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Synergy analysis of
cyanidin-3-O-glucoside and
catechin: absorption, transport
and lipid metabolism effects

Hangyu Liu!, Tienan Xiang? Qianxi Zang'®, Meihong Liu'**,
Yuying Wang'?, Wandi Yin'® and Jingsheng Liu'?

!College of Food Science and Engineering, Jilin Agricultural University, Changchun, Jilin, China,
2College of Grain, Oil and Food, Jilin Engineering Vocational College, Siping, Jilin, China, *National
Engineering Research Center for Wheat and Corn Deep Processing, Changchun, Jilin, China

Hyperlipidemia represents a global metabolic epidemic with increasing prevalence,
profoundly associated with the etiology of cardiovascular and cerebrovascular
diseases. This study investigates the therapeutic potential of two widely distributed
bioactive polyphenols, Cyanidin-3-O-glucoside (C3G), catechin, and their synergistic
combinatorial formation (C3G-catechin) in modulating hyperlipidemia, using
complementary in vitro models (Caco-2 monolayer and Caco-2/HepG2 co-culture
systems) to simulate intestinal absorption dynamics and lipid metabolic regulation.
Our results reveal that the intestinal absorption efficiency follows the order of
catechin > C3G-catechin > C3G, primarily mediated through passive diffusion.
Furthermore, these polyphenols exhibited significant hypolipidemic effects by
downregulating the transcriptional and translational levels of lipid metabolism-
related genes, such as SREBP-1, PPARy, and FAS. This downregulation led to a
reduction in key metabolites, including total cholesterol, triglycerides, and LDL-C.
Notably, the C3G-catechin combination demonstrated superior regulatory efficacy
compared to the individual compounds, suggesting synergistic bioactivity. This study
provides mechanistic insights into the enteric transport dynamics and metabolic
modulation of dietary polyphenols, highlighting their therapeutic potential to
reduce harmful cholesterol level. These findings propose new perspectives for
developing nutritional health foods aimed at preventing and treating hyperlipidemia.

KEYWORDS

polyphenols, cyanidin-3-O-glucoside, catechin, cholesterol, lipid metabolism,
hyperlipidemia

1 Introduction

Hyperlipidemia is a prevalent metabolic disorder characterized by elevated levels of
cholesterol and triglycerides, leading to lipid deposition in arterial walls. This condition can
result in atherosclerosis and elevate the risk of cardiovascular disease. The increasing incidence
of hyperlipidemia is largely attributed to the global rise in obesity, driven by modern lifestyle
changes and unhealthy dietary habits. Traditionally, management of hyperlipidemia involves
pharmaceutical interventions and lifestyle alterations, such as dietary control and physical
activity. However, some medications may have side effects and tolerance issues that warrant
careful consideration.

Polyphenols are a large group of natural antioxidants abundant in plant-based foods and
commonly consumed in the daily diet, contributing to protecting against cancer and
cardiovascular diseases. Cyanidin-3-O-glucoside (C3G) and catechin are natural bioactive
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polyphenols associated with the management of hyperlipidemia (1).
C3G is reported to reduce LDL-C and increase HDL-C levels, thus
improving vascular and lipid metabolism (2-5). Catechin, on the
other hand, enhances LDL receptor activity to lower cholesterol
absorption and decrease liver cholesterol levels, reducing intra-organ
lipid and glucose concentrations (6-8). Understanding the metabolic
pathways of these polyphenols in intestinal cells can further inform
their application in hyperlipidemia management.

Polyphenol transport significantly affects their bioactivity. The
way polyphenols are absorbed, and distributed in the body determines
their effectiveness in exerting their beneficial effects. Previous report
has shown the absorption and transport mechanisms of polyphenols
like C3G and catechin in the small intestine using the Caco-2 intestinal
epithelial cell model (9, 10). This model simulates intestinal absorption
processes, analyzes metabolites related to lipid metabolism, and
evaluates polyphenol absorption (11). The Caco-2/HepG2 co-culture
model provides insight into the development of a dual-layer co-culture
cells and evaluating the efficacy of the transport and activity of these
compounds in reducing lipid levels. This approach helps to explore the
transport mechanism and the effect of compounds on regulating lipid
metabolism. Despite existing research (12), knowledge gaps remain
regarding the absorption and transport of polyphenols from grains
and legumes, especially black rice and red beans, necessitating
further investigation.

This study aims to evaluate the impact of C3G, catechin, and their
combination from black rice and red beans on triglycerides (TG) and
total cholesterol (TC) levels, as well as HDL-C, LDL-C, and the
expression of lipid metabolism-related genes. The Caco-2 cell
monolayer model and the Caco-2/HepG2 co-culture in-vitro model
were performed to elucidate their transport types and potential
benefits in hyperlipidemia management.

