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Introduction: Geometric aquaculture growth has resulted in exponentially
increasing use of agrochemicals as either parasiticides or herbicides in the
aquaculture environment. This study determines some of the toxicological
(haematological and biochemical) effects of glyphosate-based herbicides on
non-target aquatic animals using Clarias gariepinus as the animal model.

Method: Seventy-five apparently healthy adult C. gariepinus (300 g) were
sourced from a local farmer and acclimatised for 2 weeks; of these, sixty
subjects were divided into four treatment groups (fifteen fish per group and
five replicates per unit) by simple randomisation and labelled as T0 (control), T1
(first treatment), T2 (second treatment), and T3 (third treatment). The treatments
were replicated thrice. Four concentrations of Force up

®
[0 mL, 0.15 mL

(0.003 mL/L or 5.1 mg/L), 0.225 mL (0.0045 mL/L or 7.65 mg/L), and 0.3 mL
(0.006 mL/L or 10.2 mg/L) were added to a 50-L tank of water for T0, T1, T2, and
T3, respectively. Approximately 5 mL of blood was collected from the fish in each
treatment group 96 h post-exposure for measurement of the blood parameters
and biochemical indices using standard analytical methods as well as calculation
of the mean values.

Result: The mean values of the packed cell volume, haemoglobin concentration,
red blood cell count, and white blood cell count compared to the control group
showed an initial increase at T1 but decreased as the glyphosate concentrations
increased at T2 (0.0045 mL/L) and T3 (0.006 mL/L). The platelet mean values
decreased at T1, increased at T2, and decreased at T3, while the mean values of
the corpuscular volume, corpuscular haemoglobin, and corpuscular
haemoglobin concentration increased with glyphosate concentration, with the
mean corpuscular haemoglobin concentration decreasing at T2. Only the platelet
value was statistically significant at a p-value of <0.05 using ANOVA and post hoc
Tukey test. The biochemical indices showed decreases in the mean values of
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aspartate transaminase, blood urea nitrogen, creatinine, and triglycerides at T1,
increases at T2, and decreases at T3, while the total protein (g/dL), cholesterol,
alanine transaminase, and alkaline phosphatase values showed increases at T1 and
decreases at T2 and T3. All these values were not statistically significant based on
ANOVA and had p-values >0.05.

Discussion: Based on the results of this study, it is deduced that glyphosate-based
herbicide (Force up

®
) has genotoxic, hepatotoxic, and nephrotoxic effects on C.

gariepinus even at sublethal doses, with more adverse effects at increasing
concentrations.
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1 Introduction

Global aquaculture production has quadrupled over the past
20 years and is likely to double over the next 15 years as a result of
wild fisheries approaching their biological limits and the increasing
global demand for cultured fish (Ayinla, 2012). The contamination
of freshwater by different pollutants has posed serious global
challenges in recent times owing to the undesirable effects on
aquatic organisms (Muhammad et al., 2021). The flow of
agrowastes such as herbicides in the form of runoffs from
farmlands into streams, rivers, and lakes is a global concern that
needs attention; this is because the exposure of fish and other aquatic
biota to such chemicals can cause grievous physiological
impairments as well as death to these organisms (Nikinmma,
2014). Humans rely on fish as a veritable source of protein food
(Awoke et al., 2023); given the rise in fish farming and aquaculture,
there has also been an exponential increase in the use of
agrochemicals.

Agrochemicals refer to pesticides like insecticides, herbicides,
and fungicides. These agrochemicals are often marketed by the
manufacturers as harmless with little or no side effects. However,
some researchers view agrochemicals as substances whose
environmental effects are poorly understood despite their rapidly
increasing use (Alarape et al., 2023). The constant flow of
agricultural effluents into water bodies often leads to
accumulation of various pollutants that becomes apparent when
considering toxic pollution (Mason, 1991). The indiscriminate use
of herbicides along with their careless handling, accidental spillage,
or discharge of treated effluents into natural waterways can have
harmful effects on fish and other forms of aquatic life, contributing
to long-term effects on the environment (Akhtar et al., 1986).
Herbicides are widely used to control the proliferation of water
plants that impede the flow of water during summer, when sudden
heavy rains can cause flooding (Annune et al., 1994). Although the
direct effect of herbicide application is the loss of macrophytes, non-
target organisms such as fish may also be affected through loss of
habitat and food supply (Ervnest, 2004).

Water-soluble toxicants from agricultural runoff are rapidly
finding their way into natural water bodies, where they ultimately
decompose, volatilise, or sometimes form insoluble salts that
precipitate and are incorporated into the sediment (Ezemonye
and Tongo, 2009). Indiscriminate use of agrochemicals like
herbicides by farmers to control weed growth in farms has
resulted in harmful consequences to non-target organisms (FAO/

WHO, 2016). Glyphosate is a non-target organophosphate herbicide
whose solubility and mobility in hydrophilic solvents enable rapid
leaching into the soil and subsequent contamination of the ground
and surface water bodies, resulting in possible build-up in the
aquatic food chain (Alarape et al., 2023). Glyphosate [N-
(phosphonomethyl) glycine] is the most widely used herbicide
globally (Duke and Powles, 2008); its popularity revolves around
not only its efficiency in killing weeds at low cost but also its
perceived low toxicity, rapid absorption by plants, and slow
evolution of glyphosate resistance in weeds (Duke and
Powles, 2008).

The US Environmental Protection Agency (EPA) has classified
glyphosate as practically non-toxic and not an irritant under the
acute toxicity classification system. This classification is primarily
based on the toxicity data and its unique mode of action via a
biochemical pathway that exists only in a small number of
organisms (most of which are green plants) utilising the shikimic
acid pathway to produce amino acids. This classification is
supported by the majority of scientific literature on the toxic
effects of glyphosate. However, in 2012, the Food and Agriculture
Organization (FAO, 2012) reported that glyphosate and its major
metabolite, amino methyl phosphoric acid (AMPA), are of
toxicological concern mainly from accumulation of residues in
the food chain. The FAO further states that the dietary risks of
glyphosate and AMPA are unlikely if the maximum daily intake of
1 mg/kg bodyweight (bw) is not exceeded.

Even though there are reports (World Health Organization,
1994; Zouaoui et al., 2013) that pure glyphosate is non-toxic to
human beings, glyphosate application in the agricultural sector
involves mixing with surfactants such as polyoxyethykeneamine
(POEA) and alkylpolyphosphate amine. Giesy et al. (2000) reported
that the glyphosate-based herbicide Roundup® can penetrate cell
membranes, especially the gill cells of fish and other aquatic
organisms, because it has POEA as the surfactant. Portier et al.
(2016) and Portier (2020) reported that glyphosate formulations are
probable human carcinogens.

AMPA is a primary product of glyphosate degradation along
with non-toxic products like sarcosine and glycine. Unlike AMPA,
which is 3–6 times more toxic and persistent than glyphosate (Sun
et al., 2019), sarcosine is barely detected in the natural environment
(Wang et al., 2016) except under experimental laboratory conditions
(Zhan et al., 2018). AMPA belongs to the
aminomethylenephosphonate chemical group and has a
significant measured concentration in the environment
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(Tresnakova et al., 2021). Owing to its phosphonate and amine
functional groups, AMPA forms metal complexes with Ca2+, Mg2+,
Mn2+, and Zn2+ and is adsorbed firmly on soil (Poppov et al., 2001).

African catfish (Clarias gariepinus) is a significant commercial
fish and is one of the common and widely consumed freshwater fish
in Nigeria (Olaifa et al., 2003). This species is hardy and widespread
in Nigeria’s natural and manmade water bodies (Awoke et al., 2023),
which makes it a very good bioindicator for studying the responses
of various pesticides. C. gariepinus exhibits structural and
physiological changes in the presence of xenobiotics; this fish is
highly cosmopolitan and is found in not only African rivers but also
temporary puddles in arid areas after a bit of rain (Akeredolu
et al., 2022).

Haematological analyses are commonly used to evaluate the
health and welfare of fish under aquaculture conditions as well as in
scientific studies to assess the influences of environmental factors
(Fazio, 2019; Witeska et al., 2022). Blood indices are sensitive and
fast-reacting biomarkers of various environmental impacts,
including water pollution by toxic agents (Witeska et al., 2023).
Blood parameters reflect a wide range of physiological conditions,
both adaptive and disruptive, and provide extensive information on
various physiological functions as reliable biomarkers of an
organism’s performance. Blood sampling is less invasive
compared to the collection of other tissues from live organisms
and is possible under both laboratory and field conditions (Witeska
et al., 2023). The basic haematological parameters include
haematocrit (Ht), haemoglobin concentration (Hb), erythrocyte
or red blood cell (RBC) count, and leucocyte or white blood cell
(WBC) count, and blood smears can be obtained with only a small
amount of blood. Additionally, some derived red blood parameters
can also be calculated using Ht, Hb, RBC values, and appropriate
formulae, such as the mean corpuscular volume (MCV), mean
corpuscular haemoglobin (MCH), and mean corpuscular
haemoglobin concentration (MCHC). Stained blood smears can
be used for quantitative evaluation of the erythrocyte and leucocyte
populations to calculate the percentage of immature erythrocytes
(erythroblasts), erythrocyte cellular and nuclear anomalies,
differential leucocyte count (DLC, which provides the
proportions of various types of leukocytes), and thrombocyte
count (TC). These parameters are useful for evaluating
erythropoietic activity, cytotoxic and genotoxic effects, and the
status of the immune system (Witeska et al., 2023).

