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ARTICLE INFO ABSTRACT

Keywords: A blend of medicinal herbs extracts (BHE) obtained from Thymus vulgaris, Origanum majorana, and Satureja
Aquaculture hortensis fed to common carp (20.57 + 0.66 g; mean + S.D.) at five incremental levels of 0 (control), 0.5%, 1%,
Phytogenic

2%, and 3% of diet for 60 days. At the end of the study, final body weight, body weight increment, specific

Lamiaceae growth rate, survival rate, and feed conversion ratio were significantly better in the groups fed 1 and 2% BHE
Production R ) . .
Immunity relative to the control (P < 0.05), and the best values were recorded for fish fed the diet containing 1% BHE.

According to the results, serum total protein and albumin values showed significant enhancements by 1-3% BHE
compared with the control (P < 0.05). However, globulin concentrations were not affected by BHE inclusion (P
> 0.05). Interestingly, all experimental groups fed with BHE-supplemented diets presented profound declines in
terms of serum cortisol, glucose, triglycerides, cholesterol, aspartate aminotransferase, and alkaline phosphatase
concentrations as compared to the control (P < 0.05). Further, incorporating BHE at levels higher than 1%
reduced alanine aminotransferase activity (P < 0.05). The superoxide dismutase, catalase, and glutathione
peroxidase activities were significantly intensified in serum by diets supplemented with 1-3% BHE than the
control (P < 0.05). In comparison, malondialdehyde contents were dose-dependently diminished upon BHE
additive (P < 0.05). Significantly higher levels of serum lysozyme (LYZ) activity and mucosal total immuno-
globulins (Ig) were found in the 2% BHE group relative to the control, 0.5, or 3% BHE treatments (P < 0.05). The
highest levels of serum total Ig and alternative complement activity (ACHs) activity as well as skin mucus LYZ
activity were observed in 1% BHE treatment. However, no remarkable differences were detected among treat-
ments for mucus ACHsg activity (P > 0.05). Alkaline phosphatase (ALP) activity showed significant improve-
ments in BHE-supplemented groups as compared to the control (P < 0.05), with the 2% BHE had notably higher
ALP activity than 3% BHE (P < 0.05). Meanwhile, 1 and 2% BHE resulted in significantly enhanced skin mucus
protease activities than the control and 0.5% BHE (P < 0.05). In conclusion, 1% BHE supplementation was the
most optimum dosage favorably improved feed efficiency, growth performance, immunological responses, and
antioxidant status of common carp.
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1. Introduction

Aquaculture is one of the main sectors in food production industry. It
provides consumers with safe and high-value protein sources (Dawood
et al., 2020). The common carp (Cyprinus carpio) has worldwide culti-
vation and is the most preferred farm fish species in many regions
(Harikrishnan et al., 2021; Yousefi et al., 2021a). The recent rapid
expansion of aquaculture has brought farming stress conditions and
numerous disease outbreaks that led to reduced productivity and
considerable economic loss (Dawood et al., 2018; Ghafarifarsani et al.,
2021a; Raissy et al., 2022). Currently, antibiotics, as the traditional way
of prevention and treatment of fish diseases, are prohibited in many
countries because of consequential adverse effects, including residues in
fish and the environment, weakened natural host immunity, higher
price, and pathogenic resistance (Awad et al., 2013; Mugwanya et al.,
2022; Yilmaz et al., 2016; Brown et al., 2021). Thus, friendly alternative
substances such as medicinal herbs are widely practiced in aquaculture
to induce beneficial effects on cultured animals and displace antibiotics
(El-Saadony et al., 2021; Raissy et al., 2022; Reverter et al., 2021; Yil-
maz et al., 2022).

In this context, Thymus vulgaris, Origanum majorana, and Satureja
hortensis and their derivatives have proven cost-effective feed supple-
ments to maximize productivity and boost host health status. These
medical plants are native to the Mediterranean region and currently
have worldwide distribution and application (Fierascu et al., 2018; Patil
et al., 2021). Thymus, Origanum, and Satureja are the most relevant
genera in the Lamiaceae family (Morales, 2003).

T. vulgaris contain special levels of different chemotypes namely
terpenoids (thymol, carvacrol, linalool, and terpinen), phenolics (quinic,
rosmaric, and caffeic acids), and flavonoids (apigenin, luteolin, and
cirsimaritin,). These are responsible for T. vulgaris growth-promoting,
antimicrobial, antioxidative, immunomodulatory, hepatoprotective,
anti-hyperlipidemic, and anti-inflammatory effects (Patil et al., 2021).
For example, Yousefi et al. (2022); Ghafarifarsani et al. (2021b) and
Hoseini and Yousefi (2019) illustrated that T. vulgaris supplementation
positively affected growth indices and ameliorated the deteriorative
consequences of stress responses on intestinal health, immune, antiox-
idant, and enzymatic activities of rainbow trout (Oncorhynchus mykiss).
Further, O. magjorana incorporation in aquafeed increased growth,
feeding efficiency, antioxidant capacity, immune status, and resistance
against infection. Many compounds of biomedical values such as ter-
penoids and phenolic compounds also are found in O. majorana (Charai
et al., 1996; Komaitis et al., 1992). A recent dietary experiment
confirmed and encouraged the multiple potential roles of O. majorana in
growth performance, immune response, and disease resistance (Yousefi
et al., 2021a). S. hortensis generally contains some metabolites like ter-
penoids, phenolics flavonoids (Chambre et al., 2020), which positively
alter fish growth and immune system responses.

