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Investigating the anti-hypolipidemic
effects of croissants enriched with fruit
byproducts in a rat model
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This study assessed the impact of partially replacingwheat flour in croissantswith 10%or 15%orange
peel (OP),watermelon rind (WR), ormelonpeel (MP) on sensory properties, in vitro antioxidant capacity
(DPPH, total phenolics, flavonoids), and anti-hyperlipidemic activity in rats. Nine groups of rats: a
control group (G1), a hyperlipidemic (G2), control diet+ 40% croissants (G3), and hyperlipidemic diet
and croissants enrichedwith 10%or 15%ofOP (G4, G5),WR (G6, G7), andMP (G8, G9), respectively.
OP exhibited the highest antioxidant activity, total phenolics, and flavonoids. Sensory evaluations
indicated no significant differences among the croissant treatments. G9 and G7 significantly reduced
body weight gain. All treated groups attenuated elevated blood lipid and hepatic enzyme levels
compared to G2. G2 showed severe steatosis, necrosis, vacuolation, and inflammatory infiltration in
the liver, while these lesions were substantially ameliorated in the treatment groups. Cardiac tissue in
G2 presented with fat globules, cardiomyocyte damage, and inflammation, whereas fruit byproduct
treatment effectively maintained normal cardiac tissue morphology. This study successfully
demonstrated the feasibility of developing anti-hyperlipidemic functional foods by enriching
croissants with fruit byproducts in a rat model.

Lipid disorders play a crucial role in the development of atherosclerosis,
leading to serious health risks such as heart disorders and stroke1.
Hypercholesterolemia (HYP) is a common disorder that significantly
increases the risk of premature cardiovascular disease (CVD). This con-
dition is a major risk factor for CVD, which is a significant concern
globally, especially in developing nations2,3. Additionally, HYP is a lipid
syndrome characterized by elevated cholesterol and low-density lipo-
protein (LDL) serum levels, also known as dyslipidemia. This condition
may be accompanied by a decrease in high-density lipoprotein (HDL), an
increase in triglycerides, or qualitative fat abnormalities4. According to the
WorldHealthOrganization,CVD triggered byHYP is the leading cause of
death globally5. Approximately 17.9 million people die from CVD,
accounting for around 31% of all global deaths. Furthermore, in middle-
and low-income nations, over 75% of deaths are due to CVD. Unhealthy
diets, tobacco use, fast food consumption, modern lifestyle, and lack of
physical activity are the most significant risk factors for CVD5. In Egypt,
theWHO indicates that 40% of total deaths are attributed to CVD3. These
diseases pose a major public health issue with substantial economic and

social implications in terms of healthcare needs, loss of productivity, and
premature mortality3.

Every year, the agricultural and food industries produce significant
amounts of food waste, which has a negative impact on the environment.
Byproducts from fruits are a major concern with direct implications for
health, the economy, and the environment6. Finding ways to utilize these
byproducts can help reduce food waste, which is crucial for environmental
health and food sustainability7. Furthermore, this process can lead to the
development of new food products that provide health benefits to
consumers8.

Oranges are themost commercially popular fruit in theCitrus genus of
the Rutaceae family. They have leathery, oily rinds and juicy, delicious inner
flesh that is edible9,10. Egypt is one of the main producers of citrus in the
world, with 3.6 million tons produced annually11. The weight of an orange
peel (OP) is 35% of the weight of the orange, leading to environmental
issues. Its rich sources of phytonutrients, such as flavonoids and phenolic
compounds, offer significanthealth benefits9,12.Additionally, it is considered
a food byproduct with health benefits, including anticancer, antimicrobial,
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antioxidant, and growth-promoting properties in animals13. However, its
role in reducing dyslipidemia in animals is limited, especially when fortified
with foods.

Watermelon (Citrullus lanatus) is a tropical fruit from the cucumber
family, known for its juicy and edible fruit. It is widely grown in Africa and
Southeast Asia14. Watermelon is the second most grown fresh fruit in the
world, with ~100 million tons produced annually on 3 million hectares of
land15. Reflecting that about 100 million tons of watermelon are generated
globally and that 30–40%of thewatermelon is composedof the rind, around
30–40 million tons of watermelon rind (WR) waste are generated yearly16.
WR is typically discarded, used as feed, or utilized as fertilizer. However, the
WRcontainsphytochemicals, antioxidants, and functional constituents that
can be incorporated into the human diet17. Generally, watermelon is com-
posed of about 93%water, 6% carbohydrates, and small amounts of protein,
fat, and minerals. It also contains specific amino acids like arginine and
citrulline18. WR is rich in dietary antioxidants such as carotenoids and
phenolics, including lycopene, ascorbic acid, flavonoids, and other phe-
nolics. These antioxidants have been studied for their potential health
benefits, including reducing the risk of certain diseases like cancer and
CVD16,17,19. WR contains moderate quantities of phenolics and flavonoids,
which can reduce the oxidation of LDLandquench reactive oxygen radicals,
helping to decrease the risk of CVD diseases18. WR has been found to have
various health benefits, including anti-aging, anti-inflammatory, and
anticancer effects. It also helps protect the cardiovascular system and
improve endothelial function due to its valuable content of arginine and
citrulline16,17. However, the protective roles of WR byproducts in dyslipi-
demic rats and their potential benefits in croissant foods have not been
explored yet.

The melon, scientifically known as Cucumis melo L., belongs to the
Cucurbitaceae family. It originated in Africa and southwest Asia and later
spread to Europe after the Roman Empire. Global melon production is
~28.3 million tons, with China being the largest producer, accounting for
53% of the world’s production20. In Africa, Egypt is the leading producer of
melons21.Melons are popular during hot summermonths due to their sweet
taste and high water content, making them a refreshing and diuretic fruit.
Melon is a low-calorie fruit that is free from sodium and fat, making it a
nutrient-rich addition to a healthy diet20. The industrial processing of this
fruit involves the separation of seeds andpeels as byproducts, accounting for
3–7% and 25–44% of the weight of the fruit, respectively22. However, a
significant amount of waste is generated during the production procedure,
with about 8 to 20million tons ofmelon byproducts, such as seeds and peels
(MP), being discarded annually worldwide20,22. This wastematerial can lead
to ecological issues, such as insects and rodent proliferation. MP is rich in
valuable constituents containing hemicelluloses, cellulose, protein, pectin,
and elements, but is often underutilized23,24. Valorizing byproducts such as
melon peels (MP), OPs, and WR present an opportunity for sustainable
development, and efforts should be made to promote the reuse of melon
residues in the food industry.

Recently, bakery products have become a staple in people’s diets and
are gaining popularity in the global food market25. However, they are often
lacking in nutritional value, high in sugar and saturated fats, and low in
dietary fiber26. Croissants are a popular bakery product consumed for
breakfast or lunch in many countries worldwide27. Croissants are aerated-
flaky pastries with a distinctive layered structure and should have a golden-
yellow color27. They are known as “laminated” or “leafy” products, made
with yeast in the dough. Biofortification of food products using eco-friendly
extracts from food waste is significant in improving the overall quality of
new products27. Therefore, their therapeutic roles in plant-based foods to
treat certain disorders are necessary and a significant target. The incor-
poration of fruit waste, such as OP,WR, or melon peel (MP), into croissant
formulations for potential preventative effects against hypercholesterolemia
remainsunexplored.This study explores thepotential of valorizingOP,WR,
andMP by investigating their antioxidant activity and phenolic compound
content. Furthermore, it assesses the impact of incorporating these fruit
wastes into croissants, both on their sensory evaluation and their ability to

mitigate hypercholesterolemic effects in rats. The research suggests that
utilizing these readily available food byproducts as natural additives can lead
to the creation of functional foods with preventative properties against
hypercholesterolemia. Beyond this, the incorporation of non-edible fruit
byproducts into innovative food products offers a sustainable pathway to
significantly reduce waste generated by agro-based industries.

