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A B S T R A C T   

In carp aquaculture, hormonal manipulation with an analog of GnRH (Ovopel) and carp pituitary extract (CPE), 
which act at different levels of the hypothalamic-pituitary-gonadal axis, is a routine practice to enhance sperm 
production. Our recent studies revealed that hormonal stimulation of male carp was associated with changes in 
the seminal plasma proteome, including blood origin proteins. Here, we explored whether Ovopel and CPE could 
affect the blood proteome of male carp. Both preparations induced increases in semen volume, total number of 
sperm, and testosterone level. However, hormonal stimulation did not affect the plasma cortisol and glucose 
levels. A comparative proteomic analysis of carp blood plasma between the control (PBS) and the hormonally 
treated males revealed significant changes (>1.2 <− 1.2-fold change, P < 0.05) in the abundance of 30 spots (14 
up- and 16 downregulated) and 44 spots (28 up- and 16 downregulated) upon CPE and Ovopel treatment, 
respectively. The most significantly affected pathways were acute phase response signaling, the coagulation 
system, LXR/RXR and FXR/RXR activation; however, there were different sets of proteins in Ovopel- and CPE- 
treated males. The majority of differentially abundant proteins were involved in the regulation of the immune 
defense response, the response to stress, and complement activation. Moreover hormonal stimulation with CPE 
markedly increased the bactericidal activity of blood and both preparations caused profound changes in gene 
expression in hematopoietic organs. This work is important in understanding the biological processes behind the 
protein-based response to hormonal stimulation of sperm production in fish.   

1. Introduction 

Hormonal treatment is widely used in fish aquaculture to induce 
spermatogenesis, to enhance sperm production in poorly spermiating 
fishes, and to synchronize maximum sperm production to ovulation time 
for in vitro fertilization [1]. As common carp (Cyprinus carpio) semen 
collected without hormonal stimulation is characterized by low and 
variable quality, hormonal manipulation of carp males bred under 
controlled conditions is a common practice to enhance spermiation and 
increase sperm volume to facilitate sperm collection or increase avail-
ability during in vitro fertilization protocols in hatchery conditions [2,3]. 
Exogenous hormonal intervention for the enhancement of spermiation 

includes the use of i) gonadotropins (GtHs) of piscine (pituitary ho-
mogenate or extract) or mammalian origin (human chorionic gonado-
tropin, pregnant mare serum gonadotropin) that act directly at the testis 
level and ii) gonadotropin-releasing hormone analogs (GnRHa) that act 
directly at the pituitary level of the hypothalamic–pituitary–gonadal 
axis (HPG axis), stimulating the release of GtHs from the pituitary and 
subsequently progression of the final stages of spermatogenesis. 

The injection of pituitary extract (PE) of the same or different spe-
cies, referred to as hypophysation, has been widely used in a variety of 
fish species, especially cyprinids [4,5]. Pituitary extract contains mainly 
luteinizing hormone (LH) and less follicle-stimulating hormone (FSH) 
since pituitaries are collected from fish during the spawning season. 

* Corresponding author. 
E-mail address: m.dietrich@pan.olsztyn.pl (M.A. Dietrich).  

Contents lists available at ScienceDirect 

Fish and Shellfish Immunology 

journal homepage: www.elsevier.com/locate/fsi 

https://doi.org/10.1016/j.fsi.2021.09.018 
Received 2 July 2021; Received in revised form 31 August 2021; Accepted 16 September 2021   

mailto:m.dietrich@pan.olsztyn.pl
www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2021.09.018
https://doi.org/10.1016/j.fsi.2021.09.018
https://doi.org/10.1016/j.fsi.2021.09.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2021.09.018&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Fish and Shellfish Immunology 118 (2021) 354–368

355

Hypophysation is still used extensively, especially due to its advantages, 
including its low price, easy preparation, rapid action, and effectiveness 
in stimulating gametogenesis (exogenous LH acts directly on gonads). 
Conversely, the use of PEs has significant drawbacks: i) high variability 
in the LH content of pituitaries and difficulties in dose calculation, ii) the 
ability to transmit diseases [1], and iii) a heterogeneous mix of different 
compounds that can have adverse physiological effects and cause an 
immune response due to their high protein content. However, to our 
knowledge, these immunoreactions have not yet been studied. 

In comparison to GtH preparations, GnRHa offers some important 
advantages, including a lower species specificity and a synthetic nature, 
which offers absolute biosecurity against disease transmission and a 
more accurate calculation of effective doses. Another advantage is its 
low molecular weight (it is a small decapeptide) and effectiveness in 
small doses. Various GnRHa based on the native structure of either 
mammalian or salmon GnRH, all modified structurally, are available. In 
cyprinids, which exhibit strong dopaminergic inhibition of GtHs release 
[6], GnRHa treatment is usually combined with a dopamine receptor 
antagonist (pimozide, metoclopramide, doperidone) [7]. Ovopel is the 
most frequently applied preparation for spawning induction in fish, 
including carp, which contains a synthetic mammalian GnRHa [D-Ala6, 
Pro9-NEt]-mGnRH-a and a water-soluble metoclopramide. 

Our recent studies have revealed that hormonal stimulation of carp 
males with Ovopel, in addition to the enhancement of total sperm pro-
duction, is accompanied by significant changes in seminal plasma pro-
teins related mainly to immune and stress responses, lipid metabolism, 
signal transduction, and tissue remodeling [8]. These changes are 
associated with protein synthesis and secretion by reproductive cells 
and/or posttranslational modifications (PTMs). Some of these proteins, 
such as complement C3, alpha 2 macroglobulin (A2M), apolipoprotein 
A1 (APOA1), and plasminogen (PLG), are of potential blood origin, 
which strongly suggests that hormonal stimulation may influence not 
only seminal but also blood proteins. Blood plasma is a very informative 
biological fluid that acts as a mirror of the physiological conditions of 
the organism [9]. To the best of our knowledge, there is no information 
about the changes in fish blood proteins that could occur upon hormonal 
stimulation. Studies of such changes are especially important because 
they would provide insights into the tissue-specific mechanism involved 
in the response to hormonal stimulation in the blood and reproductive 
tract. 

Since pituitary extract and GnRHa act at different levels of the HPG 
axis and are of different compositions, we hypothesized that both 
preparations might differentially affect the blood proteome in carp 
males. To test this hypothesis, we challenged mature carp males with 
carp pituitary extract (CPE) or Ovopel (GnRHa), evaluated the effec-
tiveness of hormonal stimulation by assessment of semen quality pa-
rameters, and performed a comparative proteomic analysis of blood 
plasma using a two-dimensional differential in-gel electrophoresis (2D- 
DIGE) proteomic approach. Proteomic results were supported by 
monitoring physiological response indicators, such as stress, antibacte-
rial activity of blood plasma, and the expression of selected genes in 
hematopoietic organs. This study is a continuation of our previous 
report concerning the effect of hormonal stimulation on immune and 
stress responses in seminal plasma [8]. Understanding how carp males 
respond to hormonal stimulation may guide strategies for the repro-
ductive management of cyprinid fish. 

2. Material and methods 

2.1. Fish origin and broodstock management 

Common carp of a Ukrainian breeding line (age 5+, weight 3350 ±
800 g) were maintained at the Institute of Ichthyobiology and Aqua-
culture of the Polish Academy of Sciences in Gołysz, Poland. Males were 
randomly selected from a pond containing a larger population of 
spawners at spawning time (middle of May). Males were placed in 10 m3 

hatchery tanks (8 males in one tank) filled with aerated hatchery water 
(oxygen 6–8 mg/L, pH 7.0, temperature 20.5 ± 1 ◦C, ammonium ni-
trogen below 0.5 mg/l) with a water flow of 30 L/min and natural light/ 
dark cycles. Males were maintained under these stable conditions for a 
5-day adaptation period. Fish were injected intradorsally with i) Ovopel 
(n = 8; one pellet containing 18–20 μg of a GnRH analog and 8–10 mg of 
metoclopramide per kg of fish body weight; Interfish Ltd., Hungary), ii) 
carp pituitary extract (CPE, n = 8; 1 mg of CPE per 1 kg of fish body 
weight; Capital Sci-Tech Co., Ltd., China), or iii) phosphate-buffered 
saline (PBS; n = 7; control group). Twenty-four hours after injection, 
blood and semen were collected. Semen was collected to evaluate semen 
quality (sperm motility, concentration, and volume) to establish the 
efficacy of the hormonal stimulation. Before each manipulation (such as 
hormonal stimulation, semen, and blood collection), fish were anaes-
thetized by immersion in an MS-222 (Argent, Redmond, WA, USA) so-
lution at a dose of 150 mg/L. The animal study was accredited by the 
Local Ethics Committee in Olsztyn, Poland (no. 31/2019). 

2.2. Sample preparation 

Blood samples of approximately 3 mL were collected from the caudal 
vein with a syringe containing 3.8% sodium citrate in 0.8% sodium 
chloride in a 1:9 ratio of solution to blood. Blood plasma was obtained 
by centrifugation at 3500×g for 10 min at 4 ◦C. After centrifugation, the 
plasma was collected, frozen, and stored at − 80 ◦C until analysis. Tissue 
samples (liver, spleen, head kidney) for mRNA expression analysis were 
obtained from the same fish killed by an overdose of MS-222 (500 mg/ 
L), followed by decapitation. Samples were immediately covered with 
RNAlater solution (Sigma–Aldrich, St. Louis, MO, USA) and stored at 
− 80 ◦C until analysis. 

