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TGF-β transforming growth factor-β 

Thr threonine 

TNF tumor necrosis factor 
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Tris-HCl Tris- hydrochloride 

Tyr tyrosine 
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Promotive effect of spirulina proteins on skin wound healing 

Ping Liu 

부경대학교 대학원 식품생명과학과 

요 약 

 

피부는 표피와 진피로 구성되며, 인체의 외부환경에 대한 가장 큰 방어기관으로 작용한다. 

따라서 피부의 상처는 내과 신체의 경계를 허물어 심한 육체적인 부담을 초래한다. 상처의 치유 과

정에 관여하는 주요 복구세포로 섬유 아세포가 있으며, 피부 상처 치유를 위해 섬유 아세포에 관한 

연구가 필요하다. 청녹색의 미세조류인spirulina는, 높은 단백질 함량 및 영양가로 이상적인 영양공

급원으로 이용되어 왔으며, 현재 spirulina가 가지고 있는 영양소 성분이 여러 질병(항암, 노화 억제, 

비특이적 세포 면역 기능 강화)을 효과적으로 치료하는 것으로 광범위하게 연구되고 있다. 최근연

구에 의하면 Spirulina platensis의 추출물은 섬유 아세포의 증식을 촉진하고 상처치료를 촉진하는 

것으로 밝혀졌지만 아직까지 상처치료 작용에 의한 메커니즘은 완전히 이해되지 않았다. 따라서 본 

연구에서는 인간 피부 섬유 아세포인 CCD-986sk와 C57BL-6 마우스에 대한 spirulina 조단백질 

(SPCP)의 효과와 해당 메커니즘을 규명하고자 하였다.  

먼저 in vitro 분석을 위해 인간 피부 섬유 아세포 세포주인 CCD-986sk 세포가 인간 피부 

세포에 대한 스피룰리나 조단백질 (SPCP)의 효과를 측정하기 위해 사용되었다. CCD-986sk 세포

의 증식에 대한 SPCP의 효과를 확인하기 위한 Bromodeoxyuridine (BrdU) assay와 MTS assay 

분석을 통해 SPCP가 CCD-986sk 세포의 증식을 촉진한다는 것을 확인하였다. 다음으로 피부상처 

치유에 주요 역할을 하는 콜라겐과 elastase를 효소 결합 면역 흡착 분석 (ELISA)을 하였을 때, 

SPCP를 처리 한 세포에서 콜라겐 형성이 용량 의존적으로 개선되는 것을 보여 주었으며, elastase 

활성은 감소했다. 또한 섬유 아세포의 새로운 조직 형성에 증식 및 이동과정을 동반하는것으로 밝

혀졌다. 따라서 CCD-986sk 세포의 이동에 대한 SPCP의 효과를 wound-healing assay로 분석하

였을 때, SPCP가 CCD-986sk 세포의 이동을 유의하게 유도하는 것을 확인하였다.  
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세포 증식은 세포주기와 성장인자 신호전달 경로사이의 상호작용에 의해 조절된다. 따라서, 세포주

기 분석을 시행하였을 때, SPCP는 CCD-986sk 세포의 G0/G1 상으로부터 S 및 G2/M 상으로 진행

하는 것을 촉진 하였다. 또한, 세포주기 관련 단백질의 발현 수준을 western blot 분석을 하였을 때, 

SPCP가 cyclin D1, cyclin E, Cyclin-dependent kinase 2 (CDK2), Cyclin-dependent kinase 4 

(CDK4) 및 Cyclin-dependent kinase 6 (CDK6)의 발현을 유의하게 증가시키고 CDK 억제제인 p21

과 p27의 발현을 억제하는 것을 확인하였다 다음으로 주요 세포 성장 신호 전달 경로를 western 

blot 분석하였을 때, SPCP는 CCD-986sk 세포에서 상피 세포 성장 인자 수용체 (EGFR) 활성을 

상향 조절하였으며, EGFR의 신호를 마이토겐-활성화 단백질 키나아제 (MAPK) 경로로 전달하는

GRB2, SHC 및 구아닌 뉴클레오타이드 교환 단백질 (SOS)를 포함한 EGFR의 어댑터 단백질의 발

현의 증가 및 MAPK/세포 외 신호 조절 키나아제 (ERK) 신호 전달 경로의 활성화를 확인하였다. 

다음으로 SPCP는 또다른 세포성장 신호전달경로인 phosphoinositide 3-kinase (PI3K)와 serine-

threonine kinase (Akt)의 인산화와 활성화를 촉진한다는 것을 확인하였다. PI3K/Akt 신호 전달 경

로의 억제제인 PTEN을 분석하였을 때, PTEN의 발현 수준이 SPCP 처리에 의해 감소하였으며, 포

유류 세포 증식 조절에 중요한 역할을하며 p-Akt에 의해 활성화되는 mTOR 의 인산화가 증가로 

mTOR신호가 활성화되는 것을 확인하였다. mTOR 신호에 대한 중요한 인산화 기질인 4EBP1 및 

p70S6K 의 인산화 SPCP에 의해 촉진되었으며, 핵에서 elF4E의 발현증가로 SPCP에 의해 활성화

된 4EBP1이 elF4E를 방출하여 단백질 합성을 촉진하는 것을 확인하였다. 많은 전사 인자의 활성

은 β-catenin의 영향을 받으며, GSK3β에 의해 분해 될 수 있다. Western blot 분석은 GSK3β의 활

성이 p-Akt에 의해 억제되었으며, β-catenin이 방출되었다. CCD-986sk 세포에서 SPCP에 의한 증

식 및 이동에서 ERK 및 Akt 신호전달경로의 역할을 추가로 확인하기 위해 ERK 억제제 (U0126) 

및 PI3K 억제제 (LY294002)를 사용하였다. 그 결과, CCD-986sk 세포에서의 SPCP 유도 된 증식 

및 이동은 U0126 및 LY294002에 의해 차단되었으며, 이러한 결과로 SPCP에 의해 유도 된 증식 

및 이동이 ERK 및 Akt 신호 전달 경로에 의해 조절된다는 것을 확인하였다. 따라서 본 연구 결과

는 SPCP가 인간 섬유 아세포 CCD-986sk 세포의 증식과 이동을 촉진시키고, 이 과정에서 

EGFR/MAPK 및 PI3K/Akt 신호 전달 경로가 주요 역할을하는 것을 의미한다.  

In vitro 실험에서의 결과를 토대로 in vivo 모델에 적용하여 그 효과를 밝히기 위해 피부상

처를 가진 mouse 모델을 사용하여 SPCP의 상처치유촉진효과를 검증하였다. 특히, SPCP는 피부 

상처를 가진 마우스 모델에서 상처 치유를 촉진하였으며, SPCP의 처리는 바세린을 처리하였을 때

보다 상처봉합율이 높은 것을 확인하였다. 또한 산화 스트레스는 상처 치유를 지연시키는 것으로 

잘 알려져 있기 때문에 상처 치유에 대한 SPCP의 항산화 효과를 분석하였다. ELISA의 결과는 

SPCP가 superoxide dismutase (SOD)와 catalase (CAT)의 활성을 증가 시킨다는 것을 의미하였으
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며, 지질 과산화 (MDA)의 수준은 SPCP의 처리에 의해 감소되었다. 이러한 결과는 SPCP가 

C57BL/6 마우스의 피부 상처 치유에 항산화 효과가 있음을 나타낸다. 또한, SPCP는 C57BL / 6 마

우스의 피부 창상 조직에서 α 평활근 액틴 (α-SMA)의 발현을 촉진시켰으며, 이 결과는 SPCP가 

근섬유 아세포의 분화를 촉진한다는 것을 시사한다. 한편, western blot 결과는 마우스 피부 창상 

조직에서 SPCP에 의해 ERK와 Akt의 인산화가 유의하게 향상되었으며, SPCP가 ERK 및 Akt 신호 

전달 경로에 의해 세포 증식을 촉진한다는 것을 의미한다. 다음으로 변형 성장 인자 -β1 (TGF-

β1)/Smad2 신호 전달 경로가 SPCP에 의해 활성화되었으며, 콜라겐 I 형 알파 1 (COL1A1)과 콜라

겐 I 형 알파 2 (COL1A2)의 발현 또한 촉진시켰다. 이 결과는 SPCP가 상처 치료에서 콜라겐의 축

적을 유도 함을 나타냅니다. 

종합하면, SPCP가 항산화제에 의해 피부 상처 치유를 촉진시키고 피부 섬유 아세포의 증

식과 이동을 증가시키고 콜라겐 합성을 촉진하여 근섬유 아세포 수준을 증가시킴을 확인하였다. 따

라서 이러한 결과는 SPCP가 피부 창상 치유를 촉진하는 분자 메커니즘을 밝혀주고 피부 상처 치

료를위한 잠재적인 치료제로서 활용될 수 있음을 시사한다. 

 

 

 



 

- 1 - 

 

 I. INTRODUCTION 

 

1. Spirulina 

There are many kinds of microalgae. And the microalgae cells contain 

high-value nutrients, such as proteins, lipids, algal polysaccharides, β-carotene, and 

various inorganic elements (such as Cu, Fe, Se, Mn, Zn, etc.) (Buono et al., 2014; 

Raposo and Rui, 2013). The microalgae have a high content of carotenoid and the 

functions of coloring and nutrition. It can be used to prevent cancer, resist radiation, 

delay aging, and enhance the body’s immunity (Kubatka et al., 2015; Sheih et al., 

2010). Microalgae cells have high glycerin content and are high-quality cosmetic 

raw materials (Bilal et al., 2017; Raposo and Rui, 2013). They are also widely used 

as organic intermediates in the chemical, light industry and pharmaceutical industries 

(Spolaore et al., 2006; Wu et al., 2016).  

Spirulina belongs to the genus Cyanophyta, Oscilatoriales, and 

Oscilatoriaceae. The spirulina, which is widely produced, two varieties, including 

the blunt apex Spirulina platensis (S. platensis) and Spirulina maxima (S. maxima) 

(Saranraj, 2014). Spirulina is widely distributed in oceans and lakes and usually 

floats in low- and medium-tidal seawater or attaches on other algae and appendages 

(Saranraj, 2014). Naturally grown spirulina is mainly distributed in a different 

environment, including soil, marshes, sand, seawater, and freshwater (Saranraj, 

2014). Spirulina is rich in amino acids and trace elements, including many essential 

amino acids that the human body cannot synthesize (Lee et al., 2017). Meanwhile, 

spirulina is also rich in polysaccharides and more than ten vitamins and rich in 

minerals and biologically active substances (Wang and Zhang, 2016; Wu et al., 2016). 
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Studies have shown that spirulina and its extracts have the effects of preventing and 

inhibiting cancer, immune promotion, antibacterial activity, antioxidant activity and 

antihypertensive activity (Heussner et al., 2012; Kepekçi et al., 2013; Kim et al., 

2010; Wu et al., 2016). It was reported that spirulina can protect stem cells from 

LPS-induced proliferation decline (Bachstetter et al., 2010). C-phycocyanin which 

was extracted from spirulina promoted the migration of cells in the dermal wound 

healing (Madhyastha et al., 2012). These reports indicated that spirulina may have 

the potential of promoting skin wound healing. This study was aimed to determine 

the effect of spirulina crude protein (SPCP) on the wound healing and further explore 

the mechanisms of SPCP in wound healing. 

 

2. The skin 

The skin is the largest organ in the body and is a protective barrier against 

the various external invasions (Sorg et al., 2017). The composition of the skin is 

complex and orderly, consisting of epidermis, dermis and skin-accessory organs 

(Yannas et al., 2017). Normal and intact skin protects the body from external 

substances and microorganisms, regulates body temperature, and prevents tissue 

dehydration (Makoto et al., 2015). Damage to the skin tissue not only causes damage 

to the subcutaneous tissue but also affects the internal balance of the body. There are 

many causes of skin damage in daily life, such as friction, sharp cuts, burns, etc. 

When the skin tissue is damaged, the body initiates the wound healing process 

(Abood et al., 2014). If the acute skin damage is not properly repaired, a chronic, 

unhealed wound or a hypertrophic scar tissue is formed (Zhong et al., 2010). 

Therefore, it is very necessary to find a way to promote wound healing. 
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3. Wound healing 

The healing process after skin damage is a very complex process. After 

skin trauma, various cytokines first recruit macrophages, neutrophils, and other 

repair-related cells, and then act on fibroblasts, keratinocytes and so on (Hu et al., 

2016). In tissue repair, fibroblasts are the main repair cells in the healing process, 

and their biological functions play a vital role in wound healing (Chiquet et al., 2015; 

Darby et al., 2014). It was shown that fibroblasts are engineer, administrator, and 

builder of wound healing (Singer and Clark, 1999). Moreover, fibroblasts are the 

main repairing cells for the formation of granulation tissue, synthetic collagen, and  

extracellular matrix during wound healing (Kim et al., 2007). At the same time, 

autocrine growth factors can also regulate the wound healing process (Barrientos et 

al., 2008). Therefore, changes in the function of fibroblasts play a pivotal role in 

wound healing. During the whole process of wound healing, fibroblasts mainly 

exhibit two different biological functions. The first one is proliferation and migration 

characteristics and the second one is a secretory function. These two characteristics 

are interdependent (Gonzalez et al., 2016; Werner et al., 2007). Studies have shown 

that abnormal fibroblast proliferation may be one of the important factors in the 

difficult healing of skin lesions (Darby and Hewitson, 2007).  

Studies have found that myofibroblasts also play a role in wound healing. 

Although it is a fibroblast, it has the characteristics of both fibroblasts and smooth 

muscle cells (Gabbiani, 2003). Myofibroblasts differentiate from fibroblasts. 

Myofibroblasts are involved in wound healing and collagen secretion in the late stage 

of tissue repair (Desmoulière, 1995). The differentiation of myofibroblasts is closely 

related to the quality and speed of wound healing (Jester et al., 1999). It was found 

that when a wound occurs, fibroblasts first migrate to the wound site, producing a 
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wound contraction effect (Li and Wang, 2011). Cytokines and strain during 

contraction affect the differentiation of fibroblasts into myofibroblasts. Once the 

differentiation is successful, the actin skeletons in the fibroblasts are aligned in the 

direction of the tension and participate in the wound contraction process 

(Desmoulière et al., 2005). It is concluded that fibroblast is one of the main cells for 

wound healing. It can regulate the process of wound healing by chemotaxis, 

proliferation, differentiation, and secretion (McAnulty, 2007). 

 

4. Wound healing signaling pathway 

Wound healing is an ordered dynamic process triggered by the interaction 

of many types of cells and molecules. Platelets, keratinocytes, immune surveillance 

cells, microvascular cells, and fibroblasts are critical in the process of tissue integrity 

recovery (Guo and DiPietro, 2010). Wound healing can be divided into four stages: 

coagulation, inflammatory response, granulation tissue formation (proliferation 

phase), remodeling or scar formation (Martin, 1997). The proliferation of cells is 

regulated by many signaling pathways (Hongxue et al., 2015; Ling et al., 2017; Liu 

et al., 2017). 

