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Introduction

The world is witnessing a steady and unprecedented 
increase in food demand due to population growth, urban-
ization, and shifting dietary preferences (Alshelmani et al. 
2021, 2024). Projections indicate that the global popula-
tion will approach 9.7 billion by 2050, necessitating a 60% 
increase in agricultural output to ensure food security (van 
Dijk et al. 2021; FAO, 2023). Recent global events—most 
notably the COVID-19 pandemic and ongoing geopolitical 
instabilities—have exposed critical vulnerabilities in inter-
national food supply chains, renewing emphasis on resilient 
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Abstract
This study evaluated the impact of incorporating varying levels of dried Azolla pinnata as a partial or full substitute for 
soybean meal protein on growth performance, productivity, and selected biochemical, immunological, hormonal, and anti-
oxidant parameters in New Zealand White (NZW) female rabbits. The study conducted at the South Sinai Research Station 
of the Desert Research Center, Egypt, from May to November 2023. The trial involved 45 eight-week-old NZW female 
rabbits. These were randomly assigned to three dietary groups: a control group fed a standard concentrate diet, a group 
where 50% of soybean protein was replaced with Azolla (GΙ), and a group where soybean protein was completely replaced 
with Azolla (GΠ). Findings revealed that the GΙ group (50% Azolla replacement) achieved superior growth performance 
throughout the study period. Conversely, the GΠ group (100% Azolla replacement) experienced a significant reduction in 
body weight during later growth stages. Regarding productivity, no marked differences among the groups were observed 
in birth numbers. However, birth mortality rates were notably lower in the GΠ group, despite a significant reduction in 
kit weights during the first four weeks postpartum. Biochemical analyses showed that Azolla inclusion affected blood 
parameters based on supplementation level and duration. In the first month, the GΠ group exhibited elevated total protein 
and globulin concentrations alongside a reduced albumin-to-globulin ratio, while the trend reversed in the second month. 
During pregnancy, total protein and globulin levels increased in both supplemented groups. Additionally, Azolla influenced 
kidney and liver function markers, lipid profiles, immunoglobulin concentrations, thyroid hormones, and reproductive 
hormones, with variations noted across groups and stages of the experiment. Therefore, partial replacement of soybean 
meal protein with 50% dried A. pinnata improved growth performance without adverse effects on reproductive outcomes 
or biochemical balance in NZW female rabbits. However, complete replacement (100%) negatively impacted growth and 
certain productivity parameters, indicating that while Azolla has beneficial properties, its optimal use lies in partial sub-
stitution rather than total replacement to maintain rabbit health and performance.
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local food systems and alternative feed resources (Love et 
al. 2021).

Animal agriculture, particularly non-ruminant sectors 
such as rabbit production, is acutely affected by the scar-
city and high costs of conventional feed ingredients. The 
escalating demand for animal products is driving up the use 
of staple crops like soybean, maize, barley, and wheat—
and, consequently, contributing to increased competition 
between human and animal nutritional needs exacerbating 
concerns around environmental sustainability and economic 
feasibility (Ogbuewu et al. 2017; Abdelhadi et al. 2022). 
These challenges underscore the urgent need to identify 
and utilize locally available, low-cost, and sustainable alter-
native protein sources to mitigate feed costs and support 
long-term food system resilience (Abdelatty et al. 2021; El 
Naggar and El-Mesery 2022).

One of the most significant challenges in this context is 
securing easily accessible protein sources capable of meet-
ing the nutritional requirements of non-ruminant animals 
at a low cost. Among potential alternatives, aquatic macro-
phytes like Azolla have shown promising outcomes (Mén-
dez-Martínez et al. 2019). Several factors contribute to the 
unsustainability of current feed imports in some countries, 
where key ingredients such as soybean meal, fishmeal, and 
maize-based feed ingredients (e.g., corn grain, corn gluten 
meal, or corn gluten feed) are imported instead of being 
domestically produced (Nasir et al. 2022).

The widespread reach of media has increased public 
awareness regarding the importance of high-quality, com-
plete protein foods derived from animals, characterized 
by high nutritional and biological value. This heightened 
awareness has subsequently boosted the demand for such 
foods (Anitha et al. 2016). The need for meat with high 
nutritional value, specifically low fat, high protein, and 
low sodium content, coupled with rapid human population 
expansion, is the primary driver behind the increased pro-
duction of rabbit meat (Mottet and Tempio 2017).