Toxic agents like metal ions, pesticides, or other anthropogenic
aquatic pollutants as well as pharmaceuticals such as
immunomodulators, antimicrobial and antiparasitic therapeutics,
or anaesthetics, have been proven to cause haematological changes
in fish (Dias et al., 2023; Kanu et al., 2023; Rohani, 2023; Duman and
Sahan, 2023; Moradi et al., 2022; Bentes et al., 2022; Kubra, 2022).
Bojarski et al. (2022) demonstrated that haematological indices were
the most sensitive and reliable biomarkers of exposure of Cyprinus
carpio to the herbicide Roundup; in their study, fewer changes in the
blood biochemical parameters were observed compared to the
haematological ones, while the microstructures of the analysed
organs (gills, liver, trunk, and kidney) were unchanged.

Haematological indices provide information on the oxygen
transport capacity, immune status, stress response, cytotoxicity,
and genotoxicity (Witeska et al., 2023). WBC count and
leukogram or DLC are the most commonly used indicators of

fish immune potential. Toxic agents often affect the leucocyte
count and increases or decreases are observed similar to the case
of the red blood parameters (Witeska et al., 2023). The TC is usually
obtained indirectly by counting the thrombocytes in a smear and
estimating the proportions of leukocytes and erythrocytes (Witeska
et al., 2023). The TC in fish is highly variable (Witeska et al., 2016),
and the thrombocytes are sometimes included in the leucocyte
population as they are involved in both blood coagulation and
defence mechanisms (Tavares-Dias and Oliveira, 2009; Stosik
et al., 2019). Blood biochemical parameters can also be used to
detect the health of fish (De Pedro et al., 2005). Exogenous factors,
such as management (Svobodova et al., 2008), diseases (Chen et al.,
2005), and stress (Cnaani et al., 2004), always induce major changes
in the blood composition. Basic ecological factors, such as feeding
regime and stocking density, also have direct influences on certain
biochemical parameters (Coz-Rakovac et al., 2005).

Glyphosate concentrations over a wide range have been found to
be poisonous to young catfish species, leading to poor growth, low
survival, and death (FAO/WHO, 2016). Numerous surfactants have
been detected in glyphosate formulations, which are noxious and
hence not suitable for aquatic use (Tu et al., 2001).

Akeredolu et al. (2022) conducted a study to evaluate the acute
toxicity as well as histological and genotoxic effects (erythrocytic
nuclear abnormalities) of lethal and sublethal concentrations of
three commonly used pesticides (atrazine, butachlor, and
glyphosate) on C. gariepinus. The fish were exposed to the
pesticides for 96-h periods to determine their LC50 and
sublethal effects at various concentrations (1/10th, 1/100th, 1/
1000th of 96-h LC50) over 28 days. The 96-h LC50 values were
7.63, 0.7, and 15.97 mg/L for atrazine, butachlor, and glyphosate,
respectively.

Application of environmental toxicology studies to non-
mammalian vertebrates is a rapidly expanding field for evaluating
the effects of noxious compounds (Ayoola, 2008). Despite the
identified harmful physiological effects of exposure to glyphosate,
especially at high concentrations, there are limited attempts to
evaluate the impacts of its low concentrations in water.
Therefore, it is important to determine some of the toxicological
(haematological and biochemical) effects of low concentrations of
glyphosate-based herbicides present in water on the aquatic
environment and animals using cultured C. gariepinus as the
animal model.

2 Materials and methods

The trademarked chemical Force up®{glyphosate [N-
(phosphonomethyl) glycine] solution} was obtained from a
commercial vendor in Ibadan, Nigeria. The other requirements
for the experiments were C. gariepinus, plastic keg, holding tanks,
pelletised fish feed, distilled water, WBC diluting fluid, syringes and
needles, ethylene diamine tetraacetate (EDTA) sample bottles,
gloves, air pump/aerator machine, haemocytometer, glass slides,
cover slips, capillary tubes, microscope, Bijou bottles, capillary
pipette, Wintrobe haematocrit tubes, centrifuge, Drabkin’s
solution, colorimeter, haemoglobinometer, spectrophotometer, H1
83200 multiparameter bench photometer, and H1 98186 dissolved
oxygen meter.
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2.1 Methods

Seventy-five apparently healthy adult C. gariepinus (Chordata,
Osteichthyes, Siluriformes, Clariidae) weighing approximately 300 g
each were purchased from a reputable farm in Ibadan, Nigeria. They
were transported in a plastic keg to the Fish andWildlife Laboratory
at the Department of Veterinary Public Health and Preventive
Medicine of the University of Ibadan, Nigeria, on the same day.
The fish were subsequently transferred into holding tanks for
2 weeks to acclimatisation (temperature: 28.4°C ± 2°C; relative
humidity: 78% ± 5%). During this period, the fish were fed
protein pellets daily at 5% bw. The food remains were syphoned
out of the aquaria daily during water exchange. The water was
changed every 24 h and the fish were fed simultaneously; during the
change, the aquaria were washed with a sponge and water, following
which fresh water was replaced up to the 50 L mark. The water
temperature, pH, and dissolved oxygen parameters were monitored.

After acclimatisation, sixty fish were divided into four groups by
simple randomisation. The containers were labelled T0a, T0b, and
T0c (controls); T1a, T1b, and T1c (first treatment); T2a, T2b, and
T2c (second treatment); and T3a, T3b, and T3c (third treatment).
Altogether, there were four treatment groups with fifteen fish per
group and three replicas of five fish per treatment unit for each
concentration. The fish were exposed to four different concentrations
of the herbicide Force up®: 0.15 mL (0.003 mL/L or 5.10 mg/L) in T1,
0.225 mL (0.0045 mL/L or 7.65 mg/L) in T2, 0.3 mL (0.006 mL/L or
10.20 mg/L) in T3, and 0 mL as the control in T0. The chemicals at
these concentrations were added to the 50-L tanks of water.

After adding the chemical, the water was aerated for
approximately 1 h daily while the physical observations and
behavioural changes were noted after introducing Force up®.
Fresh solutions of the herbicide were prepared every 24 h and
the aeration was performed daily for 5 days.

2.2 Biochemical and haematological analyses
Blood samples were collected from each treatment group for

haematological and biochemical analyses at the beginning and
end of the experiment. Blood was drawn from the caudal
peduncle of the fish using a disposable needle and syringe into
an EDTA sample bottle to avoid clotting. The packed cell volume
(PCV) was analysed with a microhaematocrit via heparinised 25-
mm capillary tubes. The RBC and WBC counts were determined
as described by Blaxhall and Daisley (1973), while Hb was
estimated using the method outlined by Wedemeyer and
Yasutake (1977). The other haematological indices like the
MCH, MCV, and MCHC were determined using the following
formulae reported by Dacie and Lewis (1984):

MCH pg( ) � Hb g dL−1( ) × 10[ ]/RBC 106 μL−1( ),

MCV fL( ) � Ht × 10( )/RBC 106 μL−1( ),

MCHC %( ) � Hb g dL−1( ) × 100[ ]/Ht.

Biochemical estimates of the blood creatinine, blood protein,
blood cholesterol, aspartate transaminase (AST), alanine
transaminase (ALT), alkaline phosphatase (ALP), triglycerides,
and blood urea nitrogen (BUN) were determined using standard
methods (Annino, 1976; Henry, 1968; Fawcette and Scott, 1960;
Folin and Wu, 1920).

2.3 Data analysis

The obtained data were analysed using SPSS Statistics Version
26, and the results were expressed as mean ± standard deviation
(SD). The average values were compared using one-way analysis of
variance (ANOVA) and considerable variations among the
treatment groups were determined by the post hoc Tukey test

TABLE 1 Values of themean ± standard deviation (SD) of the haematological
parameters of Clarias gariepinus exposed to glyphosate herbicide (Force
up®) for 96 h at different treatment concentrations.

Parameter Treatment group Mean ± SD

PCV (%) 1 30.00 ± 5.29

2 34.67 ± 9.71

3 24.33 ± 3.52

4 21.00 ± 1.73

Hb (g/dL) 1 9.53 ± 1.75

2 11.33 ± 3.25

3 7.67 ± 0.90

4 6.70 ± 0.26

RBC (×106 mm3) 1 2.52 ± 0.93

2 2.93 ± 1.12

3 2.10 ± 1.07

4 1.33 ± 0.08

WBC (mm3) 1 15,167.00 ± 975.11

2 16,283.00 ± 3,755.77

3 14,017.00 ± 1,300.32

4 13,367.00 ± 678.85

Platelets (mm3) 1 138,000.00 ± 4,000.00

2 118,330.00 ± 7,637.63

3 150,000.00 ± 15,099.67

4 79,333.00 ± 49,903.24

MCV (fL) 1 112.56 ± 30.13

2 123.18 ± 19.61

3 129.43 ± 39.34

4 157.37 ± 4.65

MCHC (%) 1 31.76 ± 0.56

2 32.65 ± 0.32

3 31.59 ± 0.84

4 31.64 ± 1.08

MCH (pg) 1 35.74 ± 9.52

2 40.21 ± 6.29

3 41.09 ± 13.32

4 50.30 ± 1.46

a1 = T0 (Control); 2 = T1 (0.003 mL/L); 3 = T2 (0.045 mL/L); 4 = T3 (0.006 mL/L).
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using SPSS for Windows. The degree of significance was set
at p <0.05.

