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Abstract

Cordyceps militaris is an entomopathogenic fungus traditionally used in Asian eth-
nomedicine and increasingly investigated for its potential health-promoting properties,
including immunomodulatory and anti-inflammatory activities. In recent years, it has
gained attention as a dietary supplement with possible applications in sports nutrition.
This narrative review summarizes and critically evaluates the current human evidence
regarding the ergogenic and post-exercise recovery effects of C. militaris supplementation
in healthy individuals. A structured database search was conducted using predefined eligi-
bility criteria, and the methodological quality of included studies was appraised through
domain-based risk-of-bias assessment. Five intervention studies published between 2017
and 2024, comprising 321 participants aged 16-35 years, were identified. Supplementation
protocols ranged from 1 to 16 weeks, with daily doses of 1-12 g administered either as
isolated fungal material or as a part of multi-ingredient formulations. Assessed outcomes
included indices of aerobic performance and exercise capacity, such as maximal or peak oxy-
gen uptake (VO;max/VO;peak), time to exhaustion, power output, running performance,
and maintenance of peripheral oxygen saturation during high-intensity exercise. Several
studies also evaluated biochemical markers related to muscle damage and inflammatory
responses, including creatine kinase, blood urea nitrogen, and white blood cell counts.
Although some studies reported improvements in selected performance and recovery
parameters, the findings were inconsistent. The certainty of the evidence is limited by small
sample sizes, heterogeneity of participants and exercise protocols, insufficient reporting of
randomization, lack of trial registration in most studies, absence of standardized prepara-
tions with quantified bioactive constituents, and the use of multi-ingredient supplements.
Well-designed randomized controlled trials using chemically characterized preparations
and homogeneous athletic populations are required to clarify the efficacy and practical
relevance of C. militaris in sports nutrition.

Keywords: Cordyceps militaris; cordycepin; ergothioneine; ergogenic; exercise capacity;
performance; post-exercise recovery
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1. Introduction

The concept of an ergogenic aid, originally defined in the late sixties of the 20th century
as a means of enhancing physical and mental exercise capacity while reducing fatigue, has
evolved over time. Contemporary recommendations regarding performance-enhancing
nutritional strategies are now based on evidence-informed guidelines developed by leading
sports organizations, including the International Olympic Committee, the International
Society of Sports Nutrition, and the Australian Institute of Sport [1-5].

The use of natural substances to enhance performance, however, dates back to antig-
uity. Ancient Greek athletes reportedly consumed plant products and raw mushrooms
to improve strength, speed, focus, and pain tolerance. In some instances, toxic mush-
room species were reportedly consumed for their psychoactive properties, which may
have influenced arousal and perception through cholinergic bioactive compounds exerting
muscarinic-like effects [6-8].

The genus Cordyceps includes more than 700 different species, and some of the popular
species are Cordyceps sinensis (currently named Ophiocordyceps sinensis, hereafter referred
to as O. sinensis) and Cordyceps militaris. C. militaris (Figure 1) is found in lower altitude
regions, typically within 1000-2000 m MSL [9]. Although the European Union (EU) does
not classify C. militaris as an edible mushroom, this mushroom species is recognized as
a medicinal mushroom. In EU countries, it is categorized as an unauthorized ingredient
of foods and dietary supplements in accordance with the European Commission (EC)
and European Food Safety Authority (EFSA) novel food catalog and is recognized as
unauthorized novel food [10].

e
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Figure 1. Naturally growing Cordyceps militaris (photography by Pawet Stasiowski).

Various Cordyceps species have been used for centuries in Asian traditional medicine
(China, India, Japan, Korea) to support adaptation to extreme high-mountain environments
(low temperature, hypoxia). These fungal species are recognized for their natural anti-
hypoxic activity, which helps alleviate fatigue, enhance both physical and mental conditions,
and strengthen the immune system [11-13]. According to recent studies, C. militaris shows
several health-beneficial effects in humans, including immunostimulatory effects [14,15]
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and as a supporting agent for treating chronic bronchitis [16]. These properties are at-
tributed to the rich content of numerous chemical components, including amino acids,
proteins, carotenoids, phenolic acids, nucleosides, polysaccharides, and steroids [9,17].

Previous studies conducted on animal models show that C. militaris intake has benefi-
cial effects on exercise performance, exercise capacity, and post-exercise recovery [18-20].
Although the results of these studies are promising, they do not translate directly to the use
of C. militaris in humans. One of the main reasons for this is the aforementioned rich com-
position of diverse active ingredients. On the one hand, the mechanism of action of some
of them on the human body is still not fully understood. On the other hand, C. militaris is
not particularly promoted among physically active people and athletes, and, in addition,
it does not appear in any official recommendations. Currently, very few scientific studies
have been conducted on Cordyceps supplementation in the context of exercise performance,
and unfortunately, their results have been inconsistent.

This narrative review aims to summarize and appraise the current evidence from
human trials investigating the impact of C. militaris supplementation on aerobic/anaerobic
performance metrics and post-exercise recovery in healthy, physically active populations.

2. Research Selection Criteria

The following three electronic databases were searched: PubMed, Scopus, and Web
of Science, and a complementary search was conducted on Google Scholar. The search
was conducted for all records available from the inception of each database up to 10 De-

cember 2025. The following keywords were used for search: “cordyceps,” “cordycepin,”

“ergogenic,” “exercise,” “performance,” “endurance,” “oxygen saturation,” “oxygen con-

sumption,” “anti-fatigue,” “physical loads,” and “muscle strength.” These keywords were
Y Y

combined with Boolean operators (“AND” and “OR”).

The following inclusion criteria were considered: (1) interventional studies in healthy
individuals (i.e., without chronic diseases) who were administered C. militaris; (2) studies
in which participants had to perform exercises/were subjected to physical exertion; and
(3) publications in English.

The exclusion criteria were as follows: (1) poster presentations, conference abstracts,
and review articles; (2) in vitro studies, animal studies, and observational or other non-
interventional studies; (3) studies involving children (i.e., under 16 years of age) or pregnant
women; (4) studies involving medical treatment; and (5) studies that did not report out-
comes related to endurance or exercise performance.

Three authors (D.G., KJ., and M.].) independently assessed the titles and abstracts of the
screened studies to determine their eligibility for inclusion in this review. The full texts were
thoroughly evaluated based on predefined inclusion and exclusion criteria. Discrepancies
were resolved through discussion with other co-authors (K.K., B.M., and A.P).

In cases where necessary information was missing from potentially eligible studies,
the required details were acquired by contacting the specific author. The following data
were extracted from the studies: authors” names; study design; and number, age, and
gender of participants. Additionally, the following information regarding the methodology
or results of the study was retrieved: duration of intervention and dose and characteristics
of the mushroom material used. Funding details and safety assessment data (reporting
adverse effects during the study) were also obtained.

Two authors (K.J. and M.].) independently assessed the quality of the studies by using
Cochrane Collaboration’s Risk of Bias tool (RoB 2) [21].

All studies were analyzed according to the following criteria: blinding of participants,
personnel, and outcome assessment; random sequence generation; allocation concealment;
incompleteness of data obtained; selectivity of reporting results; and other potential sources
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of bias. To resolve discrepancies, a thorough re-analysis was conducted to reach consensus
and eliminate any doubts. Furthermore, any concerns were discussed with senior authors.
Each study was assessed based on five distinct domains: (1) bias due to randomization
process; (2) bias due to deviations from intended interventions; (3) bias due to missing outcome
data; (4) bias in outcome measurement; and (5) bias in the selection of reported results. The
overall risk of bias was categorized as low (green), moderate (yellow), and high (red).

