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Abstract

Background The aging of the skin is considered a cumulative process that is classed as intrinsic or extrinsic. Envi-
ronmental factors like sun exposure and air pollution are considered the main cause of extrinsic aging. Mainly,
intrinsic aging reflects the genetic background and depends on time. Spirulina platensis unicellular blue—green algae
have a variety of biological and nutritional activities because of their high level of nutrients. The current study aims

to investigate the mechanism by which spirulina extract (SE) may act anti-aging in female albino rats. Spirulina extract
(20 mg/mL) was injected subcutaneously before UVA irradiation (2.16 J/cm?), daily for 7 days. The epidermal thickness
and the collagen fibers layer were stained utilizing hematoxylin and eosin and Masson.

Results SE induced significant improvements in the activities of antioxidants including superoxide dismutase

and reduced glutathione, down-regulating in expressions of inflammatory cytokines: interleukin-13 and tumor necro-
sis factor-a and reverses excessive ROS levels. As well as , the recovery of collagen density and reduction in the pro-
duction of matrix metalloproteinases were presented.

Conclusions The results found that spirulina extract may delay the signs of skin aging by enhancing collagen as well
as antioxidant activities and inhibiting collagen degradation and inflammation.
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Background

Skin is the largest organ in the body and acts as the first
line of defense between the body’s internal organs and
the outside world. The skin acts as an immune organ to
detect infections preventing infringements of patho-
gens, ultraviolet radiation (UVR), and mechanical, ther-
mal and physical injury (Letsiou, 2021; Proksch et al.,
2008). Therefore, caring for the skin is imperative to bet-
ter health and not a luxury. There are two types of skin
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aging: intrinsic and extrinsic (Lee et al., 2020). Intrinsic
aging is known as chronological aging and is defined as
the natural aging process depending on normal biologi-
cal processes. The intrinsic aging is influenced by the
internal factors that include changes in gene expression,
changes in the neuroendocrine system and the develop-
ment of skin disorders disrupting the cutaneous barrier
functions or skin involvement in connective tissue dis-
orders (Sjerobabski-Masnec & Situm, 2010). Extrinsic
aging, also known as photoaging, on the other hand, is
a phenomenon that can be somewhat resisted. Our skin
ages prematurely as a result of numerous extrinsic, or
external, factors that frequently cooperate with natural
aging. Exposure to (UVR) is the most detrimental factor
for this reason (Krutmann et al., 2021). UVA radiation
(400-320 nm) is about 95-98% of the total UV rays that
reach the surface of the earth, as well as penetrate deeper
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than UVB (290-320 nm), into the skin, inducing altera-
tions of the dermal connective tissue. Therefore, UVA is
considered the main culprit responsible for skin cancers
and photoaging (Lephart, 2016). Yogianti et al. (2014)
revealed that intense exposure to UV radiation is a risk
factor for the development of skin cancers. Photoaged
skin appears very dry, has coarse wrinkles and has telan-
giectasia and pigmentations, while intrinsic chronologi-
cal aging is smooth, pale and dry, and has fine wrinkles.
In general, skin aging appears as many atrophy-related
symptoms, such as epidermal thinning and irregular col-
lagen and elastic fibers (Kammeyer & Luiten, 2015). It
is commonly acknowledged that the primary cause of
intrinsic and extrinsic aging is the destruction of the anti-
oxidant defense systems (SOD, CAT, GSH) and the accu-
mulation of damage of reactive oxygen species (ROS)
(Kammeyer & Luiten, 2015). In addition, the disturbed
defense mechanism includes antioxidant molecules such
as vitamins A, C and E, leading to the accumulation of
damage of reactive oxygen species (ROS) (Poljsak et al.,
2012). Excess ROS activates extracellular matrix (ECM)
remodeling proteins including matrix metalloproteinases
(MMPs) such as MMP-1, MMP-3 and MMP-9. MMP-1
mainly initiates directly collagen breakdown that is con-
sidered one of the most important factors affecting skin
aging (Pittayapruek et al.,, 2016; Shin et al,, 2019). There
is a great demand for natural products to delay the
effects of skin aging (Duan et al., 2021; Rincén-Fontin
et al., 2020). Spirulina (Arthrospira platensis) is unicel-
lular blue—green algae that belongs to the cyanobacteria
group. Spirulina strongly induces antioxidant enzyme
activity, helps to prevent lipid peroxidation and DNA
damage, and scavenges free radicals (Wu et al.,, 2016).
Spirulina also exerts a variety of immunomodulatory and
anti-inflammatory activities by regulating key cytokines,
including interleukin (IL)-1f, IL-2, IL-4, IL-6, IL-10 and
tumor necrosis factor (TNF)-a (Wu et al., 2016). There
are many components in Spirulina including, several
minerals, proteins, essential fatty acids, polysaccharides,
pigments, including B-carotene, vitamins, antioxidants, a
large number of peptides, amino acids and immunologi-
cally effective compounds (Amer, 2018; Mendiola et al.,
2007; Ovando et al, 2018). These components make
Spirulina extract (SE) a potential pharmaceutical for cos-
metic product developments and basically for skin dis-
ease resistance. The target of this study is to assess the
influence of intrinsic and extrinsic factors on aging and
their resistance by Spirulina extract.