2 Materials and methods

2.1 Chemicals

Oleic acid (> 80% purity, Art. No. 01000) and Fluorescein (>
80% purity, Art. No. F6377) were supplied by Aladdin (Shanghai,
China). Sodium chloride (Art. No. S9888) was obtained from
Beijing Chemical Works. Phosphate-buffered saline (PBS; 1x, Art.
No. 10010023) was purchased from Thermo Scientific (Waltham,
MA, United States). Fetal bovine serum (FBS, Art. No. 04-001-
1ACS) was sourced from BI (Israel), and Dulbeccos modified
Eagle’s medium (DMEM; containing 4.5 g/L D-glucose and
1.5 mM L-glutamine, Art. No. 11995-065) was provided by Gibco
(Carlsbad, CA, United States). Antibiotic-Antimycotic (Art. No.
15240062) and 0.25% Trypsin—-EDTA (Art. No. 25200056) were
acquired from Thermo Scientific. Dimethyl sulfoxide (DMSO, >
99.5% purity, HPLC, Art. No. D2650) and Hanks Balanced Salt
Solution (HBSS, Art. No. H6648) were purchased from Sigma-
Aldrich (St. Louis, MO, United States). PMSF (Cat No. 36978) were
purchased from Thermo Scientific. The triglyceride (TG) assay kit
(Art. No. E1003) was supplied by Zhejiang Dongou Diagnostics
Co., Ltd., and the low-density lipoprotein cholesterol (LDL-C) assay
kit (Art. No. E1015) was provided by Nanjing Jiancheng
Bioengineering Institute. Reverse transcription reagents, qPCR
fluorescent dyes, and BCA protein assay Kkits were acquired from
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Sigma-Aldrich, Solarbio, and Bioengineering Co., Ltd,
United States. Primers for PPARy, Fabp4, Plinl, Srebp1-c, and Fasn
were supplied by Jilin Cool Me Biotech Co., Ltd. The following
antibodies were used in Western blot: SREBP1 (ABclonal; Cat:
A15586; Dilution: 1:1000), FASN (ABclonal; Cat: A19050; Dilution:
1:1000), PPARy (ABclonal; Cat: A19676; Dilution: 1:2000), FABP4
(ABclonal; Cat: A25792; Dilution: 1:3000), PLIN1 (ABclonal; Cat:
A16295; Dilution: 1:3000), and fS-Actin (ABclonal; Cat: AC038;
Dilution: 1:10000).

2.2 Cell culture and MTT assay

Cell culture: HepG2 and Caco-2 cells were cultured in a DMEM
medium supplemented with 10% fetal bovine serum, 50 U/mL
penicillin, and 50 pg/mL streptomycin at 37°C in a humidified
condition of 5% CO, incubator (BB16UV, Heraeus, Germany).

MTT assay: Caco-2 cells (5 x 10* cells/well) and HepG2 cells
(6 x 10* cells/well) were cultured in 96-well plates for 24 h. Cells were
treated with different concentrations (7.5 to 100 mM) of C3G,
catechin, and C3G-catechin for 24 h. Subsequently, the supernatant
was removed and 200 pL of MTT solution (0.1 mg/mL) was added to
each well to incubate for an additional 4 h (200 pL for Caco-2 cells,
100 pL for HepG2 cells, both at a concentration of 0.1 mg/mL).
Finally, formazan crystals were completely dissolved in DMSO in a
shaker for 10 min and the absorbance was measured at a wavelength
of 490 nm using a microplate absorbance reader (FLUOstar Omera,
BMG Labtech, Germany). Cell viability was determined using the
following equation:

Cell viability (%) = (OD sample/OD control) x 100, where OD is
the optical density. The absorbance values for drug fractions (C3G,
catechin, and C3G-catechin) were compared to those of untreated
culture (control). Each treatment was set up in triplicate.

2.3 Cell model construction and metabolite
determination assay

2.3.1 Cell monolayer and transport studies

The cells were seeded at a density of approximately 10° cells/cm?*
on TranswellTM filter (Corning Inc., Lowell, MA) and cultured for 21
d before use. Cell monolayer integrity was controlled by the
measurement of trans-epithelial electrical resistance (TEER) with an
EVOM epithelial voltammeter equipped with an electrode (World
Precision Instruments, Sarasota, FL, United States). Cell monolayers
(Caco-2 and HepG2 cells) with TEER values greater than 500 £2-cm*
were used in transport assays.

Transport assay: The monolayers were pre-incubated at 37°C for
30-40 min with 5% CO, in a pre-warmed media, which contained
Hanks Balanced Salt solution (HBSS, BioWhittaker), HEPES buffer
and D-glucose. For the transport of apical (AP) side to basolateral
(BL) side, the media was removed after pre-incubation and 0.5 mL of
polyphenols was added to the AP side. 1.5 mL of HBSS were added to
the BL side. Then 200 pL of samples were taken from the BL side at 30,
60, 90, 120 and 150 min, respectively. The BA sample volumes
removed were therewith replenished with same volumes of the HBSS
solution. For the transport of BL to AP, polyphenols were added to BL
and samples were taken from AP at a series of time points as above
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mentioned. The TEER was measured from the beginning to the end
of the assay.

2.3.2 Caco-2/HepG2 co-culture model

Caco-2 and HepG2 cells were cultured separately at 37°C with 5%
CO, in DMEM medium containing 10% fetal bovine serum, 50 U/mL
penicillin, and 50 pg/mL streptomycin. Caco-2 cells were cultured in
96-well plates for 24 h and harvested with trypsin-EDTA to seed to
the AP side (1 x 10° cells/mL, 500 pL) in monolayers. 1,500 puL of
Minimum Essential Medium (MEM) was simultaneously added to the
BL compartment. HepG2 cells were seeded to the BL compartment at
the day 15. The total culture period was 18 d.

2.3.3 Metabolite determination

For high fat HepG2 model: HepG2 cells were cultured for 24 h
and 1 mM oleic acid in DMEM with 10% FBS was added to culture
for another 24 h at 37°C (13). Afterwards, cells were harvested and
lysed. The supernatant of the lysate was collected to evaluate the
change in TG and LDL-C. DMEM with 10% FBS was as control.

For the lipid content assay: The cells were treated with 1 mM oleic
acid (OA). After co-incubation for 24 h with final concentrations of
6.25,25,and 50 pM of polyphenols (C3G, catechin, and C3G-catechin)
respectively, cells were stained with Oil Red O for 20 min and washed
three times with PBS buffer. The absorbance value was recorded at
530 nm using a microplate absorbance reader. Isopropanol solvent
was used as a control (14).

