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Abstract: Background: Bergamot polyphenolic fraction (PF) extract exerts a beneficial against liver
steatosis. However, the fundamental processes underlying this beneficial effect of bergamot PF
remain elusive. In this work, we examined the effect of bergamot PF extract on 2D and 3D hepatocyte
cultures. Material and Methods: We evaluated the effect of bergamot PF in 2D and 3D cultures
from rat, human hepatoma cells, and human primary hepatocytes. Results: In 2D cell culture, we
demonstrated that incubation with bergamot PF decreases intracellular lipid content and is associated
with an increase in expression levels of ß-oxidation genes (Acox1, Pparα, and Ucp2) and lipophagy
(Atg7). Moreover, we confirm this effect on 3D spheroids and organoids. Conclusion: Incubation with
bergamot PF reduces intracellular lipid neutral fat potentially by increasing intracellular pathways
related to beta-oxidation.

Keywords: citrus bergamia; human liver organoid; NAFLD; nutraceutical; spheroids

1. Introduction

Non-alcoholic or metabolic associated fatty liver disease (NAFLD) is the most com-
mon cause of chronic liver disease, and it is set to become the leading cause of liver
transplants [1,2]. Specifically, NAFLD is a spectrum of conditions ranging from simple
fat accumulation to inflammation, fibrosis and, ultimately, cirrhosis and hepatocellular
carcinoma [1]. Metabolic disorders including insulin resistance are key risk factors pro-
moting hepatic lipid accumulation and, therefore, NAFLD is also designated as metabolic
dysfunction-associated fatty liver disease [2]. Furthermore, NAFLD has a strong genetic
component with a handful of common genetic variants conferring an increased risk of onset
and progression of NAFLD [3,4]. Mendelian randomization studies using these genetic
variants have demonstrated that the excess in liver fat content per se causes liver cirrhosis
and hepatocellular carcinoma [5,6]. Importantly, after more than a decade of efforts, there
is no effective pharmacological treatment specifically approved against NAFLD.

Citrus bergamia risso et poiteau (Bergamot), the fruit from a tree growing in Calabria, a
southwest region of Italy, has a high content of flavonoids and glycosides [7,8]. Moreover,
bergamot contains melitidin and brutieridin, two molecules with statin-like effects [9–11], as
well neoeriocitrin, narigin, and neohesperidin, which are polyphenolic compounds. Studies in
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humans [12] and rodents show that administration of a bergamot polyphenolic fraction (PF)
reduces liver fat content. Administration of bergamot PF in rats fed a cafeteria diet resulted in
lower hepatic triglycerides content, possibly due to an increase in autophagy [13]. However,
the fundamental processes underlying this beneficial effect of bergamot PF extract remain
obscure. In this work we evaluated the effect of bergamot PF in 2D and 3D cultures from rat,
human hepatoma cells, and human primary hepatocytes on intracellular lipid content.

2. Materials and Methods
2.1. D and 3D Cell Culture

Rat hepatoma cells, McA Rh7777, were obtained from the American type culture
collection (ATCC). The cell was maintained in DMEM (Sigma Aldrich, St. Louis, MI, USA),
supplemented with 10% FBS, 1% penicillin streptomycin (PAA, Linz, Austria), and 1%
sodium pyruvate (PAA, Linz, Austria), at 37 ◦C in 5% CO2. Sample were harvested by
trypsinization, and they were subcultured twice weekly.

The HepG2 + LX-2 spheroids were generated as previously described [14]. Briefly,
HepG2 cells and LX-2 (ATCC) cells at a 24:1 ratio were placed into 96-well round-bottomed
ultra-low attachment plates (Corning) at 2000 cells/well in MEM supplemented with 10%
FBS. They were incubated at 37 ◦C in a humidified atmosphere of 5% CO2 and grown for a
total of 96 h.

Briefly, for the generation a liver organoid model composed of primary human hepa-
tocytes (PHH), cryopreserved primary human hepatocytes (donor BGW-M00995-P, BioIVT,
Belgium, male, 50 years of age, BMI 20.4) were used [15,16]. Cells were seeded on ultra-low
attachment 96-well plates (Corning) at 2000 viable cells per well onto 100 µL of serum contain-
ing complete medium. Plates were centrifuged at 100× g for 5 min. Once the cells collect at
the bottom, self-aggregation causes formation of organoids. At day 1 after seeding, 100 µL of
serum-free maintenance medium was added to make a total of 200 µL per well. Next, every
48 h, 50% of the media was replenished for fresh serum-free medium until day 7. The volume
of spheroids and organoids were determined using the following formula: 4/3 π r3, where “r”
was the mean of the long and short diameter of the spheroid divided by 2.

