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Abstract

Natural bioactive compounds (NBCs) has been reported to possess antiviral and hepatoprotective effects,
like curcumin (CL) and piperine (PP). Herein, we report a study of hepatitis C virus biosynthesis and its
molecular mechanisms in human hepatocarcinoma cells, expressing or not the HCV (SGR-JFH1) when
exposed to CL, PP and its association (CL/PP). Inhibiting concentration (IC50) to CL were 30,95 £ 1,05 yM
for Huh-7.5 and 41,96 + 1,02 yM for SGR-JFH1 cells. For PP, the IC50 were 165,4 + 1,15 and 200,3 £ 1,05
UM for Huh-7.5 and SGR-JFH1, respectively. An decrease in CI/PP IC50 were observed with 26,02 + 1,05
MM for Huh-7.5 and 19,74 + 1,02 uM for SGR-JFH1. CL and PP induced inhibition of apoptosis. CL treatment
at 1C20 caused a slight increase of AMPK-a phosphorylation pathway in SGR-JFH1. Caspase-3 was
expressed in IC10, and the other pathways were inhibited. HCV cells exposed to PP showed stimulated
phosphorylation of FoxO-3a, as well as of the Bax/Bcl-2 in both NBC concentrations. In the CL/PP treatment,
the phosphorylation of Akt1 and the Bax/Bcl-2 were shown to be intensified in SGR-JFH1. This work provides
a new insight to the control of hepatitis C, when exposure to CL and PP.
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Introduction

Hepatitis C is a chronic inflammatory disease amongst the major viral hepatitis due to its worldwide
distribution and significant public health damage. The World Health Organization (WHOQ) estimates that in
2019 chronic hepatitis C affected 58 million peoplell. The global prevalence of the disease was 1% of the
population, with the number of newly infected people (1.5 million) exceeding the number of deaths (290,000)

directly related to liver complications from chronic diseasel2.

HCYV infection can be acute, progressing to spontaneous cure, in 15 to 45% of cases during the first 6 months
of infection. The other 55 to 85% progress to chronicity. Of these, 5 to 20% develop cirrhosis within 30 years,
and 1 to 5% die as a result of the disease, from cirrhosis or liver cancertl. Coinfection with another virus of a

similar contamination route, such as HIV and HBV, may characterize more accelerated disease progressionl42],

The prevention of the disease is essential to reduce the levels of infection, which includes the treatment of infected

individuals, the rapid diagnosis of the disease, awareness, and monitoring of groups with greater vulnerability!l,

Natural bioactive compounds (NBCs) are a class of natural products, derived from isolated nutrients, dietary
supplements, and diets to genetically engineered “designer” foods, herbal products, and processed foods,
such as cereals, soups, and beveragesl. Research on bioactive compounds (NBCs) has resulted in

products with diverse biological activity, including antiviral and hepatoprotective activity!@l.

Curcumin (diferuloylmethane) is a yellow pigment derived from Curcuma longa L. (turmeric); which is largely
used as a coloring agent and dietary spiceld. A wide range of protective effects against metabolic
disturbances associated with diabetes mellitus, psoriasis, rheumatoid arthritis, Alzheimer, inflammatory

bowel, respiratory diseases, hepatic disorders and cancer have been attributed to curcumin(19,

The inhibitory effect of curcumin encompasses diverse microorganisms, such as bacteria, fungi, parasites,
and viruses, including HCV, HBV, and HIV. The mechanism of action; however, is not the same in all cases.
Curcumin can inhibit cell signaling at different steps, in some cases acting directly on the viral replication
machinery, reducing the activity of enzymes or even degrading specific proteins'l. The low bioavailability
and rapid degradation in the bloodstream are obstacles in the therapeutic effect of curcumin and, therefore,
several strategies have been studied to potentiate its action, such as the use of nanocapsule formulations,

liposomes, phospholipid complexes, or combined with other polyphenols, such as piperinelz-14],

Piperine is an alkaloid extracted from pepper (Piper nigrum L., Piper longum L.)!518 that exhibits various
biological activities, such as antioxidant, anti-inflammatory, antidepressant, antimutagenic, antipyretic,

antitumor, and antiproliferative propertiest&17,

Several studies have combined the administration of piperine and curcumin, to improve bioavailability and

absorptionH&-20,

Herein, we report a study of the final stages of hepatitis C virus biosynthesis concomitant with cellular lipid
metabolism associated with the formation and secretion of viral lipoparticles, and analyze the molecular
mechanisms in cultures from human hepatocarcinoma, expressing or not the HCV subgenomic replicon,

SGR-JFH1, when submitted to treatments with the NBCs curcumin, piperine and its association.
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Experimental

Material and reagents

Curcumin (CL / C1386), piperine (PP / P49007) and most chemicals were obtained from Sigma-Aldrich, St. Louis,
U.S.A. CL and PP were dissolved in dimethyl sulfoxide (1:10) (DMSO; Sigma-Aldrich) and stored at -20°C.