2.3. Measurement of semen volume and sperm concentration 

The total volume of semen (mL) was measured directly after 
collection using a pipette (0.01 mL accuracy). The sperm concentration 
of semen was measured in duplicate using a spectrophotometric method 
[10]. Total sperm production was estimated as the sperm concentration 
x the semen volume. 

2.4. Analysis of glucose and cortisol levels in blood plasma 

Cortisol was assayed in duplicate using a cortisol ELISA kit 
(KAPDB270, DIAsource, Belgium) based on a typical competitive bind-
ing principle according to the manufacturer’s instructions (as described 
by Żarski et al. [11]). Briefly, 20 μL of two times diluted blood plasma (in 
duplicate) and calibrators were applied to 96-well plates. The optical 
density (OD) was measured at a 450 nm wavelength (FLUOstar® 
Omega, BMG LABTECH, Germany). The assay dynamic range was be-
tween 0 and 600 ng/mL. The sensitivity was 4 ng/mL, and the 
intra-assay coefficient of variation (CV) varied between 9.4 and 8.1% for 
low and high levels, respectively. The plasma glucose concentration was 
determined using the glucometer Accu-Chek Glucotrend 2 (Roche Di-
agnostics, Germany) with original Accu-Check Active test stripes (Roche 
Diagnostic) [12]. 

2.5. Testosterone assay 

Testosterone was assayed using the DIAsource Testosterone ELISA 
Kit (KAPD1559) according to the manufacturer’s instructions. In brief, 
25 μL of undiluted blood plasma (control group) and plasma diluted at a 
ratio of 1:2 to be within the assay detection range (Ovopel and CPE- 
treated group) were applied to 96-well plates. The assay dynamic 
range was between 0 and 16 ng/mL. The sensitivity was 0.083 ng/mL, 
and the intra-assay CV varied between 3.3 and 9.9% for low and high 
levels, respectively. 
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2.6. 2D-DIGE analysis of blood plasma of hormonally stimulated and 
control males 

2.6.1. 2D-DIGE experiment 
Protein labeling with CyDye DIGE fluor and 2D electrophoresis was 

performed as previously described [8]. Aliquots of 50 μg of protein from 
each sample (blood plasma from CPE-, Ovopel- and PBS-treated fish) 
were labeled with CyDye DIGE Fluor minimal dyes (GE Healthcare, 
Uppsala, Sweden) at a concentration of 400 pmol dye/50 μg of protein 
according to the scheme presented in Table S1. One extra sample 
(technical replicate of control males) was added to complete the labeling 
scheme suggested by the manufacturer. A dye swap (Cy3/Cy5) was 
performed between samples of hormonally stimulated and control males 
to exclude dye bias. The internal standard was generated by combining 
equal amounts of each sample within the experiment and was labeled 
with Cy2. Differentially labeled samples were mixed together according 
to the scheme in Table S1 loaded onto Immobiline DryStrip gel strips 
(24 cm, pH 3 to 10 nonlinear; GE Healthcare). Isoelectric focusing was 
performed with an IPGphor isoelectric focusing unit (GE Healthcare), 
and SDS-PAGE was run using the ETTAN Dalt six electrophoresis unit 
(GE Healthcare) as described by Dietrich et al. [13]. 

2.6.2. Image acquisition and quantitative analysis 
The CyDye-labeled gels were scanned using a Typhoon FLA 9500 

instrument (GE Healthcare). After the multiplexed images were ac-
quired, image analysis was performed using DeCyder Differential 
Analysis Software (v 5.0; GE Healthcare). Intragel spot detection and 
quantification and intergel matching and quantification were performed 
using differential in-gel analysis. During spot detection, the estimated 
number of spots was set at 10,000 and the volume to <30,000. Gel-to-gel 
matching of the standard spot maps from each gel, followed by statistical 
analysis of the protein abundance change between samples, was per-
formed in the biological variation analysis (BVA) module. Only spots 
that were successfully matched on >80% of the gel images were 
considered. To properly select and identify the spots, DIGE gels were 
stained using CBB-G250, followed by spot excision and identification 
using matrix-assisted laser desorption/ionization time-of-flight/time-of- 
flight (MALDI-TOF/TOF) mass spectrometry (MS). 

2.6.3. MALDI TOF/TOF protein identification 
Spots of interest were cut from the gel and prepared for identification 

as previously described by Dietrich et al. [13]. The MS peptide mass 
fingerprint (PMF) and fragment mass spectra (MS/MS) from each indi-
vidual spot were combined and used to search against the National 
Centre for Biotechnology Information Bony fish database (searched on 
December 4, 2020) using Mascot Server (Matrix Science, London, UK) 
with the following settings: cleavage enzyme - trypsin; max missed 
cleavages - 2; fragment ion mass tolerance - 0.5 Da; parent ion mass 
tolerance - 50 ppm; alkylation of cysteine by carbamidomethylation as a 
fixed modification; and oxidation of methionine as a variable modifi-
cation. The search results were filtered with a significance threshold of P 
< 0.05 and a Mascot ion score cutoff of ≥30 for at least two peptides. 

2.7. In silico functional analysis of differentially abundant proteins 

Core analysis of proteins was implemented by Ingenuity® Pathways 
Analysis (IPA, Ingenuity Systems, www.ingenuity.com), where proteins 
are analyzed using the biological function and predicted upstream reg-
ulators. Differentially abundant protein (DAP) identifiers were defined 
as value parameters for analysis, and the relationship between protein 
expression was identified. IPA uses a network generation algorithm to 
segment the network map between molecules into multiple networks 
and assign scores for each network. The right-tailed Fisher’s exact test, 
using a threshold of P < 0.05 after application of the Benjamini–Hoch-
berg method for multiple testing correction and the z-score (in case of 
proteins with significantly altered abundances), were used as two 

statistical measures for identifying significant biofunctions and up-
stream regulators. 

For protein–protein interaction network analysis, the differentially 
abundant proteins (as determined by BVA mode) were analyzed using 
the Search Tool for the Retrieval of Interacting Genes (STRING) database 
(v. 10.5; http://string-db.org/) with a high confidence score cutoff of 
0.7. The UniProt accession number for all of the identified proteins was 
submitted and mapped against a human reference dataset. The inter-
action networks were obtained based on confidence and evidence of 
network edges. 

2.8. RT-qPCR analysis 

Total RNA extraction, DNase I treatment, and cDNA construction 
were performed as described previously [14]. Real-time PCR was per-
formed, and the results were calculated as described by Adamek et al. 
[15]. Briefly, the expression level of the analyzed genes was calculated 
using the 2− delta delta Ct method [16]. For this analysis, two reference 
genes were used: 40S ribosomal protein S11 (40S) and elongation factor 
1 alpha (ef1a). Sequences of all primers used are provided in Supple-
mentary Table S2. The results are presented as fold differences between 
the expression level of a particular gene compared with the mean of the 
control. 

2.9. Antibacterial properties of blood 

A colony forming unit (CFU) plating assay was used to quantify the 
bacteriostatic/bacteriocidal ability of common carp plasma from fish 
injected with CPE (n = 6), Ovopel (n = 7), or control fish (n = 7). Carp 
plasma was either intact or heat inactivated (56 ◦C for 30 min). 
Eschericha coli JM109 (Promega, WI, USA) was grown in LB medium 
(Sigma-Aldrich, MO, USA) at 37 ◦C with shaking at 200 rpm. Bacteria 
were harvested during the log-phase of growth and adjusted to OD600 
= 1.0, which corresponded to approximately 3.5 × 108 CFU/mL. 
Approximately 3.5 × 106 or 3.5 × 104 bacteria in 10 μL of LB medium 
were mixed with 10 μL of intact or heat-inactivated carp plasma, 
respectively, and incubated at 28 ◦C for 18 h. The surviving bacteria 
were diluted from 10− 1 to 10− 8, plated in duplicate on LB agar, and 
incubated at 37 ◦C for 24 h. Colonies were counted manually using a 
SteREO Discovery V12 stereo microscope (Zeiss, Göttingen, Germany). 

2.10. SDS polyacrylamide denaturing gel electrophoresis 

Ovopel and CPE suspended in PBS at a concentration used for hor-
monal stimulation (1 pellet of Ovopel/1 mL PBS containing calcium and 
magnesium; 2 mg CPE/1 mL PBS containing calcium and magnesium) 
were centrifuged at 8000× g for 10 min, and the obtained supernatants 
were analyzed by Tris-tricine SDS-PAGE [17] and SDS-PAGE [18] under 
reducing conditions. Briefly, 30 μL of Ovopel and CPE supernatant were 
loaded into Tris-Tricine and 12.5% polyacrylamide gels and separated 
using an SE 250 vertical Mighty Small electrophoresis system (GE 
Healthcare). The gels were stained for proteins with 0.025% CBB R-250 
in 40% methanol and 7% acetic acid. 

