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Abstract
The dietary effects of rosemary (Rosmarinus officinalis) leaves powder (RLP) were tested on the performance and welfare of Nile tilapia 
(Oreochromis niloticus) fingerlings subjected to lead (Pb) toxicity. Two hundred fish (31.9±0.28 g) were stocked into 20 85-L glass aquaria 
(10 fish/aquarium) to represent four treatments with five replicates each. Fish were fed on 0.0% (control; T1) and 1.0% RLP (T2) along 
with continuous exposure to either 0.0 (T3) or 7.94 mg Pb/L (T4) for 60 days. Compared with the control diet, feeding Nile tilapia on RLP 
alone improved the growth performance and hemato-biochemical, antioxidant, and immunological indices. Conversely, the Pb toxicity 
negatively affected hematocrit, hemoglobin, white and red blood cell counts, and growth indices. Furthermore, Pb exposure raised blood 
cortisol, glucose, total cholesterol, serum transaminases (ALT and AST levels), alkaline phosphatase, and lactate dehydrogenase ac-
companied with significant reductions in serum total lipids, protein, albumin, and globulin values. Furthermore, Pb exposure decreased 
respiratory burst, lysozyme, total immunoglobulins, malondialdehyde, superoxide dismutase, catalase, and total antioxidant capacity. On 
the other hand, dietary RLP significantly reduced the negative impacts of Pb toxicity on the above-mentioned indices. Additionally, the 
dietary RLP reduced the Pb accumulation in Pb-intoxicated fish leading to significant enhancements in Nile tilapia’s growth and welfare. 
These findings suggest that dietary 1% RLP significantly enhanced the fish performance and welfare status and could alleviate the Pb 
toxicity effects on Nile tilapia performance and welfare.
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Lead (Pb) is a non-essential and toxic metal, which 
may reach water systems naturally from the rocks and 
soils as well as from anthropogenic activities from batter-
ies and electrical, pigments and paints, refining of ores, 
pesticides, fertilizers, fuel, domestic effluents, among 
others (Abd El-Kader et al., 2022). The Pb pollution is 
due to its direct discharge into aquatic ecosystems or 
through indirect routes such as dry and wet deposition 
and land run-off and it was 7 µg/L in Manzala Lake, 
Egypt (Abd El-Kader et al., 2022) and 5.0 µg/L in High-
Dam Lake, Egypt (Rashed, 2001). Sometimes, fish can-
not migrate away from the polluted ecosystem as fish-
ponds and lakes; so, fish are better experimental animals 
suitable for detecting the effects of heavy metals pollu-
tion that may occur on aquatic ecosystems. 

Nile tilapia (Oreochromis niloticus) is one of the ma-
jor freshwater fish species cultivated in Egypt and world-
wide (El-Sayed, 2019). Due to the serious development 
of the aquaculture industry in Egypt and other countries, 
a drastic shortage in freshwater resources is much more 
expected. This leads to the possible use of wastewater 
in charging tilapia farms. In this case, Pb may reach the 

tilapia farms causing oxidative stress that retards their 
growth performance and causes immune suppression 
in fish. Previous studies found that Pb exposure caused 
several physio-pathological problems in aquatic animals 
characterized by inflammation, apoptosis, oxidative 
stress damage, and innate immune impairment in several 
fish species (Giri et al., 2018; Lee et al., 2019; Giri et al., 
2021; Hamed et al., 2022).

To mitigate the negative effects of Pb on a range of 
fish species, some researchers have used medicinal herbs 
as feed additives (Abdel Rahman et al., 2019; El-House-
iny et al., 2019; Dawood et al., 2020; Hamed and Abdel-
Tawwab, 2021; Hamed et al., 2022). Rosemary (Rosmari-
nus officinalis L.) is an evergreen, perennial, branched 
shrub that reaches one-meter high with fragrant needle-
shaped dark green leaves (Lešnik et al., 2021). The rose-
mary plant is native to the Mediterranean region, and its 
leaves are used extensively in foods as spices and flavor-
ings because of its therapeutic role in the prevention and 
treatment of colds, rheumatoid arthritis as well as mus-
cle and joint pain (Ali et al., 2019; Lešnik et al., 2021). 
Mena et al. (2016) stated that the biological properties 
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of rosemary have been attributed to its phytochemical 
composition rich in (poly)phenolic compounds, mainly 
diterpenoids such as carnosic acid and carnosol where 
the rosemary extract contained 24 flavonoids (mainly 
flavones), 5 phenolic acids, 24 diterpenoids (carnosic 
acid, carnosol, and rosmanol derivatives), 1 triterpenoid 
(betulinic acid), and 3 lignans (medioresinol derivatives). 
For this reason, rosemary exhibited beneficial health ef-
fects and has been used in traditional and complementary 
alternative medicine for its digestive, tonic, astringent, 
diuretic, and diaphoretic properties (Borges et al., 2019; 
Lešnik et al., 2021). 

Rosemary leaves powder (RLP) was previously used 
as a natural feed additive in fish diets and exhibited sig-
nificant enhancements in fish performance and welfare 
status (Yilmaz et al., 2012; Hernández et al., 2015; Ayoub 
et al., 2019; Kubiriza et al., 2019; Naiel et al., 2019; 
Yousefi et al., 2019; Naiel et al., 2020). This promising 
effect could be attributed to its considerable content of 
bioactive compounds, which have free radical scaveng-
ing capability and exhibit antioxidants and biological 
properties (Mena et al., 2016; Nieto et al., 2018; Borges 
et al., 2019; Karatas et al., 2020; Lešnik et al., 2021). 
Previous studies showed that dietary RLP played a sig-
nificant role in reducing the aflatoxin B1 toxicity in Nile 
tilapia (Naiel et al., 2019) and overpopulation stress in 
common carp (Cyprinus carpio) fingerlings (Yousefi et 
al., 2019). Thus, this research was done to evaluate the 
effects of dietary RLP and/or Pb toxicity on growth per-
formance, hemato-biochemical, oxidative stress, innate 
immunity indicators, and Pb residues in Pb-intoxicated 
Nile tilapia fingerlings.

