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ARTICLE INFO ABSTRACT

Keywords: Microalgae have well-established health benefits for farmed fish. Thus, this study aims to explore
Fish the potential protective effects of Spirulina platensis, Chlorella vulgaris, and Moringa oleifera against
Microalgae

pyrogallol-induced hematological, hepatic, and renal biomarkers in African catfish (Clarias gar-

}Pl};ziglzl iepinus), as well as the histopathological changes in the liver and kidney. Fish weighing 200 + 25
Biochemisia,y g were divided into several groups: group 1 served as the control, group 2 was exposed to 10 mg/
Histopathology L of pyrogallol, and groups 3, 4, and 5 were exposed to the same concentration of pyrogallol,

supplemented with S. platensis at 20 g/kg diet, C. vulgaris at 50 g/kg diet, and M. oleifera at 5 g/kg
diet, respectively, for 15 days. Exposure to pyrogallol led to decreased packed cell volume (PCV)
and lymphocyte count, but these effects were alleviated by microalgae interventions. C. vulgaris
and M. oleifera equally restored PCV and increased lymphocyte counts. Supplementation with
C. vulgaris and M. oleifera successfully normalized both neutrophil and eosinophil counts. Pyro-
gallol intoxication engenders an increase in glycemic status, but C. vulgaris and M. oleifera
effectively mitigated this rise. Pyrogallol-exposed fish exhibited signs of renal dysfunction, with
increased serum creatinine and total cholesterol levels. A significant decrease in both erythrocytic
cellular and nuclear abnormalities was observed following supplementation with microalgae.
C. vulgaris and M. oleifera showed promise in decreasing serum glucose and creatinine levels, and
improving hematological parameters, while S. platensis exhibited limited efficacy in this regard.
Exposure to pyrogallol led to a notable decrease in serum superoxide dismutase activity and total
antioxidant capacity (TAC), accompanied by an increase in serum malondialdehyde (MDA) levels.
Diets enriched with C. vulgaris and M. oleifera effectively restored these parameters to normal
levels, whereas S. platensis did not induce significant changes. None of the microalgae improved
TAC except for M. oleifera, which significantly enhanced it. MDA levels returned to control levels
equally and significantly across all groups. Interleukin-6 levels did not exhibit significant dif-
ferences between any of the groups. Collectively, the histopathological changes induced by
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pyrogallol were most prominently alleviated in the pyrogallol + C. vulgaris and pyrogallol +
M. oleifera groups, and to a limited degree in the pyrogallol + S. platensis group. While the tested
microalgae did not cause hepatic or renal dysfunction, they did lead to metabolic abnormalities.
The incorporation of microalgae into the diet holds significant importance in mitigating the
metabolic and histological toxicity of pyrogallol and should be considered in the formulation of
fish feed.

1. Introduction

Environmental pollutants include industrial and agricultural chemicals, heavy metals, pharmaceutical agents, as well as products
with hormonal activity [1]. They lead to interruptions in the reproductive endocrine circuits, cytotoxicity, mutagenicity [1], growth
arrest, hemato-biochemical deteriorations, immunosuppression, and redox imbalance [2] in fish. Still further, these contaminants
accumulate in fish tissues, potentially harming human well-being through the food chain [3]. Pyrogallol, alternatively termed 1,2,
3-trihydroxybenzene or 1,2,3-benzenetriol, is a phenolic compound derived from plants [4]. It has a historical background in hair
dyeing and continues to have diverse applications in modern industry [5]. Its uses range from being a corrosion inhibitor and developer
in holography and photography to being present in insecticides, colloidal metal solutions, and various medical and scientific products
[6]. Pyrogallol is naturally found in aquatic plant [7] and as a contaminant in tannins, anthocyanins, flavones and alkaloids and
released into environment during its isolation, disposal and industrial use [8].

Pyrogallol improved the immune response by increasing myeloperoxidase activity, leukocyte respiratory burst activity, and
lysozyme activity in zebrafish (zebra danio) against Acinetobacter baumannii infection [9]. Pretreating brine shrimp (Artemia francis-
cana) with pyrogallol succeeded in counteracting Vibrio harveyi infection by its prooxidant action involving generation of hydrogen
peroxide against [10].

Microalgae are promising ingredients for feed sources due to their cellular metabolites comprising a blend of triglycerides, pig-
ments, vitamins, and vital amino acids. Besides being a major component in aquafeed, their diverse range of biologically active in-
gredients can enhance the survival rates of farmed species and elevate the pigmentation and quality of edible meat [11-15]. Along
with their role as a cornerstone in aquaculture nutrition, they are highly valuable in combating ecotoxicity [16].

Spirulina platensis, Chlorella vulgaris, and Moringa oleifera serve as effective interventions in mitigating the harmful effects of
environmental contaminants on fish, and thereby potentially improving their health and overall well-being. These supplements could
ameliorate hematological, hepatic, renal, and histopathological alterations caused by different toxicants, such as chlorpyrifos, diaz-
inon, and oxyfluorfen [17,18].

Haematological outcomes provide straightforward and convincing methodological tools to comprehend the physiological pro-
cesses and diagnose the somatic conditions of intoxicated fish [19]. They identify anomalies within individuals even before observable
negative effects on the ecosystem were noted [20]. Despite various morphological, biochemical, and molecular analysis for evaluating
the health status of fish, histopathologic evaluation remains a commonly employed technique in ecotoxicological investigations [21].

C. gariepinus holds a prominent position as a widely favored freshwater fish globally, playing a crucial role as a significant
nutritional source and a thriving species [22] In terms of ecotoxicology, C. gariepinus is highly regarded as an outstanding model for
evaluating the plausible harm of chemotoxicants, both within natural environments and controlled laboratory setups [22,23]. As an
indispensable source of human food, the toxicity in C. gariepinus could be transferred to human beings through the food chain.
Therefore, the search for naturally occurring bioremediation strategies, with broad safety profiles, is of immense importance. These
methods play a significant role not only in protecting the aquatic environment but also in ensuring human health. Upon thorough
examination of scholarly articles, a notable gap exists in understanding the defensive properties of microalgae against toxicity trig-
gered by pyrogallol in fish. Consequently, this study designs to address this gap by investigating hematological, biochemical, and
histological markers as endpoints to explore this issue.