2.11. Statistical analysis 

GraphPad Prism software v. 8.4.3 (GraphPad Software Inc. San 
Diego, CA, USA) and SigmaPlot 12.5 (Systat Software Inc. San Jose, CA, 
USA) were used to perform the statistical analysis. One-way ANOVA and 
post hoc Tukey’s test were used for analysis of the 1) sperm concen-
tration and total sperm count, 2) bactericidal activity, 3) testosterone 
and stress indices, and 4) changes in mRNA expression in tissues. Log-
arithmic transformation of the data was performed for nonnormally 
distributed samples. The data lacking a normal distribution or equality 
of variances were tested with ANOVA on ranks and post hoc Tukey’s 
test. Numerical data for total sperm count and bactericidal activity are 
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expressed as the mean ± standard error of the mean, and differences 
were considered statistically significant at P < 0.05. The gene expression 
data are presented as the fold change in box plots of 25–75% 
(±minimum and maximum values) with indications of all points, means, 
and medians with Prism 9 software (GraphPad Software). 

Statistical analysis of changes in protein abundance in 2D-DIGE was 
performed using the BVA module of DeCyder Differential In-Gel Anal-
ysis v. 5.02 software. Protein spots with a P-value < 0.05 by one-way 
ANOVA, which showed an increase or decrease in relative intensity, 
were considered to be differentially abundant proteins. 

3. Results 

3.1. Effectiveness of hormonal stimulation of carp males 

Hormonal stimulation with CPE and Ovopel significantly increased 
the semen volume by 14- and 13-fold, respectively (Fig. 1A) and total 
number of spermatozoa by 7.8- and 6.8-fold (Fig. 1C). Moreover, we 
found high standard deviation of the semen volume (16.8 ± 6.4 and 
15.5 ± 7.1 mL) and total number of spermatozoa (279.0 ± 134.2 and 
243.0 ± 159.9 × 109 spermatozoa) in CPE and Ovopel treated groups, 
respectively which indicates high variability in response to hormonal 
stimulation. Conversely, the semen of CPE- and Ovopel-induced males 
was characterized by a lower sperm concentration than that of control 
males (Fig. 1B). The effectiveness of hormonal induction of spermiation 
was a prerequisite for executing the proteomic experiment. 

3.2. Effect of hormonal stimulation on blood plasma stress indices and 
testosterone levels 

No differences in plasma cortisol and glucose levels were observed 
between the CPE, Ovopel, and control groups (Fig. 2A and B). However, 
plasma testosterone levels were approximately 2.5 times higher in CPE- 
and Ovopel-treated males than in control fish. No significant difference 
in plasma testosterone levels was observed between the hormonally 
treated groups (Fig. 2C). 

3.3. Comparison of the blood plasma proteome of hormonally stimulated 
and control carp males 

A comparative proteomic analysis of carp blood plasma between the 
control and hormonally treated males identified 87 differentially 
expressed protein spots (>1.2 <− 1.2-fold change, P < 0.05; Figs. 3 and 
4, Table 1, Supplementary Fig. S1). Compared with the control (PBS- 
treated fish), 30 spots (14 up- and 16 downregulated) corresponding to 
19 proteins were significantly changed upon CPE treatment (Fig. 3). Of 
these, seven proteins were upregulated, including SERPINA1, immu-
noglobulin M (IGM), kininogen 2 (KNG2), properdin-like (CFP), Wap65- 
1 (HPX), alpha-2-macroglobulin 1 (A2M1) fragment, and superoxide 

dismutase 3 (SOD3). Furthermore, 11 proteins were downregulated, 
including IGH fragment, fetuin long form (AHSG), matrix metal-
loproteinase 2 (MMP2), Wap65–2, A2M2, A2M3, Myb-related tran-
scription factor (MYPOP), complement C3 (C3–H1) fragment, C3–S 
fragment, catechol O-methyltransferase domain-containing protein 1 
(COMTD1), and apolipoprotein C (APOC1). Catherin 4-like (CDH4) was 
both downregulated and upregulated. 

In Ovopel-treated males, 44 spots (28 up- and 16 downregulated, 
Fig. 4) corresponding to 24 proteins significantly differed compared 
with the control. Eleven proteins were upregulated, including fibrinogen 
beta chain (FGB), FGG, FGA, C3–H1, A2M1, Wap65-1 (HPX), sex- 
hormone binding protein (SHBP), APOA1, plasminogen (PLG), hypo-
thetical protein cypCar_00041801, similar to A2M1, and inter-alpha- 
trypsin inhibitor heavy chain H3 (ITIH3). Eleven proteins were down-
regulated, including C3–S, C3–H1 fragment, IGH fragment, AHSG, 
A2M1 fragment, SERPINA6, hyaluronan binding protein (HABP2), 
IGLL5, COMTD1, hemoglobin subunit beta (HBB), and hypothetical 
protein cypCar_00021072, similar to lipocain (PTGDS). T-kininogen 2 
was both up- and downregulated. Moreover, our analysis showed that 50 
protein spots were of different abundance between CPE- and Ovopel- 
treated males (Supplementary Fig. 1). Nineteen spots were enriched in 
CPE-treated males, and 31 spots were more abundant in Ovopel-treated 
males (Table 1). Multiple proteins were present in proteoforms, such as 
A2M1 and A2M3, which were represented by nine spots, IGM by eight 
spots, FGB by five spots, AHSG by four spots, and KNG2 by three spots. 
The overlay of blood plasma proteins of males treated with CPE, Ovopel 
males, and control males is shown in Figs. 2 and 3 and Supplementary 
Fig. S1. 

Subsequently, protein spots that were differentially expressed be-
tween three analyzed groups were subjected to hierarchical clustering 
and principal component analyses (Fig. 5). The difference in the prote-
ome profile of blood plasma was more pronounced between the Ovopel- 
treated and control groups than between the CPE-treated and control 
groups (compare columns in the heat map in Fig. 5A). Clear differences 
between the blood plasma of CPE- and Ovopel-treated males were 
revealed, while one biological sample belonging to the control group 
clustered together with the CPE-treated samples and one with the 
Ovopel-treated samples. Principal component analysis showed that 
blood samples could generally be divided into three separate groups 
(Fig. 5B). The first principal component (PC1) distinguished 62.3% of 
the variance, and 14.2% additional variation was distinguished by the 
second principal component. 

3.4. Ingenuity pathway analysis and STRING analysis of proteins altered 
after hormonal stimulation with carp pituitary extract and Ovopel 

A Venn diagram was created to identify common and characteristic 
proteins in the blood plasma of Ovopel- and CPE-treated males (Fig. 6A). 
Of 35 proteins, 8 were common for both variants of treatment and 

Fig. 1. Semen quality parameters of control (n ¼ 7) and hormonally stimulated carp males with carp pituitary extract (CPE; n ¼ 8) and Ovopel (GnRH 
analog, n ¼ 8). A-semen volume, B- sperm concentration and C-total number of spermatozoa ( × 109; sperm concentration × semen volume). The results are 
expressed as the means ± SD. Statistical analysis was performed using one-way ANOVA. Different letters indicate significant differences between parameters of 
semen after hormonal stimulation (P ≤ 0.05). 
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showed similar direction of changes with the exception of the A2M1 
fragment, which was upregulated in CPE- and downregulated in Ovopel- 
treated males compared with the control. Sixteen DAPs between hor-
monally treated and control males were characteristic of Ovopel-males 
and 11 of CPE-treated males. 

The most significantly affected canonical pathways in Ovopel-and 
CPE-treated males were acute phase response signaling, coagulation 

system, liver X receptor/retinoid X receptor (LXR/RXR) and farnesoid X 
receptor/RXR (FXR/RXR) activation (Table 2). Moreover, the intrinsic 
prothrombin activation pathway and inhibition of matrix metal-
loprotease were identified for Ovopel- and CPE-treated males, respec-
tively, among the top canonical pathways. Acute phase response 
signaling was significantly enriched in Ovopel-treated males (z-score 
2.649). 

Fig. 2. Levels of stress markers and testosterone recorded in the blood plasma of control and hormonally stimulated males treated with carp pituitary 
extract (CPE) and Ovopel. Different letters indicate significant differences among the groups (P ≤ 0.05). A-cortisol, B-glucose, C-testosterone. 

Fig. 3. Two-dimensional difference gel electrophoresis analysis of blood plasma proteins after hormonal stimulation using carp pituitary extract (CPE) 
and control males (PBS-treated). A) Single-channel image of blood proteins from CPE-treated males. B) Single-channel image of blood proteins from control (PBS- 
treated) males. C) Overlay of Cy3 and Cy5 channel images according to blood plasma arrangement presented in Supplementary Table S1 for gel no. 4. Numbered 
protein spots (red) correspond to proteins upregulated upon CPE treatment, and (green) correspond to the protein spots downregulated upon CPE treatment. The 
results of the spot identification are presented in Table 1. A, B - originated directly from the Biological Variation Analysis workspace of the DeCyder Differential 
Analysis Software. C - originated from Image Quant TL; the differentiated proteins were marked manually to improve spot marking. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Two-dimensional difference gel electrophoresis analysis of blood plasma proteins after hormonal stimulation using Ovopel and control males 
(PBS-treated). A) Single-channel image of blood proteins from Ovopel-treated males. B) Single-channel image of blood proteins from control (PBS-treated) males. C) 
Overlay of Cy3 and Cy5 channel images according to blood plasma arrangement presented in Supplementary Table S1 for gel no. 2. Numbered protein spots (red) 
correspond to the proteins upregulated upon Ovopel treatment, and (green) correspond to the protein spots downregulated upon Ovopel treatment. The results of 
spot identification are presented in Table 1. A, B - originated directly from the Biological Variation Analysis workspace of DeCyder Differential Analysis Software. C - 
originated from Image Quant TL; the differentiated proteins were marked manually to improve spot marking. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Table 1 
List of differentially expressed proteins in blood plasma of carp males treated with Ovopel (GnRH analog) and carp pituitary extract (CPE).  

