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ABSTRACT 

	The growing demand for plant-based analogues has been driven by the declining global supply of animal protein, the prevalence of animal diseases, and increasing health and halal concerns. White oyster mushroom (Pleurotus florida) was utilized to develop a vegan meat analogue in the form of mushroom balls. The research was conducted in two stages. The first stage involved optimizing formulations and evaluating physicochemical, textural, and sensory properties. The second stage investigated the health effects of the optimized product using hypercholesterolemic rat models. Proximate composition, dietary fibre, texture profile analysis, and sensory evaluation were performed, alongside animal trials comparing mushroom ball supplementation to simvastatin treatment. Proximate composition varied significantly (p < 0.05) among formulations, with moisture (56.42–62.54%), protein (5.73–6.90%), fat (0.34–4.43%), ash (2.16–2.71%), carbohydrate (28.09–32.86%), and energy (153.76–179.00 kcal). The product provided high dietary fibre (8.6 g/serving), equivalent to one-third of the adult daily requirement. Texture analysis showed that increased carrageenan enhanced firmness, while oil content modulated both firmness and toughness. Sensory evaluation identified M3 and M4 as the most acceptable formulations. In animal studies, daily supplementation (15 g) significantly reduced total cholesterol, triglycerides, and LDL levels in hypercholesterolemic rats, with effects comparable to simvastatin. Oyster mushroom-based vegan balls represent a promising plant-based meat analogue with favourable nutritional composition, desirable textural and sensory attributes, and cholesterol-lowering potential. This product can be classified as a low-fat, high-fibre, moderate-protein snack with functional health benefits.
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1. INTRODUCTION 

Plant-based meat alternatives are attracting growing interest from both consumers and food manufacturers. These products are designed to mimic the texture, flavour, appearance, and nutritional profile of conventional meat, while being derived from plant sources. The rising popularity of these substitutes is influenced by multiple factors, including a global reduction in animal protein availability, outbreaks of livestock diseases, increased demand for plant-derived proteins, and concerns related to health and halal dietary requirements. Projections indicate that global meat consumption may rise by 72% by 2030, and to meet the nutritional needs of an estimated 9.1 billion people by 2050, approximately 465 billion kilograms of meat will be required. The environmental impact and health risks associated with excessive consumption of conventional meat products can be mitigated by reducing meat intake (Van Der Weele, 2019). Numerous studies have linked animal-based proteins to chronic health conditions such as cardiovascular disease, obesity, and hypertension, primarily due to their high saturated fat and cholesterol content (Lindriati, T., 2018, Suter, 2002; Campbell, 2017; Mozaffarian, 2020). In response to these concerns, the development of plant-based meat analogues or vegetarian foods has emerged as a promising strategy to promote both nutritional health and environmental sustainability.

Various plant proteins have been explored such as soy protein, pea protein, and wheat gluten are among the most commonly utilized due to their low cost and ability to replicate the texture and functional characteristics of animal-derived meat (Kyriakopoulou et al., 2019). Mushrooms have also been utilized in the production of meat analogues due to their richness in sulfur-containing amino acids, which provide a taste similar to that of real animal meat (Kumar et al., 2017). Oyster mushrooms (Pleurotus ostreatus) were chosen as the main ingredient in the production of meat analogues due to their slightly chewy texture, which closely resembles that of meat. Additionally, mushrooms are highly nutritious in terms of dietary fibre, beta-glucan, vitamins, and minerals (Chang, 2006). The use of mushrooms as a primary ingredient in food products is somewhat limited, and mushroom marketing focuses more on selling fresh mushrooms. The shelf life of mushrooms is short because they are unstable and easily perishable. The production of frozen food products based on mushrooms can extend the shelf life of mushroom products while also adding value to the commodity. Plant-based meat analogues can have significant health benefits, including being cholesterol-free, low in fat, and rich in antioxidants, vitamins, and minerals. 

