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ARTICLE INFO ABSTRACT

Keywords: Steatosis is characterized by fat accumulation and insulin resistance (IR) in hepatocytes, which
Hepatocyte triggers a pro-oxidant, pro-inflammatory environment that may eventually lead to cirrhosis or
Steatosis

liver carcinoma. This work was aimed to assess the effect of Sechium edule root hydroalcoholic
extract (rSe-HA) (rich in cinnamic and coumaric acid, among other phenolic compounds) on
triglyceride esterification, lipid degradation, AMPK expression, and the phosphorylation of in-
sulin receptor in a Ser>!? residue, as well as on the redox status, malondialdehyde (MDA) pro-
duction, and the production of proinflammatory cytokines in an in vitro model of steatosis induced
by oleic acid, to help develop a phytomedicine that could reverse this pathology. rSe-HA reduced
triglyceride levels in hepatocyte lysates, increased lipolysis by activating AMPK at Thr'”2, and
improved the redox status, as evidenced by the concentration of glycerol and formazan, respec-
tively. It also prevented insulin resistance (IR), as measured by glucose consumption and the
phosphorylation of the insulin receptor at Ser®!2 It also prevented TNFa and IL6 production and
decreased the levels of MDA and nitric oxide (ON). Our results indicate that rSe-HA reversed
steatosis and controlled the proinflammatory and prooxidant environment in oleic acid-induced
dysfunctional HepG2 hepatocytes, supporting its potential use to control this disorder.
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1. Introduction

Metabolic dysfunction-associated fatty liver (MAFLD) is a spectrum of liver disorders, ranging from fat accumulation in the liver to
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inflammation, fibrosis, necrosis, and simple steatosis to steatohepatitis. The prevalence of MAFLD in the general population in the
world has been estimated at 35 % [1], but it could exceed 50 % in Mexico [2]. This explosive increase in MAFLD prevalence has been
related to changes in dietary habits and a widespread sedentary lifestyle. Hepatic steatosis (HS) or fatty liver, a disease included in
MAFLD, is a metabolic disorder characterized by the accumulation of fat in hepatocytes and insulin resistance (IR), which leads to a
prooxidant, proinflammatory state that further aggravates metabolic syndrome, eventually resulting in serious diseases like nonal-
coholic steatohepatitis (NASH), cirrhosis and, ultimately, liver cancer, a life-threatening condition [3,4]. Hepatic steatosis is common
in type-2 diabetic patients, as it is diagnosed in 50-75 % of these subjects [5]. In addition to changes in lifestyle, drugs like statins [6] or
metformin [7] have shown value in treating HS, as they promote lipolysis by activating AMPK kinase at the Thr'”? residue. They also
overcome IR by reversing phosphorylation at the Ser®2 residue of the insulin receptor [6,7].

However, while efficient, these medications fail to alleviate some alterations that accompany the disease, and a polypharmacy is
often required for their control. Given the multifactorial origin and complexity of MAFLD, in addition to the contribution of oxidative
stress (OS) and proinflammatory cytokines like TNFa and IL6 in its progression [8], phytomedicines (being composed of multiple
molecules with different therapeutic targets) could be useful for their control, as they can act as fat reducers, enhance lipolysis,
decrease the accumulation of reactive oxygen species (ROS) and prevent the establishment of a proinflammatory environment [9];
these actions could allow us to replace the current polydrug approach [9]. Sechium edule (Jacq.) Sw. is a member of the Cucurbitaceae
family native to Mexico (Cadena-Iniguez, 2010). While there are no reports on its use in traditional medicine to treat liver diseases,
other research groups have studied different parts of the plant for this purpose, with encouraging results (Firdous et al., 2012; Yang
et al.,, 2015, Previously, we reported that the chronic administration of angiotensin II (ANGII) resulted in steatosis, hyper-
triglyceridemia, necrosis, inflammation, and fibrosis: the hallmark of NASH and these conditions was reversed by a hydroalcoholic
extract of S. edule roots, rich in cinnamic acid, coumaric acid, ferulic acid, and some terpenes [10,11]. Those compounds have been
reported to reduce triglyceride levels and overcome IR and OS, in addition to reducing the levels of proinflammatory cytokines
[12-16].

This work was aimed to extend the phytochemical analysis of the rSe-HA and to analyze its mode of action in an in vitro model of
MAFLD induced by oleic acid (OA)—the most abundant lipid in patients with metabolic syndrome (MS) [17]—over triglyceride
esterification, lipid degradation, AMPK and IR phosphorylation, and the phosphorylation of the insulin receptor in a Ser residue, as
well as on the redox status, MDA production, and the production of proinflammatory cytokines, to help develop a phytomedicine that
could reverse this pathology. The anti-lipogenic drug metformin, often used as a reference in pharmacological studies [18], was
included as a positive control.

2. Experimental
2.1. Plant material

Roots of Sechium edule (Jacq.) Sw. (60 kg) were collected in Cuautlapan, Veracruz, Mexico (18°47'00.5” N, 97°0'17.5” W, 1721 m
above mean sea level) in February-March. All plant material was identified by Abigail Aguilar-Contreras (IMSS, Centro Médico
Nacional, Mexico City). Voucher specimens were stored for future reference (IMSS-15549). Plant species were confirmed as S. edule
and included in www.theplantlist.org [19]. Fresh roots were cut into small pieces and placed in the dark under a continuous air flow at
50 °C for 72 h to be dehydrated. The dried material (14.4 kg) was ground in a mill (Pulvex, Mexico City, Mexico) until 3-5 mm particles
were obtained, and then it was extracted (8 kg) by maceration in 12 L of a 3:2 ethanol/H;0O mixture per 5 kg of plant material for 24 h.
The supernatant was filtered and concentrated under vacuum to yield a semi-liquid extract; finally, 712 g of dry extract were obtained
by freeze-drying.

