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ARTICLE INFO ABSTRACT

Keywords: Oxidative stress is a potential factor in the promotion of endothelial dysfunction. In this research, flavonoids
Reactive: oxygen species (quercetin, luteolin) combined with carotenoids (lycopene, lutein), especially quercetin-lycopene combination
Quercetin (molar ratio 5:1), prevented the oxidative stress in HUVEC cells by reducing the reactive oxygen species (ROS)
]S“i’;,?l)ene and suppressing the expression of NADPH oxidase 4 (Nox4), a major source of ROS production. RNA-seq analysis

indicated quercetin-lycopene combination downregulated inflammatory genes induced by HO,, such as IL-17
and NF-kB. The expression of NF-kB p65 was activated by H2O5 but inhibited by the quercetin-lycopene com-
bination. Moreover, the quercetin and lycopene combination promoted the thermostability of Sirtuin 1 (SIRT1)
and activated SIRT1 deacetyl activity. SIRT1 inhibitor EX-527 attenuated the inhibitory effects of quercetin,
lycopene, and their combination on the expression of p65, Nox4 enzyme, and ROS. Quercetin-lycopene com-
bination could interact with SIRT1 to inhibit Nox4 and prevent endothelial oxidative stress, potentially
contributing to the prevention of cardiovascular disease.

NADPH oxidase 4
Endothelial protection

1. Introduction

Endothelial dysfunction, which refers to a series of changes that
occur in endothelial cells when exposed to stress factors, including
increased permeability and decreased integrity, is an important
contributor to the pathobiology of atherosclerotic cardiovascular dis-
ease (CVD) (Goligorsky, 2005; Seals et al., 2011). Among the stress
factors, oxidative stress is considered a key factor of CVD and regulator
of endothelial dysfunction in aging, inflammation, and atherosclerosis
(Santilli, D’Ardes and Davi, 2015). Oxidative stress often results from
the excessive accumulation of reactive oxygen species (ROS) and redox
imbalance (Devasagayam et al., 2004). Amelioration of ROS-dependent
endothelial dysfunction is critical to retard the development of CVDs
(Lassegue and Griendling, 2010). Many researchers focused on
improving antioxidant efficiency through activating antioxidant-related
signaling cascades, enzymes, and inherent antioxidants to mitigate
oxidative stress, however, few were focused on the suppression of ROS
production (Yu et al., 2019; Zhang and Tsao, 2016). A burst of ROS
production, with the activation of ROS formation systems such as
Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, is
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critical to the development of CVDs (D’Oria et al., 2020). Thus, strate-
gies that inhibit ROS production are promising for improving CVD
outcomes.

Sirtuins, a class III nicotinamide adenine dinucleotide- (NAD-)
dependent histone deacetylase, owns seven members in mammals
(SIRT1-7). Among them, silent mating type information regulation 2
homolog 1 (SIRT1) is a very important member and plays a critical role
in metabolic syndromes, oxidative stress, inflammation, and aging (Yu
and Auwerx, 2010; Zhang et al., 2017). It plays a key role in regulating
endothelial functions and CVDs (Potente et al., 2007). The car-
dioprotective role of SIRT1 was related to the regulation of several
pathways, such as SIRT1/FOXOs, SIRT1/NF-xB, SIRT1/Nox, SIRT1/-
SOD, and SIRT1/eNOs (Zhang et al., 2017). NADPH oxidase isoforms
(Noxs) family is a major source of ROS generation, among which Nox4
was highly expressed in cardiovascular tissues (Chen et al., 2012). SIRT1
promoted antioxidant enzyme activity and restored ROS-mediated
oxidative injuries by decreasing Noxs activity (Zhang et al., 2016),
suggesting that SIRT1 may be an upstream regulator of Noxs in HUVECs
(Schilder et al., 2009). This evidence indicated the Nox4 suppressive
role of SIRT1 in endothelial dysfunction. However, whether SIRT1
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regulates oxidative stress in CVDs in a Nox4-dependent way remains
unclear.

Plant-derived antioxidants such as flavonoids (quercetin, luteolin)
and carotenoids (lycopene, lutein) were reported to improve endothelial
function, which was correlated with the prevention of oxidative stress
(Chen et al., 2020; Chen et al., 2021c; Hung et al., 2015; Kim et al.,
2011). They could increase the expression of SIRT1 to prevent endo-
thelial dysfunction, aging, and metabolic diseases (Balcerczyk et al.,
2014; Hung et al., 2015; Luvizotto et al., 2015; Xiao et al., 2014). Fla-
vonoids and carotenoids usually co-existed in fruits and vegetables, such
as watermelon, sweet pepper, citrus fruits, and leafy green vegetables
(Kaulmann et al., 2016; Pan et al., 2018; Shang et al., 2022; Sinisgalli
et al., 2020). Their interactive health effects on fruits and vegetables
were reported (Phan et al., 2019; Sinisgalli et al., 2020). The combina-
tion of phenolic acids and p-carotene synergistically prevented
H,02-induced oxidative stress by regulating the Nrf2-Keapl signaling
pathway in H9c2 cells (Pan et al., 2021). The combinations of petunidin
and lycopene showed synergistic cardioprotective effects through
altering Nrf2 and PI3K-Akt cascades (Zheng et al., 2020). Previously, we
reported that there were synergistic or antagonistic effects of flavonoids
(quercetin, luteolin) and carotenoids (lycopene, lutein) on antioxidant
activity (Chen et al., 2021a). However, their mechanism of synergistic
antioxidant activity remains unclear. Plant-derived antioxidants
reduced ROS levels through activating antioxidant systems (in vivo en-
zymes, antioxidants such as glutathione) or directly scavenging ROS.
However, whether they could synergistically suppress Nox4 to inhibit
ROS production and the possible cardioprotective effects is not fully
understood.