Numerous studies have reported that mushrooms possess valuable nutritional properties that may help address various health issues such as obesity, hypertension, and others. Therefore, the development of mushroom-based products, such as vegan mushroom balls, and their effects on human health should be scientifically evaluated. One relevant approach is through animal studies, such as the Animal Study on the Anti-Cholesterolemic Effects of Mushroom Balls. Edible mushrooms are considered a potential dietary intervention for the prevention of atherosclerosis, primarily due to their low fat content and high levels of soluble fibre (Hennig et al., 2005; Souci et al., 2008). Oyster mushrooms (Pleurotus ostreatus) have been found to contain mevinolin (lovastatin), an HMG-CoA reductase inhibitor, which may contribute to cholesterol-lowering effects (Gunde-Cimerman & Cimerman, 1995). Plant-based meat analogues, such as vegan mushroom balls, represent a sustainable and ethical alternative to conventional animal-based proteins. Formulated primarily from mushrooms, these products aim to replicate the sensory qualities of meat while providing potential health advantages, including reduced saturated fat and cholesterol, and increased dietary fibre. The production of mushroom-based products generally requires fewer natural resources and produces lower greenhouse gas emissions compared to livestock farming, supporting environmental sustainability. Moreover, mushroom balls cater to the needs of vegetarians, vegans, and health-conscious consumers, aligning with the growing demand for nutritious, sustainable, and plant-based protein sources.
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Therefore, this study aimed to develop vegan mushroom balls with desirable meat-like properties and potential impacts on human health. The physicochemical qualities and sensory characteristics of the developed vegan mushroom balls were investigated. In addition, an animal study on the anti-cholesterolemic effects of mushroom balls was conducted to evaluate their potential health impact.
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2. material and methods 

2.1 Preparation of vegan mushroom balls
The formulation of vegan mushroom balls is presented in Table 1 below. Oyster mushrooms (Pleurotus ostreatus) are selected and cleaned, then cut into small pieces (4 – 5 cm in length). The mushrooms are boiled for 15 minutes at a temperature exceeding 100 °C using a jacketed cooker and strained. The partially processed mushrooms are then minced together with other ingredients, including oil, phosphate binding agent, seasoning powder, vegetable protein, wheat flour, and corn starch, until homogeneous using a bowl chopper machine. The well-mixed dough is then transferred into a meatball-forming machine to shape it into balls. The mushroom balls are cooked in hot water until done, after which they are drained, weighed, and packaged. Following this, the products undergo rapid freezing at −18 °C for 30 minutes to preserve their quality. Finally, the frozen mushroom balls are stored at −18 °C until further use or distribution.
[bookmark: _Hlk207895159]Based on a preliminary experimental design using a factorial design approach, an optimal formulation was identified, comprising 0.6% transglutaminase and 6% oil in the production of vegan mushroom balls. For this study, the formulation parameters involved transglutaminase and oil percentage, ranging from 0.2–0.6% and 2–6%, respectively. A two-factor, two-level factorial design (2FI model) was employed to investigate the effects of transglutaminase concentration (Factor A: 0.20–0.60%) and oil content (Factor B: 2.00–6.00%) on the textural and sensory attributes of vegan mushroom balls. This experimental design evaluated two main responses: sensory attributes (such as taste, texture, and overall acceptability) and instrumental texture measurements. A total of five formulations were developed for proximate analysis, texture analysis, and sensory evaluation. Meanwhile, the nutritional information analysis and animal study focused solely on the optimal vegan mushroom ball formulation determined from the previous factorial design study (Formulation M4). The cholesterol-lowering efficacy of the vegan mushroom ball was investigated through an in vivo animal study. 