2.2. Treatments

Bergamot PF extract as previously prepared [17] and characterized for polyphenol
content was provided by Herbal and Antioxidant Derivatives srl. (Polistena, RC, Italy).
As shown in the UV–HPLC chromatogram (Figure S1), the main flavonoids identified
in bergamot PF extract were neoeriocitrin (132,517 µg/g), naringin (141,385 µg/g), and
neohesperidin (134,119 µg/g), accounting for 40% of 1 gr of powder.

We calculated the bergamot PF extract amount to be use in our experiments based on
Parafati et al. [13] by using the equation 50 mg × 70 kg/5000 mL = 0.7 mg/mL, and by
assuming a 80–100% bioavailability. In our experiments, we used three order of magnitude
less as the highest dose.

For the 2D culture, McA Rh-7777 cells were treated for 24 h with 50 µM of oleic acid
(Sigma Aldrich, St. Louis, MI, USA) conjugated to fatty acid-free bovine serum albumin
(BSA) and bergamot PF extract dissolved in the cell media at concentrations of 0.001, 0.001,
0.1, and 1 µg/mL.

Instead, HepG2 + LX-2 spheroids, 24 h after seeding, were treated only with bergamot
PF extract dissolved in the cell media at a concentration of 1 µg/mL for 72 h. The treatment
was refreshed every 48 h.

Human liver organoids, 24 h after seeding, were treated only with bergamot PF extract
dissolved in the cell media at a concentration of 1 µg/mL for 6 days. The treatment was
refreshed every 48 h.

2.3. Cell Viability Assay

For the 2D culture, McA Rh7777 cells were seeded at a density of 1 × 104 cells/well
in 96-well plates. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide (MTT) assay. Briefly, MTT (Sigma, St. Louis, MO, USA)
solution (5 mg/mL) was added to each well and incubated at 37 ◦C for 4 h. The super-
natants were then removed and replaced by 100 mL of DMSO. The optical density (OD)
was measured at a wavelength of 570 nm.

For HepG2 + LX-2 spheroids and human liver organoid, total cellular adenosine triphos-
phate (ATP) was measured in the Cell-Titer-Glo® 3D cell viability assay (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. Briefly, single spheroids were trans-
ferred into a white 96-well assay plate (Corning, NY, USA) with 50 µL PBS. Then, 50 µL of
assay reagent was added to each sample well and vigorously mixed to allow the reagent to
penetrate the spheroids, after which the plate was incubated at room temperature for 20 min
in darkness. Then, the plate was placed in the SpectraMax i3 (Molecular Devices) counter and
luminescence was measured using the SoftMax Pro 6.3 software (San Jose, CA, USA).

2.4. Quantification of Intracellular Neutral Lipid Content

For evaluate intracellular lipid content, McA Rh-7777 cells were seeded in a coverslip
at a density of 5 × 104 cells/well in 24-well plates. After treatment, the cells were washed
with PBS, and fixed with 2% paraformaldehyde for 5 min. Intracellular lipids were stained
with Oil Red O solution (Sigma, St. Louis, MO, USA) for 20 min. Cell nuclei were stained
with Mayer for 5 min. All the staining procedure was carried out at room temperature
by protecting the samples from the direct light. Images were acquired with an Olympus
microscope (BX53) and high-resolution Olympus digital image camera (XC50). The images
were quantified using ImageJ software (v.1.52h, NIH).

Instead, HepG2 + LX-2 spheroids and human liver organoid after treatment were fixed
with 10% w/v paraformaldehyde (Sigma-Aldrich) for 2 h, then incubated with 20% w/v sucrose
in phosphate buffered saline (PBS)(Lonza, Rome, Italy) overnight, washed three times with
PBS and embedded with OCT Cryomount (Histolab, Västra Frölunda, Sweden). Then, 8-µm-
thick sections were made using a cryostat (Leica, Wetzlar, Germany) and transferred into
glass slides and stored at −80 ◦C for 1 h, after which ORO staining was performed. Nuclei
were stained using DAPI. Images were acquired using an Axio KS 400 Imaging System and
AxioVision 4.8 software (Zeiss) at 20X. The ORO-stained area was normalized to the number
of DAPI-stained nuclei and quantified using ImageJ (v.1.52h, NIH).

2.5. Lipid Assay

For evaluate intracellular triglyceride content, McA Rh-7777 cells were seeded in a
coverslip at a density of 5 × 104 cells/well in 24-well plates. Cells were then washed
with PBS, and fixed with 2% paraformaldehyde for 5 min. Cell nuclei were stained with
DAPI for 5 min. Triglyceride content was stained with AdipoRed lipid assay (Lonza,
Walkersville, MD, USA) for 10 min at 37 ◦C. All of the staining procedure was carried out
by protecting the samples from the direct light. Images were acquired using an Axio KS
400 Imaging System and AxioVision 4.8 software (Zeiss) at 20X magnification. The images
were quantified using ImageJ software (v.1.52h, NIH).