Results
Antioxidant, total phenolic, and flavonoid contents
Table 1 demonstrates that the antioxidant activity (DPPH radical scaven-
ging activity) was significantly highest in OP, followed by MP and WR
(P < 0.001). Quantitatively, OP’s antioxidant capacity was 116.9% greater
than MP’s and 42.56% greater than WR’s. Furthermore, OP exhibited sig-
nificantly higher levels of both total phenolic (TP) and total flavonoid (TF)
compared toWRandMP(P < 0.001).WRalso had a significantly higherTF
content than MP (P < 0.001). Overall, OP displayed superior antioxidant
activity, TP content, andTF content compared to the other tested croissants.

Sensory evaluation of different kinds of croissants
The sensory properties of croissants incorporating different fruit peel
powders (OP, WR, MP) at 10% or 15% wheat flour substitution levels are
presented in Table 2. Statistical analysis revealed no significant impact of
fruit peel enrichment on the overall sensory acceptance of the croissants
compared to the control (P > 0.05). Nevertheless, a trend towards lower
sensory scores was observed for croissants containing WR across all eval-
uated attributes. Notably, the 15% MP-enriched croissants received the
lowest ratings specifically for texture.

Table 1 | DPPH radical scavenging activity, phenolic, and
flavonoids of OP, WR, and MP

Item1 Tested compounds2 SEM P value

OP WR MP

DPPH (µM
Trolox/mg)

72.88a 33.59c 51.12b 5.68 <0.001

TP (µg QUR
eq/mg)

21.12a 0.35c 2.32b 3.31 <0.001

TF (µg
RE/mg)

1.610a 0.094b 0.088c 0.25 <0.001

SEM standard error of the mean.
1TP (total phenolic), TF (total flavonoids), and DPPH (2,2-diphenyl-1-picrylhydrazyl). 2OP (orange
peel), WR (watermelon peel), MP (melon peel), quercetin (QUR), and rutin (RE).
a–cMeans with diverse letters in each row are significantly different at P < 0.05.

Table2 | Thesensoryevaluationof croissants fortifiedwithOP,
WR, and MP

Itema Sensory evaluation (scores 1–9)

Color Odor Taste Texture Appearance Acceptability

C 8.10 8.09 8.13 8.00 8.30 8.11

T1 8.28 8.13 8.25 8.13 8.31 8.30

T2 8.30 8.21 8.27 8.00 8.33 8.33

T3 7.65 8.00 7.87 8.05 8.12 7.90

T4 7.32 7.51 7.55 7.84 7.83 7.83

T5 8.24 8.11 8.21 8.09 8.11 8.20

T6 7.80 8.19 8.22 7.82 8.20 8.26

SEM 0.202 0.195 0.202 0.192 0.226 0.196

P value 0.77 0.91 0.78 0.96 0.68 0.89

SEM: expressed as mean standard error. N = 20.
aThe control samples were prepared according to the ingredients described above (C), while the
other samples were prepared as C and replaced wheat flour with 10 or 15% of the OP (T1 and T2),
WR (T3 and T4), and MP (T5 and T6), respectively.
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Body and organ weights
The bodyweight gain (BWG), FI, and FERwere significantly affected by the
treatment, as shown in Table 3. Feeding rats with a hypercholesterolemic
diet (G2) resulted in the highest BWG (78.63% relative to control), while FI
(18.75%) and FER (50.62%) were also higher in G2 compared to other
groups (P < 0.05). Feed intake (FI) and FER were increased by 18.75% and
50.62%, respectively, relative to the control diet (P < 0.05). Compared to the
hypercholesterolemic group, BWGwas reducedby 54.5% inG9 and 52.13%
in G7 (P < 0.05). Significant reductions (P < 0.05) in the weights of the liver
(36.5%), heart (21.4%), and spleen (29.1%) were found in the G9 group
(hypercholesterolemic rats fed 15% melon croissants) compared to the
hypercholesterolemic diet (G2 group).

Lipid profile
Rats in the hypercholesterolemic group (G2) had the highest values of TG,
TC, VLDL, and LDL compared to those in other groups (except for G3;
P < 0.05, Table 4). TheG5andG9groups exhibited reductions inTG (55.5%
and 55.12%, respectively) and TC (51.4% and 50.1%, respectively) com-
pared to the G4 (hypercholesterolemic rats) group. The lowest TC levels
were observed in rats fed a hypercholesterolemic diet and administered 15%
MP or OP (G9). TC levels in the control group (G1) were also low, with no
significant difference compared to G9 (P > 0.05). In contrast, all croissant-
enriched groups (G4–G9) showed significantly reduced TG, TC, and LDL
compared to the hypercholesterolemic control group (P < 0.05). HDL levels
were higher in G1, G5, G7, andG9, indicating that the incorporation of OP,
WR, and MP at 15% significantly improved the lipid profile in rats
(P < 0.05). In the G5, G7, and G9 groups, HDL levels were significantly
improved by 41.0%, 36.8%, and 3.6%, respectively, compared to rats fed a
hypercholesterolemic diet. Additionally, HDL levels were similar between
G3 and the hypercholesterolemic group (P > 0.05). However, LDL levels
were significantly lower in all croissant-enriched groups (10% or 15% OP,
WR, andMP) compared to the hypercholesterolemic group (P < 0.05), with
the lowest LDL levels observed in G5 (a 65.7% reduction). Compared to the
hypercholesterolemic control group,VLDL levelswere significantly reduced
in all treated groups (P < 0.05). Notably, the most substantial decreases in
VLDL were observed in groups G5 (55.5%), G7 (54.2%), and G9 (52.9%).
Overall, dietary supplementation with croissants enriched with various
levels of OP, WR, or MP significantly improved the lipid profile in
hypercholesterolemic rats (P < 0.05) by reducing TG, TC, LDL, and VLDL,
and by increasing HDL. Among the treated groups, the lowest TC values
were observed in G9, G7, and G5 (P < 0.05).