For TG and TC assay: The cells were cultured for 24 h as described
above, the model group was treated with 50 pM of C3G, catechin, and
C3G-catechin, respectively, for 24 h. The medium was removed and
the cells were washed twice with PBS. The levels of triglycerides (TG)
and total cholesterol (TC) in the cells were determined according to
the instructions of test Kits.

2.4 Absorbtion-model of C3G, catechin,
and C3G-catechin in the Caco-2 cell

Caco-2 cells (1x10° cells/well) were cultured in 96-well plates for
24 h until differentiation, with a TEER value exceeding 400 £2-cm®.
Bidirectional transport experiments from AP to BL or from BL to AP
were performed as mentioned in the transport assay. The apparent
permeability coefficients, cumulative release and initial concentrations
and efflux rates were determined. In brief, the total transport time was
set to 150 min. For AP to BL transport, 0.5 mL of polyphenols were
added to AP with 1.5 mL of HBSS to the BL side. 200 pL of samples
were collected from BL at different time points (30, 60, 90, 120, and
150 min). For BL to AP transport, polyphenols were added to BL and
samples were collected from AP as the mentioned above. The
absorption rate of anthocyanins (C3G, catechin or C3G-catechin)
from AP to BL was calculated using Equation a as shown:

CpL X VBL »

R(%)= 100 (a)

CapxVap

In this, R represents the absorption rate (as a percentage); CBL is
the anthocyanin concentration of the BL side (in pM); VBL is the
volume of anthocyanins from the BL (in L); CAP is the initial
anthocyanin concentration of the AP side (in pM), and VAP is the
volume of anthocyanins in the AP chamber (in L). The absorption rate
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of anthocyanins from BL to AP is calculated using the following

Equation b:

R(%):MXIOO (b)
CpL x VL

In this, R represents the absorption rate (as a percentage); CAP is
the anthocyanin concentration from the AP side (in pM); VAP is the
volume of anthocyanins in the AP chamber (in mL); CBL is the initial
concentration from the BL side (in pM) and VBL is the volume of
anthocyanins in the BL chamber (in L).

2.5 Detection of lipid metabolism, gene
expression levels and relative proteins

2.5.1 Evaluation of lipid-lowering function of
metabolites based on the Caco-2/HepG2
co-culture model

The co-culture cells were collected by the previous method from
the above mentioned, and the cells were lysed on ice for 30 min using
IP cell lysis buffer (20 mM Tris pH 7.5, 200 mM NaCl, 10% glycerol,
02mM DTT, 0.l mM EDTA, 1 mM protease inhibitor). The
contents of TG, T-CHO, LDL-C, HDL-C, AST, and ALT from HepG2
were measured following the test kit instructions. Intracellular
protein content was measured to calibrate the levels of relevant
BCA Protein Quantitation Kit

metabolites using the

(Beyotime Biotechnology).

2.5.2 mRNA level detection

Total HepG2 cell RNA was extracted using Trizol reagent (Dalian
Baosheng Biological Engineering Co., Ltd.) according to the
manufacturer’s instructions, and the concentration was measured by
spectrophotometry. RNA reverse transcription was completed by a
reverse transcription instrument (Mastercycler gradient, Eppendorf,
Germany). Then, the measurements were conducted using a
fluorescent quantitative PCR instrument (Agilent Stratagene Mx300P,
Agilent, United States), by thermal cycling program steps: 95°C for
30 s denaturation; 40 cycles: 95°C for 10 s denaturation, 60°C for 30 s
annealing, 72°C for 30 s extension. f-actin was used as a control for
normalizing gene expression. The results were represented as fold-
change calculations (2"4*“) manually. Primers with sequences were
listed in Supplementary Table ST (15).

2.5.3 Western blot analysis

Cells from the co-culture model were lysed and supernatants were
collected. The protein concentrations were determined using the BCA
Protein Quantitation Kit. Then electrophoresis of samples was
conducted using a SDS-PAGE kit (Beyotime Biotechnology) following
the manufacturer’s instructions and transferred to poly-vinylidene
difluoride (PVDF) membrane. Next, membranes were incubated in
5% nonfat milk to block non-specific antibody binding for 30 min at
room temperature and followed by incubating with primary
antibodies and secondary antibodies. Chemiluminescence based-
images of the blots were acquired using ImageQuant LAS 500 system
(GE, United States). Protein bands were quantified using Image]
(version 1.53a) software. The changes in expression levels of these
proteins detected finally are used to evaluate the sample’s effect on
lipid metabolism.
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2.6 Data analysis

Data analysis was performed using SPSS 20.0 software. All results
are presented as the mean + standard deviation (SD). Statistical
significance of differences between groups was determined using
one-way analysis of variance (ANOVA) with Tukey’s post-hoc test.
Significance levels were set at *p < 0.05, *p < 0.01, **p < 0.001, and
B0t < 0.0001.

3 Results
3.1 Cell viability

C3G and catechin are widely found in plants and fruits and have
been shown to act on various diseases, including dyslipidemia and
hyperlipidemia (1). Previously we characterized how C3G and
catechin inhibit pancreatic lipase, an enzyme essential for fat digestion
and absorption (16). However, their roles in absorption and transport
remain within the body remain insufficiently understood. To explore
this, we employed in vitro Caco-2 and HepG2 cell model to simulate
polyphenol transport and uptake, aiming to uncover their underlying
mechanisms affecting human digestive and liver metabolism. In
monitoring the transepithelial electrical resistance values in Caco-2
cells, we initially observed low resistance (~150 £2-cm?) attributed to
reduced cellular activity post-trypsin digestion. Notably, there was a
marked increase as the cells rapidly proliferated and differentiated into
intestinal epithelial cells over 3 days. Over the span of 12 days,
resistance values progressively rose to a peak 600 Q-cm?, after which
they stabilized for 6 days. This stability indicates full cellular
differentiation, characterized by enhanced epithelial integrity and
reduced cell proliferation.