Cells culture and virus

The human hepatocellular carcinoma cell line (Huh-7.5) was obtained from Apath L.L.C. 1590 and 1591
(APP1022 pSGR-JFH1). The Huh 7.5 cells was cultured in Dulbecco’s modifed Eagle’s medium (Sigma-
Aldrich, D1152) supplemented with 10% fetal bovine serum, 10,000 IU/mL penicillin, 10 mg/mL streptomycin,
and 1% (v/v) non-essential amino acids (Sigma-Aldrich, M7145). Huh-7.5 expressing the Hepatitis C
subgenomic replicon SGR-JFH1 (genotype 2a) was cultured in DMEM supplemented with 500 ug/mL G418
(Gibco, Life Technologies, Grand Island, NY, USA), 11811031). The cells were maintained under 5% CO2

in 95% humidified atmosphere at 37°C until confluency.
Cell viability

Cell viability rate was determined by 3-(4,5- dimethylthiazol)-2,5-diphenyltetrazolium bromide (MTT). For this
assay, Huh-7.5 and SGR-JFH1 cells were plated in 96-well plates (2.5%105 cells per well). The cells were
exposed to different concentrations of curcumin, piperine (400 to 1,56 uM), and the combination of both (3:1;
6:1; 1:3 and 20:1; proportion), at 37°C overnight. The dilution selected for the subsequent test was 20:1.
After 24 h, the culture medium was changed to 100 yL of MTT solution (2 mg/mL in DMEM) and the cells
were further incubated for 3 h. The medium was removed, and the purple formazan crystals were dissolved
by adding 100 yL DMSO in a shaker for 5 min. The optical density was measured at 490/630 nm using an
automated microplate reader. Cell viability was calculated considering non-treated cells as the negative

control. All experiments were repeated three times.
Quantitative real-time polymerase chain reaction

HCV RNA quantification was performed in SGR-JFH1 cells (2.0x10* cells mL", 1 mL/well), without and after
treatment with the NBCs or control, for the transcription rate determination and to evaluate the potential of
viral replication inhibition by the compounds. In this assay, the RNA was extracted from cells using magnetic

microparticles (Abbott Molecular), according to the instructions provided by the supplier.

The HCV target sequence is the 5' UTR region of the genomic RNA, which is specific and highly conserved,
and the Abbott proprietary primers were designed to hybridize to this region preventing divergence between
genotypes 1, 2, 3, 4, 5, and 6. The Internal Control consists of an RNA sequence unrelated to the HCV target

sequence, obtained from the hydroxypyruvate reductase gene of pumpkin (Cucurbita pepo - Abbott Molecular).

A calibration curve is required and is constructed by logging the HCV concentration versus the cycle
threshold (CT) for the quantification of HCV RNA in samples and controls. At each analysis, high, low and

positive controls were also included for process validation.

The levels of target gene expression for each sample group were calculated with the AACt method compared

to control (serum-free medium).
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Untreated Cells

This study was performed to determine the amount of viral RNA present in the supernatant of the SGR-JFH1
cell culture over 10 up to days, measured in log international units per mL (log IU mL™"). For this, SGR-JFH1
cells were plated in DMEM-C with G418 at a concentration of 2.0x10* cells mL™" (1 mL/well), in a 24-well cell
culture plate, incubated in an incubator at 37°C and 5% CO: for periods of 3 h, 1, 3, 5, 7, and 10 days. After
the incubation, the supernatant was collected and stored in microtubes at -80°C until the viral RNA extraction

and amplification step.
MTTP activity by fluorescence

The microsomal triglyceride transfer protein (MTTP) activity assay is based on the use of fluorescence donor
and acceptor substrates that allow the detection of MTTP-mediated transfer of neutral lipids, which results
in an increased fluorescence intensity. The MTTP activity kit (Sigma-Aldrich, MAK110) was used to prepare
suspensions of Huh-7.5 and SGR-JFH1 cells in 24-well flat-bottomed cell culture plates containing 1x10°
cells mL™" (500 pL/well). The plates were initially incubated at 37°C in a humidified incubator with 5% CO-
for 24 h. Then, the medium was removed and the cells were treated with the NBCs at 10 or 20 umol L'
based on the results obtained in viral load quantification and incubated for periods of 1 and 7 days. For
vehicle control (VC), cells were exposed to 0.1% (v/v) DMSO in culture medium. Subsequently, the medium
was removed and the cells were washed twice with PBS. Then, 150 pL/well of chilled lysis buffer (Tris 10
mmol L' pH 7.4; NaCl 150 mmol L-'; 1 mmol L-' EDTA, and the protease inhibitors phenylmethanesulfonyl
fluoride (PMSF) 100 mmol L' and leupeptin 1 mg mL") were added. Cells were lysed in a Vibra-Cell
sonicator (Sonics & Materials, Inc., Connecticut, USA) for 3 cycles of 5 s, on ice, and total proteins were

quantified by the Bradford method.