3. Ergogenic and Post-Exercise Recovery Effect of Dietary
Supplementation with Cordyceps militaris in Humans

3.1. Description of the Included Studies

Figure 2 shows the process of selecting studies.
PLANING
Selection of databases and subsequent stages of the study

PHASE 2. i dy ; " il ?‘:/‘perrfolnwa»nfe:’

PHASE 3. Selection of the results obtained based on the accepted
inclusion and exclusion criteria for evaluation

EVALUATION
PHASE 4. Critical assessment of selected articles in terms of their

suitability for inclusion in the review

RISK OF BIRS ANALYSS

PHASE 5. Assessment of the quality of studies included in the review
using Cochrane Collaborations' Risk of Bias tool (RoB 2)

Figure 2. Diagram of review methodology.

The initial multi-database search yielded 1825 records that corresponded to the fol-
lowing results: 500 from PubMed, 457 from Scopus, and 868 from Web of Science. After
removing 548 duplicate records, 1277 publications were checked for the title and abstract.
Based on title and abstract check, 1162 publications were excluded because they were not
related to C. militaris (982 articles) or reported medical treatment (37 articles), analytical
tests (68 articles), in vitro studies (16 articles), or animal studies (57 articles). In addition,
two review articles were excluded. Finally, the remaining 115 publications were subjected
to full text eligibility assessment.

Based on full-text analysis, 113 papers were excluded because they reported results
not related to physical activity and exercise capacity. Thus, from the database search,
only two studies were considered eligible for inclusion in this review. Next, a manual
search of Google Scholar was conducted. Based on the keywords and inclusion criteria,
three additional studies were identified. Finally, five studies (1 = 5) were included in this
narrative review.

These five scientific studies were published between 2017 and 2024. A total of
321 individuals of both sexes, aged 16-35 years, participated in these studies. The dose
of products containing C. militaris ranged from 1 to 12 g per day, with both pure fun-
gal materials and multi-ingredient dietary supplements used in the studies. The dietary
supplementation duration was 1 to 16 weeks.

3.2. Characteristics of the Studies

The specific data from each study included in this review are presented in Table 1.
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Table 1. Characteristics of the studies included in the narrative review.
. . Mean Duration of . Outcomes Measured Full Composi-
Study Participant Age, Supplemen- Mushroom Exercise Investigated Safety tion/Concomitant :
Reference Design Chfmfc- Years l:ftion Material Dose Proto- Paramgters Baseline Post  Baseline Post Results  OQutcome pggess. Ingredients Per Funding
teristic (o)) (Weeks) cols CMG CMG PL PL ment Single Dose
1 both
VOsmax 477 490 464 489  groups
(ml/kg/min)  +9.4 +86 +79 +8.1 stronger
Healthy TPL
recre- o in
ationally C. VI(L/min) N/D N/D N/D N/D  both
'aCt_IV'e militaris 3x2 Three- groups
individ- (asapart caps/day minute 855.1 8832 8182  876.1
uals of ofdietary  (4gC.  maximal  TTE (s) + + + + TCMG
:g(tef; 07 ) supple- mili- cycle 1359 1327 2500 1697 'L Peak0,® is an
441 Per;}(eg;@) taris/ day) test RPP 59 63 6.0 59 ; t1}r11 o organic
n=28 Wkg)  £10 £18 £08 +10 ree combination of
groups weeks six Ayurvedic
M<16 < in of sup- mushroom
F=12 AvgP N/D N/D N/D N/D both ple- strains: C. Disruptive
groups menta- militaris, G. Nutri-
Hirsch Double- < in tion lucidum, tion
et al. blinded, %drop N/D N/D N/D N/D both proved  Noinfor- Pleurotus eryngii, LLC,
(2017)  placebo- groups to be mation II:I eglofies, Norlth
more ericium Carolina
[22] controlled VOamax 440 488+t 450 45.9  TCMG valu- erinaceus, and Biotech
(mL/kg/min) +105 112 +£125 +99 <> PL able Trametes Center
Health . 117 24 24 24 TCMG  for versicolor
P VIL/min) 453 410 409 +07 < PL partic-
ationally C. 851.7 921.5 880.0 884.6 +CMG ipants Content of any
active militaris 3x2 Three- TTE (s) + + + + + PL bioactive
individ- (asapart caps/day minute 192.2 1842 2047 147.5 compounds not
walsof  o17 of dietary  (4gC.  maximal RPP 59+ 64 57 57 1CMG determined
both  +o7 3 supple- i eycle (W-kg™) 11 +18 09 +05 <«PL
sexes ment taris/day) test < in
PeakO,®) AvgP N/D N/D N/D N/D  both
n=10 groups
| both
M=4 %dro 72.0 70.7 76.1 71.3 groups
F=6 odrop +63 +£81 +39 +67 stronger
JPL
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Table 1. Cont.
. . Mean Duration of . Outcomes Measured Full Composi-
Participant E . Safet . :
Study PaMt Age,  Supplemen- Mush xercise d Y tion/C tant i
Ref ! _ g€, upplemen: ushroom  pgge nvestigate N N Result Out ion/Concomitant Fyndin
ererence Design Shfl?c Years tation Material Proto- Parameters  baseline Post  Baseline Post esus HICOME Assess- Ingredients Per 8
ernstie  (+sp) (Weeks) cols CMG CMG  PL PL ment Single Dose
Four-
week
Healthy VOspeak sopple-
recre- C. incre- enta
atlol}ally militaris mental 25.8 0.5 +CMG ton
active (as a part exercise TTE (s) N/D + N/D + PL -
individ- . AN with C.
s of of dietary 1-2 test on 61.1 30.5 il
uals }? supple- g/day cycle er- taris
bot 22.0 4 ment Peak02® gometer 5
sexes +28 ® posi-
’ PeakO;”)  +2gof tively
Gatorade ~Wingate 2
n=43 © 0.22 0.01 af
Placebo ansero BL (mM) N/D T N/D T A CI;D/I]? focted o o
M =21 group b0 e 0.41 052 all mea- sub‘j‘eect PeakO," is an
F=22 VOopeak 411 4017 425 1+CMG sured organic
test pea ffered
S miskg/ming 1EON 162 161 60 P paame SECTeC combination of
eters rom six Ayurvedic
com- ~ adverse mushroom
pared re- strains: C. Disruptive
Dudgeon Randomized, to sponse militqr is, G. Nutri-
(2018) single placebo of lucidum, tion
[23] blinded, 8294 8526 845.0 870.7 4 in both gastroin-  Pleyrotus eryngii, LLC,
placebo- TTE Top (s) + + T 95'3 + groups One- te.stmal L. edodes, North
controlled 1182 1165 100.5 week distress; Hericium Carolina
Healthy VQZpeak supple- (Lf}e erinaceus, and Biotech
recre- . C ‘ incre- menta- subject Trametes Center
ationally militaris mental tion suffered versicolor
active (as a part exercise ) with C. from
individ- of dietary 12¢g/day  teston TTE Bottom 78;'5 78:Z'5 82;'3 83;3 ;;tl}r: mili- severe Content of any
uals of 271 supple-  PeakQ,®  cycleer- (s) 1153 977 176 1747 taris quadri- bioactive
both 14 9 1 ment® +12 g gometer ’ : ’ ) groups bene- ceps compounds not
sexes : PeakO,®)  Gatorade VOypek Top 454 449 468 473 ]‘3_’ oy fied  DOMS determined
Wingate (1 /kg/min) +£38 +42 £30 +£30 N mainly
n =40 Placebo anaero- groups less.
group bic \];Otztpiif 369+ 389 375 373 1CMG trained
M =24 power prom. 38  +44 +41 452 PL  partic-
E=16 test (ml/kg/min) pants;
PPO Top 932.7 9479  907.5 949.7 & CMG other
W) = £ = + T PL out-
S HI T
. X o N < 1In were
PPO(E\;’)”““ + + + +  both i
238.9 2246 2539 2854  groups able
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Table 1. Cont.