[bookmark: _Hlk207118960]Table 1: Formulations of vegan mushroom balls
	Ingredients
	M1 (%)
	M2 (%)
	M3 (%)
	M4 (%)
	M5 (%)

	White oyster mushroom
	82.8
	82.4
	78.8
	78.4
	80.6

	Fosfat binder
	0.4
	0.4
	0.4
	0.4
	0.4

	Flavour mixture
	2.3
	2.3
	2.3
	2.3
	2.3

	Monosodium glutamate (MSG)
	0.2
	0.2
	0.2
	0.2
	0.2

	Sugar
	2.5
	2.5
	2.5
	2.5
	2.5

	Salt
	0.6
	0.6
	0.6
	0.6
	0.6

	Hydrolyzed plant protein
	1
	1
	1
	1
	1

	Wheat flour
	4.5
	4.5
	4.5
	4.5
	4.5

	Potato flour
	3.5
	3.5
	3.5
	3.5
	3.5

	Cooking oil
	2
	2
	6
	6
	4

	Transglutaminase
	0.2
	0.6
	0.2
	0.6
	0.4

	Total
	100
	100
	100
	100
	100



2.2 Proximate analysis 
The moisture, crude protein, crude fat and ash content of vegan mushroom balls were measured in triplicates using the Association of Official Analytical Chemists' (AOAC) authorized procedures 925.10, 923.03, 920.85, and 920.87 (AOAC, 2000). Carbohydrate was estimated by different. Total dietary fibres were determined using the AOAC Official Method of Analysis 985.29 (45.4.07) (AOAC, 2012). Total sugar was analyzed using the AOAC Official Method 968.28 (2016, 20th Edition).
2.3 Texture analyser analysis
A TA-HDi texture analyzer (Stable Micro Systems, UK), fitted with a 2-mm cylindrical stainless probe, was employed for analysis at five distinct points. The two-cycle puncture test was conducted perpendicular to the mushroom ball samples, reaching 50% deformation (relative to sample height) at a speed of 0.5 mm/s, with a 2-second pause between cycles. From the force-by-time data, the following Texture Profile Analysis (TPA) parameters were computed: firmness (g) and toughness (g.sec)
2.4 Sensory evaluation 
A consumer acceptance test was conducted to evaluate the sensory attributes of the vegan mushroom ball, focusing on colour, tenderness, firmness, juiciness, taste and overall acceptability. A total of 60 untrained panelists, consisting of MARDI staff and practical students from various universities and colleges, participated in the evaluation. Panelists were between 21 and 58 years of age and met the inclusion criteria of being in good health and non-smokers.
The evaluation was carried out in the Food Sensory Laboratory of the Food Science and Technology Research Center, MARDI, under ambient room temperature and fluorescent lighting. Each panelist was provided with tissue and plain water on a tray. Samples were served in plastic plates labelled with randomly assigned three-digit codes to minimize bias. Panelists were instructed to rinse their mouths with water after evaluating each sample before proceeding to the next.
Sensory responses were recorded using a 7-point hedonic scale, where 1 = “dislike extremely” and 7 = “like extremely.” Samples with a mean overall acceptability score greater than 5.00 were considered acceptable.


2.5 Anti-cholesterol study using vegan mushroom balls in hypercholesterolemic rats
An anti-cholesterol study was conducted using vegan mushroom ball administered to rats that had been induced to develop hypercholesterolemia except for normal rat (Control). A total of 28 healthy male rats, aged four weeks with an average body weight of 101.37 ± 13.31 g, were used in the study. After a seven-day acclimatization period, the rats were randomly divided into four groups: 
I. Control (C) for normal rats
II. Negative control (CN) for hypercholesterolemic rats without treatment
III. Positive control (CP) for hypercholesterolemic rats treated with statin (simvastatin 40 mg/kg)
IV. Mushroom ball (MB) Hypercholesterolemic rats treated with mushroom balls (15 g/day)
After the induction period, the treatment phase commenced. Hypercholesterolemic rats in the MB groups were administered 15 g of mushroom ball samples daily for 28 days. The C, CN and CP group received a standard rat pellet diet. Body weight gain was monitored and recorded throughout the study period.
At the end of the 28-day treatment period, blood samples were collected from all rats. These samples were analyzed for lipid profile parameters including total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglycerides using a Selectra E Blood Chemistry Analyzer with RANDOX reagents.
3. results and discussion

