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The protective effect of C-phycocyanin in male
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C-phycocyanin from Spirulina platensis has pharmacological effects such as anti-oxidation, anti-cancer,

anti-inflammatory and anti-atherosclerosis activities as well as liver and kidney protection. However, there

is little research on C-phycocyanin applied in the field of reproductive medicine, and it is therefore the

focus of the current study. In this study, a GC-1 spg cell model and male mouse reproductive injury

model were constructed by TNF α + Smac mimetic + zVAD-fmk (TSZ) and cyclophosphamide (Cy),

respectively. It has been proved that C-phycocyanin can increase cell viability and reduce cell death in

GC-1 spg cells induced by TSZ. C-phycocyanin could protect the reproductive system of male mice from

cyclophosphamide, improve spermatogenesis, sperm quality and fertility, increase the release of testos-

terone, stabilize the feedback regulation mechanism, and ensure the spermatogenic ability of mice. It

could also improve the ability of anti-oxidation. In addition, C-phycocyanin could play a protective role by

down-regulating RIPK1, RIPK3, and p-MLKL to inhibit the necroptotic signaling pathway. These results

suggest that C-phycocyanin could protect GC-1 spg cells and the reproductive system of male mice from

TSZ and cyclophosphamide, and the protective mechanism may be achieved by inhibiting the signal

pathway of necroptosis. Therefore, C-phycocyanin could serve as a promising reproductive system pro-

tective agent. C-phycocyanin may enter public life as a health product in the future.

1. Introduction

At present, male infertility and reproductive dysfunctions have
become major global health problems.1 Globally, about 10%
to 15% of couples are affected by various conditions that lead
to infertility, with up to 50% of those affected by male
factors.1,2 More than 30 million people worldwide suffer from
male infertility.3 Male infertility not only causes psychological
pain to families but also increases certain economic burdens
faced by society.4,5 In a prospective study on Danish men, it
was found that infertile men died at a higher rate than those
who were fertile.6 Many congenital and acquired causes and
risk factors contribute to male reproductive health.7,8 Male oxi-
dative stress infertility mainly involves changes in semen
characteristics in men affected by environmental or occu-

pational exposure to toxic chemicals and various lifestyle
factors.9,10 The use of certain chemotherapy drugs can also
cause male infertility.11

Cyclophosphamide (Cy) is a broad-spectrum antitumor
drug used for the chemotherapy of many tumors, but its tox-
icity and side effects on the reproductive system are huge, such
as gonad damage.12 In the prenatal stage, cyclophosphamide
has harmful effects on the male reproductive system, resulting
in decreased testicular weight and sperm count, and increased
abnormalities of the sperm head, neck, and tail.13,14 In
addition, studies have shown that antioxidant treatment
before chemotherapy can reduce the damage caused by cyclo-
phosphamide to the gonads, and has ameliorated cyclopho-
sphamide-induced injury through modulation of the
expression of genes contributing to the function of Sertoli and
spermatogenic cells.15

C-phycocyanin (C-PC) is a protein-binding pigment found
in cyanobacteria. It is a polymer composed of two distinguish-
able protein subunits, α and β, which contain at least three co-
valently attached bilin choline chromophores. C-phycocyanin
is the most abundant pigment in cyanobacteria, with good
water solubility and spontaneous red fluorescence.16–18 A
number of pharmacological studies have demonstrated that
C-phycocyanin has a variety of functions, such as anti-
oxidant,19 anti-tumor,20 anti-inflammatory21 and anti-athero-

aDepartment of genetics and cell biology, Basic medical college, Qingdao University,

Qingdao, China, 266071. E-mail: yfhao1996@163.com, dongxiaoleiqd@163.com,

13869845003@163.com, qtlei@sina.com, sedolphin@163.com,

1697891180@qq.com, zhuchengyangyifan@163.com, 2505217841@qq.com,

602252921@qq.com
bDepartment of Reproduction, The Affiliated Hospital of Qingdao University,

Qingdao, China, 266000. E-mail: wanglincyf@126.com
cDepartment of hematology, The Affiliated Hospital of Qingdao University, Qingdao,

China, 266021. E-mail: libing_516@qdu.edu.cn; Tel: +86-532-82991029

This journal is © The Royal Society of Chemistry 2022 Food Funct., 2022, 13, 2631–2646 | 2631

Pu
bl

is
he

d 
on

 2
8 

Ja
nu

ar
y 

20
22

. P
ur

ch
as

ed
 b

y 
pr

ov
id

op
tim

is
m

@
pm

.m
e 

on
 0

7 
Fe

br
ua

ry
 2

02
3.

View Article Online
View Journal  | View Issue

www.rsc.li/food-function
http://orcid.org/0000-0002-5545-9674
http://crossmark.crossref.org/dialog/?doi=10.1039/d1fo03741b&domain=pdf&date_stamp=2022-03-02
http://dx.doi.org/10.1039/D1FO03741B
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO013005


sclerosis.22 In recent years, C-phycocyanin has become a hot
research spot in reproductive medicine. C-phycocyanin was
proved to improve fertility by improving ovary and oocyte
quality in obese female mice.23 C-phycocyanin has beneficial
effects on the development of porcine parthenotes by attenuat-
ing mitochondrial dysfunction and oxidative stress,24 and may
be useful for improving porcine oocyte quality and subsequent
developmental competence in embryos.25

Necroptosis is a type of programmed necrotic cell death
and caused by the tumor necrosis factor family of cytokines.
Receptor-interacting protein kinase-1(RIPK1), receptor-interact-
ing protein kinase-3(RIPK3) and mixed lineage kinase domain-
like protein (MLKL) are three key proteins of the necroptosis
pathway.26,27 Necroptosis is associated with a variety of disease
states, such as myocardial infarction and stroke,28,29 athero-
sclerosis,30 ischemia-reperfusion injury,31,32 pancreatitis,33,34

inflammatory bowel disease.35,36 Recent research suggests that
necroptosis also plays a role in the development of the repro-
ductive system. RIPK3 and MLKL knockout mice retain ‘youth-
ful’ morphology and function into advanced age, while those
of age-matched wild-type mice deteriorate. Feeding RIPK1
inhibitors to wild-type mice effectively prevented the appear-
ance of signs of aging.37 RIPA-56, a RIPK1 inhibitor that can
inhibit necroptosis, could be a novel agent to preserve fertility
in male mice with busulfan-induced gonadotoxicity.38

Otherwise, p-MLKL may potentially serve as a seminal bio-
marker for the spermatogenic function in men. Necroptosis
occurs more frequently in the aging human testes with regres-
sive spermatogenic function. The expression of p-MLKL in
seminal plasma was negatively related to sperm concentration
and would raise in advance on the point of testicular
hypofunction.39

In our study, we investigated the role of C-phycocyanin in
the development of the male mouse reproductive system.
C-phycocyanin can protect GC-1 spg cells from TSZ damage,
improve proliferation ability and reduce the death of GC-1 spg
cells. In addition, we also detected the expression of molecules
related to necroptosis and found that C-phycocyanin can
reduce the expression of TNF-α, RIPK1, RIPK3, p-MLKL.
Moreover, animal experiments also showed that C-phycocyanin
could improve spermatogenesis in male mice, and protect the
normal development of the reproductive system, while also
reducing the expression of key molecules related to necroptosis
in testicular tissue. Therefore, through the analysis of the
above experimental results, C-phycocyanin could play a certain
protective role in the reproductive system by inhibiting the
occurrence of reproductive cell death.

