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INTRODUCTION

Quail production has strong prospects for providing 
animal feed because the production cycle is relatively 

short, land requirements are low, and biological efficiency 
is high. However, the growth phase is critical, as body 
tissues, digestive organs, the endocrine system, and the 
immune system develop simultaneously. Disturbances 
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Abstract | Feed intake is a key determinant of livestock productivity. This study examined how lime peel (LP) waste 
affects feed efficiency, growth physiology, and immune and inflammatory responses in grower quail. Four-week-old 
Japanese quail (n=100) with an average weight of 57.52 g were randomly distributed to five groups: LP0 (control), LP1, 
LP2, LP3, and LP4. Parameters assessed included feed efficiency, growth indicators, and immune and inflammatory 
biomarkers. We analysed data using one-way ANOVA with Tukey’s test (P<0.05). To visualise overall biological 
responses, we used an Integrated Biological Radar Plot and a Heatmap–Hierarchical Clustering based on Z-scores. 
Results indicated that LP waste significantly affected most parameters (P<0.05). LP4 consistently enhanced feed 
efficiency and improved growth indicators. It also boosted immune biomarkers while reducing inflammatory ones, 
indicating a healthier physiological state. Radar plot visualisation showed LP4 had the largest polygon, reflecting 
broad biological advantages. Hierarchical clustering of heatmap data confirmed distinct biological groups, with LP4 
separated from the control, showing a more adaptive immune profile and lower inflammation. In conclusion, LP waste 
administration significantly influences the biological response in grower quail, with LP4 being the most effective. 
Radar plots and heatmaps offer a comprehensive way to evaluate the role of agricultural waste-based phytogenics in 
promoting sustainable poultry production.
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in digestion, nutrient absorption, metabolic balance, or 
the inflammatory response during this phase can reduce 
body weight gain and increase the feed conversion ratio. 
Therefore, developing natural feed additives that improve 
nutrient utilisation, control inflammation, and regulate 
growth is an important strategy to increase feed intake in 
modern poultry nutrition (Zhai et al., 2023).

Agro-industrial by-products as functional feed 
ingredients are gaining attention because they can 
reduce environmental pollution and add value. One such 
by-product is orange peel, which is generated in large 
amounts after fruit consumption or processing (Rusmana 
et al., 2025). Orange peel is rich in nutrients, including 
dietary fibre, pectin, essential oils, vitamins, carotenoids, 
phenolic acids, and flavonoids. Key flavonoids in orange 
peel include hesperidin, naringin, naringenin, eriocitrin, 
and various polymethoxylated flavones. These compounds 
exhibit antioxidant, antimicrobial, anti-inflammatory, and 
immunomodulatory properties, making them promising as 
phytogenic feed additives for poultry (Seidavi et al., 2020; 
Munir et al., 2024).

Orange peel can be used in flour or powder form, but using 
it whole has several limitations. Its high structural fibre 
content can limit digestive enzymes’ access to nutrients 
and active compounds, and some polyphenols can remain 
bound to the pectin, cellulose, and hemicellulose matrices 
(Mousapour et al., 2020). Excessive amounts can also 
reduce palatability and nutrient utilisation. However, 
at appropriate feeding levels, orange peel flour has been 
reported to improve growth, feed efficiency, antioxidant 
response, and several physiological indicators in birds. 
Adding orange peel flour can also increase the ration’s 
functional value, although the response depends on dose, 
orange type, animal age, ration composition, and digestive 
enzyme availability (Sugiharto, 2023; Abd El-Latif et al., 
2023).

One way to increase bioactive compound release is to 
process orange peel into an extract. Maceration helps the 
solvent penetrate the plant tissue, dissolve phenolic and 
flavonoid compounds, and separate them from the mostly 
insoluble fibre matrix. As a result, extracts can contain 
more concentrated active compounds that interact more 
readily with the digestive system compared to powders. 
Nonetheless, extraction effectiveness depends on factors 
such as solvent polarity, extraction duration, temperature, 
the material-to-solvent ratio, and the plant material’s 
properties. These processing variations mean powders and 
extracts may not produce identical biological effects, even 
when derived from the same raw materials (Durmus et al., 
2024; Cisse et al., 2025).