 

4.1. EGFR signaling pathway 

Epidermal growth factor receptor (EGFR) is the most well-known cell 

proliferation protein in body tissues (Li et al., 2015; Wei and Hui, 2002). EGFR is a 

transmembrane protein, which is divided into three parts: one end of the protein is 

located outside the cell, another part is located in the cell membrane andthe other 

end is located in the cell (Krasinskas, 2011). This allows EGFR receptors to bind to 

other extracellular proteins, called ligands, to help cells receive signals and respond 
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to their environment (Komposch and Sibilia, 2015). When EGFR binds to ligands, it 

attaches to another nearby EGFR receptor and forms a complex (dimer), thus 

entering an active state and activating intracellular signaling pathways (Jorissen et 

al., 2003; Schreier et al., 2014). 

EGFR receptor protein is a member of the receptor tyrosine kinases (RTKs) 

family. It can activate two signaling pathways. They are Ras/Raf/mitogen-activated 

protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) pathway 

involved in cell proliferation, and PI3K/Akt/mTOR pathway involved in cell 

survival (Li et al., 2014; Rajaram et al., 2017). Ras/Raf/MEK/ERK signaling 

pathway is responsible for controlling gene transcription activity and cell cycle 

(Chambard et al., 2007; Zhang and Liu, 2002). And PI3K/Akt/mTOR signaling 

pathway can activate anti-apoptotic signal (Vara et al., 2004). Therefore, EGFR 

receptor protein plays an important role in cell proliferation and survival. 

 

4.1.1. Ras/Raf/MEK/ERK signaling pathway 

The Ras/Raf/MEK/ERK signaling pathway can be activated by growth 

factors and mitogens, and then regulate the gene expression and cell proliferation. 

The pathway consists of a three-tiered kinase module, i.e. Raf, MEK and ERK kinase 

which are activated by phosphorylation in turn. 

ERK is a kind of serine/threonine (Ser/Thr) protein kinase discovered in 

the late 1980s (Cruz and Cruz, 2007). ERK is a signal transduction protein that 

transmits mitogen signals (Martinez-Lopez and Singh, 2014). It is normally located 

in the cytoplasm and translocated to the nucleus after activation to regulate the 

activity of transcription factors and produce cellular effects (Sun et al., 2015). 

Artificial cloning and sequencing analysis showed that there are two subtypes of 
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ERK, including ERK1 and ERK2 (Peng et al., 2010). They are widely expressed and 

involved in regulating a series of physiological processes in different cells, including 

meiosis, mitosis, late mitosis and so on (Johnson and Lapadat, 2002). Many 

stimulators such as growth factors, cytokines, viruses, ligands of G protein-coupled 

receptors and oncogenes can activate this signaling pathway (Kolch, 2000; Wortzel 

and Seger, 2011). 

Ras as the upstream protein of Raf/MEK/ERK signaling pathway, is the 

first discovered small G protein (Vojtek and Der, 1998). It is the product of gene ras. 

It has the binding conformation of activated Guanosine-5’-triphosphate (GTP) and 

inactivated guanosine diphosphate (GDP) (Kuriyama et al., 1996). The two 

conformations can be transformed into each other and play a switching role in signal 

transduction (Young et al., 2009). Ras is activated by many stimulants, such as 

epidermal growth factor (EGF) (Rozakis-Adcock et al., 1993), tumor necrosis factor 

(TNF) (Takino et al., 2014), protein kinase C (PKC) activator and members of Src 

family (Johnson, 2008). When extracellular signals bind to receptors, growth factor 

receptor binding protein 2 (Grb2), as a junction molecule, binds to activated 

receptors and interacts with a proline-rich sequence at the C-terminal of Son of 

Sevenless (SOS) to form a receptor-Grb2-SOS complex (Rojas et al., 1996). The 

binding of SOS to Tyr phosphorylation sites on receptor or receptor substrate 

proteins leads to the translocation of SOS to the membrane (Margarit et al., 2003), a 

high concentration of SOS was formed near Ras. The combination of SOS and Ras-

GDP promotes GTP to replace GDP on Ras, transforms Ras from inactivation to 

activation, activates Ras and Ras pathway (Boriack-Sjodin et al., 1998). 

Raf is a Ser/Thr protein kinase. It has three types. They are Raf-1, A-Raf, 

and B-Raf (Hindley and Kolch, 2002; Zebisch and Troppmair, 2006). Raf-1 is the 
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most widely studied and functional kinase (Dhillon and Kolch, 2002). Ras, as an 

upstream activator protein, transfers Raf from the cytoplasm to the cell membrane 

by binding two regions of high affinity and Raf-1N-terminal (Ras-binding domain 

(RBD) and cysteine-rich domain (CRD)) (Cho et al., 2012; Fetics et al., 2015). 

However, the activation mechanism of Raf is still unclear, only related to the Ser/Thr 

phosphorylation of Raf (Dhillon and Kolch, 2002). Its phospholipid products 

activate Rac protein, a small G protein (Sohn et al., 2000). Rac connects and activates 

PAK (p21-activated kinase). PAK-3 phosphorylates serine at position 338 on Raf-1 

(Jaffer and Chernoff, 2002). The serine phosphorylation at this site is necessary for 

Raf-1 activation (Chiloeches et al., 2001).  

MEK is divided into MEK1 and MEK2 with a molecular weight of 44 kD 

and 45 kD (Crews et al., 1992; Zheng and Guan, 1994). When Raf is activated, its 

C-terminal catalytic region can bind to MEK. Two Sers in the catalytic region were 

phosphorylated to activate MEK. MEK is a rare dual-specific kinase (Alberola-Ila 

and Hernández-Hoyos, 2003). ERK was activated by phosphorylation of tyrosine 

(Tyr) and Thr regulatory sites (Lai and Pelech, 2016). It is not clear how MEK 

possesses both Tyr and Thr bispecific phosphorylation activities (Butch and Guan, 

1996). However, MEK has important physiological significance for Tyr/Thr 

bispecific phosphorylation of ERK (Wortzel and Seger, 2011). Because ERK 

signaling pathway plays a pivotal role in cell signal transduction network, any wrong 

activation will have a profound impact on cell life activities (Howe et al., 2002). This 

dual-specific recognition and activation mechanism greatly improve the accuracy of 

signal transduction and prevent ERK from inaccurate activation (Roberts and Der, 

2007). 
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4.1.2. PI3K/Akt/mTOR signaling pathway 

Several reports showed that PI3K/Akt/mTOR signaling pathway plays an 

important role in cell proliferation, protein synthesis and angiogenesis (Chai et al., 

2018). The PI3K family can be divided into three categories, and the IA class in the 

family consists of two catalytic subunits, p110 and p85, as heterodimers of PI3K. 

Class IA can exert phosphatidylinositol kinase and protein kinase effects (Engelman 

et al., 2006). Growth factors and cytokines outside the cell act as ligands that bind 

to transmembrane RTKs and activate RTKs. Furthermore, the substrate of RTKs is 

phosphorylated to recruit p85 subunits to the vicinity of the cell membrane 

(Mukohara, 2015). p85 regulates the subunit Src homology domain 2 (SH2), the 

heterodimer spatial conformation triggers the change, and the inhibition of the p110 

subunit by the p85 subunit is abolished (Han et al., 2018). The direct way of PI3K 

activation is regulated by the Ras superfamily (McCubrey et al., 2007). The amino 

terminus of PI3K class I family members has the ability to bind to members of the 

Ras family. Ras protein can directly bind to p110 subunit after activation, enhancing 

enzyme activity (Sethi et al., 1999). After PI3K activation, phosphatidylinositol-

4,5-bisphosphate (PIP2) is phosphorylated to form phosphatidylinositol-3,4,5-

triphosphate (PIP3) (Janku et al., 2018). As a second messenger, PIP3 can be 

combined with Akt (Lee et al., 2015). 3-phosphoinositide-dependent protein 

kinase-1 (PDK1) and 3-phosphoinositide-dependent protein kinase-2 (PDK2) 

phosphorylate the serine and threonine sites on Akt. Thus, Akt is fully activated 

(Chan and Tsichlis, 2001; Mercado-Pimentel et al., 2016). In turn, the mammalian 

target of rapamycin (mTOR) signaling pathway is activated. As a result, 

PI3K/Akt/mTOR plays a key role in cell proliferation, differentiation, migration 

and many other aspects (Mitra et al., 2012; Yu and Cui, 2016). 
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Phosphatase and tensin homolog (PTEN) is a PIP3-phosphatase, which is 

contrary to the function of PI3K (Gao et al., 2000). It can convert PIP3 to PIP2 by 

dephosphorylation. PTEN can reduce the activation of Akt and blocks all 

downstream signal transduction events regulated by Akt (Zhao, 2007).  

 

4.2. Transforming growth factor beta 1 (TGF-β1) signaling pathway 

TGF-β1/Smad signal transduction pathway is a signal transduction 

pathway with multiple biological functions. Play an important role in tissue repair, 

tumor proliferation and metastasis, excessive fibrosis, etc (Al-Mulla et al., 2011; Sun 

et al., 2016). TGF-β1 is involved in the whole process of inflammation, proliferative 

phase, and plasticization during wound healing (Barrientos et al., 2008; Crowe et al., 

2000). First, platelet degranulation releases TGF-β1 to the wound. TGF-β1 recruits 

monocytes and fibroblasts to reach the wound and maintains a high concentration of 

TGF-β1 by autocrine (Martin, 1997). The application of TGF-β1 can promote the 

recruitment and proliferation of fibroblasts in the wound site, accelerate the 

formation of new blood vessels, and enhance the ability of fibroblasts to synthesize 

extracellular matrix such as collagen (Lichtman et al., 2016; Okizaki et al., 2015; 

Puolakkainen et al., 1995). And regulate the production of extracellular matrix (ECM) 

by adjusting the ratio of metalloproteinase (MMP)/MMP inhibitors (Chen et al., 

2003; Knittel et al., 1999; Kuo et al., 2005). In vitro experiments showed that TGF-

β could activate fibroblasts to differentiate into myofibroblasts (Wynn and Vannella, 

2016). In wound healing, it can promote wound contraction, ECM deposition and 

regulate the differentiation, proliferation, and maturation of epidermal keratinocytes 

(Ghosh et al., 2017).  
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5. Purpose of this study  

It has been reported that the aquatic extract of spirulina plays an important 

role in reducing oxidative damage and has wound healing potential for primary 

dermal fibroblasts (Li-Chen et al., 2005; Syarina et al., 2015). In addition, the 

proliferation of stem cells can also be promoted by spirulina (Bachstetter et al., 2010). 

The crude extract of spirulina platensis combined with skin cream can promote the 

wound healing of human keratinocytes (HS2) and fibroblasts (L929) (Gunes et al., 

2017). Thus, the purpose of the present study was to determine the positive effect of 

SPCP on skin wound healing. The human dermal fibroblasts CCD-986sk cells were 

used to investigate the promoting effect of SPCP on cell proliferation and migration. 

The molecular mechanisms in this process were further revealed. In vivo study was 

performed, a mouse for full-thickness skin wounds on C57BL/6 mouse was used to 

further to determine the effect of SPCP on skin wound healing. 
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II. MATERIALS AND METHODS 

 

1. Preparation of spirulina crude protein 

Spirulina powder was purchased from New Zealand Nutritionals Ltd., 

(Burnside Christchurch, New Zealand) and soaked in distilled water at a 

concentration of 40 g/L. After churning up for 4 h at room temperature, the mixture 

was centrifugated at 2400 × g at 4 ºC for 10 min. The supernatant was mixed with 

three volumes of ethanol. The mixture was centrifugated at 2400 × g at 4 ºC for 10 

min. The supernatant was subsequently filtered and concentrated using rotary 

evaporation at 40 ºC. The concentrated solution was precipitated with 80% saturated 

(NH4)2SO4 at 4 ºC overnight. The precipitate was dissolved in distilled water and 

dialyzed with dialysis membrane against distilled water. The dialysate was 

concentrated by using rotary evaporator at 40 ºC and freeze-dried, then used as 

spirulina crude protein (SPCP) for subsequent experiments.  

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and Coomassie brilliant blue methods were used to analyze SPCP protein profiles. 

SPCP (1300 μg/mL) was mixed with 5 × sample loading buffer (50 mM Tris-

hydrochloride (Tris-HCl), 2% SDS, 10% glycerol, 0.02% bromophenol blue (BPB), 

5% 2-mercaptoethanol), and then SPCP containing 75 μg protein were separated by 

15% SDS-PAGE. Dyeing at room temperature with Coomassie Brilliant Blue for 1 

h and washing with the destaining solution until the bands appear. The SPCP bands 

appearing at about 20 kDa and 16 kDa were analyzed using quadrupole time of flight 

mass spectrometry (Q-TOF MS/MS) provided by Peptron Corporation (Daejeon, 

Korea).  
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Figure 1. Preparation of SPCP. 
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2. In vitro assay 

 

2.1. The effect of SPCP on the proliferation and migration of CCD-

986sk cells  

 

2.1.1. Cell culture 

CCD-986sk human dermal fibroblast cell line (ATCC CRL-1947; 

American Type Culture Collection, Manassas, VA, USA) was obtained from normal 

female skin tissue. The cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM, Gibco; Thermo Fisher Science, Inc., Waltham, MA, USA), containing 10% 

fetal bovine serum (FBS, Gibco; Thermo Fisher Science, Inc.) and 1% penicillin and 

streptomycin in 37 ºC and 5% carbon dioxide (CO2) saturated wet incubator. CCD-

986sk cells were cultured in a plate with a diameter of 100 mm to a confluence of 

60-80%. The medium was replaced every 2 days. 

 

2.1.2. Cell viability assay 

Celltiter 96 AQueous One Solution Reagent (Promega Corporation, 

Madison, WI, USA) was used to determine cell viability. CCD-986sk cells were 

seeded into a 96-well plate with a density of 0.5×104 cells/well. After 24 h of 

incubation, serum-free medium (SFM) was used to incubate the cells for another 4 

h at 37 ºC. The serum contains several hormones, which stimulates cell growth and 

masks the effect of SPCP, to avoid the complications, SFM was used in all groups 

(control group and SPCP treatment group). Subsequently, cells were treated with 

different concentrations of SPCP (6.25, 12.5 or 25 μg/mL in SFM) or SFM alone 
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(control). The cells were further cultured for 24 h. Subsequently, the cells were 

exposed to MTS analytical solution and cultured at 37 ºC for 30 min. The optical 

density at 490 nm was measured by Synergy HTX microplate reader (Biotek 

Instruments, Inc. Winooski, Vermont, USA). The data were expressed as the 

percentage of viable cells treated with SPCP compared with the viable cells treated 

with SFM. 

