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ARTICLE INFO ABSTRACT

Keywords: The anti-inflammatory activity of the “Mela Rosa Marchigiana” (MRM) pulp callus ethanol Extract (MRME) was
Apple ) tested in different cellular models including (i) LPS-treated RAW 264.7; (ii) HUVEC exposed to short-term high
Ethanolic extract Glucose (HG, 45 mM) or normal glucose (NG, 5 mM) concentrations; and (iii) HG (30 mN) and LPS-treated U937.

Secondary metabolites

. L To evaluate the anti-inflammatory effect of the extract, Nitric Oxide (NO) production was measured in RAW
Pentacyclic triterpenic acids

264.6 cells, while IL-8, IL-13 and MCP-1 expressions, along with modulation of some inflammation- or
senescence-associated miRNAs (miR-21, miR-126, miR-17 and miR-217) were assessed in HUVECs and/or U937.
MRME treatment reduced pro-inflammatory markers amount, suggesting a decreased generalised inflammatory
response. Present findings indicate that MRME can contrast senescence- or HG-induced inflammation. Moreover,
in HG- and LPS-induced inflammation, MRME reduced U937 monocyte activation by inhibiting mitochondrial
respiration and inflammatory markers. Finally, the inhibitory potential of MRME on the digestive enzymes
a-glucosidase, a-amylase and lipase activity was investigated. Our results support the idea that MRME has a
positive effect on inhibition of endothelial/macrophage dysfunction under HG/senescence inflammatory con-
ditions. Furthermore, the obtained results showed a modest inhibitory power of the extract (IC50 values: 2.98 +
0.24, 1.77 £ 0.15, and 2.06 + 0.31 mg/ml, respectively), which, however, could be of some help in decreasing
the absorption of glucose and triglycerides.

1. Introduction metabolites (SMs), have been proven to promote human health by
preventing the onset and progression of diseases (Martin Ortega &

Plants, including food plants, are rich in various bioactive molecules Segura Campos, 2019; Patil et al., 2009; Pillai et al., 2021; Shrinet et al.,
which are considered to be a promising source for designing effective 2021). Unfortunately, one of the difficulties in obtaining SMs, including
therapeutic agents. These molecules, also known as secondary pentacyclic triterpenic acids (PTAs), is their limited availability in fresh
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plant materials. Moreover, environmental factors or variables (such as
light, temperature, soil water, soil fertility and salinity) can significantly
affect some processes associated with plant growth and development,
including the ability to synthesize SMs, thus eventually leading to
different concentration and distribution of the bioactive molecules in
different plants (Jager et al., 2009). To overcome this issue, we devel-
oped a technique (patented in 2021; patent no. 102020000012466) to
obtain cellular plant material in vitro (i.e., calluses) in a controlled
environment, starting from explants of mature fruit pulp. Notably, cal-
luses are characterized by the availability of material, affordability (i.e.,
the cultures are relatively cheap and easy to maintain), high yields of
bioactive metabolites, and low environmental impact. Moreover, thanks
to this technique, contrary to traditional methods, the production of
phytochemicals is constant over time and, most of all, standardizable as
being independent of seasonality and cultivation/preservation methods
of plant drugs. Chemical analysis showed that, in the callus from fruit
pulp, the content of some classes of SMs, such as PTAs, is significantly
higher than in the starting plant material (Verardo et al., 2019). Since
2017, we started using this innovative method to obtain calluses from
the ripe pulp of the local apple variety known as “Mela Rosa March-
igiana” (MRM) (Malus x domestica Borkh, Rosaceae family) which is
distributed in the Marche region (Italy) at 400-900 m above sea level.
Since then, the MRM pulp callus has been kept alive by a series of
subcultures made every 28 days and its composition has periodically
been characterized (Gubitosa et al., 2024; Potenza et al., 2020; Verardo
et al., 2017). Extracts of MRM callus (MRME) have been demonstrated
to contain a variety of PTAs (including oleanolic acid, ursolic acid,
maslinic acid, corosolic acid, pomolic acid, annurcoic acid and tor-
mentic acid) whose amounts are remarkably higher than those in fresh
fruit pulp (Gubitosa et al., 2024; Wang et al., 2017b). Moreover, these
SMs possess several biological activities including antiviral (Heidary
Navid et al., 2014; Xiao et al., 2018), anti-inflammatory (Deng et al.,
2021; Kashyap et al., 2016), antioxidant (Gubitosa et al., 2024; Potenza
et al., 2020) and antidiabetic effects (Ding et al., 2018; Hibi et al., 2022;
Lin et al., 2018; Miura et al., 2004; Xu et al., 2019). Nkuimi Wandjou
et al. (Nkuimi Wandjou et al., 2020) showed that SMs, such as tri-
terpenes and polyphenols derived from apple extracts, can modulate or
inhibit the activity of physiological enzymes. Considering that (i) MRME
composition includes several PTAs; (ii) PTAs have gained much atten-
tion due to their antihyperglycemic property, and (iii) type 2 diabetes
(T2D, one of the most common age-related diseases) is characterised by
abnormal glucose and lipid metabolism, it is tempting to speculate that
MRME could help to counteract senescence and/or hyperglycaemic
conditions. To test this hypothesis, we employed various experimental
systems and approaches to assess the MRME effect on different aspects of
cellular senescence and hyperglycaemic conditions. Considering the
increasing effort in investigating natural compounds as active in-
gredients of functional food able to contribute to healthy ageing and
prevent or delay age-associated chronic diseases, the present study was
carried out to test whether MRME might have a positive effect on
glucose-induced chronic inflammation and cellular senescence, which
are two conditions both characterising T2D. To this aim, we prelimi-
narily evaluated the anti-inflammatory activity of MRME in LPS-injured
RAW 264.7 murine cells. Then, given that (i) HUVEC are commonly
used in vitro as a model to study the effect of different pathological
processes in the endothelium; (ii) replicative (i.e., senescent) HUVEC
may be considered a model of endothelial dysfunction in many age-
related diseases as they show a senescence-associated secretory pheno-
type (SASP) which characterizes senescent cells and can contribute to
fuel inflammaging; and (iii) HUVEC were already employed in a study
reporting on high glucose-induced inflammation in young (y) and se-
nescent (s) endothelial cells (Matacchione et al., 2022), the same
experimental system and the same experimental conditions were chosen
to settle the most suitable (and simplest) in vitro model to simulate
pathological blood glucose level and to test the potential of the extract.
Thus, the effects of MRME on the regulation of inflammation in
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replicative HUVEC treated with a high concentration (HG, 45 mM) or
normal concentration (NG, 5 mM) of glucose were evaluated. For each
experimental group, changes in pro-inflammatory markers (IL-8, IL-18,
MCP-1) expression levels and the modulation of a few selected miRNAs
which emerged as critical regulators to control endothelial inflamma-
tion and senescence, were assessed. More specifically, endothelial
inflammation is regulated by miRNAs such as miR-126 and miR-21
(Mone et al., 2023; Tang et al., 2023), while endothelial senescence is
additionally controlled by other miRNAs, including miR-217 or miR-17
(Cao et al., 2024; Wang et al., 2021). Overexpression of miR-217 pro-
motes endothelial senescence by acting as an endogenous inhibitor of
SIRT1, while miR-217 inhibition delays senescence (Menghini et al.,
2009; Qin et al., 2012; Zhang et al., 2024). MiR-17, is one of the six
mature miRNAs encoded by the cluster miR-17-92 (Cao et al., 2024) and
might have important roles in different types of diabetes since it is
involved in various biological processes, including glucose homeostasis,
insulin signaling, and pancreatic B-cell function (Jiang et al., 2022).