We hypothesized that flavonoid-carotenoid combinations mitigate
oxidative stress by regulating SIRT1 in the Noxs-dependent pathway,
which plays a critical role in cardiac protection. To test this hypothesis,
human umbilical vein endothelial cells (HUVECs) were exposed to HoO»
to induce oxidative stress, and the role of flavonoid-carotenoid combi-
nations in regulating SIRT1 and ROS production was detected in this
research.

2. Material and methods
2.1. Chemicals and reagents

Hydrogen peroxide (H203) solution (30 wt % in Hy0), quercetin,
luteolin, lutein, and lycopene (purity >99%) were purchased from
Shanghai Aladdin Reagents Co. (Shanghai, China). Ham’s F-12K
(Kaighn’s) Medium (F-12K) was purchased from Procell Life Science &
Technology Co., Ltd. (Wuhan, China). Anti-Nox4 antibody ab 133,303,
anti-NF—«B p65 antibody ab32536 were obtained from Abcam Ltd.
(Cambridge, UK), phospho-NF—«B p65 (Ser536) (93H1) Rabbit mAb
3033 were purchased from Cell Signaling Technology, Inc. (Massachu-
setts, United States). Anti-p-actin HC201-01 was obtained from Trans-
Gen Biotech Co. (Beijing, China). Secondary antibodies horseradish
peroxidase-conjugated anti-rabbit (L3012) or anti-mouse (L3032) were
purchased from Signalway Antibody (Nanjing, China). 2/, 7’-Dichlor-
odihydrofluorescein diacetate (DCFH-DA) were purchased from Sigma-
Aldrich ((St. Louis, MO, USA). CCK-8 assay kit, nuclear extraction Kkit,
and RIPA lysis buffer, super-enhanced chemiluminescence detection
reagent were purchased from the Beyotime Institute of Biotechnology
(Shanghai, China). HUVEC cell line was obtained from Procell Life
Science& Technology Co., Ltd. (Wuhan, China). Recombinant-SIRT1
protein was purchased from Proteintech Group, Inc. (Wuhan, China).

2.2. Cell culture and cell viability

HUVEC cells were cultured in F-12K medium containing 10% (v/v)
FBS, and 1% penicillin/streptomycin were added to the medium. Cells
were incubated at 37 °C in a humidified incubator with 95% air and 5%
COs. Cell viability was determined by the CCK-8 assay, which is a cell
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proliferation assay using WST-8 cleavage. In brief, HUVEC cells (1 x 10°
cells per well) were plated into a 96-well plate and reached 90%
confluence before treatments. A total of 1500 pM H,0, was used to
induce around 50% oxidative damage in HUVEC cells (Chen et al.,
2021a). After various pre-treatment, cells were then reacted with 10%
CCK-8 for 1 h. Moreover, 0.1% DMSO or THF was added to the control
groups. Absorbance was recorded at 450 nm using a microplate reader
(Thermo Scientific Varioskan Flash, Vantaa, Finland). Cell viability (%)
= [A(sample) - A (background)]/[A (control) - A (background)] x 100.

2.3. ROS detection

2.3.1. Flow-cytometry

Quercetin and luteolin were dissolved in dimethyl sulfoxide (DMSO),
lutein and lycopene were dissolved in tetrahydrofuran (THF, Damao Co.
Ltd., Tianjin, China) at a concentration of 10 mM, respectively, and then
freshly diluted in culture medium with 5% fetal bovine serum (FBS). The
final concentration of DMSO and THF in culture medium was below
0.1% (v/v) and 0.05% (v/v), respectively. HUVEC cells were plated into
12-well plates at a density of 1 x 10° cells per well and reached 90%
confluence, then treated with 8 pM individual or combined phyto-
chemicals for 12 h, and induced by H20 for 1 h, followed by incubation
with 30 pM DCFH-DA in the medium at 37 °C for 20 min in darkness.
After centrifugation at 1500 rpm for 5 min, the supernatants were
removed, and resuspended in PBS. Fluorescence was measured by flow
cytometry (BD biosciences). Data were processed using FlowJo software
Version 7.6.1 (BD Life Sciences, USA).

