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ABSTRACT
Curcumin is a natural polyphenolic compound exerting antioxidative and anti-inflammatory effects 
on various tissues, including muscles. Nevertheless, its clinical usage has been limited because of its 
poor bioavailability. Thus, highly bioavailable curcumin, such as Theracurmin (CR-033P) composed 
of 36% crystalline curcumin, has been developed. This study investigated the antioxidant activity 
and muscle-protective effect of Theracurmin Super (TS-P1), a new formulation with 36% amorphous 
curcumin. TS-P1 and CR-033P demonstrated antioxidant activity in vitro. Compared with pure 
curcumin, orally administered TS-P1 or CR-033P (16.7 or 50 mg per kg of body weight) at one- 
third dose inhibited the elevation of plasma lactate dehydrogenase and creatine kinase levels in 
a mouse downhill running model, indicating superior muscle-protective effect. Particularly, TS-P1 
showed better or equivalent effectiveness in restoring the activity of antioxidant enzymes including 
glutathione peroxidase and catalase, and in suppressing inflammatory responses. Therefore, for
mulation with amorphous curcumin is a promising strategy for curcumin-based supplements.
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1. Introduction

Curcumin is a natural polyphenolic compound, which was 
first isolated from the rhizome of turmeric, and it has been 
widely used as a spice and traditional medicine (Pulido- 
Moran et al., 2016). Numerous studies have revealed its 
versatile effect as an antioxidant, anti-inflammatory, antitu
mor/anticancer, antimicrobial/antiviral, or antiaging/antise
nescence agent (Maheshwari et al., 2006; Zia et al., 2021). 
Thus, curcumin has been considered a multitarget drug for 
chronic diseases induced by complex pathological factors, 
and clinical trials have been extensively performed 
(Kunnumakkara et al., 2017). According to safety reports of 
curcumin as food, it is an edible nontoxic compound when 
ingested up to 12 g/day (Authority, 2014; JECFA, 2004; Lao 
et al., 2006). Owing to its nontoxic nature, many pharmaceu
tical companies have attempted to use curcumin as a health 
supplement and nutraceutical (Kunnumakkara et al., 2017). 
Nevertheless, the use of pure curcumin has been limited 
because of its chemical properties, including negligible solu
bility in water, poor absorbability in the intestines, and rapid 
degradation under alkaline conditions (pH 7–10) (Gornicka 
et al., 2023). Therefore, new formulations are required for the 
development of highly bioavailable curcumin.

Various highly bioavailable curcumins have been devel
oped according to the main formulation strategies: mixing 
with fatty or lipidic adjuncts, absorption and dispersal into 
a matrix, and particle size reduction (Gornicka et al., 2023; 
Hegde et al., 2023). Theracurmin was developed using dis
persed submicron crystalline curcumin (Sasaki et al., 2011). 
Its human clinical trials as oral drugs or supplements for the 
management of exercise-induced muscle damage and even 

treatment of chronic diseases have been extensively per
formed (Imaizumi, 2015; Small et al., 2018; Sugimoto et al.,  
2020; Tanabe et al., 2015). Recently, it is also available as an 
encapsulated powder form (CR-033P) containing 36% curcu
min (Chung et al., 2021). Compared with pure curcumin, 
orally administered CR-033P showed significantly improved 
bioabsorption in humans. Theracurmin Super (TS-P1) was 
also developed by replacing the crystalline curcumin with 
amorphous curcumin (Hirose et al., 2022), which has 17-fold 
higher water solubility than crystalline curcumin (Pawar 
et al., 2012). Compared with CR-033P, TS-P1 showed an 
improvement of 1.54-fold on maximum concentration 
(Cmax) and 1.02-fold on area under the concentration – 
time curve for 12 h (AUC0–12 h) in human plasma, even at 
the half-dose level. Thus, the bioavailability of TS-P1 is 
85.2-fold higher in humans than that of pure curcumin, 
implying the great potential of TS-P1. Despite its beneficial 
effects on common cold symptoms in the human clinical 
study (Kuwabara et al., 2023), no further advanced preclinical 
or clinical studies of TS-P1 have been performed.

Curcumin ameliorates exercise-induced muscle damage 
(Nanavati et al., 2022). In this study, we investigated the 
potential of TS-P1 as an oral supplement for exercise- 
induced muscle damage using an animal model. Downhill 
running (DHR), a type of eccentric exercise, induces muscle 
damage through oxidative stress by reactive oxygen species 
(ROS), leading to the release of muscular proteins including 
creatine kinase (CK), lactate dehydrogenase (LDH), and myo
globin into the blood (Schwane et al., 1983). It also triggers 
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inflammatory responses, which induce the elevation of the 
levels of proinflammatory cytokines including interleukins, 
tumor necrosis factor-α (TNF-α), and C-reactive protein, and 
further activation of macrophages (Fernandez-Lazaro, 
Mielgo-Ayuso, Seco Calvo, et al., 2020; Kawanishi et al.,  
2013; Muller, 2001; Wang & Zhou, 2022). TS-P1 or CR-033P 
was orally administered to mice subjected to DHR, and their 
effect on muscle damage was examined by evaluation of the 
levels of muscular proteins in the plasma, oxidative stress, 
and inflammatory markers in skeletal muscles after DHR.

