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Abstract: Obesity is increasingly prevalent worldwide and is linked to metabolic diseases, such as
insulin resistance (IR) and type 2 diabetes mellitus (T2DM), due to excessive free fatty acids (FFAs).
Although lifestyle changes are effective, they often prove to be insufficient as initial treatments for
obesity. Additionally, while surgical and pharmacological interventions are available, they are not
entirely safe or effective. Recently, interest has grown in utilizing food waste and plant-derived
phenolic compounds for their health benefits, presenting a promising avenue for managing obesity
and its related disorders. Indeed, many studies have examined the potential inhibitory effects of
the natural extract on adipocyte differentiation and lipid accumulation. This study focused on
the evaluation of the effects of standardized extracts obtained from red oranges and olive leaf
waste on 3T3-L1 murine pre-adipocyte and adipocyte functionality. Red orange extract (ROE) and
olive leaf extract (OLE), alone and in combination, were tested to assess their anti-obesity and anti-
inflammatory effects, as well as their potential therapeutic benefits. Three in vitro models were
established to investigate the effects of the extracts on (I) adipocyte differentiation; (II) mature and
hypertrophic adipocytes challenged with palmitic acid (PA) and erastin (ER), respectively; and
(III) erastin-induced cytotoxicity on pre-adipocytes.
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1. Introduction

Obesity is recognized as a global epidemic and a significant risk factor for several
health conditions, including insulin resistance, type 2 diabetes mellitus (T2DM), cardiovas-
cular diseases (CVDs), immune dysfunction, non-alcoholic fatty liver disease (NAFLD),
various types of cancer, and dyslipidemic conditions [1,2]. The accumulation of white
adipose tissue (WAT), associated with the storage of surplus energy as triacylglycerols in
adipocytes, is a defining characteristic of obesity related to both adipocyte hypertrophy
(increase in size of existing adipocytes) and hyperplasia (pre-adipocyte differentiation into
mature adipocyte by de novo adipogenesis) [3,4]. WAT serves as an energy reservoir and, in
addiction, functions as the major endocrine organ, secreting adipokines and cytokines into
the bloodstream. Adipokines play roles in several metabolic and physiological signaling
pathways, regulation of insulin signaling, glucose uptake, oxidation of fatty acids, and more
energy-related processes. Released cytokines can modulate the inflammatory response,
depending on their intrinsic activity as pro- or anti-inflammatory [1,2]. Pre-adipocytes,
the primary cellular constituents of WAT, undergo adipogenesis to mature and become
functional adipocytes following both morphology and gene expression changes [5].

Adipogenesis refers to the process by which precursor cells proliferate and differenti-
ate into mature adipocytes. This intricate process is tightly regulated by various signaling
pathways and transcriptional cascades. The final stage of differentiation is correlated with
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changes in the morphological and biochemical features of mature adipocytes, differing
from fibroblast-like pre-adipocytes. Consequently, the identification of compounds with
anti-adipogenic properties that can control adipocyte differentiation represents a potential
innovative therapeutic strategy for metabolic disorders. The development of an inflamma-
tory state, which is thought to be the underlying cause of insulin resistance in obesity, is
sustained by the malfunctioning of adipokine release and the accumulation of free fatty
acids. It is important to note that these changes are associated with the location of fat
deposition, with visceral fat accumulation being primarily responsible for dysfunctional
adipose tissue, metabolic issues, and elevated cardiovascular risk, even in individuals with
normal weight [6]. Individuals with obesity and T2DM typically have elevated levels of
non-esterified free fatty acids (FFAs) in their blood, particularly palmitic acid, which is one
of the saturated fatty acids frequently found in circulation. Palmitic acid (PA) is known to
impair insulin signaling by inhibiting its action in hepatocytes, myocytes, and adipocytes.
Additionally, exposure to palmitic acid has been linked to pancreatic beta cell dysfunction,
contributing to lipotoxicity [7].

Despite the availability of various surgical and pharmacotherapeutic interventions,
there are currently no completely safe and effective treatments for weight management.
Lifestyle changes, including diet modifications and increased physical activity, are con-
sidered the most viable options [8]. Adopting natural extracts may offer a promising
strategy for managing obesity and its associated disorders. Various studies have explored
the potential inhibitory effects of natural extracts on adipocyte differentiation and lipid
accumulation. Indeed, plant-based medications are often regarded as the primary approach
to maintaining health and preventing diseases and their complications [4,9,10].