2.3.2. High content screening

HUVEC cells were plated in CellCarrier-96 Ultra microplate to reach
confluency. After various treatments, cells were washed twice with PBS
and incubated 30 pM DCF-DA for 30 min at 37 °C in darkness. After
washing with serum-free F-12K in the dark, the level of ROS was
measured by using a high content analysis (HCA) system and data
analysis with Harmony 4.9.

2.4. RT-qPCR analysis

Cell total RNA was extracted using Trizol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions, and quantified by a Nano-
Drop ND-1000 spectrophotometer. A total of 1 pg of RNA was reverse-
transcribed into ¢cDNA using a Prime Script RT reagent kit (Takara,
Otsu, Japan). The cDNA was then mixed with SYBR Green Supermix
(DBI bioscience, German) and the primers (Table S1) for RT-qPCR
analysis. The relative gene expression was adjusted with B-actin using
the 2 ~24CT method and normalized to that of the control group.

2.5. Western-Blot analysis

Cell extracts were separated by 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to
polyvinylidene fluoride (PVDF) membranes (Roche Diagnostics GmbH,
Mannheim, Germany). The membrane was blocked in 5% skim milk for
2 h and incubated with primary antibodies overnight at 4 °C. PVDF
membranes were washed with TBST and incubated with secondary an-
tibodies for 2 h at room temperature and visualized by ECL reagent and
detected using the enhanced chemiluminescence detection system
(Image Lab™ Touch Software, BIO-RAD, USA). An image analyzer
(ImageLab, BIO-RAD, USA) was used to determine the band intensity,
and the relative expression of proteins was normalized to p-actin.

2.6. RNA-sequencing analysis
Isolated RNA with Trizol reagent (Invitrogen) was used for RNA-seq

analysis subsequently. RNA-seq library construction and sequencing
were performed using the BGISEQ-500 platform. The clean reads were
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mapped to the reference genome using HISAT2 (v2.0.4) (Kim et al.,
2015). Bowtie2 (v2.2.5) (Langmead and Salzberg, 2012) was applied to
align the clean reads to the reference coding gene set, then the expres-
sion level of gene was calculated by RSEM (v1.2.12) (Li and Dewey,
2011). The heatmap was drawn by pheatmap (v1.0.8) according to the
gene expression in different samples. Genes with > 2-fold change and
false discovery rates (FDR) < 0.001 were considered as statistically
significant. Differential expression analysis was performed using the
DESeq2(v1.4.5) with Q value < 0.05. The Gene Ontology (GO) enrich-
ment analysis (http://www.geneontology.org/) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) (https://www.kegg.jp/)
enrichment analysis of annotated different expressed genes was per-
formed by Phyper (https://en.wikipedia.org/wiki/Hypergeometric_dis
tribution) based on Hypergeometric test.

2.7. Cellular thermal shift assay

Cellular thermal shift assay (CETSA) was conducted according to
Jafari et al. (Jafari et al., 2014) with minor adjustments. A total of 1.0 x
10% HUVEC cells were cultured in 10 cm dishes to reach 100% con-
fluency before treatment. Following pretreatment with 30 pM quercetin,
lycopene, or M2, HUVEC cells were washed and resuspended with PBS,
divided into seven aliquots in an equal volume, and heated individually
at different temperatures (37°C-72 °C) for 5 min and then cooled at
room temperature for 3 min. They were lysed with RIPA solution.
Following centrifugation at 14,000g for 15 min at 4 °C, the supernatants
were transferred to new tubes and stored at —80 °C until immunoblot-
ting was performed.

2.8. SIRTI enzymatic assay

The effects of quercetin, lycopene, and their combination on SIRT1
activity were assessed using the SIRT1/Sir2 Deacetylase Fluorometric
(Human) Assay Kit (Abnova, Taiwan). According to the manufacturer’s
instructions, 5 pL of samples, fluoro-substrate peptide, NAD, and
developer were added to microtiter plate wells and mix well. A total of 5
pL of recombinant SIRT1 was added to initiate reactions. The fluores-
cence intensity was read after 60 min using microtiter plate fluorometer
with excitation at 340-360 nm and emission at 440-460 nm. The effi-
cacy of samples on the SIRT1/Sir2 activity was the difference in fluo-
rescence intensity between samples and solvent.

2.9. Fluorescence quenching

The fluorescence spectra (290-450 nm) of the interactions between
phytochemicals and SIRT1 were collected on a spectrofluorimeter
(Hitachi, F-7000, Japan). A total of 3 mL solution containing 9.6 pg
SIRT1 was titrated by successively adding various amounts of quercetin,
luteolin, lycopene, or lutein. The emission and excitation slit width was
10 nm, under the excitation wavelength of 280 nm, and a scanning rate
of 1200 nm/min.