 

2.1.3. BrdU assay 

Cell Proliferation ELISA, BrdU (colorimetric) kit (Sigma-Aldrich; Merck 

KGaA, Darmstadt, Germany) was used to determine the proliferation of CCD-986sk 

cells. CCD-986sk cells were cultured under a standard condition. Cells were seeded 

into a 96-well plate at a confluence of 60%-80% with a density of 0.5×104 cells/well. 

After 24 h incubation, the culture medium was replaced with SFM and then 

incubated for another 4h at 37 ºC, then cells were treated with different 

concentrations of SPCP (0, 6.25, 12.5, and 25 μg/mL in SFM) for 24 h. Subsequently, 

each of the treated wells was added with 10 μL of BrdU labeling solution and then 

incubated at 37 ºC for 2 h, then the BrdU labeling medium was replaced with 200 

μL of FixDenat. The cells were incubated at room temperature for 30 min, and the 

FixDenat was replaced by 100 μL of anti-BrdU-POD working solution. The cells 

were incubated at room temperature for 90 min, and then each well was washed with 

200 μL of washing solution (phosphate-buffered saline (PBS)) three times. 

Ultimately, 100 μL of Substrate solution was added, and the plate was incubated at 

room temperature for 5-30min until the color is sufficient for photometric detection. 

Synergy HTX microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) was 

used to measure the absorbance at 370 and 492 nm. The data were expressed as a 
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percentage of absorbance (A370 nm-A492 nm) in different concentrations of SPCP-

treated cells compared with the SFM-treated control. 

 

2.1.4. The measurement of elastase activity 

N-succinyl-Ala-Ala-p-nitroaniline (Sigma-Aldrich; Merck Kgaa, 

Darmstadt, Germany) was used to measure the elastase activity of CCD-986sk cells. 

The CCD-986sk cells were seeded into 6-well plates at a density of 5×104 cells/well. 

After 24 h of incubation, the cells were cultured with SFM incubated at 37 ºC for 

another 4 h. Cells were treated with different concentrations of SPCP (6.25, 12.5 or 

25 μg/mL in SFM) or SFM alone (control group), and further cultured for another 

24 h. Cells were collected in radio-immunoprecipitation analysis buffer (iNtRON 

Biotechnology, Seongnam, Korea) which contains 1% protease inhibitor using cell 

scraper. Cell lysates were collected by centrifugation at 16000 × g for 10 min at 4 ºC. 

Then the supernatant (98 μL) and 25 mg/mL N-succinyl-Ala-Ala-Ala-p-nitroaniline 

(2 μL) were added to each well. After incubation at 37 ºC for 30 min, the 

collaborative HTX microplate reader (BioTek Instr uments, Inc.) was used to 

measure the optical density at 410 nm. The data were expressed as the percentage of 

elastase activity in the SPCP-treated cells compared with the elastase activity in the 

cells treated with SFM alone. 

 

2.1.5. Procollagen type I C-peptide (PIP) solid phase enzyme 

immunoassay 

The level of collagen was determined by Takara MK101 kit (Takara Bio, 

Inc., Otsu, Japan). Cell density was 5×104 cells/well, seeded in 6-well plate. After 24 

h of incubation, these cells were incubated with SFM for 4 h at 37 ºC. And then 
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followed by an additional 24 h with different concentrations of SPCP (6.25, 12.5, or 

25 μg/mL) or SFM (control). Cell medium was collected and then centrifuged at 

16000 × g at 4 ºC for 10 min. Subsequently, 100 μL antibody-peroxidase conjugation 

solutions and 20 μL supernatant were added to each well. After incubation for 3 h at 

37 ºC, each test well was washed by 400 μL of PBS for four times. 100 μL of 3, 3, 5, 

5’- tetramethylbenzidine substrate solution was added to each well and incubated at 

room temperature for 15 min. The reaction was terminated by adding 100 μL of stop 

solution (1 N sulfuric acid (H2SO4)). Absorption at 450 nm was measured using 

Synergy HTX microplate reader (BioTek Instruments, Inc.). 

 

2.1.6. Wound healing assay 

CCD-986sk cells were cultured under standard culture conditions and 

seeded in six-well plates at a confluence of 60-80%. The medium was changed every 

2 days. After confluence, the culture medium was replaced with SFM and incubated 

for another 4 h. A layered wound was scraped by using sterile 200 μL plastic pipette 

tip in the center of the well. The cells were washed twice by using PBS and cell 

debris was removed. SPCP (0, 6.25, 12.5, 25 μg/mL) of different concentrations were 

used to treat the wounds for 24 h. The wounds were photographed with a digital 

camera inverted microscope at 0 and 24 h, respectively. Image J software was used 

(version 1.40; National Institutes of Health, Bethesda, MD, USA) to measure the 

size of the wound. It was expressed as the percentage of the final distance and the 

initial distance of the wound. 

 

2.1.7. Cell cycle analysis 
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BD Cycletest TM Plus DNA Reagent Kit (Becton, Dikinson, and company) 

was used to determine the cell cycle progress by flow cytometry. Cells were cultured 

in DMEM medium and replaced with SFM at a confluence of 40%-60%. After 4 h 

incubation at 37 ºC, cells were treated with different concentrations of SPCP (0, 6.25, 

12.5, 25 μg/mL) for another 24 h at 37 ºC. Buffer Solution was used to harvest, and 

wash the cells for two times. The concentration of the cells was counted and adjusted 

to 1.0×106 cells/mL with Buffer Solution. Cells were centrifuged. And then the 

supernatant was discarded. Solution A (trypsin buffer) was added and mixed with the 

cells. After incubation for 10 min at room temperature (20-25 ºC), solution B (trypsin 

inhibitor and RNase buffer) was added, and the mixture was incubated for another 

10 min at room temperature (20-25 ºC). Ultimately, solution C (propidium iodide (PI) 

stain solution) was added. And the cells were incubated for 10 min in the dark on ice. 

The BD FACSVerseTM system (Becton, Dickinson and Company, USA) was used 

to detect the cell cycle. And the software of ModFit (version 3.1; Verity Software 

House, Topsham, ME, USA) was used to analyze the cell cycle data. 

 

2.1.8. Preparation of whole cell lysates 

CCD-986sk cells were cultured under standard conditions and treated as 

described above. After treatment, cells were washed with PBS two times. And 

radioimmunoprecipitation lysis buffer (RIPA buffer, iNtRON Biotechnology) with 

1% protease inhibitor was used to lysis the cells at 4 ºC for 30 min. Cells were 

harvested by scraping on ice. The cell lysate was centrifuged at 16000 × g for 10 min 

at 4 ºC. The supernatant was collected as the protein. Bicinchoninic acid (BCA) 

protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) was used to analyze the 

concentration of the protein. The protein concentration of different treatment groups 
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was adjusted to the same level. After that, the protein solution was mixed with 

sodium dodecyl sulfate (SDS) sample buffer containing dithiothreitol (DTT) and 

denatured at 100 ºC for 5 min. 

 

2.1.9. Western blot analysis 

The SDS-PAGE gel was used to separate proteins, and the proteins were 

transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Milford, CT, 

USA). Membranes were washed with methanol and then blocked for 2 h with Tris-

buffered saline with 0.1% tween 20 (TBS-T, 10mm Tris-HCl, 150mm NaCl (pH 7.5) 

and 0.1% Tween-20) containing 1% bovine serum albumin (BSA). The membrane 

was incubated at 4 ºC overnight in the primary antibody. After washing two times 

with TBS-T for 15 min each time, the membrane was incubated at room temperature 

for another 2 h. The second antibodies were horseradish peroxidase (HRP)-

conjugated anti-rabbit Immunoglobulin G (IgG) (Cell Signaling Technology, Inc., 

Beverly, MA, USA, cat. no. 7074S), donkey anti-goat IgG (Bethyl Laboratories, Inc., 

Beverly, MA, USA, cat. no. A50-101p), and anti-mouse IgG (Cell Signaling 

Technology, Inc., cat. no. 7076S). The primary antibodies were showed in Table 1. 

The color development was determined using an enhanced chemiluminescence 

western blot kit (Thermo Fisher Scientific, Rockford, IL, USA). The bioanalytical 

imaging system (Azure Biosystems, Dublin, CA, USA) was used to detect the 

protein bands. The Multi-Gauge software, version 3.0 (Fujifilm Life Science, Tokyo, 

Japan) was used to analyze the density of the protein bands. Each density of the 

protein bands was normalized to GAPDH. 
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2.2. SPCP activates the EGFR/ERK signaling pathway in the 

proliferation and migration of CCD-986sk cells  

 

2.2.1. Cell culture 

CCD-986sk human dermal fibroblast cell line (ATCC CRL-1947; 

American Type Culture Collection, Manassas, VA, USA) was obtained from normal 

female skin tissue. The cells were cultured in DMEM medium (Gibco; Thermo 

Fisher Science, Inc., Waltham, MA, USA), containing 10% FBS (Gibco; Thermo 

Fisher Science, Inc.) and 1% penicillin and streptomycin in 37 ºC and 5% CO2 

saturated wet incubator. CCD-986sk cells were cultured in a plate with a diameter of 

100 mm to a confluence of 60-80%. The medium was replaced every 2 days. 

 

2.2.2. Cell viability assay 

Celltiter 96 AQueous One Solution Reagent (Promega Corporation, 

Madison, WI, USA) was used to determine cell viability. CCD-986sk cells were 

seeded into a 96-well plate with a density of 0.5×104 cells/well. After 24 h of 

incubation, SFM was used to incubate the cells for another 4 h at 37 ºC. The serum 

contains several hormones, which stimulates cell growth and masks the effect of 

SPCP, to avoid the complications, SFM was used in all groups (control group and 

SPCP treatment group). Subsequently, cells were treated with different 

concentrations of SPCP (6.25, 12.5 or 25 μg/mL in SFM) or SFM alone (control). 

The cells were further cultured for 24 h. Subsequently, the cells were exposed to 

MTS analytical solution and cultured at 37 ºC for 30 min. The optical density at 490 

nm was measured by Synergy HTX microplate reader (Biotek Instruments, Inc. 
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Winooski, Vermont, USA). The data were expressed as the percentage of viable cells 

treated with SPCP compared with the viable cells treated with SFM. 

 

2.2.3. BrdU assay 

Cell Proliferation ELISA, BrdU (colorimetric) kit (Sigma-Aldrich; Merck 

KGaA, Darmstadt, Germany) was used to determine the proliferation of CCD- 986sk 

cells. CCD-986sk cells were cultured under a standard condition. Cells were seeded 

into a 96-well plate at a confluence of 60%-80% with a density of 0.5×104 cells/well. 

After 24 h incubation, the culture medium was replaced with SFM and incubated for 

another 4h at 37 ºC, then cells were treated with different concentrations of SPCP (0, 

6.25, 12.5, and 25 μg/mL in SFM) for 24 h. Subsequently, each of the treated wells 

was added with 10 μL of BrdU labeling solution and then incubated at 37 ºC for 2 h. 

Then the BrdU labeling medium was replaced with 200 μL of FixDenat. The cells 

were incubated at room temperature for 30 min, and the FixDenat was replaced by 

100 μL of anti-BrdU-POD working solution. The cells were incubated at room 

temperature for 90 min, and then each well was washed with 200 μL of washing 

solution (PBS) for three times. Ultimately, 100 μL of Substrate solution was added, 

and the plate was incubated at room temperature for 5-30min until the color was 

sufficient for photometric detection. Synergy HTX microplate reader (BioTek 

Instruments, Inc., Winooski, VT, USA) was used to measure the absorbance at 370 

and 492 nm. The data were expressed as a percentage of absorbance (A370 nm-A492 nm) 

in different concentrations of SPCP-treated cells compared with the SFM-treated 

cells. 

 

2.2.4. Wound healing assay 
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CCD-986sk cells were cultured under standard culture conditions and 

seeded in six-well plates at a confluence of 60-80%. The medium was changed every 

2 days. After confluence, the culture medium was replaced with SFM and incubated 

for another 4 h. A layered wound was scraped by using sterile 200 μL plastic pipette 

tip in the center of the well. The cells were washed twice by using PBS and cell 

debris was removed. Different concentrations of SPCP (0, 6.25, 12.5, 25 μg/mL) 

were used to treat the wounds for 24 h. The wounds were photographed with a digital 

camera inverted microscope at 0 and 24 h, respectively. Image J software was used 

(version 1.40; National Institutes of Health, Bethesda, MD, USA) to measure the 

size of the wound. It was expressed as the percentage of the final distance and the 

initial distance of the wound. 

 

2.2.5. The treatment of inhibitor 

For inhibitor treatment, the MEK inhibitor U0126 was used in the present 

study. After incubation with SFM for 4 h, the cells were treated with 10 μmol/L of 

U0126 for 1 h. And then the cells were treated with different concentrations of SPCP 

(0, 6.25, 12.5, 25 μg/mL) for 24 h as described above. 

 

2.2.6. Preparation of whole cell lysates 

CCD-986sk cells were cultured under standard conditions and treated as 

described above. After treatment, cells were washed with PBS two times. And RIPA 

buffer (iNtRON Biotechnology) with 1% protease inhibitor was used to lysis cells at 

4 ºC for 30 min. Cells were harvested by scraping on ice. The cell lysate was 

centrifuged at 16000 × g for 10 min at 4 ºC. The supernatant was collected as the 

protein. BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) was used to 
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analyze the concentration of the protein. The protein concentration of different 

treatment groups was adjusted to the same level. After that, the protein solution was 

mixed with SDS sample buffer containing DTT and denatured at 100 ºC for 5 min. 

 

2.2.7. Western blot analysis 

The SDS-PAGE gel was used to separate proteins, and the proteins were 

transferred to PVDF membranes (Millipore, Milford, CT, USA). Membranes were 

washed with methanol and then blocked for 2 h with TBS-T (10mm Tris-HCl, 

150mm NaCl (pH 7.5) and 0.1% Tween-20) containing 1% BSA. The membrane 

was incubated at 4 ºC overnight in the primary antibody. After washing two times 

with TBS-T for 15 min each time, the membrane was incubated at room temperature 

for another 2 h. The second antibodies were HRP-conjugated anti-rabbit IgG (Cell 

Signaling Technology, Inc., Beverly, MA, USA, cat. no. 7074S), donkey anti-goat 

IgG (Bethyl Laboratories, Inc., Beverly, MA, USA, cat. no. A50-101p), and anti-

mouse IgG (Cell Signaling Technology, Inc., cat. no. 7076S). The primary antibodies 

were showed in Table 1. The color development was determined using an enhanced 

chemiluminescence western blot kit (Thermo Fisher Scientific, Rockford, IL, USA). 

The bioanalytical imaging system (Azure Biosystems, Dublin, CA, USA) was used 

to detect the protein bands. The Multi-Gauge software, version 3.0 (Fujifilm Life 

Science, Tokyo, Japan) was used to analyze the density of the protein bands. Each 

density of the protein bands was normalized to GAPDH.  