2.2. HPLC-PDA analysis of cinnamic acid

An HPLC analytical method was developed using a Waters 2695 separation module (Waters Corporation, Milford, MA, USA).
Secondary metabolites were detected with a Waters 996 photodiode array detector using the Empower Pro software (Waters).
Chromatographic separation was performed in a Supelcosil LC-F column (4 mm x 250 mm, 5 pm, Sigma-Aldrich, Bellefonte, PA, USA).
For chemical identification, 10 pL of rSe-HA (2 mg/mL) and standards of cinnamic and coumaric acids (100 mg/mL, Sigma Aldrich)
were injected at a concentration of 0.1 g/mL in analytical grade methanol were filtered through a 0.45-pM membrane and injected into
the column. The mobile phase consisted of a gradient system of 0.5 % trifluoroacetic acid aqueous solution (solvent A) — acetonitrile
(solvent B), increasing as follows: 0-1 min, 0 % B; 2-3 min, 5 % B; 4-20 min, 30 % B; 21-23 min, 50 % B; 24-25 min, 80 % B; 26-27
min, 100 % B; 28-30 min, 0 % B. The flow rate was 0.9 mL/min. The detection wavelength was 280 nm. Cinnamic acid and coumaric
acid were identified by comparing retention times (RT) and UV spectra with the commercial standards. While the retention time (RT)
of cinnamic acid was 16.35 min (A = 219, 280 nm), the RT for coumaric acid was 9.96 min min (A = 219, 310 nm).

Cinnamic acid and coumaric acid in rSe-HA were quantified through a calibration curves built using concentrations of 1.562 ug/
mL, 3.12 pg/mL, 6.25 pg/mL, 12.5 pg/mL, 25 pg/mL, 50 pg/mL, and 100 pg/mL of both polyphenolic compounds. Each sample was
injected by triplicate into the HPLC equipment, and the chromatograms were recorded at 280 nm for cinnamic acid and at 310 nm for
coumaric acid respectively. The peaks of interest (Retention time 10.03 and 16.46) were integrated, and the area under the curve was
plotted as a linear equation (y = 1945.6x — 461.88 for cinnamic acid and y = 74519+490386). The concentration of cinnamic and
coumaric acids was reported as mg per gram of extract.
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2.3. GC-MS of non-polar compounds from hydroalcoholic extract

The complete extract was subjected to a column chromatographic process to identify the major terpenoids and sterols. The
hydroalcoholic extract (14 g) was absorbed in normal phase silica (20 g, 70-230 mesh, Merck) and separated on a glass column packed
with silica gel (140 g) using a gradient of n-hexane/ethyl acetate as mobile phase. A total of 54 samples of 150 mL were collected and
dried by low-pressure distillation using a rota-evaporator system (Heidolph-Laborota 4000). The thin-layer chromatography of each
mixture allowed us to group these samples according to their chemical composition. This process produced three principal fractions
(C1F1, 0.112 g; C1F2, 0.271 g; C1F3, 0.148 g; C1F4, 0.254 g, and C1F5, 0.704 g) which were subjected to a gasses-mass chroma-
tography analysis. Briefly, Agilent Technology 6890 plus Gas Chromatograph system, provided by a 5973 N mass spectrometer and a
simple quadrupole analyzer, Electron Impact (IE) ionization mode at 70 eV was used for this chemical analysis. The samples were
separated on an HP 5MS capillary column (25 m long, 0.2 mm inner diameter, with a film thickness of 0.3 pm). The oven temperature
was set at 40 °C for 2 min, then programmed from 40 to 260 °C at 10 °C/min and held for 20 min at 260 °C. The mass detector
conditions were as follows: interface temperature, 200 °C, and mass acquisition range, 20-550. The injector and detector temperatures
were set at 250 and 280 °C, respectively. Identification of non-polar compounds was performed by comparing their mass spectra with
the National Institute of Standards and Technology (NIST) 1.7 Library.

2.4. Hepatocyte culture and viability assay

HepG2 cells were seeded in 24-well plates (Nunc ImmunoPlate, MaxiSorp, Roskilde, Demark) for all assays, except for MTT and
glucose uptake, which were performed in 96-well dishes (Nunc ImmunoPlate, MaxiSorp, Roskilde, Demark) and Western blot assays,
for which cells were seeded in Petri dishes (Sigma, St. Louis, MO, USA). The cells were cultured in maintenance media (low-glucose
Dulbecco’s modified Eagle medium, DMEM) (ATCC 30-2002) supplemented with 10 % fetal bovine serum (Sigma), 1 % nonessential
amino acids (Sigma, D1781), 1 % r-glutamine (Sigma, D1578), and 1 % penicillin-streptomycin (Sigma, D1881), at 37 °C, under 5 %
CO,, for 48 h. The cells were seeded in maintenance media at concentrations of 5 x 10° in 24-cell culture plates (500 pL per well), 5 x
103 cells in 24-cell culture plates (200 pL per well), or 3 x 10° in 60 x 15 mm cell culture petri dishes (3mL/dish), depending on the
experiment (all from Falcon, USA). After 24 h of culture, either metformin (2 mM) (Jiang et al., 2014) (PreDialPlus, Silanes) or rSe-HA
(at the ECsp), both resuspended in maintenance media, was added, and the OA stimulus was maintained (section 2.7). DMSO diluted in
maintenance media (Sigma) (60 %) was used as a death control.

Cell viability was determined by the trypan blue assay (Sigma). After removing the culture medium, 200 pL per well of trypsin in 1X
EDTA solution (0.05 % trypsin, 0.02 % EDTA) in Hanks’ saline solution (Sigma) were added, and the plates were incubated at 37 °C
under 5 % CO for 5 min. To halt the trypsin reaction, 600 pL of supplemented low-glucose DMEM were added, and the cell suspension
was centrifuged at 377 xg at 4 °C for 7 min. The supernatant was discarded, and the cells were resuspended in complete medium and
assessed for viability with 1:10 trypan blue by counting cells in a hemocytometer.

2.5. Quantification of hepatic ALT/GPT in culture media

The concentration of alanine aminotransferase (ALT/GPT) in culture medium is an indicator of hepatocyte death by necrosis [20].
ALT/GPT was measured in culture medium by the International Federation of Clinical Chemistry (IFCC) method, which is based on
determining reaction rates, using a commercial ALT/GPT kit (QCA, Amposta, Tarragona, Spain), following the manufacturer’s in-
structions. Briefly, 185 pL of reagent A were placed in flat-bottom 96-well plates, followed by 19 pL of culture medium. After incu-
bating for approximately 1 min, 46 pL of reagent B was added. The absorbance was measured at 340 nm in an ELISA reader (Molecular
Devices, San Jose, CA, USA) after 1, 2, and 3. ALT/GPT concentration was calculated with the following equations:

1) ABS1 min — ABS2 min = ABSa
2) ABS2 min — ABS3 min = ABSb
3) (ABSa — ABSb) x 2140 = U/dL (ALT/GPT)

Where:

ABS; min is the absorbance after 1 min of reaction; ABS, min is the absorbance after 2 min of reaction; ABS3 min is the absorbance
after 2 min of reaction; ABS, is the early reaction rate; ABSy, is the late reaction rate; and 2140 is a proportionality factor to consider
temperature and wavelength.