Stud; Participant Mean  Duration of Exercise Outcomes Measured Safety Full Composi-
udy Age,  Supplemen- Mushroom Investigated tion/Concomitant i
Reference Design Chfmfc- Years l:allation Material Dose Proto- Paramgters Baseline Post Baseline Post ~\eoUltS  Outcome Assecs. Ingredients Per Funding
teristic (. sp) (Weeks) cols CMG CMG  PL PL ment Single Dose
1137.32 851.72
PrxW)  N/D +  N/D o+ 1OV
78.19 140.51 ’
715.21 543.91
MP (W) N/D + N/D  + TVSCI\;LG
51.47 93.10 ’ Seven-
13.07 1193 < CM  week
BL(mol/L)  N/D 455 N/D 53 vs.PL  sup-
| both ple-
WEC 824 711 877 548  groups menta-
30s +133 £037 +£046 +092 stronger  fon
maximal 1 CMG w1t1‘1‘
effort 1 both C. m'zlz—
Healthy cycle Hb 15126  131.72 14850 11550 groups taris
young test +489 4227 +466 +4.13 milder | tPOSII'
No infor-  swim- CMG 1‘;?_}] Contentof any ~ No infor-
Wang mation mers 17.1 7 C. 8 g/day CK(U-L)* 67541 59016 65574 70820 YMG ¢ i.q Noinfor- bioactive mation
(2021) about +14 militaris 8 h _Of UL ’ : ’ ' TPL e;ﬂe mation compounds not about
[24] blinding 1 =180 training 1 both mea- determined funding
per day BUN groups d
M =120 divided (mmolL) B 6.88 9.46 6.40 12.54 milder T sure
F=60 into four CMG pa-
sessions, | both rame-
6 days a T serum groups ors
week for L)* 56.77 42,58 57.42 22.58 1d com-
7 weeks (kg:L) milder | pared
CMG to
-_ 8216 7847 8438 8246 | CMG  placebo,
4716 £207 £277  £277 ©PL except
T both BL
PNy A7 90 99024 100692 groups

+827 £8.18 stronger

46.13 46.13 + CMG
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Table 1. Cont.
. . Mean Duration of . Outcomes Measured Full Composi-
Participant E . Safet . p
Study P Age, Supplemen- Mushroom XEICISe 1, vestigated y tion/Concomitant :
Reference Design Chfmfc' Years l:ftion Material Dose Proto- Paramgters Baseline Post Baseline Post Results  Outcome A gacc. Ingredients Per Funding
terlstic  (1Gp)  (Weeks) cols CMG CMG PL  PL ment Single Dose
Total 1623.5 1732.0
distance run N/D + N/D + HVSC%{G
(km) 389.1 231.9 ’
Runni | both
unning 15:22.75 14:55.9815:18.82 14:54.44 FOUDS
time over + + + + g CI\/PiG
5000 m (min)  00:35.31 00:33.9300:31.60 00:32.00 vs. PL
1 both
EPO 6.98 10.55 6.75 9.16 groups
(mlU/mL) +214 +£296 +1.74 +£198 <+ CMG
vs. PL
} both The
7127 groups ap-
5627 5236 5918 .
WBC (/mL) 1716 + 452 + 1643 stror}ger plied
Healthy 1861 in sup-
male Assessment CMG ple- 1 capsule
long- 6 cap-  of partic- {both  menta- contains 300 mg La Vie
Double-  distance sules/day  ipants 336.73  225.82 42791 384.64 groups tion C. militaris En Sante
Nakamura blind, runners C. (1.8gC. during CK (U/L) + + + + stronger proveFl Ltd.
(2024) placebo 18-24 16 militaris mili- presea- 249.79 10949 399.60 188.84 lin bepefl- Noinfor-  Content of any Tbaraki,
[25] con- n=22 taris/day) ~ son CMG cial mation bioactive Japan
trolled training > ) only compounds not
M=22 sessions GT (IU/L) 21.45 21.09 2273 22.00 between inlow- determined
F=0 +565 +£599 +£535 £550 andboth  ering
groups WBC
c _ o and
eed© 005 006 036 005 between CK
P 4003 +003 £089 4002 andboth levels.
(mg/dL)
groups
19.85 | both
BUN 18.92 15.21 +5.93 15.62 groups
(mg/dL) +637 +4.78 ’ +3.41 + CMG
vs. PL
5.85 4.94 5.78 495 | both groups
UA(mg/dL) 4989 4078 +£0.80 = 0.66 stronger | inPL
CREAT 0.82 0.80 0.78 0.78 betvteen and
(mg/dL) +0.06 +0.05 +0.08 +0.08 both groups
T 724 701 625 609 T
(ng/mL/L) +239 +176 +18 +195

both groups
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Table 1. Cont.

Stud Participant Mean  Duration of Exercise Outcomes Measured Safety ‘Full Compqsi-
Ref udy _ Age, Supplemen- Mushroom pgge Investigated : : Results Outcome tion/Concomitant pyndin
eerence Design Shfl?c Years tation Material Proto- Parameters  DBaseline Post Baseline Post Assess- Ingredients Per 8
CrsUC (£SD)  (Weeks) cols CMG CMG PL PL ment Single Dose
95 72 T CMG
0,
SO (%) N/D 45 N/D Ly opL
Ability ~ Post-
. to com-  intervention
Tm}e plete the values
C 1g/day tfrsetagf Treadmill TT 5 2 test in Sug-
’ . est
militaris mill (min) N/D +1 N/D +3 CMG gim-
. rove-
Placebo Running Irlzzﬁrl::lete ern o
group for dis- oL inall
tances: R . mea-
200 m unning
and 5 time over N/D :isz N/D iol iv sCl\I/’[I? sured
Healthy m 200 m (s) . pa-
youns Running rame-
Double-  runners time over 5 N/D 21:3.5 N/D i18 1 Cl\lf]? ters.
blind, of both km (min) 1 14 vs. . Content of any
Pasha placebo sexes 16-35 3 Baselme No infor- bioactive No
etal. con- SpO3 (%) N/D :: 31 > N/D f El; 8 T CI\I/)IE is not mation Compoun.ds not exter.nal
(2024) trolled n =48 . . VS-‘ : ri_d determined funding
[2] Time Ability ~ ported;
M= test for to com- there-
F=2 C tread- plete the fore,
mz‘lita‘ris + mill Treadmill TT 4 29 test in within-
’ Tou
whey  1g+10 . (min) N/D - yqq NP igs M o, gpes
protein g/day Rfum;[l'ng Incomplete and
or dis- .
Placebo tances: test in forrnail
rou 200 m PL com
group and 5 Running 28 35 LCMG par-
km time over N/D 105 N/D 11 gy isons
200 m (s) : : carll)—
Running not be
. 14.7 17 | CMG as-
fimeover5  N/D 4 34 N/D 405 U0pL ecced.

km (min)