The standard curve for the MTTP activity assay was prepared using 5 uL of fluorescence donor particle in

isopropanol at serial dilution (1:2), 100 uL/well, with excitation at 465 nm and emission at 535 nm.

Cell lysate samples after treatment with NBCs were prepared by incubating 100 ug of total cellular protein in 4
WL of donor particle and 4 L of acceptor particle, 182 L of assay buffer (from the kit), in a final volume of 200
WL, in a black plate, and incubated at 37°C for 9 h. The fluorescence signal was measured according to the

same parameters as above, in a spectrofluorimeter (Biotek Synergy H1, Software-Gen5, Vermont, USA).
Detection of apoptosis by flow cytometry

To assess the effect of NBCs on Huh-7.5 and SGR-JFH1 cells apoptosis, the percentage distribution of
living cells, initial apoptosis, late apoptosis or secondary necrosis, and necrotic cell populations was
determined by flow cytometry following the methodology of Rieger and colleagues2!! with modifications using
an Annexin V detection kit according to the manufacturer’s instructions (FITC Annexin V Apoptosis Detection
Kit |, BD Biosciences, Pharmingen, San Jose, CA, USA, code 556547). Cells were plated at 1.0x10° cells
mL-" (500 pL/well), in 24-well plates and incubated at 5% COz2 and 37°C for 24 h. Then, cells were exposed
to the NBCs (10 or 20 ymol L") or treated with H202 (0.1 mmol L") as positive control?3, and cells exposed
to medium as negative control for 24 h. For this experiment, 100 000 events were analysed for each sample.
Analysis were performed on a BD FACSCalibur flow cytometer (BD Biosciences), with data capture using
CellQuest Pro 6.0 software, and data analysis with FlowJo version X 10.0.7r2. Readout for annexin V-FITC
was performed in channel FL1 (530/30 nm) and for Pl in channel FL3 (670 nm).
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Western blot analysis

Protein expression and phosphorylation levels was performed by western blotting from the culture of Huh-
7.5 and SGR-JFH1 (5x108 cells/well), treated with the NBCs at the calculated concentrations, corresponding
to 10% (CI10) and 20% (CI120) inhibitory concentration, in which cell death was observed in only 10 or 20%

of the cells and are therefore considered non-cytotoxic, according to 1ISO 10993-523], incubated for 24 h.

To perform the Western blotting experiment, the cell NBCs samples were separated in a 10% SDS- PAGE
and transferred to PVDF membrane with transfer system for 2 h 30 min at 40 mA. The blots were exposed
to specific primary antibodies: anti-Bcl-2 (code 4223), anti-Bax (2774), anti-Caspase-3 cleaved adjacent to
Asp175 (9664), anti-FoxO-3a (12829), anti-FoxO-3a phosphorylated on Ser253 (13129), anti-Akt1 (2938),
anti-Akt1 phosphorylated on Ser473 (4051), anti-AMPK-a (5832), anti-AMPK-a phosphorylated on Thr172
(50081), and as an internal control of the constitutive protein anti-GAPDH antibody (2118). For the antibodies
produced in rabbit, biotinylated anti-rabbit IgG (H+L) secondary antibody (14709) was used, and for the
primary antibody produced in mouse (phosphorylated anti-Akt1) biotinylated anti-mouse (14708) was used,
in concentration 1:5000. All these antibodies were purchased from Cell Signaling Technology. After
incubation in the primary antibodies, membranes were washed 4 x for 5 min in wash buffer and then
incubated in secondary antibody for 24 h under stirring at 4°C. After this period, the membranes were
washed again and incubated in avidin-peroxidase conjugate (Abcam AB59653), 1:5000, for 30 min at room
temperature under stirring. The reacting bands were detected with a chemiluminescent Western blotting kit
(Pierce, Thermo Fisher Scientific, 32106).

Statistical analyses

The assumptions of normality and homoscedasticity were verified using the Statistica 10 program (StatSoft,
Inc). Statistical analysis and graphics were performed using GraphPad Prism 5.01 (GraphPad Software,

Inc.). The p-value less than or equal to 0.05 was considered statistically significant.

