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Editorial

Feeding and Processing Affect Meat Quality and Sensory
Evaluation

Sandra S. Q. Rodrigues

CIMO, LA SusTEC, Instituto Politécnico de Bragança, Campus de Santa Apolónia, 5300-253 Bragança, Portugal;
srodrigues@ipb.pt

Paul D. Warriss [1] aptly described the evolution of agricultural systems as progressing
through three distinct phases: first, meeting basic needs; second, improving production
efficiency; and finally, enhancing product quality. Meat production follows this trajectory,
and we are now in the phase where delivering high-quality products is paramount.

Meat quality [2] encompasses a set of desirable attributes that align with consumer
expectations—appropriate conformation, nutritional value, sensory appeal, and safety.
However, perceptions of meat quality vary widely depending on cultural background,
personal experience, and the stakeholder’s role in the production chain—be it producer,
retailer, or consumer. To meet these diverse expectations, meat production must strive for
maximum output at minimal cost (efficiency), while simultaneously ensuring the highest
standards of quality. However, this pursuit must never compromise animal welfare, health,
or environmental sustainability.

Growth performance, carcass yield, and meat quality are influenced by a range
of animal-related factors, breed and genetics [3–5], sex [6,7], age [8,9], and slaughter
weight [10,11]. These elements must be carefully considered in management practices to
optimize outcomes. External factors, including diet or feeding strategies [3,4,12–14], as well
as processing techniques [15]—individually or in combination—can significantly affect
meat quality and consumers’ sensory perception [16].

Feeding practices play a pivotal role in shaping various quality traits, from carcass
composition and commercial value to nutritional content and organoleptic properties.
Across species—from fish and monogastrics (including poultry) to ruminants—diverse
strategies can be employed to produce meat that satisfies consumer expectations in terms of
both nutrition and sensory appeal, while adhering to sustainable and animal-friendly prin-
ciples. Approaches such as grass-fed systems, organic feed, and targeted supplementation
are commonly used to modulate meat quality.

Since ancient times, humans have developed preservation techniques to extend the
shelf life of food. In the absence of such methods, degradation due to microbial activity,
chemical and enzymatic reactions, and physical changes become inevitable. Traditional
preservation methods such as dehydration, smoking, brining, canning, fermentation, and
refrigeration have increasingly been complemented or replaced by innovative techniques,
including chemical and biological preservation and non-thermal technologies. Beyond
extending shelf life, processing can also affect the technological and organoleptic character-
istics of meat, influencing its flavor, texture, and overall consumer acceptance.

Meat quality and sensory appeal are central to consumer satisfaction, nutritional value,
and innovation across the food industry. This Special Issue of Foods, entitled “Feeding and
Processing Affect Meat Quality and Sensory Evaluation”, presents a diverse and insightful
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collection of studies that explore how feeding strategies and processing technologies
influence the final attributes of meat products.

The published papers span a wide range of approaches—from dietary interventions us-
ing saline-grown oats and fruit powders to alternative protein sources like fly maggots and
algae extracts. These studies underscore the intricate interplay between animal nutrition,
biochemical composition, and post-harvest processing in determining meat texture, flavor,
shelf life, and consumer acceptance. The findings presented offer practical insights for pro-
ducers, researchers, and policymakers aiming to elevate meat quality through sustainable
and science-driven methods. A summary of the published papers is presented below.

1. Natural Antioxidants as Nitrite Alternatives in Processed Meats
A major research front in this field is the search for natural alternatives to synthetic

additives in processed meats. Two studies featured in this Special Issue advance the
clean-label agenda by exploring plant-based antioxidants to replace synthetic nitrites in
meat products.

Ferreira et al. investigated Bougainvillea spectabilis bracts, processed via three drying
methods, as natural additives in cooked pork ham. Bougainvillea powder enhanced the
antioxidant stability of the ham across all drying methods, as reflected by higher total
polyphenol levels and improved results in DPPH, ABTS, and FRAP assays. At 0.1%
inclusion, the powder significantly reduced lipid oxidation over eight weeks of storage,
with no compromise in flavor, texture, or appearance. These findings position Bougainvillea
spectabilis as a viable, consumer-friendly alternative to nitrites.

Manea et al. evaluated the use of blackcurrant, lingonberry, and sour cherry powders
as natural antioxidants in nitrite-free salami formulations. Among them, blackcurrant
powder showed the strongest oxidative protection, positioning it as a promising clean-label
alternative to synthetic nitrites. The antioxidant efficacy varied by fruit type and was closely
linked to phenolic content, with higher concentrations yielding better results. Additionally,
smoked and cooked salami exhibited greater oxidative stability than scalded variants,
underscoring the need to align antioxidant strategies with both ingredient functionality
and processing conditions.

Together, these studies exemplify how targeted processing and phytochemical strate-
gies can meet consumer demand for safer, additive-free meat products without sacrificing
technological or sensory performance.

2. Sustainable Feeding and Meat Quality Enhancement
Sustainable feeding systems are increasingly recognized as key to reconciling animal

performance with environmental stewardship. Two studies explore how alternative feed
sources can improve meat quality while promoting environmental sustainability.

Xin et al. demonstrated that saline-grown oats enhance the nutritional profile of
forage and improve meat quality in Qinghai Tibetan sheep. Using metabolomics, this study
links elevated levels of protein, amino acids, and sugars in saline oats to improved meat
texture and sensory quality, maintaining water-holding capacity. These findings suggest
that saline-adapted crops can modulate muscle metabolism and offer a viable strategy for
livestock production on marginal lands.

Leite et al. evaluated the inclusion of olive cake by-products in Bísaro pig diets.
Incorporating centrifuged and pressed olive cake into dry-cured meat products did not alter
their overall physicochemical properties, but notable differences emerged between product
types in fat, protein, moisture, water activity, and haem pigments. Interactions between
diet and product also affected parameters like aw, ash, and NaCl, indicating that products
from the same muscle (LTL) can develop distinct profiles. Olive cake inclusion—especially
at 25%—significantly increased n-3 fatty acid content and lowered the PUFA n-6/n-3 ratio,
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enhancing nutritional value without affecting other fatty acid fractions or quality indices.
These distinctions may boost consumer appeal and support circular feed strategies.

3. Functional Feeds and Packaging Technologies
Two complementary studies highlight how feed innovation and smart packaging can

synergistically improve meat quality and safety.
Fehri et al. assessed diets enriched with extruded linseed and Padina pavonica algae in

meat rabbits. The functional feed improved the fatty acid profile of rabbit meat by reducing
saturated fatty acids and the n-6/n-3 ratio, while increasing n-3 PUFA levels across two
production cycles. Nutritional gains included higher levels of vitamin E, coenzyme Q10,
and essential minerals, contributing to health-oriented meat products aligned with the One
Health framework.

Castrica et al. investigated modified atmosphere packaging (MAP) with an active
absorbent pad (aPAD) for omega-3-enriched rabbit meat. The aPAD reduced microbial
growth and oxidative degradation over 21 days. Oxidative stability improved, especially in
algae-fed groups, suggesting a synergistic effect of polyphenols and bioactive compounds
in Padina pavonica, combined with the physical and chemical properties of aPAD. Sensory
quality and consumer acceptability decreased over time, demonstrating the value of in-
tegrating functional feeds with smart packaging to extend shelf life, ensuring safety, and
consumer acceptability.

4. Aquatic Protein Innovation
Liang et al. present a novel approach to crustacean nutrition by partially replacing

conventional feed with housefly maggot larvae (HML) in adult Chinese mitten crabs. Over
a 40-day trial, HML supplementation improved edible yield, antioxidant capacity, and
sensory quality—particularly in female crabs. Nutritional enhancements included elevated
essential amino acids, astaxanthin, and inosine monophosphate (IMP), contributing to
better texture and flavor. These findings support insect-based feed strategies as sustainable,
high-performance alternatives in aquaculture.

5. Phytogenic Additives in Poultry
Shu et al. investigated the effects of dietary curcumin (CUR) supplementation on

chicken meat quality. At 150 mg/kg, CUR improved amino acid deposition, increased
5′-nucleotide levels, and enhanced the PUFA/SFA ratio by reducing saturated fats. Volatile
compound analysis revealed elevated aldehyde concentrations, contributing to improved
flavor. This study confirms curcumin’s potential as a natural additive to enhance both
nutritional and sensory attributes in poultry meat.

Closing Remarks

As Guest Editor, I extend my sincere gratitude to all authors and reviewers and to
the editorial team for their contributions to this Special Issue. The research presented
here reflects a shared commitment to advancing meat science through sustainable feeding
strategies and innovative processing techniques. It is my hope that this Issue will serve as
both a reference and a catalyst for future innovations in food quality and sensory evaluation.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflicts of interest.
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Preliminary Study on the Mechanism of the Influence of Saline
Oat Pasture on Muscle Metabolism and Meat Quality of
Tibetan Sheep
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Baochun Yang and Chao Yang

College of Agriculture and Animal Husbandry, Qinghai University, Xining 810016, China;
hlj880105@163.com (X.X.); 1987990009@qhu.edu.cn (S.H.); 2017990039@qhu.edu.cn (L.G.);
2017990038@qhu.edu.cn (Z.Y.); 2016980007@qhu.edu.cn (S.S.); 1992990011@qhu.edu.cn (Z.W.);
1989990021@qhu.edu.cn (B.Y.); yangchao@qhu.edu.cn (C.Y.)
* Correspondence: 2016990034@qhu.edu.cn; Tel.: +86-155-9746-0033

Abstract: This study aimed to examine the effects of oats cultivated in saline and non-saline
environments on the meat quality and muscle metabolism of Qinghai Tibetan sheep. First,
targeted and untargeted metabolomics were used to examine oat quality and metabolites.
Second, sheep muscle quality and metabolites were analyzed. Finally, a combined exami-
nation of the quality of the oats and their metabolites, as well as that of the muscles, was
compared with saline oats. This study hypothesizes that, compared with non-saline envi-
ronments, soil salinization can improve the nutritional quality of oats, thereby enhancing
the meat quality and muscle metabolism of Qinghai Tibetan sheep. Saline-grown oats were
shown to have higher levels of crude protein, crude fat, free amino acids, and simple sugar.
The meat quality of the sheep fed on saline oats was higher due to free amino acid and
carbohydrate metabolism, resulting in improved texture, color, water-holding capacity,
and cooked meat percentage, with lower steaming loss. The findings of this study confirm
the hypothesis that salinization improves Tibetan sheep meat quality by optimizing oat
composition, providing a reference for agricultural and animal husbandry production in
saline areas.

Keywords: saline land; growing oats; Tibetan sheep; meat quality; metabolomics

1. Introduction

The formation of muscle quality is regulated by feed nutrition. As the core feed
for ruminants, forage has metabolomic characteristics (such as amino acids, fatty acids,
and secondary metabolites) that enter the animal body through digestion and absorption,
directly participating in material synthesis and energy metabolism in muscle cells and
ultimately affecting the flavor, tenderness, and nutritional composition of meat [1].

Saline soils represent a specialized habitat in terms of biological resources and biodiver-
sity [2]. Saline–alkaline soils are typically rich in soluble salts, such as Na+, Cl−, SO4

2−, and
exchangeable Na+, with a total salt content significantly higher than that of non-saline–alkaline
soils. High concentrations of Na+ can cause an increase in pH, triggering an imbalance of
mineral elements. This further leads to elevated contents of mineral elements such as Na, Cl,
Ca, and Mg in saline–alkaline soils while reducing the availability of trace elements such as Fe,
Mn, and Zn [3]. Changes in the availability of mineral elements in the soil can affect the optimal

Foods 2025, 14, 3044 https://doi.org/10.3390/foods141730445
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growth and functional status of plants. The saline–alkaline land in Qinghai Province constitutes
3.2% of the national saline–alkaline land area. The grass in these regions is suitable for the soil
conditions, exhibiting enhanced tolerance to cold, drought, and salinity, and serves as feed for
animals such as horses, cattle, and sheep [4]. As the primary forage in the saline–alkaline land of
Qinghai Province, oats (Avena sativa L.) possess a high relative forage value (RFV). Oats grown
in saline–alkaline land are rich in essential nutrients, including fats, proteins, and vitamins.
They are renowned for their tolerance to cold, drought, and saline–alkaline conditions and are
widely regarded as a viable option for the improvement of saline–alkaline land [5]. Liu et al. [6]
studied different oat varieties grown in saline and alkaline soils of the Songnen Plain, observing
that these oats had high stem-to-leaf ratios, high RFV values, and good relative feeding val-
ues. For this reason, they can serve as pioneer plants for the improvement of saline–alkaline
soils. Bai et al. [7] investigated the effects of alkaline stress on oats. They found that under
alkaline stimulation, the activities of superoxide dismutase (SOD) and peroxidase (POD) in
oats increased, along with an increase in the content of soluble sugars. These responses can
enhance the alkaline tolerance of oats. Moreover, Yang et al. [8] found that drought stress (DS)
can induce peroxidation and osmotic stress in plants, which in turn respond to drought stress by
synthesizing osmoprotectants to regulate osmotic pressure. There is insufficient understanding
of the disparities in the quality of oats grown on saline compared with non-saline soils in
Qinghai.

Tibetan sheep (Ovis aries), one of China’s three major basic sheep breeds, is an endemic
species to the Qinghai–Tibet Plateau [9]. These sheep are indigenous to Qinghai Province,
where they are reared by farmers and herders. They constitute a fundamental basis of the
animal husbandry industry in the province [10]. Liang et al. [11] showed that feeding saline
forage to sheep can improve the growth performance and feed-to-weight ratio, serum
protein metabolism, immunity, antioxidant capacity, and mineral- and flavor-associated
compounds in the meat. Qiu et al. [12] investigated the effect of saline alfalfa (Medicago
sativa L.) on the meat quality, organ development, and serum biochemical indices of meat
goats, finding that saline alfalfa was more palatable than conventional alfalfa, with better
color, freshness, and tenderness of the meat, and reduced values of cooking and dripping
loss. A study by Moreno et al. [13] showed that the meat of lambs fed on saline oats had
higher contents of ash, total saturated fatty acids, and polyunsaturated fatty acids, together
with lower n-6:n-3 ratios. Pearce et al. [14] discovered that the carcasses of goats fed with
halophytes, such as saltbush (Atriplex spp.), can yield a higher proportion of lean meat and
a lower amount of fat. Furthermore, this method of feeding can increase vitamin E levels,
which helps to maintain the meat’s color. Therefore, it was thought that the high metabolite
content of oat grasses growing in salt water could improve the quality of Tibetan lamb by
encouraging the sheep to store more nutrients and metabolites in their muscles.

There is currently no research on the impact of oat grasses cultivated in saline–alkaline
parts of Qinghai on the quality of Tibetan sheep meat. Furthermore, there is no association
between saline oats and meat quality. To clarify the mechanism by which oat cultivation in
saline soil affects the quality of Tibetan sheep meat, and to identify the key components in oats
that influence this change, we conducted the following experiments. Samples were obtained
from both saline and non-saline areas in Qinghai Province to investigate nutrient levels and
metabolites in oat plants. After a 120-day feeding period, the longissimus dorsi muscles of
Tibetan sheep were collected to analyze their eating quality, nutritional quality, and targeted
and untargeted metabolites. The relationships between the differential metabolites of the saline
oats and the quality of Tibetan sheep, as well as among the differential metabolites, were
also examined. The principal metabolites and metabolic pathways by which saline oats affect
the quality of Tibetan sheep were identified. The findings serve as a standard for advancing
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the animal husbandry ecosystem in the Qinghai region, offering extensive data and technical
assistance for integrating specific nutrients into standardized feeding protocols.

2. Materials and Methods

The Committee of Experimental Animal Care approved all experimental procedures
involving animals, while the Qinghai University of Animal Care approved the handling
techniques (QUA-2022-0515).

2.1. Samples Collection
2.1.1. Oat Sample Collection

Following the standards set by the National Forage Testing Association (NFTA), oats
were collected from the saline–alkaline land of Gonghe County, Hainan Prefecture, Qinghai
Province, China (GX; latitude: 36◦28′2′′ N; longitude: 99◦16′26′′ E; and altitude: 3168.1 m),
and non-saline land of Haiyan County, Haibei Prefecture, Qinghai Province, China (YX;
latitude: 36◦59′36′′ N; longitude: 100◦55′5′′ E; and altitude: 3111 m), and were harvested
and preserved at −80 ◦C for subsequent analysis of oat quality across the distinct regions.
The soil sampling areas were consistent with the oat-growing areas, and soil samples were
collected in the oat-growing fields of the two locations.

2.1.2. Experimental Design of Oat Feeding in Different Areas of Cultivation

Sixty healthy male sheep, 2 months old and with similar body conditions, were selected
and randomly allocated to the Gonghe-housed group (YB, n = 30) and the Hai-yan-housed
group (B0, n = 30). Group YB sheep were raised at Xiangka Meiduo farm in Gonghe County,
Hainan Prefecture, Qinghai Province, China, and were fed local saline-cultivated oats. Group
B0 sheep were raised at Jinzang Farm in Haiyan County, Haibei Prefecture, Qinghai Province,
China, and were fed local non-saline-cultivated oats. Referring to the literature with minor
modifications [15,16], both groups were provided with identical feed concentrates and intake,
as detailed in Table 1. The two groups of animals (30 in each group) were housed in enclosures
with wind-sheltered exercise areas that were also sunny, dry, and well ventilated. The animals
were fed twice daily at 08:30 am and 4:30 pm with unrestricted access to feed and water;
any feed remaining from the previous feeding time was collected and weighed before the
next feeding. Furthermore, the housing was swept, gutters were cleaned daily, and the
housing and exercise yards underwent weekly disinfection and sterilization. The fences were
maintained in a clean and hygienic condition. All Tibetan sheep underwent immunization,
and the transmission of internal and external parasites was systematically prevented and
managed. The official 120-day experiment was conducted after a 7-day adaptation period,
and slaughtering was initiated at 6 months of age.

Table 1. Diet composition and nutritional level (dry matter basis, %).

Dietary Composition B0 (%) YB (%)

Corn 27.6 27.6
Soybean meal 3.6 3.6
Canola meal 6.6 6.6

Cottonseed meal 9.6 9.6
Wheat 7.8 7.8

Sodium chloride 0.6 0.6
Limestone 0.6 0.6

Sodium bicarbonate 0.6 0.6
Premix 3 3
Total 60 60

Roughage 40 (Haiyan oats) 40 (Gonghe oats)
Note: YB represents feeding with oats grown in saline–alkali land, and B0 represents feeding with oats grown in
non-saline–alkali land. The same below.
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2.1.3. Tibetan Sheep Meat Sample Collection

At the end of the feeding trial, six experimental animals were randomly selected
from each group and transported to a nearby commercial abattoir. The animals were
fasted for 12 h (no food or liquid) and were humanely slaughtered according to ani-
mal welfare procedures; i.e., the lambs were stunned and bled. After slaughtering, the
Longissimus dorsi lumborum was also removed from one side of each carcass. Slaugh-
tering and sampling were performed together by professionals following uniform stan-
dards. All samples were placed in dry ice and transferred to the laboratory for storage
at −80 ◦C for subsequent analysis. Six replicates per group were used for all meat and
metabolomics analyses.

2.2. Determination of Soil Mineral Elements

Following the method described by Song et al. [17], the concentrations of mineral ele-
ments in soil samples were determined using inductively coupled plasma optical emission
spectrometry (ICP-OES, Optima 8300, Perkin Elmer, Waltham, MA, USA).

2.3. Oat Quality Analysis
2.3.1. Nutritional Values Analysis of Oats

The oats were dried in a blast-drying oven, pulverized, and passed through a 40-mesh
sieve to determine their value. Then, according to the method described by Han et al. [18],
the moisture content was determined using the oven method (DHG-9070A, Shanghai
Bluepard Instruments Co., Shanghai, China), the crude protein content was determined us-
ing the Kjeldahl method (K9840, Hanon Advanced Technology Group Co., Jinan, Shandong,
China), and the crude fat content was determined using the Soxhlet extraction method
(SOx406, Shandong Haineng Scientific Instrument Co., Jinan, Shandong, China). Near-
infrared (NIR) spectroscopy (INFRAMATIC 8620) was used to determine acid detergent
fiber (ADF) and neutral detergent fiber (NDF) [19]. The acid–base fractionated hydrolysis
method was used to determine the crude fiber [20].

2.3.2. Determination of Oats Quality Indices

The relative feeding value (RFV) was calculated as described by Gao [21] using the
following formula:

RFV = DMI (%DW) × DDM (%DW)/1.29 (1)

where DMI represents the dry matter intake, and DDM indicates the digestible dry matter;

DMI = 120/NDF (2)

where NDF indicates the neutral detergent fiber;

DDM = 88.9 − 0.779 × ADF (3)

where ADF represents the acidic detergent fiber.

2.3.3. Free Amino Acid-Targeted Metabolomics Determination of Oats

The samples were extracted from storage at −80 ◦C and accurately weighed to 60 mg
utilizing an electronic balance (AL104, Mettler Toledo, Greifensee, Zurich, Switzerland).
Then, 50 μL of water homogenate was incorporated into each sample, followed by vortex-
ing for 60 s with a vortex mixer (QT-1, Shanghai Kit Analytical Instrument Co., Shanghai,
China). A solution of methanol (≥99.0%, Fisher Chemical, Pittsburgh, PA, USA) and
acetonitrile (≥99.0%, Fisher Chemical, Pittsburgh, PA, USA) (1:1, v/v) was then introduced
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in a volume of 400 μL, along with 50 μL of a 50 μM internal standard mixture containing
16 isotopes. The samples were incubated at −20 ◦C for one hour to precipitate proteins
after the mixture was vortexed for 60 s and then subjected to low-temperature sonica-
tion using an ultrasonic instrument (JP-100, Shenzhen Jiemeng Cleaning Equipment Co.,
Shenzhen, Guangdong, China) for two 30 min intervals. Centrifugation was performed at
14,000 rcf and 4 ◦C for 20 min using a centrifuge (5430R, Eppendorf, Hamburg, Germany).
The resulting supernatant was freeze-dried using a vacuum freeze dryer (FD-IC-50, Shang-
hai Bilang Instrument Co., Shanghai, China) and stored at −80 ◦C.

Chromatographic separation was conducted using a UHPLC system (1290 Infinity,
Agilent, Santa Clara, CA, USA). Standards (≥99.0%, Sigma-Aldrich, St. Louis, MO, USA)
were maintained in an autosampler at 4 ◦C, with the column temperature set to 35 ◦C. Mass
spectrometry analyses were conducted using a mass spectrometer (6500/5500 QTRAP,
SCIEX, Framingham, MA, USA) operating in positive ion mode. Quality control (QC)
samples were produced by combining aliquots from all samples to evaluate data stability
and reproducibility. The relative standard deviation (RSD) for the analyte in the QC samples
was under 10%, signifying that the results were stable and reliable.

The distribution diagram of the RSD of free amino acids in the QC samples is pre-
sented in the Supplementary Materials, Figure S1A. Table S1 and Formula (S1) of the
Supplementary Materials present the relevant standard curves and formulas.

2.3.4. Fatty Acid-Targeted Metabolomics Determination of Oats

The quantitative method was strictly validated following the relevant standards
of the International Organization for Standardization (ISO), including validation items
such as relative standard deviation (RSD), limit of detection, limit of quantification, and
linear range. Detailed data on the method performance characteristics are provided in the
Supplementary Materials.

Following the gradual thawing of the sample at 4 ◦C, 60 mg of the sample was accu-
rately weighed using an electronic analytical balance (AL104, Mettler Toledo, Greifensee,
Zurich, Switzerland) and combined with 5 mL of dichloromethane (≥99.0%, Sigma,
St. Louis, MO, USA)–methanol (≥99.0%, Fisher Chemical, Pittsburgh, PA, USA) solution
(2:1 v/v). The mixture was thoroughly vortexed, and 2 mL of ultrapure water was added
to wash it. The lower phase of the solution was then isolated and evaporated to dryness
using a nitrogen stream. Following this, 2 mL of n-hexane was introduced, along with the
internal standard, and the mixture underwent methyl esterification for 30 min. Following
methylation, 2 mL of ultrapure water was introduced, and 2000 μL of the supernatant was
aspirated and evaporated under nitrogen.

The residue was re-dissolved in n-hexane, and the supernatant was transferred into
an injection vial for gas chromatography–mass spectrometry (GC-MS) analysis (Agilent,
Santa Clara, CA, USA). The samples were separated on a capillary column (19091S-433UI:
HP-5ms, 30 m × 250 μm × 0.25 μm, Agilent, America) using a gas chromatography system,
with helium as the carrier gas at a flow rate of 1.0 mL/min. Mass spectrometric analysis was
conducted using a triple quadrupole mass spectrometer (5977B MSD, Agilent, Santa Clara,
CA, USA), and the detection mode was selected ion monitoring (SIM). The QC samples
were produced by combining aliquots from all samples to evaluate data stability and
reproducibility. The relative standard deviation (RSD) of the analyte in the QC samples was
below 10%, signifying reliable and stable results. The internal standard method was used
for quantitative analysis, with methyl nonadecanoate (≥99%, NU-CHEK Prep, Inc., Elysian,
MN, USA) as the reference material. The calibration process adopted matrix-matched
calibration; that is, a series of concentration standard solutions was prepared using blank
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sample matrices. The linear correlation coefficients (R2) of the plotted calibration curves
were all greater than 0.99, meeting the requirements of quantitative analysis.

The distribution diagram of the RSD of fatty acids in the QC samples is presented in
the Supplementary Materials, Figure S1B. Table S1 and Formula (S2) of the Supplementary
Materials present the relevant standard curves and formulas.

2.3.5. Monosaccharide-Targeted Metabolomics Determination of Oats

In this experiment, detection was performed using GC-MS (8890-5977B, Agilent, Santa
Clara, CA, USA) with a triple quadrupole mass spectrometer, and the detection mode
was selected ion monitoring (SIM). The quantitative method was validated following the
relevant standards of the International Organization for Standardization (ISO), including
validation items such as relative standard deviation (RSD), limit of detection, limit of
quantification, and linear range. Monosaccharide standards were used as calibration
standards, and a series of concentration standard solutions was prepared using matrix-
matched calibration. The correlation coefficient (R2) of the calibration curve was greater
than 0.99.

The samples underwent vacuum freeze-drying using a vacuum freeze dryer (CentriVap
LABCONCO, Kansas City, MO, USA). They were ground into a powder using a ball mill
(MM400, Retsch, Haan, North Rhine-Westphalia, Germany) operating at 30 Hz for 1.5 min.
In total, 20 mg of the resultant powder was then measured into appropriately labeled cen-
trifuge tubes. A solvent mixture consisting of methanol (chromatographically pure, Merck,
Darmstadt, Hesse, Germany), isopropanol (Merck, Kenilworth, NJ, USA), and water in a
volumetric ratio of 3:3:2 (v/v/v) was prepared, and 500 μL of this extract was added to
each sample. The samples were vortexed for 3 min and sonicated at 4 ◦C for 30 min using
a multi-tube vortex mixer (MIX-200, Shanghai Jingmei, Shanghai, China). Following this,
centrifugation was performed at 4 ◦C and 12,000 rpm for 3 min using a centrifuge (5424R,
Eppendorf, Hamburg, Germany). In total, 50 μL of the supernatant was aspirated, to which
20 μL of an internal standard solution at a concentration of 1000 μg/mL was added. The
mixture was subjected to nitrogen evaporation and lyophilization. Subsequently, 100 μL of
pyridine methoxide ammonium salt (99%, Sigma-Aldrich, St. Louis, MO, USA) (15 mg/mL)
was added, and the samples were incubated at 37 ◦C for 2 h. Following this, 100 μL of BSTFA
(99%, Shanghai Aladdin Biochemical Technology Co., Shanghai, China) was added, and the
incubation continued at 37 ◦C for another 30 min (Thermo Scientific Forma 311, Thermo
Fisher Scientific, Waltham, MA, USA).

Over 80% of the compounds in the QC samples had coefficient of variation (CV) values
below 0.3, signifying the stability of the experimental data. Moreover, the proportion of
compounds exhibiting CV values below 0.2 in the QC samples surpassed 80%, indicating
substantial data stability.

Table S2 and Formula (S3) of the Supplementary Materials present the relevant standard
curves and formulas. The parameters of GC-MS are shown in the Supplementary Materials,
Table S3.

2.3.6. Untargeted Metabolomics Determination of Oats

After the samples were slowly thawed at 4 ◦C, 60 mg of each sample was weighed
using an electronic balance and added to pre-chilled methanol (≥99.0%, Fisher Chemical,
Pittsburgh, PA, USA)–acetonitrile (≥99.0%, Fisher Chemical, Pittsburgh, PA, USA)–water
solution (2:2:1, v/v). The mixture was homogenized using vortexing with a vortex mixer
(QT-1, Shanghai Kit Analytical Instrument Co., Shanghai, China) and then subjected to
low-temperature sonication for 30 min using an ultrasonic cleaner (KQ5200E, Kunshan
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Shumei, Kunshan, Jiangsu, China). Subsequently, the samples were incubated at −20 ◦C
for 10 min. After that, the samples were centrifuged at 14,000 rpm for 20 min at 4 ◦C using
a centrifuge (5430R, Eppendorf, Hamburg, Germany). The supernatant was collected and
dried under a vacuum (FD-IC-50, Shanghai Bilang Instrument Co., Shanghai, China). For
mass spectrometry analysis, the dried residue was reconstituted in 100 μL of an acetonitrile–
water solution (1:1, v/v), vortexed again, and then centrifuged at 14,000× g for 15 min at
4 ◦C. Finally, the supernatant was injected for analysis.

The samples were separated using a UHPLC system (1290 Infinity LC, Agilent,
Santa Clara, CA, USA) with a HILIC column (ACQUITY UPLC BEH Amide 1.7 μm,
2.1 mm× 100 mm column, Waters, Milford, MA, USA). The column temperature was
maintained at 25 ◦C, the flow rate was set at 0.5 mL/min, and the injection volume was
2 μL. The mobile phase consisted of two components: mobile phase A consisted of a mixture
of water, 25 mM ammonium acetate (≥99.0%, Sigma-Aldrich, St. Louis, MO, USA), and
25 mM Ammonia solution, while mobile phase B consisted of acetonitrile (≥99.0%, Fisher
Chemical, Pittsburgh, PA, USA). The gradient elution schedule was 0.5–7 min, and the
fraction of mobile phase B linearly reduced from 95% to 65%. From 7 to 8 min, it declined
linearly from 65% to 40%. From 8 to 9 min, the proportion of mobile phase B remained
constant at 40%. From 9 to 9.1 min, the proportion of mobile phase B produced linearly
from 40% to 95%. From 9.1 to 12 min, the proportion of mobile phase B was sustained
at 95%. The samples were maintained in an autosampler at 4 ◦C during the complete
analysis process.

Mass spectrometry analysis was conducted using Q Exactive-series mass spectrom-
eters (Thermo Fisher Scientific, Waltham, MA, USA), with detection performed in both
the positive and negative electrospray ionization (ESI) modes. The parameters for the
ESI source and mass spectrometry settings were as follows: nebulizing gas and auxiliary
heating gas 1 (Gas1): 60; auxiliary heating gas 2 (Gas2): 60; curtain gas (CUR): 30 psi; ion
source temperature: 600 ◦C; and spray voltage (ISVF): ±5500 V (for both positive and
negative modes). The mass spectrometry acquisition mode was full scan. The primary
mass-to-charge ratio detection range was 80–1200 Da with a resolution of 60,000 and a
scan accumulation time of 100 ms. The secondary level adopted a segmented acquisition
method, with a scanning range of 70–1200 Da; a secondary resolution of 30,000; and a scan
accumulation time of 50 ms.

Raw data were converted to the mzXML format using ProteoWizard, followed by
peak alignment, retention time correction, and peak area extraction via the XCMS software
(version 3.14.0, Scripps Research, La Jolla, CA, USA). The extracted data underwent initial
metabolite annotation through the combined use of these two tools, with subsequent
structural confirmation referencing the Human Metabolome Database (HMDB) and Kyoto
Encyclopedia of Genes and Genomes (KEGG). Fragmentation spectra obtained using
liquid chromatography–high resolution tandem mass spectrometry (LC-HRMS/MS) were
utilized, where MS/MS data assisted in accurate metabolite annotation to ensure the
reliability of identification results. The identified metabolites were further subjected to
data preprocessing, and their functions and involved metabolic pathways were determined
using HMDB and KEGG.

2.4. Determination of Meat Quality
2.4.1. Determination of Carcass Traits

Carcass segmentation involved measuring the thickness of rib meat, abdominal wall,
backfat, and the eye muscle area, as outlined by Ma et al. [22].
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The area of the eye muscle was determined at the cross-section between the 12th and
13th ribs of the Tibetan sheep during carcass segmentation. This cross-section was outlined
using sulfuric acid paper, and then, the area was calculated with a 1 cm × 1 cm grid. The
rib thickness was measured as the tissue thickness 110 mm from the 12th and 13th ribs to
the midline of the spine in the Tibetan sheep. The thickness of the abdominal wall was
assessed at a point 127 mm from the 12th and 13th ribs. Furthermore, the backfat thickness
was measured as the fat layer directly above the center of the eye muscle between the 12th
and 13th ribs of the Tibetan sheep.

2.4.2. Determination of Meat-Eating Quality

Qualities associated with eating, including pH, color, thawing loss, cooking loss,
cooked meat percentage, and texture, were determined using the method of Zhang et al. [23]
with slight modifications.

Briefly, the pH45min and pH24h were determined by inserting a portable pH meter (PHS-
3C, Shanghai Leici Instrument Factory, Shanghai, China) into the meat samples at a depth
of 2–3 cm. We calibrated the pH meter using pH 4.0 and 6.86. An automatic colorimeter
(ADCI-60-C, Beijing Chentaike Instrument Technology Co., Beijing, China) was used to
measure the values of L* (lightness), a* (redness), and b* (yellowness) on the meat surface.
The colorimeter was equipped with a standard xenon lamp within the close aperture of 8
mm set to Illuminant D65 with an observer angle of 2◦. In addition, the meat samples were
heated in a water bath at a constant temperature of 80 ◦C until the internal temperature
reached 70 ◦C. Next, using an iron ruler and a scalpel, the samples were cut into 3 cm × 1
cm × 1 cm meat columns in the direction of the muscle fibers. A muscle tenderness meter
(RH-N50, Guangzhou Runhu Instrument Co., Guangzhou, Guangdong, China) was then
used in the direction of the vertical muscle fiber to evaluate the shear force.

The water-holding capacity was calculated as the ratio of the amount of water lost by
the meat samples to the initial weight of the samples, which was determined after the meat
samples (1 cm × 1 cm × 1 cm) were subjected to a pressure of 350 N by a water-holding
capacity tester (RH-1000, Guangzhou Runhu Instrument Co., Guangzhou, Guangdong,
China). The cooked meat percentage was calculated as the ratio of the weight of the
meat samples after being boiled in a water bath at 80 ◦C for 40 min to the initial weight
of the samples (average weight of 60 g). For cooking loss analysis, the meat samples
(2 cm × 3 cm × 2 cm) were cooked in a water bath at 80 ◦C for 30 min, and cooking loss was
calculated as a percentage of the weight change in the samples from the initial weight of
the samples. In the same way, the thawing loss was calculated as the ratio of the weight of
the meat samples after being unfrozen in a refrigerator at 4 ◦C for 12 h to the initial weight
of the samples (average weight of 30 g). Next, a texture profile analysis (TPA) analyzer
(TA.XTC-18, Shanghai Baosheng Industrial Development Co., Shanghai, China) was used
to measure the hardness, elasticity, adhesion, cohesion, and chewiness of the samples
(1 cm × 1 cm × 1 cm). The probe model utilized was TA3/100, while the fixture model
was TA-RT-KIT.

2.4.3. Determination of Meat Sensory Evaluation

This study references the standards ISO 13299:2016 (en) and ISO 5492 for the sen-
sory evaluation methodology, specifically focusing on establishing a sensory profile for
two groups of Tibetan sheep samples.

Approximately 100 g of Tibetan sheep meat samples from each group were weighed,
and the two groups were individually labeled. These samples were then cooked in a ther-
mostatically regulated water bath (HH-6, Changzhou Langyue Instrument Manufacturing
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Co., Nanjing, Jiangsu, China) at a constant temperature of 100 ◦C. Once the sheep’s internal
temperature fell between 60 and 70 ◦C, the samples were taken from the water bath. The
cooked sheep was cut further into equally sized and shaped cubes, each weighing roughly
3 g, guaranteeing the objectivity of the evaluation by the panelists. A sensory evaluation
panel of 15 members assessed the color, aroma, juiciness, taste, texture, and general accept-
ability of the Tibetan sheep samples in each group. The more detailed sensory evaluation is
shown in the Supplementary Materials, Table S4.

2.4.4. Determination of Meat Nutritional Quality

The method of the AOAC (2005) was used to determine the moisture, crude fat, and
crude protein contents of the meat samples [24]. In brief, the moisture content of the
muscle was determined using direct drying in an oven (DHG-9070A, Shanghai Bluepard
Instruments Co., Shanghai, China) at 105 ◦C until a constant weight was obtained. The
crude fat content was assessed using the Soxhlet extraction method (SOx406, Shandong
Haineng Scientific Instrument Co., Jinan, Shandong, China). Moreover, the content of
crude protein was measured using the Kjeldahl nitrogen method (K9840, Hanon Advanced
Technology Group Co., Jinan, Shandong, China).

2.4.5. Free Amino Acid and Fatty Acid Contents in Tibetan Sheep Meat

The free amino acid and fatty acid contents in the Tibetan sheep meat were determined
using the methods described in Sections 2.3.3 and 2.3.4, respectively.

2.4.6. Untargeted Metabolomics Determination of Tibetan Sheep Meat

The untargeted metabolomics analysis of Tibetan sheep meat was performed using
the methods described in Section 2.3.6.

2.5. Data Processing and Analysis

The data were expressed as mean ± standard deviation (SD) and analyzed using
independent samples t-tests in SPSS version 26.0 (IBM Corp., Armonk, NY, USA), with
p < 0.05 considered statistically significant. Following sum-normalization, the data were
processed and then subjected to multivariate data analysis using the R package (ropls)
(version 1.26.0, maintained by Etienne Thevenot, Lyon, Auvergne-Rhône-Alpes, France),
which included partial least squares discriminant analysis (PLS-DA), orthogonal partial
least squares discriminant analysis (OPLS-DA), and Pareto-scaled principal component
analysis (PCA). To determine each variable’s contribution to the classification, the variable
importance in the projection (VIP) value was computed for each variable in the OPLS-DA
model. The associations between meat quality and meat and oat metabolites were assessed
using Pearson’s correlation coefficients, with p < 0.05 considered statistically significant.

3. Results

3.1. Analysis of Soil Mineral Elements

As shown in Table 2, both types of soils had relatively high contents of elements such
as Al, Ca, Fe, K, Mg, and Na, while the contents of trace elements, including Cu, V, Co,
Rb, Se, and Ni, were all less than 100 mg·kg−1. Specifically, the contents of Al, Ca, K,
Mg, Na, and S in saline–alkaline soils were significantly higher than those in non-saline–
alkaline soils, whereas the contents of Fe, P, and Mn were significantly lower (p < 0.001). In
addition, all trace elements in non-saline–alkaline soils were significantly higher than those
in saline–alkaline soils.
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Table 2. Differences in mineral element contents between saline–alkali soils and non–saline–alkali
soils (mg·kg−1).

Mineral Elements
Groups

p
Saline-Alkali Soils Non-Saline-Alkali Soils

Al 68,035.35 ± 4736.96 34,008.04 ± 1424.82 <0.001
Ca 57,564.72 ± 209.07 13,656.04 ± 222.85 <0.001
Fe 26,630.92 ± 71.74 32,134.5 ± 44.50 <0.001
K 20,612.75 ± 182.08 16,377.34 ± 81.11 <0.001

Mg 13,457.35 ± 299.94 6690.74 ± 99.85 <0.001
Mn 691.79 ± 7.89 884.94 ± 6.80 <0.001
Na 15,369.20 ± 87.31 11,658.48 ± 5.98 <0.001
P 718.92 ± 1.80 1370.62 ± 26.10 <0.001
S 1071.58 ± 64.08 661.8 ± 28.56 <0.001
V 6.49 ± 0.30 99.45 ± 0.46 <0.001
Cr 65.84 ± 1.68 104.77 ± 0.85 <0.001
Co 0.86 ± 0.01 15.25 ± 0.10 <0.001
Ni 2.25 ± 0.19 38.21 ± 0.20 <0.001
Cu 15.56 ± 0.44 18.22 ± 0.28 <0.001
Zn 73.48 ± 0.13 109.20 ± 0.45 <0.001
Se 0.04 ± 0.01 0.50 ± 0.01 <0.001
Rb 5.49±0.35 18.97±0.82 <0.001

3.2. Regional Variations in Oat Nutritional Quality and Metabolite Composition
3.2.1. Analysis of Oat Nutritional Values

There were significant differences in the nutritional quality of oats grown in different
regions. Table 3 demonstrates that the crude protein levels in the GX group (9.03%) were
significantly elevated compared with the YX group (7.16%) (p < 0.01). The crude fat content
in the YX group was 7.45 g/kg, which is significantly lower than that of the GX group
(14.92 g/kg). The neutral detergent fiber content showed a significant difference between
the two groups (p < 0.01), which was significantly lower in the GX group than in the
YX group.

Table 3. Differences in oat quality between regions.

Items
Groups

p
GX YX

Analysis of oat nutritional values
Moisture (%) 73.94 ± 0.01 72.97 ± 0.01 0.520

Crude protein (%) 9.03 ± 0.02 7.16 ± 0.04 <0.001
Crude fat (g/kg) 14.92 ± 0.87 7.45 ± 0.88 0.005
Crude fiber (%) 6.37 ± 0.06 6.57 ± 0.15 0.139

NDF (%) 53.37 ± 0.38 57.30 ± 0.30 <0.001
ADF (%) 31.37 ± 0.24 32.33 ± 0.05 0.073
DMI (%) 2.25 ± 0.01 2.09 ± 0.01 0.010
DDM (%) 63.84 ± 0.19 63.07 ± 0.40 0.147
RFV (%) 111.28 ± 0.51 102.38 ± 0.49 0.001

Amino acid composition (mg/100 g)
Serine 1130.88 ± 16.86 512.06 ± 1.32 <0.001
Valine 961.42 ± 10.77 549.16 ± 21.54 <0.001

Glycine 1178.60 ± 8.73 398.49 ± 29.40 0.002
Lysine 46.34 ± 0.53 34.43 ± 0.96 0.002

Arginine 1458.35 ± 95.18 613.77 ± 16.49 0.003
Alanine 208.71 ± 0.95 159.47 ± 3.46 0.004
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Table 3. Cont.

Items
Groups

p
GX YX

Amino acid composition (mg/100 g)
Phenylalanine 1474.83 ± 87.32 749.18 ± 31.37 0.004

Tyrosine 368.95 ± 16.62 195.97 ± 3.90 0.004
Asparagine 20.99 ± 2.66 7.09 ± 0.85 0.006
Glutamate 238.90 ± 13.04 85.02 ± 20.90 0.009
Methionine 107.60 ± 7.53 53.66 ± 2.05 0.010
Spermidine 6.00 ± 0.73 2.82 ± 1.28 0.020

Choline 310.25 ± 25.01 231.43 ± 8.31 0.024
Citrulline 1.50 ± 0.32 0.51 ± 0.24 0.030
Threonine 1549.18 ± 50.01 1149.47 ± 79.41 0.031
Glutamine 0.27 ± 0.02 0.22 ± 0.01 0.040

Hydroxyproline 0.15 ± 0.01 0.13 ± 0.00 0.040
Aspartate 105.13 ± 2.35 68.86 ± 12.54 0.043

Aminoadipic Acid 0.30 ± 0.02 0.36 ± 0.01 0.044
Creatinine 0.01 ± 0.00 0.01 ± 0.00 0.070
Histidine 224.10 ± 10.95 198.97 ± 24.16 0.072
Proline 387.29 ± 10.60 353.17 ± 10.22 0.091

Isoleucine 445.08 ± 27.86 402.20 ± 3.80 0.120
Creatine 0.08 ± 0.00 0.29 ± 0.18 0.150
Leucine 412.86 ± 33.75 384.23 ± 3.80 0.220
Taurine 0.06 ± 0.01 0.18 ± 0.09 0.220

Tryptophan 4.44 ± 1.13 2.88 ± 0.56 0.340
Ornithine 0.49 ± 0.08 0.44 ± 0.14 0.410
Putrescine 1.49 ± 0.16 1.85 ± 1.11 0.690

Cystine 4.74 ± 2.89 5.21 ± 2.85 0.910
Cysteine 0.03 ± 0.00 0.03 ± 0.01 0.950

EAA 5118.25 ± 173.30 3470.51 ± 52.00 0.012
NEAA 5530.76 ± 131.29 2691.04 ± 58.33 0.002
TAA 10,649.00 ± 214.13 6161.56 ± 106.44 0.003

Fatty acid composition (mg/100 g)
Decanoic acid (c10:0) 0.01 ± 0.00 0.01 ± 0.00 0.001

Heneicosanoic acid (c21:0) 0.09 ± 0.01 0.17 ± 0.01 0.002
Nervonic acid (c24:1n9) 0.17 ± 0.01 0.25 ± 0.00 0.006

Eicosenoic acid (c20:1n9) 0.56 ± 0.10 1.01 ± 0.04 0.010
Linoleic acid (c18:2n6) 41.49 ± 4.66 23.61 ± 0.33 0.018

Docosapentaenoic acid (c22:5n3) 0.05 ± 0.00 0.06 ± 0.01 0.019
Palmitoleic acid (c16:1n7) 4.72 ± 0.41 2.71 ± 0.35 0.021

Heptadecanoic acid (c17:0) 3.53 ± 0.55 1.89 ± 0.38 0.022
Eicosatrienoic acid (c20:3n3) 0.25 ± 0.00 0.32 ± 0.02 0.027

Arachidic acid (c20:0) 0.33 ± 0.04 0.23 ± 0.01 0.028
α-Linolenic acid (c18:3n3) 1.09 ± 0.17 0.77 ± 0.05 0.035

Palmitic acid (c16:0) 259.90 ± 19.93 156.37 ± 20.82 0.042
Eicosadienoic acid (c20:2n6) 0.16 ± 0.05 40.63 ± 1.27 0.060

Eicosapentaenoic acid (c20:5n3) 0.70 ± 0.07 0.07 ± 0.01 0.134
Lignoceric acid (c24:0) 0.90 ± 0.08 0.69 ± 0.04 0.178

Pentadecenoic acid (c15:1n5) 0.61 ± 0.02 0.79 ± 0.07 0.180
Pentadecanoic acid (c15:0) 0.14 ± 0.02 0.80 ± 0.15 0.195

Heptadecenoic acid (c17:1n7) 0.06 ± 0.02 0.14 ± 0.00 0.232
Myristoleic acid (c14:1n5) 0.09 ± 0.03 0.05 ± 0.01 0.260

Docosadienoic acid (c22:2n6) 0.05 ± 0.01 0.12 ± 0.01 0.318
Tricosanoic acid (c23:0) 0.13 ± 0.02 0.05 ± 0.00 0.380
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Table 3. Cont.

Items
Groups

p
GX YX

Fatty acid composition (mg/100 g)
Myristic acid (c14:0) 0.92 ± 0.22 0.16 ± 0.02 0.440
Lauric acid (c12:0) 0.51 ± 0.14 0.72 ± 0.13 0.451

Octanoic acid (c8:0) 0.01 ± 0.00 0.45 ± 0.05 0.480
Tridecanoic acid (c13:0) 0.01 ± 0.00 0.01 ± 0.00 0.570

Stearic acid (c18:0) 3.75 ± 0.39 0.01 ± 0.01 0.600
Docosahexaenoic acid (c22:6n3) 0.13 ± 0.02 4.11 ± 0.77 0.930

ΣPUFA 302.81 ± 13.24 181.21 ± 17.73 0.020
ΣSFA 55.37 ± 1.22 48.29 ± 1.57 0.040

ΣPUFA: ΣSFA 5.48 ± 0.35 3.77 ± 0.47 0.062
ΣMUFA 7.73 ± 0.05 6.83 ± 0.55 0.100

Σn-3 261.11 ± 17.30 157.49 ± 18.02 0.035
Σn-6 41.71 ± 4.06 23.72 ± 0.29 0.018
EPA 0.70 ± 0.06 0.69 ± 0.03 0.452
DHA 0.13 ± 0.02 0.14 ± 0.02 0.466
TFA 365.91 ± 12.09 236.33 ± 16.91 0.016

Carbohydrate content (mg/100g)
Sucrose 4643.76 ± 78.41 1787.41 ± 158.78 <0.001

Levoglucosan 4.55 ± 0.03 3.45 ± 0.02 0.001
Mannose 4.81 ± 0.09 3.35 ± 0.13 0.002
Xylulose 1.18 ± 0.01 0.93 ± 0.01 0.003
Fructose 2934.81 ± 51.76 2743.11 ± 38.97 0.003

Glucuronic Acid 1.22 ± 0.03 1.45 ± 0.02 0.006
Galactose 43.86 ± 0.74 40.51 ± 0.44 0.012
Arabinitol 3.31 ± 0.37 1.61 ± 0.01 0.014

Maltose 61.09 ± 5.51 32.99 ± 0.83 0.015
Galacturonic Acid 0.85 ± 0.08 1.12 ± 0.09 0.019

D-Arabinose 4.33 ± 0.21 3.56 ± 0.06 0.026
Xylose 4.21 ± 0.16 3.71 ± 0.09 0.029

Trehalose 10.91 ± 0.78 8.47 ± 0.12 0.036
Ribose 8.56 ± 0.40 7.57 ± 0.20 0.036

2-Ace-2-Deo-D-Glucosamine 1.46 ± 0.05 1.63 ± 0.08 0.093
Cellobiose 44.77 ± 6.96 36.76 ± 3.10 0.121
Rhamnose 1.49 ± 0.26 1.22 ± 0.00 0.164

Inositol 32.38 ± 3.19 29.04 ± 3.79 0.183
Ribose-5-pho-Ba 1.34 ± 0.13 1.80 ± 0.34 0.198
Phenylalanine 3.51 ± 0.47 3.14 ± 0.18 0.516
Glutamic Acid 4715.67 ± 130.46 4025.62 ± 189.39 0.704

Xylitol 0.76 ± 0.03 0.75 ± 0.05 0.756
2-Deoxyribose 0.62 ± 0.02 0.61 ± 0.01 0.785

Fucose 2.06 ± 0.13 2.10 ± 0.14 0.820
Sorbitol 2.68 ± 0.53 2.71 ± 0.21 0.956

Note: p < 0.05 and p < 0.01 compared with the YX group. GX represents oats grown on saline–alkaline land, and
YX represents oats grown in non-saline–alkaline land. The same below. NDF represents neutral detergent fiber,
ADF represents acid detergent fiber, DMI represents dry matter intake, DDM represents digestible dry matter, RFV
represents relative feeding value. EAA = sum of valine, lysine, phenylalanine, methionine, leucine, isoleucine,
tryptophan, histidine, and threonine; NEAA = sum of serine, glycine, arginine, alanine, tyrosine, asparagine, glutamic
acid, spermidine, choline, citrulline, glutamine, hydroxyproline, aspartic acid, proline, cysteine, cystine, and taurine;
TAAs = total amino acids. ΣSFA: total saturated fatty acids; ΣMUFA: total monounsaturated fatty acids; ΣPUFA:
total polyunsaturated fatty acids; Σn-3: total omega-3 PUFA; Σn-6: total omega-6 PUFA; EPA: eicosapentaenoic acid
(C20:5n-3); DHA: docosahexaenoic acid (C22:6n-3). Saturated fatty acids include C6:0, C8:0, C10:0, C11:0, C12:0, C13:0,
C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C21:0, C23:0, C24:0. Polyunsaturated fatty acids include C18:2n6, C18:3n3,
C20:2n6, C20:3n3, C20:5n3, C22:2n6, C22:5n3, C22:6n3. Monounsaturated fatty acids include C14:1n5, C15:1n5,
C16:1n7, C17:1n7, C18:1n9, C24:1n9. Total n-3 fatty acids include C18:3n3, C20:3n3, C20:5n3, C22:5n3, C22:6n3. Total
n-6 fatty acids include C18:2n6, C20:2n6, C22:2n6. TFA represents total fatty acids.
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3.2.2. Calculation of Oat Quality Indices

As demonstrated in Table 3, the GX group had higher DMI and RFV values (p < 0.01)
than the YX group, suggesting that the oats in the GX group provided higher feeding values
for ruminants. The digestible dry matter (DDM) and dry matter intake (DMI) values were
used to evaluate the quality of the oats grown in various regions. They were negatively
correlated with ADF and NDF contents.

3.2.3. Targeted Metabolomics Analysis of Oats
Free Amino Acid-Targeted Metabolomics Analysis of Oats

Table 3 shows significant differences in the free amino acid compositions and contents
of oats grown in different regions. Overall, oats grown in saline conditions had significantly
higher levels of essential free amino acids (EAAs), non-essential free amino acids (NEAAs),
and total free amino acids (TAAs) than oats grown in non-saline soils, which implies that
saline environments may promote the accumulation of free amino acids in oats. Glycine,
serine, and threonine were more abundant in the saline oats. Furthermore, the GX group
had higher valine, lysine, arginine, alanine, phenylalanine, and methionine levels than the
YX group, indicating significant regional variations.

Fatty-Acid-Targeted Metabolomics Analysis of Oats

As shown in Table 3, a variety of common fatty acids were detected in the oats, with
palmitic acid showing the highest levels in the saline oats (259.896 ± 19.93). Similarly,
there were significant regional differences in the contents of linoleic acid, palmitoleic acid,
arachidic acid, and α-linolenic acid: all were higher in saline than in non-saline areas. In the
GX group, the contents of PUFA (302.81 ± 13.24) and SFA (55.37 ± 1.22) were significantly
higher than those in the YX group. Similarly, the contents of omega-3 (261.11 ± 17.30) and
omega-6 (41.71 ± 4.06) in the GX group were also significantly higher than those in the YX
group. The two groups had no significant differences in MUFA, EPA, and DHA contents.
However, the TFA content in the GX group (365.91 ± 12.09) was significantly higher than
in the YX group.

Monosaccharide-Targeted Metabolomics Analysis in Oats

As shown in Table 3, 25 differential saccharides were detected in the oats from different
regions, with sucrose representing the most abundant sugar from the saline–alkaline areas.
Moreover, the levels of glucose, mannose, galactose, arabinose, and maltose also differed
significantly between the regions, being higher in oats from saline soils than from non-saline
land (p < 0.05).

3.2.4. Untargeted Metabolomics Analysis of Oats Metabolites
Identification and Analysis of Differential Metabolites in Oats

Figure S2A,B in the Supplementary Materials show that the spectra and the total ion
chromatogram (TIC) of the quality control (QC) samples were compared and overlapped.
The experimental findings demonstrated slight variance due to instrumental error because
the response intensities and retention periods of the chromatographic peaks were identical.

The peaks obtained from the extraction of all experimental and QC samples were
analyzed using PCA and are shown in the Supplementary Materials, Figure S3A,B. This
suggests that the studies were reproducible because the QC samples were closely clustered
in positive and negative ion modes. After the QC samples were eliminated, PLS-DA and
OPLS-DA were run to improve group differentiation. The GX and YX groups demonstrated
intra-group clustering and inter-group separation in both analysis modes, with the OPLS-
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DA results demonstrating more pronounced effects (see Supplementary Materials, Figure
S3C,D). To prevent the supervised model from being overfitted during the modeling
phase, a replacement test was employed to test the model and guarantee its validity.
Figure S3E,F in the Supplementary Materials show the replacement test plots of the OPLS-
DA model, in which the replacement retention gradually decreased, and both R2 and Q2 of
the stochastic model gradually decreased, indicating that the original model did not suffer
from overfitting and that the model showed good stability.

Bioinformatics Analysis of Differential Metabolites in Oats

As shown in Table S5, using the predefined criteria for differential metabolites (DFMs)
(variable importance in projection [VIP] > 1 and p < 0.05), a total of 58 DFMs were detected
in both positive and negative ion modes, with 31 in the positive ion mode and 27 in
the negative ion mode. The KEGG pathway enrichment analysis shown in Figure 1A
illustrates the top 12 pathways, with most related to pyrimidine, free amino acid, purine,
and carbohydrate metabolism. A differential enrichment score was constructed to further
compare the pathways associated with the DFMs leading to changes in feed metabolites
between regions, as shown in Figure 1B.

 

Figure 1. (A) Top 12 enriched KEGG pathways of the comparison between YX and GX groups,
(B) a differential abundance score map of differential metabolic pathways, (C) correlation heatmap
between oat quality parameters and oat metabolomics analysis. The colors red and blue represent
positive and negative correlations, respectively. * p < 0.05 and ** p < 0.01.
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The results in Table 4 show that 14 metabolic pathways were upregulated while
2 were downregulated in the GX group compared with the YX group (DA score > 0.5,
p < 0.05). Butanoate metabolism; starch and sucrose metabolism; galactose metabolism;
alanine, aspartate, and glutamate metabolism; ascorbic acid and aldolate metabolism; the
TCA cycle; phenylalanine metabolism; the cAMP signaling pathway; taste transduction;
GABAergic synaptic pathways; and fructose and mannose metabolism were among the
metabolic pathways that were upregulated. On the other hand, purine and pyrimidine
metabolism was downregulated. Succinate, 4-aminobutyric acid, sucrose, trehalose, raffi-
nose, melibiose, D-allulose, D-galacturonic acid, D-arabinose, and L-arabinose-1,4-lactone
were among the significant metabolites that were upregulated. In comparison, the down-
regulated metabolites included His-Lys, Ile-Pro, and His-Ser, as well as deoxyadenosine,
deoxyguanosine, 2′-deoxycytidine, thymine, and cytosine.