Nevertheless, the medical herbs are not always efficient in enhancing
fish growth performance or health status. This can be attributed to
seasonal variation, agronomic procedure, climatic factors, genetics,
extraction methods, etc., leading to a different composition of plants and
obtained extracts in terms of discussed biomolecules (Harikrishnan
et al., 2020; Katar et al., 2017). The problem may partly be solved by
combining herbs of different compositions to meet the deficiencies.

To our knowledge, there are limited investigations on combining
herbal extracts as a novel strategy to enhance the productivity and
health status of aquatic animals. Therefore, we examined the synergistic
effect of dietary incorporation of T. vulgaris, O. majorana, and S. hortensis
mixture on the growth, blood biochemistry, antioxidant, and immune
response of common carp, C. carpio.
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2. Material and method
2.1. Extraction and diets

S. hortensis, O. majorana, and T. vulgaris dried leaves were procured
from a local medical plants store and washed with deionized water to
remove possible impurities. The fan-dried leaves were then separately
powdered and added with ethanol (80% v/v) at a portion of 1:3 (w/v).
The solutions were regularly agitated for three days. Each solution
passed through a Whatman filter paper to obtain an alcoholic extract.
The extract was concentrated by removing alcohol at 40 °C in a rotary
evaporator and kept at —70 °C (Yousefi et al., 2021a).

All three herbal extracts were combined in equivalent weights,
producing a mixture that supplemented in the percentage proportion of
the basal diet at incremental levels of 0% (T1, control), 0.5% (T2), 1%
(T3), 2% (T4), and 3% (T5). In brief, the blend of medicinal herbs ex-
tracts (BHE) added to the well-grounded basal diets, and the combina-
tion passed through a grinder’s openings and cut into pellets. The
resultant pellets were dried in an oven at 40 °C until moisture content
reached less than 10%. The experimental diets were tightly packed into
plastic bags and stored in a fridge at —20 °C until being fed to fish.

2.2. Fish and experimental condition

Common carp (C. carpio) were obtained from a private fish farm
(Gilan, Rasht, Iran) and conveyed to a private farm (Alborz, Karaj, Iran)
where the experiment was conducted. At first, fish were stocked in a
1000-L polyethylene tank for acclimation to the new condition. The tank
was continuously aerated and the growing water was daily replaced
with fresh dechlorinated water to remove uneaten feed and fecal matter.
During ten days of the acclimation period, fish were fed on commercial
pellets containing 35-37% crude protein (Faradaneh Co., Shahrekord,
Iran) to satiation twice daily (at 08:00 and 18:00). Then, 300 common
carp juveniles (20.57 + 0.66 g; mean + S.D.) were distributed in 12,
300-L polyethylene tanks in triplicates at the rate of 20 fish/tank. In
tanks, feeding was conducted twice a day (at 08:00 and 18:00) up to
satiation for 60 days. The tanks were supplied with continuous aeration
and 50% of water in each tank was exchanged daily with fresh dech-
lorinated water 1-h after morning feeding. The major water quality
parameters values were checked and recorded every day, including
water temperature (25.4 + 1.1 °C), pH (7.7 £ 0.6), and dissolve oxygen
(6.45 + 0.35 mg/L). Total ammonia nitrogen (<0.2 mg/L) was esti-
mated colorimetrically using a commercial kit (Shenasa Co., Iran).

2.3. Growth performance

At the end of the experiment, feeding was ceased for 24 h, fish were
anesthetized using clove powder (300 mg/L), and then all fish were
weighed and counted to evaluate the following parameters (Hajiahma-
dian et al., 2012; Mani and Ebrahimi, 2021):

Weight gain (WG) = [mean final weight (g) — mean initial weight
(g)] + mean initial weight (g); Specific growth rate (SGR; %) = Ln [mean
final weight (g)] — Ln [mean initial weight (g)] = no. of days x 100; Feed
conversion ratio (FCR) = weight gain (g) = feed intake (g); Survival (%)
=100 x (no. of fish harvested + no. of fish stocked).

