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Abstract Alkaline stress is a major concern in
aquaculture that badly affects the aquatic species’
health and hemostasis. This research investigated the
effect of carbonate alkalinity exposure on the gills
and kidney organs as important organs for hemosta-
sis, as well as the ameliorative role of camel protein
hydrolysates (CPH) as dietary additives against alka-
line stress detrimental impacts in Nile tilapia (Oreo-
chromis niloticus). The fish (n=160) were divided
into four groups (G1, G2, G3, and G4), with the con-
trol (G1) fed a basal diet, while G2 was fed a basal
diet supplemented with 75 g CPH/kg and was reared
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in freshwater (carbonate alkalinity of 1.4 pmol/L,
pH=7.19). The G3 and G4 were reared in alka-
line water (carbonate alkalinity of 23.8 umol/L,
pH=28.65) and fed the same diets as G1 and G2 for
30 days, respectively. The fish were stocked under a
water temperature of 26.4+ 1.5 °C, and the diets were
introduced to the fish three times daily at a rate of
4% of their body weight. The results of this research
showed that alkaline exposure increased kidney func-
tion parameters (creatinine, urea, and uric acid), glu-
cose, and cortisol levels in the exposed fish. Alka-
line exposure reduced the blood electrolytes level
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(calcium, magnesium, sodium, potassium, and chlo-
ride) and branchial antioxidant enzymes (superox-
ide dismutase, catalase, glutathione peroxidase, and
reduced glutathione) and elevated malondialdehyde
level in the exposed fish. Significant downregulation
of the branchial expression of Na™/K* ATPase -3
subunit (0.17-fold), calcium/calmodulin-dependant
protein kinase 1 # (0.23 fold), chloride channel pro-
tein 2 (0.38-fold), solute carrier family 12 a 2 (0.33-
fold), and solute carrier family 4 a 4 (0.21-fold) was
in the fish-reared under carbonate alkalinity stress.
Alkaline exposure induced severe histopathological
changes in the gills and kidney tissue architecture
including inflammatory, circulatory, degenerative,
and progressive responses. Supplementation of the
Nile tilapia diet with 75 g CPH/kg ameliorated renal
function and balanced the blood electrolytes, glucose,
and cortisol levels in the alkaline-exposed fish. Mod-
ulation of the branchial gene expression profile and
improving the gills and kidney microstructure were
consequences of feeding on CPH diets during alka-
line stress situations. Overall, fortifying the Nile tila-
pia diets with 75 g CPH/kg helps the fish restore their
hemostasis and metabolic status during alkaline stress
exposure which enables the sustainable culture of this
species in such conditions.

Keywords Nile tilapia - Gills - Kidney -
Electrolytes - Alkaline stress - Gene expression

Introduction

Carbonate alkalinity is an essential measure of the
water buffering ability for the growth of fish. High
alkalinity aquaculture pond waters have a relatively
stable pH, whereas low alkalinity waters fluctu-
ate more. Additionally, aquatic animals are shielded
from the toxicity of trace metal ions by the alkalinity
(Kaushal et al. 2018). On the other hand, most fish
are harmed by extremely high alkalinity, which also
presents several physiological difficulties and may
even lead to the degradation of cellular biomolecules
(Ge et al. 2023).

In fish, alkaline stress caused gill oxidative stress
through a reduction in the antioxidant enzyme activ-
ity and increased lipid peroxidation level. In addi-
tion, it induced metabolic disorders through increased
blood ammonia and urea levels and altered gene
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expression profiles in the gill tissue (Liu et al. 2022).
Fish gills are an essential organ responsible for many
physiological events, such as breathing, filter-feeding,
nitrogen excretion from ammonia, and osmoregula-
tion. The function and structure of gills are influ-
enced by alterations in various environmental factors
including alkalinity level, temperature, and salinity in
the surrounding water (Chen et al. 2023).

Fish kidneys have a critical role in osmoregulation
(Takvam et al. 2021). Exposure to alkaline stress-
induced oxidative stress altered ion balance and their
regulating genes in the kidneys of Nile tilapia (Oreo-
chromis niloticus) (Zhao et al. 2020). In the Crucian
Carp (Carassius auratus), alkaline stress-induced
oxidative stress caused severe damage to the kidney
structure and function (Ding et al. 2023).

Dietary interventions seem to be a flexible and
sustainable way to help fish develop stress resist-
ance worldwide (Ciji and Akhtar 2021; Sherif et al.
2021; Okasha et al. 2024). Camel whey protein is
an anti-stress dietary additive and has been proven
to have anti-stress, anti-oxidative, and anti-inflam-
matory properties against heat stress in normal Rat-
tus norvegicus hepatocytes (BRL-3A) cell culture
(Du et al. 2021). Camel whey protein as a nutritional
supplement containing biologically active protein
and amino acids has been shown to have therapeutic
effects (Ibrahim et al. 2018). Lactoferrin (LF), lac-
talbumin, lactoglobulins, lactoperoxidase, lysozyme,
immunoglobulin, and other constituents are among
the numerous components of camel whey protein
(Badr et al. 2017). Hydrolysis of camel protein with
enzymes resulted in the production of biologically
active peptides that have various physiological prop-
erties (Jafar et al. 2018; Kumar et al. 2016) such as
immunostimulant, anti-diabetic properties, anti-viral,
anti-inflammatory, and anti-cancer (Dou et al. 2022).