Table 4. DFMs (differential metabolites) from oats in the key differential enriched KEGG pathways
(false discovery rates < 0.05).

Metabolic Pathways (GX vs. YX) Metabolites

Upregulation in the GX group
cAMP signaling pathway Succinate, 4-Aminobutyric acid (GABA)

Taste transduction
Sucrose, Saccharose
4-Aminobutyric acid (GABA)

GABAergic synapse
Succinate, Butanedionic acid
4-Aminobutyric acid (GABA)
Ethylenesuccinic acid

Butanoate metabolism

Succinate, Succinic acid
Butanedionic acid
Ethylenesuccinic acid
4-Aminobutyricacid (GABA)
gamma-Aminobutyric acid

Starch and sucrose metabolism
Trehalose, Sucrose
1-α-D-Glucopyranosyl-2-β-D-
fructofuranoside

Galactose metabolism

Sucrose, Cane sugar
Raffinose, Saccharose, Melibiose
1-α-D-Glucopyranosyl-2-β-D-
fructofuranoside

Alanine, aspartate, and glutamate
metabolism

Succinate, Butanedionic acid
Ethylenesuccinic acid
gamma-Aminobutyric acid

Ascorbate and aldarate metabolism
D-Galactarate, D-Mucic acid
D-arabinose
L-Arabinono-1,4-lactone

Biosynthesis of secondary metabolites Trehalose

Citrate cycle (TCA cycle) Succinate, Butanedionic acid
Ethylenesuccinic acid

Phenylalanine metabolism Succinate, Butanedionic acid
Ethylenesuccinic acid

Pyruvate metabolism Succinate, Butanedionic acid
Ethylenesuccinic acid
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Table 4. Cont.

Metabolic Pathways (GX vs. YX) Metabolites

Amino sugar and nucleotide sugar
metabolism

D-arabinose, L-Arabinose,
L-Arabinopyranose

Fructose and mannose metabolism D-Allose

Downregulation in the GX group

Purine metabolism
Deoxyguanosine, His-Lys
Deoxyadenosine

Pyrimidine metabolism
Ile-Pro, His-ser, 5-Methyluracil
Thymine, Cytosine, Cytidine
2′-deoxycytidine, Deoxythymidine

Overall, carbohydrate and free amino acid metabolism were upregulated, while
pathways associated with nucleotide metabolism were downregulated in the GX group
compared with the YX group. This result indicates marked differences in the metabolic
pathways in saline- and non-saline-grown oats.

3.2.5. Correlation Between Oats Quality Parameters and Metabolomics

The correlation heatmap presented in Figure 1C illustrates the relationship between
oat quality (nutritional quality, free amino acids, fatty acids, and sugars) and untargeted
metabolites. Overall, there was a significant correlation between oat metabolites and oat
quality. Specifically, RFV, crude protein, Ala, Met, Phe, Lys, Thr, Arg, Asn, Cho, Fru,
Gal, Glu, Gly, Lev, c16:0, c16:1n7, c18:2n6, c18:3n3, c20:3n3, D-Ara, Mal, man, suc, tre,
trehalose, xylose, and arabinitol were positively correlated with D-galactarate, D-allose, D-
arabinose, raffinose, palatinose, sucrose, melibose, erythritol and succinate and negatively
correlated with GABA, His-Ser, Ile-Pro, His-Lys, 5′-deoxyadenosine, deoxyguanosine, and
palmitic acid.

3.3. Meat Quality Analysis
3.3.1. Carcass Traits

Table 5 displays the differences in the carcass quality of Tibetan sheep meat between
the YB and B0 groups. The carcass quality of Tibetan lamb meat did not differ significantly
between the two groups, except for a significant difference in the area of the eye muscle,
which was smaller in the animals belonging to the YB group than in the animals belonging
to the B0 group (p < 0.05).

Table 5. The effect of different regional oats on carcass quality of Tibetan sheep meat.

Items
Groups

p
YB B0

Carcass quality
Average daily feed intake (kg) 1.45 ± 0.05 1.41 ± 0.08 0.441

Remaining after the feeding (kg) 0.63 ± 0.06 0.71 ± 0.08 0.494
Refuse percentage (%) 30.13 ± 0.02 33.46 ± 0.04 0.046

Initial weight (kg) 15.73 ± 0.88 16.14 ± 0.65 0.316
Final weight (kg) 34.55 ± 0.79 35.84 ± 1.23 0.154

Rib fat thickness (cm) 1.56 ± 0.70 1.53 ± 0.23 0.800
Abdominal fat thickness (cm) 1.79 ± 0.14 1.89 ± 0.17 0.360

Backfat thickness (cm) 1.57 ± 0.12 1.60 ± 0.15 0.620
Eye muscle area (cm2) 17.20 ± 1.64 26.00 ± 4.90 0.010
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Table 5. Cont.

Items
Groups

p
YB B0

Edible quality
Color 6.89 ± 1.20 6.00 ± 1.59 0.255

Aroma 7.78 ± 0.97 6.11 ± 1.45 0.011
Juiciness 7.89 ± 1.45 6.11 ± 1.30 0.013

Taste 8.22 ± 1.10 6.67 ± 1.41 0.019
Texture 8.44 ± 0.73 6.22 ± 1.56 0.001

General acceptability 8.44 ± 0.88 7.00 ± 1.41 0.019
pH45min 6.16 ± 1.08 6.72 ± 0.28 0.080

pH24h 5.91 ± 0.34 5.82 ± 0.43 0.510
L* 32.79 ± 0.57 36.50 ± 0.97 0.001
a* 21.11 ± 0.95 16.89 ± 1.79 0.002
b* 7.91 ± 0.83 10.57 ± 0.97 0.004

Thawing loss (%) 6.94 ± 2.38 7.80 ± 1.11 0.001
Cooking loss (%) 32.15 ± 4.79 52.25 ± 4.79 0.001

Cooked meat percentage (%) 67.67 ± 1.86 32.94 ± 1.23 0.003
water holding capacity (%) 15.70 ± 1.84 13.78 ± 1.85 0.036

Shear force (N) 130.14 ± 18.66 177.99 ± 16.50 0.020
Hardness (g) 11.00 ± 9.31 38.37 ± 32.58 0.010

Elasticity (mm) 2.62 ± 0.43 3.07 ± 0.54 0.160
Adhesion (g) 5.04 ± 3.90 22.52 ± 20.67 0.024

Chewability (mJ) 17.75 ± 2.93 37.86 ± 6.67 0.015
Cohesion (g) 0.46 ± 0.09 0.51 ± 0.14 0.312
Moisture (%) 74.45 ± 0.01 70.97 ± 0.04 0.348
Protein (%) 22.69 ± 0.36 19.80 ± 0.42 0.023

Fat (%) 0.60 ± 0.07 0.80 ± 0.07 0.001
Amino acid composition (mg/100 g)

Arginine 1365.11 ± 15.35 260.31 ± 11.81 <0.001
Threonine 253.24 ± 0.57 774.26 ± 14.94 <0.001

Proline 236.12 ± 3.56 168.11 ± 1.79 <0.001
Asparagine 2.94 ± 0.05 6.03 ± 0.07 <0.001
Histidine 280.19 ± 8.70 1015.98 ± 23.55 0.001
Cystine 27.91 ± 3.13 314.68 ± 14.38 0.001

Phenylalanine 396.48 ± 37.01 551.87 ± 28.18 0.001
Glycine 1061.81 ± 15.46 739.96 ± 5.44 0.001

Hydroxyproline 3.40 ± 0.18 2.02 ± 0.08 0.002
Alanine 315.43 ± 1.14 297.18 ± 1.31 0.002
Leucine 580.62 ± 17.07 250.85 ± 14.56 0.003
Lysine 610.88 ± 36.57 324.15 ± 21.30 0.004

Isoleucine 383.43 ± 13.07 203.85 ± 13.79 0.007
Citrulline 4.86 ± 0.41 2.60 ± 0.39 0.008
Creatinine 2.41 ± 0.24 0.86 ± 0.10 0.008

Taurine 36.16 ± 3.11 14.13 ± 0.78 0.008
Valine 388.26 ± 16.68 216.45 ± 11.02 0.008

Glutamate 153.96 ± 10.37 62.13 ± 8.04 0.010
Creatine 125.90 ± 10.35 60.28 ± 2.06 0.013

Aminoadipic Acid 0.47 ± 0.06 0.21 ± 0.04 0.015
Cysteine 0.06 ± 0.01 0.23 ± 0.05 0.024

Glutamine 19.03 ± 3.11 8.38 ± 0.33 0.029
Methionine 45.60 ± 7.22 92.40 ± 10.33 0.032
Tryptophan 1.92 ± 0.04 3.25 ± 0.44 0.038
Aspartate 101.43 ± 7.93 80.51 ± 0.00 0.042

Serine 270.82 ± 2.33 285.00 ± 7.57 0.060
Tyrosine 336.99 ± 14.85 293.83 ± 10.74 0.087

Ornithine 0.32 ± 0.02 0.28 ± 0.02 0.157
Choline 332.25 ± 16.98 317.66 ± 20.87 0.342

EAA 2940.62 ± 20.23 3433.06 ± 33.55 0.004
NEAA 4397.37 ± 54.82 2914.39 ± 24.00 0.002
TAA 7337.99 ± 64.91 6347.45 ± 55.70 0.001
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Table 5. Cont.

Items
Groups

p
YB B0

Fatty acid composition (mg/100 g)
Pentadecanoic acid (c15:0) 1.63 ± 0.08 4.84 ± 0.04 <0.001

Pentadecenoic acid (c15:1n5) 0.40 ± 0.14 26.72 ± 0.30 <0.001
Palmitic acid (c16:0) 240.99 ± 25.20 223.98 ± 14.76 <0.001

Eicosapentaenoic acid (c20:5n3) 4.09 ± 0.26 7.17 ± 0.21 <0.001
Behenic acid (c22:0) 0.43 ± 0.03 28.76 ± 0.89 <0.001
Erucic acid (c22:1n9) 0.43 ± 0.10 3.35 ± 0.06 <0.001

Docosapentaenoic acid (c22:5n3) 6.41 ± 0.29 3.15 ± 1.74 <0.001
Tricosanoic acid (c23:0) 0.06 ± 0.00 19.85 ± 0.52 <0.001
Lignoceric acid (c24:0) 0.05 ± 0.00 77.22 ± 2.04 <0.001

Palmitoleic acid (c16:1n7) 20.43 ± 0.31 9.06 ± 0.30 0.001
Heptadecanoic acid (c17:0) 5.87 ± 0.72 19.85 ± 0.31 0.001

Tridecanoic acid (c13:0) 0.05 ± 0.00 0.21 ± 0.01 0.001
Nervonic acid (c24:1n9) 1.34 ± 0.07 4.85 ± 0.28 0.002
Linoleic acid (c18:2n6) 60.44 ± 1.47 80.84 ± 2.50 0.003

Octanoic acid (c8:0) 0.01 ± 0.00 0.17 ± 0.02 0.004
Decanoic acid (c10:0) 0.15 ± 0.02 1.13 ± 0.12 0.004

Linoleic acid (c18:3n6) 0.90 ± 0.05 1.43 ± 0.02 0.004
Eicosenoic acid (c20:1n9) 1.24 ± 0.24 5.59 ± 0.80 0.005

Eicosatrienoic acid (c20:3n6) 2.60 ± 0.16 7.40 ± 0.51 0.005
Arachidonic acid (c20:4n6) 31.03 ± 3.26 0.59 ± 0.10 0.006

Myristic acid (c14:0) 17.29 ± 1.70 34.18 ± 1.60 0.007
Myristoleic acid (c14:1n5) 0.89 ± 0.35 4.54 ± 0.73 0.009
Linolenic acid (c18:3n3) 4.74 ± 0.59 7.61 ± 0.02 0.011

Docosadienoic acid (c22:2n6) 0.33 ± 0.18 1.16 ± 0.03 0.011
Lauric acid (c12:0) 0.87 ± 0.08 1.79 ± 0.18 0.015

Adrenic acid (c22:4n6) 2.44 ± 0.25 1.17 ± 0.06 0.015
Oleic acid (c18:1n9) 475.35 ± 39.93 303.06 ± 22.72 0.028

Elaidic acid (c18:1tn9) 3.73 ± 0.27 4.61 ± 0.23 0.033
Heptadecenoic acid (c17:1n7) 5.26 ± 1.09 30.72 ± 10.41 0.035

Stearic acid (c18:0) 189.17 ± 12.95 148.05 ± 3.45 0.036
Undecanoic acid (c11:0) 0.01 ± 0.00 0.01 ± 0.00 0.085
Arachidic acid (c20:0) 1.00 ± 0.10 1.17 ± 0.08 0.131

Heneicosanoic acid (c21:0) 0.14 ± 0.01 0.50 ± 0.21 0.138
ΣPUFA 112.98 ± 4.62 110.52 ± 2.13 0.338
ΣSFA 457.72 ± 31.29 561.70 ± 20.37 0.059

ΣPUFA: ΣSFA 0.25 ± 0.01 0.20 ± 0.01 0.050
ΣMUFA 509.06 ± 40.10 392.51 ± 20.49 0.067

Σn-3 15.24 ± 0.20 17.93 ± 1.69 0.111
Σn-6 97.74 ± 4.45 92.60 ± 2.39 0.168
EPA 4.09 ± 0.26 7.17 ± 0.21 <0.001
TFA 1079.75 ± 76.01 1064.73 ± 42.99 0.441

Note: p < 0.05 and p < 0.01 compared with the B0 group. L* represents Lightness, a* represents Redness, b* represents
Yellowness; EAA = sum of valine, lysine, phenylalanine, methionine, histidine, leucine, tryptophan, leucine, and
threonine; NEAA = sum of arginine, proline, asparagine, cystine, glycine, hydroxyproline, alanine, citrulline,
creatinine, taurine, glutamic acid, creatine, aminoadipic acid, cysteine, glutamine, aspartic acid, serine, tyrosine,
ornithine, and choline; TAAs = total amino acids. ΣSFA: total saturated fatty acids; ΣMUFA: total monounsaturated
fatty acids; ΣPUFA: total polyunsaturated fatty acids; Σn-3: total omega-3 PUFA; Σn-6: total omega-6 PUFA; EPA:
eicosapentaenoic acid (C20:5n-3). Saturated fatty acids include C8:0, C10:0, C11:0, C12:0, C13:0, C14:0, C15:0, C16:0,
C17:0, C18:0, C20:0, C21:0, C22:0, C23:0, C24:0. Polyunsaturated fatty acids include C18:2n6, C18:3n3, C18:3n6,
C20:3n6, C20:4n6, C20:5n3, C22:2n6, C22:5n3, C22:4n6. Monounsaturated fatty acids include C14:1n5, C15:1n5,
C16:1n7, C17:1n7, C18:1n9, C18:1tn9, C20:1n9, C22:1n9, C24:1n9. Total n-3 fatty acids include C18:3n3, C20:5n3,
C22:5n3. Total n-6 fatty acids include C18:2n6, C18:3n6, C20:3n6, C20:4n6, C22:2n6, C22:4n6. TFA represents total
fatty acid.

3.3.2. Meat Sensory Evaluation Analysis

The results of the sensory scores of Tibetan sheep meat in the YB and B0 groups are
shown in Table 5 and Figure S4. There were significant differences in the Tibetan sheep
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meat in the two groups (p < 0.05), apart from a lack of difference in meat color. The meat
of animals belonging to the YB group scored higher than the B0 group in terms of aroma,
juiciness, texture, and overall acceptability, indicating that meat from Tibetan sheep fed on
saline oats had better sensory quality.

3.3.3. Meat-Eating Quality Analysis

The results of the analysis of the eating quality of meat in groups YB and B0 are
shown in Table 5. There were significant differences (p < 0.05) in the eating quality of
the meat between the two groups in terms of thawing loss, cooking loss, cooked meat
percentage, shear force, hardness, adhesion, and chewiness, with lower values for cooking
loss, hardness, and chewiness in animals belonging to the YB group together with greater
cooked meat percentage values relative to the animals belonging to the B0 group. No
significant differences in the remaining indices, namely, pH, elasticity, and cohesion, were
observed between the two groups.

3.3.4. Meat Nutritional Quality Analysis

Table 5 indicates that the nutritional quality of the LL muscles of the Tibetan sheep in
the two groups differed significantly (p < 0.05) in terms of protein and fat contents, with the
meat of the animals belonging to the YB group having a greater protein content and lower
fat content. However, there was no discernible variation in the groups’ moisture levels.

3.3.5. Targeted Metabolomics Analysis of Meat
Free Amino Acid Analysis of Meat

As shown in Table 5, the free amino acid composition of the LL muscle of housed
Tibetan sheep from saline and non-saline areas showed significant differences in the levels
of most free amino acids (p < 0.05), with arginine, proline, creatine, glycine, leucine,
isoleucine, creatinine, and valine being higher in the animals belonging to the YB group
than those in the animals belonging to the B0 group. On the other hand, animals belonging
to the YB group had lower levels of threonine, asparagine, and phenylalanine than animals
belonging to the B0 group. Still, animals belonging to the YB group had significantly higher
levels of NEAAs and TAAs than the B0 group (p < 0.05).

Fatty Acid Analysis of Meat

As shown in Table 5, the contents of most fatty acids in the LL muscles differed
significantly between the two groups, with animals belonging to the YB group having
lower levels of c15:0, c15:1n5, c20:5n3, c22:0, c22:1n9, c10:0, c18:3n6, c20:1n9, c20:3n6, and
c20:4n6 than animals belonging to the B0 group. The levels of c16:0, c22:5n3, c16:1n7,
c20:4n6, and c22:4n6 were higher than those in animals belonging to the B0 group (p < 0.05).
In animals belonging to the YB group, the content of EPA was significantly lower than that
in animals belonging to the B0 group (p < 0.05). There were no significant differences in
PUFA, SFA, omega-3, omega-6, or total fatty acids.

3.3.6. Untargeted Metabolomics Analysis of Tibetan Sheep Meat
Quality Control Analysis

The comparison of the spectrum overlap of the TICs for the QC samples is presented
in the Supplementary Materials, Figure S5A,B. The peaks’ response intensities and re-
tention periods significantly overlapped, suggesting negligible fluctuation attributable to
instrumental error during the experiment. The peak regions from all the experimental and
QC samples were then evaluated using PCA, as shown in the Supplementary Materials,
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Figure S6A,B. As seen in the figures, the QC samples were closely clustered in positive and
negative ion modes, indicating the good reproducibility of the experiment. After excluding
the QC samples, further evaluations using PLS-DA and OPLS-DA were performed to
differentiate the samples further. Groups YB and B0 displayed intra-group clustering and
inter-group separation in both analyses, with OPLS-DA demonstrating a more significant
effect, as shown in the Supplementary Materials, Figure S6C,D. The replacement test was
used to verify the supervised model’s validity to prevent overfitting during the modeling
phase. Figure S6E,F in the Supplementary Materials show the replacement test plots of
the OPLS-DA model, with a gradual decrease in the replacement retention and R2 and Q2

of the stochastic model, indicating an absence of overfitting in the original model with
good stability.

Bioinformatics Analysis of Differential Metabolites in Meat

Overall, after database matching and secondary mass spectrometry verification, a
total of 1133 effectively annotatable metabolites were obtained in the metabolomics ex-
periments of this study, which were found in animals belonging to the YB group and the
B0 group through a combination of positive and negative ion modes, with 632 identified
in the positive ion mode and 501 in the negative ion mode. As shown in Table S6, dif-
ferential metabolites were identified using the criteria of VIP > 1 and p < 0.05, finding
73 differential metabolites between groups Y and B0, of which 35 metabolites were identi-
fied in the positive ion mode and 38 in the negative ion mode; of these, 11 were enriched
in KEGG pathways. The most significantly enriched pathways for free amino acid and
lipid metabolism, as well as protein digestion and absorption, are presented in the KEGG
pathway enrichment analysis in Figure 2A. To further compare the differential metabolite-
associated pathways that may cause variations in feed metabolites across regions, various
enrichment score plots were developed, as seen in Figure 2B.

The results in Table 6 show a marked upregulation of all metabolic pathways in an-
imals belonging to the YB group compared with the B0 group (DA score > 0.5, p < 0.05).
These pathways involved fructose and mannose metabolism, carbohydrate digestion and
absorption, aminoacyl-tRNA biosynthesis, the mTOR signaling pathway, the phosphotrans-
ferase system, and lipid and free amino acid metabolism. The key upregulated metabolites
included D-mannose-6-phosphate, D-glucose-6-phosphate, 2,6-diaminohexanoic acid, argi-
nine, isoleucine, lysine, cysteine, and choline phosphate.

Table 6. DFMs (differential metabolites) from longissimus Lumborum of Tibetan sheep in the key
differential enriched KEGG pathways.

Metabolic Pathway (YB VS B0) Metabolites

Upregulation in the YB group

Fructose and mannose metabolism D-mannose 6-phosphate

Carbohydrate digestion and absorption D-glucose 6-phosphate, Robison ester

Starch and sucrose metabolism
D-glucose 6-phosphate
Robison ester

Aminoacyl–tRNA biosynthesis Arginine, Isoleucine
L-Lysine, DL-isoleucine

mTOR signaling pathway Arginine, (S)-2-Amino-5-guanidinovaleric acid,
L-Arg

Zeatin biosynthesis
Adenine, Thiomethyladenosine
S-methyl-5′-thioadenosine
6-Aminopurine
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Table 6. Cont.

Metabolic Pathway (YB VS B0) Metabolites

ABC transporters

Arginine, Isoleucine, L-Lysine
Deoxyadenosine, L-Arg
S-methyl-l-cysteine
(S)-2-Amino-5-guanidinovaleric acid
2-Amino-3-methylvaleric acid
2,6-Diaminohexanoic acid

Phosphotransferase system (PTS)

D-glucosamine 6-phosphate
Vitamin C, Ascorbate, Ascorbic acid
D-mannose 6-phosphate
D-glucosaminic acid
D-glucose 6-phosphate

Pentose phosphate pathway (PPP)
D-glucosaminic acid
D-Glucosaminate
2-Amino-2-deoxy-D-gluconate

Glycerophospholipid metabolism
1,2-dihexadecanoyl-sn-glycero-3-
phosphocholine
Lecithin

2-Oxocarboxylic acid metabolism
Isoleucine, N-.alpha.-acetyl-l-ornithine
L-Lysine, 2-Amino-3-methylvaleric acid
N-Acetylornithine, 2,6-Diaminohexanoic acid

Biosynthesis of free amino acids

Arginine, Isoleucine, L-homoserine
N-.alpha.-acetyl-l-ornithine
S-Adenosyl-L-homocysteine
Lysine acid, 2,6-Diaminohexanoic acid
2-Amino-3-methylvaleric acid
N-Acetylornithine, L-Homoserine
2-Amino-4-hydroxybutyric acid

Protein digestion and absorption Arginine, Isoleucine, L-Lysine
(S)-2-Amino-5-guanidinovaleric acid

Biofilm formation–Vibrio cholerae D-glucose 6-phosphate, Robison ester

Biosynthesis of various secondary
metabolites—part 3

Arginine, L-Lysine
(S)-2-Amino-5-guanidinovaleric acid

Lysine biosynthesis L-homoserine, L-Lysine
2,6-Diaminohexanoic acid

Arginine biosynthesis

Arginine
N-.alpha.-acetyl-l-ornithine
(S)-2-Amino-5-guanidinovaleric acid
N-Acetylornithine

Cysteine and methionine metabolism

L-homoserine
S-methyl-5′-thioadenosine
S-Adenosyl-L-homocysteine
2-Amino-4-hydroxybutyric acid

Ascorbate and aldarate metabolism Ascorbate, Vitamin C

HIF-1 signaling pathway Vitamin C, Ascorbate

Vitamin digestion and absorption Vitamin C, L-Ascorbic acid

Bile secretion Taurochenodeoxycholate,
Chenodeoxycholoyltaurine

Lipoic acid metabolism Octanoic acid, Octanoate

Cholesterol metabolism Taurochenodeoxycholate
Chenodeoxycholoyltaurine
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Figure 2. (A) Top 12 enriched KEGG pathways of the comparison between B0 and YB groups,
(B) a differential abundance score map of differential metabolic pathways, (C) correlation heatmap
between meat quality parameters and meat metabolomics analysis. The colors red and blue represent
positive and negative correlations, respectively. * p < 0.05 and ** p < 0.01.

3.3.7. Correlation Analysis

Correlations between the meat phenotypic data and the untargeted metabolomics re-
sults were established to investigate the relationship between muscle metabolism and
meat quality in Tibetan sheep meat under various feeding conditions, as illustrated
in Figure 2C.

The metabolites in the meat included D-glucose 6-phosphate, Val-Ile, D-glucosamine 6-
phosphate, octanoic acid, adenine, D-glucosaminic acid, isoleucine, N-acetyl-l-methionine,
physcion, taurochenodeoxycholate, vitamin C, Leu-Glu, Val-Phe, D-mannose 6-phosphate,
Leu-Phe, arginine, Val-Asp, and Val-Glu, which were positively correlated with a*; the
cooked meat percentage; WHC; texture; crude protein; and Ala, Arg, Gln, Glu, and Gly
and negatively correlated with b*, L*, cooking loss, Asn, cystine, His, and Phe.

3.4. Relationship Between Quality and Metabolites of Oats Grown in Saline Soil and Quality and
Metabolites of Tibetan Sheep Meat

Figure 3 presents a correlation clustering heatmap that depicts the relationship be-
tween oat quality, metabolites, and the quality of Tibetan sheep meat and its metabolites.
The figure illustrates a significant correlation between the two groups. The horizontal
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axes denote meat quality and associated metabolites, while the vertical axes represent oat
quality and its metabolites.

Figure 3. Clustering heatmap of correlation between metabolites and quality of oats and meat. * p < 0.05
and ** p < 0.01.

Positive correlations were observed between crude protein, crude fat, Ala, Arg, Asn,
Gal, Glu, Gly, Lev, Lys, Met, Phe, Thr, Man, Suc, Tre, trehalose, xylose, raffinose, meli-
biose, palatinose, succinate, sucrose, erythritol, and D-allose in oats and a*, WHC, cooked
meat percentage, crude protein, Ala, Arg, Asn, vitamin C, adenine, D-glucosamine 6-
phosphate, D-glucosaminic acid, D-glucose 6-phosphate, taurochenodeoxycholate, D-
mannose 6-phosphate, and octanoic acid in meat. At the same time, these were negatively
correlated with b*, L*, cooking loss, and shear force. These associations offer insights into
the correlation between oat composition and muscle characteristics.

4. Discussion

In this study, it was found that the relatively high contents of mineral elements
such as Ca, K, Mg, and Na in saline–alkaline soils may enhance the stress resistance
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of oats, enabling them to adapt to saline–alkaline environments and thus accumulate
more osmotic regulatory substances to improve their quality. This may be because when
salt concentration increases, ion imbalance and osmotic stress in plants can affect their
morphology, biomass, and biochemical processes. Therefore, plants need to maintain a
concentration of mineral elements within a specific range to achieve optimal physiological
functions [25]. Moreover, changes in the availability of mineral contents in the soil can affect
plant growth and quality. Under saline–alkaline stress, plants will eliminate excessive Na+

and Cl− ions in vacuoles or older parts to minimize damage caused by excessive salt ions.
Meanwhile, plants will biosynthesize osmotic substances, such as soluble sugars and amino
acids, and activate enzymatic and non-enzymatic antioxidant defense systems to remove
excess reactive oxygen species (ROS), protecting plant cells from oxidative damage [26].
Salt-tolerant plants may selectively absorb elements such as Ca, K, and Mg from the soil
under saline–alkaline stress, increasing their mineral content and thus enhancing their
nutritional value. The accumulation of Mg and Ca is beneficial for maintaining ion balance
and regulating plant growth in saline–alkaline environments. Moreover, K can enhance
plant stress resistance, strengthen cellular responses to adverse environmental conditions,
and improve plant tolerance to challenging conditions such as saline–alkaline stress and
drought [27]. Jin et al. [28] confirmed that the addition of potassium fulvate (PF), an organic
fertilizer, to soil can alleviate nutritional antagonism and osmotic stress in oats under
saline–alkaline conditions; increase the concentrations of total nitrogen, total potassium,
and their available forms (ammonium nitrogen and nitrate nitrogen) in the soil; enhance
the absorption of water and essential mineral nutrients by plants; and promote the growth
of oats.

The use of male sheep as experimental subjects usually arises from the necessity to
regulate variables, streamline the experimental framework, or investigate male-specific
issues. This strategy requires careful evaluation of specific study aims, with careful con-
sideration of the potential influence of gender variations on the credibility of scientific
conclusions. This experiment exclusively employed male sheep, which presents limitations.
In forthcoming trials, we aim to thoroughly examine the variations in meat quality among
female sheep, male sheep, and castrated rams.

In this experiment, Tibetan sheep were raised in Gonghe and Haiyan. Geographical
differences may potentially introduce the influence of environmental variables, such as
temperature, humidity, and altitude. However, both regions belong to the alpine area of the
Qinghai–Tibet Plateau, with similar climatic and altitude characteristics, and the purpose
of this study is to clarify the differences between forage and meat quality. Therefore, in our
study design, artificially adjustable variables were controlled, and group differences were
solely established through roughage (oats from different regions), with the concentrate
composition being identical between the two groups. Oats were harvested in the same
growing season to avoid the impact of seasonality on nutrient accumulation. All meat
quality analyses and metabolomics detections were performed in the same laboratory, elim-
inating inter-laboratory systematic errors. These measures reduced the influence of natural
environmental differences. Future studies will further exclude the interference of environ-
mental variables through cross-location feeding experiments to verify the robustness of the
conclusions of this study.

In this study, the fat content of oats grown in saline conditions (GX group) was
significantly higher than that of the non-saline oats (YX group). Li et al. [29] conducted
a lipidomic analysis of salt-treated alfalfa varieties. They found that the lipid levels in
the plants changed under salt stress, indicating that salt treatment affected the plants’ fat
and fatty acid contents. This may have been due to changes in the structural integrity
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and fluidity of cell membranes in plant leaves during salt stress. Ge et al. [30] found that
the content of galactolipids (DGDG and MGDG) and major phospholipids (PC and PE)
increased in the leaves of sorghum seedlings under salt stress; this is likely due to salt
stress-induced changes in the glycerolipid pathway between the cytoplasm and plastid,
facilitating the conversion of PC to PA and providing precursors for galactolipid synthesis.
According to the study, herbage on saline–alkaline land had a higher concentration of fatty
acids (including SFA, PUFA, n-3, and n-6) than non-saline–alkaline land. This finding may
be directly related to saline–alkaline stress.

Free amino acids are stress-response metabolites that accumulate under saline and
alkaline stress; this accumulation may result from either de novo synthesis or protein
degradation, accelerating post-stress recovery and osmoprotection [31]. Qian et al. [32]
demonstrated that under saline–alkaline stress, the amino acid content increases signifi-
cantly, and amino acid biosynthesis exhibits a positive response to saline–alkaline stress.
The current study’s findings indicated that serine, valine, glycine, arginine, and alanine con-
centrations were elevated in the GX group compared with the YX group, potentially linked
to salinity stress. Untargeted metabolomics results further demonstrated upregulation in
alanine, aspartate, glutamate, and phenylalanine metabolism, aligning with the targeted
metabolism outcomes for free amino acids. Furthermore, correlation analysis suggested
that the accumulation of glutamate and succinate may have enhanced the salinity tolerance
of the oat grasses in the YX group. Proteomic analysis of saline alfalfa by Gao et al. [33] re-
vealed that key differentially expressed proteins were primarily enriched in the antioxidant
system and starch and sucrose metabolism, as well as in secondary metabolism, suggesting
that saline and alkaline stress increases antioxidant functions in the plants together with
the production of secondary metabolites, such as sucrose, maltose, glucose, and trehalose,
and the promotion of osmotic homeostasis. This study’s untargeted metabolomics and
subsequent KEGG analysis indicated that starch and sucrose metabolism were upregulated,
resulting in increased carbohydrate buildup. Starch is the primary carbohydrate in oats
and a vital element, significantly contributing to the structural integrity of oat grains. As
described by Rostamabadi et al. [34], the resistant starch in oat starch can bind to bile acids,
preventing their reabsorption, promoting the conversion of cholesterol into other bile acids,
and maintaining the balance of bile acid excretion. Consequently, this process reduces the
cholesterol level in the blood, which benefits human health.

Overall, in the nutritional quality and metabolomics analysis of saline-grown and
non-saline-grown oats, the GX saline oats group showed significant advantages as
ruminant feed.

Despite significant differences in meat quality and composition among animals in
different dietary groups, there were no statistical differences in growth performance, such
as growth rate and final weight. It is hypothesized that the dietary formulation in the
experiment generated differences between groups solely through roughage (oats from
different regions), with the concentrate composition being identical between the two
groups, all of which met the basic nutritional requirements for animal growth. Therefore,
no differences were observed in the overall growth indicators, while dietary differences
may mainly affect meat quality by regulating muscle metabolic pathways. Moreover, the
sheep involved in the experiment were all of the same breed, and the consistency in their
genetic background and growth stage contributed to the stability of growth characteristics
and some carcass indicators [35].

The tenderness of meat determines consumer acceptability and satisfaction. The
shear force value of the meat in group YB was less than that of group B0, indicating more
significant tenderness. The sensory evaluations suggested that the sheep muscles from
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animals belonging to the YB group showed improved texture. Correlation analysis revealed
a positive relationship between muscle texture and water-holding capacity (WHC) with
D-glucose-6-phosphate. The upregulation of D-glucose-6-phosphate in animals belonging
to the YB group may enhance glycolysis by modulating starch and sucrose metabolic
pathways, resulting in ATP production and degradation of glycogen. This process likely
leads to a rapid decrease in pH, facilitating the hydrolysis of fibrous muscle proteins and
improving muscle tenderness, which may account for the increased tenderness observed in
animals belonging to the YB group. Muscle tenderness is influenced by factors including
collagen content, knob length, and protein degradation [36]. The present study found that
the contents of free glutamic acid and glycine in the muscles of Tibetan sheep fed with
oats from saline soils were significantly increased, accompanied by a decrease in shear
force value, improvement in tenderness, and an increase in aroma. This may be because
glutamic acid, as a key substrate for muscle protein synthesis, can promote the degradation
of collagen between muscle fibers through its accumulation, thereby reducing the degree
of cross-linking between muscle fibers, decreasing shear force, and improving tenderness.
Meanwhile, as synergistic activators of umami receptors, glutamic acid and glycine can
directly enhance taste signal transmission and improve the umami perception of meat
quality with their increased contents [37]. Tibetan sheep fed with saline oats had increased
levels of linoleic acid in their muscles, along with an improved water-holding capacity
score. This may be due to the fact that linoleic acid, as an n-6 polyunsaturated fatty acid,
can lower the melting point of muscle fat, making it easier for fat to melt during oral
mastication and release flavor substances, thereby enhancing the perception of juiciness.
Meanwhile, linolenic acid can reduce the production of fat oxidation products by inhibiting
the activity of muscle lipoxygenase, avoiding the dry and hard taste caused by fat oxidation,
and indirectly maintaining juiciness. The positive correlation between these two fatty acids
and juiciness indicators further verifies the regulatory effect of fatty acid composition on
meat juiciness [38].

Generally, higher a* and lower L* and b* values indicate better muscle color within a
specific range. In this study, animals belonging to the YB group had higher a* values, with
the meat showing a brighter red color than that in the B0 group, which may be related to
the production of oxygenated myoglobin. It has been reported that L* values are positively
associated with muscle WHC; water exudation causes changes in the refractive index of the
muscle surface, resulting in a higher L* value [33]. In the present study, animals belonging
to the YB group showed better WHC values, indicating less water exudation from the
muscle and, thus, a lower L* value. The lower cooking loss and higher cooked meat rate
in animals belonging to the YB group in this study may have been due to the changes
in the structure of the muscle fibers, leading to the improved water retention capacity of
the muscle proteins [39]. The results of the correlation study showed that D-glucose-6-
phosphate was negatively connected with cooking loss and the L* value and significantly
and positively correlated with the a* value, cooked meat rate, WHC, and texture. This
suggests that glycolysis controls the quality of meat. Collectively, saline-region Tibetan
lamb showed improved eating and sensory characteristics.

In the present study, it was found that Tibetan sheep meat in the YB group had
higher protein and lower fat contents, which is similar to the findings of Friha et al. [40],
who reported that rearing lambs on saline soils resulted in better growth performance,
leaner carcasses, and higher meat quality. This result may be related to the composition
and proportions of free amino acids and fatty acids. Free amino acids are the building
blocks of muscle proteins, and their contents and compositions affect meat texture, flavor,
nutritional value, and antioxidant capacity [41]. Leucine, isoleucine, and valine, collectively
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known as branched-chain free amino acids (BCAAs) due to their characteristic side-chain
structures and specific metabolic pathways, promote protein synthesis and tissue growth by
stimulating mRNA translation through mTORC1 signaling [42]. In addition to encouraging
the release of prolactin, growth hormone, and insulin from the corresponding endocrine
organs, arginine enhances the expression of essential proteins and enzymes involved in
substrate oxidation and mitochondrial biosynthesis, controlling muscle oxidation and
lowering excess body fat in animals [43]. Proline acts as a substrate and is involved in the
synthesis of pyruvate and glucose, which is associated with the collagen content of muscles.
At the same time, threonine increases the meat’s sweetness, making it more palatable to
consumers [44]. In this study, animals belonging to the YB group were associated with
increased proline, serine, and lysine deposition in the LL muscles through upregulation of
free amino acid metabolism. Compared with animals belonging to the YB group, animals in
the B0 group were associated with reduced deposition of branched-chain free amino acids
in the muscle by downregulating leucine, isoleucine, and valine biosynthesis. Furthermore,
by upregulating the metabolism of creatinine and arginine, animals belonging to the YB
group were able to collect higher quantities of arginine. Therefore, it is anticipated that the
meat from animals belonging to the YB group raised in saline conditions has free amino
acid concentrations that are more in accordance with what is required for human health.

Glycogen is the primary source of energy for the production of glycolytic substrates in
postmortem muscle when the electron transport chain is terminated due to hypoxia; pyruvate
is unable to enter the mitochondria, and the muscle accumulates lactic acid and hydrogen ions
to maintain homeostasis, resulting in the denaturation of muscle proteins and a decrease in
pH [45]. The phosphotransferase system (PTS) re-reduces glucose phosphorylation through
phosphorylation and carbon source transfer, with associated enzymes hydrolyzing intracellular
cAMP and lowering its concentration. This lowers glycogen metabolism by blocking the
cAMP-dependent protein kinase (APK) signaling pathway and phosphorylase activity. AMPK,
the primary regulator of lipid and glucose metabolism in the cell, is activated when the cell is
depleted of energy [46]. Lamberigts et al. [47] found that intraperitoneal injection of α-lipoic acid
inhibited AMPK activity in the hypothalamus, reducing food intake and energy expenditure.
In the present study, PTS and α-lipoic acid metabolism were significantly upregulated in the
animals belonging to the YB group compared with the B0 group, suggesting that glycogen
metabolism was inhibited in this group. Hexokinase (HK), the first rate-limiting enzyme in the
glycolytic pathway, phosphorylates glucose to generate D-glucose-6 phosphate (G6P); moreover,
negative feedback involving intracellular G6P, a central regulator of glycogen synthesis in
skeletal muscle, regulates HK [48]. Glucose-6-phosphate dehydrogenase (G6PD) catalyzes the
conversion of G6P into glucose-6-phosphate-δ-lactone, which engages glucose in the pentose
phosphate pathway to form NADPH. NADPH is a reducing agent that generates reduced
glutathione, which helps to counteract oxidative stress and maintain cellular homeostasis and
normal metabolic activities [49]. In the present study, the results of the untargeted metabolomics
indicated that G6P levels were higher in animals belonging to the YB group than in the B0 group,
accompanied by upregulated glutathione metabolism. The current study proposes that animals
belonging to the YB group might show diminished glycolysis due to reduced HK activity and
elevated glucose-6-phosphate dehydrogenase activity in the LL muscles of Tibetan sheep, thus
sustaining a higher pH and enhancing water retention and inter-fiber bonding. This would
yield meat with a denser structure, demonstrating enhanced tenderness and texture. At the
same time, reduced oxygen diffusion from the muscle surface would enable greater absorption
and lower light reflection, leading to a decrease in the muscle L*.

In high-altitude hypoxic regions, glucose metabolism produces NADPH via the pen-
tose phosphate pathway (PPP), stabilizing the hypoxia-inducible factor HIF-1α protein [50].
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Therefore, it was hypothesized that both the PP and HIF-1α pathways were significantly
upregulated in animals belonging to the YB group. The PPP is a fundamental component
of cellular metabolism. It is essential for maintaining carbon homeostasis, providing nu-
cleotide and free amino acid biosynthesis precursors, supplying reducing molecules for
antioxidant activities, and resisting oxidative stress [51]. HIF-1α regulates the activities of
antioxidant enzymes such as glutathione peroxidase and heme oxygenase. Further, ele-
vated expression of HIF-1α may also increase the expression of most antioxidant proteins in
muscle tissues by enhancing the expression of Nrf2, increasing the antioxidant capacity of
the organism [52]. Vitamin C, ascorbic acid, is a non-enzymatic antioxidant that effectively
scavenges ROS [53]. Initially isolated from bovine bile, taurine is a sulfur-containing free
amino acid that modulates the intracellular enzymatic antioxidant defense system by acti-
vating various signaling pathways and enhancing catalase activity in response to stress [54].
Compared with the B0 group, animals belonging to the YB group were associated with
increased levels of vitamin C and taurine, resulting from the upregulation of bile secretion
and vitamin digestion and absorption, leading to improved antioxidant activities in the
muscle and thus improving the meat quality and nutritional value.

In summary, as shown in Figure 4, it is hypothesized that the saline oat YX group
accumulated a large number of carbohydrates during adaptation to saline stress. As a result,
the levels of carbohydrates such as D-glucose-6-phosphate and D-mannose-6-phosphate
in the meat were significantly increased. The upregulation of these compounds resulted
in enhanced activation of the PPP and PTS pathways in the LL muscles of the sheep. The
abundance of G6P specifically blocks hexokinase activity in the upregulated PTS pathway,
therefore postponing a decline in pH. This postponement in pH lowering enhances water
retention in the muscle, diminishes cooking losses, elevates the percentage of cooked meat
and water-holding capacity, and preserves meat quality.

 

Figure 4. Hypothesized scheme pathways and potential mechanisms related to changes in oat quality,
the muscle metabolome, and meat quality. Blue and red colors indicate significantly downregulated
and upregulated metabolic pathways in each comparison, respectively. L* represents Lightness, a*
represents Redness.
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Furthermore, the transfer of G6P to the PPP was improved by reducing hypoxia and
the requirement to raise cellular antioxidant capacity by increasing NADPH production.
The resulting NADPH further increased the muscle’s antioxidant capacity, thus lessening
the harm that oxidative stress caused to the animals. Meanwhile, Tibetan lamb in saline
areas had higher-quality meat because the upregulation of free amino acid pathways in
saline oats resulted in the upregulation of free amino acid pathways in muscle, as well as
the deposition of free amino acids in muscle.

5. Conclusions

Oats cultivated in saline–alkaline land affect the meat quality of Tibetan sheep. Specif-
ically, Tibetan sheep in the YB group fed with saline oats exhibited better meat color, a
higher cooked meat rate and water-holding capacity, and lower cooking loss. This re-
sulted from the higher protein, monosaccharide, and amino acid contents in saline oats,
which promoted the upregulation of various amino acids such as arginine and lysine in
muscles; the digestion and absorption of carbohydrates such as D-glucose-6-phosphate
and D-mannose-6-phosphate; and the accumulation of antioxidant components, including
ascorbic acid and taurine. In conclusion, the increase in compatible solutes in saline oats
had a significant effect on maintaining the WHC of Tibetan sheep muscles, improving
tenderness, and enhancing sensory quality. Therefore, this finding provides a promising
theoretical basis for optimizing meat sheep production and feeding management.
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Abstract: Public concerns about the health risks of synthetic antioxidants have prompted
the meat industry to look for natural alternatives rich in phenols with strong antioxidant
properties. This study investigates the use of blackcurrant (BCP), lingonberry (LP), and
sour cherry (SCP) powders as natural substitutes for synthetic nitrites in reformulating
two clean-label salami types, smoked and cooked and smoked and scalded, with a focus
on their effects on oxidative stability during processing and refrigerated storage (4 ◦C).
Nitrite-free formulations were prepared with each fruit powder at three inclusion levels to
provide total phenolic contents of 90, 200, and 300 mg gallic acid equivalents (GAE)/kg
of processed meat. A nitrite-containing control (90 mg/kg) and an additive-free control
were included for comparison. The phytochemical profiles of powders were characterized
by total phenolic, flavonoid, monomeric anthocyanin contents, and L-ascorbic acid lev-
els. Antioxidant activity was assessed via 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging and ferric reducing antioxidant power (FRAP) assays. Salami samples were
analyzed for proximate composition, and lipid oxidation was monitored at 0, 15, and 30
days of storage using peroxide value, inhibition of oxidation, p-anisidine value, TOTOX,
and thiobarbituric acid value. Fruit powders demonstrated dose- and type-dependent
inhibition of primary and secondary lipid oxidation, enhancing oxidative stability during
processing and storage. After 30 days of storage, oxidation markers in fruit-enriched
salami remained below recommended thresholds, confirming effective control of lipid
oxidation. The inhibitory potential followed the order BCP > LP > SCP, consistent with
antioxidant profiles as reflected by DPPH and FRAP values. BCP at 300 mg GAE/kg
showed a stronger lipid oxidation inhibition than sodium nitrite. Promising improvements
in lipid oxidation resistance were also observed with LP at 300 mg GAE/kg and BCP at 200
mg GAE/kg. These findings highlight the potential of fruit-derived antioxidants to support
the development of more sustainable, value-added meat products without compromising
quality.

Keywords: fruit powders; natural antioxidants; clean-label salami; nitrite substitutes;
lipid oxidation

1. Introduction

Meat products are vital for human nutrition, providing excellent sources of proteins,
fats, essential amino acids, vitamins, minerals, and other critical nutrients. However,
their complex composition makes them susceptible to significant chemical transformations
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during processing and storage, potentially forming harmful substances like nitrosamines
and lipid oxidation products [1]. Oxidation of both lipids and proteins not only diminishes
shelf life but can also generate detrimental end-products [2]. Specifically, lipid oxidation is a
primary driver of quality degradation in meat products during storage and processing. This
complex process initiates with the peroxidation of unsaturated fatty acids in phospholipid
membranes, yielding hydroperoxides as primary oxidation products. Subsequently, these
compounds decompose into secondary compounds such as aldehydes, ketones, alkenes,
and alcohols, negatively impacting both the sensory qualities and nutritional value of meat
and meat products [3,4]. Currently, synthetic preservatives are widely employed to protect
foods from quality deterioration. They mitigate the damaging effects of free radicals in
meat systems, thereby minimizing oxidative degradation during processing and storage
and consequently extending product shelf life [5,6].

Synthetic nitrates and nitrites (as potassium or sodium salts) are widely used in pro-
cessed meat for their vital role in quality, particularly color stability, and their ability to
retard bacterial spoilage and lipid oxidation [7]. In cured meats, nitrites exert a protective
antioxidative effect as nitric oxide (NO) binds to heme iron, preventing lipid peroxidation
and enhancing storage stability. Despite these benefits, nitrite remains one of the most
controversial additives due to the toxicity associated with the formation of nitrosamines
through nitrosation reactions between secondary amines and nitrosating agents such as
nitrates, nitrites, or nitrogen oxides during meat processing. This issue highlights the need
to shift towards clean-label strategies that address current sustainability and food safety
concerns [8,9]. Consumer health concerns have become increasingly prominent in recent
years, reflected in a willingness to pay more for nitrite-free meat products [10,11]. This
trend has led to the reformulation of meat products, specifically by reducing or substituting
nitrites through the incorporation of plant materials rich in phytochemicals. To address this
challenge, natural extracts and ingredients offer a valuable alternative to conventional syn-
thetic additives, with the potential to effectively slow product quality deterioration [12–15].
Common phenolic compounds are key plant components, exhibiting strong antioxidant
capabilities by scavenging reactive nitrogen/oxygen species and free radicals, inhibiting
free radical-forming enzymes, binding metals, and activating antioxidant enzymes. In meat
products, polyphenols effectively inhibit oxidation, preventing discoloration and quality
deterioration [16]. Numerous studies attest to the efficacy of natural antioxidants in meat
products [17,18]. Replacing synthetic nitrates and antioxidants with plant-based alterna-
tives (powders, extracts, and other natural derivatives) has been shown to strongly inhibit
protein and lipid oxidation, slow degradation processes, retard off-flavor development
(rancidity), improve color stability, enhance microbiological quality, and extend the shelf
life of fresh and processed meat products. Crucially, these natural alternatives achieve
comparable effectiveness to synthetic preservatives without compromising sensory or nutri-
tional properties [19]. Incorporating plant-derived bioactive compounds with antioxidant
function into meat products can preserve their composition and quality while offering
health benefits to consumers [20]. Fruit powders, in particular, with their significant content
of high-value phenolic compounds and other bioactive ingredients, can effectively prevent
the initiation or propagation of lipid oxidation reactions. Multiple research efforts confirm
the efficacy of these plant-derived compounds. For instance, mulberry fruit powder signifi-
cantly extended the shelf life of minced beef due to its antioxidant properties [21]. Similarly,
fruit powders derived from red grapes, gooseberry, and tomato have been shown to pre-
serve the quality of restructured chicken slices for up to 20 days under refrigerated storage
conditions [22]. Plant-derived powders, rich in complex phytochemical compounds, offer
a viable alternative to individual synthetic antioxidants for extending the shelf life of meat
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products and may also have associated nutritional and health benefits. Certain vegetable
powders have been shown to significantly enhance the oxidative stability of turkey meat
patties by 20–30% under accelerated oxidation conditions [23]. It has also been reported
that fortifying beef burgers with blueberries resulted in improved sensory quality and
increased primary and secondary lipid oxidation stability, demonstrating its high potential
as a natural functional ingredient with preservative capacity [24]. In general, powdered
plant materials have notable antimicrobial and antioxidant properties in minced meat
products [25]. The results of the study conducted by Martínez-Zamora et al. [26] revealed
the high potential of spices, fruits, and vegetables to limit the oxidative deterioration of
lipids and proteins, making them a suitable alternative to synthetic counterparts.

Our previous research highlighted the potential of tomato processing byproducts [27]
and bell pepper processing byproducts [28] as promising substitutes for sodium nitrite.
These byproducts can ensure lipid oxidative stability during the cold storage of sausages for
20 days, contributing to the development of value-added meat products. The application of
natural extracts and spices, fruits, and vegetables in formulating clean-label meat products
as substitutes for synthetic nitrites/nitrates and antioxidants is a growing trend. However,
limited studies document their effect on the oxidative stability of meat products during
prolonged cold storage. Addressing the challenges previously outlined, this study aimed
to evaluate the efficacy of blackcurrant, lingonberry, and sour cherry powders as natural
alternatives to nitrites in the reformulation of two distinct salami types intended to be clean-
label, smoked and cooked, and smoked and scalded, focusing on their effects on oxidative
stability during processing and refrigerated storage (4 ◦C). Our central hypothesis is that the
bioactive compounds inherent in these fruit powders could serve as a viable replacement for
synthetic additives commonly used in meat products, thereby not only addressing potential
health concerns but also significantly improving the functional profile, sustainability, and
overall quality of the final product. Specifically, this research focused on: (1) determining
the phytochemical content and antioxidant activities of the fruit powders, and (2) evaluating
their ability to effectively inhibit lipid oxidation throughout both the processing and cold
storage (up to 30 days) of the salami samples. Nitrite-free salami formulations were
developed by incorporating fruit powders at doses calculated to provide total phenolic
contents of 90, 200, and 300 mg gallic acid equivalents (GAE)/kg of processed meat. The
salami samples were analyzed for their proximate composition, and the progression of
lipid oxidation was systematically evaluated using specific chemical indices at 0, 15, and
30 days of storage at 4 ◦C.

2. Materials and Methods

2.1. Materials

Fresh meat and pork fat for the salami recipe were sourced from Comtim Romania
SRL (Timis, Romania). Other ingredients were procured from specific suppliers: salt from
Salrom-SNS SA (Bucharest, Romania), nitrite salt from Daz Activ Trade SRL (Botos, ani,
Bucharest, Romania), and spices from Profood Rom SRL (Miercurea Ciuc, Harghita County,
Romania). The spice blend included granulated garlic, ground thyme, ground white
and black pepper, ground allspice, sweet paprika, hot paprika, ground nutmeg, ground
coriander, and ground cumin.

Frozen fruits were procured from Romanian producers. Blackcurrants (Ribes nigrum L.)
came from SC Forelit (Salard, Bihor County, Romania), lingonberries (Vaccinium vitis-idaea
L.) from SC Vladalex Impex (Targu Mures, Mures County, Romania), and sour cherries
(Prunus cerasus L.) from SC Gradina Padurii (Oradea, Bihor County, Romania).
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For chemical analyses, analytical grade reagents were supplied by Chemical Company
(Iasi, Romania), Sigma-Aldrich (St. Louis, MO, USA), Chimreactiv (Bucharest, Romania),
and Adra Chim (Bucharest, Romania).

2.2. Obtaining the Fruit Powder

Prior to processing, the frozen fruit samples were allowed to thaw at room temperature
for approximately two hours. Subsequently, the samples were subjected to convective
drying in a BINDER drying chamber (Binder GmbH, Tuttlingen, Germany) at 60 ◦C for
a total of 15 h, divided into three 5 h sessions conducted over three consecutive days.
Drying at this temperature is known to limit enzymatic degradation, thereby improving
the preservation of polyphenolic compounds and maintaining the functional quality of the
dried plant matrix [29]. The dried fruits reached a final moisture content below 5%, with
final values of 4.59% for sour cherry, 4.93% for blackcurrant, and 4.71% for lingonberry.
Achieving such low moisture levels is essential for microbial stability, as water activity
values in the range of 0.2–0.3, usually associated with a moisture content below 5%, are
considered microbiologically safe [30]. After drying, the samples were cooled to 20 ◦C
and ground to a fine powder using a Grindomix GM 2000 laboratory mill (Retsch GmbH,
Germany), then passed through a 60-mesh sieve to ensure uniform particle size. The
powders obtained from blackcurrants (BCP), lingonberry (LP), and sour cherries (SCP)
were vacuum-packed in polypropylene bags and stored at room temperature in the dark
until further analysis or application.

2.3. Manufacture of Salami Formulas

This study focused on developing two salami types formulated as clean-label products
by replacing sodium nitrite with sour cherry (SCP), blackcurrant (BCP), or lingonberry
(LP) powders. The two types, smoked and cooked (SI) and smoked and scalded (SII),
differ in their specific recipes and processing parameters. Both product types undergo the
same overall processing time, but SI is subjected to a final heat treatment at 72 ◦C with 5%
relative air humidity, while SII is treated at the same temperature under approximately 80%
relative humidity, which allows a comparative evaluation of the antioxidative efficacy of
fruit powders in mitigating oxidative degradation under typical industrial meat production
conditions. All salami formulations were produced under standard conditions at the
S.C. Cavarantana meat processing unit in the village of Cavaran, Caras, -Severin County,
Romania, following the traditional manufacturing procedures employed at this facility. For
each salami type (SI and SII), 11 distinct experimental variants were prepared. The design
included a positive control containing 90 mg sodium nitrite per kilogram of processed meat
and a negative control without nitrite. The positive control samples used a salt mixture
containing 0.5% (g/g) sodium nitrite, while the negative control samples used salt without
added sodium nitrite. In the remaining variants, sodium nitrite was entirely replaced with
fruit powders incorporated at concentrations calculated to provide target total phenolic
contents (TPC) of 90, 200, or 300 mg gallic acid equivalents (GAE) per kilogram of processed
meat. The specific amount of each fruit powder (SCP, BCP, and LP) incorporated into the
recipes was determined by its individual total phenolic compound content. The minimum
total phenolic content (TPC) level of 90 mg GAE/kg in the processed meat, supplied by
the fruit powders, was selected to correspond to the sodium nitrite concentration used in
the traditional SI and SII recipes (90 mg/kg). The selection of these fruit powder doses
for the sausage formulation was based on our previous studies, where supplementation
with tomato byproducts [27] and yellow and red bell pepper [28], providing total phenolic
content levels of 90, 180, and 270 mg GAE/kg of processed meat, yielded promising results
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in limiting oxidative degradation during processing and 21 days of cold storage. All salami
variants were prepared in a cold room maintained at a temperature below 10 ◦C. The codes
for the salami formulations are defined as follows:

SI-C: Nitrite-free smoked and cooked salami (negative control sample);
SI-CN: Smoked and cooked salami with added sodium nitrite (positive control);
SI-SCP90, SI-SCP200, SI-SCP300: Smoked and cooked nitrite-free salami with sour cherry
powder added to provide a TPC of 90, 200, and 300 mg GAE/kg of processed meat;
SI-BCP90, SI-BCP200, SI-BCP300: Smoked and cooked nitrite-free salami with blackcurrant
powder added to provide a TPC of 90, 200, and 300 mg GAE/kg of processed meat;
SI-LP90, SI-LP200, SI-LP300: Smoked and cooked nitrite-free salami with lingonberry
powder added to provide a TPC of 90, 200, and 300 mg GAE/kg of processed meat;
SII-C: Nitrite-free smoked and scalded salami (negative control sample);
SII-CN: Smoked and scalded salami with added sodium nitrite (positive control);
SII-SCP90, SII-SCP200, SII-SCP300: Smoked and scalded nitrite-free salami with sour cherry
powder added to provide a TPC of 90, 200, and 300 mg GAE/kg of processed meat;
SII-BCP90, SII-BCP200, SII-BCP300: Smoked and scalded nitrite-free salami with blackcurrant
powder added to provide a TPC of 90, 200, and 300 mg GAE/kg of processed meat;
SII-LP90, SII-LP200, SII-LP300: Smoked and scalded nitrite-free salami with lingonberry
powder added to provide a TPC of 90, 200, and 300 mg GAE/kg of processed meat.