Liver function and blood proteins
TheAST,ALP, andALT levelswere significantly reducedby the inclusionof
OP, WR, and MP in the diets of hypercholesterolemic rats (P < 0.05,
Table 5) compared to the hypercholesterolemic rats in G3. Significant
reductions in AST levels were observed in G5 (40.4%) and G9 (39.56%)
when compared to hypercholesterolemic rats. Groups G7 andG9 exhibited
significant reductions in ALT levels (37.8% and 39.2%, respectively) when
compared to hypercholesterolemic rats. Regarding ALP, significant reduc-
tions of 44.06%, 42.9%, and 43.3% were observed in the G5, G7, and G9
groups, respectively, relative to rats fed a hypercholesterolemic diet.
Enriching croissants with 15% of all tested compounds significantly
decreased the levels of hepatic enzymes compared to other groups
(P < 0.05). Blood proteins showed a slight increase in all tested groups, with

Table 3 | Effect of feeding hypercholesterolemic ratswith croissant fortifiedwith OP,WR, andMPonBWG, FI, FCR, and relative
organ weights

Treatmentsa BWG FI FCR Organs’ weights (g)

(g) (g/rat/42 days) Liver Kidney Heart Spleen

G1 117c 720.0b 0.162b 5.43b 1.32c 0.64b 0.55d

G2 209a 855.0a 0.244a 8.71a 1.73a 0.79a 0.69a

G3 204b 849.0a 0.24a 8.96a 1.75a 0.80a 0.70a

G4 110d 738.6ab 0.163b 6.15b 1.38c 0.57b 0.52b

G5 105f 652.0b 0.16bc 5.62b 1.55b 0.57b 0.52b

G6 107e 668.0b 0.156c 6.16b 1.41c 0.52b 0.52b

G7 100h 738.6ab 0.156c 5.62b 1.42c 0.53b 0.51c

G8 103g 645.0b 0.159bc 5.55b 1.38c 0.52b 0.49c

G9 95i 625.6b 0.151d 5.53b 1.36c 0.56b 0.55c

SEM 8.33 19.153 0.007 0.262 0.031 0.021 0.015

P value <0.001 0.004 <0.001 <0.001 <0.001 <0.001 <0.001

BWG body weight gain, FI feed intake, FCR feed conversion rate.
aG1: Healthy rats; G2: Hypercholesterolemic rats; G3: Hypercholesterolemic rats consumed control croissants; G4: Hypercholesterolemic rats consumed 10% orange croissants; G5:
Hypercholesterolemic rats consumed 15% orange croissants. G6: Hypercholesterolemic rats consumed 10%WR croissants; G7: Hypercholesterolemic rats consumed 15%WR croissants; G8:
Hypercholesterolemic rats consumed 10% melon croissants. G9: Hypercholesterolemic rats consumed 15% melon croissants. Data are presented as means.
a–hMeans with diverse letters in each row are significantly different at p < 0.05.

Table 4 | Effect of feeding hypercholesterolemic rats with
croissant fortified with OP, WR, and MP on serum lipid profile

Treatmentsa Lipid profile (mg/dL)b

TG TC HDL LDL VLDL

G1 96.22h 135.64f 50.00a 68.39g 19.24d

G2 219.14a 289.32a 34.51d 209.98a 43.82a

G3 217.27b 286.16b 35.65d 209.19a 43.65a

G4 160.50e 176.25d 43.51c 100.64d 32.10c

G5 97.54gh 140.33e 48.58ab 71.93f 19.48d

G6 170.50c 182.49c 41.95c 107.20b 34.10b

G7 100.11f 143.00e 47.21b 75.76e 20.02d

G8 167.50d 181.45c 42.11c 104.64c 33.50bc

G9 98.33g 142.00ef 47.50b 74.87e 20.62d

SEM 9.449 11.182 1.0341 10.425 1.887

P value <0.001 <0.001 <0.001 <0.001 <0.001
aG1: Healthy rats; G2: Hypercholesterolemic rats; G3: Hypercholesterolemic rats consumedcontrol
croissants; G4: Hypercholesterolemic rats consumed 10% orange croissants; G5:
Hypercholesterolemic rats consumed 15% orange croissants. G6: Hypercholesterolemic rats
consumed 10%WRcroissants; G7: Hypercholesterolemic rats consumed 15%WRcroissants; G8:
Hypercholesterolemic rats consumed 10% melon croissants. G9: Hypercholesterolemic rats
consumed 15% melon croissants. Data are presented as mean ± SE.
bTotal triglycerides (TG), Total cholesterol (TC), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), very low-density lipoprotein (VLDL).
a–hMeans with diverse letters in each row are significantly different at p < 0.05.
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the highest values observed in the G5 group (60.2% increase). Albumin
levels were not affected by the treatments (P > 0.05).

Kidney function and glucose
Creatinine levels did not statistically differ among all experimental groups
(P > 0.05; Table 6). Rats fed a hypercholesterolemic diet (G2) or 40% of
control croissant (G3) exhibited the highest levels of urea, while glucose
levels were the highest in rats of the G2 group (P < 0.05). Rats in groups G5,
G7, andG9 exhibited significantly lower urea levels (by 22.41%, 20.41%, and

21.51%, respectively) compared to the G2 group (hypercholesterolemic
diet). Rat groups supplemented with croissants containing OP, MP, orWR
(specifically G5, G7, and G9 showed the most pronounced reductions)
exhibited significantly lower glucose andurea levels compared to the control
groups G2 and G3 (P < 0.05). Rats in groups G5, G7, and G9 exhibited
significantly lower glucose levels (by 61.68%, 61.42%, and 61.89%, respec-
tively) compared to the G2 group (hypercholesterolemic diet). The inclu-
sion of 15% OP, MP, or WR in the hypercholesterolemic diet effectively
counteracted the hypercholesterolemia-induced elevation of glucose and
urea levels in rats.

Liver histopathology
Liver histopathological features observed in control, hypercholesterolemic,
and treated rats are depicted in Fig. 1A–J. Control rats (G1) presented
normal hepatic architecture, including hepatic cords, central veins, Kupffer
cells, and hepatic sinusoids (Fig. 1A). In contrast, hypercholesterolemic rats
(G2) exhibited lipid accumulation, hepatic necrosis, and hepatic vacuola-
tion. Specifically, the alteredhepatic parenchyma showedhepatocyteswith a
signet-ring appearance or foamy cells containing minute fat globules
(Fig. 1B). Additionally, Fig. 1C illustrates hepatic necrosis with inflamma-
tory cell infiltration and hepatocytes containing large, clear vacuoles, some
with a signet-ringmorphology. Rats in groupsG4 (Fig. 1E) andG5 (Fig. 1F)
presented normal hepatic sinusoids with minimal perivascular leukocytic
infiltrates. Groups G6 (Fig. 1G) and G7 (Fig. 1H) showedmoderate hepatic
fatty degeneration and small inflammatory cell aggregates. Small inflam-
matory cell aggregates were also observed in groups G8 (Fig. 1I) and G9
(Fig. 1J).

Cardiac histopathology
The effects of various treatments on rat cardiac tissues are illustrated in
Fig. 2A–J. In the G1 group (Fig. 2A), normal histology of cardiac muscle
fibers and vascular tissues was observed. In contrast, rats fed a hypercho-
lesterolemic diet (G2 group) exhibited fatty changes within cardiomyocytes
and the tunica intima of some cardiac blood vessels (Fig. 2B, C). The heart
tissues of hypercholesterolemic rats treated with 40% croissants (G3 group)
revealed fat globules within a moderate number of cardiomyocytes
(Fig. 2D). Hypercholesterolemic rats treated with 10% (Fig. 2E) or 15%
(Fig. 2F) orange croissants showed hyaline degeneration and vacuolation in
some cardiomyocytes, while the overall structure of cardiac muscle fibers
was preserved.Rats fed ahypercholesterolemic dietwith 10%WRcroissants
(Fig. 2G) displayed vacuolation in a limited number of myocardial bundles.
Notably, the group fed 15%WR croissants (Fig. 2H) presented apparently
normal histological sections in most areas of the heart muscle. Vacuolated
cardiomyocyteswere observed in the heart sections of hypercholesterolemic
rats that consumed 10% MP croissants (Fig. 2I). In contrast, the heart
sections of hypercholesterolemic rats that consumed 15% MP croissants
(Fig. 2J) showed infiltration of a small number of leukocytes, with most of
the cardiac tissue preserved.