2.4. Serum preparation

Three fish were collected from each replicate tank (9 fish/treatment)
and anesthetized using clove powder (300 mg/L). The blood was ob-
tained from the caudal vein using sterile, non-heparinized syringes,
poured into microcentrifuge tubes, and allowed to clot for 3 h at room
temperature. Afterward, samples were centrifuged at 2000 xg for 10
min at 4 °C, and supernatant (serum) was stored at —70 °C until analysis.
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2.5. Mucus collection

Four sedated fish from each replicate (12 fish/treatment) were
randomly collected for skin mucus collection according to (Yousefi et al.,
2022). In brief, the body surface of fish was rinsed with an amount of
sterile saline solution (NaCl 50 mM) individually, and then mucus was
collected through gently shacking and rubbing fish by hand in poly-
ethylene bags containing 10 mL of sterile saline solution. The collected
materials were poured into sterile test tubes, wastes were separated by
centrifugation at 3000 xg for 10 min at 4 °C, and the supernatant
(mucus) was stored at —70 °C for further analysis.

2.6. Serum biochemistry

The serum chemical parameters were analyzed spectrometrically
using commercially available kits following the manufacturer’s in-
structions (Pars Azmun Co., Iran). In brief, the selected parameters and
the methods of analysis included: alkaline phosphatase (ALP) by p-
nitrophenol phosphate conversion method at 405 nm (Yousefi et al.,
2021b), alanine aminotransferase (ALT), aspartate aminotransferase
(AST) by Brady’s reagent at 505 nm (Reitman and Frankel, 1957), total
protein (TP) by biuret method at 540 nm (Lubran, 1978), albumin (ALB)
by bromocresol green dye at 630 nm (Doumas et al., 1997), glucose
(GLU) by glucose oxidase method at 500 nm (Burtis and Ashwood,
1999), cholesterol (CHO) by cholesterol oxidase/peroxidase enzymatic
method at 510 nm (Burtis and Ashwood, 1999), and triglyceride (TRI)
by glycerol-3-phosphate oxidase enzymatic method at 546 nm (Burtis
and Ashwood, 1999).

The globulin (GLO) content was calculated by subtracting the value
of albumin from total protein (Bayunova et al., 2002). Cortisol (COR)
concentrations were detected at 450 nm using an enzyme-linked
immunosorbent assay kit (Zellbio Co., Germany) following kit’s
manual (Hajirezaee et al., 2020).

2.7. Serum immune responses

The serum total immunoglobulin (Ig) was measured following the
descriptions of Siwicki and Anderson, 1993. In brief, serum samples
were analyzed for TP levels using a commercial kit (Pars Azmun Co.,
Iran). Then, samples were added to 12% polyethylene glycol (PEG;
10,000 MW; Sigma) and TP contents were measured again. The differ-
ence between TP levels of the sample before and after PEG treatment
represents the serum Ig concentration.

The lysozyme (LYZ) activity of serum was quantified by a turbidi-
metric assay described by (Ellis, 1990). Briefly, serum (20 pL) was added
to 70 pL of Micrococcus lysodeikticus suspension (75 pg/mL of phosphate
buffer saline; Sigma) in wells of a 96-well plate and incubated at room
temperature, with continuous gentle shaking. The absorbance was
detected at 450 nm after 1 and 5 min. The unit of enzyme activity was
defined as the concentration that causes a decline in absorbance at a rate
of 0.001/min. Lysozyme from hen’s egg white (Sigma) was used to
develop the standard curve (Yousefi et al., 2021b).

The serum alternative complement activity (ACHsp) was revealed
based on the hemolysis of rabbit red blood cells (RaRBC) and the
absorbance was determined at 414 nm. The amount of serum sample
giving 50% hemolysis was recorded and ACHs activity was computed
following Yano, 1992.

2.8. Serum antioxidant status

Glutathione peroxidase (GSH-Px), superoxide dismutase (SOD),
catalase (CAT), and malondialdehyde (MDA) levels in serum samples
were quantified using diagnostic reagent kits (ZellBio Co., Lonsee,
Germany), following the manufacturer’s manual.

Glutathione peroxidase was measured by monitoring the formation
of 2-Nitro-5-thiobenzoic acid at 412 nm (Beutler et al., 1963).
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Superoxide dismutase activity was determined by the inhibition of nitro-
blue-tetrazolium reduction and reading the absorbance at 420 nm
(Marklund and Marklund, 1974). Catalase activity was determined
based on the rate of HyO, disintegration into water and oxygen at 405
nm (Beutler, 1984). Malondialdehyde levels were evaluated using
colorimetric thiobarbituric acid-reactive substances (TBARs) microplate
assay at 535 nm (Dawn-Linsley et al., 2005).

