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 The natural polymer poly-β-hydroxybutyrate (PHB) is converted to β-hydroxybutyric acid, 
which is similar to short-chain fatty acids, via microbial fermentation and host enzyme 
breakdown. This study investigated the impact of different PHB concentrations (Control, 1.00, 
3.00, and 5.00% substitution) on growth performances and fish welfare in common carp 
fingerlings. After a 60-day trial, fish fed on diet containing 1.00% PHB exhibited significantly 
higher weight gain and improved feed conversion efficiency compared to the control group. 
Furthermore, analysis of enzymatic activity showed elevated levels of total protease and 
amylase in PHB-fed treatments compared to the control. Red blood cell counts, hemoglobin, and 
hematocrit levels remained unaffected and a significant increase in white blood cell count was 
observed in fish fed on diets containing 1.00 and 3.00% PHB compared to the control group. 
Furthermore, fish fed on diets containing 1.00 and 3.00% PHB demonstrated significantly 
higher total protein levels and lower glucose concentrations as well as reduced hepatic enzyme 
activities (aspartate aminotransferase and alanine aminotransferase) compared to both the 
control and 5.00% PHB groups. Assessment of antioxidant and immune parameters revealed 
significantly increased complement hemolytic activity and immunoglobulin M levels coupled 
with decreased malondialdehyde concentrations in the plasma of PHB-fed fish compared to the 
control group. In conclusion, dietary supplementation with PHB, especially at the 1.00% level, 
enhanced growth performance and improved nutritional and health indicators in the 
fingerlings. These findings suggested that PHB had the potential to be a valuable dietary 
additive for this species.  

© 2025 Urmia University. All rights reserved. 

 Keywords:  
 
 Antioxidant 
 Common carp 
 Immunity 
 Poly-β-hydroxybutyrate 
 Short chain fatty acid 

 

   
Introduction 
 

In recent years, the intensive farming of common carp 
(Cyprinus carpio) has seen significant growth in the worlds 
resulting in an increase in bacterial disease outbreaks on 
farms. Historically, antibiotics served as a primary solution 
for managing bacterial diseases in both aquatic and 
terrestrial animal farming. However, with the ban on 
antibiotic use in these settings, researchers globally have 
embarked on exploring alternative methods for health 
maintenance and disease mitigation.1 This quest has led to 
the investigation of various substitutes for antibiotics, 
including probiotics and dietary supplements like 
prebiotics, which are non-digestible components utilized 
by specific microorganisms.2,3 The fermentation of dietary 
substrates by beneficial microorganisms within the gut   

  

 leads to the production of short-chain fatty acids (SCFAs). 
These SCFAs play a multifaceted role in shaping the gut 
environment. They selectively promote the proliferation of 
commensal bacteria while exerting suppressive effects on 
pathogenic strains.4,5 Additionally, SCFAs contribute to a 
reduction in luminal pH, thereby, enhancing the intestinal 
absorption of essential minerals.6,7 Their influence extends 
beyond the gut, as SCFAs have been demonstrated to 
modulate lipid metabolism in both animal and human 
models.8 Furthermore, in vitro studies have reported the 
inhibitory effects of SCFAs on fungal growth, including 
yeast and various enteric pathogens such as Shigella 
flexneri, Escherichia coli, and Salmonella typhimurium.5 

Poly-β-hydroxybutyrate (PHB) is a key polymer within 
the polyhydroxyalkanoates group composed of β-hydroxy-
butyrate, a SCFA produced by several bacteria species 
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(e.g., Alcaligenes eutrophus, Bacillus megaterium) as a 
means of storing intracellular energy and carbon.9 
Bacterial extracellular enzymes can degrade PHB into β-
hydroxybutyrate monomers.10-14 Notably, β-hydroxy-
butyrate has been shown to safeguard Artemia 
franciscana against Vibrio campbellii.5 Moreover, PHB has 
been associated with enhanced growth performance and 
modulation of the microbial community in sea bass 
intestines.1 Similarly, positive effects of PHB on the 
immune system, growth performance and microbial 
community have been reported in Artemia,5,14 sea bass1 
and freshwater prawn.15 The growth-promoting 
properties of PHB in sea bass and giant freshwater 
shrimp are well-documented, however, the underlying 
mechanisms remain elusive.  