Abbreviations: bold: statistically significant result; 1: significant increase in the value of the investigated parameter; |: decrease in the value of the investigated parameter; :
nonsignificant changes in the value of the investigated parameter; AvgP: average power; BL: blood lactate; BUN: blood urea nitrogen; CK: creatine kinase; CMG: Cordyceps militaris group;
CREAT: creatinine; EPO: erythropoietin; IFN-y: interferon gamma; IL-4: interleukin 4; Hb: hemoglobin; MP: mean power; N/D: not determined; PL: placebo group; Pmax: maximal
power output; PPO: peak power output; RPP: relative peak power; SpO,: peripheral oxygen saturation; StO,: muscle tissue oxygen saturation; T: testosterone; TTE: time to exhaustion;
TT: time trial; UA: uric acid; VOomax: maximal oxygen uptake; VOypeak: peak oxygen uptake; VT: ventilatory threshold; WBC: white blood cells. * The values for the parameters are
approximate results obtained by digitizing data from graphs using WebPlotDigitizer 5.2 software.

https:/ /doi.org/10.3390/nu18050781


https://doi.org/10.3390/nu18050781

Nutrients 2026, 18, 781

10 of 28

In two of the five studies from Table 1, PeakO, was determined following consumption
of a blend of six mushrooms, with C. militaris as the main ingredient. Hirsch et al. [22]
demonstrated that a 3-week dietary intervention of PeakO2® mushroom blend (primary
ingredient: C. militaris) at the dose of 4 g per day improves tolerance to high-intensity exercise.
However, the intake of this blend for 1 week did not significantly affect aerobic and anaerobic
exercise performance in young participants. In the study of Dudgeon et al. [23], the effect of
PeakO2® on the selected exercise parameters of healthy individuals (aged 19-34 years) was
examined at a low dose (1-2 g/day) and a high dose (12 g/day) for 4 weeks and 1 week,
respectively. Small doses administered over a long period of time reduced blood lactate (BL)
levels, increased time to exhaustion (TTE), and increased VO,peak. In contrast, high doses
administered for a shorter period were more beneficial for the less-trained participants.

Wang [24] examined the effect of C. militaris in a group of 180 young swimmers of
both sexes (aged 16-18 years). The experimental group participants were individuals with
over 5 years of experience who underwent a 7-week training period. The swimmers had
6 training days each week, with 4 training sessions per day (2 in the morning and 2 in
the evening; total: 8 h/day). Some participants took 8 g of C. militaris (boiled in 300 mL
of water) daily as a supplement to their dinner. After 1, 3, and 7 weeks of training and
supplementation, blood samples were analyzed. Swimmers taking C. militaris had higher
levels of hemoglobin (Hb), white blood cells (WBC), and testosterone (T) and lower levels
of creatine kinase (CK) and blood urea nitrogen (BUN). These results show that C. militaris
supplementation was beneficial during post-exercise recovery, e.g., it provided greater post-
exercise resistance to muscle damage. The beneficial effect on the body’s immune response
to physical exertion was confirmed by changes in IL-4 and IFN-y levels. Swimmers taking
C. militaris had lower IL-4 levels after 7 weeks, indicating less severe inflammatory reactions
induced by training. Additionally, a more intense increase in IFN-y values shows that
regular C. militaris supplementation induces stronger regenerative processes. Swimmers
also underwent a 30 s maximal effort cycle test to assess the effect of C. militaris on power
and BL levels. Although the lactate concentration of the supplementation group did not
differ from that of the control group, swimmers taking C. militaris had significantly higher
maximum and average power values.

A group of 22 long-distance runners (aged 18-24 years) underwent a 16-week supple-
mentation protocol during their pre-season training. Eleven participants took 1800 mg of
C. militaris mycelium extract (6 capsules x 300 mg) daily, while the other participants took
the same amount of placebo (potato starch capsules). The groups showed no significant
differences in distance covered and running time. However, significant changes were noted
in the blood test results. After 16 weeks of C. militaris use, the participants showed lower
WBC counts and a significant reduction in CK levels, one of the key markers of muscle
damage due to physical exertion. This finding suggests that, in long-distance runners,
C. militaris extract may be effective as a pro-regenerative component that eliminates the
adverse effects of intense training sessions [25].

In the study of Pasha et al. [26], 48 young male and female runners (aged 16-35 years)
were recruited and trained for 1-5 years under the supervision of an Olympic coach. The
participants were assigned to four groups with the following consumption regimen for
3 weeks: 150 mL of black tea (placebo), 150 mL of black tea + 10 g of whey protein, 1 g of
freshly ground C. militaris fruiting bodies + 150 mL of black tea, or 1 g of freshly ground
C. militaris fruiting bodies + 150 mL of black tea + 10 g of whey protein. After a 3-week
supplementation protocol, the runners underwent exercise tests: a 200 m and 5 km run,
and a 3 min maximum treadmill run test. The participants taking C. militaris showed
a high degree of oxygen saturation (93-95%, respectively), while the other participants
experienced a sharp decrease in the degree of oxygen saturation (60-75%). The C. militaris
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infusion group showed a significant reduction in the time required to cover distances of
200 m and 5 km compared to the control group. Thus, the inclusion of C. militaris in the
diet has beneficial effects on physically active people, although it should be noted that the
improvement level was lower when freshly ground fruiting bodies were combined with
whey protein.

3.3. Risk of Bias Analysis

The results of the risk of bias analysis are presented in Table 2.

Table 2. Qualitative assessment of methodological quality and key limitations of the included studies.

. Bias Due to . .. Bias in
Bias Due to the . . Bias Due to Bias in .
. Deviations . . Selection of the Overall
References Randomiza- Missing Measurement .
. from Intended Reported Bias
tion Process . Outcome Data  of the Outcome
Interventions Result

Hirsch et al.
(2017) [22]
Dudgeon
(2018) [23]

Wang (2021) [24]

MODERATE MODERATE

LOW LOW MODERATE

MODERATE MODERATE MODERATE
MODERATE MODERATE LOW MODERATE

Nakamura
(2024) [25] LOW LOW MODERATE LOW
Pasha et al.

(2024) [26] LOW LOW LOW LOW

None of the analyzed studies had an overall low risk of bias. Four studies [23-26] were

not registered in clinical trial databases and did not have a registration number, making it
difficult to ensure data completeness. Thus, according to the Cochrane Collaboration’s RoB
2 criteria [21], they were assigned a high risk of bias. The remaining fifth study [22] was
registered, although there was a risk of result omission at the second stage with significantly
fewer participants. Therefore, we assumed that this study had a moderate risk of bias.

A noteworthy finding is that the outcome measurement showed a low risk of bias in
four studies [22,23,25,26]. Although all studies involved objective physiological parameters,
which were measured using standardized methods or equipment, Wang’s study [24]
lacked precise information regarding the randomization and blinding processes for those
conducting the measurement procedures.

The study of Pasha et al. [26] is distinct from other studies, wherein the authors ensured
minimization of the risk of bias in other aspects. The study was a double-blinded investigation,
with all participants randomly assigned to four groups using a recognized software. The
authors collected baseline data and reported no baseline imbalances. The infusion samples
were not only coded but also made visually and sensorily similar. During the study, there were
no deviations from the planned protocol, as the codification and similarities of the infusion
samples reduced the risk of systematic errors. All participants completed the study, and there
were no dropouts; moreover, the data before and after the experiment were obtained for each
group of participants. This study can be considered a model for future work to assess the
ergogenic effects of C. militaris in humans. A detailed discussion of the quality assessment of
other studies is presented in Supplementary Materials.

This narrative review further expands on issues explored in a recent publication by
Dewi and Khemtong [27] on the ergogenic properties of Cordyceps mushrooms.