3.2 Proximate and nutritional analysis of mushroom balls
The proximate compositions of vegan mushroom balls with different formulations are presented in Table 2. The proximate composition varied significantly (p<0.05) among the samples, with moisture, protein, fat, ash, carbohydrate and energy contents ranging from 56.42–62.54%, 5.73–6.90%, 0.34–4.43%, 2.16–2.71%, 28.09–32.86% and 153.76–179.00 kcal, respectively. Formulation M1 recorded the highest moisture content (62.54%), followed by M3 (59.25%), M4 (58.35%), M5 (56.42%) and M2 (57.19%). Higher moisture content is generally associated with softer texture and shorter shelf life due to increased susceptibility to microbial growth (Fellows, 2017). Conversely, M5, with the lowest moisture content, may demonstrate improved storage stability. In contrast, M4 had the highest fat content (4.43%), while M2 contained the least (0.34%). The carbohydrate content was highest in M2 (32.86%) and lowest in M1 (28.09%). Energy content was highest in M4 (179.00 kcal) and lowest in M1 (153.76 kcal). 

Similarly, findings by Moorthi et al. (2022) showed that plant-based alternatives such as meatless nuggets also exhibited distinct nutritional profiles, with proximate compositions differing significantly (p<0.05) between formulations. Their study reported higher moisture (53.35–68.44%) and carbohydrate contents (13.96–22.57%), but lower protein (8.09–11.05%) and fat (5.57–8.63%) compared to conventional meat-based products. When compared to the present vegan mushroom balls, the protein levels of meatless nuggets (Moorthi et al., 2022) were relatively higher, while the mushroom-based formulations showed substantially greater carbohydrate content. These differences highlight how variations in raw materials and formulation strategies can influence the nutritional balance of plant-based meat analogues, and suggest that combining different plant sources (e.g., mushrooms with legumes or cereals) may help improve both protein and carbohydrate profiles in future product development.

Fat content showed the greatest variability, ranging from 0.34% in M2 to 4.43% in M4. The elevated fat content in M4 can be attributed to the higher oil incorporation during formulation, which may enhance mouthfeel but could also influence caloric density and oxidative stability (Frankel, 2012). Another study on low-fat meatballs with 10% fat reported compositions of 67.29% moisture, 16.71% protein, 11.20% fat and 2.32% ash (Yilmaz, 2004). Similarly, quail meatballs prepared using various types of flour have shown proximate values comparable to those of meatballs made from other meats such as chicken. Vegan mushroom balls in the present study were found to have lower protein content (5.73–6.90%) and higher carbohydrate content (28.09–32.86%) compared to various kinds of commercial chicken meatballs available in Malaysian markets. According to Huda (2011), chicken meatballs contain 12.83–13.71% protein and 5.23–8.25% carbohydrate, while Huda et al. (2009) reported 9.94–15.06% protein and 5.54–20.85% carbohydrate. This notable difference reflects the plant-based formulation of vegan mushroom balls, which relies on mushrooms and flour as primary ingredients, resulting in a lower protein density but higher carbohydrate content compared to animal-based meatballs. 
In comparison, the present vegan mushroom balls exhibited lower protein and higher carbohydrate contents than most meat-based counterparts, reflecting the inherent nutritional profile of plant-based ingredients. Despite this, the relatively low fat content (0.34–4.43%) makes them suitable for consumers seeking reduced-fat products. From a health standpoint, this positions vegan mushroom balls as a favourable alternative for individuals managing cholesterol intake or following low-fat diets.

Table 2: Proximate composition of vegan mushroom ball with difference formulation
	Proximate composition
	M1
	M2
	M3
	M4
	M5 

	Moisture (%)
	60.30 ± 0.24a
	57.19 ± 0.87d
	59.25 ± 0.10b
	58.35 ± 0.20c
	56.42 ± 0.08e

	Protein (%)
	6.24 ± 0.12b
	6.90 ± 0.21a
	5.84 ± 0.14c
	5.73 ± 0.05c
	6.26 ± 0.21b

	Fat (%)
	0.72 ± 0.06c
	0.34 ± 0.03d
	2.41 ± 0.04b
	4.43 ± 0.20a
	2.50 ± 0.16b

	Ash (%)
	2.42 ± 0.03b
	2.71 ± 0.05a
	2.40 ± 0.07b
	2.44 ± 0.04b
	2.63 ± 0.10a

	Carbohydrate (%)
	30.33 ± 0.24b
	32.86 ± 0.88a
	30.10 ± 0.16b
	29.05 ± 0.05c
	32.19 ± 0.13a