Given the reported potential toxicity of certain polyphenols,
we investigated the cytotoxicity of C3G and catechin in Caco-2 cells
by measuring cell viability across a concentration range (0, 6.25, 12.5,
25, 50 and 100 pM, respectively), as depicted in Figure 1A. No
significant changes in cell vitality were observed at concentrations

10.3389/fnut.2025.1637637

below 50 uM. However, viability was reduced to 80% at 100 pM
compared to the control (0 uM), indicating notable cytotoxicity.
Consequently, 50 pM was selected for further small intestinal
transport studies in Caco-2 cells. Parallel assays were performed in
HepG2 cells to optimize the concentration (Figure 1B). HepG2 cells
demonstrated comparable cytotoxicity at 100 pM, with no significant
effects at 50 pM (1B). Accordingly, 50 pM was also chosen for the
transport studies in subsequent assays.

3.2 Transmembrane transport of
polyphenols in Caco-2 cell mode

To further evaluate the transport of three types of polyphenols in
Caco-2 cells, we measured their absorption rates and apparent
permeability coefficients (Papp). The Papp is often used to assess the
transport of chemical entities or active pharmaceutical ingredients
across biological barriers and indicates their bioavailability within the
body. As shown in Figure 2A, the absorption rates of catechin and
C3G-catechin combination significantly increased over time
(measured at 30, 60, 90, 120 and 150 min, respectively) at constant
concentrations on the BL side. In contrast, the absorption rate of C3G
remained relatively stable at 22.47% throughout the study. Catechin
exhibited the highest absorption rate, reaching 73.41% within
150 min, while C3G-catechin reached 30.19%. These differences in
absorption rates were attributed to the number of hydroxyls groups
present in the polyphenols, where a higher number of hydroxyl groups
corresponded to lower absorption rates. Indeed, upon analyzing the
hydroxyl content of the polyphenols, we found that C3G contains
eight hydroxyls, whereas catechin has five, which correlates with the
higher absorption rate observed for catechin. The trend of efflux rates
on the BL side mirrored that on the AP side. Specifically, the efflux
rates for C3G, catechin and C3G-catechin were 15.41, 68.71 and
26.84%, respectively (Figure 2B). Among those, catechin demonstrated
a distinct efflux rate compared to the other two polyphenols. These
data indicate that different polyphenols exhibit varying absorption
and efflux rates.

I C3G 0 Catechin 1 C3G-Catechin

120 T

100

Cell viability (%)

0.00 6.25 12.50 25.00 50.00 100.00

Concentration(pumol/L)

FIGURE 1

*p < 0.05; **p < 0.01. Data were obtained from Student's t test.
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The characteristics of polyphenols transport across Caco-2 cell and HepG2 cell monolayers. (A) The effect of different concentrations of polyphenols
on the activity of Caco-2 cells. (B) The effect of different concentrations of polyphenols on the activity of HepG2 cells. Values are means + SD.
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FIGURE 2

Bi-directional transport of polyphenols in Caco-2 cells. Transport absorptivity of polyphenols from the A to the B side (A) or from the B to the A side
(B). Caco-2 cell monolayers were incubated at 37°C in HBSS with polyphenols at five time points (30, 60, 90, 120 and 150 min). Different letters
indicate the significant differences in the same polyphenols at different time points (*p < 0.05).
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To study the membrane structure and efflux functionality of
Caco-2 cells, we used fluorescein, a permeability marker for
characterizing membrane transport in a transmembrane transport
assay as shown in Table 1. The Papp value for fluorescein in our
transport model, ranging from 0.48-0.58 x 10~° cm/s, was consistent
with the permeability grades of the Caco-2 model (17), further
indicating that the cells in the transport assay were in good condition
with intact membranes and functional efflux systems. Together, these
data support the transport model’s suitability for simulating the
metabolism of compound absorption and transport in vitro.

Subsequently, the relationship between Papp and permeability in
Caco-2 cells was assessed at varying time points (30, 60, 90, 120 and
150 min). As summarized in Table 1, the trend of Papp was consistent
with the previously observed absorption rate, decreasing with longer
incubation times. The polyphenols exhibited higher Papp values from
the AP side to the BL side, compared to the reverse direction (efflux
detected from the BL side to the AP side). The type of transport for
polyphenols in the small intestine was inferred from the efflux rate
(ER), which is the ratio of Papp (AP to BL) to Papp (BL to AP). An ER
less than 1, with no significant efflux, suggests that polyphenols can
be absorbed via the apical membrane transporter of Caco-2 cells and
may primarily function via passive diffusion. These results also
revealed that the Papp values for all polyphenols from AP to BL were
lower than those observed with fluorescein treatment, implying
reduced intestinal permeability and oral bioavailability (18).

To directly probe transporter involvement, we performed
bidirectional assays with two classical ATP-binding-cassette (ABC)
transporter inhibitors: verapamil (100 pM, a potent P-gp inhibitor,
abbreviated as ver) and probenecid (1 mM, an MRP inhibitor,
abbreviated as Prob). As summarized in Table 1 (VER and PROB
rows), inhibiting these transporters did not alter the absolute Papp
values and the corresponding ER values remained under 1 and were
not significantly different from the control groups (p > 0.05, n = 3). In
addition, the Papp value decreased with time. These data confirm that
C3G, catechin and C3G-catechin are not substrates of P-gp or MRP2,
suggesting passive diffusion as the dominant transport mechanism.