The Nile tilapia (O. niloticus) is the third most
important species of fish in aquaculture which is used
widely to address the problem of food security, and its
cultivation on farms has grown dramatically in sev-
eral emerging countries (Geletu and Zhao 2023). Nile
tilapia is widely cultivated because of its improved
growth performance and the capacity to adapt to sur-
vive in various cultural conditions (Magbanua and
Ragaza 2024). Nile tilapia holds significant economic
and ecological value worldwide because of its eury-
haline nature; it is frequently grown in brackish-water
ponds (Al Jamali et al. 2023).
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There are very few physiological and genetic stud-
ies on Nile tilapia’s high alkalinity tolerance. In order
to identify the tissue-specific transcriptome varia-
tions of O. niloticus at alkali stress exposure, we used
biochemical assays, histopathological analysis, and
RNA-Sequence technology in this investigation. A
thorough analysis was conducted on the pathways and
genes that react to alkaline stress and the combating
impact of camel protein hydrolysates (CPH) diets.
The findings offered extremely important informa-
tion for comprehending the molecular mechanisms of
Nile tilapia’s adaptation to an alkaline environment as
well as developing a new strategy for overcoming this
stress situation through CPH dietary addition.

Materials and methods
Camel protein hydrolysate (CPH) preparation

The CPH preparation was described in our earlier
study (Ibrahim et al. 2024) from camel milk sam-
ples (Bilbies City farm, Sharkia Governorate, Egypt).
Briefly, the caseins in the milk samples were pre-
cipitated using 1 M HCI followed by centrifugation
for 1 h at 6000x g and 4 °C (Jouan C4-22 Benchtop
Centrifuge, France). The obtained whey was lyophi-
lized using 50 mM phosphate buffer and refrigerated.
Enzymatic hydrolysis using trypsin enzyme (porcine
pancreas, EC3.4.21.4) (Merck, KGaA, Darmstadt,
Germany) under the following condition (buffer,
0.1 M Na,HPO,-NaH,PO,; pH, 8.8; temperature,
37 °C). The substrate and enzyme were mixed at an
enzyme/substrate ratio of 1/200 E/S, followed by
incubation for 4 h at 37 °C with continuous stirring.
Boiling the mixture was done for 10 min at 100 °C.
Finally, CPH was centrifuged at 5000 x g for 10 min
and 4 °C; the supernatant was lyophilized and stored
at—20 °C till required. The degree of hydrolysis (DH)
was assessed utilizing the trichloroacetic acid (TCA)
method following the protocol described by Hoyle
and Merritt (1994). Briefly, 20 mL of CPH was mixed
with 20 mL of TCA (20%; w/v), then the mixture was
left to stand for 30 min, followed by centrifugation at
8000x g for 10 min. The protein level in the super-
natant was measured following the Kjeldahl protocol;
finally, the DH (%) was calculated as follows:

DH (%)= (soluble nitrogen in TCA 10% / total
nitrogen in sample) X 100.

Fish and conditions of raising

Cultured O. niloticus were obtained from the Fish
Research Unit (Zagazig University, Egypt). The
fish underwent a health examination and were
given 2 weeks to adjust to the laboratory settings
before the trial began and stocked as 10 fish per
100-L aquarium. The aquaria were supplied with
free-chlorine water and a fluorescent tube to main-
tain a 12-h light: 12-h dark period. By the APHA
guidelines (2005), the water criteria measurements
included descriptions as follows: water temperature
(26.4 £ 1.5 °C), dissolved oxygen (6.8 +0.4 mg/L),
ammonia (0.02 +0.001 mg/L), and pH (7.10+0.9).

Diet preparation

The Zagazig University Authority for Animal
Use in Research checked out and authorized the
experimental protocol (ZU-IACUC/2/F/393/2023).
According to NRC (2011), two diets were created to
satisfy Nile tilapia’s dietary requirements (Table 1).
The control diet was a basal diet without any addi-
tions, while the CPH diet was a basal diet fortified
with CPH at a level of 75 g kg~!. The CPH dietary
level of 75 g kg™! was selected according to the pro-
tocol of Ibrahim et al. (2024).