2.10. Evaluation of synergistic and antagonism effect

Flavonoid-carotenoid combinations are binary combinations in
different ratios. Synergistic effects are commonly defined as the
enhanced effects of the combinations than individual compounds.
Antagonistic effects refer to the combined effects that are inferior to the
individual ones (Chen et al., 2021b; Sunan et al., 2015). The chosen
concentration of quercetin, luteolin, lycopene, lutein was 8 pM, which is
an effective concentration in preventing H>O»-induced oxidative dam-
age according to our previous study (Chen et al., 2021a). As the con-
centration of individual ones and flavonoid-carotenoid combinations is
equal, the synergistic effects refer to the stronger effects of combinations
than the individuals (p < 0.05), and antagonistic effects refer to the
weaker effects of combinations than the individuals (p < 0.05). This
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evaluation method for synergism and antagonism was commonly
adopted in cellular and animal experiments (Chen et al., 2021b; Hu
et al., 2016; Li et al., 2019).

2.11. Statistical analysis

Statistical analysis was performed with IBM SPSS Statistics 20 soft-
ware. Data are presented as mean =+ standard deviation (SD, n > 3).
Significant differences between and within multiple groups were
examined using one-way ANOVA with Duncan’s test and p < 0.05 was
considered statistically significant. The graphics were generated with
GraphPad Prism 8.0 (GraphPad Software, San Diego, USA) and Origin-
Pro 2019b (OriginLab Corporation, Northampton, MA, USA).

3. Results

3.1. Effects of various flavonoid-carotenoid combinations on HyOz-
induced ROS level production and Nox4 expression

Previously, the flavonoid-carotenoid combinations showed strong
antioxidant activity in HUVEC cells, which may indicate the potent
endothelial protective effects (Chen et al., 2021a). Further, 5 strong
synergistic groups (M1 = lycopene: luteolin 1:5, M2 = lycopene: quer-
cetin 1:5, M3 = lutein: luteolin 1:5, M4 = lutein: luteolin 5:1, M5 =
lutein: quercetin 1:1, molar ratio), and one antagonistic group (M6 =
lutein: quercetin 5:1) were selected to investigate the effects of the
flavonoid-carotenoid combinations on ameliorating oxidative stress in
HUVEC cells.

Flavonoids, carotenoids, and their combinations significantly
reduced the ROS level compared to the HyO,-treated group (Fig. 1A).
M1-M5 showed significantly stronger effects than the individual com-
pounds on inhibiting ROS levels, indicating synergistic effects. While M6
showed significantly weaker effects than the individual compounds on
ROS inhibition, indicating significantly antagonistic effects. HoO»
treatment induced 2-fold Nox4 expression, while individual and com-
bined phytochemical groups significantly reduced the Nox4 expression
(Fig. 1B). M1, M2, and M3 showed synergistic effects on inhibiting the
Nox4 expression, while M6 exhibited antagonism in reducing the Nox4
expression in a non-significant way. M2 showed the strongest synergism
in suppressing the Nox4 expression, reducing 3.5-fold Nox4 expression
compared to the HyO, treatment. Another important NADPH oxidase,
Nox2, was activated by Hy0, treatment as the expression of Nox2
increased around 1.4-fold. The expression of Nox2 was decreased by
flavonoids, carotenoids, and flavonoid-carotenoid combinations, but no
combinations showed significantly synergistic effects (Fig. S1A). It may
indicate that flavonoid-carotenoid combinations showed interaction in
Nox4 regulation other than Nox2 expression.

NADPH oxidases are one of the main sources of ROS in vivo. As
indicated in Fig. S1B and Fig. S1C, ROS level increased with the increase
of Hy0y concentration. Correspondently, the expression of Nox4
increased with the increase of HyO9 concentration, and showed a sig-
nificant increase at 1500 pM compared to the control group. Therefore,
inhibiting Nox4 activity may be critical to restoring the redox balance.

3.2. Involvement of NF-xB signaling pathway in quercetin-lycopene
combination-regulated Nox4 expression

Quercetin-lycopene combination M2 synergistically inhibited the
ROS elevation. To explore the molecular mechanisms associated with
the phenotypes observed in HyOo-treated and M2-treated HUVEC cells,
the mRNA expression profiles were examined by RNA sequencing (RNA-
seq) analysis in HUVEC cells. The gene expression variation among
control, HyOo-treated, and M2-treated cells was presented in the heat-
map (Fig. S2A). A total of 138 upregulated genes and 186 down-
regulated genes were identified in HyO5 treatment compared to the
control group in HUVEC cells using the criterion of q < 0.05 and |log2
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Fig. 1. Effects of flavonoid-carotenoid combinations on H;0»-induced
ROS elevation and Nox4 expression. (A) ROS levels were reduced after being
treated with individual flavonoid, carotenoid, or flavonoid-carotenoid combi-
nation. (B) The elevation of NADPH oxidase 4 (Nox4) expression induced by
H,0, was inhibited after being treated with individual flavonoid, carotenoid, or
flavonoid-carotenoid combinations. n = 3 in each group. Different letters above
the bar indicated a significant difference (p < 0.05) among groups. Q: quer-
cetin; L: luteolin; LY: lycopene; LU: lutein; M1: LYP/L = 1:5; M2: LYP/Q = 1:5;
M3: LUT/L = 1:5; M4: LUT/L = 5:1; M5: LUT/Q = 1:1; M6: LUT/Q = 5:1.

fold change|>1 (Fig. S2B). Compared with the HyOz-treated group, the
M2-treated group downregulated 124 genes and upregulated 10 genes
analyzed using the DEGseq database (>2-fold HyO» treatment, q < 0.05,
Fig. 2C).