Moreover, taking into account that the monocytes-macrophages are
crucially important in T2D as they play a pivotal role in microvascular
complications and inflammation observed in diabetic patients
(Carantoni et al., 1997; Hoogerbrugge et al., 1996; Kim et al., 1994),
U937 cells were used following (Haidet et al., 2012) as a monocytic
cellular system to assess MRME effects in high glucose- and LPS-induced
inflammation. In addition, inflammatory responses generating oxidative
stress and endothelial dysfunction were investigated and the hypothesis
that pre-exposure of U937 cells to MRME could prevent the inflamma-
tory responses modulating the Oxidative Phosphorylation System
(OXPHOS) was tested by High-Resolution Respirometry to monitor ox-
ygen consumption in conditions of insult. Under these conditions, the
same inflammatory markers detected in endothelial cells were
measured.

Finally, considering that high levels of glucose and lipids are
involved in diabetes development, we also investigated the inhibition
potential of the extract on the digestive enzymes a-glucosidase and
a-amylase (which play an important role in carbohydrates digestion)
and lipase (which catalyses the hydrolysis of fats) to evaluate whether
MRME could contribute to reduce the post-prandial increase of blood
glucose and/or limit the digestion/absorption of dietary lipids.

2. Materials and methods
2.1. Mela Rosa Marchigiana callus extract (MRME) preparation

Ripe apples of the Mela Rosa Marchigiana (MRM) variety were
collected from an orchard located in Urbino (Marche region, Italy) and
processed to obtain the callus culture starting from ripe pulp explants
(Wang et al., 2017b). Briefly, Gamborg B5 medium (Dixon, 1985) plus
2.0 mg/1 BA (6-benzylaminopurine, Sigma-Aldrich) and 0.2 mg/1 2,4-D
(2,4-dichlorophenoxyacetic acid, Sigma-Aldrich), 30 g/L sucrose, pH
5.8, induced the highest biomass production. Cultures were maintained
in the dark at 25 + 2 °C and subcultures were obtained after 28 days in
the same media. Calli obtained by subcultures were stored at —20 °C and
lyophilized before the extraction. The callus extract was obtained as
described in Gubitosa et al. (Gubitosa et al., 2024), i.e., performing extra
sequential resuspension (in 70 % ethanol) and centrifugation steps to
minimize the debris as much as possible. Briefly, 260 mg of freeze-dried
callus was extracted in 15 ml of 70 % EtOH for 15 min. The homogenate
was stirred overnight at 4 °C and then centrifuged (45 min; 4 °C;
13,000g). After supernatant recovery, the pellet was extracted and
centrifuged a second time, and the two supernatants were combined and
dried in Savant overnight. The day after, 15 ml of 70 % ethanol was
added to the residue and after stirring (30 min; 4 °C), the tube was
centrifuged as above, and the supernatant was dried to be subsequently
resuspended (in 15 ml of 70 % ethanol) and centrifuged again. Finally,
the supernatant was pipetted in aliquots (1 ml each) in Eppendorf tubes
and dried in Savant overnight. After weighting the pellet, each
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Eppendorf was stored at —20 °C until use.
2.2. Cell cultures

Murine RAW 264.7 macrophages were acquired from the European
Collection of Cell Cultures (Salisbury, UK). They were grown in Dul-
becco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich, Milan, Italy)
completed with 1 mM pyruvate, 100 mM non-essential amino acids, 10
% (v/v) heat-inactivated foetal bovine serum (FBS), penicillin (100 U/
ml), streptomycin (100 pg/ml), and 1 % (w/v) L glutamine. The cells
were incubated under standard conditions (37 °C, 5 % CO, 95 % hu-
midity). The growth medium was changed every 2-3 days till approxi-
mately 80 % confluence was reached. All experiments were performed
after a 24 h period of cell adhesion.

Human umbilical vein endothelial cells (HUVEC) were purchased
from Clonetics (Lonza, Switzerland). HUVEC were cultured in an
endothelial growth medium (EGM-2, Lonza, Switzerland) constituted by
endothelial basal medium (EBM-2, Lonza, Switzerland) and SingleQuot
Bullet Kit (Lonza, Switzerland). The cells were seeded at a density of
5000/cm? in T75 flasks (Corning Costar, Sigma Aldrich, St. Louis MO,
USA).