Experimental design

Nile tilapia, Orochromis niloticus (n=160; aver-
age weight=16.02+0.14 g), were stocked in 16
glass aquariums with a total water capacity of
100 L per each and were divided into four groups,
with four replicates for each (40/group; 10/rep-
licate). The first group (C) was fed on the basal
control diet and the second group (CP) was fed
on 75 g of CPH per kg of basal diet, respectively,
and raised in freshwater with carbonate alkalinity
of 1.4 mmol/L (pH=7.19). The basal diet and the
CPH diet were given to the third (AL) and fourth
(AL+CP) groups, respectively, and they were
raised in alkaline conditions with carbonate alka-
linity of 23.8 mmol/L (pH=38.65) (Cheng et al.
2022). Throughout the study period, the diets were
offered three times a day (10 a.m., 1 p.m., and 4
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Table 1 Formulation and proximal chemical composition of
the basal diet (g/kg on dry basis)

Ingredients Basal
Fish meal 180
Fish oil 60
Ground yellow corn 243
Soybean meal 44% 255
Corn gluten 60% CP 110
Wheat 50
Wheat bran 90
Premix* 12
Calculated chemical analysis

Crude protein 336.2
Fat 94.6
NFE * 385.6
Crude fiber 37.4
Calcium 10.4
Lysine 18.3
Methionine 7.1
Available phosphorus 9.1

DE (Kcal/kg) ™ 2907.3

#Premix (AQUA-MIN®, Plexopharm, Egypt)

*NFE “Nitrogen free extract”=1000—(g/kg crude pro-
tein + fat+ ash + crude fiber)

“Digestible energy (DE) was calculated by applying the coef-
ficient of 0.75 to convert gross energy to digestible energy

p-m.) up to satisfaction at a rate of 4% of their body
weight. Records were kept of fish deaths and clini-
cal indicators.

Sampling

Fish were put to sleep with a 100 mg/L benzocaine
solution at the end of the study (Neiffer and Stamper
2009) before blood samples (12 fish/ group) were
taken from the caudal vessels. The serum was sepa-
rated from the blood at 3000 rpm (for 10 min at 4
°C) and then kept at — 20 °C till biochemical assays
were conducted. Gills and kidney tissues (12/group)
were sampled and stored in 10% neutral buffered
formalin for histological analysis. Gills tissue (12/
group) was sampled for oxidant/antioxidant and
gene expression assay evaluation. The samples for
gene expression analysis were preserved in 1 mL of
QIAzol reagent (Qiagen, Germany), and they were
frozen at—80 °C.

@ Springer

Branchial oxidant/antioxidant status evaluation

The gill tissues were subjected to a 3-time washing
process using a cold NaCl solution (0.9%) followed
by homogenization in PBS (pH 7.5). Afterward, cold
centrifugation for 15 min at 3000 g was done on
the homogenates, which were cold centrifuged. The
supernatants were meticulously taken in a clean tube
to measure antioxidants and oxidative stress indica-
tors (Ibrahim et al. 2022).

The oxidant/antioxidant barometers including
malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase
(GPx), and reduced glutathione (GSH) were evalu-
ated spectrophotometrically in the gills homogenates
following the kits obtained from the Bio-Diagnostic
Company (Cairo, Egypt). Following the kit (catalog
No. MD2529), MDA was determined by the thio-
barbituric acid (TBA) technique. Briefly, TBA reacts
with MDA to produce TBA reactive product which
was measured at 534 nm. Following the kit (catalog
No. SD2521), SOD was measured. The SOD sup-
presses superoxide anion free radical (O*7) which
in turn decreases the formation of nitrite; the sam-
ple was measured at an absorbance of 550 nm. The
CAT (catalog No. CA2517) was measured based
on the enzymatic reaction between samples, hydro-
gen peroxide (H,0,), and potassium phosphate (pH
7.0). The amount of enzyme that breaks down H,0,
per min in samples was used to measure CAT activ-
ity at an absorbance of 240 nm. GPx (catalog No.
GP2524) was measured based on the oxidation of
NADPH (nicotinamide adenine dinucleotide phos-
phate) to NADP*. The samples were measured at an
absorbance of 340 nm. GSH (catalog No. TA2511)
was measured based on the reduction of 5,5'dithiobis
(2-nitrobenzoic acid, DTNB) by the GSH till it gets a
yellow color, which was measured at an absorbance
of 405 nm.

Biochemical indices

The creatinine level was determined using the Fossati
et al. (1983) protocol. The levels of serum uric acid
(Spinreact Co., Santa Coloma, Spain, Catalog No.:
MD41001) and urea (MyBioSource Co., California,
USA, Catalog No.: MBS9374784) were measured
in compliance with manufacturer instructions. Using
the techniques of Saliu et al. (2017) and Trinder
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(1969), the cortisol and glucose levels in the serum
were measured by calorimetric analysis. Serum con-
centrations of calcium (Ca) and magnesium (Mg)
were measured using DiaSys (Diagnostic Systems
GmbH, Holzheim, Germany) commercial kits and
the semi-automated clinical chemistry analyzer Ran-
dox RX Monza (Randox Laboratories, Crumlin, UK)
(Kovacik et al. 2017). Sodium (Na), potassium (K),
and chloride (Cl) ions were analyzed using an Easy-
Lite analyzer (Medica, Bedford, MA, USA) provided
with an ion-selective electrode (Massanyi et al. 2014;
Kolesarova et al. 2008).