2.6. OA-induced steatosis

Once HepG2 cells reached 80 % confluence in 24- or 96-well culture plates, the cells were treated with 1 mM oleic acid-albumin
(OA/BSA) (Sigma D1881) diluted in low-glucose DMEM media supplemented as described in Section 2.3, for 48 h [13,21].

2.7. ECsg calculation

rSe-HA ECsp and Ep,5x were determined by measuring intracellular lipid concentrations by spectrophotometry after staining with
0Oil Red O (Sigma). The cells were exposed to a single concentration of OA/BSA (1 mM) and five concentrations of rSe-HA (0.1875,
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0.375, 0.75, 1.5, and 3 pg/mL) obtained by serial dilution in maintenance media. Untreated cells and metformin-treated cells (2 mM
diluted in maintenance media) were included as negative and positive controls, respectively. A concentration of 0.375 pug/mL was used
to calculate ECso, as this concentration reversed intracellular lipid accumulation to levels similar as those observed in non-stimulated
cells. EC5p was determined by the method described above, except that the cells were previously cultured with five concentrations of
OA/BSA (0.5, 1, 2, 4, and 8 mM) for 24 h and then treated with metformin, rSe-HA (0.375 pg/mL), or medium alone. ECs( for rSe-HA
(m = 0.52, b = 0.17) and metformin (m = 0.17, b = 1.07) were calculated with the Michaelis-Menten equation; Ep.x values were
graphically determined with the same equation.

2.8. Oil Red O staining

After 48 h of culture, hepatocytes were fixed with 10 % formalin-PBS for 60 min at room temperature (RT). The cells were washed
with ice-cold PBS, and 60 % isopropanol was added and left to stand for 5 min to permeabilize cell membranes. Lipid droplets in cells
were stained with Oil Red O (Sigma) for 30 min. Then, hepatocytes were washed with ice-cold PBS to remove the excess of dye and left
to stand for 5 min at RT. Finally, the cells were washed with PBS, and 100 % isopropanol was added (to release stained fatty acids upon
the rupture of the cell membrane) and left to stand for 5 min. The medium was collected and analyzed in a microplate reader
(VERSAmax, Molecular Devices) at 510 nm.

2.9. Triglyceride quantification in hepatocyte lysates

After 48 h of culture, the cells were lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl; 0.1 % Tritonx-100) (Sigma) at RT. Then,
the plates were centrifuged at 2500 rpm for 5 min; the supernatants were collected, and triglyceride (TG) concentration was measured
with the Triglycerides-LQ kit (QCA) (QCA, Amposta, Tarragona, Spain), following the manufacturer’s instructions. Briefly, 5 pL of cell
lysate were added to 96-well plates. Then, 200 pL of color reagent included in the kit was added, incubated for 5 min at RT, and read at
510 nm in an ELISA reader (VERSAmax). TG concentration was calculated with the following formula: Apyoblem/Astandard X 200 mg/dL
= mg/dL TG.

2.10. Glycerol quantification in culture medium

Glycerol was quantified in culture medium with the Colorimetric Assay Glycerol Kit (Sigma, MAK117) [22]. Briefly, 10 pL of
culture medium for each treatment were transferred to 96-well plates and 100 pL/well of the Master Reaction Mix was added; the
plates were incubated for 20 min at RT, in the dark. Then, absorbance was measured at 570 nm. A standard curve was built, and the
following equation was used to calculate glycerol concentrations: C = (Asyo) sample/slope.

2.11. Reducing power by MTT

Reducing power assessment is based on the formation of formazan from 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazole (MTT)
bromide by succinate dehydrogenase or other reductive enzymes [23,24]. After a 24-h treatment, the medium was discarded, and the
cells were incubated with 20 pL of 5 mg/mL MTT (Sigma) solution at 37 °C for 4 h. After incubation, 100 pL of 10 % SDS-HC1 0.01 N
(1:1) were added to each well, and the plates were incubated for 2 h at 37 °C. Absorbance was measured at 570 nm in a VERSAmax
microplate reader.

2.12. Glucose uptake

2-DG consumption was measured by a colorimetric assay using the Uptake 2-DG kit (Sigma, MAKO083), as previously reported [22].
Briefly, after 48 h of culture, the medium was removed and the cells were incubated for 40 min in 2 % BSA in KRPH buffer (20 mM
HEPES, 5 mM KH3PO4, 1 mM MgSO4, 1 mM CaCly, 136 mM NaCl and 4.7 mM KCI) (Sigma). Then, the cells were stimulated with 1 pM
insulin for 20 min. Then, 10 mM 2-DG in KRPH medium was added and incubated for another 20 min. Upon medium removal, the cells
were lysed in freeze-thaw cycles with reaction solution A (assay buffer plus enzyme mixture in an 8:2 ratio). Then, the plates were
incubated at 37 °C for 60 min in the dark, and an extraction buffer was added and left to stand for 5 min. The reaction was stopped by
reaction solution B (53 % glutathione reductase, 42 % DTNB substrate, and 5 % recycle mixture). Absorbance was readded at 412 nm,
and 2-DG concentration was calculated from a standard curve.

2.13. Malondialdehyde (MDA) quantification

A 650-pL aliquot of culture medium was placed in an Eppendorf tube and added with 150 pL of 1-methyl-2-phenylindole (10 mM)
(Sigma) and allowed to react with MDA to produce stable chromophores. The tubes were vortexed and added with 30 pL of HCL (37
%), shaken again, and incubated in the dark at 45 °C for 60 min to drive the reaction to completion. After incubation, the tubes were
centrifuged at 300 x g for 15 min. Finally, the absorbance of the upper organic layer was measured in a plate reader at 586 nm. A
standard curve of 4, 3, 2, 1, 0.5, 0.25 and 0.125 mM tetramethoxypropane (TMOP) (Sigma) was built. The result was expressed as pg/
mg protein by the Bradford standard method (Sigma, B6916).
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2.14. Nitrite quantification by the griess method

NO levels were measured as nitrite/nitrate (final products of NO metabolism) by the Griess reaction [25]. A 100 pL-aliquot of the
medium was placed in 96-well plates and incubated with 100 pL of Griess reagent (0.1 % (1-naphthyl)-ethylenediamine and 1 %
sulfanilamide in 2.5 % phosphoric acid) (Sigma) for 30 min at RT. Absorbance was measured at 540 nm in a VERSAmax microplate
reader. The amount of NO in each sample was determined by a sodium nitrite standard curve.