Further, the biological pathways that were potentially altered by M2
treatment were analyzed using GO biological process analysis (GO_p). It
showed specific downregulation in genes associated with the GO_p
terms such as “inflammatory response”, “positive regulation of vascular
endothelial growth factor production”, “positive regulation of tran-
scription by RNA polymerase II”, and “skeletal muscle cell differentia-
tion” (Fig. 2D). Interestingly, the most significant GO_p term for altered
genes was “inflammatory response” (P = 2 x 10~®). This result impli-
cated the potential modulation of the vascular inflammatory response by
M2. According to the heatmap of enriched DEGs in the term “inflam-
matory response”, 16 genes were significantly altered by M2 in HUVEC
cells, including one upregulated gene TICAM2, and 15 downregulated
genes, such as PTGS2, PTGER3, C5AR1, NLRP3, IL1f, BCL-6. (Fig. 2E).
Also, KEGG analysis revealed those DEGs were enriched in biological
processes such as “IL-17 signaling pathway”, “C-type receptor signaling
pathway”, “TNF signaling pathway”, which were related to the inflam-
matory response (Fig. S2C), and the enriched DEGs in the KEGG analysis
of inflammatory-related terms are presented in the heatmap (Fig. S2D).
These also implicated that M2 may regulate inflammatory genes to
prevent oxidative stress in HUVEC cells. The NF-xB pathway was shown
to play a critical role in the development of inflammation and vascular
disorders (Ungvari et al., 2004). Gene set enrichment analysis (GSEA) of
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RNA-seq revealed a significant enrichment of DEGs in the NF-kB
pathway (Fig. 2F). A positive or negative normalized enrichment score
(NES) indicated the increased or decreased expression in HUVEC cells.
The enrichment in NF-xB signaling pathway-related genes was signifi-
cantly downregulated in the M2 treatment group compared to that in the
H,03 treated group (NES = —1.70, p < 0.001).

To explore the synergistic effects of quercetin-lycopene combination
and validate the RNA-seq results, the mRNA levels of 10 inflammatory-
related genes downregulated by M2 were evaluated, including PTGS2,
BCL6, IL-6, AO3, C5AR1, FOS, IL-1f, NFKBIZ, NLRP3, and SLC11Al.
From the results, HyO5 treatment significantly induced the mRNA level
of these genes, while quercetin, lycopene, and M2 treatment reduced
their mRNA levels, except for NLRP3 and IL-1f (Fig. 2G and S3).
PTGST2, which encoded COX-2 protein, was significantly reduced by
M2 treatment than quercetin and lycopene. COX-2 is a cyclooxygenase
that could induce inflammation, promote endothelial dysfunction, and
be regulated by the transcription factor NF-xB (Kauppinen et al., 2013).
M2 also showed a synergistic effect in regulating BCL6 mRNA level.
These implicated that quercetin and lycopene could regulate some
inflammatory-related genes synergistically. Considering that the NF-xB
pathway is one of the major inflammatory pathways, the effects of
quercetin, lycopene, and M2 on the expression of NF-kB p65, one of the
critical roles in the activating of NF-xB transcriptional activity were
further studied. It was shown that HyO, treatment significantly activated
p65 by increasing the phosphorylation of p65 (Fig. 2H). Quercetin and
lycopene significantly reversed the activation of p65, and M2 showed a
stronger effect on inhibiting phosphorylated p65 expression than the
individual groups.

3.3. Quercetin and lycopene directly interacted with SIRT1 protein

SIRT1 is a deacetylase that plays an important role in regulating
oxidative stress (Zhang et al., 2020). NF-xB was reported to be regulated
by SIRT1 deacetylation to reduce oxidative stress and muscle loss
(Kauppinen et al., 2013; Yeung et al., 2004). CETSA has been widely
applied as a powerful method to assess ligand-protein binding effects by
monitoring ligand-induced changes in the thermal stability of cellular
proteins (Jafari et al., 2014). In this study, CETSA was performed to
evaluate the effects of the quercetin-lycopene combination on SIRT1
stability. The interaction of quercetin, lycopene, and M2 with SIRT1
protein was studied. The band intensities of immunoblotting were
quantified and plotted versus temperature (Fig. 3A). The abundance of
SIRT1 was decreased with the increased temperatures, which implicated
that the thermostability of endogenous SIRT1 could be monitored by this
method. In the range from 37°C to 47 °C, quercetin, lycopene, and M2
showed higher SIRT1 expression, suggesting ligand-dependent stabili-
zation. The abundance of SIRT1 treated with quercetin or lycopene
slumped after 47 °C, while the lysates treated with M2 did not signifi-
cantly decrease till 57 °C. Also, the lysates treated with M2 showed a
significantly higher abundance of SIRT1 than those treated with quer-
cetin or lycopene at 52 °C. Hence, it was indicated that the
quercetin-lycopene combination showed a stronger ability in stabilizing
SIRT1 than the individual ones, which may underpin the molecular basis
of the synergistic effects of M2 in SIRT1 expression.

