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A large amount of by-products, mostly peels and seeds, are produced during the 
industrial processing of strawberries and are currently underutilized and thrown 
away as environmental trash. By valuing these particular residues as functional 
agents, this study closes this sustainability gap. We examined the anti-inflam-
matory and antioxidant properties of several strawberry fractions in comparison 
to the common flavonoid, quercetin, using a lipopolysaccharide (LPS)-induced 
RAW 264.7 macrophage paradigm. Our results showed that whereas LPS and 
strawberry extracts preserved high cell viability (above 84%), the extracts consid-
erably reduced the oxidative and inflammatory stress caused by LPS, supporting 
the conversion of industrial waste into valuable nutraceuticals. Strawberry parts 
decreased both nitric oxide (NO) production (6.25: 44.15 μM) and reactive oxygen 
species (ROS) (0.11: 0.51 μM). The peel group reduced ROS levels to 0.17 μM, 
demonstrating the strongest antioxidant activity; quercetin reduced levels closest 
to the control sample (11.78; 0.15 μM), respectively. Strawberry peel reduced the 
inflammatory markers to reach tumor necrosis factor-alpha (TNF-α) 117.04 pg./
mL, Interleukin 6 (IL-6) 160.47 pg./mL, and Interleukin-1 beta (IL-1β) 88.2 pg./
mL. Antioxidant activity was highest in the peel (•OH 65.96%, ABTS 156.05 μmol 
Trolox/g), followed by the whole fruit (•OH 48.29%, ABTS 98.87 μmol Trolox/g, 
FRAP 89.48 μmol Fe2+/g, DPPH IC50 32.28 μg/mL), and the seed (•OH 56.08%, 
ABTS 112.44 μmol Trolox/g, FRAP 102.16 μmol Fe2+/g, DPPH IC50 46.17 μg/mL). 
The pulp (•OH 33.14%, ABTS 71.25 μmol Trolox/g, FRAP 58.30 μmol Fe2+/g, DPPH 
IC50 88.15 μg/mL). Peel had the highest ascorbic acid (71.22 mg/100 g) and folate 
(36.41 μg/100 g), while seed had the lowest (7.68 mg/100 g; 12.12 μg/100 g), 
respectively. The largest concentrations of total phenol (159.16 mg GAE/100 g), 
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flavonoid (44.16 mg QE/100 g), anthocyanin (33.08 mg/100 g), catechin 
(27.16 mg/100 g), and carotenoid (5.28 mg/100 g) were found in peel; proantho-
cyanidin (28.92 mg/100 g) were found in seed samples. Peel showed the highest 
POD (3.11 U/mL) and PPO (3.99 U/mL) activity; pulp had the lowest PPO (1.71 U/
mL) and seed the lowest POD (1.89 U/mL); the whole fruit was intermediate. The 
peel part had the greatest antioxidant activities, anti-inflammatory markers, and 
bioactive attributes, whereas the pulp and seed showed lower beneficial effects, 
and it can be used in manufacture instead of being dumped as waste material.

KEYWORDS

anti-inflammatory markers, bioactive compounds, oxidation, RAW 264.7 cell line, 

strawberry parts, sustainable use

Introduction

An immunological reaction to tissue damage carried on by infec-
tion or even adverse stimuli as microbes and viruses, is inflammation. 
It is crucial for preserving immunological homeostasis and acts as a 
physiological reaction in the body (Justine et al., 2024). Macrophages, 
which are found in the blood and tissues as monocytes, are one type 
of immune cell that controls the inflammatory response. They are 
essential for the rapid induction and amplification of inflammation 
and immunity (Bahuguna et al., 2020). Gram-negative bacterial cells 
produce pro-inflammatory cytokines, while their outer membrane 
contains a pro-inflammatory substance called lipopolysaccharide 
(LPS) that activates macrophages (Seke et al., 2023). However, it’s 
crucial to identify anti-inflammatory medications to treat autoim-
mune disorders, including cancer, multiple sclerosis, pneumonia, and 
rheumatoid arthritis, because excessive inflammatory reactions can 
cause those conditions (El-Feky and El-Rashedy, 2023). This has led 
to the current method of using research on the control of inflamma-
tory reactions to LPS-stimulated macrophages to examine the effec-
tiveness of novel natural materials (Lin et al., 2020). The strawberry 
(Fragaria ananassa Duch.), belongs to the Rosaceae family, is recog-
nized for its nutritional components, gorgeous red color, scent, and 
distinctive balance of sweet and acidic flavors (Urün et al., 2021). The 
flavor of strawberries is formed by sugars, fiber, micronutrients, 
organic acids, and other volatile organic compounds (VOCs). VOCs 
significantly affect the fruit’s aroma through ester, alcohol, aldehyde, 
ketone, acid, and lactone, including ethyl hexanoate, linalool, and 
γ-decalactone, even though they presents ≤0.01% of the fruit’s fresh 
weight. Different cultivars, ripening phases, and environmental fac-
tors all affect their concentration, which results in different flavor 
profiles. While organic acids add flavor and antioxidant qualities, the 
sugar-to-acid ratio is equally important in influencing sweetness and 
overall taste (Liu et al., 2025). Strawberries are typically eaten as 
whole fruits or in processed forms such asjuice, ice cream, jam, and 
jelly. Therefore, the fruits are consumed; however, the stem, leaf, root, 
seed, and calyx are not used and considered as bio-waste (González-
Domínguez et al., 2020). Anthocyanins, quercetins, flavonoids, poly-
phenols, ellagitannins, catechins, ascorbic acids, and folic acids are 
among the phytochemical components found in strawberries 
(Villamil-Galindo et al., 2020).

As the primary innate immune cells, macrophages are essential 
in both infection and inflammation, performing vital regulatory 
roles in pathological inflammation (Xu et al., 2024). A variety of 
biological characteristics, including antioxidants, anti-inflammatory, 

antiviral, and neuroprotective actions, are possessed by the flavonoid 
compound quercetin (Newerli-Guz et al., 2023).

Quercetin inhibited LPS-induced macrophage activation by tar-
geting spleen tyrosine kinase (Syk)/ proto-oncogene tyrosine-protein 
kinase src (Src)/ interleukin-1 receptor–associated kinase 1 (IRAK-1). 
It also prevented LPS-induced oxidative stress and inflammation 
through pathways NADPH oxidase 2 (NOX2)/ Reactive oxygen spe-
cies (ROS)/Nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB) (Sul and Ra, 2021). Figure 1 presents the molecular 
structure of the quercetin as a strong antioxidant components.