Understanding the effects of PHB on common carp is 
mostly based on two previous research by Li et al.,16,17 
according to the author’s literature review. These studies 
investigated the effects of PHB on this species (different 
with the current study) and under certain circumstances, 
including exposure to copper and lipopolysaccharide 
stress. As a result, the outcomes concerning the impacts of 
PHB in normal conditions are still obscure. The primary 
objective of this research was to explore how the 
consumption of PHB impacted the growth performance, 
digestive enzyme activity, body composition and immune 
response of common carp fingerlings. 

 
Materials and Methods 
 

Experimental set up and animals. The experiment 
was conducted at Gorgan University of Agricultural 
Sciences and Natural Resources, Golestan Province, Iran. 
Common carp fingerlings were procured from local 
hatcheries in Azadshahr, Golestan Province. The 
fingerlings were acclimated to the experimental conditions 
for 1 week during which their health and any abnormal 
behaviors were closely monitored. Following acclimation, 
fish with an average initial weight of 20.00 ± 1.50 g were 
randomly allocated to four experimental groups each 
housed in 60-L glass aquariums. The tanks were 
maintained under controlled conditions with a 30.00% 
daily water exchange and a stocking density of 15 fish per 
tank. Water was continuously aerated and temperature 
was kept constant at 25.00 ± 2.00 ˚C under a 12-hr light-
dark photoperiod. Fish were fed thrice daily with uneaten 
feed and fecal matter removed daily. The experimental 
period lasted for 60 days. All experiments were performed 
following the protocol approved by the committee of 
ethics of the faculty of science or the University of Tehran 
(357/8 Nov/2021). 

Experimental diets. Poly-β-hydroxybutyrate powder 
(98.00% PHB, 2.00% poly-β-hydroxyvalerate; Goodfellow, 
Huntingdon, UK) was used as the test substance in this 
experiment. A range of concentrations were employed: 
 

 0.00 (as control), 1.00, 3.00 and 5.00 %.18 The PHB was 
incorporated as a substitute for carboxymethyl cellulose in 
the diet formulation. The mixture was pelletized using a 
cold palletization system with a die size corresponding to 
the fish's oral cavity. Individual ration components were 
homogenized using a household blender. Thereafter, tap 
water (500 mL kg-1) was introduced to the blend and 
thoroughly incorporated. The mixture was then processed 
into elongated filaments (1.00 - 2.00 mm diameter) using a 
meat grinder equipped with a spring mechanism. The 
extruded strands were subjected to controlled airflow for 
optimal drying. The dried strands were manually chopped 
into smaller pellets resulting in a final product with a 
protein content of 32.00% and a fat content of 9.60%. The 
prepared pellets were stored at 4.00 ˚C until use. 

Sampling and analysis. To monitor the health of the 
fish throughout the 60-day experiment, the authors 
conducted daily survival checks, removing any deceased 
fish from the tanks.19 No mortality was observed in the 
fingerlings throughout the experiment. Fish from each 
tank were subjected to a 24-hr fasting period prior to 
weekly weighing to monitor growth performance. Specific 
growth rate (SGR) was determined based on the average 
final weight after 6 weeks, initial weight and the total 
experimental period of 60 days. To evaluate feed 
utilization efficiency, feed conversion ratio (FCR) was 
calculated as the ratio of dry feed consumed to the 
increase in wet fish weight. 