2.4 Ethical consideration

The Animal Care and Use in Research Committee of the
University of Ibadan accepted and approved the research
protocols in this study under the number UI-ACUREC/019–0220/6.

3 Results

3.1 Haematological parameters

As seen in Table 1, the mean PCV, Hb, RBC count, and WBC
count showed initial increases (in T1) for the lowest glyphosate
herbicide concentration used in this study (0.003 mL/L) compared
to the control group; this trend reduced as the glyphosate

concentrations increased in T2 (0.0045 mL/L) and T3 (0.006 mL/
L). The platelet value decreased for the lowest glyphosate
concentration in T1, increased in T2, and was lowest in T3.
Meanwhile, the MCV and MCH values both increased in T1, T2,
and T3 compared to the mean value in the control group, with the
highest values noted in T3; the MCHC increased in T1, reduced in
T2, and increased in T3. Table 2 shows the results of one-way
ANOVA for the haematological parameters along with their
respective F and p values. Only the platelet p-value of 0.049 was
statistically significant in the Tukey honestly significant difference
(HSD) post hoc test (p <0.05) in T2 versus T3, as shown in Table 3.

3.2 Biochemical indices

The biochemical indices listed in Table 4 showed decreases in
the mean values of AST, BUN, creatinine, and triglycerides for T1,
with corresponding increases in the values for T2 and lowest values
in T3 compared to the control group; however, the total protein,

TABLE 2 F-values and p-values of the haematological parameters of C. gariepinus exposed to glyphosate herbicide (Force up®) for 96 h at different
treatment concentrations.

Parameter Sum of squares df Mean square F-value p-value (sig.)

PCV (%) Between groups 329.67 3 109.89 3.19 0.08

Within groups 275.33 8 34.42

Total 605.00 11

Hb (g/dL) Between groups 37.95 3 12.65 3.49 0.07

Within groups 29.02 8 3.63

Total 66.97 11

RBC (×106 mm3) Between groups 4.17 3 1.39 1.71 0.24

Within groups 6.51 8 0.81

Total 10.68 11

WBC (mm3) Between groups 1.49×107 3 4,969,166.67 1.16 0.39

Within groups 3.44 ×107 8 4,302,083.33

Total 4.93 ×107 11

Platelets (mm3) Between groups 8.618×109 3 2.87×109 4.11 0.05

Within groups 5.59 ×109 8 6.98 ×108

Total 1.42 ×1010 11

MCV (fL) Between groups 3,295.63 3 1,098.55 1.54 0.28

Within groups 5,723.33 8 715.42

Total 9,018.967 11

MCHC (%) Between groups 2.25 3 0.75 1.32 0.33

Within groups 4.55 8 0.57

Total 6.80 11

MCH (pg) Between groups 335.82 3 111.94 1.45 0.30

Within groups 619.50 8 77.44

Total 955.31 11

pvalue ≤0.05 is statistically significant; df, degree of freedom.
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TABLE 3 Post hoc (Tukey) values of the haematological parameters of C. gariepinus exposed to glyphosate herbicide (Force up®) for 96 h at different
treatment concentrations.

Dependent variable (parameter) Treatment group versus Treatment group p-value (sig.)

PCV (%) 1 2 0.77

3 0.65

4 0.31

2 1 0.77

3 0.22

4 0.08

3 1 0.65

2 0.22

4 0.90

4 1 0.31

2 0.08

3 0.90

Hb (g/dL) 1 2 0.67

3 0.64

4 0.33

2 1 0.67

3 0.16

4 0.07

3 1 0.64

2 0.16

4 0.92

4 1 0.33

2 0.07

3 0.92

RBC (×106 mm3) 1 2 0.94

3 0.94

4 0.43

2 1 0.94

3 0.69

4 0.21

3 1 0.94

2 0.69

4 0.73

4 1 0.43

2 0.21

3 0.73

WBC (mm3) 1 2 0.91

3 0.90

(Continued on following page)
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TABLE 3 (Continued) Post hoc (Tukey) values of the haematological parameters of C. gariepinus exposed to glyphosate herbicide (Force up®) for 96 h at
different treatment concentrations.

Dependent variable (parameter) Treatment group versus Treatment group p-value (sig.)

4 0.72

2 1 0.91

3 0.57

4 0.37

3 1 0.90

2 0.57

4 0.98

4 1 0.72

2 0.37

3 0.98

Platelets (mm3) 1 2 0.80

3 0.94

4 0.10

2 1 0.80

3 0.50

4 0.34

3 1 0.94

2 0.50

4 0.05

4 1 0.10

2 0.34

3 0.05

MCV (fL) 1 2 0.96

3 0.87

4 0.25

2 1 0.96

3 0.99

4 0.45

3 1 0.87

2 0.99

4 0.60

4 1 0.25

2 0.45

3 0.60

MCHC (%) 1 2 0.51

3 1.00

4 1.00

2 1 0.51

(Continued on following page)
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ALT, ALP, and cholesterol values initially increased in T1 but
decreased thereafter in T2 and T3. The values of all biochemical
indices were not statistically significant, with no differences seen
between the treatment groups based on ANOVA and Tukey HSD
post hoc test, as shown in Tables 5, 6.

4 Discussion

Haematological indices are very important in the diagnoses of
fish health, especially under different strenuous situations (Ramesh
et al., 2009). The constituents of blood are highly vulnerable to
chemicals such that physiological variations often manifest in the
standards of some blood characteristics (Nwani et al., 2012). The
RBCs of fish are suitable biomarkers for monitoring the water
quality in an aquatic environment (Popoola, 2018); they are also
helpful in evaluating the damage to organs and the consequent
physiological, biochemical, and behavioural disorders in non-
target animals.

Blood is a good indicator of the pathological condition of an
animal exposed to any toxic compound (Olafedehan et al., 2010).
Haematological parameters are typically used to monitor and
diagnose alterations in an animal’s body or investigate blood
damage caused by toxicity or disease (Merck, 2012; Togun et al.,

2007; Onyeyelli et al., 1991). The RBC parameters include Ht, Hb,
erythrocyte count, MCV, MCH, and MCHC (Witeska et al., 2023).
The observed toxicity-induced changes may differ and show
increases or decreases in the values of all or some of these
parameters, indicating changes in the oxygen transport capacity.
Increases in Ht, Hb, RBC count, or MCV may occur as
compensatory responses to facilitate oxygen transport under
general stress caused by a toxic agent, impair gas exchange by
affecting the gill epithelium, or activate fish metabolism by
increasing the detoxification pathways. Decreases in these
parameters are observed when a toxic agent causes damage to
the circulating erythrocytes, causes direct haemolysis during
circulation, shortens the erythrocyte lifespan, or/and impairs
erythropoiesis. Such changes are often described as anaemic
responses (Witeska et al., 2023).

As these changes were consistent with the observations in this
study (Table 1), we can infer that the initial increases in the PCV,
Hb, RBC count, and MCV may be compensatory responses to
glyphosate toxicity, whereas the anaemic responses in T2 and
T3 may be because of increased concentrations of glyphosate
causing RBC damage as the decreases in these parameter values
were time and dose dependent. The reductions in these
haematological indices may be a result of haemolysis of the
RBCs, haemodilution owing to weakened osmoregulation across

TABLE 3 (Continued) Post hoc (Tukey) values of the haematological parameters of C. gariepinus exposed to glyphosate herbicide (Force up®) for 96 h at
different treatment concentrations.

Dependent variable (parameter) Treatment group versus Treatment group p-value (sig.)

3 0.37

4 0.41

3 1 0.99

2 0.37

4 1.00

4 1 1.00

2 0.41

3 1.00

MCH (pg) 1 2 0.92

3 0.88

4 0.26

2 1 0.92

3 1.00

4 0.53

3 1 0.88

2 1.00

4 0.60

4 1 0.26

2 0.53

3 0.60

aThe mean difference is significant at the 0.05 level.
b1 = T0 (Control); 2 = T1 (0.003 mL/L); 3 = T2 (0.045 mL/L); 4 = T3 (0.006 mL/L).
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the gill epithelial cells, or significant deterioration in haematopoiesis
(Ezike et al., 2019).

The decreases in the blood parameters (PCV, Hb, and RBC
count) seen in this study (Table 1) are similar to those reported by
Jasper et al. (2012) and indicate anaemic syndrome. They are also
directly related to the increasing concentrations of herbicide and
time of exposure (Sanam et al., 2019). Jasper et al. (2012)

additionally reported that lower erythrocyte count, lower Hb with
reduced Ht, and higher MCV are characteristics of macrocytic
anaemia similar to the observations in this study (Zorriehzwhra
et al., 2010). Haider and Rauf (2014) reported significant decreases
in the RBC count, Hb, and Ht compared to the controls in Cirrhinus
mrigala after chronic exposure to the organophosphate insecticide
diazinon; according to the authors, the anaemic responses are
attributable to the failure or suppression of the haematopoietic
system of the fish. Javed et al. (2016) also reported macrocytic
hypochromic anaemia (considerable decreases in Ht, Hb, RBC
count, and MCHC with increases in MCV and MCH) that
caused strong impairment of the oxygen carrying capacity in
Channa punctatus subjected to industrial effluents containing
metal-ion mixtures of Co, Cr, Cu, Fe, Mn, Ni, and Zn; they
interpreted the anaemia through the inhibition of erythropoiesis.
These findings are all similar to the observations of the present
study. According to Kwiatkowska et al. (2014), glyphosate and its
metabolites cause haemolysis and haemoglobin oxidation, and the
changes in the erythrocytes increase with concentration. These
changes were attributable only to poisoning with chemicals and
genotoxicity in the erythrocytes and gill cells of fish (Moreno
et al., 2014).