2. Materials and methods
2.1 Chemical reagents

C-phycocyanin was purchased from Binmei Biotechnology
(Taizhou, China). Cell Counting kit-8 (CCK-8) was purchased
from Biosharp, Hefei, China. Cyclophosphamide monohydrate
(C7H15Cl2N2O2P·H2O, C106991, China), Necroptosis Inducer

Kit with TSZ (C1058S, China), Necrostatin-1 (TNF-alpha inhibi-
tor) (SC4359-25 mg, China), Annexin V-FITC/PI Apoptosis
Detection Kit (40302ES60, China), eBioscience™ Annexin V
Apoptosis Detection Kit APC (88-8007-72, USA), Mouse T ELISA
Kit (ml001948, China), Mouse FSH ELISA Kit (ml001910,
China), Mouse LH ELISA Kit (ml063366, China), an antibody
against Phospho-MLKL (Ser358, AF7402), and antibody against
TNF-alpha (AF7014) were from Affinity (China). The antibody
against RIPK1 (A7414), antibody against MLKL (A131451), anti-
body against RIPK3 (A5431), antibody against Caspase-8
(A0215), FITC Goat Anti-Ribbit IgG (H + L) (AS011) were from
ABclonal (China). Countess™ cell counting chamber slides
were purchased from Invitrogen by Thermo Fisher Science.

2.2 Cell culture

GC-1 spg cell, a spermatogonial cell line, was purchased from
Procell Life Science&Technology Co., Ltd (Wuhan, China).
GC-1 spg cell was cultured in high glucose DMEM (Biological
Industries, Israel) supplemented with 10% fetal bovine serum
(Biological Industries, Israel), 100 U ml−1 streptomycins and
100 U ml−1 penicillin in a humidified incubator with 5% CO2/
95% air atmosphere at 37 °C.

2.3 Cell viability assay

The cell viability of GC-1 spg cell was detected by the CCK8
assay. GC-1 spg cells (8000 cells per well) were plated into
96-well cell culture plates for 12 h. Then, the medium was
replaced with fresh medium with various concentrations of
C-phycocyanin (0, 50, 100, 200, 400, 800, 1600 μg ml−1) for 12,
24, 36 or 48 h. After treatment, CCK8 was added to the
medium for 2 h according to the manufacturer’s instructions.
Finally, the absorbance value was measured at 450 nm and the
absorbance value was positively correlated with cell viability.
The best concentration and time of C-phycocyanin were
determined.

In the same method, GC-1 spg cells were treated with
different concentrations of necroptosis inducer reagent with
TSZ (TSZ, TNFα + Smac mimetic + zVAD-fmk), and CCK8 was
used to determine the best concentration and time of TSZ.

After the concentration and time of C-phycocyanin and TSZ
were determined, the cells were treated with C-phycocyanin
and TSZ at the same time, and then the cell viability was deter-
mined by CCK8 to determine whether C-phycocyanin could
effectively inhibit the effect of TSZ on cells.

2.4 Flow cytometry

The necrotic rate of GC-1 spg cells was detected using flow
cytometry. GC-1 spg cells (1 × 105 cells per well) were plated
into 6-well cell culture plates for 12 h. After treatment, GC-1
spg cells were digested with trypsin without EDTA, and the
cells were collected by centrifugation (300g) at 4 °C for 5 min.
The cells were washed with precooled PBS 2 times, and each
time was centrifuged (300g) at 4 °C for 5 min. PBS was dis-
carded and 100 μl of 1× binding buffer was added to resuspend
cells. Annexin V-FITC and PI staining solution were added and
cells were incubated at 37 °C for 15 min in the dark. 1×
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binding buffer was added, mixed and placed on ice. The
sample was detected by flow cytometry within 1 h.

2.5 Immunofluorescence

GC-1 spg cells were cultured in 24-well cell slides. After treat-
ment, the culture medium was sucked off and washed twice
with PBS, then fixed with methanol for 15 min, and then
blocked with 5% BSA for 20 min. After BSA blocking, the
primary antibody and the FITC-labelled fluorescent second
antibody were added respectively. Finally, it was stained with
DAPI. The positive cells were observed using a fluorescence
microscope and counted.

2.6 Animals and treatment

In this study, 8-week-old ICR male and female mice were pur-
chased from Jinan Pengyue Laboratory Animal Technology
(Jinan, China). The experimental animals were placed in a
group with random access to water and food, five in each cage.
They were maintained in a light/dark cycle for 12 hours at a
stable temperature (23–25 °C) (the lights are on from 7:00 am
to 7:00 pm). All animal experiments were conducted in compli-
ance with the ethical guidelines established by the insti-
tutional ethical committee of the Qingdao University
(Qingdao, China).

All the mice were randomly assigned to the control group,
the Cy model group and the C-PC treatment group, then the

C-PC treatment group was divided into low (100 mg kg−1 d−1)
and high (500 mg kg−1 d−1) dose groups, and the experiment
was carried out according to Fig. 1.

Control group: Intragastric administration with water
(0.2 ml), every three days one time for 10 times, injected with
normal saline (NS, 0.9%) intraperitoneally, two days one time
for 5 times.

Cy model group: Intragastric administration with water
(0.2 ml), three days one time for 10 times, injected with Cy
(50 mg kg−1 d−1) intraperitoneally, two days one time for 5
times.

Cy + C-PC (low) group: Intragastric administration with
C-PC solution (100 mg kg−1 d−1), three days one time for 10
times, injected with Cy (50 mg kg−1 d−1) intraperitoneally, two
days one time for 5 times.

Cy + C-PC (high) group: Intragastric administration with
C-PC solution (500 mg kg−1 d−1), three days one time for 10
times, injected with Cy (50 mg kg−1 d−1) intraperitoneally, two
days one time for 5 times.

