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Abstract

Exercise-induced muscle damage (EIMD) causes to increased soreness, impaired function of muscles, and reductions in muscle

force. Accumulating evidence suggests beneficial effects of creatine on EIMD. Nevertheless, outcomes differ substantially across

various articles. The main aim of this meta analysis was to evaluate the effect of creatine on recovery following EIMD.

Medline, Embase, Cochrane Library, Scopus and Google scholar were systematically searched up to July 2020. The Cochrane

Collaboration tool for examining risk of bias was applied for assessing the quality of studies. Weighted mean difference (WMD),

95 percent confidence interval (CI) and random effects model, were applied for estimating the overall effect. Between studies

heterogeneity was examined using the chi-squared and I2 statistic. Nine studies met the inclusion criteria. Pooled data showed

that creatine significantly reduced CK concentration overall (WMD = -30.94; 95% CI: -53.19, -8.69; P = 0.006) and at three

follow-up times 48, 72 and 96 hours) in comparison with placebo. In contrast, effects were not significant in LDH concentration

overall (WMD = -5.99; 95% CI: -14.49, 2.50; P= 0.167), but creatine supplementation leaded to a significant reduction in LDH

concentrations in trials with 48 hours measurement of LDH. The current data indicates that creatine consumption is better

than rest after diverse forms of damaging and exhaustive exercise or passive recovery. The benefits relate to a decrease in muscle

damage indices and Improved muscle function because of muscle power loss after exercise.
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Number of Tables: 3
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Abstract

Exercise-induced muscle damage (EIMD) causes to increased soreness, impaired function of muscles, and
reductions in muscle force. Accumulating evidence suggests beneficial effects of creatine on EIMD. Neverthe-
less, outcomes differ substantially across various articles. The main aim of this meta analysis was to evaluate
the effect of creatine on recovery following EIMD. Medline, Embase, Cochrane Library, Scopus and Google
scholar were systematically searched up to July 2020. The Cochrane Collaboration tool for examining risk
of bias was applied for assessing the quality of studies. Weighted mean difference (WMD), 95 percent confi-
dence interval (CI) and random effects model, were applied for estimating the overall effect. Between studies
heterogeneity was examined using the chi-squared and I2 statistic. Nine studies met the inclusion criteria.
Pooled data showed that creatine significantly reduced CK concentration overall (WMD = -30.94; 95% CI:
-53.19, -8.69; P = 0.006) and at three follow-up times 48, 72 and 96 hours) in comparison with placebo. In
contrast, effects were not significant in LDH concentration overall (WMD = -5.99; 95% CI: -14.49, 2.50; P=
0.167), but creatine supplementation leaded to a significant reduction in LDH concentrations in trials with
48 hours measurement of LDH. The current data indicates that creatine consumption is better than rest
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after diverse forms of damaging and exhaustive exercise or passive recovery. The benefits relate to a decrease
in muscle damage indices and Improved muscle function because of muscle power loss after exercise.

Keywords: Creatine; Creatine Kinase; Lactate Dehydrogenase; Muscle Damage; Meta-analysis; Systematic
Review

Introduction

It is well known that various types of exercise induce muscle damage. Exercise-induced muscle damage
(EIMD) is recognized as the outcome of intense to moderate physical activity (1, 2). This damage manifests
itself as a temporary decrease muscle function, increases in serum creatine kinase (CK) and lactate dehydro-
genase (LDH) concentrations, increases in myoglobin and delayed onset muscle soreness (DOMS) (3). The
basic feature of skeletal muscle damage without cell necrosis is the muscle fiber disruptions, chiefly the basal
lamina sheath. Regarding mechanical stimuli, especially intense physical activity, it is understood that it
can increase micro damage in muscle fibers imposed by eccentric contractions, according to the volume and
length the damage degree and DOMS may be persist chronically over time (4, 5). The symptoms of DOMS
which include muscle pain, strength loss, tenderness, swelling and stiffness have been suggested to happen
within 24 hours of muscle damage and last beyond five days (6). Degradation of contractile proteins appears
to relate to reduces in muscular force about one week to one month after eccentric exercise (7). Due to
EIMD and DOMS that follows intense, unaccustomed or eccentrically biased exercise, a focus on recovery
strategies that attenuate these unwanted effects should be pursued. Recently, some studies indicated that
creatine consumptin might reduce post-exercise muscle damage via mechanisms regulating mitochondrial
permeability and stabilizing the sarcolemma (8-10).