Real-time quantitative polymerase chain reaction
(RT-gPCR) analysis

Extraction of the total RNA was carried out from fro-
zen gills specimens using the QIAzol reagent. Using
the Quantitect® Reverse Transcription kit (Qiagen,
Germany) instructions, the extracted RNA was used
to transcribe the first strand of cDNA. The forward
and reverse sequences of the primers for the genes
are shown in Table 2, where the housekeeping gene
(ubiquitin-conjugating enzyme, ubce2) is included.
The QuantiTect® SYBR® Green PCR kit (Qiagen,
Germany) was utilized for the qPCR analysis, which
was conducted in a Rotor-Gene Q instrument with 40
cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C
for 30 s. The comparative 2-22“ method was utilized

Table 2 Primer list

to calculate the relative mRNA expression pattern of
each gene (Schmittgen and Livak 2008).

Histopathological analysis

Gills and kidney samples were extracted, quickly
fixed in 10% neutral buffered formalin, dried in pro-
gressively stronger alcohol solutions, cleaned in
xylene, and finally embedded in melted paraffin wax.
Using a Leica® microtome, thin (5 um) paraffin slices
were cut, and these sections were then stained with
hematoxylin and eosin for microscopic examination
(Suvarna et al. 2018). The stained slides were exam-
ined, and any modifications to the histology were
recorded using the AmScope ToupView v4.8.15934
software (AmScope, Irvine, CA, USA).

Statistical analysis

The Shapiro-Wilk test was performed to ensure
that the results were regularly distributed. Using
IBM’s SPSS version 17, a one-way analysis of vari-
ance (ANOVA) was used to statistically analyze the
experimental results. Tukey’s multiple comparisons
post hoc test was utilized to compare the means of
different groups (n=12/group), and the statistical
significance was deemed acceptable at P <0.05. The
analysis’s findings were displayed as means + stand-
ard error (SE).

Gene Sequence ™ Primer efficiency Size Accession No

ubce2 CTCTCAAATCAATGCCACTTCC 57.63 102.5 130 XM_003460024.5
CCCTGGTGGAGGTTCCTTGT 61.43

ATP-1a3 TCAGCTGAAGGGGGCATTTT 59.89 100.5 118 XM_005459087.4
TTCAGTCGGCTCTCCTCAGA 59.96

CAMKIp GCTTCACTGTGTCCGTCCTT 60.25 99.61 195 XM_003441376.5
TCCAGCGGCATCTTCTTGTT 59.96

CLCN2 CCTGCTCTGCACACACAAAC 59.97 95 126 XM_003456312.5
CAGGCAAGCTGTAATGGGGA 60.03

SLCI12a2 GAAGCTGGGATAGGACGCTC 59.97 102.39 129 XM_003439377.5
CCAGGCGAATGCCATCATTG 59.97

SLC4a4 GAAGGCCGAACTGAAGGACA 59.97 96.35 135 XM_003444476.5
GGGGTGGAAAACAGCCTACT 59.6

Tm melting temperature; ubce2 ubiquitin-conjugating enzyme; ATP-Ia3 Na*/K* ATPase a—3 subunit, CAMKIf calcium/calmod-
ulin-dependant protein kinase 1 §, CLCN2 chloride channel protein 2, SLC12a2 solute carrier family 12 a 2, SLC4a4 solute carrier

family 4 a 4
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Results
Oxidant/antioxidant parameters

The CP group exhibited significantly lower levels
of MDA with significantly higher (P < 0.001) levels
of antioxidant enzyme activity (SOD, CAT, GPx,
and GSH) in comparison to the C group (Table 3).
Compared to the C group, the branchial MDA level
was significantly higher (P <0.001) with lower
antioxidant enzyme activity in the AL group, while
these indices were modulated in the AL+CP group
when compared to the AL group.

Kidney functions and stress parameters

Creatinine, urea, and uric acid levels exhibited
no considerable difference between the C and CP
groups. These parameters were considerably higher
(P<0.001) in the AL group comparable to the C
group, while modulated in the AL+ CP group when
compared to the AL group (Table 4). The CP group
showed a substantial decline in the level of blood cor-
tisol comparable to the C group, while blood glucose
levels did not differ between the CP and C groups
(Table 4). The blood glucose and cortisol were con-
siderably higher (P<0.001) in the AL group com-
parable to the C group, while their levels were low-
ered in the AL+ CP group when compared to the AL

group.