Spot no in  
Figs. 3 and 4 

Protein name Gene ID Accession 
number 

CPE/ 
CON 

Ovopel/ 
CON 

CPE/ 
Ovopel 

1 hypothetical protein cypCar_00041801, partial [Cyprinus carpio] similar to alpha-2- 
macroglobulin-1 

a2m1 KTG04844 – 1.31 – 

2 hypothetical protein cypCar_00041801, partial [Cyprinus carpio] similar to alpha-2- 
macroglobulin-1 

a2m1 KTG04844 – 1.3 − 1.33 

3 hypothetical protein cypCar_00045414 [Cyprinus carpio] similar to complement 
C3a.1 

c3 KTF90448 – − 1.33 – 

4 PREDICTED: complement factor H-like [Cyprinus carpio] cfh XP_018930128 – – 1.69 
5 hypothetical protein cypCar_00047318, partial [Cyprinus carpio] similar to 

complement C3–H1 
c3 KTG31866 – 1.55 – 

6 complement C3–H1 [Cyprinus carpio] c3 BAA36619 – 1.63 − 1.59 
7 PREDICTED: inter-alpha-trypsin inhibitor heavy chain H3-like [Cyprinus carpio] itih3 XP_018929435 – – 1.26 
8 hypothetical protein cypCar_00044670 [Cyprinus carpio] similar to plasminogen-like plg KTF80813 – 1.44 – 
9 serine (or cysteine) proteinase inhibitor clade A (alpha-1 antiproteinase antitrypsin) 

member 1, partial [Carassius auratus] 
serpina1 AGO58874 1.29 – – 

10 PREDICTED: inter-alpha-trypsin inhibitor heavy chain H3-like [Cyprinus carpio] itih3 XP_018946511 – 1.37 – 
11 PREDICTED: integrin beta-1-like [Cyprinus carpio] Itgb1 XP_018947644 – – 1.23 
12 PREDICTED: integrin beta-1-like [Cyprinus carpio] Itgb1 XP_018947644 – – 1.79 
13 hypothetical protein cypCar_00006626 [Cyprinus carpio] similar to fibrinogen gamma 

chain-like 
fgg KTG38753 – – − 1.33 

14 alpha-2-macroglobulin-3, partial [Cyprinus carpio] a2m3 BAA85040 – – − 1.5 
15 alpha-2-macroglobulin-3, partial [Cyprinus carpio] a2m3 BAA85040 – – − 1.32 
16 alpha-2-macroglobulin-1 [Cyprinus carpio] a2m1 BAA85038 – 1.54 − 1.99 
17 alpha-2-macroglobulin-1 [Cyprinus carpio] a2m1 BAA85038 – 1.41 − 1.36 
18 alpha-2-macroglobulin-1 [Cyprinus carpio] a2m1 BAA85038 – 1.58 − 1.97 
19 PREDICTED: alpha-2-macroglobulin-like [Cyprinus carpio] a2m1 BAA85038 – 1.21 − 1.35 
20 hypothetical protein cypCar_00041998, partial [Cyprinus carpio] similar to alpha-2- 

macroglobulin-like 
a2m1 BAA85038 – 1.23 − 1.32 

21 hypothetical protein cypCar_00041998, partial [Cyprinus carpio] similar to alpha-2- 
macroglobulin-like 

a2m1 BAA85038 – 1.13 − 1.36 

22 hypothetical protein cypCar_00041998, partial [Cyprinus carpio] similar to alpha-2- 
macroglobulin-like 

a2m3 KTF87003 – – − 1.24 

23 immunoglobulin M heavy chain, partial [Cyprinus carpio] igm BAA34720  – 1.35- 
24 immunoglobulin M heavy chain, partial [Cyprinus carpio] igm BAA34718 1.3 –  
25 immunoglobulin M heavy chain, partial [Cyprinus carpio] igm BAA34718 1.57 – – 
26 immunoglobulin M heavy chain, partial [Cyprinus carpio] igm BAA34718 1.55 – – 
27 immunoglobulin M heavy chain, partial [Cyprinus carpio] igm BAA34718 1.54 – – 
28 immunoglobulin M heavy chain, partial [Cyprinus carpio] igm BAA34718 1.64 – – 
29 immunoglobulin M heavy chain, partial [Cyprinus carpio] igm BAA34718 1.64 – – 
30 immunoglobulin M heavy chain, partial [Cyprinus carpio] igm BAA34718 − 1.52 − 1.89 – 
31 hypothetical protein cypCar_00041801, partial [Cyprinus carpio] similar to alpha-2- 

macroglobulin-1 
a2m3 KTG04844 – – − 1.41 

32 fetuin long form [Cyprinus carpio] ahsg AAO74862 – − 2.25 2.49 
33 fetuin long form [Cyprinus carpio] ahsg AAO74862 – − 3.04 5.2 
34 fetuin long form [Cyprinus carpio] ahsg AAO74862 − 3.19 – – 
35 fetuin long form [Cyprinus carpio] ahsg AAO74862 – – − 1.38 
36 hypothetical protein cypCar_00026366 [Cyprinus carpio] similar to immunoglobulin 

heavy chain, partial 
igh KTF82444 – – 1.57 

37 hypothetical protein cypCar_00028289 [Cyprinus carpio] similar to matrix 
metalloproteinase 2, partial 

mmp2 KTF78209 − 1.45 – − 1.24 

38 PREDICTED: hemopexin-like [Cyprinus carpio] wap65-2 
(hpx) 

XP_018924890 – – − 1.2 

39 PREDICTED: hemopexin-like [Cyprinus carpio] wap65-2 
(hpx) 

XP_018924890 − 1.15 – – 

40 PREDICTED: hemopexin-like [Cyprinus carpio] wap65-2 
(hpx) 

XP_018924890 – – − 2.17 

41 PREDICTED: T-kininogen 2-like isoform X2 [Cyprinus carpio] kng1 XP_018930133 – 1.21 – 
42 PREDICTED: T-kininogen 2-like isoform X2 [Cyprinus carpio] kng1 XP_018930133 1.25 – – 
43 PREDICTED: T-kininogen 2-like isoform X2 [Cyprinus carpio] kng1 XP_018930133 1.22 – – 
44 warm temperature acclimation-related 65 kDa protein 2 [Cyprinus carpio] wap65-2 

(hpx) 
ATP66527 – – 1.23 

45 warm temperature acclimation-related 65 kDa protein 2 [Cyprinus carpio] wap65-2 
(hpx) 

ATP66527 – – 1.66 

46 PREDICTED: fibrinogen beta chain [Cyprinus carpio] fgb XP_018949251 – 1.72 − 1.76 
47 PREDICTED: fibrinogen beta chain [Cyprinus carpio] fgb XP_018949251 – 1.9 − 1.79 
48 PREDICTED: fibrinogen beta chain [Cyprinus carpio] fgb XP_018949251 – 2.14 − 1.91 
49 hypothetical protein cypCar_00015771 [Cyprinus carpio] similar to fibrinogen alpha 

chain-like 
fga KTF87998 – 1.66 – 

50 hypothetical protein cypCar_00015771 [Cyprinus carpio] similar to fibrinogen alpha 
chain-like 

fga KTF87998 – 1.65 − 1.73 

51 PREDICTED: fibrinogen beta chain [Cyprinus carpio] fgb XP_018949251 – 2.00 − 1,75 
52 alpha-2-macroglobulin-3, partial [Cyprinus carpio] a2m3 BAA85040 − 1.85 – − 1.66 
53 alpha-2-macroglobulin-3, partial [Cyprinus carpio] a2m3 BAA85040 − 2.24 – – 
54 cfp KTG46519 1.16 1.24 – 

(continued on next page) 
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The top molecular and cellular functional categories associated with 
DAPs of Ovopel- and CPE-treated males were cellular compromise, 
protein synthesis, cell-to-cell signaling, and molecular transport (Fig. 6B 
and C; Table 2). Moreover, cell death and survival and lipid metabolism 
were enriched in Ovopel- and CPE-treated males, respectively. Inter-
estingly, transport of molecules (z score 2.528), secretion of molecules 
(z-score 2.369), and uptake of monosaccharides (z-score 2.19) were 
predicted to have increased functions in Ovopel-treated males, while cell 
movement (z-score 2.247), cellular infiltration by leukocytes (z-score 
2.187), and migration of cells (z-score 2.011) were predicted to have 
decreased functions in CPE-treated males. 