The WBCs and platelets increased in T1 and T2 (Table 1)
compared to the controls, similar to the findings reported by George
and Shukla (2013), and were attributed to oxidative stress. An
increase in WBCs or leucocytosis is usually interpreted as
activation of immune responses due to tissue damage by a toxic
agent and often accompanied by neutrophilia or/and monocytosis,
indicating an inflammatory response. However, leukopenia or
decrease in WBCs is attributed to toxicity-induced general stress
responses that particularly cause lymphopenia and increase in
neutrophil to lymphocyte ratio or specific toxic actions affecting
the circulating leukocytes or leukopoiesis resulting in
immunosuppression (Witeska et al., 2023). Thus, the initial
leucocytosis and subsequent leukopenia observed in the present
study indicate stress caused by the glyphosate concentration in the
water and resultant effects on the WBCs of the fish.

Lymphopenia or decreased lymphocytes observed in this study
is similar to that found in rats and attributed to poisonous strain on
non-specific tissues, followed by production of free radicals and
prostaglandins that cause inflammatory reactions through
neutrophilia and lymphopenia (Khan et al., 2013). Ligina et al.
(2022) reported leucocytosis in Anabas testudineus upon
intoxication with acrylamide. According to Zahran et al. (2018),
exposure to the insecticide chlorpyrifos caused leucocytosis in
Oreochromis niloticus; the numbers of both neutrophils and
lymphocytes increased, but the increase in neutrophil count
(neutrophilia) was more pronounced. The authors interpreted
these changes as compensatory actions to the potentially
compromised immune functions.

Bujjamma and Padmavathi (2018) also reported a
concentration-dependent increase in WBCs in Heteropneustes
fossilis exposed to cadmium; according to the authors, this may
have resulted from immunomodulation caused by cadmium-
induced tissue damage. According to Javed et al. (2016), who
observed increased WBCs in C. punctatus subjected to power
plant effluent containing a mixture of metal ions, leucocytosis
was related to the magnitudes of damage and stress induced by

TABLE 4 Values of mean ± SD of the biochemical indices of C. gariepinus
exposed to glyphosate herbicide (Force up®) for 96 h at different
treatment concentrations.

Parameter Treatment group Mean ± SD

Total protein (g/dL) 1 5.83 ± 0.35

2 5.87 ± 0.90

3 5.70 ± 0.53

4 4.83 ± 0.29

AST (μL) 1 293.33 ± 11.55

2 276.67 ± 68.72

3 300.33 ± 34.65

4 226.67 ± 41.30

ALT (μL) 1 37.00 ± 5.57

2 37.67 ± 9.29

3 36.33 ± 7.77

4 25.33 ± 4.73

ALP (μL) 1 516.00 ± 55.68

2 522.00 ± 52.57

3 480.67 ± 91.44

4 376.00 ± 79.73

BUN (mg/dL) 1 7.87 ± 0.64

2 7.50 ± 0.17

3 7.73 ± 0.70

4 7.07 ± 0.76

Creatinine (mg/dL) 1 0.63 ± 0.06

2 0.60 ± 0.00

3 0.63 ± 0.06

4 0.57 ± 0.06

Cholesterol (mg/dL) 1 195.33 ± 4.51

2 198.67 ± 19.01

3 196.33 ± 12.66

4 182.33 ± 5.13

Triglycerides (mg/dL) 1 63.67 ± 1.53

2 57.33 ± 12.70

3 64.00 ± 4.00

4 51.33 ± 3.51

a1 = T0 (Control); 2 = T1 (0.003 mL/L); 3 = T2 (0.045 mL/L); 4 = T3 (0.006 mL/L).
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heavy metals, which may have stimulated their immunological
defences. Leucocytosis caused by azithromycin was reported by
Shiogiri et al. (2010) in O. niloticus. According to Mahboub et al.
(2021), O. niloticus exposed to mercury developed leucocytosis,
lymphopenia, and neutrophilia accompanied by impaired
immune functions.

Oluah et al. (2020) observed leucocytosis, lymphocytosis,
neutropenia, and monocytopenia in C. gariepinus exposed to the
herbicide Ronstar.

Leukopenia was also reported in Sebastes schlegelii exposed to
ammonia (Shin et al., 2016) due to induced stress, while Tavares-
Dias et al. (2011) observed a decrease in WBCs (both lymphocyte
and neutrophil counts) in Colossoma macropomum exposed to Cu.
According to Witeska and Kosciuk (2003), C. carpio subjected to
acute exposure to Zn showed stress-related thrombocytosis. Lemly
(2002) observed thrombocytosis in Lepomis cyanellus from Belews
Lake contaminated with Se. Corredor-Santamaria et al. (2016)
reported thrombocytosis in Astyanax bimaculatus and Aequidens

metae from Ocoa River polluted with domestic and industrial
wastewater; the authors attributed these findings to pollution-
related increase in the defence responses. Fredianelli et al. (2019)
reported thrombocytopenia in Rhamdia quelen that were sublethally
intoxicated with the pesticide fipronil and attributed it to stress-
related cortisol secretion as well as its action in reducing the quantity
and quality of thrombocytes. Khan et al. (2016) also reported
different responses of thrombocytes to glyphosate and atrazine
exposure; the former herbicide induced an increase in
thrombocytes, while the latter caused a decline.
Thrombocytopenia was also observed by Omoregie and Oyebani
(2002) inO. niloticus after treatment with oxytetracyclines. All of the
above findings are consistent with those in the present study.

The biochemical indices considered in this study include total
protein, albumin, globulin, AST, ALT, serum ALP, BUN, creatinine,
cholesterol, and triglycerides. Exogenous factors, such as
management (Svobodova et al., 2008), diseases (Chen et al.,
2005), and stress (Cnaani et al., 2004), are known to always

TABLE 5 F-values and p-values of the biochemical indices of C. gariepinus exposed to glyphosate herbicide (Force up®) for 96 h at different treatment
concentrations.

Parameter Sum of squares df Mean square F-value p-value (Sig.)

Total protein (g/dL) Between groups 2.15 3 0.72 2.20 0.17

Within groups 2.60 8 0.33

Total 4.75 11

AST (μL) Between groups 9,943.58 3 3,314.53 1.71 0.24

Within groups 15,522.67 8 1,940.33

Total 25,466.25 11

ALT (μL) Between groups 308.93 3 102.97 2.06 0.18

Within groups 400.00 8 50.00

Total 708.92 11

ALP (μL) Between groups 41,148.00 3 13,716.00 2.67 0.12

Within groups 41,164.67 8 5,145.58

Total 82,312.67 11

BUN (mg/dL) Between groups 1.11 3 0.37 0.99 0.45

Within groups 3.00 8 0.38

Total 4.11 11

Creatinine (mg/dL) Between groups 0.01 3 0.00 1.22 0.36

Within groups 0.02 8 0.00

Total 0.03 11

Cholesterol (mg/dL) Between groups 487.00 3 162.33 1.14 0.39

Within groups 1,136.67 8 142.08

Total 1,623.67 11

Triglycerides (mg/dL) Between groups 324.92 3 108.31 2.26 0.16

Within groups 384.00 8 48.00

Total 708.92 11

avalue ≤0.05 is statistically significant; df, degree of freedom.
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TABLE 6 Post hoc (Tukey) values of the haematological parameters of C. gariepinus exposed to glyphosate herbicide (Force up®) for 96 h at different
treatment concentrations.

Dependent variable (parameter) Treatment group versus Treatment group p-value (Sig.)

Total protein (g/dL) 1 2 1.00

3 0.99

4 0.22

2 1 1.00

3 0.98

4 0.20

3 1 0.99

2 0.98

4 0.32

4 1 0.22

2 0.20

3 0.32

AST (μL) 1 2 0.97

3 1.00

4 0.32

2 1 0.97

3 0.91

4 0.54

3 1 1.00

2 0.91

4 0.25

4 1 0.32

2 0.54

3 0.25

ALT (μL) 1 2 1.00

3 1.00

4 0.26

2 1 1.00

3 1.00

4 0.22

3 1 1.00

2 1.00

4 0.30

4 1 0.26

2 0.22

3 0.30

ALP (μL) 1 2 1.00

3 0.93

(Continued on following page)
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TABLE 6 (Continued) Post hoc (Tukey) values of the haematological parameters of C. gariepinus exposed to glyphosate herbicide (Force up®) for 96 h at
different treatment concentrations.

Dependent variable (parameter) Treatment group versus Treatment group p-value (Sig.)

4 0.16

2 1 1.00

3 0.89

4 0.14

3 1 0.93

2 0.89

4 0.35

4 1 0.16

2 0.14

3 0.35

BUN (mg/dL) 1 2 0.88

3 0.99

4 0.43

2 1 0.88

3 0.96

4 0.82

3 1 0.99

2 0.96

4 0.57

4 1 0.43

2 0.82

3 0.57

Creatinine (mg/dL) 1 2 0.85

3 1.00

4 0.41

2 1 0.85

3 0.85

4 0.85

3 1 1.00

2 0.85

4 0.41

4 1 0.41

2 0.85

3 0.41

Cholesterol (mg/dL) 1 2 0.99

3 1.00

4 0.57

(Continued on following page)
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induce major changes in blood composition. For example,
significant fluctuations were detected in the concentrations of
cortisol, glucose, cholesterol, and other basic components in
response to handling and hypoxic stresses (Skjervold et al., 2001).
The blood levels of cortisol and glucose are considered to be specific
indicators of sympathetic activation during stress conditions
(Lermen et al., 2004).