2. Materials and methods

2.1. Animals and ethics statement

Male C57BL/6 mice (age: 8 weeks) were obtained from DBL 
(Eumseong, Korea), and housed in a controlled environment 
with a 12-h light/dark cycle and free access to food and 
water. All animal experiments were performed according to 
the guidelines and principles for animal care and use set 
forth by the Institutional Animal Care and Use Committee 
(IACUC) of DGIST (Daegu, Korea), and approved by the 
IACUC (#DGIST-IACUC-22122603–0001).

2.2. DHR protocol and compound administration

We adopted a mouse DHR protocol from previous studies 
with slight modifications (Davis et al., 2007; Haramizu et al.,  
2013; Kawanishi et al., 2013). Briefly, on experimental days 1 
and 2, the mice were trained at a speed of 20 m/min on 
a flat treadmill (#LE8710MTS and #LE8709TS, Pinlab, Spain) 
for 20 min once per day. Mice that did not adapt and run 
well on the treadmill during training were excluded. The 
well-trained mice were randomly divided into seven experi
mental groups containing eight mice per group with similar 
average of their body weight (Table 1), and then allowed to 
rest on day 3. On day 4, the DHR protocol was performed 
on a − 15%-inclined treadmill at a speed of 22 m/min for 
150 min except to resting group.

Curcumin was purchased from FUJIFILM Wako Pure 
Chemical Corporation (#038–04921; Osaka, Japan). TS-P1 
and CR-033P were freely obtained from Handok R&D 
Center (Seoul, Korea). CR-033P and TS-P1 contain 36% crys
talline curcumin and amorphous curcumin, respectively 
(Chung et al., 2021; Hirose et al., 2022). Each solution for 
administration of curcumin, CR-033P, and TS-P1 was pre
pared as 6.67 or 20 mg/ml concentrated solution with saline. 
Following DHR, we orally administered the saline or pre
pared solution (2.5 ml per body weight kg) into the mice 
by using an oral zonde needle (#JD-S-124-38-24 G, Jeungdo 
Bio & Plant Co. Ltd., Seoul, Korea), according to body weight 
of each mouse. After 24 h of single administration of com
pound solutions, the mice were anesthetized by intraperito
neal injection of avertin (250 mg/kg) from a 
20 mg/ml stock solution containing 2,2,2-tribromoethanol 
(#T48402-25 G, Merck, Darmstadt, Germany) with 2-methyl- 
2-butanol (#152463-250 ML, Merck). Finally, their plasma and 
gastrocnemius muscles were obtained.

2.3. In vitro antioxidant effect assay

Scavenging activity assay against free radical 2,2-Diphenyl- 
1-picrylhydrazyl (DPPH) (#044150, Alfa Aesar, Ward Hill, MA, 
U.S.A.) was performed as previously reported (Yong-Hwan 
et al., 2016). Briefly, we incubated 150 μl of 150 μM DPPH 
with 1.5 μl of serially concentrated solutions (from 1.5625 to 
200 μg/ml in saline) of CR-033P or TS-P1 for 30 min, and then 
measured its absorbance (At) at 520 nm. The following for
mula was used to calculate the relative antioxidant activity; 
% of antioxidant activity = [1− (At ÷ control absorbance)] ×  
100. Ferric reducing antioxidant power (FRAP), and total 
antioxidant capacity (TAC) assays were used for measure
ment of conversion of Fe3+ to Fe2+ and Cu2+ to Cu+ by 
antioxidants, respectively. Fe2+ and Cu+ are colored metal 
ions having high absorbance at 540 nm and 490 nm, respec
tively. FRAP and TAC assays were performed using commer
cial kits, OxiSelect™ Ferric Reducing Antioxidant Power 
Assay Kit (#STA-859, Cell Biolabs, San Diego, CA, U.S.A.), 
and OxiSelect™ Total Antioxidant Capacity Assay Kit (#STA- 
360, Cell Biolabs), according to manufacturer’s protocols. 
30 μM ascorbic acid (#L92902, Merk) was used as a positive 
reference of antioxidant. Quantitative data were analyzed by 
one-way ANOVA on ranks using Dunnett’s Method.

2.4. Biochemical assays

Crude blood samples were collected into PST™ Tubes 
with lithium heparin (BD Microtainer®, #365985, BD 
Biosciences, Bergen County, NJ, U.S.A.). Next, plasma was 
separated by centrifugation at 2,000 g for 15 min at 4°C. 
Lactate dehydrogenase (LDH) and creatine kinase CK) 
activities were measured using commercial kits, LDH 
assay kit (#ab197000; Abcam, Cambridge, UK), and CK 
assay kit (#ECPK-100, BioAssay Systems, Hayward, CA, 
U.S.A.), according to the manufacturer’s protocols. 
Gastrocnemius muscle was dissected from the hind legs 
of mice, and homogenized in tissue protein extraction 
reagent (#78510, Thermo Fisher Scientific, Waltham, MA, 
U.S.A.) containing a protease inhibitor cocktail (#1861278, 
Thermo Fisher Scientific) using a pestle homogenizer and 
an ultrasonic sonicator. Subsequently, we performed bio
chemical assays using commercial assay kits according to 
the manufacturer’s instructions: hydrogen peroxide level 
(#AS-71112, AnaSpec, Fremont, CA, U.S.A.); malondialde
hyde level (#ab118970, Abcam); glutathione peroxidase 
activity (#ab102530, Abcam); and catalase activity 
(#ab83464, Abcam). Each measured value was calibrated 
according to the protein amount of GA used in the assay. 
Quantitative data were analyzed using unpaired Student’s 
t-test or rank-sum test.