Assessment of digestive enzymes. At the end of the 
experiment, three fish per tank were euthanized with clove 
powder (200 mg L-1) and dissected for digestive tract 
collection.18 Samples were mechanically homogenized in a 
cold buffer with protease inhibitors and detergent, then 
centrifuged to isolate the soluble fraction. The supernatant 
was stored frozen for further analyses. Protease activity 
was measured at room temperature (25.00 ˚C) using 
1.00% (w/v) casein as a substrate (Sigma Aldrich, St. 
Louis, USA) in a buffered solution (pH = 7.00).20 Amylase 
activity was evaluated as per the method described by 
Métais and Bieth 21 with a starch substrate (Sigma-Aldrich) 
in NaH2PO4 buffer (pH = 7.40; Sigma-Aldrich). Amylase 
activity was quantified based on the amount of substrate 
hydrolyzed under controlled conditions (37.00 ˚C, over a 
30-min period). Lipase activity was determined using a p-
nitrophenol myristate (Sigma-Aldrich) as a substrate in a 
Tris-based buffer (pH = 9.00; Sigma-Aldrich) and the unit 
of activity was defined based on the rate of substrate 
hydrolysis at 30.00 ˚C.22 A colorimetric assay was used to 
quantify the total protein content within the homogenate 
(Infinite M200; TECAN, Grödig, Austria).23 A commercially 
available reference protein standard like bovine serum 
albumin (Sigma-Aldrich) was employed for calibration. 
Enzyme activity for each measured enzyme was then 
normalized by dividing the activity units by the total 
protein content (U mg-1 protein). 
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Fish proximate composition analysis. Following the 
experimental period, the whole-body composition of the 
fish was evaluated using established protocols. Total 
nitrogen content, employed for estimating crude protein, 
was quantified using Kjeldahl method.24 Crude protein 
content was then calculated by applying a pre-defined 
conversion factor. Ash content, representing the mineral 
residue, was determined by incineration in a muffle 
furnace at a specific temperature (550 ˚C) for 16 hr. 
Finally, lipid content was extracted from the fish tissues 
was measured according to the method outlined by Ways 
and Hanahan.25 

Blood sample collection procedure. Following the 
60-day trial, nine fish per treatment group were 
euthanized using a researcher-approved anesthetic 
protocol (clove oil solution, 200 mg L-1; Momtaz, Tehran, 
Iran). Blood was then collected via caudal venipuncture 
employing a minimally invasive technique.26 Each sample 
was subsequently divided into aliquots for designated 
analyses. The first aliquot was immediately processed and 
preserved at a chilled temperature (4.00 ˚C) in an 
anticoagulant solution (heparinized saline) for down-
stream hematological evaluation. The second aliquot was 
allowed to undergo clot formation at ambient 
temperature. Following centrifugation at a predetermined 
force (1,500 g) for a specified duration (20 min), the 
resulting serum fraction was isolated and stored at sub-
zero temperatures (– 20.00 ˚C) for future immunological 
and serological investigations. 

Hematology and serum biochemical analysis. Red 
blood cell (RBC) and white blood cell (WBC) counts were 
manually determined using a hemocytometer. Hematocrit 
levels (%) were measured utilizing the microcentrifuge 
technique and the average of triplicate microhematocrits 
(7,000 g for 10 min) were recorded. Commercial kits were 
employed to estimate total serum proteins, albumin, 
glucose, triglyceride and cholesterol levels (Pars Azmun, 
Tehran, Iran). Serum globulin levels were calculated 
subtracting the albumin concentration from the total 
serum protein concentration. 

Assessment of immunological parameters and 
antioxidant status. To evaluate the immunological health 
of the fish following the 60-day experiment, blood samples 
were collected and subsequently processed for various 
analyses. Serum total immunoglobulin levels were 
determined using a modified protein precipitation 
technique, providing insight into the overall antibody 
production capacity.27 In summary, the total protein 
concentration was determined using the Bradford 
method23 before and after precipitating the immuno-
globulins with a 12.00% polyethylene glycol solution 
(Sigma-Aldrich). The difference between the two 
measurements indicated the total immunoglobulin 
content. Additionally, lysozyme activity, a key enzyme 
component of the innate immune system, was measured 
 

 using a commercially available bacterial substrate.28 In 
summary, Micrococcus lysodeikticus was used as a 
substrate in 0.01 M phosphate buffered saline buffer (pH = 
6.40). Serum (50.00 μL) was added to 3.00 mL of the 
suspension in an ice bath. Absorbance at 570 nm was 
recorded initially (A1) and subsequently after a 30-minute 
incubation period at 37.00 ˚C (A2) to evaluate the 
reaction's progression. The difference between these two 
readings reflects the reaction's intensity under the given 
conditions, offering a reliable quantification for 
subsequent analyses. Lysozyme activity was calculated as: 

