
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

PH
P

13940
D

ispatch: 15-3-2024  
C

E
:  

Journal N
am

e
M

anuscript N
o.

N
o. of pages: 19

PE
:  

Photochemistry and Photobiology. 2024;00:1–19. wileyonlinelibrary.com/journal/php   | 1© 2024 American Society for Photobiology.

INTRODUCTION
Sunlight ultraviolet (UV) irradiation is one of the main 
external factors causing skin damage, and long- term UV 
exposure is likely to cause dry and rough skin, sagging, in-
elasticity, wrinkles, and accelerated skin aging.1 Collagen 
type 1 (COL1), elastin (ELN), and hyaluronic acid (HA) 

are important extracellular matrix (ECM) components in 
the dermis that are closely related to skin elasticity, lus-
ter, moisturizing properties, and tension. Skin exposure 
to UV irradiation results in a significant decrease in ECM 
content,2 which is a direct contributor to skin photoaging. 
Fibroblasts are the most abundant cells in the dermis and 
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Abstract
Fish collagen peptide (FCP) has been extensively investigated as a natural prod-
uct that can combat photoaging; however, its efficacy is limited by its singular 
composition. Compound collagen peptide powder (CCPP) is a novel functional 
food formulation that exhibits photoprotective properties and comprises FCP 
and a blend of natural botanical ingredients. The objective of this study was to 
investigate the efficacy of CCPP and its molecular mechanism. CCPP had a low 
molecular weight, facilitating its efficient absorption, and was abundant in amino 
acids, total polyphenols, and total flavonoids. The results of in vivo studies dem-
onstrated that CCPP exhibited significant efficacy in reducing skin wrinkles, 
enhancing the contents of water and oil in the skin, and ameliorating histopatho-
logical alterations in mice. The results of in vitro studies demonstrated that CCPP 
effectively mitigated photoaging in human skin fibroblasts by attenuating oxida-
tive stress and promoting extracellular matrix (ECM) synthesis. Moreover, we 
clearly demonstrated that the TGF β1/Smad pathway was involved in the promo-
tion of ECM synthesis and cell proliferation by CCPP in human skin fibroblasts. 
These findings suggest that, compared with single collagen, CCPP has a more 
comprehensive range of antiphotoaging properties.
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are responsible for the production and secretion of ECM 
to maintain the normal structure and function of the der-
mis.3 However, under UV irradiation, fibroblasts aging 
and apoptosis can be accelerated, and their cellular activ-
ity is reduced, leading to a decreased synthesis of ECM.4 
Furthermore, Reactive oxygen species (ROS) have long 
been shown to be closely related to the aging process of 
cells,5 and photoaging is no exception. When the skin is 
exposed to UV radiation, excess ROS are produced.6 ROS 
impairs antioxidant enzymes, leading to oxidative stress 
in tissues and cells, which damages collagen and elastic 
fibers in the skin.7,8

Therefore, scavenging ROS and replenishing the der-
mis play key roles in delaying skin photoaging. Collagen 
peptide is an extensively studied and widely employed bio-
active substance in the domain of skin anti- photoaging. It 
has been noted that collagen peptides from fish can reduce 
skin photoaging by improving skin hydration, increasing 
the levels of ECM components, reducing hyperpigmenta-
tion, and scavenging ROS.9,10 Moreover, diverse botanical 
sources offer a plethora of natural bioactive compounds, 
including vitamins,11,12 polyphenols,13 polysaccharides,14 
and flavonoids,15 which exhibit potent antioxidant prop-
erties and contribute to anti- aging effects by effectively 
scavenging free radicals. In current research, single col-
lagen peptides are widely used and researched, but these 
studies have the disadvantage of using only a single raw 
material, which has an individual effect and a relatively 
limited improvement on skin photoaging. As a result, we 
have explored the incorporation of natural plant ingredi-
ents into collagen peptides, improving the single chemical 
property of collagen peptides and enhancing their resis-
tance to anti- photoaging function.

Acerola is rich in vitamin C, fructose, and a variety 
of phenolic compounds with high antioxidant capacity, 
and their extracts and derivatives can reduce skin pho-
toaging symptoms by reducing pigmentation, enhancing 
hydration, and increasing ECM content.16–18 Broccoli is 
rich in vitamins, minerals, fiber, and a variety of phenolic 
compounds,19 and the active ingredient sulforaphane can 
effectively reduce photoaging of human skin by improv-
ing pigmentation and reducing matrix metalloproteinase 
1 (MMP 1) expression levels.20 Cherry blossoms mainly 
contain active ingredients such as anthocyanins, flavo-
noids, and multiple vitamins and minerals,21 and their 
extract was able to exert antiphotoaging effects by atten-
uating oxidative damage in HaCaT cells and inhibiting 
apoptosis.22 Acerola extract, broccoli extract, and cherry 
blossom extract contain diverse natural antioxidant in-
gredients and have a rich material basis to fight against 
skin photoaging, and some research has achieved good 
results. For this reason, we have incorporated acerola 
powder, broccoli powder, and cherry blossom powder 

into fish collagen peptide (FCP) to produce a compound 
collagen peptide powder (CCPP). Based on the above 
findings, CCPP has the theoretical basis of being able to 
improve skin photoaging, but there is a lack of experi-
mental results to systematically elucidate its efficacy level 
and molecular mechanism.

In this study, we employed animal and cellular models 
of photoaging to assess the ameliorative effects and poten-
tial mechanisms of action of CCPP on skin photoaging, 
aiming to offer novel strategies for daily protection against 
skin photoaging.

MATERIALS AND METHODS

Chemicals and reagents

All chemicals and standards were analytical grade. The 
gallic acid standard was obtained from Solarbio (Beijing, 
China). Rutin standard was obtained from MANST 
Biotechnology Co. (Sichuan, China). Hematoxylin–Eosin 
(HE) tissue staining solution was purchased from Leagene 
Inc. (Beijing, China). High glucose Dulbecco's modified 
Eagle medium (DMEM H) was purchased from Procell 
Life (Wuhan, China). Fetal bovine serum (FBS) was pur-
chased from Sigma Aldrich (St. Louis, Missouri, USA). A 
cell proliferation assay kit was purchased from Keygen 
(Nanjing, China). Total RNA Extraction Kit, Sprint re-
verse transcription kit, and realtime PCR with SYBRgreen 
kit were purchased from Mei5 Biotechnology Co., Ltd 
(Beijing, China). Senescence- associated β galactosidase 
(SA β gal) staining kit was purchased from Solarbio 
(Beijing, China). The ROS assay kit was purchased from 
Beyotime (Shanghai, China). ELISA kits for COL1 (No. 
MM 0174H1), ELN (No. MM 4054H1), HA (No. MM 
0438H1), SOD (No. MM 0390H1), GSH Px (No. MM 
0457H1), MDA (No. MM 2037H1) were purchased from 
Jiangsu Meimian Industrial Co., Ltd (Jiangsu, Yancheng, 
China). Anti- TGF β1 (No. ab179695), anti- TGF βR2 (No. 
ab259360), anti- Smad2 (No. ab280888), anti- Smad3 (No. 
ab208182), anti- Smad2/3 (No. ab272332), anti- GAPDH 
(No. ab199553), and Goat anti- Mouse IgG (HRP) (No. 
ab205719) were purchased from Abcam (Waltham, MA, 
USA). Goat anti- Rabbit IgG (HRP) (No. AS014) was pur-
chased from ABclonal (Wuhan, China). LY2109761 was 
purchased from MCE (New Jersey, USA).