2. Materials and methods
2.1. Chemicals

Pyrogallol, acquired in the form of solid white crystals, was obtained from Sigma-Aldrich Chemical Company (USA). Its specifi-
cations include a chemical formula of C6H3(OH)3, quality level 200, a molecular weight of 126.11 g/mol, and a Chemical Abstracts
Service number of 87-66-1. S. platensis (100 %) was sourced from Japan Algae Company, based in Tokyo, Japan, while C. vulgaris and
M. oleifera were acquired from Sigma-Aldrich (Cairo, Egypt)

2.2. Experimental protocol

The animal study conducted in this research underwent thorough review and received approval from Al-Azhar University, Assiut
Branch, Egypt. The Ethical Committee of the Faculty of Science at Al-Azhar University, Assiut Branch, granted approval for the
experimental design and fish handling protocols, referencing approval number (AZHAR 10/2022). A total of 150 C. gariepinus,
weighing approximately 200 + 25 g and measuring 25 + 5 cm in length, were sourced from the Aquaponic Unit of Assuit University,



M. Hamed et al. Heliyon 10 (2024) e40930

Assuit, Egypt. Before the experiments, the fish were housed in 120-liter tanks for 14 days, where they were provided with dechlori-
nated tap water at a temperature of 26 + 2 °C, pH levels between 7.2 and 7.6, oxygen levels maintained above 80 %, and a natural light
cycle of 12 h each of light and dark. They were fed twice daily using commercial SKRETTING food formulated in line with Guideline
No. 203 for testing the acute toxicity of chemicals in fish (OECD, 2019), containing 30 % protein. To minimize the impact of fish waste
and ensure consistency, daily, 40 % of the water was exchanged. After the adaptation period, fifty fish were separated in a random
fashion into five groups (30 fish per group). Each group was represented by three tanks, 10 fish each. Pyrogallol concentration was
selected based on a previous research [22]. The experimental groups were as follows: Group (1); control, Group (2); 10 mg/L of
pyrogallol, Group (3); 10 mg/L of pyrogallol + S. platensis (20 g/kg diet) [24], Group (4); 10 mg/L of pyrogallol + C. vulgaris (50 g/kg
diet) [25], Group (5); 10 mg/L of pyrogallol + M. oleifera (5 g/kg diet) [26]. After being exposed for 15 days, six fish were chosen
randomly and then subjected to an ice bath to relieve stress (Wilson et al., 2009). Blood samples were gathered in tubes containing
heparin for hematological evaluations, while non-heparinized tubes were employed for assessing biochemical markers and ions. This
was done after tail cutting to collect blood from the caudal blood vessels.

2.3. Hematological variables

The red blood cell count (RBC, 10"6/mm"3) was determined using a Thoma hemocytometer chamber and Dacie’s diluting fluid. The
hematocrit ratio (Hct, %) was measured with a capillary hematocrit tube. Hemoglobin concentration (Hb, g/dL) was assessed through
spectrophotometry at 540 nm utilizing the cyanomethemoglobin method described by Blaxhall and Daisley (1973). Mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were computed using
formulas provided by Bain et al. (2016).

Peripheral blood smears stained with May-Grunwald-Giemsa were examined at x 100 oil immersion to analyze differential leu-
kocytes. The count of white blood cells (WBC, 10°/mm?) was determined following McKnight’s protocol from 100 leukocytes on each
slide to identify lymphocytes, neutrophils, and monocytes, as detailed by Kaya et al. [27].

2.4. Morphological erythrocytic alterations and nuclear abnormalities

After the exposure phase, blood smears were attained by making an incision in the caudal area and placing the blood on clean
microscopic slides. These smears were then fixed in absolute methanol for 10 min and allowed to dry at room temperature. Afterward,
the slides underwent staining with hematoxylin and eosin, followed by examination using a 40X objective lens and 10X eyepiece to
detect micronucleated and morphologically changed RBCs. The identification requirements for micronuclei (MN) were based on
established guidelines from prior studies [28] to guarantee precise evaluation.

2.5. Biochemical measurements

Blood samples were collected and then centrifuged at 4000 rpm for 10 min to separate the serum, following [29]. The isolated
serum was analyzed for different biochemical parameters using a T80+ UV/VIS spectrophotometer (Bioanalytic Diagnostic Industry,
Co.). Plasma alanine aminotransferase (ALT) (Catalog number: 264001), aspartate aminotransferase (AST) (Catalog number: 260001),
total protein (Catalog number: 310001), glucose (Catalog number: 250001), total cholesterol (TC) (Catalog number: 230002), and
creatinine (Catalog number: 235001) were assessed using commercial kits from the Egyptian Company for Biotechnology, Egypt,
according to the manufacturer’s instructions. Alkaline phosphatase (ALP) (Catalog number: NBP3-24466) was measured using a
colorimetric kit from Novus Biologicals, USA, and uric acid (UA) (Catalog number: KA1651) was measured using a kit from Abnova,
Taiwan. All these biochemical parameters were analyzed according to Rifai [30]. Malondialdehyde (MDA) was quantified in serum
according to the thiobarbituric acid reaction [31]. Superoxide dismutase (SOD) activity was measured by its capacity to inhibit the
phenazine methosulfate-mediated reduction of nitroblue tetrazolium dye, which produces a red product [32]. Total antioxidant ca-
pacity (TAC) was determined following the protocol outlined by Koracevic et al. (2001). Levels of interleukin-6 (IL-6) were measured
according to an established method [33].