Discussion
This study uniquely reveals the potential of fruit byproduct-enriched
croissants to combat hypercholesterolemia in rats, suggesting their use as
functional food additives. The findings indicated that fortifying croissants
with 10% or 15%OP,WR, orMPwaste maintained sensory properties and
demonstrated potential against hypercholesterolemia in rats by improving
metabolic markers and organ health. Utilizing these food byproducts as
natural additives offers a promising route to functional foods. Furthermore,
exploring non-edible fruit seeds in new formulations provides a sustainable
waste reduction strategy.

Lifestyle and changes in nutritional habits play a critical role in pro-
moting hypocholesterolemia and atherosclerosis, which can lead to CVD.
Bakery products have become a dietary staple and are increasingly popular
in the global food market. However, they often lack nutritional value, are
high in sugar and saturated fats, and low in dietary fiber. These factors can
have a negative impact on human health and contribute to various diseases,

Table 6 | Effect of feeding hypercholesterolemic rats with
croissant fortifiedwithOP,WR,andMPonkidney functionand
glucose

Treatmenta Kidney function (mg/dL) Glucose (mg/dL)

Urea Creatinine

G1 46.30f 0.67 87.90d

G2 61.50a 1.69 232.00a

G3 60.40a 1.62 230.00b

G4 50.69cd 1.26 145.00c

G5 47.70ef 0.83 88.90d

G6 53.14bc 1.44 146.20c

G7 48.95de 0.94 89.50d

G8 52.23bc 1.31 144.80c

G9 48.33ef 0.89 88.40d

SEM 1.022 0.138 10.780

P value <0.001 0.675 <0.001
aG1: Healthy rats; G2: Hypercholesterolemic rats; G3: Hypercholesterolemic rats consumedcontrol
croissants; G4: Hypercholesterolemic rats consumed 10% orange croissants; G5:
Hypercholesterolemic rats consumed 15% orange croissants. G6: Hypercholesterolemic rats
consumed 10%WRcroissants; G7: Hypercholesterolemic rats consumed 15%WRcroissants; G8:
Hypercholesterolemic rats consumed 10% melon croissants. G9: Hypercholesterolemic rats
consumed 15% melon croissants. Data are presented as mean ± SE.
a–hMeans with diverse letters in each row are significantly different at p < 0.05.

Table 5 | Effect of feeding hypercholesterolemic rats with
croissant fortified with OP, WR, and MP on liver enzymes and
blood proteins

Treatmentsa Liver enzyme (U/L)b Blood proteins
(mg/dL)

AST ALT ALP Protein Albumin

G1 35.50c 28.30e 70.20e 7.05ab 4.30

G2 60.40a 50.20a 128.90a 4.93c 3.06

G3 59.60a 49.10a 125.70b 5.36bc 3.39

G4 46.70b 38.50b 99.30c 5.85bc 3.63

G5 36.00c 29.30de 72.10d 7.90a 3.91

G6 48.10b 39.40b 100.30c 5.60bc 3.91

G7 37.10c 31.20c 73.60d 6.67abc 3.70

G8 47.00b 38.80b 100.30c 5.80bc 3.37

G9 36.50c 30.50cd 73.00d 6.80abc 3.82

SEM 1.823 1.530 4.256 0.577 0.173

P value <0.001 <0.001 <0.001 0.039 0.905
aG1: Healthy rats; G2: Hypercholesterolemic rats; G3: Hypercholesterolemic rats consumedcontrol
croissants; G4: Hypercholesterolemic rats consumed 10% orange croissants; G5:
Hypercholesterolemic rats consumed 15% orange croissants. G6: Hypercholesterolemic rats
consumed 10%WRcroissants; G7: Hypercholesterolemic rats consumed 15%WRcroissants; G8:
Hypercholesterolemic rats consumed 10% melon croissants. G9: Hypercholesterolemic rats
consumed 15% melon croissants. Data are presented as mean ± SE.
bAspartate aminotransferase (AST), alanine aminotransferase (ALT), Alkaline phosphatase (ALP).
a–hMeans with diverse letters in each row are significantly different at p < 0.05.
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Fig. 1 | The effects of various treatments on rat liver tissues (scale bar 20 μm).
Liver histopathological features observed in control, hypercholesterolemic, and
treated rats are depicted in (A–J). Control rats (G1) presented normal hepatocytes
(HP), including hepatic cords, central veins (CN), Kupffer cells, and hepatic
sinusoids (A). In contrast, hypercholesterolemic rats (G2) exhibited lipid accu-
mulation, hepatic necrosis, and hepatic vacuolation. Specifically, the altered
hepatic parenchyma showed hepatocytes with a signet-ring appearance or foamy
cells containing minute fat globules (FG) (B). Additionally, C illustrates hepatic

necrosis with inflammatory cell infiltration (IN) and hepatocytes containing
large, clear vacuoles (HPL), some with a signet-ring morphology. Rats in groups
G4 (E) and G5 (F) presented normal hepatic sinusoids with minimal perivascular
leukocytic infiltrates. Groups G6 (G) and G7 (H) showed moderate hepatic fatty
degeneration and small inflammatory cell aggregates. Small inflammatory cell
aggregates were also observed in groups G8 (I) and G9 (J). Normal hepatocytes
(HP), fat globules (FG), inflammatory cell infiltration (IN), large, clear vacuoles
(HPL), and hepatic necrosis (HN).

Fig. 2 | Heart histopathological features observed in control, hypercholester-
olemic, and treated rats are depicted in (A–J). A Control rats exhibited normal
cardiac muscle fiber and vascular tissue histology. B, C Rats on a hypercholester-
olemic diet showed fatty changes in cardiomyocytes, inflammatory cell infiltration
(IF), and changes in the tunica intima of some cardiac blood vessels. D In
hypercholesterolemic rats treatedwith 40% croissants, heart tissue analysis indicated
moderate cardiomyocyte fat globules. In hypercholesterolemic rats treated with 10%

E or 15% FOP, some cardiomyocytes showed hyaline degeneration and vacuolation.
G Rats fed a hypercholesterolemic diet with 10% WR, displayed vacuolation in a
limited number of myocardial bundles. H Rats fed with 15% WR presented
apparently normal histological sections in most areas of the heart muscle.
I Vacuolated cardiomyocytes were observed in the heart sections of hypercholes-
terolemic rats that consumed 10% MP. J Heart tissues of rats fed 15% MP showed
infiltration of a small number of leukocytes, NCM, FG, and IF (scale bar 20 µm).
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including CVDs. Biofortification of food products with eco-friendly food
waste presents a significant strategy for enhancing the nutritional value of
novel foods. Furthermore, extracts derived from these sources hold ther-
apeutic potential for addressing certain disorders when incorporated into
plant-based diets. Notably, this study demonstrates, for the first time, that
croissants fortified with various byproduct wastes significantly reduced
body weight, improved lipid profiles, and preserved organ histology in
hypercholesterolemic rats.