Consequently, our inhibitor study provides direct mechanistic
evidence that polyphenols such as C3G, catechin and C3G-catechin
are transported into the small intestine via passive diffusion in a time-
dependent manner.

Frontiers in Nutrition

3.3 Lipid droplets visualization by oil red O
staining and metabolite analysis in high-fat
HepG2 cells

To investigate the effects of C3G and catechin on intracellular lipid
accumulation and metabolism, we established a high-fat model using
HepG2 cells. As shown in Figure 3A, the control group exhibited some
lipid droplets accumulation, as identified by Oil Red staining (19). In
contrast, treatment with 1 mM OA led to a marked increase in lipid
droplets accumulation (Figure 3B). Interestingly, cell viability
remained unchanged at OA concentrations up to 1.5 mM (Figure 3F),
confirming that the model was not cytotoxic under these conditions.
When various polyphenols were applied to the cells, the OA-induced
accumulation of lipid droplets was reduced (Figures 3C-E,G).
Specifically, lipid absorption rates decreased by 22.35, 31.24 and
36.75% for C3G, catechin and the C3G-catechin combination,
respectively. These reductions suggest that the polyphenols inhibited
lipid droplets accumulation effectively. Given the known effects of the
polyphenols on lipid reduction, we investigated potential changes in
lipid metabolism. We measured TG and TC content in the high-fat
model, as these are key metabolites derived from free fatty acids in
various species. In our high-fat model, TG and TC levels increased by
22 and 12%, respectively, compared to the control group
(Figures 3H,I). Notably, polyphenol treatment significantly mitigated
these elevations (Figures 3H,I), the C3G-catechin group and C3G
alone reduced TC and TG contents by 10 and 21%, respectively, when
compared to the control, indicating a potent inhibitory effect on TG
accumulation in high-fat cells. These findings collectively suggest that
polyphenols reduced the accumulation and metabolism of fat acids.

3.4 Analysis of lipid metabolism-related
protein and gene expression levels

3.4.1 The impact of anthocyanins on lipid
metabolism and liver health

The accumulation of fat in HepG2 cells was reduced by
polyphenols, which are apparently transported passively through the
small intestine and absorbed by Caco-2 cells. To further investigate
their effects, we utilized a Caco-2/ HepG2 co-culture model that
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TABLE 1 The effect of different time and P-GP inhibitors on bidirectional drug transport in Caco-2 cell model.

10.3389/fnut.2025.1637637

Concentration/50 umol/L 90 min 120 min 150 min
Papp (AP — BL)/ Fluorescin 5.75+0.17 5.07 + 1.72 459 221 4.6+2.63 4.65+2.94
(107 em /s) C3G 3.9+ 1.324% 1.8 +0.07%%* 1.1 +0.0200% 0.9 +0.03%* 0.7 + 0.03%*
catechin 7.9 +0.26™ 4.6 + 0.43"% 3.+ 0.274% 2.5+ 0,197 2.2 +0.52M%
C3G-catechin 4.9 +0.29%* 2.4+0.16%* 1.6 + 0.05* 1.3 +£0.11%% 1.0 +0.02%%%
C3G + Prob 8.47 +0.39 4.55 % 0.09 312 £0.02 2.45+0.03 1.83 +0.09
catechin+Prob 9.19 +0.53 4.46 +0.36 3.15+0.14 2.48 +0.19 1.93 +0.49
C3G-catechin+Prob 8.56 +0.42 437 £0.29 3.15+0.27 2.41+0.13 1.97 £0.53
C3G + Ver 114 +0.49 573 +0.21 4.05+0.12 3.16 £0.17 247 +0.14
catechin+ Ver 11.2+0.23 6.02 +0.37 3.98 +0.31 3.25+0.52 2.54+0.17
C3G-catechin+ Ver 10.5 +0.39 6.14 +0.27 421+0.52 3.48 +0.27 2.78 +0.25
Papp (BL — AP)/ Fluorescin 3.2+0.05 1.57 +0.15 1.12+0.13 0.87 0.1 0.7 +0.08
(x107cm /s) C3G 1.8 +0.14% 1.0 £0.17% 0.6 +0.04% 0.5 £ 0.08%¢ 0.4 + 0.04%%
catechin 6.1+2.78% 2.5+0.28" 1.6 £0.114 1.31 £0.13% 1.0 +0.03%
C3G-catechin 2.5+ 0.06™ 1.3+£0.18%® 0.9 +0.15% 0.73 +0.06* 0.5 +0.04%
C3G + Prob 531+0.72 2.79 £0.37 1.62 £ 0.08 1.29 +0.09 1.06 + 0.04
catechin+Prob 5.36 % 0.52 2.50 +0.27 1.64 +0.37 1274027 0.98 + 0.34
C3G-catechin+Prob 6.58 £0.34 3.24 £0.45 1.77 £ 0.28 1.44 +0.39 1.66 £0.23
C3G + Ver 5.49 + 0.66 3.07+£0.2 2.09 +0.03 1.71 £0.15 1.21+0.28
catechin+Ver 6.38 +0.37 3.45+0.29 2.05 % 0.56 1.68 +0.29 1.32+0.34
C3G-catechin+Ver 6.79 +0.28 3.34+0.42 2.11 +£0.08 1.95+0.18 1.75£0.38
ER Fluorescin 0.56 0.34 0.3 0.27 0.25
C3G 0.49 0.56 0.53 0.57 0.54
catechin 0.77 0.55 0.52 0.51 0.48
C3G-catechin 0.52 0.56 0.58 0.56 0.53
C3G + Prob 0.63 0.61 0.52 0.53 0.56
catechin+Prob 0.58 0.56 0.52 0.51 0.48
C3G-catechin+Prob 0.77 0.74 0.56 0.6 0.86
C3G + Ver 0.48 0.54 0.51 0.54 0.51
catechin+Ver 0.57 0.57 0.51 0.52 0.52
C3G-catechin+Ver 0.65 0.54 0.5 0.56 0.65

»><d[ndicate significant differences in the same anthocyanin at different time points. If two data points in the same column have different lowercase letters, it means there is a significant

statistical difference between these data (p < 0.05).