2.6. Real Time-PCR

The McA Rh7777 cells were seeded at a density of 400,000 cells/well in 60 mm cul-
ture dishes. Total RNA from cells were extracted with TRIzol reagent (Life technologies,
Cambridge, UK) according to the manufacturer’s instructions. cDNA was synthesized
from 1 µg total RNA, using a high-capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). The mRNA expression of Srebp-1c, Acox1, and Pparα
were quantified by real time-PCR using SYBR® Green dye (SsoAdvanced Univ SYBR Grn
Suprmix, Biorad, Milan, Italy) (See Table S1).

The RNA from McA Rh7777 cells were extracted with the RNeasy Plus Mini Kit
(Qiagen, Hilden, Germany) and reverse transcribed using a high-capacity cDNA reverse
transcription kit (Thermo Fisher Scientific, Monza, Italy) according to the manufacturer’s
instructions. Gene expression was assessed by real-time qPCR using master mix (Life



Nutrients 2022, 14, 3434 4 of 11

Technologies) and TaqMan probes for Ucp2, Atg7, ApoB, Mttp, and β-Actin according to the
manufacturer’s protocol. All reactions were performed in triplicate. Data were analyzed
using the 2−∆∆Ct method normalized to β-Actin (See Table S2).

The RNA from spheroids were extracted with the RNeasy Plus Mini Kit (Qiagen,
Hilden, Germany) and reverse transcribed using a high-capacity cDNA reverse transcrip-
tion kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. Gene
expression was assessed by real-time qPCR using master mix (Life Technologies) and
TaqMan probes for SREBP-1C, ACOX1, PPARα, UCP2, ATG7, and β-ACTIN according to the
manufacturer’s protocol. All reactions were performed in triplicate. Data were analyzed
using the 2−∆∆Ct method normalized to β-Actin (See Table S2).

2.7. Statistical Analysis

Data are represented as mean ± standard deviation (SD) of at least three independent
experiments and analyzed using a two-tailed Student’s t-test, linear regression, and non-
parametric Mann–Whitney test. The p-values less than 0.05 were considered significant.
Statistical analysis was performed with GraphPad Prism 5.0.

3. Results
3.1. Incubation with Bergamot PF Extract Decreases Intracellular Triglycerides in McA Rh7777

To ensure that bergamot PF extract does not affect cell viability, McA Rh7777 cells
were incubated with 50 µM of oleic acid and an increasing amount of bergamot PF extract
(0.001, 0.01, 0.1, and 1 µg/mL) for 24 h. Given that bergamot PF extract was dissolved
directly in the media, cell media was used as a negative control. Cell viability was measured
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. This assay
showed that bergamot PF extract did not affect cell viability at 24 h as compared to the
control (Figure S2).

To evaluate the neutral intracellular lipid content in hepatocytes, we incubated McA-
Rh7777 cells with increasing concentrations of bergamot PF extract by using Oil Red O
staining. Cells were incubated with increasing amount of bergamot PF extract (0.001, 0.01,
0.1, and 1 µg/mL) and after 24 h the intracellular lipid content was examined. Bergamot PF
extract resulted in a dose-dependent lowering of intracellular neutral lipids as compared to
the control (p = 0.001) (Figure 1A,B). At any given dose of bergamot PF extract incubation
there was a reduction in the lipid content, specifically p = 0.02, p = 0.01, and p = 0.0008,
respectively, except for the 0.1 µg/mL (Figure 1B).

Intracellular neutral lipids are triglycerides and cholesterol esters. To understand what
neutral lipid species bergamot PF extract affects we examined cells using AdipoRed assay.
Cells were incubated with increasing amount of bergamot PF extract (0.001, 0.01, 0.1, and
1 µg/mL) and, after 24 h, the intracellular triglycerides were measured. Bergamot PF extract
incubation resulted in a dose-dependent reduction in the intracellular triglyceride content
(p = 0.001) (Figure S3A,B). Furthermore, we observed a decrease in the intracellular triglyceride
content after incubation with 1 µg/mL bergamot PF extract (p < 0.05) (Figure S3B).
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Figure 1. Incubation with bergamot PF extract reduces intracellular lipid content in 2D cultured
hepatocytes. Rat hepatoma cell line McA-Rh-7777 was cultured in 2D and incubated with 50 µM of
oleic acid and different concentrations of bergamot PF extract (0.001, 0.01, 0.11 µg/mL) in regular
medium without FBS for 24 h. Intracellular lipid content was measured by Oil red-O staining (A).
ORO area quantified by Image J (B) and showed a significant decrease in intrahepatic lipid content.
Data are shown as mean ± SD of three independent experiments. Statistical analysis methods are as
follows: Student‘s t-test vs. 0 * p < 0.05; ** p < 0.001. Linear regression p = 0.001. Abbreviations are as
follows: PF, polyphenols fraction; FBS, fetal bovine serum; OA, oleic acid; 2D, two dimensional; SD,
standard deviation; ORO, Oil red-O.