Ingredient quantities for SI salami (per kg of pork/fat mixture) are presented in Table 1.

Table 1. Ingredients for SI salami manufacturing (control and fruit powder supplemented).

Sample
Pork

Meat (g)
Pork

Fat (g)
Salt
(g)

Salt + 0.5%
(w/w) Sodium

Nitrite (g)

Spice
Mixture (g)

SCP
(g)

BCP
(g)

LP
(g)

SI-C 780 220 18 - 15 - - -
SI-CN 780 220 - 18 15 - - -

SI-SCP90 780 220 18 - 15 9.42 - -
SI-SCP200 780 220 18 - 15 20.94 - -
SI-SCP300 780 220 18 - 15 31.41 - -
SI-BCP90 780 220 18 - 15 - 6.13 -
SI-BCP200 780 220 18 - 15 - 13.62 -
SI-BCP300 780 220 18 - 15 - 20.43 -

SI-LP90 780 220 18 - 15 - - 7.83
SI-LP200 780 220 18 - 15 - - 17.40
SI-LP300 780 220 18 - 15 - - 26.10

The spice mixture used in the SI formulation contained 7 g of garlic granules, 3 g of
ground thyme, 3 g of ground white pepper, and 2 g of ground allspice.

Table 2 details the ingredients per kg of pork/fat mixture in SII salami.

Table 2. Ingredients for SII salami manufacturing (control and fruit powder supplemented).

Sample
Pork

meat (g)
Pork

Fat (g)
Salt
(g)

Salt + 0.5%
(w/w) Sodium

Nitrite (g)

Spice
Mixture (g)

SCP
(g)

BCP
(g)

LP
(g)

SII-C 800 200 18 - 28 - - -
SII-CN 800 200 - 18 28 - - -

SII-SCP90 800 200 18 - 28 9.42 - -
SII-SCP200 800 200 18 - 28 20.94 - -
SII-SCP300 800 200 18 - 28 31.41 - -
SII-BCP90 800 200 18 - 28 - 6.13 -

SII-BCP200 800 200 18 - 28 - 13.62 -
SII-BCP300 800 200 18 - 28 - 20.43 -

SII-LP90 800 200 18 - 28 - 7.83
SII-LP200 800 200 18 - 28 - - 17.40
SII-LP300 800 200 18 - 28 - - 26.10
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The spice mixture used in SII formulations contained 9 g of garlic granules, 10 g of
sweet paprika, 1 g of hot paprika, 3 g of ground black pepper, 2 g of ground nutmeg, 1 g of
ground coriander, and 2 g of ground cumin.

The technological flow followed for SI production involves cutting pork meat and
fat into pieces of approximately 50 g, mincing them using a meat grinder with a 5 mm
sieve (Luohe, YGM-100, Henan, China), adding the other ingredients in the recipe, and
homogenizing with a mixer (Inotec IM-150E, Reutlingen, Germany) for 10 min. The
resulting mixture is stuffed into collagen membranes with a diameter of 45 mm using a
filling machine (Albert Handtmann, VF-608, 88400 Biberach an der Riss, Germany), and
the resulting salami sticks are sealed at both ends with metal clips using a clip sealing
machine (Tipper Tie Technopack, KDCVT 400, 21509 Glinde, Germany). The salamis are
left to mature in a cold room for 24 h at a temperature of 4 ◦C. The heat treatment of the
raw salami formulations was carried out in a smoke oven (Doleschal, SC6001, A-4400 Steyr,
Austria), undergoing the following phases: preheating at 60 ◦C for 15 min, drying at 70 ◦C
for 30 min, smoking at 70 ◦C for 30 min, and cooking at 72 ◦C and 5% relative air humidity
until an internal temperature of 70 ◦C is reached in the salami.

SII followed the same manufacturing process as SI, except for the final heat treatment
stage, which was conducted at 72 ◦C in an environment with approximately 80% relative air
humidity until the internal temperature of the salami reached 70 ◦C. After heat treatment,
all salami formulas are cooled, packaged in oxygen-permeable bags, and stored in a cold
room at 4 ◦C and a relative air humidity of 70–80%, after being divided according to each
experimental time (0, 15, and 30 days). All formulations were replicated independently
twice. For each replicate, six pieces of salami were produced per treatment. The salami has
a recommended shelf life of 30 days.

Figure 1 displays the salami samples after this 30-day cold storage period.
The salami samples from day 0 were tested for proximate chemical composition and

lipid oxidation, while samples taken after 15 and 30 days of storage were tested to assess
the progression of lipid oxidation based on specific chemical indices, such as the peroxide
value (PV), para-anisidine value (pAV), and thiobarbituric acid value (TBA). The total
oxidation value (TOTOX) and oxidation inhibition (IO, %) were also calculated.

2.4. Phytochemical Profile and Antioxidant Activity of Fruit Powder
2.4.1. Obtaining the Extract for Evaluating the Total Phenolic Content, Total Flavonoid
Content, and Antioxidant Activity

Alcoholic extracts were prepared by adding 10 mL of 70% (v/v) ethanol to 0.5 g of
fruit powders (SCP, BCP, and LP), following the method of Litwinek et al. [31] with minor
modifications. Extraction was carried out for 2 h at ambient temperature under continuous
stirring with a magnetic stirrer (IDL GmbH & Co KG, Nidderau, Germany), after which
the mixtures were centrifuged for 10 min at 10,000 rpm (Hettich EBA 21, Andreas Hettich
GmbH & Co. KG., Tuttlingen, Germany). The supernatant was collected, and the remaining
residue was re-extracted with a new portion of 70% ethanol (v/v) for another 60 min under
the same conditions. The collected supernatants were combined, and the volume of the
mixture was adjusted to 20 mL with 70% ethanol (v/v) and stored at −20 ◦C in the dark
until analysis of total phenolic content, total flavonoid content, and antioxidant activity.
The extraction procedure was carried out in triplicate for each fruit powder.

2.4.2. Evaluation of Total Phenolic Content

The total phenolic content (TPC) was quantified according to the Folin–Ciocalteau
method [32]. Before analysis, the alcoholic extracts from the fruit powder were diluted
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in a ratio of 1:10 (v/v) with distilled water. Subsequently, 0.5 mL of diluted extracts
was combined with 2.5 mL of Folin-Ciocalteu reagent, previously diluted in a ratio of
1:10 v/v with distilled water, and 2 mL of 7.5% Na2CO3 solution. The resulting mixture was
incubated at 50 ◦C for 30 min, followed by measurement of the absorbance at 750 nm using
the SPECORD 205 UV-Vis spectrophotometer (Analytik Jena Inc., Jena, Germany) against
a control sample prepared under the same conditions. A gallic acid calibration curve
was generated by plotting values of standards’ absorbances versus their concentrations in
the range 0.1–1.0 μM GAE/mL. The TPC in extracts was calculated from the regression
equation, and the results were converted to mg gallic acid equivalent (GAE)/g dry weight
(d.w.) of fruit powder.

Smoked and cooked salami (SI) Smoked and scalded salami (SII) 

  

 

  

 

SI-C SI-CN  SII-C SII-CN  

      
SI-SCP90 SI-SCP200 SI-SCP300 SII-SCP90 SII-SCP200 SII-SCP300 

      
SI-BCP90 SI-BCP200 SI-BCP300 SII-BCP90 SII-BCP200 SII-BCP300 

      
SI-LP90 SI-LP200 SI-LP300 SII-LP90 SII-LP200 SII-LP300 

Figure 1. Salami formulas after 30 days of cold storage. SI-C, SII-C: Nitrite-free SI and SII salami;
SI-CN, SII-CN: SI and SII salami with added sodium nitrite; SI-SCP90, SI-SCP200, SI-SCP300, SII-
SCP90, SII-SCP200, SII-SCP300: Nitrite-free SI and SII salami with sour cherry powder added to
provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-BCP90, SI-BCP200, SI-BCP300, SII-BCP90,
SII-BCP200, SII-BCP300: Nitrite-free SI and SII salami with blackcurrant powder added to provide
a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-LP90, SI-LP200, SI-LP300, SII-LP90, SII-LP200,
SII-LP300: Nitrite-free SI and SII salami with lingonberry powder added to provide a TPC of 90, 200
and 300 mg GAE/kg of meat.

2.4.3. Evaluation of Total Flavonoid Content (TFC)

Total flavonoid content in the fruit powder extracts was quantified using an adapted
colorimetric assay [33]. In brief, a 3.0 mL portion of the ethanol extract, previously obtained,
was introduced to a mixture containing 4.5 mL of deionized water and 1.0 mL of a 0.3%
(w/v) aqueous solution of sodium nitrite. This initial mixture underwent a 6 min incubation
period at a controlled temperature of 20 ◦C. Subsequently, 1.0 mL of 10% (w/v) aluminum
nitrate solution was incorporated, followed by an additional incubation period of 6 min.
The procedure continued with the addition of 10.0 mL of 4% (w/w) sodium hydroxide
solution, after which the final volume of the reaction mixture was adjusted to 25.0 mL
using a 70% ethanol solution (v/v) and allowed to stand at room temperature for 15 min to
complete the reaction. The absorbance was measured at 510 nm against a 70% (v/v) ethanol
blank using a UV-Vis spectrophotometer. A calibration curve was generated employing
a series of quercetin (QE) standard solutions, covering a concentration range of 0.5 to
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50 μg/mL. The total flavonoid content of fruit powder was ultimately expressed as mil-
ligrams of quercetin equivalents per 100 g of dry weight (mg QE/100 g d.w.).

2.4.4. Evaluation of Monomeric Anthocyanin Content

The anthocyanin content in fruit powder extract was determined spectrophotometri-
cally as monomeric anthocyanin by the pH-differential method [34]. Fruit powder extracts
were prepared by mixing 0.25 g of fruit powder with 5 mL of a 0.1 N HCl and 96% (v/v)
ethanol mixture (1:9, v/v). The extraction proceeded for one hour under continuous stirring.
The suspension was then centrifuged for 5 min at 5000 rpm, and the residue obtained after
removing the supernatant was re-extracted twice under the same extraction conditions.
The combined supernatants were adjusted to a final volume of 15 mL. The extraction was
performed in triplicate for each fruit powder. The alcoholic extracts obtained from SCP,
BCP, and LP were diluted 1:5, v/v in 0.025 M potassium chloride buffer (pH 1.0) and
0.4 M sodium acetate buffer (pH 4.5) and the absorbance of each was measured at both
520 and 700 nm with a UV-Vis spectrophotometer Specord 205 (Analytik Jena Inc., Jena,
Germany) against distilled water as a blank in a glass cuvette with an optical path length of
10 mm. TMA content was calculated according to Darniadi et al. [34] and expressed as mg
cyanidin-3-glucoside equivalents (C3G) per 100 g d.w. using a molar extinction coefficient
of 26 900 L/cm·mol and molecular weight of 449.2 g/mol for C3G.

2.4.5. Determination of L-Ascorbic Acid

L-Ascorbic acid (AsAc) or vitamin C content was measured by titrimetric method with
2,6-dichlorophenol-indophenol sodium salt solution. AsAc was extracted by homogenizing
1 g of the fruit powder with 20 mL of 2% (w/v) oxalic acid solution. The mixture was
allowed to stand for about 1 h at 20 ◦C and filtered through Whatman filter paper No 2 to
remove any remaining plant material. The filtrate was mixed with the kaolin decolorizer
and re-filtered [35]. Next, 10 mL of the obtained clear filtrate was titrated with 0.025% (m/v)
2,6-dichloroindophenol solution until a pink color was obtained. The final AsAc content
was calculated according to Žlabur [36] and expressed as mg/100 g d.w.

2.4.6. Evaluation of the Antioxidant Activity of Fruit Powder via
1,1-Diphenyl-2-picrylhydrazyl (DPPH) Method

The antioxidant activity of the fruit powder extracts, specifically their ability to scav-
enge free radicals, was quantified via the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay [37]
with a 0.1 mM DPPH solution in 70% (v/v) ethanol. The previously obtained ethanolic
extracts of each fruit powder were diluted with 70% (v/v) ethanol at a volumetric ratio of
1:50. Subsequently, a 1.0 mL aliquot of the diluted extracts was combined with 2.5 mL of
the 0.1 mM DPPH solution in 70% (v/v) ethanol. The resulting mixtures were homogenized
using a hot plate stirrer (IDL GmbH & Co KG, Nidderau, Germany) and then subjected to
a 30 min incubation period in darkness at 20 ◦C. The absorbance of each incubated mixture
was measured at a wavelength of 517 nm against 70% (v/v) ethanol as the reference blank.
Under identical operational conditions, a control sample, consisting of 1.0 mL of 70% (v/v)
ethanol mixed with 2.5 mL of the 0.1 mM DPPH solution in 70% (v/v) ethanol, was also
prepared and analyzed. The DPPH radical scavenging activity was calculated as shown in
Equation (1), where Acontrol and Asample represent the absorbance values of the control and
sample, respectively.

DPPH Scavenging Activity(%) =
Ac − As

Ac
× 100 (1)
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A calibration curve correlating DPPH scavenging activity (%) with Trolox concentra-
tion (μg/mL) was generated using standard solutions of Trolox within the concentration
range of 1.0 to 25 μg Trolox/mL [38]. The antioxidant activity of fruit powder was calculated
and expressed as μM Trolox equivalents (TE) per gram of dry weight (d.w.).

2.4.7. Assessment of Antioxidant Activity by Ferric Reducing Antioxidant Power
(FRAP) Assay

The ferric reducing antioxidant power (FRAP) assay was used to determine the total
antioxidant potential of the samples. This method assesses the ability of antioxidant
constituents in ethanol extracts to reduce ferric ions (Fe3+) from a colorless tripyridyltriazine
complex to ferrous ions (Fe2+) in an acidic medium. This redox reaction, driven by electron
donation from antioxidant species, results in the formation of an intense blue-colored
complex with tripyridyltriazine (TPTZ), which exhibits maximum absorption at 593 nm [39].
The FRAP working solution was prepared by mixing 100 mL of acetate buffer (pH 3.6),
10 mL of a 10 mM TPTZ solution in 40 mM HCl, and 10 mL of a 20 mM FeCl3·6H2O solution.
Prior to measurement, the initial alcoholic extracts of the fruit powders were diluted with
distilled water at a 1:50 (v/v) ratio. For the assay, 0.5 mL of the diluted extracts was allowed
to react with 2.5 mL of the FRAP working solution at 37 ◦C for 30 min. The resulting
absorbance was measured at 593 nm, against a blank solution prepared without the sample
under identical conditions. The antioxidant capacity was quantified as μM Fe2+ equivalents
per gram of dry weight, based on a calibration curve generated with FeSO4·7H2O standard
solutions in the concentration range of 0.05 to 0.5 μM Fe2+ equivalents/mL. Each analysis
was conducted in three independent replicates.

2.5. Proximate Composition and Energy Value Evaluation of Salami Formulations

The proximate analysis of the salami formulations was performed following appro-
priate methods recommended by AOAC [40], such as AOAC 950.46 for moisture, AOAC
973.48 for protein, AOAC 960.39 for fat, AOAC 937.09 for NaCl, and AOAC 999.11 for ash,
respectively. The carbohydrate content was calculated by subtracting from 100 the sum
of the protein, ash, lipid, NaCl, and moisture content. The energy values for each salami
formula, expressed in kcal/100 g, were calculated taking into account their carbohydrate,
fat, and protein content and using the specific energy factors for protein (4 calories per
gram), for fat (9 calories per gram), and carbohydrates (4 calories per gram) [41]. Each
analysis was conducted in three independent replicates.

2.6. Assessing the Progression of Lipid Oxidation

Lipid oxidation in salami samples, stored under refrigerated conditions (4 ◦C) for 0, 15,
and 30 days, was assessed by measuring specific chemical indices. These included peroxide
value (PV), para-anisidine value (pAV), and thiobarbituric acid (TBA) value. Additionally,
inhibition of oxidation (IO) and total oxidation (TOTOX) values were calculated. All
analyses were conducted in three independent replicates.

2.6.1. Peroxid Value (PV)

To assess the extent of primary lipid oxidation in salami samples, peroxide value (PV)
was determined. This indicator quantifies the concentration of hydroperoxides generated
during the initial oxidation stage. The analysis followed the iodometric method [42] and
was performed on the lipids extracted from salami samples with a mixture of chloroform
and methanol (2:1, v/v) following the procedure described by Seo et al. [43]. PV was
reported as milliequivalents of active oxygen per kilogram of lipid.
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2.6.2. Para-Anisidine Value (pAV)

To assess the extent of secondary lipid oxidation, the quantification of aldehydic com-
pounds, as secondary oxidation products, was performed by means of the para-anisidine
value (pAV). This analysis was performed following the methodology detailed in the Inter-
national Organization for Standardization (ISO) protocol 6885:2008 [44]. The basic principle
of this test involves the nucleophilic addition of the amine group of para-anisidine to the
electrophilic carbonyl group of aldehydes, resulting in a Schiff base that exhibits maximum
absorption at a wavelength of 350 nm. For the analysis, a precisely weighed 2-g aliquot
of extracted fat according to Seo et al. [43] was dissolved in 25 mL of isooctane, and its
baseline absorbance was spectrophotometrically determined at 350 nm using isooctane
as the reference (AbsI). Subsequently, a 5 mL portion of this initial solution was reacted
with 1 mL of a para-anisidine reagent (0.25% w/v in glacial acetic acid) in a separate vessel.
Following a 10 min reaction period, the absorbance of this mixture was measured at 350 nm
against a control comprising 5 mL of isooctane and 1 mL of the anisidine reagent, (AbsII).
The pAV was then computed using the relationship presented in Equation (2):

pAV = 25 × 1.2 × AbsII − AbsI

m
(2)

where AbsI and AbsII represent the absorbance of the fat sample in isooctane and in
isooctane with para-anisidine solution, respectively; m—mass of the fat sample (g).

2.6.3. Inhibition of Oxidation (IO)

The inhibition of lipid oxidation (IO), achieved by adding either sodium nitrite or fruit
powder, was quantified following the method by Mariod et al. [45]. This assessment relied on
comparing the peroxide value (PV) increase in samples after 15 and 30 days of storage, relative
to day 0, against the PV increase observed in the control sample over the same storage period.
The calculation was performed using the relationship detailed in Equation (3).

IO(%) = (1 − increase in PV of sample
increase in PV of control

)× 100 (3)

2.6.4. TOTOX Value

Based on the findings of a previous study [2], the simultaneous assessment of both
primary and secondary markers of lipid oxidation is considered more effective for a
comprehensive understanding of oxidative deterioration. This dual approach provides
insight into the overall extent of oxidation by including the accumulation of secondary
oxidation products alongside the oxidative status indicated by primary species. The TOTOX
value was calculated by combining the peroxide value (PV) and the para-anisidine value
(pAV), according to Equation (4) [46].

TOTOX value = pAV + 2 × PV (4)

2.6.5. Thiobarbituric Acid (TBA) Value

To quantify the secondary products of lipid oxidation, particularly malondialdehyde
(MDA), the thiobarbituric acid (TBA) test was performed [47]. This colorimetric method
is based on the principle that MDA reacts with TBA under heated acidic conditions to
produce a colored complex, the concentration of which is proportional to the MDA content.
To this end, 5 g of the minced salami sample was homogenized by shaking for 5 min
in 20 mL of 5% trichloroacetic acid solution (w/v). The resulting homogenate was then
centrifuged at 12,000 rpm for 10 min to obtain a clear supernatant. Subsequently, a 4 mL
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aliquot of the supernatant was combined with an equal volume (4 mL) of a 0.02 M aqueous
TBA solution. The resulting mixture was then heated for 60 min at 100 ◦C in a water bath
to facilitate color development. Following incubation and cooling to ambient tempera-
ture, the absorbance of the resulting solution was measured at 532 nm using a Specord
205 spectrophotometer (Analytik Jena Inc., Jena, Germany). A reagent blank, devoid of
the fat sample, was used as the reference for these spectrophotometric determinations. A
fat-free sample prepared under the same operating conditions was used as a reference.
The MDA concentration in the samples was determined by interpolating the absorbance
values against a standard calibration curve prepared with MDA solutions ranging from
10 to 50 μg/mL. TBA values were expressed as mg MDA per kg of sample and represent
the average of three independent measurements.

2.7. Statistical Analysis

The data obtained are reported as mean values, followed by the standard deviation
(SD). A one-way analysis of variance (ANOVA) was used to evaluate the statistical signifi-
cance of the differences between the fruit powders, as well as between the salami samples,
in response to the storage period and the supplementation variant. Levene’s test was uti-
lized to confirm homogeneity of variances. Following this, post hoc analysis was conducted
via Tukey’s test, and all differences were considered statistically significant at p < 0.05.

3. Results and Discussion

3.1. Phytochemical Profile and Antioxidant Activity of Fruit Powder

Table 3 presents the phytochemical profiles of the investigated fruit powders, black-
currant (BCP), lingonberry (LP), and sour cherry (SCP), including total phenolic, flavonoid,
and monomeric anthocyanin contents, ascorbic acid, and antioxidant activity measured via
ferric reducing antioxidant power (FRAP) and DPPH radical scavenging assays.

Table 3. Phytochemical profile and antioxidant activity of fruit powder.

Fruit
Powder

TPC
(mg GAE/g d.w.)

TFC
(mg QE/g d.w.)

TMA
(mg C3G/100 g d.w.)

AsAc
(mg/100 g d.w.)

FRAP
(μM Fe2+/g d.w.)

DPPH
(μM TE/g d.w.)

BCP 15.45 ± 0.51 a 6.98 ± 0.19 a 859.04 ± 1.89 a 621.09 ± 1.73 a 419.41 ± 1.39 a 307.44 ± 1.57 a

LP 12.07 ± 0.38 b 6.11 ± 0.14 b 312.58 ± 1.75 b 64.52 ± 0.58 b 370.47 ± 1.27 b 278.65 ± 1.32 b

SCP 10.01 ± 0.24 c 4.85 ± 0.11 c 509.73 ± 1.43 c 45.91 ± 0.47 c 294.59 ± 1.18 c 220.71 ± 1.24 c

BCP: blackcurrant powder; LP: lingonberry powder; SCP: sour cherry powder; TPC: total phenolic content,
mg gallic acid equivalents (GAE)/g d.w.; TFC: total flavonoid content, mg quercetin equivalents (QE)/g d.w.;
TMA: total monomeric anthocyanins, cyanidin-3-glucoside (C3G)/100 g d.w.; AsAc: ascorbic acid, mg/100 g
d.w.; FRAP: ferric reducing antioxidant power, μM Fe2+/g d.w.; DPPH: 1,1-diphenyl-2-picrylhydrazyl, μM Trolox
equivalents (TE)/g d.w. Results are expressed as the mean value of three independent analyses ± standard
deviation (SD). Means in the same column bearing different superscripts are significantly different (one-way
ANOVA, p < 0.05).

3.1.1. Total Phenolic Content (TPC)

BCP exhibited the highest TPC, with values 54.35% and 28.00% greater than SCP
and LP, respectively. This is consistent with Kim [48], who reported a high TPC of
approximately 710.33 mg GAE/100 g fresh weight (f.w.) in fresh blackcurrants, as
well as Sadowska et al. [49], who found blackcurrant powders ranging from 613.7 to
1577.2 mg GAE/100 g d.w., influenced by drying methods applied. It is worth noting that
the TPC value determined for BCP in this study aligns with a previously reported range [49].
A slightly higher TPC value for blackcurrant powder was also documented, reaching
19.84 mg GAE/g d.w. [50]. For LP, the TPC values align with Daukšienė et al. [32], who
reported a wide range (6.75–27.19 mg/g d.w.) in dried fruit depending on the preparation
method, highlighting the impact of drying techniques on phenolic compounds retention.
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Meanwhile, freeze-dried sour cherry powders exhibited the lowest total phenolic
content (TPC), ranging from 1.87 to 6.80 mg GAE/g [51], with broader variability reported
among cultivars (96.56–268.98 mg GAE/100 g f.w.) [52]. Additionally, depending on the
extraction parameters applied, ultrasound-assisted extraction methods have yielded TPC
values ranging from 8.45 to 17.50 mg GAE/g d.w. [53].

3.1.2. Total Flavonoid Content (TFC)

As presented in Table 3, BCP demonstrated the highest flavonoid content, exceeding
that of SCP by 43.92% and LP by 14.24%. Previous research conducted by Yaman [54] on
various sour cherry genotypes reported total flavonoid content (TFC) values ranging from
0.68 to 1.35 mg QE/g f.w. When adjusted for moisture content, our results are in good
agreement with these previously reported ranges. Borowiec et al. [50] documented a TFC
of 8.28 mg QE/g d.w. in blackcurrant powder, which aligns well with the findings of the
present study. In contrast, Blejan et al. [55] reported a considerably higher value (24.43 mg
QE/g d.w.) in lyophilized blackcurrant pomace. This discrepancy can be attributed to the
higher concentration of polyphenols in the skins and seeds retained in pomace. Moreover,
freeze-drying, as applied to the pomace, is known to better preserve flavonoid compounds
compared with conventional techniques such as air- or oven-drying.

3.1.3. Total Monomeric Anthocyanin Content (TMA)

The TMA in BCP was significantly higher (859.04 mg C3G/100 g d.w.) than in SCP
(509.73 mg) and LP (312.58 mg), consistent with Lee et al. [56], who reported similar
values for blackcurrants (813.60 mg/100 g d.w.). Borowiec et al. [50] documented lower
TMA in blackcurrant powders (520 mg/100 g d.w.), possibly due to differences in source
material or drying methods. For SCP, the TMA values align well with those reported
by Sokół-Łętowska et al. [52], 83.24 mg C3G/100 g f.w., when adjusted to dry weight
equivalents.

Lingonberry TMA levels (306–396 mg C3G/100 g dry weight) reported by Ozola
and Kampuse [57], as well as lower fresh weight levels documented by Dróżdż et al. [58]
and Koponen et al. [59], support the variability observed and emphasize the influence of
origin and processing. Consistent with Ozola and Kampuse [57], TMA content in dried
lingonberry byproducts ranged from 306 to 396 mg C3G/100 g d.w., varying by drying
method. Dróżdż et al. [58] reported 33–47 mg/100 g f.w. in Polish wild lingonberries, while
Koponen et al. [59] found 77.5 mg/100 g f.w. in berries grown in Finland. Adjusted to dry
weight, these values align with our findings.

3.1.4. L-Ascorbic Acid Content (AsAc)

BCP demonstrated remarkably high ascorbic acid content (621.09 mg/100 g dry weight),
being approximately 9.63 and 13.53 times richer than LP (64.52 mg) and SCP (45.91 mg), respec-
tively. These findings align with Sadovska et al. [49], who documented ascorbic acid contents
from 445.2 to 861.2 mg/100 g d.w. in blackcurrant powders depending on drying conditions.
The value for the convection drying method; (62050; mg/100, g, dw), was comparable to our
data. Urbonaviciene et al. [60] reported ascorbic acid levels in lingonberries ranging from 8.8 to
9.6 mg/100 g f.w., while Wojdyło et al. [61] found values between 5.5 and 22.1 mg/100 g f.w. in
sour cherries; both are consistent with our results after moisture adjustment.

3.1.5. Antioxidant Activities (FRAP and DPPH Assays)

Antioxidant capacity, evaluated via ferric reducing antioxidant power (FRAP) and
DPPH radical scavenging assays (Table 3), revealed the highest electron-donating and radical-
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quenching activities in BCP. FRAP values for BCP were higher than those of SCP by 42.37% and
LP by 13.21%, while DPPH scavenging followed a similar pattern, with BCP significantly (p <
0.05) exceeding SCP and LP by 39.30% and 10.33%, respectively. BCP consistently demonstrated
the highest antioxidant activity in both assays, which can be attributed to its elevated levels of
total phenolics and flavonoids. These compounds not only act as electron or hydrogen donors
but also contribute to the formation of stable radical intermediates, an essential mechanism in
mitigating lipid oxidation in fat-rich food matrices.

Kim [48] observed lower DPPH free radical scavenging activity in blackcurrants
(265.58 μM TE/g d.w.). Similarly, Sokół-Łętowska et al. [52] reported FRAP antioxidant
levels in various sour cherry cultivars that closely match our findings. Daukšienė et al. [32]
documented FRAP values for dried lingonberries between 164.5 and 550.67 μmol/g d.w.,
aligning well with our data. These findings reinforce that the antioxidant effects of fruit
powder polyphenols arise from their molecular structure, enabling efficient electron dona-
tion and the stabilization of free radicals. These strong antioxidant properties underscore
the potential of fruit powders as natural preservatives, positioning them as promising
alternatives to synthetic additives in meat products.

3.2. The Proximate Composition of Salami Formulations

The proximate composition and energy value for both SI and SII salami formulations
are shown in Table 4.

Table 4. Proximate composition and energy value of developed salami formulations (day 0).

Sample

Proximate Composition Energy
Value

(kcal/100 g)
Moisture
(g/100 g)

Protein
(g/100 g)

Lipids
(g/100 g)

Ash
(g/100 g)

NaCl
(g/100 g)

CRB
(g/100 g)

SI-C 61.24 ± 0.06 a 11.52 ± 0.06 a 22.02 ± 0.06 a 1.85 ± 0.02 e 2.19 ± 0.03 a 1.18 248.98
SI-CN 61.21 ± 0.04 a 11.50 ± 0.05 a 22.01 ± 0.07 a 1.86 ± 0.01 e 2.21 ± 0.02 a 1.21 248.92

SI-SCP90 60.87 ± 0.03 d 11.44 ± 0.05 a 21.84 ± 0.04 b 1.98 ± 0.01 d 2.21 ± 0.01 a 1.66 248.95
SI-SCP200 60.55 ± 0.04 e 11.37 ± 0.03 a 21.62 ± 0.06 c 2.11 ± 0.02 b 2.23 ± 0.02 a 2.12 248.54
SI-SCP300 60.27 ± 0.05 g 11.31 ± 0.05 a 21.43 ± 0.07 c 2.19 ± 0.03 a 2.22 ± 0.01 a 2.58 248.42
SI-BCP90 61.06 ± 0.05 b 11.45 ± 0.04 a 21.90 ± 0.05 b 1.93 ± 0.02 d 2.21 ± 0.03 a 1.45 248.70

SI-BCP200 60.82 ± 0.04 d 11.43 ± 0.05 a 21.76 ± 0.06 b 2.01 ± 0.01 c 2.21 ± 0.01 a 1.78 248.63
SI-BCP300 60.61 ± 0.05 e 11.38 ± 0.03 a 21.63 ± 0.05 c 2.08 ± 0.02 b 2.22 ± 0.03 a 2.08 248.50

SI-LP90 60.95 ± 0.03 c 11.44 ± 0.04 a 21.87 ± 0.06 b 1.90 ± 0.02 d 2.22 ± 0.01 a 1.61 249.08
SI-LP200 60.69 ± 0.04 e 11.40 ± 0.05 a 21.69 ± 0.06 c 1.97 ± 0.03 d 2.23 ± 0.02 a 2.01 248.91
SI-LP300 60.46 ± 0.03 f 11.37 ± 0.04 a 21.53 ± 0.05 c 2.03 ± 0.02 c 2.24 ± 0.03 a 2.36 248.75

SII-C 63.27 ± 0.05 a 12.63 ± 0.04 a 19.51 ± 0.03 a 1.92 ± 0.03 d 2.10 ± 0.02 a 0.57 228.39
SII-CN 63.28 ± 0.07 a 12.65 ± 0.06 a 19.53 ± 0.04 a 1.93 ± 0.02 d 2.13 ± 0.03 a 0.48 228.27

SII-SCP90 62.88 ± 0.03 d 12.57 ± 0.05 a 19.37 ± 0.05 b 2.07 ± 0.02 b 2.12 ± 0.01 a 0.99 228.59
SII-SCP200 62.56 ± 0.04 f 12.50 ± 0.04 a 19.21 ± 0.06 b 2.18 ± 0.03 b 2.13 ± 0.02 a 1.42 228.59
SII-SCP300 62.31 ± 0.05 g 12.43 ± 0.05 a 19.02 ± 0.05 b 2.28 ± 0.04 a 2.15 ± 0.03 a 1.81 228.13
SII-BCP90 63.05 ± 0.04 b 12.59 ± 0.03 a 19.43 ± 0.03 b 2.02 ± 0.02 c 2.10 ± 0.03 a 0.81 228.45

SII-BCP200 62.82 ± 0.05 d 12.55 ± 0.06 a 19.30 ± 0.04 b 2.11 ± 0.02 b 2.11 ± 0.02 a 1.11 228.35
SII-BCP300 62.61 ± 0.04 f 12.51 ± 0.05 a 19.19 ± 0.03 b 2.19 ± 0.01 b 2.12 ± 0.01 a 1.38 228.28

SII-LP90 62.95 ± 0.03 c 12.59 ± 0.03 a 19.40 ± 0.05 b 1.99 ± 0.02 c 2.10 ± 0.03 a 0.97 228.85
SII-LP200 62.71 ± 0.04 e 12.54 ± 0.05 a 19.25 ± 0.07 b 2.08 ± 0.02 b 2.12 ± 0.01 a 1.31 228.60
SII-LP300 62.48 ± 0.05 f 12.48 ± 0.04 a 19.11 ± 0.06 b 2.15 ± 0.03 b 2.13 ± 0.02 a 1.65 228.52

CRB: Carbohydrates. SI-C, SII-C: Nitrite-free SI and SII salami; SI-CN, SII-CN: SI and SII salami with added
sodium nitrite; SI-SCP90, SI-SCP200, SI-SCP300, SII-SCP90, SII-SCP200, SII-SCP300: Nitrite-free SI and SII salami
with sour cherry powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-BCP90, SI-BCP200,
SI-BCP300, SII-BCP90, SII-BCP200, SII-BCP300: Nitrite-free SI and SII salami with blackcurrant powder added to
provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-LP90, SI-LP200, SI-LP300, SII-LP90, SII-LP200, SII-LP300:
Nitrite-free SI and SII salami with lingonberry powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of
meat. Results are expressed as the mean ± standard deviation (SD) of three independent analyses. Means in the
same column bearing different superscripts are significantly different (one-way ANOVA, p < 0.05).
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The values for the proximate composition fall within the ranges established for cooked
and scalded salami by Order 210/2006 [62]. The moisture content of both SI and SII salami
formulations was affected by the type and dose of fruit powder added, as well as the
ingredients and the heat treatment applied (cooking or scalding). The moisture content of
SI samples ranged from 60.27 g/100 g to 61.24 g/100 g, while that of SII samples varied
between 62.31 g/100 g and 63.27 g/100 g. For both salami types, the highest moisture
content values were recorded in the control samples: SI-C (61.24 g/100 g) and SI-CN
(61.21 g/100 g), SII-C (63.27 g/100 g), and SII-CN (63.28 g/100 g). The addition of fruit
powders (SCP, BCP, and LP) resulted in a gradual and statistically significant decrease
(p < 0.05) in moisture content for both salami types. The reduction in moisture content is
mainly due to the low moisture content of the fruit powder (below 5%). This observation
aligns with Mahapatra et al. [63], who reported reduced moisture content in heat-treated
meatballs fortified with fruit and fruit byproduct powders compared with controls. Fu
et al. [64] reported that increasing levels of cherry powder in sausages led to greater mois-
ture loss during 30 days of refrigerated storage. This suggests that higher concentrations of
cherry powder may adversely impact the product’s water-holding capacity. One possible
reason is that the cherry powder interferes with protein–water interactions. Polyphenols
present in the powder may bind to muscle proteins, displacing water molecules that would
otherwise form hydrogen bonds and contribute to water retention. This substitution
diminishes the ability of proteins to retain water in the meat matrix.

The protein contribution from the fruit powder in the salami formulations doesn’t
significantly impact the overall protein values in SI and SII salami types. The pro-
tein content in the SI salami formulation exhibited a slight reduction, decreasing from
11.52 g/100 g in the SI-CN sample to 11.31 g/100 g in the SI-SCP300 formulas. Simi-
larly, the SII salami formulation also showed a decrease in protein content, falling from
12.65 g/100 g in the SII-CN formula to 12.43 g/100 g in the SII-SCP300 sample. Compared
to the protein content in the control samples, both SI and SII salami formulations exhibited
a minor reduction in protein content as the concentration of added fruit powder increased.
Our observations are consistent with the findings reported by Cocan et al. [28], who docu-
mented a reduction in protein content following the incorporation of bell pepper byproduct
powder into pork sausages.

Supplementation of salami with varying doses of fruit powder significantly (p < 0.05)
affected lipid content. As the amount of added powder increased, a gradual decrease in
lipid content was observed. In SI salami, the lipid content declined from 22.02 g/100 g in
the SI-C sample to 21.43 g/100 g in the SI-SCP300 formulation. Similarly, in SII, it decreased
from 19.53 g/100 g in the SII-CN sample to 19.02 g/100 g in the SII-SCP300 formulation.
The SI samples consistently exhibited lipid content approximately 2.5 g/100 g higher than
that of SII, a difference attributed to the specific manufacturing recipe, which incorporated
a greater amount of fat in the SI formulations. A gradual reduction in lipid content with
increased fruit powder supplementation was also reported by Mahapatra et al. [63], who
observed a decrease in lipid levels in meatballs fortified with starfruit and guava powders.
Similar results were obtained by Zaini et al. [65], where the low lipid content of banana
peel powder contributed to reducing the lipid levels in chicken sausages.

The ash content increased proportionally with the quantity of SCP, BCP, and LP
integrated into the salami formulas. This can be attributed to the minerals and vitamins
supplied by the fruit powders. Ash content in the smoked and cooked (SI) salami ranged
from 1.85 to 2.19 g/100 g, while the smoked and scalded (SII) salami showed values between
1.92 and 2.28 g/100 g. The highest levels were recorded in SI-SCP300 (2.19 g/100 g) and
SII-SCP300 (2.28 g/100 g). A similar trend in ash content was observed in the investigation
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conducted by Zaini et al. [65], who noted a progressive increase in the ash content of
analyzed chicken sausage samples (3.04–5.77%) with incremental additions of banana peel
powder. Furthermore, Lopez-Vargas et al. [66] reported a comparable pattern, indicating a
2.5–5% increase in the ash content of the formulated pork burger samples following the
inclusion of passion fruit peel powder.

The NaCl content in the analyzed SI and SII salami formulations showed no significant
differences (p > 0.05) in response to fruit powder incorporation. Values ranged from 2.19–
2.24 g/100 g for SI and 2.10–2.15 g/100 g for SII. Our findings align with the values
documented in the literature, particularly those by Zanardi et al. [67], who reported a
content of 1–2.5% for Italian salami.

Carbohydrate content gradually increased in both types of salami with incremental
SCP, BCP, and LP supplementation. In SI samples, values ranged from 1.19 to 2.58 g/100 g,
while in SII formulations, they ranged between 0.48 and 1.81 g/100 g.

The inclusion of fruit powder in the salami formulations did not significantly impact
their energy value. However, a modest reduction in energy value was evident across
both salami types, correlating with an increase in the level of fruit powder incorporation.
A similar trend has been documented in other investigations, with an increase in the
proportion of tomato processing byproducts incorporated into pork sausages [27].

3.3. Progression of Lipid Oxidation

Several lipid oxidation indices were evaluated to monitor the progression of oxi-
dation in salami samples stored for 0, 15, and 30 days under refrigeration (4 ◦C). The
peroxide value indicated primary oxidation, while the para-anisidine value and thiobar-
bituric acid reactive substances reflected secondary oxidation. Inhibition of lipid oxida-
tion and the TOTOX value complemented the assessment of the oxidative status of the
investigated products.

3.3.1. Peroxide Value

Chemical spoilage in meat products during processing and storage primarily results
from lipid degradation by autooxidation. The initial stage of lipid oxidation leads to the
formation of hydroperoxide or the loss of polyunsaturated fatty acids. Measurement of
lipid hydroperoxide formation, commonly expressed as the peroxide value, has long served
as a key indicator of primary oxidation compounds in meat and meat products [2].

Figure 2 illustrates the effect of supplementing salami formulations with sodium
nitrite and fruit powder on peroxide value (PV) during cold storage for 0, 15, and 30 days.

Immediately following processing (day 0), PV measured were low, ranging from
0.31 to 0.59 meq O2/kg in SI samples and from 0.43 to 0.71 meq O2/kg in SII samples. A
low PV value is an indicator of freshness and quality, indicating that the product has been
manufactured, stored, and handled properly [68].

The results indicate that incorporating fruit powders into salami significantly enhances
oxidative stability during processing. This beneficial effect is both dose-dependent and
species-dependent, as higher concentrations of fruit powder more effectively inhibit oxida-
tive processes and improve lipid stability. This is evidenced by the lower peroxide values
observed in samples enriched with higher doses (e.g., BCP300, LP300, SCP300), as well as
by the superior oxidative protection provided by BCP compared with LP and SCP.

The differences in PV on day 0 for SI and SII are attributed to their distinct processing
conditions. The SII salami, heat-treated at 72 ◦C under 80% relative humidity, exhibited
enhanced oxidative stability and lower PV compared with the SI samples, which under-
went heat treatment at the same temperature but under low relative humidity (5%). Under
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such conditions, lipid oxidation is primarily driven by elevated temperature and increased
oxygen availability. For SI samples, low relative humidity increases lipid exposure to
oxygen by limiting the protective moisture layer, thereby accelerating oxidation. Addition-
ally, surface drying can concentrate pro-oxidants such as metal ions, further promoting
peroxidation [69]. In contrast, the higher relative humidity used for SII creates a water
barrier that reduces oxygen diffusion to lipid surfaces, thus slowing the oxidation rate [70].
These findings underscore the importance of precisely controlling relative humidity and
temperature during meat processing to optimize lipid stability and overall product quality.

  
(a) (b) 

Figure 2. Changes in peroxide value (PV) during cold storage of smoked and cooked salami (SI) (a) and
smoked and scalded salami (SII) (b), following supplementation with sodium nitrite and fruit powder.
SI-C, SII-C: Nitrite-free SI and SII salami; SI-CN, SII-CN: SI and SII salami with added sodium nitrite;
SI-SCP90, SI-SCP200, SI-SCP300, SII-SCP90, SII-SCP200, SII-SCP300: Nitrite-free SI and SII salami with
sour cherry powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-BCP90, SI-BCP200,
SI-BCP300, SII-BCP90, SII-BCP200, SII-BCP300: Nitrite-free SI and SII salami with blackcurrant powder
added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-LP90, SI-LP200, SI-LP300, SII-LP90,
SII-LP200, SII-LP300: Nitrite-free SI and SII salami with lingonberry powder added to provide a TPC of 90,
200 and 300 mg GAE/kg of meat. Results are expressed as the mean ± standard deviation (SD) of three
independent analyses. Means labeled with different letters within the same storage period are significantly
different (one-way ANOVA, p < 0.05).

52



Foods 2025, 14, 2262

During cold storage, a general increase in PV was observed, indicating progressive
lipid oxidation. Extending the storage period from 15 to 30 days significantly intensified
primary oxidation processes in the samples. Significant differences (p < 0.05) in PV were
recorded between the control and the samples supplemented with nitrite or fruit powders
in both SI and SII formulations. These variations are linked to the antioxidant effects of SCP,
BCP, and LP powders added at three dosage levels. Samples supplemented with higher
levels of fruit-derived total phenolics showed lower PV at both 15 and 30 days of storage,
reflecting enhanced oxidative stability. When normalized for equivalent total phenolic
content (TPC), the powders ranked in effectiveness as follows: BCP > LP > SCP.

After 30 days, SI samples (60.27–61.24% moisture) exhibited lower PV values compared
to SII samples (62.31–63.27%). The greater lipid peroxidation in SII, despite initially lower
oxidation, suggests that its higher moisture content facilitated oxidative degradation over
extended storage.

At the end of storage, salami samples supplemented with fruit powders exhibited
PVs ranging from 1.87 to 2.99 meq O2/kg for SI and from 2.41 to 3.53 meq O2/kg for SII.
In contrast, the negative control samples (SI-C and SII-C) showed higher PVs of 3.82 and
4.30 meq O2/kg, respectively. Samples containing nitrite (SI-CN and SII-CN) demonstrated
a strong antioxidative effect, with PVs of 1.88 and 2.44 meq O2/kg, respectively. Among
the fruit powders tested, BCP was the most effective in limiting hydroperoxide formation.

At all storage points, BCP added to both SI and SII salami formulations at 300 mg
GAE/kg of processed meat exhibited the strongest inhibition of primary lipid oxidation, as
evidenced by consistently low PV values. No significant differences in PV were observed
between SI-BCP300 and SI-CN, or between SII-BCP300 and SII-CN samples, indicating that
BCP’s inhibitory effect was comparable to that of nitrite.

After 30 days of cold storage, the peroxide values of lipids extracted from the fruit-
powder-enriched salami samples remained below 5 meq O2/kg. This level is characteristic
of non-rancid fats, which typically show low PV, often under 5 meq O2/kg [71]. In
general, peroxide values between 0 and 6 suggest that oxidation has not significantly
progressed, while values from 7 to 10 may indicate the initial stages of rancidity. A PV
exceeding 10 is generally associated with advanced lipid oxidation, rendering the fat
unsuitable for consumption [71]. Previous research by Yi et al. [68] suggests that the
upper limit for acceptable PVs in oils and fats lies between 5 and 10 meq O2/kg. In
line with these findings, the PVs observed in this study remained within the maximum
allowable limit of 10 milliequivalents of active oxygen per kilogram of fat, as defined by the
Codex Standard for Named Animal Fats (CODEX STAN 211–1999) [72]. The inhibition of
primary oxidation in salami through the incorporation of fruit powders aligns with existing
literature, which demonstrates that adding various fruit types and fruit-derived products
to meat effectively prevents lipid oxidation and significantly extends shelf life [73,74].
Similarly, other studies have reported a decrease in the PV of soybean oil with increasing
levels of natural antioxidants [75]. These results support the use of fruit powders as
functional ingredients with preservative properties during meat processing and storage.

3.3.2. Inhibition of Oxidation

Table 5 shows the changes in inhibition of lipid oxidation (IO) during cold storage of
SI and SII formulations supplemented with sodium nitrite and fruit powder.
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Table 5. Changes in the inhibition of oxidation (IO) during cold storage of smoked and cooked salami
(SI) and smoked and scalded salami (SII), supplemented with sodium nitrite and fruit powder.

Sample
IO (%)

Day 15 Day 30

SI-CN 72.72 ± 0.24 a 53.59 ± 0.23 a

SI-SCP90 47.75 ± 0.21 i 24.68 ± 0.11 i

SI-SCP200 58.83 ± 0.16 g 34.85 ± 0.15 h

SI-SCP300 66.85 ± 0.19 d 42.93± 0.18 e

SI-BCP90 55.73 ± 0.12 h 41.90 ± 0.20 f

SI-BCP200 63.16 ± 0.20 f 47.72 ± 0.24 c

SI-BCP300 71.10 ± 0.22 b 53.82 ± 0.26 a

SI-LP90 55.77 ± 0.17 h 36.33 ± 0.16 g

SI-LP200 65.28 ± 0.19 e 44.16 ± 0.19 d

SI-LP300 70.45 ± 0.26 c 52.22 ± 0.21 b

SII-CN 54.83 ± 0.16 c 42.43 ± 0.15 b

SII-SCP90 36.35 ± 0.23 i 18.22 ± 0.10 i

SII-SCP200 48.20 ± 0.27 f 25.46 ± 0.12 h

SII-SCP300 53.42 ± 0.19 d 33.09 ± 0.16 f

SII-BCP90 42.71 ± 0.15 g 37.08 ± 0.20 d

SII-BCP200 47.82 ± 0.25 f 39.58 ± 0.22 c

SII-BCP300 57.08 ± 0.26 a 43.66 ± 0.26 a

SII-LP90 39.99 ± 0.17 h 29.21 ± 0.19 g

SII-LP200 49.04 ± 0.20 e 35.66 ± 0.21 e

SII-LP300 55.70 ± 0.22 b 42.38 ± 0.14 b

SI-C, SII-C: Nitrite-free SI and SII salami; SI-CN, SII-CN: SI and SII salami with added sodium nitrite; SI-SCP90,
SI-SCP200, SI-SCP300, SII-SCP90, SII-SCP200, SII-SCP300: Nitrite-free SI and SII salami with sour cherry powder
added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-BCP90, SI-BCP200, SI-BCP300, SII-BCP90,
SII-BCP200, SII-BCP300: Nitrite-free SI and SII salami with blackcurrant powder added to provide a TPC of 90,
200 and 300 mg GAE/kg of meat; SI-LP90, SI-LP200, SI-LP300, SII-LP90, SII-LP200, SII-LP300: Nitrite-free SI and
SII salami with lingonberry powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat. Results are
expressed as the mean ± standard deviation (SD) of three independent analyses. Means labeled with different
letters within the same storage period are significantly different (one-way ANOVA, p < 0.05).

The IO (%) was calculated from PV to assess early lipid oxidation and reflects the anti-
peroxidative effect of fruit powders in SI and SII formulations [76]. In all salami samples
enriched with fruit powders, a clear inhibitory effect on lipid oxidation was observed
during refrigerated storage at both 15 and 30 days. The inhibition of lipid oxidation was
dose-dependent across both SI and SII formulations. Among the tested powders, BCP
showed the strongest inhibitory effect, followed by LP and SCP, sustained through to day
30. On day 15, the IO of BCP300 in SI (71.10%) was slightly below that of nitrite (72.77%),
while in SII, BCP300 outperformed nitrite (57.08% vs. 54.83%). By day 30, the inhibitory
effect of both nitrite and fruit powders declined. In SI, BCP300 matched nitrite’s IO (53.82%
vs. 53.59%), while in SII it remained slightly higher (43.66% vs. 42.43%). LP300 also
demonstrated comparable effectiveness, exhibiting a slightly lower IO than nitrite in SI
(52.22%) and an almost identical value in SII (42.38%). SCP exhibited a weaker inhibitory
effect compared to BCP and LP, with IO values for SCP300 approximately 20–22% lower
than nitrite after 30 days. Both BCP and LP maintained their antioxidant activity throughout
prolonged storage, especially at doses to provide 300 mg GAE/kg, making them promising
natural alternatives to nitrite in processed meat
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3.3.3. Para-Anisidine Value (pAV)

Prolonged cold storage of meat products can lead to lipid peroxidation, compromising
quality. While peroxide value (PV) reflects early oxidation, it does not account for later-
stage changes [77]. Para-anisidine value (pAV) is a reliable indicator of secondary oxidation,
measuring aldehydes like 2-alkenals and 2,4-alkadienals formed from peroxide breakdown
during advanced oxidative stages [2]. Figure 3 illustrates the pAV values measured on
days 0, 15, and 30 of refrigerated storage for the various salami formulations.

  
(a) (b) 

Figure 3. Impact of sodium nitrite and fruit powder supplementation on para-anisidine value (pAV)
during cold storage of smoked and cooked salami (SI) (a) and smoked and scalded salami (SII)
(b). SI-C, SII-C: Nitrite-free SI and SII salami; SI-CN, SII-CN: SI and SII salami with added sodium
nitrite; SI-SCP90, SI-SCP200, SI-SCP300, SII-SCP90, SII-SCP200, SII-SCP300: Nitrite-free SI and SII
salami with sour cherry powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat;
SI-BCP90, SI-BCP200, SI-BCP300, SII-BCP90, SII-BCP200, SII-BCP300: Nitrite-free SI and SII salami
with blackcurrant powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-LP90,
SI-LP200, SI-LP300, SII-LP90, SII-LP200, SII-LP300: Nitrite-free SI and SII salami with lingonberry
powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat. Results are expressed as the
mean ± standard deviation (SD) of three independent analyses. Means labeled with different letters
within the same storage period are significantly different (one-way ANOVA, p < 0.05).

55



Foods 2025, 14, 2262

The changes in pAV reflect the replacement of sodium nitrite with fruit powders,
added at levels corresponding to total phenolic contents of 90, 200, and 300 mg GAE/kg of
processed meat. The data show that SCP, BCP, and LP effectively suppressed secondary
lipid oxidation in both SI and SII samples throughout storage when compared with the
positive and negative controls. On day 0, pAV levels were low across all formulations
containing either sodium nitrite or fruit powder, although they increased over time. No
significant differences (p > 0.05) were observed on day 0 between SI-BCP300 and SII-BCP300
and the respective nitrite-containing controls (SI-CN and SII-CN), indicating that BCP at a
level providing 300 mg GAE/kg of processed meat showed a comparable protective effect
against secondary oxidation during processing.

Secondary lipid oxidation followed a similar trend to primary oxidation, with higher
oxidation rates observed under the dry conditions (5% relative humidity) characteristic
of the SI processing. This was probably due to the absence of a protective water barrier.
Conversely, the SII samples exhibited lower levels of secondary oxidation, which may be
attributed to heat treatment under high humidity (80%). This condition has probably fa-
vored the formation of a physical barrier or surface film around the lipid molecules, thereby
reducing oxygen diffusion, diluting pro-oxidant catalysts, and limiting the movement of
water-soluble radicals into the lipid phase [69,70].

Throughout cold storage, the addition of fruit powders at all tested levels significantly
reduced pAV compared with the SI-C and SII-C controls. The inhibitory effect on secondary
lipid oxidation intensified with increasing TPC levels supplied by the fruit powders. Signif-
icant differences (p < 0.05) were observed in the pAV among salami samples enriched with
different fruit powders and at varying inclusion levels. Among these, BCP supplementation
demonstrated the strongest inhibition of secondary lipid oxidation during processing and
after 15 and 30 days of storage. Accordingly, the lowest pAV was recorded in BCP-enriched
samples, followed by those containing LP and SCP.

After 30 days of storage, the pAV of the fruit-powder-enriched salami formulas ranged
from 1.55 to 3.27 for SI and 2.15 to 4.05 for SII. In contrast, the pAV of the negative control
samples (SI-C and SII-C) was higher, at 4.29 and 5.36, respectively. In the positive control
samples (SI-CN and SII-CN), a strong inhibitory effect was observed due to the addition of
nitrite, quantified by low pAV values of 1.68 for SI-CN and 2.23 for SII-CN.

The results obtained after cold storage suggest that the incorporated fruit powders
exhibited a specific inhibitory effect on secondary lipid oxidation processes, dependent on
the type and dose, thereby having a positive impact on oxidative stability. Throughout
cold storage, BCP300 showed the strongest inhibitory potential on secondary oxidation
processes, both in SI and II, higher than that of sodium nitrite. At the end of storage,
pAV of 1.55 was recorded for the SI-BCP300 and 2.15 for the SII-BCP300 sample. These
values were lower than those observed in the positive control samples, SI-CN (1.68) and
SII-CN (2.23).

The decomposition of hydroperoxides into secondary lipid oxidation products after
15 and 30 days of storage was more pronounced in the SII formulations compared with
the SI samples, as indicated by the higher pAV. The higher moisture content in the SII
samples probably accelerated secondary oxidation during prolonged storage by increasing
the mobility of reactive species and facilitating degradation reactions over time.

Overall, both during processing and storage, pAV decreased progressively with in-
creasing TPC supplied by the incorporated fruit powders. This trend aligns with findings
from previous studies on smoked and scalded sausages supplemented with powders
derived from vegetable processing byproducts [27,28]. The low pAV values indicate the
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effectiveness of fruit powders in slowing the formation of secondary oxidation products,
suggesting that the fats are less prone to rancidity.

Although no official regulatory limits for p-anisidine value (pAV) in edible oils and
fats currently exist, a threshold of 10 is commonly referenced, with values below 4 recom-
mended to ensure high quality [78]. In addition, the GOED Voluntary Monograph [79]
considers a pAV below 20 as the acceptable limit for product quality.

3.3.4. TOTOX Value

Lipid oxidation is a gradual process, with an increase in PV being followed by an
increase in pAV. Evaluating a singular class of oxidation products is generally insufficient
for a comprehensive and accurate assessment of a sample’s oxidative status. A more robust
approach involves the concurrent analysis of both primary and secondary lipid oxidation
markers [2]. This dual measurement strategy provides insights into the complete oxidative
trajectory. Consequently, despite its classification as a derivative indicator rather than a
direct analytical technique, TOTOX has been proposed as a tool for quantifying the overall
oxidation of fat samples. Figure 4 shows the effect of salami formulas supplementation
with fruit powder and nitrite on TOTOX value during cold storage for 15 and 30 days.