2.5. Real-time reverse transcription-quantitative 
polymerase chain reaction (PCR)

GA was homogenized into Qiazol lysis buffer (#79306, 
Qiagen, Germany), and RNA was extracted according to 
organic extraction methods. Total mRNA was reverse- 
transcribed to cDNA using Transcriptor First Strand 
cDNA Synthesis Kit (#04896866001, Roche, Switzerland), 
according to manufacturer’s instructions. Next, quantita
tive real-time PCR was performed using a LightCycler® 
480 SYBR Green I Master mix (#04887352001, Roche) in 
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a Thermal Cycler (#T100TM, BioRAD, Hercules, CA, U.S.A.). 
For PCR, DNA primers were designed as previously 
reported (Table 2) (Kawanishi et al., 2013). The mRNA 
levels of targets were normalized to those of Gapdh, 
and quantitative data were analyzed using unpaired 
Student’s t-test.

2.6. Statistical analysis

All quantitative analyses and graph plotting were performed 
by using SigmaPlot 12.5 program (Grafiti LLC, CA, U.S.A.). 
Detail statistic information is described in the figure legends. 
Numbers of animal are given in the figure legends as “n”. 
Error bars represent standard error (SEM). To evaluate statis
tical significance, we performed two-tailed paired/unpaired 
t-test, Mann-Whitney rank sum test, or one-way ANOVA on 
ranks using Dunnett’s Method, and p < .05 is considered as 
“significant”.

3. Results

3.1. TS-P1 and CR-033P exhibit the antioxidant effect 
in vitro

First, the antioxidant activities of TS-P1 and CR-033P were 
examined. TS-P1 and CR-033P significantly reduced the 
absorbance of DPPH radical at 520 nm in a dose- 
dependent manner, indicating that they have free radi
cal-scavenging activity (Figure 1(a,b)). Their IC50 values 
were comparable; 25.48 μg/mL for TS-P1 and 25.0 μg/mL 
for CR-033P. In addition, ferric reducing ability of plasma 
(FRAP) and total antioxidant capacity (TAC) assays exhib
ited that TS-P1 and CR-033P significantly convert Fe3+ 

and Cu2+ to reduced forms, Fe2+ and Cu+, in a dose- 

dependent manner (Figure 1(c–f)). The FRAPs of TS-P1 
and CR-033P increased up to 1,618% and 1,911% at 
a concentration of 200 μg/mL, respectively (Figure 1(c, 
d)). Their TACs increased up to 11,068% and 1,820% at 
a concentration of 200 μg/ml (Figure 1(e,f)). These data 
indicate that TS-P1 and CR-033P can function as antiox
idants by reducing activity in vitro.

3.2. TS-P1 and CR-033P alleviate muscle tissue damage 
in the mouse DHR model

To investigate the tissue-protective effects of TS-P1 and 
CR-033P, DHR of mice was performed, and saline, 16.7 mg 
TS-P1 (TS-P116.7), 50 mg TS-P1 (TS-P150), 16.7 mg CR-033P 
(CR-033P16.7) or 50 mg CR-033P (CR-033P50), or 50 mg 
pure curcumin (curcumin50) per kg of the body weight 
of mice were orally administered subsequently 
(Figure 2(a)). The resting group showed significant 
increase on body weight (p = .001), but not the DHR 
group with or without administration of compound 
(Table 1). Expectedly, compared with the resting group, 
DHR significantly increased the levels of plasma LDH 
released from damaged tissue (p < .001) (Figure 2(b)). 
However, this increase was significantly suppressed by 
TS-P150, CR-033P16.7, or curcumin50 (TS-P150, p = .021; 
CR-033P16.7, p < .001; curcumin50, p < .001). In addition, 
the level of plasma CK, which is released from the 
damaged muscle as a highly enriched enzyme in muscle 
cells, was also increased by DHR (p = .001) (Figure 2(c)). 
This elevation was also inhibited by TS-P116.7, TS-P150, 
CR-033P16.7, and curcumin50 (TS-P116.7, p = .02; TS-P150, 

Table 1. Change of body weight of mice.

DHR

Group
Resting 
(n = 8)

Saline 
(n = 8)

TS-P116.7 

(n = 8)
TS-P150 

(n = 8)
CR-033P16.7 

(n = 8)
CR-033P50 

(n = 8)
curcumin50 

(n = 8)

Before DHR 22.025 ± 0.21 22.075 ± 0.38 22.175 ± 0.34 21.938 ± 0.23 21.944 ± 0.16 22.063 ± 0.32 21.988 ± 0.34
After resting *22.725 ± 0.20
After DHR 22.050 ± 0.34 †21.725 ± 0.30 21.913 ± 0.29 21.688 ± 0.22 †21.663 ± 0.27 22.400 ± 0.28

Measurement of average body weight (g) of mice before DHR, and after resting or DHR. Data were expressed as mean ± SEM (n = 8, *p < .05 for “before DHR” vs 
“after resting”, and †p < .05 for “before DHR” vs “after DHR” by paired t-test). 