2.6. Histopathological studies

Samples of freshly sacrificed fish liver and kidney (N = 6) were immersed in 10 % neutral buffered formalin for preservation. The
fixed samples underwent standard processing using paraffin embedding techniques. Subsequently, the samples were sliced into 5 pm-
thick sections and stained with Hematoxylin and Eosin for comprehensive histological investigation (Robert et al., 2014), and Periodic
Acid Schiff (PAS) staining was used to detect mucopolysaccharides (McManus, 1946).

To assess each histopathological parameter, six randomly chosen sections from four fish in each treatment group were examined.
These parameters were categorized as follows: absent (-), scored 0-2%; slight (+), <25%; moderate (++), (25-50%); and severe
(+++), indicating (> 50%) of the sections involved. An Olympus microscope model BX50F4 (Olympus Optical Co., Ltd., Tokyo, Japan)
was used for scrutiny of the sections.

2.7. Statistical analysis

Six biological replicates for each parameter outline above were statistically processed using the SPSS software (V 25) at a
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designated significance level of p < 0.05. Data were tested for normality using the Shapiro-Wilk test and for homogeneity of variance to
ensure that the data were normally distributed, and the variances were consistent. One-way ANOVA followed by Duncan post-test.
Data are depicted as mean + SE. For each parameter, values in the same row with distinct superscript letters (a, b, c ...) indicate a
difference among groups.

Ethics approval

The animal research conducted at Al-Azhar University, Assiut Branch, Egypt received approval from the institution. The experi-
mental setup and treatment of the fish were sanctioned by the Ethical Committee of the Faculty of Science, Al-Azhar University, Assiut
Branch, Egypt, referenced as (AZHAR 10/2022). This research did not involve human participants and was conducted following in-
ternational, national, and institutional standards for the care and use of animals.

3. Results
3.1. Hematological variables

Regarding hematological parameters, pyrogallol-exposed fish experienced a significant decrease in PCV and lymphocyte count,
which was significantly ameliorated by microalgae interventions. C. vulgaris and M. oleifera were equally effective in normalizing PCV
levels and significantly increasing lymphocyte counts. Neutrophil and eosinophil counts were significantly elevated in pyrogallol-
exposed fish, and while S. platensis didn’t significantly affect neutrophil levels, it significantly reduced eosinophil counts.
C. vulgaris and M. oleifera supplementation significantly normalized these levels to those of the control group (Table 1).

3.2. Morphological erythrocytic alterations and nuclear abnormalities

In the control group, RBCs displayed a typical shape with a nucleus positioned centrally. However, smears from the pyrogallol
group exhibited poikilocytosis in RBCs after the exposure periods. Various morphological changes were evident, including tear-drop
cells, spinocytes, crenated cells, acanthocytes, eccentric nuclei, kidney-shaped cells, and schistocytes (Figs. 1 and 2). The frequency of
cell modifications and nuclear irregularities in RBCs notably rose in the intoxicated group in comparison to the control group (Fig. 1).

Upon a 15-day exposure to 10 m/L of pyrogallol alone, the observed alteration percentages were 47.5 & 3.59 % for cell alterations
and 9 + 1.41 % for nuclear abnormalities compared to the control group. Nevertheless, following the same exposure duration, the
observed alteration percentages were 13.7 + 0.82 %, 13.1 4+ 0.73 %, and 14.2 + 1.54 % for cell alterations, and 4 + 0.81 %, 4.1 + 0.8
%, and 4.5 + 0.7 % for nuclear abnormalities when exposed to 10 mg/L pyrogallol + S. platensis, 10 mg/L of pyrogallol + C. vulgaris,
and 10 mg/L of pyrogallol + M. oleifera, respectively. Thus, the supplementation of pyrogallol-exposed groups with S. platensis,
C. vulgaris, and M. oleifera showed a significant reduction in cellular and nuclear abnormalities.

3.3. Hepatic and renal damage biomarkers

The pyrogallol-intoxicated groups showed a significant increase in blood glucose levels compared to the control. However,
treatments with C. vulgaris and M. oleifera significantly reduced these elevated glucose levels, while SP did not yield significant

Table 1

Effects of the studied microalgae on the hematological parameters in pyrogallol intoxicated-C. gariepinus.
Parameter Group

Control Pyrogallol Pyrogallol + S. platensis Pyrogallol + Pyrogallol + P value
C. vulgaris M. oleifera

RBCs (million/mm?) 3.17 £ 0.07 2.75 £ 0.05 3.17 +£ 0.24 3.03 £ 0.07 3.19 +£ 0.09 0.104
Hb (g/dL) 8.94 + 0.49 7.85 £ 0.45 8.32+0.21 8.23 £ 0.20 9.49 + 0.50 0.070
PCV (%) 35.28 + 0.31 32.33 + 0.29° 33.57 + 0.35% 34.21 + 0.58% 35.34 + 0.33% 0.000
MCV (pm3) 109.48 + 1.56 116.60 + 2.50 106.63 + 7.90 111.91 + 2.43 109.99 + 2.14 0.522
MCH (pg) 27.67 + 0.98 28.24 +1.35 26.32 + 1.64 26.92 + 0.85 29.42 £ 0.81 0.417
MCHC (%) 25.00 £ 1.16 24.02 +£1.31 24.54 + 0.64 23.80 £ 0.27 26.55 +£1.19 0.353
Platelet count ( X 103/mm3) 216.53 £ 5.40 205.92 + 2.68 211.61 + 4.87 214.48 +£ 1.52 222.02 + 5.48 0.160
WBCs count ( x 103/mm?) 11.67 £ 0.21 10.74 + 0.20 11.24 + 0.28 11.63 + 0.25 11.50 + 0.39 0.160
Large lymphocytes (%) 57.77 + 0.23 54.45 + 0.70% 55.69 + 0.62 56.89 + 0.74% 57.10 + 0.51¢ 0.010
Small lymphocytes (%) 24.20 + 0.32 21.53 + 0.25% 23.02 + 0.47% 23.89 + 0.29% 24.75 + 0.35% 0.000
Neutrophils (%) 11.11 + 0.26 13.86 + 0.57% 13.12 + 0.47 12.06 + 0.70° 11.27 + 0.299 0.005
Monocytes (%) 2.96 + 0.01 1.98 + 0.40 2.23 £0.25 2.47 £0.29 2.69 £ 0.24 0.144
Eosinophils (%) 2.72 + 0.25 7.18 + 0.47% 4.70 + 0.85% 3.20 + 0.24° 2.20 + 0.24° 0.000