OP is a valuable source of phenolic constituents, including flavonoids
and phenolic acids, composing 147.6 mg/g of dryOP12. There are over 4000
different types of flavonoids discovered, each with potential health benefits.
Flavonoids derived from citrus peels, such as narirutin and hesperidin, are
known for their therapeutic effects on various health conditions. Hesper-
idin, in particular, is highly valued for its medicinal properties. A study by
ref. 28 indicated that the observed attenuation of hesperidin’s protective
effects against oxidative stress, mitochondrial dysfunction, and insulin
resistance inHG-treated LO2 cells uponmiR-149 knockdown indicates that
miR-149 is a critical downstream mediator of hesperidin’s action, con-
tributing to its beneficial role in diabetes. OP is a primary natural source of
hesperidin,with reported concentrations ranging from6.98 to 10.80mg/gof
dried matter28. In a related context, the TP in MP ranged from 694.22 to
1271.12mg/100 g, while the TF varied between 427.69 and 562.89mg
catechin equivalents/100 g20. This study’s findings demonstrate that OP
exhibits the highest antioxidant activity, surpassingMP by 116.9% andWR
by 42.56%. This superior activity is corroborated by OP’s significantly
higher levels of TP and TF in comparison to WR and MP (P < 0.001).
Research conducted in Egypt29, indicated thatWRyielded ~139.6 ± 2.54mg
GAE/100 g ofTP and 40.4 ± 0.92mgQE/100 gofTF.However, our analysis
revealed a TP of 21.12 µg quercetin equivalents/mg and a total TF of 1.16 µg
rutin equivalents/mg. According to ref. 20, this indicated thatMP exhibited
a high TF content of 149.85 ± 13.46mg/100 g, indicating it as a rich source.
The differing levels of TF andTP found in our analysis ofMPandWRcould
be due to the biogeographical origin of the plant material, the harvesting
technique employed, and other specific variables. In synopsis, OP displayed
greater antioxidant activity, TP content, and TF content than the other
croissants evaluated. However, analyzing TP and TF content in fruit
byproducts, along with determining these values in the finished croissants,
could further enhance the significance of our work. In this study, an
untrained panel conducted a sensory evaluation of enriched croissants,
assessing appearance, color, odor, texture, taste, and overall acceptability.
The results indicated that enriching croissants with various natural func-
tional foods did not significantly affect sensory attributes, suggesting their
acceptability within the food industry. Notably, croissants containing 15%
OP, MR, or MP demonstrated potential in mitigating the adverse lipid
profile associated with a hypercholesterolemic diet. All functional food-
enriched croissants were well-received by the participants.

Sensory analysis is crucial for the food industry as it helps in product
development, reformulation, and understanding consumer preferences. In
this study, sensory evaluation of enriched croissants was conducted by an
untrained panel, focusing on appearance, color, odor, texture, taste, and
overall acceptability using a 9-point hedonic scale test. The study findings
indicated that enriching croissantswith various natural functional foods did
not significantly alter their sensory attributes, suggesting their potential for
acceptance within the food industry. Dairy butter enriched with 1 g/kg of
MPwas preferred by panelists after 1month of storage, receiving an average
score of 6.7 on a 9-point hedonic scale20. These improvements could be
attributed to the high levels of flavonoids and phenolic compounds present
in thesebyproducts,which enhance their stability, taste, and storage ability20.
MP exhibited higher levels of anthocyanins, carotenoids, chlorophylls, and
lycopene, which offer numerous health benefits for human nutrition30. All
functional foods were well-received by the participants. Enriching various
foods with MP can enhance their nutritional value, promote public health,
and reduce food waste23. This innovative approach also helps in valorizing
byproducts that are typically discarded, thereby minimizing the environ-
mental impact.

A hypercholesterolemic diet, characterized by increased fat intake, can
induceweight gain and subsequent lipid accumulation in the liver and other
organs31. The data presented in Table 3 demonstrated that the group con-
suming a hypercholesterolemic diet exhibited significantly higher BWG, FI,
and FER compared to the control group that fed a standard diet. Croissants
incorporating 15% of OP, MR, or MP demonstrated the potential to miti-
gate hypercholesterolemia by modulating lipid metabolism, consequently
influencing body weight and the lipid content of internal organs. These
findings align with previous research by ref. 10, which demonstrated that
incorporating 10% of a specific ingredient into the diets of rats could
modulate glucose levels in both diabetic and hypercholesterolemic condi-
tions. Furthermore, a study by ref. 32 reported that fortified diets containing
9% melon fruit powder significantly counteracted the increase in body
weight induced by a hypercholesterolemic diet in diabetic rats. Intriguingly,
rats consuming croissants enrichedwithOP,MR,orWRexhibited anotable
trend towards reduced weight gain and lipid buildup, hinting at their
potential to counteract these detrimental effects. To delve deeper into this
promising observation, we meticulously examined liver tissue samples
across all experimental groups, seeking further evidence to substantiate
these findings. In this study, rats with hypercholesterolemia exhibited a
greater BWG compared to other groups (p < 0.05). Furthermore, rats with
hypercholesterolemia treated with OP,WR, andMP showed a reduction in
the increase in body weight induced by hypercholesterolemia. Feed intake
(FI)was the lowest in rats fed croissants enrichedwithOP(20%),WR(10%),
and MP (10 or 20%). In agreement with our observations10, reported a
significant decrease in body weight in diabetic and hypercholesterolemic
rats fed a diet containing 10% OP. More recently33, demonstrated that
linalool and decanal treatments mitigated weight gain and dyslipidemia
induced by a high-fat diet in rats. Several studies have also highlighted the
potential of citrus peels to reduce body weight in rats34,35, which aligns with
our findings. The observed increase in body weight in the hypercholester-
olemic group could be attributed to the higher fat content of their diet,
resulting in increasedBWG.Notably, theweights of the heart, kidneys, liver,
and spleen were significantly lower in the treated groups (P < 0.05). The
elevated organ weights in the hypercholesterolemic group might be asso-
ciated with the increased rate of cholesterol synthesis in the liver due to
hypercholesterolemia20,32. Importantly, the weights of the organs did not
show significant variations among the rats fed diets fortified with different
levels of OP, WR, and MP. These results are consistent with the data
reported by ref. 34. However, a significant reduction in body weight was
observed due to the fortification of croissants with fruit waste. Nevertheless,
further data, such as blood lipid profiles, are required to verify this
hypothesis.

Assessing blood lipid profiles is crucial for the diagnosis of hyperch-
olesterolemia, diabetes, and obesity. The results indicated that all rats fed
fortified croissants containing OP, MP, or WR exhibited a significant
reduction in triglyceride, LDL, and cholesterol levels compared to the
hypercholesterolemic control group. These findings are consistent with the
data reported by ref. 34, who demonstrated that citrus peel powder and its
extract significantly reduced triglyceride, LDL, and cholesterol levels in rats
with hypercholesterolemia and hyperglycemia. Consistently, all lipid pro-
files, including triglycerides, LDL, and cholesterol, were significantly
reduced in rats with fatty liver treated with OP extract10. This evidence
supports our findings, indicating the regulatory role of OP in lipid
metabolism19,36. The higher hesperidin content in OP, compared to other
citrus varieties, may contribute to its observed potential in reducing lipid
profiles28.