Table 2. DNA primers for real-time RT-PCR.

Targets Forward primer (5’-3’) Reverse primer (5’-3’)

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) TGAAGCAGGCATCTGAGGG CGAAGGTGGAAGAGTGGGAG
NADPH oxidase 2 (Nox2) TTGGGTCAGCACTGGCTCTG TGGCGGTGTGCAGTGCTATC
Interleukin 1β (Il1b) TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG
Interleukin 6 (Il6) TACCACTTCACAAGTCGGAGGC CTGCAAGTGCATCATCGTTGTTC
Interleukin 10 (Il10) CGGGAAGACAATAACTGCACCC CGGTTAGCAGTATGTTGTCCAGC
tumor necrosis factor-α (Tnfa) GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG
prostaglandin-endoperoxide synthase 2 (Ptgs2) AGAAGGAAATGGCTGCAGAA GCTCGGCTTCCAGTATTGAG
monocyte chemoattractant protein 1 (Mcp1) CTTCTGGGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA
C-X-C motif chemokine ligand 14 (Cxcl14) CCAAGATTCGCTATAGCGAC CCTGCGCTTCTCGTTCCAGG
adhesion G protein-coupled receptor E1 (Adgre1) CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG

Sequences of each DNA oligomer producing 100–200 bp PCR products from cDNA reverse-transcribed from mRNAs in gastrocnemius muscle. 
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p = .027; CR-033P16.7, p < .001; curcumin50, p = .002). These 
data suggest that, similar to curcumin, TS-P1 and CR- 
033P exert muscle-protective effects upon DHR.

3.3. TS-P1 and CR-033P restore antioxidant enzyme 
activity in muscle upon DHR

Curcumin functions as an antioxidant against oxidative 
stress in exercise-induced skeletal muscle damage 
(Nanavati et al., 2022). Thus, whether the TS-P1 and CR- 
033P mediate antioxidant reaction was examined. DHR 
markedly increased the levels of hydrogen peroxide 
(p < .001), a type of ROS, and malondialdehyde (p = .021), 
a final product of lipid peroxidation, in gastrocnemius 
muscle (GA) (Figure 3(a,b)). However, TS-P1, CR-033P, 
and curcumin did not affect the levels of hydrogen per
oxide and malondialdehyde upon DHR. In addition, DHR 
increased the mRNA levels of Nox2 encoding NADPH oxi
dase 2 (p = .038), which is involved in exercise-evoked 
oxidative stress as a main ROS-producing enzyme in the 
muscles (Powers et al., 2020) (Figure 3(c)). Notably, this 
increase was significantly suppressed by TS-P150 (p = .012), 
but not by CR-033P and curcumin (Figure 3(c)). Because 
curcumin restores the activity of antioxidant enzymes, 
including glutathione peroxidase (GPx) and catalase, in 
oxidative stress models (Nanavati et al., 2022), whether 
TS-P1 and CR-033P affect antioxidant enzymes was exam
ined. DHR significantly reduced the activities of GPx and 
catalase in GA (GPx, p = .001; catalase, p = .026) (Figure 3 
(d,e)). Interestingly, GPx activity was significantly restored 
by TS-P116.7 (p < .001), TS-P150 (p = .004), or CR-033P16.7 

(p = .029) but not by CR-033P50 and curcumin50 

(Figure 3(d)). Similarly, catalase activity was also restored 
by TS-P1, CR-033P, and curcumin (TS-P116.7, p = .007; TS- 
P150, p < .001; CR-033P16.7, p < .001; CR-033P50, p = .004; 

curcumin50, p < .001) (Figure 3(e)). These results suggests 
that TS-P1 and CR-033P restore the activity of antioxidant 
enzymes upon DHR.

3.4. TS-P1 and CR-033P reduced inflammatory 
responses in muscle upon DHR

Curcumin inhibits inflammatory response in exercise- 
induced muscle damage (Kawanishi et al., 2013; Ms et al.,  
2020). To investigate whether TS-P1 and CR-033P also sup
press inflammatory response upon muscle damage, we 
examined the expression of inflammatory cytokines induced 
by muscle damage. The mRNA levels of Il1b, Il6, and Tnfa 
coding interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor-α (TNFα) were significantly increased by DHR 
(Il1b, p < .005; Il6, p = .05; Tnfa, p = .046) (Figure 4(a–c)), as 
previously reported (Cannon et al., 1989; Fielding et al., 1993; 
Hamada et al., 2005). Notably, TS-P150 significantly sup
pressed the upregulation of mRNA levels of Il1b and Il6 
(Il1b, p = .039; Il6, p = .05), but not mRNA of Tnfa (Figure 4 
(a–c)). CR-033P50 slightly inhibited the DHR-induced increase 
of Il6 mRNA (Figure 4(b)). In contrast, mRNA level of Il10 
coding interleukin-10 (IL-10), an anti-inflammatory cytokine, 
did not change upon DHR regardless of TS-P1, CR-033P, and 
curcumin (Figure 4(d)). In addition, the mRNA level of Ptgs2 
coding cyclooxygenase 2 (COX-2), which is involved in mus
cle regeneration after proinflammatory removal of damaged 
muscle tissue (Alvarez et al., 2020), was increased by DHR in 
GA (p = .002); this process was not affected by TS-P1, CR- 
033P, or curcumin (Figure 4(e)), similar to previous report 
(Kawanishi et al., 2013).