Results and Discussion

Cell viability by MTT assay

The in vitro proliferation activity doses of curcumin, piperine or its combination on Huh-7.5 and SGR-JFH1
cells were measured by using MTT assay (FIGURA 1). After 24-h incubation with curcumin (CL), ICso values
were 30,95 + 1,05 pM for Huh-7.5 (FIGURA 1a) and 41,96 + 1,02 uM for SGR-JFH1 cell lines (FIGURA
1d). For piperine (PP), the ICso were 165,4 + 1,15 and 200,3 + 1,05 yM for Huh-7.5 and SGR-JFH1 (FIGURA
1b and 1e), respectively. These results corroborated with a previous study which showed in human
hepatocellular liver carcinoma (HepG2) cells a significantly lower ICso at 51.7 £ 9.0 uM for acetal-linked
nanocarrier conjugated with curcumini24, Another study tested the antiproliferative activity of curcumin by
MTT assay and discovered that curcumin effectively inhibited the growth of HepG2 cells at 24 h with ICso
(23.15 + 0.37 umol/l), which was similar to previous studies demonstrating a wide range of growth inhibitory
on various cancer cell lines2%, The addition of curcumin during infection of native Hu-7.5 cells with hepatites
C virus cell-culture-derived HCV (HCVcc) resulted in dose-dependent inhibition of infectivity with no cytotoxic
effects with ICso of 8.46 + 1.27 yM!3. Prasad and collaborators28 reported ICso values of spice active

principles as piperine for inhibition 5-lipoxygenase enzyme (5-LO) activity of human polymorpho-nuclear
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leukocytes (PMNLs) was 54 uM. Complete inhibition of platelet aggregation was observed at ICso (300 puM)
of piperine concentration2Zl. Our results showed that the curcumin combinated with piperine (CL/PP 20 :1)
resulted in decreaed ICso values of 26,02 + 1,05 uyM for Huh-7.5 (Fig. 1c) and 19,74 £+ 1,02 yM for SGR-
JFH1 culture cells (FIGURA 1f). This effect of CL/PP could be relationed with its antioxidant potential. Low
oral bioavailability of curcumin has been proposed to limit its approval as a therapeutic agentl28l. Curcumin
is among agents whose bioavailability is enhanced by piperine. Piperine proved to increase the bioavailability
of curcumin and to potentiate its protective effects against chronic unpredictable stress-induced cognitive
impairment and associated oxidative damage in micel29, The combination of curcumin and piperine showed
strong antioxidant and protective effect against quinolinic acid (QA)-induced behavioral and neurological

alteration in ratsB%.

FIGURE 1: Dose-dependent cytotoxicity and ICs, of natural bioactive compounds (NBCs) on Huh-7.5 (a, b and c) and
SGR-JFH1 (d, e and f) cell lines incubated with increasing concentrations (C) of NBCs. Curcumin (CL), Piperine (PP),
and Curcumin combinated with piperine (CL/PP 20 :1).
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SGR-JFH1 cells

Quantification of viral RNA in SGR-JFH1 cells without treatment

Performance of Real-Time (RT-PCR) assay for quantitation of Hepatitis C virus RNA has been
proposed31:32, The quantification of viral load in SGR-JFH1 cells without the interference of treatments
indicates that HCV replicates significantly when maintained in cell culture (FIGURE 2), following the same
trend observed in the cell proliferation assay, possibly due to the replicative capacity of the virus, and the
increased population of cells, which were not subjected to care of medium exchange or passages by trypsin

action in the observed period(3,
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FIGURE 2: Quantitative analysis by Real-time PCR (qRT-PCR) assay to determine HCV RNA viral load in supernatant
SGR-JFH1 cells after incubation for 3 h, 1, 3, 5, 7, and 10 days.
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Viral RNA shows a significant difference from day 5 of incubation compared to day 1 and compared to the
cell culture bottle supernatant before plating. The increase in viral load occurs steadily and progressively,
until approximately day 7 of incubation when the difference becomes pronounced. For this reason, for the

subsequent experiments, the maximum analysis period was kept at 7 days of incubation.
Quantification of viral RNA

In this study, RT-PCR assay for quantitation of Hepatitis C virus RNA exposed to NBCs (CL, PP and (CL/PP
20 :1) was performed. It is possible to observe in FIGURE 3a that at 1 day of incubation, the treatment with
CL/PP among the of 5, 10 and 20 ymol L' concentrations had inhibition of intracellular viral synthesis, with
a viral load index result (mean + standard deviation) of 0.51 + 0.08 to VC, while for PP it was 0.58 + 0.005,
but only at 100 umol L'. The other treatments showed no inhibitory effects in the intracellular environment.
In the supernatant, however, except for PP at 100 umol L, the treatments showed significant performance,
with approximately 0.65 + 0.09 overall average. Only PP at 5 ymol L-' showed a clear difference from several

other treatments, due to the relative viral load over twice the control (FIGURE 3b).

In FIGURE 3c, after 3 days of incubation PP and CL/PP at 5 ymol L-' showed around 0.27 + 0.16 on average
viral load compared to VC in the intracellular environment. At the same time, PP and CL/PP (except PP at
5 umol L") exhibited inhibitory effects at different concentrations, averaging 0.71 + 0.12, between each other,
of viral particles released in the supernatant (FIGURE 3d). Thus, in this period, despite having high viral

synthesis, these treatments influenced the inhibition of virus release into the extracellular medium.