The results of this review indicate that C. militaris actually exerts a beneficial, ergogenic
effect on physical activity. Among participants using preparations containing C. militaris,
improvements were observed in exercise capacity parameters (VO;max, TTE, SpO;, running
time, and Prmax) together with a substantial reduction in the markers of muscle damage
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(e.g., BUN and CK). Another noteworthy aspect is that the obtained results were derived
from investigative studies based on the inclusion criteria used in the methodology, wherein
conference materials such as abstracts and posters were excluded because they do not allow
for a detailed analysis of the results and present limited data. Hirsch et al. [28] recruited a
group of healthy young individuals (recreationally active) in their study and reported an
improvement of selected exercise parameters such as VOymax and TTE in high-intensity
aerobic exercise following a 3-week supplementation of a mushroom blend (4 g daily)
containing C. militaris as the primary ingredient. Moreover, a 2-week supplementation with
a combination of C. militaris, arginine, and citrulline (2 g/day of each ingredient) markedly
enhanced running economy and performance in a group of 21 male and female runners
who underwent a 45 min incremental exercise test under hot conditions [29].

4. Strengths and Limitations of the Review

The main strength of this narrative review lies in the comprehensive and transparent
approach to identifying, reviewing, and synthesizing the available literature. The review
of the databases, initial selection of studies to be included in the review, and quality
assessment of the included studies were conducted independently by three researchers.
A risk of bias analysis was also performed to assess the reliability of the methodological
procedures and confirm the credibility of the obtained results.

One of the main limitations of this review is that four of the five analyzed studies ex-
hibited methodological concerns. This issue might be a cause of concern because, although
the results indicate positive effects of C. militaris use among participants, the outcomes
might have been influenced by limitations in the methodology and research protocol.

Moreover, beyond these methodological concerns, the publications included in this
review also have other significant limitations. The first and most significant limitation is
the fungal material used. None of the studies used a standardized product with labeled
active ingredients. C. militaris contains many bioactive components with beneficial effects
on physical activity. These bioactive components include cordycepin (3’-adeoxyadenosine),
ergothioneine, and polysaccharides [30]. This is a critical concern because studies conducted
on animal models show that all these components had a positive effect on aspects related
to physical performance and post-exercise recovery [19,31].

Another limitation is that two [22,23] of the five studies used a multicomponent prepa-
ration in which C. militaris was one of the several components. Although the authors of
these two studies specified the amount of C. militaris per daily dose in the supplementation
protocol, no information was provided regarding the content of the other mushrooms in
the mixture. The use of a multi-ingredient supplement prevents a reliable assessment of
the direct impact of C. militaris on the outcomes of the participants.

Participant heterogeneity was another limitation of these studies. The heterogeneity
was mainly associated with the training level. Some of the studies [24-26] involved well-
trained athletes with more than 5 years of experience. The remaining studies recruited
individuals who exercised recreationally. Differences in skill level probably also explain
the discrepancies in the exercise protocols used in individual studies. Furthermore, it is
worth noting that differences in fitness levels can also influence the adaptations induced
by C. militaris. For example, in elite athletes, the effects of supplementation with various
substances are generally smaller than in recreational athletes or amateurs, as their bodies
are already highly adapted due to years of intensive training.

Regarding discrepancies in exercise protocols, all studies focused solely on the aspect
of endurance. Three studies [22-24] assessed the effect of C. militaris supplementation on
strength, e.g., the number of repetitions performed. However, the authors of the analyzed
studies did not examine the impact of C. militaris on lean body mass or muscle mass. This
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is particularly noteworthy given that the increase in lean body mass or muscle mass is the
ultimate goal of using ergogenic nutrients [2].

Finally, it is worth mentioning that all the included studies have evaluated the effect
of C. militaris supplementation for at least 1 week. None of the supplementation protocols
tested the effect of acute or short-term (less than 7 days) use of C. militaris.

5. Indications for Future Studies on the Ergogenic Properties of
Cordyceps militaris in Humans

Screening of the scientific literature enabled us to plan for future research on using C.
militaris supplementation in human sports and physical activity. Issues related to this topic
are grouped into three categories, as presented in Figure 3.

Future directions for studies on the

ergogenic and post-workout recovery effects
associated with dietary intervention of
Cordyceps militaris in humans

-

Research on the ergogenic properties
of bioactive compounds

Improvement of cultivation methods
to increase the density of active components

I,aﬁ,l Standardization and development of research
methodologies, supplementation protocols, and

II exercise regime

Figure 3. Proposals for future research directions on applying C. militaris supplementation in human
sports and physical activity.

5.1. Ergogenic Potential of Bioactive Compounds

A literature review on this topic indicates that C. militaris is a rich source of cordy-
cepin. Two of the 16 C. militaris fruiting body samples contained cordycepin at levels of
325-377 mg/100 g dry weight [32]. The cordycepin content in chloroform/methanol (2:1),
ethanol, and water extracts of C. militaris fruiting bodies was 7.25, 8.37, and 5.28 mg/g dry
weight, respectively [33]. Furthermore, the cordycepin content in wines produced from solid
waste cultivation and fruit wines was 7.96 and 66.78 mg/kg dry weight, respectively [34].

Cordycepin, or 3'-deoxyadenosine, is a water-insoluble organic compound belonging
to the group of nucleosides [35]. It has considerable therapeutic potential and is used in
various biological applications mainly because of its anticancer activity and antioxidant
and anti-inflammatory effects [36]. Cordycepin shows nutritional and health-promoting
potential in patients with diabetes and cardiovascular diseases and possesses immunomod-
ulatory, anti-osteoporotic, and anti-arthritic effects, implying that this compound may be
likely classified as a nutraceutical in the future [37]. A nutraceutical is a food or part of a
food that not only provides health benefits but also influences the prevention and treatment
of diseases [38].
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The presumed ergogenic recovery properties of cordycepin are related to its potential
function as an ATP precursor. However, so far, this mechanism has only been demonstrated
in studies on animal models. In one study, mice were fed a diet enriched with C. militaris
extract for 12 weeks, which was equivalent to 2.33 mg/g of cordycepin. The tested extract
showed anti-inflammatory effects, with a potential reduction in the inflammatory process
in response to physical exertion. These effects were achieved through interactions involving
adenosine receptors, adenosine monophosphate-activated protein kinase (AMPK), and
the ATP signaling pathway as well as an increase in the concentration of markers such
as phosphocreatine and peroxisome proliferator-activated receptor gamma (PPAR-y) [39].
Another study on mice also found a correlation between C. militaris fruiting body extract
administration and anti-fatigue effects and the impact on AMPK and AKT/mTOR signaling
pathways [18]. Both cordycepin and ATP share similar chemical structures (Figure 4).

NH, NH,
N = N =
N o N
¢ o0 ¢
OH i s "
o OH OH OH O\I
OH OH OH
Cordyeepin Adeno-sine-5-triphosphate (ATP)

Figure 4. Similarities in the chemical structures of cordycepin and ATP.

Cordycepin also exhibits antioxidant and anti-inflammatory properties. Cheng et al.
examined the effect of intragastric administration of cordycepin, one of the main active
ingredients of C. militaris, in mice subjected to a high-intensity forced exercise test. All
three doses of cordycepin (5, 10, and 25 mg/kg/day) increased the endurance of mice, as
evidenced by a significantly higher total running time on the treadmill compared to that of
the placebo group. Cordycepin also caused significant changes in biochemical parameters
by increasing glycogen stores (muscle and liver) and superoxide dismutase (SOD) activity
and decreasing CK, lactic acid (LA), and malondialdehyde (MDA) concentrations [31].
The results of this study were consistent with the findings of an experiment conducted by
Chai et al., in which cordycepin at 20 and 40 mg/kg doses and 500 mg/kg taurine were
administered to mice undergoing a swimming test for 28 days. Cordycepin increased ATP
and muscle glycogen and decreased certain markers of muscle fatigue, including LA, MDA,
and SOD. Metabolomics analysis showed that the anti-fatigue properties of cordycepin may
be associated with the regulation of energy metabolism and the pentose phosphate pathway.
The author also indicated that cordycepin participates in the activation of the TIGAR/SIRT-
1/PGC-1a signaling pathway [40]. Sirtuin 1 (SIRT-1) is a type II protein deacetylase that
regulates metabolic and physiological processes, including energy balance [41].