The network with the highest score (score 45) between Ovopel- 
treated and control males was related to ‘cellular compromise, inflam-
matory response, hematological system development and function’ and 
involved 15 DAPs (Fig. 7A), while the top enriched network between 
CPE-treated and control males was associated with protein synthesis, 
metabolic disease, and neurological disease and involved 13 DAPs 
(Fig. 7B). 

We also searched in silico for upstream regulators of differentially 
abundant proteins. In the Ovopel-treated males, IL6 (z-score: 2.511; p =
1.06E-08) was identified as a potential activated upstream regulator and 
its activation is predicted to regulate nine differentially abundant pro-
teins (Supplementary Fig. S2). 

Online STRING software was applied to construct the protein-protein 
interaction network of blood plasma proteins that were altered after 
hormonal stimulation with Ovopel and CPE (Fig. 7C and D). The ma-
jority of DAPs between the Ovopel-treated and control groups were 
involved in the regulation of the immune defense response, regulation of 
the response to stress, and blood coagulation (Fig. 7C), while the ma-
jority of DAPs between the CPE-treated and control groups were asso-
ciated with the regulation of the response to stress, regulation of the 
immune defense response, and regulation of complement activation 
(Fig. 7D). 

Table 1 (continued ) 

Spot no in  
Figs. 3 and 4 

Protein name Gene ID Accession 
number 

CPE/ 
CON 

Ovopel/ 
CON 

CPE/ 
Ovopel 

hypothetical protein cypCar_00022887 [Cyprinus carpio] similar to properdin-like 
isoform X1 

55 hypothetical protein cypCar_00009508 [Cyprinus carpio] similar to hemopexin-like wap65-1 
(hpx) 

KTF89323 1.52 1.38 – 

56 hypothetical protein cypCar_00009508 [Cyprinus carpio] similar to hemopexin-like wap65-1 
(hpx) 

KTF89323 1.75 1.59 – 

57 PREDICTED: uncharacterized protein LOC109074438 isoform X1 [Cyprinus carpio], 
similar to Myb-related transcription factor, partner of profilin 

mypop XP_018946015 − 1.13 – – 

58 PREDICTED: uncharacterized protein LOC109074438 isoform X2 [Cyprinus carpio] 
similar to Myb-related transcription factor, partner of profilin 

mypop XP_018946016 – – 1.19 

59 hypothetical protein cypCar_00006626 [Cyprinus carpio] similar to fibrinogen gamma 
chain-like 

fgg KTG38753 – 1.61 − 1.51 

60 hypothetical protein cypCar_00006626 [Cyprinus carpio] similar to fibrinogen gamma 
chain-like 

fgg KTG38753 – 1.4 − 1.74 

61 hypothetical protein cypCar_00006626 [Cyprinus carpio] similar to fibrinogen gamma 
chain-like 

fgg KTG38753 – 1.76 − 1.72 

62 alpha-2-macroglobulin-2 [Cyprinus carpio] a2m2 BAA85039 − 2.15 – − 2.02 
63 hypothetical protein cypCar_00009508 [Cyprinus carpio] similar to hemopexin-like wap65-1 

(hpx) 
KTF89323 – 1.33 – 

64 alpha-2-macroglobulin-1 [Cyprinus carpio] a2m1 BAA85038 1.91 − 2.17 4.14 
65 PREDICTED: sex hormone-binding globulin-like [Cyprinus carpio] shbg XP_018939654 – 1.46 − 1.31 
66 alpha-2-macroglobulin-2, partial [Cyprinus carpio] a2m1 BAA85039 − 2.72 – − 2.42 
67 hypothetical protein cypCar_00038591 [Cyprinus carpio] similar to corticosteroid- 

binding globulin-like isoform X2 
serpina6 KTF94584 – – − 1.27 

68 hypothetical protein cypCar_00038591 [Cyprinus carpio] similar to corticosteroid- 
binding globulin-like isoform X2 

serpina6 KTF94584 – − 1.2 – 

69 PREDICTED: T-kininogen 2-like isoform X2 [Cyprinus carpio] kng2 XP_018930133 – − 1.46 – 
70 hypothetical protein cypCar_00045414 [Cyprinus carpio] similar to complement C3–S c3 KTF90448 − 1.24 – – 
71 PREDICTED: cadherin-4-like [Cyprinus carpio] cdh4 XP_018954748 − 1.19 – – 
72 PREDICTED: cadherin-4-like [Cyprinus carpio] cdh4 XP_018954748 − 1.2 – – 
73 alpha-2-macroglobulin-3, partial [Cyprinus carpio] a2m3 BAA85040 − 1.41 – – 
74 PREDICTED: hyaluronan-binding protein 2-like [Cyprinus carpio] habp2 XP_018975214 – − 2.65 1.94 
75 complement C3–H1 [Cyprinus carpio] c3 BAA36618 − 3.76 − 2.92 – 
76 PREDICTED: extracellular superoxide dismutase [Cu–Zn]-like [Cyprinus carpio] sod3 XP_018938269 1.3 – – 
77 hypothetical protein cypCar_00023290 [Cyprinus carpio] similar to catechol O- 

methyltransferase domain-containing protein 1-like isoform X1 
comtd1 KTG14263 − 1.2 – − 1.29 

78 hypothetical protein cypCar_00023290 [Cyprinus carpio] similar to catechol O- 
methyltransferase domain-containing protein 1-like isoform X1 

comtd1 KTG14263 – − 1.13 1.16 

79 apolipoprotein AIb2 [Cyprinus carpio] apoa1 AII80533 – 1.3 – 
80 apolipoprotein A-I [Cyprinus carpio] apoa1 AHJ79064 – 1.48 – 
81 PREDICTED: immunoglobulin lambda-like polypeptide 5 [Sinocyclocheilus 

anshuiensis] 
igll5 XP_016339651  − 1.34 1.7 

82 PREDICTED: hemoglobin subunit beta-like [Cyprinus carpio] hbb XP_018973476 – − 2.29 2.68 
83 hypothetical protein cypCar_00021072 [Cyprinus carpio] similar to hemoglobin 

subunit beta-like 
hbb KTG39800 – − 2.18 2.51 

84 PREDICTED: hemoglobin subunit beta [Cyprinus carpio] hbb XP_018973478 – − 1.97 2.4 
85 PREDICTED: hemoglobin subunit alpha [Cyprinus carpio] hba XP_018973483 – − 2.15 2.44 
86 apolipoprotein C I b [Cyprinus carpio] apoc1 AHM88284 − 1.33 – – 
87 hypothetical protein cypCar_00007860 [Cyprinus carpio] similar to lipocalin-like ptgds KTF89576 – − 1.25  

Ovopel/CON- a positive ratio denotes proteins upregulated while a negative ratio denotes proteins down-regulated after Ovopel treatment; CPE/CON - a positive ratio 
denotes proteins upregulated while a negative ratio denotes proteins down-regulated after treatment with carp pituitary extract; CPE/Ovopel-a positive ratio denotes 
proteins more abundant after CPE treatment and a negative ratio denotes proteins more abundant after Ovopel treatment. 
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Fig. 5. Heat map (A) and principal component analysis (B) of differentially abundant blood plasma proteins between hormonally stimulated with Ovopel 
and carp pituitary extract (CEP) and control (PBS-treated) males. Spots and samples were clustered by Ward’s method with the Pearson correlation as distance. 
Volume spot values are shown as Z scores by row, and each white cell represents an absent protein. 

Fig. 6. The Venn diagram (A) and biological functions enriched by differentially abundant proteins identified in the blood plasma of males treated with 
Ovopel (B) and carp pituitary extract (CPE; C). The venn diagram shows differentially abundant blood plasma proteins between control and hormonally treated 
males with Ovopel (GnRH analog) and CPE. Proteins in the shadow of both circles were commonly changed in response to hormonal stimulation with both treat-
ments. Red and green colors depict an increase or decrease, respectively, in the abundance of the proteins in the blood plasma of hormonally treated males. The color 
intensity of nodes indicates a fold change increase or decrease associated with a particular protein. Direct and indirect interactions are indicated by solid and dashed 
lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.5. Effect of hormonal stimulation on bactericidal properties of carp 
blood plasma 

Blood plasma of control and hormonally stimulated males signifi-
cantly inhibited the growth of E. coli in comparison to the negative 
control LB and NaCl (Fig. 8A). The blood of CPE-treated males had 
higher bactericidal activity than that of the control (PBS-treated). We 
also observed higher inhibition of bacterial growth in the Ovopel-treated 
group than in the control group; however, the difference was not sig-
nificant (p = 0.061). Inactivation of blood plasma by heating led to 
suppression of the antibacterial properties of blood in all groups 
(Fig. 8B). 