The present study aimed to examine the ethanolic extracts of sus-
tainable strawberry parts against against quercetin on pro-inflamma-
tory responses, antioxidant activities, phytochemical compounds, 
vitamins, enzymes, and oxidative stress in LPS-activated RAW 264.7 
macrophages.

Materials and methods

Materials and cell culture

Sigma company (St. Louis, MO, USA) supplied quercetin (Q4951), 
lipopolysaccharide (LPS), which derived from Escherichia coli 
(0111:B4), and dimethyl sulfoxide (DMSO). The RAW264.7 mouse 
macrophage cell line was supplied from the Shanghai Institute of 
Biological Sciences in China. The cells were cultivated at 37 °C in a 
fully humidified incubator with 5% CO2 in Dulbecco’s Modified 
Eagle’s Medium (DMEM) of 2 mM glutamine, 1 mM pyruvate, 4.5 g/L 
glucose, which was supplemented with 10% heat-inactivated fetal 
bovine serum (FBS) (Xue et al., 2017). The cells were frequently 

FIGURE 1

Molecular structure of the quercetin.
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transferred to a third generation after being cultivated as a dense 
monolayer.

Sample extraction

Fresh strawberries (n = 60 fruit) were grown under controlled con-
ditions of agronomic and environmental factors and propagated by 
stolon cuttings in Taif, Saudi Arabia. The fruits were in good condition 
when they were hand-picked in the early morning after the ripening 
stage in November, 2024. Fresh strawberries were arranged in plastic 
trays at random, while three separated sections were manually sepa-
rated from the strawberry samples. The whole fruit presented the 
fourth group. The pulp was obtained by chopping off the crimson inte-
rior part of the fruit, leaving out the peel and seeds. The tiny seeds were 
removed from the skin using mechanical vacuum separation (MVS-
S300, Zhucheng, China). Samples were milled into a fine powder to 
improve the surface area for extraction after being freeze-dried (FD-
1000 L, Ningbo, China) to retain phenolic chemicals and anthocyanins. 
In order to get a pure peel fraction, the peel, including portions con-
taining seeds, was collected separately. The samples were ground into 
a consistent powder (MF-10, Jingxin Co., Ltd., China). The samples are 
placed in dark tubes and combined at a 1:10 (w/v) ratio with 70% that 
contained 0.1% HCl. The mixture was shaken (LS-200, Changzhou, 
China) at 125 rpm for 24 h at room temperature before the precipitate 
and supernatant were separated. This process was repeated twice. After 
the extraction process was applied, the supernatant was filtered before 
being concentrated under low pressure using a rotating vacuum evapo-
rator (YRE 2000E, Gongyi, China) and the extract was lyophilized and 
stored at −20 °C in the dark (Kim et al., 2024).

Study design

Seven treatment groups were utilized in the experiment: Control 
(untreated cells), LPS, (LPS + Pulp), (LPS + Peel), (LPS + Seed), 
(LPS + Fruit), and (LPS + 1 μM Quercetin). Initially, the effects of the 
biological substance were assessed using RAW264.7 cells. While the 
LPS group received 1 μg/mL of LPS to cause inflammation, the control 
group did not receive any form of treatment (Monmai et al., 2022).

Cell viability assay

The MTT assay was used to determine cell viability (Zhong et al., 
2022). A 96-well plate was seeded with a density of 1 × 104 RAW 264.7 
cells each well and allowed to adhere overnight. Following the prepara-
tion and addition of extracts at a concentration of 100 μg/mL based on 
the crude dry weight, the cells were stabilized at 37 °C in an incubator 
with 5% CO2. Each well was then injected with 40 μL of MTT reagent 
(2.5 mg/mL) and allowed to react for 3 hours. Following the incubation 
period, 100 μL of DMSO was added to dissolve the formazan crystals, 
agitated for 30 min at room temperature, and the absorbance (490 nm) 
was measured using a microplate reader (RT 2100C, Shenzhen, China). 
Cell viability measures were represented as a percentage (%).

Oxidative stress

NO production inhibitory activity

Nitrite (NO2−) accumulation was measured to identify the NO 
concentrations in cell culture supernatants. In 24-well plates, Raw 

264.7 cells were propagated at a density of 1 × 105 before being given 
the appropriate treatment according to the experimental groups. 
Following 24 h of incubation at 37 °C in an incubator with 5% CO2, 
the cell supernatant was collected, and the NO expression level was 
assessed using the Griess method with a nitric oxide (NO) kit 
(MAK002, Sigma Aldrich, USA). In 96-well flat-bottomed micro-
plates, 100 μL of Griess reagent was combined with an equal volume 
of the culture supernatant of different groups, shaken for 30 min, and 
incubated for 10 min at room temperature in dark conditions. A 
microtiter plate reader was used to measure the absorbance at 
540 nm (Cui et al., 2019). A standard curve created by serially dilut-
ing NaNO2 was used to calculate nitrite concentrations and 
expressed in μM.

Cellular ROS production

Cells seeded (2 × 105 cells/well) on the confocal dish were culti-
vated for 24 h at 37 °C. After washing the confocal plate with 100 μL 
of PBS, the growing media were taken out. After adding various 
extracts of different groups for 30 min, cells were exposed to 
DCFH-DA kit (35845, Sigma-Aldrich). DMEM (1:2,000) was used to 
dilute DCFH-DA reagent (10 mM) to 5 μM in the dark (Zhong et al., 
2022). After discarding the cells, 1 mL of diluted DCFH-DA solution 
was added, and the mixture was incubated for 20 min at 37 °C, fol-
lowed by two times washes by DMEM to eliminate DCFH-DA from 
cell surfaces. Cells were gathered into 1.5 mL tubes and suspended 
with 200 μL PBS to measure the cellular ROS production. Cellular 
esterases degraded DCFH-DA to DCFH carboxylate anion, which was 
further oxidized by ROS to produce extremely fluorescent dichloro-
fluorescein (DCF). The fluorescence intensity, which correlates to 
intracellular ROS levels, was measured using a microplate reader at an 
excitation wavelength of 485 nm and an emission wavelength of 
535 nm (Peng et al., 2023).