In one study, the effects of cordycepin on humans were assessed in a small group
of 10 participants of both sexes. For 8 weeks, these participants were given a functional
drink prepared from C. militaris immersion fermentation, which contained 2.85 mg of
cordycepin. Following this supplementation, the female participants showed a reduced
level of interleukin 6 (IL-6), while the male participants exhibited a reduction in IL-1§3 level.
The results of this study suggest that the antioxidant and anti-inflammatory properties of
cordycepin vary to some extent according to gender [42].

Studies on phytochemical composition and bioactive components show that C. mil-
itaris is a valuable source of ergothioneine (2-thiol-L-histidine-betaine); however, the lit-
erature indicates that the ergothioneine content varies across different C. militaris strains.
In 2 of 16 samples, the ergothioneine content in fruiting bodies and post-harvest sub-
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strate from different strains of C. militaris, using different cultivation substrates, reached
26.20-29.58 mg /100 mg dry weight [32]. Other studies reported that the ergothioneine con-
tent in wild C. militaris was 130-140 mg/kg dry weight of mycelium and 382-799 mg/kg
dry weight of fruiting bodies [33,43].

Ergothioneine is a sulfur derivative of L-histidine with an attached betaine fragment [44].
The presence of L-histidine shows that ergothioneine may have antioxidant properties similar
to those of imidazole dipeptides: anserine, balenine, and carnosine. Histidine is an amino
acid and functions as an intracellular buffering agent, particularly during anaerobic exercise.
It also exhibits antioxidant properties, including chelation of metal ions and scavenging
of reactive oxygen species (ROS). The antioxidant activity of ergothioneine and imidazole
dipeptides is probably associated with the change in the activity of oxidative markers such as
SOD, glutathione (GSH), or catalase (CAT) [45]. The similarities in the chemical structures of
ergothioneine and imidazole dipeptides are shown in Figure 5.

H /l\

Ergothioneine

o

o

Camosine Anserine Balenine

Figure 5. Similarities in the chemical structures of ergothioneine and imidazole dipeptides.

Although ergothioneine is not biosynthesized in the human body, high concentrations
of ergothioneine have been confirmed in many tissues, e.g., erythrocytes and bone marrow.
An association between aging and a reduced ergothioneine level in the body has also
been reported. Ergothioneine deficiency is one of the possible causes of accelerated aging
and premature development of age-related diseases, e.g., dementia or frailty; however,
ergothioneine concentration is not reduced during sarcopenia [46-50].

Ergothioneine has high antioxidant potential, which demonstrates its comprehensive
role in the body (Figure 6). Limiting the auto-oxidation of free copper and iron ions in cells
minimizes biomolecular damage, leading to the formation of ROS. The second important
aspect is the role of ergothioneine in the KEAP1-NRF2 signaling pathway. The anti-aging
properties of ergothioneine could be explained through dual mechanisms. The interaction
of ergothioneine with the KEAP1-NRF2 pathway increases the level of GSH redox, which
further promotes the activity of the enzyme S-adenosylmethionine (SAM) synthase and
increases the catalytic activity of methyltransferases. Additionally, the KEAP1-NRF2
pathway—-ergothioneine interaction regulates the expression level of SIRTs. SIRT6, a histone
deacetylase, influences inflammatory and oxidation processes. Moreover, animal model
studies have shown that ergothioneine regulates the pathways of other antioxidant genes,
e.g., SOD or heme-oxygenase-1 (HO-1), in a dose-dependent manner. The antioxidant
properties of ergothioneine can thus be linked with issues related to genomic repair and
stability and epigenetic modifications [51-53].
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Figure 6. Antioxidant properties of ergothioneine.

Previous studies on animal models, involving acute administration and several weeks
of supplementation, have yielded promising results regarding ergothioneine use during
increased physical activity. A daily dose of 209 ng/mg body weight of ergothioneine
obtained from the diet improved all training parameters (distance, speed, and performance)
in mice during 8 weeks of voluntary running on a rotating wheel [54]. Another study tested
weekly ergothioneine supplementation with a daily dose of 70 mg/kg body weight. The
mice underwent a TTE test on a treadmill with increasing running speed, preceded by a
10 min warm-up. Ergothioneine intervention increased the maximum aerobic speed of
mice, prolonged TTE, increased protein synthesis markers, and reduced oxidative stress
markers [55]. Positive results were also obtained in three additional studies, which involved
a total of 50 stallions. The animals were subjected to various exercise protocols: maximum
race over 2000 m, regular race over 1800 m on a standard track, and endurance training
over a distance of 30 km. Ad hoc, 4-week and 2-month administration of ergothioneine in
doses corresponding to 0.2, 0.5, and 0.02 mg/kg of the stallion’s body weight contributed
to positive changes in several analyzed parameters, e.g., a reduction in oxidative markers,
regulation of hematological indicators, and an increase in the level of the HSP-70 protein
with immunomodulatory and anti-inflammatory properties [56-58].

Another noteworthy finding is that the only sport-related study to date on ergoth-
ioneine administration in humans failed to yield significant results. Healthy male individu-
als took 2.77 mg of ergothioneine from a shiitake mushroom extract (Lentinus edodes) for
10 days. The participants performed two independent exercise tests before a 90 min tread-
mill run. The only relevant finding of this study is an increase in post-exercise nitric oxide
(NO) levels. Ergothioneine administration did not reduce oxidative stress markers [59].
In another study, supplementation of 5 mg or 25 mg/day of ergothioneine for 7 days in
healthy volunteers showed minimal influence on changes in inflammatory biomarkers and
oxidative damage [60].

As reported earlier, ergothioneine also has nootropic effects. Ergothioneine adminis-
tration to elderly individuals with mild cognitive impairment yielded positive results in
terms of learning ability [61], psychomotor speed, sleep initiation, and prospective mem-
ory [62,63]. The nootropic effects of ergothioneine are likely related to its interaction with
tropomyosin receptor kinase B (TrkB). TrkB plays a crucial role in promoting neuroplasticity
for proper learning and memory. The impact of ergothioneine deficiency in the daily diet
reduced cognitive function and decreased hippocampal neurogenesis in mice. Thus, the
role of ergothioneine in regulating TrkB phosphorylation levels in the hippocampus and
extracellular vesicles may explain its nootropic properties in humans [64].

Both cordycepin and ergothioneine require further study, as their potential ergogenic
and pro-recovery mechanisms have only been documented in animal model studies.
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5.2. Role of Cultivation Methods on the Content of Active Ingredients in C. militaris

Genome editing and sustainable biotechnology are key to scaling up C. militaris production.
Genetic engineering supports stable growth, improved resistance, efficient use of agro-waste,
and enhanced biosynthesis of secondary metabolites such as cordycepin, ergothioneine, and
polysaccharides [65]. Techniques like CRISPR/Cas9 enable targeted pathway optimization,
leading to significantly increased metabolite yields [66,67]. New high-yielding strains can be
developed through hybridization, cross-breeding, and mutagenesis, resulting in enhanced
cordycepin production and broader pharmaceutical and food application [68-70].

