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Abbreviations

CI: combination index

CRP: C reactive protein

CVD: cardiovascular diseases

DMSO: Dimethyl sulfoxide

FBS: fetal bovine serum

ICAM-1: intracellular adhesion molecule-1

IL: interleukin

MCP-1: monocyte chemoattractant protein-1

NF-kB: nuclear factor kappa-light-chain-enhancer of activated B

TNF-a: tumor necrosis factor-a

TBST: Tris-buffered saline-Tween

VCAM-1: vascular cell adhesion molecule-1
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Abstract: Emerging evidence shows that phytochemicals, the secondary plant metabolites
present in a large variety of foods, have the potential ability in reducing the risk of
cardiovascular diseases. However, the dosages of phytochemicals in the cellular and animal
studies are too high to reach in humans by relevant foods or dietary supplement intake. The
aims of this study were to investigate whether and how combined curcumin and luteolin
synergistically inhibit tumor necrosis factor-alpha (TNF-a)-induced monocytes adhesion
endothelium, a crucial step of the development of endothelial dysfunction, both in human
vascular cells and mouse aortic endothelium. Our results show that combined curcumin
(1uM) and luteolin (0.5uM) synergistically (combination index is 0.60) inhibited TNF-a-
induced monocytes adhesion to human EA.hy926 endothelial cells while the individual
chemicals did not have such effect at the selected concentrations. We also found that TNF-
a-enhanced protein expressions of vascular cell adhesion molecule 1 (VCAM-1), monocyte
chemotactic protein-1 (MCP-1) and nuclear factor (NF)-xB translocation were
synergistically reduced by the combined curcumin and luteolin in EA.hy 926 cells while the
individual chemical did not have this inhibitory effect. Consistently, two weeks dietary intake
of combined curcumin (500 mg/kg) and luteolin (500mg/kg) in C57BL/6 mice synergistically
prevented TNF-a-stimulated adhesion of mouse monocytes to aortic endothelium ex vivo as
well as the TNF-a-increased aortic protein expression of MCP-1 and VCAM-1. Therefore,
combined curcumin and luteolin at physiological concentrations synergistically inhibits
TNF-a-induced monocytes adhesion to endothelial cells and expressions of MCP-1 and

VCAM-1 via suppressing NF-kB translocation into the nucleus.

Keywords: combination, curcumin, luteolin, synergistic, adhesion, NF-xB pathway
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1. Introduction

Elevated chronic inflammation plays a key role in the development and the
complications of cardiovascular diseases (CVD), which is characterized by high circulating
levels of pro-inflammatory markers such as tumor necrosis factor-o (TNF-a), C reactive
protein (CRP) and serum amyloid A [1, 2]. Indeed, increased pro-inflammatory markers
trigger the activation and adhesion of monocytes to the endothelium as well as elevation of
oxidized LDL uptake, and enhance these monocytes migration into the sub-endothelial space
to further stimulate severe inflammation (more macrophages, cytokines and chemokines) and
smooth muscle cell proliferation and finally develop foam cells and plaques [3]. This process
is primarily mediated by several pro-inflammatory chemokines such as interleukin (IL)-8 and
monocyte chemoattractant protein-1 (MCP-1), and several endothelial adhesion molecules
including vascular cell adhesion molecule-1 (VCAM-1), intracellular adhesion molecule-1
(ICAM-1). Increasing studies show that reducing these adhesion molecules and chemokines
abolish the adhesion of monocytes to the activated endothelial cells and then inhibits vascular
inflammation and the relevant complications [4, 5]. Therefore, attenuating adhesion of
monocytes to endothelium and reducing relevant adhesion molecules may be an effective

approach to reduce vascular chronic inflammation and prevent CVD prevalence.

While unhealthy lifestyle such as tobacco use, lack of regular physical activity and
obesity [6, 7] and aging [8, 9] are the major risk factors of chronic inflammation elevation,
increasing evidence supports that selecting healthy foods can reduce chronic inflammation,
particularly intake of phytochemicals, secondary plant metabolites present in a large variety
of foods including fruit, vegetables, nuts and beverages can significantly attenuate chronic
inflammation by reducing pro-inflammatory markers and exerting as antioxidants and

thereby and prevent CVD [10, 11]. For instance, curcumin, a polyphenolic compound from
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turmeric, shows strong anti-oxidative and anti-inflammatory activities and then widely used
to prevent/treat CVD, cancer and other diseases [12, 13]. Similarly, luteolin, a flavone
contained in many medicinal plants and vegetables, has the ability to scavenge reactive
oxygen species (ROS), suppress pro-inflammatory cytokine expression as well as enhance
endothelial nitric oxide (NO) production and therefore protect vasculature [ 14, 15]. However,
the concentrations/dosages of phytochemicals in inhibiting vascular inflammation in the
cellular and animal studies are very high and cannot be reached in humans by foods or dietary
supplement intake [16]. For example, curcumin significantly inhibits TNF-a induced
expression of adhesion molecules VCAM-1, ICAM-1 and E-Selectin in human endothelial
cells at 40 uM [17], but the maximum plasma level of curcumin is only 2.30 pg/mL after a
high oral dose of 20 g curcumin in healthy humans [18]. One of the approaches of bridging
the gap between the required high dosages in cellular/animal studies and very low level of
phytochemicals in human blood is to combine two or more phytochemicals. This is supported
by increasing studies that combinations of a couple of phytochemicals synergistically

improve osteoporosis [19, 20] and suppress obesity [21].