3.2. Bergamot PF Extract Increases Expression Levels of Gene of ß-Oxidation and Lipophagy in
McA Rh7777

To understand why incubation of bergamot PF extract reduces intracellular triglyc-
erides, we measured the mRNA levels of gene involved in the ß-oxidation pathway, namely
Acox1, Pparα, and Ucp2 in McA Rh7777 cells incubated with increasing concentrations of
bergamot PF extract (0.001, 0.01, 0.1, and 1 µg/mL). After 24 h of incubation, we observed
a dose-dependent increase in Acox1 (p = 0.0001), Pparα (p = 0.001), and Ucp2 (p = 0.009)
(Figure 2A–C).

Intracellular hepatocyte lipid content levels are a function of intracellular triglyceride
synthesis, and are utilized via beta-oxidation and in very low-density lipoprotein secretion.
Therefore, we examined mRNA levels of a gene involved in triglyceride synthesis, namely
Srebp-1c, in McA Rh7777 cells incubated with increasing concentrations of bergamot PF
extract (0.001, 0.01, 0.1, and 1 µg/mL). After 24 h incubation, we observed a dose-dependent
increase in Srebp-1c (p = 0.01) (Figure 2D).
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Figure 2. Bergamot PF extract increase regulates Acox1, Pparα, Ucp2, Srebp-1c, and Atg7 mRNA
expression levels in McA Rh-7777 cells. Semi-confluent cultures of rat hepatoma cell line (McA
Rh-7777) were incubated with 50 µM of oleic acid and different concentrations of BPF (0.001, 0.01,
0.1, 1 µg/mL) in regular medium without FBS for 24 h. Then, mRNA expression levels of (A) Acox1,
(B) Pparα, (C) Ucp2, (D) Srebp-1c, and (E) Atg7 were measured using real-time PCR. Data were
analyzed using the 2−∆∆cq method and normalized to β-Actin. Data are represented as mean ± SD
of three independent experiments. Statistical analysis comprised of Student’s t-test vs. 0 * p < 0.05;
** p < 0.01; *** p < 0.001. Linear trend p = 0.001, p = 0.001, p = 0.009, p = 0.01 and p = 0.01, respectively.
Abbreviations are as follows: PF, polyphenol fraction; Acox1, peroxisomal acyl-coenzyme A oxidase
1; Pparα, peroxisome proliferator-activated receptor-α; Ucp2, mitochondrial uncoupling protein 2;
Srebp-1c, sterol regulatory element-binding protein; Atg7, autophagy related 7; SD, standard deviation.

After this, we examined mRNA levels of genes involved in very low-density lipopro-
tein secretion, namely ApoB and Mttp in McA-Rh7777 cells incubated with increasing
concentrations of bergamot PF extract (0.001, 0.01, 0.1, and 1 µg/mL). After 24 h incubation,
we observed that bergamot PF extract does not influence the levels expression of ApoB and
Mttp (Figure S4A,B).

Finally, we examined mRNA levels of genes involved in lipophagy, namely Atg7 in
McA-Rh7777 cells incubated with increasing concentrations of bergamot PF extract (0.001,
0.01, 0.1, and 1 µg/mL). After 24 h incubation, we observed a dose-dependent increase in
Atg7 (p = 0.01) (Figure 2E).

3.3. Bergamot PF Extract Incubation Reduces Intracellular Neutral Lipid Content and Increases
Beta-Oxidation in 3D HEPG2/LX2 Spheroids

To confirm our results in a different cell type and in a more physiological system, we
tested incubation with bergamot PF extract in 3D spheroids generated by immortalized
hepatocytes (HEPG2) and hepatic stellate cells (LX2) in a physiological ratio of 24:1 (14).
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Consistently, incubation with bergamot PF extract resulted in a reduction in the intracellular
neutral lipid content (p = 0.03, Figure 3A–C) without affecting spheroid volume and viability
(Figure 3D,E).
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Figure 3. Treatment with 1 µg/mL bergamot PF extract reduces intracellular lipid content in 3D
spheroids. (A) HepG2 + LX2 cells were cultured as 3D spheroids for a total of 96 h. Initially, 24 h
after seeding cells, the media was replaced every 48 h. Objective 20X. (B) HepG2 + LX2 cells were
cultured as 3D spheroids for a total of 96 h. Initially, 24 h after seeding, the media was supplemented
with 1 µg/mL bergamot PF extract and the media was replaced every 48 h. Objective 20X. (D) The
average volume was calculated by measuring their long and short diameter using the ZEN 2.3 Lite
software (Zeiss). (E) For both spheroids, cellular ATP levels remained stable between the experimental
groups. (C) Intracellular lipid content was measured by Oil red-O staining; the results showed a
significant reduction after incubation with bergamot PF extract. Data are shown as mean ± SD of
three independent experiments. Statistical analysis was as follows: Mann–Whitney non-parametric
test vs. 0. p = 0.03. Abbreviations are as follows: PF, polyphenols fraction; RLU, relative fluorescence
unit; 3D, three dimensional; SD, standard deviation.