Methods

Algal extract

Spirulina algal extract was purchased from Aim Grow
Biotech Co., Ltd, China, as a dark green powder that
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contains 67.97% dry weight proteins, [-carotene
(120 mg/100 g), 6% lipids and 10.5% phycocyanin.

Skin photoaging model and treatment

UVA lamp (F15T8/BL, Hitachi, Japan) 15W was used
for UV irradiation. To achieve a UVA spectral radiance
of 300 uW/cm?, the distance between the lamp and the
rats was 20 cm. The dorsal hair of all rats was removed
with a shaver within an area of 2.5-3 cm? and exposed to
radiation daily for 2 h/day in one session for a week, with
daily dose of 2.16 J/cm?. Animals of irradiated groups
were taken the doses equally as one group. A UV radiom-
eter (TM 208, Tenmars, Taiwan) was used to measure the
lamp’s radiation output as described by Prasedya et al.
(2019).

Treatment

Spirulina extract (SE) was weighed and dissolved in 9%
normal saline. A total of 200 pL of extract and vehicle
(saline) were injected subcutaneously into the shaved
dorsal skin for respective treatment groups at a daily dose
of (20 mg/mL), and SE was injected 1 h before irradiation.

The animals and the design of the experiment

A number of 42 (Rattus norvegicus) female albino rats
were used in the present study divided by age into 28
young females (6—8 weeks old) weighing 120-180 g
and 14 old females (20—22 months old) weighing 250—
300 g. The animals of the study were obtained from the
National Center for Radiation Research and Technology,
Cairo, Egypt. The protocol for conducting the acute and
in vivo studies was performed according to the guide-
lines of the care and use of laboratory animals (8th edi-
tion), and the study was approved by the Institutional
Ethics Committee for animal care and use (ZD/FSc/
BU-TACUC/2022-13) of the Faculty of Science, Benha
University, Egypt. Animals were adapted for 1 week and
were kept in metal cages in a well-ventilated space. All
experiments were performed in accordance with relevant
named guidelines and regulations. The authors complied
with the ARRIVE guidelines. Rats were allotted into 6
groups (7 animals each) as follows:

The extrinsic experiment
Group I (GI) control young rats were (only subjected to
shaving).

Group II (GII) young rats received SE (20 mg/mL) daily
for a week.

Group III (GIII) young rats were administered a daily
dose of saline and an hour later exposed to UVR (2.16 J/
cm?), daily for a week.
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Group IV (GIV) young rats received SE (20 mg/ml) and
an hour later exposed to UVR (2.16 J/cm?), daily for a
week.

The intrinsic experiment
Group V (GV) control old rats were (only subjected to
shaving), considering (GI) as a young control.