In poultry, citrus bioactive compounds are believed to 
function via multiple interconnected pathways. Their 
antimicrobial and anti-inflammatory effects can enhance 
the gut environment, reduce lipopolysaccharide exposure, 
preserve mucosal integrity, and decrease energy needed 
for inflammatory responses (Rusmana et al., 2025). These 
effects support digestive enzyme activity, facilitate amino 
acid and energy absorption, improve nitrogen retention, 
and optimise metabolic energy use. Higher nutrient 
availability can also help regulate thyroid hormones and 
the growth hormone insulin-like growth factor-1 axis, 
which are crucial for protein synthesis, tissue development, 
and overall growth. Research shows that standardised 
citrus extracts can strengthen intestinal integrity, reduce 
putrefactive fermentative metabolites, and increase final 
body weight in broiler chickens (Cisse et al., 2023, 2025).

Citrus peel can also influence humoral immunity and 
inflammatory responses. Dried citrus peel or its extract has 
been shown to boost antibody production and strengthen 
immune responses in poultry (Rusmana et al., 2025). In 
broiler quail, a methanolic extract of orange peel enhanced 
nutrient digestibility, energy use, performance, and 
humoral immunity, suggesting that growth benefits are 
linked to improved immunometabolic health (Pourhossein 
et al., 2019; Ahmad et al., 2024).

Most previous studies have examined powder or extract 
separately, particularly in broiler chickens. However, direct 
comparisons between these two forms in grower-stage 
quail are limited. Few studies have combined assessments 
of nutrient digestibility and retention, metabolisable 
energy, growth, thyroid hormones, blood metabolites, 
immunoglobulins, and inflammatory biomarkers within 
a single framework. Hence, this study investigates the 
effects of LP waste, administered as powder and macerated 
extract, on nutrient utilisation, endocrine and metabolic 
regulation, immune-inflammatory responses, and growth 
in grower-stage quail. The goal is to determine whether 
the extraction process yields a more effective biological 
response than using LP powder directly.

MATERIALS AND METHODS

Animal samples, basal rations, and experimental 
design 
Four-weeks old Japanese quail with an average weight of 
57.52 g were used in this study, and they were randomly 
distributed into five treatment groups of 100 each. Each 
treatment was replicated five times, so each replicate or 
experimental unit consisted of 20 quail samples.

Table 1 shows the metabolisable energy and nutrient 
composition of the basal ration used during the trial period.
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Table 1: Nutrient and metabolisable energy content of the 
basal diet used in the experimental study.
Description % Standard requirement
Metabolic energy (kcal/kg) 2985 Minimum 2900
Crude protein (%) 19 18–20
Ether extract (%) 6 Min. 3
Crude fibre (%) 5 Max. 10
Phosphorus (%) 0.8 Minimum 0.55
Calcium (%) 5.1 3.25–4.25

All experimental quails were fed a basal diet throughout the 
study for 6 weeks. LP (LP) was administered at different 
levels as follows: LP0: basal ration without LP; LP1: basal 
ration + LP flour 10 g/kg; LP2: basal ration + LP flour 15 
g/kg; LP3: basal ration + LP extract 10 g/kg; and LP4: 
basal ration + LP extract 15 g/kg. 

Preparation of LP powder and extract
Fresh LP (Citrus aurantiifolia) peel, separated from the 
pulp, was washed under running water to remove dirt 
and any remaining foreign matter. The peel was then cut 
into small pieces and oven-dried at 45–50°C to a constant 
weight. The dried material was ground to a powder, then 
sieved through a 60-mesh sieve to obtain a uniform particle 
size. The LP powder was stored in an airtight container at 
room temperature, protected from light, until use.