Inflammatory markers

In a 24-well plate, RAW 264.7cells were seeded at a density of 3 × 105 
cells/well and allowed to stabilize overnight. After 2 hours of treatment 
with the LPS (1 μg/mL), extracts were added for 12 h to cause inflam-
mation (Kim et al., 2024). After centrifuging the culture at 13,500 rpm 
for 20 min, the supernatant were detected for the amounts of cytokine 
levels. The experiment was carried out in accordance with the instruc-
tions supplied by the ELISA kit manufacturer, and the supernatant was 
added to the corresponding ELISA kits for TNF-α, IL-6, and IL-1β 
(RAB0308, RAB0477, and RAB0304, Sigma-Aldrich, USA). Absorbance 
was determined at 450 nm using an ELISA microplate reader (BK 
EL10A, Shandong, China) and reported as pg./mL (Zhong et al., 2022).

Antioxidant activity assays

A selection of in vitro procedures was used to measure antioxidant 
activities. The (DPPH) assay was used to measure the samples’ ability 
to scavenge free radicals utilizing a spectrophotometric technique at 
517 nm in accordance with the manufacturer’s instructions Kit (D9132, 
Sigma-Aldrich, USA). DPPH reacts with an antioxidant that can scav-
enge free radicals to form DPPHH. When coupled with a source of 
hydrogen atoms, DPPH creates diphenylpicrylhydrazine, which 
appears purple; however, the resultant DPPH has a reduced hydrogen 
content and is decolorized, appearing yellow (Kim et al., 2024).
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The FRAP assay was used to measure the ferric reducing antioxi-
dant power at a wavelength of 700 nm. The conversion of Fe3+ to Fe2+ 
was used to examine this reducing power, in which, depending on the 
sample’s reduction power, the test solution’s yellow color turns to dif-
ferent hues of green and blue (Liu et al., 2025).

The results were reported as μmol Fe2+ per gram of sample according 
to the described protocol by Koraqi et al. (2023). The (ABTS) assay is 
based on the theory that ferrylmyoglobin radicals are generated when 
ABTS is oxidized. Antioxidant reactions then bleach these radicals from 
blue to colorless (Kim et al., 2024). When ABTS is oxidized, ferrylmyo-
globin radicals and ABTS cationic radicals are generated. Antioxidant 
reactions bleach radicals from blue to colorless (Kim et al., 2024). The 
manufacturer’s instructions were followed while applying the ABTS assay 
at 750 nm. Kit (CS0790, Sigma-Aldrich, USA), which evaluates antioxi-
dant activity in μmol Trolox per gram, was used to examine radical scav-
enging capability (Olennikov et al., 2022). Additionally, the hydroxyl 
radical scavenging activity was assessed, and the percentage of hydroxyl 
radical (•OH) inhibition was calculated using the relative drop in absor-
bance. The ability of strawberry extract to neutralize highly reactive •OH 
radicals is measured using the Fenton reaction-based •OH scavenging 
assay. By interacting with hydrogen peroxide (H2O2) with ferrous ions 
(Fe2+), this mechanism produces hydroxyl radicals. These radicals and 
salicylic acid usually interact to form a colorful material that absorbs light 
at a wavelength of 510 nm (Chang et al., 2008). These tests provided a 
comprehensive assessment of the antioxidant properties of strawberries.

Determination of vitamins

Vitamin C

According to the manufacturer’s instructions, a spectrophotomet-
ric assay at 534 nm was used to determine the ascorbic acid (Vitamin 
C) concentration (MAK505, Sigma-Aldrich, USA). After homogeniz-
ing 0.5 g of fresh strawberries in 1 mL of cooled extraction buffer, the 
samples were centrifuged at 10,000 rpm for 10 min at 4 °C (Duan et 
al., 2025). 280 μL of reagent (1), 100 μL of ethanol, 50 μL of agent (2B) 
(prepared by diluting 0.047 mL of reagent (2A) in 9.953 mL of etha-
nol), 100 μL of reagent (3) (dissolved in 13 mL of ethanol), and 50 μL 
of agent (4) were mixed with 20 μL of the sample. The results were 
given in mg/100 g.

Vitamin B9

Ethanol was used for the folate (Vitamin B9) determination with 
the homogenized fresh strawberry tissue at a 1:10 (w/v) ratio to help in 
the solubilization of folate. 0.1 M sodium phosphate and 1.0% (w/v) 
L-ascorbic acid were added to decrease oxidative loss of the vitamin and 
support folate stability during extraction. The mixtures were centri-
fuged (4,500 rpm, 4 °C, 30 min) and filtered by a 0.45 μm filter pore size 
(Qaderi et al., 2023). The resulting supernatant was spectrophotometri-
cally analyzed at 280 nm, while findings were represented in μg/100 g.

Phytochemicals compositions

Total phenolics

The total phenolic contents were calculated using the Folin–
Ciocalteu colorimetric technique (El-Hawary et al., 2021). Each 
extract (100 mL) was combined with 0.5 mL of Folin–Ciocalteu 

reagent and 7 mL of deionized water, then the mixture was incubated 
for 3 minutes at room temperature. After 1 h of reaction in the dark-
ness, 1.5 mL of 20% Na2CO3 was combined in an equal ratio with 
water, and the absorbance (724 nm) was measured after incubation 
for 1 h. A standard material (gallic acid) was used to plot a standard 
curve, and the concentration was given as mg gallic acid equivalents 
(GAE) per 100 g.

Total flavonoids

Total flavonoids were measured by the aluminum chloride colo-
rimetric assay in accordance with the manufacturer’s instructions Kit 
KTB1530-96, Star Tech., Egypt. Fresh samples (0.1 g) were homoge-
nized in 1.5 mL of 70% ethanol, extracted with shaking at 60 °C for 
2 hours, and centrifuged at 10000 rpm for 10 minutes. 50 μL of the 
supernatant was combined with 15 μL of reagent (1) (NaNO2 
5 g/100 mL) and incubated for 6 min at 25 °C. 30 μL of reagent (2) (Al 
(NO3)3 10 g/100 mL) and 105 μL of reagent (3) (4 g/100 mL NaOH) 
were added. Total flavonoids were measured by using a spectrophoto-
metric assay at 510 nm and reported as mg quercetin equivalents (QE) 
per 100 g (Chen et al., 2024).