2.9. Mucus immune responses

The mucus ALP activity analysis was performed using a commercial
kit (Pars Azmun Co, Tehran, Iran). The rate of p-nitrophenol production
is measured at 405 nm and used to quantify ALP activity. Mucus samples
were checked for protease activity using the azocasein hydrolysis assay
detailed by (Ross et al., 2000). The mucus LYZ and ACHs activities, as
well as Ig concentrations, were enumerated as per the given instructions
for serum samples.

2.10. Ethical approval

The welfare of fish was taken into consideration and all the experi-
mental procedures followed the ARRIVE guidelines and were carried out
in accordance with the National Institutes of Health guide for the care
and use of laboratory animals (NIH Publications No. 8023, revised 1978)
to minimize fish suffering.

2.11. Statistical analysis

The statistical analysis was conducted using SPSS version 22 (SPSS
Inc., IL, USA). The data were confirmed in terms of normal distribution
by the Shapiro-Wilk test and homogeneity of variances. The results of
one-way ANOVA and Duncan’s multiple range test were used to deter-
mine the significant differences among treatments with the significance
level set at p < 0.05.

3. Results
3.1. Growth performance

According to Table 1, the dietary inclusion of a blend of medicinal
herbs extract (BHE) significantly affected the growth performances of
common carp. The final body weight (FBW), weight gain (WG), specific
growth rate (SGR), feed conversion ratio (FCR) values were significantly
better in the groups fed 1 and 2% BHE relative to the control (P < 0.05).
The highest levels of FBW, WG, and SGR and the lowest values of FCR

Table 1

Growth parameters of common carp (Cyprinus carpio) fed a mixture of medicinal
herbs extracts at graded levels of 0% (T1, control), 0.5% (T2), 1% (T3), 2% (T4),
and 3% (T5).

Parameter T1 T2 T3 T4 T5
BW (g) 20.59 + 20.46 + 20.61 + 20.18 + 21.02 +
g 0.69° 0.93° 0.77° 0.66° 0.41°
38.84 + 41.12 + 45.71 + 4351 + 41.90 +
FBW (¢) 0.81¢ 0.92 0.88° 1.00% 1.31°
WG (2) 18.25 + 20.65 + 25.10 + 23.32 + 20.88 +
& 0.23¢ 1.67% 0.57° 1.15% 1.52b
1.05 + 1.16 + 1.32 4+ 1.28 + 1.14 +
on A—1
SGR(6d™) ) oo 0.10% 0.04° 0.06° 0.07%°
ECR 2.80 + 2.48 + 2.03 + 219 + 2.45 +
0.03? 0.20°° 0.04¢ 0.10* 0.17%°
Survival rate 98.33 + " a " a
%) 288" 100 100 100 100

IBW: Initial body weight, FBW: Final body weight, BWI: Body weight increment,
SGR: Specific growth rate, FCR: Feed conversion ratio, SR: Survival rate. Values
are expressed as means + S.D. (n = 3). Means in the same row bearing different
superscript are significantly different at (P < 0.05).
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were obtained by 1% BHE. Fish survival was found statistically similar
among study treatments (P > 0.05).

3.2. Serum bio-chemicals

BHE supplemented diets had marked effects on serum biochemicals
of common carp (Table 2). Accordingly, serum TP contents registered
significant enhancements by 1 and 2% BHE compared with the control
(P < 0.05). Further, ALB values significantly increased by 1-3% BHE
supplementation (P < 0.05). However, GLB was not affected by BHE
inclusion (P > 0.05). Interestingly, all the groups fed with MCH-
supplemented diets exhibited significantly declined concentrations of
COR, GLU, TRI, CHO, AST, and ALP in the serum when compared to the
control (P < 0.05). The least COR values were detected in the groups of 1
and 2% BHE, showing significant differences from other groups (P <
0.05). GLU contents were found meaningfully lower in 1% and 3% BHE
treatments relative to the control and 0.5% BHE-fed treatments (P <
0.05). Incorporating fish diet with BHE at 1-3% resulted in significantly
lower TRI and ALT levels compared to the control and 0.5% BHE diets
(P <0.05). 1% BHE supplementation level produced significantly lower
CHO concentrations in comparison with the control and 0.5% BHE-fed
group (P < 0.05). AST values were lowest in 1% BHE treatment (P <
0.05). Significantly lower ALP levels were detected in fish given 1-3%
BHE compared to those fish fed the control and 0.5% BHE diets (P <
0.05).

3.3. Serum immune responses

According to the results (Fig. 1), serum innate responses of common
carp were significantly affected by BHE supplementation. At all inclu-
sion levels, the groups treated with BHE presented significant differ-
ences relative to control in terms of total Ig concentrations and LYZ
activities (P < 0.05). The highest levels of total Ig were observed in 1%
BHE treatment that profoundly differed from the remaining treatments
(P < 0.05). Fish fed 2% BHE had markedly higher LYZ activity than the
control or 0.5 and 3% BHE groups (P < 0.05). However, only the group
supplemented with 1% BHE recorded significantly higher levels of
ACHsy activity relative to the control (P < 0.05).