U937 human myeloid leukaemia cells, purchased from LGC Stan-
dards S.r.l. (Italy), were cultured in suspension in RPMI-1640 medium
(Sigma-Aldrich). Culture media were supplemented with 10 % foetal
bovine serum (Euroclone, Celbio Biotecnologie, Milan, Italy), penicillin
(100 units/ml), and streptomycin (100 mg/ml) (Euroclone). Cells were
grown at 37 °C in T75 tissue culture flasks (Corning Inc., Corning, NY)
gassed with an atmosphere of 95 % air-5 % COa.

2.3. Characterization of young and senescent HUVEC

HUVEC were grown by subsequent replicative passages until repli-
cative senescence. We measured the cumulative population doubling
(cPD) calculated as the sum of PD changes, according to the formula:
log10(F) — log10(1))/10og10(2) (Prattichizzo et al., 2018), where F is the
number of cells at the end of the passage, and I is the number of seeded
cells. HUVEC were classified as young (y) or senescent (s) based on
replicative passages, senescence-associated (SA) B-Galactosidase activ-
ity, and 13161“1‘4"1 expression level. We considered yHUVEC at replicative
passage <6, SA-B-Galactosidase activity <20 %, and p16™42 expression
significantly lower compared to sHUVEC; whereas sHUVEC were
considered at a replicative passage >15, SA-B-Galactosidase activity
>60 %, and p16™¥*? expression significantly higher than in yHUVEC
(https://doi.org/10.3390/antiox11061037).

2.4. Cell viability

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay was performed to assess cell viability of both RAW 264.7
and HUVEC. Cells (5x10%/well) were grown for 24 h (RAW 264.7;
yHUVEC) or 72 h (sHUVEC) at 37 °C and treated with different doses of
MRME [(150-75-37.5-18.75-9.38-4.69-2.34 ug/ml; RAW 264.7),
(100-50-25-12.5-6.125-3.06-1.57-0.76 ug/ml; HUVEC)]. Vehicle (70
% EtOH)-treated cells were used as control (CTRL). Briefly, 10 ul MTT (5
mg/ml) solution was added to each well (100 pl) and incubated at 37 °C
for 4 h; the obtained formazan salt was solubilized by dimethyl sulfoxide
(DMSO) and measured by a microplate reader at the optical density of
570 nm. Cell viability percentage was calculated according to the
equation (T/C) x 100, where T and C represent the mean optical density
of the treated group and the control group, respectively.

Cell viability in U937 cells was estimated with the trypan blue
exclusion assay. Briefly, after treatments (i.e., 2 h incubation in culture
medium in the absence or presence of 10 pg/ml MRME, then exposure
for 24 h to 30 mM glucose and 0.5 ng/pl LPS alone or in combination),
an aliquot of the cell suspension was diluted 1:2 (v/v) with 0.4 % trypan
blue and the viable cells (i.e., those excluding trypan blue) were counted
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with a hemocytometer.
2.5. High glucose condition in endothelial cells and MRME treatments

Before testing MRME biological effect in high glucose (HG) condi-
tion, the anti-inflammatory activity of the extract was tested in senes-
cent cells in normal glucose (NG) condition (D-glucose 5 mM) pretreated
with the extract for 2 h, and then treated with the extract (1 pg/ml and
10 pg/ml) for 72 h. Subsequently, to investigate MRME potential in high
glucose-induced inflammation, a high glucose condition (HG) was ach-
ieved by treating HUVEC as in (https://doi.org/10.3390/antio
x11061037). Briefly, yHUVEC were exposed to a 45 mM D-glucose
(cod. 8392, Merck, Darmstadt, Germany) medium for 24 h while sHU-
VEC were exposed to a 45 mM D-glucose medium for 72 h. Vehicle-
treated HUVEC were grown in EGM-2 medium (D-glucose 5 mM) as
control (NG). Treatments with the apple callus extract were performed
for 2 h as a pretreatment, followed by 24 h treatment for yHUVEC and
72 h treatment for sSHUVEC, both in HG conditions.

2.6. RNA isolation, mRNA and mature miRNAs expression by gqRT-PCR

Total RNA was isolated in HUVECs and U937 using the NorgenBiotek
Kit (#37500, Thorold, ON, Canada), according to the manufacturer’s
instructions. RNA was stored at —80 °C until use. Total RNA was reverse
transcribed using PrimeScript™ RT reagent Kit with gDNA FEraser
(Takara), based on the manufacturer’s instructions. Quantitative real-
time PCR (qRT-PCR) was performed in a Rotor-Gene Q (Qiagen) using
TB Green™ Premix Ex Taq™ (Takara) in a 10 pl reaction volume. Spe-
cific primer sequences were used for qRT-PCR of the pro-inflammatory
markers: IL-1 (F:CCAGCTACGAATCTCCGACC; R:CATGGCCACAA-
CAACTGACG); MCP-1 (F:GGCTGAGACTAACCCAGAAAG; R:GGGTA-
GAACTGTGGTTAAGA); IL-8 (F:GGACAAGAGCCAGGAAGAAA; R:
CCTACAACAGACCCACACAATA). mRNA quantification was assessed
using the 272 method; p-actin was used to normalise the data. MiR-17-
5p (cod: 000393, TermoFisher Scientific), miR-21-5p (cod:000397,
TermoFisher Scientific), miR-126-3p (cod:000450, TermoFisher Scien-
tific) and miR-217-5p (cod:002337, TermoFisher Scientific) expression
was quantified by quantitative real-time PCR (qRT-PCR) using TagMan
miRNA assay (TermoFisher Scientific), according to the manufacturer’s
protocol. Data were analysed with Rotor Gene Q (Qiagen, Hilden, Ger-
many) with the automatic comparative threshold (Ct) setting for
adapting baseline. qRT-PCR data were standardised to RNU48
(cod:001006, TermoFisher Scientific). The 272C method was used to
determine miRNA expression.

2.7. Nitric oxide detection

Determination of extracellular nitric oxide (NO) concentration was
carried out by a UV-visible spectrophotometer. The nitrite concentra-
tion was determined according to a linear standard curve (calcium ni-
trite 6.25-100 uM). RAW 264.7 cells in the logarithmic phase (3 x 10*
cells/100 pl) were seeded in 96-well plates and cultured for 24 h. Then,
cells were co-treated for 24 h with LPS (1 pg/ml) in the absence or
presence of MRME (17.88 pg/ml). Dexamethasone (DEXA) 10 uM was
used as positive control. After 24 h, aliquots of 50 ul of cell culture
medium were taken and incubated for 10 min in the dark at room
temperature with 50 pl of Griess reagent (40 mg/ml) (Bryan & Grisham,
2007). Absorbance was measured at 570 nm using a plate reader (Bio-
Rad Laboratories, Hercules, USA).