Several studies suggest that hesperidin may help prevent fatty liver
degeneration and regulate hepatic lipid metabolism37,38, supporting our
findings. Specifically, refs. 9,34 demonstrated that OP extract and powder
effectively reduced total cholesterol, triglycerides, LDL, and glucose levels
when incorporated into nutraceutical and functional diets. Furthermore, a
study by ref. 10, found that a 10% OP inclusion in the diet of hypercho-
lesterolemic rats significantly lowered total cholesterol, triglycerides, and
LDL. Similarly31, reported a notable decrease in total cholesterol,
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triglycerides, and LDL in hyperlipidemic rats fed fortified biscuits con-
taining 10% OP.

Regarding the anti-lipidemic effect ofWR, it contains a good source of
citrulline, which has demonstrated strong inhibitory activity against
carbohydrate-hydrolyzing enzymes39. Others have suggested that this effect
might be attributed to the polyphenols found in WR, such as chlorogenic
acid, gallic acid, caffeic acid, vanillic acid, and quercetin29. Moreover, argi-
nine isolated from WR has also been shown to significantly lower BWG,
organ index, LDL-C, serumTG, and TC levels in hyperlipidemic rats, while
simultaneously increasing serum HDL-C levels40. Several earlier investiga-
tions have revealed the presence of free quercitrin, isorhamnetin-3-O-glu-
coside, and apigenin-7-O-glucoside in melon peel (MP)41, exhibiting
significant results in reducing lipid profiles in hypercholesterolemic rats.

These results are consistent with our data regarding the role of OP in
reducing the negative effects of hypercholesterolemia10,34 via reducing the fat
accumulation in the blood. Remarkably, administering a mere 200mg of
WR extract orally led to a significant reduction in key lipid markers such as
total cholesterol, triglycerides, and LDL in rats grappling with both diabetes
and a high-fat diet42. The anti-lipidemic effects of WR have also been
demonstrated in glucose-induced male albino mice through the reduction
of blood glucose levels43. The capacity ofWR to reduce blood lipids is likely
attributed to its l-citrulline content, in which the latter is converted to
arginine, a precursor for nitric oxide synthesis. Nitric oxide plays a critical
role in vasodilation, leading to reduced blood pressure and improved blood
flow, which can facilitate the transport and metabolism of lipids16.

Diets enriched with citrus peel nutraceuticals demonstrated greater
efficacy in regulating glycemic and lipidemic parameters compared to those
supplemented with citrus peel powder. Notably, the flavonoids present in
OP have been observed to stimulate the synthesis of cholesterol-7α-
hydroxylase (CYP7A1) in the liver, thereby enhancing cholesterol
metabolism44. This metabolic pathway reduces the accumulation of cho-
lesterol in the bloodstream and tissues. The antihyperlipidemic effect of OP
is attributed to the ability of its flavonoids to activate PPAR-α in various
organs, including fat, liver, and muscle, of hyperlipidemic hamsters45. The
data revealedmultiplemechanismsunderlying the anti-lipogenic bioactivity
of OP, including the downregulation of key enzymes involved in tria-
cylglyceride and cholesterol biosynthesis46. Similarly,33 reported that phy-
tochemicals in citrus peels can reduce hepatic lipids by promoting and
accelerating fatty acid oxidation through the stimulation of PPAR-α and
CPT-1 expression. PPAR-α plays a crucial role in various aspects of fatty
acid metabolism. Specifically, OP can reduce the activity of acetyl-CoA
carboxylase, fatty acid synthase, HMG-CoA synthase, and HMG-CoA
reductase, while upregulating cholesterol-7α-monooxygenase to promote
lipid metabolism. Moreover, the results of ref. 24 found that LDL and total
cholesterol levels decreased in hyperlipidemic mice treated with bitter
melon extract for 12weeks. Similarly, ref. 47 determined that a 5% inclusion
of citron melon peel powder was the most effective treatment for reducing
total cholesterol, LDL, and triglyceride levels compared to other groups.
Furthermore, the outcomes of ref. 32 demonstrated that feeding rats a high-
fat diet with 3%, 6%, and 9% melon peel resulted in reduced blood lipids.
Our study also recorded a significant decrease in serum total cholesterol and
triglycerides in all groups treated with OP.

Utilizing fruit waste materials to target fatty acid metabolism enzymes
in dietary therapies presents a cost-effective and accessible strategy for
addressing lifestyle-related diseases such as obesity, dyslipidemia, and
hypercholesterolemia. A study by ref. 34 reported a notable increase inHDL
levels in hypercholesterolemic rats consuming functional foods like OP.
Similarly, ref. 31 observed an improvement inHDL levels in hyperlipidemic
rats fed fortified biscuits containing 10% OP. Furthermore, naringin has
been shown to substantially reduce the mRNA expression of FAS and
SREBP-1c, while concurrently increasing the mRNA expression of the
PPARα gene40.

Liver enzyme levels were reduced in hypercholesterolemic rats con-
suming diets containing 10% OP10. This improvement in liver function,
evidenced by the restoration of enzymes affected by a hypercholesterolemic

diet,maybe attributed to theflavonoidspresent inOP44.Additionally, ref. 48
demonstrated that fortifying crackers with watermelon seed extract sig-
nificantly reduced the elevated AST and ALT levels in hyperlipidemic rats.
These findings align with our data, which demonstrated a notable decrease
in hepatic enzyme levels across all fortified diet groups. This suggests that
flavonoids may exert a hypolipidemic effect by enhancing liver function
through their antioxidant and anti-inflammatory properties in hyperlipi-
demic hamsters. Furthermore, MP contains bioactive compounds such as
β-carotene, lycopene, vitamin C, and flavonoids, which exhibit anticancer,
anti-inflammatory, and antioxidant effects30.

In hypercholesterolemic rats, a 10%OP diet led to the restoration of
kidney markers affected by the condition10, suggesting a renal protective
effect of OP. This protective effect is attributed to its TF content44, a
finding supported by the present study. These findings are consistent
with previous research by ref. 9,32, who also observed a significant
decrease in serum urea and creatinine levels in diabetic hypercholes-
terolemic rats fed OP, likely due to its higher antioxidant activity com-
pared to other phytochemicals. Similar effects of OPs on urea and
creatinine levels have been reported in other studies. Furthermore32,
noted a significant decrease in urea and creatinine levels with increasing
levels of melon peel in the diets of diabetic hypercholesterolemic rats.
Recent research by ref. 48, demonstrated that fortifying crackers with
watermelon seed extract significantly reduced the elevated creatinine and
urea levels in hyperlipidemic rats.