AP CIndicate significant differences between different anthocyanins at the same time point. If different anthocyanins in the same row have different uppercase letters, it means there is a

significant statistical difference in the transport properties between these anthocyanins at the same time point (p < 0.05). * Indicate significant differences between anthocyanins in the same

transport direction (p < 0.05).

simulates the transport of polyphenols from the small intestine to the
liver in mammals. TG and TC contents on the BL side were higher in
HepG2 cells compared to the control; however, the accumulations of
TG and TC were impeded in polyphenol-treated groups
(Figures 4A,B). The reductions in TC content for the C3G, catechin
and C3G-catechin treatment groups were 7.69, 7.69, and 15.38%,
respectively, indicating an improvement in lipid deposition in liver
cells following polyphenol treatment. Notably, TC content in the
C3G-catechin group, which did not undergo intestinal transport, was
reduced by 10%. Additionally, TG content decreased by 21% in the
C3G group, indicating that the lipid-lowering effect of the polyphenols
was more pronounced following intestinal transport, thus enhancing
their bioavailability in HepG2 cells.

Frontiers in Nutrition

HDL-C is an important protective factor against metabolic
syndrome, while LDL-C is often referred to as “bad” cholesterol
(20, 21). After OA treatment, LDL-C levels increased significantly.
Remarkably, this increase was reduced by 26.7% with
C3G-catechin treatment (Figure 4C). However, C3G treatment did
not change the LDL level. Although HDL-C levels decreased
following OA treatment (Figure 4D), they increased with the
addition of polyphenols. Notably, in the C3G-catechin group,
HDL-C levels increased dramatically by 462% (5.6 fold) compared
to those with OA treatment (Figure 4D). These findings indicate
that polyphenols, particularly the C3G-catechin combination,
have more significant hypolipidemic effects and exhibit a
synergistic effect.
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FIGURE 3

Polyphenols reduced lipid accumulation in HepG2 cells. Representative images of Oil Red O staining depicting lipid droplets in HepG2 cells: (A) Normal
control; (B) OA-induced model; OA-induced cells treated with (C) 50 pM C3G, (D) 50 pM catechin, or (E) 50 uM C3G-catechin combined treatment,
respectively. Treatment with C3G, catechin, or their combination effectively suppressed OA-induced lipid accumulation. (F) Cell viability under different
compound concentrations. (G) Quantification of lipid content at a wavelength of 530 nm. ELISA assay for TC (H) and TG (I) in cells of untreated, OA-
induced and compound-treated OA-induced HepG2 cells. Values are means + SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data were
obtained from Student's t test.
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FIGURE 4

Characterization of the polyphenols' lipid-lowering effects in the Caco-2/HepG2 co-culture model. ELISA was used to measure TC (A) and TG (B) in
lysates from untreated, OA-induced, and compound-treated OA-induced co-culture HepG2 cells after the polyphenols had been absorbed and
transported by Caco-2 cells. ELISAs for LDL (C) and HDL (D) were performed on lysates from the indicated treatments. Values are means + SD.

*p < 0.05; ***p < 0.001; ****p < 0.0001. Data were obtained from Student’s t test.

3.4.2 Effects of polyphenols on the expression of we further examined whether polyphenols influence the levels of AST
lipid metabolism-related genes in the co-culture and ALT, which are key indicators of liver health (22). An increase in
model ALT typically indicates acute hepatocellular damage (22). Our data

Having observed that polyphenols enhanced HDL-C  showed that ALT levels significantly increased following OA induction
accumulation and reduced LDL-C accumulation in HepG2 liver cells, (Figures 5A,B). After C3G-catechin combination treatment, the levels
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FIGURE 5
Polyphenols regulated lipid metabolism in the co-cultured cells. OA-induced Caco-2/HepG2 co-cultured cells were incubated with or without
polyphenols, and lipid metabolism thereafter was measured by ELISA, RT-qPCR and Western blot. The effect of polyphenols on the contents of AST
(A) and ALT (B) were evaluated. Transcriptional expression of Fasn, Srebpl-c (C), PPARy (D), Fabp4 (E) and Plinl (F) in lysates from untreated, OA-
induced and polyphenols treated OA-induced co-culture HepG2 cells after polyphenols were absorbed and transported by Caco-2 cells. Values are
means + SD. *p < 0.05; **p < 0.01; ****p < 0.0001. Data were obtained from Student's t test.

of AST and ALT were significantly reduced by 20.2 and 21.2%,
respectively. However, this phenomenon was not observed from the
individual treatment (C3G or catechin treatment). These data suggest
that the combination exerts a more protective effect and demonstrates
better synergistic interaction in the liver by significantly reducing AST
and ALT levels in the cells.