U = (A1 – A2) / A1 

Furthermore, the authors investigated the 
alternative complement pathway, a critical arm of the 
humoral immune response, by determining the 
alternative complement activity (ACH50). The volume 
required to achieve 50.00% hemolysis was utilized to 
calculate the complement activity in the sample using 
the following formula:  

ACH50 (U mL⁻¹) = K × (reciprocal of the serum dilution) × 0.50 

where, K represents the volume (mL) of serum causing 
50.00% lysis, 0.50 is the correction factor and the assay 
was conducted at half the scale of the original method.29  

The activity of antioxidant enzymes in the fish serum 
was evaluated. A commercially available kit (Arsam 
Farazist kits, Urmia, Iran) was employed to determine 
serum glutathione peroxidase (GPx) activity, with results 
expressed in mmol L-1 of serum. Superoxide dismutase 
(SOD) activity was measured using the method described 
previously.30,31 The results were expressed in U mg-1 
protein. Lipid peroxidation, an indicator of oxidative 
stress, was assessed in the serum using the thiobarbituric 
acid test. The concentration of malondialdehyde (MDA), a 
byproduct of lipid peroxidation, was quantified as mmol 
L-1 of serum.32 

Statistical analysis. Data were analyzed using a 
commercially available statistical software package 
(version 21; SPSS, Armonk, USA). One-way analysis of 
variance was employed to assess the influence of 
treatment on the measured variables. Post-hoc analysis for 
pairwise comparisons among treatment means was 
conducted using a multiple comparison test (Duncan). A 
significance level of p < 0.05 was applied. 

 
Results 
 

Growth performance. The study investigated the 
impact of varying concentrations of PHB on the growth 
performance and nutritional parameters of common carp 
fingerlings with detailed findings provided in Table 1. 
Notably, fingerlings fed on 1.00 and 3.00% PHB exhibited 
the highest weight gain compared to the control group  
(p < 0.05). Conversely, the utilization of different dietary 
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rations did not yield significant effects on SGR (p > 0.05). 
However, a noteworthy reduction in FCR was observed in 
fingerlings consuming the 1.00% PHB diet, significantly 
differing from other treatments (p < 0.05). In contrast, the 
highest FCR was evident in the 5.00% PHB diet and 
control group displaying significant disparities from other 
experimental groups (p < 0.05). 

Body composition. The study examined the impact of 
various percentage of PHB on the body composition of 
common carp fingerlings as outlined in Table 2. Notably, 
the utilization of different PHB concentrations did not 
affect significant alterations in the fish protein content (p > 
0.05). However, there was a significant increase in the lipid 
content of fingerlings bodies when PHB was introduced 
compared to the control group (p < 0.05). Additionally, the 
ash content in fingerlings subjected to 1.00 and 3.00% 
PHB showed a marked increase compared to other 
treatments with statistically significant differences 
observed (p < 0.05). 

Digestive enzymes activity. The study investigated 
the impact of varying levels of PHB on the digestive 
enzyme activity in common carp fingerlings as outlined in 
Table 3. Notably, the utilization of different PHB 
concentrations demonstrated significant effects on the 
activity of total protease and amylase enzymes (p < 0.05) 
and no significant impact was observed on lipase activity 
(p > 0.05). Specifically, the 1.00% PHB treatment exhibited 
the highest total protease activity significantly differing 
from the control treatment (p < 0.05). Furthermore, there 
were no significant disparities in total protease enzyme 
activity among the PHB treatments (p > 0.05). 
Additionally, PHB feeding significantly influenced amylase 
activity with fingerlings fed on PHB treatments displaying 
markedly higher amylase activity compared to the control 
treatment (p < 0.05). 