Table 2

Serum biochemistry measurements of common carp (Cyprinus carpio) fed a
mixture of medicinal herbs extracts at graded levels of 0% (T1, control), 0.5%
(T2), 1% (T3), 2% (T4), and 3% (T5).

Parameter T1 T2 T3 T4 T5
2.96 + 3.41 + 3.65 + 352+ 3.61 +
TP (g/dl) ) 1gb 0.26® 0.22% 0.31% 0.21°
112 + 1.31 + 1.59 + 1.50 + 1.54 +
ALB (8/dL) g 0.09° 0.12° 0.18° 0.13
1.83 + 2.10 + 2.06 + 2.02 + 2.07 +
GLB (g/dL) 13 0.27° 0.27° 0.27° 0.35°
COR (ng/ 40.89 + 34.16 + 27.74 + 29.85 + 35.19 +
mL) 1.45° 1.63" 1.72¢ 1.39° 4.89°
GLU (mg/ 88.57 + 81.68 + 72.85 + 75.86 + 73.36 +
dL) 2.40° 2.81° 2.61¢ 2.30% 1.58¢
TRI (ng/ 21139+  200.41 + 174.10 + 177.94+ 17176 +
dL) 3.54% 3.22° 3.44° 3.89¢ 3.60°
CHO (mg/  91.57 + 84.72 + 76.71 + 82.04 + 81.29 +
dL) 1.93° 2.45° 2.84¢ 2.23% 2.47%
ALT (U/ 25.47 + 24.80 + 17.70 + 17.96 + 20.39 +
mL) 1.14* 1.412 1.12° 1.13° 1.15°
AST (U/ 72.79 + 63.78 + 58.89 + 65.06 + 60.49 +
mL) 1.18° 1.75% 1.14¢ 1.53" 1.93«
ALP (U/ 54.73 + 46.51 + 40.39 + 40.35 + 41.89 +
mL) 2.29° 1.57° 1.66° 1.66° 1.29

TP, total protein; ALB, albumin; GLB, globulin content; COR, cortisol; GLU,
glucose content; TRI, triglycerides; CHO, cholesterol; ALT, alanine amino-
transferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase. Values
are expressed as means + S.D. (n = 3). Means in the same row bearing different
superscript are significantly different at (P < 0.05).
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Fig. 1. The effects of experimental diets containing a blend of medicinal herbs
extracts (BHE) on the serum immune responses of common carp (Cyprinus
carpio) at the end of study: total immunoglobulin (total Ig); lysozyme activity
(LYZ); alternative complement activity (ACHso). T1, control; T2, 0.5% BHE; T3,
1% BHE; T4, 2% BHE; T5, 3% BHE. Values are expressed as means + S.D. (n =
3). Error bars bearing different superscript are significantly different at (P
< 0.05).

3.4. Serum antioxidants

The results show marked effects of BHE-included diets on the serum
antioxidant enzymes of common carp (Fig. 2). The activities of SOD,
CAT, and GSH-Px were significantly elevated in fish fed diets supple-
mented with 1-3% BHE than the control (P < 0.05). No significant
differences were detected among groups of fish fed diets containing 1, 2,
and 3% BHE (P > 0.05). In comparison, MDA levels were meaningfully
declined by BHE supplementation in a dose-dependent manner, as fol-
lows: 0% BHE > 0.5% BHE > 1, 2, 3% BHE (P < 0.05).

3.5. Mucus immune responses

According to the results (Fig. 3), BHE incorporation significantly
enhanced mucus total Ig contents and LYZ, ALP, and PRO activities of
common carp. Especially, significantly higher levels of total Ig were
found in 2% BHE group relative to the control or 0.5 and 3% BHE
treatments (P < 0.05). Further, the group of 1% BHE presented mean-
ingfully highest LYZ activity than the remaining treatments (P < 0.05).
Alkaline phosphatase (ALP) activity showed significant improvements
in BHE-supplemented groups compared with the control (P < 0.05).
However, there were not any statistical differences in ALP activity
among 0.5, 1, and 3% BHE groups or 0.5, 1, and 2% BHE groups (P >
0.05), though, 2% BHE had notably higher ALP activity than 3% BHE (P
< 0.05). No remarkable differences were detected among treatments in
terms of mucus ACHsgg activity (P > 0.05). Meanwhile, 1 and 2% BHE
resulted in significantly enhanced skin mucus PRO activities than the
control and 0.5% BHE (P < 0.05).
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Fig. 2. The effects of experimental diets containing a blend of medicinal herbs
extracts (BHE) on the serum antioxidant responses of common carp (Cyprinus
carpio) at the end of study: malondialdehyde activity (MDA); superoxide dis-
mutase activity (SOD); catalase activity (CAT); glutathione peroxidase activity
(GSH-Px). T1, control; T2, 0.5% BHE; T3, 1% BHE; T4, 2% BHE; T5, 3% BHE.
Values are expressed as means + S.D. (n = 3). Error bars bearing different
superscript are significantly different at (P < 0.05).