Next, we measured mRNA levels of ACOX1, PPARα, UCP2, SREBP-1C, and ATG7 in
immortalized spheroids incubated with 1µg/mL bergamot PF extract for 72 h. After 96 h
incubation, we observed an increase in ACOX1 (p = 0.03) and PPARα (p = 0.03) (Figure 4A,B).
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Figure 4. An increase in bergamot PF extract regulates ACOX1 and PPARα mRNA expression levels
in 3D spheroids. Here, HepG2 + LX2 cells were cultured as 3D spheroids for a total of 96 h. Then, 24 h
after seeding, the media was supplemented with 1 µg/mL bergamot PF extract for 72 h. Then, mRNA
expression levels of (A) ACOX1, (B) PPARα, (C) UCP2, (D) SREBP-1c, and (E) ATG7 were measured
using real-time PCR. Data were analyzed using the 2ˆ-∆∆cq method and normalized to β-ACTIN. Data
are represented as mean ± SD of three independent experiments. Statistical analysis was as follows:
Student’s t-test vs. 0, p = 0.03 and p = 0.03, respectively. Abbreviations are as follows: PF, polyphenol
fraction; ACOX1, peroxisomal acyl-coenzyme A oxidase 1; PPARα, peroxisome proliferator-activated
receptor-α; UCP2, mitochondrial uncoupling protein 2; SREBP-1c, sterol regulatory element-binding
protein; ATG7, autophagy related 7; 3D, three dimensional; SD, standard deviation.

Next, we examined mRNA levels of genes involved in triglyceride synthesis, namely
SREBP-1C in immortalized spheroids incubated with 1µg/mL bergamot PF extract for 72 h.
After 96 h incubation, we observed that bergamot PF extract did not influence the levels of
expression of SREBP-1C (Figure 4D).

3.4. Bergamot PF Extract Incubation Reduces Intracellular Neutral Lipid Content in Human
Liver Organoid

To further confirm the effect of bergamot PF extract incubation, we generated a human
liver organoid by using primary human hepatocytes from a single donor. Briefly, a total of
3000 cryopreserved primary human hepatocytes were seeded on ultra-low attachment 96-
well plates. The day after seeding, cells were incubated with 1 µg/mL bergamot PF extract
for 6 days. Consistent with the previous experiments, bergamot PF extract incubation
resulted in a reduction in the intracellular neutral lipid content (p = 0.003, Figure 5A–C)
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without affecting organoid volume and viability (Figure 5D–E). Results were virtually
identical in two further independent experiments (Figure S5).
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Figure 5. Treatment with 1 µg/mL bergamot PF extract reduces intracellular lipid content in human
liver organoid. (A) Human liver organoid was cultured as 3D spheroids for a total of 7 days. Initially,
48 h after seeding, the media was replaced every 48 h. Objective 20X. (B) Human liver organoid
was cultured as 3D spheroids for a total of 7 days. Initially, 48 h after seeding, the media was
supplemented with 1 µg/mL bergamot PF extract for an additional 5 days with media replacement
every 48 h. Objective 20X. (D) The average volume was calculated by measuring their long and
short diameter using ZEN 2.3 Lite software (Zeiss). (E) For both spheroids, cellular ATP levels
remained stable between the experimental groups. (C) Intracellular lipid content measured by Oil
red-O staining showed a significant reduction after incubation with bergamot PF extract. Data are
shown as mean ± SD of three independent experiments. The p values were calculated by using a
Mann–Whitney non-parametric test. Abbreviations are as follows: PF, polyphenols fraction; 3D, three
dimensional; SD, standard deviation.

4. Discussion

The main finding of this study is that incubation with bergamot PF extract results in a
reduction in intracellular lipid content in human hepatocytes that may potentially be due
to an increase in beta-oxidation.

Our bergamot PF extract contained 40% of neoeriocitrin, naringin, and neohesperidin.
Administration of these polyphenols resulted in a reduction in liver fat content in humans
and rats. To replicate these data, we incubated rat hepatic cells with bergamot PF extract
and examined the intracellular lipid content. Incubation with bergamot PF extract resulted
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in a dose-dependent lowering of intracellular neutral lipids and triglycerides, except for
the 0.1 µg/mL treatment (Figure 1B).