The methanol extract was prepared by maceration. 1,000 g 
of LP powder was placed in a sealed container, then 80% 
methanol was added at a 1:10 (w/v) ratio. The mixture was 
macerated for 72 hours at room temperature, protected 
from light, with regular stirring. Afterwards, the mixture 
was filtered through Whatman No. 1 filter paper. The 
residue was re-extracted twice with the same solvent to 
boost extraction efficiency. All filtrates were pooled and 
evaporated using a rotary evaporator at 40–45 °C under 
vacuum until a concentrated extract was obtained, then 
dried (Cisse et al., 2025).

Blood sampling and sample analysis
Quail blood samples were collected from the brachial 

vein using a sterile syringe and placed in a tube without 
anticoagulant. The samples were left at room temperature 
for 30 minutes, then centrifuged at 3,000 rpm for 15 
minutes to separate the serum. The serum was stored at 
−20°C until analysis. Blood chemistry parameters were 
measured spectrophotometrically using a commercial kit, 
following the manufacturer’s instructions for the Rendox 
Kit. Immune parameters, including immunoglobulins, 
were assessed using an enzyme-linked immunosorbent 
assay (ELISA) with a specific kit, following the protocol 
provided by MyBiosource.

Energy utilisation was determined using the force-feeding 
method, with a paste delivered via a syringe through the 
oesophagus, following the procedure described by Abun et 
al. (2023). Similarly, digestibility was determined using an 
internal indicator (lignin), following a modified method 
described by Abun et al. (2022).

Data analysis
All data were analysed using one-way ANOVA to assess 
the impact of LP waste application on each parameter; 
significant differences (P<0.05) were detected. Tukey’s 
Honestly Significant Difference (HSD) test at a 95% 
confidence level was used for comparisons. Data are 
presented as mean ± standard deviation. To analyse the 
multidimensional biological response, we standardised all 
parameters as Z-scores and visualised them in a heatmap 
with Euclidean distance-based hierarchical clustering 
and the average linkage method. Additionally, we used an 
Integrated Biological Radar Plot to display the relative 
biological performance of each treatment simultaneously, 
helping identify the most biologically effective treatment. 

RESULTS AND DISCUSSION

Nutrient and energy utilisation
Feed intake efficiency was evaluated through nutrient and 
energy utilisation profiles in grower-stage quail fed and 
unfed LP, as shown in Table 2.

Table 2: Effects of LP powder and macerated extract on nutrient utilisation and energy metabolism of growing quail.
Parameters Treatment group P value

LP0 LP1 LP2 LP3 LP4
Nitrogen retention (%) 68.79±1.97ᶜ 71.69±2.15ᵇ 68.41±2.37ᶜ 72.99±2.17ᵇ 77.04±1.96ᵃ <0.001
Crude protein digestibility (%) 64.72±1.47ᶜ 66.82±1.42ᶜ 65.90±1.63ᶜ 72.20±1.25ᵇ 75.15±1.39ᵃ <0.001
Nitrogen-corrected metabolisable energy (kcal/kg) 2344±104.34ᶜ 2441±66.25ᵇ 2563±98.93ᵇ 2603±99.57ᵃ 2775±99.65ᵃ <0.001
Metabolisable energy (kcal/kg) 2362±94.60ᵇ 2400±95.38ᵇ 2566±95.76ᵃ 2578±95.30ᵃ 2607 95.00ᵃ 0.001
Dry matter digestibility (%) 51.04±1.63ᵈ 62.96±1.49ᶜ 66.64±1.72ᵇ 68.23±1.63ᵃ 71.28±1.70ᵃ <0.001
Dry organic matter digestibility (%) 52.71±0.89ᵉ 61.85±1.43ᵈ 67.96±1.55ᶜ 71.20±1.62ᵇ 76.00±1.22ᵃ <0.001

Different superscript letters in the same row indicate significant differences based on Tukey’s test at the P < 0.05 level.
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Administering LP waste in powder or macerated extract 
form significantly (P<0.05) affected nutrient utilisation 
and energy metabolism in grower-stage quail (Table 2). 
Overall, LP supplementation increased nutrient utilisation 
efficiency compared with the control group, as indicated 
by higher nitrogen retention, nutrient digestibility, and 
metabolisable energy values. These responses generally 
increased as the form and level of administration changed, 
with the extract form consistently yielding higher values 
than the powder. The most notable improvements were 
in dry matter digestibility, organic matter digestibility, 
nitrogen retention, and nitrogen-corrected metabolisable 
energy (AMEn), indicating the birds’ enhanced ability to 
utilise protein and energy from the diet. Conversely, the 
control group displayed the lowest values across nearly all 
measured parameters.