Total anthocyanins

The pH differential approach was used to determine total antho-
cyanins (Duan et al., 2025). Fresh samples (0.05 g) were centrifuged 
(10,000 rpm, 10 min) after being homogenized in 1 mL extraction 
buffer and heated to 75 °C for 25 min while shaking. After combining 
300 μL of pH 1.0 buffer reagent (1) or pH 4.5 buffer reagent (2) with 
the supernatant (100 μL), the mixture was incubated in the dark for 
60 min at 25 °C. At 530 nm and 700 nm, absorbance was observed. 
The main red-pigmented, total anthocyanins were identified using 
spectrophotometry and reported as mg per 100 g.

Total catechins

A colorimetric technique was used for determining the total cat-
echin concentration. One gram of fresh tissues was extracted using 
10 mL of 70% ethanol while being constantly stirred at room tempera-
ture for 2 hours. After centrifuging the extract for 10 minutes at 
6,000 rpm, the supernatant was recovered. 2.5 mL of concentrated 
hydrochloric acid and 2.5 mL of 0.1% vanillin in methanol were com-
bined with an aliquot of 0.5 mL of the extract. A spectrophotometer 
was used at 500 nm after the reaction mixture was incubated at 30 °C 
for 20 min (Sun et al., 1998). A standard curve made with catechin was 
used to calculate the total catechin content. The extract’s principal 
flavan-3-ols, total catechins, were measured and expressed on a mg 
per 100 g.

Total proanthocyanidins

The vanillin–HCl colorimetric technique was used to determine 
the total proanthocyanidin concentration. One gram of fresh tissues 
was extracted using 10 mL of 70% ethanol for 2 hours at room tem-
perature while being constantly stirred. After centrifuging the extract 
for 10 minutes at 7,000 rpm, the supernatant was recovered. 0.5 mL of 
the extract was combined with 1.5 mL of concentrated hydrochloric 
acid and 3 mL of 4% vanillin in methanol. A spectrophotometer was 
used to measure the absorbance at 500 nm after the reaction mixture 

https://doi.org/10.3389/fsufs.2026.1762690
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Jalloun et al.� 10.3389/fsufs.2026.1762690

Frontiers in Sustainable Food Systems 05 frontiersin.org

was incubated for 20 min at 30 °C against catechin as a blank (Sun et 
al., 1998). Total proanthocyanidins, expressed as mg per 100 g, were 
used for evaluating polymerized flavonoids.

Total carotenoids

Five hundred milligrams of the fresh tissue was placed in a 50 mL 
centrifuge tube and mixed with 10 mL of ethanol for 1 minute using 
a vortex mixer. The supernatants were measured by adding 95% etha-
nol, and the final volume of the carotenoid extract was adjusted to 
75 mL. The carotenoid extract’s absorbance value at 450 nm was cal-
culated (Piedad and Natividad, 2024). Total carotenoids, which were 
represented as mg per 100 g, were used to measure lipophilic 
pigments.

Enzyme activities

In order to measure the polyphenoloxidase (PPO) enzyme, 
around 1 g of fresh samples were weighed, homogenized in 101 mL of 
sodium phosphate buffer (100 mM, pH 7.0), centrifuged at 
10,000 rpm, filtered, and stored at −18 °C. The extracts’ ionically 
bound enzymes were detected at 410 nm after 0.5 mL of 0.175 mol/L 
catechol solution and 2.2 mol/L sodium phosphate buffer were added 
(Kou et al., 2019). Peroxidase (POD) enzyme was evaluated by com-
bining 1 g of fresh samples with 3 mL of 0.1 mol/L pyrocatechol solu-
tion, centrifuging at 10,000  rpm, and filtering with a detector at 
470 nm (Veljovic-Jovanovic et al., 2006).

Statistical analysis

Every biological replicate had measurements from technical trip-
licates, and the mean value was used for statistical analysis. Data is 
presented as mean ± standard deviation (SD). One-way analysis of 
variance (ANOVA) and Tukey’s Honest Significant Difference (HSD) 
post-hoc test were used to compare the values from each group. SAS 
(version 8.02) was employed for statistical analysis. To analyze the 
data, GraphPad Prism was used. A p-value of less than 0.05 was con-
sidered to be significant.

Results and discussion

Strawberries are mostly eaten as a fruit or as part of processed 
meals, including juices, yogurts, jellies, and jams (Villamil-Galindo et 
al., 2020; Abdussameea et al., 2023). Leaves, roots, seeds, and calyces 
are reported to be produced in large quantities during this industrial 
processing; these byproducts are usually disposed of as biomass wastes 
(Ronie et al., 2024). These byproducts have significant concentrations 
of phenolic substances, anti-inflammatory, anti-oxidant, and can be 
exploited to reduce ultimate disposal expenses as well as get raw mate-
rials at a reasonable cost (Shahbaz et al., 2025).

Cell viability

The effects of quercetin and strawberry components on the viabil-
ity of LPS-activated RAW 264.7 macrophages were examined. The 
MTT assay, based on the dehydrogenases in the mitochondria of 
living cells, convert tetrazolium salts to insoluble formazan (in color 

purple), is a widely used technique to measure cell viability. After dis-
solving the reduced formazan in organic solvents, the absorbance can 
be quantified (Abdussameea et al., 2023). LPS treatment alone 
decreased cell viability to 89.64%, indicating an insignificant cytotoxic 
effect. The viability of LPS-stimulated cells was reduced when straw-
berry components were co-treated. The viabilities of cells treated with 
LPS + pulp, LPS + peel, LPS + seed, and LPS + whole fruit were 
87.54%, 84.67%, 86.02%, and 85.17%, respectively. In comparison to 
the LPS group, the peel caused the biggest reduction in viability. 
Quercetin treatment tended to maintain cell viability; the LPS + quer-
cetin group demonstrated 94.88% viability, suggesting a protective 
effect against the LPS-induced cytotoxicity (Figure 2).