2.8. High-resolution respirometry in U937 cells

Experimental conditions to mimic either high glucose- or LPS-
induced inflammation were carried out as in (Haidet et al., 2012).
Briefly, 2 x 10° U937 cells were seeded in RPMI-1640 supplemented
with 30 mM glucose (HG) and stimulated with 0.5 ng/ul of LPS from
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E. coli for 24 h at 37 °C, 5 % of CO». Treatment with MRME (10 ug/ml)
was performed in the culture medium for 2 h before HG, LPS, or HG +
LPS stimulation. Oxygen consumption in U937 cells was monitored
using an Oxygraph 2 k (02k) high-resolution respirometer (Oroboros
Instruments Corp., Austria). Prior to oxygraph measurements, cells were
collected and resuspended in RPMI-1640 at 10° cells/ml; 2 ml of intact
cells were loaded into each chamber, set to 37 °C on the magnetic stirrer.
Air calibration of a polarographic oxygen sensor was performed
routinely before each experiment. According to the O2k manufacturer’s
protocol, for all experimental conditions, basal respiration was
measured in the presence of endogenous substrates. Subsequently, 5 nM
(final concentration) of ATP synthase inhibitor oligomycin (Omy,
Sigma) was added to measure uncoupled (non-phosphorylating) oxygen
consumption. Then, the stepwise addition of 1.75 uM (final concentra-
tion) of mitochondrial oxidative phosphorylation uncoupler carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, Sigma), was
performed to reach the maximal oxygen consumption. Finally, 2.5 pM
(final concentration) of complex III inhibitor antimycin A (AmA, Sigma)
was added to obtain non-mitochondrial oxygen consumption. Data
analysis was performed with DatLab 7.4 software (Oroboros Instruments
Corp., Austria) and the oxygen consumption rate (OCR) of intact cells
was expressed as oxygen flux (pmol/s*ml).

2.9. Enzyme inhibition

2.9.1. a-glucosidase inhibition

The a-glucosidase (EC 3.2.1.20) inhibition by MRME was carried out
(Lordan et al., 2013) with slight modifications. The activity of the
enzyme was assessed at 405 nm by measuring the liberation of pNP (p-
nitrophenol) from the substrate pNDG (p-nitrophenyl-a-D-glucopyr-
anoside). Acarbose, a pharmacological inhibitor, was used as a reference
compound, while 70 % ethanol solution as control. In a 96-well micro-
plate, a volume of 50 pl of increasing concentrations of MRME (0.31-2.5
mg dw) or 2 mM Acarbose, and 100 pl of a-glucosidase (0.075 U/ml) in
100 mM Na-phosphate buffer at pH 6.9 was mixed and incubated for 10
min at 37 °C. Subsequently, 50 pl pNDG 5 mM was added to each well.
Due to the light yellowish colour of the apple extract, a set of blanks
(without the enzyme) was prepared, and the resulting absorbance was
subtracted from the sample absorbance. The absorbance was measured
at 405 nm using a Microplate Reader (Bio-Rad, CA, USA). Each experi-
ment was conducted in quadruplicate, and the a-glucosidase activity
was calculated using the formula:

a-glucosidase activity (%) = [(A405 nm Sample — A4os nm blank)/(A405 nm
control — A40s nm blank)] x 100

2.9.2. a-amylase inhibition

The o-amylase inhibition by MRME was performed (Lordan et al.,
2013). Equal volumes (100 pl) of 1 % (w/v) starch solution and MRME
at different concentrations (0.31-2.5 mg dw) or 2 mM Acarbose were
added to each tube and incubated for 10 min at 25 °C. Then, 100 pl of
a-amylase (EC 3.2.1.1) from porcine pancreas 0.5 mg/ml (in 100 mM
Na-phosphate buffer pH 6.9) was added to the mixture and incubated for
a further 10 min at 25 °C. The a-amylase reaction was blocked by the
addition of 200 pl of dinitrosalicylate reagent (1 % w/v 3,5-dinitrosali-
cylic acid, 0.05 % w/v sodium sulphite, 1 % w/v sodium hydroxide, and
0.25 % v/v phenol) and the mixture was boiled for 5 min and cooled at
room temperature. Subsequently, from each tube, 100 pl was removed
and transferred to a 96-well plate, where 100 pl of double-distilled water
was added to each well. Due to the light yellowish colour of the extract, a
set of blanks (without the enzyme) was prepared, and the resulting
absorbance was subtracted from the sample absorbance. The absorbance
was measured at 540 nm using a Microplate Reader (Bio-Rad, CA, USA).
Each experiment was performed in quadruplicate and the a-amylase
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activity was calculated using the formula:

a-amylase activity (%) = [(As40 nm sample — As4o nm blank)/(As40 nm
control — As4g nm blank)] x 100

2.9.3. Lipase inhibition

The porcine pancreas lipase (EC 3.1.1.3) inhibition by MRME was
performed according to (Jaradat et al., 2017) with slight modifications.
100 pl of lipase at a concentration of 1 mg/ml in 0.5 M TRIS HCI + 0.01
M CaCly, pH 7.5, was mixed with 50 pl of callus extracts at increasing
concentrations (0.15-1.25 mg dw) or 5 pg Orlistat (used as positive
control). The final volume was adjusted to 0.9 ml with TRIS HCl buffer,
and the mixture was then incubated at 37 °C for 10 min. Subsequently,
100 pl of 10 mM 4-nitrophenyl butyrate was added to each reaction
tube. The release of 2,4-dinitrophenol in the reaction was measured at
410 nm using a UV-visible spectrophotometer (Beckman CA, USA). The
variation in absorbance during the 10-minute incubation period was
recorded. Each data point was obtained in quadruplicate, and the lipase
inhibition rate was calculated using the following formula:

Lipase activity (%) = (A410nm Sample — A410 nm blank)/(A41onm control
— A410nm blank)] x 100

2.10. Statistical analysis

Statistical analysis was performed using the computer program
Graph Pad Prism (v4.0, GraphPad Software Inc., San Diego, CA, USA).
One-way analysis of variance (ANOVA) followed by Dunnett’s or
Tukey’s Multiple Comparison Test was used to determine statistical
differences between the experimental groups. The results are expressed
as mean + SD (Standard Deviation). Differences were considered sta-
tistically significant when p < 0.05.