Material and methods

Diets formulation and fish husbandry
Rosemary (R. officinalis) leaf powder (RLP) was 

purchased from a nearby store in Cairo, Egypt, and was 
added to the control basal diet (30% crude protein) at lev-
els of 0% (control) and 1.0% (Table 1) as recommended 
by Naiel et al. (2020). Feed components were mixed 
with RLP levels and 200 mL of water was added to each 
kilogram of diet during the mixing process. The dough  
was combined in a grinding machine and dried for 24 
hours before being crushed into 1–2 mm pellets; after 
that, the experimental diets were kept at –4°C until fur-
ther use.

Nile tilapia fingerlings were obtained from the nurs-
ery ponds at the Central Laboratory for Aquaculture Re-
search, Abbassa, Abo-Hammad, Sharqia, Egypt. The fish 
were acclimated to laboratory conditions in a 1-m3 plastic 
tank for 14 days. Fluorescent lamps provided a 12-hour 
photoperiod. Lead nitrate (Pb(NO3)2) was purchased 
from El-Gomhouria Company for Trading Chemicals 
and Medical Appliances (Cairo, Egypt). The sublethal 
dose (LC50) of Pb was previously calculated in our previ-
ous study (Hamed et al., 2022), and the current investi-

gation used 7.94 mg Pb/L as 1/10 of the LC50 to induce 
sub-lethal toxicity effects.

Table 1. Ingredients and proximate analysis (%; on dry matter basis) 
of diets containing different levels of rosemary (R. officinalis) leaves 

powder (RLP)

Ingredients
RLP levels (%)

0.0 (Control) 1.0

Fish meal (72% crude protein) 8.5 8.5 

Soybean meal (45% crude protein) 46.5 46.5 

Wheat bran 18.3 18.3 

Ground corn 10.0 9.0 

Corn oil 2.0 2.0 

Cod liver oil 2.0 2.0 

Mineral mixturea 3.0 3.0 

Vitamin mixtureb 3.0 3.0 

Starch 6.7 6.7

Rosemary leaves powder 0.0 1.0

Total 100 100

Chemical composition (%)

dry matter 89.94 89.07

crude protein 29.68 29.59

total lipids 7.42 7.38

crude fiber 4.33 4.31

total ash 6.35 6.34

NFE 52.22 52.38

GE (MJ/kg)c 17.68 17.51
aVitamin premix (per kg of premix): thiamine, 2.5 g; riboflavin, 2.5 g; 

pyridoxine, 2.0 g; inositol, 100.0 g; biotin, 0.3 g; pantothenic acid, 100.0 g; 
folic acid, 0.75 g; paraaminobenzoic acid, 2.5 g; choline, 200.0 g; nicotinic 
acid, 10.0 g; cyanocobalamine, 0.005 g; a-tocopherol acetate, 20.1 g; me-
nadione, 2.0 g; retinol palmitate, 100,000 IU; cholecalciferol, 500,000 IU.

bMineral premix (g/kg of premix): CaHPO4.2H2O, 727.2; MgCO4.7H2O, 
127.5; KCl 50.0; NaCl, 60.0; FeC6H5O7·3H2O, 25.0; ZnCO3, 5.5; 
MnCl2·4H2O, 2.5; Cu(OAc)2·H2O, 0.785; CoCl3·6H2O, 0.477; CaIO3·6H2O, 
0.295; CrCl3·6H2O, 0.128; AlCl3·6H2O, 0.54; Na2SeO3, 0.03.

cGE (Gross energy) was from NRC (2011) as 16.7, 37.4, and 16.7 kJ/g 
for protein, lipid, and carbohydrates, respectively.

Two hundred fish (31.9±0.28 g) were stocked into 
twenty 85-L glass aquaria (10 fish/aquarium), which 
were aerated by air pumps via air stones to represent 
four treatments with five replicates each. Fish were fed 
on 0.0% (control; T1) and 1.0% RLP (T2) to apparent 
satiety thrice a day (9:00, 13:00, and 17:00 h) with con-
tinuous exposure to either 0.0 (T3) or 7.94 mg Pb/L (T4) 
for 60 days. Aquaria’s water was regularly changed every 
two days and substituted with new aerated water contain-
ing the same Pb levels. Water quality parameters in each 
aquarium were regularly monitored where 1-L samples 
were collected 20 cm underneath surface water. Dis-
solved oxygen (DO) level and water temperature were 
measured daily in sites by an oxygen-meter (Jenway, 
London, UK). The pH values (Digital Mini-pH Meter, 
USA) were weekly monitored in sites and levels of to-
tal alkalinity and total hardness were determined every 
week as described in Boyd (1984). DO level was 6.7±0.7 
mg/L, pH value was 7.7±0.5, water temperature was 
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27.6±1.6°C, total alkalinity was 125 mg/L as CaCO3, 
and total hardness was 150 mg/L as CaCO3. The Pb lev-
els in aquaria without and with Pb were 0.17–0.19 and  
8.01–8.07 g/L, respectively. 

After the feeding experiment, fish in every aquarium 
were harvested, counted, and group-weighed to deter-
mine the survival rate and growth indices as follows: 

Weight gain (g) = final weight (g) – initial weight (g);
Specific growth rate (SGR; %/day) = 100 (Ln final 

weight – Ln initial weight) / 60;
Feed consumption (g feed/fish) = total feed con-

sumed/number of fish in the aquarium; 
Feed conversion ratio (FCR) = feed consumption /

weight gain;
The survival rate (%) = 100 (fish number at the end / 

fish number at the start). 