Regarding the 7 day incubation, the results were very expressive, with inhibition observed in all treatments,
both of viral synthesis and release into the supernatant (FIGURE 3f). The significant differences were indicated
directly in FIGURE 2e and 2f, the result observed by the treatment with PP at 100 ymol L', with 0.71 + 0.22
viral load index in the intracellular medium (FIGURE 3e), to other treatments that had notable inhibitory effects,

PP 10 ymol L' in intracellular medium, and 10 and 20 pymol L' in the supernatant, below 0.15.

Except therefore for this result at a higher concentration of PP (100 umol L"), the other treatments of the
intracellular medium at 7 days of incubation together exhibited a mean viral load index of 0.32 £ 0.19
(FIGURA 3e), while in the supernatant this mean was 0.22 + 0.10 (FIGURA 3f). Thus, one can see the
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important inhibitory effect that CL, PP, and CL/PP NBCs exerted on HCV viral lipoparticle synthesis and
release after longer periods of treatment, with great complementary therapeutic potential, which can be

further thoroughly investigated, especially in conjunction with already established therapies.

FIGURE 3: Real-time PCR assay for HCV RNA quantification, with result in viral load index from the ratio treatment per
vehicle control (VC), performed in SGR-JFH1 cells after treatment with curcumin (CL), piperine (PP), and curcumin
combinated with piperine (CL/PP 20 :1). (a) and (b); (c) and (d); (e) and (f): incubation periods of 1, 3, and 7 days,
respectively. The viral load scale was maintained between graphs of results in intracellular environment and supernatant
to facilitate comparison.
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The antiviral effects of CL constitute a relevant bias of study. Kim and co-workers24 tested CL activity in a
concentration range of 5 to 15 umol L' in Huh-7 cells expressing a subgenomic HCV replicon and observed
a reduction in luciferase activity of the labeled replicon to approximately 40% relative to control. In another
work, a 50% reduction of HCV RNA was observed after treatment with CL at a concentration of 20 umol L™

in Huh-7.5 cells expressing the subgenomic replicon 1b, tagged with luciferasel22,

Also using CL concentrations from 5 to 20 ymol L' in the treatment of Huh-7.5 cells expressing different

luciferase-labeled HCV genotypes, inhibition of virus entry into the cell, performed by transfection or
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electroporation, was demonstrated, however no inhibitory effect was observed in the replication, assembly

or release stepst2,

The results obtained in this work are significant, especially considering the observed trend up to 10 days of
continuous viral load increase in the qRT-PCR assay without treatments. Evaluating the full duration of the
assay, it can be seen that the performance of PP and CL/PP was superior to that of CL alone. Therefore,
this observation may be related to the increased bioavailability of CL by the concomitant use of PP, whose
results alone were also equally promising and unpublished, considering that so far, no studies analyzing the

antiviral effect of PP on HCV have been found in the literature.

The relationship between the bioavailability of CL and its performance has been described by several
authorst'214l This effect is due to the low solubility in water and is mainly observed in oral administration,

considering the complete route of metabolism and absorption of CL[22:36],
MTTP activity

The active enzyme triglyceride transfer protein (MTTP), present in the cell lysate, transfers the neutral
fluorophore-labeled lipid substrate from a donor to an acceptor molecule, with photon emission detected as
an increase in fluorescence intensity Microsomal triglyceride transfer protein (MTTP) have been attributed
to impact lipoprotein as well as lipid secretion and predispose individuals with and without HCV infection to
hepatocyte triglyceride accumulation, causing the hepatic steatosist’33, The important role of MTTP in the
pathogenesis of fatty liver in hepatitis C has been highlighted. The minor MTTP polymorphism variant
rs1800803 was associated with increased steatosis among patients with genotype 34941, MTTP rs1800591

variant combined with HCV genotype 3 robustly increased the chance of hepatic steatosis29,

The results obtained in the MTTP activity assay are shown in FIGURE 4. It is possible to observe that, at 1
day of incubation (FIGURA 4a), there was a significant difference (p < 0.05) only between the treatment at
10 ymol L' with PP in Huh-7.5 cells and the treatment with the same compound at 20 ymol L' in SGR-
JFH1, with stimulated activity in the latter relative to the control. This indicates that, at equal concentrations,
the treatments do not significantly alter the enzymatic action, and that the presence of the virus does not

cause a significant increase in MTTP activity either.