4. Discussion

The present study indicates that the dietary inclusion of a blend of
medicinal herbs extract (BHE) significantly improved growth perfor-
mances of common carp (C. carpio) in terms of FBW, WG, SGR, FCR
values in the groups fed 1 and 2% BHE relative to the control, with the
most optimum levels achieved by the diet containing 1% BHE. No study
has evaluated the effects of present BHE on the growth performance of
fish. However, the singular administration of T. vulgaris was found to
beneficially affect intestinal histology and health status (El Euony et al.,
2020; Ghafarifarsani et al., 2021b; Di Kong et al., 2021; Yousefi et al.,
2022; Ghafarifarsani et al., 2022a) and microbial community as well as
digestive enzymes activities (Giannenas et al., 2012; Navarrete et al.,
2010), which are associated to improvements in fish growth perfor-
mance in different fish species. Further, common carp fed diets con-
taining different levels of O. majorana extract (0.2-1 g/kg) exhibited
better feed utilization, growth indices, and survival (Yousefi et al.,
2021a). The number of total lactic acid bacteria was significantly
improved by 1% S. khuzestanica (Mousavi et al., 2016). Ghafarifarsani
et al. (2022b) showed that dietary S. hortensisis at an inclusion level of
200 mg/kg improved the growth performance of Caspian roach (Rutilus
caspicus). A recent study by Magouz et al. (2021) illustrated that a blend
of herbal essential oils (0.25-0.5 mL/kg) containing oregano, thymol,
carvacrol, 1,8 cineol, pinene p, limonene, pinene, and propylene glycol
induced markedly better growth performance, digestive enzymes ac-
tivity, and intestinal features of Nile tilapia (Oreochromis niloticus). The
terpenoids, phenolics, and flavonoids improve feed utilization by
increasing feed palatability and enhancing beneficial bacteria activity,
thereby higher secretion of digestive enzymes (Ahmadifar et al., 2021;
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Fig. 3. The effects of experimental diets containing a blend of medicinal herbs
extracts (BHE) on the mucus immune responses of common carp (Cyprinus
carpio) at the end of study: total immunoglobulin (total Ig); lysozyme activity
(LYZ); alternative complement activity (ACHs); alkaline phosphatase activity
(ALP); Protease activity (PRO). T1, control; T2, 0.5% BHE; T3, 1% BHE; T4, 2%
BHE; T5, 3% BHE. Values are expressed as means + S.D. (n = 3). Error bars
bearing different superscript are significantly different at (P < 0.05).

Alagawany et al., 2021). Additionally, a better gut health facilitates
efficient nutrients absorption (Magouz et al., 2021). Hence, the growth-
promoting effect of BHE may be attributed to such bioactive compounds,
which are also found in T. vulgaris, O. majorana, and S. hortensisis.

The results evidenced that serum and mucosal total immunoglobu-
lins (Ig) contents can be profoundly affected by BHE treatments. It
suggests enhanced immune response of supplemented fish since Igs
participate in the complement system activation, opsonization of anti-
gens for phagocytosis, neutralization of toxins, and inhibiting the
attachment of the pathogens to body cells or mucosal surfaces (Mashoof
and Criscitiello, 2016; Salinas et al., 2011). In agreement with our re-
sults, it was reported that individual administration of O. majorana in
common carp (Yousefi et al., 2021a) and S. hortensisis in Caspian

roach (Ghafarifarsani et al., 2022b) improved mucus and serum Ig
concentrations, respectively. However, serum Ig contests were not
affected by dietary supplementation of T. vulgaris essential oil in the
study of Ghafarifarsani et al. (2021b). The bioactive fraction of medical
herbs can damage bacterial cells and release cellular components
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(Aragona et al., 2018), thereby enhancing immune responses by
affecting B cells that produce Ig in fish.

The results revealed significantly higher LYZ activity in serum and
mucus samples of 1 and 2% BHE supplemented treatments in particular,
which confirm the improvement of immune responses. LYZ is a principal
antimicrobial protein present in body fluids and mucosal surfaces
(Raissy et al., 2022). LYZ hydrolysis of peptidoglycan leads to membrane
vulnerability and microbial cell death. It also eliminates bacteria
through a cationic nature involving the formation of pores on the bac-
terial cell membrane. At mucosal surfaces, LYZ prevents bacterial
overgrowth (Ragland and Criss, 2017). Such beneficial effects of herbal
extracts on LYZ activity have been reported by Yousefi et al. (2021a),
who showed that the use of 200 mg/kg O. majorana ethanolic extract in
common carp increased serum and mucus LYZ activities. Further, the
elevated activity of serum LYZ was observed following supplementation
with 200 mg/kg S. hortensisis in Caspian roach (Ghafarifarsani et al.,
2022b). Similar results were reported in rainbow trout and snakehead
(Channa argus) by thymol and T. vulgaris supplementation, respectively
(Ghafarifarsani et al., 2021b; Yousefi et al., 2022; Di Kong et al., 2021).