3. Results
3.1. MRME exerts anti-inflammatory activity in RAW 264.7 cells

As a preliminary step, considering that PTAs are reported to protect
against inflammation (Cui et al., 2020; Salvoza et al., 2022), the anti-
inflammatory effect of MRME was evaluated in LPS-injured RAW
264.7 murine cells. Cell viability analysis showed that none of the used
MRME concentrations was cytotoxic both in the absence (Fig. 1a) and
presence of LPS (Fig. 1b). The evaluation of nitric oxide (NO) release, a
key phenomenon in the pathogenesis of inflammation, showed a sig-
nificant increase of NO concentration in LPS-treated RAW 264.7 cells,
whereas co-treatment of cells with LPS (1 ug/ml) and MRME for 24 h
showed a significant reduction in NO release when MRME 150 pg/ml,
75 pg/ml or 37.5 pg/ml were used (Fig. 1c).

3.2. MRME exerts an anti-inflammatory activity on senescent HUVEC

To test the anti-inflammatory effects of the apple callus extract in
endothelial cells, we first assessed the cell viability of yHUVEC (Fig. 2a)
and sHUVEC (Fig. 2b) by treating the cells with different MRME con-
centrations for 24 h and 72 h, respectively. No toxic effects of MRME
were observed in yHUVEC at all doses tested (Fig. 2a), whereas a sig-
nificant reduction of cell viability was observed in sHUVEC treated with
high doses of MRME (i.e. 25, 50, 100 pg/ml; Fig. 2b). Thus, for the
subsequent experiments we selected two concentrations both for y- and
sHUVEC (1 pg/ml and 10 pg/ml) based on cell viability >80 %
compared to that of the vehicle-treated cells (Control, CTRL).

Since senescent cells are characterised by a pro-inflammatory
senescence-associated secretory phenotype (SASP), the modulation of
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Fig. 1. MRME effects on cell viability and NO production during LPS pro-
inflammatory condition. (a) RAW 264.7 cell viability after treatment with
different concentrations of MRME (150-75-37.5-18.75-9.38-4.69-2.34 pg/ml)
and during LPS and LPS + MRME treatments (b); (c) Nitric Oxide (NO) pro-
duction (Griess Assay) in RAW 264.7 cells treated with LPS and LPS + MRME.
Data are expressed as the percentage of Control (CTRL) and represent the mean
+ SD of at least three independent measurements. *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001 vs LPS; One-way ANOVA followed by Dunnett’s
multiple comparison test.
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Fig. 2. Viability of yHUVEC and sHUVEC after MRME treatment. Cell viability
(MTT assay) analysed in yHUVEC (a) and sHUVEC (b) treated with different
concentrations of MRME (0.76-1.57-3.06-6.125-12.5-25-50-100 pg/ml), 24 h
and 72 h after treatment, respectively. Results are expressed as a percentage of
cell viability normalised to the viability of vehicle-treated (70 % EtOH) cells
(CTRL) and presented as mean value + SD from three independent experi-
ments. *p < 0.05; **p < 0.01 vs CTRL; One-way ANOVA.

interleukin-8 (IL-8), interleukin-18 (IL-18) and MCP-1 was evaluated
only in sHUVEC. Conversely, yHUVEC, being non-inflamed, were used
as a control for comparison with sHUVEC. As shown in Fig. 3, we
observed a significant reduction of IL-18 and IL-8 in sHUVEC treated
with 1 pg/ml MRME for 72 h compared to vehicle-treated controls
(Fig. 3a, b), while this beneficial effect was not observed when using the
extract at 10 pg/ml. Although a clear trend can be seen, no significant
decrease in the MCP-1 expression was found during MRME treatments
(Fig. 3¢).

Once the expression of the pro-inflammatory markers was evaluated
after MRME treatments, the modulation of some microRNAs (namely,
miR-21, miR-126, miR-17, and miR-217) was determined. More spe-
cifically, miR-21 and miR-126, belonging to the group of inflammamiRs,
are able to modulate inflammatory pathways and are involved in the
modulation of transcriptional programs related to the performance of
endothelial cells (Matacchione et al., 2022). The oncogenic miR-17 acts
pleiotropically to inhibit cellular senescence and extend longevity (Du
et al., 2014), while miR-217 spreads pro-senescence signals (Mensa
et al., 2020). As indicated in Fig. 4, miR-17 and miR-126 appeared
significantly deregulated in sHUVEC compared to yHUVEC, while miR-
217 and miR-21 expression levels were significantly augmented, in line
with available literature (Dellago et al., 2013; Mensa et al., 2020; Wang
et al., 2021). MRME positively affects miR-17 and miR-126 (Fig. 4a, b).
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Only 1 pg/ml MRME was able to significantly upregulate the miR-17
expression level in sHUVEC compared to yHUVEC (Fig. 4a), while
miR-126 was found to increase with both 1 ug/ml and 10 ug/ml MRME
(Fig. 4b). The other two microRNAs are not significantly modulated,
with the exception of miR-21 which is upregulated after 10 pg/ml
MRME treatment (Fig. 4d).