In recent times, there has been a surge of interest in exploiting food waste, particularly
fruit- and vegetable-derived byproducts, to extract bioactive compounds for developing
new formulations that have the potential to exhibit considerable positive effects on public
health [11].

The current study focused on red oranges and olive leaf waste as raw materials to
produce standardized extracts obtained through an industrial extraction process and the
recovery of bioactive molecules using adsorbent resins from byproducts; the obtained
extracts, abundant in bioactive compounds such as polyphenols, were previously tested,
and the results demonstrated their ability to reduce FFA accumulation and act as cholesterol-
lowering agents [12].

Impaired iron metabolism can result in abnormal differentiation of adipose tissue,
which can lead to metabolic disorders [13]. Indeed, high iron levels may contribute to the
continuous release of adipokines and promote an inflammatory environment, redirecting
immune responses and promoting obesity occurrence [14]. Obesity-related persistent
inflammation is characterized by the disproportionate release of FFAs and proinflammatory
cytokines from adipocytes; this has led to the hypothesis of a connection between obesity
and ferroptosis [15]. Ferroptosis, which was identified in 2012, is an iron-dependent
cell death mechanism that is distinct from apoptosis, necrosis, and other cellular death
mechanisms. Although ferroptosis has been involved in several disease development
mechanisms, adipose tissue research still lacks related, well-defined data. Since redox
homeostasis is crucial for pre-adipocyte recruitment, a preliminary attempt to investigate
the pro-oxidant effect of the well-known ferroptosis inducer erastin was made [16].

The aim of this study was to elucidate the anti-obesity and anti-inflammatory effects
and the therapeutic potential of ROE and OLE, alone and in combination, in 3T3-L1 cells.

For this purpose, three in vitro models were established to examine the effects of
extracts on (I) adipocyte differentiation; (II) mature and hypertrophic adipocytes challenged
with PA and ER, respectively; and (III) erastin-induced cytotoxicity on pre-adipocytes.

2. Materials and Methods

The powered red orange extract (ROE) (batch no. 6/21) and the powered olive leaf
extract (OLE) (batch no. E21/2691) utilized in this work were prepared by Medinutrex (Cata-
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nia, Italy). The ROE and OLE were used for the analysis as previously published [12]. The
impact of various concentrations (ROE: 0.5–1–3 mg/mL; OLE: 0.5–1–3 mg/mL; COMBO 1:
ROE 0.5 + OLE 0.5 mg/mL; COMBO 2: ROE 1 + OLE 1 mg/mL; and COMBO 3:
ROE 3 + OLE 3 mg/mL) was assessed on cell viability, and ROE and OLE 1 mg/mL were
chosen as the optimal and non-toxic concentrations for the subsequent experiments.

2.1. Assessment of Antioxidant Activity in a Cell-Free System
FRAP

The potential of the antioxidant activity of the ROE and OLE was determined by
employing the ferric reducing antioxidant power assay (FRAP) in a cell-free system, an
in vitro model where biochemical reactions occur independently of living cells. The analysis
was conducted following the procedure described in the FRAP assay kit (MAK369, Sigma-
Aldrich, St. Louis, MO, USA). In this method, antioxidants were used as reductants in a
redox-linked colorimetric reaction, wherein Fe3+ is reduced to Fe2+. The absorbance was
measured spectrophotometrically at 590 nm, and color intensity results were proportional
to FRAP in the sample. Three replicate wells were used for each group. The results are
expressed as µM ferrous equivalents and calculated as follows:

(B × D/V)/1000,

where B = ferrous ammonium sulphate amount from the standard curve (nmol); D = sample
dilution factor; and V = sample volume added into the reaction well (µL).

2.2. Cell Culture Experiments
2.2.1. Cell Culture and Differentiation of 3T3-L1 Pre-Adipocytes

The murine pre-adipocyte cell line 3T3-L1 was obtained from the American Type
Culture Collection (ATCC; Rockville, MD, USA). Once reached confluence, to induce
differentiation, The medium was replaced with an adipogenic one, as already reported by
Ballistreri et al. [17]. The cultures were maintained at 37 ◦C and 5% CO2 in an incubator,
and the medium was changed every 3 days in the presence or absence of the ROE and OLE,
alone and in combination.