In the first 30 days of the experiment, the mice in the C-PC
treatment group were given different doses of C-PC solution,
while the control group and Cy model group were given the
same dose of water every three days, for a total of 10 times.
From the 21st to the 30th day of the experiment, the mice in
the Cy model group and the C-PC treatment group were intra-
peritoneally injected with cyclophosphamide solution, while

Fig. 1 The establishment of a mouse model of reproductive injury and the basic process of the design and implementation of animal experiments.
(a) Three groups: control group (no processing has been carried out), Cy model group (the model of reproductive injury was established by intraperi-
toneal injection of cyclophosphamide solution (50 mg kg−1), and intragastric water was given to observe the damage of the reproductive system and
the response of the body in mice), C-PC treatment group (the reproductive injury model was established by intraperitoneal injection of cyclopho-
sphamide solution, and different doses of C-PC solution were intragastrically administered to explore the protective effect of C-PC on cyclopho-
sphamide-induced reproductive system injury in mice). (b). Process: the first 30 days of the experiment was the period of the construction and
administration of the animal model, followed by the mating experiment until the male mice were separated after the female mice were pregnant.
The pregnant female mice gave birth to offspring that were raised and allowed to grow up, and the growth and survival of the offspring were
observed.
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the mice in the control group were injected with the same
dose of normal saline, once every two days, for a total of 5
times. After the last intragastric administration, five mice in
each group were randomly selected and raised in cages with
female mice at 1 : 1. After the female mice became pregnant,
the male mice were separated from the cages for the following
experiments. After the females gave birth to the offspring, the
offspring were raised and grown-up and the growth and survi-
val of the offspring were recorded.

2.7 The index of reproductive organs

When the female mice were pregnant, all-male mice were
starved for 24 h, then were sacrificed. All organs were washed
in normal saline solution, sucked dry with normal filters, and
then weighted. Organ index = (organ mass (mg)/body mass (g))
× 100%.

2.8 Collection of blood, testis and epididymis

Before the male mice were killed, the whole blood was collected
by the method of eye orbit in a 1.5 ml centrifuge tube and
allowed to clot for 30 minutes at room temperature. The whole
blood was centrifuged at 2000 rpm at room temperature for
15 minutes, and the serum was transferred to another centri-
fuge tube. It was stored at −80 °C for hormone estimation. One
testis was fixed in formaldehyde (4%) for histological evalu-
ation, and the other was stored at −80 °C for protein and RNA
extraction. Sperm were collected from the tail of the epididymis.
Briefly, the epididymal tail was quickly removed and cut into
small pieces after euthanasia, put into 1 ml HTF culture at
37 °C to extract sperm. The released spermatozoa were collected
to prepare a sperm suspension for analyzing sperm parameters.

2.9 Measurement of sperm quality levels

Sperm count: The sperm suspension (10 μl) was taken and
added to the cell counting chamber slides, counted with a
Countess II Automated cell counter.

Sperm deformity rate: A drop of sperm suspension and 2%
eosin solution were taken on a glass slide, then covered with a
cover slide. After 1 h, the sperms were observed under a light
microscope at ×400 magnification. The sperm morphology was
observed according to the red staining of dead sperms, and
the sperm deformity rate was calculated.

Sperm mortality: 500 μl of the sperm suspension was centri-
fuged at 1000 rpm at room temperature for 5 min, washed
with PBS and binding buffer, and the sperm concentration
was 1–5 × 106 ml−1. 5 μL Annexin V-FITC was added and incu-
bated at room temperature and hidden from light for 15 min.
The sperms were washed once with the binding buffer and
resuspended with 200 μl binding buffer. 3 μl of propidium
iodide staining solution was added and the samples were eval-
uated using flow cytometry within 1 h.

2.10 Testicular homogenate analysis

Testicular tissues of 5 mice were selected for each group, and
0.1 g of tissue was converted into 10% homogenate with pre-
frozen saline. Superoxide dismutase (SOD) activity and malo-

naldehyde (MDA) content were determined according to the
kit’s instructions (Beijing, China), and the protein content in
the homogenate was detected using the BCA protein assay kit
(Beyotime, China). SOD activity and MDA content were cor-
rected by the protein concentration.

2.11 Enzyme-linked immunosorbent assay (ELISA)

The frozen serum melted slowly at 4 °C, and then the levels of
serum testosterone (T), luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) were determined by the ELISA
method according to the instructions of the kit. The optical
density of the reaction solution at 450 nm was detected and
the standard curve was fitted.

2.12 Testicular histopathology

The right testis and kidney were fixed in 10% neutral-buffer for-
malin for 72 hours to preserve the microstructure of the tissue.
After the testicular and kidney section was made, HE staining
was performed. The testicular and kidney histopathology were
observed under a light microscope (Nikon Light ECLIPSE E200)
and captured with a DXM1200 digital camera (Nikon).

2.13 Analysis of the spermatogenic dynamics

We randomly selected seminiferous tubules in 10 sections
from each animal to evaluate the cell populations of the semi-
niferous tubule sections after HE staining. The spermatogo-
nium, primary spermatocytes, secondary spermatocytes and
spermatozoa in each seminiferous tubule were counted under
a light microscope (Nikon Light ECLIPSE E200), and the sper-
matogenic dynamics of testis was analyzed.

2.14 Measurement of the Leydig cell volume

The testicular tissue sections of each group of mice were ran-
domly selected and stained with HE. Under a light microscope
(Nikon Light ECLIPSE E200), the nuclear diameter and cell
diameter of Leydig cells were measured using the NIS elements
analysis system, and then the volume of the nucleus and
Leydig cell was calculated.

2.15 Immunohistochemistry

The expression of RIPK1, RIPK3 and p-MLKL in testicular
tissue was detected by immunohistochemistry. The fixed testi-
cular tissue was embedded and sliced. The slices were separ-
ated with xylene, then rehydrated into graded ethyl alcohol
(100%, 95% and 75%), and then washed with tap water.
Antigen retrieval was conducted by sodium citrate antigen
retrieval solution (pH 9.0) in a 99 °C water bath for 30–40 min.
The activity of endogenous peroxidases was blocked by a per-
oxidase blocker for 10 min and it was sealed with goat serum
for 10 minutes. The slides were washed twice in PBS and incu-
bated with primary antibody at 4 °C overnight. The slides were
washed twice in PBS prior to their incubation as a secondary
antibody for 1 h at room temperature. The slides were washed
in PBS twice and incubated with DAB chromogenic fluid for
5–8 min. The following step was counterstaining using hema-
toxylin solution. Then, dehydration of tissues was done using
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graded ethanol (75%, 95%, and 100%) and xylene. Finally, the
slides were mounted using permount TM mounting medium.
To make the experimental results more visible, we also carried
out the corresponding quantitative analysis. Three repeated
samples were collected in each group, and five fields were
selected for each sample.