2.15. IL6 and TNF-a quantification by sandwich ELISA

IL6 and TNFa were quantified by sandwich ELISA using commercial kits (ELISA MAX 430502, Biolegend, and BD OptEIA 555212,
respectively), following the manufacturer’s instructions. Briefly, 96-well, flat-bottom ELISA plates (Nunc ImmunoPlate) were coated
with the respective capture antibody and incubated overnight at 4 °C in carbonate buffer (pH 9.6). Non-specific binding sites were
blocked by incubating for 30 min at RT with PBS-1% albumin. Culture medium was added and incubated for 2 h at RT. The plates were
then incubated with the corresponding horseradish peroxidase (HRP)-conjugated anti-cytokine detection antibody for 30 min at RT.
Bound complexes were detected by reaction with tetramethylbenzidine (TMB) (Invitrogen, Carlsbad, CA, USA) after 30 min incubation
in the dark. The reaction was stopped with 2 N HySO4, and absorbance was measured at 450 nm at 37 °C on a VERSAmax ELISA plate
reader. Standard curves were built to calculate the concentration of each cytokine. Concentrations were expressed as pg/mg protein
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Fig. 1. CHROMATOGRAPHIC CHARACTERIZATION OF CINNAMIC AND COUMARIC ACIDS. Fingerprint of (a) hydroalcoholic extract at A = 278
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employing the Bradford assay (Sigma, B6916).

2.16. SDS-PAGE and western blot

For protein extraction, SDS-PAGE, and Western blot assays, 3 x 10° HepG2 cells were cultured as described above. The cells were
mechanically lysed with a lysis buffer (25 mM Tris-HCL, pH 7.4, 2 mM EDTA, 0.5 % Triton X-100, protein inhibitor cocktail EDTA-free
(Roche)) and centrifuged at 18 000xg for 10 min at 4 °C. Then, 90 pL of the supernatant were denatured with p-mercaptoethanol
(Sigma). The samples were electrophoretically resolved on 10 % polyacrylamide-SDS (Sigma). Thereafter, the proteins were trans-
ferred onto polyvinylidene difluoride membranes (Immobilon-P, PVDF, Millipore) and blocked with skimmed milk in blocking buffer
containing 5 % m/w nonfat dry milk, 1x TBS 0.2 % Tween-20 at RT for 1 h under gentle shaking. The membranes were incubated with
anti-AMPK (1:500), anti-p(Thr!”?)-AMPK (1:500), anti-IRS (1:500), anti-p(Ser>*2)-IRS (1:500), and anti-actin (1:1000) (Cell Signaling
Technology) antibodies for 2 h at RT, followed by five washes with 1 M Tris-base pH 7.5, 0.5 M EDTA, 150 mM NacCl, 1 % Tween 20.
Afterwards, the membranes were treated with a secondary antibody (anti-rabbit-HRP, 1:1000, Cell Signaling Technology) diluted in
blocking buffer for 2 h at RT. Antibody binding was detected with a chemiluminescence kit (ELC, General Electric) and Kodak X-ray
film. The relative phosphorylation of each protein was determined with the ImageJ software, using the actin signal for data
normalization.

2.17. Statistical analysis

All data were captured in Excel (Microsoft Co, Redmond WA, USA). Data are reported as bar graphs. Groups or treatments were
compared by one-way ANOVA with a Tukey-Kramer post-hoc test. Data were analyzed with GraphPad InStat v.3.06 (GraphPad, San
Diego, CA, USA). Differences were considered as significant for P < 0.05. In all graphs, significant differences between treatments or
groups are indicated with different letters. The same letter in different groups indicate that there are no significant differences between
those groups.

3. Results
3.1. Cinnamic acid and coumaric acids content in rSe-HA

Cinnamic acid (CA) was identified in the hydroalcoholic extract of the roots of S. edule, and it seems to be its most abundant
constituent. A standard curve (R? = 1) was built with different concentrations of a commercial CA standard. As shown in Fig. 1a, the CA
standard showed a RT of 16.46 min in the chromatogram, in good agreement with the RT value of 16.35 in the major peak for rSe-HA
(Fig. 1b). This result was further verified by comparing UV spectra of rSe-HA and the CA standard; both spectra showed maximum
absorbance at a wavelength of 278.1 and 310 nm, respectively. CA concentration in rSe-HA was calculated as y = 97600.5x + 29 590,
yielding a value of 1350 + 0.00 pg/g. For coumaric acid, a standard showed a RT of 10.03 min in the chromatogram (Fig. 1c), in good
agreement with the RT value of 9.95 for rSe-HA (Fig. 1b). For this compound, a yielding of 980 pg/g was obtained according to the
equation y = 74519x+490386.

3.2. Identification of non-polar compounds

Chemical analysis of the less polar composition by GC-MS identified Squalene, Stigmastadiene, Stigmasterol, 2H-pyran-2-one

Table 1

Non-polar phytocomponents identified in retention times (RT) of different fractions of the hydroalcoholic extract of rSe-HA by GC-MS.
Fraction RT (min) Name Molecular weight (g/mol) Molecular Formula
C1F1 18.68 Hexadecanoic acid methyl ester 270.450 Cy17H340
C1F2 18.68
C1F3 18.8
C1F5 18.68
C1F1 19.42 Hexadecanoic acid (Palmitic acid) 256.43 C16H3202
C1F1 24.5 Hexadecanoic-acid-2-hydroxy-1-(hydroxymethyl)-ethyl-ester 330.50 C19H3504
C1F2 24.3
C1F3 24.5
C1F5 24.3
C1F1 29.2 Squalene 410.73 CaoHso
C1F3 29.2
C1F1 38.1 Stigmasta-3,5-dien-7-one 410.7 CooHy60
C1F3 38.1
C1F4 36.1 Stigmasterol 412.7 Ca9H4g0
C1F4 20.7 2H-pyran-2-one, tetrahydro-6-nonyl 226.35 C14H2602
C1F5
C1F5 32.5 Stigmastadiene 396.7 CaoHyg
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tetrahydro-6-nonyl, Hexadecanoic-acid-2-hydroxy-1- (hydroxymethyl)-ethyl-ester, Hexadecanoic acid, Hexadecanoic acid methyl
ester, Tetradecanoic acid, methyl ester among other fatty acids (Table 1). Chromatograms of these fractions are shown in Supple-
mentary Fig. 1.