2.2.2. Cell Viability Assay

3T3-L1 cells were seeded in a 96-well cell culture plate and were treated for 48 h with
different concentrations of the extracts alone or in combination (ROE: 0.5–1–3 mg/mL; OLE:
0.5–1–3 mg/mL; COMBO 1: ROE 0.5 + OLE 0.5 mg/mL; COMBO 2: ROE 1 + OLE 1 mg/mL;
and COMBO 3: ROE 3 + OLE 3 mg/mL).

Afterward, to establish an in vitro model of ferroptosis, 3T3-L1 pre-adipocytes were
cultured in a 96-well cell culture plate, pre-treated with the ROE and OLE, alone and in
combination, and incubated for 24 h. Then, the cells were challenged with erastin (1 µM) in
the presence or absence of the extracts for 48 h.

Cell viability was assessed by the MTT assay, which was carried out following the
previously described procedure by Consoli et al. [18]. Eight replicate wells were utilized
for each group.

2.2.3. Oil Red O Staining

3T3-L1 pre-adipocytes were plated in a 24-well plate. After 24 h, the medium was
replaced with adipogenic medium, and the cells were differentiated for 13 days with
ROE–OLE alone or in combination (ROE: 0.5–1 mg/mL; OLE: 0.5–1 mg/mL; COMBO 1:
ROE 0.5 + OLE 0.5 mg/mL; and COMBO 2: ROE 1 + OLE 1 mg/mL).

For a second analysis, 3T3-L1 cells were seeded in a 24-well cell culture plate and
maintained for 5 days with adipogenic medium. Then, the cells were pre-treated with the
ROE and OLE, alone and in combination, and incubated for 24 h. Finally, the differentiated
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adipocytes were treated with PA (0.5 mM) or ER (1, 5, 10 µM) in the presence or absence of
the extracts for 48 h.

To calculate the quantity of lipid droplets, at the end of differentiation, in both ex-
perimental conditions, Oil Red O staining was performed as previously reported by Bal-
listreri et al. [17]. The analysis was carried out in triplicate.

2.2.4. Palmitic Acid–Bovine Serum Albumin Complex Preparation

Palmitic acid (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in NaOH 0.1 M. BSA
(Beyotime Biotechnology, Shanghai, China) was dissolved in DMEM to form a 12% BSA
solution. For palmitic acid in conjunction with BSA, 12% BSA was added to the palmitic
solution and conjugated by ultrasonic treatment. Following an incubation period of 1 h at
50 ◦C with continuous shaking, the PA–BSA complexes should be clear and were cooled at
room temperature, filtrated through a membrane filter (0.22 µm), and stored at +4 ◦C for
further use.

2.2.5. Sircol Collagen Assay

The Sircol collagen assay (Biocolor, Belfast, UK) was utilized to measure total soluble
collagen in cell culture supernatants, as previously described by Raffaele et al. [19], with
some adjustments. For these experiments, confluent cells in 24-well plates were incubated
for 13 days under the same abovementioned conditions for Oil Red O Staining, and the
analysis was conducted in triplicate.

2.2.6. RNA Extraction and qRT-PCR Analysis

Total RNA was isolated from 3T3-L1 differentiated adipocyte cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). It was subsequently converted into cDNA through an
Applied Biosystem (Foster City, CA, USA) reverse transcription reagent.

Quantitative Real-time PCR analysis was conducted, as formerly described by
Vanella et al. [20], to evaluate the gene expression of fatty acid synthase (FAS), diacyl-
glycerol acyltransferases 1 and 2 (DGAT-1 and DGAT-2, respectively), sterol regulatory
element-binding protein-1c (SREBP-1C), collagen type I alpha 1 (COL1A1), interleukin-6
(IL-6), fatty acid transport proteins 1 and 4 (FATP-1 and FATP-4, respectively), and heme
oxygenase-1 (HO-1). The analysis was executed in triplicate.

2.3. Statistical Analysis

Each analysis constituted the results of a minimum of three distinct experiments.
Fisher’s method was utilized to determine the statistical significance (p < 0.05) of the
differences between the experimental groups.

For a comparison of treatment groups, the null hypothesis was tested by either a
single-factor analysis of variance (ANOVA) for multiple groups or an unpaired t-test for
two groups, and the data were presented as the means ± SEMs.