Group VI (GVI) old rats received SE (20 mg/ml) daily
for a week.

Histopathological study

Forty-eight hours after the last irradiation, animals of
each group were euthanized by over dose of sodium
pentobarbital. Samples of hairless skin were obtained
from the rats’ backs, which were then sliced into quar-
ter-inch strips and soaked in 10% buffered formalin for
routine histology study. Slices were pigmented with
hematoxylin and eosin stain (H&E) to investigate the
thickness of the epidermis and Masson’s trichrome stain
to investigate the collagen fibers’ density. Collagen is
stained blue—green, while cytoplasm, red blood cells and
nuclei are stained red. Stained images were investigated
and captured using a light microscope (Bio-Med, Japan)
with a digital camera (RAS-312, LAINSY Co., Egypt).
The observations of skin slides were done by Omer Gho-
neimy, Associate Prof of Histology, Benha University, and
revised by Seham Ahmed, Professor of Histology, Benha
University.

Homogenization

Skin tissue samples were homogenized in phosphate-
buffered saline (PBS) as previously described by Takach
(2013) using Laboratory Homogenizer (GLH 850, Omni
International, USA).

Immunological study

The level of reactive oxygen species (ROS) was evalu-
ated in the homogenate skin colorimetrically using a
colorimetric kit (Biodiagnostic Company, Giza, Egypt)
according to Koracevic et al, (2001). The activities of
superoxide dismutase (SOD) were measured according
to Nishikimi et al., (1972), using Biodiagnostic kits (Giza,
Egypt). Reduced glutathione (GSH) was measured as a
previously described by Beutler et al. (1963), using Bio-
diagnostic kits (Giza, Egypt). Interleukin-1p (IL-1p) and
tumor necrosis factor-a (TNF-a) were evaluated using
enzyme-linked immunosorbent assay (ELISA) kits (Elab-
science Company, USA) following the manufacturer’s
protocol using a multi-mode microplate reader (BMG
Labtec, Manchester, UK) at 450 nm.
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Physiological study (collagen biosynthesis)

The activity of hydroxyproline (Hyp) levels was evalu-
ated in skin homogenate according to (Kesava Reddy &
Enwemeka, 1996), while skin matrix metalloproteinase-1
(MMP-1) was measured using a commercial ELISA kit
(Elabscience Company, USA) following the manufactur-
er’s protocol.

Statistical analysis

The values of measured and studied parameters were
expressed by the mean of 7 individual values (M) + stand-
ard deviation (SD) and correlation analysis to assess the
strength of association between two variables by using
the SPSS (version 25) program produced by IBM Soft-
ware, Inc. (Chicago, USA). One-way analysis of variance
(ANOVA) was used for statistical analysis, followed by
Duncan’s test as a post hoc test (Duncan, 1957). A p value
was considered significant if p <0.05.

Results

Histopathological study

Hairless rat morphology

Skin backs of control and Spirulina extract-treated
groups appeared relaxed, with no wrinkles or inflamma-
tion (Fig. 1A, B). UVA-irradiated rats showed distinct
features: dark brown color, deep wrinkles and acutely
inflamed surface (Fig. 1C). After treatment, the UVA-
irradiated group was treated with SE, and the appear-
ance of the skin was greatly improved as relaxed surface
with mild wrinkles, recovered inflammation and wound
healing (Fig. 1D). The skin of the old rats showed irregu-
lar epidermal thickening with fine wrinkles (Fig. 1E). The
old-aged rats treated with SE had a greatly improved skin
when compared with control rats (Fig. 1A, F).