3.3. rSe-HA ECsg determination

The effect of different concentrations of rSe-HA was evaluated on HepG2 hepatocytes. Cell viability was assessed by trypan blue
staining; in parallel, ALT/GPT was quantified in culture medium as an indicator of hepatocyte necrosis [20]. As shown in Supple-
mentary Fig. 2 (A and B), none of the treatments modified cell viability after 24 h of culture, except for DMSO (death control). As
shown in panel a, the count of viable cells showed a 5-fold increase (P < 0.001) with respect to time 0 in all treatments, whereas the
count of DMSO-treated cells decreased by 46.5 %, a finding suggestive of hepatocyte necrosis (Supplementary Fig. 1 B). No significant
differences were observed between any treatment with respect to untreated cells except for DMSO (P < 0.001).

To determine the ECsg of rSe-HA, HepG2 hepatocytes were cultured with 1 mM OA for 24 h and then treated with five different
concentrations of the extract, under a continued OA stimulus for further 24 h. Absorbance due to lipid accumulation after 24 h of
exposure to OA was 1.4; this value increased to 2.4 after 48 h of exposure to OA (an increase of 187.9 %) (Fig. 2 A). As shown, untreated
cells did not exhibit lipid accumulation. Both rSe-HA (0.37 pg/mL) and metformin led to a significant decrease in this parameter (P <
0.001), restoring it to the level of non-stimulated cells, a value 47.64 % less with respect to OA-treated cells at 24 h. Meanwhile, rSe-HA
at a concentration of 0.18 pg/mL decreased lipid accumulation by 290.6 % (P < 0.001); a concentration of 0.75 pg/mL showed a slight
decrease (6.6 %, P < 0.001), and concentrations of 1.5 and 3 pg/mL failed to show any effect, since absorbance values were similar to
those observed after 24 h of exposure to OA (Fig. 2 A). A concentration of 0.375 pg/mL was used for ECsq calculation, as this con-
centration reversed intracellular lipid accumulation to levels similar as those observed in non-stimulated cells.

To determine ECs, a solution containing 0.375 pg/mL of the extract was challenged with different concentrations of OA (Fig. 2 B).
rSe-HA ECsy was calculated as 0.20 pg/mL (equivalent to 0.27 ng of CA) while metformin ECsy was 0.8 pg/mL. En . values were
calculated as 0.7, 1.4, and 3.3 pg/mL for rSe-HA, metformin, and OA, respectively.
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Fig. 2. ECs59 CALCULATION. (A) Absorbance due to lipid accumulation by Oil Red O staining in HepG2 cells treated for 24 h with OA to induce
steatosis, and for further 24 h with OA plus 2 mM metformin or 0.18, 0.37, 0.75, 1.5, or 3 pg/mL rSe-HA. The highest decrease in lipid accumulation
was observed at a concentration of 0.37 pg/mL (B) HepG2 cells were treated with metformin (2 mM) or rSe-HA (0.37 pg/mL) and different OA
concentrations (0.5, 1, 2, 4, 8 mM). rSe-HA ECs, was calculated as 0.20 pg/mL. Data are reported as mean + SD. Differences between groups were
determined by ANOVA and post hoc Tukey-Kramer test. The same letter in treatments or groups indicate that there are no significant differences
between them; different letters in treatments indicate significant differences at P < 0.05. ABS = absorbance due to lipid accumulation at 510 nm.
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3.4. rSe-HA reverses steatosis by increasing lipolysis

Lipolysis is a metabolic event by which fatty acids are degraded to produce energy. Normally, the cell activates this process in
response to an energy demand; however, some drugs aiming to reduce intracellular lipid levels also trigger this process [3,4]. To
determine whether the decrease in TG concentration by rSe-HA was due to a degradation of TG synthetized in the cells during OA
exposure, two parameters were measured: glycerol concentration in the medium and the reducing status due to the activity of
mitochondria or smooth endoplasmic reticulum during lipid degradation. This latter condition was observed as an increased rate of
conversion of MTT to formazan [23,24]. Finally, it was assessed whether rSe-HA acts on AMPK kinase as metformin does.

The effect of rSe-HA on the concentration of esterified TG was evaluated at a dose of 0.20 pg/mL. HepG2 cells were either cultured
without any treatment or with OA for 24 h to induce steatosis, and they were either maintained under these conditions for further 24 h
or cultured for 24 h with OA plus metformin or rSe-HA for further 24 h, to reverse steatosis. As shown in Fig. 3 A, no significant changes
in TG concentrations were observed between 24 and 48 h of culture in untreated cells. In cells treated with OA only, TG concentrations
increased by 124.7 % (P < 0.001) after 24 h of culture with respect to untreated cells; this increase persisted at 48 h of culture. On the
other hand, TG concentration in cells cultured with metformin or rSe-HA decreased by about 98 % and 99 % (P < 0.001), respectively,
with respect to the levels observed at 24 h, bringing TG concentrations to values comparable with those in untreated cells.