 

2.3. SPCP activates the PI3K/Akt signaling pathway in the 

proliferation and migration of CCD-986sk cells  
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2.3.1. Cell culture 

CCD-986sk human dermal fibroblast cell line (ATCC CRL-1947; 

American Type Culture Collection, Manassas, VA, USA) was obtained from normal 

female skin tissue. The cells were cultured in DMEM medium (Gibco; Thermo 

Fisher Science, Inc., Waltham, MA, USA), containing 10% FBS (Gibco; Thermo 

Fisher Science, Inc.) and 1% penicillin and streptomycin in 37 ºC and 5% CO2 

saturated wet incubator. CCD-986sk cells were cultured in a plate with a diameter of 

100 mm to a confluence of 60-80%. The medium was replaced every 2 days. 

 

2.3.2. Cell viability assay 

Celltiter 96 AQueous One Solution Reagent (Promega Corporation, 

Madison, WI, USA) was used to determine cell viability. CCD-986sk cells were 

seeded into a 96-well plate with a density of 0.5×104 cells/well. After 24 h of 

incubation, SFM was used to incubate the cells for another 4 h at 37 ºC. The serum 

contains several hormones, which stimulates cell growth and masks the effect of 

SPCP, to avoid the complications, SFM was used in all groups (control group and 

SPCP treatment group). Subsequently, cells were treated with different 

concentrations of SPCP (6.25, 12.5 or 25 μg/mL in SFM) or SFM alone (control). 

The cells were further cultured for 24 h. Subsequently, the cells were exposed to 

MTS analytical solution and cultured at 37 ºC for 30 min. The optical density at 490 

nm was measured by Synergy HTX microplate reader (Biotek Instruments, Inc. 

Winooski, Vermont, USA). The data were expressed as the percentage of viable cells 

treated with SPCP compared with the viable cells treated with SFM. 

 

2.3.3. BrdU assay 
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Cell Proliferation ELISA, BrdU (colorimetric) kit (Sigma-Aldrich; Merck 

KGaA, Darmstadt, Germany) was used to determine the proliferation of CCD-986sk 

cells. CCD-986sk cells were cultured under a standard condition. Cells were seeded 

into a 96-well plate at a confluence of 60%-80% with a density of 0.5×104 cells/well. 

After 24 h incubation, the culture medium was replaced with SFM and then 

incubated for another 4h at 37 ºC, then cells were treated with different 

concentrations of SPCP (0, 6.25, 12.5, and 25 μg/mL in SFM) for 24 h. Subsequently, 

each of the treated wells was added with 10 μL of BrdU labeling solution and then 

incubated at 37 ºC for 2 h, then the BrdU labeling medium was replaced with 200 

μL of FixDenat. The cells were incubated at room temperature for 30 min, and the 

FixDenat was replaced by 100 μL of anti-BrdU-POD working solution. The cells 

were incubated at room temperature for 90 min, and then each well was washed with 

200 μL of washing solution (PBS) for three times. Ultimately, 100 μL of Substrate 

solution was added. And the plate was incubated at room temperature for 5-30min 

until the color was sufficient for photometric detection. Synergy HTX microplate 

reader (BioTek Instruments, Inc., Winooski, VT, USA) was used to measure the 

absorbance at 370 and 492 nm. The data were expressed as a percentage of 

absorbance (A370 nm-A492 nm) in different concentrations of SPCP-treated cells 

compared with the SFM-treated cells. 

 

2.3.4. Wound healing assay 

CCD-986sk cells were cultured under standard culture conditions and 

seeded in six-well plates at a confluence of 60-80%. The medium was changed every 

2 days. After confluence, the culture medium was replaced with SFM and incubated 

for another 4 h. A layered wound was scraped by using sterile 200 μL plastic pipette 
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tip in the center of the well. The cells were washed twice by using PBS and cell 

debris was removed. Different concentrations of SPCP (0, 6.25, 12.5, 25 μg/mL) 

were used to treat the wounds for 24 h. The wounds were photographed with a digital 

camera inverted microscope at 0 and 24 h, respectively. Image J software was used 

(version 1.40; National Institutes of Health, Bethesda, MD, USA) to measure the 

size of the wound. It was expressed as the percentage of the final distance and the 

initial distance of the wound. 

 

2.3.5. The treatment of inhibitor 

For inhibitor treatment, the Akt inhibitor LY294002 was used in the 

present study. After incubation with SFM for 4 h, the cells were treated with 50 

μmol/L of LY294002 for 1 h. And then the cells were treated with different 

concentrations of SPCP (0, 6.25, 12.5, 25 μg/mL) for 24 h as described above. 

 

2.3.6. Preparation of whole cell lysates 

CCD-986sk cells were cultured under standard conditions and treated as 

described above. After treatment, cells were washed with PBS two times. And RIPA 

buffer (iNtRON Biotechnology) with 1% protease inhibitor was used to lysis cells at 

4 ºC for 30 min. Cells were harvested by scraping on ice. The cell lysate was 

centrifuged at 16000 × g for 10 min at 4 ºC. The supernatant was collected as the 

protein. BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) was used to 

analyze the concentration of the protein. The protein concentration of different 

treatment groups was adjusted to the same level. After that, the protein solution was 

mixed with SDS sample buffer containing DTT and denatured at 100 ºC for 5 min. 
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2.3.7. Preparation of nuclear and cytoplasmic lysates 

CCD-986sk cells were treated according to the above methods. According 

to the manufacturer’s instructions, the NE-PER Nuclear and Cytoplasmic Extraction 

Reagents (Pierce Biotechnology, Inc., Rockford, IL, USA) was used to separate 

nuclear and cytoplasmic extracts. BCA protein assay kit (Pierce; Thermo Fisher 

Scientific, Inc.) was used to analyze the concentration of the protein. The protein 

concentration of different treatment groups was adjusted to the same level. After that, 

the protein solution was mixed with SDS sample buffer containing DTT and 

denatured at 100 ºC for 5 min. 

 

2.3.8. Western blot analysis 

The SDS-PAGE gel was used to separate proteins, and the proteins were 

transferred to PVDF membranes (Millipore, Milford, CT, USA). Membranes were 

washed with methanol and then blocked for 2 h with TBS-T (10mm Tris-HCl, 

150mm NaCl (pH 7.5) and 0.1% Tween-20) containing 1% BSA. The membrane 

was incubated at 4 ºC overnight in the primary antibody. After washing two times 

with TBS-T for 15 min each time, the membrane was incubated at room temperature 

for another 2 h. The second antibodies were HRP-conjugated anti-rabbit IgG (Cell 

Signaling Technology, Inc., Beverly, MA, USA, cat. no. 7074S), donkey anti-goat 

IgG (Bethyl Laboratories, Inc., Beverly, MA, USA, cat. no. A50-101p), and anti-

mouse IgG (Cell Signaling Technology, Inc., cat. no. 7076S). The primary antibodies 

were showed in Table 1. The color development was determined using an enhanced 

chemiluminescence western blot kit (Thermo Fisher Scientific, Rockford, IL, USA). 

The bioanalytical imaging system (Azure Biosystems, Dublin, CA, USA) was used 

to detect the protein bands. The Multi-Gauge software, version 3.0 (Fujifilm Life 
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Science, Tokyo, Japan) was used to analyze the density of the protein bands. Each 

density of the protein bands was normalized to GAPDH. 

 

3. In vivo assay 

 

3.1. Experimental animals 

Six weeks old male C57BL/6 mice were obtained from IDEXX 

bioresearch (South Korean) and maintained in controlled conditions with proper 

temperature (22ºC) and humidity (40%-45%) under a light/dark cycle of 12 h/12 h. 

They were kept in single-house and fed with standard rodent food and water ad 

libitum. 

 

3.2. Full thickness excisional wounds 

All experiments procedures were approved by the University Animal Care 

and Use Committee guidelines at Pukyong National University (Busan, Korea) 

(Approval NO. 2018-15) and conducted according to the international regulations of 

the usage and welfare of laboratory animals. The mice were allowed to adapt to the 

new environment for 1 week. Mice were anesthetized with ether. The hair of the 

dorsal surface was removed by an electric clipper. Each mouse dorsal skin was rinsed 

using alcohol, and then 8-mm-diameter biopsy punch was used to create a full-

thickness wound on the back of the mouse. All of the mice were randomly divided 

into four groups for 5 mice in each group. The first group was the control group with 

the treatment of Vaseline only. The second group was a positive control group with 

the treatment of Vaseline containing 10 μg/g EGF. The third group was a sample 

group with the treatment of Vaseline containing 2% SPCP. The fourth group was a 
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sample group with the treatment of Vaseline containing 4% SPCP. Vaseline, EGF or 

SPCP was applied directly to the wound site once per day. The healing of the wound 

was macroscopically monitored by taking pictures with a digital camera at one 

o’clock p.m. every day. The mice were anesthetized with ether and sacrificed after 

nine days of treatment. The skin around the wound was collected and treated with 

liquid nitrogen. The collected skin tissues were stored at -70 ºC for subsequent 

experiments. The wound areas were calculated using Image J software (version 1.40; 

National Institutes of Health, Bethesda, MD, USA). It was expressed as the 

percentage of the original size.  

 

3.3. Measurement of SOD activity 

The SOD Activity Assay Kit (BioVision, Milpitas Boulevard, Milpitas, CA 

95035 USA) was used to determine the activity of SOD in mice skin tissue. Firstly, 

PBS was used to remove any red blood cells. The skin tissue was homogenized with 

ice-cold 0.1 mol/L of Tris/HCl (pH 7.4, containing 5 mmol/L of β-Mercaptoethanol 

(β-ME), 0.5% Triton X-100 and 0.1 mg/mL phenylmethylsulfonyl fluoride (PMSF)). 

After that, it was centrifuged at 14,000 × g for 5 min at 4 ºC. The supernatant was 

used to determine the activity of SOD. Setting up 4 groups in 96-well plate. Such as 

sample, blank 1, blank 2 and blank 3. 20 μL of sample solution was added to each 

well of sample group and blank 2 group, respectively. Add 20 μL of ddH2O to each 

well of blank 1 group and blank 3 group, respectively. Each of the above wells was 

added with 200 μL of Dilution Buffer. Add 20 μL of Enzyme Working Solution to 

each well of the sample group and blank 1 group. The plate was incubated at 37 ºC 

for 20 min. Synergy HTX microplate reader (BioTek Instruments, Inc., Winooski, 
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VT, USA) was used to measure the absorbance at 450 nm. The activity of SOD was 

calculated according to the manufacturer’s instructions. 

 

3.4. Measurement of CAT activity 

The activity of CAT was determined using Catalase Activity 

Colorimetric/Fluorometric Assay Kit (BioVision, Milpitas Boulevard, Milpitas, CA 

95035 USA). The skin tissue was homogenized with ice-cold Assay Buffer. After 

that, it was centrifuged at 10,000 × g for 5 min at 4 ºC. The supernatant was used to 

determine the activity of CAT. Each of the sample wells was added with 50 μL of 

Sample Solution and the positive control well was added with 3 μL of Positive 

Control Solution. Each of the wells was added with Assay Buffer to the final volume 

of 78 μL. The Sample High Control well was added with 50 μL of the sample solution 

and then added with Assay Buffer to the final volume of 78 μL. The Sample High 

Control well was then added with 10 μL of Stop Solution. After mixed, the plate was 

incubated at 25 ºC for 5 min to inhibit the activity of CAT adequately. Followed by 

adding 12 μL of 1 mmol/L H2O2 to each well (sample well, positive control well and 

sample high control well). The plate was incubated at 25 ºC for 30 min. After that, 

10 μL of Stop Solution was added to the sample well and positive control well. 50 

μL of Develop Mix (46 μL of Assay Buffer, 2 μL of OxiRedTM Probe and 2 μL of 

HRP solution) was added to each well and incubated at 25 ºC for 10 min. Synergy 

HTX microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) was used to 

measure the absorbance at 570 nm. The activity of CAT was calculated according to 

the manufacturer’s instructions. 

 

3.5. Measurement of MDA level 
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The level of MDA was determined using Lipid Peroxidation (MDA) 

Colorimetric/Fluorometric Assay Kit (BioVision, Milpitas Boulevard, Milpitas, CA 

95035 USA). The skin tissue was homogenized with MDA Lysis Buffer. After that, 

it was centrifuged at 13,000 × g for 10 min. 200 μL of supernatant was taken in a 1.5 

mL microcentrifuge tube. 600 μL of thiobarbituric acid (TBA) was added to each 

well and incubated at 95 ºC for 60 min. The sample was placed in the ice for 10 min 

and thawed to the room temperature. 200 μL was taken from 800 μL reaction mixture 

to 96-well plate for analysis. Synergy HTX microplate reader (BioTek Instruments, 

Inc., Winooski, VT, USA) was used to measure the absorbance at 532 nm. The level 

of MDA was calculated according to the manufacturer’s instructions. 

 

3.6. Preparation of whole cell lysates 

Skin tissue was minced and homogenized using RIPA buffer (iNtRON 

Biotechnology) with 1% protease inhibitor in an ice-bath. After that, the extract was 

incubated in ice and then centrifuged at 16000 × g for 10 min at 4 ºC. The supernatant 

was collected as the protein. BCA protein assay kit (Pierce; Thermo Fisher Scientific, 

Inc.) was used to analyze the concentration of the protein. The protein concentration 

of different treatment groups was adjusted to the same level. After that, the protein 

solution was mixed with SDS sample buffer containing DTT and denatured at 100 

ºC for 5 min.  

 

3.7. Western blot analysis 

The SDS-PAGE gel was used to separate proteins. And the proteins were 

transferred to PVDF membranes (Millipore, Milford, CT, USA). Membranes were 

washed with methanol and then blocked for 2 h with TBS-T (10mm Tris-HCl, 
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150mm NaCl (pH 7.5) and 0.1% Tween-20) containing 1% BSA. The membrane 

was incubated at 4 ºC overnight in the primary antibody. After washing two times 

with TBS-T for 15 min each time, the membrane was incubated at room temperature 

for another 2 h. The second antibodies were HRP-conjugated anti-rabbit IgG (Cell 

Signaling Technology, Inc., Beverly, MA, USA, cat. no. 7074S), donkey anti-goat 

IgG (Bethyl Laboratories, Inc., Beverly, MA, USA, cat. no. A50-101p), and anti-

mouse IgG (Cell Signaling Technology, Inc., cat. no. 7076S). The primary antibodies 

were showed in Table 1. The color development was determined using an enhanced 

chemiluminescence western blot kit (Thermo Fisher Scientific, Rockford, IL, USA). 

The bioanalytical imaging system (Azure Biosystems, Dublin, CA, USA) was used 

to detect the protein bands. The software of Multi-Gauge software, version 3.0 

(Fujifilm Life Science, Tokyo, Japan) was used to analyze the density of these protein 

bands. Each density of these protein bands was normalized to GAPDH. 