The initial increase in the plasma protein concentration noted in
this study (Table 4) may be caused by structural liver alternations
that reduce amino transaminase activity with concurrent reduction
in the deamination capacity (Kavadias et al., 2004). Bano (1985)
observed an increase in the serum cholesterol level after pesticide
administration. A high blood urea concentration was observed inM.
cephalus by Borges et al. (2007), which could likely be a sign of stress
associated with increased cortisol level.

Biochemical markers of hepatic and renal function as well as
oxidative stress are important for monitoring exposure to
environmental pollutants like glyphosate (Ahmad et al., 2004).
Many pollutants can induce damages in biological systems,

including the liver, which is the main organ for detoxification
and biotransformation processes (Ahmad et al., 2000; Harish and
Murugan, 2011). Balint et al. (1997) reported that ALT and AST
that metabolise amino acids deviate from their normal levels and
are good indicators of hepatic toxicity. Sarhan and Al-Sahhaf
(2011) reported increases in AST, ALT, BUN, and creatinine
levels compared to the controls because of hepatic and renal
toxicities.

Among the different types of liver enzymes, AST and ALT have
been proven to play essential roles in the metabolism of proteins and
carbohydrates; hence, they are reliable indicators of liver damage
caused by pesticides (Gholami-Seyedkolaei et al., 2013). In the
present study, the results show increases in ALT and ALP in the
groups exposed to glyphosate compared to the control (Table 4).
This indicates that the concentrations used in this study are
hepatotoxic to fish. There are also increases in the mean values
of creatinine and BUN in T2 (Table 4), indicating adverse effects on
both the liver (increased values of total bilirubin and conjugated
bilirubin) and kidneys (high creatinine).

TABLE 6 (Continued) Post hoc (Tukey) values of the haematological parameters of C. gariepinus exposed to glyphosate herbicide (Force up®) for 96 h at
different treatment concentrations.

Dependent variable (parameter) Treatment group versus Treatment group p-value (Sig.)

2 1 0.99

3 1.00

4 0.39

3 1 1.00

2 1.00

4 0.51

4 1 0.57

2 0.39

3 0.51

Triglycerides (mg/dL) 1 2 0.69

3 1.00

4 0.21

2 1 0.69

3 0.66

4 0.72

3 1 1.00

2 0.66

4 0.19

4 1 0.21

2 0.72

3 0.19

aThe mean difference is significant at the 0.05 level.
b1 = T0 (Control); 2 = T1 (0.003 mL/L); 3 = T2 (0.045 mL/L); 4 = T3 (0.006 mL/L).
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5 Conclusion and recommendations

Haematological variables are sensitive and reliable indicators of
environmental impacts on fish, including those from toxic agents.
They may show either the destructive effects of toxicity, such
as anaemia and immunosuppression, or compensatory effects,
such as increase in blood oxygen transport capacity or
inflammation. Often, the haematological changes in fish subjected
to toxicity reflect general and non-specific stress responses with
unclear mechanisms (Witeska et al., 2023).

Glyphosate is used in agriculture as a standalone compound or
component of commercial products, and its main metabolite AMPA
may have adverse effects on freshwater and marine organisms at
different levels of biological organisation. Glyphosate mainly induces
oxidative stress and affects the antioxidant enzymes as well as blood
parameters to cause several histopathological changes in the gills, liver,
and kidneys of fish, in addition to genotoxicity, immunotoxicity, and
cardiotoxicity (Tresnakova et al., 2021).

Based on the results of this study, it is clear that glyphosate-
based herbicides (e.g., Force up®) have genotoxic, hepatotoxic, and
nephrotoxic effects on C. gariepinus, with more adverse effects with
increases in the concentration and time of exposure. Fish exposed to
acute concentrations of the herbicide developed haematological and
biochemical modifications that are likely detrimental to their
survival and general wellbeing.

Glyphosate-based herbicides are the most heavily used
substances in agriculture globally. Their toxicity can also end up
in humans through the food chain. Therefore, suitable measures are
recommended for the controlled and regular use of herbicides. This
will help in utilising the beneficial effects without polluting the
environment or leaving residues in food and water sources that can
ultimately have potential negative effects on human health. The use
of glyphosate-based herbicides near aquatic environment should be
discouraged; furthermore, when used, the levels should be
monitored to ensure appropriate concentrations that will not
have adverse effects on non-target organisms. Mechanical and
biological methods should also be encouraged as alternatives to
chemical methods for weed control.

Governments and other relevant regulatory bodies should
enlighten farmers and the general public regarding the adverse
effects of glyphosate-based herbicides on aquatic animals and
non-target organisms as well as its residual effects on both
human and environmental health.

We also recommend the establishment of environmental
monitoring agencies to periodically assess the cautious use of
glyphosate in the environment. This will help mitigate the
ecotoxicological consequences associated with herbicide use and
prevent the risk of contamination to humans.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by The Animal Care and Use in
Research Committee of the University of Ibadan. The study was
conducted in accordance with all local legislations and institutional
requirements.

Author contributions

SA: conceptualization, data curation, formal analysis, funding
acquisition, investigation, methodology, project administration,
resources, software, supervision, validation, visualization,
writing–original draft, and writing–review and editing. DA:
investigation, methodology, project administration, resources, and
writing–original draft. AA: formal analysis, methodology, project
administration, resources, software, and writing–review and editing.
OA: conceptualization, supervision, visualization, and writing–review
and editing.

Funding

The authors declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ahmad, I., Hamid, T., Fahma, M., Chand, H. S., Jain, S. K., Athar, M., et al. (2000).
Induction of hepatic antioxidants in fresh water catfish (Channa punctatus Bloch) is a
biomarker of paper mill effluent exposure. Biochem. Biophys. Acta 1523, 37–48. doi:10.
1016/S0304-4165(00)00098-2

Ahmad, I., Pacheco, M., and Santos, M. A. (2004). Enzymatic antioxidants as an
adaptation to phagocytes induced damage in Anguilla anguilla L. following in-situ
harbor water exposure. Ecotoxicol. Environ. Saf. 57, 290–295. doi:10.1016/S0147-
6513(03)00080-0

Akeredolu, O. E., Ekele, S. A., Olaleru, F., and Egonmwan, R. I. (2022). Acute and sub-
lethal toxicity in African mud catfish (Clarias gariepinus, Burchell 1822) exposed to
some pesticides. Zoologist 20, 51–60. doi:10.4314/tzool.v20i1.7

Akhtar, M. H. (1986). “The disposition of 14C agrochemical residues in plant and animal
tissues when consumed by animals.” in Pesticide Science. Editors T. Green Halgh and
T. R. Roberts

Alarape, S. A., Fagbohun, A. F., Ipadeola, O. A., Adeigbo, A. A., Adesola, R. O., and
Adeyemo, O. K. (2023). Assessment of glyphosate and its metabolites’ residue

Frontiers in Toxicology frontiersin.org14

Alarape et al. 10.3389/ftox.2024.1448861

https://doi.org/10.1016/S0304-4165(00)00098-2
https://doi.org/10.1016/S0304-4165(00)00098-2
https://doi.org/10.1016/S0147-6513(03)00080-0
https://doi.org/10.1016/S0147-6513(03)00080-0
https://doi.org/10.4314/tzool.v20i1.7
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1448861


concentrations in cultured African Catfish offered for sale in selected markets in Ibadan,
Oyo State, Nigeria. Front. Toxicol.5 5, 1250137. doi:10.3389/ftox.2023.1250137

Annino, J. S. (1976). Clinical chemistry principles and procedures. 4th edn. Boston:
Little Brown and Company.

Annune, P. A., Hbele, S. O. N., and Oladimeji, A. A. (1994). Acute toxicity of
cadmium to juveniles of Clarias gariepinus (Tuegls) and Oreochromis niloticus
(Trewavas). J. Environ. Sci. Health A29, 1357–1365.

Awoke, J. S., Nwele, H. O., Oti, E. E., and Okoro, C. B. (2023). Acute toxicity effect of
mulsate (glyphosate) herbicide on behaviour and haematological indices of african
catfish (Clarias gariepinus burchell 1822) juvenile. Int. J. Oceanogr. Aquac. 7 (3), 000262.
doi:10.23880/ijoac-16000262

Ayinla, O. A. (2012). “Aquaculture development and appropriate enterprise
combination in the braced states,” in In the High level meeting of experts and the
meeting of BRACED States Commissioners for Agriculture. Nigeria: Songhai Farms, Port
-Harcourt, 1–41. Oct31 -Nov.2, 2012.

Ayoola, S. O. (2008). Toxicity of glyphosate herbicide on Nile tilapia (Oreochromis
niloticus) juvenile. Afr. J. Agric. Res. 3 (12), 825–834. doi:10.4236/ojvm.2013.32032

Balint, T., Ferenczy, J., Kufcsak, O., Katai, F., Kiss, I., Kraczer, L., et al. (1997).
Similarities and Differences between the massive eel (Anguilla anguilla) devastations
that occur in Lake Balaton in 1991 and 1995. Ecotoxicol. Environ. Saf. 37 (1), 17–23.
doi:10.1006/eesa.1996.1509

Bano, Y. (1985). Sublethal stress of DDT on biochemical composition of catfish
Clarias batrachus. Indian J. Environ. Health 27, 230–236. biotechnology. Proceedings of
the 6th international congress of pesticide chemistry Ottawa, Canada, August 1986,
pp.10-15.