Generally, fresh meat products are characterized by low TOTOX values. As shown,
the TOTOX for salami samples on day 0 of storage showed low values in the range
1.38–2.37 for SI and 0.96–1.96 for SII. The low TOTOX value could be an indication that
the salami samples were properly manufactured and that they would not easily go rancid
when properly stored in refrigeration conditions.

The results demonstrate oxidative changes occurred during 15 and 30 days of storage,
as evidenced by increases in TOTOX values. A closer look at the results reveals that control
samples (SI-C and SII-C) had significantly higher TOTOX values (p < 0.05) after both
15 and 30 days of storage, in comparison with both the positive control samples and the
fruit-powder-enriched salami samples.

After 30 days of storage, the SI-C and SII-C control samples reached TOTOX val-
ues of 11.94 and 13.95, respectively. In contrast, incorporating sodium nitrite resulted
in lower TOTOX values of 5.43 for the SI-CN sample and 7.11 for the SII-CN sample.
All incorporated fruit powders significantly (p < 0.05) reduced lipid oxidative deteriora-
tion. Specifically, salami samples supplemented with SCP, BCP, and LP recorded signifi-
cantly lower (p < 0.05) TOTOX values than those measured for the SI-C and SII-C on both
day 15 and day 30 of storage. This beneficial effect can be attributed to the phenolic com-
pounds provided by the incorporated fruit powders. Natural antioxidants generally delay
lipid oxidation by donating hydrogen atoms or chelating metal ions. Berries, in particular,
are rich in polyphenols—such as phenolic acids and flavonoids—which can effectively
scavenge free radicals, thereby inhibiting lipid oxidation. Various plant-derived sources,
including blackcurrants, blueberries, apples, aronia, and elderberry powders, have been
documented as effective antioxidants in pork patties, demonstrating differing capacities to
neutralize free radicals and reduce both primary and secondary lipid oxidation [80].

In our study, BCP showed a higher radical scavenging ability than that of LP and SCP,
which was proven to converge with their high ability to inhibit lipid oxidation.

It can be stated that the addition of sodium nitrite and fruit powder, respectively, signif-
icantly increased the oxidative stability of the salami formulations both during processing
and storage, compared with the control (p < 0.05). It was observed that TOTOX values
decreased with increasing fruit powder dose, with the lowest values recorded in salami
samples (both SI and SII formulations) enriched with a dose of fruit powder ensuring a
TPC of 90 mg GAE/kg of processed meat.

57



Foods 2025, 14, 2262

The fruit species from which the fruit powder was derived also had an effect on the
TOTOX values obtained. The lowest TOTOX values were recorded for salami with added
SCP, followed by samples fortified with LP and BCP.

  
(a) (b) 

Figure 4. Effect of sodium nitrite and fruit powder supplementation on TOTOX value during cold
storage of smoked and cooked salami (SI) (a) and smoked and scalded salami (SII) (b). SI-C, SII-C:
Nitrite-free SI and SI salami; SI-CN, SII-CN: SI and SII salami with added sodium nitrite; SI-SCP90,
SI-SCP200, SI-SCP300, SII-SCP90, SII-SCP200, SII-SCP300: Nitrite-free SI and SII salami with sour
cherry powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-BCP90, SI-BCP200,
SI-BCP300, SII-BCP90, SII-BCP200, SII-BCP300: Nitrite-free SI and SII salami with blackcurrant
powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-LP90, SI-LP200, SI-LP300,
SII-LP90, SII-LP200, SII-LP300: Nitrite-free SI and SII salami with lingonberry powder added to
provide a TPC of 90, 200 and 300 mg GAE/kg of meat. Results are expressed as the mean ± standard
deviation (SD) of three independent analyses. Means labeled with different letters within the same
storage period are significantly different (one-way ANOVA, p < 0.05).

The 15 and 30 days of storage resulted in lower TOTOX values for cooked salami enriched
with fruit powder (SI) compared with the scalded samples (SII), despite its higher initial lipid
oxidation status. The efficacy of the fruit powder antioxidants (rich in phenolic compounds)
is significantly influenced by the salami’s moisture content during cold storage. In the drier
SI salami, the limited water content could concentrate the antioxidants within the lipid phase
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or at the lipid–water interface. This concentration, combined with restricted diffusion of pro-
oxidants like oxygen, might allow the antioxidants to more effectively scavenge free radicals
and chelate metal ions in their immediate vicinity, thereby sustaining their protective action for
longer periods and limiting the extent of lipid oxidation. Conversely, in the wetter SII salami,
the higher moisture content, while initially protective during heat treatment, might have
allowed for greater mobility of oxygen and water-soluble pro-oxidants during cold storage.
Although the fruit powders’ phenolic compounds still exert antioxidant activity (e.g., radical
scavenging, metal chelation), their effectiveness might be diluted or overwhelmed by the faster
rate of oxidative reactions facilitated by the higher moisture. This could lead to a quicker
depletion of the antioxidants’ capacity, allowing lipid oxidation to advance more rapidly and
resulting in higher TOTOX values over extended storage.

Regarding the inhibition potential against lipid oxidation during storage, BCP at a
dose designed to provide a level of TPC of 300 mg GAE/kg of processed meat demonstrated
the ability to effectively replace sodium nitrite in both SI and SII salami. Promising results
for improving lipid oxidation resistance were also obtained by supplementing salami
formulations with LP300. In SI-LP300 and SII-LP300, an inhibitory effect on oxidative
degradation processes, slightly lower than that of sodium nitrite, was recorded at both
15 and 30 days of storage. This was reflected by TOTOX values of 2.84 (day 15) and
5.77 (day 30) for SI-LP300, compared with 2.56 (day 15) and 5.43 (day 30) for SI-CN.
Similarly, SII-LP300 recorded TOTOX values of 4.17 (day 15) and 7.31 (day 30), compared
with 4.05 (day 15) and 7.11 (day 30) for SII-CN.

Although there is currently no official TOTOX limit set by regulatory authorities for
edible oils and fats, the voluntary GOED monograph [79] considers values below 26 to be
acceptable. It has been suggested that TOTOX values below 10 can be considered indicative
of superior lipid matrix quality [2].

By incorporating fruit powders, all SI formulations and most SII samples maintained
TOTOX values below 10 even after 30 days of storage. The only exceptions were SII-SCP90
and SII-SCP-200, which recorded TOTOX values of 10.00 and 11.11, respectively. Our data
demonstrated that replacing sodium nitrite with fruit powders in the salami recipe is a
suitable application for improving oxidative quality both during processing and 30 days of
cold storage. These findings align with other studies reporting a limitation in the increase
in TOTOX values in stored meat products due to natural antioxidant addition, thereby
demonstrating their potential to significantly slow down lipid oxidation [81].

3.3.5. TBA Value

The TBA assay is a widely used method for evaluating the extent of lipid oxidation in
food products. This test quantifies substances that react with thiobarbituric acid, typically
aldehydes and ketones formed during the secondary phase of auto-oxidation when lipid
peroxides break down [2]. Malondialdehyde (MDA), or 1,3-propanedial, is a key product
of secondary oxidation of polyunsaturated fatty acids. In meat products, even small con-
centrations of MDA significantly contribute to rancid odors, making it a widely recognized
indicator of lipid oxidation [2]. Currently, there’s no legally established limit for MDA
concentrations in meat and meat products. However, different studies have proposed
various thresholds for acceptability. Several authors suggest that malondialdehyde (MDA)
levels between 2.0 and 2.5 mg/kg represent the upper threshold below which meat and
meat products are generally not perceived as rancid [2,80]. Others consider levels above
1.0 mg/kg potentially unacceptable [82,83]. Campo et al. [84] proposed a limit of approx-
imately 2.0 mg MDA/kg for the sensory acceptability of oxidized beef, while Hughes
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et al. [85] reported that meat products with TBA values between 2.60 and 3.11 mg MDA/kg
were still deemed acceptable by consumers.

Figure 5 illustrates the effect of fruit powder incorporation into salami formulations
on TBA values during cold storage (0, 15, and 30 days), in comparison with control samples
without nitrite and those containing sodium nitrite.

  
(a) (b) 

Figure 5. Impact of sodium nitrite and fruit powder supplementation on TBA value during cold
storage of smoked and cooked salami (SI) (a) and smoked and scalded salami (SII) (b). SI-C, SII-C:
Nitrite-free SI and SII salami; SI-CN, SII-CN: SI and SII salami with added sodium nitrite; SI-SCP90,
SI-SCP200, SI-SCP300, SII-SCP90, SII-SCP200, SII-SCP300: Nitrite-free SI and SII salami with sour
cherry powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-BCP90, SI-BCP200,
SI-BCP300, SII-BCP90, SII-BCP200, SII-BCP300: Nitrite-free SI and SII salami with blackcurrant
powder added to provide a TPC of 90, 200 and 300 mg GAE/kg of meat; SI-LP90, SI-LP200, SI-LP300,
SII-LP90, SII-LP200, SII-LP300: Nitrite-free SI and SII salami with lingonberry powder added to
provide a TPC of 90, 200 and 300 mg GAE/kg of meat. Results are expressed as the mean ± standard
deviation (SD) of three independent analyses. Means labeled with different letters within the same
storage period are significantly different (one-way ANOVA, p < 0.05).

TBA values revealed variations in lipid oxidation among salami formulas, attributable
to thermal treatments during processing, fruit powder type and concentration, and cold
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storage duration. The initial TBA values in the supplemented salami were generally low.
Specifically, SI-CN recorded 0.28 mg MDA/kg, and SII-CN recorded 0.22 mg MDA/kg.
Values ranged from 0.29 to 0.52 mg MDA/kg in SI fruit-powder-enriched samples and
from 0.23 to 0.39 mg MDA/kg in SII fruit-powder-enriched samples.

During the 15- and 30-day storage periods, the control samples (SI-C and SII-C)
exhibited significantly higher TBA values compared with those containing sodium nitrite
(SI-CN and SII-CN). The incorporation of fruit powder in different amounts also impacted
the TBA values during storage (Figure 5).

After 30 days of storage, TBA values ranged from 1.05 to 1.52 mg MDA/kg for
SI and 1.45 to 1.95 mg MDA/kg for SII. TBA values generally decreased with increas-
ing fruit powder dose. At the end of the 30-day storage period, BCP-supplemented
salami exhibited the lowest TBA values for both SI (1.05–1.20 mg MDA/kg) and SII
(1.45–1.70 mg MDA/kg). These were followed by samples with LP (SI: 1.14–1.29 mg MDA/kg;
SII: 1.56–1.81 mg MDA/kg), and then those enriched with SCP (SI: 1.28–1.52 mg MDA/kg;
SII: 1.68–1.95 mg MDA/kg).

A closer look at the TBA values of positive control samples (SI-CN and SII-CN) and
BCP300-enriched samples revealed no significant differences (p > 0.05) after processing
(day 0) and after 15 days of cold storage. At the end of storage, no significant differences
(p > 0.05) were observed in the TBA values of samples with nitrite and those supplemented
with BCP200 and LP300. Incorporating BCP300 demonstrated a significantly greater
inhibitory effect on secondary lipid oxidation compared with sodium nitrite added at
90 mg/kg of processed meat.

Across SI formulations, TBA values remained below 1 mg MDA/kg after 15 days of
storage. Extending storage to 30 days increased TBA values, but they remained below
2 mg MDA/kg, suggesting these samples weren’t significantly affected by oxidation or
rancidity. Even after 30 days, incorporating BCP200, BCP300, and LP300 into SI salami effec-
tively inhibited secondary lipid oxidation, maintaining TBA values close to 1 mg MDA/kg.
For SII samples, TBA values were higher than for SI samples, but they remained below the
2 mg MDA/kg threshold after 30 days of storage, even with fruit powders at doses provid-
ing a TPC of 90 mg GAE/kg in the processed meat. Incorporation of BCP300, BCP200, and
LP300 into SII led to the lowest TBA values, ranging from 1.45 to 1.60 mg MDA/kg.

These results demonstrate the effectiveness of fruit powders in controlling the extent
of lipid oxidation throughout the 30-day cold storage period recommended for the salami
types investigated.

4. Conclusions

This study provides clear evidence that fruit-derived powders, particularly black-
currant (BCP), lingonberry (LP), and sour cherry (SCP), can be used as effective natural
antioxidants in salami production, offering a promising alternative to synthetic nitrites.
Their efficacy is largely attributed to their rich phytochemical profiles, including phenolics,
flavonoids, anthocyanins, and ascorbic acid, which significantly reduced lipid oxidation
during both processing and cold storage. Among the powders tested, BCP, at a dose corre-
sponding to 300 mg GAE/kg of meat, consistently provided the highest oxidative stability,
comparable to or superior to that of sodium nitrite, as reflected in the lowest values of
key oxidation markers (PV, pAV, TBA, and TOTOX), thus confirming its strong potential
for use in clean-label formulations. LP and SCP also demonstrated notable antioxidant
properties, suggesting their suitability for tailored applications based on specific product
characteristics. The antioxidant effect was both dose-dependent and fruit powder-specific,
with improved efficacy at higher phenolic levels. In addition, the processing method signif-
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icantly influenced the oxidative performance: smoked and cooked salami (SI), with a lower
moisture content, showed greater stability during storage compared to smoked and scalded
salami (SII), where the higher moisture content facilitated more intense oxidative degrada-
tion over time. These findings highlight the importance of aligning antioxidant strategies
not only with ingredient functionality but also with technological parameters. From an
applied perspective, fortification with fruit powders, especially BCP, has been shown to
be effective in maintaining oxidative stability below critical thresholds during 30 days of
refrigerated storage, supporting their potential use in clean-label meat products. However,
to fully validate the technological feasibility of replacing nitrites with fruit-derived antiox-
idants, further comprehensive studies are needed to assess the microbiological safety of
these formulations. Future research is planned to evaluate the efficacy of these powders in
controlling microbial growth during storage, particularly their potential to inhibit spoilage
microorganisms and relevant foodborne pathogens in nitrite-free formulations. Such inves-
tigations will provide essential information on the microbiological safety and technological
reliability of these natural additives, thereby supporting their effective integration into
clean labeling strategies for industrial meat production.
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Abstract: Housefly maggot larvae (HML) have been identified as a potential alternative
animal diet for the fattening process of the Chinese mitten crab (Eriocheir sinensis). However,
the feasibility and potential impacts of HML supplementation require further investigation.
The present study evaluated the effects of dietary HML on the growth indices, nutrient
compositions, antioxidant activity, and texture profiles of edible tissues of E. sinensis. The
results showed that dietary HML supplementation effectively improved the hepatic steato-
sis index of both genders and sweet amino acid content of edible tissues (except for male
gonad) (p < 0.05). Additionally, dietary HML significantly increased the total antioxidant
capacity in the gonad and female muscle (p < 0.05). For the textural properties, HML
feeding significantly improved the adhesiveness in the male muscle, and the cohesiveness,
chewiness, and resilience in the female muscle (p < 0.05). Furthermore, HML feeding signif-
icantly decreased the levels of the equivalent umami concentration of the male gonad, male
muscle, and hepatopancreas (p < 0.05). Conversely, HML feeding significantly increased
the sweetness value in the muscle, hepatopancreas, and female gonad (p < 0.05). Our
findings indicate that HML could serve as a viable alternative feed for fattening to improve
the edible yield and change the flavor characteristics in E. sinensis.

Keywords: housefly maggot larvae; Eriocheir sinensis; fattening; textural properties;
flavor characteristics

1. Introduction

The Chinese mitten crab (Eriocheir sinensis) is an important aquaculture species
and highly prized by consumers in China due to its high nutritional value and unique
flavor [1,2]. The total production of E. sinensis in China ranks first globally, with an annual
yield nearing 1 million tons [3]. Prior to market harvest in September, the fattening of
adult E. sinensis is typically required, as it directly enhances the overall quality and yield of
crabs, thus ensuring better market prices [4,5]. The duration of the fattening period and
efficient dietary feed are crucial factors influencing both nutrition deposition and gonad
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development in crabs [5,6]. Previous research suggests that the optimal fattening period
for pond-reared E. sinensis ranges from 40 to 60 days [4,6]. Common dietary options for
fattening include iced trash fish (IF), soybean, cornmeal, and formulated diets (FDs) [5]. IF,
once considered the “standard food” for crab fattening, has been associated with several
issues, including source instability, unpredictable quality, nutritional imbalances, and water
pollution [7]. As a result, numerous studies have focused on developing high-quality FDs
or alternative protein sources to enhance fattening practices [5,8].

The crude protein level in most insects ranges from 40% to 63%, which have been
recognized as stable sources of dietary proteins for aquaculture [8–11]. Housefly maggots
(Musca domestica; HM) are promising and highly nutritious resources, offering significant
potential as a protein source for crabs [11–13]. The crude protein content of HM ranges from
43% to 62% [14], and HM are rich in monounsaturated fatty acids, B-complex vitamins,
phosphorus, and trace elements [13,15]. Previous studies have demonstrated that insect
meal can effectively replace fish meal in aquaculture diets without adversely affecting the
growth of various fish species, including barramundi (Lates calcarifera), gilthead seabream
(Sparus aurata), and European sea bass (Dicentrarchus labrax L.) [16–18]. Moreover, incorpo-
rating HM larvae (HML) in fish diets has the potential to improve growth rates and feed
efficiency without inducing physiological stress [11,19]. Dietary HML supplementation
has been shown to improve the hardness and moisture in fish muscles, enhancing the flesh
quality of Nile tilapia (Oreochromis niloticus) [20]. Additionally, HML-supplemented diets
promote the growth of swamp eel (Monopterus albus) and support gonadal development in
Clarias gariepinus (Burchell, 1822) [21,22]. In crustaceans, replacing fish meal with defatted
insect meal, such as yellow mealworm (Tenebrio molitor), significantly increased the growth
and survival rates of juvenile Pacific white shrimp (Litopenaeus vannanmei) [23], while
dietary supplementation with black soldier fly (Hermetia illucens) enhanced the immunity,
gut microbiota, and protein content in freshwater crayfish marron (Cherax cainii) [24]. Fur-
thermore, the exoskeleton of insects contains chitin, a structural polysaccharide that may
contribute to the formation of the exoskeletons in crustaceans [25]. However, studies on
the effects of HML on the growth and health of crustaceans remain limited.

Although preliminary investigations have revealed the regulatory effects of HML on
growth and nutrient metabolism in decapod crustaceans [12,19], their efficacy in enhancing
nutritional quality remains insufficiently explored. Therefore, this study aimed to system-
atically evaluate the impacts of HML supplementation on the growth indices and nutrient
composition of edible tissues in E. sinensis during the fattening period. Specifically, we as-
sessed various growth parameters, the antioxidant status, amino acid (AA) and nucleotide
composition, texture profiles, and flavor characteristics of different edible tissues. The
findings will validate its application potential as a functional feed additive and establish a
theoretical foundation for precision nutrient regulation in crustacean aquaculture.

2. Materials and Methods

2.1. Experimental Setup and Culture Management

This study was conducted in Changxing Town, Huzhou, Zhejiang Province (China).
Healthy, active, and intact E. sinensis were randomly selected from a local farm in September.
A total of approximately 240 female and 240 male crabs were stocked into two separate
outdoor earthen ponds. Each pond was subdivided into six parallel sections (length ×
width × depth = 10 m × 8 m × 1.2 m) using purse seines, with a stocking density of 40 crabs
per section. Each pond contained two experimental groups, with three sections designated
per group. The initial body weights of the adult female and male crabs, post-puberty molt,
were 150 ± 17 g and 200 ± 19 g, respectively. Based on a previous study [6], this experiment
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commenced on 5 September 2023, and lasted for 40 days. During the fattening period, water
quality parameters, including dissolved oxygen (>5 mg/L), ammonia nitrogen (<0.3 mg/L),
nitrite (<0.01 mg/L), and pH (7.5–9.0), were maintained within normal reference ranges.
Elodea canadensis was transplanted to cover more than 60% of the area in each region,
providing shelter for the crabs and assisting in the maintenance of water quality.

In this study, both the component percentage in the fattening diet combinations and
administration protocols were designed in accordance with practical aquaculture pro-
duction practices. The current aquaculture operations commonly employ formula diets
supplemented with plant-based ingredients (soybean, corn, etc.) as standard practice [5].
Consequently, the composition of the fattening diets is shown in Figure 1, and the nutri-
tional composition of HML is shown in Supplementary Table S1. The crabs were fed once
daily, with the feeding amount comprising approximately 2–4% of their body weight, at
17:00. In the HML supplementation (HMLS) group, the crabs were provided with formula
diets and HML on the first day, followed by non-HML supplementation diets (a combi-
nation of formula diets, soybean, and corn) on the second day, and this alternated daily
thereafter. The control group received non-HML supplementation diets continuously. The
feeding amount was adjusted based on residual feed, temperature, and water quality.

Figure 1. General experimental design of the feeding trial. Note: This feeding trial started on
September 5th in 2023 and lasted for 40 days. Experimental groups consisted of control (Ctrl) group
and HML supplementation (HMLS) group. FD: formula diets; SC: soybean and corn combinations.

2.2. Sample Collection and Processing

At the end of the experiment, the crabs were fasted for 24 h prior to sampling. Referring
to classical studies on sample size selection [4,6], eighteen crabs per group (six individuals
from each section) were randomly selected, then dissected. The meat, gonad, and hep-
atopancreas were weighed to calculate the meat yield (MY), hepatosomatic index (HSI), and
gonadosomatic index (GSI). Nine female and nine male crabs were randomly selected for
the measurement of antioxidation capacity and astaxanthin contents. For AA composition
and nucleotide analysis, another set of nine female and nine male crabs were selected,
gently blotted with a towel to remove surface moisture, and their edible tissues were
carefully removed from the carapace cavity and body parts of the freshly uncooked crabs.
All edible parts were steamed for 15 min over boiling water, after which the homogenates
were stored for later analysis. All samples were stored separately at −80 ◦C. Claw muscle
samples were obtained, naturally cooled to room temperature, and subsequently analyzed
for texture.
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The MY, HSI, GSI, and total edible yield (TEY) of the crabs were calculated using the
following formulas:

MY (%) = 100 × Meat wet weight/Body wet weight.

HSI (%) = 100 × Hepatopancreas wet weight/Body wet weight.

GSI (%) = 100 × Gonad system wet weight/Body wet weight.

TEY (%) = MY + HSI + GSI.

2.3. Antioxidant Activity Analysis

The activities of superoxide dismutase (SOD) and total antioxidant capacity (T-AOC),
and the malonaldehyde (MDA) content in the muscle, gonad, and hepatopancreas tissues
were measured using specific commercial kits (Nanjing Jiancheng Biotech Co., Ltd., Nanjing,
China), following the manufacturer’s protocols. The SOD was determined at 550 nm by
the hydroxylamine method. The T-AOC was determined at 405 nm by the 2,2′-amino-di
(2-ethylbenzothiazoline sulfonic acid-6) ammonium salt (ABTS) method. The content of
MDA was determined at 532 nm by the thiobarbituric acid (TBA) method. The total protein
content in tissue samples was measured at 595 nm by the Coomassie brilliant blue method
to calculate the above indicators. Three replicates for each sample were analyzed.

2.4. Determination of Astaxanthin Content

Tissues from all individuals (n = 18) were sampled, stored in liquid nitrogen, and then
transferred to −80 ◦C. According to the method of Su et al. [26], astaxanthin content was
determined using a high-performance liquid chromatography (HPLC) system (Shimadzu,
LC20AD, Kyoto, Japan). Firstly, all samples were dried in a vacuum freeze dryer (Scan
Vac Cool Safe, Labo Gene, Lynge, Denmark) and then ground into powder (under light
protection). About 0.2 g of tissue powder was placed in a 10 mL centrifuge tube and
extracted with 4 mL of acetone (analytical grade), shaken in the dark at 25 ◦C (200 rpm) for
about 10. Then, the supernatant was filtered through a 0.20 μm filter membrane, and 20 μL
of the supernatant was injected into the system. Separation was performed using a C30
column (4.6 mm × 250 mm, 3 μm) (Thermo Fisher Scientific, Waltham, MA, USA), with a
mobile phase of n-hexane–acetone (83:17, v/v) at a flow rate of 1 mL/min and a column
temperature of 25 ◦C. Detection of astaxanthin was carried out using a UV–Vis detector at
a wavelength of 478 nm.

2.5. Texture Profile Analysis (TPA) of Muscles

To assess the TPA of muscle, nine individuals were randomly selected from three
experimental cages (three crabs per cage), and the propodus muscle of the crab claw was
dissected for TPA measurement. TPA was performed using a TA-XT Plus Micro TPA (Stable
Micro Systems, Surrey, UK) equipped with a flat-bottomed cylindrical probe P/50. The
sample collection method followed the protocol outlined in previous studies [27,28]. The
propodus muscle samples were first heated and then allowed to naturally cool to room
temperature. Each sample was then trimmed into cubes (16 mm diameter, 10 mm height),
and the TPA of muscle was conducted immediately. The mean TPA values obtained from
the two claws of each crab were used as the final result for that individual.
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The Universal TA Texture Analyzer (Tengba, Shanghai, China) was employed for the
analysis, measuring various texture attributes, including hardness, springiness, chewiness,
gumminess, adhesiveness, cohesiveness, and resilience. A cylindrical probe with a diameter
of 36 mm and a speed of 1 mm/s was used. The distance mode was selected with a
movement distance of 1.5 mm. The contact induction force was set to 5 gf, and the interval
between two depressions was 5 s. Two consecutive compression cycles were performed,
with the deformation set to 50% of the sample’s initial height.

2.6. Free AA Determination

The free AAs in edible tissues were analyzed using the method described in a previous
study [8].

2.7. Nucleotide Analysis

The nucleotides in edible tissues were analyzed according to the methodology outlined
in a previous study [29]. The nucleotides responsible for eliciting the umami sensation
include adenylate (AMP), guanylate (GMP), and inosinate (IMP).

2.8. Flavor Evaluation Indices

The threshold values of AAs and nucleotides were obtained from prior studies [30–32].
The taste activity value (TAV) was calculated as the ratio of the measured concentration of
each AA or nucleotide to its respective threshold value. Compounds with a TAV greater
than 1 were considered contributors to taste.

To assess the intensity of the umami flavor resulting from the synergistic effects of
AAs and nucleotides, the equivalent umami concentration (EUC) was calculated as follows:

EUC = Σ aibi + 1218 (Σ aibi) (Σ ajbj),

ai is the concentration of umami amino acid (UAA) (Asp or Glu, g/100 g); bi is the
ratio of the umami concentration of Asp or Glu to that of monosodium glutamate (MSG)
(Glu, 1; Asp, 0.077); aj is the concentration of umami 5′-nucleotide (IMP, GMP, or AMP,
g/100 g); bj is the ratio of the umami concentration of a 5′-nucleotide to that of IMP (IMP,
1; GMP, 2.3; AMP, 0.18); and 1218 is a synergistic constant based on the concentration of
g/100 g used.

2.9. Statistical Analyses

Statistical analysis was conducted using SPSS 24.0 (IBM, New York, NY, USA) using
one-way ANOVA. Data are presented as the mean ± standard error (SE). To assess differ-
ences between two groups, multiple unpaired t-tests were performed and validated by
Turkey multiple comparison tests (Turkey HSD). A p-value of < 0.05 was considered statis-
tically significant. Radar plots and correlation analysis among the variables assessed with
Spearman’s correlation, as well as other graphs, were generated using OmicShare tools, a
free online platform for data analysis and visualization (http://www.omicshare.com/tools,
accessed on 30 April 2024).

3. Results

3.1. Growth Performance in Adult E. sinensis

After a 40-day fattening period, the HSI in both the male and female crabs of the
HMLS group was significantly higher than that of the Ctrl group (p < 0.05). However, no
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significant differences were observed between the HMLS and Ctrl groups in terms of the
MY, GSI, or TEY of crabs (Figure 2A,B).

3.2. Astaxanthin Content in Different Edible Tissues of E. sinensis

Astaxanthin content was measured in adult crabs from both the Ctrl group and HMLS
group. In comparison to the Ctrl group, the HMLS group exhibited a significant increase in
astaxanthin content in the carapace (p < 0.01). However, no significant differences were
observed in the hepatopancreas between the Ctrl and HMLS groups (p > 0.05) (Figure 2C).
Additionally, in female crabs, the astaxanthin content was significantly higher in the
carapace (p < 0.01), hepatopancreas (p < 0.05), and gonad (p < 0.001) of the HMLS group
compared to the Ctrl group (Figure 2D).

Figure 2. Effects of dietary HML on edible tissues and astaxanthin content in adult E. sinensis.
(A,B) The results are presented as the means ± SE (n = 18). (C,D) The results are presented as the
means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level, ** at the 0.01 level, and
*** at the 0.001 level.

3.3. Antioxidant Capacity in Different Edible Tissues of E. sinensis

As illustrated in Figure 3A,B, dietary supplementation with HML significantly en-
hanced the T-AOC in the gonad (p < 0.05) and female muscle (p < 0.01) of E. sinensis. No
significant differences were observed in the SOD activities of male edible tissues between
the Ctrl group and HMLS group (Figure 3C). However, dietary HML significantly increased
the SOD activities in the muscle and hepatopancreas of female crabs (p < 0.05) (Figure 3D).
Furthermore, dietary HML significantly decreased the MDA content in the hepatopancreas
of both sexes (p < 0.05) (Figure 3E,F).

3.4. Textural Properties

Texture profile analysis (TPA) was conducted to assess the impact of dietary HML
on the textural characteristics of various edible tissues, including hardness, adhesiveness,
springiness, cohesiveness, gumminess, chewiness, and resilience (Table 1). In comparison
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to the Ctrl group, adhesiveness in the male muscle was significantly increased in the
HMLS group (p < 0.05). Additionally, dietary HML significantly increased the cohesiveness
(p < 0.01), chewiness (p < 0.05), and resilience (p < 0.01) of the female muscle.

Figure 3. Effects of dietary HML on antioxidant parameters of edible tissues in adult E. sinensis.
(A,B) T-AOC activity. (C,D) SOD activity. (E,F) MDA content. The results are presented as the means
± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level and ** at the 0.01 level.

Table 1. Effects of dietary HMLS on textural properties in muscle.

Index
Female Male

Ctrl HMLS Ctrl HMLS

Hardness (g) 625.51 ± 90.68 805.38 ± 74.17 823.37 ± 73.21 1033.64 ± 74.39

Adhesiveness (J/m3) 6.54 ± 0.48 8.13 ± 1.33 8.22 ± 0.71 13.71 ± 1.16 **

Springiness (mm) 0.78 ± 0.03 0.84 ± 0.07 0.76 ± 0.04 0.77 ± 0.02

Cohesiveness (N) 0.56 ± 0.02 0.63 ± 0.01 ** 0.60 ± 0.01 0.60 ± 0.011

Gumminess (N) 358.75 ± 36.79 502.91 ± 58.26 495.74 ± 39.78 617.70 ± 46.98

Chewiness (mJ) 278.89 ± 26.38 414.46 ± 40.59 * 384.40 ± 31.27 481.07 ± 42.84

Resilience (N) 0.27 ± 0.01 0.31 ± 0.01 ** 0.30 ± 0.01 0.30 ± 0.01
Note. The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level,
** at the 0.01 level.
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3.5. Free AA Profiles in Different Edible Tissues of Steamed E. sinensis

The composition of delicious amino acids (DAAs) in edible tissues contributes to the
umami taste and sweetness of crabs. To investigate the effects of dietary HML on the free
AA composition in different edible tissues of steamed E. sinensis, a total of seventeen AAs
were quantified, including six sweet amino acids (SAAs), two UAAs, and bitter amino
acids (BAAs) (Tables 2–4). The total free amino acids (TAAs) content was highest in the
hepatopancreas, followed by the gonad and muscle of both sexes (Figure 4A,B). Dietary
HML significantly increased the SAA and TAA content in edible tissues, as well as the UAA
content in the female muscle (p < 0.05). In male crabs, dietary HML significantly increased
the SAA and TAA content in the muscle and hepatopancreas but significantly decreased
the UAA content in the hepatopancreas and the SAA content in the gonad (p < 0.05).

Table 2. Effects of dietary HMLS on amino acids content in muscle of steamed E. sinensis (mg/g
wet weight).

AAs

Muscle

Female Male

Ctrl HMLS Ctrl HMLS

Gly 4.63 ± 0.10 4.94 ± 0.03 ** 3.39 ± 0.18 3.88 ± 0.16 *
Ala 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00
Thr 0.25 ± 0.00 0.26 ± 0.00 * 0.19 ± 0.01 0.27 ± 0.04 *
Ser 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00
Pro 1.07 ± 0.00 1.11 ± 0.01 ** 0.91 ± 0.03 0.91 ± 0.03
Arg 0.32 ± 0.01 0.49 ± 0.23 0.31 ± 0.01 0.32 ± 0.01
SAA 6.30 ± 0.10 6.83 ± 0.27 * 4.85 ± 0.16 5.41 ± 0.22 *
Asp 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
Glu 0.08 ± 0.00 0.09 ± 0.00 * 0.09 ± 0.01 0.09 ± 0.01

UAA 0.08 ± 0.00 0.09 ± 0.00 * 0.09 ± 0.01 0.09 ± 0.00
Cys 0.05 ± 0.00 0.05 ± 0.00 0.04 ± 0.00 0.04 ± 0.00
Val 1.69 ± 0.01 1.74 ± 0.01 ** 1.93 ± 0.05 2.29 ± 0.09 **
Met 0.15 ± 0.00 0.15 ± 0.00 0.10 ± 0.01 0.10 ± 0.01
Ile 0.12 ± 0.00 0.12 ± 0.00 0.10 ± 0.00 0.10 ± 0.00

Leu 0.19 ± 0.01 0.19 ± 0.01 0.17 ± 0.00 0.17 ± 0.00
Tyr 0.32 ± 0.01 0.35 ± 0.01 * 0.28 ± 0.01 0.27 ± 0.01
Phe 0.34 ± 0.01 0.34 ± 0.01 0.28 ± 0.03 ** 0.08 ± 0.02
Lys 0.09 ± 0.00 0.09 ± 0.00 0.08 ± 0.00 0.08 ± 0.01
His 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00

TAA 9.37 ± 0.11 9.99 ± 0.26 * 7.93 ± 0.19 8.67 ± 0.27 *
Note. The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level,
** at the 0.01 level.
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Table 3. Effects of dietary HMLS on amino acids content in hepatopancreas of steamed E. sinensis
(mg/g wet weight).

AAs

Hepatopancreas

Female Male

Ctrl HMLS Ctrl HMLS

Gly 26.79 ± 0.92 31.37 ± 0.86 ** 19.70 ± 0.08 20.07 ± 0.06 **

Ala 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00

Thr 0.46 ± 0.02 0.46 ± 0.02 0.37 ± 0.00 0.39 ± 0.00 **

Ser 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00

Pro 0.69 ± 0.00 0.69 ± 0.00 0.64 ± 0.00 0.68 ± 0.01 **

Arg 0.15 ± 0.00 0.16 ± 0.00 0.14 ± 0.00 0.14 ± 0.00

SAA 28.13 ± 0.90 32.71 ± 0.87 ** 20.89 ± 0.09 21.31 ± 0.06 **

Asp 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Glu 0.19 ± 0.01 0.19 ± 0.00 0.18 ± 0.01 ** 0.16 ± 0.00

UAA 0.19 ± 0.01 0.20 ± 0.00 0.19 ± 0.01 ** 0.16 ± 0.00

Cys 0.04 ± 0.00 0.04 ± 0.00 0.03 ± 0.00 0.03 ± 0.00

Val 1.96 ± 0.05 2.14 ± 0.06 * 1.74 ± 0.01 1.80 ± 0.01 **

Met 0.16 ± 0.00 0.16 ± 0.00 0.16 ± 0.00 0.16 ± 0.00

Ile 0.21 ± 0.01 0.21 ± 0.01 0.18 ± 0.00 0.18 ± 0.00

Leu 0.36 ± 0.01 0.36 ± 0.01 0.33 ± 0.01 0.33 ± 0.00

Tyr 0.51 ± 0.02 0.58 ± 0.05 0.47 ± 0.01 0.50 ± 0.01 **

Phe 0.56 ± 0.02 0.56 ± 0.02 0.52 ± 0.00 0.54 ± 0.00 **

Lys 0.15 ± 0.00 0.15 ± 0.00 0.13 ± 0.00 0.13 ± 0.00

His 0.05 ± 0.00 0.05 ± 0.00 0.04 ± 0.00 0.04 ± 0.00

TAA 32.31 ± 0.92 37.15 ± 0.91 ** 24.69 ± 0.08 25.19 ± 0.07 **
Note. The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level,
** at the 0.01 level.

Table 4. Effects of dietary HMLS on amino acids content in gonad of steamed E. sinensis (mg/g wet
weight).

AAs

Gonad

Female Male

Ctrl HMLS Ctrl HMLS

Gly 11.96 ± 0.04 12.72 ± 0.08 ** 13.17 ± 0.03 ** 13.02 ± 0.03

Ala 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00

Thr 0.37 ± 0.00 ** 0.35 ± 0.00 0.30 ± 0.00 0.32 ± 0.00 *

Ser 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00

Pro 0.81 ± 0.01 0.84 ± 0.01 ** 0.76 ± 0.00 0.77 ± 0.00 *

Arg 0.28 ± 0.01 0.28 ± 0.00 0.23 ± 0.00 0.23 ± 0.00

SAA 13.46 ± 0.04 14.23 ± 0.08 ** 14.50 ± 0.04 ** 14.37 ± 0.03

Asp 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Glu 0.18 ± 0.00 0.18 ± 0.00 0.13 ± 0.00 0.13 ± 0.00

UAA 0.19 ± 0.00 0.18 ± 0.00 0.14 ± 0.00 0.14 ± 0.00
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Table 4. Cont.

AAs

Gonad

Female Male

Ctrl HMLS Ctrl HMLS

Cys 0.05 ± 0.00 0.05 ± 0.00 0.04 ± 0.00 0.04 ± 0.00

Val 1.88 ± 0.01 1.91 ± 0.01 ** 1.85 ± 0.00 1.96 ± 0.04 **

Met 0.15 ± 0.00 0.15 ± 0.00 0.13 ± 0.00 0.13 ± 0.00

Ile 0.14 ± 0.00 0.14 ± 0.00 0.14 ± 0.00 0.14 ± 0.00

Leu 0.25 ± 0.00 0.25 ± 0.00 0.25 ± 0.00 0.25 ± 0.00

Tyr 0.42 ± 0.01 0.44 ± 0.00 ** 0.37 ± 0.00 0.37 ± 0.00

Phe 0.45 ± 0.00 0.46 ± 0.00 ** 0.39 ± 0.00 0.39 ± 0.00

Lys 0.22 ± 0.00 0.22 ± 0.00 0.11 ± 0.00 0.11 ± 0.00

His 0.05 ± 0.00 0.04 ± 0.00 0.03 ± 0.00 0.04 ± 0.00

TAA 17.26 ± 0.03 18.10 ± 0.09 ** 17.96 ± 0.05 17.95 ± 0.02
Note. The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level,
** at the 0.01 level.

Figure 4. Effects of dietary HML on AA content of edible tissues in adult E. sinensis. (A) AA content
of edible tissues in female E. sinensis. (B) AA content of edible tissues in male E. sinensis. The results
are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level and
** at the 0.01 level.
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As shown in Tables 2–4, glycine (Gly) was the dominant SAA in the edible tissues of
crab. Dietary HML significantly increased the Gly content in the edible tissues of both sexes,
except for the male gonad (p < 0.05). Furthermore, dietary HML significantly increased the
threonine (Thr) content in the male edible tissues and female muscle, while significantly
reducing the Thr content in the female gonad (p < 0.05). Compared with the Ctrl group, the
proline (Pro) content in the gonad of both sexes, female muscle, and male hepatopancreas
was significantly increased in the HMLS group (p < 0.05). Glutamic acid (Glu) was the
dominant UAA in the edible tissues. Compared with the Ctrl group, the levels of Glu were
significantly increased in the female muscle in the HMLS group but significantly decreased
in the male hepatopancreas (p < 0.05).

The levels of BAA were also analyzed in the edible tissues of crabs. No significant
differences were observed in the content of cysteine (Cys), methionine (Met), isoleucine (Ile),
leucine (Leu), lysine (Lys), and histidine (His) between the Ctrl and HMLS groups (p > 0.05).
However, the levels of valine (Val) were significantly increased in the edible tissues of crabs
in the HMLS group compared to the Ctrl group. Dietary HML also significantly increased
the levels of tyrosine (Tyr) in the male hepatopancreas, as well as in the female muscle and
gonad. Furthermore, dietary HML significantly increased the levels of phenylalanine (Phe)
in the male hepatopancreas and female gonad but significantly decreased the levels in the
male muscle (p < 0.05).

3.6. Umami Nucleotide Content in Different Edible Tissues of Steamed E. sinensis

Umami nucleotides, including IMP, AMP, and GMP, were measured in various edible
tissues of steamed crabs. As shown in Figure 5A, no significant differences were observed
in the GMP content of the male edible tissues between the Ctrl group and HMLS group
(p > 0.05). However, the GMP content of the female hepatopancreas in the Ctrl group
was significantly higher than that in the HMLS group (p < 0.01) (Figure 5B). Dietary HML
significantly decreased the AMP content in the muscle (p < 0.0001) and gonad (p < 0.01)
of male crabs (Figure 5C), and in the muscle of female crabs (p < 0.05) (Figure 5D). In
contrast, dietary HML significantly increased the IMP content in the muscle (p < 0.001)
and gonad (p < 0.05) of male crabs (Figure 5E), as well as in the muscle of female crabs
(p < 0.01) (Figure 5F). Furthermore, no significant differences were found in the AMP and
IMP content in other edible tissues between the Ctrl group and HMLS group (p > 0.05)
(Figure 5C–F).

3.7. Flavor Evaluation Indices in Different Edible Tissues of Steamed E. sinensis

The TAV > 1 was employed to assess the flavor characteristics in the edible tissues of
steamed E. sinensis. The results indicated that Gly was the primary AA contributing to the
sweetness of the edible tissues, while Val was the major AA responsible for bitterness. The
highest TAV of Gly was observed in the female hepatopancreas. Additionally, nucleotide TAV
analysis revealed that the TAV of AMP exceeded 1.0 only in the female gonad (Tables 5–7).

Table 5. Effects of dietary HMLS on the TAVs of amino acids and nucleotides in muscle.

AAs

Taste
Threshold
(mg/mL)

Muscle

Female Male

Ctrl HMLS Ctrl HMLS

Gly 1.3 1.78 ± 0.04 1.90 ± 0.01 ** 1.30 ± 0.07 1.49 ± 0.06 *

Ala 0.6 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Thr 2.6 0.05 ± 0.00 0.05 ± 0.00 0.04 ± 0.00 0.05 ± 0.01 *
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Table 5. Cont.

AAs

Taste
Threshold
(mg/mL)

Muscle

Female Male

Ctrl HMLS Ctrl HMLS

Ser 1.5 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Pro 3 0.18 ± 0.00 0.19 ± 0.00 ** 0.15 ± 0.01 0.15 ± 0.00

Arg 0.5 0.32 ± 0.01 0.49 ± 0.23 0.31 ± 0.01 0.32 ± 0.01

SAA 0.5 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00

Asp 0.2 0.20 ± 0.01 0.23 ± 0.01 * 0.22 ± 0.02 0.22 ± 0.01

Glu 0.2 0.13 ± 0.00 0.14 ± 0.00 0.10 ± 0.01 0.11 ± 0.01

UAA 0.4 2.11 ± 0.02 2.17 ± 0.01 ** 2.41 ± 0.06 2.86 ± 0.11 **

Cys 0.3 0.25 ± 0.00 0.25 ± 0.00 0.16 ± 0.01 0.16 ± 0.01

Val 0.9 0.07 ± 0.00 0.07 ± 0.00 0.05 ± 0.00 0.05 ± 0.00

Met 1.4 0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.06 ± 0.00

Ile 0.7 0.23 ± 0.01 0.25 ± 0.01 * 0.20 ± 0.01 0.20 ± 0.01

Leu 0.9 0.19 ± 0.00 0.19 ± 0.01 0.15 ± 0.01 *** 0.05 ± 0.01

Tyr 0.5 0.09 ± 0.00 0.09 ± 0.00 0.08 ± 0.00 0.08 ± 0.01

Phe 0.2 0.08 ± 0.00 0.08 ± 0.00 0.07 ± 0.01 0.07 ± 0.01

Lys 0.1 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

His 0.2 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

TAA 0.5 0.14 ± 0.00 0.14 ± 0.00 0.15 ± 0.00 *** 0.10 ± 0.00
The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level, ** at the
0.01 level, and *** at the 0.001 level.

Table 6. Effects of dietary HMLS on the TAVs of amino acids and nucleotides in hepatopancreas.

AAs

Taste
Threshold
(mg/mL)

Hepatopancreas

Female Male

Ctrl HMLS Ctrl HMLS

Gly 1.3 10.30 ± 0.36 12.06 ± 0.33 ** 7.58 ± 0.03 7.72 ± 0.02 **

Ala 0.6 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Thr 2.6 0.09 ± 0.00 0.09 ± 0.00 0.07 ± 0.00 0.08 ± 0.00 **

Ser 1.5 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Pro 3 0.12 ± 0.00 0.12 ± 0.00 0.10 ± 0.00 0.11 ± 0.00 **

Arg 0.5 0.15 ± 0.00 0.16 ± 0.00 0.14 ± 0.00 0.14 ± 0.00

SAA 0.5 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Asp 0.2 0.47 ± 0.02 0.47 ± 0.01 0.46 ± 0.02 ** 0.39 ± 0.01

Glu 0.2 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.00 0.09 ± 0.00

UAA 0.4 2.45 ± 0.06 2.68 ± 0.08 * 2.17 ± 0.01 2.25 ± 0.01 ***

Cys 0.3 0.27 ± 0.01 0.27 ± 0.01 0.27 ± 0.01 0.27 ± 0.00

Val 0.9 0.12 ± 0.00 0.12 ± 0.00 0.10 ± 0.00 0.10 ± 0.00

Met 1.4 0.13 ± 0.00 0.13 ± 0.00 0.12 ± 0.00 0.12 ± 0.00

Ile 0.7 0.36 ± 0.01 0.41 ± 0.03 0.33 ± 0.00 0.36 ± 0.01 **
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Table 6. Cont.

AAs

Taste
Threshold
(mg/mL)

Hepatopancreas

Female Male

Ctrl HMLS Ctrl HMLS

Leu 0.9 0.31 ± 0.01 0.31 ± 0.01 0.29 ± 0.00 0.30 ± 0.00 **

Tyr 0.5 0.15 ± 0.00 0.15 ± 0.00 0.13 ± 0.00 0.13 ± 0.00

Phe 0.2 0.11 ± 0.01 0.12 ± 0.01 0.10 ± 0.00 0.10 ± 0.00

Lys 0.1 0.05 ± 0.00 ** 0.04 ± 0.00 0.02 ± 0.00 0.02 ± 0.00

His 0.2 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

TAA 0.5 0.31 ± 0.07 0.20 ± 0.02 0.04 ± 0.00 0.05 ± 0.01
The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level, ** at the
0.01 level, and *** at the 0.001 level.

Figure 5. Effects of dietary HML on umami nucleotide content of edible tissues in adult E. sinensis.
(A,B) GMP content. (C,D) AMP content. (E,F) IMP content. The results are presented as the means ±
SE (n = 9). An asterisk (*) indicates significance at the 0.05 level, ** at the 0.01 level, and *** at the
0.001 level.
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Table 7. Effects of dietary HMLS on the TAVs of amino acids and nucleotides in gonad.

AAs

Taste
Threshold
(mg/mL)

Gonad

Female Male

Ctrl HMLS Ctrl HMLS

Gly 1.3 4.60 ± 0.01 4.89 ± 0.03 ** 5.06 ± 0.01 ** 5.01 ± 0.01

Ala 0.6 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Thr 2.6 0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.06 ± 0.00

Ser 1.5 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Pro 3 0.13 ± 0.00 0.14 ± 0.00 ** 0.12 ± 0.00 0.13 ± 0.00 *

Arg 0.5 0.28 ± 0.01 0.28 ± 0.00 0.23 ± 0.00 0.23 ± 0.00

SAA 0.5 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Asp 0.2 0.45 ± 0.01 0.45 ± 0.01 0.34 ± 0.00 0.34 ± 0.00

Glu 0.2 0.13 ± 0.01 0.13 ± 0.01 0.10 ± 0.01 0.10 ± 0.00

UAA 0.4 2.35 ± 0.01 2.39 ± 0.01 ** 2.31 ± 0.01 2.45 ± 0.05 **

Cys 0.3 0.26 ± 0.01 0.25 ± 0.00 0.22 ± 0.00 0.22 ± 0.00

Val 0.9 0.08 ± 0.00 0.08 ± 0.00 0.08 ± 0.00 0.08 ± 0.00

Met 1.4 0.09 ± 0.00 0.09 ± 0.00 0.09 ± 0.00 0.09 ± 0.00

Ile 0.7 0.30 ± 0.01 0.32 ± 0.00 ** 0.27 ± 0.00 0.26 ± 0.00

Leu 0.9 0.25 ± 0.00 0.26 ± 0.00 ** 0.22 ± 0.00 0.22 ± 0.00

Tyr 0.5 0.22 ± 0.00 0.22 ± 0.00 0.11 ± 0.00 0.11 ± 0.00

Phe 0.2 0.11 ± 0.01 0.11 ± 0.01 0.08 ± 0.00 0.09 ± 0.00

Lys 0.1 0.27 ± 0.01 0.28 ± 0.01 0.02 ± 0.00 * 0.01 ± 0.00

His 0.2 0.05 ± 0.01 0.06 ± 0.01 0.00 ± 0.00 0.00 ± 0.00

TAA 0.5 1.76 ± 0.10 1.86 ± 0.06 0.03 ± 0.00 ** 0.02 ± 0.00
The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level, ** at the
0.01 level.

The SWT was utilized to quantify the sweetness imparted by SAAs in these tissues.
As shown in Tables 8–10, the highest SWT was recorded in the female hepatopancreas,
while the lowest SWT was found in the male muscle of both the Ctrl and HMLS groups.
Following HML supplementation, SWT in the muscle and hepatopancreas of both sexes
was significantly increased, whereas SWT in the male gonad was significantly decreased.
These results indicated that dietary HML could significantly enhance the sweetness of the
muscle and hepatopancreas.

Table 8. Effects of dietary HMLS on the SWT and EUC in muscle.

AAs

Muscle

Female Male

Ctrl HMLS Ctrl HMLS

EUC 1.80 ± 0.08 *** 0.51 ± 0.04 2.11 ± 0.12 ** 0.34 ± 0.02

SWT 0.37 ± 0.01 0.39 ± 0.00 ** 0.27 ± 0.01 0.31 ± 0.01 *
The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level, ** at the
0.01 level, and *** at the 0.001 level.
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Table 9. Effects of dietary HMLS on the SWT and EUC in hepatopancreas.

AAs

Hepatopancreas

Female Male

Ctrl HMLS Ctrl HMLS

EUC 2.47 ± 0.38 * 1.60 ± 0.12 0.51 ± 0.03 * 0.43 ± 0.03

SWT 2.14 ± 0.07 2.51 ± 0.07 ** 1.58 ± 0.01 1.61 ± 0.00 **
The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level, ** at the
0.01 level.

Table 10. Effects of dietary HMLS on the SWT and EUC in gonad.

AAs

Gonad

Female Male

Ctrl HMLS Ctrl HMLS

EUC 12.77 ± 0.86 13.56 ± 0.51 0.28 ± 0.02 * 0.23 ± 0.02

SWT 0.95 ± 0.00 1.02 ± 0.01 ** 1.05 ± 0.00 ** 1.04 ± 0.00
The results are presented as the means ± SE (n = 9). An asterisk (*) indicates significance at the 0.05 level, ** at the
0.01 level.

EUC is an indicator of umami taste to evaluate the synergistic effects of UAAs and
umami nucleotides. The strongest umami taste was observed in the female gonad. In
contrast, the EUCs of the male muscle and gonad were significantly decreased in the HMLS
group compared with the Ctrl group. Furthermore, dietary HML significantly decreased
Table 4.

3.8. Radar Plots and Correlation Analysis

The radar plots indicated that the EUC in the muscle of the HMLS group was signifi-
cantly lower than that of the Ctrl group (p < 0.05), whereas the levels of IMP and MDA in
the muscle of the HMLS group were notably higher (p < 0.05) (Figure 6A). Compared with
the Ctrl group, the MDA value in the hepatopancreas of the HMLS group was the lowest
(p < 0.05), and the T-AOC value in the male hepatopancreas of the HMLS group was the
highest (p < 0.05). Furthermore, the values of AMP, IMP, GMP, and EUC were significantly
lower in the HMLS F group compared to the Ctrl F group (p < 0.05) (Figure 6B). In the
gonad, the MDA value of the HMLS group was significantly lower than that of the Ctrl
group (p < 0.05), while the IMP and T-AOC values in the gonad of the HMLS group were
significantly higher (p < 0.05) (Figure 6C).

In Pearson’s correlation analysis, a correlation coefficient absolute value between
0.8 and 1.0 was considered to represent a strong correlation (Figure 6D). The SWT was
positively correlated with Gly, Thr, Asp, Glu, Met, Ile, Leu, Tyr, Phe, Lys, and His, while it
was negatively correlated with Ala, Pro, Arg, and Cys (p > 0.05). The EUC was positively
correlated with Glu, Lys, His, Cys, GMP, IMP, and AMP, while it was negatively correlated
with Asp (p > 0.05).
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Figure 6. Radar plots and correlation analysis. (A–C) Radar plot of biomarker data of edible tissues
(muscle, hepatopancreas, and gonad) in adult E. sinensis. (D) Correlation map of FAA/umami
nucleotide content and flavor evaluation indices. The color scale indicates the correlation value,
where vivid red indicates positive correlation, and vivid blue indicates negative correlation. (“*”: p <
0.05; “**”: p < 0.01; “***”: p < 0.001).

4. Discussion

Currently, the demand for high-quality E. sinensis is increasing, and a key factor in
improving quality is optimizing the fattening process [9]. Diet composition and water
environmental conditions have been identified as contributing factors to the final fattening
outcomes in various studies [33]. The total edible parts of E. sinensis include meat, the
hepatopancreas, and gonads [34]. A previous study reported that black soldier fly larvae
can enhance the flavor profile of edible tissues in E. sinensis when used to replace traditional
iced trash fish in the diet [8]. This suggests that insect-based diets may offer a viable
approach to improving the nutritional value of edible parts. The use of HML has gained
popularity in fish aquaculture in recent years [14,21]; however, limited research has focused
on the effects of dietary HML on E. sinensis culture. In this study, we investigated the
effects of a diet supplemented with HML on growth performance, antioxidant activity, and
nutritional quality in adult E. sinensis following 40 days of fattening.

Previous studies have reported on the yield of edible tissues in E. sinensis during the
fattening period [2,6,35]. In this study, the TEY following dietary HML supplementation
was composed of MY (male: 27.23%; female: 24.81%), HSI (male: 8.78%; female: 8.85%), and
GSI (male: 3.44%; female: 10.77%), which was consistent with previous findings. Efficient
nutrient feeding is crucial for achieving optimal fattening effects in E. sinensis. The existing
research has shown no significant differences in the HSI and GSI levels of E. sinensis fed
FDs versus IF [34]. In comparison with formulated diets, dietary supplementation with
astaxanthin or Haematococcus pluvialis had no significant effects on the HSI and GSI [35,36].
Additionally, it was also found that dietary supplementation with 0.4% cholesterol signifi-
cantly upregulated both the HSI and GSI levels but had no significant effects on the MY in
E. sinensis [37,38]. Furthermore, supplementation with 0.33% docosahexaenoic acid (DHA)
oil significantly increased the GSI in E. sinensis [39]. Our results suggest that HML supple-
mentation in formulated diets effectively improved the HSI of E. sinensis. Similar to our
results, higher HSI values were observed in O. niloticus fed with diets containing HM [40].
Studies have shown that HML extract reduces lipid accumulation in the hepatopancreas of
rats by modulating the peroxisome proliferator-activated receptor gamma (PPARγ) [41];
however, the specific effect of HML on higher HSI values of E. sinensis warrants further
investigation.
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Astaxanthin, a carotenoid compound, offers various health benefits for crustaceans [9,42].
Currently, astaxanthin is widely used in E. sinensis culture to enhance immune function,
antioxidant capacity, and coloration [43,44]. Our findings demonstrated that HML feeding
significantly increased the astaxanthin content in the carapaces of both male and female E.
sinensis, as well as in the female hepatopancreas and gonad. Previous studies have shown
that diets incorporating insect meals (such as cricket, grasshopper, and mealworm) can
elevate carotenoid levels in Xiphophorus maculatus (Gunther, 1866) [45]. However, there is
limited research on the effects of dietary HML on the astaxanthin content in E. sinensis, and
the underlying mechanisms warrant further investigation.