3.3. Anti-inflammatory effect of MRME on HUVEC under high glucose
condition

HG exposure substantially mimics T2D, which is one of the most
common age-related diseases. Following a previous study (Matacchione
et al., 2022) reporting on HG-induced inflammation in y- and sHUVEC,
the same model was employed to assess the extract’s potential in path-
ological conditions characterized by glucose-induced chronic inflam-
mation and cellular senescence. To test the anti-inflammatory effects of
MRME in yHUVEC, pro-inflammatory markers expression levels were
assessed in cells pretreated for 2 h with MRME (1 pg/ml and 10 pg/ml),
followed by 24 h treatment with 45 mM glucose in combination with
MRME (1 pg/ml and 10 pg/ml). As shown in Fig. 5, HG significantly
induced IL-8, IL-18, and MCP-1 activity compared to NG. Both yHUVEC
and sHUVEC have been used. When MRME was added to high glucose
medium (45 mM), we did not observe a significantly decreased
expression of IL-8 and MCP-1 as compared to HG yHUVEC alone
(Fig. 5a, c), whereas 1 pg/ml MRME significantly reduced IL-18
expression (Fig. 5b). Subsequently, MRME anti-inflammatory activity
was tested in senescent cells. SHUVEC were pretreated for 2 h with
MRME (1 pg/ml and 10 pg/ml), and then high glucose medium (45 mM)
and MRME (1 pg/ml and 10 pg/ml) were added for 72 h. We observed
that 1 ug/ml MRME was able to significantly reduce IL-8 expression
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level compared to HG sHUVEC (Fig. 5d), whereas we noted a significant
down-regulation of IL-18 expression only with 10 pg/ml MRME,
compared to HG sHUVEC (Fig. 5e). When considering MCP-1 modula-
tion, 10 pyg/ml MRME exerts a pro-inflammatory effect (p < 0.01)
(Fig. 5f).

3.4. MRME has a positive effect in modulating miR-217 and miR-21
expression in SHUVEC under high glucose conditions

After investigating MRME modulation of the pro-inflammatory
markers, we determined the effect of the extract on miR-217, miR-17,
miR-21, and miR-126 expression levels in sHUVEC under HG conditions.
High glucose treatment significantly increased the expression of miR-
217 and miR-21 compared to normal glucose (NG) sHUVEC but did
not significantly affect the expression of miR-17 and miR-126 (Fig. 6).
When HG senescent cells were treated with MRME, we observed the
reduction of miR-217 and miR-21 amounts. Specifically, 1 pg/ml MRME
treatment in HG sHUVEC significantly deregulated the miR-217
expression compared to HG sHUVEC, and both MRME concentration
treatments reduced miR-21 expression (Fig. 6¢ and 6d). Interestingly,
10 pg/ml MRME significantly upregulated miR-17 expression level as
compared to HG sHUVEC (Fig. 6a).

3.5. MRME protects U937 cells from LPS/high glucose stimulation

Cells of the monocyte/macrophage lineage play a pivotal role in
inflammatory responses and, in addition to HUVEC, may serve as a
target for studying the effects of PTAs in high glucose conditions.
Building upon a previous report (Haidet et al., 2012), the potential anti-
inflammatory effect of MRME under high glucose conditions was
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Fig. 5. MRME effects on pro-inflammatory markers in yHUVEC and sHUVEC under high glucose condition (45 mM). Relative mRNA expression of IL-8 (a, d), IL-18
(b, ) and MCP-1 (c, f) in yHUVEC (a-c) and sHUVEC (d-f) under normal glucose (NG) condition or high glucose (HG) condition and when treated with 45 mM
glucose plus MRME (1 pg/ml and 10 ug/ml). Data are reported as fold change vs untreated yHUVEC or sHUVEC and represent the mean + SD of at least three
independent measurements. In all panels, (*) indicates significance vs NG; (#) indicates significance vs HG; one symbol, p < 0.05; two symbols, p < 0.01; three
symbols, p < 0.001; One-way ANOVA followed by Tukey’s multiple comparisons test.
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investigated using LPS-stimulated U937 cells as a monocyte cellular
model system. We found that treatment with HG and/or LPS exposure
trigger in U937 cells one of the major energy pathways, the oxidative
phosphorylation (oxygen consumption rate, OCR). As indicated in Fig. 7,
these conditions stimulate basal respiration (Fig. 7b) accompanied by a
significant enhancement of uncoupled respiration [ATP-linked respira-
tion (Omy), Fig. 7c] and maximal respiratory capacity (FCCP) (Fig. 7d),
in the absence of toxicity (Fig. 7a). It is important to underline that the
responses observed with the combined exposure to HG/LPS have an
additive effect of both treatments (Fig. 7b). Finally, no changes were
observed on residual oxygen consumption (AmA) (Fig. 7e), suggesting
that non-mitochondrial respiration was not affected by the treatments.
We can postulate that HG in combination with LPS, increases oxygen
demand through increased mitochondrial respiration. All these effects
were prevented by MRME pre-exposure (Fig. 7 b-d). Noteworthy,
MRME significantly altered the mitochondrial respiration since the basal
respiration (Fig. 7b), the ATP-linked respiration (Fig. 7c), as well as the
maximal respiratory capacity of the mitochondrial electron transport
chain (ETC; Fig. 7d) were significantly repressed by MRME pre-
treatment in the presence of HG, LPS or both (Fig. 7).

Under the same experimental conditions, inflammation markers (IL-
18, IL-8 and MCP-1) expressions have also been analysed (Fig. 8). IL-18
(Fig. 8a), IL-8 (Fig. 8b) and MCP-1(Fig. 8c) were positively modulated in
almost all experimental conditions by MRME indicating an anti-
inflammatory effect. Only IL-18 during HG treatment didn’t demon-
strate an effect of MRME (Fig. 8a).