Bentes, S. P. C., da Cruz, M. G., Jeronimo, G. T., Coimbra, F. C., and Goncalves, L. U.
(2022). Chloramine-T application for Trichodina sp. in Arapaima gigas juveniles: acute
toxicity, histopathology, efficacy, and physiological effects. Vet. Parasitol. 303, 109667.
doi:10.1016/j.vetpar.2022.109667

Blaxhall, P. C., and Daisley, K. W. (1973). Routine haematological methods for use
with fish blood. J. Fish Biol. 5 (6), 771–781. doi:10.1111/j.1095-8649.1973.tb04510.x

Bojarski, B., Osikowski, A., Hofman, S., Szała, L., Szczygieł, J., and Rombel-Bryzek, A.
(2022). Effects of exposure to a glyphosate-based herbicide on haematological
parameters, plasma biochemical indices and the microstructure of selected organs of
the common carp (Cyprinus carpio Linnaeus, 1758). Folia Biol. 70, 213–229. doi:10.
3409/fb_70-4.24

Borges, A., Scotti, L. V., Siqueira, D. R., Jurinitz, D. F., Wasswemann, G. F., Grillo, M.
L., et al. (2007). Biochemical composition of seminal plasma and annual variations in
semen characteristics of jundia Rhamdia quelen (Quoy and Gaimard, Pimelodidae).
Fish. Physiol. Biochem. 31, 45–53. doi:10.1007/s10695-005-4742-8

Bujjamma, P., and Padmavathi, P. (2018). Effect of cadmium on haematological
changes in a freshwater catfish. Heteropneustes Foss. Int. J. Zool. Stud. 3, 132–141.

Chen, Y. E., Jin, S., and Wang, G. L. (2005). Study on blood physiological and
biochemical indices ofVibrio alginilyticus disease of Lateolabrax japonicas. J. Ocean. Tai
Str. 24, 104–108.

Cnaani, A., Tinman, S., Avidar, Y., Ron, M., and Hulata, G. (2004). Comparative
study of biochemical parameters in response to stress in O. aureus, O. mossambicus and
two strains of O. niloticus. Aquac. Res. 35, 1434–1440. doi:10.1111/j.1365-2109.2004.
01167.x

Corredor-Santamaria, W., Serrano Gomez, M., and Velasco-Santamaria, Y. M.
(2016). Using genotoxic and haematological biomarkers as an evidence of
environmental contamination in the Ocoa River native fish, Villavicencio—meta,
Colombia. Springer Plus 5, 351. doi:10.1186/s40064-016-1753-0

Coz-Rakovac, R., Strunjak-perovic, I., Hacmanjek, M., Topic, P. N., Lipez, Z., and
Sostaric, B. (2005). Blood chemistry and histological properties of wild and cultured sea
bass (Dicentrarchus labrox) in the North Adriatic Sea. Vet. Res. Comm. 29, 677–687.
doi:10.1007/s11259-005-3684-z

Dacie, J. V., and Lewis, S. M. (1984). Practical haematology. 6th edn. Churchill,
London: ELBS and Churchill, Livingston.

De Pedro, N., Guijarro, A. E., Lopez-Patino, M. A., Marinez-Alvarez, R., and Delgado,
M. (2005). Daily and seasonal variation in haematological and blood biochemical
parameters in tench Tinca tinca. Aquac. Res. 36, 85–96. doi:10.1111/j.1365-2109.2005.
01338.x

Dias, G. M. C., Bezerra, V., Risso, W. E., dos Reis Martinez, C. B., and Simonato, J. D.
(2023). Haematological and biochemical changes in the Neotropical fish Astyanax
altiparanae after acute exposure to a cadmium and nickel mixture.Water Air Soil Pollut.
234, 307. doi:10.1007/s11270-023-06325-5

Duke, S. O., and Powles, S. B. (2008). Glyphosate: a once-in-a-century herbicide. Pest
Manag. Sci. 64 (4), 319–325. doi:10.1002/ps.1518

Duman, S., and Sahan, A. (2023). Effects of _-1,3/1,6 glucan dietary supplements on
some immunological and haematological health markers in Siberian sturgeon
(Acipenser baerii) infected with Aeromonas hydrophila. Pol. J. Vet. Sci. 26, 109–118.
doi:10.24425/pjvs.2023.145012

Ervnest, H. (2004). A Textbook of modern toxicology. 3rd ed. New Jersey: John
Wiley&sons Hoboken. ISBN 0-471-26508-X 557.

Ezemonye, L. I. N., and Tongo, I. (2009). Lethal and sub-lethal effects of atrazine to
amphibian larvae. Jordan J. Biol. Sci. 2 (1), 29–36.

Ezike, C. O., Echor, F. O., Uwadiegwu, N. C., and Okechukwu, G. E. (2019).
Haematology, oxidative stress and micronuclei frequency of Clarias gariepinus
exposed to glyphosate based herbicide Glycot® GBHG. Int. J. Adv. Fish. Aquatic Sci.
4, 106–121. doi:10.23953/cloud.ijafas.442

FAO (2012). The state of the world fisheries and aquaculture. Rome Italy: FAO.

FAO/WHO (2016). “Pesticides residues in food 2016. Special session of the Joint
FAO/WHO meeting on pesticide residues,” in FAO plant production and protection
paper. Food and Agriculture Organization of the United Nations. World Health
Organization.

Fawcette, J. K., and Scott, J. E. (1960). Practical clinical biochemistry. 4th edn. Arnold
Harold Varley, 119–122.

Fazio, F. (2019). Fish hematology analysis as an important tool of aquaculture: a
review. Aquaculture 500, 237–242. doi:10.1016/j.aquaculture.2018.10.030

Folin, O., and Wu, H. (1920). Span diagnostic kits. J. Biol. Chem. 9, 341–367.

Fredianelli, A. C., Pierin, V. H., Uhlig, S. C., do Amaral Gurgel Galeb, L., Coatti Rocha,
D. C., Ribeiro, D. R., et al. (2019). Haematologic, biochemical, genetic, and histological
biomarkers for the evaluation of the toxic effects of fipronil for Rhamdia quelen. Turk.
J. Vet. Anim. Sci. 43, 54–59. doi:10.3906/vet-1806-71

Gholami-Seyedkolaei, S. J., Mirvaghefi, A., Farahmand, A., and Kosari, A. A. (2013).
Effect of a glyphosate-based herbicide in Cyprinus carpio: assessment of
acetylcholinesterase activity, hematological responses and serum biochemical
parameters. Ecotoxicol. Environ. Saf. 98, 135–141. doi:10.1016/j.ecoenv.2013.09.011

Giesy, J. P., Dobson, S., and Solomon, K. R. (2000). Ecotoxicological risk assessment
for Roundup® herbicide. Rev. Environ. Contam. Toxicol. 167, 35–120. doi:10.1007/978-
1-4612-1156-3_2

Haider, M. J., and Rauf, A. (2014). Sub-lethal effects of diazinon on haematological
indices and blood biochemical parameters in Indian carp, Cirrhinus mrigala
(Hamilton). Braz. Arch. Biol. Technol. 57, 947–953. doi:10.1590/s1516-8913201402086

Harish, R. S., and Murugan, K. (2011). Oxidative stress indices in natural populations
of Avicennia allowance Blume as biomarker of environmental pollution. Environ. Res.
11 (8), 1070–1073. doi:10.1016/j.envres.2011.07.002

Henry, R. J. (1968). Clincal chemistry, principles and techniques. New York: Harper &
Row, 664–666.

Jasper, R., Olivo, L. G., Pilati, C., and Locatelli, C. (2012). Evaluation of biochemical,
haematological and oxidative parameters in mice exposed to the herbicide glyphosate-
Round up(R). Interdiscip. Toxicol. 5, 133–140. doi:10.2478/v10102-012-0022-5

Javed, M., Ahmad, I., Ahmad, A., Usmani, N., and Ahmad, M. (2016). Studies on the
alterations in haematological indices, micronuclei induction and pathological marker
enzyme activities in Channa punctatus (spotted snakehead) perciformes, channidae
exposed to thermal power plant effluent. Springer Plus 5, 761. doi:10.1186/s40064-016-
2478-9

Kanu, K. C., Okoboshi, A. C., and Otitoloju, A. A. (2023). Haematological and
biochemical toxicity in freshwater fish Clarias gariepinus and Oreochromis niloticus
following pulse exposure to atrazine, mancozeb, chlorpyrifos, lambda-cyhalothrin, and
their combination. Comp. Biochem. Physiol. 270, 109643. doi:10.1016/j.cbpc.2023.
109643

Kavadias, S., Castritsi-Catharios, J., and Dessypris, A. (2004). Annual cycles of growth
rate, feeding rate, food conversion, plasma glucose and plasma lipids in the population
of European sea bass (Dicentrarchus labrax) farmed in floating marine cages. J. Appl.
Ichthyol. 19, 29–34. doi:10.1046/j.1439-0426.2003.00346.x

Khan, A., Shah, N., Gul, A., Us-Sahar, N., Ismail, A., Aziz, F., et al. (2016).
Comparative study of toxicological impinge of glyphosate and atrazine (herbicide)
on stress biomarkers; blood biochemical and hematological parameters of the
freshwater common carp (Cyprinus carpio). Pol. J. Environ. Stud. 25, 1995–2001.
doi:10.15244/pjoes/62698

Khan, A. M., Dubey, N., Raina, R., Singh, G., and Beigh, S. A. (2013). Toxic effects of
deltamethrin and fluoride on haematological parameters in rats. Fluoride 46 (1), 34–38.