Non-ruminant species such as rabbits are highly efficient 
in feed conversion and play an increasingly important role in 
providing high-quality, low-fat, and protein-rich meat with 
favorable lipid profiles (Siddiqui et al. 2024). However, tra-
ditional rabbit diets largely depend on crops like soybean, 
maize, and wheat—commodities that directly compete with 
human consumption and require intensive land and water 
resources (Odero-Waitituh et al. 2021). Consequently, the 
exploration of sustainable, locally available, and nutrition-
ally adequate alternatives is essential for ensuring both food 
security and economic viability.

Rabbit and poultry diets often include ingredients from 
key crops like soybean, corn, barley, and wheat—staples 
also used in human food (Ogbuewu et al. 2017). To avoid 
competition with human consumption and keep rabbit meat 

production sustainable, it’s important to find alternative pro-
tein sources for their feed (Abdelatty et al. 2021).

Aquatic macrophytes such as Azolla pinnata have 
emerged as promising alternative feed ingredients. Azolla 
is a free-floating aquatic fern that forms a symbiotic asso-
ciation with nitrogen-fixing cyanobacteria (Anabaena azol-
lae), resulting in high protein content (13–30%), beneficial 
amino acid profiles, and significant mineral and vitamin lev-
els (Rashad et al. 2021). Its ease of cultivation, high yield 
with minimal water requirement, and digestibility further 
add to its appeal as a sustainable feed component (Kollah 
et al. 2016; Korsa et al. 2024). Incorporation of dried A. 
pinnata in rabbit diets has been shown to enhance produc-
tion performance, body weight gain, and meat quality, with 
no negative impacts on feed intake, health, or reproductive 
performance (El-Sabrout et al. 2023; Nayel et al. 2024).

Azolla, a free-floating water fern, is rich in protein and 
essential amino acids, growth-promoting intermediates, 
vitamins (A, B12, and beta-carotene), and minerals such as 
calcium, phosphorus, potassium, iron, copper, and manga-
nese. Furthermore, its high fiber content and low lignin level 
make it easily digestible for livestock. Azolla is considered 
one of the most promising alternatives due to its ease of cul-
tivation, low water requirement for growth, high yield, and 
high nutritional content (Herath et al. 2023).

Recent studies demonstrate that sun-dried Azolla meal can 
partially or fully replace conventional protein sources such as 
soybean meal in rabbit diets, improving body weight gain, feed 
efficiency, and even meat quality, with no detrimental effects 
on health or reproductive outcomes (Nasir et al. 2022; Khan 
et al. 2024). Azolla’s ability to enhance performance, reduce 
environmental impact, and cut feed costs (Arora et al. 2022; 
Kouchakinejad et al. 2024; Kairalla et al. 2025). However, data 
on its application in rabbit diets—particularly its impact on 
female reproductive performance, metabolic health, and sys-
temic biochemical responses—remain limited and inconsistent.

Accordingly, the present study aimed to evaluate the 
effects of partially and fully replacing soybean meal pro-
tein with sun-dried A. pinnata on growth performance, 
reproductive traits, and selected biochemical, hormonal, 
immunological, antioxidant parameters and carcass charac-
teristics in New Zealand White (NZW) female rabbits. The 
findings aim to advance sustainable feeding practices and 
promote resource-efficient rabbit production, particularly in 
climate-challenged regions.

Materials and methods

The experiment was conducted at the South Sinai Research 
Station of the Desert Research Center, Ministry of Agricul-
ture, Egypt, from May to November 2023. All procedures 
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were conducted in accordance with the ethical guidelines 
approved by the Research Ethics Committee, Faculty of 
Science, Suez Canal University, Ismailia, Egypt (Approval 
No. REC175/2022).

Azolla cultivation and meal production

A. pinnata was cultivated in six excavated ponds (dimen-
sions: 3 × 4 × 0.3  m) within a greenhouse environment. 
Each pond was prepared by lining the base with fertile soil 
and fertilizing with a mixture of rabbit manure slurry and 

superphosphate. Approximately 5  kg of fresh Azolla cul-
ture was inoculated into each pond. After 10–15 days, daily 
harvests of approximately 10 kg were collected following 
the method described by Adzman et al. (2022) method. The 
harvested biomass was sun-dried and ground into a fine 
meal. The chemical composition of the dried Azolla meal 
was analyzed using standard methods described by AOAC 
(2005) (Table 1).

Experimental design

A total of 45 healthy, 8-week-old NZW female rabbits with 
an average initial body weight of 1.535 ± 0.025  kg were 
randomly assigned to one of three equal dietary treatment 
groups (15 rabbits per group). Each rabbit was considered 
an independent biological replicate, providing 15 replicates 
per treatment, which ensures adequate statistical power and 
reliability of the results.