3.6. RT-qPCR analysis of differentially expressed proteins 

In the head kidney, liver, and spleen, we determined by qRT-PCR the 
expression of 33 genes encoding the identified differential proteins. In 
the liver, the transcript levels of four genes, encoding C3–H1, A2M1, 
HABP2, and ITIH3, showed lower relative expression levels in CPE- 
treated males, with fold changes of − 1.57, − 1.96, − 2.14, and − 1.68, 
respectively (Fig. 9A, B, E, F), than in the control, while hpx expression 
was 2.45-fold higher in Ovopel-treated males (Fig. 9I) than in the con-
trol. In the head kidney, Ovopel administration led to higher expression 
of genes encoding two proteins (CFP and COMTD1, Fig. 9C and D). In the 
spleen, CPE treatment caused a lower (− 3.38-fold) expression level of 
the gene encoding KNG (Fig. 9G), while both preparations led to de-
creases of − 1.89- and − 1.67-fold in the expression of MMP2 after CPE 
and Ovopel, respectively (Fig. 9H). Moreover, we found differences in 
the expression of ten genes in the liver between Ovopel- and CPE-treated 
males. The expression levels of genes encoding for A2M2, A2M3, C3–H1, 
C3–S, FGA, FGB, FGG, ITIH3, KNG, and SHBG were lower in CPE-treated 
males than in Ovopel-treated animals, while the gene encoding HPX was 
elevated after CPE administration (Supplementary materials Table S3). 

3.7. Expression analysis of innate immunity related genes 

The expression of four immunity-related genes including interferon- 
alpha 2 (INFa2), interferon-induced GTP-binding protein Mx2 (MX2), 
interleukin 6 (IL6a) and inducible nitric oxide synthase (iNOS) were 
studied using qRT-PCR. In the liver, Ovopel administration led to higher 
expression of MX2, IL6a, iNOS with fold changes of 5.7, 2.3 and 18.0, 
respectively compared to control while CPE-treatment did not affect the 
immune rated genes (Fig. 10). In head kidney and spleen, expression 
level of immunity related genes did not differ between hormonally 
treated and control males (Fig. 10). 

Table 2 
Functional analysis of differentially abundant proteins in the blood of carp males 
treated with Ovopel (GnRH analog) and carp pituitary extract (CPE).  

Top canonical 
pathways 

P value No of 
molecules 

Proteins 

Blood proteins altered by Ovopel treatment 
Acute phase response 

signaling 
6.3E-17 10 A2M,AHSG, APOA1,C3,FGA, 

FGB,FGG,HPX,ITIH3,PLG 
Coagulation system 2.2E-13 6 A2M,FGA,FGB,FGG,KNG1, 

PLG 
LXR/RXR Activation 5.1E-10 5 AHSG, APOA1,C3,FGA,HPX, 

KNG1 
FXR/RXR Activation 6.4E-10 6 AHSG, APOA1,C3,FGA,HPX, 

KNG1 
Intrinsic Prothrombin 

Activation Pathway 
3.8E-08 4 FGA,FGB,FGG,KNG1 

Blood proteins altered by CPE treatment 
LXR/RXR Activation 3.3E-11 6 AHSG, APOC1,C3,HPX, 

KNG1,SERPINA1 
FXR/RXR Activation 4.2E-11 6 AHSG, APOC1,C3,HPX, 

KNG1,SERPINA1 
Acute phase response 

signaling 
3.5E-08 5 A2M,AHSG,C3,HPX, 

SERPINA1 
Coagulation system 9.4E-07 3 A2M,KNG1,SERPINA1 
Inhibition of Matrix 

Metalloprotease 
2.2E-04 2 A2M,MMP2 

Top molecular and cellular functions 

Blood proteins altered by Ovopel treatment 
Cellular Compromise 2.74E-03 

– 4.20E- 
16 

13 A2M,AHSG, APOA1,C3,FGA, 
FGB,FGG,HBB,HPX,ITIH3, 
KNG1,PLG,PTGDS 

Protein Synthesis 1.44E-03 
– 4.09E- 
10 

9 AHSG, APOA1,C3,FGA,FGB, 
FGG,KNG1,PLG, HABP2, 

Cell-To-Cell Signaling 
and Interaction 

4.99E-03 
– 1.06E- 
09 

10 A2M,APOA1,C3,FGA,FGB, 
FGG,HBB,KNG1,PLG, HABP2 

Molecular Transport 4.00E-03 
– 1.21E- 
06 

14 A2M,AHSG, APOA1,C3,FGA, 
FGB,FGG,HBB,HPX,KNG1, 
PLG, PTGDS, SERPINA6, 
SHBG 

Cell Death and 
Survival 

4.64E-03 
– 1.97E- 
06 

8 A2M,APOA1,C3,FGA,HBB, 
KNG1,PLG, PTGDS 

Blood proteins altered by CPE treatment 
Protein Synthesis 7.71E-03 

– 1.08E- 
07 

5 AHSG,C3,KNG1,MMP2, 
SERPINA1 

Cellular Compromise 6.82E-03 
– 6.98E- 
07 

8 A2M,APOC1,C3,HPX,IgG, 
KNG1,MMP2,SERPINA1 

Cell-To-Cell Signaling 
and Interaction 

9.38E-03 
– 2.02E- 
06 

9 A2M,APOC1,C3,CFP,IgG, 
KNG1,MMP2,SERPINA1, 
SOD3 

Lipid Metabolism 9.08E-03 
– 2.43E- 
06 

9 A2M,AHSG, APOC1,C3,CFP, 
IgG,MMP2,KNG1,SERPINA1 

Molecular Transport 9.08E-03 
– 2.43E- 
06 

11 A2M,AHSG, APOC1,C3,CFP, 
HPX,IgG,KNG1,MMP2, 
SERPINA1, SOD3 

Diseases 

Blood proteins altered by Ovopel treatment 
Inflammatory 

Response 
4.99E-03 
– 4.20E- 
16 

13 A2M,AHSG, APOA1,C3,FGA, 
FGB,FGG,HBB,HPX,ITIH3, 
KNG1,PLG,PTGDS 

Developmental 
Disorder 

1.66E-03 
– 4.90E- 
10 

9 A2M,AHSG, APOA1,C3,FGA, 
FGB,FGG,HBB,PLG, 

Hematological 
Disease 

4.16E-03 
– 4.90E- 
10 

12 AHSG, APOA1,C3,FGA,FGB, 
FGG,HABP2,HBB,IGLL5, 
KNG1,PLG, PTGDS 

Hereditary Disorder 4.16E-03 
– 4.90E- 
10 

14 A2M,AHSG, APOA1,C3,FGA, 
FGB,FGG,HABP2,HBB,IGLL5, 
KNG1, SERPINA6,PLG,SHBG 

Immunological 
Disease 

14 AHSG, APOA1,C3,FGA,FGB, 
FGG,HBB,HPX,IGH,IGLL5,  

Table 2 (continued ) 

Top canonical 
pathways 

P value No of 
molecules 

Proteins 

3.06E-03 
– 4.90E- 
10 

KNG1, SERPINA6,PLG, 
PTGDS 

Blood proteins altered by CPE treatment 
Metabolic Disease 5.68E-03 

– 1.33E- 
07 

9 A2M,AHSG, APOC1,C3,HPX, 
IgG,KNG1,MMP2,SERPINA1 

Neurological Disease 9.21E-03 
– 1.33E- 
07 

9 A2M,AHSG, APOC1,C3,HPX, 
IgG,KNG1,MMP2,SERPINA1 

Organismal Injury 
and Abnormalities 

9.21E-03 
– 1.33E- 
07 

14 A2M,AHSG, APOC1,C3, 
CDH4,CFP,COMTD1,HPX, 
IgG,KNG1, MMP2,MYPOP, 
SERPINA1,SO3 

Inflammatory 
Response 

9.36E-03 
– 6.91E- 
07 

10 A2M,AHSG,C3,CFP,HPX,IgG, 
KNG1,MMP2,SERPINA1, 
SOD3  
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3.8. Electrophoretic profile of carp pituitary extract and Ovopel 

Representative electrophoretic profiles of CPE and Ovopel after Tris- 
Tricine separation are presented in Supplementary Fig. S3A. A total of 
four bands within the range of 14 and 28 kDa were identified in the 
Ovopel supernatant, with a prominent band of 28 kDa, while in CPE, 11 
protein bands within the range of 4–55 kDa were identified, with the 
most intense bands having a size of 17.2 and 14.8 kDa. Better separation 
of protein bands of higher molecular weight is presented in Supple-
mentary Fig. S3B. 

4. Discussion 

This work represents the first proteomic characterization of blood 
plasma proteins in response to hormonal stimulation of carp males and 
confirms our hypothesis that hormonal stimulation affects the protein 
profile of blood plasma with different patterns for Ovopel- and CPE- 
treated males. Using the 2D-DIGE approach, we identified 19 and 24 
blood proteins that differed in abundance between the CPE and control 
groups and between the Ovopel and control groups, respectively. The 
majority of differentially abundant proteins were associated with 
immunological processes but with different sets of proteins for CPE and 

Fig. 7. The top scoring IPA protein interaction networks (A, B) and protein-protein interaction network provided by STRING analysis (C, D) associated with 
differentially abundant proteins of Ovopel-treated males (A, C) and CPE-treated males (B, D). Red and green colors in IPA analysis depict an increase or decrease, 
respectively, in the abundance of the proteins in the blood plasma of hormonally treated males. The color intensity of nodes indicates a fold change increase or 
decrease associated with a particular protein. Direct and indirect interactions are indicated by solid and dashed lines, respectively. STRING analysis was performed at 
a high confidence level of 0.7. The most significant GO biological processes are marked. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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Ovopel. 