It has been demonstrated that HML exhibit significant antioxidant potential when
incorporated into the diets of hybrid catfish (Clarias gariepinus ♀x Heterobranchus longifilis ♂)
and (Lithobates catesbeiana) [14,46]. In contrast, the antioxidant capacity of prawn Palaemon
adspersus was unaffected by the inclusion of HML in the diets (Rathke, 1837) [47]. HM
have shown considerable promise in enhancing the antioxidant capacity of crustaceans by
providing essential nutrients such as AAs, microelements, and chitin [11–13]. However, the
effects of dietary HML on the antioxidant capacity of different edible tissues in E. sinensis
remain underexplored. In the present study, we found that dietary HML enhanced the
antioxidant capacity of the hepatopancreas and gonad in both male and female E. sinensis,
as well as the female muscle.

Previous studies have demonstrated that a dietary insect meal has the potential to af-
fect textural characteristics by altering the muscle fiber diameter and density [48]. Research
has indicated that the functional components of black soldier fly (Hermetia illucens) larvae
can improve the chewiness, cohesiveness, gumminess, and hardness of barramundi (Lates
calcarifer) muscle [49]. Additionally, the inclusion of yellow mealworm (Tenebrio molitor) in
the diet has been shown to affect muscle fiber density, which is positively correlated with
muscle hardness, adhesiveness, springiness, chewiness, and gumminess [48]. Here, we ob-
served that HML feeding enhanced the adhesiveness in the male muscle, while improving
the cohesiveness, chewiness, and resilience in the female muscle. These changes can be
attributed to alterations in muscle cellularity. However, the precise mechanisms by which
HML-supplemented formula diets regulate muscle structure warrant further investigation.

Proteins are crucial energy sources for crustaceans, and AA composition serves as an
important indicator for evaluating the nutritional value of E. sinensis [10]. HML are rich
in AAs and are considered a more environmentally sustainable alternative to traditional
protein sources such as soybean meal or fishmeal [17]. In comparison to the AA composition
of soybean meal and fishmeal [14], HML in this study are particularly abundant in Leu, His,
Ala, Phe, Asp, Tyr, and Cys. To date, there are limited studies exploring the effects of dietary
HML on the AA composition of E. sinensis. However, research on other insect meals has
reported that H. illucens is an efficient source of animal protein for crustaceans [50,51]. The
substitution of IF by H. illucens has been shown to significantly increase the TAA content
in the gonad and the DAA (SAAs and UAAs) content in the muscle and gonad of male E.
sinensis, while significantly decreasing the TAA and DAA content in the hepatopancreas of
female E. sinensis [8]. In contrast, our study found that dietary HML significantly increased
the TAA and SAA content in the edible tissues of female E. sinensis and in the muscle and
hepatopancreas of male E. sinensis but had no significant effects on the TAA content in
the gonad of male E. sinensis. Furthermore, varying levels of dietary defatted superworm
(Zophobas atratus) or H. illucens larvae as alternative protein sources did not affect the TAA
content in juvenile Pacific white shrimp (Penaeus vannamei) [52,53]. Therefore, the effects of
dietary HML on the FAA content in E. sinensis may be gender- and tissue-specific.
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IMP serves as a taste enhancer in food, boosting sweetness while masking fishy,
sour, bitter, and salty flavors [54]. A previous study demonstrated that dietary H. illucens
significantly increases the IMP content in the muscle of both sexes and in the gonad of
female E. sinensis [8]. Consistent with this finding, our study showed that dietary HML
significantly increased the IMP content in the muscle of both sexes and in the gonads of
male E. sinensis. However, dietary HML significantly decreased the AMP content in the
muscle of both sexes and in the gonad of the male, as well as the GMP content in the
hepatopancreas of the female. A previous study indicates that IMP and GMP are umami-
tasting compounds commonly used as flavor enhancers, while AMP can be converted
into IMP by the action of AMP deaminase [55]. Therefore, our results suggest that dietary
HML in E. sinensis promote the conversion of AMP to IMP in the muscle of both sexes
and the gonad of the male. Furthermore, proteins in the feed affect the composition of
AAs and nucleotides in E. sinensis, which contribute to both the nutritive value and unique
flavor [3,56,57]. Previous studies have highlighted that TAV serves as an indicator for
evaluating the taste impacts of AAs and nucleotides on the flavor of E. sinensis [31,58]. The
umami taste of IMP and GMP is considered stronger than that of glutamic acid (Glu) [54].
In the present study, the TAVs of UAAs, such as Glu and Asp, in the edible tissues of both
the Ctrl and HMLS groups were below 1.0, with AMP primarily contributing to the umami
taste in the female gonads (TAV greater than 1.0). Contrary to the results observed in E.
sinensis fed H. illucens [8], IMP may be the primary contributor to the umami flavor in
E. sinensis. Moreover, dietary HML for E. sinensis significantly decreased the EUC in the
muscle and hepatopancreas of both sexes, as well as in the gonad of the male.

Previous studies have shown that certain SAAs, consisting of arginine (Arg), Ala,
glycine (Gly), proline (Pro), and threonine (Thr), can have effects on the sweetness charac-
teristics of edible tissues in E. sinensis [8]. However, limited research has focused on the
impact of dietary HML on the sweetness or bitterness of edible tissues in aquatic species.
Gly, for example, is known to provide a fragrant sweetness, reduce bitterness, and eliminate
off-flavors in shrimp and crab [54]. In our study, the TAV of Gly was found to exceed 1.0 in
all edible tissues. After HML feeding, the SWT of the muscle, hepatopancreas, and female
gonad increased significantly, while the SWT in the male gonad decreased significantly.
Similar changes in the SWT were observed in the muscle and male gonad of E. sinensis
after feeding with H. illucens [8]. Additionally, valine (Val) is typically considered a bitter
amino acid, characterized by weak bitterness and a subtle sweet taste [59]. A recent study
suggested that a reduction in L-valine content in the muscle of Megalobrama amblycephala
was significantly associated with increased sweetness [60]. However, in this study, the TAV
of Val was greater than 1.0 across all edible tissues and showed a significant increase after
HML feeding. Correlation analysis revealed no significant association between the Val
content and either the EUC or SWT, suggesting that the increased Val content following
HML feeding did not contribute to the sweetness in the edible tissues of E. sinensis.

5. Conclusions

In conclusion, this study demonstrated that dietary supplementation with HML
significantly improved the HSI, astaxanthin content in female edible tissues, and flesh
quality of E. sinensis. Moreover, HML feeding induced tissue- and sex-specific variations
in the flavor characteristics. Specifically, dietary HML significantly reduced the EUC of
the muscle, hepatopancreas, and male gonad, while significantly increasing the SWT of
the muscle, hepatopancreas, and female gonad. Based on the current results, we have
demonstrated that supplementation with HML is not only harmless to E. sinensis fattening
but also significantly enhances the flavor characteristics of female crabs. Moving forward,
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we plan to focus on female crabs as the research subject, designing a multi-gradient HML
supplementation to study its effects on edible tissues, and explore the balance between the
growth of edible parts and the retention of umami.
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Abstract: This study evaluated the efficacy of an active absorbent pad (aPAD) in reducing
microbial growth and enhancing the shelf life of rabbit meat stored in modified atmosphere
packaging (MAP). Thigh muscles from 60 rabbits were used, divided into three dietary
groups: a control group (CNT), a group supplemented with 5% extruded flaxseed (ELS5%),
and a group with 3.5% extruded flaxseed and 0.2% Padina pavonica algae (LPP3.5%). Sam-
ples were packaged in MAP (70% O2, 30% CO2) with either a conventional pad (nPAD) or
aPAD and analyzed at 1, 4, 7, 14, 21 days. Microbiological analysis revealed a significantly
lower total viable count at 21 days in the ELS5%aPAD group. For coagulase-positive
staphylococci, the CNTaPAD group showed lower microbial counts at both day 4 and day
21 (p < 0.05). Enterobacteriaceae reductions were observed at 24 h post packaging in both
the CNTaPAD and LPP3.5%aPAD groups and at day 14 in ELS5%aPAD. Lipid oxidation
(TBARS) was also lower in aPAD samples, particularly in LPP3.5%, which remained below
1.5 mg MDA/kg compared to >2.5 mg MDA/kg in nPAD (p < 0.05). Sensory attributes
such as texture and color were better preserved with aPAD. These findings underscore the
effectiveness of aPAD in MAP to control microbial growth, limit oxidation, and extend the
shelf life of omega-3-enriched rabbit meat, providing a promising solution for functional
meat product preservation.

Keywords: rabbit meat; active pad; microbial; lipid oxidation; linseed; Padina pavonica

1. Introduction

Rabbit meat production and consumption are significant in certain Mediterranean
countries, where cultural and traditional factors strongly influence its demand [1–3].
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Renowned for its nutritional profile, rabbit meat serves as a high-quality source of protein,
characterized by low levels of cholesterol and saturated fats. Furthermore, it provides
a rich source of polyunsaturated fatty acids, B vitamins, as well as minerals [4,5]. Its
high digestibility and low caloric content make it especially appealing to health-conscious
consumers seeking functional foods [4,6,7]. However, despite these nutritional advantages,
cultural perceptions often limit its broader acceptance and consumption.

Rabbit meat also exhibits significant potential as a functional food through dietary
enrichment with bioactive compounds [8–11]. Recent studies have explored the inclusion
of nutraceuticals, such as flaxseed and algae-derived products, in rabbit diets. These en-
richments have demonstrated substantial improvements in meat quality, particularly by
enhancing the n-3 PUFA content [12–16]. The use of macroalgae in animal feed has also
been shown to support gut health due to the presence of bioactive compounds with prebi-
otic and immunomodulatory properties [17–19]. The antioxidative capacity of macroalgae,
attributed to their abundance of polyphenols and α-tocopherols, has shown promise in
mitigating inflammatory and microbial challenges while preserving the sensory and nutri-
tional quality of meat [20–22]. The lack of published data on its application in rabbit diets
or its effects on meat quality and shelf life presents an opportunity for further investigation.

The shelf life of rabbit meat is critically influenced by biochemical and microbiological
processes, notably lipid oxidation and microbial proliferation. During storage, fresh meat
releases exudates, creating a favorable environment for microbial growth due to its high
water activity and rich nutrient composition [23]. This environment significantly reduces
the meat’s shelf life and commercial value, contributing to substantial economic losses
during the production, retail, and storage stages. Addressing the rapid oxidative degra-
dation of PUFAs is essential, as it not only leads to rancidity but also adversely impacts
the sensory and nutritional qualities of the meat [24–26]. Consequently, interventions
aimed at prolonging shelf life are imperative for ensuring product quality and minimizing
economic losses.

Modified atmosphere packaging (MAP) has emerged as a key technology to enhance
the preservation of fresh meat. By replacing ambient air with tailored gas mixtures, MAP
effectively slows microbial growth and oxidative processes [27,28]. In red meats, oxygen
concentrations are crucial for maintaining a desirable appearance; however, for rabbit meat,
which is a white meat, the esthetic requirement for oxygen is less critical [28]. Nonetheless,
research indicates that oxygen levels of 60% or higher in MAP mixtures can yield favorable
preservation outcomes for rabbit meat. In this context, Racewicz et al. [29] demonstrated
that an oxygen concentration of 70% significantly reduced the Enterobacteriaceae population
in rabbit meat samples after 21 days of storage. Moreover, several authors showed that the
incorporation of carbon dioxide in the range of 20–40% further inhibits aerobic bacteria by
extending microbial lag phases and increasing doubling times [29–31]. Such gas mixtures
not only maintain the fresh appearance of meat but also significantly delay spoilage.

Innovative packaging technologies, such as active packaging systems, have further
advanced the preservation of perishable foods [1,27,32]. These systems, defined by EU
Regulation No. 450/2009, involve the integration of components that interact with the
packaged food or its environment to extend shelf life and preserve quality.

Recent advancements focus on developing and enhancing absorbent pads with active
and bio-based components to provide antimicrobial and antioxidant properties. Several
researchers have conducted studies on this topic in recent years; Sun et al. [33] developed
potassium-doped sodium alginate hydrogel pads that effectively absorbed exudates and
inhibited spoilage in chilled pork, extending its shelf life by two days. Wang et al. [34]
demonstrated that absorbent pads with levulinic acid and sodium dodecyl sulfate signif-
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icantly reduced microbial loads and enhanced microbial diversity in ground beef. Jiang
et al. [35] introduced bio-based pads from delignified wood fibers and polyvinyl alcohol
that extended pork shelf life to over nine days while reducing environmental impact. Lastly,
Liu et al. [36] highlighted the efficacy of pads infused with Carum copticum essential oil
in extending the shelf life of chicken meat through antimicrobial and antioxidant activity.
When combined with MAP, active absorbent pads can play a more significant role by not
only absorbing liquids but also releasing antioxidant and antimicrobial agents [37]. This
dual functionality enhances meat preservation while ensuring food safety, quality, and
sustainability. Despite these advancements, research on packaging solutions specifically
tailored for rabbit meat remains limited, likely due to its niche market and comparatively
higher production costs.

Excessive drip loss is a critical parameter affecting the commercial value of rabbit meat.
Beyond reducing yield, excessive exudation adversely impacts the texture, visual appeal,
and overall shelf life of the product [23]. Active absorbent pads, by effectively managing
moisture levels, help maintain product freshness and minimize microbial colonization [37].
Deteriorative microbial activity accelerates protein degradation and lipid rancidity, leading
to a loss of nutritional properties and adverse impacts on organoleptic attributes such as
discoloration, textural changes, off-flavors, and unpleasant odors [23].

The spoilage of rabbit meat is predominantly caused by psychrotrophic Gram-negative
bacteria, such as Pseudomonas spp. [24], which thrive in aerobic conditions. These microor-
ganisms contribute to protein degradation, lipid hydrolysis, and the production of volatile
compounds, resulting in reduced consumer acceptability. Furthermore, lipid and protein
oxidation are exacerbated by the reactive oxygen species (ROS) generated during storage.
Oxidative protein modifications can alter primary structures and side chains, resulting in
aggregation and gelation, thereby reducing the bioavailability of essential amino acids and
diminishing the meat’s nutritional value [38]. The dual role of oxygen supporting aerobic
microbial growth while facilitating oxidative processes necessitates precise control over its
levels within packaging systems to balance microbial inhibition with sensory preservation.

This study hypothesizes that the integration of an active absorbent pad within a
MAP system could effectively reduce microbial growth and oxidative degradation, par-
ticularly in rabbit meat enriched with n-3 PUFAs through dietary supplementation with
extruded flaxseed and Padina pavonica extract. While these supplementations in rabbit diet
enhancements significantly improve the meat’s nutritional profile, they may also increase
susceptibility to oxidative damage, potentially limiting shelf life. Thus, this research aims
to evaluate the efficacy of an active absorbent pad in mitigating microbial proliferation and
prolonging the shelf life of PUFA-enriched rabbit meat stored under modified atmosphere
conditions. By addressing these challenges, the study seeks to provide innovative strategies
for preserving the quality and commercial viability of rabbit meat as well as exploring its
potential as a functional food.

2. Materials and Methods

2.1. Meat Samples Preparation

The experimental trial took place at Azienda Agricola Brachino Patrizia, a commercial
rabbit farm situated in Central Italy. This study was conducted as part of the PRIMA project
“Omega Rabbit: food for health BenefIT”, supported by funding from the European Union.
The handling of animals during the trial adhered to Legislative Decree No. 146, which
enforces Directive 98/58/EC.

After weaning at 35 days old, the rabbits were housed individually in standard cages
(L × W × H: 75 × 38 × 25 cm) under controlled environmental conditions. They were
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randomly assigned to one of three experimental groups which received a specific pellet diet.
The isoenergetic and isoprotein diets were briefly formulated as follows: CNT = a control
diet; ELS5% = CNT diet with 5% extruded flaxseed; and LPP3.5% = CNT diet containing
3.5% extruded flaxseed and 0.2% Padina pavonica algae extract, as detailed in Fehri et al. [39]
Fresh water was available at all times. Rabbits were slaughtered at 85 days of age, and
20 carcasses chosen randomly for each diet were used.

Both sides’ hind legs (HLs) were aseptically excised from the carcasses of rabbits in
each experimental group and transported under cold chain conditions to the laboratory
of CREA. Upon arrival, the two HLs for each animal were deboned and sectioned into
slices, which were subsequently packaged in a modified atmosphere containing 70% O2

and 30% CO2. This high-oxygen composition is commonly used for MAP preservation of
rabbit meat [29]. The packaging consisted of polystyrene trays, with the base fitted with
either a control pad (nPAD), made of non-woven fabric designed only to absorb liquids, or
an active pad (aPAD). This configuration was applied across all three diet groups: CNT,
ELS5%, and LPP3.5%.

2.2. Active Absorbent Pad

The aPAD (trade name: “Bacteria Catcher”) employed in this study was designed
and supplied by ANT Advanced Nonwovens Technologies s.r.l., a company that is part
of the Deatex group based in Milan, Italy. The aPAD used in this trial is identical to the
one reported by Castrica et al. [37]. Briefly, the aPAD, measuring 7.5 × 13.5 cm, comprises
two main components: an absorbent section, constructed from non-woven fabric and
anchored to the base of the packaging, and an active section impregnated with an additive
mixture. This mixture consists of 30–50% polymeric cationic agents by weight, 10–20% base
by weight, and 1–10% auxiliary substances by weight.

The active section of the aPAD is designed for direct contact with rabbit meat and
exerts an attraction effect on bacterial cell walls. The aPAD analyzed in this investigation
complies with Regulation (EC) No. 1935/2004 concerning materials and articles intended
for food contact. Additionally, it does not fall under the classification of a biocidal product
as defined by Regulation (EC) No. 528/2012, as its mechanism of action is strictly physical
and mechanical.

2.3. Experimental Design

Then, HLs for each diet group were packaged with the aPAD or with the nPAD.
Five slices obtained for each animal were packaged in the same way, and one slice was
used for each experimental time.

All the packaged slices were stored at 4 ± 1 ◦C and analyzed at specific time points:
24 h post packaging (D1), after 4 (D4), 7 (D7), 14 (D14), and 21 days (D21) for a total of
300 samples.

Packages containing HL slices were assigned for analyses, as detailed in the experimen-
tal design, shown in Figure 1, dividing each sample into two parts: one for microbiological
shelf life and the other for chemical and sensory determinations.
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Figure 1. Microbiological and chemical shelf life experimental protocol. * For each analysis time
point, 10 samples per group were analyzed.

2.4. Water-Holding Capacity (WHC) and pH

The slices were weighed before packaging and then reweighed at the established time
to assess the water-holding capacity (WHC), determined by the loss of liquids during
storage via the following equation: (W0 − WT1,4,7,14,21)/W0 × 100, where W0 = weight
pre-packaging and WT = weight at different storage times.

At each time point, the portion of the sample designated for chemical and sensory
analysis was ground in an ice bath to ensure sample uniformity (Figure 2).

Figure 2. Minced fore leg meat in different storage times for sensorial test.

pH was measured using a pH meter with temperature compensation (XS Instrument
Serie80 PC80, Giorgio Bormac s.r.l., Carpi, MO, Italy). One gram of meat was homogenized
with 10 mL of NaCl 0.9%, and for each sample, three measurements were performed, and
the final value was obtained as the mean.
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2.5. Color

Color analyses were performed by maintaining minced meat in air for 30 min to
allow for the blooming effect, and color parameters were recorded using the CIELAB
system [40] to evaluate lightness (L*), redness (a*), and yellowness (b*), with D illuminant
(6504 ◦K, daylight) using a Konica Minolta CM-3600 D (Sensing, Inc., Osaka, Japan) spec-
trophotometer. Chrome (C) and hue (H) were calculated using a* and b* indexes with the
following equations:

C =
√

a2 + b2; H = tang−1 b* / a* (1)

2.6. Microbiological Analysis

Total viable counts (TVCs) for Enterobacteriaceae, Escherichia coli, and coagulase-positive
staphylococci were quantified using Petrifilm (3M, St. Paul, MN, USA). Pseudomonas spp.
were cultured on Pseudomonas Agar Base (Biolife Italiana s.r.l., Milan, Italy) with CFC
Pseudomonas Supplement (Biolife Italiana s.r.l., Milan, Italy) and incubated at 25 ◦C for
48 h. Brocothrix thermosphacta was grown on STAA Agar Base (Biolife Italiana s.r.l., Milan,
Italy) supplemented with STAA Selective Supplement (Biolife Italiana s.r.l., Milan, Italy)
and incubated at 22 ◦C for 48 h.

All analyses were performed in duplicate, and results were expressed as Log CFU/g.
Additionally, the detection of Salmonella spp. and Listeria monocytogenes (analytical unit:
25 g) was carried out only at D1, in accordance with UNI EN ISO 6579-1:2017 [41] and
AFNOR [42] BRD 07/05-09/01 standards, with results reported as either presence or
absence in 25 g of the sample.

2.7. Lipid Oxidation and Carbonyl and Sulfhydryl Analysis
2.7.1. Thiobarbituric Acid Reactive Substance Assay (TBARS)

Lipid oxidation was quantified using the TBARS assay, with malondialdehyde (MDA)
as the reference compound. Briefly, 2.5 g of meat was homogenized with water and 2.8%
of ethanolic butylated hydroxytoluene (BHT) as an antioxidant. Subsequently, 1 mL of
the homogenate was mixed with 1 mL of trichloroacetic acid (TCA) and centrifuged. The
resulting supernatant was incubated at 80 ◦C for 30 min with 0.28% thiobarbituric acid
(TBA) to form the MDA-TBA adduct. After cooling on ice, 10 μL of the solution was
injected into an HPLC system (Alliance 2695, Waters Corporation, Framingham, MA, USA)
equipped with a C18 reverse-phase column (Kinetex 5 μm EVO, Phenomenex, Torrance,
CA, USA). Detection was carried out via fluorescence at λex = 515 nm and λem = 543 nm.
The MDA-TBA sample peak was identified by comparison with an MDA standard peak.
The TBARS concentration was expressed as mg of MDA/kg of meat, following the method
described by Cifuni et al. [43].

2.7.2. Sulfhydryl and Carbonyl Content

Protein oxidation was investigated in terms of changes in the sulfhydryl group and
carbonyl (the CO group) content in meat. The procedures were performed as reported by
Valerio et al. [44].

For the SH group analysis, 1 g of meat was homogenized with 16 mL of 20 mM potas-
sium phosphate (pH 6.0), filtered through a gauze to remove collagen, and centrifuged. The
pellet was washed twice with 16 mL of 50 mM potassium chloride, and after a 1:50 dilution,
with 20 mM potassium phosphate (pH 6.0), two aliquots were used. One aliquot was
mixed with 8M urea in 100 mM buffer phosphate and 10 mM 2,2-ditio bis 5-nitropiridina
(DTNP), and the other was mixed only with 8M urea in 100 mM buffer phosphate, which
represented the blank. Samples were incubated for 1 h in the dark, and the absorbance
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was measured at 386 nm with a PerkinElmer spectrophotometer Lambda 25 (PerkinElmer,
Shelton, CT, USA). The sulfhydryls were expressed in nmol of SH/mg of protein.

The carbonyls were quantified from the filtrate sample obtained from 1 g of meat
for sulfhydryl analysis before the dilution phase. Two aliquots of 1 mL were used. After
centrifugation, one pellet was used as the blank, mixed with 1 mL of 2 N HCl, and the other
pellet was treated with 1 mL of 0.2% dinitro-phenylhydrazine (DNPH) in HCl 2 N (w/v).
Samples were incubated for 1 h at room temperature, and after centrifugation, the pellets
were collected. The pellets were washed and centrifuged three times with ethanol:ethyl
acetate (1:1 v/v) to remove the DTNP traces and solubilized lipid. After the washes, the
pellets were solubilized in 6M guanidine HCl and then incubated for 1 h at 90 ◦C. The blank
samples were used to calculate the protein concentration in the sample by measuring the
absorbance at 280 nm with the PerkinElmer spectrophotometer Lambda 25 (PerkinElmer,
Shelton, CT, USA), using BSA as the standard. The samples treated with DNPH were read
at 370 nm. The carbonyls were expressed in nmol of DNPH/mg of protein.

2.8. Sensory Tests

A sensory test was conducted by 10 semi-trained panelists. In each panel session,
panelists evaluated the color, odor, and overall acceptability using a hedonic scale from 0 to
10 (0 = dislike for color/odor/overall acceptability; 10 = excellent for color/odor/overall
judgment) for each experimental diet (CNT, ELS 5%, and LPP 3.5%), PAD type, and storage
time (D1–D21). The samples were presented as minced raw meat in white sample holders
(Figure 2), and they were evaluated in an isolated room under artificial lighting. During
each panel session, one sample from each storage time belonging to the same diet but
with two different PADs was presented simultaneously. Each day, three panel sessions
were conducted, one for each experimental diet. The sensory test was carried out over ten
consecutive days, with three sessions held each day.

2.9. Statistical Analysis

The statistical analysis in this study was performed using the PROC MIXED procedure
in SAS/STAT Software Version 9.4 (SAS Institute Inc., Cary, NC, USA). The model included
the feed group, PAD type, and storage time as fixed effects, while the animal was included
as a random effect. For the sensory analysis, the panelist and session analysis were
considered as a random effect to account for variability among individual assessors. All
possible two-way and three-way interactions between the fixed effects were tested and
included in the model if they were statistically significant. Post hoc comparisons of the
means were carried out using Tukey’s test, with a significance level set at p < 0.05. To
ensure the reliability and validity of the sensory test, a comprehensive analysis of the
distribution of sensory scores was conducted. Both distribution analysis and box plot
analysis were employed for each sensory attribute to detect potential outliers and assess
the homogeneity of scores among panelists. Descriptive statistics, including mean, median,
standard deviation, and range, were calculated to evaluate the central tendency and the
dispersion of sensory scores. In addition, histograms were generated for each sensory
attribute to visualize the distribution and assess the normality of the data. The results of
these analyses are reported in Figures S1 and S2 and Tables S1 and S2, which provide a
graphical representation of the score distributions for each sensory parameter.
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3. Results and Discussion

3.1. pH and WHC

The pH and WHC of rabbit meat during storage are critical indicators of its quality
and shelf life. Their interaction provides valuable insights into the physiological and
biochemical changes occurring in the meat and helps us understand the impact of storage
conditions and dietary supplementation [26].

The average pH across the three feed groups was 5.97 ± 0.02 as mean ± standard
error (SE), with no significant differences detected among them. Relatively high pH values
around 6.0 did not appear to pose issues for the shelf life of rabbit meat, as reported
by Pereira et al. [24]. However, when considering the overall effect of the PADs on pH,
the nPAD group demonstrated a significantly lower value compared to the aPAD group.
Notably, this difference was specifically observed in the CNT group, as highlighted in
Table 1, which presents the interaction effects among the feed groups (CNT, ELS 5%,
and LPP 3.5%) and the two PAD conditions on physical parameters. This difference
suggests that aPAD effectively minimizes pH decline, potentially reducing microbial activity
responsible for producing acidic metabolites [37]. For pH, the CNTnPAD group exhibited a
significantly lower value compared to the CNTaPAD group (5.95 ± 0.02 vs. 6.00 ± 0.02,
respectively; p = 0.028).

Table 1. Physical parameters of rabbit meat affected by different diets and PADs in different
stored times.

CNT ELS5% LPP3.5%

nPAD aPAD nPAD aPAD nPAD aPAD p Diets p Pad RMSE

pH 5.93 a 6.07 b 5.98 5.97 5.96 5.97 0.423 0.028 0.14
WHC% 3.01 2.88 2.79 2.72 3.08 b 2.84 a <0.001 <0.001 0.31

L* 60.99 a 60.56 a 61.38 ab 61.85 ab 61.73 b 62.16 b 0.038 0.670 2.07
a* 1.68 b 1.71 b 1.54 ab 1.58 ab 1.29 a 0.90 a 0.041 0.495 0.54
b* 5.22 4.67 5.31 5.44 5.04 4.84 0.121 0.339 1.19
C 5.59 5.12 5.63 5.80 5.31 5.01 0.094 0.380 1.54
H 72.20 69.92 73.88 73.84 75.68 79.50 0.371 0.637 11.52

CNT = control diet; ELS5% = CNT diet with 5% extruded flaxseed; LPP3.5% = CNT diet containing 3.5% extruded
flaxseed and 0.2% Padina pavonica algae extract; nPAD= control pad; aPAD = active pad; WHC = water-holding
capacity; L* = lightness; a* = redness index; b* = yellowness index; C = chrome; H = hue; RMSE = root square
error; a,b = different letters in the same row indicate a significant difference for p < 0.05; data are expressed as
the mean.

Regarding WHC, as observed for pH, the PAD effect was evident (p < 0.001); the aPAD
group generally exhibited lower values compared to the nPAD group (2.81 ± 0.03% vs.
2.96 ± 0.03%). The water loss was positively influenced by the use of the aPAD, likely due
to its ability to minimize liquid loss [37]. Among feed groups, ELS5% showed significantly
lower values compared to the other two (p < 0.001). With respect to the interaction between
feed and pad types, significant differences were observed exclusively within the LPP3.5%
group, where the nPAD group demonstrated higher water loss compared to the aPAD
group (3.08 ± 0.05% vs. 2.84 ± 0.05%; p < 0.001).

pH and WHC were significantly influenced by the storage time (Table 2). The pH
values exhibited a significant increase at the end of the storage period, rising from 5.96
on D1 to 6.05 on D21 (p = 0.002). This significant increase at 21 days is consistent with
proteolytic activity typically exacerbated during extended storage periods, resulting in the
release of alkaline compounds such as ammonia and amines [38]. The WHC constantly
increased at each time point (p < 0.001), particularly from D1 to D4 (+1.33%). Protein
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denaturation over time during aging is closely linked to an increase in liquid loss [25,45,46],
further emphasizing the importance of managing these parameters to preserve the quality
and shelf life of rabbit meat.

Table 2. Effect of different storage times and PADs on the physical characteristics of rabbit meat.

D1 D4 D7 D14 D21 p Value RMSE

pH 5.96 a 5.93 a 5.98 a 5.97 a 6.05 b 0.002 0.14
WHC% 1.38 a 2.71 b 2.89 c 3.47 d 3.98 e <0.001 0.31

L* 59.48 a 61.09 b 61.99 bc 62.93 c 61.73 bc <0.001 2.07
a* 1.82 1.06 1.31 1.49 1.42 0.122 1.04
b* 4.21 a 4.68 ab 5.17 b 5.77 c 5.52 bc <0.001 1.19
C 4.83 a 4.91 a 5.41 ab 6.12 b 5.78 ab <0.001 1.54
H 71.08 73.87 77.59 73.92 74.44 0.171 11.52

D1, 4, 7, 14, and 21 = times of storage expressed in days; WHC = water-holding capacity; L* = lightness;
a* = redness index; b* = yellowness index; C = chrome; H = hue. RMSE = root square error; a–e = different letters
in the same row indicate a significant difference for p < 0.05; data are expressed as the mean.

3.2. Color

Meat color is one of the primary sensory parameters influencing consumer choice [1,2].
Primarily governed by myoglobin, meat color is subject to changes driven by the auto-
oxidation of this heme protein as well as interactions with lipid and protein oxidation
processes [29,38,46].

The color, in general, was not influenced by dietary group, showing no significant
differences for most parameters, except for L* (p = 0.038) and a* (p = 0.041). Specifically,
the CNT group, compared to the LPP3.5% group, exhibited lower L* (60.77 ± 0.33 vs.
61.94 ± 0.33) and higher a* (1.69 ± 0.14 vs. 1.09 ± 0.14, respectively), while the ELS5%
group displayed intermediate values. Regarding the color coordinates, no significant
differences were observed overall in relation to the presence or absence of an active PAD.
Notably, the effect of aPAD was not evident within the different dietary groups. During
storage, fluctuations were observed in most color parameters, except for a* and H, which
remained significantly unaffected by storage times. The other color parameters (L*, b*,
and C) increased up to D14, likely due to enzymatic proteolytic processes that temporarily
enhance the meat’s appearance by improving light reflection [46,47]. The subsequent sig-
nificant decline on D21 (p < 0.001), indicating the onset of degradative oxidative processes.
The gradual loss of color, transitioning to gray-brown, is associated with the degradation
of structural and cytoplasmic proteins, including myoglobin, which is responsible for the
characteristic color of fresh meat [47–49]. In rabbit meat, lipid and protein oxidation has
been reported to contribute to discoloration, demonstrating a close relationship between
oxidative processes and chromatic changes [9,29,50].

The trends observed in pH, WHC, and color highlight their interdependence. Higher
pH and WHC values, as observed with the active absorbent pad, are associated with
improved color, likely due to reduced oxidative and proteolytic degradation [37,38,46,51].
This oxidative protection is also evident, albeit to a lesser extent, in animals fed a diet
supplemented with Padina pavonica. The presence of polyphenols and active compounds
in this diet likely acted as scavengers, enhancing the oxidative state of the animal and,
consequently, the meat quality [19,22].

3.3. Microbiological Profile

After 21 days of shelf life, the storage time had a significant effect on all evaluated
microorganisms, with an overall increase in bacterial counts observed over time (p < 0.005).
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Moreover, significant differences at 21 days of storage were observed for coagulase-positive
staphylococci, where the control group with the active PAD exhibited lower microbial loads
compared to the CNT group with the nPAD (p < 0.001). Notably, the slowdown, likely due
to the effect of the aPAD, was already evident by day 4 (Figure 3). A similar trend was
observed for the total viable count, where the ELS5% aPAD group exhibited lower counts
compared to the ELS5%nPAD group at day 21. This finding aligns with the observations
reported by Cullere et al. [1], where the group fed a diet supplemented with flax exhibited
a reduction in the total bacterial count.

Figure 3. Trend of microbial development across storage days. The bar graphs show mean ± standard
deviation. *: p < 0.05.

For Enterobacteriaceae, lower microbial loads were already evident at D14 in the ELS5%
aPAD group compared to the ELS5% nPAD group (p < 0.001). Furthermore, for this mi-
croorganism, differences became apparent as early as 24 h of storage in both the CNT and
LPP3.5% groups, with packages containing nPAD exhibiting higher values compared to
those with aPAD. These differences, observed even in the early days of shelf life, could
be attributed to the hygienic conditions in the slaughterhouse and during processing [52].
The variations identified from day 14 onward can be linked to the selective effects of differ-
ent factors, including temperature, pH, and packaging atmosphere, on the predominant
bacterial populations and spoilage dynamics during storage [1,53]. In the present study,
the average pH values recorded across all experimental groups remained at or below 6.
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Such low pH levels are recognized for their bacteriostatic properties, which help maintain
microbial equilibrium and contribute to the preservation of meat quality [54]. Finally, no
significant effect was observed against Brochothrix thermosphacta, Pseudomonas spp., and
E. coli throughout the storage days (Figure 4). The findings of this study regarding the
antimicrobial pad align with those of Komodromos et al. [55] and Fernandez et al. [56]
who observed no statistically significant impact of the antimicrobial pad on the counts of
Pseudomonas spp. and B. thermosphacta. A similar conclusion can also be drawn for E. coli
in the present investigation. Moreover, when evaluating the results on the antimicrobial
efficacy of the pad, it is essential to consider the substantial differences between the pads
tested in this study and those reported in the literature [33–36,55,56]. These differences, pri-
marily influenced by variations in composition, may result in significantly distinct actions
depending on the bacterial species targeted or the specific parameter under investigation.

Figure 4. Trend of microbial development across storage days. The bar graphs show mean ± standard
deviation. p < 0.05.

All samples were negative for Salmonella spp. and L. monocytogenes. The present study
investigated the interplay between diet and packaging method, with particular attention
to the effectiveness of MAP in comparison to air-permeable overwrapping for preserving
meat quality over longer storage durations. According to Bobbitt [57], the shelf life of rabbit
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carcasses stored in aerobic conditions ranges between 3 and 6 days, whereas MAP storage
can extend this period by up to threefold. This extension in shelf life can be attributed
to the role of the gaseous environment, alongside factors such as meat pH and storage
temperature, in shaping the microbial communities. For instance, it is widely recognized
that carbon dioxide sensitivity in pseudomonads and Enterobacteriaceae [58] influences
microbial growth [1]. In contrast, MAP tends to favor the proliferation of facultative
anaerobes such as Brochothrix thermosphacta as the main spoilage microorganisms [30,59].
In the current study, sensory evaluations indicated that rabbit meat retained acceptable
quality levels until day 14. This observation suggests a synergistic preservative effect
arising from the combined influence of diet and packaging. Rodríguez-Calleja et al. [60]
noted that rabbit meat stored under vacuum conditions reached unacceptable sensory
scores by day 28. Similarly, findings by Berruga et al. [30] indicate that under various MAP
gas compositions, lactic acid bacteria typically exhibit a lag phase of approximately 10
days.

3.4. Lipid Oxidation and Carbonyl and Sulfhydryl Grouphiol

TBARS levels are widely used to assess lipid peroxidation, reflecting the formation
of secondary oxidative products like malondialdehyde (MDA). In rabbit meat, the enrich-
ment of PUFA n-3, as achieved through dietary supplementation with linseed or algae,
increases its susceptibility to lipid oxidation due to the higher number of double bonds in
PUFA [61,62]. In terms of oxidation parameters, the TBARS value (Figure 5) was signifi-
cantly higher (p < 0.001) in the ELS5% group (1.07 ± 0.04 mg MDA/kg) compared to the
CNT and LPP3.5% groups (0.86 ± 0.04 mg MDA/kg; on average for the two groups). The
presence of active PAD significantly reduced TBARS value (p = 0.005). With the exception
of CNT, the other two groups displayed lower TBARS levels in aPAD compared to nPAD
(0.99 vs. 1.15 mg MDA/kg for ELS5% and 0.78 vs. 0.93 mg MDA/kg for LPP3.5% with
error standard 0.05).

 
Figure 5. TBARS and the carbonyl group of rabbit meat affected by different diets and pads on
average for different stored times. Significant differences between aPAD and nPAD inside the same
feed group are indicated as ns: not significant, ** p < 0.01, and *** 0.001; different letters mean
significant differences among (p < 0.05) the means of the diets.
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The carbonyl group (C=O) is a polar group because oxygen is more electronegative
than carbon, and it is formed when reactive oxygen species (ROS) attack amino acid side
chains, leading to oxidative modifications in proteins. Protein oxidation, as evidenced
by elevated carbonyl levels, contributes to structural changes that affect the texture and
WHC of rabbit meat. For carbonyls, the CNT group exhibited significantly lower values
than the LPP3.5% group (p < 0.001), while no significant differences were observed for
the PAD type. The polyphenols from algal supplementation were expected to counteract
the formation of oxidation products [22,37]. However, the elevated levels of long-chain
polyunsaturated fatty acids (PUFAs) in rabbit meat, from animals fed with extruded linseed
and Padina pavonica, as highlighted by Agati et al. [63], exhibited a heightened susceptibility
to oxidation, thereby diminishing the protective efficacy of the algal polyphenols.

The sulfhydryl group showed no significant differences attributable to either the diet
or the PAD type. The sulfhydryl group (-SH) is a sensitive marker of oxidative damage in
proteins, primarily cysteine residues, which are critical for maintaining protein structure
and enzymatic function. The loss of the sulfhydryl group is indicative of disulfide bond
formation, leading to protein cross-linking and aggregation [38].

Over time, both TBARS and carbonyl levels increased significantly at each analysis
storage point. TBARS levels rose from 0.06 ± 0.31 at D1 to 2.15 ± 0.31 mg MDA/kg at
D21 (Table 3), while carbonyl levels increased from 0.67 ± 0.44 at D1 to 3.62 ± 0.44 nmol
of DNPH/mg of protein at D21. In contrast, the sulfhydryl group, because it acts as a
scavenger for oxidative processes, exhibited a significant decrease over time, declining
from 69.11 ± 5.65 nmol SH/mg protein at D1 to 32.27 ± 5.65 nmol SH/mg protein at D21
(p < 0.001).

Table 3. Effect of different storage times on lipid oxidation and the sulfhydryl and carbonyl groups.

D1 D4 D7 D14 D21 p Value RMSE

TBARS (mg MDA/kg) 0.06 a 0.49 b 0.71 c 1.27 d 2.15 e <0.001 0.314
Sulfhydryl (nmol SH/mg protein) 69.11 e 59.44 d 52.74 c 43.37 b 32.27 a <0.001 5.656
Carbonyl
(nmol DNPH/mg of protein) 0.67 a 1.27 b 1.99 c 2.93 d 3.62 e <0.001 0.447

D1, 4, 7, 14, and 21 = times of storage expressed in days (a–e = different letters in the same row indicate a significant
difference for p < 0.05); data are expressed as the mean.

The interplay between TBARS and the carbonyl and sulfhydryl groups underscores the
oxidative dynamics in rabbit meat during storage. While lipid oxidation primarily affects
flavor and aroma, protein oxidation alters texture, WHC, and appearance. The active pad’s
role in mitigating both lipid and protein oxidation, along with dietary strategies such as
supplementation with Padina pavonica, demonstrates an integrated approach to enhancing
the oxidative stability and overall quality of rabbit meat, particularly for products enriched
with PUFA n-3 [1,29].

3.5. Sensory Traits

The panelists’ evaluations revealed significant differences for color and overall ac-
ceptability attributes exclusively in the ELS5% group, where the ELS5%aPAD samples
received higher scores compared to the ELS5%nPAD samples (color, p = 0.006 and overall
acceptability, p = 0.009; Table 4).
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Table 4. Sensory results of rabbit meat affected by different diets and PADs in different stored times.

CNT ELS5% LPP3.5%

nPAD aPAD nPAD aPAD nPAD aPAD p Diets p Pad RMSE

Color 6.26 6.40 5.93 b 6.35 a 6.00 6.31 0.245 0.006 0.75
Odor 6.19 6.03 5.86 6.11 5.92 6.05 0.632 0.538 0.86
Overall acceptability 6.06 6.18 5.93 b 6.22 a 6.04 6.25 0.757 0.009 0.56

CNT = control diet; ELS5% = CNT diet with 5% extruded flaxseed; and LPP3.5% = CNT diet containing 3.5%
extruded flaxseed and 0.2% Padina pavonica algae extract; nPAD= control pad, aPAD = active pad; RMSE = root
square error, a,b = different letters in the same row mean a significant difference for p < 0.05; data are expressed as
the mean.

Across all groups, irrespective of the presence or absence of an active PAD, samples
received higher scores during the initial days of shelf life. However, as the shelf life
progressed, the scores (Table 5) for all evaluated attributes declined significantly over time
(p < 0.001), reflecting the cumulative impact of oxidative and microbial spoilage on sensory
attributes. Sensory evaluations of color and odor further reinforced the importance of an
active PAD in maintaining meat quality. The observed sensory deterioration aligns with
microbial spoilage, a critical factor contributing to discoloration and the development of
abnormal colors in meat [64].

Table 5. Effect of different storage times on the sensorial characteristics of rabbit meat.

D1 D4 D7 D14 D21 p Value RMSE

Color 7.31 e 6.63 d 6.41 c 5.67 b 5.04 a <0.001 0.75
Odor 7.31 e 6.78 d 6.24 c 5.10 b 4.69 a <0.001 0.86

Overall acceptability 7.18 e 6.68 d 6.24 c 5.47 b 5.01 a <0.001 0.56
D1, 4, 7, 14, and 21 = times of storage expressed in days; a–e = different letters in the same row mean a significant
difference for p < 0.05; data are expressed as the mean.

3.6. Interaction of Principals Parameters

Some of the most significant interactions between the feed groups, PAD, and stor-
age time are illustrated in Figure 6. Considering the WHC, significant differences were
observed early at D1 of storage between ELS5%aPAD and LPP3.5%nPAD (1.20 ± 0.10%
vs. 1.63 ± 0.10%), with the latter showing the highest value among all groups. These
differences between the two groups persisted throughout the 21 days of storage, except on
D4, when all groups exhibited a sudden increase in liquid loss. Subsequently, regardless of
the PAD type, the ELS5% group consistently presented the lowest liquid loss, significantly
different from both LPP3.5%nPAD and CNTnPAD. The other groups exhibited intermediate
values, with differences remaining constant over time, even as liquid loss increased.
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Figure 6. Trend of water-holding capacity (WHC). TBARS and overall acceptability across the storage
times. Different letters at the same time mean significant differences for p < 0.05; the color of the letter
corresponds to the color of the group; the group without letters is in the intermediate position.

Considering TBARS, all groups showed similar values at D1 (0.06 mg MDA/kg of
meat). However, by D4, the ELS5% nPAD group was significantly different from the
LPP3.5%aPAD group (0.68 ± 0.10 mg MDA/kg vs. 0.34 ± 0.10 mg MDA/kg). At D7, while
maintaining the same differences observed at D4, the CNTaPAD and LPP3.5%aPAD groups
showed the lowest TBARS values (0.58 ± 0.10 mg MDA/kg). By D14, the ELS5%aPAD
group also exhibited high TBARS values, similar to samples with the normal PAD, sig-
nificantly differing from other active PAD samples. At D21, the LPP3.5%aPAD group
presented the lowest TBARS values compared to the others at the same time, while the
ELS5%nPAD group showed the highest (1.87 vs. 2.48 mg MDA/kg, respectively), followed
by ELS5% aPAD and LPP3.5%nPAD (2.16 mg MDA/kg on average). This suggests that the
synergistic effect of algae polyphenols and the active PAD remains effective in controlling
lipid oxidation over extended storage periods, highlighting its potential for enhancing
the oxidative stability of PUFA-enriched rabbit meat [22]. In contrast, the ELS5%nPAD
group showed the highest TBARS values, emphasizing the heightened susceptibility of
linseed-enriched diets to lipid oxidation in the absence of adequate antioxidant interven-
tions. The remaining groups with the active PAD showed no significant differences among
themselves, displaying the lowest TBARS values overall. This indicates that the protective
effect of the active PAD diminishes over prolonged storage, particularly in groups with
higher PUFA content, such as those fed with extruded linseed [61].

Regarding overall acceptability, which summarizes the sensory evaluation of the color
and odor of raw meat, differences among the groups were only evident at D21. Samples
stored without the active PAD exhibited lower acceptability, particularly for CNT (4.75) and
ELS5% (4.84). Conversely, samples stored with the active PAD received significantly higher
evaluations, particularly for CNT and ELS5% (5.33 and 5.18). Nevertheless, overall sensory
acceptability declined significantly over time for all six groups analyzed. In addition to
oxidation reactions, microbial spoilage is another significant factor underlying the sensory
deterioration of meat [64], causing discoloration and the development of abnormal colors.

4. Conclusions

The present study underscores the efficacy of an active absorbent pad in enhancing
the shelf life of rabbit meat, particularly in the context of omega-3 polyunsaturated fatty
acid (PUFA) enrichment achieved through dietary supplementation with extruded linseed
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and Padina pavonica. The inclusion of aPAD within modified atmosphere packaging effec-
tively mitigated microbial growth and oxidative degradation, as evidenced by reduced
TVCs, lipid peroxidation (TBARS), and protein oxidation indicators such as carbonyl and
sulfhydryl content.

The oxidative stability of rabbit meat was significantly improved with the use of
aPAD, particularly in the LPP3.5% dietary group, which exhibited the lowest TBARS values
and enhanced sensory scores after extended storage. This suggests that the polyphenols
and bioactive compounds in Padina pavonica, combined with the physical and chemical
properties of aPAD, play a synergistic role in preserving meat quality. However, the elevated
levels of long-chain PUFAs in enriched meat heightened its susceptibility to oxidative
damage, underscoring the challenges associated with balancing nutritional enhancement
and oxidative stability.

WHC and pH trends further emphasized the role of aPAD in maintaining the physic-
ochemical properties of rabbit meat, with higher WHC and stable pH values correlating
with reduced microbial and oxidative activity. These parameters also showed a clear in-
terdependence with meat color stability, where active packaging systems contributed to
the preservation of visual appeal, a metric crucial for consumer acceptance. Despite these
advances, this study highlights the need for further exploration of optimal combinations
of dietary strategies and packaging technologies to fully realize the benefits of omega-3
enrichment while minimizing the risks of oxidation. The findings offer valuable insights
into innovative preservation methods, demonstrating the potential of aPAD as a practical
and effective solution for improving the shelf life and quality of functional meat products.

5. Patents

Principi, A. and Merlotti, S. (2022). “International Patent application PCT WO
2022/029597A1—Bacteria—trapping item”.

The complete disclosure could be forwarded to readers but only under an
NDA agreement.
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Abstract: This study investigated the effects of dietary supplementation with extruded
linseed (ELS) and Padina pavonica algae extract (PP) on rabbit carcass and meat quality.
Ninety-six rabbit carcasses from two production cycles were analyzed. In the first cycle (C1),
rabbits were fed a control diet (1CNT), the same diet supplemented with 5% ELS (1ELS5%),
and supplemented with 3.5% ELS and 0.2% PP (1LPP3.5%). In the second cycle (C2), the
diets varied in composition and supplementation levels: a different control diet (2CNT),
the same diet with 5% ELS (2ELS5%), and with 5% ELS and 0.2% PP (2LPP5%). Meat
analyses were performed on Longissimus thoracis et lumborum (LTL) muscle for physical
properties and on thigh meat (THM) for proximate composition, vitamin E, coenzyme-
Q10, cholesterol, fatty acid profile, and mineral content. No significant differences in LTL
physical quality were observed in C1, although LTL was brighter in C2 (p < 0.001). THM in
C2 had higher fat content (p < 0.001). Dietary supplementation with ELS and PP extract
significantly increased polyunsaturated fatty acids (n-3 PUFAs) and improved the n-6/n-3
ratio (p < 0.001) in rabbit meat, demonstrating their positive impact on meat quality.

Keywords: extruded linseed; Padina pavonica; meat; rabbit; PUFA; vitamin E

1. Introduction

Currently, the rabbit industry is currently facing a severe economic crisis, driven by
structural weaknesses, a steady decline in consumer demand, and increasing criticism from
Western consumers regarding animal welfare and ethical concerns [1]. Additionally, rabbit

Foods 2025, 14, 274 https://doi.org/10.3390/foods14020274108



Foods 2025, 14, 274

meat is priced higher than other meats, such as poultry or pork [2]. Despite these challenges,
rabbit meat is a valuable source of bioactive compounds with potential nutraceutical bene-
fits [3], offering exceptional nutritional advantages. It is rich in polyunsaturated fatty acids
(PUFAs) [4], high-quality proteins, and essential amino acids [5], while providing moderate
energy values, having low fat and cholesterol, and being an excellent source of B vita-
mins, particularly B12. Rabbit meat is also low in sodium [6] but high in phosphorus [3,7].
However, limited consumer awareness and inefficiencies in marketing and communication
often overshadow these benefits. To enhance both consumer acceptance and economic
viability, the rabbit meat industry must focus on innovative marketing strategies and better
dissemination of its health benefits [6].

Moreover, to address and mitigate the health risks associated with unbalanced diets,
research has increasingly focused on developing new functional foods by incorporating
high-quality nutraceuticals into the animals’ diets [8]. This approach is particularly ef-
fective in monogastric species, such as poultry, rabbits, and pigs, where the absence of
the rumen prevents microbial alterations of key nutrients, like vitamins and PUFAs. As
a result, these nutrients can be directly incorporated into muscle tissue without signifi-
cant modification [9–12]. Beyond enriching animal products, these dietary supplements
also improve animal health by reducing oxidative stress and limiting the formation of
free radicals [13]. These reactive compounds, if transferred to animal-derived foods, can
negatively impact human health. This interconnected relationship highlights the “One
Health” concept, which emphasizes the intrinsic link between the proper management of
animal health, nutrition, and living conditions (key components of animal welfare) and
human well-being [13].

Recent research has examined the effects of dietary PUFA supplementation on the
growth performance and meat quality of rabbits [14]. Specifically, studies [15,16] have
shown that dietary intake significantly influences the fatty acid composition of both fat
depots and intramuscular fat. Furthermore, increasing emphasis has been placed on
dietary strategies to enhance the n-3 PUFA content in rabbit feed, aiming not only to
improve animal performance but also to meet the growing demand for these essential
fatty acids in human diets. These efforts align with recommendations from the Food
and Agriculture Organization (FAO) and the World Health Organization (WHO), which
emphasize the importance of increasing n-3 intake while reducing n-6 consumption to
achieve a balanced n-6/n-3 fatty acid ratio [17]. An imbalance in this ratio, combined with
insufficient essential fatty acid intake in modern diets, has been associated with the rising
prevalence of cardiovascular diseases in developed countries [17].

Rabbit diets have been enriched with various sources of n-3 polyunsaturated fatty
acids (PUFAs) to enhance the nutritional value of their meat as a functional food. Among the
strategies employed, linseed has been widely studied as a primary source of alpha-linolenic
acid (ALA) [18]. Supplementing rabbit diets with 8% linseed significantly improved meat
quality by increasing n-3 PUFA levels, and reducing the n-6/n-3 ratio. Other studies found
that 3% linseed supplementation similarly enhanced the nutritional quality of rabbit meat
without compromising product characteristics [19]. However, higher supplementation
levels (6% or 9%) were associated with increased meat oxidation and cooking losses,
although sensory acceptability remained unaffected after storage [20].

On the other hand, fewer studies have investigated the use of fish oil [21,22] and
marine algae supplementation as sources of n-3 PUFAs in rabbit diets [23–27], with results
varying significantly depending on the specific type of algae incorporated. Despite the
long-established use of marine algae as a feed additive in livestock production [28], re-

109



Foods 2025, 14, 274

search specifically focusing on the application of Padina pavonica in animal diets remains
limited [29].

In general, marine algae possess specific enzymatic pathways [30,31] that enable them
to synthesize long-chain polyunsaturated fatty acids (PUFAs), including arachidonic acid
(20:4 n-6), eicosapentaenoic acid (20:5 n-3), and docosahexaenoic acid (22:6 n-3). Among
the advantages of incorporating seaweed into animal feed is its ability to exert significant
biological effects, even at low inclusion levels, due to the presence of numerous bioac-
tive antioxidant and antimicrobial compounds that support critical cellular functions [32].
Specifically, Padina pavonica, a brown alga (Phaeophyta), is known for its richness in bioactive
compounds that enhance the absorption of phosphorus and calcium. Additional benefits
are attributed to its variety of phenolic compounds and flavonoids, such as myricetin,
quercetin, and resveratrol [33], along with fat-soluble vitamins like vitamins E and D, and
water-soluble vitamins such as niacin, thiamine, pantothenic acid, and folic acid. Fur-
thermore, Padina pavonica is abundant in phytosterols, including fucosterol, ergosterol,
and β-sitosterol, which are vital for cellular functions and contribute to cholesterol re-
duction [32]. Its antifungal properties are also notable, as they can inhibit the growth
of foodborne pathogens and spoilage microorganisms, including mycotoxin-producing
species such as Aspergillus, Fusarium, and Penicillium [33]. This inhibition offers dual ben-
efits: preventing food spoilage and reducing exposure to harmful mycotoxins, such as
aflatoxins and ochratoxin A, which are among the most concerning toxins.

Supplementing rabbit diets with marine algae could provide numerous benefits for
rabbits, acting as a detoxifying agent and promoting the accumulation of nutraceutical
compounds in the meat, including antioxidants, fat-soluble vitamins, and essential minerals.
Additionally, it helps reduce cholesterol accumulation and supports the production of high
levels of very long-chain polyunsaturated fatty acids (VLC-PUFAs) of both the n-3 and n-6
series [30,32–34].

The present study aims to evaluate the effects of dietary supplementation with ex-
truded linseed (ELS) and Padina pavonica algae (PP) extract on rabbit meat quality and
carcass traits. Given their unique properties, these supplements are expected to influence
carcass performance and nutritional quality of rabbit meat.

2. Materials and Methods

2.1. Animals and Diets

This study was conducted as part of the PRIMA project entitled “Omega Rabbit: food
for health BenefIT”, funded by the European Union. The experimental trial received ap-
proval from the Italian Ministry and the Ethical Committee of the Department of Veterinary
Medicine of the University of Milano (OPBA_18_2021). The experimental trial took place
in a commercial rabbit farm located in Central Italy. The rabbits were reared in compli-
ance with Legislative Decree No. 146, implementing Directive 98/58/EC, regarding the
minimum standards for the protection of animals kept for farming purposes. Efforts were
made to reduce animal distress and use only the minimum number of animals required to
ensure reliable and consistent results. Additionally, the health and welfare of the rabbits
were monitored daily by the farm’s responsible veterinarian.

The experiment was conducted over two separate rearing cycles, each carried out in a
different year. For each cycle, the trial encompassed four weekly sessions, with 36 male
New Zealand White rabbits included in each session, resulting in a total of 144 rabbits per
cycle. After weaning (at 35 days of age), the animals had an initial weight of 816 g. The
rabbits were housed in conventional individual cages (L × W × H: 75 × 38 × 25 cm) and
were kept in a controlled environment, where temperature was maintained between +18 ◦C
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and +23 ◦C, relative humidity was kept between 60% and 75%, and the lighting cycle
consisted of 16 h of light followed by 8 h of darkness. The animals were randomly divided
in three experimental groups (n = 48 animals for each group per cycle), each receiving a
distinct pelleted diet. The experimental diets were formulated based on current nutritional
recommendations [35] for fattening rabbits, with the ingredient composition detailed in
Table 1.

In the first cycle (C1), the three groups received three different diets formulated
as follows: 1CNT = control diet; 1ELS5% = 1CNT supplemented with 5% ELS, and
1LPP3.5% = 1CNT supplemented with 3.5% ELS and 0.2% PP algae extract.