	Energy (Kcal)
	153.76 ± 2.09c
	162.06 ± 3.60b
	165.45 ± 0.38b
	179.00 ± 1.70a
	176.31± 1.09a 


Data was expressed as mean±SD, each value is a mean of triplicate reading (n=3), means with different lower case letters in the same column are significantly different (p = 0.05)

Based on previous findings, formulation M4 was identified as the optimum for sensory and textural properties of the vegan mushroom ball; hence, the nutritional information was derived from this formulation. The nutritional information of the product (serving size: 90 g; five servings per pack) revealed an energy value of 146 kcal per serving. The caloric values of the vegan mushroom balls (153.8–179 kcal per serving) are consistent with the caloric range reported for other plant-based meat products. For example, the median energy content of retail meat analogues in Italy has been reported at approximately 198 kcal/100 g (PMC), while products such as the Beyond and Impossible Burger contain between 230–240 kcal per serving (~113 g) (The Good Food Institute).
Overall, plant-based meat analogues tend to be lower in saturated fat and cholesterol, but they possess a different macronutrient profile—typically higher in dietary fibre and with protein levels that vary depending on the formulation—when compared to their animal-based counterparts (PMC; PubMed; Medical News Today).


Carbohydrates were identified as the predominant macronutrient (21 g per serving), with total sugar content at only 1.0 g. The low sugar-to-total carbohydrate ratio suggests that the carbohydrate fraction is mainly derived from complex carbohydrates, a characteristic associated with a lower glycaemic response (Augustin et al., 2015).Protein content was measured at 6.6 g per serving, which is relatively high for a plant-based formulation of this portion size, aligning with previous findings that mushroom- or legume-based products can serve as moderate protein sources in plant-based diets (Hassan El-Ramady, 2022). The total fat content was low (2.1 g per serving), meeting the criteria for “low fat” as defined by Codex Alimentarius guidelines (<3 g fat per 100 g for solids).

Sodium concentration was recorded at 700 mg per serving, equivalent to approximately 35% of the World Health Organization’s recommended maximum daily sodium intake (2,000 mg) (WHO, 2023). While this value is within acceptable limits for occasional consumption, it warrants caution for individuals adhering to sodium-restricted diets. A notable feature of the product was its high dietary fibre content (8.6 g per serving), which represents roughly one-third of the daily recommended intake for adults (25–30 g). High dietary fibre consumption is associated with improved bowel health, reduced risk of cardiovascular disease, and enhanced satiety (Anderson et al., 2009). Compared with other commercially available plant-based snacks, which generally contain 3–5 g fibre per serving (Rizzolo et al., 2023), this product demonstrates a superior fibre profile.
Overall, the product can be categorised as a low-fat, low-sugar, high-fibre food with moderate protein content, making it a potentially health-promoting snack option. 

Table 3: Nutritional information of vegan mushroom ball
	NUTRITION INFORMATION
Serving size: 90 g
Servings per pack: 5

	Composition
	Per 100 g
	Per serving (90 g)