3. Results
3.1. Iron-Reducing Activities of the ROE and OLE and Their Effect on Cell Viability

ROE and OLE antioxidant activity were investigated in a cell-free model by the
FRAP assay (Figure 1A). The ROE and OLE were examined at different concentrations
(0.5–1–3–6 mg/mL), and both showed a strong dose-dependent antioxidant effect, confirm-
ing previously observed scavenger activity by the DPPH assay [12].
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Figure 1. (A) Evaluation of ROE and OLE’s antioxidant activity at different concentrations by the
FRAP assay. The results are expressed as µM ferrous equivalent. (B) The effects of ROE and OLE,
alone and in combination, on the cell viability of 3T3-L1 cells. Each value represents the mean ± SEM
(** p < 0.005; *** p < 0.0005 vs. CTRL). The data are indicated as means ± SEMs.

To determine the optimal concentration of extracts, cytotoxicity was assessed for
the ROE and OLE, alone and in combination, in 3T3-L1 pre-adipocytes cells by the MTT
assay. Cells were treated with different concentrations of extracts (ROE: 0.5–1–3 mg/mL;
OLE: 0.5–1–3 mg/mL; and combination treatment 1:1 as follows: COMBO 1: 0.5 mg/mL;
COMBO 2: 1 mg/mL; and COMBO 3: 3 mg/mL). As displayed in Figure 1B, ROE and OLE
concentrations of 0.5–1 mg/mL, alone and in combination, did not affect the viability of
3T3-L1 cells. However, the highest analyzed concentration (3 mg/mL) exhibited an in vitro
cytotoxic effect after 48 h of treatment. Therefore, concentrations of 0.5–1 mg/mL of the
ROE and OLE were used for subsequent studies.

3.2. The Effects of the ROE and OLE on Lipid and Collagen Accumulation during Adipogenesis

To examine the effect of ROE and OLE, alone and in combination, during adipocyte
differentiation, 3T3-L1 pre-adipocytes were maintained in adipogenic medium containing
extracts at different concentrations (ROE: 0.5–1 mg/mL; OLE: 0.5–1 mg/mL; COMBO 1:
0.5 ROE + 0.5 OLE mg/mL; and COMBO 2: 1 ROE + 1 OLE mg/mL) for 13 days. On
day 13, Oil Red O staining (Figure 2A) was carried out to assess the accumulation of lipid
droplets. Figure 2B shows that ROE and OLE treatment at concentrations of 0.5 mg/mL
did not display any significant reduction in lipid accumulation compared to differentiated
adipocytes (DAs). However, ROE and OLE treatment at concentrations of 1 mg/mL was
capable of slightly reducing lipid droplets in 3T3-L1 cells compared to DAs. Concerning
the COMBO treatments, the highest combination showed a synergistic effect on reducing
lipid droplet accumulation. Therefore, ROE and OLE, alone and in combination, were used
at concentrations of 1 mg/mL for subsequent experiments.

Total soluble collagen was quantified in 3T3-L1 cell supernatants using the Sircol
collagen assay. Supernatants from the cell cultures were collected at various time points:
6, 9, and 13 days of adipocyte differentiation (Figure 2C). The DAs showed a higher
accumulation of collagen at 9 days of differentiation, compared to 6 days, followed by a
significant reduction at 13 days. ROE and COMBO showed a reduction of collagen during
each time point compared to OLE treatment.



Nutrients 2024, 16, 1959 6 of 13
Nutrients 2024, 16, x FOR PEER REVIEW 6 of 13 
 

 

 

 

Figure 2. (A) Representative images of lipid accumulation stained with Oil Red O Staining in 3T3-
L1 cells. (B) The effect of the ROE and OLE, alone and in combination, (0.5–1 mg/mL) on lipid accu-
mulation in 3T3-L1 cells during 13 days of differentiation (* p < 0.05 vs. DA). (C) Evaluation of the 
ROE and OLE on total soluble collagen by the Sircol collagen assay at different time points: 6, 9, and 
13 days (* p < 0.05, ** p < 0.005 vs. DAs). The data are indicated as means ± SEMs. 