	● Control: Basal concentrate diet without Azolla.
	● GΙ: Basal diet with 50% replacement of soybean meal 

protein with A. pinnata.
	● GΠ: Basal diet with 100% replacement of soybean meal 

protein with A. pinnata.

Rabbits were housed individually in standard wire cages 
(50 × 50 × 35  cm) under identical environmental and man-
agement conditions. All animals received their respective 
diets and had free access to clean drinking water. Prior 
to the experimental period, a 7-day adaptation phase was 
conducted.

Diets were formulated based on the nutrient require-
ments recommended by the National Research Council 
(NRC, 1977), and feed composition is presented in Table 2. 
The diets were prepared at the Ras Sudr Research Station 
and analyzed for their proximate composition using AOAC 
(2005) methods.

After 12 weeks of feeding, natural mating was con-
ducted using a ratio of one buck to five does. Pregnancy was 
confirmed by abdominal palpation on day 15 post-mating 
(Fig. 1).

Growth performance assessment

Individual body weights were recorded biweekly (before the 
morning feeding) throughout the 12-week feeding period. 
Kit weights were recorded immediately at birth and moni-
tored weekly until weaning.

Serum biochemical analysis

Blood samples were collected from the marginal auricular 
vein following an overnight fast at three points: after one 

Table 1  Chemical analysis of dried Azolla
Nutrients %
Dry matter 9.1
Organic matter 79.4
Crude protein 19.4
Ether extract 3.3
Crude ash 20.6
Carbohydrates 41.4
Crude fiber 15.3

Table 2  Feed ingredients and chemical analysis of the experimental 
diets
Ingredients % Control GΙ GΠ
Alfalfa hay 29 29 29
Yellow corn 23 23 23
soybean 18 9 -
Azolla - 9 18
Wheat bran 24 24 24
Molasses 1 1 1
Limestone 2 2 2
Ca3(PO4)2 1 1 1
Vit. and Min 0.5 0.5 0.5
mix** 0.5 0.5 0.5
Salt 0.5 0.5 0.5
Methionine 0.25 0.25 0.25
Lysine 0.25 0.25 0.25
Total 100 100 100
Chemical analysis * Control GΙ GΠ
Dry matter DM% 92.50 92.59 93.27
Organic matter OM% 90.81 89.64 88.65
Crude protein CP% 20.10 15.65 12.22
Ether extract EE% 4.49 4.81 6.29
Ash% 9.19 10.36 11.36
Nitrogen-free extract NDF% 55.38 56.85 52.05
acid detergent fiber ADF% 18.93 22.35 22.66
NFC% 10.85 12.35 18.10
gross energy GE (MJ/Kg DM) 18.23 17.81 17.73
Each one kg of vitamin & mineral mixture contains: Vit.A 4,000,000 
IU; Vit D3 50000IU; Vit E 16.7 g.; Vit K3,0.67 g.; Vit.B1 67 g; VitB2 
2.00 g; Vit. B6 0.67 g; Vit B12 3.33 mg; Cholin chloride 400 g.; Biotin 
0.07 g; Niacin 16.7 g.; pantothenic acid 6.7 g; Folic acid 1.7 g; Cop-
per 1.7 g; Iron 25.00 g; Manganese 10.00 g; Iodine 0.25 g; Selenium 
33.3 g; Zinc 23.3 g and Magnesium 133.3 g. * Calculated according 
to NRC (1977). GΙ and GΠ are basal diet with 50% and 100% replace-
ment of soybean meal protein with A. pinnata, respectively
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total cholesterol (Allen 1974), and high-density lipoprotein 
cholesterol (HDL-C) (Lopez 1977). Low-density lipopro-
tein cholesterol (LDL-C) and very-low-density lipoprotein 
cholesterol (VLDL-C) were calculated using the formulas 
of Lee and Nieman (1996):

	● VLDL-C = TG / 5.
	● LDL-C = Total cholesterol – HDL-C – VLDL-C.

All assays were performed using commercially available 
kits, following the manufacturers’ instructions.

month of feeding, after two months of feeding, and on day 
21 of pregnancy. Samples were allowed to clot and then 
centrifuged at 3,000 rpm for 15 min. The separated serum 
was stored at − 20 °C for subsequent analysis.

The following biochemical parameters were evaluated 
using colorimetric assays and commercial diagnostic kits 
included total protein (Henry 1964), albumin (Doumas et al. 
1971), calculated globulin, urea (Patton and Grouch 1977), 
creatinine (Bartel et al. 1972), alanine aminotransferase 
(ALT), aspartate aminotransferase (AST) (Reitman and 
Frankel 1957), triglycerides (Fassati and Prencipe 1982), 

Fig. 1  Diagram shows the experi-
mental design
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and therefore did not meet the assumptions required for 
inferential statistical analysis. Consequently, mortality was 
reported descriptively and excluded from further statisti-
cal testing. No data transformation was required due to the 
absence of mortality events.

