH)
groups. * Different to PRE (p < 0.05); # different to 30 min (p < 0.05); + different to 24h (p < 0.05);
ˆ different to 48 h (p < 0.05).

3.3. Muscle Function

All measures of muscle function were reduced over time after completion of the
downhill run (Figure 3). Large significant time effects were observed across all measures
of muscle function (CMJ: p ≤ 0.001, ηp2 = 0.182; IMTP: p ≤ 0.001, ηp2 = 0.180; MVIC:
p≤ 0.001, ηp2 = 0.430; running economy: p ≤ 0.001, ηp2 = 0.229). Although time effects
were observed, we did not find differences between treatments (CMJ: p = 0.332, ηp2 = 0.71;
IMTP: p = 0.574, ηp2 = 0.036; MVIC: p = 0.559, ηp2 = 0.038; running economy: p = 0.153,
ηp2 = 0.121), and no significant interaction effects were found (CMJ: p = 0.493, ηp2 = 0.059;
IMPT: p = 0.994, ηp2 = 0.011; MVIC: p = 0.139, ηp2 = 0.095; running economy p = 0.978,
ηp2 = 0.017).

3.4. Blood-Borne Markers

There were large time effects for nlog hsCRP (p = 0.003, ηp2 = 0.143), nlog CK (p ≤ 0.001,
ηp2 = 0.531), and nLog IL-6 (p = 0.013, ηp2 = 0.48) (Figure 4). However, no treatment (hsCRP
p = 0.318, ηp2 = 0.084; CK p = 0.488, ηp2 = 0.054; IL-6 p = 0.226, ηp2 = 0.018) or interaction
effects (hsCRP p = 0.341, ηp2 = 0.081; CK p = 0.966, ηp2 = 0.022; IL-6 p = 0.261, ηp2 = 0.091)
were found. CK and hsCRP peaked 24 h post-exercise before returning towards baseline
levels at 72 h. IL-6 peaked 30 min after exercise; no other time points were significantly
different to the pre-exercise values.
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4. Discussion

EIMD has the potential to reduce performance during subsequent bouts of exercise
and/or cause a disruption to normal daily activities [3,4]. According to Robberechts
et al. [9], DP has been the standard nutrition intervention used to expedite recovery and
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minimise the effects of EIMD, and there is a modest body of evidence to suggest that it is
beneficial in this context [2]. Additionally, there is growing evidence to suggest that CH
may offer similar benefits [30,32,33,57]. However, to the authors’ knowledge, at this time,
no one has compared the effects of consuming the two protein sources in the days after
damaging exercise. Therefore, this study induced muscle damage to the lower limbs, using
downhill running, in order to compare the effects of CH, DP, and an isoenergetic PLA on
indices of EIMD up to 72 h post-exercise. All of the indices of EIMD significantly changed
over time as a result of 30 min of downhill running, suggesting that muscle damage had
occurred. However, in contrast to our hypothesis, CH was not equal, nor more beneficial
than DP, and neither protein source was better than the PLA.

As expected, the damaging protocol used in our study resulted in large significant
changes in muscle function, soreness, and blood-borne markers of EIMD over time. How-
ever, decrements in muscle function were mostly mild with significant changes in running
economy and CMJ limited to 30 min and 24 h post-exercise, respectively, while no sig-
nificant changes in IMTP were evident at any time point for any treatment. Decreases in
MVIC force occurred with each treatment, albeit at different times and, again, to a mild
level [58]. Similarly, measures of soreness changed after exercise, with the lowest change
occurring with PLA. However, despite treatment effects approaching significance, to say
that PLA was more beneficial than either protein source would be speculative. As reported
elsewhere, CK [59] and hsCRP [60] peaked at 24 h, before returning towards baseline in the
days after exercise, for all treatments. IL-6 increased in response to exercise [61] but does
not appear to have been elevated by subsequent muscle damage. Collectively, these results
suggest that 30 min of downhill running induced a mild to moderate amount of muscle
damage.