RBCs: red blood cells; Hb: hemoglobin; PCV: packed cell volume; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean
corpuscular hemoglobin concentration; WBCs: white blood cells. Results are expressed as the mean + SEM of 6 fish per group (One-way ANOVA
followed by Duncan post-test). ® Significant difference at p < 0.05 between control and pyrogallol groups; © Significant difference at p < 0.05 between
pyrogallol and microalgae groups.
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Fig. 1. The percentage of cell alterations and nuclear abnormalities in RBCs of pyrogallol-intoxicated C. gariepinus after 15 days of treatment with
S. platensis (SP), C. vulgaris (CV), and M. oleifera (MO). Results are expressed as the mean + SEM of 6 fish per group (One-way ANOVA followed by
Duncan post-test). @ Significant difference at p < 0.05 between control and pyrogallol groups; Q Significant difference at p < 0.05 between py-
rogallol and microalgae groups.

changes. Pyrogallol-exposed fish displayed increased serum creatinine and TC levels. Yet, all studied microalgae significantly
decreased these elevated levels. M. oleifera exhibited superior efficacy compared to S. platensis in reducing serum creatinine and TC
levels. Remarkably, there were no significant alterations in serum AST, ALT, and TP between the groups (Table 2).

3.4. Oxidative stress parameters and pro-inflammatory interleukin-6

Pyrogallol exposure resulted in a significant reduction in serum SOD activity and TAC, along with an elevation in serum MDA
levels. Diets enriched with C. vulgaris and M. oleifera significantly normalized these parameters, while S. platensis did not produce any
significant changes. All microalgae failed to improve TAC except for M. oleifera, which significantly increased it. MDA levels returned
to the control level equally and significantly. IL-6 levels did not show significant changes between any of the groups (Table 3).

3.5. Histopathological and histochemical findings

Liver sections stained with Hematoxylin and Eosin from the control group (Fig. 3a) showed a normal structure. The hepatocytes
appeared polygonal with unstained cytoplasm and centrally or eccentrically located rounded vesicular nuclei. Cords of hepatocytes
radiated from central veins with blood sinusoids located between these cords. In the pyrogallol group, hepatic tissue exhibited
numerous necrotic areas, pycnotic nuclei of hepatocytes, and congested dilated blood sinusoids (Fig. 3b). Inflammatory cell infiltration
was observed. Mild improvement was detected in liver sections from the pyrogallol + S. platensis group (Fig. 3c). There was congestion
of central veins and blood sinusoids, and pycnotic nuclei of some hepatocytes were noted. Necrotic areas were dispersed throughout
the hepatic tissue. The liver of the pyrogallol + C. vulgaris group (Fig. 3d) showed moderate improvement compared to the pyrogallol
group, with some hepatocytes resembling those of the control group. Necrotic areas were still clearly observed. Marked improvement
was observed in the hepatic tissue of the pyrogallol + M. oleifera group (Fig. 3e). The hepatocytes closely resembled those of the control
group, although some blood sinusoids remained congested. Pigments were observed near the central vein. The histopathological
scoring of lesions observed in the hepatic tissue is represented in Table 4.

The liver sections stained with PAS staining revealed the glycogen content in the hepatic tissue (Fig. 2). The magenta color observed
in the liver sections from the control group indicated a normal amount of glycogen (Fig. 4a). A significant reduction in glycogen levels
was observed in the pyrogallol-treated group (Fig. 4b), which was statistically significant compared to the control group (Fig. 4f).
Glycogen content increased significantly in the pyrogallol + C. vulgaris and pyrogallol + M. oleifera groups compared to the pyrogallol
group, but not significantly in the pyrogallol + S. platensis group. There were no significant differences in glycogen content among the
three treated groups (pyrogallol + S. platensis, pyrogallol + C. vulgaris, and pyrogallol + M. oleifera) and the control group (Fig. 4¢c, d, e
& f).

The kidney of the control group (Fig. 5a) showed Malpighian corpuscles with Bowman'’s space separating glomerular tufts and
Bowman’s capsule. Renal tubules were composed of cells with rounded vesicular nuclei. Hematopoietic tissue appeared normal in its
content within the renal tissue, and melanomacrophages were also detected. In the Pyrogallol group, the kidney exhibited significant
deterioration in renal tissue (Fig. 5b). There was thickening of Bowman’s capsule around the Malpighian corpuscles, and the glomeruli
showed vacuolar degeneration. Renal tubules had vacuolated cytoplasm and pyknotic nuclei, with necrotic areas also present. The
hematopoietic tissue was excessively represented with densely packed components, and melanomacrophages were widespread
throughout the renal tissue.

In the kidney sections from the pyrogallol + S. platensis group (Fig. 5c), mild improvement was observed compared to the pyrogallol
group. Shrunken glomeruli of Malpighian corpuscles were observed, and renal tubular cells showed separation from their underlying
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Fig. 2. Represented blood smears in C. gariepinus showing (a) the normal erythrocytes, (b and c) the deformed ones after exposure to 10 mg/L
pyrogallol, (d) the deformed ones after exposure to 10 mg/L of pyrogallol + S. platensis (20 g/kg diet), (e) 10 mg/L of pyrogallol + C. vulgaris (50 g/
kg diet) and (f) 10 mg/L of pyrogallol + M. oleifera (5 g/kg diet); Tr, tear-drop cell; Sp, spinocyte; Cr, crenated cell; Ac, acanthocyte; Eco, ecocentric
nucleus; Bn, Bionucleus; Kn, kidney shape and Sh, schistocytic (H & E stain, scale bar: 100 pm).

cell membranes. Hematopoietic tissue was excessively present, and necrotic areas and melanomacrophages were detected.