As shown in Fig. 3 B, glycerol levels did not change in untreated cells at 24 or 48 h. Meanwhile, those levels were increased by 80 %
in cells treated with OA at 24 h with respect to untreated control cells at 24 h (P < 0.001). On the other hand, while glycerol levels in
OA-treated cells were decreased by 79 % (P < 0.001) at 48 h with respect to 24 h, they were increased by 81 % and 85 % (P < 0.001) in
cells treated with metformin or rSe-HA, respectively. As shown in Fig. 3C, whilst no differences were observed in absorbance values
due to formazan production in untreated cells at 24 and 48 h, absorbance values decreased by 83 % at 24 h in OA-treated cells with
respect to control cells at the same time (P < 0.001). At 48 h, absorbance values decreased by 89 % in OA-treated cells (P < 0.001), but
they were increased by 70 % and 80 % in metformin and rSe-HA-treated, respectively (P < 0.001). To investigate the mechanism of
action of the extract to activate lipolysis, the relative amount of AMPK kinase and the one phosphorylated at Thr'7? was studied at 48 h.
As shown in Fig. 3 D-F, oleic acid significantly increased AMPK production with respect to untreated cells (P < 0.001). This effect was
not modified by either metformin or rSe-HA (Fig. 3 D and E). However, both metformin and the extract significantly increased the
levels of Thr'”2-phosphorylated AMPK, with the extract being even more effective than metformin, as shown in Fig. 3 D and F (P <
0.001).
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Fig. 3. rSe-HA ACTIVATES LIPOLYSIS BY ACTIVATING AMPK in Thr'”? in HepG2. (A) Triglyceride (TG) concentration was determined in cell
lysates. (B) Glycerol concentration was determined in medium culture; (C) Absorbance due to formazan produced from MTT reduction. Panels A, B,
C show, on one hand, treatments compared with an untreated, control group at 24 and 48 h and, on the other hand, the effect of rSe-HA and
metformin on all groups at different times. Data are reported as mean + SD. The same letter in treatments or groups indicate that there are no
significant differences between them; different letters in treatments indicate significant differences at P < 0.05. (D-F) Western Blot, anti AMPK and
AMPK phosphorylated in Thr!”? of the HepG2 cells treated for 24 h with OA to induce steatosis, and further 24 h with OA plus either 2 mM
metformin or 0.20 pg/mL rSe-HA. Data are reported as the Mean =+ SE. Differences with respect to untreated cells were determined by ANOVA and a
Tukey-Kramer post hoc test. Significant differences with respect to the untreated group (P < 0.001) are indicated by different letters. Triglyceride,
glycerol, and formazan assays were performed in triplicate. Western blot assays for total- and p-AMPK were performed in duplicate.
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3.5. rSe-HA reversed insulin resistance

Insulin resistance (IR) is characterized by an abrupt decrease in glucose consumption and phosphorylation in a Ser residue in the
insulin receptor. To determine whether exposure to OA and lipid accumulation inside HepG2 cells is linked to the development of IR,
the capacity of cells to consume glucose was evaluated by a colorimetric assay, and Ser phosphorylation in IR was assessed by Western
blot. HepG2 hepatocytes were cultured as described above, but these assays were focused on IR. As shown in Fig. 4 A, no differences
were observed in glucose consumption at 24 and 48 h of culture in control cells; on the other hand, glucose consumption was decreased
by 50 % in cells treated with OA for 24 h with respect to untreated cells at the same time. At 48 h, no changes were observed in OA-
treated cells, while glucose consumption increased by 65.8 % and 63.3 % in metformin and rSe-HA-treated cells, respectively (P <
0.001). As shown in panels B and C, OA treatment reduced significantly (P < 0.01) the total levels of insulin receptor substrate (IRS)/
Actin with respect to healthy cells at 48 h, and it significantly increased the level of the relation of phosphorylation of the receptor at
Ser®'?/total IRS (Fig. 4 D). On the other hand, both metformin and rSe-HA reduced total IRS/Actin levels (P < 0.001) (Fig. 4C), and
both treatments significantly reduced the level of Ser312-phosphorylated IRS/total IRS (P < 0.001). These results indicate that both
metformin and rSe-HA were able to offset the effect of OA, inducing higher levels of glucose consumption than those observed in
untreated cells.

3.6. rSe-HA reverses pro-oxidative environment

Lipid accumulation induces an increase in lipolysis, which in turn triggers an overproduction of ROS [26], which induce a
pro-oxidative environment. To determine whether the increase in lipolysis rates induced by rSe-HA promoted a pro-oxidative envi-
ronment, malondialdehyde (MDA) and nitrite concentration (two molecules that are produced under pro-oxidative conditions) were
quantified in cell culture medium of HepG2 hepatocytes cultured as described above. As shown in Fig. 5A, healthy cells showed low
MDA concentrations at 24 and 48 h of culture, as expected. When the cells were treated with OA alone, MDA concentrations signif-
icantly increased at 24 h (P < 0.001), remaining at a similar level at 48 h. In contrast, metformin caused a discrete decrease in MDA
levels, whereas rSe-HA succeeded in reducing MDA concentrations to levels similar to those of the healthy group. Nitrite concen-
trations (Fig. 5 B) followed the same pattern; thus, whilst nitrite concentrations increased in OA-treated cells for 24 h (P < 0.001), this
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Fig. 5. MDA QUANTIFICATION. HepG2 cells were treated for 24 h with 1 mM OA or maintenance medium (non-Tx) and with 1 mM OA plus 2 mM
metformin or 0.20 pg/mL rSe-HA for further 24 h. (A) MDA concentrations increased in OA-treated cells at 24 h, and those values remained un-
changed at 48 h; similar results were observed in metformin-treated cells, whereas rSe-HA prevented MDA production. (B) Nitrite concentration was
significantly increased in OA and metformin-treated cells, whereas rSe-HA reduced these levels. Data are reported as mean + SD. The same letter in
treatments or groups indicate that there are no significant differences between them; different letters in treatments indicate significant differences at
P < 0.05. Differences with respect to untreated cells were analyzed by ANOVA and a Tukey-Kramer post hoc test. Significant differences with respect
to the untreated group (P < 0.001) are indicated by different letters.

parameter was reduced by 120 % in metformin-treated cells. On the other hand, nitrite concentrations in rSe-HA-treated cells were
similar to those in untreated control cells, with values 117.8 % lower than those induced by OA. These results indicate that rSe-HA
controlled the prooxidant environment induced by OA.