ACHs( synergizes with lysozyme by the formation of membrane
attack complex (MAC) and enhancing the access of lysozyme to peri-
plasmic peptidoglycan. Its attachment also limits bacteria activity and
stimulates phagocytosis by opsonizing antigens (Holland and Lambris,
2002). According to the results, the diet containing 1% BHE induced
significantly higher levels of ACHs( activity in serum as compared to the
control. This finding is similar to the previous results obtained by indi-
vidual supplementation of the same medicinal herbs (Ghafarifarsani
et al., 2021a, 2021b; Di Kong et al., 2021; Yousefi et al., 2021a, 2021b;
Ghafarifarsani et al., 2022b, 2022c; Raissy et al., 2022; Yousefi et al.,
2022).

The physiological roles of ALP may vary depending on the tissue
(Smith et al., 2013). In fish, mucosal ALP has antimicrobial effects and
contributes to the detoxification of pro-inflammatory microbial com-
pounds present in the water through dephosphorylating, thus protecting
the organism and controlling skin inflammation (Lalles, 2019). In our
study, 2% BHE treatment in particular improved mucus ALP levels
which agrees with a previous study on common carp fed O. majorana
(Yousefi et al., 2021a). Additionally, other members of the Lamiaceae
family, such as O. vulgare, showed comparable results (Ghafarifarsani
et al., 2021a).

In the present study, skin mucus PRO activity was significantly
enhanced in 1-3% BHE-supplemented groups. Skin mucus proteases are
implicated in the resistance against bacterial and ectoparasite infection
since they directly degrade proteins of pathogens or modify chemical
properties of the mucosal layer to prevent pathogens attachment/
interaction and overgrowth (Fernandez-Montero et al., 2021). Thus,
higher PRO activities suggest improved immune responses and disease
resistance of fish, as shown by singular administration of O. majorana in
common carp (Yousefi et al., 2021a) and O. vulgare in common carp
(Ghafarifarsani et al., 2021a).

In the present study, a variety of bioactive compounds contained in
the applied medical herbs (T. vulgaris, O. majorana, and S. hortensisis)
could act as membrane permeabilizers with cytotoxic effects on bacte-
rial cell structure and function. In addition, they have quorum sensing
disrupting properties that limit bacterial biofilm formation (Firmino
et al., 2021). Interestingly, the presence of plant-derived biomolecules
such as carvacrol and 1,8-cineole in the fish skin mucus is reported by
some studies (Mizuno et al., 2018; Zoral et al., 2018). Thus, such an
efflux through the skin may also be responsible for the improved im-
mune responses and antimicrobial effects observed in the skin mucosal
layer (Firmino et al., 2021).

Low serum total protein levels were reported in malnutrition and
disease conditions (Goldstein-Fuchs and LaPierre, 2013). Under such
conditions, there is not enough protein for the liver to synthesis albumin.
Hence, higher total protein and albumin levels in the current study are
most likely signs of more efficient feed utilization, healthy liver, and
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improved immune responses. Similar results were obtained by previous
individual supplementation of medicinal herbs applied in this experi-
ment or other members of the Lamiaceae family (Ghafarifarsani et al.,
2021a, 2021b; Mohammadi et al., 2020; Yousefi et al., 2021a; Ghafar-
ifarsani et al., 2022a, 2022b, 2022c; Yousefi et al., 2022).

High levels of serum globulin may indicate infection, inflammation,
or immune disorders (Smith et al., 2013), whereas its low levels could be
a sign of a weakened immune system and liver disease (Hajirezaee et al.,
2020). In the present study, the globulins levels were comparable to
control, indicating a stable fish health condition and that BHE had no
adverse effects on liver and immune responses, supporting supplements
safety.