Materials

Fish collagen peptide (FCP) (extracted from the skin of 
a deep sea cod) was obtained from Rousselot Inc. (Paris, 
France). Acerola powder was purchased from Nexira 
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Inc. (Fleurbaix, France). Broccoli powder and Kwanzan 
cherry blossom powder were purchased from Oryza Inc. 
(Tokyo, Japan).

Preparation of CCPP

Compound collagen peptide powder (CCPP) was pro-
duced by Jiangxi Wufang Biotechnology Co., Ltd. to 
good manufacturing practice requirements. CCPP is an 
oral functional food prepared by mixing fish collagen 
peptide (FCP) (Rousselot, Paris, France) as the main 
raw material and acerola powder (Nexira, Fleurbaix, 
France), broccoli powder (Oryza, Tokyo, Japan) and 
Kwanzan cherry blossom powder (Oryza, Tokyo, Japan) 
as auxiliary ingredients. Each 10 g of finished CCPP con-
tained 5 g of FCP, 2 g of acerola powder, 2 g of broccoli 
powder, and 1 g of Kwanzan cherry blossom powder. 
The dry ingredients were precisely weighed and added 
to a food blender (Supor, Hangzhou, China) for thor-
ough mixing. Preparation and storage were carried out 
within the temperature range of 20 ± 5°C and a relative 
humidity between 45% and 60%.

Molecular weight distribution analysis

The molecular weight distribution of CCPP was ana-
lyzed using gel permeation chromatography (GPC) with 
an Agilent 1260 Infinity System (Agilent Technologies, 
Pittsburgh, PA, USA). One gram of CCPP was dissolved 
in 10 mL of ultrapure water and subsequently passed 
through a 0.22 μm aqueous microporous filter membrane 
before injection for retention time analysis. A TSK GEL 
G2000SWXL chromatographic column (7.8 mm × 30.0 cm) 
(Tosoh Bioscience, Tokyo, Japan) was utilized for the ex-
periment. The mobile phase, 30% acetonitrile with 0.1% 
trifluoroacetic acid (TFA), was utilized at a flow rate of 
0.5 mL/min, and an injection volume of 20 μL was used. 
The UV detection wavelength was set at 220 nm, and the 
column temperature was maintained at 40°C.23

Amino acid content analysis

First, 150 mg of CCPP was accurately weighed to which 
15 mL of 6 M hydrochloric acid and 0.2 g of phenol were 
added, and the mixture was sealed immediately after vac-
uum extraction and hydrolyzed at 110°C for 22 h. After 
hydrolysis, the mixture was removed, cooled to room tem-
perature, redissolved in 10 mL of 0.1% formic acid, filtered 
through a 0.22 μm membrane, and analyzed using a fully 
automated amino acid analyzer (L8900 series, Hitachi, 

Tokyo, Japan) with detection wavelengths of 440 and 
570 nm.24

Quantification of the total polyphenol 
content (TPC) and total flavonoid content 
(TFC)

Quantification of the TPC in CCPP and FCP was per-
formed using the Folin method.25 A gallic acid extract was 
prepared as a standardized solution at a range of concen-
trations, and the corresponding absorbance values were 
determined and utilized for constructing a standard curve. 
Then, precisely 3 g of CCPP or FCP were added to 30 mL 
of 60% ethanol, and the solution was subsequently sub-
jected to sonication for 10 min. The mixture obtained was 
subsequently subjected to filtration and then mixed with 
a reagent consisting of 10% Folin phenol, and a solution 
containing 10% sodium carbonate, followed by incuba-
tion in a water bath at 37°C for 50 min. The absorbance 
was measured at 750 nm using a UV–visible spectropho-
tometer (Thermo Fisher, Wilmington, Massachusetts, 
USA). Finally, the TPC was determined by employing the 
calibration curve. Quantification of the TFC in CCPP and 
FCP was performed using a modified UV spectrophotom-
etry method.26 First, 10 mg of rutin was added to methanol 
in a 50 mL volumetric flask, ensuring that the volume was 
adjusted accordingly. Various quantities of the reference 
solution were precisely measured and transferred to indi-
vidual 25 mL volumetric flasks. Next, 1 mL of a 5% sodium 
nitrite solution was added to each of these flasks, and the 
mixture was allowed to rest for 6 min. Afterward, 1 mL 
of a 10% aluminum nitrate solution was added, and the 
reaction was allowed to proceed for an additional 6 min. 
Subsequently, 10 mL of a 1% sodium hydroxide solution 
was added, and the mixture was vigorously mixed and left 
undisturbed for 15 min. CCPP and FCP were treated in a 
similar fashion. The absorbance of each sample was then 
measured at 510 nm. The above analysis was repeated 
three times.

Animal experiment

A total of 40 female- specific pathogen- free (SPF) ICR mice 
(6–8 weeks old, weighing 20 ± 2 g) were purchased from 
Slaughter Jingda Laboratory Animal Co., Ltd. (Changsha, 
Hunan, China) [Animal Certificate License SCXK (Xiang) 
2019–0004]. The experiments were started after 5 days of 
acclimatization feeding in the SPF class animal room at 
the Experimental Animal Science and Technology Center 
of the Jiangxi University of Chinese Medicine. During 
the experiment, mice were given free access to food and 
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water, and the feeding room was illuminated for 12 h and 
darkened for 12 h. The room temperature was 22–24°C 
with constant humidity. This experiment was approved by 
the Experimental Animal Ethics Committee of the Jiangxi 
University of Chinese Medicine, with approval number 
JZLLSC20220757.

The mice were randomly divided into the following 4 
groups (n = 10/group): (i) the Control group, not irradi-
ated with UV light; (ii) the UV group, irradiated with UV 
light; (iii) the compound collagen peptide powder (CCPP) 
group, irradiated with UV light and treated with CCPP 
(200 mg kg−1 body weight); and (iv) the fish collagen pep-
tide (FCP) group, irradiated with UV light and treated 
with FCP (200 mg kg−1 body weight). Before adminis-
tration, CCPP and FCP were dissolved in saline. All the 
mice were treated for back skin removal 24 h before the 
first UV exposure. The hair on the backs of the mice was 
carefully removed using a depilatory cream to form a bare 
area (5 × 3 cm). Mice in the CCPP and FCP groups were 
administered CCPP and FCP within 1 h before UV expo-
sure. The Control and UV groups were administered equal 
volumes of saline. The UV light source was a benchtop UV 
irradiator (SIGMA, Shanghai, China) with a UVA inten-
sity of 6.7 mW cm−2 and UVB intensity of 0.45 mW cm−2. 
The distance from the UV light source to the back of the 
mice was 25 cm, and the mice were irradiated once a day, 
5 days a week, for a total of 9 weeks, except for the mice 
in the Control group. The total UVA and UVB irradiation 
doses were 94.5 and 9.45 J cm−2 for the whole experimen-
tal cycle, respectively.27

Overall efficacy in mice and 
histopathological analysis

Twenty four hours after the last UV irradiation treat-
ment, the water content and oil content of the dorsal 
skins of the mice were measured using a smart skin de-
tector (Belulu, Yokohama, Japan). The measurement 
was repeated 3 times, and the average value was taken. 
Moreover, images of the backs of the mice were acquired. 
Mice were anesthetized by intraperitoneal injection of 1% 
pentobarbital sodium at a dose of 80 mg kg−1 and then 
sacrificed. The central skin on the back was isolated for 
further analysis.