Table 3 Oxidant/antioxidant parameters of Nile tilapia reared in alkaline stress and fed on camel protein hydrolysates (CP) diet for

30 days

C CP AL AL+CP P-value
MDA (nmol mg™") 1.10+0.06° 0.75+0.25¢ 5.67+0.07* 2.26+0.12° <0.001
SOD (U mg™h) 243.12+3.09° 410.83+0.67* 136.36+2.424 174.17 +3.38° <0.001
CAT (U mg™") 4.88+0.65° 7.97 +0.23 0.57+0.05¢ 3.51+0.21¢ <0.001
GPx (Umg™) 193.13+2.67° 288.73 +1.94° 130.85+3.08¢ 162.37 £6.95° <0.001
GSH (U mg™h) 171.76 +2.45° 214.15+2.57° 24.38 +5.39¢ 142.32£2.79° <0.001

C and CP groups were fed on 0 and 75 g of CPH per kg of basal diets and reared in fresh water. AL and AL 4+ CP were fish groups
fed on 0 and 75 g of CPH per kg of basal diets and reared in alkaline water

MDA malondialdehyde, SOD superoxide dismutase, CAT catalase, GPx glutathione peroxidase, GSH reduced glutathione

Table 4 Effect of dietary supplementation of camel protein hydrolysates (CP) on the biochemical indices of Nile tilapia exposed to

alkaline stress for 30 days

Parameters C CP AL AL+CP P-value
Creatinine (mg dL™") 0.50+0.01° 0.48+0.01° 0.79+0.02* 0.75+0.01 <0.001
Urea (mg dL™") 19.93+0.63° 19.48 +0.60° 27.79+1.61° 25.48+0.347 <0.001
Uric acid (mg dL™") 3.69+0.10° 3.90+0.07° 4.83 +0.03 4.84+0.05 <0.001
Glucose (mg dL~1) 114.39+4.33¢ 104.04 +3.50° 199.09 +1.10 147.39+4.07° <0.001
Cortisol (ng mL™") 22.81+0.93¢ 16.32+1.48° 44.23+2.33° 37.05+1.83° <0.001
Ca (mg dL™") 9.81+0.02% 9.44+0.05 6.75+0.03° 8.29+0.02° <0.001
Mg (mg dL™") 5.33+0.04° 5.42+0.01% 2.42+0.04° 3.92+0.04° <0.001
Na (mmol L") 149.78 +0.25 149.01 +0.87° 131.71 £0.30° 141.68 +0.40° 0.004
K (mmol L1 4.38+0.09* 4.05+0.09 2.13+0.03° 3.01+0.06° 0.03

Cl (mmol L™ 94.46+1.27 92.76 +1.63° 68.70+£2.93¢ 88.07 +1.83° <0.001

Variation in the data was expressed as means + SE. Ca, calcium; Mg, magnesium; Na, sodium; K, potassium; Cl, chloride. C and CP
groups were fed on basal diets supplemented with 0 and 75 g of CPH per kg of basal diet and reared in fresh water. AL and AL +CP
were fish groups fed on 0 and 75 g of CPH per kg of basal diet and reared in alkaline water

a5Mean values in the same row with different superscripts differ significantly (P <0.05)
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Serum ion level

There was no substantial change between the C and
CP groups in the ions level (Ca, Mg, Na, K, and Cl)
(Table 3). A considerable decrease (P <0.001 for Ca,
Mg, and Cl; P=0.004 for Na, and P=0.03 for Cl) in
the serum ion levels in the AL group comparable to
the C group. These levels were considerably restored
in the AL+CP group when compared to the AL
group but maintained lower than the control level.

Gene expression results

Compared to the C group, the CP group exhibited no
considerable change in the gills mRNA expression
of ATP-1a3 and CLCN-2, while showing a consid-
erable rise in the expression of CAMK-1f (Fig. 1A).
The expression of ATP-1a3, CAMK-1p, and CLCN-
2 was considerably downregulated (P <0.05) in the
AL group comparable to the C group. The expres-
sion of these genes was ameliorated in the AL+ CP
group comparable to the AL one. Comparable to the
C group, the expression was 1.04-, 0.17-, and 0.71-
fold for ATP-1a3; 1.11-, 0.23-, and 0.82-fold for

CAMK-1p; and 1.15-, 0.38-, and 0.88-fold for CLCN-
2 in the CP, AL, and AL + CP groups, respectively.

Compared to the C group, the mRNA expression of
SLCI2a2 was increased in the CP group. The expres-
sion of SLC4a4 did not differ between the C and CP
groups (Fig. 1B). In comparison to the C group, the
expression of SLCI12a2 and SLC4a4 was considerably
decreased (P<0.05) in the AL group, while modu-
lated in the AL+CP group when compared to the
AL group. In comparison to the C group, the expres-
sion was 1.26-, 0.33-, and 0.80-fold for SLC/2a2 and
1.05-, 0.21-, and 0.78-fold for SLC4a4 in the CP, AL,
and AL+ CP groups, respectively.