3.6. MRME inhibits a-amylase, a-glucosidase and lipase in a
concentration-dependent manner

As previously mentioned (Gubitosa et al., 2024), the plant materials
utilized in this study (MRM callus) exhibit a phytocomplex primarily
composed of PTAs, detected in significantly higher amounts compared
to those found in the pulp (as well as in the peel) of the fresh apples
employed to initiate the in vitro culture. These SMs are known to be
involved in glucose and lipid digestion (Liu et al., 2010; Yin, 2015).
Thus, the effects of MRME on the enzyme activity of a-glucosidase and
a-amylase (involved in carbohydrate digestion) and lipase (which plays
an important role in triglycerides digestion) were evaluated. Results
showed an inhibitory effect of MRME in a concentration-dependent
manner. More specifically, MRME at a concentration of 2.5 mg/ml in-
hibits the a-glucosidase activity of about 36 % (Fig. 9a) and a-amylase
activity of 76 % (Fig. 9b). The IC50 values are 2.98 + 0.24 and 1.77 +
0.15 mg/ml, respectively. Acarbose, a complex oligosaccharide that acts
as an inhibitor, was used as a positive control. MRME at a concentration
of 1.25 mg/ml inhibits lipase of 43 % (Fig. 9¢) with an IC50 value of 2.06
+ 0.31 mg/ml. Orlistat was used as a standard lipase inhibitor.

4. Discussion
In the last few years, MRM callus extract (MRME) has been employed

by this team in different experimental models to investigate its bioac-
tivity. In a recent paper (Gubitosa et al., 2024) it was reported that in in
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Fig. 7. MRME not only prevents the enhancing effects of high glucose condition and LPS on basal, uncoupled and maximum respiration in U937 cells, but also
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= non-mitochondrial oxygen consumption.

vitro, ex vivo and in vivo models, MRME significantly protected cells,
tissues, or whole organisms from oxidative stress-induced damage.
MRME is remarkably rich in PTAs (compared to the fresh apple pulp and
peel, see (Gubitosa et al., 2024), and PTAs exhibit several therapeutic
characteristics, including anti-inflammatory, hypoglycaemic and anti-
hyperlipidemic activities (Castellano et al., 2013; Nazaruk & Borzym-
Kluczyk, 2015; Oboh et al., 2021). To cite only a few interesting
(certainly non-exhaustive) examples, Potentilla chinensis, a plant rich in
tormentic acid, has been demonstrated to be strongly effective against
neuro-inflammation in AD mice (Cui et al., 2020); tormentic acid was
reported to ameliorate insulin resistance and to be effective for the
treatment of diabetes and hyperlipidemia in high fat-fed mice (Lin et al.,
2018; Wu et al., 2014); corosolic acid was shown to reduce glucose level

in several in vitro and in vivo models (Xu et al., 2019) and to improve
glucose metabolism in diabetic and prediabetic patients (Hibi et al.,
2022). Building on this evidence, the present study was carried out to
mimic in vitro pathological conditions characterized by glucose-induced
chronic inflammation and cellular senescence (which occur in diabetic
patients) and to investigate the MRME anti-inflammatory effect.

As type 2 diabetes (T2D) is an age-related disease and ageing is
characterised by an increased burden of senescent cells, we aimed to
address the anti-inflammatory effects of MRME not only on senescent (s-
JHUVEC under high glucose (HG) but also in sHUVEC in normal glucose
(NG) conditions. Pro-inflammatory markers expression levels confirmed
that sHUVEC were characterised by an elevated inflammatory status,
named senescence-associated secretory phenotype (SASP). When added



L. Benayada et al.

] untreated
Ml HG/LPS
a) b)
20,0020+ ~ 003+
8 8
& d
c J
-9 0.0015 g 002 ke
] v
Q 8 © 3
e
i é_ 0.00101 4E
g o 0014
S 00005 g
E=} =}
) ]
(] 9]
& 00000 © 0004

MRME

Journal of Functional Foods 121 (2024) 106420

@ LPS
HG
c)
015
o}
a
9
c
0 010
- E §
05
) 5%
) o 005
[]
2
-
i}
9]
000

MRME MRME

Fig. 8. Anti-inflammatory effect of MRME under high glucose condition and LPS stimulation in U937. U937 cells were incubated for 2 h in the culture medium in the
absence or presence of 10 ug/ml MRME, finally exposed for 24 h to 30 mM glucose (HG) and 0.5 ng/ul LPS alone or in combination. After treatments, the cells were
analysed for IL-18 (a), IL-8 (b) and MCP-1 (c) expressions. Results represent the means + SD calculated from three separate experiments in duplicate. Relative
expression of IL-18 (a), IL-8 (b) and MCP-1 (c) in U937 after MRME treatment (10 ug/ml). Data are reported as relative expression levels and represent the mean + SD
of at least three independent measurements. * p < 0.05, ** p < 0.01, ***p < 0.001, as compared to untreated cells; (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, as
compared to treated cells in the absence of MRME. One-way ANOVA followed by Tukey’s multiple comparisons test.

to the culture medium, 1 ng/ml MRME was able to significantly reduce
the expression of IL-8 and IL-18 in sSHUVEC. MRME treatment caused the
upregulation of both miR-17 and miR-126, whereas no effects were
observed on miR-217. Moreover, the mechanisms regulating the mod-
ulation of miR-21 expression levels by MRME need to be deeply inves-
tigated. Interestingly, considering IL-8 and IL-18, miR-17 and miR-126
modulation in SHUVEC treated with 1 ug/ml, the present results show
that the extract may be considered as a senomorphic agent which can
modulate the phenotype of senescent cells through interfering with
inflammaging senescence-related signal pathways, without eliminating
senescent cells. In this framework, MRME can mitigate the adverse ef-
fects of senescent cells altering their secretory profiles, thereby reducing
inflammation and potentially improving tissue function in T2D patients.

After observing that MRME significantly reduces the LPS-induced
inflammation on RAW 264.7 murine cells, we employed cultured
young (y-) and senescent (s-) HUVEC exposed to a short-term glucose
stimulation (24 h or 72 h, 45 mM glucose) to mimic the activation of
inflammation in endothelial cells in high glucose concentration. Both in
yHUVEC and sHUVEC, HG treatment induced a dramatic upregulation
of IL-8, IL-18 and MCP-1 mRNA expression compared with cells cultured
in NG, confirming the HG-induced inflammatory status. MRME signifi-
cantly decreased IL-1B levels in young cells; on the other hand, it
inhibited the IL-8 and IL-18 mRNA expression in sHUVEC compared to
the HG medium alone. Particularly, statistical significance was reached
with a concentration of 1 pg/ml for IL-8 and 10 pg/ml for IL-1B8. This
phenomenon in which different doses have different effects highlights
the complexity of using natural compounds therapeutically, empha-
sizing the need for careful dose optimization to maximize beneficial
effects while minimizing potential adverse responses. Now, the inter-
pretation of these results remains to be clarified. In fact, we would have
expected a dose-dependent effect which, as already mentioned, was not
observed. To try to understand and discuss this outcome, the results
obtained here are not enough. It remains an open question to be
addressed in future work. Nevertheless, the level of the pro-
inflammatory cytokines was decreased, and the same result was ob-
tained in U937 cells, suggesting a mitigated inflammatory response.