Metabolite content can also be increased by optimizing culture media and supplemen-
tation with selected nutrients, plant additives, trace elements, or bioactive compounds,
which substantially improved cordycepin levels [71-80]. Additionally, fermentation strate-
gies and environmental factors—such as pH, temperature, light, and oxygen availability—
strongly influence metabolite biosynthesis [81-83].

Although insect-based substrates promote high metabolite production, they are im-
practical for large-scale industry due to complexity and cost [84-86]. Therefore, plant-based
substrates are preferred for commercial cultivation, despite ongoing challenges related to
the fungus’s entomopathogenic nature and specific physiological requirements [85,87].

Park [81] reported that many limitations still need to be overcome to achieve repro-
ducible and consistent large-scale cultivation of C. militaris. Among the main limitations,
the author cited the lack of standardized cultivation protocols, significant variability in
production systems, and economic and engineering constraints. These latter issues, such as
inefficient oxygen transfer in bioreactors, poor foam management during aerated fermenta-
tion, and ineffective strategies for further metabolite purification, must be addressed before
considering full-scale industrial production.

5.3. Standardization and Development of Research Methodology

Future studies should aim to address the limitations mentioned in Tables 1 and 2. It
is crucial to use mushroom materials standardized to achieve a specific content of certain
active ingredients, including cordycepin and ergothioneine. The dose size should also
be standardized for the optimal production of mushroom products and the amount of a
specific bioactive component. For example, previous studies on the effects of ergothioneine
on physical activity have used doses considerably lower than the current limit set by EFSA
(470 mg/kg body weight) [88].

Future studies should also focus more on acute supplementation or supplementation for
less than 7 days. C. militaris supplementation for improving physical activity should cover two
aspects: ergogenic effects and support for post-exercise recovery. Firstly, components with a
well-documented effect, classified as group A in the AIS classification, should be considered,
including beta-alanine, glycerol, nitrates, caffeine, creatine, and sodium bicarbonate [89,90].

Based on our literature review, a few other, less obvious directions may be worth
exploring. The cordycepin content of the freeze-dried and powdered mycelium doubled by
adding 8 g/L L-alanine to C. militaris culture on potato dextrose agar medium [91]. Further-
more, L-alanine addition at 12 g/L dose induced a three-fold increase in cordycepin content
compared to that in the control culture [92]. However, the use of L-alanine as a supplement
to endure physical activity remains to be fully validated. As reported previously, the admin-
istration of a carbohydrate-protein solution or L-alanine to cyclists did not provide benefits,
but may rather have a negative effect on their physical performance [93]. Additionally, ala-
nine administration before and during the exercise test had a beneficial effect on improving
metabolic parameters but did not alter physical performance [94]. Another worthwhile
study on L-alanine supplementation is the study of Ueda et al., in which this amino acid
was administered along with L-arginine and L-phenylalanine. The administrationof a3 g
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mixture of these three amino acids in combination with low-intensity exercise was benefi-
cial for ketone body synthesis and increased adipose tissue recruitment [95-97]. Therefore,
it would be interesting to investigate the simultaneous use of C. militaris standardized
for cordycepin content along with the aforementioned amino acids. This might enable
assessment, for example, of the role of cordycepin in the ketogenesis process. Studies on
animal models, wherein a mixture of L-alanine with BCAA amino acids or L-glutamine
was administered to mice and rats, reported optimal results related to enhanced protective
effects on muscles subjected to intense exercise [98,99].

Ergothioneine supplementation should certainly be considered along with other imida-
zole dipeptides, namely anserine, balenine, and carnosine, and also with other antioxidant
compounds. A good example is N-acetyl-L-cysteine (NAC), whose supplementation in
physically active individuals shows beneficial effects, for example, in reducing muscle
soreness [100] or improving performance capacity [101]. It would be intriguing to examine
the combination of these two components, given that the only study to date evaluating the
effect of simultaneous administration of NAC and ergothioneine is an in vitro experiment,
which showed that supplementation with this combination had no effect on the change in
skeletal muscle contraction speed during exercise testing [102].

Ingredients such as ergogenic pycnogenol [103] and omega-3 fatty acids should also
be further investigated, as they have been shown to possess valuable anti-inflammatory
properties and reduce the negative effects of intense physical activity, such as delayed
muscle soreness or oxidative stress-induced microdamage [104].

Future studies should also assess the form of C. militaris supplementation. For example,
researchers should closely examine the use of liposomal technology for C. militaris-based
preparations as a source of active ingredients. A recently developed nanoliposome modi-
fied with chitosan oligosaccharides improved cordycepin stability, protected it from rapid
degradation, and enhanced its antioxidant activity [105]. In recent years, medicinal mush-
rooms have been extensively studied for application in the pharmaceutical, food, and
sports industries; hence, C. militaris-derived materials can serve as a starting point for
creating products and supplements that can complement the daily diet. Functional drinks,
energy shots, and teas can be a source of both C. militaris alone and carefully selected
mushroom blends [106]. Superfine grinding of C. militaris fruiting bodies improved the
efficiency of cordycepin production and increased the ability to scavenge free radicals [107].
Traditionally brewed coffee supplemented with C. militaris fruiting bodies is a very good
source of many valuable elements such as zinc, magnesium, copper, potassium, sodium,
and calcium. The presence of fruiting bodies also increased the content of 4-feruloylquinic
acid and 3,5-dicaffeoylquinic acid [108]. The combination of C. militaris with peri-exercise
supplementation with fruit and vegetable juices, which are widely used in sports nutrition,
should also be considered. For example, C. militaris could be combined with beet juice,
a source of ergogenic nitrates; watermelon juice, a source of L-citrulline; and cherry and
pomegranate juices, which are rich in polyphenols that support tissue regeneration [109].

Future studies should also ensure homogeneity of the participants. Age, sex, gender,
body weight, fitness level, and type of sport practiced should be as similar as possible
to minimize discrepancies in the results. Furthermore, additional parameters should be
considered to evaluate the application of C. militaris and its active ingredients. For this
purpose, it would be worthwhile to choose proven exercise protocols whose effective-
ness has been measured and validated. For example, the 1RM test [110] or a handheld
dynamometer [111] could be used to assess changes in muscle strength.

It also seems reasonable to examine the parameters and use tools, protocols, and
tests recommended for specific sports disciplines. For example, the maximum counter-
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movement jump (CM]J) could be used to assess improvements in basketball players [112],
while a tennis agility test (TAT) might be appropriate for tennis players [113].

5.4. Additional Findings

The assessment of the role of C. militaris in post-exercise recovery should not be
limited to issues solely related to training and muscle fatigue. Structural damage to the
musculoskeletal system commonly occurs in physically active people. It ranges from
fractures, dislocations, and displacements to inflammatory changes in tendons and leads to
the formation of trigger points or painful overload syndromes such as shin splints [114].
A study of 321 participants of both sexes, most of whom practiced yoga, capoeira, and
running, showed that as many as 78.4% of the respondents had experienced chronic wrist
pain at least once. The study revealed an interesting, though statistically insignificant, trend:
The incidence of chronic pain was highest among the youngest participants (18-25 years)
at 63.8% [115]. A systematic review of seven studies involving 346 adult male and female
athletes showed that more than 50% of the athletes treated pain with oral or topical anti-
inflammatory drugs. The authors also indicated that nonsteroidal anti-inflammatory drugs
(NSAIDs) are effective only for acute pain, and the efficacy of these drugs decreases in
cases of chronic injuries or pain syndromes [116]. In another study, athletes keenly used
pain relief products. Of 731 young elite Danish athletes (aged 15-20 years), 31% of athletes
confirmed that they had used painkillers at least once in the last four weeks. The authors
noted that the probability of using painkillers increased with the intensity of pain [117].
More than half of the 230 American female athletes and almost one third of the 83 male
athletes suffered from various pain conditions during 8 weeks of training. One in four
female athletes and one in five male athletes confirmed the use of NSAIDs to relieve
pain. Most study participants purchased their medication themselves [118]. However, it
remains to be confirmed whether the use of NSAIDs has an ergogenic effect, e.g., improving
performance. There are also real health-related risks associated with the use of these drugs,
including electrolyte imbalance, hypernatremia, oxidative stress, inflammatory changes
and muscle damage, acute kidney injury, and gastrointestinal disorders [116,119,120].