FIGURE 4: Analysis of MTTP activity in cell lysate of Huh-7.5 and SGR-JFH1 cell lines exposed to curcumin (CL), piperine
(PP), and curcumin combinated with piperine (CL/PP 20 :1) with result in relative MTTP activity index, calculated from the
fluorescence intensity of each treatment (FIU) to VC (DMSO 0.1%). A: and B: incubation for 1 and 7 days, respectively *p
<0,05.
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In general, it is possible to see that in Huh-7.5 cells, in 1 day of incubation (FIGURE 4a), the enzyme
presented activity index (mean + standard deviation) reduced by the action of CL, PP, and CL/PP in 10 ymol
L' with mean activity of 0.74 + 0.12; 0.66 + 0.22 and 0.72 + 0.07, respectively. In this same period, to a
lesser extent, there was also inhibition in the treatments at 20 yumol L' (0.92 + 0.10) and, in SGR-JFH1, the
treatments at 10 ymol L' (0.88 + 0.05), along with CL at 20 ymol L' (0.79 + 0.13). After 7 days of incubation
(FIGURE 4b), inhibition of enzyme activity was observed only in Huh-7.5 cells, for the treatments at 10 umol
L (0.84 £ 0.04).

In the 7-day incubation period, a trend towards stimulation of MTTP enzyme activity is perceived in the
treatments at 20 umol L' in Huh-7.5 cells (FIGURE 4b). The overall mean of the results of the treatments
with MTTP activity index/control greater than 1 was 1.16 + 0.06. Consequently, it can be inferred that CL,

PP, and CL/PP treatments may facilitate stimulation of MTTP enzyme action under certain conditions.

In regards to the HCV-infected cell, the MTTP activity continues to increase after the treatments, considering
that the enzyme is fundamental for the secretion of new viral lipoparticles, and, in this case, the NBCs studied
do not exert an immediate inhibitory effect. Therefore, it is possible to infer that the viral load reduction
observed previously is not directly related to MTTP activity. MTTPR46¢ iPSC-derived hepatocytes exhibit,
excess intracellular lipid storage, apoB secretion absence, decreased hepatic lipid secretion, and excess
intracellular lipid storage, presumably due to loss of MTTP lipid transfer activity®d., MTTP activity in
transfected COS cell plasmids was significantly reduced by the R634C mutation (49.1 nmol/ml vs. 185.8
nmol/ml for mutated and nonmutated MTTP, respectively; P = 0.0012). The difference in activity was not
due to lower levels of MRNA in the transfected cells but was rather the result of either lower enzyme activity

or reduced protein level3l,

The reduction of the enzymatic activity on the hepatocytes, however, may be of interest in the treatment of
dyslipidemias, such as in cases of familial hypercholesterolemia, and could be evaluated for performance in
simultaneous employment with other MTTP-inhibiting drugs, such as lomitapide®4, or strategies that include

the use of statins, which are HMG-CoAR inhibitors and therefore reduce cholesterol synthesis546],
Apoptosis analysis

The annexin V and propidium iodide (PI) protocol is often used to determine apoptosis, necrosis, or cell
viability from the characteristics of plasma membrane integrity and permeability. During the process of
apoptosis, one of the first events is the exteriorization of membrane phosphatidylserine, and annexin V
shows high affinity for this molecule, allowing the identification of apoptosis at early stages. In necrotic cells,
annexin V accesses the entire plasma membrane, because in these cells the membrane is ruptured. PI, in
turn, is a nuclear fluorescent dye, which binds to DNA in dead cells or late stages of apoptosis; thus, Pl is
an exclusionary indicator of cell viability, also used to determine plasma membrane integrity, because in

viable cells or early stages of apoptosis, the cell membrane is not permeable to PI21.47],

FIGURE 5 shows the trend toward inhibition of apoptosis by treatments with NBCs, calculated relative to the
vehicle control, with mean + standard deviation. CL in Huh-7.5 cells mean result was 0.74 £ 0.15 for the
concentrations tested. In SGR-JFH1 cells, the trend post-treatment with NBCs was towards apoptosis
induction, averaging 1.57 £ 0.50 at levels similar to the death induction control, H202 (1.81 + 0.17), except

for CL/PP at 10 umol L', which showed similar activity to VC. However, there was no statistically significant
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difference between the groups. This result demonstrates that, in the observed period, the treatments did not

exert a significant influence on apoptosis in both cell lines.

FIGURE 5: Analysis of the apoptosis index in Huh-7.5 and SGR-JFH1 cells after treatment with curcumin (CL), piperine
(PP), and curcumin combinated with piperine (CL/PP 20 :1) in different concentrations (10 umol L™" and 20 ymol L) .
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The antitumor activity of CL has been previously described, related to the ability to induce apoptosis in
different cell lines, including human leukemia HL-60 cells, human hepatocarcinoma stem cells, and some
specific splenocyte subtypes 2048491 This activity is related to interference with various molecular targets,
such as in the NF-kB and STAT3 signaling cascade2Y. Shiu and colleagues®® demonstrated the ability of
CL to induce apoptosis and inhibit cell viability in Huh-7 cells, proportional to the dose administered. In this
same study, they found that in cells expressing HCV, the viral capsid protein can inhibit the effect of CL on
apoptosis induction. Also, the CL showed the viability of preadipocytes was significantly decreased by
treatment with 30 M curcumin, a concentration that caused apoptosis in preadipocytes, and inhibited

adipocyte differentiation, leading to suppression of adipogenesis®l.