2.16 Quantitative real–time PCR

GC-1 spg cells were plated into 6-well cell culture plates, after
treatment, the cells were collected by centrifugation, and the
total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Complementary
DNAs (cDNAs) were generated using the first-strand cDNA syn-
thesis kit (abm company). The cDNA was synthesized by
reverse transcription with 1 μg total RNA and random primers.
Quantstudio5 real-time fluorescence quantitative PCR system
was used to detect the expression level of gene mRNA. Human
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was nor-
malized as an internal reference gene. The levels of GAPDH,
TNF-α, RIPK1, RIPK3 mRNA were measured by the SYBR Green
assay. TNF-α was amplified by using the primers with the
sequence 5′- GCCTCTTCTCATTCCTGCTTGTGG-3′ (forward)
and 5′- GTGGTTTGTGAGTGTGAGGGTCTG -3′ (reverse). The
RIPK1 primer was 5′- CGACTTCCAGACACCAAGCCATC -3′
(forward) and 5′- TTTCCACTGCCTTCCCAGGTTTTC -3′
(reverse). The RIPK3 primer was 5′- AAATGGATTGCCCGA-
GGGAAACC -3′ (forward) and 5′- AACTGATGTGTCCTGTGC-
TTGCC -3′ (reverse). The reaction was carried out under the fol-
lowing conditions: 95 °C for 30 s, 40 cycles at 95 °C for 15 s,
and 60 °C for 30 s. Values of each group mRNA level were cal-
culated as 2−ΔΔCt levels and performed at least four times.

2.17 Western blot analysis

GC-1 spg cells were plated into 6-well cell culture plates, and
after treatment, the cells were collected by centrifugation and
used to extract protein. Testicular tissues of 5 mice were
selected for each group, and 0.2 g of tissue was used to extract
protein.

BCA protein assay kit (Beyotime Biotechnology, Shanghai,
China) was used to detect the concentration of protein
samples. First, 40 μg protein was mixed with SDS loading
buffer (5×) and boiled for 10 min. Then, the protein samples
were separated using 10% SDS-PAGE and transferred to the
PVDF membrane (Millipore). The membrane was blocked with
5% bovine serum albumin at room temperature for 2 h and
then incubated overnight with a specific primary antibody at
4 °C. After washing with TBS-Tween 20 (0.1%, v/v) three times,
the membrane was incubated with an appropriate HRP-sec-
ondary antibody for 1 h. After being washed with TBST three
times, the blots were detected using enhanced chemilumines-
cence (Millipore).

2.18 Statistical analysis

Each experiment should be repeated three or four times inde-
pendently. The results were expressed by mean ± standard
deviation (SD). Statistical analysis was performed by the

Student’s test or one-way analysis of variance (ANOVA) by using
a statistical software package (SPSS, USA). P < 0.05 is con-
sidered to be statistically significant.

3. Results
3.1 Effect of C-phycocyanin on the viability of GC-1 spg cells

The effect of C-phycocyanin on GC-1 spg cells was firstly evalu-
ated by the CCK-8 cell viability assay. The changes of GC-1 spg
cells viability were detected after the cells were treated with
different concentrations of C-phycocyanin solution for 12, 24,
36, 48 h. The results showed that cell viability was increased in
a low-dose concentration solution of C-phycocyanin (≤400 μg
ml−1), while was decreased in a high-dose concentration solu-
tion of C-phycocyanin (≥800 μg ml−1) in GC-1 spg cell line
(Fig. 2A). From the above experimental results, the final con-
centration of C-phycocyanin used in the following experiments
was 100 μg ml−1 and the culture time was 24 h.

3.2 GC-1 spg cells were induced by necroptosis inducer kit
with TSZ

The effect of TSZ on GC-1 spg cells was firstly evaluated by the
CCK-8 cell viability assay. The changes of GC-1 spg cells viabi-
lity were detected after the cells were treated with different
concentrations of TSZ for 4, 8, and 12 h. The results showed
that cell viability was reduced in a dose-dependent manner in
GC-1 spg cell line (Fig. 2B). In our subsequent experiments,
the treated concentration of TSZ was 2×. In order to further
study the mechanism of TSZ-induced cell death, a series of
experiments were conducted. According to the report of S.
Pietkiewicz,40 necroptotic cells can be detected after staining
with Annexin V/PI by flow cytometry, the healthy, necroptotic,
early and late apoptotic cell populations can be distinguished
easily with their method. The necroptotic cells were detected
by flow cytometry after different periods of treatment with TSZ
(2×). The results showed that the percentage of necroptotic
cells (Annexin V+/PI+) increased from 1.85%, 0.57%, 8.63%,
15.22%, to 23.98% with time (Fig. 2C). Furthermore, we
carried out an immunofluorescence assay to detect the
expression of p-MLKL, a key protein of necroptosis. p-MLKL-
positive cells were increased gradually with time (Fig. 2D). In
addition, we further detected the expression of TNF-α, RIPK1,
RIPK3, and p-MLKL at the protein level. The results showed
that the expression of TNF-α, RIPK1, RIPK3, and p-MLKL
gradually increased with time (Fig. 2E). In conclusion, these
results suggested that TSZ could induce necroptosis in GC-1
spg cells.

3.3 C-phycocyanin can inhibit TSZ-induced necroptosis

In order to further study whether C-phycocyanin can effectively
inhibit TSZ-induced necroptosis, TSZ and C-PC were used in
co-treated, and Necrostatin-1 (Nec-1), a TNF-alpha inhibitor, as
the positive control. The GC-1 spg cells were treated with TSZ
for 12 h, C-PC (100 μg ml−1) for 24 h and Nec-1 (50 μM) for
24 h. The CCK8 assay showed that the cell viability of the TSZ
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treatment group was decreased compared with the control
group, while cell viability was increased in the TSZ + C-PC and
TSZ + Nec-1 treatment group compared with the TSZ treatment

group (Fig. 3A). Flow cytometry showed that the percentage of
necroptotic cells in the TSZ treatment group was 24.01% com-
pared with the control group (0.88%), while the percentage of