After 3 days of fixation using 4% paraformaldehyde, 
the skin tissue was cut longitudinally into 3–4 mm tissue 
blocks using a scalpel blade, dehydrated with a gradient 
of ethanol concentrations, made transparent with xylene, 
and then paraffin embedded. The samples were then 
cut into 5 μm thick sections for hematoxylin–eosin (HE) 
staining. Images were taken by light microscopy (Lecia, 
Wetzlar, Germany).

Cell culture

Human skin fibroblast BJ cells were obtained from 
American Type Culture Collection (Manassas, Virginia, 
USA), cultured in DMEM H containing 10% FBS and 1% 
penicillin–streptomycin in a 37°C, 5% CO2 cell culture in-
cubator. Cell morphology was observed daily, and the cul-
ture medium was changed once every 2 days. When cell 
confluence reached 80%–90%, the cells were digested with 
0.25% trypsin and passaged 1:2. All experiments used ac-
tive BJ cells from generations 3–5.

Cell photoaging model and treatment

When cell confluence reached 80%–90%, a single cell sus-
pension was collected after 0.25% trypsin digestion, and 
the cell density was adjusted to 1 × 105 mL−1. The cells 
were then added to well plates and cultured for 24 h. In this 
experiment, the cells were divided into the Control group, 
the UVA group (30 J cm−2 UVA irradiation), the CCPP 
H group (high concentration of CCPP, 12.50 mg mL−1), 
the CCPP M group (medium concentration of CCPP, 
6.25 mg mL−1), the CCPP L group (low concentration 
of CCPP, 3.13 mg mL−1), the FCP group (6.25 mg mL−1 
FCP), the UVA + LY2109761 group (pretreatment with 
5 μM LY2109761 followed by 30 J cm−2 UVA irradiation), 
and the CCPP H + LY2109761 group (pretreatment with 
5 μM LY2109761 followed by 30 J cm−2 UVA irradiation 
and administration of 12.50 mg mL−1 CCPP). Before ad-
ministration, CCPP and FCP were dissolved in DMEM 
H. Except for those in the control group, the cell media 
in all groups was first replaced with the same volume of 
phosphate- buffered saline (PBS), and then the cells were 
exposed to UVA irradiation. The UVA light source was 
a benchtop UVA irradiator (RCLH, Beijing, China) with 
a UVA intensity of 200 mW cm−2. The distance between 
the UVA light source and the cells was 15 cm.28 After ir-
radiation, the cells in all groups were washed once with 
PBS. Immediately, the conventional medium was added 
to the Control group and UVA group, the CCPP H, CCPP 
M, and CCPP L groups were treated with 12.50, 6.25, and 
3.13 mg mL−1 CCPP medium, respectively, and the FCP 
group was treated with 6.25 mg mL−1 FCP medium for 
24 h.

Cell viability assay

Cell viability was assayed using a CCK 8 kit. BJ cells 
(1 × 104/well) were inoculated in 96 well plates. Cells 
without any treatment were first exposed to different 
doses of UVA [0 (unirradiated), 5, 10, 20, or 30 J cm−2], 
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and cell viability was measured after 24 h of incubation 
according to the kit instructions to determine the ap-
propriate UVA dose for modeling. Then, we performed 
toxicity tests with CCPP and FCP with BJ cells by cul-
turing the cells without any UV treatment in different 
concentrations of CCPP and FCP for 24 h. Cell viability 
was measured in the same way, and the concentration 
of each peptide that had no toxic effect on the cells was 
selected for this experiment.

After the UVA irradiation dose and peptide admin-
istration concentration were determined, we performed 
treatment according to the aforementioned experimental 
groupings. Twenty four hours after the completion of UVA 
irradiation and the addition of CCPP and FCP medium, the 
cell viability in each group was measured according to the 
kit instructions. The above absorbance measurements were 
performed by a microplate reader (MD, San Jose, USA).

Cell proliferation assay

Cell proliferation was assayed using a cell proliferation assay 
kit. BJ cells (2 × 105/well) were inoculated in 6 well plates, 
incubated for 24 h, and then treated according to the experi-
mental groupings described previously. The cells were col-
lected by trypsin digestion in 1.5 mL tubes and centrifuged 
at 300 × g for 5 min. Then, the cells were resuspended and 
gradually supplemented with pre- cooled anhydrous etha-
nol, followed by incubation at 4°C for 1 h. The cells were 
centrifuged again, and the supernatant was aspirated. Ki67 
antibody was added for 1 h of incubation at room tempera-
ture. Subsequently, goat anti- rabbit IgG FITC was added 
for 30 min of incubation at room temperature. The com-
pleted incubated cells were transferred to flow tubes for de-
tection using a flow cytometer (BD, Franklin Lakes, USA). 
The data analysis was conducted using FlowJo software 
V10 (TreeStar, Ashland, USA). Where needed, cells were 
pretreated with 5 μM TGF β receptor inhibitor LY2109761 
for 2 h prior to UV irradiation treatment.

SA β gal staining

A senescence- associated β galactosidase (SA β gal) stain-
ing kit (Solarbio, Beijing, China) was used to assess cell 
aging. BJ cells (1 × 105/well) were inoculated in 24 well 
plates, and treatment was carried out as described above. 
The cell culture medium was aspirated, and the cells were 
washed once with PBS and then fixed and stained accord-
ing to the kit instructions. The cells were then observed 
using an inverted microscope (Lecia, Wetzlar, Germany), 
and five fields of view were randomly selected to count the 
percentage of positive cells.29

Intracellular ROS level detection

A ROS assay kit was used to detect changes in ROS lev-
els in the cells. BJ cells (1 × 105/well) were inoculated in 
24 well plates, and treatment was carried out as described 
above. After aspiration of the medium, 500 μL of DCFH 
DA diluted in the medium at a ratio of 1:1000 (final con-
centration of 10 μM) was added to the wells in the plates 
according to the kit instructions and incubated for 30 min 
at 37°C in a cell incubator. Cell fluorescence was ob-
served using an inverted fluorescence microscope (Lecia, 
Wetzlar, Germany). The average fluorescence intensity 
of DCF was quantified using ImagePro Plus 6.0 software 
(GraphPad Software, La Jolla, USA).