In the second cycle (C2), the CNT diet was modified in the fatty acid profile by increas-
ing monounsaturated fatty acid (MUFA) levels and reducing n-6 PUFA content to improve
fatty acid characteristics. In addition, the group that received PP was supplemented with
5% of ELS. Despite these modifications, the proximate composition and fiber content were
consistent across all diets. Therefore, the groups of the second cycle received the diets
formulated as follows: 2CNT = control diet; 2ELS5% = 2CNT supplemented with 5% ELS;
2LPP5% = 2CNT supplemented with 5% ELS and 0.2% PP extract. All the ingredients were
adjusted to achieve isoenergetic and isoproteic formulations. The chemical composition
and fatty acid profiles of the six diets are detailed in Tables 2 and 3. Rabbits were slaugh-
tered at 85 days of age. During the study (35 to 85 days of age), the rabbits were provided
with a daily ration gradually increasing from 100 g/day to 160 g/day. Fresh water was
always available.

Table 1. Formulation of the experimental diets of the different groups in the two cycles.

Ingredients (%)
First Cycle Second Cycle

1CNT 1ELS5% 1LPP3.5% 2CNT 2ELS5% 2LPP5%

Extruded linseed - 5 3.5 - 5 5
“Padina pavonica” Algae

extract - - 0.2 - - 0.2

Wheat Bran 23.16 23.09 23.08 24 23 23
Beet pulp 11.5 9.33 11 13.5 12.5 11.48

Wheat straw 11 11 11 11 11 11
Alfalfa 10 12.5 10.17 10 10 10

Sunflower husks 9.95 6 10.78 - - -
Barley 9.5 9 9.5 5.6 5.8 8.25

Sunflower seed meal 8.83 14 9.17 18.5 17.41 17.97
Soybean hulls 0.17 - - 3.82 4.3 2.22

Toasted soybean seed 5 - 1.50 1.7 - -
Molasses cane 3 3 3 2.5 2.5 2.5

Wheat 2.5 2.5 2.5 3 3 3
Grape seed meal 2.17 1.83 1.87 2.7 2.8 2.68

Soybean oil 0.55 - - 0.99 - -
Palm oil 0.33 0.33 0.33 0.33 0.33 0.33

Carboxymethylcellulose 0.2 0.2 0.2 0.2 0.2 0.2
Liquid acidifier 1 0.15 0.15 0.15 0.15 0.15 0.15

Calcium carbonate 0.8 0.8 0.8 0.8 0.8 0.8
Sodium chloride 0.4 0.4 0.4 0.42 0.42 0.42

Magnesium oxide 0.15 0.15 0.15 0.15 0.15 0.15
Oligo-vitamin supplement 2 0.25 0.25 0.25 0.25 0.25 0.25
Methionine hydroxyanalog 0.15 0.14 0.15 0.15 0.13 0.12

Lysine 0.14 0.21 0.19 0.14 0.16 0.17
L Threonine 0.07 0.08 0.08 0.07 0.07 0.07

Vitamin E 50% 0.03 0.03 0.03 0.03 0.03 0.03

1 Liquid acidifier composition = Formic acid 75%. 2 Oligo-vitamin supplement: Vitamin A 6,000,000 IU, D3
600,000 IU, E 20,000 IU, K3 1200 mg, B1 800 mg, B2 1600 mg, B6 800 mg, B12 6.0 mg, biotin 60.0 mg, niaci-
namide 16,000 mg, folic acid 400 mg, calcium pantothenate 6666 mg.; 1CNT = control diet of the first cycle;
1ELS5% = 1CNT+ 5% ELS; 1LPP3.5% = 1CNT+ 3.5% ELS and 0.2% PP extract. 2CNT = control diet of second
cycle; 2ELS5% = 2CNT+ 5% ELS; 2LPP5% = 2ELS5% with 5% ELS and 0.2% PP extract.
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Table 2. Chemical composition of the experimental diets of the different groups in the two cycles.

Components g/100 g
First Cycle Second Cycle

1CNT 1ELS5% 1LPP3.5% 2CNT 2ELS5% 2LPP5%

Dry matter 88.61 88.89 88.85 89.96 89.05 88.89
Crude proteins 15.03 15.28 15.13 15.02 15.25 15.11

Crude fat 3.56 3.75 3.57 3.74 3.81 3.88
Ash 7.95 8.04 8.10 7.88 7.95 8.09

Crude fiber 18.64 18.63 18.71 18.70 18.45 18.34
Nitrogen-free extract 43.43 43.19 432.34 43.62 43.59 43.47

Calcium 0.79 0.80 0.81 0.80 0.79 0.81
Phosphate 0.51 0.52 0.53 0.50 0.51 0.53

Starch 12.07 12.07 11.87 12.10 12.05 12.03
Digestible energy (kcal) 2189.1 2190.4 2188.7 2196.4 2198.7 2197.9

Met + Cys 1 0.6 0.6 0.6 0.6 0.6 0.6
Lys 2 0.7 0.7 0.7 0.7 0.7 0.7
Trp 3 0.19 0.19 0.19 0.19 0.19 0.19
Thr 4 0.58 0.58 0.58 0.58 0.58 0.58

Vitamin E (ppm) 200 200 200 200 200 200

1 Met + Cys = Methionine + cysteine; 2 Lys = lysine; 3 Trp = tryptophan; 4 Thr = threonine., 1CNT = control diet of
first cycle; 1ELS5% = 1CNT+ 5% ELS; 1LPP3.5% = 1CNT+ 3.5% ELS and 0.2% PP extract. 2CNT = control diet of
second cycle; 2ELS5% = 2CNT+ 5% ELS; 2LPP5% = 2CNT + 5% ELS and 0.2% PP extract.

Table 3. Percentage of fatty acids on total FAME of the experimental diets of the different groups in
the two cycles.

Ingredients (%)
First Cycle Second Cycle

1CNT 1ELS5% 1LPP3.5% 2CNT 2ELS5% 2LPP5%

14:0 0.33 0.29 0.32 0.40 0.31 0.28
16:0 16.75 15.74 16.11 16.38 16.08 15.76

16:1 n-7 0.19 0.23 0.21 0.12 0.09 0.07
17:0 0.12 0.11 0.09 0.11 0.10 0.11
18:0 6.80 6.94 7.18 6.86 6.98 7.01

18:1 n-9 19.41 18.63 18.60 26.37 23.88 23.82
18:1 n-7 1.25 1.01 1.20 1.90 1.85 1.79

18:2 n-6, LA 1 47.25 33.32 33.54 41.12 25.89 26.60
20:0 0.32 0.29 0.26 0.28 0.28 0.22

18:3 n-6, γ-ALA 2 0.23 0.30 0.25 0.20 0.21 0.22
18:3 n-3, α-ALA 5.35 21.71 20.42 3.90 22.90 22.44

22:1 n-11 0.17 0.17 0.17 0.19 0.22 0.23
20:4 n-6, AA 3 0.06 0.05 0.19 0.12 0.12 0.16
20:5 n-3, EPA 4 - - 0.09 - - 0.09
22:5 n-3 DPA 5 - - 0.06 - - 0.05

SFA 6 25.26 24.21 24.85 25.00 24.46 24.15
MUFA 7 21.79 20.36 20.54 28.97 26.35 26.25

PUFA n-6 8 47.60 33.72 34.04 42.14 26.29 27.02
PUFA n3 9 5.35 21.71 20.58 3.90 22.90 22.58

1 LA = linoleic acid; 2 ALA = linolenic acid; 3 AA= arachidonic acid, 4 EPA = eicosapentaenoic acid;
5 DPA = docosapentaenoic acid; 6 SFA = saturated fatty acids ∑14:0, 16:0, 17:0, 18:0, 20:0; 7 MUFA = monounsatu-
rated fatty acids ∑ 16:1, 18:1n-9, 18:1 n-7, 22:1 n-11; 8 PUFA n-6 = polyunsaturated fatty acid omega 6 ∑ 18:2 n-6,
18:3 n-6, 20:4 n-6; 9 PUFA n-3 = polyunsaturated fatty acid omega 3 ∑ 18:3 n-3, 20:5 n-3, 22:5 n-3; 1CNT = control
diet of first cycle; 1ELS5% = 1CNT+ 5% ELS; 1LPP3.5% = 1CNT+ 3.5% ELS and 0.2% PP extract. 2CNT = control
diet of second cycle; 2ELS5% = 2CNT+ 5% ELS; 2LPP5% = 2CNT + 5% ELS and 0.2% PP extract.

2.2. Carcass Dissection and Meat Sampling

Twelve rabbits from each group were individually weighed before slaughter during
each weekly session. The handling of animals during the trial adhered to Legislative Decree
No. 146, which enforces Directive 98/58/EC. The slaughtering process was conducted in a
certified slaughterhouse, located on the same farm, so there was no transport involved for the
animals. The animals were stunned by electronarcosis. Carcasses were immediately chilled
at 4 ◦C, and four carcasses per group were randomly selected for analysis, resulting in a total
of 64 carcasses per cycle (16 per experimental group). Each week, the 12 selected carcasses
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(without head) were transported in refrigerated boxes to CREA-ZA laboratory. Twenty-four
hours after slaughter, the carcasses were weighed to determine refrigerated carcass weight and
were dissected according to the recommendations of the Worlds Rabbit Science Association
(WRSA) [36]. The weights of the carcass excluding the liver, lungs, thymus, esophagus, heart,
and kidneys were recorded as the reference carcass weight (RCW). Additionally, the weights of
the liver (LvW), kidneys (KiW), abdominal fat (AFW), and scapular fat (SFW), as well as the
percentage of the carcass regions defined as fore leg (FLP), thoracic part (TP), and hind part
(HPP), were also recorded. For each carcass, the two Longissimus thoracis et lumborum (LTL)
muscles were collected for physical analyses, including pH, color, drip and cooking loss, and
shear force on cooked meat. The right hind leg was carefully dissected to separate and weigh the
bone, muscle, and the combined intermuscular fat and connective tissues. This process allowed
for the estimation of the percentage distribution of tissues, classified as hind leg bone percentage
(HLBP), hind leg meat percentage (HLMP), and hind leg fat and other tissue percentage (HLFP).
Additionally, the meat-to-bone ratio (M/B) of the hind leg was calculated using the formula:
M/B = HLMP/HLBP. A sample from the thigh was obtained during dissection from the first
portion of muscles near the distal part of the femur, as this area contains several muscles
composed of both white and red fibers. The hind leg muscles, after removing the visible fat and
tendons (THM), were finely ground under controlled conditions at 4 ◦C to prevent overheating.

Fresh thigh samples were analyzed for proximate composition, including moisture, protein,
fat, and ash content (expressed as g/100 g of meat). The remaining samples were vacuum-
packed and frozen at −80 ◦C for subsequent chemical analyses, including vitamin E, coenzyme
Q10, cholesterol content, fatty acids profile, and mineral concentrations (macroelements: phos-
phorus, potassium, sodium, magnesium; microelements: iron, copper, zinc).

2.3. Physical Analysis
2.3.1. pH

Immediately after dissection, two samples of 1 g of minced LTL muscle were mixed
with 10 mL of NaCl solution (0.1 mol/L) at pH 7. The mixture was homogenized using
a homogenizer (T 25 digital ULTRA-TURRAX®—IKA) for 30 s at 6000 rpm. The pH of
each sample was measured using a digital pH meter with temperature compensation (XS
Instrument Serie 80 PC80, Giorgio Bormac S.r.l., Carpi, Italy), calibrated at pH 7 and pH 4.
The final value was obtained as the mean of the two measurements.

2.3.2. Color

Color was recorded on the LTL muscle using the CIELAB system [37] to estimate
lightness (L*), redness (a*), and yellowness (b*), with D illuminant (6504◦K, daylight) using
a Konica Minolta CM-3600 D (Sensing, Inc., Osaka, Japan) color spectrophotometer. The
muscle was cut along its longitudinal line and maintained to air for 30 min to allow a
blooming effect. Color data were obtained as the means of four measurements per sample.

2.3.3. Water Holding Capacity

Water holding capacity (WHC) in the LTL muscle was determined using two samples
of approximately 1 g each. The samples were finely minced, placed between two paper
discs, and subjected to an external force of 1 kg for 5 min. Following compression, the
samples were reweighed, and the weight difference was expressed as a percentage of WHC.
This analysis was performed in duplicate [38].

Cooking loss was evaluated according to the method described by Honikel and
Hamm [38]. Two weighed portions of about 5 cm, one from each LTL muscle (right and left)
at the same anatomical position, were sealed in plastic bags under light vacuum conditions
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and cooked in a water bath until reaching 75 ◦C at the core of the sample for approximately
20 min and then cooked in ice water. From this determination, we use a portion of both
LTL muscles measuring approximately 5 cm in length.

2.3.4. Shear Force

Shear force was determined using a Warner–Bratzler Shear (WBS) apparatus on
a dynamometer (Instron 5543 Single Column Table Top Tensile Tester System, Instron,
Norwood, MA, USA) on cooked meat samples measuring 1 × 1 cm in thickness and 2
cm in length, cut along the fiber direction of muscles. The speed of the crosshead was set
at 100 mm/min, as reported in Contò et al. [39]. Cooked meat samples were obtained as
described above for the cooking losses on LTL muscles. The final shear force value was the
mean of four determinations and expressed in Newton (N).

2.4. Chemical Analysis
2.4.1. Proximate Composition

The proximate composition of THM and pellet was analyzed according to AOAC [40]
methods for dry matter (DM, method 934.01), ether extract (EE, method 920.39), ash (method
942.05) and crude protein (CP, method 984.13). Immediately after dissection, 8 g of samples
was used for dry matter determination at 102 ◦C for 24 h. On the same sample, the ash % was
determined at 540 ◦C for 8 h. Ether extract was identified using a traditional Soxhlet extraction
method with diethyl ether (Tecator Soxtec System HT 1043 extraction unit Gemini, Apeldoorn,
Sweden). Protein content (N × 6.25) was measured using the Kjeldahl method with Tecator
Digestion System and Kjeltec Auto 1030 Analyzer (FOSS, Hillerød, Denmark).

2.4.2. Vitamin E

Vitamin E (tocopherol) was extracted from minced THM after saponification phase
with 60% KOH at 70 ◦C per 1 h, as reported in Gąsior et al. [41]. The vitamin was recovered
with hexane/ethyl acetate (9:1 vol:vol), dried and suspended in methanol. The extract was
injected into an HPLC Alliance 2695, Waters (Waters Corporation, Framingham, MA, USA)
with a Kinetex 5 μm EVO (Phenomenex, Torrance, CA, USA) C18 column with isocratic
mobile phase, methanol/Waters (95:5 vol:vol) and read in fluorescence at λEX = 295 nm,
λEM = 350 nm. The vitamin E peak was identified by comparison with the standard
tocopherol peak and expressed as μg/g of meat [42].

2.4.3. Coenzyme Q10

The analysis of coenzyme Q10 was performed on minced THM following the method
described by Mattila et al. [43]. Briefly, 1 g of meat was homogenized in a sodium chloride
solution, and the sample was washed twice with an organic solvent mixture (ethanol/n-hexane
1:1 v/v) to separate the coenzyme Q10. The extract was then filtered, evaporated, and re-
suspended in n-propanol. A sample of 20 μL was recovered and injected into an HPLC Alliance
2695, Waters (Waters Corporation, Framingham, MA, USA), with a Gemini NX 5 μm (Phe-
nomenex, Torrance, CA, USA) C18 column. The isocratic phase consisted (methanol/ethanol/2-
propanol/ammonium acetate buffer at concentrations of 53:21:21:1, respectively), and detection
was performed at 275 nm. The peak representing the coenzyme Q10 was identified compared
to the coenzyme Q10 standard peak and expressed as mg of Q10/100 g of meat.

2.4.4. Cholesterol

Cholesterol content was performed following the procedures of Maraschiello et al. [44].
Briefly, 0.1 g of minced THMt was saponified with 0.5 N KOH methanolic solution, with
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BHT, at 80 ◦C for 1 h. After cooling, a saturated sodium chloride solution was added, and
the unsaponifiable fraction, containing cholesterol, was extracted twice with a mixture
of ethylic ether/hexane (1:1 vol:vol). Subsequently, the extracted fraction was then dried
under nitrogen flow and re-suspended in acetonitrile/isopropanol (1:1 vol:vol) and in-
jected in HPLC Alliance 2695, Waters (Waters Corporation, Framingham, MA, USA) with
Synergi 4μ (Phenomenex, Torrance, CA, USA) C18 column with isocratic phase acetoni-
trile/isopropanol (55:45 vol:vol) and read at 210 nm. The cholesterol was identified by
comparing the sample peak with standard cholesterol peak and expressed in mg/100 g
of meat.

2.4.5. Fatty Acids Profile

The fat was extracted from approximately 6 g of minced THM or 2 g of pellet using
a chloroform/methanol mixture (2:1 vol:vol). After suspension in hexane, the fat was
methylated following the IUPAC procedure [45] using a 2 M of methanolic KOH solu-
tion, obtaining fatty acid methyl esters (FAMEs) solubilized in hexane. The FAMEs were
quantified using a gas-chromatography (GC) system (GC 6890N, Agilent, Inc., Santa Clara,
CA, USA) equipped with a flame ionization detector (FID) and a CP-Sil88 fused silica
capillary column (100 m 0.25 mm (internal diameter) with 0.2 μm film thickness; Agilent
Technologies). Fatty acid extraction, methylation, and gas chromatograph conditions were
reported in detail by Failla et al. [46]. An internal standard C19:0 was added to the samples
before the fatty acid extraction.

Fatty acid methyl esters were identified by comparing the retention time peaks of each
compound with standard peaks from the Supelco mix 37 FAME and docosapentaenoic acid
(Sigma-Aldrich Merck, Darmstadt, Germany). The different classes of fatty acids, including
saturated fatty acids (SFAs), MUFAs, PUFAs, PUFA n-6, PUFA n-3 and n-6/n-3 ratio, were
calculated and expressed as a % of total FAMEs.

2.4.6. Mineral Content

The mineral composition was estimated using Near-Infrared Spectroscopy (NIR).
Samples of THM were lyophilized, and the NIR spectra were acquired using the NIRFLEX
500 (Büchi, Flawil, Switzerland). The data were processed using a previously developed
Partial Least Squares (PLS) model, which was calibrated on 120 rabbit meat samples. Before
application, the model was revalidated using 18 meat samples (three from each diet group),
for which mineral content was analyzed following the methods specified below.

Minerals such as potassium, sodium, iron, copper and zinc were analyzed using
PerkinElmer atomic absorption spectroscopy (AAS, PerkinElmer, Shelton, CT, USA) and a
microwave Ethos 900 (Milestone, Shelton, CT, USA) for the mineralizing phase. Samples
of 1 g of meat were mineralized with 64% nitric acid and hydrogen peroxide using the
Ethos 900 microwave, and the solution was then read in AAS using a multi-channel lamp.
A characteristic wavelength for each mineral was used to measure absorbance, and the
results were expressed as mg/100 g or mg/kg of meat for microelements. For phosphorus,
a photometric procedure was used [47]. After mineralization phase, the sample was reacted
with a molybdate reagent (1%) and hydrazine sulfate (0.2%), and the phosphorus content
was read and quantified in a PerkinElmer spectrophotometer Lambda 25 (PerkinElmer,
Shelton, CT, USA) at 730 nm, with results expressed as mg/100 g of meat.

The dataset obtained from these analyses was used as a validation set. The results
showed a coefficient of determination (R2) greater than 0.83 for all minerals, with an
RPD (Ratio of Performance to Deviation) of approximately 3. The RPD was calculated
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as SD/SEP × 100, where SD is the standard deviation of the mineral data and SEP is the
standard error of prediction.

2.5. Additional Chemical Analysis on Pelleted Feed

A sample of about 1 kg was finely ground using a mill (Cemotec 1090 sample mill,
FOSS, Hilleroed, DK, EU), to obtain a uniform sample both in composition and particle size.
The following analytical determinations were performed on feedstuff used as proximate
composition, including dry matter (DM), ash, crude protein (CP), and crude fat (EE), using
the same methods and instruments as those described for meat analysis [48]. Calcium,
phosphorus, vitamin E, and fatty acids were also analyzed following the procedures
described for meat samples [41].

2.5.1. Crude Fiber

Crude fiber (CF) was determined as reported in AOAC [40] methods 962.09 ISO
5498:2000, using a fiber analyzer (FIWE Fiber Extractor, Velp Scientifica, New York, NY,
USA). A minced feed sample of 1 g ± 0.1 was weighed and placed in a pre-weighed crucible
and then boiled in 0.12 M sulfuric acid for 30 min. Afterward, the sample was washed with
distilled water to neutralize the pH and remove residues. The sample was then digested
in a 0.22 M alkaline f potassium hydroxide solution. After alkaline digestion, the sample
was washed with distilled water to neutralize the pH, and then defatted with acetone. The
crucible was dried in an oven at 100 ◦C, and the weight was recorded. The sample was
incinerated in an oven at 550 ◦C for 2 h and weighed again. CF is expressed in g/100 g
of sample.

2.5.2. Starch

Starch was quantified by the enzymatic colorimetric method as reported in AOAC
method 996.11 [40]. The procedure was performed using an assay kit from Megazyme
(Megazyme International, Wicklow, IE, EU). Briefly, 100 mg of feed was mixed with an 80%
ethanol solution (vol:vol), followed by the addition of 3 mL of α-amylase and incubation for
11 min. Afterward, 0.1 mL of amyloglucosidase was added, and the sample was incubated
again. The sample was then centrifuged, and a portion of the supernatant was incubated
for 20 min at 50 ◦C. The starch content was read at 510 nm, and expressed as g/100 g
of sample.

2.5.3. Amino Acids

Total amino acids were determined using AccQ•Tag Fluor reagent kit (Waters, Milford,
MA, USA) [Water manual] on an HPLC system (Waters Alliance 2695, Waters Corporation,
Framingham, MA, USA) with an AccQ•Tag column (3.9 × 150 mm, Waters Corporation,
Framingham, MA, USA). A sample of about 1 g was hydrolysed with HCl 6 N for 14 h at
110 ◦C, except for tryptophan, for which NaOH 4 M was used. After hydrolysis, the samples
were appropriately diluted and derivatized with the AccQ•Tag reagent, then detected by
fluorescence at λEX = 205 nm and λEM = 395 nm. The gradient mobile phase consisted
of Waters buffer/acetonitrile/water (vol:vol:vol). Peak identification was performed by
comparing the sample peaks with the standard peaks from the AccQ•Tag kit, and results
were expressed as g/100 g of meat.

2.5.4. Nitrogen-Free Extract and Digestible Energy

The nitrogen-free extract (NFE) content was calculated according to the following formula:

NFE(g/100) = DM − (CF + EE + CF + ash) (1)
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Based on the identified chemical composition, the digestible energy (kcal/kg) of the
feed was calculated using the equation provided by the EU guidelines for rabbit feed [48].

Digestible energy (kcal/kg) = −1801 + 7.10 CP + 12.01 × EE + 5.59 × NFE (2)

2.6. Statistical Analysis

To evaluate the differences among the six groups of rabbits, a mixed model was
employed, incorporating two fixed factors and their interaction, with all physical and
chemical composition data used as dependent variables. In this model, feed group and
cycle were treated as fixed factors, while the weekly session was considered a random effect.
The analysis was conducted using the MIXED procedure, on the SAS statistical package
(SAS Institute Inc., Cary, NC, USA). Mean comparisons were performed using the Student’s
t-test, with the significance threshold set at p < 0.05. This approach ensures a robust and
statistically sound evaluation of the physical and chemical composition differences across
feed groups while accounting for potential confounding factors and individual variability.

3. Results and Discussion

3.1. Carcass Characteristics

The data presented in Table 4 provide a comparative analysis of live weight and
carcass characteristics of rabbits fed different diets across two cycles. During the growth
stage, the rabbits had an average daily weight gain of 32.4 ± 3.2 g for C1 and 35.6 ± 2.8 g
for C2 across the three experimental groups. Daily pellet consumption averaged 133.5 g,
with no significant differences observed between cycles or groups.

Rabbit live weight (LW) in C1 ranged from 2398 g (1ELS5%) to 2477 g (1CNT), while
in C2, it varied from 2467 g (2ELS5%) to 2541 g (2CNT). However, these differences were
not statistically significant (p > 0.05) either among groups or between the two cycles. These
results are consistent with those of Pla et al. [35], who did not observe detrimental effects
of sunflower oil and linseed on rabbit LW. Similarly, the chilled carcass weight (CCW) in
C1 ranged from 1345.3 g (1ELS5%) to 1390.1 g (1CNT), and in C2 from 1399.9 g (2ELS5%)
to 1441.0 g (2CNT), with no significant differences observed among the groups and cycles.
However, slight variability was observed between cycles for CCW, in which C2 reported a
trend (p = 0.086) higher than C1 (1425.8 g vs. 1368.4 in average for the groups, respectively,
for C2 vs. C1).

The LvW, SFaW, and PFaW did not show significant differences among groups in either
cycle. The average values for all groups were 79.6 ± 11.7 g for liver weight, 15.3 ± 1.5 g for
scapular fat, and 7.9 ± 2.6 g for perirenal fat. Regarding carcass composition, significant
differences were observed between cycles for fore leg (FLP) and hind part (HPP). However,
in C2, the groups receiving ELS supplementation (2ELS5% and 2LPP5%) tended to show a
higher percentage of HPP (p = 0.063).

The tissue composition of the thighs showed significant differences in HLFP between
cycles, with all three groups in C2 exhibiting higher values (p = 0.042). For HLBP and HLMP,
significant differences were observed among groups only in C2 (p = 0.002 and p = 0.015,
respectively). The 2CNT group exhibited lower HLBP and higher HLMP compared to
the other groups. This trend also impacted the M/B ratio, where significant differences
were observed in C2, with the 2CNT group showing a significantly higher M/B ratio
(p = 0.005) compared to the other two groups. This observed tendency toward greater
muscle trophism in the control group in C2, reflected in the enhanced development of the
HPP region, was due to the higher dietary intake of oleic and linoleic acids, which appear
to have a confirmed ability to promote muscle growth as reviewed by Abreu et al. [49]
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Table 4. Live weight and carcass characteristics of rabbits fed on different diets.

First Cycle (C1) Second Cycle (C2)

1CNT 1ELS5% 1LPP3.5% p Value 1 2CNT 2ELS5% 2LPP5% p Value 2 RMSE
p Value
Cycles

p Value
Groups

LW (g) 2477 2398 2631 ns 2541 2467 2511 ns 233.1 0.137 0.428
CCW (g) 1390.1 1345.3 1369.8 ns 1441.0 1399.9 1436.4 ns 131.5 0.086 0.428
LvW (g) 80.74 76.27 79.26 ns 79.64 81.28 80.69 ns 11.94 0.467 0.877
SFaW (g) 7.68 7.55 8.82 ns 7.69 7.76 7.98 ns 2.67 0.709 0.454
PFaW (g) 9.61 9.31 9.40 ns 10.15 10.07 9.96 ns 2.93 0.304 0.957
FLP (%) 25.22 25.77 25.53 ns 25.04 24.55 24.48 ns 1.25 0.033 0.575
TP (%) 37.49 37.11 37.41 ns 37.23 36.92 37.27 ns 1.54 0.209 0.232

HPP (%) 37.29 37.12 37.06 ns 37.74 b 38.53 a 38.25 a 0.063 1.21 0.008 0.071
HLBP (%) 18.98 19.39 19.45 ns 18.55 b 19.56 a 19.31 a 0.002 0.681 0.603 <0.001
HLFP (%) 1.55 1.46 1.42 ns 1.61 1.51 1.58 ns 0.135 0.042 0.288
HLMP (%) 79.48 79.15 79.14 ns 79.84 a 79.03 b 79.11 b 0.015 0.713 0.321 0.018

M/B 4.19 4.08 4.07 ns 4.30 a 4.04 b 4.10 ab 0.005 0.184 0.378 0.005

1 p = value between groups of first cycle; 2 = p value between groups of second cycle; RMSE = root mean
square error; a, b = different letters in the same row mean significant difference for p < 0.05; ns = non-
significant. 1CNT = control diet of C1; 1ELS5% = 1CNT+ 5% ELS; 1LPP3.5% = 1CNT+ 3.5% ELS and 0.2%
PP extract. 2CNT = control diet of C2; 2ELS5% = 2CNT+ 5% ELS; 2LPP5% = 2CNT with 5% ELS and 0.2% PP
extract. LW = live weight; CCW = chilled carcass weight; LvW = liver weight; SFaW = scapular fat weight;
PFaW= dissectible perirenal and abdominal fat weight; FLP = fore legs; TP = thoracic cage; HPP = hind part;
HLBP = hind part separate bone; HLMP = hind part separate meat; HLFP= hind part separate fat and other
tissues; M/B = meat-to-bone ratio of the hind leg (HLMP/HLBP).

In contrast, Dal Bosco et al. [50] reported that whole linseed supplementation had
no effect on rabbit carcass traits and that the diet did not influence the meat-to-bone ratio
(4.06 ± 0.06) or the percentage of perirenal (3.33 ± 0.16%) and scapular fat (0.76 ± 0.03%).

In this study, the supplemented diets had a limited impact on overall rabbit growth
but contributed to the enhancement of specific high-value carcass traits, such as muscle
development, particularly in the C2. This effect is likely attributable to the lower linoleic
acid content and the higher oleic fatty acid levels in the C2 diets. These findings highlight
the importance of long-term dietary strategies and targeted nutritional interventions in
enhancing rabbit meat production. Moreover, these results align with previous studies on
the inclusion of n-3 PUFA-rich vegetable sources in rabbit diets, which have consistently
shown no significant impact on major carcass traits [35,50].

Further investigation is needed to better understand the relationship between diet and
meat quality, particularly concerning the bioavailability of nutrients from experimental
feed ingredients [1].

3.2. Physical Characteristics of LTL of Rabbit Feed on Different Diets

Table 5 shows the physical characteristics of the LTL muscle from rabbits fed with dif-
ferent diets across two rearing cycles. In both cycles, the different diets did not significantly
affect the physical composition of this muscle. These data agreed with some authors that
reported no linseed effect on rabbit meat physical analyses [20]. However, when comparing
the two cycles, the groups of C2 on average showed higher values for pH, L* (lightness),
and WHC (p= 0.002, 0.001, and 0.002, respectively). In contrast, lower values were observed
for cooking loss and shear force in cooked meat (p = 0.014 and p = 0.018, respectively).

The pH of meat plays a crucial role in influencing various quality attributes, such
as WHC, color, and shear force [51]. In this study, pH values remained consistent across
groups within each cycle, indicating that the diets containing ELS and PP extract did not
affect the muscle’s post-mortem biochemical properties. These pH values were similar to
those reported by Mattioli et al. [52] on rabbits fed diets supplemented with linseed. In our
study, the significant difference in pH between cycles suggests that pre- or post-slaughter
factors may have influenced this parameter [51].
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Table 5. Physical characteristics of Longissimus thoracis et lumborum of rabbits fed different diets.

First Cycle (C1) Second Cycle (C2)

1CNT 1ELS5% 1LPP3.5% p Value 1 2CNT 2ELS5% 2LPP5% p Value 2 RMSE
p Value
Cycles

p Value
Groups

pH 5.73 5.75 5.72 Ns 5.83 5.84 5.77 ns 0.123 0.002 0.208
L* 48.32 46.91 47.20 Ns 50.94 51.05 52.39 ns 3.08 <0.001 0.139
a* −2.45 −2.60 −2.49 Ns −1.88 −2.17 −2.44 ns 0.728 0.081 0.225
b* 3.28 3.04 3.81 Ns 3.60 3.90 3.21 ns 1.344 0.485 0.979

WHC (%) 13.02 13.13 13.69 Ns 13.98 14.16 14.45 ns 1.34 0.002 0.218
Cooking loss

(%) 28.06 27.02 27.38 Ns 26.53 26.34 26.62 ns 1.93 0.014 0.448

WBS (N)
raw 12.47 11.78 14.47 Ns 12.93 13.30 13.13 ns 2.75 0.701 0.133

WBS (N)
Cooked 21.69 26.56 24.47 Ns 21.99 22.09 20.59 ns 5.47 0.018 0.183

1 p = value between groups of the first cycle; 2 = p value between groups of second cycle; RMSE = root mean
square error; 1CNT = control diet of C1; 1ELS5% = 1CNT+ 5% ELS; 1LPP3.5% = 1CNT+ 3.5% ELS and 0.2% PP
extract. 2CNT = control diet of C2; 2ELS5% = 2CNT+ 5% ELS; 2LPP5% = 2CNT with 5% ELS and 0.2% PP extract.
WHC = water holding capacity, L* = lightness; a* = a index, redness; b* = b index, yellowness; WBS = shear force
with Warner–Bratzler dispositive.

The WHC was lower in C1 than in C2 (13.28% vs. 14.20%, respectively, as the average
of the three groups). This difference was likely due to the higher pH of C2 meat, which
may have affected protein structure and degradation, consequently influencing WHC [4].
As a result, cooking loss was lower in C2 than in C1 (27.49% vs. 26.59%, on average for the
groups in each cycle), likely due to the higher drip loss in C2.

In general, meat pH and lightness are negatively correlated. However, in the LTL of
the C2, despite having a significantly higher pH, greater lightness was observed. The reason
for this may lie in the changes induced by the diet. Specifically, the higher percentage of
MUFAs and the lower levels of n-6 PUFAs in the diets of the second cycle increased the fat
content, which is known to result in a paler meat color [53]. Color is usually an indicator of
freshness and safety, influencing consumer purchase intention [54,55]. The higher presence
of fat in the animals and a higher pH that promote greater proteolysis likely affected the
WBS values of cooked meat (p = 0.014), making the LTM more tender in the second cycle
compared to the first.

Previous studies on rabbit meat quality following dietary supplementation with
linseed [56] and brown algae [57] found no significant effects of these ingredients on meat
color [18,53,58].

3.3. Chemical Characteristics

The chemical composition of thigh meat is reported in Table 6. In both C1 and C2, no
significant differences were observed in proximate composition among groups.

Between the two cycles, the percentage of ash and fat were significantly higher in
C2 compared to C1 (p = 0.019 and 0.001, respectively), whereas moisture content was
higher in C1 than C2 (75.57 vs. 74.98% in means for the three groups for each cycle). This
trend was due to a negative correlation between moisture and fat percentage content [59].
These differences between the two cycles are consistent with the greater amount of HLFP
observed in the thigh in C2, probably due to the higher percentage of MUFAs in the diet.

Significant differences were reported between diets for vitamin E and Q10 (Table 6),
while for cholesterol, only a trend toward significance was observed (p = 0.109). Among
the different diets within the same cycle, the highest vitamin E values were observed
in the carcasses belonging to the rabbits fed with PP extract (p < 0.001 in both cycles).
As reported by Caf et al. [33], marine algae such as PP are naturally rich in phenolic
compounds, antioxidants, and fat-soluble vitamins, including vitamin E. Prates [60] found
that algae significantly contribute to vitamin fortification, particularly vitamin E, which acts
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as an antioxidant to improve meat stability and shelf life. In this regard, Ribeiro et al. [61]
reported that supplementing broiler diets with 2% microalgae increased vitamin E content
in chicken meat, enhancing its nutritional value and health benefits for consumers.

Table 6. Chemical composition of thigh meat of rabbits fed different diets.

First Cycle (C1) Second Cycle (C2)

1CNT 1ELS5% 1LPP3.5% p Value 1 2CNT 2ELS5% 2LPP5% p Value 2 RMSE
p Value
Cycles

p Value
Groups

Moisture (%) 75.56 75.63 75.51 ns 75.04 75.08 74.83 ns 0.785 0.005 0.653
ash (%) 1.26 1.21 1.23 ns 1.30 1.28 1.28 ns 0.106 0.019 0.474
Fat (%) 2.50 2.59 2.40 ns 2.80 2.92 2.87 ns 0.443 <0.001 0.504

Protein (%) 20.68 20.57 20.85 ns 20.86 20.72 21.01 ns 0.718 0.255 0.284
Vitamin E (mg/100 d) 2.38 b 2.56 b 3.09 a <0.001 2.26 c 2.61 b 3.31 a <0.001 0.426 0.547 <0.001

Q10 (mg/100 g) 19.24 b 20.33 a 20.09 ab 0.046 19.61 b 20.34 a 20.54 a 0.031 1.251 0.289 0.006
Cholesterol
(mg/100 g) 50.87 50.36 50.24 ns 50.65 ab 50.98 a 48.83 b 0.054 2.76 0.551 0.109

1 p value between groups of first cycle; 2 p value between groups of second cycle; RMSE = root mean square
error; a, b = different letters in the same raw means significant difference for p < 0.05; ns = non-significant
value. 1CNT = control diet of C1; 1ELS5% = 1CNT+ 5% ELS; 1LPP3.5% = 1CNT+ 3.5% ELS and 0.2% PP extract.
2CNT = control diet of C2; 2ELS5% = 2CNT+ 5% ELS; 2LPP5% = 2CNT with 5% ELS and 0.2% PP extract.

In C1, coenzyme Q10 levels were higher in 1ELS5% compared to 1CNT (20.33 mg/100 g
vs. 19.24 mg/100 g, p = 0.043), but not significantly different from 1LPP3.5%. In C2,
both 2ELS5% and 2LPP5% showed the highest coenzyme Q10 levels compared to the
2CNT diet (20.44 mg/100 g as average of diets with ELS vs. 19.61 mg/100 g, p = 0.031).
Previous studies have reported high concentrations of coenzyme Q10 in vegetables and
algae. However, the inclusion of ELS and PP in the diets could explain the lower levels
observed in the CNT diets [62].

In C1, cholesterol levels did not significantly differ among groups. However, in C2, the
2LPP5% diet tended to reduce cholesterol levels in the meat. The observed differences in
cholesterol content in the 2LPP5% group may be due to the PP supplementation, although
this effect may have been limited due to the low inclusion level of PP in the diet [32].

Similarly, Vlaicu et al. [63], in their study on the nutritional composition and bioactive
compounds of basil, thyme, and sage, demonstrated that plant additives significantly
reduced cholesterol concentration in broiler thigh meat. Martin et al. [64], in their study
on the effect of dietary inclusion of Spirulina on meat quality traits in piglets, reported a
reduction in cholesterol concentration.

These results reinforce the notion that incorporating bioactive-rich plant additives,
such as PP and other functional compounds, into animal diets can improve meat nutritional
quality by lowering cholesterol levels, thus meeting consumer expectations for healthier
meat products.

3.4. Fatty Acid Composition

A fatty acid profile on THM revealed significant effects of diet and cycle on the principal
fatty acid classes (Table 7). SFAs were the predominant components, although rabbit meat
contains high amounts of MUFAs and PUFAs, compared to other livestock meats [65].

SFA levels were significantly lower in both cycles for rabbits fed the supplemented
diets compared to their respective control groups. The lowest SFA levels were observed in
the groups fed 2LPP5% (p < 0.001) followed by 2ELS5%, 1ELS5% and 1LPP3.5%.
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Table 7. Principal fatty acid classes expressed as percentage of total FAMEs on thigh meat of rabbits
fed different diets.

First Cycle (C1) Second Cycle (C2)

1CNT 1ELS5% 1LPP3.5% p Value 1 2CNT 2ELS5% 2LPP5% p Value 2 RMSE
p Value
Cycles

p Value
Groups

SFA 36.30 a 34.35 b 35.09 ab <0.001 35.83 a 34.52 b 33.34 c <0.001 1.223 0.007 <0.001
MUFA 23.77 24.88 24.07 ns 29.88 a 28.11 b 27.08 c <0.001 1.576 <0.001 0.006

PUFA n-6 35.63 a 29.09 b 29.83 b <0.001 30.18 a 24.58 c 26.38 b <0.001 1.601 <0.001 <0.001
PUFA n-3 4.06 b 11.46 a 10.78 a <0.001 3.93 b 12.57 a 12.86 a <0.001 0.954 <0.001 <0.001

PUFA 39.88 40.72 40.79 ns 34.20 c 37.26 b 39.44 a <0.001 1.545 <0.001 <0.001
n-6/n-3 9.05 a 2.57 b 2.80 b <0.001 8.10 a 1.98 b 2.06 b <0.001 1.243 0.003 <0.001

1 p = value between groups of the first cycle; 2 = p value between groups of second cycle; RMSE = root mean square
error; a, b, c = different letter in the same row means significant difference for p < 0.05; ns = non-significant value. SFA =
saturated fatty acid (10:00, 12:00, 13:00, 14:00, 15:0iso, 14:01, 15:0anteiso, 15:00, 16:0iso, 16:00, 17:0iso, 17:0anteiso, 17:00,
18:0iso, 18:00, 20:00, 21:00, 22:00 23:00, 24:00); MUFA = monounsaturated fatty acid (14:1, 15:1, 16:1n-9, 16:1n-7, 17:1 n-7,
18:1trans-9, 18:1trans-11, 18:1n-9, 18:1n-7, 20:1n-9, 20:1n-7, 22:1n-11, 24:1n-15); PUFA n-6 = polyunsaturated fatty acids
omega-6 (18:2n6, 18:2n6 trans isomer, conjugate linoleic acids (CLAs), 18:3 n-6, 20:2 n-6, 20:3 n-6, 20:4 n-6, 22:2 n-6, 22:4
n-6); PUFA n-3 = polyunsaturated fatty acids omega 3 (18:3 n-3, 20:3 n-3, 20:5 n-3, 22:5 n-3, 22:6 n-3); 1CNT = control
diet of C1; 1ELS5% = 1CNT+ 5% ELS; 1LPP3.5% = 1CNT+ 3.5% ELS and 0.2% PP extract. 2CNT = control diet of C2;
2ELS5% = 2CNT+ 5% ELS; 2LPP5% = 2ELS5% with 5% ELS and 0.2% PP extract.

In the C1, the THM muscle exhibited the highest SFA content among the three groups
compared to C2 (p = 0.007) likely due to differences in the fatty acid composition of the diets
between the two cycles. This change naturally led to a greater accumulation of MUFAs in
rabbit meat of C2 compared to C1 (28.36% vs. 24.24%, respectively, on average of the three
groups within cycles; p < 0.001). Significant differences in MUFA content among groups
within each cycle were observed only in C2. The highest MUFA value was recorded for the
2CNT group, followed by progressively lower values for the 2ELS5% and 2LPP5% diets,
ranging from 29.88% to 27.08%.

Contrasting percentages of n-6 PUFA were observed between the two cycles, with
C1 showing a higher average across diets compared to C2 (32.52% vs. 27.04%, respec-
tively, as average of the three groups within cycles). This difference was attributed to
variations in the n-6 fatty acid composition of the diets used in the two cycles. Ad-
ditionally, the n-6 PUFA percentage in THM was significantly influenced by groups
within each cycle (p < 0.001), with the highest levels observed in the CNT groups of
both cycles, followed by the PP-supplemented groups. Furthermore, differences in n-
3 PUFA content were observed between cycles, although the increase was relatively modest
(approximately +1 percentage point).

Similar trends have been reported in broiler meat, as shown by Ivanova et al. [66],
where the inclusion of flaxseed oil in the diet decreased SFA levels and increased PUFA
levels, particularly due to the higher content of linoleic and linolenic acids in the lipids.
In their study, a diet supplemented with 3% flaxseed oil had the greatest influence on the
lipid composition of broiler meat, aligning with the findings of our study.

The n-3 PUFA content in rabbit meat significantly increased (p < 0.001) in rabbits fed
diets containing ELS and PP extract compared to CNT diets. These findings highlight
the potential of linseed and algae supplementation to improve the lipid profile of rabbit
meat, making it more beneficial for human health. The results are consistent with previous
research showing that dietary n-3 PUFA supplementation can improve the fatty acid profile
of rabbit meat [18,28,32,58,67]. For example, linseed supplementation in rabbits has been
shown to significantly increase n-3 PUFA content while reducing SFA and MUFA levels in
both the longissimus dorsi muscle and perirenal fat [68].

The total PUFA content showed lower differences in the C1 cycle, as the opposing
trends observed for n-6 and n-3 PUFAs balanced each other out. In the C2 cycle, the large
differences in n-3 PUFA content among groups influenced the total PUFA level, reflecting
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the trend of n-3 PUFA. The lowest total PUFA value was recorded in 2CNT, followed by
2ELS5%, with the highest value observed in 2LPP5%. Similarly, Marino et al. [69] observed
that including linseed in the diet increased the content of n-3 PUFA and MUFA, while
reducing the proportions of SFA and n-6 PUFA in beef meat. Likewise, Atti et al. [70]
observed a significant increase in n-3 PUFA content in lamb meat with the incorporation
of extruded linseed in the diet. These findings further support the efficacy of linseed
supplementation in improving the lipid profile of meat across different species.

In this study, the n-6/n-3 ratio was significantly different between cycles and groups
(p < 0.001 for both). This ratio is a crucial health indicator, and its reduction is considered
beneficial for human health [50,71]. Notably, in rabbits fed diets supplemented with ELS,
this ratio decreased from 9.05 in the 1CNT group to 2.68 as average of the other two groups.
Although the 1ELS5% and 1LPP3.5% diets differed in ELS supplementation (5 vs. 3.5%),
they did not show significant differences for this ratio. Similar reductions were observed in
the second cycle (from 8.10 in the 2CNT to 2.02 on average for the other two groups).

These findings highlight the potential of linseed-enriched diets to improve the fatty
acid profile of rabbit meat, particularly by increasing the relative proportion of n-3 PUFA,
while lowering the n-6/n-3 ratio. A few several studies have investigated the impact of
fish oil-enriched diets on the fatty acid composition of rabbit meat, consistently reporting a
reduction in the n-6/n-3 ratio, with some values reaching as low as 1.61 [21,72,73]. These
findings highlight the potential of dietary strategies aimed at reducing the n-6/n-3 ratio to
improve the nutritional quality of rabbit meat for human consumption. In contrast, a study
found a reduction in the n-6/n-3 ratio in lambs, which decreased from 5.23 in the control
group to 0.71 and 1.1 in the group fed extruded linseed [70].

3.5. Macro- and Micromineral Elements

The analysis of macro- and micromineral content (Table 8) in rabbit THM revealed
no significant differences in mineral content among groups, except for phosphorus, zinc,
and copper between the two cycles. These results were anticipated, as the control diet was
formulated to meet the recommended concentrations of macrominerals.

Table 8. Macro- and micromineral elements on rabbit thigh meat in two cycles and different diets.

First Cycle (C1) Second Cycle (C2)

1CNT 1ELS5% 1LPP3.5% p Value 1 2CNT 2ELS5% 2LPP5% p Value 2 RMSE
p Value
Cycles

p Value
Groups

P (mg/100 g) 238.83 240.65 240.72 ns 238.92 b 242.98 ab 246.92 a 0.014 7.555 0.116 0.035
K (mg/100 g) 377.79 380.37 379.97 ns 380.08 383.65 382.12 ns 8.36 0.135 0.328

NA (mg/100 g) 56.69 57.40 57.23 ns 56.91 56.35 56.05 ns 2.196 0.138 0.909
Mg (mg/100 g) 24.94 25.20 25.15 ns 25.03 25.51 25.39 ns 1.07 0.336 0.311

Mn (mg/kg) 0.34 0.33 0.33 ns 0.35 0.33 0.33 ns 0.029 0.094 0.233
Fe (mg/kg) 4.32 4.17 4.29 ns 4.36 4.23 4.42 ns 0.291 0.193 0.08
Zn (mg/kg) 11.27 b 11.90 ab 12.26 a 0.022 11.42 b 11.87 ab 12.52 a 0.012 1.015 0.538 <0.001
Cu (mg/kg) 0.83 0.91 0.89 ns 0.97 0.90 0.94 ns 0.096 0.004 0.843

1 p = value between groups of first cycle; 2 P = value between groups of second cycle. RMSE = root mean square
error; ab = different letter in the same row means significant difference for p < 0.05; ns = non-significant value.
P mg/100 g = Phosphorus; K mg/100 g = Potassium; Na mg/100 g = Sodium; Mg mg/100 g = Magnesium;
Mn mg/kg = Manganese; Fe mg/kg = Iron; Zn mg/kg = Zinc; Cu mg/kg = Copper; 1CNT = control diet of
C1; 1ELS5% = 1CNT+ 5% ELS; 1LPP3.5% = 1CNT+ 3.5% ELS and 0.2% PP extract. 2CNT = control diet of C2;
2ELS5% = 2CNT+ 5% ELS; 2LPP5% = 2ELS5% with 5% ELS and 0.2% PP extract.

Phosphorus levels were significantly higher in the 2LPP5% diet compared to the
control diet (246.92 mg/100 g vs. 238.92 mg/100 g) in C2. Zinc content also increased
significantly with dietary supplementation in both cycles, with the highest levels observed
in the 1LPP3.5% and 2LPP5% groups compared to their respective controls (12.26 mg/kg
and 12.52 mg/kg vs. 11.27 mg/kg and 11.42 mg/kg, respectively). Marine macroalgae are
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well known for their high mineral content, particularly zinc [74]. Moreover, brown algae
may have higher bioavailability of phosphorus, likely due to lower levels of anti-nutritional
compounds, such as phytic acid [74]. Improved mineral bioavailability enhances the
absorption and utilization of these nutrients by rabbits, potentially reducing the need for
additional mineral supplementation in their diets. This approach could help maintain or
even improve the nutritional quality of the meat [24].

Elevated levels of phosphorus and zinc not only enhance the nutritional value of rabbit
meat but also align with the growing demand for functional foods that provide additional
health benefits beyond basic nutrition. Furthermore, rabbit meat is uniquely characterized
by its low sodium content and high levels of potassium and phosphorus compared to other
meats such as pork, beef, and chicken [3,75]. These attributes make rabbit meat an excellent
choice for diets aimed at preventing hypertension, further solidifying its role as a functional
and health-promoting food [3].

4. Conclusions

This study demonstrates the significant effects of dietary supplementation with ex-
truded linseed (ELS) and Padina pavonica (PP) algae extract on carcass performance and
meat quality of rabbits. These dietary interventions notably improved the fatty acid profile
of rabbit meat by reducing saturated fatty acids and the n-6/n-3 ratio, while increasing
n-3 PUFA levels. Additionally, the supplemented diets enriched the meat with essential
minerals, particularly phosphorus and zinc, and increased the levels of vitamin E and coen-
zyme Q10, enhancing both meat quality and its nutritional value. Meat analyses performed
on Longissimus thoracis et lumborum (LTL) muscle and thigh meat (THM) revealed notable
findings. While no significant differences in LTL physical quality were observed in the first
production cycle, LTL brightness was significantly higher in the second cycle. Thigh meat
in the second cycle also exhibited higher fat content. Importantly, the supplementation
with ELS and PP extract demonstrated a consistent positive impact on the polyunsaturated
fatty acid (PUFA) profile and the overall nutritional value of the meat. Although some vari-
ability was observed between the two breeding cycles, the results highlight the potential of
these dietary strategies to produce healthier, nutrient-rich rabbit meat, offering significant
benefits for human health.
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Abstract: In this study, the impact of incorporating Bougainvillea spectabilis powder into ham for-
mulation as a potential color replacement for nitrites was evaluated. Three drying methods were
proposed to preserve the antioxidant properties of bougainvillea: foam-mat drying, air drying, and
oven drying. Antioxidant assays (DPPH, ABTS, and FRAP) assays revealed that the presence of
bougainvillea powders enhanced the antioxidant properties and maintained the stability of the ham
over 8 weeks of storage at 4 ◦C. In addition, total polyphenolic content and presence of thiobarbituric
acid reactive substances (TBARS) were evaluated and showed higher and lower scores, respectively,
in the samples with the incorporation of bougainvillea compared to the control samples, suggesting
their potential to replace nitrite salts by providing natural antioxidant protection. Sensorial analysis
also revealed no significant differences in sensory attributes in hams with 0.1% bougainvillea powder
compared to nitrite samples. The incorporation of the bougainvillea powders in the ham formulation
improved the sensorial attributes and consumer overall acceptance even after 8-week cold storage at
4 ◦C.

Keywords: Bougainvillea spectabilis; antioxidant activity; ham; edible flowers; sensory analysis

1. Introduction

Meat and meat products play an important role in human nutrition, acting as a valu-
able source of bioavailable nutrients, including proteins, iron, minerals, and vitamins [1].
Nitrites (NO2

−) and nitrates (NO3
−) are commonly used as meat formulation additives

to improve meat quality. The nitrites not only contribute to the appealing color of meat
through their interaction with muscle myoglobin but also improve flavor, exhibit antiox-
idant properties, and enhance antimicrobial characteristics, thereby extending the shelf
life of meat products [2–4]. However, the International Agency for Research on Cancer
(IARC) has stated that red and processed meat consumption is likely to improve the cancer
risk associated with the presence of nitrites, among other issues [5]. These compounds
induce the formation of N-nitrosamines and N-nitrosamides, recognized for their impact
on carcinogenic and genotoxic processes [3,4]. However, the multiple functions of nitrite
and nitrate salts in meat and meat products have prevented their substitution by other food
additives, although their presence is generally regulated.

In recent decades, an effort has been made to develop “clean label” products by explor-
ing additive alternatives to reduce the use of nitrites in meat processing. Some vegetables,
herbs, spices, fruits, and flowers with antioxidant properties have been studied [4,6]. Pan
et al. [7] incorporated bamboo leaf extract into pork ham to prevent nitrite transformation
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into N-nitrosamines [7]. Ozaki et al. [8] investigated the addition of radish powder and
oregano essential oil in fermented cooked pork and beef sausages to enhance the color
and inhibit the mesophilic bacteria. However, it did not prevent lipid oxidation effectively.
Other examples include the use of celery juice concentrated in ham [9], tomato processing
byproducts [10], red wine or red wine and garlic [11], beet root powder [12], pomegranate
peel extract [13], and cranberry powder in sausages [14]. However, organoleptic properties
need to be further studied.

Bougainvillea spectabilis, commonly known as bougainvillea, is renowned for its col-
orful bracts (Figure 1) due to the presence of natural coloring pigments such as betalains
(betacyanin and betaxanthins), with interesting chemical properties. On the other hand,
bougainvillea also contains compounds such as flavonoids, alkaloids, phenols, and tannins,
which contribute to its potential as a natural additive [15,16]. These components show
strong antioxidant activity and potential anti-inflammatory and anticancer properties and
liver-protective effects [17]. Recently, Abdelrahman et al. [18] have reported the antioxidant
and antimicrobial activity of phenolic acids, specifically anthocyanins, from bougainvillea
and their in vitro inhibitory effect on the viability of certain cancer cells. This flower has
been used in Mexican folk medicine as a tea for treating respiratory diseases [16,19–23],
suggesting potential benefits for food preservation. Kaushik et al. have described the appli-
cations of Bougainvillea spectabilis in food products. It has been mentioned that bougainvillea
has been incorporated into noodles, pasta, juice, macaroni, frozen desserts, beverages, milk
products, tablets, and syrup as the coloring agent. It has been described that this plant
could be considered for the food and pharmacy industries [24]. However, it is important to
note that comprehensive studies on the safety and efficacy of incorporating bougainvillea
extracts into meat products are limited. Further research is essential to understand the spe-
cific advantages and potential challenges associated with utilizing Bougainvillea spectabilis
in the context of meat and meat products.

 

Figure 1. Bougainvillea spectabilis morphology.

In this context, an innovative proposal emerges to use Bougainvillea spectabilis as an
additive in cooked ham, aiming to replace conventional nitrite salts. This study aims to
evaluate the impact of different drying methods (air-drying, foam-mat drying, and oven
drying) on the preparation of bougainvillea powder and their effect on the physicochemical
and sensory properties of the ham, including antioxidant characteristics.
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2. Materials and Methods

2.1. Reagents, Additives, and Solutions

All the reagents employed were of analytical grade and used without further purifi-
cation. Reagents used in the preparation of the foam mat from bougainvillea, including
maltodextrin, hydroxyethyl cellulose, and egg albumin (EA), were obtained from Food Tech-
nologies Trading (Mexico City, Mexico). Tween-80 was acquired from J.T. Baker (Phillips-
burg, NJ, USA). Additives for ham formulation were coarse marine salt (Altamar, Mexico),
polyphosphates (Bekafos Ambsa, Bekarem, Mexico), dextrose (marca), carrageenan (Gely-
bekam, Bekarem), sodium erythorbate (Bekarem, Iztapalapa, Mexico), sodium nitrite
(Sigma-Aldrich, Saint Louis, MO, USA), and dextrose (Food Technologies Trading, Mexico
City, Mexico).

For antioxidant activity assays, reagents such as 2,2-Diphenyl-1-picrylhydrazyl (DPPH),
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), potassium persulfate,
2,4,6-tris-2-pyridyl-s-triazine (TPTZ), hydrochloric acid, acetic acid, Folin–Ciocalteu reagent,
gallic acid, thiobarbituric acid (TBA), 1,1,3,3-tetraethoxypropane (TEP), and methanol
(MeOH) were sourced from Sigma Aldrich (St. Louis, MO, USA). ABTS was obtained from
Roche Diagnostics (Indianapolis, IN, USA), while trichloroacetic acid (TCA) was acquired
from Meyer (Estado de Mexico, Mexico). Iron (II) sulfate, sodium carbonate, and sodium
acetate were provided by J.T. Baker (Phillipsburg, NJ, USA), and ferric (III) chloride was
purchased from Merck (Darmstadt, Hesse, Germany). For nitrite determination, reagents
were as follows: sodium tetraborate, potassium ferrocyanide, zinc acetate, sulfanilamide,
sodium nitrite, acetic acid, and naphthyl ethylenediamine (NED). A NED solution was
prepared by dissolving 0.2 g of NED in 150 mL of acetic acid solution (15% v/v). A sulfanil-
amide solution was prepared by dissolving 0.5 g of the reagent in 150 mL of acetic acid
solution (15% v/v).