Epidermal thickness

Hematoxylin and eosin (H&E) staining showed increased
epidermal thickness (hyperplasia) and the formation of
deep wrinkles in the UVA-irradiated group (GIII) com-
pared with control (GI) (Fig. 2A). Irradiated rats also
showed atrophy of the sebaceous gland and thickening of
the wall of blood vessels. SE-administrated group (GIV)
showed abundant photoprotective activity and retained
an intact epidermal layer of the skin (Fig. 2A). On the
other hand, decreased atrophy of the epidermis and rela-
tive improvement in skin wrinkle formation of the old
treated group (GVI) were observed compared with con-
trol old rats (GV), which showed remarkable wrinkle
formation, epidermal thickening and desquamation com-
pared with control young (GI) (Fig. 2B).
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Fig. 1 Morphology of the albino rat shaved skin. A Gl-control group, B GII-SE, C GlII-UVA group, D GIV-UVA + SE group, E GV-old untreated group

and F GVI-old + SE group

Fig. 2 Effect of Spirulina extract on the histological appearance of the albino rat skin (HE stains 10x). GI: control young group, GlI: SE only group, Glll:
UVA group, GIV: UVA +SE group, GV: old untreated group and GVI-old + SE group, arrows: wrinkles, arrowheads: destruction

Dermal collagen fiber

Using Masson’s trichrome stain, the effect of SE admin-
istration on dermal collagen fibers in the dorsal skin was
assessed. In the control group (GI), collagen fibers with
blue dye were abundantly found in the dermis of the dor-
sal skin (Fig. 3A). However, in the UVA group (GIII), col-
lagen was apparently destructed with follicular atrophy
(Fig. 3A). In contrast, UVA with SE received group (GIV)
showed amelioration of the reduced collagen fibers com-
pared to the UVA group (pale color). There was mani-
fested clear inflammatory infiltration and hemorrhage

in the whole dermis in the UVA group (GIII) compared
with the other groups; however, the UVA + SE received
group (GIV) showed a noticeable recovery (Fig. 3A). The
intrinsic aging showed no great change of collagen layer
in old groups, except little destruction in the group (GV)
compared to the young control group (GI) (Fig. 3B).

Immunological study

When compared to both the control group (GI) and the
UVA + SE-treated group (GIV), the levels of ROS in the
UVA group (GIII) significantly increased, as indicated
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Fig. 3 Effect of SE on the collagen fiber of the albino rat skin (Masson stain 10x).Gl: control young group, GlI: SE only group, Glil: UVA group, GIV:
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UVA+SE, GV: old untreated group and GVI: old + SE group, red arrowheads: distraction, black arrowheads: hemorrhage, arrows: wrinkles

in (Table 1, Fig. 4). Additionally, the levels of ROS in
SE-treated old rats (GVI) were significantly decreased
compared with the control old rats (GV) (p<0.05) and
eventually returned to the levels of control young rats
(GI). Additionally, compared with the control group
and UVA +SE received group (GIV) the UVA irradia-
tion group (GIII) showed a significant decline in SOD
activities and GSH levels (p<0.05). The same results
were shown in the old control rats (GV) when compared
with the old group who received SE (GVI) and the con-
trol young group (GI) (p <0.05). On the other hand, there
was a significant excess in the TNF-« and IL-1f levels of
the UVA-irradiated group (GIII) group when compared
with both control group and UVA + SE-treated group

(GLV) (p<0.05). Prominently, SE suppressed the (TNF-a
and IL-1p) levels and restored them to control levels. The
same results were represented in the group of control
old rats (GV) when compared with the old treated group
(GVI) and control young group (GI) (p<0.05) (Table 1).

Physiological study (collagen biosynthesis)

As shown in Table 1, Fig. 5A, the levels of Hyp were sig-
nificantly decreased in the UVA-irradiated group (GIII)
compared to the control group (GI) (P<0.05). Meanwhile,
compared to the UVA-irradiated group and the control
old group, young and old rats administered SE (GII, GVI)
exhibited significantly higher levels of Hyp (P<0.05). The
MMP-1 content of skin tissue homogenate increased

Table 1 Effects of Spirulina extract (SE) on the biochemical markers of skin tissue