In pyrogallol + C. vulgaris kidney sections (Fig. 5d), mild to moderate improvement in renal tissue was observed. Shrunken
glomeruli of Malpighian corpuscles were observed, along with vacuolated renal tubular cells with pyknotic nuclei. Some necrotic areas
and melanomacrophages were also present.

Moderate improvement was detected in the renal tissue of the pyrogallol + M. oleifera group (Fig. 5e). Normal Malpighian cor-
puscles and vesicular rounded nuclei of renal tubular cells were observed. Separation of some renal tubular cells from their basement
membranes was detected, along with the presence of hematopoietic tissue and melanomacrophages.

Histopathological scoring for the above-mentioned lesions is represented in Table 3.

Staining kidney sections with PAS staining revealed the polysaccharide content in the renal tissue (Fig. 6). The magenta color
observed in the glomeruli of Bowman’s capsule, basement membranes, and brush borders of renal tubules from the control group
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Table 2
Effects of the studied microalgae on hepatic and renal damage biomarkers in pyrogallol intoxicated-C. gariepinus.
Group
P t
arameter Control Pyrogallol Pyrogallol + Pyrogallol + Pyrogallol + P value
S. platensis C. vulgaris M. oleifera

AST activity (p/1) 34.89 + 1.06 35.33 £ 0.78 34.80 + 0.89 34.41 £ 0.88 32.58 £ 0.73 0.253
ALT activity (p/1) 17.23 + 0.53 18.09 + 0.54 17.48 + 0.44 17.14 + 0.51 16.57 + 0.53 0.364
ALP activity (p/1) 47.40 + 1.70 43.31 + 1.36 45.29 + 1.48 46.07 + 2.11 44.58 + 1.74 0.532
Glucose level (mg/dl) 70.22 + 1.61 78.61 + 0.45° 74.18 + 2.15 72.91 + 1.68% 72.39 + 1.01° 0.016
TP level (mg/dl) 3.98 £ 0.16 4.56 + 0.28 4.33 £ 0.20 4.21 £0.23 4.17 £0.17 0.441
TC level (mg/dl) 210.09 £+ 0.63 223.25 + 3.30% 215.57 + 1.42% 212.75 + 1.62% 208.29 + 1.89% 0.000
Creatinine level (mg/dl) 0.36 + 0.01 0.46 + 0.02% 0.39 + 0.01¢ 0.38 + 0.01¢ 0.35 + 0.01¢ 0.000
UA level (mg/dl) 22.84 4+ 0.25 23.27 + 0.37 22.67 +0.12 22.73 + 0.23 22.03 + 0.21% 0.043

AST: aspartate aminotransferase; ALT: alanine transaminase; ALP: alkaline phosphatase; TP: total protein; TC: total cholesterol; UA: uric acid. Results
are expressed as the mean + SEM of 6 fish per group (One-way ANOVA followed by Duncan post-test). ® Significant difference at p < 0.05 between
control and pyrogallol groups;  Significant difference at p < 0.05 between pyrogallol and microalgae groups.

Table 3

Effects of the studied microalgae on serum oxidative stress parameters and pro-inflammatory interleukin-6 in pyrogallol intoxicated-C. gariepinus.
Parameter Group

Control Pyrogallol Pyrogallol + Pyrogallol + Pyrogallol + P value
S. platensis C. vulgaris M. oleifera

SOD activity (U/ml) 2.68 £ 0.06 1.91 + 0.10® 2.23 £0.13 2.63 £ 0.19° 2.67 £ 0.05° 0.000
TAC (nmol/1) 56.86 + 4.28 42,65 + 1.16% 43.76 + 0.40 48.61 + 3.10 50.40 + 1.20 0.007
MDA level (nmol/ml) 14.94 +1.28 30.57 £ 2.60° 17.97 + 0.39% 16.59 + 0.95% 16.87 + 1.37% 0.000
IL-6 level (pg/ml) 51.15 + 0.34 53.42 + 0.23% 55.77 + 0.47 58.04 £ 1.75 55.72 + 2.91 0.060

SOD: superoxide dismutase; TAC: total antioxidant capacity; MDA: malondialdehyde; IL-6: interleukin-6. Results are expressed as the mean + SEM of
6 fish per group (One-way ANOVA followed by Duncan post-test). ¢ Significant difference at p < 0.05 between control and pyrogallol groups;
Significant difference at p < 0.05 between pyrogallol and microalgae groups.

indicated a normal amount (Fig. 6a). A marked depletion of polysaccharide content was detected in the pyrogallol group (Fig. 6b), and
this decrease was statistically significant compared to the control group (Fig. 6f). The number of polysaccharides increased signifi-
cantly in the three treated groups (pyrogallol + S. platensis, pyrogallol + C. vulgaris, and pyrogallol + M. oleifera) compared to the
pyrogallol group (Fig. 6c, d, e & f). There were no significant differences in polysaccharide content between the control group and the
pyrogallol + C. vulgaris and pyrogallol + M. oleifera groups.

4. Discussion

As reported earlier [22], C. gariepinus encountered pyrogallol induced a marked drop in PCV [34] which could be due to hemo-
dilution, osmoregulatory issues, or kidney function disruption [35]. The notable enhancement in PCV observed in our study, resulting
from the dietary incorporation of microalgae, mirrors findings in O. niloticus supplemented with C. vulgaris after deltamethrin-induced
hematotoxicity [36], as well as in C. gariepinus supplemented with S. platensis after chlorpyrifos exposure [37], and O. niloticus sup-
plemented with M. oleifera after chlorpyrifos exposure [38].