The upregulation of MCP-1 observed after treatment with 10 pg/ml
MRME led us to hypothesize that, in high glucose conditions, MRME
might induce chemotaxis, but, in the absence of further data, consid-
eration of this hypothesis has been postponed.

Our results also showed that MRME was able to significantly

10

downregulate miR-217 and miR-21 expression levels which were
increased in HG sHUVEC, thus pointing to an anti-inflammatory effect of
MRME, especially in stress conditions. Although no modulation of miR-
17 was observed under HG conditions (possibly due to short-term
treatment), MRME at a concentration of 10 pg/ml increased miR-17
levels, suggesting a potential pro-longevity senomorphic effect. Avail-
able data on miR-17 modulation are contrasting, as it has been reported
to be either up (Hongmei et al., 2024; Yan et al., 2019) or down (Alicka
et al., 2019) regulated in response to HG levels. In addition, when
examining pregnant women with gestational diabetes compared to
controls, miR-17 expression levels did not differ between the two groups
(Toljic et al., 2024).

Moreover, miR-126, which is commonly downregulated in diabetic
patients (Olivieri et al., 2014, 2015; Rezk et al., 2016; Zampetaki et al.,
2010), and so proposed as a potential predictive circulating biomarker
for T2DM (Zhang et al., 2015), showed no change under the experi-
mental conditions, consistent with previous findings in similar studies
(Matacchione et al., 2022).

Based on High-Resolution Respirometry results, it could be postu-
lated that MRME altered the functional activity of some (or all) com-
plexes of mitochondrial ETC, since it lowered the parameters of
mitochondrial function compared to the untreated (i.e., in the absence of
MRME) conditions in U937 cells. It can be hypothesised that circulating
monocytes can accumulate extensive damage but, nevertheless, survive
because they are able to respond with the activation of a survival
signaling (e.g., increased oxygen demand due to increased mitochon-
drial respiration) to molecules they produce and/or find in the extra-
cellular milieu. Under this scenario, the anti-inflammatory activity
ascribed to the apple callus extract could be linked to the inhibition of
oxygen demand by partial mitochondrial dysfunction. Obtained results
demonstrate that MRME shows an anti-inflammatory activity, which is
evident also in HG condition, and can inhibit the oxygen demand in
mitochondria in stress conditions, thus (likely) preventing the increase
in ROS production and the consequent mitochondrial dysfunction.

Obtained results on MRME enzyme inhibitory activity showed that
the callus extract exhibited the highest inhibition potential for
a-amylase compared to that of the a-glucosidase. When compared to
available data on the inhibitory effects of isolated triterpenes (Ding
et al., 2018; Jiang et al., 2023), these data suggest a modest, although
significant, inhibitory power of MRME. Similarly, also MRME inhibition
of lipase activity is mild when compared to literature data (Kim et al.,
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2009; Shen et al., 2023; Wang et al., 2020). Overall, this result (i.e., the
high IC50 values of MRME) may be explained by the fact that 1 mg of
dried callus extract contains only 40.81 pg of total PTAs consisting of
2.35 % oleanoic acid, 11.22 % ursolic acid, 12.86 % maslinic acid, 12.49
% corosolic acid, 1.15 % pomolic acid, 17.47 annurcoic acid and 42.44
% tormentic acid (Gubitosa et al., 2024). On the other hand, such a
modest inhibition potential of MRME may be of some interest. For
example, a modest inhibition of a-amylase is recommended to prevent
the abnormal bacterial fermentation of undigested carbohydrates in the
colon, which can lead to flatulence and diarrhoea (Etxeberria et al.,
2012). On this basis, considering the mild inhibition of the three
digestive enzyme activities by MRME, it is reasonable to hypothesize
that the callus extract could be employed to partially inhibit the diges-
tion process (contributing to a limited absorption and a consequently
reduced calorie intake) without the most common adverse effects
(gastrointestinal upset/bloating, diarrhoea, flatulence, abdominal pain)
typical of the commercially available synthetic drugs (i.e., acarbose,
orlistat). However, we are aware that a few issues regarding, for
example, the mechanism/s of the inhibition process or the recom-
mended daily dose of MRME still remain open questions.

Taken together, our data may be summarized as follows: (i) MRME
can be used as an affordable, economic starting material to obtain high
yields of pentacyclic triterpenic acids (Gubitosa et al., 2024). (ii) In line
with the anti-inflammatory activity of pentacyclic triterpenic acids (see
introduction), MRME showed an in vitro significant anti-inflammatory
activity which is (likely) due to its triterpenic acids content. Based on
obtained results, MRME has a positive effect on inhibition of senescence-
associated inflammation, and in the presence of high glucose concen-
tration and underlying inflammation, it shows a beneficial effect on both
endothelial and immune cell dysfunction, which suggests that MRME
might be of some help in decreasing the risk of developing vascular le-
sions, which is one of diabetes complications. (iii) MRME shows an
interesting enzyme inhibitory activity which could make it potentially
useful for contrasting overweight and/or obesity which are involved in
diabetes development. Notably, the enzymatic inhibition activity com-
bined with a significant anti-inflammatory effect could make MRME an
interesting agent also in metabolic syndrome.

Despite some encouraging results, we are aware that many questions
remain unanswered, and more research is required. Trying to fill this
gap, future investigations will be carried out using the model organism
C. elegans to test in vivo MRME anti-inflammatory activity and hypo-
glycaemic effect in order to provide further evidence that MRME could
be a potential agent for maintaining good health conditions but also to
test whether MRME could be of some help for the treatment of the
prediabetic or diabetic condition.
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