Fig. 2 Effects of C-phycocyanin and TSZ on the cell viability of GC-1 cells and the expression of RIPK1, RIPK3, p-MLKL, and TNF-α in GC-1 spg
cells. (A) Cell viability of GC-1 spg cells is measured by the CCK8 assay. GC-1 spg cells with C-phycocyanin treatment for 12, 24, 36, and 48 h. Five
samples were analyzed in each group, and the results are presented as mean ± SD. (B) GC-1 spg cells with TSZ treatment for 4, 8, and 12 h. Five
samples were analyzed in each group, and the results are presented as mean ± SD. (C) Analysis of GC-1 spg cell death by flow cytometry using
Annexin V-FITC and PI. (D) The fluorescence intensity of p-MLKL was detected by immunofluorescence. Scale bar, 100 μm. Data are expressed as
mean ± SD. (E) The expression of RIPK1, RIPK3, p-MLKL, and TNF-α were determined by western blot. Data are expressed as mean ± SD. TSZ, TNFα
+ Smac mimetic + zVAD-fmk, is a necroptosis inducer. ns, no difference vs. 0 or control group. *, p < 0.05 vs. 0 or control group. **, p < 0.01 vs. 0 or
control group.
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necroptotic cells was 8.92% in the TSZ + C-PC treatment group
and 1.79% in the TSZ + Nec-1 treatment group (Fig. 3B). Then,
the expression of three key proteins, RIPK1, RIPK3, and
p-MLKL, was detected by immunofluorescence assay. After TSZ
treatment, the fluorescence intensity of p-MLKL, RIPK1 and
RIPK3 increased compared with the control group. However,
they were decreased in TSZ + C-PC and TSZ + Nec-1 treatment
groups (Fig. 3C). To investigate the effect of C-PC on the mRNA
level of necroptosis-related TNF-α, RIPK1, RIPK3, GC-1 spg
cells were treated by TSZ in the presence and absence of C-PC
and Nec-1, then evaluated by qRT-PCR. In TSZ-induced GC-1
spg cells, the expression of TNF-α, RIPK1, RIPK3 were mark-
edly increased compared with the control group. However, in
the TSZ + C-PC treatment group, they were decreased, the
same as in the TSZ + Nec-1 treatment group (Fig. 3D). In
addition, we further detected the expression of RIPK1, RIPK3,
p-MLKL, MLKL, and TNF-α at the protein level. The results
showed that TSZ up-regulated the expression of RIPK1, RIPK3,
p-MLKL, and TNF-α, while after the addition of C-PC and Nec-
1, they were down-regulated (Fig. 3E). The expression of the
protein is consistent with the expression at the mRNA level. In
conclusion, these results suggested that C-PC might inhibit
necroptosis induced by TSZ by reducing the expression of
related transcription factors.

3.4 Organ index of testis and epididymis

Compared with the control group, the organ indexes of testis
and epididymis were both significantly decreased in the Cy
model group, treated with 50 mg kg−1 Cy for 10 days. However,
they were increased in the Cy + C-PC (low) group compared
with the Cy model group. Moreover, the effect was even better
in Cy + C-PC (high) group. The results suggested that C-PC pro-
tects the reproductive organs from damage caused by Cy
(Table 1).

3.5 Detection of the quality level of semen

Compared with the control group, Cy-treatment significantly
reduced the number of sperms in sperm suspensions of each
mouse. However, in Cy + C-PC(low) group, the number of
sperm was increased compared to that in the Cy model group,
the same as in Cy + C-PC (high) group, and it was even better
than low-dose C-PC (Fig. 4A). In addition, Cy-treatment can
also lead to sperm malformation. Sperm with head deformity
were counted at high magnification using eosin staining. In

Fig. 3 Effects of C-phycocyanin on cell viability and the expression of
RIPK1, RIPK3, p-MLKL, MLKL, and TNF-α in GC-1 spg cells treated with
TSZ. (A) Cell viability of GC-1 spg cells is measured by the CCK8 assay.
GC-1 spg cells were treated with TSZ for 12 h and treated with
C-phycocyanin for 24 h. Five samples were analyzed in each group, and
the results are presented as mean ± SD. (B) Analysis of GC-1 spg cell
death by flow cytometry using Annexin V-FITC and PI. GC-1 spg cells
were treated with TSZ for 12 h and treated with C-phycocyanin for 24 h.
(C) The fluorescence intensity of RIPK1, RIPK3, and p-MLKL was
detected by immunofluorescence. Scale bar, 100 μm. Data are
expressed as mean ± SD. (D) The mRNA level of TNF-α, RIPK1, and
RIPK3 in GC-1 spg cells was detected by qRT-PCR. GC-1 spg cells were
treated with TSZ for 12 h and treated with C-phycocyanin for 24 h. Data
are expressed as mean ± SD. (E) RIPK1, RIPK3, p-MLKL, MLKL, and TNF-α
expression levels in GC-1 spg cells were determined using western blot.
GC-1 spg cells were treated with TSZ for 12 h and treated with
C-phycocyanin for 24 h. Data are expressed as mean ± SD. *, p < 0.05
vs. control group **, p < 0.01 vs. control group. #, p < 0.05 vs. TSZ
group. ##, p < 0.01 vs. TSZ group.

Table 1 Effect of C-PC on the organ indexes of testis and epididymis in
mice induced by Cy(x̄ + S, mg g−1)

Group Organ index of testis Organ index of epididymis

Control 7.86 ± 0.85 1.77 ± 0.13
Cy model 5.89 ± 0.47** 1.21 ± 0.06**
Cy + C-PC (low) 7.91 ± 0.72## 1.41 ± 0.15#

Cy + C-PC (high) 8.27 ± 0.54## 1.58 ± 0.23##

The values are expressed as mean ± SEM. *P < 0.05, **P < 0.01 vs.
control group. #P < 0.05, ##P < 0.01 vs. Cy model group.
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the Cy model group, the mouse of sperm malformation
increased significantly compared with the control group, while
in the C-PC-treatment group, the mouse of sperm malfor-
mation decreased compared with the Cy model group, and
with the increase of C-PC concentration, the protective effects
were significantly increased (Fig. 4B). The mortality of mice
sperm was determined by flow cytometry. The mortality rate of
mice sperm in the control group was 0.24%, 9.68% in the Cy
model group, 5.07% in Cy + C-PC (low) group, 1.65% in Cy +
C-PC (high) group (Fig. 4C). The number of fetal mice was
counted, Cy treatment significantly reduced the number of
fetal mice. In addition, many female mice that were caged
with Cy-treated male mice did not become pregnant, and
many fetal mice also died. But in the C-PC group, the number

of fetal mice and pregnant mice were significantly increased
(Fig. 4D). These results suggested that C-PC could protect sper-
matogenic ability and improve the fertility of mice.