The ability of the quercetin-lycopene combination to directly
enhance SIRT1 deacylation activity was determined through a SIRT1/
Sir2 deacetylase fluorometric assay. Compared to the control group
(which contains recombinant SIRT1), a positive value produced by
samples (containing both recombinant SIRT1 and tested compounds)
indicated the test compounds as activators, while a negative value
implicated the test compounds as inhibitors. Quercetin enhanced SIRT1
activity and showed a dose-dependent tendency (Fig. S4A). Lycopene
also increased SIRT1 activity in a dose-dependent manner (Fig. S4B). M2
showed a stronger enhancement in SIRT1 deacylation activity than
quercetin and lycopene at 8 pM (Fig. 3B). These results confirmed that
quercetin, lycopene, and their combination could be used as SIRT1
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Fig. 2. Quercetin-lycopene combination sup-

pressed H,0,-upregulated inflammatory-related

s gene expression. (A) Scatter plot of differentially
0 expressed genes (DEG) between H,0, and M2 treated
group. M2: LYP: Q = 1:5. (B) GO enrichment analyses
of DEGs between H,0, treated group and M2 treated
group. (C) Heatmap of enriched DEGs in the GO
analysis term “Inflammatory response”. (D) Gene set
enrichment analysis (GSEA) plots showing altered
genes related to the NF-kB signaling pathway. The
plots were based on the results from KEGG analysis of
differentially expressed genes between H,0, treated
group and M2 group. NES, normalized enrichment
score. FDR, false discovery rate. Green line indicates
an enrichment profile, black vertical lines indicate
hits, and gray vertical lines show ranking metric
scores. (E-G) RT-qPCR analysis show the altered in-
flammatory genes by quercetin, lycopene, or M2. (H)
Western blotting analysis of NF-kB p65 expression in
HUVEC cells. n = 3 in each group. Different letters
l above the bar indicated a significant difference (p <
’ 0.05) among groups. Q: quercetin; L: luteolin; LY:
: lycopene; LU: lutein; M2: LYP: Q = 1:5. (For inter-
pretation of the references to colour in this figure
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activators.

In HUVEC cells, Hy05 significantly reduced the mRNA level of SIRT1
to around 38% (Fig. 3C), while lycopene significantly restored the SIRT1
mRNA level, and M2 increased around 4-fold of the SIRT1 mRNA level
than lycopene, which indicated significant synergistic effects on
inducing SIRT1 expression.

In addition, to verify the binding affinity of quercetin and lycopene
with SIRT1, the fluorescence quenching assay was used (Dohare et al.,
2018). As shown in Fig. 4C, a maximum fluorescence emission peak of
SIRT1 was observed at 304 nm after being excited at 280 nm. The SIRT1
fluorescence was quenched due to the successive additions of quercetin,
lycopene, or their combination M2 without any noticeable peak shift,
indicating an interplay between these ligands and SIRT1. The
Stern-Volmer equation was subsequently utilized to compare their
interaction (Danesh et al., 2018). The Stern-Volmer plots presented good
linearity in quercetin, lycopene, or M2 (Fig. 3D). Kgy is the Stern-Volmer
dynamic quenching constant that showed quenching efficiency
(Fig. 3E). M2 showed the strongest interplay with SIRT1, as the
SIRT1-M2 possessed the highest Kgy value at 6.34 x 10* L mol ~!. In
addition, the Kgy value of SIRT1-lycopene was 6.10 X 10* L mol ’1,
which was higher than that of SIRT1-quercetin (5.11 x 10% L mol 1),
suggesting that lycopene was more ready to interact with SIRT1
compared to quercetin. As shown in Table S2, quenching rate constant
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Kq values of the quenching procedure (of 10 121 mol ~!'s ~! magnitude
order) were higher than 2.0x 10 '°L mol ~'s ~!, which is the quenching
rate constant for maximum diffusion collision (Danesh et al., 2018). It
was indicated that the effects of quercetin, lycopene, and M2 on the
SIRT1 fluorescence quenching were due to the formation of a
ground-state complex rather than a dynamic collision.