3.3. The Effects of the ROE and OLE on Palmitic Acid-Derived Inflammation 
To establish an in vitro model of inflammation, PA (0.5 mM) was added for 48 h to 

differentiated 3T3-L1 cells, which were pre-treated with ROE–OLE, alone and in combi-
nation, for 24 h. As displayed in Figure 3A,B, ROE and COMBO were able to significantly 
reduce lipid droplet accumulation induced by treatment of differentiated adipocytes with 
a non-cytotoxic concentration of PA. The PA treatment was not able to significantly in-
crease lipid accumulation compared to the untreated control. On the other hand, no 
change in lipid accumulation following OLE treatment was observed compared to PA-
treated cells. 

For the purpose of investigating the anti-inflammatory effects of the extracts, gene 
levels related to proinflammatory cytokine interleukin 6 (IL-6), the antioxidant enzyme 
heme-oxygenase-1 (HO-1), collagen type I alpha 1 (COL1A1), and lipid metabolism such 
as fatty acid synthase (FAS), diacylglycerol acyltransferases 1 and 2 (DGAT-1 and DGAT-
2, respectively), sterol regulatory element-binding protein-1c (SREBP-1C), and fatty acid 
transport proteins 1 and 4 (FATP-1 and FATP-4, respectively) were measured by RT-PCR 
in differentiated adipocytes exposed to PA (Figure 4). Co-treatment of PA and the extracts 
showed a significant reduction of IL-6 (panel A), which represents one of the main proin-
flammatory markers. Additionally, the cytoprotective HO-1 enzyme levels (panel B) were 
evaluated, showing the ROE and OLE synergistic ability to increase HO-1 following ex-
posure to PA. The effect of ROE and OLE obtained on the Sircol assay were confirmed by 
a significant decrease in the COL1A1 gene (panel C) in differentiated adipocytes exposed 
to PA. As shown in Figure 4D,E,G, both extracts and their combination significantly de-
creased FAS, DGAT-1 and SREBP-1C levels, confirming the anti-obesity effects of ROE 
and OLE; additionally, the latter, alone and in combination, increased FATP-1 and FATP-
4 levels (Figure 4H,I), suggesting the activation of fatty acid beta-oxidative process. 

Figure 2. (A) Representative images of lipid accumulation stained with Oil Red O Staining in 3T3-L1
cells. (B) The effect of the ROE and OLE, alone and in combination, (0.5–1 mg/mL) on lipid accumulation
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** p < 0.005 vs. DAs). The data are indicated as means ± SEMs. (A) Scale bar 1000 µm is reported in each
panel. All images are original and unedited.

3.3. The Effects of the ROE and OLE on Palmitic Acid-Derived Inflammation

To establish an in vitro model of inflammation, PA (0.5 mM) was added for 48 h to
differentiated 3T3-L1 cells, which were pre-treated with ROE–OLE, alone and in combina-
tion, for 24 h. As displayed in Figure 3A,B, ROE and COMBO were able to significantly
reduce lipid droplet accumulation induced by treatment of differentiated adipocytes with a
non-cytotoxic concentration of PA. The PA treatment was not able to significantly increase
lipid accumulation compared to the untreated control. On the other hand, no change in
lipid accumulation following OLE treatment was observed compared to PA-treated cells.
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are indicated as means ± SEMs. (B) Scale bar 400 µm is reported in each panel. All images are original
and unedited.
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For the purpose of investigating the anti-inflammatory effects of the extracts, gene
levels related to proinflammatory cytokine interleukin 6 (IL-6), the antioxidant enzyme
heme-oxygenase-1 (HO-1), collagen type I alpha 1 (COL1A1), and lipid metabolism such as
fatty acid synthase (FAS), diacylglycerol acyltransferases 1 and 2 (DGAT-1 and DGAT-2,
respectively), sterol regulatory element-binding protein-1c (SREBP-1C), and fatty acid
transport proteins 1 and 4 (FATP-1 and FATP-4, respectively) were measured by RT-PCR
in differentiated adipocytes exposed to PA (Figure 4). Co-treatment of PA and the ex-
tracts showed a significant reduction of IL-6 (panel A), which represents one of the main
proinflammatory markers. Additionally, the cytoprotective HO-1 enzyme levels (panel B)
were evaluated, showing the ROE and OLE synergistic ability to increase HO-1 following
exposure to PA. The effect of ROE and OLE obtained on the Sircol assay were confirmed by
a significant decrease in the COL1A1 gene (panel C) in differentiated adipocytes exposed to
PA. As shown in Figure 4D,E,G, both extracts and their combination significantly decreased
FAS, DGAT-1 and SREBP-1C levels, confirming the anti-obesity effects of ROE and OLE;
additionally, the latter, alone and in combination, increased FATP-1 and FATP-4 levels
(Figure 4H,I), suggesting the activation of fatty acid beta-oxidative process. Although
DGAT-2 and DGAT-1 levels were reduced by PA, no change was observed following ROE
and OLE treatment for isoform 2 (Figure 4F).
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Figure 4. Gene expression measured by qRT-PCR in differentiated adipocytes following inflammation
model establishment with PA and co-administration with the ROE and OLE, alone and in combination.
mRNA levels of IL-6 (A), HO-1 (B), COL1A1 (C), FAS (D), DGAT-1 (E), DGAT-2 (F), SREBP-1C (G),
FATP-1 (H), FATP-4 (I) were evaluated. (* p < 0.05; ** p < 0.005; *** p < 0.0005 vs. PA). The data are
indicated as means ± SEMs.