The assessment of blood biochemistry
Fish were anesthetized with 0.02% benzocaine and 

were fasted for 24 h before sampling. Blood samples 
were taken from caudal veins of three fish from each 
aquarium (15 fish per treatment). Hematological analysis 
was performed on a subset of the blood samples stored 
in heparin-filled Eppendorf tubes. After letting the sec-
ond portion be clotted at room temperature for 30 min, 
it was transferred to Eppendorf tubes and centrifuged at  
1500 × g for 15 minutes to separate the serum. The 
counts of red blood cells (RBC) and white blood cells 
(WBC) were measured as previously reported (Brown, 
1980). The cyanmethemoglobin method of Van Kampen 
and Zijlstra (1961) was used to determine the Hb lev-
els. Hematocrit levels were measured via centrifuging 
fresh blood in capillary glass tubes for 10 min in a mi-
cro-hematocrit centrifuge and then packed cell volume 
was measured. Mean corpuscular volume (MCV), mean 
corpuscular hemoglobin (MCH), and mean corpuscular 
hemoglobin concentration (MCHC) were computed by 
Dacie and Lewis (1984). 

Diagnostic reagent kits (Biodiagnostic Co., Cairo, 
Egypt) were used to assess biochemical, oxidative stress, 
and immunological indices according to the manufac-
turer’s guidelines. Methods developed by Trinder (1969) 
and Foster and Dunn (1974) were used to measure blood 
cortisol and glucose, respectively. Serum total protein 
(TP) and albumin (ALB) concentrations were determined 
using the methods of Henry (1964). The serum globulin 
(GLO) concentration was calculated by subtracting ALB 
values from TP values. Colorimetric commercial kits 
(Diamond Diagnostic Co. for Modern Laboratory Chem-
icals, Egypt) were used to measure serum aspartic ami-
notransferase (AST) and alanine aminotransferase (ALT) 
activities as well as serum lactate dehydrogenase (LDH) 
and alkaline phosphatase (ALP) activities as described 
by Reitman and Frankel (1957) as well as Bergmeyer 
(1974) and Belfield and Goldberg (1971), respectively. 
Spectrophotometric analysis was used to determine total 
cholesterol (T-CHO) concentrations according to Allain 
et al. (1974).

Liver DNA fragmentation
After blood sampling, fish were dissected and liver 

tissues were taken and crushed within hypotonic lysis 
buffer (1 g : 9 mL). After centrifugation (13,000 × g 
for 15 min), the supernatant containing DNA fragments 
was used for the colorimetric determination by diphe-
nylamine (DPA) assay. The DNA fragmentation per-
centage was assessed using a reagent blank and spectro-
photometer according to Perandones et al. (1993). The 
percentage of DNA fragmentation was expressed by the 
following formula:

Fragmented DNA% = 100 [fragmented DNA / (frag-
mented + intact DNA)]. 

Oxidative stress and immunological assays
After drawing blood samples from the fish, liver 

tissues were removed and washed with distilled water; 
then 1.0 g of tissue was homogenized in 9 mL of cold 
phosphate buffer saline (0.1 M pH 7.4) utilizing a Potter-
Elvehjem glass/Teflon homogenizer. The samples were 
centrifuged at 1600 × g for 10 min at 4°C and the su-
pernatant was collected and frozen until further analysis. 
Catalase (CAT) and sodium dismutase (SOD) activities 
were determined as described by Aebi (1984) and Mc-
Cord and Fridovich (1969), respectively. Alternatively, 
thiobarbituric acid was used to assess malondialdehyde 
(MDA) concentrations (Ohkawa et al., 1979). The total 
antioxidant capacity (TAC) value was evaluated utilizing 
the ferric-reducing antioxidant power technique (Benzie 
and Strain, 1996).

Turbidimetric analysis (Ellis, 1990) was used to 
quantify lysozyme (LYZ) activity in blood using Micro-
coccus luteus as a substrate in a phosphate buffer of pH 
6.2. Whole blood samples were analyzed for respiratory 
burst activity (RBA) using nitroblue tetrazolium dye, as 
described by Secombes (1990). Total immunoglobulin 
(total Ig) was determined using the method described by 
Siwicki and Anderson (1993). 

Statistical analysis
Statistical significance between experimental groups 

was determined using SPSS version 26 (SPSS, Richmond, 
VA, USA) according to Dytham (2011). However, data 
obtained were subjected to a two-way analysis of variance 
followed by Duncan’s multiple-range test, which was used 
to determine whether there were statistically significant 
changes between means at the P<0.05 level.

Results

The two-way ANOVA revealed that dietary RLP, Pb 
exposure, and their interaction significantly (P<0.001) in-
fluenced growth indices of Nile tilapia fingerlings but not 
FCR or fish survivability (Table 2). The inclusion of RLP 
in fish diets (T2) resulted in substantial (P<0.001) im-
provements in FBW, WG%, SGR, and feed consumption 
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compared with the control group (T1). On the other hand, 
Pb exposure alone (T3) caused substantial (P<0.001) de-
lays in FBW, WG%, and SGR and reduced the amount 
of feed consumption. Feeding Nile tilapia with a RLP-
enriched diet along with Pb exposure (T4) minimized the 
adverse impacts of Pb toxicity (T3) on growth indices. 
Dietary RLP resulted in a marked increase in feed intake; 
however, exposing fish to Pb toxicity led to a substantial 
(P<0.001) reduction in feed consumption (Table 2). Feed 
consumption was pointedly improved in Pb-treated fish 
that were fed with RLP (T3) compared to Pb-exposed 
fish alone (T4). The fish survival rate varied from 94% 
to 100%, and it was not statistically affected by RLP sup-
plementation (P = 0.301) or Pb exposure (P = 0.153), or 
their interaction (P = 1.00).