Next, we examined the metabolic pathways responsible for the intracellular homeosta-
sis of triglycerides, and we observed an increase in genes involved in beta-oxidation. In
the McA-rh7777 cell culture, consistent with the previous study in rats, we observed an
increase in Atg7, a gene involved in autophagy/lipophagy, a fundamental process involved
in human liver disease [18]. However, we also saw a modest increase in Srebp1c, the master
regulator of triglyceride synthesis that may be interpreted as an adaptive mechanism to
maintain intracellular lipid homeostasis.

To replicate our data in human cells, we used 3D spheroids composed of immortalized
human hepatic and hepatic stellate cells. Bergamot PF extract resulted in a reduction
in intracellular neutral lipids and an increase in beta-oxidation. However, in this model
there was no difference in the synthesis of triglycerides and lipophagy. These data may
suggest a species-specific effect of bergamot PF on autophagy in rats as opposed to humans.
Species-specific studies are warranted to clarify this observation.

To further confirm the beneficial effect of bergamot PF, we used a liver organoid model
composed by human primary hepatocytes. Consistent with previous results, in human and
rat hepatoma cells, incubation of bergamot PF extract resulted in a reduction in intracellular
neutral lipids. These data show a robust and reproducible effect across hepatocytes derived
from three different donors.

Bergamot extract contains compounds with a statin-like effect [9–11]. Previous studies
show that statin reduces liver fat, inflammation, and fibrosis, most likely by reducing the
synthesis of triglycerides [19]. Our data show that bergamot PF, a specific fraction of the
bergamot extract, reduces intracellular triglycerides potentially by increasing beta-oxidation.
Taking all this together, the administration of bergamot extract may potentially be beneficial
in reducing liver fat content via two distinct and synergistic intracellular pathways.

Our study has some limitations. Polyphenols contained in bergamot PF extract are
chemically unstable at neutral pH values [20,21]. As a consequence, we cannot exclude that
the observed effects are due to bergamot PF extract metabolites. Moreover, approximately
50% of the bergamot PF extract was not composed by polyphenols. Therefore, we the
observed effects may derive from other chemical species.

In conclusion, treatment with bergamot PF results in a reduction in hepatocyte intracel-
lular neutral lipids. This effect may potentially be mediated by an increase in beta-oxidation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14163434/s1, Figure S1: Bergamot PF analysis of by HPLC-UV;
Figure S2: Bergamot PF does not increase viability of McA Rh7777 cells; Figure S3: Incubation with
bergamot PF reduces triglyceride content in 2D cultured hepatocytes; Figure S4: Bergamot PF does
not influence the levels expression of ApoB and Mttp on McA Rh7777 cells; Figure S5: Treatment with
1 µg/mL bergamot PF reduces intracellular lipid content in human liver organoid; Table S1: Real
time-PCR primer sequences; Table S2: Real time-PCR probes.

Author Contributions: Conceptualization: S.R., A.P. and T.M.; Methodology: A.M., R.M., S.M., S.N.
and V.M. (Vincenzo Musolino); Investigation: A.M. and S.M.; Supervision: S.R., A.P., T.M. and V.M.
(Vincenzo Mollace); Writing—original draft: S.R.; Writing—review & editing: A.M., S.M., S.R., A.P.,
T.M., R.M., V.M. (Vincenzo Mollace), S.N. and V.M. (Vincenzo Musolino). All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/nu14163434/s1
https://www.mdpi.com/article/10.3390/nu14163434/s1


Nutrients 2022, 14, 3434 11 of 11

References
1. Estes, C.; Anstee, Q.M.; Arias-Loste, M.T.; Bantel, H.; Bellentani, S.; Caballeria, J.; Colombo, M.; Craxi, A.; Crespo, J.; Day, C.P.

Modeling nafld disease burden in China, France, Germany, Italy, Japan, Spain, United Kingdom, and United States for the period
2016–2030. J. Hepatol. 2018, 69, 896–904. [CrossRef] [PubMed]

2. Bianco, C.; Romeo, S.; Petta, S.; Long, M.T.; Valenti, L. MAFLD vs NAFLD: Let the contest begin! Liver Int. 2020, 40, 2079–2081.
[CrossRef] [PubMed]

3. Romeo, S.; Sanyal, A.; Valenti, L. Leveraging human genetics to identify potential new treatments for fatty liver disease. Cell
Metab. 2020, 31, 35–45. [CrossRef] [PubMed]

4. Jamialahmadi, O.; Mancina, R.M.; Ciociola, E.; Tavaglione, F.; Luukkonen, P.K.; Baselli, G.; Malvestiti, F.; Thuillier, D.; Raverdy, V.;
Männistö, V. Exome-wide association study on alanine aminotransferase identifies sequence variants in the GPAM and APOE
associated with fatty liver disease. Gastroenterology 2021, 160, 1634–1646.e7. [CrossRef] [PubMed]