 

4. Statistical analysis.  

For all assays, at least three independent experiments were performed. The 

mean ± standard deviations of the expression values were calculated using Microsoft 

Excel. The differences between two groups were evaluated with one-way analysis of 

variance followed by Bonferroni post hoc test using SPSS statistical software for 

Windows, v.20.0 (IBM Corp., Armonk, NY, USA).  
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Table 1. Primary antibodies used in western blot analysis 

 

Name of Primary 

Antibody 

Manufacturer and Catalog NO. Dilution Rate 

GAPDH Santa Cruz Biotechnology: sc-25778 1:1000 

MMP8 Santa Cruz Biotechnology: sc-8848 1:1000 

Cdk 2 Santa Cruz Biotechnology: sc-163 1:1000 

Cdk 4 Santa Cruz Biotechnology: sc-601 1:1000 

Cdk 6 Santa Cruz Biotechnology: sc-177 1:1000 

cyclin D1  Santa Cruz Biotechnology: sc-8396 1:1000 

cyclin E Santa Cruz Biotechnology: sc-481 1:1000 

pRb Santa Cruz Biotechnology: sc-377528 1:1000 

p21 Santa Cruz Biotechnology: sc-271532 1:1000 

p27 Santa Cruz Biotechnology: sc-528 1:1000 

p-EGFR Santa Cruz Biotechnology: sc-12351 1:1000 

EGFR Santa Cruz Biotechnology: sc-03 1:1000 

SHC Santa Cruz Biotechnology: sc-967 1:1000 

GRB2 Santa Cruz Biotechnology: sc-255 1:1000 

SOS Santa Cruz Biotechnology: sc-259 1:1000 

Ras Santa Cruz Biotechnology: sc-520 1:1000 

p-MEK Santa Cruz Biotechnology: sc-81503 1:500 

MEK Santa Cruz Biotechnology: sc-81504 1:1000 

p-ERK Santa Cruz Biotechnology: sc-7383 1:1000 

ERK1 Santa Cruz Biotechnology: sc-271269 1:1000 
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Name of Primary 

Antibody 

Manufacturer and Catalog NO. Dilution Rate 

ERK2 Santa Cruz Biotechnology: sc-154 1:1000 

p-p8α Santa Cruz Biotechnology: sc-12929 1:500 

p8α Santa Cruz Biotechnology: sc-1637 1:500 

P110 Santa Cruz Biotechnology: sc-8010 1:500 

p-Akt Santa Cruz Biotechnology: sc-514032 1:500 

Akt Santa Cruz Biotechnology: sc-8312 1:500 

PTEN Santa Cruz Biotechnology: sc-7974 1:1000 

p-mTOR Santa Cruz Biotechnology: sc-293132 1:500 

mTOR Santa Cruz Biotechnology: sc-8319 1:500 

p-p70S6K Santa Cruz Biotechnology: sc-8416 1:1000 

p70S6K Santa Cruz Biotechnology: sc-8418 1:1000 

p-4EBP1 Santa Cruz Biotechnology: sc-293124 1:1000 

4EBP1 Santa Cruz Biotechnology: sc-9977 1:500 

eIF4E Santa Cruz Biotechnology: sc-514875 1:500 

β-Actin Santa Cruz Biotechnology: sc-47778 1:1000 

Lamin B1 Santa Cruz Biotechnology: sc-377000 1:1000 

p-GSK3β Santa Cruz Biotechnology: sc-373800 1:1000 

GSK3β Santa Cruz Biotechnology: sc-377213 1:1000 

β-catenin Santa Cruz Biotechnology: sc-1496 1:1000 

α-Actin Santa Cruz Biotechnology: sc-32251 1:1000 

TGFβ1 Santa Cruz Biotechnology: sc-146 1:1000 

p-Smad2 Santa Cruz Biotechnology: sc-135644 1:1000 

Smad2 Santa Cruz Biotechnology: sc-6200 1:1000 
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COL1A1 Santa Cruz Biotechnology: sc-293182 1:500 

COL1A2 Santa Cruz Biotechnology: sc-376350 1:500 
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III. RESULTS AND DISCUSSION 

 

1. Preparation of spirulina crude protein 

The crude extract from spirulina is a complex mixture of proteins. The 

proteins were separated by SDS-PAGE and then stained with Coomassie Brilliant 

Blue. There were two bands revealing at about 20 and 16 kDa, respectively (Fig. 2). 

From the analysis of Q-TOF MS/MS, the band at about 16 kDa was C-phycocyanin 

α chain while the band at about 20 kDa didn’t correspond to any known protein. 
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Figure 2. Protein profile of SPCP. SPCP was loaded on a 15% polyacrylamide gel 

and stained with Coomassie Brilliant Blue. M, marker 
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2. Effect of SPCP on the proliferation and migration of CCD-986sk cells 

 

2.1. Effect of SPCP on the cell viability of CCD-986sk cells 

To investigate the effects of SPCP on the viability of CCD-986sk cells, an 

MTS assay on cells treated with various doses of SPCP was performed. The results 

showed that SPCP improved cell viability in a dose-dependent manner. There was 

an 18%, 33% and 42% increase in cell viability over the control at 6.25, 12.5 and 25 

μg/mL of SPCP, respectively (Fig. 3). These results demonstrated that SPCP can 

effectively enhance the cell viability of human fibroblast CCD-986sk cells at specific 

doses. 
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Figure 3. The treatment of SPCP stimulated the viability of CCD-986sk cells. 

Cell viability was determined by MTS assay following treatment with various 

concentrations of SPCP for 24 h. SPCP effectively enhanced the cell viability of 

human fibroblast CCD-986sk cells. Each value represents the mean ± standard 

deviation of three independent experiments. ** p ＜  0.01, *** p ＜  0.001 

compared to the control group. 
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2.2. Effect of SPCP on the cell proliferation of CCD-986sk cells 

In order to further determine the effect of SPCP on the proliferation of 

CCD-986sk cells, BrdU assay was performed. As shown in Figure 4, The results 

showed that after being treated with 6.25 μg/mL, 12.5 μg/mL, or 25 μg/mL SPCP, 

the ratio of BrdU incorporation in CCD-986sk cells was significantly increased by 

0.9 ± 0.31 (P < 0.05), 1.5 ± 0.4 (P < 0.01), and 3.1 ± 0.38 (P < 0.001). Therefore, this 

result indicated that SPCP promoted the proliferation of CCD-986sk cells in a dose-

dependent manner. 
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Figure 4. The treatment of SPCP enhanced the proliferation of CCD-986sk cells. 

CCD-986sk cells were incubated with various concentrations of SPCP for 24 h and 

then the cell proliferation was determined by BrdU assay. SPCP promoted the 

proliferation of CCD-986sk cells in a dose-dependent manner. Each value represents 

the mean ± standard deviation of three independent experiments. * p < 0.05, ** p < 

0.01, *** p < 0.001 compared to the control group. 
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2.3. Effect of SPCP on the activity of elastase  

In order to explore the effect of SPCP treatment on the elastase activity of 

CCD-986sk cells, the activity of elastase was determined by ELISA. Compared with 

the control, SPCP treatment significantly decreased the elastase activity in a dose-

dependent manner (P < 0.05 or P < 0.001; Fig. 5), with a maximum decrease of 42 ± 

6.15% observed in cells treated with 25 µg/ml SPCP. 
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Figure 5. The treatment of SPCP reduced the activity of elastase in CCD-986sk 

cells. The activity of elastase was determined by the ELISA assay following 

treatment with various concentrations of SPCP for 24 h. SPCP significantly 

decreased the elastase activity in a dose-dependent manner. Each value represents 

the mean ± standard deviation of three independent experiments. * p ＜ 0.05, *** 

p ＜ 0.001 compared to the control group. 

 

  



 

- 43 - 

 

2.4. Effect of SPCP on PIP levels 

To determine whether SPCP affects the secretion of type I procollagen, 

secreted levels of PIP were measured by ELISA. The results showed that SPCP 

markedly increased the level of PIP in a dose-dependent manner in CCD-986sk cells. 

Compared with the basal level of 77 ng/mL, there were 100, 121 and 187 ng/mL of 

PIP induced by 6.25, 12.5 and 25 μg/mL of SPCP, respectively (Fig. 6).  

In order to determine the effect of SPCP on the expression level of MMP-

8 in CCD-986sk cells, western blot analysis was performed. As shown in Figure 7, 

the expression level of MMP-8 protein weas significantly decreased by SPCP in a 

dose-dependent manner. These results demonstrated that SPCP can effectively 

protect collagen against destruction by controlling the synthesis of collagen and 

inhibiting the degradation of collagen by MMP-8. 

 

  



 

- 44 - 

 

 

 

 

 

 

Figure 6. The treatment of SPCP induced secretion of procollagen in CCD-

986sk cells. The procollagen secretion was determined by the ELISA assay 

following treatment with various concentrations of SPCP for 24 h. SPCP markedly 

increased the level of PIP in a dose-dependent manner in CCD-986sk cells. Each 

value represents the mean ± standard deviation of three independent experiments. * 

P ＜ 0.05, *** P ＜ 0.001 compared to the control group. 
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Figure 7. The treatment of SPCP decreased the expression of MMP-8 in CCD-

986sk cells. The expression of MMP-8 was determined by western blot analysis 

following treatment with various concentrations of SPCP for 24 h. The expression 

level of MMP-8 protein was significantly decreased by the treatment of SPCP. Each 

value represents the mean ± standard deviation of three independent experiments. 

*** p ＜ 0.001 compared to the control group. 
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2.5. Effect of SPCP on the migration of CCD-986sk cells 

To explore the effect of SPCP on the migration of CCD-986sk cells, the 

wound healing assay was performed in this study. The results showed that, compared 

with the control, the presence of SPCP obviously promoted the migration of CCD-

986sk cells (Fig. 8). This indicated that SPCP can not only promote the proliferation 

of CCD-986sk cells but also improve the wound healing ability. Similarly, this effect 

was also affected by the SPCP in a dose-dependent manner. 

 

  



 

- 47 - 

 

 

 

 

Figure 8. Treatment of SPCP enhanced repair of the scratched area. (A) A 

scratch wound was created by using 200 μL pipette tip in a confluent dermal 

fibroblast. The images were taken at 0 h and 24 h with the indicated concentration 

of SPCP. The dotted lines showed the area where the scratch wound was created. (B) 

A bar graph showed the migration of cells after 24 h following the scratch wound in 

cells treated with SPCP. SPCP obviously promoted the migration of CCD-986sk cells. 

The results are presented as the mean ± standard deviation of three independent 

experiments. ** p < 0.01, *** p < 0.001 compared to the control group. 
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2.6. Effect of SPCP on the cell cycle of CCD-986sk cells 

In order to study the cell cycle of CCD-986sk cells, flow cytometry was 

performed. As shown in Figure 9 and Table 2, after being treated with different 

concentrations of SPCP, the accumulation of cells at the G0/G1 phase was 

significantly lower than that of the control group. However, the percentage of cells 

in S and G2/M phases significantly increased with the treatment of SPCP. The results 

indicated that the presence of SPCP can transform CCD-986sk cells from G0/G1 

phase to S and G2/M phases. Therefore, it can be speculated that the proliferation of 

CCD-986sk cells was promoted by SPCP. 

In order to further verify the results of cell cycle experiments, western blot 

analysis was performed to detect the expression levels of cell cycle related proteins, 

including Cdk2, Cdk4, Cdk6, cyclin D1, cyclin E, retinoblastoma protein (pRb), p21, 

and p27. The results showed that SPCP promoted the expression of cdk2, cdk4, cdk6, 

cyclin D1, cyclin E, and pRb, which are necessary for cell cycle (Fig. 10). While, the 

expression of p21 and p27 were decreased with the treatment of SPCP (Fig. 11), 

which are inhibitors of the cell cycle. Therefore, these results indicated that SPCP 

has a regulatory effect on the expression of cell cycle proteins. And it accelerated the 

cell cycle of CCD-986sk cells. 
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Figure 9. Treatment of SPCP promoted CCD-986sk cell cycle progression. The 

cell cycle of CCD-986sk was analyzed by flow cytometry following treatment with 

various concentrations of SPCP for 24 h. SPCP transformed CCD-986sk cells from 

G0/G1 phase to S and G2/M phases.  
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Table 2. Effects of SPCP on the cell cycle of CCD-986sk cells. 

 

SPCP 

(μg/mL) 

G0/G1 (%) S (%) G2/M (%) S + G2/M (%) 

0 94.01 ± 2.494 1.84 ± 0.875 4.15 ± 1.759 5.99 ± 2.493 

6.25 87.47 ± 3.604 3.51 ± 0.587 * 9.09 ± 3.500 12.6 ± 3.586 * 

12.5 83.02 ± 3.647 ** 3.64 ± 0.387 ** 13.33 ± 1.970 ** 16.98 ± 2.350 ** 

25 81.11 ± 2.045 ** 3.73 ± 0.732 ** 15.16 ± 1.339 ** 18.89 ± 2.045 *** 

 

The results are presented as the mean ± standard deviation of three independent 

experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control group. 
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Figure 10. Treatment of SPCP decreased the expression of Cdk2, Cdk4, Cdk6, 

cyclin D1, cyclin E, and pRb in CCD-986sk cells. The expression levels of Cdk2, 

Cdk4, Cdk6, cyclin D1, cyclin E, and pRb in CCD-986sk cells were measured by 

western blot analysis following treatment with various concentrations of SPCP for 

24 h. SPCP promoted the expression of cdk2, cdk4, cdk6, cyclin D1, cyclin E, and 

pRb. Each value represents the mean ± standard deviation of three independent 

experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control group. 

 

  



 

- 52 - 

 

 

 

 

 

 

Figure 11. Treatment of SPCP regulated the expression of p21and p27 in CCD-

986sk cells. The expression levels of p21and p27 in CCD-986sk cells were measured 

by western blot analysis following treatment with various concentrations of SPCP 

for 24 h. SPCP decreased the expression of p21 and p27. Each value represents the 

mean ± standard deviation of three independent experiments. *** p < 0.001 

compared to the control group. 
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3. SPCP activated the EGFR/ERK signaling pathway in the proliferation 

and migration of CCD-986sk cells 

 

3.1. Treatment of SPCP activated EGFR pathway in the CCD-986sk 

cells 

Based on the MTS and BrdU assays, the treatment of SPCP improved the 

proliferation of CCD-986sk cells (Figs. 2 and 3). Thus, the effect of SPCP on the 

proliferation signaling pathway in CCD-986sk cells was further determined by 

western blot analysis. In order to determine whether EGFR was activated by the 

treatment of SPCP, the CCD-986sk cells were treated with different concentrations 

of SPCP (6.25, 12.5 and 25 μg/mL) for 24 h, respectively. The expression levels of 

total EGFR and p-EGFR were determined by western blot analysis. As shown in 

Figure 12, the phosphorylation level of EGFR was enhanced by SPCP in CCD-986sk 

cells, compared with control cells. Meanwhile, SPCP treatment induced the 

expression of essential linkers from EGFR to MAPK, including the adaptor proteins 

GRB2, SHC, and a guanine nucleotide exchange protein SOS (Fig. 13). These results 

indicated that SPCP stimulation can induce the activation of the EGFR pathway in a 

dose-dependent manner. 
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Figure 12. Treatment of SPCP enhanced the phosphorylation of EGFR in CCD-

986sk cells. The phosphorylation level of EGFR in CCD-986sk cells was measured 

by western blot analysis following treatment with various concentrations of SPCP 

for 24 h. The phosphorylation level of EGFR was enhanced by the treatment of SPCP. 