Dietary RLP, Pb exposure, and their interac- 
tions exhibited significant (P<0.05) effects on all  

hemato-biochemical variables except MCH, which 
showed no response (Table 3). Pb toxicity (T3) caused 
substantial reductions in WBCs counts (P<0.001), 
RBCs counts (P = 0.001), Hb levels (P<0.001), and  
Ht % (P<0.001), but feeding RLP to Pb-exposed fish 
(T4) markedly reduced their worth performance.  
Regarding the control treatment (T1), fish fed exclu-
sively on RLP-supplemented diets (T2) showed highest  
levels of the above-mentioned parameters. Fish from 
treatments T1 and T2 displayed no substantial (P>0.05) 
changes in Hb, MCV, MCH, or MCHC, while fish  
exposed to Pb (T3) showed higher MCV and MCH  
levels, which were reduced by dietary supplementation 
with RLP (T4; Table 3). The Pb exposure (T3) signifi-
cantly reduced the MCHC value (P<0.001), whereas 
dietary RLP (T2) increased it to the highest level  
(P = 0.010).

Table 2. Growth performance and feed utilization of Nile tilapia (O. niloticus) fed with rosemary (R. officinalis) leaves powder (RLP) along with 
exposure to sublethal levels of lead (Pb) toxicity for 60 days

RLP 
levels
(%)

Pb levels
(mg/L)

Initial weight
(g)

Final weight
(g) Weight gain % SGR

(%/day)

Feed 
consumption
(g feed/fish)

Food conversion 
ratio

Fish survival
(%)

0.0 0 T1 31.9±0.28 64.±0.56 b 101.9±2.71 b 1.171±0.023 b 47.7±1.91 b 1.47±0.068 98.0±2.00

1.0 0 T2 31.6±0.27 71.6±1.25 a 126.6±2.91 a 1.363±0.021 a 59.3±2.06 a 1.48±0.084 100.0±0.00

0.0 7.94 T3 31.9±0.18 43.0±0.47 d 34.8±1.59 d 0.498±0.019 d 16.5±0.51 d 1.49±0.034 96.0±2.44

1.0 7.94 T4 31.6±0.28 54.4±0.92 c 72.2±3.98 c 0.905±0.038 c 33.9±0.89 c 1.49±0.046 98.0±2.00

Two-way ANOVA P value

RLP levels 0.203 <0.001 <0.001 <0.001 <0.001 0.950 0.301

Pb exposure 0.878 <0.001 <0.001 <0.001 <0.001 0.771 0.153

RLP × Pb exposure 0.939 0.026 0.042 0.001 0.017 0.833 1.00

Mean values followed by different letters in the same column are significantly different at P<0.05 (n = 5).

Table 3. Hematological parameters of Nile tilapia (O. niloticus) fed with rosemary (R. officinalis) leaves powder (RLP) along with exposure to 
sublethal levels of lead (Pb) toxicity for 60 days

RLP 
levels
(%)

Pb levels 
(mg/L)

WBCs
(×103 μL)

RBCs
(×106 μL)

Hemoglobin
(g/dL)

Hematocrit
(%) MCV MCH MCHC

0.0 0 T1 9.4±0.326 b 3.76±0.157 a 9.64±0.098 b 34.90±0.428 b 92.8±2.78 b 25.6±1.01 27.6±0.42 b

1.0 0 T2 12.2±0.374 a 4.02±0.177 a 11.90±0.365 a 37.94±1.025 a 94.4±3.80 b 29.6±1.89 31.4±0.76 a

0.0 7.94 T3 6.4±0.430 c 1.68±0.037 c 4.96±0.323 d 22.06±0.451 d 131.3±4.09 a 29.5±2.30 22.5±1.51 c

1.0 7.94 T4 8.6±0.292 b 2.78±0.132 b 7.10±0.187 c 28.76±0.493 c 104.5±5.81 b 25.5±0.93 24.7±1.05 bc

Two-way ANOVA P value

RLP levels <0.001 <0.001 <0.001 <0.001 0.009 0.967 0.010

Pb exposure <0.001 0.001 <0.001 <0.001 <0.001 0.909 <0.001

RLP × Pb exposure 0.014 0.007 0.024 0.012 0.004 0.162 0.047

Mean values followed by different letters in the same column are significantly different at P<0.05 (n = 5).
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According to the two-way ANOVA, levels of corti-
sol, glucose, and T-CHO in Nile tilapia fingerlings were 
markedly (P<0.05) affected by RLP feeding, Pb expo-
sure, and their interaction (Table 4). However, their 
levels were not substantially altered among T1 and T2 
treatments. When Pb-exposed fish were fed with a RLP-
supplemented diet (T4), cortisol, glucose, and T-CHO 
levels were dramatically attenuated as compared with the 
T3 fish group. Compared to the control group (T1), di-
etary RLP (T2) markedly raised the blood levels of total 
lipids (P<0.001), TP (P<0.001), ALB (P = 0.001), and 
GLO (P = 0.012; Table 4). Conversely, the levels of the 
above-mentioned parameters were remarkably decreased 
when the fish were exposed to Pb toxicity alone (T3) as 
compared with the control (T1). The two-way ANOVA 
also showed that fish exposed to Pb toxicity (T3) exhib-
ited higher activities of LDH (P<0.001), ALT (P<0.001), 
AST (P<0.001), and ALP (P<0.001) compared with the 
T1 fish group (Table 5). On the other hand, feeding Nile 
tilapia on a RLP-containing diet only (T2) showed ap-

proximately the same levels of previous enzymes as the 
T1 fish group. The addition of RLP to diets of Pb-intoxi-
cated fish (T4) substantially reduced the activities of the 
previously mentioned enzymes as compared with the T3 
treatment (P>0.001).