3.6 Antioxidant parameters of testis

The contents of MDA in testis tissue of mice in the Cy model
group were increased compared with the control group.
Compared with the Cy model group, MDA levels were
decreased in Cy + C-PC (low) group, and the effect was even
better in Cy + C-PC (low) group. Compared with the control
group, the activities of SOD were decreased in the Cy model
group. However, compared with the Cy model group, the activi-
ties of SOD were increased in Cy + C-PC (low) group, the same
as in Cy + C-PC (high) group (Table 2). This suggested that

Fig. 4 Effects of C-phycocyanin and cyclophosphamide on the fecundity of mice. (A) The number of sperm in mouse sperm suspension was calcu-
lated by cell counting chamber slides. Data are expressed as mean ± SD. (B) Sperm with head deformities were counted at high magnification using
eosin staining. Data are expressed as mean ± SD. (C) Analysis of sperm death by flow cytometry using Annexin V-FITC and APC. (D) The number of
pups per female mouse. Data are expressed as mean ± SD. *, p < 0.05 vs. control group **, p < 0.01 vs. control group. #, p < 0.05 vs. Cy model
group. ##, p < 0.01 vs. Cy model group.
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C-PC could improve antioxidant activity, and high concen-
trations of C-PC are more protective.

3.7 Serum level of hormones

Serum levels of these three hormones were detected by ELISA
kit, including testosterone (T), follicle-stimulating hormone
(FSH), luteinizing hormone (LH). The levels of these three hor-
mones were significantly decreased in the Cy model group
compared with the control group. But, compared with the Cy
model group, the levels of these three hormones were
increased in Cy + C-PC (low) group, the same as in Cy + C-PC
(high) group, and high concentrations of C-PC were more
effective (Table 3).

3.8 The histopathological evaluation of the testes and
kidneys

Since Cy can cause histopathological changes, HE staining was
used to observe the morphological changes of the testes of the
mice after Cy and C-PC treatment. The morphology of the
kidneys was also examined considering their relationship to
reproduction.

In the control group, the basal membrane of the seminifer-
ous tubules was intact, the seminiferous epithelium was
thicker, the seminiferous cells were numerous, orderly and
normal in shape, and a large number of spermatids and
sperm could be seen in the lumen. But in the model group,
the epithelial cells of the seminiferous tubules were thinned,
the number of seminiferous cells was reduced, and the empty
cavity was formed in the lumen. In the C-PC-treatment group,
the seminiferous tubule damage improved to varying degrees,
and the spermatogenic cells increased, while the arrangement
was neat and orderly, with a marked decrease in the cavity. A
high concentration of C-PC was more effective than a low con-
centration (Fig. 5A). A cross-section of the kidneys showed

clearly defined renal capsules in the mice of the control group,
while the shape of the blood vessels was normal, the basement
membrane was intact, and the shape of the renal tubules was
typical. In the Cy model group, the renal corpus was swollen
and deformed, while both the renal capsule space and intra-
tubular space became smaller, and the border was blurred.
The swollen and deformed kidneys of the mice in C-PC (low)
and C-PC (high) were improved to some extent but still
differed from the control group (Fig. 5B).

3.9 Histopathological analysis of testis

In order to analyze the spermatogenic dynamics of mice, we
stained the testicular tissue sections with HE, and then evalu-
ated the cell populations of the seminiferous tubule sections
and counted them. As shown in Fig. 6A, in the control group,
all kinds of cells in seminiferous tubules were distinct and

Table 2 Effects of C-PC on antioxidant parameters of testis in mice
induced by Cy(x̄ + S)

MDA (nmol per mg prot) SOD (U ml−1)

Control 0.20 ± 0.01 1.007 ± 0.05
Cy model 0.44 ± 0.008** 0.116 ± 0.002**
Cy + C-PC (low) 0.25 ± 0.05## 0.632 ± 0.01##

Cy + C-PC (high) 0.19 ± 0.03## 1.07 ± 0.12##

**P < 0.01 vs. control group. #P < 0.05, ##P < 0.01 vs. Cy model group.

Table 3 Effects of C-PC on the serum level of hormones in mice
induced by Cy(x̄ + S)

Group T (ng ml−1) FSH (mIU ml−1) LH (mIU ml−1)

Control 16.27 ± 0.58 65.78 ± 1.73 11.07 ± 0.54
Cy model 9.49 ± 0.45** 38.94 ± 0.94** 7.03 ± 0.33**
Cy + C-PC (low) 16.29 ± 0.64## 69.08 ± 1.68## 8.39 ± 0.14#

Cy + C-PC (high) 16.75 ± 0.70## 69.47 ± 3.71## 9.16 ± 0.93##

**P < 0.01 vs. control group. #P < 0.05, ##P < 0.01 vs. Cy model group.

Fig. 5 (A) Microscopic photos of HE histological staining of mice testes.
Scale bar 50 μm. (B) Microscopic photos of HE histological staining of
mice kidneys. Scale bar 100 μm.
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neatly arranged. The spermatogonium (short arrow) was close
to the spermatogenic epithelial basement membrane, and the
cells were round or oval in shape. The primary spermatocytes
(long arrow) were located near the cavity side of the spermato-

gonium, which was round and large in volume. Secondary
spermatocytes (coarse arrow) were located on the distal cavity
side of the spermatogonia, and the volume was half that of
primary spermatocytes. The spermatids (double-headed
arrows) were located in the center of the lumen and were
shaped like a tadpole. In the Cy model group, the arrangement
of all kinds of cells was chaotic, the number of cells visible to
the naked eye decreased, and the empty cavity was formed in
the lumen. In the C-PC treatment group, all kinds of cells in
the seminiferous tubules were arranged neatly, and a large
number of spermatids could be seen in the center of the
lumen. Then, we counted all kinds of cells in each seminifer-
ous tubule under a light microscope and found that compared
with the control group (Table 4), the number of spermatogo-
nium, primary spermatocytes, secondary spermatocytes and
spermatids in the Cy model group decreased significantly,
while in C-PC (low) group, compared with the Cy model group,
the number of all kinds of cells increased, and the effect of
C-PC (high) group was better.

As shown in Fig. 6B and C, we measured the diameter of
Leydig cells and nucleus. Through statistical study, it was
found that the diameter and volume of Leydig cells and
nucleus decreased, compared with the control group. While in
C-PC (low) group, compared with the Cy model group, the dia-
meter and volume of Leydig cells and nucleus were increased,
and high concentrations of C-PC were more effective (Table 5).