Gl Gll Glil GIV GV GVl
ROS 0.175+0.017% 0.170+0.007° 0.214+0.003¢ 0.193+0.013? 0.202+0.016° 0.169+0.019°
SOD 0.545+0.020% 0.539+0.011° 0.382+0.048° 0.482+0.012° 0.502+0.044° 0.541+0.20°
GSH 22.406+0.947° 21.264+1.841° 15.880+1.548° 22.20+1.358 15.954+1.914° 20,686+ 1.555
TNF 24.256+7.8012 21.486+6.576° 33.278+7.320° 22,628+ 4.490° 36.258+6.637° 17.096 +3.540°
IL-1 8400+ 1908 0.7.408+1.050° 13.972+3.554° 9.256+2.144° 7.780+1.068% 7.122+1.1148°
Hyp 99.60+2.61° 119.72+10.63° 9844+231° 115.84+4.90b* 119.20+6.18° 109.42+1.33¢
MMP-1 131+0.06° 1.06+0.03° 146+0.20° 1114004 1.08+0.02° 1.16+0.06°

Data are presented as means + standard deviations (n=7). In the same raw, values with similar letters mean a nonsignificant difference, and values with different
letters mean a significant difference. Gl (Group I): control young rats, Gl (Group II): young rats received SE (20 mg/ml), Glll (Group Ill): young rats were administered a
daily dose of saline and an hour later exposed to UVR (2.16 J/cm?), GIV (Group IV): young rats received SE (20 mg/ml) and an hour later exposed to UVR (2.16 J/cm?),

GV (Group V): control old rats, GVI (Group VI): old rats received SE (20 mg/ml)

ROS reactive oxygen species level, SOD the activities of superoxide dismutase, GSH reduced glutathione, IL-18 interleukin-1B, TNF-a tumor necrosis factor-a, Hyp the

activity of hydroxyproline, MMP-1 matrix metalloproteinase-1
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significantly in the UVA group (GIII) when compared
with the control group (GI) while decreasing significantly
in the UVA + SE group (GIV) (Table 1, Fig. 5B). Dramati-
cally reduced levels of MMP-1 in old rats treated with SE
(GVI) than in the old untreated group (GV) returned to
levels of control young rats (GI) (P<0.05).

Correlation analysis

Correlation analysis determines how strongly two quan-
titative variables are associated. The correlation coef-
ficient (r) describes how one variable moves in relation
to another. Its values can range from —1 to 1. When the
points are near the line of best fit, r> 0.5 or —0.5 denotes
a strong correlation. The strongest relationships between

MMP-1 (ng/ml)

GIV GV GVI

Fig.5 Behavior of Hyp (A) and MMP-1 (B) in different experimented groups.Gl: control young group, Gll: SE only group, GlIl: UVA group, GIV:
UVA+SE, GV: old untreated group and GVI: old + SE group. Values with similar letters mean a non-significant difference, and values with different
letters mean a significant differece

Gl Gl Gl

the biomarkers that were found in our investigation,
which were represented by ROS, TNF-a and MMP-1,
deserve special attention (Fig. 6A, B). SOD showed a
significant negative correlation with IL1p and MMP-1
(Fig. 6C, Q). Significant negative correlation between
GSH and TNF-a was demonstrated (Fig. 6E). Hyp
showed a significant negative correlation with MMP-1
(Fig. 6F).

Discussion

Skin is considered the first immune barrier to prevent
infection and invading foreign organisms. Aging is asso-
ciated with wrinkles, a thinning of the skin, loss of elas-
ticity, delayed wound healing and dryness (Lephart,
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2016). There is a demand for the identification of novel
sustainable raw materials and active compounds with
moisturizing and wrinkle reduction properties for a
youthful appearance. Recently, studies on the anti-aging
impacts of algae, such as Spirulina, have received great
interest (Pereira, 2018). There were no toxic impacts
in many species of Spirulina on different organs by
using acute or chronic doses (Kulshreshtha et al., 2008).
According to our results, the use of the extract of Spir-
ulina could suppress defects of skin aging due to its
anti-inflammatory and antioxidant properties (Wu et al.,
2016). The current study found that both types of aging
induce the production of ROS. This may deteriorate the
antioxidant defense system and disturb the redox bal-
ance, resulting in oxidative stress, which is supported by
previous studies (Poljsak et al., 2012; Wang et al., 2016).
Although there are antioxidant systems in the skin, the
high level of ROS induced by aging exceeds their capac-
ity. However, we found the activity of SOD and levels of
GSH were improved in irradiated and the old rat groups
with SE treatment. These radical-scavenging and antioxi-
dant properties of SE may be mainly due to its phycocya-
nin content (10.5%) which is Spirulina major antioxidant
component as determined by its action against H,O, and
generated OH radicals. Phycocyanin had shown wound
healing, antimicrobial and anti-inflammatory proper-
ties (Grover et al.,, 2021). Spirulina contains additional