Improved nutrient utilisation and energy metabolism 
in quail supplemented with LP waste indicate that the 
bioactive compounds in the supplement can increase feed 
intake and feed utilisation efficiency. Key flavonoids, such 
as hesperidin, naringin, and eriocitrin, together with other 
phenolic compounds, exhibit antioxidant and antimicrobial 
activity that can modulate the digestive tract environment. 
This can suppress pathogenic microorganisms, improve 
gut microbiota balance, and maintain intestinal mucosal 
integrity, thereby increasing digestive enzyme activity and 
nutrient absorption. This improved digestive tract function 
ultimately increases nitrogen retention and energy 
utilisation efficiency, supporting tissue growth (Sugiharto, 
2023; Munir et al., 2024).

The macerated extract consistently produced a better 
response than the powder. This is likely because the 
extraction process releases phenolic and flavonoid 
compounds from the lignocellulose matrix, making the 
bioactive fraction more soluble and readily available for 
absorption throughout the digestive tract. Conversely, in 
powder form, some active compounds remain trapped 
within the fibre-rich plant tissue, resulting in relatively 
lower bioavailability. This difference in bioavailability 
is thought to explain the significantly higher protein 

digestibility, nitrogen retention, and metabolisable energy 
in the extract group compared with the powder group 
(Durmus et al., 2024; Cisse et al., 2025).

Beyond enhancing nutrient utilisation, the high 
metabolisable energy value indicates that more ration 
energy is available for growth processes rather than 
being lost in excretion. This is crucial because sufficient 
energy is a key factor influencing protein synthesis, tissue 
development, and feed efficiency in poultry. Therefore, 
processing LP waste via extraction not only increases 
the release of bioactive compounds but also improves 
protein and energy utilisation, supporting better growth 
performance in quail.

Immunity and inflammatory response 	
Immune response and inflammatory markers as a result of 
LP administration on quail in the grower phase are shown 
in Table 3.

Administering LP waste either as a powder or macerated 
extract significantly influenced the immune response 
and inflammatory biomarkers in grower-stage quail 
(Table 3), with effects reaching statistical significance 
(P<0.05). Overall, LP supplementation consistently 
enhanced humoral immunity while reducing systemic 
inflammation markers compared to the control. Higher 
immunoglobulin levels, particularly in the extract group, 
supported the enhanced immune response. Conversely, 
inflammatory biomarkers such as serum amyloid A (SAA), 
lipopolysaccharide-binding protein (LBP), interleukin-6 
(IL-6), and the neutrophil-to-lymphocyte ratio (N/L) 
showed a decreasing trend, influenced by the form and 
dosage of administration. 

The group receiving the extract, especially at the highest 
dose, consistently produced the best immune-inflammatory 
profile compared to the other treatments. In contrast, 
the control group showed the highest concentration of 
inflammatory biomarkers accompanied by a relatively lower 
humoral immune response. Overall, these results indicate

Table 3: Effects of LP powder and macerated extract on immune responses and inflammatory biomarkers of growing 
quail.
 Parameters Treatment group P 