Next, we examined whether TS-P1 and CR-033P affect 
macrophagic activation. The mRNAs of Mcp1 and Cxcl14, 
genes of MCP1 and CXCL14 chemotactic factors for macro
phagic recruitment into damaged muscle (Kawanishi et al.,  

Figure 1. Antioxidant effect of TS-P1 and CR-033P in vitro (a, b) measurement of scavenging activity of TS-P1 (a) and CR-033P (b) against DPPH radical. Ascorbic 
acid (AA) is used as a positive control. (c, d) measurement of ferric reducing antioxidant power (FRAP) of TS-P1 (c) and CR-033P (d). (e, f) measurement of total 
antioxidant capacity (TAC) of TS-P1 (e) and CR-033P (f). Data were expressed as mean ± SEM (n = 3, *p < .05, **p < .01, ***p < .001 vs untreated group by one- 
way ANOVA using Dunnett’s multiple comparison test for TS-P1 and CR-033P; n = 3, ***p < .001 vs untreated group by t-test for AA).
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2013; Muller, 2001; Wang & Zhou, 2022), were markedly 
increased by DHR in GA (Mcp1, p < .001; Cxcl14, p < .001) 
(Figure 5(a,b)). Notably, TS-P1 or CR-033P significantly sup
pressed the upregulation of mRNAs of Mcp1 (TS-P116.7, 
p = .038; TS-P150, p < .001; CR-033P16.7, p = .007; curcumin50, 
p = .05), and Cxcl14 (TS-P150, p < .001; CR-033P50, p = .002), 
similar to curcumin50 (Figure 5(a,b). Additionally, the mRNA 
level of Adgre1, coding ADGRE1 as a macrophage marker, 
was also increased in GA upon DHR (p = .021); it was signifi
cantly suppressed by TS-P150 (p < .001), but not CR-033P and 
curcumin (Figure 5(c)). These data indicate that DHR-induced 
macrophage activation is inhibited by TS-P1. Given that TS- 

P1 exerts similar or better muscle-protective effects at lower 
doses compared with CR-033P and crude curcumin, enhan
cing the bioavailability of curcumin using amorphous curcu
min is a promising strategy for curcumin-based therapy.

4. Discussion

This study demonstrates the antioxidant and muscle- 
protective effects of recently developed highly bioavailable 
curcumins, TS-P1 and CR-033P. TS-P1 and CR-033P dose- 
dependently inhibited the activity of metal ions, indicating 
that they can function as direct antioxidants. Their antiox

Figure 2. Muscle-protective effect of TS-P1 and CR-033P in mouse DHR model. (a) Experimental scheme of mouse DHR model. For two days, mice were trained 
to run on flat treadmill for 10 min per day, and then subjected to DHR after 1 day resting. (b, c) measurement of activities of lactate dehydrogenase (LDH) (b) 
and creatine kinase (CK) (c) in plasma of mice treated with or without saline, TS-P116.7, TS-P150, CR-033P16.7, CR-033P50, and curcumin50. Data were expressed as 
mean ± SEM (n = 8, *p < .05 for resting and †p < .05 for saline by t-test).

Figure 3. Antioxidant effect of TS-P1 and CR-033P upon DHR-induced oxidative stress (a, b) measurement of levels of hydrogen peroxide (H2O2) (a) and 
malondialdehyde (MDA) (b) in gastrocnemius muscle (GA) of mice treated with or without saline, TS-P116.7, TS-P150, CR-033P16.7, CR-033P50, and curcumin50. 
Data were expressed as mean ± SEM (n = 8, *p < .05 for resting by t-test). (c) Relative level of mRNA of Nox2 in GA of mice treated with or without saline, TS- 
P116.7, TS-P150, CR-033P16.7, CR-033P50, and curcumin50. Data were expressed as mean ± SEM (n = 8, *p < .05 for resting and †p < .05 for saline by t-test). (d, e) 
measurement of activities of glutathione peroxidase (GPx) (D) and catalase (E) in GA of mice treated with or without saline, TS-P116.7, TS-P150, CR-033P16.7, CR- 
033P50, and curcumin50. Data were expressed as mean ± SEM (n = 8, *p < .05 for resting and †p < .05 for saline by t-test).
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idant activities may result from the high content of curcu
minoid, a potent antioxidant characterized by notable redu
cing capacity (Pulido-Moran et al., 2016). In addition, TS-P1 
and CR-033P efficiently inhibited muscle damage induced by 
DHR, similar to pure curcumin. Notably, the administration of 
16.7 mg/kg dose of TS-P1 or CR-033P containing only 6 mg 
of pure curcumin showed similar muscle-protective effects 
to the 50 mg/kg dose of pure curcumin. In particular, com
pared with CR-033P and pure curcumin, TS-P1, which is 
formulated with amorphous curcumin, showed better effects 
on the restoration of antioxidant enzymes and suppression 
of inflammatory responses. Taken together, a usage of amor
phous curcumin is a good approach for curcumin-based 
clinical trials.