Results were expressed as mean values ± standard error 
(SE). Differences among dietary treatments were evaluated 
using one-way analysis of variance (ANOVA). When signif-
icant differences were detected, means were separated using 
Tukey’s honestly significant difference (HSD) post-hoc test. 
Statistical significance was set at P ≤ 0.05. All analyses were 
performed using Minitab software.

Results

Growth performance

Figure 2 illustrates the effect of partially or completely 
replacing soybean meal protein with dried A. pinnata on the 
weekly growth performance of young rabbits across the three 
dietary treatments. The control group (0% Azolla) showed a 
progressive increase in body weight from 1531.53 ± 60.54 g 
at week 8 to 2950.00 ± 62.67 g at week 20. Rabbits in the 
GI group (50% replacement) exhibited consistently higher 
body weights than those in the GII group (100% replace-
ment) throughout the experimental period, increasing from 
1556.66 ± 60.00 g at week 8 to 2860.66 ± 50.65 g at week 
20. Body weights in the GI group were significantly higher 
than those of the GII group (P = 0.0003), indicating superior 
growth performance with partial replacement.

In contrast, the GII group recorded the lowest body 
weights at all measured time points. One-way ANOVA 
revealed significant differences among the three groups at 
several weeks (P < 0.05). From weeks 12 to 20, body weights 
in the GII group were markedly lower than those of both the 
control and GI groups (P < 0.001 at each time point). These 
findings demonstrate that complete replacement of soybean 

Immunoglobulin and hormonal assays

Serum levels of immunoglobulin G (IgG) and immuno-
globulin M (IgM) were measured using specific ELISA kits 
(Bio-Diagnostic, Egypt). Thyroid hormones—triiodothyro-
nine (T3) and thyroxine (T4)—were assessed using radio-
immunoassay (RIA) kits. Serum levels of prolactin and 
progesterone were quantified using enzyme-linked immu-
nosorbent assay (ELISA) kits.

Oxidative stress and antioxidant status evaluation

Lipid peroxidation was evaluated by measuring malondial-
dehyde (MDA) levels using a competitive binding ELISA 
method. Superoxide dismutase (SOD) activity was assessed 
using a rat SOD ELISA Kit (Cusabio, USA). Catalase 
(CAT) activity was determined using a double-sandwich 
ELISA method (MyBioSource, USA). Glutathione (GSH) 
levels were measured using an ELISA Kit (Cusabio, USA). 
Total antioxidant capacity (TAC) was assessed using the 
OxiSelectTM kit (Cell Biolabs, USA). All procedures fol-
lowed the manufacturers’ instructions.

Effect of Azolla on carcass traits of growing rabbits

After the two-month experimental period (at 16 weeks 
of age), nine rabbits—three randomly selected from each 
group—were fasted for 15  h prior to assessment. The 
weights of giblets (liver, kidneys, heart, and spleen) and 
carcass measurements were recorded and expressed as per-
centages of live body weight. The dressing percentage was 
calculated following the method described by Lukefahr et 
al. (1982).

Statistical analysis

Mortality rate was recorded daily throughout the experi-
mental period. As no mortality occurred in any of the exper-
imental groups (0%), mortality data showed no variability 

Fig. 2  The effect of replacing 
soybean meal protein with dried 
Azolla on the growth perfor-
mance of growing rabbits. Values 
presented as means ± SE (n = 15). 
GΙ; Azolla (50% of soybean 
protein), GΠ; Azolla (100% of 
soybean protein). a significant dif-
ference compared to control, and 
b significant differences compared 
to GΙ (P < 0.05)
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However, after two months and at 21 days of pregnancy, 
AST activity was significantly elevated in GI compared 
with GII and the control (P < 0.001). Additionally, at 21 days 
of pregnancy, ALT activity was significantly higher in GI 
than in GII and the control (P = 0.003). After two months, 
ALT activity in GI was significantly lower than that of the 
control (P = 0.009).