valueLP0 LP1 LP2 LP3 LP4
Serum amyloid A (ng/mL) 6.79 ± 0.19ᵃ 6.07 ± 0.23ᵇ 5.07 ± 0.15ᶜ 3.85 ± 0.24ᵈ 1.47 ± 0.19ᵉ <0.001
IgG (mg/L) 2.01 ± 0.14ᶜ 2.77 ± 0.47ᵇ 2.98 ± 0.10ᵇ 3.75 ± 0.23ᵃ 4.97 ± 0.10ᵃ <0.001
IgM (mg/L) 4.02 ± 0.13ᵉ 4.54 ± 0.09ᵈ 5.05 ± 0.05ᶜ 5.28 ± 0.04ᵇ 5.51 ± 0.03ᵃ <0.001
Lipopolysaccharide-binding protein (ng/mL) 10.41 ± 0.41ᵃ 8.98 ± 0.29ᵇ 6.14 ± 0.19ᶜ 4.72 ± 0.15ᵈ 2.92 ± 0.10ᵉ <0.001
IL-6 (pg/mL) 2.32 ± 0.04ᵃ 2.23 ± 0.04ᵃ 2.20 ± 0.02ᵃ 2.00 ± 0.13ᵇ 1.63 ± 0.11ᶜ <0.001
Neutrophil/Lymphocyte ratio 0.96 ± 0.03ᵃ 0.88 ± 0.03ᵇ 0.85 ± 0.02ᵇ 0.74 ± 0.03ᶜ 0.62 ± 0.03ᵈ <0.001

Different superscript letters in the same row indicate significant differences based on Tukey’s test at the P < 0.05 level.
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that LP waste extract is more effective than the powdered 
form in modulating the balance between immune and 
inflammatory responses, thus supporting the creation of 
physiological conditions more conducive to quail growth.

Based on the hierarchical heatmap of the immune response 
(Figure 1), treatments clustered clearly based on similarities 
in immunological profiles. Treatments supplemented 
with LP waste tended to form a separate cluster from 
the control, indicating that the administration method 
influenced the quail’s overall immune response pattern. 
Adaptive immune parameters, such as IgG, IgM, and IgA, 
formed one cluster and tended to increase in the extract-
based treatment, while pro-inflammatory cytokines (IL-
1β, IL-6, and TNF-α) clustered separately and showed 
lower colour intensity in that treatment. 

Conversely, the anti-inflammatory cCytokine IL-10 
showed the opposite pattern, suggesting a shift toward a 
more regulated immune response. Overall, the data show 
that LP extract treatment creates a more advantageous 
immune profile than flour or the control, marked by higher 
levels of humoral immunity and lower inflammatory 
mediators. These findings highlight the importance of the 
phytobiotic’s form in effectively modulating the immune 

system in grower-stage quail.

This study indicates that LP waste not only provides 
bioactive compounds but also acts as an immunomodulator 
that balances immune activation and inflammation. 
Flavonoids like hesperidin, naringin, and eriocitrin, along 
with other phenolic compounds in LP, are recognised for 
their antioxidant and anti-inflammatory properties. They 
can suppress the nuclear factor kappa B (NF-κB) pathway, 
reducing the production of pro-inflammatory cytokines 
such as interleukin-6 (IL-6) (Faramarzidozein et al., 2024; 
Rusmana et al., 2025). Lower IL-6 levels are also associated 
with reduced synthesis of acute-phase proteins such as 
serum amyloid A (SAA), indicating reduced systemic 
inflammation (Munir et al., 2024; Cisse et al., 2025).

Decreased levels of lipopolysaccharide-binding protein 
(LBP) indicate reduced translocation of lipopolysaccharides 
from the intestinal lumen to the blood circulation. These 
findings suggest that orange peel supplementation may 
improve intestinal mucosal integrity by modulating the 
microbiota and strengthening intestinal barrier function. 
Reduced endotoxin stimulation not only suppresses the 
inflammatory response but also lowers the energy required 
for immune activation. Energy and nutrients previously

Figure 1: Hierarchical heatmap of immune responses and inflammatory markers in quail in the grower phase.
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allocated to maintaining the inflammatory response can 
then be utilised more efficiently for growth and protein 
synthesis, in line with increased nutrient utilisation as 
shown in Table 2 (Zhai et al., 2023; Sugiharto, 2023; Abd 
El-Latif et al., 2023).