Newly, many athletes have consumed ergogenic aids to enhancing recovery, maintain body conditioning and
physiological adaptations during long-term exercise programmes. Thus, the efficacy of ergogenic aids has
always attracted great attention, and many researchers have sought to combine exercise training programmes
and ergogenic aid to reinforce the benefits of exercise (11, 12). Creatine is a popular and favorite ergogenic
aid at all levels among athletes that is synthesized endogenously from the amino acids glycine, methionine
and arginine or intaked from the diet (8, 13). Articles studing the creatine supplementation effects have
demonstrated improved performance in various exercise under a variety of different testing situation (14,
15) , although this has not been shown in all studies (16, 17). Theoretically, enhancing the availability of
phosphocreatine would augment cellular bioenergetics of the phosphagen system (18, 19) in addition to the
high-energy phosphates shuttling between the cytosol and mitochondria via the creatine phosphate shuttle
(20). Also, there is evidence that supplementation with creatine may provide benefits for patients with
diversity of neuromuscular diseases (21, 22) and metabolic disorders (23, 24). These results have showed
that creatine supplementation may provides a ergogenic aid for individuals and also may present some
therapeutic advantage for special populations.

In this regard, all related articles have been gathered in this study and as far as the studies quality allows and
the creatine effects on EIMD have been evaluated. This systematic review and meta-analysis summarizes a
detailed analysis about the hypothesis that creatine consumption can ameliorate EIMD and DOMS.

Methods

Search Strategy

The systematic review and meta-analysis was conducted based on Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) (25). Electronic and manual search was performed up to July 2020
in Embase, Medline, Cochrane Library, Scopus and a supplementary search in Google Scholar. The follow-
ing medical subject headings (MeSH) and non-MeSH terms keywords were applied, including: “creatine”,
“creatine monohydrate”, “creatine supplementation”, “creatine loading”, “exercise”, “physical exercise”,
“eccentric exercise”, “aerobic exercise”, “athlete”, “muscle damage” “creatine kinase”, “lactate dehydroge-
nase”, “controlled trial”, “randomized”, “randomised”, “random”, “randomly”, “randomized clinical trial”,
“RCT”, “blinded”, “double blind”, “double blinded”, “trial”, “controlled clinical trial”, “crossover proce-
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dure”, “cross-over trial”, “double blind procedure ”and “equivalence trial”. References lists of all studies
and previous review articles were screened for more eligible studies identification.

Eligibility Criteria

Articles were elected using criteria of Population-Intervention-Comparator-Outcomes-Study design (PICOS)
(25) including: 1) healthy subjects received oral creatine supplementation, as a nutritional strategy; 2)
original randomized-controlled trial researches; 3) reporting at least one measurement of muscle damage
indices (creatine kinase (CK) and lactate dehydrogenase (LDH)); 4) provided muscle damage indices data
as mean and standard deviation (SD) in both intervention and placebo groups. Also, criteria for exclusion
were: 1) using a mixture of creatine in intervention group only (vitamins, Coenzyme Q10 and etc.); 2) semi
experimental, trials without control groups and nonrandomized trials; 3) animal studies; 4) reviews and case
reports

Selection strategy:

After a primary search, all extracted studies found from searches were uploaded into endnote software
(EndNote X6, Thomson Reuters, New York) for screening. Titles and abstracts of papers were screened
using the search strategy. Articles were evaluated independently by two authors and selected according to
the inclusion criteria. Studies including eligibility criteria in the screening of title and abstract were elected
to be checked by full-text. On the basis of the qualified data, we used a standardized form to elect the all
categorized studies eligible for inclusion in this review. Contradictions between the authors were resolved by
third researcher or consensus.

Data extraction

We extracted following data by a standardized electronic form (Microsoft Office, Excel sheets): first author’s
name, publication year and country, design of study, gender and age of subjects, sample size, intervention
duration and creatine dose. Also, we extracted mean and SD of plasma CK and LDH at baseline and after
the intervention. Any recorded standard errors of mean (SEM), were converted to SDs through this formula:
(SD = SEM × [?]n (n = number of individuals in intervention or placebo groups). At last, in papers that
reported information in figures, extraction was carried out using GetData Graph Digitizer 2.24 (26).