5. Dongiovanni, P.; Stender, S.; Pietrelli, A.; Mancina, R.; Cespiati, A.; Petta, S.; Pelusi, S.; Pingitore, P.; Badiali, S.; Maggioni, M.
Causal relationship of hepatic fat with liver damage and insulin resistance in nonalcoholic fatty liver. J. Intern. Med. 2018, 283,
356–370. [CrossRef] [PubMed]

6. Bianco, C.; Jamialahmadi, O.; Pelusi, S.; Baselli, G.; Dongiovanni, P.; Zanoni, I.; Santoro, L.; Maier, S.; Liguori, A.; Meroni, M.
Non-invasive stratification of hepatocellular carcinoma risk in non-alcoholic fatty liver using polygenic risk scores. J. Hepatol.
2021, 74, 775–782. [CrossRef]

7. Nogata, Y.; Sakamoto, K.; Shiratsuchi, H.; Ishii, T.; Yano, M.; Ohta, H. Flavonoid composition of fruit tissues of citrus species.
Biosci. Biotechnol. Biochem. 2006, 70, 178–192. [CrossRef] [PubMed]

8. Walker, R.; Janda, E.; Mollace, V. The use of bergamot-derived polyphenol fraction in cardiometabolic risk prevention and
its possible mechanisms of action. In Polyphenols in Human Health and Disease; Elsevier: Amsterdam, The Netherlands, 2014;
pp. 1087–1105.

9. Di Donna, L.; de Luca, G.; Mazzotti, F.; Napoli, A.; Salerno, R.; Taverna, D.; Sindona, G. Statin-like principles of bergamot fruit
(Citrus bergamia): Isolation of 3-hydroxymethylglutaryl flavonoid glycosides. J. Nat. Prod. 2009, 72, 1352–1354. [CrossRef]
[PubMed]

10. Miceli, N.; Mondello, M.R.; Monforte, M.T.; Sdrafkakis, V.; Dugo, P.; Crupi, M.L.; Taviano, M.F.; Pasquale, R.D.; Trovato, A.
Hypolipidemic effects of Citrus bergamia Risso et Poiteau juice in rats fed a hypercholesterolemic diet. J. Agric. Food Chem. 2007,
55, 10671–10677. [CrossRef] [PubMed]

11. Mollace, V.; Sacco, I.; Janda, E.; Malara, C.; Ventrice, D.; Colica, C.; Visalli, V.; Muscoli, S.; Ragusa, S.; Muscoli, C. Hypolipemic and
hypoglycaemic activity of bergamot polyphenols: From animal models to human studies. Fitoterapia 2011, 82, 309–316. [CrossRef]
[PubMed]

12. Ferro, Y.; Montalcini, T.; Mazza, E.; Foti, D.; Angotti, E.; Gliozzi, M.; Nucera, S.; Paone, S.; Bombardelli, E.; Aversa, I. Randomized
clinical trial: Bergamot citrus and wild cardoon reduce liver steatosis and body weight in non-diabetic individuals aged over
50 years. Front. Endocrinol. 2020, 11, 494. [CrossRef] [PubMed]

13. Parafati, M.; Lascala, A.; Morittu, V.M.; Trimboli, F.; Rizzuto, A.; Brunelli, E.; Coscarelli, F.; Costa, N.; Britti, D.; Ehrlich, J. Bergamot
polyphenol fraction prevents nonalcoholic fatty liver disease via stimulation of lipophagy in cafeteria diet-induced rat model of
metabolic syndrome. J. Nutr. Biochem. 2015, 26, 938–948. [CrossRef] [PubMed]

14. Pingitore, P.; Sasidharan, K.; Ekstrand, M.; Prill, S.; Lindén, D.; Romeo, S. Human multilineage 3D spheroids as a model of liver
steatosis and fibrosis. Int. J. Mol. Sci. 2019, 20, 1629. [CrossRef] [PubMed]

15. Prill, S.; Caddeo, A.; Baselli, G.; Jamialahmadi, O.; Dongiovanni, P.; Rametta, R.; Kanebratt, K.P.; Pujia, A.; Pingitore, P.; Mancina,
R.M. The TM6SF2 E167K genetic variant induces lipid biosynthesis and reduces apolipoprotein B secretion in human hepatic 3D
spheroids. Sci. Rep. 2019, 9, 11585. [CrossRef] [PubMed]

16. Mancina, R.M.; Sasidharan, K.; Lindblom, A.; Wei, Y.; Ciociola, E.; Jamialahmadi, O.; Pingitore, P.; Andréasson, A.-C.; Pellegrini,
G.; Baselli, G. PSD3 downregulation confers protection against fatty liver disease. Nat. Metab. 2022, 4, 60–75. [CrossRef] [PubMed]