3.7. rSe-HA reverses TNFa and IL6 content

Considering that several inflammatory markers are increased during hepatic steatosis, to ascertain whether rSe-HA controls the
expression of proinflammatory cytokines such as TNFa and IL6—both related to a prooxidant state, IR, and lipid production—, the
concentrations of both cytokines in the culture medium were measured by ELISA. HepG2 hepatocytes were cultured as described
above, but these assays were focused on a decreased expression of TNFa and IL6. As shown in Fig. 6, no differences in the production of
both cytokines were observed in untreated cells at 24 or 48 h. In contrast, an increase by 80 % and 86.3 % in TNFa (Fig. 6a) and IL6
levels (Fig. 6b), respectively, was observed in OA-treated cells at 24 h of culture. Additionally, the levels of IL6 were increased by 20 %
in OA-stimulated cells at 48 h of culture with respect to 24 h values (P < 0.001). On the other hand, IL6 concentrations decreased by
82.1 % and 83.4 %, respectively, in metformin- and rSe-HA-treated cells, whereas those of TNFa were reduced by 91.3 % with
metformin and 90.6 % with rSe-HA at 48 h of culture. This indicates that rSe-HA influences the production of cytokines that contribute
to the proinflammatory status due to steatosis.
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Fig. 6. CYTOKINE QUANTIFICATION. Effect of OA, metformin, and rSe-HA on TNFa and IL6 production by hepatocytes. (A) HepG2 cells were
treated for 24 h with OA to induce steatosis, and another 24 h with OA plus either 2 mM metformin or 0.20 pg/mL rSe-HA. TNFa levels increased in
OA-treated cells, while metformin and rSe-HA prevented this increase. (B) OA increased IL6 concentration, while metformin and rSe-HA reduced it.
Data are reported as mean + SD. The same letter in treatments or groups indicate that there are no significant differences between them; different
letters in treatments indicate significant differences at P < 0.05. Differences with respect to untreated cells were analyzed by ANOVA and a Tukey-
Kramer post hoc test. Significant differences with respect to the untreated group (P < 0.001) are indicated by different letters.
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4. Discussion

In this work, we demonstrated the efficacy of a hydroalcoholic extract of the roots of S. edule (rSe-HA) to control the conditions that
often accompany MAFLD, such as steatosis, insulin resistance, OS, and the production of proinflammatory cytokines [8,21] in HepG2
hepatic cells exposed to OA. MAFLD or NASH can be induced either by ANGII or OA; however, it should be highlighted that the
development of both conditions is different. ANGII-induced MAFLD is mainly due to mitochondrial dysfunction and activation of
lipogenic transcription factors, such as SREBP2 [27,28], whereas OA-induced MAFLD is mainly due to activation of transcription
factors such as PPARy and SREBP1c. Regardless of whether it is due to ANGII or OA, catabolic saturation of the cell and the estab-
lishment of a proinflammatory environment [3,4] is observed in all cases. Herein, the OA model was used to evaluate the effect of
rSe-HA to decrease steatosis, OS, and proinflammatory cytokine production in dysfunctional HepG2 cells.

ECsq determination for rSe-HA was based on lipid accumulation in this OA-induced steatosis model. This concentration was indeed
lower than that of metformin, suggesting that rSe-HA is more potent to revert lipid accumulation; this finding is reinforced by the Ep,q«
(0.7 pg/mL), a lower value than that of metformin (1.4 pg/mL) [29]. On the other hand, when comparing the ECs( calculated in this
study with values reported by other authors who assayed the aerial parts of the plant in vitro [13] in the same model. It is noteworthy
that the root extracts assayed in this study proved to be more potent; while effective concentrations of 1-5 mg/mL were reported by Wu
et al. (2014) [13], our root extract was effective in levels as low as 0.20 pg/mL, one-fourth to one-fifth of the previously reported
concentrations. These results support the therapeutic use of the root extract. Interestingly, commercial cinnamic acid was evaluated in
the same model at concentrations of 25-200 pM [16]. In comparison, the ECsg of rSe-HA only contains 0.27 ng/mL of cinnamic acid,
equivalent to 1.8 x 10~ pM. This implies that the efficacy of rSe-HA may not solely be due to cinnamic acid (along with coumaric acid
and some terpenes found in the extract), but to the interaction of its constituent molecules. Indeed, anti-lipogenic, anti-inflammatory,
and antioxidant effects have been reported for both cinnamic and coumaric acid phenolic acids [30-34]. Although other compounds of
terpenoid nature were also found in rSE-HA, no effects on the control of lipid metabolism have been reported for them. Nevertheless,
some of those constituents are known to have antioxidant and inflammatory properties [35,36]. The fact that the extract is effective
with such a low dose of cinnamic acid, even though it is its most abundant constituent, is a beneficial feature, as a prolonged con-
sumption of cinnamic acid at high concentrations is toxic [37].

OA induces steatosis by deregulating lipid synthesis and degradation in the cell, inducing mitochondrial dysfunction [15]. This
condition is related to a low activity of AMPK kinase and other enzymes downstream of catabolic processes [38,27]. Therefore, this
kinase is an important therapeutic target for steatosis, as it has been observed for metformin [18]. Indeed, phosphorylated AMPK
kinase activates lipases to degrade TGs, increasing glycerol concentration. It also activates mitochondrial enzymes to degrade lipids by
B-oxidation, which is related to an increase in the reducing potential of the cell; on the other hand, it inhibits fatty acid synthase and
diacylglycerol acyl transferase, preventing the formation of lipids and TG [21,23,24,39]. To gain further insight into the mode of action
of the extract, its activity was compared with that of metformin, which is known to phosphorylate this enzyme at Thr'”2 [27,18,40].
Our results indicate that activation of AMPK at the Thr!”? residue is one of the pathways by which the extract prevents intracellular TG
accumulation (Fig. 3a), as does metformin (Fig. 3D, F). This activity has also been described for cinnamic and coumaric acid [12-16,
30,411, both found in rSe-HA. This effect is evidenced by the lower TG concentration and higher glycerol concentration in the cells.
Both parameters are related to increased reducing power, suggesting that -oxidation is also promoted (Fig. 3C). On the other hand, the
continued presence of OA increased the concentration of AMPK in the cells, as the synthesis of this enzyme is promoted to reduce
excess fat (Fig. 3 E). However, AMPK activation is not sufficient to degrade the excess of TG, as shown by the lower glycerol con-
centration and reducing power (Fig. 3A-C). This result is comparable to that reported by Lu et al. [15] who found that, after 48 h of
treatment with OA alone, the cell shows mitochondrial dysfunction due to saturation of lipolytic enzymes.