LPS exposure decreased the survival of RAW 264.7 macrophages, 
which is in line with its established cytotoxic and pro-inflammatory 
effects on immune cells. Macrophages are crucial for innate immunity, 
and tissue healing and infection control depend on their recruitment 
to infection or damage sites. On the other hand, uncontrolled mono-
cyte accumulation may result in the development of malignancy or 
even persistent inflammation (Cui et al., 2019). A study for measuring 
anti-inflammatory and antioxidant approaches was provided by the 
slight reduction observed, which indicated that the selected LPS con-
centration successfully stimulated macrophages without generating 
significant cytotoxicity (Peng et al., 2023).

Despite the effects of LPS alone, treatments with strawberry parts 
or whole fruit extracts marginally reduced cell viability (Kim et al., 
2024). These slight decreases indicated that some phytochemical com-
ponents in strawberry parts might have extract-specific or dose-
dependent impacts on metabolic function due to its larger 
concentration of phenolics or other bioactive substances that alter 
mitochondrial activity, the peel produced the largest drop. However, 
viability maintained above 80%, suggesting that none of the straw-
berry samples showed overt cytotoxicity.

When compared to LPS alone, quercetin showed the best results 
by increasing cell viability. This protective effect was consistent with 
earlier research demonstrating that quercetin improves cellular meta-
bolic function and reduces oxidative stress caused by LPS (Cui et al., 
2019). Quercetin may have maintained mitochondrial function and 
minimized the harmful consequences of inflammatory activation, 
based on the increased viability shown in the treated cells (Peng et al., 

FIGURE 2

Cell viability of strawberry parts against quercetin extracts in LPS-
stimulated RAW 264.7 cells.
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2023). Across a number of pathways, including NF-κB, signal trans-
ducer and activator of transcription 1 (STAT-1), and Syk/Src/IRAK-1, 
quercetin inhibits the LPS-induced inflammatory response (Yang et al., 
2014; Nga et al., 2020). The cell viability was ≥ 84% for all groups, 
representing that the detected antioxidant and anti-inflammatory 
properties were only not because of non-specific cytotoxicity neverthe-
less slightly to the biological activities of the strawberry fruit extracts.

Oxidative stress

NO is a type of free radical that controls physical processes, how-
ever an excessive amount of NO produced by Inducible nitric oxide 
synthase (iNOS) can cause inflammation, cytotoxicity, and autoim-
mune diseases (Zhong et al., 2022). The Griess assay in this work sug-
gested that when LPS was triggered, the overproduction of NO was 
linked to the overexpression of iNOS (Malayil et al., 2022), which 
converts the amino acid L-arginine into NO (Kim et al., 2024). Tumor 
development and inflammation can result from prolonged NO gen-
eration. Numerous cell types, including primary aortic smooth muscle 
and epithelial cells, are stimulated to migrate by NO release (Cui et al., 
2019). Inflammatory infections were significantly influenced by oxida-
tive stress, with ROS levels acting as a key mediator. The human body’s 
oxidant/antioxidant balance is upset by excessive ROS generation, 
which damages DNA, lipids, and proteins (Wang et al., 2021).

When compared to the control group, LPS stimulation signifi-
cantly raised NO levels. LPS-treated cells showed a significant increase 
to 44.15 μM, indicating effective inflammatory activation, while con-
trol cells produced 6.25 μM. Treatment with strawberry parts consid-
erably decreased NO production; the peel group caused the greatest 
reduction, lowering NO down to 18.23 μM. This was followed by the 
pulp (28.47 μM), the seed (23.8 μM), and the whole fruit (19.07 μM). 
As a positive control, quercetin significantly reduced NO release to 
11.78 μM, which is close to baseline values (Figure 3).

Similar to the results of NO production, ROS levels improved sig-
nificantly following LPS stimulation, from 0.11 μM in control cells to 
0.51 μM in the LPS group. ROS accumulation was successfully 
reduced by the treatment with strawberry parts. While the whole fruit 
(0.21 μM) and seed (0.25 μM) showed similar reductions, the peel 
group once again caused one of the largest reductions, lowering ROS 
down to 0.17 μM. The pulp reduced ROS to 0.33 μM, which was a 
milder effect. As an active antioxidant reference, quercetin reduced 
ROS levels to 0.15 μM (Figure 4).

Both NO and ROS levels were significantly increased by LPS 
stimulation, which is in line with the activation of macrophage inflam-
matory pathways. Treatment with strawberry samples, however, con-
siderably reduced these reactions, suggesting that sustainable 
strawberry by-products could be useful sources of bioactive sub-
stances. Flavonols inhibited NO production, which was very consis-
tent with iNOS protein down-regulation (Zhang et al., 2020).

The peel continuously demonstrated the best inhibitory proper-
ties on the production of both NO and ROS among the studied 
groups. This finding was consistent with earlier research indicating 
that, in comparison to edible pulp tissues, fruit peels frequently have 
higher quantities of phenolics, flavonoids, and other antioxidant 
metabolites. Significant decreases were observed as well in the whole 
fruit and seed groups, indicating that the strawberry’s many parts 
contribute bioactive chemicals that can alter oxidative pathways. 
Results were in arrangement with the investigation on LPS-
stimulated RAW264.7cells, strawberries have an anti-inflammatory 

impact by lowering NO generation and blocking inflammatory medi-
ators and cytokines (Gu et al., 2020). Strawberry extract demon-
strated anti-inflammatory properties, lowering intracellular 
generation of NO and ROS as well as inflammatory indicators by 
activating the nuclear factor erythroid 2–2-related factor 2 (Nrf2) 
and NF-κB signaling pathways after in vitro LPS stimulation 
(Gasparrini et al., 2017). Quercetin suppressed NO and ROS produc-
tions. However, the activity of quercetin was approached by the peel 
and whole-fruit extracts, indicating that natural extracts of straw-
berry phytochemicals might have synergistic effects. Quercetin may 
prevent LPS-stimulated macrophages from migrating by inhibiting 
NO release (Cui et al., 2019).

Pro-inflammatory cytokine production

A physiological defensive mechanism, inflammation is triggered 
by an external stimulus as LPS. Inflammatory proteins are overex-
pressed and a variety of immune defense cells, including macrophages. 
Uncontrolled and overexpressed pro-inflammatory cytokines lead to 

FIGURE 3

Inhibitory effect of strawberry parts against quercetin extracts on NO 
production in LPS-stimulated RAW 264.7 cells.

FIGURE 4

Inhibitory effect of strawberry parts against quercetin extracts on ROS 
production in LPS-stimulated RAW 264.7 cells.
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inflammation, which can result in a number of illnesses, including 
tissue damage and chronic disease degeneration (Kim et al., 2024).