The effects of dietary Azolla substitution on the lipid pro-
file are also summarized in Table  4. After one month, all 
lipid parameters in GII—including TC, HDL-C, TG, and 
VLDL-C—were significantly higher than those in GI and 
the control (P < 0.01), except for LDL-C (P = 0.11). Lipid 
values in GI were also significantly higher than those of the 
control (P < 0.05). After two months, lipid concentrations in 
GII increased further and remained significantly higher than 
those of GI and the control (P < 0.001). Total cholesterol in 
GI was also significantly elevated compared with the con-
trol (P < 0.001). At 21 days of pregnancy, the control group 
showed significantly lower TC, HDL-C, and LDL-C levels 
than both substitution groups (P < 0.01), whereas LDL-C, 
TG, and VLDL-C were significantly higher in GII com-
pared with the other treatments (P < 0.001).

Concerning kidney function, GI exhibited significantly 
lower urea concentrations than GII and the control after 
one month and at 21 days of pregnancy (P = 0.009 and 
P = 0.007, respectively). In contrast, serum creatinine lev-
els did not differ significantly among groups throughout the 
experiment (P = 0.07).

Effect of Azolla on immunoglobulin and hormones

The effects of substituting soybean meal protein with 
dried Azolla on serum immunoglobulins are summarized 
in Table 5. After one month, IgM levels were significantly 
lower in GII (100% replacement) compared with GI (50% 
replacement) and the control group (P = 0.008). In contrast, 
IgG levels did not differ significantly at this time point 
(P > 0.05). After two months, IgG concentrations were sig-
nificantly reduced in GI compared with GII and the control 

protein with A. pinnata adversely affects growth perfor-
mance in growing rabbits.

Regarding reproductive performance, the number of 
births, birth weights, and overall mortality rates did not dif-
fer significantly among the experimental groups compared 
with the control (P > 0.05; Table 3). However, the GII group 
showed a significantly lower birth mortality rate compared 
with the control and GI groups (P = 0.032). In addition, kits 
from the GII group exhibited a significant reduction in body 
weight between the first and fourth weeks of age compared 
with both the GI and control groups (P = 0.018). A smaller 
but still significant decline in body weight over the same 
period was also observed in the GI group compared with the 
control (P = 0.041), as shown in Table 3.

Effect of Azolla on serum biochemical parameters

Table  4 presents the effects of substituting soybean meal 
protein with dried Azolla in female rabbit diets on serum 
protein fractions, liver enzymes, lipid profile, and kidney 
function at different sampling intervals.

After one month, rabbits in GII (100% replacement) 
exhibited significantly higher total protein (TP) and globulin 
(GL) levels compared with both the GI (50% replacement) 
and control groups (P = 0.002 and P = 0.001, respectively). 
Concurrently, the albumin: globulin (AL: GL) ratio was 
significantly reduced in GII relative to GI and the control 
(P < 0.001).

After two months, TP and GL levels in GII declined 
significantly compared with GI and the control (P = 0.004 
and P = 0.006, respectively). In contrast, the AL: GL ratio 
increased markedly in GII relative to the other groups 
(P < 0.001). At 21 days of pregnancy, both substitution 
groups showed significantly higher TP and GL concentra-
tions than the control (P < 0.05), whereas the AL: GL ratio 
remained significantly lower in GI and GII compared with 
the control (P < 0.01).

Regarding liver enzymes, GII showed significantly lower 
ALT and AST activities after one month compared with 
GI and the control (P = 0.008 and P = 0.006, respectively). 

Table 3  The effect of replacing soybean meal protein with dried Azolla on the weight, number, and mortality rate of births
Azolla (% of soybean protein)

Control GΙ GΠ
number of births 7.86 ± 0.35 8.33 ± 0.16 7.43 ± 0.29
mortality rate 3.29 ± 0.62 2.00 ± 0.44 1.71 ± 0.42a, b

Birth weight (g) 51.67 ± 1.88 53.00 ± 2.51 47.71 ± 1.41a, b

BW at 1 weeks (g) 116.67 ± 4.33 123.00 ± 8. 22 95.57 ± 2.70a, b

BW at 2 weeks (g) 219.83 ± 8.15 217.17 ± 10.02 187.71 ± 12.44a, b

BW at 3 weeks (g) 328.67 ± 10.38 323.50 ± 10.38 269.00 ± 14.20a, b

BW at 4 weeks (g) 460.67 ± 5.84 429.83 ± 9.35a 374.71 ± 13.57a, b

Values are presented as means ± SE (n = 7). GΙ and GΠ are basal diet with 50% and 100% replacement of soybean meal protein with A. pinnata., 
respectively a significant difference compared to control, and b significant differences compared to G Ι (P < 0.05)
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(P < 0.001), while IgM levels showed no significant differ-
ences among the groups (P = 0.06).