 

 Hematological, immunological and serum bio-
chemical parameters. The results of dietary treatments 
on blood parameters are presented in Table 4. Analysis of 
the data indicated that different percentage of PHB did not 
affect RBC count, hematocrit, and hemoglobin (Hb) levels 
and no significant different was observed (p > 0.05). 
Conversely, a notable increase in WBC count was observed 
in treatments employing 1.00 and 3.00% PHB, exhibiting 
statistical significance when compared to the control 
group (p < 0.05). The findings of serum biochemical 
parameters are outlined in Table 4. Analysis revealed that 
concentrations of 1.00 and 3.00% PHB elicited a significant 
elevation in total protein levels in blood serum (p < 0.05), 
whereas, 5.00% PHB resulted in a significant reduction in 
protein concentration compared to the control group (p < 
0.05). No significant difference was observed in 
triglyceride, cholesterol and serum albumin levels among 
the fish fed on diets containing various levels of PHB 
compared to the control group (p > 0.05). The highest and 
lowest concentrations of glucose were recorded in the fish 
fed on 5.00 and 1.00% PHB diets, respectively (p < 0.05). 
Additionally, analysis of liver metabolic enzymes indicated 
that the fingerlings fed on 1.00 and 3.00% PHB diets 
exhibited lower levels of alanine aminotransferase and 
aspartate aminotransferase compared to both control and 
5.00% groups (p < 0.05). 

The results of immunity and antioxidant parameters 
are presented in the Table 4. There was no statistically 
significant difference observed in total serum antibody 
and lysozyme levels between the experimental treatments 
and the control group (p > 0.05). The ACH50 and 
immunoglobulin M values were measured in the blood 
serum of the fingerlings revealing significantly higher 
levels in 1.00 and 3.00% PHB compared to the control 
treatment (p < 0.05).  

 Table 1. Mean ± SD of growth performances for common carp fingerlings fed on different diets containing poly-β-hydroxybutyrate (PHB). 
Parameters Control 1.00% PHB 3.00% PHB 5.00% PHB 
Initial weight (g) 19.30 ± 0.20a 19.90 ± 0.40a 19.60 ± 0.90a 19.50 ± 0.60a 

Final weight (g) 33.00 ± 1.00b 37.90 ± 2.90a 37.98 ± 1.20a 34.80 ± 0.70ab 

Weight gain (g) 13.70 ± 0.90b 18.00 ± 2.90a 18.30 ± 1.40a 16.39 ± 1.30ab 

Specific growth rate (% per day) 0.89 ± 0.04a 1.06 ± 0.13a 1.09 ± 0.08a 1.05 ± 0.09a 

Feed conversion ratio 1.90 ± 0.03b 1.79 ± 0.03a 1.93 ± 0.05b 2.14 ± 0.11c 

abc Different letters within a row denote significant differences (p < 0.05). 
 

Table 2. The impacts of dietary treatments containing poly-β-hydroxybutyrate (PHB) on fingerlings whole body compositions.  
Parameters Control 1.00% PHB 3.00% PHB 5.00% PHB 
Protein (%) 67.00 ± 0.40a 66.30 ± 0.40a 67.10 ± 1.20a 67.00 ± 1.10a 

Lipid (%) 19.10 ± 0.60b 21.60 ± 1.80a 21.80 ± 0.90a 22.30 ± 1.40a 

Ash (%) 7.90 ± 0.30b 8.40 ± 0.70a 8.90 ± 0.50a 7.00 ± 0.60b 

ab Different letters within a row denote significant differences (p < 0.05). 
 