LPS stimulation significantly increased the release of inflamma-
tory cytokines. After LPS exposure, TNF-α levels raised from 
28.25 pg./mL in control cells to 277.68 pg./mL. This rise was consider-
ably reduced by treating with strawberry samples. The peel group 
caused the most suppression, lowering TNF-α to 117.04 pg./mL, fol-
lowed by the pulp (191.21 pg./mL), whole fruit (122.09 pg./mL), and 
seed (144.61 pg./mL). TNF-α was lowered to 102.85 pg./mL using 
quercetin as a positive anti-inflammatory reference (Figure 5).

For IL-6, a similar pattern was observed. In control cells, LPS 
treatment raised IL-6 from 24.55 pg./mL to 478.05 pg./mL. IL-6 was 
reduced to 267.31 pg./mL (pulp), 160.47 pg./mL (peel), 213.48 pg./mL 
(seed), and 182.3 pg./mL (fruit). The greatest decrease was caused by 
quercetin, which reduced IL-6 to 122.11 pg./mL.

The same pattern was observed in IL-1β, which increased with 
LPS from 14.59 pg./mL in control macrophages to 198.67 pg./mL. The 
whole fruit (83.14 pg./mL), pulp (111.58 pg./mL), and seed (93.17 pg./
mL) all markedly reduced IL-1β production, however the peel dem-
onstrated the greatest inhibition among strawberry samples, lowering 
IL-1β to 88.2 pg./mL. Quercetin demonstrated a strong anti-inflam-
matory impact by lowering IL-1β to 55.7 pg./mL. These cytokines 
were successfully decreased by treatment with various strawberry 
anatomical portions, suggesting that the fruit’s by-products had potent 
medicinal properties. The peel consistently showed the highest inhibi-
tory effects among the studied groups, with the whole fruit and seed 
samples coming in second and third. Strawberry peels might have 
higher levels of bioactive substances that can reduce inflammation, 
including flavonoids, phenolic acids, and anthocyanins. These sub-
stances are known to prevent LPS from activating the NF-κB pathway, 
which controls the inflammatory markers. Therefore, suppression of 
NF-κB signaling and downstream inflammatory gene expression was 
probably the cause of the observed reductions in cytokine levels. The 
substantial activity of the whole fruit group supports the anti-inflam-
matory efficacy of the pulp, peel, and seed samples. The pulp exhibited 
the least amount of suppression since edible parts often contain lower 
levels of defense-related phytochemicals. Berries’ ellagitannins have 
been established to have antibacterial and anti-inflammatory proper-
ties. According to both in-vivo and in-vitro research, strawberries have 
anticancer, anti-inflammatory, neuroprotective, cardiovascular, and 

antioxidant effects (Martinelli et al., 2025). In the clinical investiga-
tion, strawberries also dramatically decreased the biomarkers linked 
to inflammation. The anti-inflammatory action was observed in 
serum obtained from animals fed diets supplemented with strawber-
ries (Schell et al., 2017). Strawberry-derived pelargonidin-3-O-gluco-
side, ellagic acids, and phenolic extracts similarly reduced the 
expression of inflammatory markers and the synthesis of NO, TNF-α, 
and IL-6 (Gu et al., 2020; Duarte et al., 2018). It was discovered that 
the calyx portion’s 70% ethanol extract had inhibitory effects on 
NF-κB p65 subunit (p-p65) and phosphorylated IκBα (p-IκB), dem-
onstrating its influence on the NF-κB signaling pathway (Kim et al., 
2024; Zhong et al., 2022). As the positive control, quercetin induced 
the strongest reduction of all three cytokines, which is consistent with 
its known ability to inhibit NF-κB and lower the formation of NO and 
ROS (Xue et al., 2017; Peng et al., 2023). The strawberry peel and 
whole-fruit samples showed possibilities as sustainable, natural anti-
inflammatory resources by coming within range of quercetin’s efficacy. 
These findings provided evidence for the potential value-adding of 
strawberry waste products, particularly the peel as useful component 
for oxidative stress and inflammation management. The strawberry 
peel extract had a targeted anti-inflammatory impact rather than a 
non-specific cytotoxic reaction by the strong suppression of pro-
inflammatory cytokines, which greatly exceeded the marginal 15% 
loss in cell viability.

Antioxidant activities

The antioxidant capacities of the strawberry pulp, peel, seed, and 
whole-fruit extracts were assessed using DPPH, FRAP, ABTS, and 
hydroxyl (•OH) radical scavenging techniques. The fruit’s anatomical 
components affected the oxidation levels (Duan et al., 2025).

The strongest antioxidant effectiveness was shown by the peel 
extract. It showed the lowest DPPH IC50 value (31.2 μg/mL), indicat-
ing strong free-radical scavenging action, and the greatest FRAP value 
(133.18 μmol Fe2+/g), indicating superior ferric-reducing capability. 
Furthermore, the peel consistently gave the highest percentage of 
hydroxyl radical scavenging (65.96%) and the best ABTS scavenging 
ability (156.05 μmol Trolox/g) (Figure 6). The seed extract showed the 
second-highest antioxidant effectiveness, with a DPPH IC50 of 
46.17 μg/mL, FRAP of 102.16 μmol Fe2+/g, ABTS of 112.44 μmol 
Trolox/g, and •OH scavenging of 56.08%. The whole-fruit extract also 
showed modest antioxidant activity, with an ABTS of 98.87 μmol 
Trolox/g, FRAP of 89.48 μmol Fe2+/g, DPPH IC50 of 32.28 μg/mL, and 
•OH scavenging of 48.29%. The aqueous extract of strawberry fruits 
had FRAP values of 72.40 EqmM FeSO4/100 g, according to Ganhão 
et al. (2019); our results were the best in this antioxidant test. The pulp 
extract consistently showed the weakest antioxidant capacity, with the 
greatest DPPH IC50 value (88.15 μg/mL), lowest FRAP value 
(58.3 μmol Fe2+/g), lowest ABTS activity (71.25 μmol Trolox/g), and 
lowest hydroxyl radical scavenging activity (33.14%). The investiga-
tion of strawberry fruit extract’s capacity to scavenge DPPH radicals 
revealed a similar pattern (Zitouni et al., 2020). Results for the whole 
fruit by •OH scavenging was higher than those by Milosavljević et al. 
(2022) estimated the extracts by using the spin-trapping assay in con-
junction with electron paramagnetic resonance (EPR) spectroscopy.