The marked reduction in lymphocytic populations following pyrogallol exposure indicates weakness of immuno-potency, as
documented earlier [22]. The decline in circulating lymphocytes could occur due to stress-triggered cell death in lymphocytes [39],
heightened oxidative injury, and suppressed antioxidant shield [40]. The expansion of lymphocytic clones is crucial for phagocytosis
and immune responses against xenobiotic agents [41] as seen in our microalgae-supplemented groups. The rise in lymphocytic count
following feeding with microalgae-enriched diet confirms their immune-boosting impacts and stress-alleviating features of C. vulgaris
(Dawood et al., 2020 [13], El-Son et al., 2022). The immune-related impacts of dietary S. platensis could be linked to its diverse
bioactive components like phycocyanin, phycobilins, xanthophylls, and allophycocyanin (Nandeesha et al., 2001). The immune
enhancement in C. gariepinus fed on the M. oleifera-enriched additive may be due to a variety of phytochemical ingredients (El-Son
et al., 2022). These include the rich content of polyphenolic compounds, volatile oils, and vitamins known for their immune-boosting
properties (Makkar et al., 2007). A previous study on the hematotoxic effects of pyrogallol in C. gariepinus triggered neutrophilia and
eosinophilia [22]. On the contrary, the studied microalgae succeeded in counteracting these abnormalities by enhancing the
expression of anti-inflammatory mediators and suppressing the expression of pro-inflammatory mediators [42-44].

The potential of pyrogallol to oxidize the sulfhydryl moiety located on fatty acid chains present within the cell membrane [22,45,
46] might be the underlying reason for the poikilocytosis observed in this study. In addition, excessive generation of reactive oxygen
species heightens lipid peroxidation, hampers intracellular protein function, and causes DNA harm. This process can impact mito-
chondrial oxidative phosphorylation, prompting the discharge of numerous inflammatory substances and ultimately resulting in
execution of cell suicide [47,48]. The cytoprotective capability of microalgae aligns with findings observed in O. niloticus challenged
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Fig. 3. Photomicrographs of liver sections in C. gariepinus stained by H&E (bars = 50 pm) showing: (a) control group, (b) Pyrogallol group, (c)
Pyrogallol + S. platensis, (d) Pyrogallol + C. vulgaris and (e) Pyrogallol + M. oleifera; CV, central vein; A, rounded vesicular nucleus of hepatocyte;
A, congested blood sinusoid; 1, pyknotic nucleus; black asterisk, necrotic area; yellow arrow, inflammatory cells infiltration, red asterisk,
congested central vein and red arrow, pigments.

with fipronil [49], largemouth bass (Micropterus salmoides) [44], and rats experiencing cobalt-induced apoptosis [50]. S. platenesis
mitigates the genotoxic effects by alleviating the chromosomal structural aberrations and DNA mutations due to its exceptional
polysaccharides, which boost DNA repairing enzymes [51]. Carotenoids, the active phytoconstituents in S. platenesis, encourage the
activity of redox stabilizers and detoxifying enzymes, promoting cell proliferation [52]. C. vulgaris demonstrates an anti-apoptotic
impact by boosting the expression of anti-apoptotic genes, while reducing the expression of pro-apoptotic genes in M. salmoides
[44]. It increased the expression of peroxisome proliferator-activated receptor «, reduced activator protein 1 gene expression in the
liver, and restored chromosomal stability and mitotic index of bone marrow cells in rats subjected to gibberellic acid-associated
cytogenotoxicity [53]. Quercetin found in M. oleifera lessens micronucleus occurrences and chromosomal abnormalities by directly
interacting with xanthine oxidase and nitric oxide synthase, thereby decreasing the oxidative burden inside the cellular milieu [54].
Kaempferol, a polyphenolic agent in M. oleifera, boosts b cell lymphoma-2 expression, consequently suppressing the presence of cell
suicidal indicators like caspase-3 and poly (ADP-ribose) polymerase [55].

Given the dose and duration employed in our study, the oxidative infliction and inflammatory damage in our model might not have
been intense enough to disrupt the cellular membranes or lead to the discharge of hepatic enzymes into the circulating blood. Further
research is therefore needed to explore the dose-dependent effects of pyrogallol on liver function.

The elevated glucose levels noticed in pyrogallol-exposed fish might result from cortisol-induced hyperglycemia [45]. This
observation is supported by the depletion of hepatic and renal glycogen reserves, evident in histochemical analysis, primarily
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Table 4
Scoring of histopathological lesions in the liver and kidney of the examined groups.
Lesions Groups
Control  Pyrogallol  Pyrogallol + Pyrogallol + Pyrogallol +
S. platensis C. vulgaris M. oleifera
Liver
Hepatocytes with pycnotic nuclei - +4+ 4+ + 4t
Necrotic areas - +++ ++ ++ +
Inflammatory cells infiltration - +++ ++ + +
Congestion of blood vessels - ++ 4+ + 4
Dilated blood sinusoids - ++ ++ + +
Hemorrhage - + + - _
Kidneys
Bowman’s capsule thickening - 4+ 4+ +
Glomeruli shrinkage - ++ + + _
Glomerular tuft vacuolar degeneration + ++ + - +
Complete degeneration of renal tubules - +++ ++ + —
Separation of tubular cells from basement + +++ ++ + +
membrane
Pyknotic nuclei of renal tubular cells + +4++ ++ + +
Vacuolated renal tubular cells - +4++ ++ + +
Inflammatory cells infiltration + ++ ++ + +
Melanomacrophage centers + +++ ++ ++ ++
Hematopoietic tissue + 4+ S+ 4t +

(—) Absent, (+) Slight (<25 %), (++) Moderate (from 25 to 50 %), and (4++) Severe lesion (>50 %).

attributed to increased mRNA expression of genes encoding enzymes of glycogenolysis [56]. The hypoglycemic activity of the studied
microalgae is similar to that occurred in rainbow trout (Oncorhynchus mykiss) [571], crucian carp (Carassius auratus) [58], and
O. niloticus [59]. The improvement in insulin sensitivity (Oriquat et al., 2019), glycogenesis, glycolysis (Hu et al., 2019), inhibition of
gluconeogenesis, and activation of insulin receptors (El-Sakhawy et al., 2023) may contribute to the antihyperglycemic effect of
S. platensis. C. vulgaris exhibits analogous action by reducing insulin resistance and safeguarding beta-cell function from peroxidative
insult [60], as well as inhibiting pancreatic alpha-amylase [61]. Studies have demonstrated that M. oleifera can improve insulin
resistance through multiple mechanisms. It activates the phosphoinositide 3-kinase/AKT and 5 AMP-activated protein kinase path-
ways, enhances oxidative metabolism through the nicotinamide adenine dinucleotide-related deacetylase-peroxisome pro-
liferator-activated receptor a pathway, and hinders fatty acid peroxidation [62,63].