PP, in turn, was tested in human cervical cancer HeLa (Henrietta Lacks) cells and mitomycin-C-resistant
cells (HeLa/MMC) and showed a significant apoptosis-stimulating effect in both strains2. Another study
reported that piperine could induce p53-mediated cell cycle arrest and apoptosis via activation of caspase-
3 and caspase-9 cascades as well as increasing the Bax/Bcl-2 ratio of lung cancer A549 cellsi®3l. Piperine
induced apoptosis in Hep G2 cells resulting in 38% of Annexin V-FITC stained early apoptotic cells and 24%
Pl stained late apoptotic cells on 48 h of treatment. The essential markers levels of apoptosis such as

cleaved caspase 3 and 9 were also remarkably increased in piperine treated cells®4],

Changes in concentrations or incubation time may have exacerbated the effect observed in this
experiment, accentuating the trend shown of apoptosis induction in SGR-JFH1 cells. These
concentrations were chosen based on the inhibitory effect on viral load. The induction of apoptosis in
these cells would be remarkable, considering that the viral machinery uses the cell for its replication and
release with subsequent infection of surrounding cells and consequent return to the bloodstream. Even

more advantageous would be that this apoptosis-inducing effect in uninfected cells does not replicate,
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and this tendency was also observed in Huh-7.5 cells, thus restricting itself to the presence of HCV.
Therefore, the use of CL, PP, and the combination CL/PP present a potential to be further explored

regarding the effect of inducing apoptosis of HCV-infected cells.
Determination of protein expression levels by western blotting

The concentrations tested for the treatments with the NBCs followed the inhibitory concentration values of
10 and 20% for Huh-7.5 and SGR-JFH1 cells, considering that the purpose of the study was to determinethe
effect of the treatments, without cytotoxic effects. FIGURE 5 shows the images captured by scanning the
western blotting membranes, after the chemiluminescent reaction, for the proteins of interest. Some proteins

did not show detectable levels by this technique.

FIGURE 6: Effect of CL, PP, and CL/PP on cell signaling protein biomarkers based on the inhibitory concentration 1C20
and IC10. The Huh-7.5 and SGR-JFH1 cells were subjected to NBCs up to 24 hours when the samples were collected
to allow protein analysis by western blotting. VC: Vehicle control; IC20: Treatment in 1C20 inhibitory concentration and
IC10: Treatment in IC10 inhibitory concentration. Cl = curcumin, PP = piperine, CL/PP = curcumin + piperine.
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From the obtained results, the CL treatment at IC20 caused a slight increase of AMPK-a phosphorylation
pathway in SGR-JFH1 cells compared to cells without the virus (FIGURE 6). At the same time, Akt1
phosphorylation, the Bax/Bcl-2 ratio, and the rate of cleaved Caspase-3 were inhibited by the action of this
concentration of CL. The phosphorylation of FoxO-3A was slight detected in vehicle control of Huh 7.5 cells.
In HCV infection and hepatic steatosis, FoxO-3a is altered, and its expression is believed to be
downregulated in some hepatocellular carcinomas. One effect of HCV concerning FoxO-3a is the regulation
of the innate immunity signaling pathway, and increased activity levels in cases of malnutrition associated

with HCV infection, contributing to insulin resistance and infection persistencel®:581,

As mentioned, CL treatment in Huh 7.5 cells caused an slight detection phosphorylation rate of FoxO-3a in
VC sample (FIGURE 6). It should be noted, however, that increased nuclear levels may signify increased
transcriptional activity, with stimulation of autophagy and gluconeogenesis. In this work, however, the

localization of the protein was not determined, which would be interesting to investigate in the future.

In IC10 treatment, only cleaved Caspase-3 was markedly expressed, and the other pathways were inhibited.
Finally, phosphorylation of SREBP was detected only in the VC samples, suggesting its inhibition upon CL
treatment (FIGURE 6).
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AMPK functions as an energy sensor in cells, activated in response to a decrease in energy availability,
indicated by the ATP/ADP or ADP/AMP ratio, which promotes a change in metabolism to increase catabolism
and reduce anabolism by phosphorylating key proteins in several pathways, such as the lipid homeostasis
pathway, the glycolytic pathway, and mitochondrial homeostasis (FIGURE 7). AMPK also regulates the
activation of certain genes related to metabolism, autophagy, and lysosomal function, such as the stimulation

of FoxO-3 transcription under energy stress, which results in the activation of autophagy genest®4.