3.4. SIRT1-mediated inhibition of quercetin-lycopene combination on NF-
kB and Nox4 expression

To explore the role of SIRT1 in regulating ROS level, 10 pM EX-537
were applied to HUVEC cells for 1 h to inhibit SIRT1 expression, which
would not induce cytotoxicity (Figs. S5-6). The suppression of Nox4 and
NF-kB p65 expressions by quercetin, lycopene, and M2 were abrogated
by EX-527 (Fig. 4A-C). Correspondently, the inhibition of ROS elevation
by quercetin, lycopene, and M2 was attenuated when pretreated with
EX-527 (Fig. 4D). Diminished SIRT1 expression promoted the expression
of Nox4 and activation of p65. These results indicated the regulating role
of SIRT1 in inhibiting cellular ROS generation, and the quercetin-
lycopene combination could inhibit ROS elevation through the SIRT1-
Nox4 signaling pathway to prevent oxidative stress in HUVEC cells.
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Fig. 3. Quercetin and lycopene directly interacted with human SIRT1 protein. (A) The thermostability of SIRT1 was increased by quercetin, lycopene, and M2.
CETSA curves were built by plotting the intensity of the immunoblotting bands versus temperature. n = 3 in each group. Different letters above the bar indicated a
significant difference (p < 0.05) among groups. (B) SIRT1 deacylation activities were enhanced by quercetin, lycopene, and M2. (C) RT-qPCR analysis showed the up-
regulated SIRT1 mRNA level by quercetin-lycopene combination in HUVEC cells. (D) Quenching of SIRT1 fluorescence by quercetin, lycopene, or M2 at different
molar ratios. Lower right: the Stern-Volmer curves for estimating the binding constants (K values) of SIRT1 (pH 6.8, T = 311.15 K, A ex = 280 nm, A em = 304 nm). ¢
(sirtl) = 0.6 pg/pL, c (Q), ¢ (LY), ¢ (M2) = 0-8 uM respectively. (E) K values (binding constants) of quercetin, lycopene, and M2.

4. Discussion

Oxidative stress is a critical event in the development of many CVDs
such as atherosclerosis, hypertension, aging, and heart failure (Deva-
sagayam et al., 2004). Here, the endothelial protective effects of the
quercetin-lycopene combination by suppressing excessive ROS produc-
tion were demonstrated in HUVEC cells. Flavonoid-carotenoid combi-
nations, especially quercetin-lycopene combination (LYP: Q = 1:5),

1990

interacted with deacetylase SIRT1 to inhibit NF-xB p65 and Nox4
enzyme, downregulated inflammatory cytokines such as IL-6 and
pro-inflammatory enzymes such as COX-2, and suppressed ROS eleva-
tion activated by HpO5.

Flavonoids and carotenoids have been reported to prevent various
chronic diseases such as cardiovascular diseases by inhibiting excessive
ROS production (Chen et al., 2020; Chen et al., 2021c; Hung et al.,
2015). Especially, they could downregulate Nox4 to reduce intracellular
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Fig. 4. SIRT1 inhibition altered the effects of quercetin-lycopene combination on NF-kB p65 and Nox4 expressions, as well as ROS level. (A) Representative
immunoblots of NF-kB p65 and Nox4 expression after being treated with or without SIRT1 inhibitor EX-527 in HUVEC cells. Cells were treated with or without 10 pM
EX-527 for 1 h, and treated with 8 pM quercetin, lycopene, or M2 for 12 h, and further treated with or without 1500 pM H505 for 1 h. (B) The expression of NF-kB p65
in HUVEC cells. (C) The expression of Nox4 in HUVEC cells. (D) ROS level increased after being treated with SIRT1 inhibitor EX-527. n = 3 in each group. Different
letters above the bar indicated a significant difference (p < 0.05) among groups.

ROS levels and prevent oxidative stress-induced diseases (Hung et al.,
2015; Jhou et al., 2017). In addition, Nox2 and Nox4 are highly
expressed in the heart and are critical to the development of car-
diomyocytes, especially Nox4, distinguished from the other Nox iso-
forms because of their high level in cardiovascular tissues (Maejima
et al., 2011). Nox4 may therefore be more susceptible to stress factors,
such as HyOo-induced oxidative stress than Nox2 (Chen et al., 2012).
Correspondently, we found that the expression of Nox4 was elevated
around 2-fold and Nox2 expression was increased around 1.4- fold by
H,0,. While flavonoids, carotenoids, and their combinations signifi-
cantly inhibited the expression of Nox2 and Nox4. Thus,
flavonoid-carotenoid combinations may regulate ROS levels in a
Nox4-dependent manner.