vitamins and minerals in addition to the antioxidant and
anti-inflammatory effects of f-Carotene (120 mg/100 g)
(Wu et al.,, 2016). Skin inflammation is known to be
caused by an imbalance between the production of ROS
and the antioxidant defense system throughout complex
pathways (D’Orazio et al., 2013). ROS activates mitogen-
activated protein kinase (MAPK) which in turn activates
nuclear factor (NF)-kB and activator protein-1 (AP-1),
which leads to the release of inflammatory cytokines
such as TNF-a and IL-1B (Campanini et al., 2013; Wang
et al, 2016). These inflammatory cytokines stimulate
the growth of keratinocytes in the epidermis and lead to
hyperplasia of the epidermal cells as shown in the UVA
group, as observed by Pillai et al. (2005). Similar to previ-
ous research, in the current study, the contents of IL-1p
and TNF-a were significantly increased following UV
exposure. However, after administration of SE, IL-1p and
TNF-a contents were remarkably reduced to approxi-
mately the control level. Our results showed that after
UV irradiation, the epidermal thickness was dramatically
increased and the collagen fiber bundles were degraded
and tangled. The abnormal histological alterations were
explained due to the overproduction of MMPs, such as
interstitial collagenase-1 (MMP-1) breaking down elas-
tin, fibrillar collagens and other connective components;
therefore, the skin loses its ability to resist the stretching
(Rui et al.,, 2019). Berthon et al. (2017) reported that the
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cumulating of ROS and inflammatory responses resulted
in excessive MMPs. In the current study, SE suppressed
the levels of MMP-1.

Hydroxyproline content of skin tissue, which was
regarded as characteristic amino acid of collagen and
represents changes in collagen content (Kakinuma et al.,
2005). The results indicated that the levels of Hyp were
significantly improved in the SE-treated groups main-
taining intact structures in the dermis and epidermis
and a tight arrangement of cells. In agreement with
Ragusa et al. (2021), this change in collagen content can
be attributed to the SE content of several bioactive com-
pounds, particularly proteins (67.6%), which are involved
in many physiological processes, including inflammation,
immune response and skin remodeling, and they also
stimulate the synthesis of structural proteins (collagen
and elastin). For the same purpose, a Spirulina peptide
extract showed obvious dermatological effects on the
inducement of fibroblast reproduction as well as on the
biosynthesis of glycosaminoglycans and collagen (Agui-
lar-Toald et al., 2019). Additionally, it has been reported
that peptides extracted from Spirulina platensis have
anti-skin aging effects (Ovando et al., 2018).

Conclusions

In conclusion, the subcutaneous injection of SE sig-
nificantly showed anti-aging effects, mediated by anti-
oxidation, anti-inflammation and MMP-1 inhibition
in chronological and photoaged skin of albino rats.
Additionally, for the first time SE was demonstrated to
increase the production of collagen on both intrinsic
and extrinsic aging. This suggests that SE could relieve
inflammation response and promote immune protection
against skin aging in addition to enhancing collagen bio-
synthesis. These results suggest that SE is a useful mate-
rial for application in dermo-cosmetic formulations for
the improvement of the epidermis structure and for con-
serving the skin from the devastating effects of aging and
UV exposure.
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