The bioactivity of the different strawberry parts varied signifi-
cantly, according to the antioxidant activities, the peel and seed parts’ 
strong antioxidant potential indicated that these by-products might 
be crucial in controlling oxidative stress in biological systems. The 

FIGURE 5

Inhibitory effect of strawberry parts against quercetin extracts on 
pro-inflammatory cytokine in LPS-stimulated RAW 264.7 cells.
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oxidative-stress findings from LPS-activated RAW 264.7 macro-
phages, which showed that the peel and whole-fruit samples produced 
the most significant decreases in NO and ROS levels. The samples’ 
protective benefits during inflammatory activation were probably 
influenced by their antioxidant qualities. The pulp extract, showed 
minimal antioxidant activity, which is in line with other research 
(Abbasi et al., 2015), demonstrating that edible fruit parts frequently 
have lower amounts of beneficial phytochemicals than the peel and 
seed. When compared to the pulp, the whole-fruit extract’s moderate 
activity indicated synergistic interactions between the various fruit 
tissues, which might improve the total bioactivity. The possibility of 
sustainable strawberry by-products, especially the peel and seed, as 
important sources of natural antioxidants, was generally validated by 
the antioxidant studies. These characteristics may aid in reducing oxi-
dative and inflammatory stress, providing a mechanistic understand-
ing of how these extracts enhanced redox balance in LPS-stimulated 
macrophages and inhibited cytokine production.

Vitamins

The strawberry is regarded as a functional fruit and one of the 
most significant sources of vitamins (Milosavljević et al., 2022; 
Giampieri et al., 2015). The various strawberry parts had significantly 
differing vitamin contents. The peel extract has the highest ascorbic 
acid content (71.22 mg/100 g), followed by the pulp (54.2 mg/100 g) 
and the whole fruit (55.47 mg/100 g). Ascorbic acid concentration in 
the seed were the lowest, at 7.68 mg/100 g (Figure 7). Results for the 
whole fruit by vitamin C was in agreement with those by Olennikov 
et al. (2022), which ranged from 25 to 112 mg/100 g for strawberry 
extracts.

For folate content, a similar pattern was noted. The peel extract 
(36.41 μg/100 g) showed higher folate contents than the whole fruit 
(30.06 μg/100 g) and pulp (27.11 μg/100 g). The lowest folate content 
(12.12 μg/100 g) was reported in the seed sample.

The peel consistently contained the highest quantities of these vita-
mins when compared to the other portions of the strawberry, while the 
seed had far lower concentrations. These results were consistent with 
earlier studies showing that fruit peels, which protect the fruit from 
oxidative and environmental stress, typically have higher concentra-
tions of vitamins than edible tissues (Abbasi et al., 2015). The peel’s 
improved antioxidant efficacy in DPPH, FRAP, ABTS, and hydroxyl 

radical tests was further enhanced by its increased vitamin content. 
While folate has a role in redox equilibrium and cellular metabolism, 
ascorbic acid is a powerful free-radical scavenger that frequently adds 
to total antioxidant capacity (Qaderi et al., 2023). Thus, the decreases 
in ROS and NO levels observed during LPS-induced macrophage acti-
vation were probably caused by the peel’s enhanced vitamin profile. 
Concentration of vitamin C has been demonstrated to be an efficient 
promoter of the oxidative regulation of the strawberry sample (Duan 
et al., 2025). The seed sample showed the lowest amounts of both vita-
mins, which was consistent with its comparatively lower antioxidant 
activity as compared to the peel. The fruit’s activity may have been 
increased by the synergistic interactions between its constituent tis-
sues, despite the fruit’s overall mild vitamin concentration. In this 
regard, fluctuations in the vitamin C concentration of strawberries 
may have an impact on the folate value since a higher vitamin C value 
may result in greater folate stability. The same parameters affected the 
retention of ascorbic acid and folate, and a high ascorbic acid level may 
offer protection against folate breakdown (Strålsjö et al., 2003). 
Ringling and Rychlik (2017), who conducted in vivo experiments to 
mimic dietary folate digestion. Vitamin C stabilizes folate, especially 
5-CH3-H4 folate, throughout the digestion. The stability of different 
types of folate was enhanced by adding vitamin C at physiological 
levels, depending on the dietary matrix. The findings showed that the 
peel sample contained the highest levels of folate and vitamin C, indi-
cating that this by-product is a more nutritious source than the pulp, 
seed, or whole-fruit extracts. The vitamin analysis generally corrobo-
rated the significance of strawberry by-products, particularly the peel, 
as nutrient-dense and bioactive components that can enhance anti-
inflammatory and antioxidant effects in macrophages.

Phytochemical composition

Strawberry components have a wide range of phytochemical com-
positions, with non-edible tissues as the peel and seed typically con-
taining larger concentrations of advantageous compounds such as 
phenolics, flavonoids, and anthocyanins than the pulp. These com-
pounds increase its potential medical use in reducing oxidative stress 
and inflammation (Villamil-Galindo et al., 2021).

The pulp, peel, seed, and whole-fruit extracts had considerably 
varied phytochemical profiles. Total phenolics (159.16 mg GAE/100 g) 

FIGURE 6

Antioxidant activities (DPPH, FRAP, ABTS, •OH) of strawberry parts. FIGURE 7

Ascorbic acid and folate contents of strawberry parts.
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and total flavonoids (44.16 mg QE/100 g) were highest in the peel. The 
seed (88.17 mg GAE/100 g phenolics; 20.03 mg QE/100 g flavonoids) 
and the whole fruit (102.25 mg GAE/100 g phenolics; 25.77 mg 
QE/100 g flavonoids) followed the second and the third order. 
Phenolic (51.2 mg GAE/100 g) and flavonoid (14.25 mg QE/100 g) 
values were lowest in the pulp. The highest concentration of anthocya-
nins was found in the peel (33.08 mg/100 g), which was followed by 
the pulp (9.15 mg/100 g) and the whole fruit (11.13 mg/100 g). The 
lowest concentration was found in the seed extract (2.88 mg/100 g). 
The seed sample has the greatest proanthocyanidins (28.92 mg/100 g), 
followed by the pulp (2.47 mg/100 g), peel (4.59 mg/100 g), and the 
whole fruit (16.27 mg/100 g). The peel has the highest amount of cat-
echins (27.16 mg/100 g) and carotenoids (5.28 mg/100 g). The pulp 
and seed extracts had lower levels of carotenoids (3.77 mg/100 g) and 
catechins (14.35 mg/100 g) than the whole fruit (Figures 8–10).