MDA levels and DNA fragmentation % were sub-
stantially (P<0.001) elevated in the hepatic tissues of 
Pb-intoxicated O. niloticus (T3) over the control group 
(T1). The dietary RLP only (T2) showed no significant 
(P>0.05) differences compared with the T1 fish group 
(Figure 1). Feeding Pb-intoxicated fish on RLP diets (T4) 
partially minimized MDA levels and DNA fragmentation 
% but did not reach levels in T1 and T2 groups. Table 
6 shows that the RLP-fed fish (T2) had considerably 
higher levels of hepatic SOD (P<0.001), CAT (P<0.001), 
and TAC (P<0.001), in addition to higher levels of LYZ 
(P<0.001), RBA (P<0.001), and total Ig (P<0.001), than 
those of the control fish group (T1). Conversely, the 
Pb-intoxicated fish (T3) had lowest levels (P<0.001) of 
the above-mentioned biomarkers compared with the T1 

Table 4. Changes in the levels of blood cortisol, glucose, total lipids, total cholesterol (T-CHO), total protein (TP), albumin (ALB), and globulin 
(GLO) of Nile tilapia (O. niloticus) fed with rosemary (R. officinalis) leaves powder (RLP) along with exposure to sublethal levels of lead (Pb) 

toxicity for 60 days

RLP 
levels
(%)

Pb levels 
(mg/L)

Cortisol
(ng/mL)

Glucose
(mg/dL)

T-CHO 
(mg/L)

Total lipids 
(mg/L)

TP
(mg/L)

ALB 
(mg/L)

GLO 
(mg/L)

0 0 T1 5.83±0.106 c 48.0±0.51 c 146.1±0.45 c 11.11±0.197 b 6.4±0.24 b 3.4±0.05 b 3.0±0.25 a

1.0 0 T2 5.83±0.109 c 48.3±0.69 c 146.4±0.38 c 12.58±0.514 a 7.4±0.27 a 4.2±0.09 a 3.2±0.30 a

0 7.94 T3 12.84±0.224 a 77.2±0.60 a 181.8±0.52 a 6.10±0.139 d 3.3±0.04 d 2.7±0.08 c 0.6±0.04 c

1.0 7.94 T4 9.07±0.275 b 59.6±1.26 b 154.6±1.13 b 9.75±0.241 c 4.7±0.15 c 3.2±0.04 b 1.5±0.15 b

Two-way ANOVA P value

RLP levels <0.001 <0.001 <0.001 <0.001 <0.001 0.001 0.012

Pb exposure <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

RLP × Pb exposure <0.001 <0.001 0.001 0.003 0.032 0.013 0.018

Mean values followed by different letters are significantly different at P<0.05 (n = 5).

Table 5. Changes in the levels of serum lactate dehydrogenase (LDH), alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and DNA fragmentation percentage of Nile tilapia (O. niloticus) fed with rosemary (R. officinalis) leaves powder 

(RLP) along with exposure to sublethal levels of lead (Pb) toxicity for 60 days

RLP levels
(%)

Pb levels 
(mg/L) LDH (IU/L) ALP (IU/L) ALT (IU/L) AST (IU/L)

0 0 T1 26.4±0.33 c 11.6±0.20 a 45.0±0.16 c 50.5±0.51 c

1.0 0 T2 26.7±0.41 c 11.7±0.38 a 44.3±1.02 c 50.8±0.64 c

0 7.94 T3 41.2±0.10 a 6.7±0.09 c 59.2±0.31 a 68.6±1.58 a

1.0 7.94 T4 32.2±0.94 b 9.5±0.34 b 49.8±1.08 b 57.7±0.53 b

Two-way ANOVA P value

RLP levels <0.001 <0.001 <0.001 <0.001

Pb exposure <0.001 <0.001 <0.001 <0.001

RLP × Pb exposure <0.001 <0.001 <0.001 <0.001

Mean values followed by different letters are significantly different at P<0.05 (n = 5).
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treatment (Table 6). When Pb-subjected fish were fed 
with RLP-enriched diets (T4), the antioxidant and im-
munological parameters showed partial enhancements 
as compared with those of the control group (T1 vs. T4; 
Table 6).

According to the two-way ANOVA, levels of Pb 
residue in the whole body of Nile tilapia were mark-
edly (P<0.001) affected by RLP feeding, Pb exposure, 
and their interaction. When Nile tilapia were exposed 
to Pb toxicity (T3), a large amount of Pb was accumu-
lated throughout the fish body (23.3 mg/g wet weight), 

as compared to 0.48 mg/g wet weight in the control treat-
ment (Figure 2). Fish fed with RLP (T2) did not induce 
substantial variances (P>0.05) in Pb residue in the body 
of the control fish (T1). In Pb-exposed fish, dietary RLP 
effectively reduced the Pb accumulation in the fish body 
compared with fish exposed to Pb only (T3 vs. T4). Fish 
fed with 0.0 (T1) or 1.0% RLP-supplemented diet alone 
(T2) exhibited significantly (P<0.001) lower accumula-
tion in Pb concentrations than fish subjected to Pb only 
(T3), or fish given RLP-supplemented diets combined 
with Pb exposure (T4).

Table 6. Changes in the levels of hepatic superoxide dismutase (SOD), catalase (CAT), and total antioxidant activity (TAC) as well as blood 
lysozyme (LYZ), respiratory burst activity (RBA), and total immunoglobulin (total Ig) of Nile tilapia (O. niloticus) fed with rosemary (R. offici-

nalis) leaves powder (RLP) along with exposure to sublethal levels of lead (Pb) toxicity for 60 days

RLP levels
(%)

Pb levels 
(mg/L)

LYZ
(µg/mL)

RBA
(mg/mL)

Total Ig
(mg/mL)

SOD
(U/mg protein)

CAT
(U/mg protein)

TAC
(U/mg protein)

0 0 T1 5.58±0.054 b 1.91±0.032 b 14.7±0.09 b 35.8±0.71 b 26.3±0.37 b 42.1±0.55 b

1.0 0 T2 7.36±0.211 a 2.08±0.069 a 16.0±0.21 a 41.5±1.22 a 29.5±1.13 a 46.2±0.68 a

0 7.94 T3 3.62±0.059 c 1.20±0.016 d 8.2±0.16 d 26.0±0.47 d 16.7±0.35 d 29.4±0.30 d

1.0 7.94 T4 5.19±0.179 b 1.59±0.025 c 12.7±0.10 c 32.4±0.49 c 22.0±0.42 c 37.1±0.27 c

Two-way ANOVA P value

RLP levels <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Pb exposure <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

RLP × Pb exposure 0.019 0.016 <0.001 0.028 0.012 0.002

Mean values followed by different letters in the same column are significantly different at P<0.05 (n = 5).