After one month, T3 levels were significantly lower in 
GII compared with GI and the control (P = 0.009; Fig. 3), 
whereas T4 concentrations were significantly higher in GI 
than in GII and the control (P = 0.004; Fig.  4). After two 
months, no significant differences in T3 or T4 were observed 
among the groups (P > 0.05). At 21 days of pregnancy, both 
T3 and T4 were significantly lower in the control group 
compared with GI and GII (P = 0.012 for T3; P = 0.015 for 
T4), indicating an effect of dietary Azolla on thyroid hor-
mone levels during early gestation.

The effects of dried Azolla substitution on reproductive 
hormones (progesterone, prolactin, and estradiol) are pre-
sented in Figs. 5 and 6. Prolactin was significantly decreased 
in GI compared with the control (P = 0.021). In GII, both 
prolactin and progesterone were significantly lower than in 
the control (P = 0.008 and P = 0.012, respectively). Estra-
diol levels were significantly reduced in GI compared with 
GII and the control (P = 0.018). Additionally, prolactin in 
GII was significantly lower than in the control (P = 0.009). 
These findings indicate that dietary replacement of soybean 
meal protein with dried Azolla modulates reproductive 
hormone profiles, with more pronounced effects at 100% 
replacement.

Effect of Azolla on oxidative stress/antioxidant 
status

The effects of substituting dietary soybean meal protein 
with dried Azolla on oxidative stress and antioxidant param-
eters including MDA, SOD, CAT, GSH, and TAC are sum-
marized in Table 6.

After one month, MDA levels were significantly higher 
in GI (50% replacement) compared with GII (100% replace-
ment) and the control group (P = 0.011). Interestingly, MDA 
levels in the control group were also significantly higher 
than in GII at this time point (P = 0.023).

In contrast, antioxidant enzyme activities including 
SOD, CAT, GSH, and TAC were significantly elevated 
in GII compared with GI and the control (P < 0.01 for all 
parameters). Additionally, the control group exhibited sig-
nificantly higher antioxidant levels than GI (P < 0.05), indi-
cating a dose-dependent improvement in antioxidant status 
with higher Azolla inclusion.

After two months, MDA concentrations were sig-
nificantly lower in the control group compared with GII 
(P = 0.015), while levels in GI remained elevated. Con-
versely, antioxidant parameters (SOD, CAT, GSH, and 
TAC) were significantly higher in the control group than in 
the experimental groups (P < 0.01). Within the experimental 
groups, GII maintained higher antioxidant levels than GI 
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among the control, GI (50% replacement), and GII (100% 
replacement) groups (P > 0.05), indicating that overall 
growth was not compromised by dietary Azolla inclusion.

Minor variations were observed in organ and carcass 
component percentages. Heart weight showed a slight reduc-
tion in Azolla-fed groups, while liver percentage exhibited 
minor fluctuations; however, these differences were not sta-
tistically significant (P > 0.05). Front quarter percentages 
were consistent across all groups, whereas back quarter 

(P < 0.05), demonstrating that partial or complete substitu-
tion of soybean meal protein with dried Azolla can enhance 
the antioxidant defense system over time.

Effect of Azolla on carcass traits of growing rabbits

The impact of replacing soybean meal with dried A. pin-
nata on carcass characteristics of female rabbits is presented 
in Table  7. Live body weights did not differ significantly 

Table 5  Effect of soybean meal protein substitution with dried Azolla on serum Immunoglobulin G and M levels in female rabbits at different times
Group IgG (mg/ml) IgM (mg/ml)

After a month Control 183.33 ± 3.86 25.10 ± 0.8
G I 188.33 ± 4.82 24.15 ± 1.39
G II 180.17 ± 2.27 21.00 ± 1.19a, b

After two months Control 231.67 ± 3.74 31.17 ± 1.36
G I 208.00 ± 4.21a 30.01 ± 0.40
G II 228.83 ± 5.51b 31.05 ± 1.88

Values are presented as means ± SE (n = 7). G I; Azolla (50% of soybean protein), G II; Azolla (100% of soybean protein). a significant difference 
as compared to control and b significant differences as compared to G I (P < 0.05). IgG is immunoglobulin G and IgM is immunoglobulin M

Fig. 4  Effect of soybean meal 
protein substitution levels with 
dried Azolla on serum Thyroxin 
(T4) hormones of female rabbits 
at different times Values are pre-
sented as means ± SE (n = 7). G I; 
Azolla (50% of soybean protein), 
G II; Azolla (100% of soybean 
protein). a significant difference 
as compared to control, and b sig-
nificant differences as compared 
to G I. (P < 0.05)

 