Assessing organ integrity in animals fed or treated with novel
foods or undergoing disease prevention strategies can be a valuable
tool for providing detailed insights into how these materials affect
organ integrity in target tissues. The authors suggest that the bioactive
compounds present in the fruit byproducts used to produce the novel
croissants may help protect organs from hyperlipidemic-induced
damage in rats. Our observations revealed that feeding rats hyperli-
pidemic diets notably increased lipid accumulation, hepatic necrosis,
and hepatic vacuolation. In contrast, rats fed croissants fortified with
OP, WR, and MP exhibited regenerating hepatocytes, with sig-
nificantly reduced activation of Kupffer cells and vacuolation in
hepatic tissues. These findings are consistent with previous work by
ref. 42, who reported that WR extract can protect hepatic tissues from
high-fat diet-induced liver injury. Additionally, the administration of
flavonoids isolated from OP has been observed to improve liver
pathology in hyperlipidemic hamsters44. OP extract also enhanced
hepatic architecture towards near normalcy, exhibiting fewer fat glo-
bule deposits and less sinusoidal dilation in rats with hyperlipidemia49.
However, further immunohistopathological studies, integrated with
transmission electron microscopy, are required to confirm these
results.

The heart is a vital organ for life, ensuring that all parts of the body
receive the necessary oxygen and nutrients while removing waste pro-
ducts. The accumulation of lipids in vascular tissues due to a hyperlipi-
demic diet can negatively impact cardiac physiology. This study revealed
that rats on a hypercholesterolemic diet developed fatty changes in
cardiomyocytes and the tunica intima of some cardiac blood vessels. In
contrast, hyperlipidemic rats consuming diets fortifiedwithOP,MP, and
WR exhibited hyaline degeneration and vacuolation in a subset of car-
diomyocytes, with preserved overall cardiac muscle fiber structure.
Notably, OP fortification was associated with limited myocardial bundle
vacuolation.Moreover, hyperlipidemic rats fedOP,WR, orMP generally
showed normal heart muscle histology, indicating potential cardiopro-
tective effects of these food industry byproducts when added to croissant
products. Histopathological assessment of rat hepatic tissues demon-
strated that OP or WR could alleviate the degenerative impairment of
fatty hepatic cells in hyperlipidemic rats40. The phenolic and flavonoid
compounds found inOP are the principal components of citrus peels and
exhibit a strong lipid-lowering effect, safeguarding the cardiac tissues in
hyperlipidemic rats. The antihyperlipidemic activity of citrus peels is
attributed to phytochemicals such as naringin and other essential
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nutrients50, suggesting their potential as cardioprotective agents by
preventing dyslipidemia. Our results emphasize the antihyperlipidemic
potential of OP and enhance the scientific consideration of its anti-
hyperlipidemic properties as an agro-waste, which may be crucial for its
future use as a dietary approach for managing hyperlipidemia.

Gene expression analysis, immune-reaction assays, and western blot-
ting are key techniques for validating our findings. A limitation of this study
is the use of untrained panelists for sensory evaluation, whose opinionsmay
be more subjective and less consistent than those of trained experts. How-
ever, limited analytical resources preclude us from performing these vali-
dation assays at this time. Exploring additional genes related to fatty acid
oxidation could provide further support, although this has been discussed in
detail in the discussion section.

Finally, the study found that supplementing croissants with 10% or
15%of waste byproducts such asOPs,WR, andmelon peels (MP) did not
significantly affect sensory evaluation. The study also elucidated the
potential benefits of incorporating OP, WR, and MP in croissants to
mitigate hypercholesterolemic effects in rats by reducing lipid profiles
and liver enzymes, improving kidney function, blood proteins, and
maintaining organ histology. These findings suggest that using food
byproducts and waste as natural additives in food products can create
functional foods to prevent hypercholesterolemia. Utilizing non-edible
fruit seeds in developing new food products also presents a sustainable
solution to reduce waste in agro-based industries. Further research is
needed to confirm these results and evaluate their implications for
human health.

Methods
Sources of materials and ethical statement
The wheat flour (72%), sugar, salt, vegetable oil, skimmed milk powder,
baking powder, dry yeast, orange (Citrus sinensis L), watermelon (Citrullus
lanatus), andmelon (Cucumismelo L) used in this research were purchased
from a local market in Zagazig, Egypt. Minerals, casein, cellulose, and
vitamins were obtained from El-Gomhoria Company (Zagazig, Egypt).
Gallic acid, Folin-Ciocalteu reagent, and 2,2-diphenyl-1-picrylhydrazyl
were supplied by Sigma Chemical Co. (St. Louis, MO, USA).

All procedures and experimental protocols complied with Directive
2010/63/EU of the European Parliament and the Council of 22 September
2010, legislation on the protection of animals used for scientific purposes.
The experimental procedures were approved by the Zagazig University
Scientific Research Ethics Committee (Ethical code: ZU-IACUC/2/F/174/
2022) and conducted in accordance with the ARRIVE guidelines 2.0.

Preparation of orange peel (OP), watermelon rind (WR), and
melon peels (MP)
Following thorough washing with distilled water and detachment from
cleaned fresh fruits, OPs and WR were cut into small pieces, rinsed with
water on plates, and dried at 45 °C for 48 h in an air oven.Melon peels (MP)
underwent a similar initial preparation (washing, detachment, and cutting),
butwere then specifically soaked in a 0.1% sodiummetabisulfite solution for
30min prior to drying at 45 °C for 48 h in an air oven51. All dried materials
were subsequently ground into a fine powder using a laboratory mill and
stored in polyethylene bags at 5 °C until use.

Preparation of croissants
The croissant was prepared according to Shalaby & Yasin52 with some
modifications. The ingredients used were wheat flour (72%), sugar (4 g),
powdered milk (12 g), vegetable oil (10 g), baking powder (2 g), yeast (2 g),
vanilla (0.5 g), salt (0.5 g), and water as needed. Seven different croissant
samples were prepared (C and T1–T6) using wheat flour and various fruit
peel powders such as orange, watermelon, and melon in ratios of 100:0,
90:10, and 85:15, respectively. The control sampleswere prepared according
to the ingredients described above (C), while the other samples were pre-
pared as C and replaced wheat flour with 10 or 15% from OP (T1 and T2),
WR (T3 and T4), and MP (T5 and T6), respectively (Table 7).

Antioxidant assay
TheDPPH radical scavenging activity was performed forOP,MP, andWR.
Radical scavenging action of the OP, MP, andWR samples was assessed by
blenching of the purple solution of the 2,2-diphenyl-1-picrylhydrazyl
hydrate (DPPH) assay according to Gülçin et al.53, expressed as µM Trolox
/mg extract of OP, MP, or WR.

Total flavonoid (TF) and phenolic (TP) contents
TP content and TF content were quantified in OP, MP, and WR and
expressed as µg of quercetin equivalent/mg and µg of rutin equivalent/mg,
respectively, following the methods described by ref. 54 and Folin-
Ciocalteau based on the ref. 55, respectively.

Sensory evaluation
Sensory parameters such as color, odor, taste, texture, appearance, and
acceptability were evaluated for seven croissant products. When devel-
oping a new food product, it is important to consider sensory features
and consumer approval. A hedonic scale assessment was conducted to
assess the acceptability of the croissants using a blend of people (number
of participants = 20). Twenty untrained panelists used a ten-point
hedonic scale to rate the appearance, color, odor, texture, taste, and
overall acceptability of the products. The scale ranged from 1 (disliked it
very much) to 9 (liked it very much). The most common is the 9-point
hedonic scale56, which ranges from 1: Dislike Extremely, 2: Dislike Very
Much, 3: Dislike Moderately, 4: Dislike Slightly, 5: Neither Like nor
Dislike (Neutral point), 6: Like Slightly, 7: Like Moderately, 8: Like Very
Much and 9: Like Extremely.