Histopathological results

Normal histology was seen upon the microscopical
examination of the branchial tissue sections of the
fish in the C and CP groups (Fig. 2A and B). The
branchial tissues of the AL group were significantly
affected by the alkaline water stress. This was evi-
denced by numerous histological alterations includ-
ing inflammatory response (lamellar inflammatory
cell infiltrations particularly the lymphocytes and

Fig. 1 mRNA expression
of Na*/K* ATPase a—3
subunit (ATP-1a3), calcium/
calmodulin-dependant pro-
tein kinase-1 § (CAMK-1p),
chloride channel protein-2
(CLCN-2) (A), solute
carrier family 12 a 2
(SLC12a2) and solute car-
rier family 4 a 4 (SLC4a4)
(B) of Nile tilapia exposed
to carbonate alkalinity and
fed camel protein hydro-
lysates (CPH) for 30 days. A
C and CP groups were fed

14 ¢

mRNA expression of ATP-1a3, CAMK-1p, and CLCN-2

ATP-1a3

CAMK-1p CLCN-2

=C wCP mAL AL+CP

on 0 and 75 g of CPH per
kg of basal diet and reared
in fresh water. AL and
AL+ CP were fish groups
fed on 0 and 75 g of CPH
per kg of basal diet and
reared in alkaline water

mRNA expression of SLCI12a2 and SLC{a4

SLC12a2
mC wCP wAL

SLC4ad
AL+CP
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Fig. 2 Representative H&E-stained light photomicrographs
of the gill tissue sections showing normal histological picture
in the C (A) and the CP (B) groups. The gill tissue sections
of the AL group (C1, C2, C3, and C4) show alkaline stress
histological alterations; lamellar inflammatory cell infiltra-
tions particularly the lymphocytes (black arrowheads) and the
eosinophilic granular cells (red arrowheads), vascular conges-
tion (red arrows), lamellar shorting with or without bending
(green arrowheads), and epithelial lifting (yellow arrowheads),

the eosinophilic granular cells), circulatory response
(vascular congestion, capillary channel dilation, and
minute hemorrhages), degenerative response (lamel-
lar bending, shortening, sloughing, and epithelial
lifting, desquamation, and necrosis of the lamellar
epithelium), and progressive response (goblet cell
hyperplasia with excess mucous secretion, and lamel-
lar epithelium hyperplasia with or without fusion
of secondary lamellae) (Fig. 2C1, C2, C3 and C4).
Although similar lesions were observed in both AL
and AL+CP groups, the severity was somewhat
milder in the latter group (Fig. 2D1, D2, D3, and D4).
The encountered histological alterations in the gill
tissue sections and the gill indices of all groups were
presented in Table 5.

Posterior kidney

Normal histological architectures with no pathologi-
cal alterations were seen in the renal tissue sections
of the C and CP groups (Fig. 3A and B). The effect
of alkaline water stress on the renal tissues of the
AL was obvious as numerous nephropathic changes
were observed in most tissue sections of that group.
The nature of these changes was inflammatory (asso-
ciated with tubular calcification) and interstitial

@ Springer

epithelial desquamation, and excess mucous (blue arrows),
goblet cell hyperplasia (blue arrowheads), and lamellar epi-
thelium hyperplasia with fusion of secondary lamellae (black
arrows). The gill tissue sections of the AL+ CP group (D1, D2,
D3, and D4) show slightly milder lesions. The scale bar equals
25 microns. C and CP groups were fed on 0 and 75 g of CPH
per kg of basal diet and reared in fresh water. AL and AL+ CP
were fish groups fed on 0 and 75 g of CPH per kg of basal diet
and reared in alkaline water

tissue (interstitial mononuclear inflammatory cell
infiltrates), circulatory (interstitial edema, hemor-
rhages, and congestion), regressive (glomerular col-
lapse, and necrosis, with tubular vacuolation, pyk-
nosis, necrosis), and progressive (hyperplasia of the
melanomacrophage aggregates) (Fig. 3C1, C2, C3,
and C4). The CPH supplementation showed average
nephroprotective effects against the alkaline water
stress-induced nephropathic histological alterations in
the AL + CP group. This was evidenced histologically
by the modest reduction in both the severities, and
frequencies of the renal lesions in the AL +CP group,
besides numerous regenerated tubular epithelia indi-
cated by the tubular basophilia in numerous tissue
sections (Fig. 3D1, D2, D3, and D4). The histological
changes in the kidney tissue sections and the kidney
indices of all groups are presented in Table 5.