Fig. 3  Effect of soybean meal 
protein substitution with dried 
Azolla on serum triiodothyronine 
(T3) hormones in female rabbits 
at different times. Values are pre-
sented as means ± SE (n = 7). G I; 
Azolla (50% of soybean protein), 
G II; Azolla (100% of soybean 
protein). a significant difference 
as compared to control, and b sig-
nificant differences as compared 
to G I (P < 0.05)
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Table 6  Effect of soybean meal protein substitution with dried Azolla on serum of oxidative and antioxidant parameters of female rabbits at dif-
ferent times

Groups MAD (nmol/ml) SOD (U/ml) CAT (ng/ml) GSH (ng/ml) TAC (ng/ml)
After1 Month Control 3.21 ± 0.17 98.30 ± 2.09 3.86 ± 0.11 95.08 ± 2.09 2.36 ± 0.09

G I 6.95 ± 0.18a 49.35 ± 1.76a 1.34 ± 0.16a 56.10 ± 2.85a 1.09 ± 0.14 a

G II 1.34 ± 0.19a, b 161.01 ± 4.38a, b 7.07 ± 0.13 a, b 170.64 ± 3.97a, b 4.16 ± 0.16a, b

After2 Month Control 4.10 ± 0.20 114.34 ± 3.82 3.55 ± 0.18 114.96 ± 3.70 1.90 ± 0.24
G I 13.29 ± 0.40a 26.88 ± 1.83a, b 0.56 ± 0.03a 23.33 ± 1.24a 0.51 ± 0.04a

G II 7.21 ± 0.27a, b 77.89 ± 2.29a, b 1.32 ± 0.17a, b 76.50 ± 3.99a, b 0.84 ± 0.04a, b

Values are presented as means ± SE (n = 7). G I; Azolla (50% of soybean protein), G II; Azolla (100% of soybean protein). Lipid peroxidation 
(MDA), superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), and total antioxidant capacity (TAC). a significant difference com-
pared to control, and b significant differences compared to G I (P < 0.05)

Table 7  Effect of soybean meal protein substitution with dried Azolla on carcass traits of growing rabbits (% from LBW)
Azolla (% of soybean protein)
Traits Control G Ι G Π
Live weight (g) 2631.66 ± 53.74 2506.66 ± 55.68 2640.00 ± 50.32
Heart (%) 0.40 ± 0.03 0.31 ± 0.06 0.29 ± 0.05
Liver (%) 2.70 ± 0.15 2.41 ± 0.17 2.80 ± 0.14
Front quarter (%) 9.07 ± 0.35 8.75 ± 0.37 8.76 ± 0.31
Back quarter (%) 21.83 ± 0.47 21.22 ± 50 20.09 ± 0.45
Lumber (%) 12.34 ± 0.59 12.10 ± 0.61 11.91 ± 0.52
Lung (%) 0.89 ± 0.05 0.96 ± 0.04 0.84 ± 0.04
Kidney (%) 0.60 ± 0.06 0.67 ± 0.03 0.65 ± 0.05
Values are presented as means ± SE (n = 7). G I; Azolla (50% of soybean protein), G II; Azolla (100% of soybean protein)

Fig. 6  Effect of soybean meal 
protein substitution levels with 
dried Azolla on serum estradiol 
levels of female rabbits after 21 
days of pregnancy. Values are 
presented as means ± SE (n = 7). 
G I; Azolla (50% of soybean 
protein), G II; Azolla (100% of 
soybean protein). a significant 
difference compared to control, 
and b significant differences 
compared to G I (P < 0.05)

 

Fig. 5  Effect of soybean meal 
protein substitution with dried 
Azolla on serum prolactin and 
progesterone levels of female 
rabbits after 21 days of preg-
nancy. Values are presented as 
means ± SE (n = 7). G I; Azolla 
(50% of soybean protein), G 
II; Azolla (100% of soybean 
protein). a significant difference 
as compared to control, and b sig-
nificant differences as compared 
to G I (P < 0.05)
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suggest that kidney function remained largely unaffected, 
while urea levels were lower in GI, indicating efficient pro-
tein metabolism at moderate Azolla levels (Leja et al. 2007; 
Nasir et al. 2022).

Although the control diet had higher crude protein con-
tent, the superior digestibility, amino acid profile, and bio-
active constituents of dried A. pinnata likely contributed to 
improved growth, antioxidant capacity, and reproductive 
parameters in the supplemented groups, demonstrating that 
protein quality and functional nutrients are as important as 
total protein content.