Figure 1. Changes in hepatic DNA fragmentation (%) and malondialdehyde levels (MDA; nmol/mg protein) in Nile tilapia (O. niloticus) fed with 
rosemary (R. officinalis) leaves powder (RLP) along with exposure to sublethal levels of lead (Pb) toxicity for 60 days. Bars with different letters 
for each variable are significantly different at P<0.05 (n = 5). The control group (T1): fish fed on the control diet with no RLP or Pb exposure; RLP 
(T2): fish fed on the RLP-enriched diet only with no Pb exposure; Pb (T3): fish fed on the control diet with Pb exposure only; RLP + Pb (T4): fish 

fed on the RLP-enriched diet accompanied with Pb exposure
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Discussion

The current investigation showed that feeding Nile 
tilapia fingerlings with dietary RLP alone (T2) markedly 
enhanced their growth performance compared to the con-
trol group (T1). These findings are consistent with those 
obtained by the previous investigations on common carp 
(Yousefi et al., 2019), European seabass, Dicentrarchus 
labrax (Yilmaz et al., 2012), Nile tilapia (Ayoub et al., 
2019; Naiel et al., 2019, 2020), Arctic charr, Salvelinus 
alpinus (Kubiriza et al., 2019), and rainbow trout, Onco-
rhynchus mykiss (Karatas et al., 2020). The growth en-
hancement may be associated with the roles of functional 
bioactive ingredients present in RLP such as polyphe-
nols, especially 1,8-cineole, carnosol, carnosic acid, ros-
marinic acid, β- and α-pinene, camphor, and camphene 
among others (Mena et al., 2016; Nieto et al., 2018; 
Borges et al., 2019; Lešnik et al., 2021). These bioac-
tive substances may be responsible for the enhanced feed 
palatability, stimulated appetite, and consequently higher 
feed intake, which is responsible for the growth enhance-
ment (Ahmadifar et al., 2021). In addition, dietary RLP 
exerts a positive effect on nutrient absorption via the gas-
trointestinal system (Koga et al., 2006) by improving the 
health status of the intestinal mucosa (Bhattacharyya et 
al., 2014; Mohamed et al., 2016), which consequently 
promotes nutrient digestion and absorption.

On the other hand, exposing Nile tilapia to Pb tox-
icity for 60 days retarded their growth as indicated by 
marked reductions in FW, WG%, and SGR. This decline 
may be related to the negative impact of Pb toxicity on 
the various metabolic processes. According to Bengani 

et al. (2015), Pb is a toxic element that impairs biologi-
cal functions. Ikeogu et al. (2016) hypothesized that fish 
exposed to Pb toxicity experienced slow growth and high 
mortality rates. Moreover, Pb-exposed Nile tilapia grew 
more slowly than the control one, according to Kiran Ku-
mar et al. (2021) and Hamed et al. (2022).

Furthermore, feeding Nile tilapia fingerlings with 
RLP reduced the negative impacts of Pb toxicity regard-
ing their growth performance. The protective effects of 
dietary RLP against Pb toxicity could be related to its 
effectiveness as a chelating feed additive. This hypoth-
esis is supported by the considerable reduction of Pb 
residue in the body of the T4 fish group versus the T3 
fish group. These results may be attributed to the bio-
active compounds that are present in RLP, which have 
free radical scavenging capability and exhibited antioxi-
dants and biological properties (Mena et al., 2016; Nieto 
et al., 2018; Borges et al., 2019; Adimcilar et al., 2019; 
Karatas et al., 2020; Ahmadifar et al., 2021; Lešnik et 
al., 2021). Similar investigations have confirmed the 
possible impact of supplemental curcumin in lowering 
cadmium accumulation in African catfish, Clarias garie-
pinus, and common carp, C. carpio, tissues (El-Houseiny 
et al., 2019; Giri et al., 2021). According to Hamed et 
al. (2022), cinnamon (Cinnamomum zeylanicum) could 
reduce the Pb residues in the body of Pb-exposed Nile 
tilapia. Giri et al. (2021) confirmed that dietary curcumin 
considerably decreased the toxicity caused by Pb in com-
mon carp. In the present study, the Pb-intoxicated Nile 
tilapia group (T3) showed higher Pb residues. This result 
was similar to that observed by Giri et al. (2021), who 
found a substantial amount of Pb residue in the hepatic 

Figure 2. Pb residues in the entire body (mg/g fresh weight) of Nile tilapia (O. niloticus) fed with rosemary (R. officinalis) leaves powder (RLP) 
along with exposure to sublethal levels of lead (Pb) toxicity for 60 days. Bars with different letters are significantly different at P<0.05 (n = 5). The 
control group (T1): fish fed on the control diet with no RLP or Pb exposure; RLP (T2): fish fed on the RLP-enriched diet only with no Pb exposure; 

Pb (T3): fish fed on the control diet with Pb exposure only; RLP + Pb (T4): fish fed on the RLP-enriched diet accompanied with Pb exposure
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and renal tissues in Pb-intoxicated common carp. Zhai 
et al. (2017) and Giri et al. (2018) declared comparable 
results in Pb-exposed hepatic, renal, and intestine tissues 
of C. carpio and O. niloticus, respectively. Moreover,  
O. niloticus juveniles subjected to 4.02 mg/L of Pb (NO3)2 
in water for one month showed considerably higher Pb 
levels in their hepatic tissues than the control fish (Kiran 
Kumar et al., 2021).