The proposed mechanisms responsible for any benefit of DP or CH on recovery are
theoretically sound, in that DP provides amino acids for the repair and synthesis of skeletal
muscle [10,34] and CH provides amino acids and peptides, in particular Pro-Hyp, for the
repair of connective tissue [28]. Additionally, both protein sources have anti-inflammatory
actions [47,62], which may further benefit recovery. However, despite this, the outcomes
of EIMD studies are inconsistent. DP, in its various forms, consumed in the days after
damaging exercise has been shown to benefit the recovery of muscle function [12–14,38,49];
however, many more studies have failed to see an effect [15–18,36,37,40,41,43,63–65]. The
same is true in regard to DOMS, with only a small number of studies reporting that DP can
attenuate acute muscle soreness [39,42,47]. In fact, the majority of studies have failed to
observe a benefit [12,13,15–18,36–38,40,41,43,49,63–66]. Further, of the studies mentioned,
none found an effect of DP on inflammation, and only five saw an effect on the bloodborne
markers of muscle damage [12,16,38,39,42]. In line with this overwhelming evidence, and
therefore perhaps not surprising, we also failed to see an effect of DP on any indices of
EIMD at any time point of recovery.

In the studies specifically investigating the influence of CH on EIMD, a positive effect
on muscle function has been shown, but only during the counter movement jump [30,32];
a benefit to maximal isometric force recovery has not been observed. Given the potential
effect of CH on the ECM, we expected to see some benefit on DOMS [32,33] and muscle
performance [30,32]; in particular the counter movement jump and running economy,
which both rely on the stretch-shortening cycle. However, this was not a given as the
results of previous studies are inconsistent [9,30,32,33,57]. The disparate findings may in
part be due to the various issues that plague many protein intervention studies [67]. These
include, but are not limited to, different modes of exercise used to induce, and criteria used
to assess, EIMD; dosing, timing, and duration of interventions; participant training history;
choice of control/placebo [9,38,39,42]; insufficient levels of damage; studies being under
powered [18,30,66]; and, perhaps most importantly [65], a lack of control over dietary
protein intake [10,15–17,36,38,41,64].

Most studies investigating the effects of DP have provided the supplement post-
exercise, while, conversely, participants in studies using CH have consumed the supplement
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in varying doses in the days and weeks leading up to and, in some cases, also after
damaging exercise [9,30,32,33,48,57]. Aussieker et al. [34] appear to be the exception, giving
a single dose of CH post-exercise when investigating rates of protein synthesis. Therefore,
although the timing used in this study is in line with the majority of studies investigating
DP, it is possible that the supplementation period used in our study was insufficient and/or
inappropriate to provide any benefit from CH.

It is unclear whether the positive effects CH has on indices of EIMD are the result
of a protective effect provided by an increase in intramuscular collagen and/or due to
an increased rate of cellular repair in the days after damaging exercise. The timing of
our supplementation would only impact the latter, by providing substates to accelerate
tissue repair and remodelling. Together with the lack of change in muscle connective
protein synthesis reported by Aussieker et al. [34], our results suggest that, when only
consumed after eccentric exercise, CH does not enhance recovery. As such, long term
supplementation may be required in order to provide a protective effect to connective
tissue, prior to eccentric exercise. This benefit was recently suggested by Bishof et al. [48],
who found that supplementing concurrent training with CH over 12 weeks enhanced the
repeated bout effect, reducing the level of damage occurring after a second bout of eccentric
exercise. Additionally, Kuwaba et al. [57] reported that eccentric exercise was easier after
33 days of supplementation with CH. Although the reason for this is unclear, it is possible
that adaptation to connective tissue, via an increase in hypoxia-inducible factor alpha
1 (HIF-α), heat shock proteins, and other initiators of collagen synthetic pathways [68],
reduced stress on the musculotendinous system and enhanced force transmission and
the SSC during repeated squats. As the majority of studies have only compared CH to
a placebo [30,32,33,48,57], or they have lacked a placebo [9], it is unclear whether any
protective effect is unique to CH or is provided by protein in general. The findings of
Oikawa et al. [69] suggest that increases in intramuscular collagen are unaffected by CH or
whey protein and, additionally, Rindom et al. [46] found that consuming whey protein or
CH during a period of intensified training provided similar results on recovery; however,
they used CH as their low-quality protein placebo and did not have a true control, so it is
unclear if either protein was beneficial. Studies feeding DP in the days and weeks prior to
eccentric exercise do not provide clarity, as the results are mixed [9,40–42].