Cortisol and glucose levels in the blood are biomarkers of stress in
fish (Hedayati et al., 2019, 2021). The energetic demands of stressed fish
lead to increased cortisol levels which is an essential stimulus for liver
cells to produce glucose, thereby providing body cells with sufficient
energy sources. Liver malfunction, endogenous protein loss, immuno-
suppression, and disease could be possible outcomes of constantly high
cortisol levels in fish (Hajirezaee et al., 2020). Meanwhile, cholesterol is
the precursor of some steroid hormones, including cortisol (Wan et al.,
2014), and triglycerides are the main source of energy for body cells
(Hajirezaee et al., 2020), therefore, the reduced serum cortisol, glucose,
cholesterol, and triglycerides levels by BHE supplementation possibly
indicate lower stress conditions. Khalil et al. (2020) showed that
T. vulgaris supplementation attenuated lambda cyhalothrin-induced
toxicity through negative influence on mRNA transcription of genes
linked to immunity and induction of oxidative injury of the different
immune organs. Concurrently lower cortisol, glucose, cholesterol, and
triglycerides are reported by other studies on T. vulgaris (Hoseini and
Yousefi, 2019), S. hortensis (Mousavi et al., 2016), and O. majorana
(Desouky et al., 2015; Toghyani et al., 2010; Wahby et al., 2015) indi-
vidual supplementation. Indeed, BHE supplementation could lower
these compounds through enhancing feed utilization, antioxidant ca-
pacity, immune responses, and liver health and function, thereby
increasing fish resistance against stress conditions.

Reactive oxygen species (ROS) are strongly associated with many
pathological events (Valavanidis et al., 2006; Hoseinifar et al., 2020).
They have a very short life span and are thus not easy to detect.
Nevertheless, ROS-induced tissue injury may be monitored by
measuring the levels of malondialdehyde (MDA) which is formed during
lipid peroxidation of polyunsaturated fatty acids (Cherian et al., 2019;
Ghafarifarsani et al., 2021c). The present study revealed profound de-
creases in MDA levels by applying BHE-incorporated diets. Plants and
their extracts are proven to effectively lower lipid peroxidation by
enhancing antioxidant enzymes activities. Several antioxidant enzymes
are found in the body cells to inhibit or heal the damage caused by ROS,
as well as to regulate redox-sensitive signaling pathways, among which
SOD catalyzes the conversion of superoxide radicals into more stable
molecular oxygen and hydrogen peroxide, whereas the CAT converts
hydrogen peroxide into water (Weydert and Cullen, 2010; Ghafar-
ifarsani et al., 2021c). GSH-Px catalyzes the reduction of hydrogen
peroxide into water (Yousefi et al., 2021a, 2021b). Thus, the enhanced
SOD, CAT, and GSH-Px activities in the current study effectively
improve cellular oxidative stress defense system in the fish body, which
well accord with the findings of the previous studies on the individual
administration of T. vulgaris (Hoseini and Yousefi, 2019), O. majorana
(Yousefi et al., 2021a), thymol (Di Kong et al., 2021; Yousefi et al.,
2022), and some other species of Lamiaceae family (Abdel-Latif et al.,
2020; Mohammadi et al., 2020). The various bioactive chemicals
namely terpenoids (e.g., thymol, carvacrol, linalool, terpinen), pheno-
lics (e.g., quinic, rosmaric, and caffeic acids), and flavonoids (e.g., api-
genin, luteolin, cirsimaritin) contained in medicinal plants and their
derivatives are reported to positively enhance SOD, CAT, and GSH-Px
but decrease MDA levels in fish (Chambre et al., 2020; Charai et al.,
1996; Firmino et al., 2021; Komaitis et al., 1992; Ghafarifarsani et al.,
2021a, 2021b; Patil et al., 2021; Ghafarifarsani et al., 2022b, 2022c).
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Carvacrol and thymol in particular shown to have strong antioxidant
properties relying on their ability to scavenge ROS and other oxygen
radicals generated in cells and tissues.

ALT and AST reside in the cytoplasm and play a role in amino acids
metabolism and gluconeogenesis. ALP is a membrane-bound metal-
loenzyme whose activity in sera originates mainly in the liver. These
enzymes are well-established biomarkers of fish liver health, which their
increased concentrations in blood are a sign of liver damage (Hajirezaee
et al., 2020; Abdelhamid et al., 2021; Ghafarifarsani et al., 2021a). The
present study demonstrated the considerable declined in ALT, AST, and
ALP in BHE-supplemented treatments, indicating the hepatoprotective
effect of BHE in carps. Consistent with our results, diets enriched with
T. vulgaris (Hoseini and Yousefi, 2019), thymol (Di Kong et al., 2021;
Yousefi et al., 2022), and O. vulgare (Mohammadi et al., 2020) showed
similar advantageous effects. These may be attributed to enhancement
of antioxidant and immune responses, thus higher liver health status, of
fish fed medicinal plants which was also demonstrated by the results of
the current study.

5. Conclusion

In conclusion, a blend of T. vulgaris, O. majorana, and S. hortensis
extracts (BHE) effectively enhanced the growth performance and feed
efficiency in common carp. It also favorably reduced stress conditions
and improved fish health status, demonstrated by positive alterations in
serum biochemicals, immunological parameters, and antioxidant re-
sponses. The diet supplemented with 1% BHE produced the most opti-
mum results in terms of growth performance and health status of
common carp.
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