Enzyme- linked immunosorbent assay 
(ELISA)

The expression levels of SOD, GSH Px, MDA, COL1, ELN, 
and HA in BJ cells were measured using ELISA. BJ cells 
(2 × 105/well) were inoculated in 6 well plates, incubated 
for 24 h, and then treated according to the experimental 
groupings described previously. After washing the cells 
once with PBS, 100 μL of radioimmunoprecipitation assay 
(RIPA) buffer was added to each well for 30 min of incu-
bation at 4°C. The cells were scraped with cell scrapers, 
and then the cell suspension was transferred to a 1.5 mL 
Eppendorf tube and repeatedly mixed with a pipette 
30–60 times. After cell lysis, the cells were centrifuged at 
4°C and 12,000 rpm for 5 min, and the total cell protein 
was collected by aspirating the supernatant. The expres-
sion levels of SOD, GSH Px, MDA, COL1, ELN, and HA 
in the cells were detected according to the ELISA kit in-
structions. Absorbance measurements were performed by 
a microplate reader (MD, San Jose, USA). Where needed, 
cells were pretreated with 5 μM TGF β receptor inhibitor 
LY2109761 for 2 h prior to UV irradiation treatment.

Western blot analysis

The protein expression levels of TGF β1, TGF βR2, Smad2, 
Smad3, and Smad2/3 in BJ cells were measured using 
Western blot. The total cellular protein was extracted 
according to the procedure for the ELISA method, and 
then the protein concentration was measured by the BCA 
(bicinchoninic acid) method. A 1/5 volume of 6× protein 
loading buffer was added to the total cell protein for incu-
bation at 100°C for 15 min to denature the protein. Equal 
amounts of protein from each sample were electrically 
transferred to polyvinylidene difluoride (PVDF) mem-
branes after the gels were separated by electrophoresis. 
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The PVDF membranes were blocked using a 5% bovine 
serum albumin (BSA) solution. PVDF membranes were 
incubated overnight at 4°C after adding primary anti-
bodies diluted in the appropriate ratio, including TGF 
β1 (1:1000), TGF βR2 (1:500), Smad2 (1:1000), Smad3 
(1:1000), Smad2/3 (1:500), and GAPDH (1:1000). The next 
day, the PVDF membranes were incubated in diluted goat 
anti- rabbit IgG (HRP) or goat anti- mouse IgG (HRP) at 
room temperature for 1 h. Subsequently, the membrane 
was transferred to a gel imager (Bio Rad, Hercules, USA) 
for exposure imaging. Grayscale values were analyzed 
using ImagePro Plus 6.0 software.

Quantitative real- time polymerase chain 
reaction (qPCR)

The mRNA expression levels of COL1A1, COL1A2, ELN, 
and HAS2 in BJ cells were measured using qPCR. BJ 
cells (2 × 105/well) were inoculated in 6 well plates, in-
cubated for 24 h, and then treated according to the ex-
perimental groupings described previously. Cells were 
washed once with PBS, and then total cellular RNA was 
extracted using the Total RNA Extraction Kit according to 
the manufacturer's instructions. The RNA concentration 
was measured by full wavelength zymography (MD, San 
Jose, USA). Total RNA was reverse transcribed to 500 ng 
of cDNA using the Sprint reverse transcription kit. Real- 
time PCR was performed on cDNA using the Real- time 
PCR with SYBRgreen kit according to the manufacturer's 
instructions. GAPDH was used as the housekeeping gene, 
and the relative expression level of each target gene was 
expressed using 2−ΔΔCt. The name and sequence of the 
primer are shown in Table 1.

Statistical analysis

SPSS 21.0 (IBM, Armonk, New York, USA) and GraphPad 
Prism 8.1 (GraphPad Software, La Jolla, California, USA) 
statistical analysis software were used to process the data. 
The measured data were expressed as the mean ± standard 
deviation (SD) and were analyzed by ANOVA combined 

with Dunnett's multiple comparison method; the count 
data were analyzed by the Kruskal–Wallis rank sum test. 
A value of p < 0.05 indicated that the difference was statis-
tically significant.

RESULTS

Molecular weight distribution of CCPP

The GPC chromatogram in Figure  1 demonstrates that 
CCPP has two distinct molecular weight distributions. 
Table  2 lists the CCPP molecular weight assay results, 
which revealed number average molecular weights (Mn) 
of 2133 and 314 Da, weight average molecular weights 
(Mw) of 4696 and 330 Da, z mean molecular weights (Mz) 
of 11,289 and 348 Da, and peak molecular weights (Mp) of 
2665 and 287 Da.

Amino acids contents and phytochemical 
characterization of CCPP and FCP

As shown in Table  3, FCP, as the main component of 
CCPP, contained a total of 17 amino acids, among 
which lysine, phenylalanine, methionine, threonine, 
isoleucine, leucine, valine, and histidine are essential 
amino acids, accounting for 8 of the 9 essential amino 
acids. In addition, glycine, phenylalanine, alanine, va-
line, leucine, isoleucine, proline, and methionine are 
hydrophobic amino acids. Glycine was the most abun-
dant amino acid in FCP, followed by proline, glutamic 
acid, and alanine. The amino acid content of CCPP was 
relatively lower than that of FCP, but the composition 
was the same, with essential amino acids accounting for 
37.06% of the total amino acid content. Glutamic acid 
was the most abundant amino acid in CCPP, followed 
by glycine, proline, and aspartic acid. The hydrophobic 
amino acids in CCPP included glycine, phenylalanine, 
alanine, valine, leucine, isoleucine, proline, and methio-
nine, which accounted for 49.4% of the total amino acid 
content of CCPP. Quantification of the TPC and TFC 
was performed using standard curves with the formula 

T A B L E  1  Primer sequences.

Gene Forward (5′–3′) Reverse (5′–3′)

COL1A1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC

COL1A2 GTTGCTGCTTGCAGTAACCTT AGGGCCAAGTCCAACTCCTT

ELN GCAGGAGTTAAGCCCAAGG TGTAGGGCAGTCCATAGCCA

HAS2 CTCTTTTGGACTGTATGGTGCC AGGGTAGGTTAGCCTTTTCACA

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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Abs = aC + b generated by standard extracts of gallic 
acid (Figure 2A) and rutin (Figure 2B) at different con-
centrations. As shown in Figure 2C, the TPC of FCP was 
1.81 ± 0.3 mg/g and the TFC was 0.21 ± 0.1 mg/g, while 

the TPC of CCPP was 15.20 ± 0.3 mg/g and the TFC was 
4.7 ± 0.16 mg/g. The TPC and TFC of the collagen pep-
tides significantly increased after the incorporation of 
acerola powder, broccoli powder, and cherry blossom 
powder (p < 0.1).