Excessive fat accumulation can trigger a series of adverse
metabolic effects. Nevertheless, specific factors produced by lipid cells
regulate lipid accumulation, synthesis, transport, and storage (23).
PPARYy, a ligand-activated transcription factor highly expressed in
adipose tissue, plays an important role in regulating the gene

Frontiers in Nutrition

expression involved in glucose and lipid metabolism (24). Srebp-1c, a
sterol regulatory element-binding transcription factor, is essential for
regulating intracellular lipid homeostasis and inducing the expression
of biosynthetic enzymes for fatty acid synthesis, including fatty acid
synthase (Fas) and acetyl-CoA carboxylase (Acc) (25). Recently, an
inhibitor of fatty acid binding protein 4 (Fabp4) has been explored as
a novel approach for treating obesity (25, 42). Previous studies have
shown that perilipin 1 (Plin1) is highly expressed in mature white
adipocytes and plays a role in regulating lipid breakdown. Moreover,
Plinl can activate the lipid droplet-associated protein Cidec/Fsp.,
facilitating lipid exchange, transfer, and droplet formation (26). Plinl
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is highly expressed in obese individuals and is considered a significant
factor in human obesity (27).

To assess whether polyphenols affect the transcriptional levels of
genes related to lipid metabolism, we employed the q-PCR to analyze
gene expression in the Caco-2/HepG2 co-culture model. This analysis
aimed to explore the effects of polyphenols on regulating lipid
synthesis, transport, and breakdown in the high-fat environment.
Compared to the normal group, the expressions levels of lipid
production-related transcription factors, including Srebp-1c, Ppary,
and Fasn, were significantly upregulated in the high-fat group
(p < 0.01; Figures 5C,D). Notably, the expression levels of these factors
were significantly downregulated (p < 0.01) following treatment with
polyphenolic compounds. This effect was evident in the BL side cells
after simulated intestinal absorption, indicating that the metabolites
of absorbed polyphenols inhibited the intracellular expression of
Ppary, Fasn, and Srebp-1c. Furthermore, the inhibitory effect was
more pronounced with C3G-catechin treatment. These data suggest
that the functional activity and bioavailability of polyphenols are
regulated upon absorption in the small intestine and that polyphenols
may reduce lipid synthesis and uptake via the PPARy-Fabp4/ PPARy-
Fasn pathway (28, 29), thereby decreasing lipid production and
excessive accumulation, and exerting a lipid-lowering effect (30).

Further analysis revealed that the expression of Fabp4 was
significantly upregulated following OA treatment compared to the
control group (Figure 5E). However, with the addition of polyphenols,
the expression levels were significantly downregulated (p < 0.01),
suggesting that these polyphenols further suppressed FABPs
expression in cells post-intestinal absorption. Similarly, OA enhanced
the expression of Plinl (Figure 5F), but polyphenols demonstrated
inhibitory effects on Plinl expression both before and after
intestinal transport.

In summary, polyphenols including C3G, catechin, and the
C3G-catechin combination, can inhibit the formation and
accumulation of intracellular lipids by downregulating lipid synthesis-
related transcription factors such as PPARy, and genes associated with
lipid production (Srebp-1c, Fasn), transport (Fabp4), and metabolism
(Plin1). Among those, the C3G-catechin combination shows a better
synergistic function on regulating fatty liver disease relevant factors.

3.4.3 Translational regulation of hepatic lipid
metabolism

Given our results, we further investigated whether polyphenols
affect the translational regulation of hepatic lipid metabolism.
We found that OA treatment significantly upregulated Fasn expression
levels (OA: 1.59 + 0.16-fold vs. control, p <0.01), a hallmark of
enhanced lipogenesis, validating our high-fat model (Figures 6A,D).
Interestingly, C3G, catechin and their combination appeared to
downregulate this process (C3G: 1.07 vs. OA, p < 0.05; Catechin: 1.11
vs. OA, p < 0.05; C3G-Catechin: 1.08 vs. OAL p < 0.05, respectively)
(Figures 6A,D), indicating that polyphenols can reduce the production
of long-chain saturated fatty acids by downregulating fatty acid
synthase. Additionally, Fabp4 expression levels were significantly
reduced in the OA-induced high-fat group with the application of
C3G, catechin or C3G-catechin (C3G: 1.23 vs. OA, p < 0.05; Catechin:
1.23 vs. OA, p< 0.01; C3G-Catechin: 1.09 vs. OA, p<0.05,
respectively; Figures 6B,D), suggesting that these polyphenols may
regulate lipid trafficking and transport via fatty acid binding proteins.
Given that lipid synthesis, trafficking and transport were regulated by
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polyphenols in high-fat cells, we speculated that lipid storage might
also be affected. Indeed, the expression of Srebp-1c was reduced in the
polyphenol-treated group compared to the control group (C3G: 1.32
vs. OA, p < 0.05; C3G-catechin: 1.05 vs. OA, p < 0.05, respectively;
Figures 6C,D), indicating the involvement of polyphenols in lipid
storage and demonstrating that the combination has a more significant
effect on downregulating fat-related genes compared to the
individual component.

Lipid storage primarily occurs within lipid droplets, which are
implicated in hyperlipidemia and related metabolic diseases.
We observed that Plinl expression was reduced in the high-fat group
with polyphenol treatments (C3G: 1.12 vs. OA, p < 0.05; Catechin:
1.14 vs. OA, p< 0.05 C3G-Catechin: 1.02 vs. OA, p<0.05,
respectively; Figures 61),E), suggesting that polyphenols influence
lipase access to stored lipids. Lastly, we investigated whether
polyphenols regulate the upstream lipid metabolism signaling
pathway by measuring PPARy expression. Notably, PPARy expression
was significantly reduced (C3G: 1.03 vs. OA, p < 0.05; Catechin: 1.08
vs. OA, p < 0.05; C3G-Catechin: 0.97 vs. OA, p < 0.05, respectively;
Figures 6D,F), showing that polyphenols negatively regulate lipid-
related gene expression by downregulating PPARy. These data align
with previous transcriptional analyses and suggest that polyphenols
may act as promising modulators of lipid homeostasis, offering
therapeutic potential for metabolic disorders.