It has been suggested that collagen may aid in the repair of the ECM through the
delivery of non-essential amino acids glycine, proline, and hydroxyproline, and Pro-Hyp,
which are believed to enhance collagen synthesis [70]. However, according to Prowting
et al. [30], it is unclear whether the extra provision of non-essential amino acids is required
to increase collagen synthesis or that it is possible for the body to sufficiently synthesise
them without the need for an exogenous supply. Furthermore, despite CH-derived peptides
appearing in circulation after ingestion [25], collagen supplementation does not enhance
collagen synthesis after EIMD [9,30,32]. The inconsistent views on how CH effects collagen
synthesis may stem from the difficulty identifying the synthesis of collagen in the skeletal
muscle. It is difficult to accurately measure collagen synthesis without performing muscle
biopsies [71] and, moreover, commonly used biomarkers of collagen synthesis are not
specific to the synthesis of collagen in connective tissue, as they also reflect the synthesis of
collagen in bone [30]. Clearly, standardised methods and more invasive measures may be
required to fully understand the benefits and mechanisms of CH in the future.

As has been carried out by others [14,15,37–39,43], we used a combination of protein
and carbohydrate for our treatments and matched this with an isoenergetic placebo. While
carbohydrate may enhance the effect of protein by promoting the uptake of amino acids [72],
it is a biologically active nutrient in its own right. Alone, carbohydrate has been shown to
improve recovery by replenishing glycogen and providing energy for cellular recovery [15].
It can also contribute to anabolism in a similar way to the mechanistic actions of DP (e.g.,
by improving net protein balance [73]). Indeed, some studies have even found it to be more
effective than dairy protein for recovery from EIMD [41,66]. As a result, we cannot rule
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out the effect that carbohydrate may have had alone and in combination with DP and CH;
perhaps all treatments improved recovery equally.

As noted above, protein intervention studies are not without their limitations, and
this study is no different. Although we screened participants based on their habitual
dietary protein intake, we did not control this during the intervention period. Therefore,
it is possible that participants consumed higher amounts of protein and, as such, protein
from the treatments may not have had any benefit [74]. Additionally, we only recruited
recreationally active male participants, and therefore it is unclear whether we would see
the same results in individuals with different fitness levels and in females. Further, while
downhill running induced significant changes in our measures, an exercise protocol that
induces greater damage may provide a stronger stimulus for the interventions to interact
with. Based on these limitations, and other gaps in our knowledge, we suggest that
future research should control dietary protein intake and investigate different doses and
combinations of proteins [75], different supplementation and exercise protocols, and the use
of different populations. Additionally, there is a need to better understand the mechanisms
responsible for the potential benefits of prolonged CH supplementation, which may require
the use of more invasive measures than simply using the common measures of EIMD and
changes in muscle function.

5. Conclusions

Our findings suggest that, when consumed for three days after damaging exercise, CH
or DP does not expedite the rate of recovery any better than an isoenergetic placebo. Our
findings add to the growing evidence that suggests that DP has little benefit for recovery
from EIMD. For CH to have a beneficial effect on how muscle responds to eccentric exercise,
consuming CH for a prolonged period, of at least nine days [32], prior to exercise may
be necessary. We propose that individuals specifically wanting to speed up recovery
after strenuous, damaging exercise should no longer consider acute, post-exercise protein
supplementation as a reliable and valuable strategy.
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