3.10 C-phycocyanin protects the reproductive system from
cyclophosphamide damage by inhibiting the necroptotic
signaling pathway

The expression of p-MLKL, RIPK1, RIPK3 in testicular tissue
were detected by immunohistochemistry. In the Cy model
group, the expression of p-MLKL, RIPK1, RIPK3 were increased
compared with the control group. However, in the C-PC treated
group, they were decreased compared with the Cy model
group, and a high concentration of C-PC was more effective
than a low concentration (Fig. 7A). In addition, the results
were further approved by western blot. These results are con-
sistent with immunohistochemical results (Fig. 7B). These
results suggested that Cy treatment induced inflammatory
damage in the reproductive system and activated the TNF-α
signaling pathway, leading to up-regulation of RIPK1, RIPK3,
and MLKL. After pre-treatment with C-PC, the expression of
RIPK1, RIPK3, and MLKL was down-regulated, so the necropto-
sis signaling pathway was prevented, thus C-PC played a
certain protective role in the reproductive system.

4. Discussion

In the second decade of the new millennium, infertility
remains a very common condition globally.41 Infertility is esti-
mated to affect 9% of reproductive-aged couples currently
cited as the probable global average.42 However, in some parts
of the world, the rates of infertility are as high as 30% in some
populations.43 This is particularly true in regions with high

Fig. 6 Histopathological analysis of testis in mice. (A) The cell popu-
lation of the seminiferous tubule. Spermatogonium (short arrow),
primary spermatocytes (long arrow), secondary spermatocytes (coarse
arrow), spermatid (double-headed arrow). (B) Nuclear diameter of
Leydig cells. (C) The diameter of Leydig cells. Scale bar 25 μm.
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rates of infertility, including South Asia, sub-Saharan Africa,
the Middle East and North Africa, Central and Eastern Europe
and other countries.44 As a result, in most developing
countries, infertile men were commonly prescribed botanical
medicines that improved sperm quality, sexual functions,
libido and testosterone levels.45 Medicinal plants that are used
to treat infertility have been empirically used as extracts,
decoctions, or partially purified compounds. These herbal
remedies are used to treat impaired libido, sexual weakness,
erectile dysfunction, ejaculatory disorders and defective sperm
production (azoospermia, oligospermia).46 Although many
medicinal plants could be used to improve sexual dysfunction,
most of the drugs have strong side effects and could cause the
failure of other organs, such as the heart, liver and lungs. Most
of these drugs have yet to pass clinical tests for formal clinical
use.47 Their mechanism of action in the body is also
unknown, so people have turned to the ocean. As a treasure
house of natural medicines, the ocean has many resources
that can be exploited and utilized.48

C-phycocyanin is a biologically active nutrient compound
that is isolated and purified from a variety of Spirulina platen-
sis.49 In recent years, many studies have demonstrated that
C-phycocyanin is useful for animal health, and especially to
reproductive function.23–25 However, there are few reports of
the effects of C-phycocyanin on the male reproductive system.

GC-1 spg cells as experimental subjects and sought to
induce necroptosis in these cell lines to construct a cellular
model necroptosis. TSZ, TNFα + Smac mimetic + zVAD-fmk, is
a necroptosis inducer. HT29 that could be induced by TSZ is
the earliest and most commonly used cell model for studying
necroptosis. Wang et al. used this model in a series of studies
and revealed the classic necroptotic RIPK1/RIPK3/MLKL
pathway.34,50,51 In addition, they injected TSZ into the testes of
2-month-old mice and found that injection of TSZ directly into
the testis induced MLKL phosphorylation. In vitro experiments

have also confirmed that TSZ-induced cells in the seminifer-
ous tubules, including spermatogonia, Sertoli cells, and sper-
matocytes, were stained positive for p-MLKL.37 In our study,
the proliferation activity of TSZ-induced GC-1 spg cells
decreased significantly. We designed five treated periods,
including 0 h, 4 h, 8 h, 12 h, and 24 h, respectively, and found
that cell viability gradually decreased with the extension of
time. Flow cytometry also showed that the number of necrotic
cells gradually increased with time, which indicated that TSZ
could lead to the death of GC-1 cells. In order to further
explore the mode of cell death, we detected the expression of
p-MLKL in cells, which is a currently well-recognized marker of
necroptosis.52 The number of p-MLKL positive cells increased
gradually with the increase of time. We also verified the
expression of necroptosis-related proteins in TSZ-induced
GC-1 spg cells. Similarly, the expression of these proteins
increased gradually in a time-dependent manner. These
results suggested that the GC-1 spg cell lines could be used as
a model for TSZ-induced necroptosis.

After the successful establishment of the necroptosis model
with GC-1 spg cells, we investigated the specific role of
C-phycocyanin in the RIPK1/RIPK3/MLKL signaling pathway.
Before TSZ-induced cells, we pretreated the cells with
C-phycocyanin for 12 h, and we used Necrostatin-1(Nec-1) as a
positive control. Necrostatin-1, is a TNF-alpha inhibitor, can
rescue cell death.53 We found that cell viability decreased after
TSZ induction, while in the C-phycocyanin treated group, cell
viability increased significantly and death cells decreased,
suggesting that C-phycocyanin can protect cells from TSZ
damage.

Necroptosis is a form of regulated cell death, which is
induced by ligand binding to TNF family death domain recep-
tors, pattern recognizing receptors and virus sensors, RIPK1,
RIPK3 and p-MLKL is the key protein to necroptotic pathway.54

In cells, necroptosis can be initiated by a variety of triggers,

Table 4 The number of germ cells in seminiferous tubules of testicular tissue of mice (x̄ + S)

Group Spermatogonium Primary spermatocytes Secondary spermatocytes Spermatid

Control 62.83 ± 2.86 56.33 ± 3.44 125.3 ± 8.04 168.2 ± 8.93
Cy model 35.17 ± 2.22** 31.67 ± 2.50** 78.67 ± 11.84** 110.3 ± 15.15**
Cy + C-PC (low) 53.17 ± 1.94## 44.5 ± 2.59## 114.7 ± 11.33## 149.3 ± 10.37##

Cy + C-PC (high) 60.00 ± 2.0## 52.00 ± 4.15## 119.3 ± 10.86## 157.3 ± 10.17##

**P < 0.01 vs. control group. ##P < 0.01 vs. Cy model group.

Table 5 Diameter and volume of Leydig cells and nuclear in testis (x̄ + S)

Group
Nuclear diameter of
Leydig cells (μm)

Nuclear volume of
Leydig cells (μm3)

The diameter of
Leydig cells (μm)

The volume of
Leydig cells (μm3)

Control 7.551 ± 0.28 226.2 ± 25.12 17.91 ± 0.60 3017 ± 306.5
Cy model 5.501 ± 0.40** 88.36 ± 18.46** 13.54 ± 0.73** 1308 ± 208.3**
Cy + C-PC (low) 6.341 ± 0.26## 134.2 ± 17.39## 15.44 ± 0.38## 1929 ± 143.7##

Cy + C-PC (high) 7.151 ± 0.26## 192.1 ± 21.45## 17.62 ± 0.50## 2867 ± 242.3##

**P < 0.01 vs. control group. ##P < 0.01 vs. Cy model group.
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including TNF, Fas, TNF-related apoptosis-inducing ligand
(TRAIL), interferon (IFN).55–57 The expressions of RIPK1,
RIPK3, p-MLKL and other proteins were up-regulated in the
cells treated with TSZ, while the expressions of these proteins
were down-regulated in the C-PC-pretreated group. The trend
of these genes at the mRNA level is the same as proteins.