CCPP improved (UVA + UVB) induced skin 
photoaging in mice

First, we performed a simple in  vivo study to verify the 
overall improvement in UVA + UVB- induced skin photo-
aging in mice provided by CCPP treatment. After UV ir-
radiation, the mice showed more rough wrinkles on their 
backs and a leatherlike feel when touched (Figure  3A), 
while skin water content (Figure  3B) and oil content 
(Figure 3C) were significantly reduced (p < 0.1). HE stain-
ing showed that the epidermal layer was significantly 
thickened, the epidermal protrusions and dermal papil-
lae were significantly reduced, and the epidermal–dermal 
junction tended to be flattened in the UV group mice com-
pared with those in the Control group (Figure 3D). All of 
the above phenomena suggested that the UVA + UVB ir-
radiation successfully replicated the mouse skin photoag-
ing model.30 Mice in the CCPP and FCP groups showed 
a significant reduction in skin wrinkles and their back 
skins felt more similar to the Control group (Figure 3A), 
while the skin water content (Figure 3D) and oil content 

F I G U R E  1  GPC chromatogram showing the CCPP molecular weight distribution.

T A B L E  2  The results of molecular weight measured by GPC.

Retention time (min) Area (%) Mn (Da) Mw (Da) Mz (Da) Mp (Da)

1 26.701 80.22 2133 4696 11,289 2665

2 29.110 19.78 314 330 348 287

T A B L E  3  The amino acid composition of CCPP and FCP.

Amino acid types FCP (mg/g) CCPP (mg/g)

Aspartic acid (Asp) 68.212 24.789

Threonine (Thr) 31.050 12.592

Serine (Ser) 47.409 10.827

Glutamic acid (Glu) 106.786 33.087

Glycine (Gly) 183.654 29.837

Alanine (Ala) 103.457 16.408

Cysteine (Cys) 28.608 3.098

Valine (Val) 33.290 10.751

Methionine (Met) 20.663 8.130

Isoleucine (Ile) 32.069 16.869

Leucine (Leu) 35.584 16.376

Tyrosine (Tyr) 13.678 7.919

Phenylalanine (Phe) 25.182 9.360

Histidine (His) 17.170 6.714

Lysine (Lys) 11.234 18.967

Argnine (Arg) 83.384 18.095

Proline (Pro) 134.156 25.353
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F I G U R E  2  Determination of TPC and TFC. (A) The calibration line was constructed by plotting the absorbance that corresponded to 
different concentrations of gallic acid. (B) The calibration line was constructed by plotting the absorbance that corresponded to different 
concentrations of rutin. Abs, absorbance; C, concentration. (C) Comparison of TPC, and TFC between CCPP and FCP. Data are presented as 
the mean ± SD (n = 3). *p < 0.05 and **p < 0.01 compared to the FCP group.

F I G U R E  3  Effect of CCPP on (UVA + UVB) induced skin photoaging in mice. (A) Images of the skins of mice 24 h after the last 
treatment. (B) Skin water content. (C) Skin oil content. (D) HE staining images of skin tissue (magnification: 100×, scale bar: 100 μm; 
magnification: 200×, scale bar: 50 μm). Data are presented as the mean ± SD (n = 10). #p < 0.05 and ##p < 0.01 compared to the Control group; 
*p < 0.05 and **p < 0.01 compared to the UV group; △p < 0.05 and △△p < 0.01 comparing the CCPP M and FCP groups.
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(Figure 3C) were significantly higher (p < 0.1). HE stain-
ing also showed significant thinning of the epidermal 
layer, an increase in the number of epidermal protrusions 
and dermal papillae, and wavy undulations at the epider-
mal–dermal junction in the CCPP and FCP groups of mice 
(Figure  3D). Moreover, we compared the CCPP group 
with the FCP group and found that the CCPP group mice 
had fewer skin wrinkles, and the skin appearance, as well 
as the feel, was similar to the Control group (Figure 3A). 
Additionally, the skin water content (Figure 3B) and oil 
content (Figure 3C) were significantly higher than those of 
the FCP group (p < 0.5). The HE staining images showed a 
thinner epidermal layer and more epidermal protrusions 
in the CCPP group (Figure 3D). In conclusion, both orally 
administered CCPP and FCP were effective in improving 
skin photoaging by reducing skin wrinkles, increasing 
skin water and oil contents, and restoring skin histopatho-
logical changes. The CCPP exhibited superior overall im-
provement compared to FCP at an equivalent dosage.

CCPP restored cell viability and promoted 
cell proliferation

UVA was used to generate a human skin fibroblast BJ 
cell photoaging model.31 Cell viability decreased in a 
dose- dependent manner under different doses of UVA 
irradiation, with a significant decrease in cell viabil-
ity at >10 J cm−2 compared to that in the Control group. 
Moreover, BJ cell viability under 30 J cm−2 UVA irradia-
tion was close to half that in the Control group (Figure 4A). 
Therefore, this dose was used for inducing cell photoaging 
in subsequent experiments.28 BJ cell viability was signifi-
cantly lower in the 25 mg/mL CCPP treatment group than 
in the control group (p < 0.001), indicating that CCPP is 
toxic to BJ cells at this dose. However, CCPP at a concen-
tration of <25.00 mg/mL did not have a significant toxic 
effect on BJ cells (Figure  4B). Therefore, in this study, 
3.13 mg/mL, 6.25 mg/mL, and 12.50 mg/mL were selected 
as the low, medium, and high treatment concentrations 
of CCPP, respectively. Moreover, a significant decrease 
in BJ cell viability was observed at an FCP concentration 
of 50.00 mg/mL (p < 0.005), indicating that FCP was toxic 
to these cells at this dose. Conversely, FCP at a concen-
tration of <50.00 mg/mL did not have a significant toxic 
effect on BJ cells (Figure 4C). Consequently, we selected 
6.25 mg/mL as the sole in vitro treatment concentration of 
FCP and compared the acquired data with those obtained 
at the same treatment concentration of CCPP (medium 
concentration of CCPP, 6.25 mg/mL). The viability and 
number of Ki67+ (a reliable intranuclear marker of cell 
proliferation) BJ cells decreased significantly after UVA ir-
radiation (p < 0.001). After treatment with CCPP and FCP, 

cell viability was markedly elevated in comparison with 
that in the UVA group (p < 0.005), while the cell viability 
in the CCPP M group was significantly greater than that 
in the FCP group (p < 0.005) (Figure  4D). Furthermore, 
the proportions of Ki67+ cells were dramatically greater in 
the CCPP H and CCPP M groups than in the UVA group 
(p < 0.005), and the difference between the CCPP M group 
and the FCP group was notable (p < 0.005) (Figure 4E,F). 
These results implied that CCPP could restore cell viabil-
ity and promote cell proliferation and that an equivalent 
treatment concentration of FCP had a weaker effect than 
CCPP.