Fish health could be evaluated by blood and serum 
biochemical testing. Pb-intoxicated fish (T3) had consid-
erably lower WBCs, RBCs, Hb, Ht, TP, ALB, and GLO 
levels. These decreases may be related to the impacts of 
Pb on the iron-binding locations of Hb, which could ul-
timately result in impaired Hb production (Pyszel et al., 
2005). On the other hand, dietary RLP normalized ab-
normal hematological parameters. These outcomes are 
similar to earlier studies, which reported that dietary RLP 
improved the hematological parameters of fish (Naiel et 
al., 2019; Yousefi et al., 2019; Naiel et al., 2020). The 
findings herein are concomitant with those of Sherif et 
al. (2020) and Hamed et al. (2022), who reported that Pb-
subjected Nile tilapia exhibited acute anemia. A decrease 
in erythropoiesis and an increase in RBCs breakdown 
may also be attributed to the decrease in erythrocytes, 
PCV, Hb, and WBC count (Sherif et al., 2020). In a com-
parable study, Dutta et al. (2015) demonstrated that the 
erythrocyte levels, WBCs count, and Hb levels were re-
duced in Channa punctatus after exposure to Pb (NO3)2. 
Kiran Kumar et al. (2021) found also lower WBC and 
RBC counts, Hb, and Ht levels in Pb-subjected O. niloti-
cus, but feeding this fish on diets containing Moringa 
oleifera flower induced a significant attenuation of the 
values mentioned above.

The blood cortisol, glucose, and T-CHO concentra-
tions of O. niloticus were pointedly increased due to their 
exposure to subacute Pb toxicity. Cortisol and glucose 
are essential components of the stress response in fish 
and their interactions with toxicants may be the key to 
the fish physiology functions, which must not be ignored 
(Mommsen et al., 1999; Sadoul and Geffroy, 2019). 
Similarly, Sayed et al. (2017), Kiran Kumar et al. (2021), 
and Hamed et al. (2022) found elevated cortisol and glu-
cose concentrations in Pb-subjected C. gariepinus and O. 
niloticus, respectively. The present study presented that 
Pb toxicity lowered total lipids, TP, ALB, and GLO val-
ues in O. niloticus. Pb can suppress oxidative metabolism 
as it inhibits oxygen production as well as energy pro-
duction (Karatas et al., 2019). However, the concentra-
tions of the biomarkers mentioned above were increased 
in the RLP-treated fish, which indicated better utilization 
of protein and lipids. Serum TP represents the most se-
rum immunoglobulins, complement, and LYZ (Giri et 
al., 2021). These findings were consistent with those of 
Naiel et al. (2019), Yousefi et al. (2019), and Naiel et al. 
(2020), who mentioned that the inclusion of RLP in fish 
diets positively improved TP, ALB, and GLO levels.

Water pollutants may directly impact the fish’s liver. 
Moreover, it is well known that fish liver plays a cru-

cial role in detoxification and toxicity elimination. Con-
sequently, serum biochemical and hepatic biomarkers 
will be noticeably changed due to fish exposure to toxins 
(Salamat and Zarie, 2012). The current research indicated 
that Nile tilapia exposed to Pb had higher values of serum 
ALT, AST, LDH, and ALP activities. These results may 
be due to that Pb toxicity caused oxidative stress damage 
to hepatocyte cell membranes, releasing enzymes into 
the circulation (Abdel Rahman et al., 2019). According 
to previous studies, blood levels of ALT, AST, and LDH 
of various fish species exposed to heavy metals including 
lead toxicity were markedly increased as compared with 
the control group (Giri et al., 2018; Ming et al., 2019; 
Giri et al., 2021; Kiran Kumar et al., 2021; Hamed et 
al., 2022). The reduced serum ALP values in Pb-exposed 
Nile tilapia could indicate apoptotic alterations and 
RBC membrane breakdown (Hamed et al., 2022). Ad-
ditionally, exposing fish to Pb toxicity could induce liver 
dysfunction owing to lipid peroxidation, which gener-
ates substantial deformation and biological processes of 
hepatocyte cell membranes (El-Houseiny et al., 2019). 
According to prior studies, Nile tilapia exposed to Pb 
toxicity had elevated levels of AST, ALT, and ALP (Sher-
if et al., 2020; Kiran Kumar et al., 2021; Hamed et al., 
2022). Nevertheless, dietary RLP substantially reduced 
AST and ALT activities, indicating the protective effects 
of RLP on liver functions that are linked to significant 
improvements in antioxidant activity. Earlier researches 
indicated the capacity of RLP to reduce AST and ALT 
activities in common carp, Nile tilapia, and gilthead sea 
bream, Sparus aurata (Hernández et al., 2015; Naiel et 
al., 2019; Yousefi et al., 2019; Naiel et al., 2020).

Furthermore, feeding Pb-subjected Nile tilapia fed 
on RLP-supplied diets reduced the Pb-induced changes 
in the serum levels of AST, ALT, and ALP. These find-
ings indicate that feeding RLP might rescue Nile tilapia 
from Pb toxicity. Similar studies evoked the benefits of 
nutritional curcumin on liver biomarkers in common carp 
subjected to Pb (Giri et al., 2021), common carp provided 
a coffee-based complement and subjected to zinc (Abdel-
Tawwab et al., 2018), and Nile tilapia subjected to Pb 
toxicity along with dietary M. oleifera flowers (Kiran 
Kumar et al., 2021).