4.1. Proteins involved in acute phase response signaling 

Hormonal stimulation with CPE and Ovopel markedly altered pro-
teins involved in acute phase response signaling, which is a part of the 
innate immune system and a fundamental defense mechanism in fish 
[19]. This response is characterized by the release of acute phase pro-
teins (APPs) from the liver. Their plasma levels can be modulated 
rapidly at the onset of inflammation. APP can be classified as “positive” 
or “negative” depending on whether their plasma concentration in-
creases or decreases during activation of this response [20]. In the 
present study, the response profile demonstrated the same tendency of 

protein changes. Proteins considered to be ‘positive’ APP were shown to 
increase in abundance in the plasma of fish stimulated with Ovopel 
(A2M1, C3, PLG, ITIH3, FGA, FGB, FGG, Wap65-1) and CPE (SERPINA1 
and Wap65-1), while proteins considered to be ‘negative’ decreased in 
both Ovopel- and CPE-treated males (AHSG). Moreover, upregulation of 
innate immunity-related genes including iNOS, IL6 and MX2 confirmed 
that inflammatory response is triggered after Ovopel treatment and 
suggested involvement of NO, proinflammatory cytokines and inter-
feron induced molecules (MX2) in innate immune mechanism following 
hormonal stimulation. Our results indicate that hormonal stimulation 
using Ovopel and CPE, which are routinely used in carp aquaculture, 
differentially affects APPs with a distinct set of proteins associated with 
acute phase response signaling. 

Fig. 8. Antibacterial properties of blood plasma against E. coli. A) Not heat-inactivated plasma; B) heat-inactivated plasma. Blood was collected from control and 
hormonally stimulated males treated with Ovopel and carp pituitary extract (CPE). Different letters indicate significant differences between groups (P ≤ 0.05). 

Fig. 9. RT-qPCR analysis of genes encoding the differentially expressed proteins between hormonally stimulated and control groups. A- complement 
component C3 (C3), B- alpha-2-macroglobulin (A2M), C- complement factor properdin (CFP), D- catechol-O-methyltransferase domain containing 1 (COMTD1), E −
hyaluronan binding protein 2 (HBP2), F- inter-alpha-trypsin inhibitor heavy chain 3 (ITIH3), G- kininogen (KNG), H- matrix metalloproteinase 2 (MMP2), I- 
hemopexin (HPX). Asterisk indicates significant difference between control and hormonally treated groups (P ≤ 0.05) in particular tissue. 
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4.2. Complement system members 

Both hormonal stimulation methods altered complement compo-
nents, including C3, a key molecule of this system, and properdin, a 
regulator of the alternative complement pathway. Complement C3 plays 
a pivotal role in the immune response against stress and infection in fish 
[21]. The upregulation of C3–H1 in blood after Ovopel treatment in-
dicates activation of the coagulation cascade following hormonal stim-
ulation. Once activated, complement factors help neutralize pathogens 
by lysis/activation of the membrane attack complex and/or pathogen 
opsonization and phagocytosis. Moreover, they act as inducers of 
inflammation [22]. Furthermore, in the present study, we observed a 
downregulation of other complement forms, such as C3–S and C3–H1, 
with low molecular masses (approximately 40 kDa). The latter was also 
downregulated in CPE-treated males. C3–H1 with a low molecular mass 
is a C-terminal part of C3–H1 because all identified peptides after mass 
spectrometry analysis belonged to the C-terminal region (Supplemen-
tary Fig. S2). This finding is in agreement with the presence of active C3 
forms in carp blood, including the C3b fragment, the major 
phagocytosis-promoting factor (opsonin), and C3d-like (35 kDa), a ter-
minal product of C3b fragmentation, which interacts with complement 
receptor type 2 on B-cells [23,24]. Properdin acts as a positive regulator 
of the alternative complement pathway by binding to and stabilizing C3 
and C5 convertase complexes, which increases their activity against 
pathogens. Moreover, it can also act as an initiator of the alternative 
complement pathway by binding selectively to specific surfaces (acting 
as a pattern recognition molecule) upon which it recruits C3b and ac-
tivates the alternative complement pathway [25]. The upregulation of 
properdin and C3 suggests activation of the alternative complement 
pathway in response to hormonal stimulation in carp. The importance of 
the complement system in response to hormonal stimulation deduced 
from proteomic results was also confirmed in our experiment on the 
antibacterial properties of blood plasma (see below). 

4.3. Proteins of coagulation/fibrinolysis system 

Our results indicated that hormonal stimulation is associated with 
activation of the blood coagulation system and is closely linked to the 
abovementioned complement system in fish [26]. The increase in pro-
coagulants (KNG1 in both treated groups and fibrinogen: FGA, FGB, FGG 
in the Ovopel-treated group) was accompanied by a significant increase 
in fibrinolysis system compounds, including plasminogen in the Ovopel 
group and its regulators A2M1 and SERPINA1 in Ovopel- and 
CPE-treated males, respectively. Moreover, after Ovopel treatment, we 
observed a downregulation of HABP2, recognized as an activator of 
plasminogen activator [27]. In fish, SERPINA1 plays dual roles by 
slowing clot formation and inhibiting proteases released by inflamma-
tory cells, such as neutrophil elastase, while α2-macroglobulin acts as a 
universal protease inhibitor capable of binding various host or foreign 
peptides and particles, cytokines, hormones, growth factors, plasmin, 
and thrombin [28]. In contrast, A2M2 and A2M3 were found to be 
downregulated in the blood plasma from CPE-treated males, which may 
have resulted from the removal of A2M-protease/antigen complexes 
from the circulation via LRP present on the surface of different cells, 
such as hepatocytes or macrophages [29]. This finding is in agreement 
with the different functions of A2M isoforms in carp [30] and suggests 
the involvement of A2M in the elimination of exogenous antigens 
(proteins) administered during hormonal stimulation with the CPE 
preparation and in the control of the fibrinolysis/coagulation system 
activated in response to hormone treatment to maintain normal blood 
circulation and tissue integrity during inflammatory processes. 

4.4. LXR/RXR and FXR/RXR activation pathways 

Inflammation and the immune response are deeply linked to lipid 
and cholesterol metabolism. Our results indicated that Ovopel treatment 
upregulated APOA1, a major protein constituent of carp blood HDL that, 
in addition to participation in reverse cholesterol transport, possesses a 
variety of immune-related properties, including antibacterial and 

Fig. 10. RT-qPCR analysis of innate immunity-related genes between hormonally stimulated and control groups. A-interferon alpha-2 (IFNa2), B- interferon-induced 
GTP-binding protein Mx2 (MX2), C-interleukin 6 (IL6a), D-inducible nitric oxide synthase (iNOS). 
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antiviral as well as proinflammatory activity [31]. Conversely, CPE led 
to the downregulation of APOC1, which plays an important role in 
controlling plasma lipid metabolism and promoting cell growth [32]. 
Both of these proteins, supported by other immune-related proteins 
associated with HDL ([33] AHSG, C3, HPX, KNG1, FGA in 
Ovopel-treated males and AHSG, C3, HPX, KNG1, SERPINA1 in 
CPE-treated males), are involved in two pathways: LXR/RXR and 
FXR/RXR. In mammals, these pathways, in addition to the control of 
lipid metabolism and lipoproteins (APOC, APOA1), are involved in the 
modulation of inflammation as well as the adaptive immune response 
[34]. Our results suggest that these pathways can also be active in fish 
following hormonal stimulation. 

4.5. Stress-related proteins 

Upregulation of antioxidant proteins, including SOD3, in the CPE 
group and Wap65, a homolog of HPX, in both hormonally stimulated 
fish groups indicated that hormonal stimulation is associated with an 
induction of oxidative stress. Hemopexin sequesters heme and protects 
cells from heme-mediated oxidative stress and cellular damage [35]. 
The isoform-specific response to hormone treatment (Wap65-2 
decreased after Ovopel administration, while Wap65-1 increased after 
stimulation with both treatments) is in agreement with the presence of 
two functionally distinct isoforms of Wap65 in carp [36]. Superoxide 
dismutase is an antioxidant enzyme that protects tissue against oxidative 
stress by regulating various reactive oxygen species (ROS) and reactive 
nitrogen species molecules. In fish, SOD is recognized as an oxidative 
stress biomarker. Moreover, the observation that hormonal stimulation 
induced a stress response was supported by the observed decrease in 
COMTD1, an enzyme responsible for O-methylation of catecholamines, 
including dopamine, in both treatments and corticosteroid-binding 
globulin-like (SERPINA6) in the blood of Ovopel-treated fish. The 
level of SERPINA6 decreases after stress induction with substantial in-
creases in free glucocorticosteroid levels [37]. However, in the present 
study, neither glucose nor cortisol, the main stress indicators, changed 
due to hormonal stimulation, which is in contrast to previous studies 
demonstrating a significant increase in cortisol levels after hormonal 
stimulation in grass carp and recently in pikeperch [11,38]. The unre-
liability of these stress indicators was recently reported by Raposo de 
Magalhães et al. [9], who indicated that many factors (age, sexual 
maturity, level of domestication, nutritional status, anesthesia, water 
temperature) can affect cortisol secretion and the plasma glucose level. 
Overall, our results suggest that stress, recognized as a modulator of the 
fish immune system [39], influences changes in immune-related pro-
teins following hormone treatment. Moreover, the activated antioxidant 
system may be involved in protection against ROS and nitric oxide 
generated during inflammation by granulocytes and macrophages. 