CCPP reduced the extent of UVA- induced 
cellular senescence

The alterations in cellular morphology are depicted in 
Figure  5A. Following UVA irradiation, a reduction in 
cell count was observed, accompanied by cytoplasmic 
shrinkage and indistinct cell margins, consistent with 
the phenotypic changes associated with senescence in 
human skin fibroblasts.28 The CCPP treated and FCP 
groups exhibited a higher proportion of cells display-
ing distinct morphology, more organized arrangement, 
and morphology resembling that of the Control group. 
SA β gal staining is a representative method to assess 
the level of cellular senescence, and the extent of SA β 
gal staining in cells is positively correlated with the de-
gree of cellular senescence.29 After UVA irradiation, the 
percentage of SA β gal positive cells (Figure 5B,C) was 
significantly increased (p < 0.001), and the cells showed 
accelerated senescence. After CCPP and FCP treatment, 
the percentages of SA β gal positive cells (Figure 5B,C) 
were significantly reduced (p < 0.001). Moreover, the 
percentage of SA β gal positive cells in the CCPP M group 
(Figure  5B,C) was significantly lower than that in the 
FCP group (p < 0.005). The above results indicated that 
both CCPP and FCP were able to reduce UVA induced 
photoaging of human skin fibroblasts, and the effect of 
CCPP was better than that of FCP at the same dose.

CCPP reduced UVA induced intracellular 
ROS levels and attenuated oxidative stress

After exposure to UVA irradiation, the mean fluores-
cence intensity of intracellular ROS (Figure  6A,B) was 
significantly increased (p < 0.001), indicating that UVA 
irradiation significantly elevated the ROS level in the 
cells. However, the ROS levels in the cells in the CCPP 
H, CCPP M, and FCP groups (Figure  6A,B) were sig-
nificantly lower (p < 0.005). The levels of the antioxidant 
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F I G U R E  4  Effect of CCPP on the viability of BJ cells with or without UVA irradiation. (A) Cell viability at different UVA irradiation 
doses. (B) Cell viability at different CCPP treatment concentrations. (C) Cell viability at different FCP treatment concentrations. (D) Effect 
of CCPP and FCP on cell viability after UVA treatment. (e f) Ki67+ BJ cells analysis. Data are presented as the mean ± SD (n = 3–5). #p < 0.05 
and ##p < 0.01 compared to the Control group; *p < 0.05 and **p < 0.01 compared to the UVA group; △p < 0.05 and △△p < 0.01 comparing the 
CCPP M and FCP groups.
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F I G U R E  5  Effect of CCPP on the morphology of and SA β gal levels in BJ cells after UVA irradiation. (A) Changes in cell morphology 
(magnification: 50×, scale bar: 200 μm). (B) SA β gal staining images (magnification: 50×, scale bar: 200 μm). (C) Number of SA β gal positive 
cells as a percentage of total cells. Data are presented as the mean ± SD (n = 5). #p < 0.05 and ##p < 0.01 compared to the Control group; 
*p < 0.05 and **p < 0.01 compared to the UVA group; △p < 0.05 and △△p < 0.01 comparing the CCPP M and FCP groups.
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F I G U R E  6  Effect of compound collagen peptide powder on the levels of ROS, SOD, GSH Px, and MDA in BJ cells after UVA irradiation. 
(A) The fluorescent probe DCFH DA was used to detect intracellular ROS levels (magnification: 100×, scale bar: 100 μm). (B) Mean 
fluorescence intensity of ROS analyzed by ImagePro Plus 6.0 software. (C) Intracellular SOD levels measured by ELISA. (D) Intracellular 
GSH Px levels measured by ELISA. (E) Intracellular MDA levels measured by ELISA. Data are presented as the mean ± SD (n = 3–5). 
#p < 0.05 and ##p < 0.01 comp red to the Control group; *p < 0.05 and **p < 0.01 compared to the UVA group; △p < 0.05 and △△p < 0.01 
comparing the CCPP M and FCP groups.
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enzymes SOD and GSH Px and the cell membrane lipid 
peroxidation product MDA can reflect the extent of oxi-
dative stress damage.32 After exposure to UVA irradia-
tion, the levels of SOD and GSH Px in cells (Figure 6C,D) 
were significantly diminished (p < 0.001), and the level 
of MDA (Figure 6E) was markedly elevated (p < 0.005). 
These findings suggested an exacerbation of cellular 
oxidative stress damage following UVA irradiation. 
Importantly, the levels of SOD (Figure  6C) (except for 
the CCPP L group) and GSH Px (Figure  6D) were sig-
nificantly higher in the CCPP- treated groups (p < 0.005), 
while MDA levels (Figure 6E) were significantly lower in 
the CCPP H, CCPP M, and FCP groups (p < 0.005). The 
GSH Px levels in the CCPP M group (Figure  6D) were 
significantly elevated compared to those observed in the 
FCP group (p < 0.005). In conclusion, CCPP and FCP 
could significantly reduce UVA- induced oxidative stress 
in human skin fibroblasts, and the antioxidant effect of 
CCPP was superior to that of FCP at the same dose.

CCPP increased ECM synthesis in human 
skin fibroblasts

COL1, ELN, and HA are produced by skin fibroblasts, 
which are important to the ECM in the dermis and are 
key indicators for assessing the effectiveness of func-
tional foods for skin supplementation.33 COL1 consists 
of two identical collagen type 1 α1 chain (COL1A1) and 
one collagen type 1 α2 chain (COL1A2); hyaluronan 
synthase 2 (HAS2) is a major player in HA biosynthe-
sis.34 In the present study, the expression levels of COL1, 
COL1A1 mRNA, COL1A2 mRNA, ELN, ELN mRNA, HA, 
and HAS2 mRNA (Figure 7A–G) in human skin fibro-
blasts after UVA irradiation were significantly reduced 
(p < 0.005), indicating that the ECM synthesis function 
in BJ cells was diminished. The expression levels of 
COL1 (except for the CCPP L group), COL1A1 mRNA 
(except for the CCPP L group), COL1A2 mRNA, ELN 
(except for the CCPPL group), ELN mRNA (except in 
the CCPP L group), HA (except for the CCPP L and FCP 
groups), and HAS2 mRNA (except in the CCPP L group) 
were significantly increased in both the CCPP and FCP 
treated groups (Figure 7A–G) (p < 0.005). Moreover, the 
expression levels of COL1 (Figure 7A), COL1A2 mRNA 
(Figure 7C), and HAS2 mRNA (Figure 7G) in the CCPP 
M group were significantly higher than those in the 
FCP group (p < 0.005). In conclusion, both CCPP and 
FCP significantly enhanced ECM synthesis in UVA- 
irradiated human skin fibroblasts, with the effect of 
CCPP being more pronounced than that of FCP at the 
same treatment concentration.