All the solutions were prepared with deionized water (Milli-Q Merck, Millipore
Darmstadt, Hesse, Germany) with a resistivity of 18.2 MΩ cm or greater.

2.2. Preparation of the Bougainvillea Ingredients

Bougainvillea bracts and flowers were carefully collected from Bougainvillea spectabilis
plants in Pachuca, Hidalgo, Mexico, from January to April 2023. For the preparation of
bougainvillea powders, both the flowers and bracts were considered since it has been
described that these parts contain the highest concentration of bioactive compounds of
interest [15].

In the case of air drying (BA), approximately 100 g of bougainvillea bracts and flowers
were weighed and allowed to air dry at room temperature (20–25 ◦C) in a dark and dry
place with good ventilation. These conditions are necessary to prevent and minimize color
loss. This drying process typically takes 5 to 7 days. For oven drying (BO), around 100 g of
bougainvillea bracts and flowers were weighed and placed in a refractory container. The
drying process was carried out in an oven at 65 ◦C for 4 h.

Finally, the foam-mat drying was applied as the previously described procedure [15].
For this purpose, 25 g of bougainvillea bracts and flowers were combined with 100 mL of
distilled water and blended in a food processor. Then, this mixture was whipped for 15 min
until frothing using a hand mixer in the presence of 15 g of albumin, 10.0 g of maltodextrin,
2.0 g of hydroxyethyl cellulose, and 2.0 g of Tween-80. The resulting foam was then dried
in an oven at 60 ◦C for 4 h and called BF. After the drying processes, the dried materials BA,
BO, and BF were milled in a UDY cyclone sample mill (UDY Corp., Fort Collins, CO, USA)
to a particle size of 0.5 mm and preserved in hermetic polyethylene bags in darkness at
room temperature until its use.

2.3. Cooked Ham Manufacturing

Five ham formulations were designed with the addition of bougainvillea powders
plus two control formulations as follows: C, the control with no nitrites nor bougainvillea
addition; C-NO2, the control with the addition of 150 mg of nitrites kg−1 ham; F1, F2,
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and F3 formulations with 0.05%, 0.1%, and 0.25% of bougainvillea powder in the form
of foam BF, respectively; F4 with 0.1% of BA; and F5 with 0.1% of BO. Hams of 2 kg
(3 units per formulation) were elaborated at the pilot plant of the Food Chemistry Area
in the Universidad Autónoma del Estado de Hidalgo according to regular procedures.
Pork leg meat was purchased from a local provider coming from a single farm, manually
cleaned from fat and connective tissue, cut into pieces around 5 × 5 cm, mixed, and frozen
at −20 ◦C. The meat was thawed overnight and manually injected with brine prepared
to achieve the designed formulation. The formulation of ham consisted of 71.43% pork
meat, 2% salt, 0.5% polyphosphates, 0.7% dextrose, 0.75% carrageenan, 0.05% sodium
erythorbate, and 24.57% water and the bougainvillea additive or nitrites according to the
formulation. Brine was prepared using the following formulation (86% cold water, 7% salt,
1.75% polyphosphates, 2.45% dextrose, 2.62% carrageenan, and 0.175% sodium erythorbate)
and injected at 40%. Bougainvillea powders were added to the brine before injection to
reach the designed concentrations in the final product. After injection, the hams were
tumbled and massaged for 10 min every hour at refrigeration temperature for 14 h. After
that, the meat was placed in polyethylene bags inside cylindrical plastic molds. The hams
were cooked until a core temperature of 67 ◦C in a Rational 20-2/1 oven unit (Landsberg am
Lech, Germany), cooled in ice water for 2 h, and refrigerated at 4 ◦C. After 24 h, hams were
unmolded and sampled for physicochemical and sensorial analysis, while the remaining
product was vacuum packed and stored refrigerated at 4 ◦C for 8 weeks to follow color
and antioxidant evolution at 4 and 8 weeks.

2.4. Physicochemical Properties

The cooking yield of the process was gravimetrically calculated as the percentage of
ham weight after unmolding related to the weight before cooking. The pH of each sample
of each formulation was measured using a digital pH meter (HI 99161, Hanna Instruments,
Ronchi Di Villafranca Padovana, Italy) equipped with a glass probe for penetration. Water
activity was determined in an AquaLab 3TE (Decagon, WA, USA). To determine drip loss, a
100 g sample was placed in a plastic bag vacuum-sealed and kept at 4 ◦C. After 8 weeks, the
sample was dried with absorbent paper and weighed. The amount of drip was expressed
as the percentage of drained water related to the initial weight. The water holding capacity
(WHC) was measured based on the filter paper press method described by Steen et al. [25].
A weight of 0.3 g of ham was placed on a Whatman No. 2 filter paper between two
plexiglass plates, and a weight of 1 Kg was placed over it for 5 min. The expelled fluid
was absorbed by the filter paper, forming an outer circle around the inner circle formed by
the meat. Both areas were measured with the help of the software ImageJ ver. 1.54f (NIH,
2023) [26], and the WHC was expressed as the ratio area of water expelled/area of meat
(cm2/cm2) [27].

Moisture content in hams was determined using the moisture determination method
outlined by the Association of Analytical Communities (AOAC, 2003) [28] in their stan-
dard 23.003:2003. This involved weighing samples of 2.000 ± 0.001 g each, which were
subsequently dried in an oven at 105 ◦C until a constant weight was reached.

Crude fat was extracted by the Soxhlet procedure with petroleum ether at 80 ◦C and
determined gravimetrically according to the AOAC 960.39 standard [28]. Protein content
was also determined by the International Organization for Standardization standard ISO
Kjeldahl method 937:1978 (ISO, 1978) [29]. Nitrogen was determined after digestion of a
1 g sample with sulfuric acid, distilled with NaOH, recovering the liberated ammonia in
boric acid in a Gerhardt distillation unit (Königswinter, Germany), and titrated with HCl
0.1 N. Protein was calculated from total nitrogen concern using the conversion factor of
6.25. These above physicochemical determinations were obtained in triplicate.

Nitrite content in the ham formulations was determined using the Griess test [30,31].
Before analysis, the ham samples were homogenized and deproteinized following the
method described by Belluci et al. [32]. Briefly, a 5.0 g sample was mixed with 2.5 mL
of 5% sodium tetraborate and 25 mL of hot water (85 ◦C), then heated for 15 min. After
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transferring to a 100 mL flask, an additional 25 mL of hot water was added, and the
mixture was cooled. Moreover, 2.5 mL of 15% potassium ferrocyanide and 2.5 mL of a 30%
zinc acetate solution were incorporated into the mixture, and the volume was adjusted
to 100 mL. Afterwards, sulfanilamide and NED were added to 5.0 mL of the filtrate, and
the absorbance was measured at 540 [31,32]. Measurements were performed in triplicate.
Spectrophotometric measurements were conducted with a UV/Vis spectrometer, the Perkin
Elmer Lambda 40 (Waltham, MA, USA), employing the Perkin Elmer UVWinLab software.
Results were expressed as mg NO2 kg−1.

CieLab color parameters L*, a*, and b* (where L* represents color lightness, a* denotes
redness, and b* indicates yellowness) were measured at four randomly selected points on
the sample surface after cutting on the middle of the sample with a portable colorimeter
Hunter Lab miniScan EZ 4500L (HunterLab, Reston, VA, USA) under D65 illuminant and
10◦ observer angle. Tiles in black and white were used to calibrate the equipment. The
mean of the four measurements was used per sample. The three hams per formulation
were measured, and the means per ham were used for statistical analysis. The color was
measured at 0, 4, and 8 weeks.

2.5. Sensory Evaluation

A 7-point hedonic test was employed for the sensory evaluation of ham formulations.
Samples were sliced 2 h before the tasting (2 mm thick), wrapped in aluminum foil, and
kept at room temperature. Thirty minutes prior to the sensorial session, slices were cut into
rectangular pieces of 6 × 3 cm. Seventeen untrained but accustomed to participating in
meat products sensory analysis panelists conducted the test in one session with the seven
samples labeled by three-digit numbers and presented them randomly. The hedonic scores
ranged from 1 to 7, as follows: very unpleasant (1), quite unpleasant (2), slightly unpleasant
(3), acceptable (4), slightly pleasant (5), quite good (6), and excellent (7). The test included
color, odor, taste, and overall acceptability. Hams were evaluated 48 h after the cooking
process. Plastic dishes were used to present the samples to the panelists, and water and
bread were provided to cleanse the palate from residual flavors between tastings [33].

2.6. Antioxidant Activity

Methanolic extracts from the samples were prepared to evaluate the antioxidant
activity. Two hundred grams of ham sample were ground with a food processor, and 2.0 g
were placed in a polypropylene tube with 5.0 mL of methanol. The mixture was vortexed
for 10 min to obtain the methanolic extract [15]. The mixtures underwent ultrasound
extraction for 10 min, followed by centrifugation at 2200 rpm and filtration using Whatman
paper (Whatman 41). Each sample was obtained in triplicate.

The antioxidant activity of the ham formulations was evaluated considering DPPH
and ABTS scavenging activity, as well as ferric-reducing antioxidant activity (FRAP).
Additionally, the assessment included the determination of total polyphenolic content
(TPC) and the measurement of lipid oxidation. This approach facilitated a comprehensive
evaluation of the oxidative stability of the ham formulations throughout distinct storage
intervals (weeks 0, 4, and 8). Spectrophotometric measurements were conducted with the
UV/Vis spectrometer Perkin Elmer Lambda 40 (Waltham, MA, USA) employing the Perkin
Elmer UVWinLab software(version 6.2).

The DPPH method was performed as described by Rivero-Perez et al. [34]. This
procedure involved monitoring the decrease in absorbance at 515 nm when the DPPH
radical is exposed to the presence of antioxidant species in the ham formulations. For
DPPH radical scavenging activity, methanolic extracts of the samples were mixed with a
DPPH solution, and the subsequent decrease in absorbance was quantified. ABTS radical
scavenging activity was determined by measuring the reduction in the number of ABTS
radical cations (ABTS+•) in the presence of the sample extracts; the change in absorbance
was measured at 734 nm. The results of DPPH and ABTS methodologies were expressed as
inhibition percentages. All extracts were prepared using the same sample amount, and the
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antioxidant activity evaluation was performed with a consistent extract volume of 20 μL
and a radical solution volume of 980 μL in each case [33].

The FRAP method was assessed by quantifying the reduction of a ferric complex to its
ferrous form according to Benzie et al. [35]. The concentration of antioxidant compounds is
related to the increase in the absorbance at 593 nm. The results were expressed as mmol
FeSO4•100 g−1.

In addition to the evaluation of antioxidant activity, the total polyphenolic content
(TPC) was determined using the Folin–Ciocalteu method. In this process, a 2 g sample re-
acted with Folin–Ciocalteu reagent, and the resultant blue color was measured spectropho-
tometrically (750 nm), with gallic acid as the standard [34]. The results were expressed as
mggallic acid g−1.

Lipid oxidation was evaluated by the quantification of thiobarbituric acid reactive
substances (TBARS). Following the methodology outlined by Vyncke with slight modifi-
cations [36]. Briefly, two grams of a ground sample are mixed with 10 mL of 5% TCA in
a Falcon tube, then homogenized on ice for 2 min using an Ultraturrax T-18 (IKA, Wilm-
ington, NC, USA). The samples are centrifuged at 3500 rpm for 10 min after freezing for
10 min to precipitate proteins. The supernatant is filtered, and 5 mL of extract is transferred
to a Falcon tube, with dilutions made if necessary. After adding 5 mL of TBA, the sample is
vortexed, incubated at 97 ◦C for 40 min, cooled, and placed in an ultrasonic bath for 15 min.
The absorbance is measured at 532 nm. TBARS values were expressed as mg MDA kg−1,
and the progression of TBARS, indicative of lipid oxidation, was monitored during storage.

2.7. Statistical Analyses

The data from color and antioxidant activity were evaluated with a two-factor analysis
of variance (ANOVA) (treatment and storage time), while data from the other physicochem-
ical parameters were evaluated by a one-way ANOVA. Tukey’s test was used to compare
the mean values when the ANOVA was significant (p < 0.05). Regarding the sensory anal-
ysis, panelists were considered as a random effect (each panelist tasted samples from all
formulations in a single session). Statistical analyses were performed using the Statgraphics
Centurion XVI version 16.1.03 (32-bits) (StatPoint Technologies, Inc., Warrenton, VA, USA).

3. Results and Discussion

3.1. Physicochemical Results

The cooking yield ranged between 94.3 and 97.3% without significant differences
(p > 0.05) between formulations. No significant differences (p > 0.05) were found in aw
(0.976–0.983) and small differences were detected in pH (Table 1), while WHC and moisture
were significantly affected (p < 0.05) by the inclusion of bougainvillea ingredient, especially
in the form of foam. Water constitutes approximately 75% of the total weight in meat
products, and its retention capacity, known as water holding capacity (WHC), is a crucial
parameter for ensuring meat quality [37]. The sample with the higher proportion of
bougainvillea accompanied by foam material (F3) presented the lowest significant moisture
content (74.74 ± 1.86%) and the highest water holding capacity since these samples showed
less water expelled after compression (0.59 ± 0.05). F1 and F2 samples, also with the
colorant as foam but with less concentration of bougainvillea, also presented high water
holding capacity despite the moisture being similar to the controls and samples with BA
and BO colorant. The albumin added in the process of foaming also contributed to a
significant increase (p < 0.05) in the protein percentage in formulations F2 and F3. Fat
content ranged from 1.44 to 2.80%, with small differences between samples attributed to
the heterogeneity of raw material.
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Table 1. Physicochemical data obtained from ham formulations (N = 3).

Formulation pH WHC Drip Loss (%) Moisture Content (%) Fat (%) Protein (%)

C 5.60 ± 0.01 a 0.69 ± 0.01 b 2.83 ± 0.61 76.45 ± 1.12 ab 1.81 ± 0.34 a 14.73 ± 0.40 a

CNO2 5.69 ± 0.01 d 0.69 ± 0.03 b 3.57 ± 0.91 76.33 ± 0.66 ab 2.80 ± 0.17 c 14.51 ± 0.76 a

F1 5.67 ± 0.02 c 0.62 ± 0.02 a 3.56 ± 0.29 77.39 ± 0.49 b 1.59 ± 0.08 a 14.74 ± 0.35 a

F2 5.67 ± 0.02 c 0.62 ± 0.01 a 2.59 ± 0.37 77.35 ± 0.13 b 1.89 ± 0.26 ab 15.92 ± 0.57 b

F3 5.59 ± 0.01 a 0.59 ± 0.05 a 2.91 ± 0.26 74.74 ± 1.86 a 2.36 ± 0.39 bc 17.07 ± 0.54 c

F4 5.66 ± 0.02 c 0.71 ± 0.02 b 3.16 ± 0.61 77.31 ± 1.38 b 1.66 ± 0.31 a 14.69 ± 0.70 a

F5 5.63 ± 0.02 b 0.72 ± 0.03 b 3.11 ± 0.38 77.75 ± 0.64 b 1.44 ± 0.39 a 14.28 ± 0.69 a

a–d means in the same column with different superscripts are significantly different (p < 0.05).

Regarding drip loss evaluation, protein oxidation has been implicated in reducing
water-holding capacity in meat products [37]. After 8 weeks of cold storage, drip loss was
measured, yielding values lower than 4% in all cases. F2 and F3 formulations presented
the lowest values (2.59 and 2.91%, respectively), likely attributable to the addition of
egg albumin during the foam-mat drying process used to produce the bougainvillea
powder (BF).

After conducting the evaluation of nitrite content using the modified Griess method [32],
it was determined that there was no presence of nitrites in the formulations containing
the bougainvillea powders nor the control; just C-NO2 presents a residual concentration
of 41.60 ± 1.93 mgNO2 kg−1. This finding confirms that the bougainvillea does not con-
tribute to the nitrite levels in the ham formulations. This supports the potential use of
bougainvillea as a safe and natural ingredient in food products aimed at reducing reliance
on synthetic additives.

3.2. Instrumental Color and Sensory Results

The use of bougainvillea powders in the ham formulations provides a reddish color
while offering antioxidant properties and replacing the presence of nitrites (see Figure 2).

Figure 2. Bougainvillea spectabilis powder and ham formulations.

According to the color results, formulations F4 and F5 presented L values with no
significant difference from the control sample with nitrites, although a* values were signif-
icantly lower while b* values were significantly higher than the recorded for C-NO2. In
fact, F4 and F5 presented the most similar color to the nitrite control sample (62.49 ± 0.53).
The F3 formulation with the highest amount of bougainvillea colorant exhibited a similar
a* value (8.30 ± 0.56) to the nitrite sample but with significantly higher values of L* and
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b*. On the contrary, F1 and F2 samples presented a paler color similar to control samples
without nitrites (Table 2).

Table 2. Color parameter results (L, a*, and b*) during storage period (0, 4, and 8 weeks).

Storage (Weeks)

Formulation 0 4 8

L C 64.06 ± 0.51 cd,X 63.49 ± 0.26 d,X 66.62 ± 0.36 d,Y

C-NO2 62.49 ± 0.53 a 61.90 ± 0.56 c 62.55 ± 0.40 b

F1 64.32 ± 0.23 cd,Z 62.70 ± 0.32 cd,Y 63.77 ± 0.25 c,X

F2 64.40 ± 0.57 d,Y 62.38 ± 0.31 c,X 63.93 ± 0.08 c,Y

F3 63.57 ± 0.34 bc,Z 59.22 ± 0.75 a,X 61.20 ± 0.40 a,Y

F4 62.83 ± 0.40 ab,Y 61.07 ± 0.59 b,X 63.49 ± 0.47 c,Y

F5 62.43 ± 0.47 a,Z 59.66 ± 0.23 a,X 61.00 ± 0.09 a,Y

a* C 4.62 ± 0.42 a,X 5.90 ± 0.21 a,Y 4.97 ± 0.08 a,X

C-NO2 8.35 ± 0.39 d 8.60 ± 0.83 c 9.27 ± 0.93 d

F1 5.24 ± 0.20 a,X 6.10 ± 0.32 a,Y 6.08 ± 0.04 a,Y

F2 6.13 ± 0.15 b,X 7.12 ± 0.31 b,Y 8.64 ± 0.02 cd,Z

F3 8.30 ± 0.56 d,X 10.63 ± 0.26 d,Y 10.32 ± 0.23 e,Y

F4 6.54 ± 0.41 b,X 8.43 ± 0.28 c,Y 8.37 ± 0.24 c,Y

F5 7.50 ± 0.29 c,X 8.61 ± 0.80 c,Y 11.44 ± 0.06 f,Z

b* C 15.93 ± 0.56 e 15.56 ± 0.65 d 16.05 ± 0.40 e

C-NO2 11.19 ± 0.28 a,X 13.09 ± 0.38 b,Y 13.02 ± 0.81 bc,Y

F1 14.97 ± 0.31 cd,X 16.01 ± 0.25 d,Y 14.89 ± 0.35 d,X

F2 15.18 ± 0.59 d,Y 14.52 ± 0.31 c,Y 13.26 ± 0.42 c,X

F3 14.41 ± 0.14 c,Y 14.17 ± 0.08 c,Y 12.32 ± 0.21 b,X

F4 13.44 ± 0.38 b,Y 13.41 ± 0.53 b,Y 11.16 ± 049 a,X

F5 12.92 ± 0.11 b,Y 12.36 ± 0.30 a,Y 10.74 ± 0.63 a,X

Results are expressed as mean value ± standard deviation (N = 3). a–f means in the same column with a different
letter are significantly different (p < 0.05). X–Z means in the same row with a different letter are significantly
different (p < 0.05).

During cold storage, there were consistent slight variations in color, especially in
F1-F5 formulations. While a* and L values hardly changed in C-NO2 and b* scores slightly
increased, indicating that color remained stable during preservation, in the case of F1–F5
samples a significant increase in a* was noticed (p > 0.05). Also, a significant decrease in b*
values was observed in F1–F5 samples, improving the reddish color of samples, making
them more like C-NO2, and proving that bougainvillea bracts and flowers can provide a
reddish color to cooked ham, replacing nitrites. Similar efforts have been described to in-
corporate natural colorants with antioxidant activity, such as betacyanins and betaxanthins,
in ham formulations. The incorporation of red radish, red beetroot, and hibiscus in cooked
ham formulations was proposed by Dias et al. [38]. However, only red beetroot provided a
color closer to the intended, but color stability was not evaluated. Natural pigments such as
betalains tend to fade out with time because of oxidation reactions, but in this case, it seems
that the antioxidant properties of the bougainvillea could be contributing to stabilizing the
color [39].

These physical color properties were confirmed by the sensory panel results. Accord-
ing to Table 3, the formulations best evaluated in the visual aspect were samples with
nitrites and the formulations with the bougainvillea colorant dried by air (F4) and oven
(F5). This color perception was also transferred to the overall acceptance, which was higher
in the same samples with no significant differences between them. The odor and the taste
were not significantly affected (p > 0.05) by the inclusion of the bougainvillea. Odor and
taste did not represent significant differences among the different formulations.
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Table 3. Sensory panel results.

Formulation Visual Aspect Odor Taste Overall Acceptance

C 3.35 ± 1.37 a 4.53 ± 1.07 a 4.94 ± 1.14 a 4.88 ± 1.05 ab

C-NO2 6.24 ± 1.15 d 4.53 ± 1.62 a 5.41 ± 1.42 a 5.47 ± 1.42 b

F1 4.29 ± 1.40 b 4.82 ± 1.19 a 5.12 ± 1.05 a 4.88 ± 0.83 ab

F2 4.65 ± 1.32 bc 4.29 ± 1.10 a 5.06 ± 1.25 a 4.88 ± 0.93 ab

F3 4.59 ± 1.33 bc 4.24 ± 1.56 a 4.59 ± 1.37 a 4.29 ± 1.65 a

F4 5.65 ± 1.41 d 4.65 ± 1.32 a 5.24 ± 1.09 a 5.24 ± 1.09 b

F5 5.41 ± 1.28 cd 4.76 ± 1.25 a 5.18 ± 1.63 a 5.18 ± 1.33 b

Results are expressed as mean value ± standard deviation. a–d means in the same column with a different letter
are significantly different (p < 0.05).

3.3. Antioxidant Results

Although the antioxidant properties of bougainvillea have been previously
studied [15,40–42], its incorporation as an additive in meat products has not been de-
scribed. After the preparation of the formulations, analyses of antioxidant activity were
conducted using DPPH, ABTS, and FRAP methods, along with the assessment of total
polyphenolic content (TPC) and lipid oxidation (TBARS). This approach allowed the evalu-
ation of the oxidative stability of the ham formulations over various storage periods (weeks
0, 4, and 8) at 4 ◦C.

Control samples showed the presence of antioxidant compounds due to the addition
of sodium erythorbate. Antioxidative activity methods showed that ham samples with
bougainvillea powders exhibited higher inhibition percentage values compared to the
control sample (Figure 3). The incorporation of bougainvillea powder in ham formulations
either matches or enhances the antioxidant capacity compared to the formulation containing
nitrite salts. In the DPPH assay, the formulations containing the bougainvillea powders
presented a significant difference (p < 0.05) compared with the control. The samples
exhibited an inhibition percentage of 63.6–70.8%, while the control samples were 54.0%.
Similar values were observed in ABTS (71.5–76.6%) during week 0.

Nevertheless, the antioxidant effect significantly diminished during cold storage
(p < 0.05) in all formulations, independently of adding nitrites or the natural colorant. After
8 weeks of storage, DPPH values decreased to values between 24.12% and 32.98% (24.26%
for the control sample and 26.48% for the nitrite sample). Samples F5 showed significant
differences (p < 0.05) with the control and nitrite control showing an inhibition percentage
of 32.64%. For the ABTS assay, a smaller decrease in inhibition percentages was observed,
with values ranging from 48.98% to 62.89%. In this case, formulation F4 presented the
highest ABTS value (62.89%), while the control and nitrite samples showed the lowest
values (48.98% and 56.02%, respectively). All the formulations, including bougainvillea,
presented significant differences with the control. DPPH and ABTS results indicate greater
stability of polar compounds.

Related to FRAP results, formulations F1 to F5 exhibited more stable antioxidant
activity over the 8-week storage period, with smaller decreases in activity than the control,
suggesting that bougainvillea contributes to maintaining antioxidant stability. While stor-
age typically leads to the degradation of natural reducing compounds, the control samples
showed less antioxidant protection over time. These findings highlight the effectiveness
of bougainvillea powders as a natural antioxidant alternative, offering extended oxida-
tive protection compared to synthetic additives like sodium erythorbate (C) and nitrite
salts (C-NO2).

The antioxidant activity of plants is related to their bioactive content [15]. Orozco-
Villafuerte et al. [43] observed a direct correlation between phenolic compounds and antiox-
idant activity of Bougainvillea spectabilis. In this case, the content of phenolic compounds
(TPC) significantly increased (p < 0.05) in the presence of bougainvillea additives in ham.
The higher content of TPC was found in the F4 formulation (0.831 ± 0.024 mgGAE kg−1).
The lowest concentration was found in the control sample (0.211 ± 0.006 mgGAE kg−1).
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In this case, the presence of polyphenolic compounds in the control and nitrite control
was observed. This information agrees with the information described by Bešlo et al.,
who described a growing interest in the use of by-products in animal nutrition with high
concentrations of polyphenols. They described this diet as contributing to greater stability
of meat to fatty acid oxidation of meat products for human consumption [44,45].

 

Figure 3. Effect of the addition of bougainvillea powder on the antioxidant activity measured in
ham with (a) DPPH method, (b) ABTS method, (c) FRAP method, and (d) total polyphenolic content
method. a–f mean values for each week with different letters differ significantly (p < 0.05), X–Z mean
values for each formulation with different letters differ significantly (p < 0.05).

The presence of bioactive compounds with antioxidant activity influences lipid stabil-
ity, which is related to meat quality since it prevents protein oxidation, discoloration, and
rancidity [46]. This parameter was assessed with the thiobarbituric acid reactive substances
method (TBARS). The addition of bougainvillea powders decreased lipid oxidation (F2
presented the significant lowest value of 0.0360 μgMDA g−1) compared with the control
(0.1440 μgMDA g−1) and nitrite control samples (0.0691 μgMDA g−1). Generally, the TBARS
values in ham increased with cool storage; however, because of the presence of bougainvil-
lea, this effect was observed to a lesser extent (Figure 4). In this study, all the formulations
have acceptable levels during the evaluation period (<0.500 μgMDA g−1).

The analysis of TBARS shows that the addition of bougainvillea in the formulations
significantly reduces oxidative processes in meat. The TBARS test, which measures lipid
peroxidation and thus oxidative rancidity, indicated that formulations with bougainvillea
had lower values compared to the control, which exhibited the highest TBARS concen-
tration; at week 0, all the formulations had values <0.150 μgMDA g−1. This suggests that
bougainvillea is effective in mitigating oxidative damage, competing with the antioxidative
effect provided by nitrites. Several plants, such as celery or Swiss chard powder and
beetroot or barberry extract, have been considered alternative sources of nitrites, but some
of them contain nitrate, which can be transformed into nitrites [3]. In this case, the absence
of nitrite presence in the cooked ham with bougainvillea, the improvement of color, and

137



Foods 2024, 13, 3070

antioxidant properties make Bougainvillea spectabilis a good candidate to be used in cooked
meat products, but always as one more strategy within a hurdle technology that ensures a
microbiologically safe product.

Figure 4. Effect of the addition of bougainvillea on the content of thiobarbituric acid reactive
substances (TBARS assay) in mg MDA/kg. a–g mean values for each week with different letters
differ significantly (p < 0.05). X–Z mean values for each formulation with different letters differ
significantly (p < 0.05).

4. Conclusions

This study demonstrates that incorporating bougainvillea powder into ham formu-
lations provides a viable natural color alternative to nitrites, maintaining cooking yield
and physicochemical properties such as water holding capacity and moisture content. The
bougainvillea powder, regardless of the drying process to obtain it, improved the antioxi-
dant stability of the ham, as evidenced by increased total polyphenolic content and superior
performance in DPPH, ABTS, and FRAP assays. Sensory evaluation confirmed that the
bougainvillea-treated hams retained desirable color, odor, and taste, with formulations F4
and F5 achieving high visual and overall acceptance scores. Importantly, no nitrites were
detected in any formulation, affirming the potential of Bougainvillea spectabilis as a natural
color ingredient for healthier and more sustainable meat products within a set of measures
that ensure the safety of the product.
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Abstract: The objective of this study was to assess the impact of incorporating olive cake into the
diet of indigenous Bísaro pigs on the quality of processed meat products. To this end, loins and
“cachaços” were processed using a standardized manufacturing flowchart to produce dry-cured
products. The two products were manufactured using the same formulation, ingredients, and curing
process. Concerning the physicochemical composition, there were significant differences between
the two products for the parameters of aw (p < 0.001), moisture (p < 0.001), total fat (p < 0.001),
protein (p < 0.001), and haem pigments (p < 0.001). The diet significantly impacted the NaCl content
(p < 0.05). However, neither the product nor the diet affected the fractions of saturated fatty acids
(SFA), monounsaturated fatty acids (MUFA), or polyunsaturated fatty acids (PUFA) (p > 0.05).
However, a significant difference was observed for n-3 (p < 0.05). Adding olive cake increased these
fatty acids, and the diet containing 25% centrifuged olive cake showed the highest levels for both
products. Compared with the control, the diets containing olive cake had a higher content of n-3 fatty
acids, resulting in a lower PUFA n-6/n-3 ratio (p < 0.01).

Keywords: indigenous Bísaro pig; processed meat products; olive cake; valorization

1. Introduction

The production of olive oil is a well-known phenomenon on a global scale, with an
average output of approximately 3 million tons of olive oil per year. Of this total, 2 million
tons (or over 67%) are produced by the European Union (EU). Among the EU countries,
the largest share of olive production comes from Spain, Italy, Greece, and Portugal. More
than half of the total produced in the European Union (66%) comes from Spain. Italy and
Greece have very similar productions, with 15% and 13%, respectively. Lastly, Portugal
is responsible for 5% of the total produced in the EU. Additionally, the EU is the biggest
consumer and exporter of olive oil. The EU is responsible for consuming 50% of annual
production, 1.5 million tons of olive oil, and exporting 570,000 tons annually [1].

As a result of the high production of olive oil, many by-products that are highly toxic
to the environment are generated. Efficient management of these by-products is necessary
to reduce their environmental impact and ensure economic profitability since most of
these raw materials, if not disposed of correctly, result in excessively high treatment costs.
According to Molina-Alcaide et al. [2], olive oil by-products can be categorized as olive
leaves, olive cake, and other by-products. The olive leaves refer to a mixture of leaves and
branches from pruning the olive trees and harvesting and cleaning the olives before the oil
is extracted [2]. Olive cake consists of olive pulp, skin, stone, and water. The terminology
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for olive cake varies depending on the extraction methods, such as pressing, extracting, or
centrifuging. In the case of centrifugal extraction, it is crucial to distinguish between three-
phase and two-phase systems. The main difference is the quantity of oil and moisture, with
the two-phase centrifuged olive cake being more efficient and environmentally friendly
(with a higher moisture content and lower oil content) [3]. As far as pressed olive cake
is concerned, extraction is achieved by a discontinuous press process, a more traditional
extraction method. The nutritional valorization of these by-products has become a key
focus for various research sectors. While they are widely used in ruminant feed, their
application in other animal species remains limited.

Furthermore, these by-products are an energy resource due to their lignin content,
providing a high calorific value with a low ash content [4]. Another potential application for
this product is composting, which can be used as a fertilizer or a component of agricultural
substrates [5]. Olive cake has had various uses but remains an under-exploited resource [2].
The market for commercializing raw materials for animal feed has been significantly
constrained by price volatility.

Moreover, incorporating this by-product makes perfect sense in the northern region
of Trás-os-Montes (Portugal), given the amount of olive cake produced and the number
of farms with Bísara animals. In addition, the time of year when these by-products are
obtained coincides with the finishing phase of these animals. Therefore, transporting this
by-product is more accessible due to the proximity of the farms and oil mills, and storage
is also more accessible. Bísaro pigs offer products characterized by high quality [6]. Due to
the characteristics of their meat, native breeds are highly valued for producing high-quality
dry-cured products [7].

Consequently, the main objectives of this work are to (1) evaluate the potential of olive
cake (pressed and centrifuged) as a diet component for Bísaro pigs; (2) assess effects on
the physicochemical composition of the two processed products obtained on an industrial
scale; (3) analyze the impact of these products on the fatty acid profile; and (4) examine the
influence of cutting the Longissimus thoracis lumborum (LTL) muscle in obtaining the two
processed products.

2. Materials and Methods

2.1. Experimental Diets and Slaughter Procedure

The animals used were indigenous Bísaro pigs, kept in an extensive system on the
farm belonging to the company Bísaro-Salsicharia Tradicional, Lda® (Gimonde-Bragança,
Portugal). The first diet consisted of a traditional diet typical of these native breeds in
an extensive system, thus considered the control diet. The second diet included the Base
diet + 15% of centrifuged olive cake (BgCf15). The third diet consisted of a Base diet + 25%
of centrifuged olive cake (BgCf25). The fourth diet consisted of a Base diet + 15% of pressed
olive cake. The diets’ chemical composition and fatty acid profile are presented in Table 1.

Table 1. Ingredient composition of the experimental diets (g/kg, as fed basis) and fatty acids
composition (g/100 g).

Diets

Control BgCf15 BgCf25 BgPr15

Chemical composition of the diet

DM 86.35 83.76 90.77 88.40
OM 94.73 95.35 95.03 95.00
NDF 20.06 27.47 36.63 27.50
ADF 7.62 12.31 23.67 13.97
ADL 2.49 4.78 9.62 5.75
PB 12.31 11.18 13.78 10.94
GB 5.74 6.75 4.51 5.86
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Table 1. Cont.

Diets

Control BgCf15 BgCf25 BgPr15

Fatty acids (g/100 g)

ΣSFA 15.27 12.88 16.28 11.91
ΣMUFA 23.80 59.32 41.71 56.69
ΣPUFA 22.25 9.18 25.11 7.27
n-6/n-3 17.18 7.77 14.08 7.57

DM—dry matter; OM—organic matter; NDF—neutral detergent fiber; ADF—acid detergent fiber; ADL: acid
detergent lignin; PB—crude protein; GB—crude fat. C—control; BgCf15—Base diet + 15% olive cake two-phases;
BgCf25—Base diet + 25% olive cake two-phases; and BgPr15—Base diet + 15% crude olive cake.

The Bísara animals were reared under the supervision of the University of Trás-os-
Montes and Alto Douro in Vila Real, Portugal. A total of 48 animals were used for this
study. The animals were separated into distinct groups to receive different diets (Figure 1).
The control group was given a traditional diet for this indigenous breed, consisting of local
vegetables, cereals, and feed appropriate for each growth stage. The other diets also had
the same Base diet as the control diet, plus the type of olive cake with 15 and 25 percent
(see Table 1). The animals were fed these diets during the finishing phase (90 days) and
with an average feed of 3 kg daily. The University of Trás-os-Montes e Alto Douro team
monitored the animals to ensure the diets were administered correctly throughout the
finalization process.

 

Figure 1. Schematic of the diets applied to the Bísaro pigs.

Once the final finishing phase was complete, the animals were slaughtered at 12 months
of age, with an average live weight of approximately 135 kg. The Bragança Municipal
Slaughterhouse team was responsible for the slaughter. The methodology employed for the
slaughter and carcass preparation has been previously described by Álvarez-Rodríguez and
Teixeira [8]. All animals were provided with appropriate care and were slaughtered following
EU Council Regulation (EC) No. 1099/2009 [9], which sets out animal welfare regulations at
the time of slaughter. After the slaughter and cutting, the joints obtained were transported to
Bísaro-Salsicharia Tradicional, Lda®, which was responsible for processing them.
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2.2. Dry-Cured Bísaro Loin and “Cachaço”

The curing process was carried out at Bísaro-Salsicharia Tradicional, Lda®, using
forty-eight loins and forty-eight “cachaços” from forty-eight slaughtered animals (Figure 2).
The ingredients were added in decreasing order: 1.5% salt, 0.5% paprika, 0.5% garlic,
and 0.1% oregano. Both the loins and “cachaços” were dry-cured for 60 days. After
removing the muscles from the carcasses, the pieces were chilled in a chamber at 2–5 ◦C,
and excess surface fat was removed from each piece. Selected pieces then underwent the
curing process. In the salting and seasoning phase, the pieces were placed on a rotating
drum for approximately 30 min after adding salt, paprika, garlic, and oregano. After
mixing, the joints were transferred to a container and placed in a refrigeration chamber at a
temperature range of 2–4 ◦C with approximately 90% relative humidity for 4 days to allow
the ingredients to penetrate. Next, the pieces were stuffed into collagen casings. The final
phase was drying and curing, during which significant biochemical changes occurred. The
temperature and humidity were adjusted as the curing progressed: for the first 15 days, the
cuts were kept at 4–8 ◦C with 80–90% relative humidity. Subsequently, the temperature
was raised to 8–12 ◦C with 70–80% relative humidity for another 15 days. Finally, for the
last 20 days, the product was maintained at 12–18 ◦C with 60–70% relative humidity. This
curing process has been validated by the company Bísaro-Salsicharia Tradicional Lda®,
considering all the quality and food safety standards. It should be noted that the company
responsible for the entire manufacturing flowchart for this type of product has been certified
for over seven years by extremely demanding quality benchmarks (IFS-Food).

Figure 2. Process of obtaining Bísaro dry-cured loin and dry-cured “cachaço”.

2.3. Chemical Composition and Physicochemical Analysis of Dry-Cured Loin and
Dry-Cured “Cachaço”

All the physicochemical analyses on these two products were conducted using the
following Portuguese standards. Water activity was assessed according to AOAC [10]
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using a HigroPalm Rotronic 8303 probe (Bassersdorf, Switzerland). Moisture content was
determined according to the Portuguese standard NP 1614 [11]. For this, 5 mL of ethanol
(96% v/v) was added to 3 g of sample, and the samples were dried in a drying oven (Raypa
DO-150, Barcelona, Spain) at 103 ± 2 ◦C for 24 h. Ash content was determined according to
the Portuguese standard [12]. To do this, 1 mL of magnesium acetate (15% w/v) was added
to 3 g of sample in crucibles. The samples were then heated to 550 ± 25 ◦C for 5 h in a
muffle furnace (Vulcan BOX Furnace Model 3-550, Yucaipa, CA, USA). Protein content was
measured following the Portuguese standard [13] using the Kjeldahl Sampler System (K370,
Flawil, Switzerland) and Digest System (K-437, Flawil, Switzerland). In 25 mL of sulfuric
acid (97%), two catalyst tablets and 2 g of sample were placed in mineralization tubes.
Following the completion of mineralization, the distillation procedure was performed. Sub-
sequently, the distillate was titrated using a hydrochloric acid solution, and the necessary
volume was registered. The determination of hydroxyproline and collagen content was
carried out by Portuguese Standards NP 1987 [14]. The haem pigment content [15] was
determined by measuring the reflectance on the exposed surface using spectroscopy with a
Spectronic Unicam 20 Geneys instrument. The results are expressed as mg myoglobin/g
fresh muscle. Additionally, the total chloride content was assessed following the methodol-
ogy specified in the Portuguese Standard NP 1845 [16], expressed as a percentage by mass
of sodium chloride.

2.4. Fatty Acid Analysis

Fatty acids in dry-cured loin and dry-cured “cachaço” samples were analyzed at
the ESA-IPB Laboratory. Total lipids were extracted from 25 g of meat using the Folch
procedure [17]. The fatty acid profile was determined from 50 mg of fat. Fatty acids were
transesterified following the method described by Domínguez et al. [18]. After adding 4 mL
of sodium methoxide solution and vortexing intermittently for 15 min at room temperature,
5 mL of H2SO4 solution (50% in methanol) was added. Then, 2 mL of distilled water was
added, followed by additional vortexing. The organic phase, containing the methyl esters
of fatty acids, was extracted with 2.35 mL of hexane. The separation and quantification
of fatty acid methyl esters were carried out using a gas chromatograph (GC-Shimadzu
2010Plus; Shimadzu Corporation, Kyoto, Japan) equipped with a flame ionization detector
and an automatic sample injector AOC-20i and using a Supelco SPTM-2560 fused silica
capillary column (100 m length, 0.25 mm i.d., 0.2 μm film thickness). Fatty acid contents
were calculated using chromatogram peak areas and were expressed as g per 100 g of
total fatty acid methyl esters. Additionally, the percentage of saturated fatty acids (ΣSFA),
monounsaturated fatty acids (ΣMUFA), polyunsaturated fatty acids (ΣPUFA), the ratio
PUFA n-6/n-3, and Σtrans were calculated according to Vieira et al. [19]. To assess lipid
quality, the atherogenicity index (AI) and the thrombogenicity index (IT) were calculated
following the Ulbricht and Southgate methods [20].

2.5. Statistical Analysis

The Shapiro–Wilk test was used to test data for normal distribution and homogeneity
of variance. Next, the effect of diet and type of product, and the interaction between diet
and product, on the physicochemical composition and fatty acid profile were examined
using analysis of variance (ANOVA) with the general linear model (GLM) procedure, in
which these parameters were defined as dependent variables and diet and type of product
as fixed effects. The results were presented in terms of mean values and standard error of
the mean (SEM). When there was a significant effect (p < 0.05), the means were compared
using Student’s t-test. To extract a few key combinations (called principal components)
from the group of measured variables that capture most of the variability in those variables,
we conducted a principal component analysis (PCA). Each principal component was
determined by linearly combining the correlation matrix’s eigenvectors. The eigenvalues
indicate how much variance each component holds. Moreover, a multiple factor analysis
(MFA) related to principal components analysis (PCA) was performed to produce a table
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of eigenvalues, summary plots, and a consensus map. All analyses were performed using
the statistical package JMP® Pro 17.0.0 by 2023 SAS Institute Inc.© (Cary, NC, USA).

3. Results and Discussion

3.1. Physicochemical Composition

The results of the chemical composition of dry-cured loin and dry-cured “cachaço” are
presented in Table 2. This table shows the effect of the product on each of the parameters
studied, the impact between the diets, and the interaction between the type of product
and the diet applied. Regarding the interaction between the product and the diets, the
parameters aw, ash, and NaCl content showed significant differences (p < 0.05). The
other parameters (moisture, total fat, protein, collagen, and haem pigments) did not show
significant results between the type of product and the diet applied. The product type
significantly affected (p < 0.001) the parameters of aw, moisture, total fat, protein, and
haem pigments. On the other hand, collagen, NaCl content, and ash content were not
significantly influenced (p > 0.05) by the product type. We can also see that the diet did not
affect most of the physicochemical parameters studied, except for the NaCl content.

Table 2. Physicochemical composition of dry-cured Bísaro loin and dry-cured Bísaro “cachaço”.

Physicochemical Composition (g/100 g)

aw Moisture Ash Total Fat Protein Collagen
Haem

Pigments
NaCl

L C L C L C L C L C L C L C L C

Control 0.893 0.857 41.27 31.24 5.07 4.97 21.40 41.09 32.61 24.52 3.44 3.15 2.31 4.17 3.75 4.24
Cf15 0.873 0.839 42.73 33.43 4.98 5.96 19.03 36.59 32.24 24.99 3.35 2.55 2.15 4.33 3.55 5.01
Cf 25 0.866 0.862 40.02 31.84 7.21 5.36 24.62 40.03 29.73 23.40 3.66 2.74 2.72 4.04 6.53 4.01
Pr15 0.896 0.815 41.69 30.99 4.25 6.13 16.90 43.37 34.26 24.39 2.83 2.87 2.41 3.84 2.76 5.36
SEM 0.01 1.37 0.57 3.46 1.13 0.56 0.29 0.53

Significance product *** *** ns *** *** ns *** ns
Significance diet ns ns ns ns ns ns ns *

Significance product
x diet * ns ** ns ns ns ns ***

ns—not significant, * p < 0.05; ** p < 0.01; *** p < 0.001. SEM (Standard Error of the Mean). L—dry-cured loin;
C—dry-cured “cachaço”). Haem pigments in mg myoglobin/g fresh muscle. Cf15—Base diet + 15% olive
cake centrifuged; Cf25—Base diet + 25% olive cake centrifuged; Pr15—Base diet + 15% olive cake pressed;
CT—Base diet.

Concerning water activity (aw), the values obtained for the dry-cured loin ranged
from 0.896 to 0.856, while those for the dry-cured “cachaço” ranged from 0.862 to 0.815.
A statistically significant correlation was observed between the product and the diet (p <
0.05) for the water activity parameter. The highest value for this parameter (0.896) was
observed for the dry-cured loin with the 15% pressed olive cake diet (Pr15), while the
lowest value for this parameter was obtained for the dry-cured “cachaço” with the same
diet. The aw value was significantly higher (p < 0.001) in all diets (including the control)
for the dry-cured loin compared to the dry-cured “cachaço”. These differences in water
activity values align with the results obtained for the moisture parameter. The dry-cured
loin, influenced by fat content (discussed later), has a lower water activity and moisture
content than other forms of dry-cured loin.

The aw value for the dry-cured loin control was the highest, exceeding the values
reported for the same product in a study where the olive cake was not added to the diet of
the Bísaro pig [21]. In contrast, the aw values observed in this work for diets containing
olive cake are consistent with those reported in another study [21] (for the same product
type and adding olive cake in other percentages). In previous studies, different authors
reported average values of 0.841 for dry-cured Celta loin [22], 0.830 for dry-cured Korean
loin [23], 0.838 for dry-cured Polish neck [24], and 0.838 for dry-cured foal loin [25]. Similar
water activity values have been reported for other dry-cured products, including dry-cured
shoulder [26–29]. The water activity of a food product is a significant factor that affects
the safety of dry-cured meat products. It serves as a fundamental indicator of the shelf

146



Foods 2024, 13, 2579

life, ensuring nutritional stability and identifying the types of microorganisms present [30].
The combination of water and salt creates osmotic changes that result in dehydration,
which removes water from the meat [31]. Water can facilitate the attachment of a radical
species and the removal of hydrogen from the fatty acids, thereby initiating the oxidation
process [22]. Therefore, both products exhibited water activity values that align with the
criteria for dry-cured products with the desired microbiological stability. Furthermore,
adding olive cake to the Bísaro pig feed did not exert any discernible influence, whether
positive or negative. Another crucial parameter that serves as an indicator of product
ripeness is moisture content.

The moisture content of the dry-cured loin was found to be significantly higher
(p < 0.001) than that of the dry-cured “cachaço”. The mean moisture content of the dry-
cured loin ranged from 40.02 to 42.73%. Meanwhile, the dry-cured “cachaço” range was
30.99 to 33.43%. Including olive cake in the animals’ diet did not result in any observable
change in moisture content. The moisture content of dry-cured products is inversely
proportional to the maturation time [32]. The values obtained in this study were higher for
both products than those observed by other authors [21]. Nevertheless, comparable values
to those observed in the dry-cured “cachaço” have been documented in a conventional dry-
cured product from Spain’s Mediterranean coast [33] and in the traditional Italian product
“coppa” [34]. Similar values (42%) were obtained for Iberian dry-cured loins [34,35], as
well as for other dry-cured loins [22,25,36].

The observed variations in ash content are primarily attributed to the sodium chloride
content. The ash values exhibited a range of 4.25 to 7.21 for dry-cured loin and 4.97 to
6.13 for dry-cured “cachaço.” The interaction between the product and diet was statistically
significant (p < 0.01). Nevertheless, introducing the olive cake diet or the type of product
used did not result in significant differences in ash content. Other studies have reported
higher ash values for dry-cured foal loin [25], “, Bísaro dry-cured shoulder [29], and Celta
dry-cured ham [37]. Similar values have been observed in other studies involving Iberian
dry-cured loin [38] and Turkish dried meat [39].

The total fat content exhibited a statistically significant difference (p < 0.001) between
the dry-cured loin and dry-cured “cachaço”, with values ranging from 16.90 to 24.62% and
from 36.59 to 43.37%, respectively. Concerning dietary factors, no impact was observed
on the total fat content of the processed products. Although these two products originate
from the same Longissimus thoracis lumborum (LTL) muscle, they are derived from disparate
sections. The “cachaço” is obtained from the proximal region of the LTL muscle, situated in
the cervical area of the column and extending to the fifth thoracic vertebra, as evidenced by
its location beneath the scapula. The loin is obtained from the lumbar region of the LTL
muscle. The high complexity of the meat matrix results in products derived from the same
muscle exhibiting markedly disparate values for the total fat parameter.

A reduction in protein content is anticipated to accompany an elevated fat content.
As demonstrated in Table 2, the protein content was significantly higher (p < 0.001) in
the dry-cured loin, with mean values ranging between 29.73 and 34.26%. In contrast, the
dry-cured “cachaço” exhibited lower protein values, ranging from 23.40% to 24.99%. The
application of the olive by-product diets did not result in any discernible impact on the
protein content of the products under investigation. Other studies have also observed this
difference between dry-cured loin and “cachaço” [21]. A product designated as dry-cured
coppa exhibited similar values to those observed in the dry-cured “cachaço” [34]. The same
values have also been reported by other authors for Turkish dried meat [39], dry-cured
Celta ham [37], and Bísaro dry-cured shoulder [29]. Higher values were observed in the
case of the dry-cured foal [25].

No significant differences (p > 0.05) were observed between diets with olive cake or
between the two product types concerning collagen content, which ranged from 2.83 to
3.66% and from 2.55 to 3.15% in the dry-cured loin and dry-cured “cachaço”, respectively.

The total haem pigments, expressed as myoglobin concentration, exhibited a statisti-
cally significant difference between the two products (Bísaro dry-cured loin and dry-cured
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“cachaço”). The myoglobin content for these products ranged from 2.15 to 2.72 mg/g and
3.84 to 4.33 mg/g in the case of the dry-cured loin and dry-cured “cachaço”, respectively.
The incorporation of pressed and centrifuged olive cake did not affect this parameter, as
evidenced by the findings of other researchers [21].

Significant differences were observed in the chloride content for the interaction be-
tween diet and type of product (p < 0.001) and for the addition of olive cake (p < 0.05). The
sodium chloride content exhibited variability, ranging from 2.76 to 6.53% in the dry-cured
loin and from 4.01 to 5.36% in the dry-cured “cachaço”. The highest salt content was
observed in the dry-cured loin with the centrifuged olive cake diet at 25%. This value
represents the ash content observed in the Cf25 diet in the dry-cured loin. Although a
difference in the salt content of the dry-cured loin was observed, it cannot be definitively
concluded that the 25% olive cake inclusion was the sole factor responsible for this value.
This same pattern was not observed in the dry-cured “cachaço” case. The average NaCl
value for the dry-cured loin was lower than that of the dry-cured “cachaço”. The dry-cured
loin (Cf25) exhibited a markedly elevated value, resulting from a notable diet impact. It is
imperative to reiterate that these products were not manufactured in a laboratory setting.
Therefore, it is not possible to attribute the high levels of sodium chloride observed solely
to the diet. Similar NaCl content values were observed in Salame Milano (4.3%), Coppa
(5.9%), Parma Ham (6.1%) [40], and dry-cured foal “Cecina” [41].

3.2. Fatty Acids Composition

The fatty acid (FA) composition of the dry-cured loin and dry-cured “cachaço” is
presented in Table 3 for analysis purposes. The table illustrates the impact of the product
and the effect between diets on the fatty acid profile. For both products, the predominant
fatty acids were oleic acid as monounsaturated fatty acid (MUFA), palmitic acid, stearic
acid as saturated fatty acid (SFA), and linoleic acid as polyunsaturated fatty acid (PUFA).
These four acids account for more than 93% of the total fatty acids in both products. These
results align with pork’s typical fatty acid composition and are consistent with the fatty
acid profile described by Leite et al. [42]. A comparable pattern in FA distribution has been
documented in various types of dry-cured products [21,34,43–47]. Except for C18:0 fatty
acid, no significant differences were observed in the remaining predominant fatty acids
between the two products studied. The addition of olive cake to the animal diets had no
discernible impact. Significant differences were observed between the products for the
following FA: C15:0, C17:0, C18:0, C20:0, C18:3n-6, C22:0, C23:0, and n-3. As for the diet,
the inclusion of olive cake in the animal diet of Bísaro pigs had a significant influence on the
following FA: C16:1n-7, 9t-C18:1, C20:1n-9, C18:3n-3, C20:2n-6, n-3, and ratio n-6/n-3. The
FA fractions were not affected by the type of product studied. Similarly, adding centrifuged
and pressed olive cake in 15 and 25% percentages did not influence the lipid quality of
dry-cured loin and dry-cured “cachaço”. Therefore, despite numerous factors that can
affect the lipid composition of meat, such as diet and genetic lineage, the fatty acid profile
of pork remains consistent with the typical pork profile.

Table 3. Effect of diet in fatty acids profile in Bísaro dry-cured Loin and dry-cured “cachaço”.

Fatty Acids
L C

SEM p D
Control Cf15 Cf25 Pr15 Control Cf15 Cf25 Pr15

C10:0 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.004 ns ns
C12:0 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.003 ns ns
C14:0 1.14 1.15 1.13 1.11 1.13 1.13 1.12 1.11 0.03 ns ns
C14:1 0.03 0.03 0.03 0.02 0.02 0.03 0.03 0.02 0.005 ns ns
C15:0 0.05 0.05 0.05 0.07 0.02 0.03 0.02 0.01 0.008 *** ns
C16:0 26.12 25.98 26.05 25.48 26.38 26.17 26.37 25.80 0.30 ns ns
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Table 3. Cont.

Fatty Acids
L C

SEM p D
Control Cf15 Cf25 Pr15 Control Cf15 Cf25 Pr15

C16:1n-7 2.50 2.32 2.29 2.36 2.53 2.34 2.32 2.15 0.08 ns **
C17:0 0.17 0.20 0.21 0.12 0.24 0.23 0.24 0.22 0.02 ** ns
C17:1n-7 0.23 0.22 0.22 0.19 0.24 0.23 0.23 0.20 0.02 ns ns
C18:0 13.1 13.41 13.30 12.96 12.68 12.72 12.93 12.84 0.32 * ns
9t-C18:1 0.21 0.23 0.19 0.21 0.20 0.22 0.18 0.22 0.01 ns **
C18:1n-9 47.82 47.40 47.49 48.43 47.97 48.01 47.43 48.49 0.55 ns ns
C18:2n-6 6.50 6.79 6.76 6.74 6.62 6.81 7.02 6.90 0.26 ns ns
C20:0 0.21 0.19 0.21 0.22 0.17 0.17 0.18 0.18 0.01 *** ns
C18:3n-6 0.011 0.011 0.013 0.006 0.003 0.006 0.004 0.003 0.002 *** ns
C20:1n-9 0.77 0.80 0.91 0.82 0.76 0.80 0.86 0.79 0.03 ns ***
C18:3n-3 0.20 0.24 0.24 0.22 0.21 0.24 0.24 0.25 0.01 ns ***
C20:2n-6 0.24 0.24 0.2 0.25 0.23 0.24 0.28 0.24 0.01 ns **
C22:0 0.04 0.05 0.03 0.05 0.03 0.04 0.03 0.03 0.03 * ns
C20:3n-6 0.05 0.05 0.05 0.06 0.04 0.05 0.05 0.04 0.006 ns ns
C22:1n-9 0.03 0.04 0.03 0.04 0.03 0.03 0.04 0.02 0.004 ns ns
C23:0 0.35 0.40 0.33 0.43 0.27 0.32 0.22 0.29 0.05 *** ns
C24:1n-9 0.06 0.07 0.06 0.07 0.07 0.07 0.07 0.06 0.007 ns ns
C22:6n-3 0.03 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.005 ns ns

SFA 41.31 41.52 41.38 40.52 41.01 40.88 41.16 40.55 0.56 ns ns
MUFA 51.65 51.11 51.23 52.15 51.83 51.73 51.15 51.95 0.56 ns ns
PUFA 7.04 7.38 7.39 7.33 7.16 7.40 7.70 7.49 0.28 ns ns
n-6 6.80 7.10 7.11 7.06 6.90 7.11 7.36 7.18 0.27 ns ns
n-3 0.22 0.27 0.28 0.26 0.26 0.28 0.33 0.31 0.02 ** *
n-6/n-3 31.75 27.39 27.37 28.24 30.85 26.74 24.83 24.64 1.88 ns **
IA 0.52 0.52 0.52 0.50 0.53 0.52 0.53 0.51 0.01 ns ns
IT 1.35 1.36 1.35 1.30 1.33 1.32 1.34 1.3 0.03 ns ns
h/H 2.00 2.01 2.01 2.09 2.00 2.02 2.00 2.07 0.04 ns ns

ns—not significant, * p < 0.05; ** p < 0.01; *** p < 0.001. SEM (Standard Error of the Mean). Cf15—Base diet + 15%
olive cake centrifuged; Cf25—Base diet + 25% olive cake centrifuged; Pr15—Base diet + 15% olive cake pressed;
CT—Base diet. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids; PUFA n-6/n-3 (∑ omega-6)/(∑ omega-3); IA, index of atherogenicity; IT, index of thrombogenicity;
h/H = (C18:1n-9 + C18:2n-6 + C20:4n-6 + C18:3n-3 + C20; 5-n3 + C22:5n-3 + C22:6n-3)/C14:0 + C16:0; only fatty
acids which represented more than 0.1% are presented in the table, although all detected fatty acids were used for
calculating the totals and the indices.