Study quality

As regards it has been adopted that study inclusion with a high risk of bias can distort the meta-analysis
outcomes (25, 27), the Cochrane Collaboration tool was used for evaluating the bias risk. The included stud-
ies quality were evaluated by following items: randomization sequence generation; allocation concealment;
participants, personnel, assessor and investigator blinding; financial interest by companies and attrition
rates. These items were given a rating of high, low, or unclear risk of bias. A randomized controlled trial
(RCT) was categorized as having overall high, low or medium risk based on the basic items of allocation
concealment, participants and assessor blinding , and reporting of attrition rates (High = High risk of bias
for one or more than one key areas, Low = Low risk of bias for all key areas, and Medium = Unclear or low
risk of bias for all key areas).

Analyses and measures of treatment effect

This meta-analysis was planed to extract information based on differences of baseline and follow up times
for every trial treatment (mean change data); nonetheless, most articles reported follow-up data in figures
and we extracted follow-up times mean differences and SD. We applied standardized mean differences for
variables pooled on the different scales. Heterogeneity was evaluated between studies by the Cochrane’s
Q and quantified by the I2 statistic, that demonstrated percentage of the total variation through articles
that is ascribable to heterogeneity rather than to chance. P-value of <0.05 and level of I2>40 percent was
considered as significant heterogeneity.

For estimating the overall effect, we computed the weighted mean differences (WMDs) with 95 percent
confidence intervals (CIs) using random effects model. To measure if the outcomes could have been affected

3
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by a single study on the overall distinctly, a sensitivity analysis was performed (28). Subgroup analysis was
also conducted, based on follow-ups (<24, 24, 48, 72 and 96 hours after exercise), dose of creatine (20 g/day
or lower and more than 20 g/day), duration of studies (1 week and lower and more than 1 week) and train
status (trained and untrained). For evaluating the publication bias we applied visual inspection of funnel
plots, Egger’s regression asymmetry and means of Begg’s rank correlation test. Funnel plots depicted the
effect sizes (differences in means) against their corresponding standard errors. Also, statistical analyses were
conducted applying STATA 11.2 software (StataCorp, College Station, Texas, USA).

Results

Search outcomes and included articles overview

Our search led to 850 related studies. After duplicates removing (n = 27), a wide screening range of the titles
and abstracts and careful assessment was conducted on 823 related studies. Of these, 29 studies remained
after considering the inclusion and exclusion criteria for the eligibility. Finally, 9 studies, including, 30 effect
sizes for CK and 24 effect sizes for LDH, which studied a total of 630 and 420 participants respectively and
aged 19.9 – 37.5 years, were identified in the current review. This numbers is inclusive of individuals who were
dropouts in some experiments. Participants tended to be young, but one study evaluated creatine effects on
CK and LDH concentration for middle-aged men in addition to youth (29). Moreover, all participants were
men, except in one study which women participated (n = 15) (30), and in one study both men and women
participated (n = 49) (31).

Two studies were not randomized (32, 33) and data from two studies was not directly accessible from the
published papers, and we sent email and request the raw data but we did not receive information from
the studies authors (34, 35). Figure 1 shows the selection procedure and causes for excluding the studies
and the data inTable 1 illustrates the basic characteristics of the articles in our systematic review and
meta-analysis.

In brief, the studies were published between 1998 and 2018. The total number of individuals who completed
the studies in inclusion criteria was 319 and 311 individuals in the intervention and placebo groups respec-
tively for CK and 211 and 209 individuals in the intervention and placebo groups respectively for LDH. The
dose of creatine supplementation was 2 to 40 g/day among these studies and the duration of these trials
ranged between 5 to 56 days. All studies used a randomized parallel design, and all of them had the design
of double-blind except two studies (36, 37). The effect of creatine on CK and LDH concentration together
was examined in 5 studies (29, 38-41) and 4 studies only reported CK (30, 31, 37, 42).

Some of the articles undertook multiple follow-up (e.g., muscle damage indices for intervention and placebo
immediately, 0.5, 1, 2, 4, 24, 48, 72, and 96 hour and 7, 10, 14, 21 days after exercise). We focused on
results reported immediately post exercise (<24 hours) and subsequent hours (24, 48, 72 and 96 hours).
Eight trials in 4 studies reported <24 hours follow-up times (30, 31, 39, 42); Five trials in 4 studies had 24
hours follow-up times (38-40, 42); Seven trials in 6 studies reported 48 hours follow-up times (29, 37-40, 42);
Four trials in 4 studies reported follow-ups at 72 hours after exercise (29, 38-40) and four trials in 4 studies
reported follow-ups at 96 hours after exercise (37-40).