The improved humoral immune response, demonstrated 
by increased IgG and IgM concentrations, indicates 
that LP supplementation is not immunosuppressive but 
rather enhances adaptive immune competence while still 
controlling inflammation. Interestingly, the macerated 
extract produced a more pronounced response than the 
powder. This is likely related to the increased bioavailability 
of flavonoids and phenolic compounds resulting from 
the extraction process, allowing the active compounds to 
interact more effectively with intestinal mucosal tissue 
and immune cells. Thus, LP waste extract can create a 
more balanced immunometabolic environment, ultimately 
supporting quail growth efficiency in the grower phase.

Growth and metabolic physiology
The impact of LP administration on growth physiology 
and metabolism in quail in the grower phase is shown in 
Table 4.

Administering LP waste as either powder or 
macSupplemented extract significantly (P<0.05) affects 
physiological growth and metabolic indicators in grower-
stage quail (Table 4). Overall, LP supplementation 
improves physiological responses, with outcomes varying 
by form and dose; the extract is more effective than the 
powder. This is evidenced by increased final body weight 
and a lower feed conversion ratio (FCR), indicating better 
feed intake and nutrient utilisation. Additionally, hormonal 
and metabolic markers tend to rise, indicating enhanced 
growth and metabolic activity. The highest extract dose 
consistently yielded the best physiological and metabolic 

outcomes, whereas the control group recorded lower 
values. Overall, LP waste extract outperforms powder in 
optimising growth and metabolic regulation, fostering 
better growth performance in grower-stage quail.

The improved growth performance and metabolic responses 
in quail supplemented with LP waste indicate that the 
bioactive compounds in LP can modulate endocrine and 
metabolic pathways critical for growth. Flavonoids and 
phenolic compounds are known to reduce oxidative stress, 
enhance mitochondrial efficiency, and improve tissue 
sensitivity to growth hormone signalling. These conditions 
support activation of the growth hormone (GH)–insulin-
like growth factor-1 (IGF-1) axis, which stimulates 
cell proliferation, protein synthesis, and muscle tissue 
deposition in poultry (De Paula Dorigam et al., 2021; 
Emam et al., 2022).

The higher levels of thyroid hormones (T3 and T4) 
observed in this study suggest improved energy metabolism. 
These hormones boost basal metabolic rate, speed up the 
oxidation of energy sources, and activate enzymes vital for 
protein synthesis and tissue development. The increase in 
glucose, total protein, albumin, and other energy-related 
metabolites demonstrates that digested nutrients are 
being used more effectively for growth, aligning with the 
observed reduction in the feed conversion ratio (FCR), 
which reflects a more efficient conversion of feed into body 
mass (Scanes, 2022; Nawab et al., 2019).

The higher response in the extract group than in the powder 
group likely reflects increased flavonoid bioavailability 
following extraction. These more readily absorbed bioactive 
compounds interact more effectively with metabolic tissues 
such as the liver, intestines, and endocrine system, resulting 
in better regulation of growth hormones and metabolism. 
Furthermore, the reduced inflammation observed in

Table 4: Effects of LP powder and macerated extract on the growth physiology and metabolic responses of growing quail
Parameters Treatment group P-value