CCPP promoted human skin fibroblast 
proliferation and ECM synthesis through 
activation of the TGF β1/Smad pathway

The TGF β1/Smad pathway is a classical signaling 
pathway that modulates a variety of cellular processes, 
including ECM synthesis and cell proliferation.35 To 
identify effective pathways by which CCPP mediates 
the synthesis of ECM and promotes proliferation in BJ 
cells, we employed Western blot to detect the expres-
sion of upstream, core, and downstream proteins in 
the TGF β1/Smad pathway. The protein expression lev-
els of TGF β1, TGF βR2, Smad2, Smad3, and Smad2/3 
(Figure  8A–F) in UVA irradiated human skin fibro-
blasts were significantly downregulated (p < 0.005), 
indicating attenuation of the TGF β1/Smad signaling 
pathway in response to UVA irradiation treatment. 
The protein expression levels of TGF β1, TGF βR2 (ex-
cept for the CCPP L and FCP groups), Smad2, Smad3, 
and Smad2/3 were significantly upregulated following 
treatment with CCPP and FCP (p < 0.005). This ob-
servation demonstrated the ability of both CCPP and 
FCP to enhance TGF β1/Smad signaling in photoaged 
human skin fibroblasts. To further investigate whether 
CCPP promotes human skin fibroblast proliferation 
and mediates ECM synthesis through activation of the 
TGF β1/Smad pathway, some cells were pretreated 
with the TGF β receptor inhibitor LY2109761 (5 μM) for 
2 h before treatment.36 After LY2109761 pretreatment 
of normal BJ cells for 2 h, TGF βR2 and Smad2/3 pro-
tein expression levels (Figure 8G,H) were significantly 
reduced (p < 0.001), demonstrating that the conditions 
used by LY2109761 to block the TGF β1/Smad pathway 
were stable. The percentage of Ki67+ cells (Figure 8I,J) 
in the CCPP H + LY2109761 group was significantly 
decreased compared to that in the CCPP H group 
(p < 0.001), indicating that the proliferation- promoting 
effect of CCPP on photoaged human skin fibroblasts was 
completely blocked after pretreatment with LY2109761. 
Similarly, COL1 (Figure 8K), ELN (Figure 8I), and HA 
(Figure 8M) levels were significantly decreased in the 
CCPP H + LY2109761 group compared with the CCPP 
H group (p < 0.005), indicating that the CCPP mediated 
promotion of ECM synthesis was completely blocked 
after pretreatment with LY2109761. Thus, blockade of 
the TGF β1/Smad signaling pathway counteracted the 
promotion of human skin fibroblast proliferation and 
ECM synthesis by CCPP treatment. All the aforemen-
tioned experimental results indicated that CCPP facili-
tated the proliferation and ECM synthesis in human 
skin fibroblasts by activating the TGF β1/Smad signal-
ing pathway.
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DISCUSSION

Currently, the majority of studies have focused primarily 
on evaluating the efficacy and investigating the under-
lying mechanisms of individual components with po-
tential antiphotoaging properties. However, the efficacy 

and bioavailability of such individual components are 
limited. To combat these problems, researchers are in-
creasingly turning to antiphotoaging studies with multi 
ingredient complexes. Multi ingredient complexes can 
synergistically incorporate diverse antiphotoaging in-
gredients to enhance efficacy while facilitating improved 

F I G U R E  7  Effect of CCPP on ECM synthesis in UVA irradiated BJ cells. (A) COL1 levels were measured by ELISA. (B) COL1A1 
mRNA levels measured by qPCR. (C) COL1A2 mRNA levels measured by qPCR. (D) ELN levels measured by ELISA. (E) ELN mRNA levels 
measured by qPCR. (F) HA levels measured by ELISA. (G) HAS2 mRNA levels measured by qPCR. Data are presented as the mean ± SD 
(n = 3). #p < 0.05 and ##p < 0.01 compared to the Control group; *p < 0.05 and **p < 0.01 compared to the UVA group; △p < 0.05 and 
△△p < 0.01 comparing the CCPP M and FCP groups.
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F I G U R E  8  Effect of CCPP on the TGF β1/Smad signaling pathway in UVA irradiated BJ cells. (A) The protein expression of TGF β1, 
TGF βR2, Smad2, Smad3, and Smad2/3 in BJ cells was analyzed by Western blotting; GAPDH served as a reference for all proteins. (B–F) 
Quantitative evaluations of TGF β1, TGF βR2, Smad2, Smad3, and Smad2/3 protein levels by determination of the strip grayscale values 
by ImagePro Plus 6.0 software. (G) Western blotting was used to analyze the effect of LY2109761 pretreatment on TGF βR2 and Smad2/3 
protein expression in normal BJ cells. (H) Quantitative evaluations of TGF βR2 and Smad2/3 protein levels. (I\J) Ki67+ BJ cells analysis. (K) 
COL1 levels were measured by ELISA. (L) ELN levels measured by ELISA. (M) HA levels measured by ELISA. Data are presented as the 
mean ± SD (n = 3). #p < 0.05 and ##p < 0.01 compared to the Control group; *p < 0.05 and **p < 0.01 compared to the UVA group; △p < 0.05 
and △△p < 0.01 comparing the CCPP M and FCP groups; &p < 0.05 and &&p < 0.01 compared to the CCPP H group.



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

16 |   PHOTOCHEMISTRY AND PHOTOBIOLOGY

bioavailability and stability through intermolecular in-
teractions. For example, natural plant ingredients are 
incorporated into foods to impart the food with certain 
phytochemical properties. Cinnamon powder is added to 
bread to increase the contents of polyphenols, flavonoids, 
and condensed tannins, and the antioxidant properties 
are proportional to the proportion of cinnamon powder 
added.37 The incorporation of different ratios of quinoa 
flour into wheat flour during cookie production resulted 
in a significant increase in the phenolic and flavonoid 
contents of the cookies, which also showed a favorable 
hypoglycemic effect.38 In our investigation, CCPP was 
prepared by incorporating appropriate proportions of ace-
rola powder, broccoli powder, and cherry blossom powder 
into FCP. The small molecular weight of CCPP suggested 
its high bioavailability, facilitating its rapid absorption by 
the body and efficient distribution to various tissues via 
systemic circulation, thereby exerting nourishing and re-
parative effects.39 Chemical composition analysis revealed 
that CCPP contained a markedly elevated TPC and TFC, 
which are associated with phytochemical properties and 
enhanced antioxidant potential.40 In addition, the bioac-
tivity of collagen peptides depends considerably on their 
amino acid composition.41 Glycine, proline, and glutamic 
acid are the major amino acids in collagen hydrolysates, 
and are beneficial for skin water retention and wound 
healing.42,43 Moreover, some antioxidant active peptides 
isolated from protein hydrolysates contain hydrophobic 
amino acids at both the C terminal and N terminal ends, 
and a higher content of hydrophobic amino acids indi-
cates certain dominance of antioxidant properties.44 As 
the major raw material of CCPP, FCP contains 8 essential 
amino acids and 8 hydrophobic amino acids, with glycine, 
proline, and glutamic acid collectively constituting 43.5% 
of the total amino acid content, while hydrophobic amino 
acids account for 58.2%. The unique amino acid compo-
sition of FCP conferred CCPP with its unexpected nutri-
tional properties and antioxidant potential.

With the weakening of the protective effect provided by 
the ozone layer and the increase in the number of people 
working outdoors, the effects of UV are hard to ignore, and 
skin photoaging has become a danger to people that can-
not be underestimated. External symptoms of skin pho-
toaging are usually characterized by dry and rough skin, 
hyperkeratosis, sagging, inelasticity, visible wrinkles, and 
pigmentation,45 which greatly reduce the quality of life. 
Most of the UV in sunlight that reaches the surface of the 
earth is in the form of UVA and UVB rays. To most closely 
simulate the change process of photoaging in organisms, 
we first used UVA + UVB to establish an in  vitro model 
of skin photoaging in mice.46 After 9 weeks of UV irradia-
tion, the dorsal skins of the mice showed significant wrin-
kles and a significant decrease in both skin water content 

and oil content. These macroscopic lesions may be due to 
a large loss of ECM within the dermis and a decrease in 
sebaceous gland secretion.33 The administration of CCPP 
orally effectively reversed skin wrinkles, skin water, and 
oil content, as well as histopathological changes in photo-
aged mice. Our in vivo study first demonstrated that oral 
administration of CCPP was effective in ameliorating the 
symptoms of skin photoaging in mice.