Curcumin has been suggested as a drug or supplement 
for health management and treatment of various diseases. 
Its versatile biological effects are proved by its activation of 
multiple signaling pathways (Liczbinski et al., 2020). For 
example, curcumin activates the NRF2-mediated antioxidant 
system, which increases the antioxidant capacity and cellular 
resistance under physiological and pathological conditions 
(Ghafouri-Fard et al., 2022). In cancer cells, it triggers cell 
death via calcium release and ER stress, and cell-cycle arrest 
by inhibiting PI3K/AKT, STAT, and NF-κB signaling pathways 
(Ramasamy et al., 2015). It also suppresses inflammatory 
responses by inhibiting COX-2 and NF-κB signaling. 
Therefore, enhanced bioavailability is only a breakthrough 
in the clinical usage of curcumin.

TS-P1 and CR-033P have better protective effects against 
muscle damage than pure curcumin because of their high 

bioabsorption rates. Expectedly, TS-P1 and CR-033P exerted 
more efficient or similar muscle-protective effects than pure 
curcumin at even 8.3-times lower dose containing only 12% 
pure curcumin (Chung et al., 2021; Hirose et al., 2022). The 
results re-emphasize the importance of curcumin’s bioavail
ability for biological effects. A recent review paper sum
marizes previously developed formulations of curcumin 
into three generations (Hegde et al., 2023). First-generation 
formulations use some adjuvants including piperine, tur
meric fiber, or oil, increasing the absorption rate of curcumin 
by inhibiting its breakdown. For example, formulation with 
piperine, which promotes the absorption of drug or nutrient 
through the epithelial cells of the intestine as a well-known 
bioenhancer, increases the absorption rate of curcumin by 
2.8-fold in rat plasma (Fernandez-Lazaro, Mielgo-Ayuso, 
Cordova Martinez, et al., 2020; Shaikh et al., 2009). Some 
piperine-formulated curcumins, such a curcumin C3 complex 
bioperine, curcumin forte, and Turmix tablet, have been 
clinically investigated and exhibited significant anticancer, 
antipsychotics, or antifibrosis effects on humans without 
any serious adverse effects (Garcea et al., 2005; Miodownik 
et al., 2019; Rai et al., 2019; Sharma et al., 2004).

Second-generation formulations have been developed for 
the improvement of the solubility of curcumin using carbo
hydrate emulsifiers, polysorbate, phospholipid complexes, 
water-dispersible nanopreparations, nanomicelle lipid com
plexes, and spray drying. For instance, compared with pure 
curcumin, Theracurmin, CR-033P, which is developed 
through the nanoparticle dispersion technique, exhibited 
approximately 30-fold higher bioabsorption rate in the 

Figure 4. Anti-inflammatory effect of TS-P1 and CR-033P upon DHR. (a-c) measurement of relative levels of mRnas of Il1b (a), Il6 (b), and tnfa (c), coding pro- 
inflammatory cytokines IL-1β, IL-6 and TNFα respectively, in GA of mice treated with or without saline, TS-P116.7, TS-P150, CR-033P16.7, CR-033P50, and 
curcumin50. Data were expressed as mean ± SEM (n = 8, *p < .05 for resting and †p < .05 for saline by Mann – Whitney rank sum test). (d) Measurement of 
relative level of mRNA of Il10, coding IL-10, in GA of mice treated with or without saline, TS-P116.7, TS-P150, CR-033P16.7, CR-033P50, and curcumin50. Data were 
expressed as mean ± SEM (n = 8, *p < .05 for resting and †p < .05 for saline by Mann – Whitney rank sum test). (e) Measurement of relative levels of mRnas of 
Ptgs2, coding COX-2, in GA of mice treated with or without saline, TS-P116.7, TS-P150, CR-033P16.7, CR-033P50, and curcumin50. Data were expressed as mean ±  
SEM (n = 8, *p < .05 for resting and †p < .05 for saline by Mann – Whitney rank sum test).
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human plasma (HeeJung et al., 2015; Sasaki et al., 2011). 
Until now, many clinical studies have been performed, and 
Theracurmin exhibited beneficial effects on the neurological 
phenotype, alcohol intoxication, and exercise without signif
icant adverse effects, as well as some diseases including 
Crohn’s disease, osteochondral diseases, pancreatic or biliary 
duct cancer, and diabetes (Funamoto et al.,2016, 2019; Kanai 
et al.,2012, 2013; Morimoto et al., 2013; Nakagawa et al.,  
2022; Ross, 2018; Sasaki et al., 2011; Small et al., 2018; 
Sugawara et al., 2012; Sugimoto et al., 2020; Tanabe et al.,  
2015; Tanabe, Chino, Ohnishi, et al., 2019; Tanabe, Chino, 
Sagayama, et al., 2019). Recently, third-generation curcumin 
formulations, which further increase the bioavailability of 
bioactive curcuminoids, permeability through the blood – 
brain barrier, cellular uptake, and tissue distribution without 
the usage of additional emulsifiers, have emerged. Curcumin 
galactomannan, CurQfen, Curcuwin Ultra, and Longvida 
belong to this category (Hegde et al., 2023). Recently devel
oped TS-P1 also showed an increase of 2.81-fold on AUC0–1 h, 
1.44-fold on AUC0–2 h, and 1.33-fold on AUC0–4 h with a 1.54- 
fold increase at Cmax in the human plasma, despite its dose 
was only half compared with CR-033P (Hirose et al., 2022). 
This superior effect of TS-P1 may result from the more rapid 
bioabsorption due to the use of amorphous curcumin 
(Pawar et al., 2012). In this study, compared with CR-033P, 
TS-P1 demonstrated better biological effects on the antiox
idant system and inflammation in the mouse DHR model. 
Furthermore, in a previous clinical study, amorphous curcu
min formulation showed some improvement in liver func
tion and lipid metabolism in patients with non-alcoholic 
fatty liver disease (Rahmani et al., 2016). Considering that 
CR-033P is a second-generation formulation, TS-P1 also may 
be a third-generation formulation.