	Energy
	162 kcal
	146 kcal

	Carbohydrates
	23 g
	21 g

	Total sugar
	1.1 g
	1.0 g

	Protein
	7.3 g
	6.6 g

	Fat
	2.3 g
	2.1 g

	Sodium
	778 mg
	700 mg

	Dietary fiber
	9.5 g
	8.6 g





2.2 Texture analyser analysis
Table 4 presents the effect of carrageenan (A) and oil percentage (B) on the firmness and toughness of vegan mushroom balls. Firmness values ranged from 610.56 ± 101.34 g (M3) to 1060.73 ± 72.88 g (M4), indicating that both carrageenan and oil concentration substantially influenced product texture. Samples with higher carrageenan levels (0.6%) generally exhibited greater firmness, particularly M4, which recorded the highest value and was significantly different (p < 0.05) from most other formulations. This finding is consistent with reports by Panyathitipong and Puechkamut (2010) and Arora et al. (2017), where hydrocolloids such as carrageenan enhanced the gel network, thereby increasing resistance to deformation.
Toughness values, representing the total energy required to fracture the sample, ranged from 4405.50 ± 21.92 g·sec (M3) to 6356.50 ± 75.66 g·sec (M2). M2, formulated with 0.6% carrageenan and 2% oil, exhibited the highest toughness, suggesting a synergistic effect between carrageenan concentration and lower oil content. In contrast, M3, with low carrageenan (0.2%) and high oil (6%), showed the lowest firmness and toughness, likely due to oil’s interference with the gel matrix, resulting in a softer and less cohesive structure.
The intermediate formulation (M5) with 0.4% carrageenan and 4% oil displayed moderate firmness (841.76 ± 18.47 g) and toughness (6002.50 ± 10.61 g·sec), indicating a balanced textural profile. Similar trends were reported by Mazlan et al. (2020) where appropriate hydrocolloid-to-fat ratios produced optimal mouthfeel and bite in plant-based analogues.
Overall, the results suggest that increasing carrageenan concentration enhances firmness, while oil content modulates both firmness and toughness, potentially by altering the protein–polysaccharide network and water-binding capacity. An optimal formulation may therefore require careful balancing of these two components to achieve desirable textural attributes in vegan mushroom balls.
Table 4: Texture analyser analysis of vegan mushroom balls
	Samples
	A: Carrageenan %
	B: Oil %
	Firmness
g force
	Toughness
g.sec

	
	
	
	
	