4 Discussion

Polyphenols, with their complex structural compositions, are
widely present in fruits and vegetables and exhibit numerous
biological activities, including antioxidant, anticancer, anti-
inflammatory, cardioprotective, neuroprotective and antidiabetic
properties. Polyphenols derived from rice anthocyanins and adzuki
bean coat have been shown to improve lipid profiles in mammalian
cells and exert a synergistic inhibitory effect on pancreatic lipase, a key
enzyme involved in lipid hydrolysis related to obesity (16). Reducing
fat absorption is crucial in anti-obesity strategies. This study showed
that the intestinal absorption rate and membrane permeability of
catechin were higher than those of C3G, consistent with previous
studies suggesting a negative correlation between the degree of
glycosylation and intestinal absorption (31, 43). Further investigation
revealed that after intestinal absorption and transport, the effects of
these polyphenols on lipid regulation in HepG2 cells were more
pronounced. The enhanced effect, particularly for C3G, may
be attributed to mechanisms such as enterohepatic circulation (EHC),
which could potentially improve its bioactivity or cellular availability.
However, it is important to note that our in vitro model (Caco-2/
HepG2 co-culture/sequential treatment) does not fully encompass the
complex in vivo physiology of EHC, which involves intricate
interactions as substances travel between the intestine and liver via the
systemic circulation, including the bloodstream. Therefore, this
hypothesis remains speculative and requires validation using
appropriate in vivo models (32).

Bad eating habits and inactive lifestyle have increased the
prevalence of chronic metabolism disease (33), such as
hyperlipidemia. Adherence to a healthy lifestyle that includes a high-
quality diet, regular exercise, and adequate weight maintenance, is
strongly associated with the fat-related disease management.
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FIGURE 6
Translational regulation of liver lipid metabolism coordinated by polyphenols in the Caco-2/HepG2 co-culture system. (A—C) Densitometric
quantification of Fasn (A), Fabp4 (B) and Srebp-1c (C) protein levels in cells treated for 24 h with 50 pM of cyanidin-3-O-glucoside (C3G), catechin,
C3G-catechin complex, respectively, or 1 mM oleic acid (OA). (D) Representative immunoblots for Fasn, Fabp4, Srebp-1c, PPARy and Plinl were
obtained from the same experimental set. (E,F) Densitometric analysis of PPARy and Plinl protein expression, respectively. All densitometric values in
panels A-C and E,F were derived from the immunoblots shown in panel D. Data were analyzed with SPSS 20.0 and are expressed as mean + SD (n = 3
independent biological replicates). *p < 0.05, **p < 0.01 vs. the OA group.

Administration of a diet high in antioxidants which can be used to
manage hyperlipidemia (34), can be sourced from legumes. Local
food materials, such as legumes, that have high antioxidant content
are black rice and red bean (16). Black rice and red bean are small,
sweet-tasted, soft-textured and have anti-inflammatory response.
However, few have been shown to have beneficial effects in animals
when orally consumed, because of the poor bioavailability exhibited
by most polyphenols following the ingestion (35). Consumed
polyphenols by the body overcome various barriers during digestion
and absorption, to reach the sites of action. Interestingly,

Frontiers in Nutrition

polyphenols are also known to modify some of the metabolic and
transport processes that govern bioavailability with side effects.
Therefore, it is a chance to increase the bioactivity of beneficial
polyphenols that improve their bioavailability by a simple synergistic
reaction. Our study showed that C3G, catechin, and their
combination-derived from black rice and red beans-significantly
reduced TG and TC accumulation in HepG2 cells, aligning with
previous research, which reported that extracts from various
vegetables and fruits decrease lipid content in hepatocytes (36).
Notably, the combination of C3G and catechin exhibited a
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synergistic effect, resulting in a more pronounced reduction in lipid
accumulation compared to either compound alone. Our data further
support the potential of these polyphenols in reducing lipid
accumulation (37, 38).

Additionally, a study by Su et al. (39) demonstrated that a
combination of hesperidin, nobiletin and tangeretin exhibited lipid-
lowering activity, which was associated with decreased transcriptional
levels of FAS. Suzuki et al. (40) reported that a highly absorbable
catechin extract prevented diet-induced lipid-metabolism disorder in
mice through marked inhibition of hepatic Srebp-1c expression, while
Kim et al. (41) showed that (—)-epigallocatechin gallate blocked
3T3-L1 adipocyte differentiation via the FoxO1l/Srebp-1c axis.
Consistent with these findings, our study also revealed that these
polyphenols may exert their effects by inhibiting the transcriptional
and translational expression of genes related to lipid synthesis, such as
Srebp-1c, Ppary, and Fasn.

This study comprehensively explored the anti-lipid accumulation
effects and potential mechanisms of C3G, catechin, and their
conjugate, C3G-catechin. Using human intestinal epithelial Caco-2
cells and HepG2 hepatoma cells as in vitro models, we examined the
effects of these polyphenols on lipid accumulation. We elucidated the
anti-obesity potential and possible mechanism in vitro, providing a
theoretical basis for assessing their absorption, transport, and lipid-
lowering properties. However, our study has some limitations.
Notably, we primarily focused on an in vitro hepatic model without
considering other potential sites of lipid accumulation, such as adipose
tissue in vivo. Therefore, further research should investigate the effects
of these polyphenols across different tissues and in various in vivo
biological models.
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