Table 3. Digestive enzymes activity in the common carp fingerlings fed on different concentration of poly-β-hydroxybutyrate (PHB). 
Parameters Control 1.00% PHB 3.00% PHB 5.00% PHB 
Protease (U L-1) 65.50 ± 3.10b 75.00 ± 3.60a 70.50 ± 2.30ab 70.00 ± 1.70ab 

Lipase (U L-1) 1.20 ± 0.10a 1.30 ± 0.00a 1.40 ± 0.10a 1.30 ± 0.08a 

Amylase (U L-1) 2.85 ± 0.30b 3.80 ± 0.30a 3.90 ± 0.20a 3.40 ± 0.20a 

ab Different letters within a row denote significant differences (p < 0.05). 
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Antioxidant indices were assessed in fish blood serum 

indicating no significant difference in GPX enzyme activity 
compared to the control treatment (p > 0.05). However, 
the highest levels of MDA were detected in the 5.00% PHB 
and control treatments which were significantly different 
from the 1.00 and 3.00% PHB treatments (p < 0.05). 
Furthermore, SOD enzyme activity exhibited a significant 
increase in the 1.00% PHB compared to the 5.00% PHB 
treatment as indicated by the obtained results. 
 
Discussion 
 

This study investigated the effects of dietary PHB 
supplementation on common carp fingerlings. Parameters 
assessed included growth performance, body composition, 
digestive enzyme activity, hematological as well as serum 
biochemical profiles, immunity and antioxidant status. 
Results indicated significant enhancements in specific 
aspects of fish health and welfare suggesting the potential 
benefits of PHB incorporation into common carp diets. 

PHB is an emerging prebiotic in aquaculture with 
demonstrated potential to enhance the health, disease 
resistance and growth performance of cultured aquatic 
organisms.1,15,18,33 Based on these studies, PHB effects on 
growth performance ended up the change in gut micro-
biota composition34 and improved nutrient utilization 
through increased digestive enzyme activity.26,35,36 In this 
study, dietary PHB was found to have a beneficial effect on 
the fingerling's growth performance. Interestingly, 
fingerlings fed diets supplemented with 1.00 and 3.00% 
PHB exhibited significantly higher weight gain compared 
to the control group. These results suggested that PHB 
supplementation might enhance nutrient utilization and 
promote accelerated growth in fingerlings. The SGR was 
not changed, though, suggesting that the observed weight 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

gain might have been mostly caused by an increase in feed 
consumption. Notably, the 1.00% PHB diet yielded the 
most substantial improvement in FCR compared to other 
treatments suggesting enhanced nutrient digestibility and 
absorption. Conversely, the 5.00% PHB group and the 
control group exhibited the highest FCR values indicating 
suboptimal feed utilization. 

Despite the higher total protease activity in the 
fingerlings gut in lower concentration of PHB, it might not 
have a significant impact on protein deposition due to 
various factors. Susilo et al.,37 found that protease activity 
in fish could vary with body size while Kopple,38 suggested 
that changes in proteolytic enzymes might not necessarily 
reflect in vivo activity. Holm39 observed a decrease in 
endogenous digestive protease activity in Atlantic salmon 
fingerlings given a diet supplemented with zooplankton 
which could also affect protein deposition. In addition, 
Zhang et al.40 reported that the specific activity of 
proteinase and amylase in the intestine of carps can be 
influenced by probiotics. These findings highlight the 
complexity of factors influencing protein deposition in fish 
and the need for further research to understand the 
disparity in protease activity and its impact. Although 
lipase activity was not altered in our investigation, the 
fingerlings fed PHB diets showed a significant increase in 
lipid content in comparison to the control, possibility that 
other mechanisms might be in operation. This could be 
explained by PHB ability to be converted into energy 
stores or by its possible ability to promote lipogenesis.18,35 
Moreover, a number of variables including altered gut 
microbiota and increased mucosal surface area as well as 
species-specific modifications promote lipogenesis via 
non-lipase pathways and decrease lipid catabolism. These 
contribute to improved dietary lipid absorption.41 To 
explore these options and learn more about the observed 
 