	M1
	0.2
	2
	795.98 ± 36.62bc
	5467.00 ± 72.12c

	M2
	0.6
	2
	835.29 ± 107.36b
	6356.50 ± 75.66a

	M3
	0.2
	6
	610.56 ± 101.34c
	4405.50 ± 21.92e

	M4
	0.6
	6
	1060.73 ± 72.88a
	4777.50 ± 45.96d

	M5
	0.4
	4
	841.76 ± 18.47b
	6002.50 ± 10.61b


Data was expressed as mean±SD, each value is a mean of triplicate reading (n=3), means with different lower case letters in the same column are significantly different (p = 0.05)
2.3 Sensory evaluation of vegan mushroom balls
The sensory evaluation results (Fig. 1) revealed significant differences (p < 0.05) among the five mushroom-based meat analogue formulations (M1–M5) across all sensory attributes evaluated. In terms of colour, samples M3 and M4 received the highest scores (6.17 and 6.10, respectively), which were significantly different from M1 (5.75). This suggests that the formulations of M3 and M4 achieved an appearance closer to consumer preference, possibly due to optimal ingredient combinations that enhanced product surface colour and uniformity. Similar findings were reported by Dekkers et al. (2018), who emphasized that colour plays a critical role in consumer acceptance of meat analogues.
For tenderness and firmness, M3 and M4 consistently scored higher (5.97 and 5.97 for tenderness; 5.75 and 5.67 for firmness) compared to M1 and M2, indicating better textural qualities. These results are in line with Zhang et al. (2022), who demonstrated that hydrocolloid incorporation can significantly improve binding, cohesiveness, and chewiness in plant-based products. The relatively lower scores for M1 may reflect insufficient binding capacity, resulting in a less cohesive texture.
Juiciness followed a similar trend, with M3 (5.80) achieving the highest score, while M2 and M1 scored significantly lower (4.95 and 5.22, respectively). This suggests that the balance of oil and hydrocolloid in M3 was effective in retaining moisture during cooking, thereby improving juiciness perception. Previous studies have highlighted the role of fat mimetics and hydrocolloids in improving water-holding and juiciness of meat alternatives (Sha & Xiong, 2020).
Regarding taste, M3 and M4 were most preferred (5.95 and 5.88), while M1 received the lowest score (5.15). Taste acceptability in mushroom-based analogues has been closely associated with flavour release from oil incorporation and the umami properties of mushroom proteins (Kyriakopoulou et al., 2021).
The pattern was consistent for overall acceptability, where M3 and M4 (5.92 each) outperformed the other formulations. M1, with the lowest score (4.97), was significantly less accepted, reinforcing the importance of balanced formulation in meeting consumer expectations.
Overall, the findings highlight that M3 and M4 provided superior sensory performance across most attributes, particularly in taste, tenderness, juiciness, and overall acceptability. This demonstrates that formulation optimization, particularly regarding hydrocolloid and oil levels, is crucial in enhancing consumer perception of plant-based meat analogues.
The instrumental texture analysis (Table 4) showed significant differences (p < 0.05) among the formulations in terms of firmness and toughness. M4 exhibited the highest firmness value (1060.73 ± 72.88 g) compared to the other samples, while M3 recorded the lowest firmness (610.56 ± 101.34 g). A similar trend was observed for toughness, where M2 and M5 demonstrated higher toughness values (6356.50 ± 75.66 g.sec and 6002.50 ± 10.61 g.sec, respectively), whereas M3 presented the lowest (4405.50 ± 21.92 g.sec). These variations reflect the influence of carrageenan and oil levels on the structural matrix of the mushroom-based formulations.
When related to the sensory evaluation results, a clear relationship can be observed between instrumental texture and panelists’ perception. M3, despite showing the lowest instrumental firmness and toughness, was rated highest in tenderness, juiciness, taste, and overall acceptability. This indicates that lower mechanical resistance (softer structure) was perceived positively by consumers, as tenderness and juiciness are desirable attributes in meat analogues. In contrast, the higher firmness and toughness in M1 and M2 corresponded with lower sensory scores for tenderness and juiciness, suggesting that overly rigid texture may reduce consumer acceptance.
Interestingly, M4 demonstrated both high instrumental firmness and high sensory acceptability scores, which may be attributed to an optimal balance between structural integrity and moisture retention. The higher carrageenan level (0.6%) in M4 likely contributed to a more cohesive gel matrix, improving bite characteristics without excessively increasing toughness. This supports findings by Choi and Kim (2020), who noted that moderate firmness enhances chewiness perception, leading to better overall acceptability.
The relationship between oil addition and texture was also evident. M3, formulated with the highest oil content (6%), displayed reduced firmness and toughness yet was highly accepted by panelists. Oil plays a dual role as a lubricant and moisture-retaining component, thereby improving juiciness and flavour release (Sha & Xiong, 2020). Conversely, M2 (0.6% carrageenan, 2% oil) exhibited high toughness but relatively low sensory juiciness scores, highlighting that insufficient oil may result in drier and less palatable texture despite enhanced gel strength.
Overall, these findings suggest that consumer-preferred formulations (M3 and M4) achieved a balance between instrumental and sensory attributes, where adequate firmness is maintained for structural integrity, but excessive toughness is avoided. This demonstrates the importance of fine-tuning carrageenan and oil levels to optimize both mechanical texture and consumer-perceived quality in plant-based meat analogues.


Graph 1: The sensory evaluation results among the five mushroom-based meat analogue formulations (M1–M5)
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[bookmark: _Hlk205902212]Table 5 illustrates the normalized body weight gain of the experimental rats.
Rats that were fed with normal pallets and also hypercholesterolemic rats without treatment (CN) exhibited the lowest weight gain compared to other groups, while the normal rats (C) group showed the highest increase. However, the differences in body weight gain among all groups were not statistically significant. The normal pattern of weight gain indicates that the administered samples did not cause harm or distress to the experimental animals.