3.4. Evaluation of ROE and OLE Effects on Erastin-Challanged Pre-Adipocytes
and Mature Adipocytes

Firstly, a model of oxidative stress-induced cell death on 3T3-L1 pre-adipocytes was
established. The cells were pre-treated for 24 h with ROE–OLE, alone and in combination,
and subsequently exposed to erastin (1 µM) for 48 h. Figure 5A,B show that erastin,
compared to the control, significantly reduced cell viability. On the other hand, a remarkable



Nutrients 2024, 16, 1959 8 of 13

recovery was observed in cell vitality following the co-treatment of erastin with ROE and
OLE, alone and in combination, compared to erastin.
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Figure 5. (A) Representative images of cell viability on pre-adipocytes co-treated for 48 h with
ER 1 µM, ROE, and OLE, alone and in combination. (B) The effect of ROE and OLE, alone and in
combination, on cell viability after exposition to ER 1 µM (§ p < 0.0005 vs. CTRL; *** p < 0.0005 vs. ER).
(C) The effect of ROE and OLE, alone and in combination, on lipid accumulation on differentiated
adipocytes challenged with erastin (1–5–10 µM) (§ p < 0.0005 vs. DA; * p < 0.05; ** p < 0.005 vs. ER 5;
# p < 0.05; ## p < 0.005 vs. ER 10). The data are indicated as means ± SEMs. (A) Scale bar 1000 µm is
reported in each panel. All images are original and unedited.

Interestingly, the preliminary results obtained following erastin treatment on differen-
tiated adipocytes showed no cytotoxic effect compared to pre-adipocytes. However, we
decided to investigate the potential effect of erastin on lipid accumulation. As displayed
in Figure 5C, erastin at its lowest concentration did not produce any increase in oil red
quantification, while both erastin concentrations of 5 and 10 µM were able to significantly
increase adipocyte lipid accumulation; thus, combination treatments were performed only
with effective ER concentrations. The co-administration of ER and COMBO resulted in
a significant reduction in lipid droplet content; however, the results obtained for single
extract administration highlighted a major contribution of ROE as it showed lower lipid
content quantification compared to OLE.

4. Discussion

The commitment and differentiation of pre-adipocytes involve intricate processes
elucidated through various in vitro models that facilitate a deeper comprehension of adipo-
genesis and adipocyte dysfunction linked with obesity and T2DM [21].

In addition to changes occurring within the pancreatic islets, chronic inflammation
and obesity stand out as primary causes of insulin resistance, leading to dysfunction in
adipose tissue. Adipose tissue plays a crucial role in the immune response by releasing
immune system modulators like cytokines and blood clotting factors.

Chronic inflammation and dysregulation of cytokine signaling can lead to irregulari-
ties in the deposition of fat and energy metabolism [22]. Sustained positive energy balance
prompts the enlargement of present adipocytes (hypertrophy) and/or a rise in the number
of pre-adipocytes and adipocytes (hyperplasia) to accommodate surplus energy consump-
tion [23]. When these alterations become significantly pronounced and unmanageable,
dysfunction may result in insulin resistance not only within adipose tissue but also in the
liver, muscles, and pancreas [22]. Dysfunctional adipocytes produce and release cytokines,
including IL-6, tumor necrosis factor α (TNFα), and monocyte chemoattractant protein 1
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(MCP-1), which trigger inflammation within adipose tissue, thereby promoting cellular
aging, a process also known as cell senescence.