Concerning MUFAs, oleic acid was the most prevalent FA, representing approximately
93% of the total MUFA content. This high proportion is significant for both products and
represents an essential nutritional aspect, as this fatty acid fraction has been demonstrated
to reduce cardiovascular risk factors [48]. Furthermore, MUFA has been shown to reduce
plasma LDL cholesterol levels without compromising the anti-atherogenic properties of
HDL cholesterol lipoproteins [49]. Oleic acid levels ranged from 51.11 to 52.15% in the dry-
cured loin and from 51.15 to 51.95% in the dry-cured “cachaço”, and these levels remained
unchanged with the introduction of olive cake. Although the chemical composition of these
two products showed significant differences in total fat content (Table 2), there were no
differences between the two products regarding oleic acid. Similar MUFA were observed
in Bísaro dry-cured loin and dry-cured “cachaço” [21]. Other authors have reported higher
values of this acid in Iberian ham [50], Iberian dry-cured loin [34], dry-cured “coppa” [34],
and Bísaro shoulder [29]. Lower MUFA values were reported in Iberian “lacón” [51],
Korean dry-cured loin [23], Italian dry-cured loin [47], and Celta dry-cured ham [43].

Regarding SFA, the predominant FA was palmitic acid, showing levels of around 63%
of the total SFA. Like oleic acid, palmitic acid levels were unaffected by the product type
or olive cake’s inclusion in the diet. We obtained values of between 40.52 and 41.52% for
the dry-cured loin and 40.55–41.16% for the dry-cured “cachaço”. The SFA fraction was
also not influenced by adding olive cake, and there were no significant differences between
the two products regarding palmitic acid content. Similar SFA was observed in Bísaro
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dry-cured loin and dry-cured “cachaço” [21], and Iberian dry-cured loin [52]. Lower values
for this fraction were obtained in Bísaro shoulder [29], Celta dry-cured loin [44], Iberian
lacón [51], Iberian and Serrano Ham, Bayonne and Corsican Ham, Parma, and San Daniele
Ham, Jingua Ham [49], and dry-cured “coppa” [34]. Other authors have reported higher
values of SFA in Korean dry-cured loin [23] and Croatian and Montenegrin dry-cured
meat [46]. In agreement with other authors [53,54] about SFA, mortality rates correlated
positively with the average percentage of dietary energy from saturated fatty acids.

For PUFAs, linoleic acid was the predominant FA, accounting for more than 95% of
the total PUFA content. The levels of linoleic acid were unaffected by the product type
or the olive cake’s inclusion in the animal diet. Similar PUFA were observed in Bísaro
dry-cured loin and dry-cured “cachaço” [21], Korean dry-cured loin [23], and Croatian and
Montenegrin Prosciutto [46]. Other authors have reported higher values of PUFA in Bísaro
shoulder [29], Celta dry-cured “lacón” [51], Iberian and Serrano dry-cured loin, Bayonne
and Corsican Ham, Parma and San Daniele Ham, Jingua Ham [49], Pancetta and Croatian
and Montenegrin dry-cured sirloin [46], and dry-cured “coppa” [34]. Lower values for
this fraction were obtained in Iberian dry-cured loin [52]. It should be noted that PUFA is
highly susceptible to oxidative degradation and is converted into other molecules [55]. For
this reason, the curing process reduces the PUFA content in the final product. Adding a
by-product such as olive cake did not counteract this reduction in unsaturated fatty acid.

Compared to previous studies’ findings [21], including a higher percentage of olive
cake (centrifuged and pressed) does not influence the MUFA, SFA, and PUFA fractions.

Regarding trans fatty acids, no significant differences were observed between the
two product types (p > 0.05), with average values of 0.21 for dry-cured loin and 0.20 for
dry-cured “cachaço”. These values are below the recommended levels [56] and lower
than those reported by other authors for processed Iberian dry-cured ham [57] and Bísaro
shoulders [29]. Nevertheless, significantly lower values were observed in the group that
consumed a diet including 25% centrifuged olive cake. Compared to the control diet, the
diet containing 25% olive cake (Cf25) resulted in more favorable trans fatty acid values. In
contrast, the diet with 15% centrifuged olive cake and 15% pressed olive cake exhibited
detrimental outcomes concerning this category of trans fatty acid.

The PUFA/SFA and n-6/n-3 ratios, along with the IT and IA indices, are important
indicators of the healthiness of fat in food. The recommended PUFA/SFA ratio for a
healthy diet is 0.4 or less [58]. For the ratio n-6/n-3, the internationally recommended value
for a healthy diet is 4 [59], with the optimal value being 1 [60–62]. Genetic modification
and dietary changes have proven to be relatively effective strategies for achieving more
desirable n-6/n-3 values in these products [43]. There was no significant difference in the
n-6/n-3 ratio between the two products studied.

On the other hand, the diets applied with olive cake proved to be significantly differ-
ent (p < 0.05). From the results shown in Table 3, adding olive cake to the animals’ diets
significantly reduces the n-6/n-3 ratio. This trend was not observed in other studies for
Bísaro dry-cured loin and dry-cured “cachaço” with 10% olive cake added [21]. There-
fore, we can say that introducing a percentage of 15 and 25% olive cake in the animal
diet contributes to a decrease in this ratio. Higher values of this ratio were observed in
Iberian and Parma dry-cured ham [49]. However, significantly lower values were observed
in Serrano dry-cured ham, Bayonne dry-cured ham, and Corsican dry-cured ham [49].
Unsaturated fats, especially PUFAs, are well known as healthy fats with critical bodily
functions, such as cell growth and development and disease prevention [63]. Although
linoleic acid is an essential fatty acid, it should be noted that an excessively high intake
of this PUFA may not be beneficial. Studies [64,65] have shown that excessive intake of
linoleic acid has a pro-inflammatory effect. Fatty acids n-6 promote vasoconstriction and
the formation of blood clots, while n-3 acids have the opposite effect [66]. Among the
PUFA n-3, docosahexaenoic acid (C22:6n-3, DHA) is preventive and therapeutic in some
chronic inflammatory diseases [67]. In small quantities, these FAs are crucial for the correct
cerebral and visual development of the fetus and the maintenance of neural and visual
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tissues throughout life [67]. The human body cannot synthesize this n-3 FA (DHA) type,
which is only obtained through food [68]. This study revealed significant variations in the
level of PUFA n-3 based on both the type of product and the diet used. The n-3 content
increased with olive cake in the diet, containing 25% centrifuged olive cake, resulting in
the highest n-3 values for both products. For dry-cured “cachaço”, n-3 values ranged from
0.26 to 0.33, whereas for dry-cured loin, the values were lower, ranging from 0.22 to 0.28.

A lower IA value is indicative of a reduced saturated-to-unsaturated fatty acid ratio,
whereas a lower IT value is associated with a diminished risk of developing blood clots [69].
No significant differences were observed between the two product types regarding the IA
and IR indices, nor was there any impact from the olive cake diets. Although no entity or
organization provides reference values for these indices [70], it is generally understood that
lower IA and IT values indicate better nutritional quality, potentially reducing the risk of
coronary heart disease. Lower values for these indices have been reported in dry-cured
“coppa” of Nero Siciliano pig [34] and Bísaro shoulder [29]. Similar values were obtained
for Bísaro dry-cured loin and “cachaço” in animals fed with olive cake [21]. Other authors
have reported that the intramuscular fat and backfat indices were affected by including 10%
olive cake in the pig’s diet, increasing the MUFA and PUFA content and improving the IA
and IT quality indices [71]. As reported by Cava et al. [72], an elevated h/H ratio indicates
enhanced nutritional adequacy of the fat content in the food. In this study, the ratio h/H
was not influenced by the diets applied or the product type (p > 0.05). The dry-cured loin
obtained values between 2.00 and 2.09 and the dry-cured “cachaço” between 2.00 and
2.07. Lower values of this ratio were obtained in Bísaro dry-cured loin and “cachaço” [21].
Higher h/H values were observed in Celtic ham with a chestnut-based diet [43]. In the case
of fresh pork, different cuts of meat obtained different h/H ratio values [73]. Therefore, not
only the type of feed but also the joint influences this ratio. Considering the value obtained
for fresh loin (2.170) [73], the curing process does not affect this nutritional index.

3.3. Principal Component Analysis (PCA)

Principal component analysis (PCA) is a statistical technique used to simplify a dataset
by transforming the original variables into a smaller set of new variables, called principal
components, which capture the essential characteristics of the data. These principal compo-
nents are linear combinations of the original variables that maximize the total variance. The
primary graphical output of PCA is often a biplot, which maps the cases using the principal
components and includes the original variables to help interpret the distances between case
positions [74]. Figure 3 displays the results of the principal component analysis in the form
of a biplot. The first principal component (p < 0.001) explained 40% of the total variance,
and the second principal component (p < 0.001) explained 24.7% of the total variance. The
two principal components explained the total variance of 64.7%. This principal component
analysis shows a separation between the dry-cured loin and the dry-cured “cachaço”. The
physicochemical characteristics that best explain the dry-cured loin are salt content, total
fat, and haem pigments. On the other hand, water activity, protein content, and moisture
are the factors that best explain the dry-cured loin. That said, the principal component
analysis shows that although the two products (dry-cured loin and dry-cured “cachaço”)
come from the same muscle (Longissimus thoracis Lumborum), their chemical composition is
very different.
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Figure 3. Biplot principal component analysis (C-dry-cured “cachaço”; L-dry-cured loin).

4. Conclusions

The results indicate that incorporating centrifuged and pressed olive cake in different
percentages does not impact the physicochemical properties of dry-cured products. How-
ever, significant differences were observed between the two products, particularly in total
fat, protein, aw, moisture, and haem pigments. Significant interactions between the product
and diet were also observed for aw, ash, and NaCl parameters. This suggests that, despite
both products originating from the same muscle (LTL), they are distinct, which can enhance
their appeal to consumers. Adding olive cake significantly improved the n-3 content, with
the olive cake with the highest percentage (Cf25) obtaining the highest n-3 value. These
values influenced the PUFA n-6/n-3 ratio, showing the same trend, with significantly
lower results in olive cake diets. There are no further differences in the different fatty acid
fractions and nutritional quality indices. Still, it would be necessary for future work to
understand how n-3 can influence the stability of the product and how these differences
can affect the final product’s organoleptic properties and consumer acceptability.
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Abstract: This study investigated the dietary effect of curcumin (CUR) on amino acid, 5′-nucleotides,
fatty acid, and volatile compound profiles of chicken meat. A total of 400 healthy 1-day-old broiler
male chicks were divided into 4 groups (n = 10) and fed either a basal diet or a diet with the addition
of CUR with concentrations of 100 mg/kg, 150 mg/kg, and 200 mg/kg for 43 days. The results show
that the addition of CUR in chicken diets is conducive to promoting the deposition of amino acids
and increasing the content of 5′-nucleotides in chicken meat, reducing the contents of saturated fatty
acid (SFA) and C20:4 n6 but increasing the ratio between polyunsaturated fatty acid (PUFA) and
SFA. In addition, the volatile compound profile shows that the main volatile compounds in chicken
meat are aldehydes (including hexanal, heptanal, octanal, and nonanal), with significant increases
in their contents observed among chickens in the CUR-intake group. Moreover, it has been found
that (E, E)-2,4-nonadienal, trans-2-decenal, benzaldehyde, and trans-2-octenal in chicken meat can
significantly increase its overall aroma, and the addition of CUR with 150 mg/kg had the best effect
on improving nutritional quality and flavor of chicken meat. This study provides a basis for the
comprehensive utilization of CUR as a feed additive with the potential to substitute antibiotics.

Keywords: curcumin; meat; amino acid; fatty acid; volatile compounds

1. Introduction

Poultry meat is viewed as one of the largest sources of animal protein in people’s diets
around the world [1]. With the advantages of high-quality nutritional components, low
cholesterol content, diverse amino acid compositions, and relatively high digestibility, it
has been greatly favored by consumers. Antibiotics have been widely used in the poultry
industry for disease prevention and treatment as well as production promotion [2,3].
Nevertheless, the overuse of antibiotics has led to various adverse consequences, such as
drug residues, bacterial resistance, and environmental pollution. In 2006, 2017, and 2020,
Europe, the United States, and China banned the addition of antibiotics in poultry and
livestock feed in succession [4,5]. Now, natural plant extracts rich in phenolic compounds
have been widely studied because of their good effects in delaying the oxidation of fats
and proteins, enhancing antioxidation, improving growth performance, and improving
quality [6,7].

Curcumin (CUR) is a hydrophobic phenolic compound extracted from the rhizomes
of Curcuma longa L. [8]. This compound exhibits a wide range of pharmacological ef-
fects, including anti-inflammation [9,10], anti-oxidation [11,12], anti-tumor [13,14], anti-
bacteria [15,16], anti-virus [17], digestion promotion [18], and immune regulation [19,20].
In recent years, some studies have been performed on the effects of CUR in the poultry
farming industry. These studies showed that the use of CUR as a feed additive to chicken
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diets can affect the growth performance of poultry and various quality indices of poultry
meat, improving the feed conversion efficiency, effectively reducing the deposition of
abdominal and liver fats, and consequently improving meat quality [21–24]. The addition
of CUR in the diets of Cherry Valley ducks improved their muscle quality and enhance
their antioxidant activities [25]. In addition, the addition of CUR and acetylsalicylic acids
in diets of heat-stressed broiler chickens significantly reduced the content of MDA in their
breast muscle tissue, improving their antioxidant capacities [26]. The results of the previous
experiment of our team showed that adding CUR to the diet of broilers could reduce the
content of MDA and improve the processing quality and antioxidant activity of chicken
meat [27], so we hypothesized that the use of CUR as a feed additive could affect nutritional
components and flavor by influencing the antioxidant capacity of chicken meat. Therefore,
a comprehensive evaluation was conducted in this study on the dietary effects of CUR on
amino acid, 5′-nucleotides, fatty acid, and volatile compound profiles of chicken meat.

2. Materials and Methods

2.1. Experimental Design, Animal, and Diet

This research was approved by the Ethics Committee of Hebei Agricultural University
(Number: 2022003). All animal experiments that comply with the REACH guidelines were
conducted in accordance with the British Animals (Scientific Procedures) Act 1986 and its
relevant guidelines, as well as the EU Directive 2010/63/EU on the protection of animals
used for scientific purposes. The CUR (with a purity of ≥95%) used in this research was
purchased from Chenguang Biotech Group Co., Ltd., Handan, China. The basal ration
of a corn–soybean meal-type ration was prepared according to the Feeding Standard of
Chickens (NY/T 33-2004) in China [28]. Its composition and nutritional levels are listed in
Table 1. A total of 400 healthy 1-day-old Arbor Acres broiler male chickens with similar
body weights (44.18 ± 1.05 g) were selected and randomly divided into four groups, with
10 replicates in each group and 10 chicks in each replicate. Chicks were reared on soft
bedding cages and housed in a well-ventilated room. Artificial light was provided for
12 h until the end of experiment. Heaters were installed in the experimental chicken room
to regulate the environmental temperature according to body requirement of the chicks.
An experimental period of 43 days was applied in this research. Chickens in the control
group (C0) were fed with a basal diet, while chickens in the CUR-addition group were
individually fed with basal diets with the addition of curcumin with concentrations of
100 mg/kg (C1), 150 mg/kg (C2), and 200 mg/kg (C3). During the experiment, test subjects
could freely eat, feed, and drink water.

Table 1. Ingredient composition and nutrient level of basal diets (dry-matter basis, %).

Daily Ration
Composition %

1–21 Days of Age 22–43 Days of Age
Nutritional Level

% 2 1–21 Days of Age 22–43 Days of Age

Corn 48.20 51.45 Metabolic
energy/(MJ/kg) 12.76 13.39

Soymeal 41.80 36.50 Crude protein 24.14 22.91
Vegetable oil 5.00 7.05 Crude fiber 3.48 3.15

Premix compound 1 5.00 5.00 Calcium 0.83 0.81
Total 100.00 100.00 Total phosphorous 0.60 0.58

Lysine 1.26 1.11
Methionine 0.53 0.51

1 Premix compound provides the following substances for per kilogram of daily ration: VA, 10,000 IU; VD3,
4000 IU; VE, 20 IU; VK3, 2 mg; VB1, 2 mg; VB2, 6 mg; VB6, 3 mg; VB12, 0.02 mg; nicotinamide, 40 mg; calcium
pantothenate, 10 mg; folic acid, 1 mg; biotin, 0.12 mg; Cu, 16 mg; Fe, 80 mg; Zn, 110 mg; Mn, 120 mg; I, 1.5 mg; Se,
0.3 mg. 2 Metabolic energy, crude protein, calcium, and total phosphorous values presented in the nutritional
level item are all measured values, while all the other values are calculated values.
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2.2. Sample Collection

At the end of the experiment, one broiler chicken with a body weight close to the
average level was selected in each replicate (a total of eight chickens in each group). After
a 12-h period of no feeding, all broiler chickens that were selected underwent euthanasia
through cervical dislocation. Left breast meat samples were collected from among these
chickens. With the removal of extra fats, these meat samples were divided into small
pieces and frozen in liquid nitrogen and vacuum-packed directly, then stored at −80 ◦C for
further measurement.

2.3. Amino Acid Measurement

The content of amino acids in the sample meat was measured using high-performance
liquid chromatography (HPLC, Waters e2695, Waters Corporation, Milford, MA, USA). A
sample with a weight of 1 g was precisely weighed and then adjusted to volume after a
24-h hydrolysis period under 110 ◦C in 6 mol/L hydrochloric acid, followed by filtration
and evaporation. The content of amino acids was measured through the derivation of 2,4-
dinitrochlorobenzene. The corresponding mobile phases A and B were a 0.25% anhydrous
sodium acetate solution and chromatography-grade acetonitrile, respectively.

The chromatographic conditions applied in the experiment are as follows: column tem-
perature = 43 ◦C; detection wavelength = 360 nm; and mobile-phase flow rate = 1 mL/min.
For the gradient elution program, during the period of 0–10 min, the volume ratio between
mobile phases A and B was set at 82:18. During the period of 10–15 min, the volume
ratio between mobile phases A and B was set at 71:29. During the period of 15–25 min,
the volume ratio between mobile phases A and B was set at 66:34. During the period of
25–30 min, the volume ratio between mobile phases A and B was set at 45:55. During the
period of 30–37 min, the volume ratio between mobile phases A and B was set at 40:60.
During the period of 37–45 min, the volume ratio between mobile phases A and B was set
at 82:18.

2.4. 5′-Nucleotide Measurement

A meat sample with a weight of 2.5 g was weighed and added into a centrifuge tube.
The sample was homogenized using 20 mL of 5% HClO4 and was then centrifuged at
12,000 rpm for 20 min. After collection of the supernatant, the precipitate was homogenized
using a 5% HClO4 solution and then centrifuged. After a combination of the secondary
supernatant, the pH value of the solution was adjusted to 6.5, with its volume adjusted
to 50 mL. Subsequently, a 0.22 μm filtration was conducted on the solution for further
analysis. The filtrate was analyzed using HPLC (Waters e2695, Waters Corporation, USA)
combined with a UV detector (254 nm) [29,30].

The analysis was conducted with the following conditions: chromatographic column
= XBridge-C18-T (5 μm, 4.6 mm × 250 mm); column temperature = 25 ◦C; mobile phase
A = phosphate saline buffer (1.40 mmol/L C16H37NO4S; 0.01 mol/L K2HPO4; pH 3.2);
mobile phase B = methanol; flow rate = 1 mL/min; injection volume = 10 μL; isocratic
elution; A:B = 98:2, 25 min.

2.5. Fatty Acid Measurement

An NaOH-methanol solution (2%) with a volume of 8 mL was added to the extracted
sample, which then underwent a water bath at 80 ◦C for 20 min. Subsequently, a 15%
boron trifluoride-methanol solution with a volume of 7 mL was added to the sample,
which then underwent a water bath at 80 ◦C for 2 min. After the sample cooled down, an
n-heptane solution with a volume of 10 mL was added to the sample and mixed well. An-
hydrous sodium sulfate with a weight of 2 g was added to the sample for water absorption.
Subsequently, gas chromatography was performed. Sample separation and quantifica-
tion were conducted using a gas chromatograph-mass spectrometer (GCMS-QP2020 NX,
Shimadzu Corporation, Kyoto, Japan) with the following conditions. Chromatographic
column = SH-RXI-5SIL MS (30 m × 0.25 μm, 0.25 μm, Shimadzu Corporation, Japan);
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carrier gas = helium; flow rate = 1.0 mL/min; injection volume = 1.0 μL; injection port
temperature = 270 ◦C; and injection method = splitless. The initial temperature of the
column heater was set at 100 ◦C and maintained for 13 min. The temperature was then
increased to 180 ◦C at a rate of 10 ◦C/min and was held there for 20 min. Subsequently,
it was increased to 200 ◦C at a rate of 1 ◦C/min and was held there for 2 min. Lastly, the
temperature was increased to 230 ◦C at a rate of 4 ◦C/min, and was held there for 12.5 min.
Under 70 eV, quantitative and qualitative analyses of fatty acids were conducted using an
external standard method with ion source and interface temperatures set at 250 ◦C and 280
◦C, respectively [31].

2.6. Analysis of Volatile Flavor Components Using SPME-GC-MS

According to the literature [32], a sample with a weight of 2.00 g was precisely weighed
and added into a 20 mL headspace vial. After that, 1.0 μL of 2-methyl-3-heptanone solution
(0.408 μg/μL) was added into the vial, which was then sealed. The vial underwent a 55 ◦C
water-bath equilibrium for 20 min. Subsequently, volatile components were adsorbed
using a 75 μm CAR/PDMS fiber (Supelco, Inc., Bellefonte, PA, USA) at 55 ◦C for 40 min.
After the completion of the adsorption, a 5-min desorption at 250 ◦C was immediately
performed on the fiber. GC-MS analysis was conducted using a GCMS-QP2020 NX gas
chromatograph-mass spectrometer (Shimadzu Corporation, Japan) with the following con-
ditions: chromatographic column = SH-RXI-5SIL MS (30 m × 0.25 μm, 0.25 μm, Shimadzu
Corporation, Japan); carrier gas = helium (≥99.999%); flow rate = 1.0 mL/min (constant);
and injection port temperature = 250 ◦C (splitless). The initial temperature was set at
40 ◦C and maintained for 5 min. The temperature was then increased to 100 ◦C at a rate
of 15 ◦C/min. After that, it was further increased to 220 °C at a rate of 5 ◦C/min and was
held there for 2 min. Lastly, the temperature was increased to 260 ◦C and was held there for
5 min. Under 70 eV, electron impact mass spectrometry was performed with an ion-source
temperature of 230 ◦C and an m/z scanning range of 40–450 μm. The obtained mass
spectra were compared with the US National Institute of Standards and Technology (NIST)
Mass Spectral Library (version 17.0) database to identify the volatile components. The
gas chromatographic peak area of the volatile component was compared with the internal
standard area to determine the concentration of the volatile component. Odor activity
values (OAVs) were calculated using the following formula to determine the odor-active
compounds:

OAVi =
Ci

OTi
(1)

where Ci represents the concentration of the volatile compound, and OTi represents the
odor threshold in water.

2.7. Statistical Analysis

The experimental results are expressed as the mean ± standard error (SE). The dif-
ference significance test was conducted using an ANOVA in SPSS23.0. Duncan’s method
was used in multiple comparisons, with a p-value lower than 0.05 (p < 0.05) indicating a
significant difference.

3. Results and Discussion

3.1. Analysis of Amino Acid Content

Amino acids are an important precursor substance of meat flavor compounds and a
major indicator for assessing the quality of meat flavor [33]. They play a significant role in
the formation of flavor compounds in chicken meat [34]. In this study, it was found that the
addition of CUR with different concentrations in the diets of chickens presented different
influences on the contents of amino acids in chicken meat (see Table 2). Compared to the
chicken meat in the C0 group, the meat in the C2 group exhibited the highest concentrations
of essential amino acids (EAA) and non-essential amino acids (NEAA) (p < 0.05). Except
for glycine (Gly), chicken meat in the C2 group presented the highest contents of amino

160



Foods 2024, 13, 2230

acids (p < 0.05). In addition, chicken meat in the C0 group exhibited the highest content of
Gly (p < 0.05), while chicken meat in the C2 group presented the highest content of serine
(Ser) (p < 0.05).

Table 2. Amino acid content of chicken breast meat samples (n = 8).

Amino Acid

Content (g/100 g)

C0
(0 mg/kg)

C1
(100 mg/kg)

C2
(150 mg/kg)

C3
(200 mg/kg)

SEM p-Value

EAA

Thr 41.89 b 26.93 d 47.67 a 39.15 c 3.54 0.178
Lys 29.98 b 14.41 c 34.77 a 28.56 b 2.89 0.012
Val 35.02 b 22.51 c 41.12 a 33.51 b 3.15 0.187
Met 23.47 b 13.16 c 26.63 a 21.69 b 2.05 0.05
Ile 24.23 b 6.04 d 32.12 a 17.91 c 3.62 0.019

Leu 3.10 b 0.97 d 3.98 a 2.62 c 0.42 0.018
Phe 19.07 b 8.50 c 21.65 a 17.87 b 1.87 0.006

Subtotal 176.76 b 92.53 d 207.93 a 161.33 c 16.79 0.034

NEAA

Asp 34.11 b 23.91 c 38.47 a 34.01 b 2.62 0.230
Glu 45.01 b 32.24 c 49.90 a 45.08 b 3.19 0.218
Ser 55.26 b 29.60 d 60.88 a 33.91 c 5.24 0.044
Gly 22.11 a 15.06 c 17.07 b 21.56 a 2.27 0.681
Ala 18.95 b 11.46 c 21.20 a 18.11 b 1.61 0.114
Pro 22.45 b 15.37 d 26.50 a 20.67 c 2.01 0.283
Cys 9.45 b 5.00 c 11.47 a 9.64 b 0.93 0.025
His 14.89 b 10.92 c 16.40 a 15.24 b 1.19 0.417
Arg 21.54 b 13.13 d 36.21 a 19.36 c 3.48 0.119
Tyr 9.59 b 3.07 c 10.87 a 9.01 b 1.10 0.002

Subtotal 253.37 b 159.78 d 288.99 a 226.59 c 20.68 0.112

TAA 430.13 b 252.32 d 496.93 a 387.92 c 37.27 0.068
SAA 200.09 b 117.84 d 219.57 a 171.61 c 16.80 0.104
BAA 141.32 b 75.24 d 178.11 a 128.21 c 14.45 0.035
FAA 79.13 b 56.15 d 88.38 a 79.09 c 5.81 0.223

EAA/TAA 41.09% 36.67% 41.84% 41.59% 0.00 0.034
EAA/NEAA 69.76% 57.91% 71.95% 71.20% 0.02 0.013

n = 8 replicates per treatment; different superscripts (a–d) means are significantly different in the same row.
TAA = total amino acids; SAA = sweet amino acid (sum of Thr, Lys, Ser, Gly, Ala, and Pro); BAA = bitter amino
acid (sum of Val, Met, Ile, Leu, Phe, Tyr, His, and Arg); FAA = flavor amino acid (sum of Asp and Glu).

EAA is an essential substance for the human body. However, it cannot be produced
by the human body and must be obtained through food. Food with a higher EAA content
exhibits a higher nutritional value [35]. At the same time, the contents of certain types of
amino acids are closely associated with the normal metabolism of the human body. For
instance, threonine (Thr) can promote muscle growth and facilitate fat metabolism. Leucine
(Leu) can induce enhanced activities of antioxidases, improving the antioxidant capacity
of the human body. Serine, as a metabolic intermediate, participates in the synthesis
of methionine (Met), glycine (Gly), and cysteine (Cys), primarily playing a role in lipid
metabolism, the immune system, and the central nervous system. Although Ser is not
an essential amino acid, it plays a crucial role in a series of metabolic processes and the
maintenance of bodily functions. The reason why chicken meat in the C2 group presents
an increased Ser content could lie in that chickens fed with rations with the addition
of CUR exhibit increased intake and turnover amounts of proteins. In addition, Gly
can be directly converted into Ser. Therefore, the reason why there is a decreased Gly
content could lie in the fact that Gly is converted into Ser through the catalysis of serine
hydroxymethyltransferase.

The content of amino acids in muscle has a significant influence on the nutritional
value of chicken meat. Moreover, some amino acids are key flavor compounds in chicken
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meat. Amino acids can react with reducing sugars, triggering the Maillard reaction, which
constitutes one of the primary ways to form meat flavor [34]. In addition, amino acids
can react with α-dicarbonyl compounds, triggering the Strecker degradation reaction,
the product of which, Strecker aldehyde, is a primary source of meat flavor. Glutamate
(Glu) and aspartic acid (Asp) are important flavor amino acids. During the hydrolysis
process of the protein–peptide chain, these two amino acids can bind with sodium ions,
leading to the formation of an umami taste [36,37]. Compared with the chicken meat in
the C0 group, the chicken meat in the C2 group presented the highest contents of BAA,
SAA, and FAA (p < 0.05). Sweet-tasting amino acids in chicken meat primarily include
threonine (Thr), lysine (Lys), and serine (Ser). On the other hand, bitter-tasting amino acids
in chicken meat are mostly important flavor enhancers involved in the Maillard reaction
during the formation process of flavor. This study shows that bitter-tasting amino acids in
chicken meat primarily include valine (Val), isoleucine (Ile), and methionine (Met). The
results indicate that chickens fed with rations with the addition of CUR present a better
overall flavor in their meat. In addition, it has been found in this research that chickens
fed with rations with the addition of CUR exhibit EAA/TAA and EAA/NEAA ratios in
their meat, which are close to those ideal ratios recommended by FAO/WHO. Changes in
EAA, FAA, and TAA contents in chicken meat after the addition of CUR in chicken diets
were investigated in this study. It indicated that chicken meat in the C2 group presented
the most beneficial addition amount of CUR to the deposition of AA, and this amount can
facilitate an improvement in the nutritional value and the formation of flavor in chicken
meat [38].

3.2. Nucleotide Analysis

Flavor 5′-nucleotides include GMP, AMP, and IMP. These 5′-nucleotides and flavor
amino acids can present a coordination effect of umami enhancement [39,40]. The effect
data of different addition amounts of CUR on the nucleotide content in chicken meat are
listed in Table 3. From this table, it can be seen that chickens fed with rations with the
addition of CUR present significantly higher contents of 5′-nucleotides in their meat than
those of chicken meat in the C0 group (p < 0.05). Specifically, chicken meat in the C2
group exhibited the highest contents of GMP, which were significantly higher than those
of chicken meat in all other groups (p < 0.05). In addition, chicken meat in the C1 group
presented the highest contents of AMP and IMP, which were significantly higher than
those of chicken meat in all other groups (p < 0.05). The results show that the addition of
CUR in chicken diets can significantly increase the contents of 5′-nucleotides in chicken
meat, exhibiting an improvement effect on the contents of flavor 5′-nucleotides in chicken
meat. This indicates that the addition of CUR in chicken diets can improve the contents of
5′-nucleotides in chicken meat, improving its flavor. This may be related to the increased
level of IMP or GMP, which results from the improved antioxidant capacity of chicken
meat [41].

Table 3. Nucleotide contents of chicken breast meat samples (n = 8).

Nucleotides

Content (g/100 g)

C0
(0 mg/kg)

C1
(100 mg/kg)

C2
(150 mg/kg)

C3
(200 mg/kg)

SEM p-Value

GMP 0.38 d 0.58 b 0.86 a 0.41 c 0.07 <0.001
AMP 0.31 d 0.77 a 0.58 c 0.67 b 0.06 <0.001
IMP 0.05 d 0.08 a 0.07 b 0.06 c 0.00 <0.001

n = 8 replicates per treatment; different superscripts (a–d) means are significantly different on the same row.

3.3. Fatty Acid Analysis

From the perspective of human health, chicken meat can be regarded as a high-quality
resource of essential fatty acids and proteins for the human body [42]. The tenderness,
flavor, and nutritional value of chicken meat are all affected by the composition of fatty
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acids, which is greatly affected by the dietary control of chickens. The effect data of the
addition of CUR in chicken diets on the contents of fatty acids in chicken meat are listed in
Table 4. From the table, it can be seen that primary fatty acids detected in chicken meat
included C16:0, C18:1 n-9 c, C18:2n-6, and C20:4n6.

Table 4. Fatty acid composition and content of chicken breast meat samples (n = 8).

Fatty Acid

Content (g/100 g)

C0
(0 mg/kg)

C1
(100 mg/kg)

C2
(150 mg/kg)

C3
(200 mg/kg)

SEM p-Value

C10:0 0.01 0.01 0.01 0.01 0.00 <0.001
C12:0 0.02 c 0.03 b 0.02 c 0.03 a 0.00 <0.001
C13:0 0.01 0.01 0.01 0.01 0.00 <0.001
C14:0 0.32 c 0.53 a 0.29 d 0.39 b 0.03 <0.001
C15:0 0.10 b 0.16 a 0.10 b 0.15 a 0.10 <0.001
C16:0 6.55 b 9.46 a 6.09 c 4.41 d 0.89 0.261
C17:0 0.28 b 0.35 a 0.26 c 0.34 a 0.01 <0.001
C18:0 5.79 c 7.57 a 6.19 bc 6.76 b 0.26 0.005
C20:0 0.18 b 0.20 a 0.13 c 0.20 a 0.02 0.197
C21:0 0.03 b 0.03 b 0.07 a 0.05 ab 0.01 0.050
C22:0 0.09 b 0.08 b 0.12 a 0.11 ab 0.01 0.001
C23:0 0.10 a 0.06 b 0.09 a 0.09 a 0.01 0.171
C24:0 0.13 a 0.05 a 0.11 a 0.10 a 0.02 0.245
SFA 13.62 b 18.52 a 13.47 b 12.64 c 1.04 0.142

C14:1 0.10 c 0.23 a 0.09 c 0.10 b 0.02 <0.001
C16:1 3.28 b 5.84 a 2.98 c 3.28 b 0.44 <0.001

C18:1n9c 25.33 a 15.13 b 12.68 c 24.12 a 2.74 0.286
C20:1 0.08 b 0.14 a 0.08 b 0.10 b 0.01 0.013
C24:1 0.23 bc 0.18 c 0.50 a 0.29 b 0.05 0.001

MUFA 29.02 a 21.51 b 16.33 c 27.90 a 2.63 0.329

C18:2n6c 6.17 a 0.44 d 5.56 b 3.86 c 1.04 0.193
C18:3n6 (GLA) 0.38 c 0.74 a 0.34 c 0.63 b 0.06 <0.001
C18:3n3 (ALA) 3.86 b 3.62 b 3.07 c 4.73 a 0.23 0.001
C20:4n6 (AA) 5.98 c 5.99 c 12.16 a 9.07 b 1.02 0.018
C20:5n3 (EPA) 0.26 c 0.44 b 0.69 a 0.43 b 0.06 <0.001

C22:6n3
(DHA) 1.55 b 1.43 b 4.70 a 2.03 b 0.53 0.017

PUFA 18.21 c 12.67 d 26.52 a 20.75 b 2.06 0.048

PUFA/SFA 1.33 ab 0.68 b 1.97 a 1.73 a 0.21 0.069
n-3 PUFA 5.68 b 5.50 b 8.46 a 7.19 ab 0.49 0.031
n-6 PUFA 12.53 a 7.17 d 18.05 a 13.56 c 1.64 0.074

n = 8 replicates per treatment; different superscripts (a–d) means are significantly different on the same row.
SFA—saturated fatty acid; PUFA—polyunsaturated fatty acid; PUFA/SFA—the ratio between contents of PUFAs
and SFAs.

The addition of CUR in chicken diets exerts a certain impact on the total SFA contents
in chicken meat. SFAs in chicken meat are mostly palmitic acids (C16:0) and stearic
acids (C18:0), indicating that these two fatty acids play important roles in the formation of
chicken meat flavor. Compared with the C0 group, different experimental groups presented
significant differences in their contents of palmitic acids (C16:0) (p < 0.05). Chicken meat
in the C3 group presented the lowest contents of palmitic acids, which were significantly
lower than those of chicken meat in the C0 group (p < 0.05). After the addition of CUR in
chicken diets, chicken meat in the C2 group presented reduced contents of SFA fatty acids,
with more significantly reduced contents of SFA fatty acids among chicken meat in the
C3 group. This indicates that an appropriate CUR addition amount can decrease the SFA
content in chicken meat. It is worth noting that among different dosage groups, chicken
meat in the C1 group presented significantly increased stearic acid (C18:0) and total SFA
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contents with decreased concentrations of oleic acids (C18:1n-9c) and monounsaturated
fatty acid (MUFA). Analysis shows that the possible reason is that the addition of CUR in
chicken diets leads to a reduced conversion efficiency of stearic acid (C18:0) to oleic acid
(C18:1n-9c). However, its mechanism is not fully understood [43].

MUFAs in chicken meat primarily include oleic acids (C18:1n9c) and palmitoleic acids
(C16:1), while PUFAs in chicken meat primarily include linoleic acids (C18:2n6c) and arachi-
donic acids (C20:4n6). Among all MUFAs, chicken meat in the C0 group presented the highest
contents of oleic acids, which were significantly higher than those of chicken meat in the C1
and C2 groups (p < 0.05). Chicken meat in the C1 group exhibited the highest contents of
C14:1, C16:1, and C20:1, which were significantly higher than those of chicken meat in all
other groups (p < 0.05). The contents of C20:4n6 in chicken meat in the C1 group were not
significantly different from those of chicken meat in the C0 group but significantly lower
than those of chicken meat in the C2 and C3 groups (p < 0.05). Meanwhile, chicken meat
in the C2 group presented the highest contents of C20:4n6 (AA), which were significantly
higher than those of chicken meat in all other treatment groups (p < 0.05). Chicken meat
in the C2 group exhibited the lowest contents of C14:1, C16:1, and C18:1n9c. Among them,
the contents of C14:1 in chicken meat in the C2 group were significantly lower than those of
chicken meat in the C1 and C3 groups (p < 0.05), but not significantly different from those
of chicken meat in the C0 group. The contents of C16:1 and C18:1n9c in chicken meat in the
C2 group were significantly lower than those of chicken meat in the C0, C1, and C3 groups.
PUFA is an essential substance for the human body, and a certain intake of PUFA has many
benefits for human health [42]. A relatively high intake of n-3PUFA through diet is conducive
to controlling cardiovascular diseases among humans. Therefore, an increase in the content of
n-3PUFA can more specifically reflect the improvement in the food health indicators [43,44].
n-6 PUFA has the effects of maintaining the blood–lipid balance and preventing cardiovas-
cular diseases. The study results showed that chicken meat in the C2 group exhibited the
highest contents of C20:5n3 (EPA), C20:4n6 (AA), C22:6n-3 (DHA), and total PUFA (p < 0.05),
indicating the potential of CUR for enriching PUFA in chicken meat [39]. Chicken meat with
a higher PUFA/SFA ratio presents better quality. The results indicate that an appropriate
addition amount of CUR in rations of broiler chickens can improve the nutritional value of
chicken meat by impacting the fatty-acid composition of chicken breast meat. The reason
could lie in the fact that antioxidant components in CUR can prevent the oxidation of PUFA,
thus reducing the oxidation of fatty acids in chicken breast meat and consequently improving
the quality of chicken meat. Similar effects have also been reported for other additives with
antioxidant activity [43,45].

3.4. Analysis of Volatile Compounds

It can be seen that a total of 78 volatile compounds were detected among all chicken
breast meat samples (Table 5). These compounds can be divided into 7 chemical classes,
including 21 aldehydes, 19 hydrocarbons, 12 ketones, 7 alcohols, 4 esters, 10 aromatic
compounds, 3 acids, and 2 heterocyclic compounds. Meanwhile, changes in varieties and
contents of flavor compounds in chicken meat can be observed after the addition of CUR
in chicken diets.

Meat flavor is a key factor for consumers when judging the acceptability of meat. During
the cooking process, a series of complex reactions, including the Maillard reaction, lipid
oxidation degradation, and thiamine degradation, will occur in flavor precursor substances
in chicken meat. Volatile odors and flavor compounds produced during these reactions
collectively constitute the overall flavor of chicken meat. In addition, lipid oxidation and the
Maillard reaction are two important reactions that produce volatile compounds in chicken
meat [46]. Aldehydes are key flavor compounds produced through the Strecker reaction
of amino acids and the oxidation degradation of fatty acids [47,48]. These compounds are
one of the main sources of meat flavor, and food containing aldehydes presents the scents of
lipid, grass [49], and citrus. Compared to chicken meat in the C0 group, after the addition of
CUR in chicken diets, chicken meat in different experimental groups all presented increased

164



Foods 2024, 13, 2230

contents of aldehydes. Six aldehyde compounds, including hexaldehyde, heptaldehyde, octyl
aldehyde, and n-nonyl aldehyde, exhibited a dosage effect (p < 0.05). Alcohols in the chicken
meat primarily come from the oxidation degradation of unsaturated fatty acids. Alcohols can
be divided into straight-chain alcohols and branched-chain alcohols. Straight-chain alcohols
primarily come from lipid oxidation [46]. Branched-chain alcohols are mostly produced
through the reduction of branched-chain aldehydes and the Strecker degradation of amino
acids. These alcohols normally contain low-carbon chains. With the increase in the number of
carbon chains, the flavor of alcohols changes from an anesthetic odor to a scent of fruit and
lipids. From Table 5, it can be seen that a total of seven alcohol compounds were detected
among the chicken meats in the C2 and C3 groups, and only six alcohol compounds were
detected among the chicken meats in the C0 and C1 groups, with no 1-octen-3-ol detected.

Table 5. Effects of dietary CUR on the volatile compounds of chicken breast meat samples (n = 8).

Volatile Compounds

Content (ng/g)

C0
(0 mg/kg)

C1
(100 mg/kg)

C2
(150 mg/kg)

C3
(200 mg/kg)

SEM p-Value

Aldehydes

Hexanal 255.35 c 716.89 b 1514.93 a 1637.96 a 189.86 <0.001
2-Hexenal,(E)- 0.25 c 0.64 c 3.07 a 2.10 b 0.37 <0.001

Heptanal 9.57 c 36.08 b 45.74 b 59.84 a 6.27 <0.001
2-Heptenal,(E)- 1.70 d 4.84 c 18.72 a 14.23 b 2.26 <0.001

2,4-Heptadienal,(E,E)- 0.17 d 0.68 c 3.10 a 2.13 b 0.38 <0.001
Octanal 6.89 c 30.44 b 38.76 b 55.59 a 5.94 <0.001

2-methylundecanal 1.04 b 2.17 a 1.80 a 1.81 a 0.17 0.022
2-Octenal,(E)- 0.90 d 3.61 c 14.22 a 11.00 b 1.77 <0.001

Nonanal 8.84 d 43.94 c 62.78 b 97.87 a 10.70 <0.001
1,3,4-trimethyl-3-
Cyclohexene-1-

carboxaldehyde,
1.32 b 2.2 a 0.09 c 0.74 b 0.27 0.002

2-Nonenal,(E)- 0.15 c 0.69 b 2.28 a 2.25 a 0.31 <0.001
Decanal 0.39 d 1.53 c 2.69 b 3.98 a 0.44 <0.001

2,4-Nonadienal,(E,E)- 0.40 d 1.88 c 8.38 a 7.01 b 1.10 <0.001
2-Decenal, (E)- 0.18 c 0.95 b 3.87 a 4.03 a 0.56 <0.001

2,4-Decadienal,(E,Z)- 0.15 d 0.72 c 2.98 a 2.11 b 0.37 <0.001
Undecanal 0.07 d 0.67 a 0.35 b 0.21 c 0.11 0.146

2,4-Decadienal,(E,E)- 0.32 d 1.75 c 7.00 a 5.07 b 0.88 <0.001
2-Undecenal,(E)- 0.09 c 0.38 b 1.61 a 1.58 a 0.23 <0.001

Dodecanal 0.10 d 0.39 c 1.32 a 0.90 b 0.16 <0.001
Tridecanal - 0.45 0.84 0.64 0.12 0.018

Pentadecanal 0.18 c 0.45 b 0.9 a 0.69 ab 0.09 0.002
Subtotal 288.05 c 851.36 b 1735.39 a 1911.69 a 219.85 <0.001

Hydrocarbons

1,2-epoxyheptane 1.34 c 5.03 b 6.27 a 7.12 a 0.76 <0.001
Bornyl bromide 1.29 a 2.00 a 0.09 b 0.12 b 0.28 0.002

4,5-Epoxynonane,(E)- - 0.09 b 0.27 a 0.12 b 0.04 0.076
Tetradecane 0.29 b 0.75 a 0.80 a 0.94 a 0.09 0.013
Heneicosane 0.73 b 1.62 ab 2.21 a 2.19 a 0.24 0.056
Pentadecane 0.27 b 0.57 b 1.34 a 1.37 a 0.18 <0.001

n-Hexadecane 0.40 d 0.66 c 0.99 a 0.87 b 0.11 0.017
1,3-Octadiene 0.42 c 1.57 b 3.40 a 3.24 a 0.41 0.250
β-myrcene 25.02 c 24.65 c 29.01 b 33.15 a 1.85 0.408

2,6-Dimethyl-1,3,5,7-
octatetrene,(3 E,5

E)-
1.96 b 3.22 a 0.13 c 0.18 c 0.44 <0.001

2-Carene 1.39 a 1.55 a 0.03 b 0.07 b 0.26 0.008
1,3-Hexadiene,3-ethyl-2-

methyl- 275.71 b 689.55 a 17.46 c 13.23 d 101.38 0.008

D-Limonene 0.61 d 0.93 c 3.99 a 3.60 b 0.50 <0.001
beta.-Ocimene 2.83 a 2.84 a 0.08 b 0.17 b 0.49 0.010

.gamma.-Terpinene 0.93 c 1.25 b 1.601 a 1.25 b 0.11 0.224
Cyclohexene,1-methyl-4-(1-

methylethylidene)- 1.06 b 1.65 a 0.13 c 0.16 c 0.23 0.010

Limonene oxide,(E)- 2.42 b 5.69 a 0.02 d 1.04 c 0.74 <0.001
3-Octadecene 0.8 c 1.62 b 2.21 a 2.19 a 0.21 0.006

(E)-9-Octadecene 0.13 d 0.35 c 0.75 a 0.50 b 0.09 0.044
Butanoic acid,anhydride 0.23 b 1.16 a 1.06 a 0.91 a 0.13 <0.001

Subtotal 317.82 b 746.75 a 71.79 c 72.35 c 101.11 0.007
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Table 5. Cont.

Volatile Compounds

Content (ng/g)

C0
(0 mg/kg)

C1
(100 mg/kg)

C2
(150 mg/kg)

C3
(200 mg/kg)

SEM p-Value

Ketones

Hexanone,4-hydroxy-3-
propyl- 0.58 d 1.49 c 2.03 b 1.80 a 0.21 0.023

3-Heptanone 0.39 c 0.75 b 1.46 a 1.45 a 0.16 <0.001
2-Heptanone 9.21 c 33.37 b 57.31 a 63.55 a 7.28 <0.001

Heptanone,6-methyl- 0.90 d 6.19 c 10.52 a 8.49 b 1.22 <0.001
3-Ethylcyclopentanone 0.50 c 1.87 b 3.95 a 3.31 a 0.45 <0.001

2,5-Octanedione 37.27 d 173.13 c 254.94 b 288.56 a 32.98 <0.001
3,5-Octadien-2-one 0.18 c 1.03 b 2.63 a 2.84 a 0.37 <0.001

2-Nonanone 0.96 c 1.09 bc 1.15 b 1.36 a 0.06 0.087
Cyclohexanone,2-methyl-5-
(1-methylethenyl)-,trans- 3.32 b 5.80 a 0.91 d 1.05 c 0.68 <0.001

2-Undecanone 0.24 c 1.03 b 1.61 a 1.58 a 0.21 0.012
trans-3-Nonen-2-one 0.18 d 1.16 c 6.92 a 5.85 b 0.96 <0.001

11-Heneicosanone - - 0.01 b 0.16 a 0.02 0.006
Subtotal 53.72 c 226.92 b 343.42 379.96 a 43.22 <0.001

Alcohols

3,5-Octadien-2-ol 0.11 d 1.92 c 3.79 a 3.43 b 0.49 <0.001
Benzyllinalool 1.24 b 1.25 b 2.3 a 2.48 a 0.21 0.010

1,3-Dioxolane-2-butanol,2-
methyl- 0.10 d 0.70 c 3.89 b 5.04 a 0.68 <0.001

2,5-Dimethylcyclohexanol 0.31 d 2.18 c 11.85 a 10.04 b 1.62 <0.001
Linalool 0.04 c 0.06 bc 0.11 a 0.07 b 0.01 <0.001

2-Octen-1-ol,(E)- 0.05 d 0.42 c 1.75 a 0.64 b 0.20 <0.001
1-Octen-3-ol - - 0.64 a 0.03 b 0.01 <0.001

Subtotal 1.85 d 6.53 c 23.73 a 21.71 b 3.10 <0.001

Esters

Caproic acid vinyl ester 0.13 d 1.02 c 4.3 b 5.97 a 0.78 <0.001
Butyrolactone 0.2 d 0.82 a 0.46 c 0.66 b 0.09 0.011
Linalyl acetate 0.54 b 0.88 a 0.12 c 0.08 c 0.12 0.003

Carbamodithioic
acid,diethyl-,methyl ester 6.49 b 9.14 a 1.16 c 0.49 d 1.23 <0.001

Subtotal 7.35 b 11.86 a 6.02 b 7.19 b 0.86 0.016

Aromatic

Toluene 8.82 d 11.04 c 33.46 b 68.51 a 7.74 <0.001
Ethylbenzene 2.10 c 2.73 c 14.84 b 32.68 a 3.99 <0.001

p-Xylene 5.76 a 6.41 a 1.95 b 6.93 a 0.66 0.011
Styrene 1.05 c 1.13 c 46.29 b 113.95 a 14.82 <0.001

Benzene,1,3-dimethyl- 2.87 c 3.82 bc 4.32 b 6.93 a 0.50 0.002
Benzene,(1-methylethyl)- 0.05 c 0.1 c 1.93 b 4.49 a 0.58 <0.001

Benzaldehyde 11.90 c 15.02 bc 21.92 a 18.39 ab 1.35 0.011
o-Cymene 37.90 b 54.47 a 0.35 c 0.30 c 8.09 0.001

Benzeneacetaldehyde 1.20 b 1.83 ab 2.30 a 2.48 a 0.20 0.044
Benzaldehyde, 4-ethyl- 0.20 c 1.52 b 3.51 a 3.77 a 0.49 <0.001

Subtotal 71.84 d 98.08 c 130.84 b 258.4 a 23.16 0.000

Acids
Pentanoic acid 0.29 c 1.18 b 2.08 a 2.34 a 0.29 0.007
Hexanoic acid 2.54 d 15.02 c 38.86 b 51.99 a 6.47 <0.001

Subtotal 2.83 d 16.20 c 40.94 b 54.33 a 6.75 0.000

Heterocyclic
1,2-Benzisothiazole 0.28 d 0.40 c 7.04 b 11.21 a 1.50 <0.001

Hydantoin 0.13 c 1.50 a 0.21 b 0.12 c 0.21 <0.001
Subtotal 0.40 d 1.90 c 7.24 b 11.33 a 1.42 0.000

n = 8 replicates per treatment; different superscripts (a–d) means are significantly different on the same row.

Hydrocarbons can be divided into straight-chain hydrocarbons and olefins. Among
them, straight-chain hydrocarbons have a relatively high threshold [50], thus exhibiting
a relatively low contribution to meat flavor. After the addition of CUR in chicken diets,
changes in the varieties and contents of hydrocarbons in chicken meat in different CUR-
dosage groups were observed, with no trans-4,5-epoxydecane detected among the chicken
meats in the C0 group. Myrcene presents a faint, meaty aroma. Chicken meat in the C3
group presented the highest contents of myrcene, which were significantly higher than
those of chicken meat in the C0, C1, and C2 groups (p < 0.05). Ketone compounds mostly
come from the oxidation degradation of fats. Most ketone compounds present aromas of
milk and fruit. Ketones present a much higher threshold than that of aldehydes. Therefore,
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ketone compounds make a lower contribution to meat flavor than aldehyde compounds.
Compared with chicken meat in the C0 group, after the addition of CUR in chicken diets,
chicken meat presented a significantly increased content of ketones. Among all ketone
compounds, chicken meat in different treatment groups presented the highest contents of
2,5-octanedione. Among all ester compounds that were detected, chicken meat in the C3
group presented the highest contents of ethyl caproate, which were significantly higher
than those of chicken meat in all other groups (p < 0.05). Meanwhile, among all chicken
meat samples, only two acid compounds, valeric acid, and caproic acid, were detected.
Compared with chicken meat in the C0 group, chicken meat after the addition of CUR in
chicken diets presented a significantly increased content of total acids (p < 0.05). Among
all chicken meat samples, two heterocyclic compounds, benzoisothiazole and hydantoin,
were detected. With an increased CUR addition amount in chicken diets, the contents of
benzoisothiazole in chicken meat significantly increased (p < 0.05). Aromatic compounds
that were detected in this study present a dosage effect on their total contents. Among these
compounds, toluene and styrene hold a large proportion. Significant differences in the
contents of aromatic compounds were observed among chicken meat samples in different
groups, with the content of ortho-isopropyl toluene presenting a negative correlation with
the CUR addition amount.

3.5. Identification of Key Aroma Components Based on OAV

Odor activity value (OAV) is an index used in the selection and identification of key
flavor compounds in meat products. It is generally believed that an OAV greater than 1
indicates that the compound in question has a contribution to meat flavor. Meanwhile,
a higher OAV indicates a higher contribution level of the compound to meat flavor [51].
From Table 6, it can be seen that a total of 13 flavor compounds with an OAV greater
than 1 were detected among chicken meat samples in different treatment groups. Among
them, there were 11 aldehyde compounds and 2 aromatic compounds. This indicates
that all these 13 compounds make a significant contribution to the flavor of chicken meat.
With a very low threshold, aldehydes exhibit a relatively high OAV and a significant
contribution to meat flavor. Chicken meat in the CUR groups presents higher OAVs of
hexaldehyde, heptaldehyde, octyl aldehyde, nonaldehyde, capraldehyde, and trans-2-
decenal than those of chicken meat in the C0 group. Compared with chicken meat in all
other groups, only chicken meat in the C2 group presents OAVs of myrcene greater than
one, and only chicken meat in the C3 group exhibits OAVs of ethylbenzene greater than one.
Benzaldehyde has a relatively low threshold and a high content in chicken meat. Therefore,
its OAV is relatively high, making it a compound that contributes to the sweet flavor
of chicken meat. Ethylbenzene is an aromatic compound that presents a unique aroma.
Ethylbenzene itself presents a low contribution to the flavor of chicken meat. However, its
concentrations in chicken meat continuously increases with the CUR addition amount in
chicken diets, leading to the continuous increase in its contribution to meat flavor. Based on
the above analysis, it can be concluded that the addition of CUR in chicken diets presents
the most significant impact on the content of volatile aldehyde compounds in chicken meat.
Compared with chicken meat in the C0 group, chicken meat in the CUR-dosage groups
all presents increased OAVs of those 13 flavor compounds. This indicates that, with the
addition of CUR in chicken diets, the flavor of chicken meat could be impacted through its
affected content of volatile compounds.
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Table 6. The OAV of volatile flavor compounds in breast muscles of chicken (n = 8).

Compound
Odor Threshold

(μg/kg)
Odor

Description

OAV
C0

(0 mg/kg)
C1

(100 mg/kg)
C2

(150 mg/kg)
C3

(200 mg/kg)

Hexanal 5 Green, grassy, fat 51.07 143.38 302.99 327.59
Hexanal 3 Fresh, burnt fat 3.19 12.03 15.25 19.95
Octanal 1 Fatty, green 6.89 30.44 38.76 55.59

Trans-2-octenal 0.08 fruit, Fatty 11.28 45.11 177.67 137.50
Nonanal 1 Fatty, green 8.84 43.94 62.78 97.87

Trans-2-nonenal 0.08 Fatty 1.88 8.56 28.49 28.15
Decanal 0.1 Green, onion, yeast 3.90 15.33 26.91 39.75

2,4-nonadienal,(E,E)- 0.06 Flower, Fatty 6.61 31.29 139.55 116.84
Trans-2-decenal 0.3 Sweet orange 0.59 3.19 12.89 13.42

-2,4-Decadienal,(E,E) 0.7 Fatty, toasted, scallion 0.45 2.50 10.00 7.24
Lauric aldehyde 0.9 Flower 0.11 0.44 1.46 0.99

Benzaldehyde 3 Nutty, bitter almond,
burnt sugar 3.96 5.01 7.31 6.13

Ethyl benzene 29 Fragrant 0.07 0.09 0.51 1.13

4. Conclusions

The results show that the addition CUR in chicken feed is conducive to promoting
the deposition of amino acids in chicken meat and improving its content of 5′-nucleotides,
thus reducing the contents of SFA and C20:4 n6 and increasing the PUFA/SFA ratio in
chicken meat. Moreover, after the addition of CUR in chicken diets, the volatile flavor
characteristics of chicken breast meat can be improved. Particularly, its content of aldehydes
can be significantly increased. Among them, daily feeding with 150 mg/kg CUR has the
best effect on improving the nutritional value and flavor of chicken.
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