The hypercholesterolemia following pyrogallol intoxication is aligned with [22]. The increase in TC levels might stem from al-
terations in liver cell permeability and disturbances in lipid metabolism, potentially associated with the buildup of the contaminants in
the liver [64]. Consistent with other research, microalgae exhibited beneficial effects on lipid balance [65-67]. The hypolipidemic
effects of S. platensis are thought to stem from its key components like linoleic acid, gamma linolenic acid, phycocyanin, phenolic
compounds, and niacin [68]. S. platensis demonstrates its hypolipidemic effects by activating lecithin cholesterol acyltransferase, a
crucial element in the reverse cholesterol transport process, and by hindering 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase, an
enzyme vital for the production of cholesterol [69]. C. vulgaris is an abundant provider of omega-3 polyunsaturated fatty acids which
directly hinder acetyl-CoA carboxylases [70] and reduce the mRNA expression of sterol regulatory element-binding proteins [71],
thereby decreasing the production and function of lipogenic enzymes. Lipid-lowering properties of M. oleifera might be linked to its
chemical profile, containing alkaloids, flavonoids, saponins, and cardiac glycosides [72]. Saponins have the potential to lower
cholesterol levels by either adhering to cholesterol in the intestines, thereby impeding its absorption, or by attaching to bile acids. This
interaction may reduce the recycling of bile acids between the intestines and the liver, leading to their increased excretion in feces
[731.

Although the oxidant and antioxidant biomarkers were measured in the serum, they reflect redox disturbances that may adversely
impact the hepatic and renal structures [74-76]. The redox alterations induced by pyrogallol, marked by increased serum MDA levels
and decreased serum TAC and SOD activity, align with the findings of Hamed et al. [77,78]). Like other chemotoxicants, this can be
explained by the overproduction of reactive oxygen species [10], along with the downregulation of antioxidant gene expression [79],
redox-linked transcription factors, and antioxidant responsive mediators [80]. The oxidative stress caused by pyrogallol intoxication
may be associated with the histological lesions and cytological modifications [81]. The ability of microalgae to counteract the redox
abnormalities induced by pyrogallol is comparable to the effects observed in O. niloticus exposed to imidacloprid [82], deltamethrin
[36], and oxyfluorfen toxicity. The presence of bioactive components namely p-carotene, C-phycocyanin [83], y-linolenic acid and
a-tocopherol [84] could underlie the marked antioxidant ability of S. platenesis against pyrogallol-induced oxidative injuries. These
compounds, whether independently or synergistically, neutralize free radicals like, alkoxyl, peroxyl, and hydroxyl radicals [85].
Additionally, C-phycocyanin can decrease nitrite generation and block lipid peroxidation [86]. The defensive characteristics of
C. vulgaris against the disruption in antioxidant shield may be related to its carotenoid profile, including p-carotene, lutein, cantha-
xanthin, and astaxanthin [87]. They are effective in quenching the singlet oxygen and eliminating reactive oxidants [88]. The phenolic
constituents in M. oleifera, including kaempferol and quercetin glucosides [89], along with its total flavonoid content [90], are
responsible for its antioxidant activity.
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Fig. 4. Examination of liver glycogen in C. gariepinus. (a—e): photomicrographs of liver sections stained by PAS stain (bars = 50 pm) showing: (a)
control group with normal glycogen content as represented by magenta color, (b) Pyrogallol group, (¢) Pyrogallol + S. platensis (SP), (d) Pyrogallol
+ C. vulgaris (CV), and (e) Pyrogallol + M. oleifera (MO). (f) liver glycogen in sections from all experimental groups. Bars represent means =+ SE.
Different letters indicate significant differences among treatments (p < 0.5).

Increased serum IL-6 levels, inflammatory cell infiltration in liver tissue, along with an elevated count of blood neutrophils and
eosinophils, suggest that inflammation may play a significant role in pyrogallol toxicity. In a previous study [76], pro-inflammatory
cytokines, including IL-1 beta and IL-6, were found to be elevated in the serum of C. gariepinus following pyrogallol contamination. This
outcome could be attributed to the stimulation of the inflammatory cascade through the upregulation of the NF-kB signaling pathway
[91]. Pyrogallol depletes dissolved oxygen levels in water tanks [22]. The depletion of oxygen in the ecosystem has been associated
with increased levels of pro-inflammatory mediators in Chilean salmon (Oncorhynchus kisutch) [92]. Similar to other reports [46],
inflammatory cell accumulation was observed in the intestinal and muscular tissues of pyrogallol-intoxicated C. gariepinus. This finding
might be due to the release of chemoattractants, which act as mediators for inflammatory cellular recruitment. IL-6 plays a role in
neutrophil migration by inducing the production of chemokines, such as IL-8 and monocyte chemoattractant protein-1, and by trig-
gering the expression of adhesion molecules on endothelial cells [93]. Following the trafficking of neutrophils to the challenge site,
they release chemokines to stimulate tissue-resident cells and recruit more leukocytes to the injured area, thereby intensifying
inflammation [94]. Inflammatory response can lead to a marked increase in eosinophil count [95]. Eosinophils release inflammatory
mediators through degranulation [96] and function as antigen-presenting cells during inflammation (Jung et al., 2008). A previous
study on the hematotoxic effects of pyrogallol in C. gariepinus reported neutrophilia and eosinophilia [22]. Conversely, the studied
microalgae succeeded in counteracting these abnormalities by enhancing the expression of anti-inflammatory mediators and sup-
pressing the expression of pro-inflammatory mediators [42,43].