FIGURE 7: The NBCs (CL, PP, and CL/PP) effects in different cell signaling pathways, with responses that may vary
according to the concentration employed. Stimulation/inhibition of a specific protein can trigger changes in other pathways;
however, in some cases, it is not possible to determine the direct relationship of the treatments' activities in different
pathways.
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6
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In HCV-infected cells, AMPK phosphorylation is inhibited, while Akt phosphorylation is stimulated[8],
Thus, although subtle, stimulation of AMPK phosphorylation in infected cells may be a useful effect in the
treatment of the disease. AMPK activation suppresses lipogenesis and leads to the inactivation of
SREBPs in rat hepatocytes!®,

As for caspase-3, stimulated in CL treatment with IC10, common to intrinsic and extrinsic pathways, and
considering that the Bax/Bcl-2 ratio is considerably decreased, it can be inferred that, in this case, apoptosis
is being initiated by the extrinsic pathway, through cell receptors, possibly due to treatment influence. In
patients with chronic hepatitis C responsive to antiviral treatment, an increase in caspase activity and

synthesis of pro-apoptotic proteins was observed, directly correlated to virus elimination(®,

Apoptosis is present in physiological and pathological processes, and acts in the regulation of homeostasis
in response to various stimuli, reducing the number of cells, and leading to tissue remodeling through cell
proliferation. The degree of remodeling varies according to the relationship between apoptosis and

proliferation. Bcl-2 is an anti-apoptosis protein that inhibits cell death without affecting proliferation. Thus,
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Bcl-2 expression is associated with a favorable prognosis in several malignant tumors. The pro-apoptotic
protein Bax is part of the Bcl-2 family, and it is the Bax/Bcl-2 ratio that determines the susceptibility of cells
to apoptosis. The main effector enzyme of this process is caspase-3, and its activation can occur by 3
pathways: the intrinsic ones, being the mitochondrial, related to Bax and Bcl-2; or that of the endoplasmic
reticulum, or by the extrinsic pathway, through death receptors (FAS, FAS-L)€62l. Expression of the viral
capsid and E1/E2 proteins, as well as continuous HCV genomic RNA replication, initiate apoptosis. The
capsid protein induces the activation of caspases-8 and -9 (initiators), with subsequent activation of caspase-

3 (effector), which triggers DNA fragmentation and cell death®3l.

PP treatment in HCV cells showed stimulated phosphorylation of FoxO-3a, as well as of the Bax/Bcl-2 in
both tested NBC concentrations, while the other proteins Akt1, AMPK-a and Caspase-3, showed inhibited
or undetectable post-treatment, relative to uninfected cells (FIGURE 5). In a study with human ovarian
adenocarcinoma cells (SK-OV-3), the use of paclitaxel combined with piperine resulted in increased Bax
and Caspase-3, with decreased Bcl-2. It has been suggested that this effect, of inducing apoptosis by the
intrinsic pathway, is related to antiproliferative activity, induction of cell cycle arrest, and programmed cell
death, in various tumor cell lines®. In contrast, in CL/PP treatment several proteins were not detected by
this technique (FIGURE 6). In any case, the phosphorylation of Akt1 and the Bax/Bcl-2 ratio were shown to

be intensified in cells with the virus, while cleaved Caspase-3 was inhibited (FIGURE 6).

As for its function, the Akt protein has more than 100 substrates with diverse downstream regulatory effects,
which belong to the different functional classes, such as transcription factors, lipid and protein kinases,
metabolic enzymes, cell cycle regulators, and others®. The interaction between viral and cellular proteins,
with consequent activation of the PI3K/Akt pathway, facilitates viral entry and replication, in HCV
infection88871, |n addition, Akt is a proto-oncogene activated in various types of cancer, which acts as an
anti-apoptotic factor upon various stimuli, such as radiation, hypoxia, and chemotherapy!®l. Therefore, it is
difficult to determine whether CL/PP treatment could show beneficial or detrimental effects in HCV treatment,

considering the two activated pathways, which act divergently in the regulation of apoptosis.

Conclusion

This study examined the mechanisms by which the NBCs curcumin, piperine, and its association acts on
HCV infection to different biological effects. Longer period of NBCs exposure resulted in a more pronounced
reduction on HCV viral RNA replication. There was a tendency to induce apoptosis after NBCS treatment in
infected cells, suggesting a pro-apoptotic effect of NBCs. NBCs effects on proliferation and lipid metabolism
pathways were observed, and the treatments showed different responses, demonstrating distinct ability to
interact on metabolic and cell signaling pathways. This may lead to new therapies for the control of infective
and inflammatory diseases, such as hepatitis C, which must be evaluated according to the specific
application desired, either in the viral replication cycle or in the consequences of the persistence and

chronicity of the disease, with the possibility of improvement of current therapeutic schemes.
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