Each value represents the mean ± standard deviation of three independent 

experiments. *** p < 0.001 compared to the control group. 
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Figure 13. Treatment of SPCP enhanced the expression levels of SHC, GRB2, 

and SOS in CCD-986sk cells. The expression levels of SHC, GRB2, and SOS in 

CCD-986sk cells were measured by western blot analysis following treatment with 

various concentrations of SPCP for 24 h. SPCP induced the expression of SHC, 

GRB2, and SOS. Each value represents the mean ± standard deviation of three 

independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the 

control group. 
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3.2. Treatment of SPCP activated Ras-MAPK pathway in the CCD-

986sk cells 

In order to explore whether activated EGFR induced the activation of 

downstream signaling, the expression level of Ras was determined by western blot 

analysis. As shown in Figure 14, SPCP enhanced the expression level of Ras. 

Ultimately, the enhanced Ras levels resulted in the phosphorylation and activation 

of Raf, MEK, and ERK in a dose-dependent manner (Fig. 15). These results 

indicated that SPCP stimulated CCD-986sk cells proliferation by activating the 

EGFR/MAPK/ERK signaling pathway. 
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Figure 14. Treatment of SPCP enhanced the level of Ras and Raf in CCD-986sk 

cells. The expression level of Ras and the phosphorylated level of Raf in CCD-986sk 

cells were measured by western blot analysis following treatment with various 

concentrations of SPCP for 24 h. SPCP enhanced the expression level of Ras and p-

Raf. Each value represents the mean ± standard deviation of three independent 

experiments. ** p < 0.005, *** p < 0.001 compared to the control group. 
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Figure 15. Treatment of SPCP enhanced the phosphorylation levels of MEK and 

ERK in CCD-986sk cells. The phosphorylation levels of MEK and ERK in CCD-

986sk cells were measured by western blot analysis following treatment with various 

concentrations of SPCP for 24 h. SPCP increased the phosphorylation level of MEK 

and ERK. Each value represents the mean ± standard deviation of three independent 

experiments. *** p < 0.001 compared to the control group. 

  



 

- 59 - 

 

3.3. Inhibition of ERK reduced SPCP-induced proliferation and 

migration of CCD-986sk cells 

In order to further determine the promotion effect of SPCP on the 

proliferation and migration of CCD-986sk cells via ERK signaling. U0126 was used 

as an inhibitor of ERK. To prove this hypothesis, the cells were pretreated with 10 

μmol/L of U0126 for 1 h. Western blot analysis was performed to detect and analyze 

the phosphorylated level of ERK. As shown in Figure 16, the level of p-ERK was 

significantly enhanced by SPCP in CCD-986sk cells. However, the expression level 

of p-ERK decreased significantly in the SPCP-treated CCD-986sk cells which were 

pretreated with the inhibitor U0126. 

Then, the effect of U0126 on SPCP-induced cell proliferation was studied 

by MTS assay and BrdU assay. As shown in Figures 17 and 18, compared with the 

control group, the cell proliferation was enhanced with the treatment of 25 μg/mL 

SPCP. However, this increase was blocked by the pretreatment of U0126. The results 

indicated that SPCP-induced cell proliferation was inhibited by U0126. 

Moreover, in order to determine whether the effect of SPCP on the 

migration of CCD-986sk cells via the ERK signaling pathway, wound healing assay 

was performed. As shown in Figure 19, after the treatment of U0126, the migration 

of CCD-986sk cells was significantly reduced in the SPCP-treated group. This result 

indicated that the cell migration induced by SPCP was blocked by U0126.  

Taken together, these results demonstrated that EGFR/ERK signaling 

pathway was involved in the SPCP-promoted proliferation and migration in CCD-

986sk cells. 
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Figure 16. ERK inhibitor U0126 inhibited the level of phospho-ERK. The 

phosphorylation level of ERK in CCD-986sk cells was measured by western blot 

analysis following treatment with various concentrations of SPCP for 24 h. The 

phosphorylation of ERK induced by SPCP was blocked by U0126. Each value 

represents the mean ± standard deviation of three independent experiments. ** p < 

0.01, *** p < 0.001 compared with control group. ## p < 0.01, ### p < 0.001 compared 

with inhibitor group. 
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Figure 17. ERK inhibitor U0126 inhibited the viability of CCD-986sk cells. The 

viability of CCD-986sk cells was measured by MTS assay following treatment with 

various concentrations of SPCP for 24 h. The cell viability induced by SPCP was 

blocked by U0126. Each value represents the mean ± standard deviation of three 

independent experiments. *** p < 0.001 compared with control group. ### p < 0.001 

compared with inhibitor group. 
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Figure 18. ERK inhibitor U0126 inhibited the proliferation of CCD-986sk cells. 

The proliferation of CCD-986sk cells was measured by BrdU assay following 

treatment with various concentrations of SPCP for 24 h. The cell proliferation 

induced by SPCP was blocked by U0126. Each value represents the mean ± standard 

deviation of three independent experiments. *** p < 0.001 compared with control 

group. ### p < 0.001 compared with inhibitor group. 
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Figure 19. ERK inhibitor U0126 inhibited the migration of CCD-986sk cells. 

The migration of CCD-986sk cells was measured by wound healing assay following 

treatment with various concentrations of SPCP for 24 h. Each value represents the 

mean ± standard deviation of three independent experiments. The cell migration 

induced by SPCP was blocked by U0126. ** p < 0.01, *** p < 0.001 compared with 

control group. ### p < 0.001 compared with inhibitor group. 
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Figure 20. SPCP promoted the proliferation of CCD-986sk cells by ERFR/ERK 

signaling pathway. 
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4. SPCP activated the PI3K/Akt signaling pathway in the proliferation 

and migration of CCD-986sk cells 

 

4.1. Treatment of SPCP activated PI3K/Akt signaling pathway in the 

CCD-986sk cells 

To determine whether SPCP regulated cell cycle progression and promoted 

cell proliferation via PI3K/Akt signaling pathway, western blot analysis was 

performed. According to previous literature reports, PI3K is composed of two parts. 

It includes regulatory subunits and catalytic subunits, expressed by p85 and p110, 

respectively. The results showed that the expression levels of phosphorylated p85α 

and p110 in CCD-986sk cells were increased after SPCP treatment compared with 

the control group (Fig. 21A). In addition, as shown in Figure 21B, the 

phosphorylated level of Akt also increased in the presence of SPCP. As is known, 

PTEN can inhibit PI3K/Akt signaling pathway. As shown in Figure 22, the 

expression level of PTEN in CCD-986SK cells was decreased after SPCP treatment. 

All the above results indicated that SPCP activated the PI3K/Akt signaling pathway. 

Meanwhile, it can inhibit the expression of PTEN in CCD-986sk cells. 
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Figure 21. Treatment of SPCP enhanced the phosphorylation levels of PI3K and 

Akt in CCD-986sk cells. (A) The phosphorylation level of PI3K in CCD-986sk cells 

was measured by western blot analysis following treatment with various 

concentrations of SPCP for 24 h. SPCP promoted the activation of PI3K. (B) The 

phosphorylation level of Akt in CCD-986sk cells was measured by western blot 

analysis following treatment with various concentrations of SPCP for 24 h. SPCP 

increased the phosphorylation level of Akt. Each value represents the mean ± 

standard deviation of three independent experiments. * p < 0.05, ** p < 0.01, *** p 

< 0.001 compared to the control group. 
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Figure 22. Treatment of SPCP reduced the expression level of PTEN in CCD-

986sk cells. The expression level of PTEN in CCD-986sk cells was measured by 

western blot analysis. The expression level of PTEN was decreased by SPCP. Each 

value represents the mean ± standard deviation of three independent experiments. 

*** p < 0.001 compared to the control group. 
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4.2. Treatment of SPCP activated mTOR signaling pathway in the 

CCD-986sk cells 

Akt was speculated can activate mTOR in CCD-986sk cells with SPCP 

treatment. To evaluate whether mTOR was activated by Akt, the phosphorylation 

level of mTOR was determined by western blot analysis. The results showed that the 

phosphorylation level of mTOR was increased with the treatment of SPCP in CCD-

986sk cells compared with the control group (Fig. 23). Then, downstream signals of 

mTOR were further determined. As shown in Figure 24, the levels of phospho-

eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) and 

phospho-p70 ribosomal protein S6 kinase (p70S6K) were increased with the 

treatment of SPCP in CCD-986sk cells. 

Previous studies have shown that phosphorylation of 4E-BP1 can disrupt 

the complex between 4E-BP1 and the translation factor eIF4E (Ruoff et al., 2016). 

Therefore, we determined the expression level of eIF4E. As shown in Figure 23, the 

expression level of eIF4E in CCD-986sk cells was not affected by SPCP treatment. 

However, the expression level of eIF4E in cytoplasm was inhibited, as shown in 

Figure 24. Meanwhile, the expression level of eIF4E was increased in nucleus with 

the treatment of different concentrations of SPCP in CCD-986sk cells. Combined 

with these results, we believed that the phosphorylation of Akt can activate mTOR. 

It can also enhance the phosphorylation level of p70S6K and 4E-BP1. In addition, 

the phosphorylation of 4E-BP1 can release eIF4E. These released eIF4E are then 

transferred to the nucleus. 
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Figure 23. Effect of SPCP on the phosphorylation levels of mTOR, p70S6K, and 

4E-BP1 and protein expression level of eIF4E in CCD-986sk cells. The 

phosphorylation levels of mTOR, p70S6K, and 4E-BP1 and protein expression level 

of eIF4E in CCD-986sk cells were measured by western blot analysis following 

treatment with various concentrations of SPCP for 24 h. The phosphorylation levels 

of mTOR, p70S6K, and 4E-BP1 was increased and the expression level of eIF4E 

was not affected by the treatment of SPCP. Each value represents the mean ± 

standard deviation of three independent experiments. * p < 0.05, ** p < 0.001, *** 

p < 0.001 compared to the control group. 
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Figure 24. Effect of SPCP on translocation of eIF4E in CCD-986sk cells. The 

protein levels of eIF4E cytoplasm and nuclear in CCD-986sk cells were measured 

by western blot analysis following treatment with various concentrations of SPCP 

for 24 h. The expression level of eIF4E was increased in nucleus with the treatment 

of SPCP. Each value represents the mean ± standard deviation of three independent 

experiments. *** p < 0.001 compared to the control group. 
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4.3. Treatment of SPCP increased the phosphorylation of glycogen 

synthase kinase 3 beta (GSK3β) in the CCD-986sk cells 

To further determine whether GSK3β was regulated by Akt with the 

treatment of SPCP in CCD-986sk cells. The phosphorylation level of GSK3β was 

determined by western blot analysis. As shown in Figure 25, the phosphorylation 

level of GSK3β was obviously promoted by SPCP. On the other hand, the treatment 

of SPCP enhanced the level of β-catenin in CCD-986sk cells. Therefore, we 

concluded that GSK3β was inactivated by the activation of Akt, which enhanced the 

level of β-catenin. 
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Figure 25. Effect of SPCP on the phosphorylation level of GSK3β and protein 

expression level of β-catenin in CCD-986sk cells. The phosphorylation level of 

GSK3β and protein expression level of β-catenin in CCD-986sk cells were measured 

by western blot analysis following treatment with various concentrations of SPCP 

for 24 h. The phosphorylation level of GSK3β and expression level of β-catenin were 

increased by the treatment of SPCP. Each value represents the mean ± standard 

deviation of three independent experiments. * p < 0.05, *** p < 0.001 compared to 

the control group. 
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4.4. Inhibition of PI3K reduced SPCP-induced proliferation and 

migration of CCD-986sk cells 

In order to further determine the promotion effect of SPCP on the 

proliferation and migration of CCD-986sk cells via PI3K/Akt signaling, PI3K 

inhibitor LY294002 (50 μmol/L) was used to pretreat the cells for 1 h. Western blot 

analysis was used to detect and analyze the phosphorylated level of Akt. As shown 

in Figure 26, the level of p-Akt was significantly enhanced by SPCP in CCD-986sk 

cells. However, the expression level of p-Akt decreased significantly in the SPCP-

treated CCD-986sk cells which were pretreated with the inhibitor LY294002. 

Then, the effect of LY294002 on SPCP-induced cell proliferation was 

studied by MTS assay and BrdU assay. As shown in Figures 27 and 28, compared 

with the control group, the cell proliferation was enhanced with the treatment of 25 

μg/mL SPCP. However, this increase was blocked by the pretreatment of LY294002. 

The results indicated that SPCP-induced cell proliferation was inhibited by 

LY294002. 

Moreover, in order to determine whether the effect of SPCP on the 

migration of CCD-986sk cells via PI3K/Akt signaling pathway, wound healing assay 

was performed. As shown in Figure 29, after the treatment of LY294002, the 

migration of CCD-986sk cells was significantly reduced in the SPCP-treated group. 

This result indicated that the cell migration induced by SPCP was blocked by 

LY294002.  

Taken together, these results demonstrated that PI3K/Akt signaling 

pathway was involved in the SPCP-promoted proliferation and migration in CCD-

986sk cells. 
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Figure 26. PI3K inhibitor LY294002 inhibited the level of phospho-Akt. CCD-

986sk cells were pretreated with PI3K inhibitor LY294002 (50 μmol/L) for 1 h. The 

phosphorylation level of Akt in CCD-986sk cells was measured by western blot 

analysis following treatment with various concentrations of SPCP for 24 h. The 

phosphorylation level of Akt induced by SPCP was blocked by LY294002. Each 

value represents the mean ± standard deviation of three independent experiments. * 

p < 0.05, ** p < 0.01 compared with control group. # p < 0.05, ## p < 0.01 compared 

with inhibitor group. 
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Figure 27. PI3K inhibitor LY294002 inhibited the viability of CCD-986sk cells. 