Kubra, A. K. (2022). Anesthetic efficacy of clove oil and 2-phenoxyethanol as
haematological, histopathological and echocardiographic on broodstock Danube
sturgeon (Acipenser gueldenstaedtii). J. Appl. Ichthyol. 38, 586–595. doi:10.1111/jai.
14361

Kwiatkowska, M., Huras, B., and Bukowska, B. (2014). The effect of metabolites and
impurities of glyphosate on human erythrocytes (in vitro). Pesticide Biochem. Physiol.
109, 34–43. doi:10.1016/j.pestbp.2014.01.003

Lemly, A. D. (2002). Symptoms and implications of selenium toxicity in fish: the
Belews Lake case example. Aquat. Toxicol. 57, 39–49. doi:10.1016/s0166-445x(01)
00264-8

Lermen, C. L., Lappe, R., Crestani, M., Vieira, V. P., Gioda, C. R., Schetinger, M. R. C.,
et al. (2004). Effect of different temperature regimes on metabolic and blood parameters
of silver catfish Rhamdia quelen. Aquaculture 239, 497–507. doi:10.1016/j.aquaculture.
2004.06.021

Ligina, V., Martin, R., Aiswarya, M. V., Mashirin, K. R., and Chitra, K. C. (2022).
Acute and sublethal effects of acrylamide on the freshwater fish Anabas testudineus

Frontiers in Toxicology frontiersin.org15

Alarape et al. 10.3389/ftox.2024.1448861

https://doi.org/10.3389/ftox.2023.1250137
https://doi.org/10.23880/ijoac-16000262
https://doi.org/10.4236/ojvm.2013.32032
https://doi.org/10.1006/eesa.1996.1509
https://doi.org/10.1016/j.vetpar.2022.109667
https://doi.org/10.1111/j.1095-8649.1973.tb04510.x
https://doi.org/10.3409/fb_70-4.24
https://doi.org/10.3409/fb_70-4.24
https://doi.org/10.1007/s10695-005-4742-8
https://doi.org/10.1111/j.1365-2109.2004.01167.x
https://doi.org/10.1111/j.1365-2109.2004.01167.x
https://doi.org/10.1186/s40064-016-1753-0
https://doi.org/10.1007/s11259-005-3684-z
https://doi.org/10.1111/j.1365-2109.2005.01338.x
https://doi.org/10.1111/j.1365-2109.2005.01338.x
https://doi.org/10.1007/s11270-023-06325-5
https://doi.org/10.1002/ps.1518
https://doi.org/10.24425/pjvs.2023.145012
https://doi.org/10.23953/cloud.ijafas.442
https://doi.org/10.1016/j.aquaculture.2018.10.030
https://doi.org/10.3906/vet-1806-71
https://doi.org/10.1016/j.ecoenv.2013.09.011
https://doi.org/10.1007/978-1-4612-1156-3_2
https://doi.org/10.1007/978-1-4612-1156-3_2
https://doi.org/10.1590/s1516-8913201402086
https://doi.org/10.1016/j.envres.2011.07.002
https://doi.org/10.2478/v10102-012-0022-5
https://doi.org/10.1186/s40064-016-2478-9
https://doi.org/10.1186/s40064-016-2478-9
https://doi.org/10.1016/j.cbpc.2023.109643
https://doi.org/10.1016/j.cbpc.2023.109643
https://doi.org/10.1046/j.1439-0426.2003.00346.x
https://doi.org/10.15244/pjoes/62698
https://doi.org/10.1111/jai.14361
https://doi.org/10.1111/jai.14361
https://doi.org/10.1016/j.pestbp.2014.01.003
https://doi.org/10.1016/s0166-445x(01)00264-8
https://doi.org/10.1016/s0166-445x(01)00264-8
https://doi.org/10.1016/j.aquaculture.2004.06.021
https://doi.org/10.1016/j.aquaculture.2004.06.021
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1448861


(Bloch, 1792). Environ. Sci. Pollut. Res. 29, 90835–90851. doi:10.1007/s11356-022-
22155-0

Mahboub, H. H., Beheiry, R. R., Shahin, S. E., Behairy, A., Khedr, M. H. E., Ibrahim, S.
M., et al. (2021). Adsorptivity of mercury on magnetite nano-particles and their
influences on growth, economical, hemato-biochemical, histological parameters and
bioaccumulation in Nile tilapia (Oreochromis niloticus). Aquat. Toxicol. 235, 105828.
doi:10.1016/j.aquatox.2021.105828

Mason, C. F. (1991). Biology of fresh water pollution. 2nd Edition. U.K: Longman
Scientific and Technical, 351pp.

Merck, M. (2012). Haematologic reference ranges. White House Station, NJ, United
States: Merck’s Veterinary Manual.

Moradi, S., Javanmardi, S., Gholamzadeh, P., and Tavabe, K. R. (2022). The
ameliorative role of ascorbic acid against blood disorder, immunosuppression, and
oxidative damage of oxytetracycline in rainbow trout (Oncorhynchus mykiss). Fish.
Physiol. Biochem. 48, 201–213. doi:10.1007/s10695-022-01045-9

Moreno, N. C., Sofia, S. H., and Martinez, C. B. (2014). Genotoxic effects of the
herbicide RoundUp Transorb(R) and its active ingredient glyphosate on the fish
Prochilodus lineatus. Environ. Toxicol. Pharmacol 37 (1), 448–454. doi:10.1016/j.
etap.2013.12.012

Muhammad, U. A., Yasid, N. A., Daud, H. M., and Shukor, M. Y. (2021). Glyphosate
herbicide induces changes in the growth pattern and somatic indices of crossbred red T i
l a p i a (O. niloticus; O. mossambicus). Animals 11 (5), 1209. doi:10.3390/ani11051209

Nikinmma, M. (2014). An introduction to aquatic toxicology, 225 Wyman Street.
Waltham, MA 02451, USA: Academic Press of Elsevier, 30–32.

Nwani, C. D., Okeke, C. O., Onyishi, G., Atama, C., Chinekwu, U., and Eneje, L. O.
(2012). Toxicity and effects of diazinon on behaviour and some haematological
parameters of African catfish Clarias gariepinus. Zoology Ecol. 22 (3-4), 246–253.
doi:10.1080/21658005.2012.733555

Olafedehan, C. O., Obun, A. M., Yusuf, M. K., Adewunmi, O. O., Olafedehan, A. O.,
Awofolaji, A. O., et al. (2010). Effects of residual cyanide in processed cassava peel meals
on haematological and biochemical indices of growin rabbits. Proc. 35th Ann. Conf. Nig.
Soc. Anim. Prod. 2, 212.

Olaifa, F. E., Olaifa, A. K., and Lewis, O. O. (2003). Toxic stress of lead on Clarias
gariepinus (african catfish) fingerlings. Afr. J. Biomed. Res. 6, 101–104. doi:10.4314/ajbr.
v6i2.54032

Oluah, N. S., Aguzie, I. O., Ekechukwu, N. E., Madu, J. C., Ngene, C. I., and Oluah, C.
(2020). Haematological and immunological responses in the African catfish Clarias
gairepinus exposed to sublethal concentrations of herbicide Ronstar®. Ecotoxicol.
Environ. Saf. 201, 110824. doi:10.1016/j.ecoenv.2020.110824

Omoregie, E., and Oyebani, S. F. (2002). Oxytetracycline-induced blood disorder in
juvenile Nile tilapia Oreochromis niloticus (Trewavas). J. World Aquacult. Soc. 33,
377–382. doi:10.1111/j.1749-7345.2002.tb00514.x

Onyeyelli, P. A., Egwu, G. O., Jibike, G. I., Pepple, D. J., and Ohaegbulam, J. O. (1991).
Seasonal variations in haematological indices in the grey breasted Guinea fowl (Numida
Meleagris galeata pallas). Niger. J Animal Prod. 18 (1), 108–110. doi:10.51791/njap.v18i.2007

Popoola, O. M. (2018). Toxicity effect of atrazine on histology, haematology and
biochemical indices of Clarias gariepinus. Int. J. Fish. Aquat. Stud. 6 (3), 87–92. doi:10.
4194/2618-6381-v18_1_03

Poppov, K., Ronkkomaki, H., and Lajunens, L. H. J. (2001). Critical evaluation of
stability constants of phosphonic acids. Pure Appl. Chem. 73, 1641–1677. doi:10.1351/
pac200274112227

Portier, C. J. (2020). A comprehensive analysis of the animal carcinogenicity data for
glyphosate from chronic exposure rodent carcinogenicity studies. Environ. Health 19,
18. doi:10.1186/s12940-020-00574-1

Portier, C. J., Armstrong, B. K., Baguley, B. C., Baur, X., Belyaev, I., Bellé, R., et al.
(2016). Differences in the carcinogenic evaluation of glyphosate between the
international agency for research on cancer (IARC) and the European food safety
authority (EFSA). J. Epidemiol. Community Health 70 (8), 741–745. doi:10.1136/jech-
2015-207005

Ramesh, M., Srinivasan, R., and Saravanan, M. (2009). Effect of atrazine (Herbicide)
on blood parameters of common carp Cyprinus carpio (Actinopterygii:Cypriniformes).
Afr. J. Environ. Sci. Technol. 3 (12), 453–458.