LP0 LP1 LP2 LP3 LP4
Final body weight (g) 133.95±1.64ᵉ 138.50±1.48ᵈ 145.73±1.72ᶜ 150.87±1.86ᵇ 154.96±1.76ᵃ <0.001
Feed conversion ratio 3.96±0.06ᵃ 3.45±0.04ᵇ 3.24±0.05ᶜ 2.91±0.05ᵈ 2.67±0.05ᵉ <0.001
Growth hormone (ng/mL) 2.61±0.11ᶜ 2.69±0.09ᶜ 2.76±.08ᵇ 2.84±0.08ᵃᵇ 2.94±0.08ᵃ 0.003
IGF-1 (ng/mL) 250.21±8.32ᵈ 260.73±7.94ᶜ 270.65±8.56ᶜ 285.81±8.65ᵇ 300.17±8.71ᵃ <0.001
T3 (ng/mL) 0.61±0.06ᵉ 0.99±0.07ᵈ 1.26±0.08ᶜ 1.62±0.08ᵇ 2.00±0.09ᵃ <0.001
T4 (µg/dL) 5.01±0.16ᵈ 6.22±0.17ᶜ 7.58±0.18ᵇ 8.63±0.20ᵃ 9.91±0.23ᵃ <0.001
Glucose (mg/dL) 186.67±3.85ᶜ 194.34±4.12ᵇ 202.06±4.27ᵇ 209.68±4.09ᵃ 216.49±4.28ᵃ <0.001
Total protein (mg/dL) 43.55±1.26ᵈ 45.61±1.18ᶜ 47.82±1.21ᵇ 49.94±1.36ᵃ 51.75±1.27ᵃ <0.001
Albumin (mg/dL) 26.87±0.82ᵈ 27.95±0.81ᶜ 29.16±0.84ᵇ 30.35±0.88ᵃ 31.51±0.86ᵃ <0.001
Triglycerides (mg/dL) 146.82±5.28ᶜ 159.78±5.11ᵇ 171.53±5.36ᵇ 186.60±5.42ᵃ 181.62±5.31ᵃ <0.001
Cholesterol (mg/dL) 178.47±5.42ᵈ 190.53±5.28ᶜ 201.62±5.41ᵇ 218.58±5.53ᵃ 230.00±5.68ᵃ <0.001

Superscript letters in the same row indicate significant differences by Tukey’s test at the P < 0.05 level. T3 = Triiodothyronine; T4 = 
Thyroxine.
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Table 2 likely decreases the energy required for immune 
responses, freeing energy for protein synthesis and growth. 
Consequently, LP waste extract not only enhances nutrient 
uptake but also supports metabolic regulation, endocrine 
health, and energy efficiency, thereby promoting improved 
growth performance in quail during the grower stage.

Figure 2: Integrated Biological Radar Plot as the effect of 
LP administration on quail in the grower phase.

The integrated radar plot (Figure 2) shows that different 
methods of administering LP waste elicit varying 
biological responses in grower-stage quail. Generally, 
extract-based treatments produced a larger radar area than 
the control, indicating improvements across multiple areas, 
including feed efficiency, growth physiology, and immune 
response. Conversely, the control group showed a smaller 
radar area, indicating lower biological performance. This 
pattern implies that LP treatment enhances not just a 
single parameter but also provides a more balanced impact 
across domains. Therefore, the radar plot demonstrates 
that the method of active-ingredient delivery significantly 
influences the overall biological response in grower-stage 
quail.

The prominence of the LP4 treatment in the radar plot 
indicates that using LP waste in this manner yields the 
most balanced biological response among the treatments. 
A larger polygon area indicates a concurrent boost in feed 
utilisation efficiency, growth physiology, and immune 
function, reflecting improved overall biological fitness. 
This benefit likely stems from increased bioavailability 
of bioactive compounds such as flavonoids, vitamin C, 
and phenolics, which can enhance antioxidant capacity, 
strengthen intestinal integrity, and optimise nutrient 
absorption (Aguiar et al., 2020; Bortoluzzi et al., 2021; 
Rusmana et al., 2025).

This environment promotes growth hormone and body 

protein synthesis while reducing inflammatory activation, 
allowing more energy to be allocated to growth. These 
results align with studies suggesting that the bioavailability 
of phytogenic compounds significantly influences growth 
performance, nutritional efficiency, and immune health in 
poultry (Surai, 2020; Gessner et al., 2021; Abd El-Hack et 
al., 2022).

CONCLUSION

The form of LP waste administration significantly affected 
biological responses, with the LP4 treatment consistently 
demonstrating superior performance across all parameters. 
This treatment increased feed consumption with high feed 
utilisation efficiency, optimised growth physiology, and 
strengthened the immune system by reducing inflammatory 
biomarkers and increasing protective immune biomarkers. 
Overall, LP4 produced the most balanced biological profile 
and has the potential to be an effective phytogenic strategy 
for improving the productivity and health of farmed quail.

The results also indicate that extraction techniques can 
enhance the beneficial value of this waste. Further studies 
employing transcriptomic and metabolomic approaches 
are needed to elucidate the molecular pathways through 
which LP extract modulates immune and metabolic 
responses. 
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