Table 4. Serum parameters in the fish fed on different diets containing poly-β-hydroxybutyrate (PHB). 
Parameters Control 1.00% PHB 3.00% PHB 5.00% PHB 
WBC (× 103 μL-1) 200.20 ± 8.90b 227.20 ± 3.60a 221.50 ± 7.20ab 204.30 ± 14.30b 

RBC (× 106 μL-1) 1.44 ± 0.20a 1.40 ± 0.08a 1.30 ± 0.02a 1.30 ± 0.01a 

Hemoglobin (g dL-1) 11.60 ± 0.90a 10.80 ± 0.40a 10.20 ± 0.10a 11.00 ± 0.60a 

Hematocrit (%) 25.50 ± 2.30a 27.00 ± 1.60a 25.30 ± 0.60a 25.90 ± 0.30a 

Total protein (g dL-1) 16.10 ± 0.10b 16.70 ± 0.10a 16.90 ± 0.20a 15.60 ± 0.20c 

Glucose (mg dL-1) 126.00 ± 4.50b 105.30 ± 2.50c 115.30 ± 3.50bc 155.60 ± 9.50a 

Triglyceride (mg dL-1) 643.00 ± 40.50a 600.30 ± 20.50a 588.00 ± 39.60a 634.00 ± 48.80a 

Cholesterol (mg dL-1) 405.00 ± 18.00a 408.00 ± 16.10a 408.10 ± 33.80a 448.00 ± 18.00a 

Albumin (g dL-1) 11.20 ± 0.10a 11.40 ± 0.30a 11.60 ± 0.40a 11.60 ± 0.30a 

AST (U L-1) 74.00 ± 4.50a 61.30 ± 12.10b 43.00 ± 4.50c 52.00 ± 6.00ab 

ALT (U L-1) 58.60 ± 3.50ab 48.00 ± 3.60b 51.60 ± 4.10ab 60.00 ± 4.50a 

Total antibody (g dL-1) 4.90 ± 0.10a 5.30 ± 0.30a 5.30 ± 0.30a 4.00 ± 0.50a 

Lysozyme (μg mL-1) 41.50 ± 3.50a 43.80 ± 2.60a 44.10 ± 4.30a 42.30 ± 3.70a 

ACH50 (U mL-1) 134.40 ± 3.90b 141.20 ± 0.20a 141.30 ± 1.90a 136.30 ± 4.10ab 

SOD (U mg-1) 53.00 ± 1.30ab 57.40 ± 3.50a 55.80 ± 1.30ab 52.80 ± 1.40b 

MDA (μg mL-1) 5.50 ± 0.30a 4.70 ± 0.20b 4.70 ± 0.70b 5.00 ± 0.10ab 

GPX (U mL-1) 0.14 ± 0.00a 0.15 ± 0.00a 0.15 ± 0.00a 0.15 ± 0.00a 

WBC: White blood cells; RBC: Red blood cell; AST: Aspartate aminotransferase; ALT: Alanine transaminase; ACH50: Alternative 
complement activity; SOD: Superoxide dismutase; MDA: Malondialdehyde; GPX: Glutathione peroxidase. 
ab Different letters within a row denote significant differences (p < 0.05). 
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event, more study is required. Also, in the fingerlings fed 
on 1.00 and 3.00% PHB diets, the ash content, a measure 
of mineral deposition-rose dramatically, indicating 
possible advantages for bone health and general mineral 
status. Najdegerami et al.,26,35 observed a decrease in gut 
pH following dietary supplementation with PHB in both 
Siberian sturgeon larvae and rainbow trout fingerlings. 
Our findings are consistent with the established notion 
that lower gut pH, often induced by SCFAs released during 
microbial degradation of PHB, is associated with increased 
mineral bioavailability.42 

The present study investigated the effect of PHB 
supplementation on digestive enzymes in common carp 
fingerlings. Total protease and amylase activity were 
significantly increased in fish fed on diets containing 
1.00% PHB and lipase activity remained unchanged 
compared to the control group. These findings partially 
were in agreement with previous research, showing PHB 
ability to enhance pancreatic enzyme secretion in some 
fish species such as rainbow trout and gibel carp.26,43 