Rohani, M. F. (2023). Pesticides toxicity in fish: histopathological and hemato-
biochemical aspects—a review. Emerg. Contam. 9, 100234. doi:10.1016/j.emcon.
2023.100234

Sanam, N., Razia, I., Aftab, A., Muhammad-Faheem, M., Muhammad, J., Rashid, Y.,
et al. (2019). Effect of glyphosate on haematological and biochemical parameters of
Rabbit. Oryctolagus cuniculus. Pure Appl. Biol. 8 (1), 78–92. doi:10.19045/bspab.2018.
700166

Sarhan, O. M. M., and Al-sahhaf, Z. Y. (2011). Histological and biochemical effects of
diazinon on liver and kidney of rabbits. Life Sci. J. 8 (4), 1183–1189.

Shin, K. W., Kim, S. H., Kim, J. H., Don Hwang, S., and Kang, J. C. (2016). Toxic
effects of ammonia exposure on growth performance, haematological parameters, and
plasma components in rockfish, Sebastes schlegelii, during thermal stress. Fish. Aquat.
Sci. 19, 44. doi:10.1186/s41240-016-0044-6

Shiogiri, N. S., Cubo, P., Schiavetti, C., Pitelli, R. A., and Cruz, C. D. (2010).
Ecotoxicity of glyphosate and aterbane VR by surfactant on guaru (Phalloceros
caudimaculatus). J. Animal Biol. Sci. 32 (3), 285–289. doi:10.4025/actascibiolsci.
v32i3.6795

Skjervold, P. O., Fjaera, S. O., Ostby, P. B., and Einen, O. (2001). Live-chilling and
crowding stress before slaughter of Atlantic salmon (Salmo salar). Aquaculture 192,
265–280. doi:10.1016/s0044-8486(00)00447-6

Stosik, M., Tokarz-Deptuła, B., and Deptuła, W. (2019). Characterisation of
thrombocytes in Osteichthyes. J. Vet. Res. 63, 123–131. doi:10.2478/jvetres-2019-0017

Sun, M., Li, H., and Jaisi, D. P. (2019). Degradation of glyphosate and bioavailability of
phosphorus derived from glyphosate in a soil-water system. Water Res. 163, 114840.
doi:10.1016/j.watres.2019.07.007

Svobodova, Z., Kroupova, H., Modra, H., Flajshans, M., Randak, T., Savina, L. V., et al.
(2008). Haematological profile of common carp spawners of various breeds. J. App
Ichthyol. 24, 55–59. doi:10.1111/j.1439-0426.2007.01019.x

Tavares-Dias, M., Ferreira, J. S., Affonso, E. G., Ono, E. A., and Martins, M. L. (2011).
Toxicity and effects of copper sulfate on parasitic control and haematological response
of tambaqui Colossoma macropomum. Bol. Inst. Pesca São Paulo 37, 355–365.

Tavares-Dias, M., and Oliveira, S. R. (2009). A review of the blood coagulation system
of fish. Rev. Bras. Bioci. 7, 205–224.

Togun, V. A., Oseni, B. S. A., Ogundipe, J. A., Arewa, T. R., Hammed, A. A.,
Ajonijebu, D. C., et al. (2007). “Effects of chronic lead administration on the
haematological parameters of rabbits,” in Proceedings of 41st conferences of the
agricultural society of Nigeria, 341.

Tresnakova, N., Stara, A., and Velisek, J. (2021). Effects of glyphosate and its
metabolite AMPA on aquatic organisms. Appl. Sci. 11, 9004. doi:10.3390/app11199004

Tu, M., Hurd, C., Robison, R., and Randall, J. M. (2001). Glyphosate in: weed control
methods handbook. Nat. Conservancy, 65.

Wang, S., Seiwert, B., Kästner, M., Miltner, A., Schäffer, A., Reemtsma, T., et al.
(2016). (Bio)degradation of glyphosate in water-sediment microcosms–A stable isotope
co-labeling approach. Water Res. 99, 91–100. doi:10.1016/j.watres.2016.04.041

Wedemeyer, G. T., and Yasutake, W. T. (1977) “Clinical methods for assessment of
the effects of environment stress on fish health,” in Technical report of United States fish
and Wildlife service 89.

WHO (1994). Glyphosate. Environ health criteria. Geneva: WHO, 159.

Witeska, M., Kondera, E., and Bojarski, B. (2023). Hematological and hematopoietic
analysis in fish toxicology-A review. Animals 13, 2625. doi:10.3390/ani13162625

Witeska, M., Kondera, E., Ługowska, K., and Bojarski, B. (2022). Hematological
methods in fish – not only for beginners. Aquaculture 547, 737498. doi:10.1016/j.
aquaculture.2021.737498

Witeska, M., and Kosciuk, B. (2003). The changes in common carp blood after short-
term zinc exposure. Environ. Sci. Pollut. Res. 10, 284–286. doi:10.1065/espr2003.07.161

Witeska, M., Lugowska, K., and Kondera, E. (2016). Reference values of
haematological parameters for juvenile common carp (Cyprinus carpio). Bull. Eur.
Ass. Fish. Pathol. 36, 169–180.

World Health Organization (WHO) (1994). “Glyphosate,” in Environmental health
criteria, publication NO 159. Geneva, Switzerland.

Zahran, E., Risha, E., Awadin, W., and Pali´c, D. (2018). Acute exposure to
chlorpyrifos induces reversible changes in health parameters of Nile tilapia
(Oreochromis niloticus). Aquat. Toxicol. 197, 47–59. doi:10.1016/j.aquatox.2018.02.001

Zhan, H., Feng, Y., Fan, X., and Chen, S. (2018). Recent advances in glyphosate
biodegradation. Appl. Microbiol. Biotechnol. 102, 5033–5043. doi:10.1007/s00253-018-
9035-0

Zorriehzwhra, M. J., Hassan, M. D., Gholizadeh, M., and Said, M. M. (2010). Study of
some haematological and biochemical parameters of Rainbow trout (Onchorhynchus
mykiss) fry in western part of Mazandaran province, Iran. Iran. J. Fish. Sci. 9 (1),
185–198.

Zouaoui, K., Dulaurent, S., Gaulier, J. M., Moesch, C., and Lachatre, G. (2013).
Determination of glyphosate and AMPA in blood and urine from humans: about
13 cases of acute intoxication. Forensic Sci. Int. 226, e20–e25. doi:10.1016/j.forsciint.
2012.12.010

Frontiers in Toxicology frontiersin.org16

Alarape et al. 10.3389/ftox.2024.1448861

https://doi.org/10.1007/s11356-022-22155-0
https://doi.org/10.1007/s11356-022-22155-0
https://doi.org/10.1016/j.aquatox.2021.105828
https://doi.org/10.1007/s10695-022-01045-9
https://doi.org/10.1016/j.etap.2013.12.012
https://doi.org/10.1016/j.etap.2013.12.012
https://doi.org/10.3390/ani11051209
https://doi.org/10.1080/21658005.2012.733555
https://doi.org/10.4314/ajbr.v6i2.54032
https://doi.org/10.4314/ajbr.v6i2.54032
https://doi.org/10.1016/j.ecoenv.2020.110824
https://doi.org/10.1111/j.1749-7345.2002.tb00514.x
https://doi.org/10.51791/njap.v18i.2007
https://doi.org/10.4194/2618-6381-v18_1_03
https://doi.org/10.4194/2618-6381-v18_1_03
https://doi.org/10.1351/pac200274112227
https://doi.org/10.1351/pac200274112227
https://doi.org/10.1186/s12940-020-00574-1
https://doi.org/10.1136/jech-2015-207005
https://doi.org/10.1136/jech-2015-207005
https://doi.org/10.1016/j.emcon.2023.100234
https://doi.org/10.1016/j.emcon.2023.100234
https://doi.org/10.19045/bspab.2018.700166
https://doi.org/10.19045/bspab.2018.700166
https://doi.org/10.1186/s41240-016-0044-6
https://doi.org/10.4025/actascibiolsci.v32i3.6795
https://doi.org/10.4025/actascibiolsci.v32i3.6795
https://doi.org/10.1016/s0044-8486(00)00447-6
https://doi.org/10.2478/jvetres-2019-0017
https://doi.org/10.1016/j.watres.2019.07.007
https://doi.org/10.1111/j.1439-0426.2007.01019.x
https://doi.org/10.3390/app11199004
https://doi.org/10.1016/j.watres.2016.04.041
https://doi.org/10.3390/ani13162625
https://doi.org/10.1016/j.aquaculture.2021.737498
https://doi.org/10.1016/j.aquaculture.2021.737498
https://doi.org/10.1065/espr2003.07.161
https://doi.org/10.1016/j.aquatox.2018.02.001
https://doi.org/10.1007/s00253-018-9035-0
https://doi.org/10.1007/s00253-018-9035-0
https://doi.org/10.1016/j.forsciint.2012.12.010
https://doi.org/10.1016/j.forsciint.2012.12.010
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1448861

	Haematological parameters and biochemical indices of African catfish (Clarias gariepinus) exposed to glyphosate-based herbi ...
	1 Introduction
	2 Materials and methods
	2.1 Methods
	2.2 Biochemical and haematological analyses

	2.3 Data analysis
	2.4 Ethical consideration

	3 Results
	3.1 Haematological parameters
	3.2 Biochemical indices

	4 Discussion
	5 Conclusion and recommendations
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