Discussion

Carbonate alkalinity stress is a significant risk to
fish that live in alkaline water (Yao et al. 2010). In
freshwater fish, the gills and kidneys are important
organs that play a crucial role in fish physiology by
regulating acid-base and osmotic balance (Copatti
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Fig. 3 Representative H&E-stained light photomicrographs of
the kidney tissue sections showing normal histological picture
in the C (A) and the CP (B) groups. The kidney tissue sections
of the AL group (C1, C2, C3, and C4) show alkaline stress
histological alterations; interstitial lymphocytic infiltration
(black arrowheads), tubular vacuolation (green arrowheads),
vascular congestion (red arrows), interstitial hemorrhage (red
arrowheads), interstitial edema (yellow arrowheads), glomeru-
lar collapse (red ellipses), glomerular necrosis (black arrow),

et al. 2019). In aquatic animals, gills are crucial to
their reaction to alkaline stress (Ge et al. 2023). In
addition, the kidney’s primary role in freshwater tel-
eosts is to dilute urine, which makes it possible for
the extra body water that has entered through osmosis
through the gills to be expelled (Bolner and Baldis-
serotto 2007). Our research investigated the micro-
structure and functions of the main osmoregulatory
organs (gills and kidneys) associated with alkaline
exposure in fish. As well as providing a feeding strat-
egy (CPH at 75 g/kg diet) for mitigating the carbonate
alkalinity exposure.

Fish have evolved a variety of defense mechanisms
to protect themselves from oxidative stress brought
on by environmental stressors (Wen et al. 2018).
When an organism is in normal physiological condi-
tions, the antioxidant system is in charge of preserv-
ing the homeostasis of reactive oxygen species (ROS)
(Birnie-Gauvin et al. 2017; Kim et al. 2014). How-
ever, excessive ROS accumulation happens when
ROS production surpasses the antioxidant system’s
capacity or when the ROS detoxifying system is weak
(Bal et al. 2021; Shin et al. 2010), which induces
lipid peroxidation, severely damages the cell mem-
brane’s structure and function, and ultimately results
in cell death (Lushchak 2011). Superoxide radicals

@ Springer

and hyperplasia of the melanomacrophage aggregates (black
ellipses). The kidney tissue sections of the AL+ CP group (D1,
D2, D3, and D4) show slightly milder lesions, besides tubular
basophilia (blue arrowheads). The scale bar equals 25 microns.
C and CP groups were fed on 0 and 75 g of CPH per kg of
basal diet and reared in fresh water. AL and AL+ CP were
fish groups fed on 0 and 75 g of CPH per kg of basal diet and
reared in alkaline water

are normally neutralized to H,O, and then to water
by the main front-line antioxidant enzymes, such as
SOD, CAT, GPx, and GSH (Bal et al. 2021; Sherif
et al. 2024). One important metric to assess the level
of tissue damage and lipid peroxidation brought on
by ROS is the MDA content (Katikaneni et al. 2020).
Our research revealed that the Nile tilapia exposed to
alkaline stress exhibited an oxidative stress condition
evident by higher MDA levels and lower antioxidant
enzymes (SOD, CAT, GPx, and GSH). Numerous
earlier studies have shown that exposure to alkaline
environments causes an excessive build-up of ROS
and oxidative stress in fish (Jiang et al. 2022). Such
oxidative stress induced by alkaline exposure could
be a result of rises in energy metabolism in fish in
order to preserve the osmotic balance (Gan et al.
2016). This may lead to increased levels of oxidation
and the accumulation of ROS. Interestingly, feed-
ing on the CPH diet during alkaline stress enhanced
the activity of antioxidant enzymes and lowered the
MDA level. These results could attributed to the
antioxidant properties of CPH (Ibrahim et al. 2024)
due to its content of smaller peptide fractions which
contain biologically active amino acids (Osman et al.
2021). These amino acids displayed higher antioxi-
dant activity (Salami et al. 2011; Addar et al. 2019).
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In addition, the CPH contains cysteine, tyrosine, phe-
nylalanine, histidine, and tryptophan in their struc-
ture; these amino acids can scavenge the ROS (Elias
et al. 2005).

Creatinine, urea, and uric acid are critical indica-
tors of renal function (Li et al. 2021; Nwizugbo et al.
2023). The results of our study showed that the kid-
ney function parameters (creatinine, urea, and uric
acid) were elevated due to alkalinity exposure. These
findings were previously reported in C. auratus
exposed to high alkalinity stress (Ding et al. 2023).
These findings may be related to the harm that car-
bonate alkaline stress causes to renal tubules and glo-
meruli. Aquatic animals may experience alterations in
their tissue morphology as a result of oxidative stress
brought on by environmental stressors, which will
ultimately result in functional changes (Zhang et al.
2023; Huang et al. 2022). Histopathology in the cur-
rent study demonstrated the alterations in the renal
tissue of Nile tilapia exposed to alkaline stress. In
this study, the kidney of alkaline-exposed fish showed
various alterations including inflammatory (associ-
ated with tubular calcification) and interstitial tissue
(interstitial mononuclear inflammatory cell infil-
trates), circulatory (interstitial edema, hemorrhages,
and congestion), regressive (glomerular collapse, and
necrosis, with tubular vacuolation, pyknosis, necro-
sis), and progressive (hyperplasia of the melanomac-
rophage aggregates). These pathological alterations
could be attributed to high ROS levels as a result of
alkali stress exposure, which in turn could impair the
tissue functions and structure (Lushchak 2011; Ding
et al. 2023). The result of our research found that
feeding the alkaline exposed fish on CPH diets mod-
ulated the renal function barometers and structure.
These findings could attributed to the tissue-protec-
tive effect of the CPH which was previously proven
in the renal tissue of rats after thioacetamide toxicity
(Osman et al. 2021). The bioactive peptides in CPH
have strong antioxidant qualities and ROS-scaveng-
ing abilities that prevent the renal tissue from further
suffering from oxidative stress-related damage from
alkaline exposure.