Table 5: body weight gain of the experimental rats.
	Treatment
	Week 0
	Week 1
	Week 2
	Week 3
	Week 4

	C
	357.78±12.19a
	389.22±14.67a
	396.48±15.71a
	419.97±17.40a
	431.50±17.99a

	CN
	357.57±10.57a
	367.77±12.87a
	386.85±14.13a
	393.70±13.96a
	403.12±12.70a

	CP
	357.67±10.19a
	372.57±10.23a
	386.98±10.73a
	399.87±11.21a
	403.28±10.23a

	MB
	357.73±10.71a
	380.33±13.04a
	394.28±13.54a
	397.63±13.07a
	413.92±14.20a


· C – Normal rats, CN – Hypercholesterolemic rats without treatment, CP – Hypercholesterolemic rats treated with statin (simvastatin 40 mg/kg), MB – Hypercholesterolemic rats treated with mushroom balls (15 g/day)
The mushroom balls demonstrated a positive regulatory effect on blood cholesterol levels (Graph 2). Hypercholesterolemic rats that were administered one mushroom ball (15 g) daily showed lower total blood cholesterol levels compared to hypercholesterolemic rats treated with statins (simvastatin at 40 mg/kg). The cholesterol-lowering effect observed in the mushroom ball group was also statistically significant compared to the untreated hypercholesterolemic control group. In addition, mushroom ball consumption was associated with reductions in triglyceride and low-density lipoprotein (LDL) levels in hypercholesterolemic rats.
Lipid profile analysis revealed a significant reduction (P < 0.05) in total cholesterol and LDL levels in the mushroom ball (MB) group (cholesterol: 2.21 ± 0.25 mmol/L; LDL: 1.30 ± 0.28 mmol/L) compared to the negative control (CN) group (cholesterol: 2.97 ± 0.45 mmol/L; LDL: 1.94 ± 0.49 mmol/L). A similar trend was also observed in the positive control (CP) group (cholesterol: 2.49 ± 0.23 mmol/L; LDL: 1.52 ± 0.19 mmol/L), although the reductions were less pronounced than in the MB group. However, no significant differences in total cholesterol and LDL levels were detected between the MB and CP groups. For triglyceride (TG) levels, the MB group (0.70 ± 0.05 mmol/L) recorded a significant decrease (P < 0.05) compared to the CN group (0.89 ± 0.11 mmol/L), while no significant difference was found when compared to the C group (0.81 ± 0.06 mmol/L) or CP group (0.84 ± 0.06 mmol/L). In contrast, HDL levels were significantly lower (P < 0.05) in the MB group (0.59 ± 0.06 mmol/L) compared to all other groups, with the highest HDL value observed in the C group (1.11 ± 0.04 mmol/L). Overall, the MB formulation demonstrated favourable effects in lowering total cholesterol, triglycerides, and LDL levels, but was associated with a reduction in HDL compared to the control groups.
The reduction in total cholesterol, triglycerides, and LDL levels in the mushroom ball (MB) group may be attributed to the high soluble fibre content of mushrooms, particularly β-glucan, which binds bile acids in the intestine and promotes their excretion, thereby lowering cholesterol absorption. Additionally, bioactive compounds such as ergothioneine and polyphenols exert antioxidant effects, reducing lipid peroxidation and improving lipid metabolism. The replacement of animal protein with plant-based protein may also contribute to lower endogenous cholesterol synthesis. However, the observed decrease in HDL could be due to the relatively low content of unsaturated fats in the MB formulation, which are important for HDL synthesis, combined with the overall lower energy density of the diet. This suggests that while MB effectively improves negative lipid parameters, adjustments in formulation to include healthy fats may be necessary to preserve or enhance HDL levels.

Graph 2: Lipid profile of rats



Conclusion

The development of vegan mushroom balls demonstrated promising nutritional and functional qualities as a plant-based meat analogue. Although lower in protein compared to conventional meat products, their reduced fat content and superior dietary fibre profile position them as a healthier alternative for consumers seeking cholesterol-lowering and satiety-enhancing foods. Textural optimization through balanced incorporation of carrageenan and oil proved critical in achieving desirable firmness, tenderness, and sensory acceptability, with formulations M3 and M4 performing best. Furthermore, in vivo studies indicated cholesterol- and lipid-lowering effects, suggesting potential health-promoting benefits beyond basic nutrition. Overall, vegan mushroom balls offer a nutritionally advantageous, sensory-appealing, and functional plant-based alternative with potential applications in health-oriented diets and the growing plant-based food market.
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Lipid profile of rats by treatment group
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