The accumulation of new triacylglycerol (TAG; lipogenesis), the breakdown of for-
merly stored TAG (lipolysis), and the recruitment of new functional adipocytes (adipogene-
sis) collectively influence body fat, maintaining an overall balance [23].

Pharmacological and surgical interventions offer effective weight reduction but are
often accompanied by side effects. Consequently, there is a demand for identifying safe and
efficient alternative treatments or prevention protocols. In recent years, attention has turned
to food waste, plants, and bioactive phytochemicals as encouraging sources for identifying
novel pharmacological agents to address obesity and its associated complications [24].
Plant-derived natural compounds, including phenolic compounds, are gaining attraction
as therapeutic agents. They have shown the capacity to influence the physiological and
molecular pathways that regulate adiposity, probably preventing obesity and its associated
metabolic disorders [25]. However, the bioavailability of polyphenols remains an issue to
be addressed, as it is known that, in most cases, only low concentrations can reach the site
of activity, thus reducing their potential effects [26,27]. On the other hand, after ingestion,
polyphenols are differentially absorbed in the gastrointestinal tract and can interact with
the gut microbiota, modulating metabolites produced by bacterial fermentation [28].

Red oranges and olive leaf wastes were utilized as starting raw materials to produce
standardized extracts referred to red orange extract (ROE) and olive leaf extract (OLE),
respectively. The extracts were tested alone and in combination and displayed antioxidant
activities in a concentration-dependent manner, as demonstrated with the FRAP assay, in
agreement with other studies reporting free radical scavenging and strong antioxidant
activity of waste-derived extracts [11,12].

A strong antioxidant capacity is usually associated with a reduction in lipid adipocyte
storage since ROS generation mediates the adipogenesis process in vitro [29]. As observed
in our experimental conditions, combination treatment exhibited a synergistic effect in re-
ducing lipid droplet accumulation, confirming the extracts’ ability to influence adipogenesis
and suggesting their potential anti-obesity effect.

The differentiation of pre-adipose cells in adipocytes necessitates the active synthesis
of collagen. Nevertheless, excessive deposition of the extracellular matrix in adipose tissue
is characteristic of fibrosis, which can result in dysfunctional adipose tissue [30]. Herein,
we reported a potent anti-fibrotic effect of ROE and OLE at different time points, reflected
by a reduction in soluble collagen release, in accordance with evidence on plant-derived
bioactive compounds’ capacity to influence adipose tissue fibrosis biomarkers [31,32].

Obese and T2DM individuals often display elevated plasma levels of FFAs, particularly
palmitic acid, which is the most prevalent saturated fatty acid in the bloodstream.

Palmitic acid has been identified as a negative regulator of insulin signaling by inhibit-
ing insulin action in isolated hepatocytes, myocytes, and adipocytes. Metabolic byproducts
of palmitic acid influence the activation of toll-like receptors, endoplasmic reticulum stress,
and an increase in ROS generation [7].

To better characterize adipocytes’ inflammatory response, we present evidence on
effects of ROE and OLE under PA treatment on mature adipocytes. Although PA represents
a prevalent fatty acid that is not esterified as well as oleic acid, its administration did not
result in increased oil red quantification in our model. On the other hand, PA caused the
development of an inflammatory state, which affects adipocyte functionality, leading to a
reduction in triglyceride accumulation, as reflected by reduced DGAT mRNA levels, and
impaired fatty acid cellular import due to diminished FATP1–4 mRNA [33]. Subsequently,
to confirm the anti-inflammatory effects of the extracts, gene levels related to inflammation,
such as IL-6, HO-1, and COL1A1, and lipid metabolism, such as FAS, DGAT-1, DGAT-2,
SREBP-1C, FATP-1, and FATP-4, were measured by qRT-PCR in differentiated adipocytes
exposed to PA, highlighting their ability to counteract PA-induced metabolic alterations.
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Several naturally derived bioactive molecules have been studied for their potential
to inhibit IL-6 activity, which is positively associated with body mass index (BMI) and
negatively affects insulin signaling [34,35].

The observed reduction in IL-6 levels following ROE and OLE treatment was asso-
ciated with the upregulation of the inducible antioxidant enzyme HO-1, which has been
linked to a reduction in metabolic syndrome incidence [36,37].