CCD-986sk cells were pretreated with PI3K inhibitor LY294002 (50 μmol/L) for 1 

h. The viability of CCD-986sk cells was measured by MTS assay following 

treatment with various concentrations of SPCP for 24 h. The cell viability of CCD-

986sk cells induced by SPCP was blocked by LY294002. Each value represents the 

mean ± standard deviation of three independent experiments. *** p < 0.001 

compared with control group. ### p < 0.001 compared with inhibitor group. 
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Figure 28. PI3K inhibitor LY294002 inhibited the proliferation of CCD-986sk 

cells. CCD-986sk cells were pretreated with PI3K inhibitor LY294002 (50 μmol/L) 

for 1 h. The proliferation of CCD-986sk cells was measured by BrdU assay following 

treatment with various concentrations of SPCP for 24 h. The proliferation of CCD-

986sk cells induced by SPCP was blocked by LY294002. Each value represents the 

mean ± standard deviation of three independent experiments. * p < 0.05, *** p < 

0.001 compared with control group. ### p < 0.001 compared with inhibitor group. 
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Figure 29. PI3K inhibitor LY294002 inhibited the migration of CCD-986sk cells. 

CCD-986sk cells were pretreated with PI3K inhibitor LY294002 (50 μmol/L) for 1 

h. The migration of CCD-986sk cells was measured by wound healing assay 

following treatment with various concentrations of SPCP for 24 h. The migration of 

CCD-986sk cells induced by SPCP was blocked by LY294002. Each value 

represents the mean ± standard deviation of three independent experiments. ** p < 

0.01 compared with control group. # p < 0.05 compared with inhibitor group. 
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Figure 30. SPCP promoted the proliferation of CCD-986sk cells by PI3K/Akt 

signaling pathway. 
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4.5. Discussion 

It has been reported that microalgal protein represents one of the most 

promising protein sources from food, due to their abundant and balanced amino acid 

composition (Becker, 2007; Brown et al., 1997; Chew et al., 2017). Spirulina 

(Arthrospira) platensis, an edible, photosynthetic, spiral-shaped, multicellular blue-

green alga, possesses anticancer, anti-inflammatory and antioxidant effects (Belay et 

al., 1996; El-Tantawy, 2016; Wu et al., 2016). We screened suitable concentrations 

of SPCP according to our preliminary experimental results. The MTS assay showed 

that SPCP promoted the viability of human fibroblasts in a dose-dependent manner. 

There were 18%, 33% and 42% increases in cell proliferation over the control at 6.25, 

12.5, 25 and 50 μg/mL of SPCP, respectively. Meanwhile, the BrdU assay showed 

that the treatment of SPCP enhanced the proliferation of CCD-986sk cells.  

Dermal fibroblasts are the primary cell type responsible for the production, 

maintenance, and remodeling of the ECM in human skin (Meinke et al., 2017; 

Sanchez et al., 2018). Skin fibrosis is caused by an imbalance between the generation 

and degradation of ECM proteins, which results in a severe alteration of the skin 

connective tissue (Jeon et al., 2010; Mac Neil, 1994; Yang et al., 2011). Elastin is an 

integral ECM protein that accounts for 4% of the dermis and contributes to the 

elasticity of the skin. In neutrophil granulocytes, elastin is degraded by elastase, 

which is a non-specific hydrolytic enzyme capable of degrading the matrix protein 

collagen (Meinke et al., 2017). Various structural and functional proteins deposited 

in the wound, such as collagen and fibronectin, are degraded by elastase. Elastase 

can also degrade key growth factors (such as TNF-α and TGF-β). Therefore, the 

accumulation of elastase can delay wound healing (Ashcroft et al., 2000; Wiegand 

et al., 2011). In this study, the activity of elastase was also examined and we found 
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that treatment with the SPCP inhibited the activity of elastase in CCD-986sk cells. 

The activity of elastase was reduced in a dose-dependent manner, with a maximum 

decrease of 32% compared to the control (untreated cells) treated with 25 µg/mL of 

the SPCP. Type I collagen is the major structural protein of skin connective tissue, 

providing strength and flexibility to the skin (Tracy et al., 2016; Gonzalez et al., 

2016). PIP, a soluble precursor to type I collagen, is secreted from fibroblasts within 

the dermis, and subsequently proteolytically cleaved to form insoluble collagen 

fibers (Salsasescat et al., 2010; Shoulders and Raines, 2010). In this study, cell 

collagen production was induced by SPCP, which was 30-142% higher than the 

control group. On the other hand, collagenases are a subfamily of the matrix MMP 

family and are capable of cleaving collagen (Kawatani et al., 2015). MMP-8, a kind 

of collagenases, is widely present in the connective tissue of most mammals (Hoseini 

et al., 2015; Zhang et al., 2013). Meanwhile, MMP-8 serves as a key enzyme in the 

degradation of collagen and stimulates the degradation of other major dermal 

components (Herman et al., 2001). In this study, the expression level of MMP-8 was 

significantly decreased by the treatment of SPCP in a dose-dependent manner. Thus, 

the increase in collagen might be due to a decrease in the expression of MMP-8.  

Previous studies have shown that substances extracted from spirulina can 

effectively promote wound healing (Gunes et al., 2017; Syarina et al., 2015). Some 

researchers have studied the effect of its extract on rat fibroblasts. The results showed 

that spirulina extract could not only maintain cell viability but also improve its 

proliferation (Jung et al., 2013). In addition, it is reported that spirulina extract, 

which combined with silk sericin, has the ability to promote wound healing. This 

therapeutic effect resulted in the proliferation of human skin fibroblasts due to the 

water extract from Spirulina platensis (Bari et al., 2017). In our studies, from the 
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analysis of the data, we can find that SPCP can significantly improve the 

proliferation and migration of CCD-986sk cells. In addition, the proliferation of 

dermal fibroblasts is one of the important factors for skin wound healing (Woodley, 

2017). An important factor to control cell proliferation is the interface between the 

cell cycle signaling system and the growth factor signaling pathway. (Ponnusamy et 

al., 2017; Sears and Nevins, 2002). Thus, the cell cycle was analyzed by flow 

cytometry. From the results, we can see that the difference between the control group 

and the SPCP-treated group was that the proportion of G0/G1 cells was significantly 

reduced under the treatment of SPCP. On the other hand, SPCP treatment can 

increase the number of cells in S phase and G2/M phase. Therefore, we concluded 

that SPCP can effectively transform cells from G0/G1 phase to S phase and G2/M 

phase. Thus, SPCP promoted the proliferation of CCD-986sk cells by promoting the 

cell cycle transfer to S and G2/M phases from the G0/G1 phase.  

Previous studies have shown that the cell cycle is regulated by a variety of 

signaling systems (Duronio and Yue, 2013). In this study, western blot analysis was 

used to determine the expression levels of cell cycle related proteins in CCD-986sk 

cells. These proteins include cyclin D, cyclin E, Cdk2, Cdk4, Cdk6 and pRb. In 

addition, the expression levels of p21 and p27 were also determined, which were 

inhibitors of the cell cycle (Coqueret, 2003). The results showed that the expression 

levels of cyclin D, cyclin E, Cdk2, Cdk4, Cdk6, and pRb were increased with the 

treatment of SPCP. Meanwhile, the expression levels of p21 and p27 were inhibited 

after SPCP treatment. Previous studies have shown that proliferation signaling 

pathways have a regulatory effect on cell cycle. Cyclins are the primary targets (van 

den Heuvel and Harlow, 1993). Cyclin D can not only interact with Cdk4 to form 

complex but also with Cdk6 to form complex. Similarly, cyclin E can bind with Cdk2 
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to form an active complex. These complexes can effectively control the changes of 

G1 phase and DNA synthesis. So, they can be used to regulate cell cycle (Bertoli et 

al., 2013; Besson et al., 2008; Sheaff et al., 1997). From the results, we can see that 

SPCP promotes the cell cycle of CCD-986sk cells by promoting the cell cycle 

transition from G0/G1 phase to S and G2/M phase and regulating the expression levels 

of related proteins that affect the cell cycle.  

The MTS assay and BrdU assay demonstrated that SPCP promoted the 

proliferation of CCD-986sk cells. It was reported that the activation of EGFR serves 

an important role in cell proliferation, which (Baker, 2001; Jin et al., 2015). Zhang 

and Liu, 2002). In this study, the phosphorylation level of EGFR was increased in 

SPCP-treated cells, compared with control cells. Additionally, the expression levels 

of essential linkers from EGFR to MAPK, which include adaptor protein GRB2, 

SHC, and SOS (Liang et al., 2018), were induced by the SPCP treatment in a dose-

dependent manner. These data indicated that the EGFR pathway was activated by 

SPCP in a dose-dependent manner. Previous studies have shown that one of the main 

activated downstream signaling pathways is the Ras/Raf/MEK/ERK1/2 pathway, 

which controls proliferation and differentiation (Corcoran et al., 2012; D’Ambrosio 

et al., 2011; Herbst, 2004; Jutten and rouschop, 2014; Stewart et al., 2015). We, 

therefore, detected the activation of this downstream signaling pathway, finding that 

the expression level of Ras increased after SPCP treatment. This then led to the 

phosphorylation and activation of Raf, MEK, and ERK in a dose-dependent manner. 

The phosphorylation of ERK results in the activation of its kinase activity and leads 

to phosphorylation of its many downstream targets, which are involved in the 

regulation of cell proliferation (Schevzov et al., 2015). Meanwhile, MTS assay and 

BrdU assay showed that SPCP-induced proliferation of CCD-986sk cells was 
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inhibited by ERK inhibitor U0126. Otherwise, the migration of CCD-986sk cells 

induced by SPCP was also inhibited by ERK inhibitor U0126. These results suggest 

that SPCP plays an important role in the phosphorylation and activation of ERK in 

promoting the proliferation and migration of CCD-986sk cells. 

When EGFR is activated, the PI3K/Akt signaling pathway can be further 

activated. It can regulate cell cycle and promote cell proliferation (Li et al., 2014; 

Liu et al., 2017; Wu et al., 2017). Then, the activated PI3K/Akt signaling pathway 

can activate downstream signals. In addition, enhanced phosphorylation of PI3K/Akt 

signaling pathway can promote cell proliferation (Chang et al., 2003; Manikarna et 

al., 2015; Tee and Blenis, 2005; Wang et al., 2013). From our previous research, we 

know that the EGFR signal in CCD-986sk cells can be activated by SPCP. Therefore, 

we investigated whether PI3K/Akt signaling pathway was involved in the 

proliferation and migration in CCD-986sk cells which were induced by SPCP. The 

results showed that SPCP can enhance the levels of p-p85α, p110, and p-Akt in CCD-

986sk cells.  

PTEN is a natural inhibitor of the PI3K/Akt signaling pathway (Maehama 

and Dixon, 1999; Milella et al., 2015; Vanhaesebroeck et al., 2016). After SPCP 

treatment, the expression level of PTEN in CCD-986sk cells decreased. It has been 

reported that mTOR plays an important role in the regulation of cell proliferation 

and it can be activated by p-Akt (Wang et al., 2015; Zhang et al., 2007). 4EBP1 and 

p70S6K are two important phosphorylation substrates for mTOR signals (Fingar et 

al., 2004; Lawrence and Abraham, 1997). It is well known that the regulation of 

translation is one of the important factors controlling cell proliferation. eIF4E plays 

an important role in the regulation of translation. The process of translation can be 

inhibited by the combination of 4EBP1 and eIF4E. When activated mTOR 
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phosphorylates 4EBP1, 4EBP1 releases eIF4E to promote protein synthesis (Ruoff 

et al., 2016). In addition, another phosphorylated substrate of mTOR is p70S6K, 

which can also regulate translation (Laplante and Sabatini, 2009; Laplante and 

Sabatini, 2012). In our study, phosphorylation levels of 4EBP1 and p70S6K 

increased with SPCP treatment. Meanwhile, the content of eIF4E in the nucleus of 

CCD-986sk cells increased with the treatment of SPCP. In addition, the activity of 

many transcription factors is affected by β-catenin. And β-catenin can be degraded 

by GSK3β (Liu et al., 2002; Nusse and Clevers, 2017). However, the activity of 

GSK3β was inhibited by p-Akt (Grimes and Jope, 2001; Park et al., 2014). Thus, the 

β-catenin is released by inactivated GSK3β. Further, the β-catenin regulates the 

transcription factors and regulates the expression of various genes, including proteins 

that regulate cell cycle (Grimes and Jope, 2001; Valenta et al., 2012). In this study, 

we found that the phosphorylation level of GSK3β in CCD-986sk cells was 

promoted by SPCP. At the same time, the expression level of β-catenin was also 

increased after SPCP treatment. These results suggested that in the process of SPCP- 

induced proliferation and migration of CCD-986sk cells, PI3K/Akt/mTOR signaling 

pathway played an important role. In order to further determine the role of Akt in the 

proliferation and migration of CCD-986sk cells promoted by SPCP, pretreatment 

with PI3K inhibitor LY294002 was carried out. The level of p-Akt in LY294002 

pretreated cells was lower than that in SPCP treated cells. MTS assay and BrdU assay 

showed that the proliferation of CCD-986sk cells in SPCP-treated group was 

inhibited by PI3K inhibitor LY294002. Meanwhile, the migration of CCD-986sk 

cells induced by SPCP was also inhibited by inhibitor LY294002. These results 

suggested that SPCP played an important role in the phosphorylation and activation 

of Akt in promoting the proliferation and migration of CCD-986sk cells. 
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In summary, after SPCP treatment, the proliferation and migration of 

human dermal fibroblast CCD-986sk cells were enhanced. This can effectively 

promote wound healing. In this process, EGFR/ERK and PI3K/Akt signaling 

pathway play an important role. The results obtained in this study can support the 

positive role of SPCP in wound healing. In addition, we also put forward the 

mechanisms that SPCP plays an active role in skin wound healing.  
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Figure 31. Effect of SPCP on the proliferation and migration of CCD-986sk cells. 
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5. Effect of SPCP on the skin wound healing in C57BL/6 mice 

 

5.1. Treatment of SPCP accelerated the wound healing  

In order to determine the effect of SPCP on the skin wound healing, 

C57BL/6 mice were used. To prove this hypothesis, we created a full thickness 

excisional wound mouse models. From the pictures on days 0, 3, 6 and 9, we can see 

that the percentage of wound closure in the mice which were treated with EGF and 

SPCP was higher than the mice which were treated only with Vaseline (Fig. 32). 

Myofibroblasts play an important role in skin wound healing (Hinz, 2016; 

Plikus et al., 2017). One of the myofibroblast-specific markers is α-SMA (Hinz et 

al., 2007). Thus, the expression level of α-SMA was determined by western blot 

analysis. As shown in Figure 33, the expression level of α-SMA was higher in EGF 

and SPCP-treated groups than the control group. These results indicated that SPCP 

enhanced wound healing by increasing the level of myofibroblasts. 