Curcumin has been widely proposed as a biohealth sup
plement for exercise-induced muscle damage 
(Kunnumakkara et al., 2017). For example, before or after 
its administration, curcumin induced an antifatigue effect 
and better performance with lower inflammatory response 
and skeletal muscle damage in a mouse DHR model (Davis 
et al., 2007; Kawanishi et al., 2013) and an exhaustive mouse 
swimming model (Chen et al., 2022; Huang et al., 2015). 
Human clinical studies involve the use of exercise and highly 
bioavailable curcumins, including Theracurmin, Meriva, 
NovaSol, CurQfen, Longvida, and Curcumin C3 complex 
(Nanavati et al., 2022). In human exercise models, the oral 

administration of these highly bioavailable curcumins 
improved muscle performance with suppression of muscle 
soreness and damage by attenuating the inflammatory 
response and oxidative stress (Nanavati et al., 2022). For 
example, single or repetitive intake of 90–180 mg 
Theracurmin before and/or after eccentric exercise of the 
quadriceps or elbow flexors effectively reduced muscle 
damage (Nakhostin-Roohi et al., 2016; Takahashi et al.,  
2014; Tanabe et al., 2015; Tanabe, Chino, Ohnishi, et al.,  
2019). Recently, after the administration of CR-033P, muscle- 
protective effects on eccentric exercises of the elbow flexors 
were observed (Tanabe, Chino, Sagayama, et al., 2019). 
However, further clinical trials focusing on TS-P1 have not 
been performed in this field.

Moreover, TS-P1 and CR-033P restored the activity of 
antioxidant enzymes upon DHR. During exercise, muscular 
contraction induces the Nox2-dependent production of ROS 
in skeletal muscle fibers, resulting in hormesis response 
(Powers et al., 2020). This response increases the antioxidant 
capacity by increasing the levels of antioxidant enzymes, 
including GPx, catalase, and superoxide dismutase. 
However, extremely high-intensity, prolonged, or eccentric 
exercise results in oxidative stress with loss of antioxidant 
function, leading to muscle damage (Powers et al., 2020). 
Our DHR model also increased the levels of hydrogen per
oxide and peroxidized lipid and decreased the activities of 
GPx and catalase, indicating the induction of oxidative stress. 
However, TS-P1 strongly suppressed the Nox2 expression, 
whereas TS-P1 and CR-033P restored the activities of GPx 
and catalase. These data imply that TS-P1 and CR-033P may 
facilitate exercise-induced hormesis and reduce muscle 
damage. The antioxidant effect of curcumin is mediated 
directly by its antioxidant effects or indirectly by evoking 
an NRF2-dependent antioxidant response involved in the 
transcriptional activation of antioxidant enzymes (Trujillo 
et al., 2013). Notably, TS-P1, CR-033P, and curcumin do not 
directly suppress the increase in ROS levels after 24 h of DHR, 
although the activities of antioxidant enzymes are signifi
cantly restored. This inconsistency results from that the sin
gle administration of 16.7 or 50 mg/kg compounds may be 
not sufficient for scavenging ROS via direct reduction in the 
early step of muscle damage after 24 h of DHR. Instead, they 
may evoke “time-required” NRF2-mediated antioxidant 
response. Particularly, NRF2 signaling transcriptionally acti
vates the expression of antioxidant enzymes and the 

Figure 5. Inhibitory effect of TS-P1 and CR-033P on macrophage activation upon DHR. (a-c) measurement of relative levels of mRnas of Mcp1 (a), Cxcl14 (b), and 
Adgre1 (c), which are genes involved in macrophagic activation, in GA of mice treated with or without saline, TS-P116.7, TS-P150, CR-033P16.7, CR-033P50, and 
curcumin50. Data were expressed as mean ± SEM (n = 8, *p < .05 for resting and †p < .05 for saline by Mann – Whitney rank sum test).
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biogenesis of the mitochondria, contributing to increased 
antioxidant capacity and enhanced muscle regeneration 
(Vargas-Mendoza et al., 2019). Therefore, we propose that 
the antioxidant effect of TS-P1 and CR-033P may be 
mediated by the NRF2-mediated antioxidant response rather 
than direct reduction. Further investigation is required to 
test this hypothesis.