Results from quality assessments

Table 2 reported the quality details of bias assessment. Briefly, participants random allocation was not
mention in all included articles except in one study that explained the procedure of random sequence gen-
eration (31). All of 9 articles did not report allocation concealment. Most of articles represented low risk of
bias for selective reporting; nonetheless, 2 articles had high risk of bias (30, 39) and 2 articles had unclear
risk of bias (29, 37). All articles had a low risk of bias based on incomplete outcome data. Most of articles
had a unclear or high risk of bias for blinding of personnel and participants except just one article that had
low risk of bias as to participants and personnel blinding (31). Also, all of articles had a high or unclear risk
for blinding outcome assessors. At last, about other potential threats to validity, all of articles had low risk
of bias.
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Meta-analysis findings

Effects of creatine supplementation on serum CK concentration

According to our analysis on 25 trials, in overall, creatine consumption had significant effect on CK con-
centration: (WMD = -30.94; 95% CI: -53.19, -8.69; P = 0.006). There was significant heterogeneity among
the articles (P = 0.000, I2 = 99.8 %) (Figure 2) . Subgroup analysis was coducted to investigate if the
effect of creatine supplementation on serum CK is different according to follow-ups after exercise, dose of
creatine, duration of studies and train status (Figure 2 and Table 3 ). Some of subgroup analysis showed
that creatine consumption resulted in a significant reduction in CK concentrations in trials with 48, 72 and
96 hours measurement of CK after exercise, >20 g/day creatine consumption, [?]1 trial duration and studies
on untrained participant.

Effects of creatine supplementation on LDH concentration

As outlined in Figure 3 and Table 3 , our preliminary analysis indicated that creatine supplementation
have no significant effect in serum LDH concentration compared to placebo (WMD = -5.99; 95% CI: -
14.49, 2.50; P= 0.167). Also, significant heterogeneity was observed among studies (P= 0.014, I2 = 47.2
%). Some of subgroup analysis showed that creatine consumption resulted in a significant reduction in
LDH concentrations in trials with 48 hours measurement of LDH after exercise and >20 g/day creatine
consumption.

Sensitivity analysis and publication bias

Sensitivity analysis indicated that any removal of the studies from the meta-analysis, create no change in
the results of the meta-analysis on CK and LDH concentration. Funnel plots for CK and LDH were visually
symmetrical (Figure 4) , and the Begg’s test results did not determine any publication bias evidence in
articles that examine the effect of creatine supplementation on CK (Begg’s test, P = 0.176) and on LDH
(Begg’s test, P = 0.185).

Discussion

The results of the current meta-analysis, performed on 25 treatment arms, showed advantageous effects of
creatine consumption in reduction of CK and LDH concentration after different follow-ups after exercise.

Muscle Damage is a phenomenon that may happen because of several reasons, like cell necrosis or rupture,
including about 10 to 55 percent of total muscular injuries (43). The muscle damage can be determined
as the plasma membrane disruption, accompanied by the muscle proteins loss (i.e. CK, LDH and myo-
globin), increased inflammatory cells crowd in the muscle fibers (i.e. neutrophils and macrophages), influx of
serum proteins, DOMS, functional impairment (week performance and loss of strength), and some structural
disorders like sarcomere Z lines disarrangement (7, 44).

The present meta analysis evaluated indirect muscle damage indices, including CK and LDH among trained
and untrained both sexes individuals, looking at reported articles. Proteins like CK and LDH have been
extensively applied as markers of muscle micro-damages (45) and usually has been evaluated to be an indirect
biomarkers of post exercise muscle damage due to their easiness of identification and the relatively low cost of
tests to quantify it (46, 47). In spite of CK and LDH rising post exercise being much variable and affected by
exercise variable and individual factors, the assessment of CK and LDH pre- and post-exercise may provide
a diagnostic tool for the detection of post-exercise muscle damage, with much less invasiveness than needed
in a muscle biopsy (48).