Significant variations of bioactive compounds among the straw-
berry parts were identified by the phytochemical investigations. The 
peel sample showed the highest abundance of phenolic, flavonoid, 
anthocyanin, carotenoid, and catechin components, demonstrating 
that non-edible fruit tissues are rich repositories of secondary 
metabolites (Abbasi et al., 2015). Taxifolin 3-O-a-
Larabinofuranoside, polyphenolic acids, fupenzic acids, and sericic 
acids were found in strawberry leaves (El-Hawary et al., 2021); 
therefore, the potential use of leaves as a source of nutrition and a 
component of functional food items (Raudoniūtė et al., 2011). The 
peel contains the largest concentrations of anthocyanins and cate-
chins, which are known to modulate signaling pathways including 
NF-κB and Nrf2. Their presence in the peel may explain its better 
capacity to reduce the inflammatory markers (Kim et al., 2024). The 
peel’s bioactivity was further supported by its high phenolic and 
flavonoid contents, which are known to neutralize reactive species 
and suppress inflammatory mediators. Additionally, the seed sam-
ples showed significant phytochemical quantity, especially in pro-
anthocyanidins. The seed’s strong proanthocyanidin content may 
have contributed to its moderate suppression of NO, ROS, and cyto-
kines, even though it had lower quantities of anthocyanins and 
carotenoids than the peel. The majority of phytochemicals showed 
intermediate quantities in the whole-fruit extract, indicating a syn-
ergistic or even cumulative action of the parts. This could allow for 
the fruit’s comparatively high bioactivity even though it contains 
fewer specific phytochemicals than the peel (Duan et al., 2025; 
Qaderi et al., 2023). The pulp had the lowest concentrations of 
almost phytochemical categories, which is in line with its lower anti-
oxidant activity and diminished capacity to influence inflammatory 
markers in RAW 264.7 macrophages.

Enzyme activities

PPO and POD enzymes are essential for the ‘enzymatic tanning’ 
for fruits, that lead to the quick breakdown of nutritious and morpho-
logical structure and severely reduces the shelf-life and acceptance by 
customers (Wesche-Ebeling and Montgomery, 1990).

The activities were evaluated in the pulp, peel, seed, and the 
whole fruit extracts of strawberry. POD activity varies among the 
anatomical fruit parts. The peel demonstrated the highest POD activ-
ity (3.11 U/mL), followed by the pulp (2.66 U/mL) and whole fruit 
(2.64 U/mL), while the seed showed the lowest activity (1.89 U/mL) 
(Figure 11).

PPO activity differed between the strawberry parts. The peel dis-
played the highest PPO activity (3.99 U/mL), followed by the whole 
fruit (3.95 U/mL) and seed (3.54 U/mL). The pulp has the lowest 
PPO activity (1.71 U/mL).

FIGURE 8

Total phenolic contents of strawberry parts.

FIGURE 9

Total flavonoid contents of strawberry parts.

FIGURE 10

Phytochemical compositions (anthocyanins, proanthocyanidins, 
carotenoids, catechins) of strawberry parts.
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According to these findings, the strawberry peel was the most 
effective enzymatic source for both POD and PPO activities among the 
portions under investigation. The enzyme activities found in the peel 
were consistent with the high metabolic and protective roles of straw-
berry samples, which typically retain larger levels of phenolic com-
pounds and oxidative enzymes (El-Hawary et al., 2021). The higher 
enzyme levels in the peel may suggest the tissue’s resistance against 
environmental stressors because these enzymes are involved in pheno-
lic metabolism and redox regulation. The pulp and seed displayed com-
paratively lower activity, which suggested that these tissues had less 
potential for oxidative enzymes. Specifically, the pulp’s low PPO activity 
showed a decreased potential for phenolic oxidation, which could be 
linked to its softer physiology and less sensitivity to oxidative stress 
(Kim et al., 2024). Perhaps as a result of the peel’s substantial involve-
ment, the whole fruit had an integrated enzymatic profile with values 
closer to the peel. It’s possible that the peel’s elevated POD and PPO 
activities affected the oxidative responses of macrophages or enhanced 
the redox-modulating effects of quercetin. The discovery of strawberry 
peel showed a tissue that metabolized with potentially improved func-
tional capabilities connected with oxidative stress regulation was cor-
roborated by the patterns of enzyme activity (Milosavljević et al., 2022).

Conclusion

The research focused on the opportunity to use sustainable 
strawberry by-products for some anti-inflammatory and antioxi-
dant activities in lipopolysaccharide (LPS)-induced RAW 264.7 
macrophages against quercetin. Peels are concentrated sources of 
bioactive phenols and vitamins that have strong anti-inflammatory 
and antioxidant properties. This makes them a high-value, sustain-
able substitute for the nutraceutical industry and a practical way to 
cut down on agro-industrial waste. In terms of antioxidants, anti-
inflammatory properties, and bioactive components, strawberry 
peel outperformed pulp and seed. These results revealed that straw-
berry peel, instead of being disposed of as wastes, can be considered 
as a sustainable resource for functional foods, supplements, or other 
goods with added value.

Limitations

Recognizing the limitations of the current study is crucial. 
Crude extracts at fixed mass-based concentrations (100 μg/mL) 
were used in the biological tests. These concentration gradients may 
have an impact on the observed variations in anti-inflammatory and 
antioxidant activities since the phenolic and flavonoid density dif-
fers greatly between the peel and other fractions. The intrinsic 
potency of individual chemical ingredients is not isolated by this 
technology, despite its effectiveness in finding the most potent 
industrial by-product overall. Deeper understanding of the precise 
chemical causes of the noted therapeutic effects might be possible 
with future study concentrating on the standardization of extracts 
based on particular markers (such as catechin or anthocyanin 
concentration).
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FIGURE 11

POD and PPO activity contents of strawberry parts.
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