The current research showed that Pb-intoxicated 
Nile tilapia had considerably lower SOD, CAT, and TAC 
levels, whereas their feeding on RLP-supplemented di-
ets effectively reduced the Pb-induced oxidative stress. 
Previous studies have shown that Pb bioaccumulation in-
creased the production of reactive oxygen species (ROS), 
which exert negative consequences on the metals-ex-
posed fish (Abdel-Tawwab et al., 2017 a, b). According 
to Pokorny (1987), antioxidant enzymes serve as the first 
line of defense against oxidative stress damage, and the 
antioxidant enzyme defenses are activated to reduce ROS 
generation. However, as the activity of these enzymes de-
creased with time and ongoing stress, ROS causes cel-
lular and DNA damage (genotoxicity) (Baş et al., 2015; 
Abdel-Wahhab et al., 2016; Hamed et al., 2022). In the 
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current study, Pb exposure increased serum MDA levels, 
which are considered to be a sign of lipid peroxidation 
(LPO). ROS can cause cellular and molecular changes in 
the body due to oxidative damage and the modification 
of lipids, proteins, DNA, and antioxidants (Hamed and 
Osman, 2017; Karatas et al., 2021). LPO in fish caused 
by heavy metals has been documented in previous stud-
ies (Giri et al., 2021; Kiran Kumar et al., 2021; Hamed 
et al., 2022).

The DNA fragmentation % in the current investiga-
tion was higher in Pb-intoxicated fish confirming that 
Pb produces free radicals and increases LPO in hepatic 
tissues. These changes are related to the genotoxicity 
demonstrated by DNA adduct production and the disrup-
tion of Ca2+ homeostasis induced by the dysfunction of 
the endoplasmic reticulum membrane (Jaishankar et al., 
2014). Likewise, Sayed et al. (2017) observed that Pb 
toxicity resulted in hepatic dysfunction in African catfish, 
including significant decreases in SOD and CAT levels 
and increases in MDA levels and DNA fragmentation %. 
Moreover, serum SOD and CAT activities were lowered 
as the Pb residue in fish tissues increased (Sherif et al., 
2020; Giri et al., 2021; Kiran Kumar et al., 2021; Hamed 
et al., 2022).

However, dietary RLP alone (T2) or in combination 
with Pb toxicity (T4) remarkably downregulated the 
MDA concentration and DNA fragmentation % com-
pared with the Pb-intoxicated group alone (T3). Dietary 
RLP alone considerably increased hepatic SOD, CAT, 
and TAC concentrations in O. niloticus (T2). These find-
ings suggest that dietary RLP stimulated the antioxidant 
activities in Nile tilapia and improved its defense capac-
ity against Pb-induced oxidative stress. Therefore, the re-
sults obtained herein suggest that RLP supplementation 
to Nile tilapia markedly enhanced the antioxidant defense 
to transform ROS into safe molecules and shield biologi-
cal components from oxidation. These findings may be 
due to the antioxidant properties of several bioactive 
compounds present in RLP (Mena et al., 2016; Nieto et 
al., 2018; Borges et al., 2019; Lešnik et al., 2021). These 
bioactive compounds show important roles in scaveng-
ing ROS with strong antioxidant activities (Adimcilar et 
al., 2019; Ahmadifar et al., 2021). In a comparable inves-
tigation, Giri et al. (2021) demonstrated that co-treating 
Pb-exposed fish with dietary curcumin decreased their 
MDA levels and increased their antioxidant activity. 
According to El-Houseiny et al. (2019), feeds enriched 
with curcumin and black pepper powder dramatically 
enhanced the antioxidant response of C. gariepinus ex-
posed to cadmium. Thus, our findings imply that the in-
clusion of RLP in diets for Nile tilapia significantly en-
hanced the antioxidant defense. According to Yousefi et 
al. (2019), RLP-fed common carp exhibited considerably 
greater CAT and SOD activities than the control fish. 
Naiel et al. (2020) also found that providing O. niloticus 
with RLP-enriched diets significantly upregulated serum 
CAT levels and reduced glutathione levels, especially at 
the concentration of 10 g/kg diet.

The fish immune system is crucial for fish defense 
against pathogenic infections (Magnadóttir et al., 2006). 
Fish exposed to Pb (T3) showed lower levels of LYZ, 
RBA, and total Ig, which indicates Pb toxicity-related 
immune suppression. These findings align with previ-
ously published studies (Giri et al., 2018; El-Houseiny et 
al., 2019; Giri et al., 2021). In the current study, the de-
creased WBCs count observed in the T3 group could be 
explained by the decreased serum LYZ levels (Ghiasi et 
al., 2010). Additionally, Pb’s affinity for disulfide groups 
when it attaches to certain proteins on the surface of lym-
phocytes may inhibit the lymphocytic activity or change 
the total amount of Ig (Albergoni and Viola, 1995). How-
ever, providing the control fish with RLP only (T2) or 
with Pb exposure (T4) dramatically enhanced the fish’s 
innate immunity. The high content of polyphenols in di-
etary RLP, particularly carnosic and rosmarinic acids as 
well as carnosol among others (Mena et al., 2016; Nieto et 
al., 2018; Borges et al., 2019; Lešnik et al., 2021) are re-
sponsible for the high antioxidant and immunological ca-
pabilities (Adimcilar et al., 2019; Ahmadifar et al., 2021). 
In this regard, Yousefi et al. (2019) found that feeding 
common carp with RLP-supplemented diets significantly 
increased LYZ, total Ig, and ACH50 levels compared to 
those in the control group. Naiel et al. (2020) also found 
that feeding Nile tilapia with RLP-enriched diets led to 
significantly higher levels of immune biomarkers such as 
alternative complement, nitroblue tetrazolium, and LYZ, 
especially at the concentration of 10 g/kg diet.

Conclusions
Feeding Nile tilapia fingerlings on RLP-enriched 

diets supported their growth, innate immunity, and an-
tioxidant capacity. Meanwhile, exposing fish to Pb tox-
icity deteriorated their growth and welfare status. How-
ever, feeding Pb-intoxicated Nile tilapia with 1% RLP 
significantly reduced the adverse effects of Pb toxicity 
concerning the growth performance, oxidant/antioxidant 
capacity, and immunological biomarkers of Nile tilapia. 
Hence, the current study recommends using 1.0% RLP in 
fish diets to enhance their performance and welfare and 
support their challenge against possible pollutants that 
may occur in aquatic ecosystems.
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