We subsequently further determined the anti- photoaging 
property of CCPP and the specific mechanism of action by 
in vitro cellular experiments. Only a few UVB rays can reach 
the dermis, as most are absorbed by the epidermis, while 
UVA can reach the dermis directly, and fibroblasts are the 
most abundant cells in the dermis.47 Hence, UVA radiation 
was employed to establish an in vitro model of human skin 
fibroblast photoaging. The CCPP treatment effectively re-
stored cellular morphology, significantly enhanced cell via-
bility, and substantially increased cell numbers. Moreover, 
the SA β gal level in the cells was significantly reduced by 
CCPP. These results suggested that CCPP can inhibit the 
photoaging process of human skin fibroblasts, which was 
consistent with our in vivo experimental results. It is worth 
noting that UVB, due to its higher energy, can more rapidly 
inflame the epidermis and cause DNA damage.48 The effect 
of UVB on keratinocytes is highly correlated with the thick-
ening of the epidermis that has been observed in patholog-
ical sections of skin from photoaged mice.49 Although this 
study was conducted in fibroblasts, it would be intriguing 
for us to investigate the potential beneficial effects of CCPP 
on keratinocytes in future studies.

Previous studies have shown that exposure of organ-
isms and skin cells to high- intensity UV irradiation or for 
long periods of time makes them highly susceptible to 
the production and excessive accumulation of ROS.50,51 
Importantly, ROS can induce oxidative stress in tissues 
and cells, degrade various antioxidant enzymes, and pro-
mote lipid peroxidation and protein, lipid, or nucleic acid 
glycosylation, thus continuously aggravating oxidative 
damage.52 Moreover, ROS can increase the transcriptional 
activity of activator protein 1 (AP 1) by activating the 
mitogen- activated protein kinase (MAPK) signaling cas-
cade, which induces the expression of matrix metallopro-
teinases (MMPs),53 the main cause of collagen degradation 
in the skin. Additionally, AP 1 also reduces ECM synthesis 
by inhibiting the TGF β1/Smad pathway,54  indirectly lead-
ing to the loss of nutrients from the dermis. In this study, 
CCPP treatment was able to significantly reduce the level 
of ROS in cells, elevate the levels of SOD and GSH Px, and 
reduce MDA production. This result indicated that CCPP 
could enhance the antioxidant  capacity of human skin fi-
broblasts and attenuate oxidative damage.

We have shown that UVA irradiation reduced the lev-
els of COL1, ELN, HA, and HAS2 and the expression of 
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the corresponding genes in human skin fibroblasts. COL1 
and ELN are structural proteins that play a supportive, 
filling role and are essential for maintaining the full-
ness and elasticity of the skin.55 The ability of CCPP to 
increase COL1 and ELN levels and the expression of the 
corresponding genes in fibroblasts was consistent with 
the fact that CCPP significantly reduced wrinkles on the 
skin of photoaged mice. HA is the “moisturizing factor” 
in the skin, acting as a nourishing agent and determining 
the moisturizing capacity of the skin.56 Hyaluronate syn-
thase (HAS) synthesizes HA in the cell membrane, with 
HAS2 being the most important isoform of HAS with the 
highest expression.2 In this study, CCPP was able to el-
evate HA levels in fibroblasts while upregulating HAS2 
mRNA expression, which seemed to have a significant 
association with the CCPP- mediated elevation in skin 
water content in mice in vivo. Furthermore, unexpected 
findings have demonstrated that the degradation of colla-
gen yields collagen fragments capable of activating αvβ3 
integrin signaling, thereby resulting in a downregulation 
of HAS2 expression.57 These findings provide crucial in-
sights for our subsequent investigations into the potential 
regulatory role of CCPP in αvβ3 integrin signaling or the 
development of functional foods that modulate αvβ3 inte-
grin signaling.

TGF β1 is a cytokine that plays important roles in 
cell growth, differentiation, and ECM synthesis, and 
its downstream proteins Smad2, Smad3, and Smad4 
are  responsible for intracellular to nuclear signaling.58 
TGF β1 binds to its cell membrane receptors, TGF βR1 
and TGF βR2, initiating the revitalization of Smad2 and 
Smad3 proteins. Subsequently, the activated Smad2/3 
protein forms a heterodimeric complex with Smad4 and 
translocates to the nucleus. This complex activates rele-
vant promoters and facilitates ECM expression.35 It has 
been reported that the TGF β1/Smad pathway is posi-
tively correlated with the ECM levels in skin tissues, and 
is associated with the proliferation and apoptosis process 
of skin cells.9 Currently, it has been shown that influenc-
ing ECM synthesis by modulating TGF β1/Smad signal-
ing can positively affect skin tissues and cells under UV 
irradiation. Chlorogenic acid,4 Santamarine,59 and Corn 
silk extract60 are known to mitigate skin photoaging by 
increasing collagen fiber deposition through activation of 
the TGF β1/Smad pathway. In the present study, we found 
that CCPP- activated TGF β1/Smad signaling, which led 
us to hypothesize that the pathway that promotes pro-
liferation and ECM synthesis in human skin fibroblasts 
involves at least the TGF β1/Smad pathway. To provide 
convincing evidence, an inhibitor of the classical TGF β 
receptor was used to block TGF β1/Smad  signaling, and 
it was found that the promotion of COL1, ELN, and HA 
synthesis and cell proliferation by CCPP diminished. 

These experimental results enabled us to determine that 
the TGF β1/Smad signaling pathway  mediates the pro-
cess of ECM synthesis and cell proliferation in human 
skin fibroblasts.

In summary, CCPP can effectively ameliorate skin 
photoaging in mice, inhibit the aging of human skin fibro-
blasts, significantly reduce the oxidative stress response, 
and increase ECM synthesis in vitro. By comparing its ef-
ficacy with that of the FCP group, CCPP demonstrated 
a more significant effect on skin photoaging, suggesting 
that the incorporation of acerola powder, broccoli pow-
der, and cherry blossom powder contributed to enhancing 
the antiphotoaging function of the collagen peptide. This 
study provides an innovative idea and theoretical basis 
for the further advancement and application of compos-
ite collagen peptide- like functional foods, giving novel in-
sights into strategies to improve skin photoaging. Notably, 
our investigation focused solely on one formulation with 
a specific component ratio and did not comparatively 
evaluate the properties exhibited by each individual com-
ponent present in varying ratios. Therefore, in addition 
to continuously exploring potential food additives with 
photoprotective properties, our next study will also focus 
on determining the optimal ratio of each component.
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