In addition, to verify at the cellular level, we also conducted
animal experiments. Cyclophosphamide was used to construct
the reproductive injury model. Cyclophosphamide is a widely
used chemotherapy drug in clinical practice, but its toxic side
effects are strong, such as cytotoxicity and infertility.58 It can
damage the production and quality of sperm, thus leading to
an increased incidence of azoospermia and oligozoospermia.59

Cyclophosphamide disrupts cell growth and differentiation
and can lead to increased DNA damage, oxidative stress and
protamine retention. Its male reproductive toxicity is usually
characterized by oligozoospermia, azoospermia, changes in
testicular tissue toxic testosterone levels, and oxidative emer-
gency parameters.60–64 High-dose injection of cyclophospha-
mide can cause damage to reproductive organs. The testicular
and epididymal coefficients of the cyclophosphamide-treated
mice were reduced, while those of the C-PC – treated mice
were similar to those of the normal control group. This
suggested that the injection of cyclophosphamide in high-
dose, caused atrophy of reproductive organs, and
C-phycocyanin could play a certain protective role on reproduc-
tive organs, preventing them from being damaged by cyclopho-
sphamide. The histopathological evaluation of the testes also
confirmed this conclusion. The testicular tissue of mice
treated with cyclophosphamide was significantly damaged.
The epithelial cells of the seminiferous tubules were thinned,
the number of seminiferous cells were reduced, and the cavity
was formed in the lumen. In the C-PC-treated group, this
damage was significantly reduced due to the protective effect
of C-phycocyanin. We also evaluated the cell populations of
the seminiferous tubule sections. In the Cy model group, the
number of spermatogonium, primary spermatocytes, second-
ary spermatocytes and spermatids decreased significantly,
while in the C-PC treatment group, the number of these germ
cells increased. These results have shown that C-PC could
protect mouse testicular tissue from Cy damage and ensure
the spermatogenic ability of mice.

Hypogonadism in men is a clinical syndrome characterized
by low testosterone and/or low sperm count.65 Hypogonadism
can be roughly divided into primary, secondary and mixed
hypogonadism based on defects in the testis, hypothalamus
and/or pituitary gland. The measurement of serum testoster-
one is often the single most important diagnostic test for male
hypogonadism.65,66 Patients with primary hypogonadism have
low testosterone levels and elevated luteinizing hormone (LH)
and follicle-stimulating hormone (FSH). Patients with second-
ary hypogonadism have low testosterone levels, low or inappro-
priately normal LH and FSH.67,68 In our study, to test the
gonadal function of mice, the serum levels of testosterone,
FSH and LH were measured. It was found that the levels of tes-
tosterone, FSH and LH decreased in cyclophosphamide treated

Fig. 7 The expression of p-MLKL, RIPK1, RIPK3, and MLKL in testicular
tissue. (A) The expression of p-MLKL, RIPK1, and RIPK3 in testicular
tissue by immunohistochemistry. Scale bar 50 μm. (B) The expression of
p-MLKL, RIPK1, RIPK3, and MLKL in testicular tissue by western blot.
Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 vs. Control
group. #p < 0.05, ##p < 0.01 vs. Cy model group.
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mice, indicating that cyclophosphamide caused gonadal dys-
function in mice, resulting in an imbalance of sex hormone
levels and affecting the spermatogenic ability of mice.
However, the levels of these three hormones in the
C-phycocyanin-treated mice were all at normal levels. In
addition, we also measured the volume of Leydig cells and
nuclei. In the Cy model group, the volume of Leydig cells and
nucleus decreased, indicating that Cy caused a certain degree
of damage to Leydig cells and made their function abnormal.
In the C-PC treatment group, the degree of injury of Leydig
cells was significantly reduced, and the function was relatively
normal. These results indicated that C-PC-treated mice had a
certain protective effect on their gonads, which could protect
them from Cy damage and ensure the normal hormone regu-
lation level and sperm-producing ability of mice.

The quality of male sperm is an important basis to evaluate
the health of the male reproductive system, which directly
affects the ability and quality of reproduction.69,70 In our
study, cyclophosphamide produced great damage to the
quality of sperm in male mice, resulting in a decrease in con-
centration and number of sperm, and a significant increase in
sperm malformation, resulting in the decline of spermato-
genic ability of male mice, severely damaged reproductive
function. The C-PC-pretreated mice showed significant
improvements in sperm quantities and concentration, reduced
rates of sperm malformation, and improved fertility.
C-phycocyanin could protect the reproductive system of mice
to some extent and ensure the sperm quality and fertility of
mice.

In order to determine whether the protective effect of
C-phycocyanin on the reproductive system is related to the
necroptotic signaling pathway, we detected the key proteins in
the pathway, respectively. We found that the expressions of
RIPK1, RIPK3, MLKL, and p-MLKL were upregulated after cyclo-
phosphamide treatment, suggesting that cyclophosphamide
stimulated the necroptotic signaling pathway and upregulated
the expressions of key molecules. However, C-phycocyanin treat-
ment can down-regulate the expressions of RIPK1, RIPK3,
MLKL and p-MLKL, indicating that C-phycocyanin can prevent
cyclophosphamide from activating the necroptotic signaling
pathway and protect the reproductive system through this effect.

5. Conclusion

This study demonstrated that C-phycocyanin could prevent
GC-1 spg cells from damage by TSZ-induced necroptosis,
improve cell viability and down-regulate the necroptotic signal-
ing pathway, thus playing a certain protective role on GC-1 spg
cells. Moreover, C-phycocyanin could protect the reproductive
system of mice by improving the cyclophosphamide-induced
decrease of the concentration of sperm and reducing the rate
of occurrence of deformities in sperm. The protection mecha-
nism might be such that C-phycocyanin could inhibit the oxi-
dative stress and necroptosis of reproductive-related cells
induced by cyclophosphamide and C-phycocyanin could play

its protective role by inhabiting the necroptotic signaling
pathway. These results suggested that C-phycocyanin could
serve as a promising reproductive system protective agent
during the development of the reproductive system.
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