Low levels of HO-1 are linked to disease progression, while the induction of HO-1
has been shown to inhibit the evolution of metabolic diseases [38–40]. Natural compounds
possessing antioxidant properties have become valuable sources of HO-1 inducers. Phe-
nolic compounds, which are found in numerous food and medicinal plants, have been
studied extensively for their antioxidant activity and other pharmacological effects [41].
As evidenced by previous results from the Sircol soluble assay, the downregulation of the
COL1A1 gene confirms the antifibrotic effect of the extracts. These data indicate that the
treatments possess strong anti-inflammatory, antioxidative, and antifibrotic properties.

The transcription factor SREBP1 and its target gene FAS, both implicated in the reg-
ulation of fatty acid, cholesterol, and triglyceride synthesis, were significantly reduced
following the combination treatment, confirming the anti-obesity effects of ROE and OLE.

As reported in other studies, reducing the activity of adipogenic transcription fac-
tors could be a promising strategy to prevent the enlargement of adipose tissue in the
progression of obesity [10,42–44].

Numerous studies have shown that inhibition of DGAT1 can yield multiple beneficial
effects on metabolic diseases [45–47], as observed in our experimental conditions.

FATP enzymes have a crucial function in fatty acid uptake and metabolism. Con-
sequently, changes in FATP expression within metabolic tissues have been identified as
significant contributors to diet-induced obesity, hepatic steatosis, insulin resistance, and
metabolic syndrome in both mice and humans. FATP1 exhibits high expression levels in
hormone-sensitive tissues, such as WAT, where insulin is required for FATP1 to facilitate
fatty acid (FA) uptake. FATP4 facilitates FA uptake not just in insulin-sensitive tissues
but also in insulin-insensitive tissues [48–50], as in the case of our experimental condition,
in which the widely renowned model of PA-induced insulin resistance determines the
reduction of FATP levels. Impaired lipid trafficking caused by PA was recovered by the
OLE and COMBO treatments, which were able to restore both FATP1–4 levels compared to
the PA-challenged group, suggesting their potential in maintaining basal adipocyte lipid
import. Taken together, these data highlight the ability to increase the cellular import of
fatty acids for the beta oxidation process.

Based on the observed correlation between natural products and ferroptosis modula-
tion as a potential strategy for the management of several diseases [51–54], we aimed to
preliminary investigate the potential beneficial effects of ROE/OLE against erastin-induced
cell death. Interestingly, we observed a different sensitivity to erastin in pre-adipocytes and
mature adipocytes. Indeed, pre-adipocytes were more susceptible to oxidative cell death,
which was rescued by the ROE and OLE treatments, proving their cytoprotective effects.

Even though erastin did not cause a reduction in cell viability in mature adipocytes, it
was responsible for altering lipid metabolism, as shown by an increase in fat accumulation.
The current results extend these observations by showing, for the first time, that ROE and
OLE were able to prevent the erastin-induced hypertrophic condition.

5. Conclusions

Natural compounds have garnered considerable attention for their potential anti-
obesity effects, and they have been extensively assessed for their preventive and/or thera-
peutic properties against obesity. The purpose of the present study was to investigate the
effect of standardized extracts derived from red oranges and olive leaf waste, which are
abundant in bioactive molecules, including polyphenols. We further confirmed the antioxi-
dant activity of the ROE and OLE, and we assessed the extracts’ capacity to reduce lipid
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accumulation and collagen accumulation during adipogenesis, suggesting their potential
anti-obesity and anti-fibrotic effects.

Chronic inflammation associated with obesity may represent a potential correlation
with a ferroptotic mechanism. Based on this, we have preliminary investigated the anti-
inflammatory and cytoprotective effects of extracts in an in vitro model of erastin-induced
cell death.

Natural-derived products are conventional resources for drug discovery, and some of
them have been clinically used against human disease; moreover, they have the potential
to modulate the expression levels of ferroptosis-related factors.

Therefore, exploiting bioactive molecules that can be found in extracts such as ROE
and OLE that modulate ferroptosis may be harnessed to facilitate the development of
promising therapeutic strategies.
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22. Kruczkowska, W.; Gałęziewska, J.; Kciuk, M.; Gielecińska, A.; Płuciennik, E.; Pasieka, Z.; Zhao, L.Y.; Yu, Y.J.; Kołat, D.; Kałuzińska-
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