Biological experiment
Forty-five adult male Wistar albino rats weighing 120 ± 5 g were housed in
stainless steel cages in the Animal Facility at the Food Science Department,
Faculty of Agriculture, Zagazig University. The rats were housed at a tem-
perature of 25 °C under a 12-h light/dark cycle, with food and water pro-
vided ad libitum. A 2-week adaptation periodwas allowed before the start of
the experiment. The basal diet was prepared according to the procedure
illustrated by 57.

The rats were randomly separated into nine groups, comprising five
rats in each group.
(1) The first group (G1): rats received normal diets.
(2) The second group (G2): rats were fed a hypercholesterolemic diet for

6weeks, whichwas formulated by supplementing a basal dietwith 16%
fat, 2% cholesterol powder, and 0.25% cholic acid, following the
methodology described by ref. 31. This supplementation involved
substituting an equivalent amount of starch in the basal diet (Table 8).

Table 7 | The specific components of the croissants used in
this experiment to manage hyperlipidemia in the rat model

Mixture C T1 T2 T3 T4 T5 T6

Wheat Flour 100 90 85 90 85 90 85

Skimmed Milk
Powder

12 12 12 12 12 12 12

Vegetable Oil 10 10 10 10 10 10 10

Sugar 4 4 4 4 4 4 4

Dry Yeast 2 2 2 2 2 2 2

Baking Powder 2 2 2 2 2 2 2

Vanilla 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Salt 0.5 0.5 0.5 0.5 0.5 0.5 0.5

OP – 10 15 – – – –

WR – – – 10 15 – –

MP – – – – – 10 15

The croissants were prepared by substituting wheat flour with 10% or 15% of orange peels (OP),
watermelon rind (WR), and melon peels (MP).

https://doi.org/10.1038/s41538-025-00482-z Article

npj Science of Food |           (2025) 9:130 8

www.nature.com/npjscifood


(3) The third group (G3): rats were treated with a hypercholesterolemic
diet as described in G2 and fed with 40% of the control croissant.

(4) The fourth group (G4): rats were treated with a hypercholesterolemic
diet as described in G2 and fed with 10% orange-enriched croissants.

(5) Thefifth group (G5): ratswere treatedwith ahypercholesterolemicdiet
as described in G2 and fed with 15% orange-enriched croissants.

(6) The Sixth group (G6): rats were treated with a hypercholesterolemic
diet as described in G2 and fed with 10% watermelon-enriched
croissants.

(7) The seventh group (G7): rats were treatedwith a hypercholesterolemic
diet as described in G2 and fed with 15% watermelon-enriched
croissants.

(8) The eighth group (G8): rats were treated with a hypercholesterolemic
diet as described in G2 and fed with 10% melon-enriched croissants.

(9) The ninth group (G9): rats were treated with a hypercholesterolemic
diet as described in G2 and fed with 15% melon-enriched croissants.

During the investigational period, 40% of the starch in the diet was
replaced with croissants. Live body weights of the rats were individually
measured using a digital electronic balance (WANT, Jiangsu, China, sen-
sitivity ±0.01 g) at the start and end of the experiment to determine BWG.
Moreover, food intake (FI) was calculated weekly based on the amount of
food consumed. The feed conversion ratio (FCR) was then determined
using BWG, the duration of the experiment in days, and FI. After 6 weeks of
treatment anda feeding trial, blood sampleswere collected, and the ratswere
sacrificed todiscard the liver andkidney tissues forhistological examination.

Blood and tissue sampling
Following a 12-h fasting period at the end of the experiment, blood samples
(n = 5 per group) were collected from the tail vein of anesthetized rats.
Anesthesia was induced via intraperitoneal injection of a ketamine
(50mg/kg bw)/xylazine (10mg/kg bw) solution. Blood was collected into
sterile tubes without EDTA. Blood samples were allowed to clot for 1 h at
room temperature to facilitate serum separation. Subsequently, the samples
were centrifuged at 3000 rpm for 15min to obtain the serum. The resulting
serum samples were then aliquoted and stored at −20 °C until further
analysis of blood parameters. The liver, kidney, heart, and spleen tissues
were extracted from the abdominal cavity of rats and individually weighed
using a digital electronic balance (WANT, Jiangsu, China, sensitivity
±0.01 g). Subsequently, samples of heart and liver were preserved in for-
malin for histological analysis.

Biochemical analysis
The albumin and total protein levels in the serum were measured using
commercial kits provided by SpinReactCompany (Girona, Spain) following
the instructions in the provided pamphlet. The serum glucose level was

measured using the Glucose Assay Kit (CATALOG# 81693) following the
procedure outlined by Barham and Trinder58.

Cholesterol (TC), Triglycerides (TG), and High-density lipoprotein
(HDL-C) were determined according to refs. 59,60 and ref. 61, respectively.
The ELISA kits for determining TG, TC, and HDL were also provided by
SpinReact Company (Girona, Spain) and followed the company’s
instructions.

Low-density lipoprotein (LDL) and very low-density lipoprotein
(VLDL) levels were calculated according to instructions in the provided
pamphlet. VLDL-C levels (in mg/dL) were estimated by dividing trigly-
ceride levels (mg/dL) by 5, according to the method described by Oliveira
et al.62.

Serum aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) levels were calculated via the method outlined by
ref. 63. Alkaline phosphatase (ALP) activity wasmeasured following the
protocol by ref. 64. Urea and creatinine levels were analyzed using
Biodiagnostic (Giza, Egypt) kits based on the procedures illustrated by
refs. 65, 66, respectively. All assays were performed in accordance with
the manufacturers’ instructions.

Histopathological procedure
Immediately after euthanasia, liver and heart tissue specimens were har-
vested from rats and directly immersed in 10%neutral buffered formalin for
a fixation period of 48 h. Subsequently, the tissues underwent a dehydration
process using a sequential series of increasing ethanol concentrations (70%,
80%, 95%, 95%, and100%), followedby clearing inxylene andembedding in
paraffin. Paraffin sections with a thickness of 5 µm were obtained using a
Leica RM 2155 microtome (England), stained with hematoxylin and eosin
using a consistent staining procedure, and examined under a light
microscope67. Representative photomicrographs were captured using a
Leica EC3 digital camera (Leica, Germany) mounted on a Leica DM500
light microscope.

Statistical analysis
Data were compiled and edited in Microsoft Excel. Statistical evaluations
were conducted using IBM SPSS Statistics software (version 25). The
assumptions of independent observations, normality of residuals, and
homogeneityof varianceswere evaluatedusing theShapiro–Wilk test before
performing the ANOVA. Data were analyzed using one-way ANOVA, and
the significant differences between treatments were assessed by a post hoc
review of the Duncan test. Findings were informed as mean ± standard
error. P values were determined as significant (P ≤ 0.05).

Data availability
Thedatasets usedand/or analyzed in the current study are available fromthe
corresponding author upon reasonable request.
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