However, other studies have reported suppression or no 
significant effect of PHB on digestive enzyme activity in 
fish like Persian sturgeon larvae and Siberian sturgeon 
fingerlings.18,44 These conflicting results across studies 
suggest species-specific effects and the potential role of gut 
microbiota modulation by PHB in influencing digestive 
enzyme activity. Several studies have demonstrated that 
PHB can alter gut microbial composition which might 
contribute to the observed variations in enzyme 
activity.1,18 Further research is needed to elucidate the 
underlying mechanisms and their dependence on fish 
species and dietary factors. 

The results indicated that different PHB concentrations 
had no significant effects on Hb levels, hematocrit, or RBC 
count. This implied that PHB supplementation within the 
examined range had no negative effect on the fish ability to 
produce RBCs or transport oxygen. Our results were in 
agreement with those of Rodriguez-Estrada et al.,45 who 
reported that the use of pure polyhydroxyalkanoate did 
not affect Nile tilapia RBC and Hb. In contrast to the 
control, the fingerlings fed on 1.00% PHB diets showed a 
noticeable rise in WBC count. Since WBCs are essential to 
the immune system, an increase in them may be a sign that 
PHB has immunomodulatory effects. 

The results regarding the biochemical characteristics 
of serum showed a complicated correlation between PHB 
content and other components of blood. In comparison to 
the control, 1.00% and 3.00% PHB significantly increased 
total protein levels indicating either enhanced protein 
synthesis or decreased protein breakdown. However, 
5.00% PHB significantly decreased total protein levels. To 
establish the ideal PHB level for preserving protein 
homeostasis and comprehend the underlying processes 
causing this disparity, more research is necessary. Also, no 
statistically significant variations were noted in the levels 
 

 of albumin, cholesterol or triglycerides indicating that PHB 
had no effect on these particular parameters. According to 
the data from the literature, stress in the fish environment 
often causes catecholamines to produce glucose which in 
turn stimulates the liver glycogenolysis.46 Interestingly, 
fish given 1.00 and 5.00% PHB diets had the lowest and 
the highest glucose levels, respectively, indicating possible 
impacts on glucose metabolism suggesting 5.00% PHB 
concentration might induce stress in the fingerlings. This 
finding was in agreement with observations from liver 
enzyme results where the fingerlings fed on 5.00% PHB 
exhibited elevated levels of aspartate aminotransferase 
and alanine aminotransferase enzymes, potentially 
indicating a stress response and cellular damage. 

The PHB supplementation did not significantly alter 
overall serum antibody or lysozyme levels, however, it did 
significantly raise ACH50 and immunoglobulin M levels in 
fingerlings given 1.00 and 3.00% PHB in comparison to the 
control. These results implied that PHB supplementation 
might improve certain immunological pathways especially 
those connected to complement function and humoral 
immunity. The control and 5.00% PHB treatments showed 
the greatest amounts of MDA, a sign of oxidative stress, 
however, GPX activity remained unchanged. This showed 
that 1.00 and 3.00% PHB might provide some oxidative 
stress protection which might enhance fish resistance and 
overall health. Additionally, compared to the 5.00% PHB 
group, SOD activity showed a substantial increase in the 
1.00% PHB treatment, providing additional evidence for 
the possible antioxidant advantages of PHB 
supplementation at particular dosages. Our results were in 
agreement with previous results who indicated that PHB 
in specific concentration improved immune response in 
different aquatic animals.5,26,34,35,43,45 

In conclusion, dietary supplementation with 1.00 and 
3.00% PHB in common carp fingerlings improved the 
growth and safety indicators. However, the absence of 
statistically significant differences between these 
concentrations combined with cost considerations in 
global markets suggested that 1.00% PHB merited further 
investigation and research as the preferred dietary 
inclusion level. 
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