Quercetin-lycopene combination altered 134 genes on the deregu-
lated signaling pathways induced by Hy0,, especially those genes
enriched in inflammatory-related pathways, such as the NF-«B signaling
pathway, which was identified by RNA-sequencing analysis. Hou et al.
(2019) also reported that 4 h of HyO» treatment induced DEGs enriched
in inflammation, immune response, and apoptosis signaling pathways,
especially those enriched in NF-kB and TNF signaling in Caco-2 cells.
Inflammatory cytokines such as IL1-8, IL-6, IL-2, NLRP3, and related
enzymes such as COX-2 were reported to activate transcription factor
NF-xB triggering inflammation response and vascular dysfunction
(Rodriguez-Manas et al., 2009; Yu and Chung, 2006). Such inflamma-
tory responses induced ROS overproduction and then triggered oxida-
tive stress (Crowley, 2014). In our study, the activated inflammatory
genes by HyO, could result from the activation of inflammatory
signaling pathways, which further exacerbated oxidative stress, which
was ameliorated by the quercetin-lycopene combination.

SIRT1 has been reported to confer endothelial protection through
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ameliorating oxidative stress, and be downregulated by oxidative stress
factors such as HyO», hypoxia, hyperglycemia et al. (Chen et al., 2018;
Crowley, 2014; Rodriguez-Manas et al., 2009). Evidence piled up that
quercetin, luteolin, lycopene, and lutein could prevent oxidative stress,
endothelial dysfunction, and aging via up-regulating SIRT1 (Balcerczyk
et al.,, 2014; Hung et al., 2015; Luvizotto et al., 2015). However, the
interaction between them is not clear. In this study, we demonstrated the
interaction of quercetin and lycopene with SIRT1 for the first time, by
direct interaction, and changes in SIRT1 thermo-stabilization. Our re-
sults showed that quercetin-lycopene combination M2 increased the
thermostability of SIRT1 determined by CETSA, showed higher effi-
ciency in boosting SIRT1 deacylation, and a stronger affinity to SIRT1 in
fluorescence quenching assay. The changes in the stability of SIRT1 may
be a direct result of drug binding, but also could result from downstream
effects such as modulation of cell signaling, and metabolism induced by
the small compounds (Danesh et al., 2018). Previous studies reported
that the modifications on cysteine residues and other modifications such
as glutathionylation and sulfenylation could change the stability of the
protein, which was observed by the previous CETSA study (He et al.,
2015). Thus, the CETSA results may also indicate a possible change in
deacetylase activities of SIRT1 by quercetin and M2. The activation of
SIRT1 depended on a direct combination with SIRT1 and further acti-
vating SIRT1-catalyzed deacetylation, or improving the stability of
SIRT1 (Gertz et al., 2012; Lakshminarasimhan et al., 2013). We found
that quercetin and lycopene synergistically increase the deacetylase
activities of SIRT1, as well as the mRNA level of SIRT1.

Sirtl-mediated deacetylation was reported to regulate the NF-xB
pathway in vascular smooth muscle cells and other models (Chen et al.,
2016; Kauppinen et al., 2013). NF-xB transcription activity was sup-
pressed by SIRT1 binding and deacetylating subunit p65 (Salminen
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et al., 2008; Yeung et al., 2004), which altered redox balance and
reduced muscle wasting in tumor-bear mice (Dasgupta et al., 2020). The
expression of NF-kB p65 was induced by Hy0,, while inhibited by
quercetin-lycopene combination in HUVEC cells, with SIRT1 involved.
Nox4, distinguished from the other Nox isoforms by its high level in
cardiovascular tissues, plays a critical role in endothelial oxidative stress
(Maejima et al., 2011). Flavonoids and carotenoids could downregulate
Nox4 to reduce intracellular ROS levels and prevent oxidative
stress-induced diseases (Hung et al., 2015; Jhou et al., 2017). SIRT1 can
regulate oxidative stress and prevent cancer cachexia in skeletal muscles
via Nox4 (Dasgupta et al., 2020). The inhibition of SIRT1 induced
endothelial dysfunction via upregulation of the NADPH oxidase sub-
units, p22phox and Nox4, resulting in an increased vascular O2"~ pro-
duction (Zarzuelo et al., 2013). We found that inhibition of SIRT1
abolished the suppression of Nox4 and ROS levels by the
quercetin-lycopene combination. In addition, Nox4 was also stimulated
by NF-kB in vascular smooth cells and other models (Lu et al., 2010; Ryu
et al., 2007). The NF-kB subunits p65 and p50 activated Nox4 promoter
activity, while the inhibition of NF-kB p50 or p65 decreased
hypoxia-driven Nox4 promoter activity in human pulmonary artery
smooth muscle cells (Lu et al., 2010). Taken together, these results
indicated the important role of SIRT1 in inhibiting ROS generation. That
is to say, the quercetin-lycopene combination could inhibit ROS eleva-
tion through the SIRT1-Nox4 signaling pathway.

Overall, this study demonstrated that flavonoid-carotenoid combi-
nation, especially quercetin-lycopene combination, interacts with SIRT1
to suppress inflammation and Nox4 expression, reduced ROS produc-
tion, and prevent oxidative stress in HUVEC cells. Therefore, choosing a
balanced diet containing both flavonoids and carotenoids is beneficial
for preventing vascular disorders and related cardiovascular diseases.
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