Azolla inclusion led to significant increases in total cho-
lesterol, triglycerides, and LDL-c, particularly in the GII 
group. While Azolla is rich in bioactive compounds, high 
fiber, and anti-nutritional components may have interfered 
with lipid metabolism, aligning with previous observations 
in rabbits and poultry (Kathirvelan et al. 2015; Ogbuewu 
et al. 2017). These findings suggest that excessive Azolla 
inclusion could disrupt lipid homeostasis.

Immune markers (IgM, IgG) varied with dosage—partial 
supplementation maintained immune competence, while 
high Azolla suppressed Ig levels. Previous studies noted 
that moderate levels of Azolla enhance immune responses, 
while higher levels may suppress immunity due to poten-
tial anti-nutritional factors (Mishra et al. 2016; Ismail et al. 
2023). A. pinnata, in its green state, contains beta-carotene 
and antioxidant vitamin A, which possess antioxidant activ-
ity that may contribute to enhanced immune health (El Nag-
gar and El-Mesery 2022).

The results of this study indicate that Azolla supplements 
can affect T3 and T4 thyroid hormones levels reproductive 
hormones in rabbits, with effects varying depending on the 
duration of exposure to Azolla and the physiological state of 
the animals. Maintaining thyroid hormone levels within the 
normal physiological range is crucial for regulating basal 
metabolic rate and ensuring the proper function of various 
essential bodily processes (Kim 2008). T3 and T4 functions 
as thermoregulatory in animals and are critical for meta-
bolic activities associated with nutrition and environmental 
adaptation. These hormones regulate key processes such as 
energy balance, protein metabolism, and thermoregulation 
as indicated by Bhatt et al. 2022.

The improved antioxidant status (SOD, CAT, GSH, TAC) 
observed in GII after one month may be linked to Azolla’s 
rich antioxidant content, including vitamins and bioactive 
compounds (Chichilichi et al. 2015). However, prolonged 
inclusion resulted in fluctuating MDA levels, indicating 
oxidative stress at higher Azolla levels. This pattern is con-
sistent with other studies emphasizing the dose-dependent 
antioxidant benefits of Azolla (Kamel and Hamed 2021; 
Punyatong et al. 2024).

and lumbar percentages were slightly lower in Azolla-fed 
rabbits, particularly in GI, suggesting a negligible effect on 
regional muscle deposition. Lung and kidney percentages 
remained stable among all groups (P > 0.05).

Overall, substituting soybean meal with dried A. pinnata 
did not significantly affect carcass traits, demonstrating that 
Azolla can serve as an effective protein alternative without 
compromising carcass quality.

Discussion

The current study evaluated the viability of replacing 
soybean meal with sun‑dried A. pinnata in diets for New 
Zealand White (NZW) female rabbits, analyzing impacts 
on growth, productivity, and physiological health. This 
research is timely given the global push toward sustainable, 
cost‑effective feed solutions.

Before incorporating any ingredient into livestock feed, 
it’s essential to understand both its nutritional content and 
availability. In the current study, the crude protein (CP) con-
tent of Azolla was found to be 19.4%. This value is higher 
than those reported by El-Fadel et al. (2020), though some 
recent studies report even higher CP levels (Normuhamme-
dova and Rajamurodov 2025).

According to Sadeghi (2013), variations in Azolla’s 
nutrient composition are largely due to differences in how 
various strains respond to environmental conditions such as 
temperature, light intensity, and soil nutrients—factors that 
influence both growth and nutritional makeup. Alalade and 
Iyay (2006) also noted that the presence of epiphytic algae 
contamination can significantly affect the amino acid pro-
file, further influencing the final nutritional analysis.

Partial replacement (50% protein substitution) supported 
growth performance and physiological balance, whereas full 
replacement (GII) led to growth retardation despite lower 
birth mortality and some reproductive benefits—mirroring 
research that reports moderate inclusion as beneficial while 
high levels may introduce anti-nutritional effects (Samad et 
al. 2020; Abdelatty et al. 2021).

In terms of serum proteins, the elevated total protein 
and globulin levels observed in GII after one month may 
be attributed to Azolla’s rich amino acid profile. However, 
the subsequent decline in these parameters after two months 
suggests potential long-term limitations in the bioavail-
ability of Azolla’s nutrients when used as the sole protein 
source, as supported by previous findings (Méndez-Mar-
tínez et al. 2019; Abdelatty et al. 2021). Liver enzyme alter-
ations may reflect adaptive metabolic responses: moderate 
Azolla promotes enzyme efficiency, but high levels may 
elicit metabolic stress, consistent with studies in similar spe-
cies Similarly, the stable creatinine levels across all groups 
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Future research should focus on processing techniques to 
reduce anti-nutritional factors in Azolla, improving its via-
bility as a complete protein substitute.
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