Wide assays has assessed the creatine consumption effects on performance in exercise (12). However, a few
surveys have assessed the effect of creatine consumption on muscle recovery post exercise damage (49, 50).
Willoughby and Rosene (51) have indicated that by ongoing creatine consumption post exercise, creatine may
operate as a gene transcription co-regulator of amino acid pools, therefore increasing synthesis of myofibrillar
protein during recovery after exersice (52).
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Almost 95 percent of creatine is accumulated in skeletal muscles while the remained 5 percent is stored the
brain, testes and heart (53, 54). Of this, about 60 percent of creatine is accumulated as phosphocreatine
with the remaining creatine containing the free creatine pool (55). Creatine consumption (e.g. 20 g/day for
5 days) has been reported to enhance phosphocreatine and muscle free creatine usually by 15 to 40 percent
(56). It is indicated that creatine, can bind to the plasma membrane due to amphipathic nature, therewith
increasing membrane stability and decrease CK and LDH loss (57).

In the current meta-analysis the positive effects of creatine could cause decrease in CK concentration overall,
regardless of subgroup analysis, while being non-significant in LDH. Subgroup analysis showed the creatine
supplementation effect on lowering serum CK is significant in 48, 72 and 96 hours follow-ups after exercise.
But due to high heterogeneity of the data to our knowledge these results should not be considered reliable.
Also, creatine consumption reduce LDH significantly in 48 hours follow-ups after exercise and there was no
considerable heterogeneity between trials. CK and LDH responses might depend on when the initial muscle
damage happened, the training status of the individuals and the orientation with the physical activity
applied (58), and thus the limit of myocellular specific proteins release. In this regard, trials with untrained
participants had a significant decrease in CK concentrations with creatine supplementation.

According to expectations, dose of >20 g/day creatine had significant effect on lowering CK. But contrary
to expectations trials with creatine supplementation duration of less than one week had significant lower CK
concentration. It can be speculated that participant in all 8 trials (2 studies) that used >20 g/day creatine,
conducted with duration of less than one week (31, 39). Above-mentioned subgroup analysis indicated that
dose of creatine supplementation is more important than duration of supplementation for decreased CK
concentration.

Weight gain is the only side effect that has been suggested which may be a desirable effect for many patient
populations and athletes (59-61). Contrary to this safety, worries have been increased in scientific community
and media related to the creatine consumption (62-64). In this case worries have been increased that
consumption of creatine may elevate chronically creatine synthesis suppression, promote muscle, liver and
renal damage, alter electrolyte situation and lead to long-term side effects (63, 65, 66). Moreover, creatine
has been reported to cause dehydration, diarrhea, promote cramping and increase gastrointestinal upset
(67-69).

The present meta-analysis had several limitations. No included studies in this meta-analysis blinded the
providers/ assessors and only one study blinded the participants. Due to the nature of physical activity
interventions, blinding in such studies may be challenging. Moreover, evidence was downgraded due to the
lack of homogeneity among included articles and subgroup hypothesis were not sufficient for founding the
source of heterogeneity. However, follow-ups after exercise explained potential between-study heterogeneity,
especially for LDH concentration. Lack of information about data on intensity and frequency of exercise,
genetic background, lifestyle factors and lack of complete baseline CK and LDH data for subgroup anal-
ysis make overall interpretation of the results difficult. Further, a significant gender affect was suggested
in activity of serum CK concentration in other investigations (70). Many factors can influence the high
heterogeneity stated.

The main strengths of the current meta-analysis are evaluation of <24, 24, 48, 72 and 96 hours follow-ups
measurement of muscle damage indices after exercise and subgroup analysis based on follow-ups, the dose
of supplementation, trial duration and train status of individuals on the overall effect sizes. The second one,
we endeavored to minimize any biases in this meta-analysis procedure by conducting a comprehensive search
of the databases as well as performing and describing the results using the PRISMA guidelines.

Conclusion

In summary, the findings within the current meta analysis show that creatine supplementation would be
effective in reducing the immediate muscle damage that happens post exercise muscle injury. But, due to
high heterogeneity and the medium risk of bias for articles, we suggest that these results be taken into
account and the facts be interpreted with caution by the readers. Further research with diverse dosages of
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creatine is required to know the optimal dose and the best repetition per day for more efficient recovery.
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Figure legends

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram
of study selection process.

Figure 2. Forest plot of the effect of creatine supplementation on CK subgrouped by follow up times after
exercise. WMD = weighted mean difference; CI = confidence interval.

Figure 3. Forest plot of the effect of creatine supplementation on LDH subgrouped by follow up times after
exercise. WMD = weighted mean difference; CI = confidence interval.

Figure 4. Funnel plot for evaluating publication bias in CK (A) and LDH (B)
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