In this study, the glucose and cortisol levels were
elevated in the alkaline-exposed fish. Similar findings
were reported in C. auratus due to alkaline exposure
(Ding et al. 2023). When fish are exposed to alkaline
conditions, cortisol can be released quickly into their
bloodstream (da Paixao Lemos et al. 2018) which

is linked to ion regulation and the mobilization of
energy substrates (Zhou et al. 2024). Elevated glucose
levels could be a sequence for elevated cortisol lev-
els to meet the high energy demand for competing the
stress condition (Zhou et al. 2024). In this study, feed-
ing on the CPH diet lowered the glucose and cortisol
levels in the alkaline-exposed fish. CPH was reported
to have a glucose-reducing ability which helps to
maintain glucose homeostasis (Izadi et al. 2019).

The results of our research found that under alka-
line stress conditions, the blood electrolyte (Ca, Mg,
Na, K, and CI) levels of Nile tilapia were reduced.
Similar findings were reported by Wilkie and Wood
(1996) who stated that alkaline water temporarily
reduces the ion transport system’s capacity directly
affecting the Cl and Na transport sites in the gills.
In our study, the electrolyte transport was closely
related to the branchial expression of ATP-la3,
CAMKI-p, CLCN-2, SLCI2a2, and SLC4a4. The
expression of these genes was considerably down-
regulated under alkaline stress conditions. ATP-1a3
is primarily responsible for preserving the cytoplas-
mic membrane’s ion permeability and the equilib-
rium of osmotic pressure between the intracellular
and external environments (Geng et al. 2016). An
essential transducer of Ca2* signals, CAMKI-f coor-
dinates various cellular processes in fish (Churcher
et al. 2014). CLCN-2 is important for transepithelial
CI™ transport in the gills of fish (Tang and Lee 2007).
SLC12a2 is the Na*/K*/2Cl~ symporter, which reg-
ulates the ions transport in the fish gills (Marx et al.
2022). SLC4a4 is a member of the SLC4 family,
which are integral membrane proteins that transport
electrolytes such as Na' and Cl~, as well as bicarbo-
nate and/or carbonate, across the plasma membrane
(Romero 2005). In this study, the downregulation
of the abovementioned genes resulted in a decrease
in the electrolyte level in the fish blood. These con-
sequences could be attributed to the histopathologi-
cal alterations induced as a result of alkaline stress
exposure. In this study, the branchial tissue of the
alkaline-exposed fish showed inflammatory, circula-
tory, degenerative, and progressive responses. Simi-
lar histopathological alterations were observed in
the gills of shrimp (Exopalaemon carinicauda) (Ge
et al. 2023) and Rohu (Labeo rohita) (Acharya et al.
2005) as a result of oxidative damage caused by alka-
line exposure. By feeding on the CPH diet, the blood
electrolyte levels were enhanced toward the control
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level. Besides, the branchial gene expression was
modulated which helped the fish under alkaline stress
to conserve their normal hemostasis. Antioxidant
defense systems and the activation of enzymatic anti-
oxidants (SOD, CAT, GPx, and GSH) through ROS
scavenging may be responsible for these results. This
could improve tissue integrity and function (Hamed
et al. 2019).

Conclusion

Exposure to carbonate alkalinity disrupted the hemo-
stasis and induced oxidative stress and metabolic
disorders in Nile tilapia. Fish exposed to alkali con-
ditions showed elevated kidney function parameters
with higher glucose and cortisol levels. The blood
electrolyte level was deviated from the normal con-
dition due to alkali stress. Alkaline stress conditions
induced severe histopathological alterations in both
gills and kidney tissues. The ion-related gene expres-
sion of alkaline-exposed fish was downregulated.
Fortifying the Nile tilapia diet with a 75 g CPH/kg
basal diet restored the hemostasis and the metabo-
lism of fish toward normal conditions during alkaline
exposure. Amelioration of the gills and kidney micro-
structure and functions was a consequence of feeding
on the CPH diet. CPH supplementation to the Nile
tilapia diet modulated the transcriptomic profile of
the fish under an alkali stress situation. Consequently,
our findings offer insight and understanding of the
cellular and molecular processes in gills and kidneys
underlying the detrimental impacts of alkaline water
in Nile tilapia, as well as the adaptation mechanisms
to such alkaline stress triggered by CPH dietary
intervention.
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