17. Mare, R.; Mazza, E.; Ferro, Y.; Gliozzi, M.; Nucera, S.; Paone, S.; Aversa, I.; Pujia, R.; Marafioti, G.; Musolino, V. A new breakfast
brioche containing bergamot fiber prevents insulin and glucose increase in healthy volunteers: A pilot study. Minerva Endocrinol.
2020, 46, 214–225. [CrossRef] [PubMed]

18. Baselli, G.A.; Jamialahmadi, O.; Pelusi, S.; Ciociola, E.; Malvestiti, F.; Saracino, M.; Santoro, L.; Cherubini, A.; Dongiovanni, P.;
Maggioni, M. Rare ATG7 genetic variants predispose patients to severe fatty liver disease. J. Hepatol. 2022, 77, 596–606. [CrossRef]
[PubMed]

19. Dongiovanni, P.; Petta, S.; Mannisto, V.; Mancina, R.M.; Pipitone, R.; Karja, V.; Maggioni, M.; Kakela, P.; Wiklund, O.; Mozzi, E.
Statin use and non-alcoholic steatohepatitis in at risk individuals. J. Hepatol. 2015, 63, 705–712. [CrossRef] [PubMed]

20. Li, N.; Taylor, L.S.; Ferruzzi, M.G.; Mauer, L.J. Kinetic study of catechin stability: Effects of pH, concentration, and temperature.
J. Agric. Food Chem. 2012, 60, 12531–12539. [CrossRef] [PubMed]

21. Sang, S.; Lee, M.-J.; Hou, Z.; Ho, C.-T.; Yang, C.S. Stability of tea polyphenol (−)-epigallocatechin-3-gallate and formation of
dimers and epimers under common experimental conditions. J. Agric. Food Chem. 2005, 53, 9478–9484. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jhep.2018.05.036
http://www.ncbi.nlm.nih.gov/pubmed/29886156
http://doi.org/10.1111/liv.14620
http://www.ncbi.nlm.nih.gov/pubmed/32930521
http://doi.org/10.1016/j.cmet.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/31914377
http://doi.org/10.1053/j.gastro.2020.12.023
http://www.ncbi.nlm.nih.gov/pubmed/33347879
http://doi.org/10.1111/joim.12719
http://www.ncbi.nlm.nih.gov/pubmed/29280273
http://doi.org/10.1016/j.jhep.2020.11.024
http://doi.org/10.1271/bbb.70.178
http://www.ncbi.nlm.nih.gov/pubmed/16428836
http://doi.org/10.1021/np900096w
http://www.ncbi.nlm.nih.gov/pubmed/19572741
http://doi.org/10.1021/jf071772i
http://www.ncbi.nlm.nih.gov/pubmed/18038978
http://doi.org/10.1016/j.fitote.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/21056640
http://doi.org/10.3389/fendo.2020.00494
http://www.ncbi.nlm.nih.gov/pubmed/32849284
http://doi.org/10.1016/j.jnutbio.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/26025327
http://doi.org/10.3390/ijms20071629
http://www.ncbi.nlm.nih.gov/pubmed/30986904
http://doi.org/10.1038/s41598-019-47737-w
http://www.ncbi.nlm.nih.gov/pubmed/31406127
http://doi.org/10.1038/s42255-021-00518-0
http://www.ncbi.nlm.nih.gov/pubmed/35102341
http://doi.org/10.23736/S2724-6507.20.03243-5
http://www.ncbi.nlm.nih.gov/pubmed/32969628
http://doi.org/10.1016/j.jhep.2022.03.031
http://www.ncbi.nlm.nih.gov/pubmed/35405176
http://doi.org/10.1016/j.jhep.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25980762
http://doi.org/10.1021/jf304116s
http://www.ncbi.nlm.nih.gov/pubmed/23205662
http://doi.org/10.1021/jf0519055
http://www.ncbi.nlm.nih.gov/pubmed/16302765

	Introduction 
	Materials and Methods 
	D and 3D Cell Culture 
	Treatments 
	Cell Viability Assay 
	Quantification of Intracellular Neutral Lipid Content 
	Lipid Assay 
	Real Time-PCR 
	Statistical Analysis 

	Results 
	Incubation with Bergamot PF Extract Decreases Intracellular Triglycerides in McA Rh7777 
	Bergamot PF Extract Increases Expression Levels of Gene of ß-Oxidation and Lipophagy in McA Rh7777 
	Bergamot PF Extract Incubation Reduces Intracellular Neutral Lipid Content and Increases Beta-Oxidation in 3D HEPG2/LX2 Spheroids 
	Bergamot PF Extract Incubation Reduces Intracellular Neutral Lipid Content in Human Liver Organoid 

	Discussion 
	References