4.6. Immunoglobulins 

Interestingly, following CPE treatment, we observed an upregulation 
of immunoglobulin M. IgM is the predominant Ig isotype in teleost 
serum, expressed as a tetramer composed of two 70,000 Da heavy chains 
(IGH) and two 22,000–25,000 Da light (IGL) chains linked by disulfide 
bonding. In the present study, we found that multiple proteoforms of the 
IgM heavy chain were upregulated, which coincides with the antibody 
repertoire diversity. Secreted IgM can be subdivided into natural and 
immune IgM. Natural, polyreactive IgM present in serum is involved in 
the innate immune response. It effectively recognizes and eliminates a 
wide range of antigens and toxins in the early stage of immune defense 
until the immune system has time to launch a specific adaptive response 
[40]. It shares a similar function with mammalian counterparts, 
including opsonization, antibody-dependent cell-mediated cytotoxicity, 
and complement activation, thus contributing to both innate and 
adaptive immune responses. Similar to our results, an increase in total 
serum IgM was observed 1 day after bacterial infection in fish, while 

specific antibodies developed after day 3 [41]. Since the adaptive im-
mune response is a long-lasting process and the fish had not been pre-
viously treated with CPE, our findings suggest the involvement of 
natural, innate IgM antibodies in the modulation of innate immune 
processes stimulated following CPE treatment, which could shape the 
evolving adaptive immune responses mounted by the host during the 
next stimulation. 

4.7. Sex-hormone binding protein and testosterone level 

An increase in SHBG following Ovopel treatment was found. As in 
mammals, SHBG plays an important role in fish in the transport and 
regulation of steroid hormones, including the access of androgens such 
as testosterone and 11-ketotestosterone to target tissues [42]. The 
upregulation of SHBG coincides with the induction of testosterone 
production following Ovopel treatment. Interestingly, we observed the 
stimulation of testosterone production after CPE treatment, confirming 
the direct action of such treatment on gonad sex steroid levels [43]. 
Conversely, we did not record an increase in SHBG following CPE 
treatment, which suggests that stimulation of androgen production 
differs between the two methods of stimulation. Sex steroid hormones, 
including testosterone, in addition to their role in reproduction, are 
involved in the regulation of specific and humoral immune responses 
with both stimulatory and suppressive effects on the immune response 
depending on the species [44]. Therefore, the immunomodulatory ef-
fects of sex steroids require future studies to understand the cross-talk 
between the neuroendocrine and immune systems in fish. 

4.8. Comparison between blood and seminal plasma proteins following 
Ovopel treatment 

Several DAPs of blood from Ovopel-treated males, including C3–H1, 
C3–S, A2Ms, APOA1, AHSG and PLG (which represent major blood 
proteins), were also found to be modulated in carp seminal plasma 
following Ovopel treatment [8]. Although such comparisons must be 
treated with caution due to differences in the carp breeding line and 
time of the experiment, we believe that some suggestions can be drawn. 
The response tendency of protein changes was the same in both fluids 
with the exception of PLG, which, in contrast to blood, decreased in 
seminal plasma. Conversely, Ovopel treatment induced changes in an 
additional 15 and 13 proteins, differing from blood and seminal plasma 
[8], respectively. The major functions of proteins altered only in seminal 
plasma are lipid metabolism, signal transduction, and tissue remodeling, 
as previously described [8]. Proteins that are altered in blood plasma 
only are involved in immune and stress responses and are discussed 
above. Our results suggest that changes in the protein profile of blood 
reflect, to a certain extent, changes in seminal plasma in relation to 
major proteins, suggesting their origin from blood. Moreover, hormonal 
stimulation also induces the synthesis of blood proteins within the 
reproductive tract, such as C3–H1 [8]. The differences in the response 
profile between blood and seminal plasma can be ascribed to the 
selectivity of the blood–testis barrier and/or to tissue-specific mecha-
nisms involved in the response to hormonal stimulation. In addition to 
substantial differences in the response profile in blood and seminal 
plasma, the significantly overrepresented processes, acute phase 
response signaling, complement and coagulation system, LXR/RXR and 
FXR/RXR activation pathways, and oxidative stress defense, were 
similar in the blood and reproductive tract. 

4.9. Antibacterial properties of blood plasma following hormonal 
stimulation 

CPE treatment enhanced the bactericidal activity of carp blood 
plasma, which usually occurs after a natural infection, such as in disease 
outbreaks, or in artificial infections, such as after vaccination and 
challenge [45]. The bactericidal activity of fish serum, either 
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spontaneous or stimulated, is mediated by inflammatory acute phase 
proteins in which complement system factors are the most effective 
antibacterial compounds due to their lytic, proinflammatory, chemo-
attractive, and opsonizing actions [46]. Our results confirmed the 
involvement of complement components in the bactericidal activity of 
carp blood, as demonstrated by suppression of the antibacterial prop-
erties of blood after plasma heating, which is a common procedure to 
inactivate the complement system [47]. The increase in bactericidal 
activity after injection with CPE indicates a marked stimulation of the 
innate immune response, confirming the antigenic and immunogenic 
properties of CPE [1]. 

4.10. Hormonal stimulation causes profound changes in gene expression 
in hematopoietic organs 

Our proteomic results indicated changes in blood proteins; however, 
their origin was not clear. The major organ for the synthesis of plasma 
proteins is the liver; however, other immune-related tissues, including 
the head kidney (analog of the mammalian bone narrow) and spleen, 
contribute to the secretion of blood plasma proteins [48]. Our tissue 
analysis results suggest a differential response to hormonal stimulation 
at the transcript level in the liver, spleen, and head kidney. As such, it is 
likely that these organs were the main source of protein changes in 
blood. However, the response to hormonal stimulation in particular 
organs was variable. We confirmed the direction of mRNA and protein 
changes for C3–H1 and A2M in CPE-treated males and for MMP2, HPX, 
and CFP in Ovopel-treated males. Conversely, we observed a discrep-
ancy between protein and transcript levels for COMTD1 downregulation 
in blood while mRNA expression was increased in the kidney and for 
ITIH3 and KNG upregulation in blood with an observed decrease in 
expression in the liver and spleen, respectively. The biological uncou-
pling between the level of mRNA abundance and protein level could 
result from various factors, such as weak ribosome binding sites, codon 
usage bias, half-life differences between protein and mRNA, protein 
turnover, peptide sharing among isoforms, and PTM variants [49]. 
Moreover, blood plasma contains not only proteins secreted by the liver 
but also proteins secreted from immune cells (CFP, immunoglobulin) or 
proteins of low tissue specificity, such as MMP2 and SOD3, which may 
contribute to observed differences in blood protein levels and mRNA 
abundance. In summary, hematopoietic tissues appear to be a target of 
hormonal stimulation, which is manifested by changes in the blood 
plasma proteome and likely in carp semen, as demonstrated previously 
[50]. A high variability in the gene expression response in hematopoietic 
tissues suggests a complex mechanism requiring further study. 

The results of electrophoretic analysis of Ovopel and CPE indicated 
the presence of proteins not only in CPE, as expected, but also in Ovopel. 
It is likely that proteins in the Ovopel preparation originated from the 
vehicle-forming pellet. For this reason, it is clear that the blood prote-
ome response observed in our study from Ovopel stimulation originated 
not only from GnRH [D-Ala6, Pro9-NEt]-mGnRH-a and metoclopra-
mide, but also from the vehicle itself. This phenomenon should be taken 
into account in future studies aimed at unraveling the detailed mecha-
nism of hormonal stimulation in fish. 

In summary, the overall results indicated that hormonal stimulation 
of sperm production, which is a common practice in fish aquaculture, 
including carp, is not only related to the induction of spermiation, but 
also the response to hormone treatment involves alterations in the im-
mune and stress responses. Plasma proteomics allowed the detection of a 
cohesive network of protein changes associated with essential immu-
nological pathways, including acute phase response signaling, comple-
ment activation, coagulation, fibrinolysis, LXR/RXR, and antioxidative 
response mechanisms, with different sets of proteins involved in these 
processes in Ovopel- and CPE-treated males. Moreover, hormonal 
stimulation with both preparations caused profound changes in gene 
expression in hematopoietic organs, and CPE markedly increased the 
bactericidal activity of blood. This study is important to help understand 

the biological processes underlying the protein-based response to hor-
monal stimulation of sperm production in fish. 
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[14] M.A. Dietrich, M. Adamek, B. Bilińska, A. Hejmej, D. Steinhagen, A. Ciereszko, 
Characterization, expression and antibacterial properties of apolipoproteins A from 
carp (Cyprinus carpio L.) seminal plasma, Fish Shellfish Immunol. 41 (2014) 
389–401. 

[15] M. Adamek, K.L. Rakus, J. Chyb, G. Brogden, A. Huebner, I. Irnazarow, 
D. Steinhagen, Interferon type I responses to virus infections in carp cells: in vitro 
studies on Cyprinid herpesvirus 3 and Rhabdovirus carpio infections, Fish Shellfish 
Immunol. 33 (2012) 482–493. 

[16] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real- 
time quantitative PCR and the 2(-Delta Delta C(T)) method, Methods 25 (2001) 
402–408. 
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