  



 

- 88 - 

 

 

 

 

 

Figure 32. Treatment of SPCP enhanced the skin wound healing in C57BL/6 

mice. The effect of SPCP on the skin wound healing was measured using a full 

thickness excisional wound model in C57BL/6 mouse. Each value represents the 

mean ± standard deviation of five mice. ** p < 0.01, *** p < 0.001 compared with 

control group. 
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Figure 33. Treatment of SPCP induced the expression level of α-SMA in 

C57BL/6 mice. The expression level of α-SMA in C57BL/6 mice was measured by 

western blot analysis following treatment with various concentrations of SPCP for 9 

days. Each value represents the mean ± standard deviation of three independent 

experiments. * p < 0.05 compared to the control group. 
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5.2. Effect of SPCP on the body weight of C57BL/6 mice 

To determine the effect of SPCP on the body weight of C57BL/6 mice, the 

body weights were recorded. From the results (Table 3) we can see that the body 

weights of the mice in the SPCP-treated group had no difference with the mice in the 

control group. The results indicated that SPCP had no effect on the body weight of 

C57BL/6 mice. 
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Table 3 Effect of SCPC on the body weight of C57BL/6 mice 

 

 

 

Control 

 

EGF 

 

2% 

 

4% 

Basal BW (g) 22.86 ± 0.40 21.66 ± 0.74 23.00 ± 0.41 22.40 ± 0.35 

Final BW (g) 22.92 ± 0.68 22.18 ± 0.66 23.08 ± 0.77 22.76 ± 0.58 

 

The results are presented as the mean ± standard deviation of three independent 

experiments.  

 

  

SPCP (%) 
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5.3. Effect of 9 days treatment with SPCP on lipid peroxide and 

antioxidant enzymes in granulation tissue homogenate 

In order to determine the effect of SPCP on the activity of SOD, ELISA 

assay was performed using an ELISA kit. As shown in Table 4, the mice which were 

treated with SPCP had a higher activity of SOD, compared with the control group. 

Further, the activity of SOD induced by SPCP in a dose-dependent manner. These 

results indicated that SPCP may have a positive effect on antioxidant by enhancing 

the activity of SOD during the skin wound healing in mice. 

In order to determine the effect of SPCP on the activity of CAT, ELISA 

assay was performed using an ELISA kit. As shown in Table 4, the mice which were 

treated with SPCP had a higher activity of CAT, compared with the control group. 

Further, the activity of CAT induced by SPCP in a dose-dependent manner. These 

results indicated that SPCP may have a positive effect on antioxidant by enhancing 

the activity of CAT during the skin wound healing in mice. 

In order to determine the effect of SPCP on the level of MDA, ELISA 

assay was performed using an ELISA kit. As shown in Table 4, the mice which were 

treated with SPCP had a lower level of MDA, compared with the control group. 

These results indicated that SPCP may have a positive effect on antioxidant by 

inhibiting the level of MDA during skin wound healing in mice. 
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Table 4 Effect of 9 days treatment with SPCP on lipid peroxide and antioxidant 

enzymes in granulation tissue homogenate 

 

 

SOD activity 

(U/mg protein) 

CAT activity 

(mU/mg protein) 

MDA (nmol/mg 

protein) 

Control 12.55 ± 0.08 3.55 ± 0.22 0.98 ± 0.04 

EGF 13.59 ± 0.43* 4.65 ± 1.19 0.64 ± 0.08** 

2% SPCP 13.87 ± 0.53* 4.52 ± 0.19 0.60 ± 0.06*** 

4% SPCP 15.61 ± 0.36*** 6.02 ± 0.54** 0.36 ± 0.05*** 

 

The results are presented as the mean ± standard deviation of three independent 

experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control group. 
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5.4. SPCP enhanced the wound healing through ERK signaling 

pathway in C57BL/6 mice 

According to previous results in CCD-986sk cells, we know that the 

EGFR/ERK signaling pathway was involved in SPCP-induced proliferation and 

migration of CCD-986sk cells. Thus, the effect of SPCP on the phosphorylated level 

of ERK was determined using western blot analysis. The results showed that the 

levels of p-ERK were increased with the treatment of SPCP in skin granulation tissue 

of C57BL/6 mice (Fig. 34). This indicated that SPCP promoted skin wound healing 

in C57BL/6 mice via the ERK signaling pathway. 
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Figure 34. Treatment of SPCP enhanced the phosphorylation level of ERK in 

C57BL/6 mice. The phosphorylation level of ERK in C57BL/6 mice was measured 

by western blot analysis following treatment with various concentrations of SPCP 

for 9 days. The phosphorylation level of ERK was increased by SPCP. Each value 

represents the mean ± standard deviation of three independent experiments. * p < 

0.05, ** p < 0.01 compared to the control group. 
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5.5. SPCP enhanced the wound healing through Akt signaling pathway 

in C57BL/6 mice 

According to previous results in CCD-986sk cells, we know that the 

PI3K/Akt signaling pathway was involved in SPCP-induced proliferation and 

migration of CCD-986sk cells. Thus, the effect of SPCP on the phosphorylated level 

of Akt was determined using western blot analysis. The results showed that the levels 

of p-Akt were increased with the treatment of SPCP in skin granulation tissue of 

C57BL/6 mice (Fig. 35). This indicated that SPCP promoted skin wound healing in 

C57BL/6 mice via the Akt signaling pathway.  
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Figure 35. Treatment of SPCP enhanced the phosphorylation level of Akt in 

C57BL/6 mice. The phosphorylation level of Akt in C57BL/6 mice was measured 

by western blot analysis following treatment with various concentrations of SPCP 

for 9 days. The phosphorylation level of Akt was increased by SPCP. Each value 

represents the mean ± standard deviation of three independent experiments. ** p < 

0.01, *** p < 0.001 compared to the control group. 
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5.6. SPCP enhanced the wound healing through TGF-β1/Smads 

signaling pathway 

TGF-β1/Smads signal transduction pathway is a signal transduction 

pathway and plays an important role in tissue repair (Verrecchia and Mauviel, 2002). 

TGF-β1 is involved in the whole process of inflammation, proliferative phase, and 

plasticization during wound healing (Wu et al., 2019). Thus, the effect of SPCP on 

the TGF-β1/Smads signaling pathway was determined using western blot analysis. 

The results showed that the levels of TGF-β1 were increased with the treatment of 

SPCP in skin granulation tissue of C57BL/6 mice (Fig. 36). Meanwhile, the level of 

p-Smad2 was increased with the treatment of SPCP in skin granulation tissue of 

C57BL/6 mice (Fig. 37). These results indicated that SPCP promoted skin wound 

healing in C57BL/6 mice via TGF-β1/Smads signaling pathway. 
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Figure 36. Treatment of SPCP enhanced the protein expression of TGF-β1 in 

C57BL/6 mice. The protein expression level of TGF-β1 in C57BL/6 mice was 

measured by western blot analysis following treatment with various concentrations 

of SPCP for 9 days. The expression level of TGF-β1 was increased by SPCP. Each 

value represents the mean ± standard deviation of three independent experiments. 

*** p < 0.001 compared to the control group. 

  



 

- 100 - 

 

 

 

 

Figure 37. Treatment of SPCP enhanced the phosphorylation levels of Smad2 in 

C57BL/6 mice. The phosphorylation level of Smad2 in C57BL/6 mice was 

measured by western blot analysis following treatment with various concentrations 

of SPCP for 9 days. The phosphorylation level of Smad2 was increased by SPCP. 

Each value represents the mean ± standard deviation of three independent 

experiments. * p < 0.05 compared to the control group. 
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5.7. SPCP regulated the expression of collagen  

In order to determine the effect of SPCP on the expression level in 

granulation tissue of C57BL/6 mice, western blot analysis was performed. The 

results showed that the expression level of type I collagen was higher in SPCP-

treated group than the control group (Fig. 38). This result indicated that SPCP 

enhanced the expression level of type I collagen during skin wound healing. 
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Figure 38. Treatment of SPCP enhanced the protein expression of type I 

collagen in C57BL/6 mice. The protein expression levels of COL1A1 and COL1A2 

in C57BL/6 mice was measured by western blot analysis following treatment with 

various concentrations of SPCP for 9 days. The protein expression levels of COL1A1 

and COL1A2 were increased by SPCP. Each value represents the mean ± standard 

deviation of three independent experiments. * p < 0.05, ** p < 0.01 compared to the 

control group. 
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5.8. Discussion 

Normally, for the damage of the external environment, skin can protect the 

integrity and function of internal organs very well (Joshi et al., 2016; Park et al., 

2015). Therefore, in the process of resisting environmental stimuli, the skin will be 

damaged to varying degrees. If the damage is serious, the function of internal organs 

will change, even death (Kim et al., 2018; Zhao et al., 2017). Therefore, it is very 

meaningful to study how to promote the efficiency of skin wound healing. As we all 

know, the process of wound healing is very complicated. Among them, the key factor 

is how to form and reconstruct new tissue cells (Pereira and Bártolo, 2016; Sorg et 

al., 2017). According to previous studies, we know that SPCP enhanced the 

proliferation and migration of human fibroblasts, which play a crucial role in the 

formation and remodeling of new tissues. Therefore, this study was aimed to 

determine the effect of SPCP on the skin wound healing in C57BL/6 mice and 

investigate the mechanisms during this process.  

In the present study, SPCP promoted skin wound healing in C57BL/6 mice. 

It is reported that excessive reactive oxygen species (ROS) can inhibit wound healing 

(Kurahashi and Fujii, 2015; Landén et al., 2016). Superoxide anion free radicals (O2-) 

are natural intermediates in various physiological reactions of organisms. It is a kind 

of ROS with strong oxidation ability and is one of the important factors of biological 

oxygen toxicity (Sailaja Rao et al., 2011). SOD is a free radical scavenger, which 

exists widely in various tissues of organisms and can scavenge free radical O2- 

(Nimse and Pal, 2015). CAT is an enzyme scavenger that can decompose hydrogen 

peroxide into water and oxygen. Hydrogen peroxide is scavenged by the CAT to 

protect the body from oxidative damage (Sies, 2017). Antioxidants play an important 

role in wound healing because they can protect the wound area from oxidative 
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damage (Joshi et al., 2016; Ram et al., 2014). Additionally, spirulina has an 

antioxidant defense system, which removes ROS that can damage cells by inducing 

oxidative stress (Bashandy et al., 2016; Li-Chen et al., 2005; Patil et al., 2018). Thus, 

we evaluated the antioxidant effect of SPCP in wound healing by measuring SOD, 

CAT activity and MDA content. The results showed that SPCP reduced MDA content. 

At the same time, the activity of SOD and CAT in granulation tissue of SPCP 

treatment group was higher than that of the control group. These results suggested 

that SPCP can promote the healing of skin wounds in mice through antioxidation. 

ERK1/2 can be phosphorylated by some growth factors and hydrogen 

peroxide, and then enter the nucleus to act on transcription factors in the nucleus, 

such as c-myc, c-jun, and nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) (Meloche and Pouysségur, 2007). ERK1/2 can promote the activity of 

downstream genes, affect the transcription and expression of downstream genes, 

regulate various functions of cells, such as metabolism and survival, and ultimately 

affect the corresponding biology of cells (He et al., 2008). Only phosphorylated 

ERK1/2 has active (Mebratu and Tesfaigzi, 2009). Previous studies showed that 

SPCP increased the phosphorylation level of ERK1/2. Thus, the expression level of 

p-ERK1/2 in granulation tissue of C57BL/6 mice was determined by western blot 

analysis. The results showed that SPCP activated ERK1/2 signal in skin granulation 

tissue of C57BL/6 mice. In addition, PI3K/Akt signaling pathway, as one of the more 

common signaling pathways in vivo, is involved in regulating various cell activities, 

such as cell inflammation, proliferation and differentiation (Coutant et al., 2002). 

PI3K/Akt pathway integrates signals from growth factors and cytokines and 

transmits these signals through multiple downstream effectors (Engelman et al., 

2006). In turn, these effectors regulate basic cellular functions, including growth, 
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metabolism, survival, and proliferation (Kornasio et al., 2009). Previous studies have 

found that SPCP activates the PI3K/Akt signaling pathway in CCD-986sk cells. 

Therefore, we examined the activation of the Akt signal in SPCP-induced mouse 

skin wound healing. The results showed that SPCP activated Akt signal in skin 

granulation tissue of C57BL/6 mice. 

In the process of wound healing, wound contraction and ECM 

recombination are very important (Schultz and Wysocki, 2009). In the process of 

wound contraction, one of the most important factors is the expression and 

differentiation of myofibroblasts. The expression of α-SMA is an important marker 

of myofibroblasts (Hinz, 2007). Previous studies have shown that in the process of 

fibroblast differentiation into myofibroblasts, the stimulation of TGF-β on wounds 

is very important (Bochaton-Piallat et al., 2016; Chin et al., 2004). In this study, on 

the 9th day after the injury, SPCP treatment significantly increased the expression of 

TGF-β1 in mice. Meanwhile, on the 9th day of wound healing, the expression of α-

SMA in granulation tissue of SPCP treated mice was significantly higher than that 

of the control group. Meanwhile, the phosphorylation level of Smad2, which is the 

downstream signal of TGF-β1, was enhanced by the treatment of SPCP in 

granulation tissue in C57BL/6 mice. These results suggest that SPCP promotes skin 

wound healing in mice by activation TGF-β1/Smad signaling pathway and 

increasing the expression of α-SMA. The ECM of the dermis consists of collagen 

and is produced by fibroblasts (Tracy et al., 2014). In particular, type I collagen is 

the most prevalent of the fibril-forming collagens (Kadler et al., 2007). According to 

previous studies, we know that SPCP promoted the secretion of collagen in CCD-

986sk cells. In this study, we determined the expression level of type I collagen in 
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granulation tissue of C57BL/6 mice. The results showed that the expression level of 

type I collagen was induced by SPCP in C57BL/6 mice. 

In summary, after SPCP treatment, wound healing was enhanced in 

C57BL/6 mice. This indicated that SPCP can effectively promote wound healing. In 

this process, ERK, Akt and TGF-β1 signaling pathway play an important role. The 

results obtained in this study provide important evidence of SPCP promoting skin 

wound healing in C57BL/6 mice. And the mechanism was revealed. Further, the 

results obtained in this study can support the positive role of SPCP in wound healing.  
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Figure 39. Effect of SPCP on the skin wound healing in C57BL/6 mice. 
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IV. CONCLUSION 

 

In conclusion, in the present study, we demonstrated that the SPCP 

promoted the proliferation and migration of human dermal fibroblasts CCD-986sk 

cells. The EGFR/ERK signaling pathway and PI3K/Akt signaling pathway were 

activated in this process. From in vivo assay, we can see that SPCP enhanced the 

skin wound healing in C57BL/6 mice via ERK, Akt, and TGF-β1 signaling pathways. 

The results of this study provide important evidence for the potential of SPCP in 

promoting wound healing and reveal its mechanism in this process. Meanwhile, 

these results provide a potential application of SPCP in skin wound healing. 
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Figure 40. Graphical schematic the regulatory mechanism of SPCP in 

enhancing wound healing. 
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