While not evaluated in this work, it is feasible that the extract may also act at the level of fatty acids synthesis, since OA activates
lipogenic transcription factors such as PPARy and SREBP1c [42,43], which induce the expression of genes coding for enzymes involved
in lipid esterification to TG [39]. Metformin acts by inhibiting the activation of these transcription factors, and a similar activity has
been reported for cinnamic and coumaric acid [13,14,16,44].

TNFa and IL6 have been reported to mediate the induction of metabolic disorders [3,45,46], and both cytokines cause IR [3,45,46].
IR does not only reduce glucose consumption in the cell, but it also induces an uncontrolled activation of lipolysis, which increases
intracellular ROS levels [46]. Thus, the efficacy of rSe-HA to overcome IR—as measured by glucose consumption—and to prevent
TNFa and IL6 production was herein evaluated. Our results indicate that OA decreased glucose consumption by hepatocytes (Fig. 5),
which is linked to an increased concentration of TNFa and IL6 in culture medium. This is consistent with reports by several authors that
OA activates NFkB, so hepatocytes produce TNFa and IL6 [3,37,46]; in turn, these molecules induce IR by phosphorylating IRS1 at
Ser®!2 [45,46]. This effect is reflected in a lower glucose consumption [46,47]. In our work, cells exposed to OA for 24 h showed lower
intracellular glucose concentrations, which could be associated with IR, as well as a significantly higher production of TNFa and IL6.
When treated with either rSe-HA or metformin for 24 h, even without interrupting the OA stimulus, hepatocytes were returned to the
level of control cells; in fact, glucose consumption was even higher than in untreated cells. These results indicate an increased insulin
sensitivity, as reflected by increased glucose consumption. Interestingly, the extract was able to reverse the phosphorylation of IR at
Ser in a similar manner to metformin [48], as shown in Fig. 4. While not evaluated in this work, it is likely that rSe-HA not only offsets
IR by reversing Ser phosphorylation, but it could also induce phosphorylation of IRS1 at Tyr, as it has been reported for metformin [48,
49]. On the other hand, rSe-HA could also prevent IR by reducing the production of proinflammatory cytokines [50-54], thus breaking
the cycle of events. Cinnamic acid, coumaric acid, and squalene, all of which are present in the extract, have been reported to act
similarly to metformin, favoring IRS phosphorylation at Tyr and preventing NF«B activation [50-54]. This beneficial effect of rSe-HA
was also observed by our research group in in-vivo models, where rSe-HA reversed IR in diet-induced obese mice and reduced the
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expression of TNFa and IL6 under the same conditions, as well as in models of NASH and endothelial dysfunction (ED) induced by
ANGII [55,10,56].

OS plays a crucial role in the development of MAFLD and more severe diseases, such as NASH and cirrhosis [57]. MDA and nitrites
are generated in OS due to ROS in fatty liver disease [58]. ROS oxidize polyunsaturated fatty acids in cell membranes, producing MDA
[59], and activates iNOS, generating nitric oxide (NO), which in turn produces nitrites [25]. Both MDA and nitrites induce IR,
inflammation, necrosis, and fibrosis [57]. ROS are originated from an overactivation of lipolysis by excess TG and fatty acids [57] and
from the activity of OA, TNFa, and IL6, NADPH oxidase and iNOS in the hepatocyte [60,61]. Stopping and preventing ROS production
is crucial to control the disease. In this study, the levels of MDA and nitrite (which indirectly promote a pro-oxidant environment) were
significantly increased in hepatocytes exposed to OA for 48 h with respect to untreated cells; this result is consistent with other reports
[58,59]. Metformin did not show antioxidant activity, as previously reported [7], while rSe-HA effectively decreased the concentration
of MDA and nitrites to match the levels in control cells. This result highlights the usefulness of the extract over metformin, as the latter,
while enhancing lipolysis, does not modify the pro-oxidative environment, whereas the extract not only increased lipolysis but also
reduced the synthesis of molecules involved in OS. The antioxidant effect of the extract may be due to various molecules found to be
present (including coumaric acid, cinnamic acid, methyl tetradecanoate, hexadecanoic acid, squalene, and stigmasterol), for which
antioxidant properties have been reported, and may act as scavengers by interacting with unpaired electrons in ROS and by inducing
the activation of Nrf2 through the PKC signaling pathway [32-35,61,62].

Strengths and limitations of the study. This study provides insight into some aspects of the mode of action of rSe-HA on hepatic
steatosis. First, the extract not only decreased triglyceride levels, but it also prevented their synthesis, so it should be evaluated whether
it inhibits the lipogenic transcription factors SREBP1c and PPARy, whose inactivation prevents triglyceride synthesis. rSe-HA has also
been reported to activate triglyceride degradation through AMPK kinase. However, it has yet to be determined whether, upon tri-
glyceride cleavage, it also degrades the three free fatty acids into ketone bodies. Further studies should be performed to explore this
possibility.

Interestingly, rSe-HA also overcame IR, as evidenced by a restored glucose uptake and low IRS phosphorylation at Ser®?; it also
sensitized the cell to further glucose uptake, an effect similar to that of metformin. The latter could be either because it induces IRS
phosphorylation at Tyr or because it activates AKT, which sensitizes the cell to insulin. This point remains to be clarified.

rSe-HA was efficient in decreasing the concentration of two molecules that contribute to the prooxidant environment (MDA and
NO). To ascertain whether it induces the production of antioxidant enzymes, it would be convenient to evaluate the activation of Nrf2.
Further studies are required to explore the effect of rSe-HA on ROS, such as the concentration of HyO5 and 02’, as it also acts as a
scavenger, so these parameters will provide further insight into the antioxidant effect.

Finally, rSe-HA reduces the concentration of the proinflammatory molecules TNFa and IL6, which could be due to its action on the
transcription factor NF«B.

Taken together, these results point to the potential use of rSe-HA to treat fatty liver not only in patients with ED caused by ANGII,
but also in patients with obesity and T2DM, reducing the individual use of conventional drugs such as antihyperglycemic, anti-
inflammatory, antihypertensive and antioxidant drugs, and thus avoiding polypharmacy, since the extract fulfills all these actions
even more potently than metformin, especially in the control of the prooxidative environment.

5. Conclusion

These results indicate that rSe-HA is effective in controlling intracellular TG accumulation. By increasing lipolysis, it prevents the
production of cytokines like TNFa and IL6, as well as IR, with the additional benefit of acting as an antioxidant, preventing the
damaging effect of oxidative stress.
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