Free radicals have the potential to harm the renal cells directly, activate intracellular signaling routes, or prompt systemic reactions
that result in kidney damage [97]. In a previous cited article, pyrogallol-treated C. gariepinus displayed extensive damage to the tubular
structure, including complete splitting of the tubular epithelium with the loss of the basement membrane and various changes in cell
nuclei. Additionally, the intertubular hematopoietic tissues exhibited higher content of RBCs alongside increased pigmented cell
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Fig. 5. Photomicrographs of kidney sections in C. gariepinus stained by H&E (bars = 50 pm) showing: (a) control group, (b) Pyrogallol group, (c)
Pyrogallol + S. platensis, (d) Pyrogallol + C. vulgaris and (e) Pyrogallol + M. oleifera; A, Bowman’s capsule; A, glomerulus; 1, renal tubular cell;
yellow arrow, melanomacrophage; red asterisk, hematopoietic tissue; black asterisk, necrotic area; green arrow, thickening of Bowman'’s
capsule; yellow arrowhead, glomerular vacuolar degeneration; blue arrow, vacuolated renal tubular cell with pyknotic nucleus; red arrow,
shrunken glomerulus and orange arrow, separation of renal tubular cells from basement membrane.

counts [46,76]. In parallel with the histopathological disruptions in renal tissues and in accordance with previous research [22], serum
creatinine levels markedly raised in the pyrogallol group. Estimation of creatinine can be applied to identify renal filtration rate and as
an evaluation for renal inadequacy [98]. The increased creatinine can be ascribed to the reducing effect of pyrogallol on glomerular
filtration or increase in protein breakdown rates [99].

Xenobiotics are recognized for causing liver damage through generating metabolic intermediates that can interact with cellular
elements resulting in oxidative injury, antioxidants exhaustion, lipid peroxidation, and heightened membrane penetrability [100,101].
The cellular alterations in the liver of pyrogallol-exposed C. gariepinus mirror those documented previously [46], and these changes are
linked to the capacity of pyrogallol to stimulate pro-inflammatory cytokines which play important role in hepatic parenchymal cell
damage [102]. At the cellular level, cytoplasmic vacuoles are formed from elements of the endoplasmic reticulum or
endosomal-lysosomal organelles due to cellular osmotic disturbance and exhaustion of ATP reserve [103]. The histopathological
deteriorations observed in the kidney of fish exposed to pyrogallol resemble those reported in a previous study [76]. Extensive necrosis
in hepatic tissue and the degeneration of renal tubules and glomerular tuft are commonly documented during exposure to various
toxicants [13,43,104] and may be mediated by the disruption in cytoskeletal elements [105]. Pyknosis, the irreversible condensation
of chromatin within a cell’s nucleus, serves as an indicator of cellular apoptosis [106]. An elevated occurrence of melanomacrophage
aggregates in the kidney signifies notable tissue lesions and elevated immune response [107]. The observed histological enhancements
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Fig. 6. Examination of polysaccharides of kidney sections in C. gariepinus. (a—e): photomicrographs of kidney sections stained by PAS stain (bars =
50 pm) showing: (a) control group with normal polysaccharides content as represented by magenta color in glomeruli, basement membranes and
brush borders of renal tubules, (b) Pyrogallol group, (c¢) Pyrogallol + S. platensis (SP), (d) Pyrogallol + C. vulgaris (CV) and (e) Pyrogallol +
M. oleifera (MO). (f): kidney polysaccharides of sections from all experimental groups. Bars represent means + SE. Different letters indicate sig-
nificant differences among treatments (p < 0.5).

from the investigated microalgae are consistent with findings previously documented in studies by Refs. [37,108,109]. The reduction
in quantities of MMCs in microalgae-supplemented groups could be due to their immunostimulatory properties [110,111]. The he-
matopoietic system in fish exhibits significant homeostatic potential, typically compensating for cell loss through the initiation of
mitotic replication [112]. The cytoprotective effect of S. platensis arises from its ability to up-regulate the expression of proliferating
cell nuclear antigen which is responsible for DNA replication and regulation of cell cycle [113]. In C. gariepinus, C. vulgaris coun-
teracted the hepatorenal toxicity induced by microplastic particles by restoring the carbohydrate content in the microvilli and un-
derlying membranes of kidney tubules and glomeruli, as well as within the cytoplasm of liver cells [114]. C. vulgaris possesses chlorella
growth mediators, promoting cellular multiplication and tissue regeneration. It also activates the immunity to assist in clearing away
deceased cells [115]. M. oleifera prompted the expression of PCNA and Ki-67 in the renal tissues of rats experiencing melamine-induced
nephrotoxicity, indicating an improved capacity for cellular multiplication and renewal [116].

5. Conclusions

Based on our results, exposure of C. gariepinus to pyrogallol led to alterations in blood granulocytes percent, erythrocytic cellular
and nuclear features, and the redox defensive mechanism. Pyrogallol did not induce hepato-renal dysfunction and microalgae
intervention did not enhance hepato-renal function. Based on the dose and duration used in our study, the oxidative burden and
inflammatory effects in our experimental model may not have reached a threshold sufficient to disrupt the cellular membrane and
cause the leakage of hepatic metabolizing enzymes into the bloodstream. Nevertheless, pyrogallol caused elevated serum glucose, TC,
and creatinine levels, indicating metabolic deterioration confirmed by cytopathological lesions. Conversely, the investigated micro-
algae showed promise as potential remedies for mitigating these abnormalities. In this regard, M. oleifera was the most effective,
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followed by C. vulgaris, with S. platensis being the least effective. Consequently, incorporating these nutritional supplements into the
diet could be pivotal in the aquaculture sector to alleviate the impact of environmental pollutants. However, dose-dependent studies
are strongly recommended to thoroughly investigate the toxicological effects of pyrogallol on hepato-renal function and the potential
benefits of microalgae.
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