Generally, during muscle damage caused by severe 
exercise or physical injury, necrotic degeneration of myo
fibers initially appears within 2 days, and it accompanies 
with elevation of pro-inflammatory cytokines including 
IL-1β, IL-6 and TNFα from damaged muscle cells and 
immune cells including macrophages and neutrophils, 
which reside in muscle tissue or are recruited by 
damage-associated molecular patterns (Cannon et al.,  
1989; Fielding et al., 1993; Hamada et al., 2005; 
Uderhardt et al., 2019). This process leads to inflamma
tory removal of damaged muscle tissue. Notably, we 
found that TS-P150 inhibits the elevation of IL-1β and 
IL-6 induced by DHR, but not pure curcumin. These 
results indicate that TS-P1 has a superior anti- 
inflammatory effect compared to pure curcumin. After 
early step of removal of damaged muscle tissue, myo
genesis by myogenic precursor cells, muscle remodeling, 
and functional recovery occurs within 15 days (Forcina 
et al., 2020). IL-10 and COX-2 are involved in anti- 
inflammatory and regenerative process for muscle regen
eration (Alvarez et al., 2020; Tidball et al., 2014). Our data 
show that TS-P1, CR-033P and curcumin did not affect 
expression of IL-10 and COX-2. Based on these data, we 
think that curcumin compounds may not directly evoke 
anti-inflammatory and/or regenerative signaling by upre
gulation of IL-10 and/or COX-2. Alternatively, time-range 
of our experiment seem to be not suitable for observa
tion of direct anti-inflammatory and/or regenerative 
effect. Throughout muscle degeneration and repair pro
cesses, immune cells, particularly macrophages, play 
a critical role as scavengers of degenerated muscle cells 
and activators of satellite cells in the early phase of 
muscle regeneration (Wang & Zhou, 2022). This role of 
macrophages requires a COX-2-dependent proinflamma
tory response (Bondesen et al., 2004). In the present 
study, TS-P1, CR-033P, or curcumin did not affect the 
DHR-induced expression of IL-10 and COX-2 in GA. 
However, they reduced the expression of chemotactic 
factors of macrophages, such as MCP1 and CXCL14. 
Furthermore, TS-P1 significantly suppressed the infiltra
tion of macrophages in the GA. According to previous 
studies, curcumin regulates NF-κB-mediated macrophage 
infiltration upon muscle damage (Sahin et al., 2016). 
Thus, we think that the anti-inflammatory effects of TS- 
P1 and CR-033P may be mediated by the inhibition of 
NF-κB signaling.

The results of this experimental study involving an animal 
model demonstrated for the first time the beneficial effect of 
TS-P1 for the prevention of oxidative stress and inflamma
tion in the presence of skeletal muscle damage. Future 
studies should investigate the effects and molecular 
mechanisms of various diseases, including muscle damage. 
The present findings suggest that TS-P1 is a potentially 
effective therapeutic agent for skeletal muscle-related 
disorders.

5. Limitations and another of applications of the 
study

This study analyzed the protective effects of TS-P1 and CR- 
033P in early step within 1 day of muscular degeneration 
after DHR. After muscular degeneration for 2 days, myogen
esis, muscle remodeling, and muscle functionalization sub
sequently appear as regeneration steps for 15 days (Forcina 
et al., 2020). Curcumin promotes muscular regeneration in 
several animal models of muscle injury induced by traumatic 
injury, contusion injury, chronic forced exercise, and limb 
immobilization (Lee et al., 2021; Manas-Garcia et al., 2020; 
Thaloor et al., 1999; Tsai et al., 2020). In particular, curcumin 
stimulates the proliferation, intercellular fusion, and muscu
lar differentiation of skeletal myoblasts (Thaloor et al., 1999). 
Based on these properties of curcumin, it was proposed as 
an antisarcopenic compound (Saud Gany et al., 2023). 
Therefore, TS-P1 and CR-033P, the highly bioavailable curcu
mins, may exhibit more superior muscle-regenerative and 
antisarcopenic effects. However, this issue has never been 
illuminated so far. Although we did not investigate this issue, 
further study should be performed in a later step of the 
muscular regeneration process upon the longer treatment 
of TS-P1 and CR-033P. In addition, curcumin exhibits ergo
genic effect by enhancing muscle performance. In several 
rodent models before the administration of curcumin, 
mouse had significantly increased exhaustion time on run
ning or swimming (Davis et al., 2007; Huang et al., 2015; 
Sahin et al., 2016; Wafi et al., 2019). In human clinical trials, 
pre-/post-administration of curcumin reduces muscle 
damage by ameliorating oxidative stress and inflammation, 
thereby indirectly inducing an ergogenic effect (Hegde et al.,  
2023). Therefore, research about the ergogenic effects of TS- 
P1 and CR-033P is desired.

Curcumin has received attention as a multitarget thera
peutic agent for several chronic diseases (Kunnumakkara 
et al., 2017). Thus, TS-P1 and CR-033P may also be effective 
in the treatment of chronic diseases; nevertheless, further 
investigation is warranted to determine their effectiveness. 
In fact, Theracurmin has already been proposed as therapeu
tics in cancer, arthritis, neurodegenerative diseases, and car
diovascular disorders (Imaizumi, 2015; Small et al., 2018; 
Tanabe et al., 2015). A recent study reported that TS-P1 or 
CR-033P resulted in resistance against common cold symp
toms without any adverse effects (Kuwabara et al., 2023). 
However, no other preclinical or clinical evidence supports 
the role of TS-P1 in chronic diseases. Thus, this study is the 
first preclinical study of TS-P1 using an animal model. 
Further extensive study in other models will be conducted.
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