Based on its bioactive components and health-beneficial properties, C. militaris can be
categorized as a supplementary component of the daily diet for physically active people,
which possibly allows them to maintain their musculoskeletal system [37]. NSAIDs and
C. militaris have an almost similar anti-inflammatory potential. Both of them can reduce
ROS production, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B)
activation, arachidonic acid metabolite production, and proinflammatory cytokine release.
These reactions are specific components of the inflammatory process [121]. Therefore, it
would be interesting to investigate the combination of C. militaris supplementation with
other natural ingredients proven to be beneficial in alleviating pain, such as ginger [122],
Boswellia serrata [123], or turmeric [124]. C. militaris should also be explored as an element of
diet and supplementation for providing structural support to the musculoskeletal system.
In vitro and in vivo studies on animal models suggest that cordycepin may prevent bone
loss, promote osteogenesis, and accelerate fracture healing. C. militaris mushrooms are
also a rich source of calcium, phosphorus, and vitamin D, which are components of bone
mineral mass [125].

The NIH label database includes 733 labels (<1% of the database) for the keyword
“cordyceps.” This finding indicates that Cordyceps spp. are not yet a common ingredient in
the food industry, contrary to their popularity in society [126]. There have been many un-
fortunate cases of adulteration or contamination of dietary supplements or functional foods
with unauthorized ingredients, such as the case of using anabolic-androgenic steroids (AAS)
instead of Tribulus terrestris and contamination of phenethylamines (PEAs) or aliphatic
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amines associated with various botanical extracts [127,128]. The ongoing intensive studies
on O. sinensis and C. militaris have demonstrated the value of these mushrooms as a nutri-
tional/food supplement and a source of many bioactive compounds, including nucleosides,
amino acids, polyamines, and peptides, thus confirming their medicinal/therapeutic poten-
tial. In the context of food adulteration or contamination, the cultivation and distribution
of these mushrooms should be regulated and monitored based on additional guidelines.
According to the Act Governing Food Safety and Sanitation (Food and Drug Administra-
tion, Ministry of Health and Welfare, Taiwan), the conditions of C. militaris manufacture
and usage as a food supplement are proposed to be restricted; moreover, food products
containing C. militaris are required to be labeled accordingly with warning information. The
primary objective and rationale for this approach are “prevention of deceptive practices
and protection of consumer health” [129].

An analysis of 50 dietary supplements from the testosterone booster (TB) category
available in 10 sales markets conducted in 2022 showed that 10% of the products contained
C. militaris or O. sinensis [130]. C. militaris is likely used in dietary supplements classified as
TB because of its impact on hormonal balance. In a group of 66 patients with confirmed
bladder issues (e.g., weak stream, difficulty in urinating, and excessively frequent urina-
tion), some participants received C. militaris capsules (equivalent to 24 g of cordycepin,
0.36 g of adenosine, and 40 g of polysaccharides) for 92 days. The administration of C. mili-
taris fruiting bodies possibly contributed to reducing bladder obstruction and decreasing
prostate size [131]. The administration of C. militaris fruiting body extract to mice enabled
the maintenance of testosterone and dihydrotestosterone (DHT) levels and increased their
secretion. C. militaris inhibited testosterone-induced prostate hyperplasia [132]. In another
study, 30 male rats were administered either a placebo or C. militaris extract at doses of
50 or 200 mg/kg body weight. The animals consumed the mushroom material for 30 days
and were simultaneously exposed to the negative effects of tobacco smoke. Rats consuming
C. militaris showed a decline in testosterone levels and the number of Leydig cells [133].
Cordycepin extracted from C. militaris mycelium was administered to rats for 6 months
at doses of 5, 10, and 20 g per day. The animals receiving cordycepin showed increased
motility, progression, and average speed of spermatozoa. However, the maximum dose of
20 g/day mitigated changes in the expression of proteins and mRNA associated with the
spermatogenesis process [134]. Considering C. militaris as a potential testosterone /hormone
booster opens several new avenues for research on its similarities and differences with
other ingredients used as sport supplements. Apart from those ingredients with a large
amount of scientific evidence or EU regulatory documents, such as T. terrestris, Panax
ginseng, or L-arginine [130], there are several other natural substances that are equally
interesting based on their effects and applications, such as phytoecdysteroids like ecdys-
terone [135], Eurycoma longifolia (longjack/tongkat ali) [136] and Trigonella foenum-graecum
(fenugreek) [137,138].

C. militaris can also be found among the ingredients of products marketed as “neu-
rogenic aids” supplements, although this term functions predominantly as a marketing
construct rather than a scientifically grounded category of substances with demonstrable
cognitive effects [139].

C. militaris is also a rich source of L-phenylalanine, with content exceeding 500 mg/100 g
dry weight in fruiting bodies [32]. L-phenylalanine is an essential aromatic amino acid
supplied with the daily diet. Phenylalanine plays the primary role of a tyrosine precursor,
an essential component for synthesizing critical neurotransmitters such as dopamine,
epinephrine, and noradrenaline [140-142].

To date, the available literature provides only limited insight into the independent use
of phenylalanine in humans for improving physical activity. A 3 g serving of phenylalanine
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administered to actively exercising men approximately 30 min before exercise on a bicycle
ergometer increased plasma glycerol and glucagon concentrations in the participants. These
changes probably indicate that phenylalanine promotes fat oxidation [143]. Further studies
are warranted to clarify the role of phenylalanine in the ergogenic properties of C. militaris.

6. Conclusions

The findings of this narrative review indicate that C. militaris supplementation may
provide beneficial ergogenic and post-exercise recovery effects in physically active individ-
uals, including improvements in VOynax, TTE, and power output and also in maintaining
SpO;, levels during high-intensity exercise (reported in one study). Several studies have also
shown that C. militaris supplementation induced favorable changes in selected biochemical
markers associated with muscle damage and inflammation, such as CK, BUN, and WBC.
However, the overall certainty of these observations is limited because of moderate to
high risk of bias; absence of standardized preparations of fungal material; and substan-
tial methodological heterogeneity across supplementation protocols, exercise tests, and
participant characteristics.

In terms of practical application, the current evidence is insufficient to support definitive
recommendations regarding the use of C. militaris in sports nutrition. Although preliminary
findings suggest potential benefits for endurance performance and post-exercise performance,
the small number of available studies, their methodological limitations, and the variability
in supplementation protocols and outcome measures limit the strength and generalizability
of these observations. Consequently, the use of C. militaris in physically active populations
should be regarded as investigational rather than evidence-based at this stage.

Future research should aim to address these limitations through rigorously designed
randomized controlled trials employing chemically standardized preparations with defined
bioactive compound profiles, clearly characterized athletic populations, and validated,
sport-specific performance outcomes. Additional investigations exploring dose-response
relationships, acute supplementation strategies, strength-related parameters, and compar-
isons with established ergogenic aids would contribute to a more comprehensive under-
standing of the physiological relevance, safety, and practical applicability of C. militaris
supplementation in sport.
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