Therefore, the present study investigated whether and how the combination of
curcumin and luteolin at physiologically achievable levels synergistically inhibits TNF-a-
induced vascular inflammation both in vitro and ex vivo. Our results provide the first
scientific evidence that combination of curcumin and luteolin, at low concentrations that
individual chemical does not have a significant effect, synergistically inhibited TNF-a-
induced monocytes adhesion to human EA.hy926 endothelial cells, and inhibited VCAM-1
and MCP-1 protein expression via regulating nuclear factor kappa-light-chain-enhancer of

activated B (NF-xB) nuclear translocation. Moreover, this synergistic inhibitory effect of
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combined curcumin and luteolin was also observed in the aortic endothelium isolated from

mice after two weeks of dietary intake of curcumin and/or luteolin with TNF-a injection.

2. Materials and methods

2.1. Cells and reagents

EA . hy926 cells, THP-1 cells, and WEHI 78/24 monocytes were purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA). RPMI-1640, low glucose
Dulbecco’s modified eagle’s medium (DMEM) and penicillin/streptomycin (P/S) were
obtained from Gibco (Carlsbad, CA, USA). Fetal bovine serum (FBS) was from Mediatech
(Manassas, VA, USA). Recombinant human TNF-a was purchased from Life Technologies
(Grand Island, NY, USA). Recombinant mouse TNF-a was from PeproTech (Rocky Hill, NJ,
USA). VCAM-1, MCP-1, B-actin, p65 antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). Dimethyl sulfoxide (DMSO) was purchased from Sigma-
Aldrich (St Louis, MO, USA). Calcein-AM and HBSS buffer were purchased from Corning
(NY, USA). Pierce BCA protein assay kit, Supersignal west dura extended duration substrate
kit, M-PER mammalian protein extraction buffer, NE-PER nuclear and cytoplasmic
extraction reagents kit were purchased from Thermo Fisher Scientific (Rockford, IL, USA).
Curcumin, luteolin was purchased from Sigma-Aldrich (St. Louis, MO, USA), dissolved in

DMSO at 50 mM, and aliquoted for storage at -20°C freezer.

2.2 Cell culture

EA_.hy926 cells, a permanent human endothelial cell line preserving the characteristics
of primary human umbilical vein endothelial cells [22], were cultured in low glucose DMEM

supplemented with 10% FBS, 1% penicillin/streptomycin (P/S) in 75-cm? tissue culture

flasks at 37°C in a humidified atmosphere of 5% CO2/95% air environment. THP-1 cells, a

6
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human leukemia monocytic cell line extensively used to study monocyte/macrophage
functions [23], were cultured in RPMI-1640 medium containing 10% FBS and 1% P/S and
WEHI 78/24 cells, a mouse monocyte cell line, were maintained in DMEM with 10% FBS
and 1% P/S in the CO2 incubator at 37°C in a humidified atmosphere of 5% C0O2/95% air

environment.

2.3. Monocyte adhesion assay in vitro

The number of monocytes adhering to ECs was conducted as we described [24]. In brief,
EA.hy926 cells were grown in 12-well plates to 100% confluent and then treated with/out
curcumin and/or luteolin at the relevant concentrations and 10 ng/ml human recombinant
TNF-a for 20h. After gently washed with serum-free medium, calcein-AM (10uM) labeled
THP-1 cells (1x10%ml/well) were added to EA.hy926 cells for 1h incubation. Unbound
monocytes were gently washed by HBSS. The adhered monocytes were captured by a
fluorescence microscope (fluorescent) and merged with the image of separate endothelial
cells (optical), or directly determined by measuring the fluorescence using a Synergy HlI
hybrid reader (BioTek Instruments, Inc., Winooski, VT, USA) at excitation and emission

wavelengths of 496 nm and 520 nm.

2.4 Optimum combination selection

To select the optimum combination of curcumin and luteolin, different concentrations
of curcumin or luteolin were added to monocyte adhesion assay to make the dose-dependent
curves of each chemical. The combinations were randomly combined curcumin (0.1uM,
1UM, S5pM, 10uM) and luteolin (0.1uM, 0.5uM, 1uM, SUM) at the relevant concentrations

to determine the inhibitory effect on the TNF-a-induced monocytes adhesion to EA.hy926
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cells. The combination index (CI) of each combination was calculated using the classic

isobologram equation [25].

D, D,
Cl= +
D,

b D2x

D1 and D2 in the numerator stand for the concentrations of compounds 1 and 2 in
combination to achieve x% inhibition whereas D1x and D2x in the denominator represent
concentrations of compounds 1 and 2 to achieve x% inhibition when present alone. CI < 1,
CI=1, and CI > 1 indicate synergistic, additive, or antagonistic effects, respectively according
to a previous study [25]. The optimum combination was selected based on lower CI and lower

concentrations to conduct mechanism experiments.

2.5 Animal study

Male C57BL/6 mice (10 weeks old) were purchased from the Jackson Laboratory (Bar
Harbor, ME and were randomly divided into five groups (8 mice/group, Table 1), which feed
either with AIN-93G mineral mix standard food [26], or standard food containing individual
or combined curcumin and luteolin for 1 week. The dosages of curcumin (500mg/kg diet,
w/w) [27-29] and luteolin (500mg/kg diet, w/w) [30-32] were selected based on previous
studies. TNF-a (25 pg/kg daily) was injected intraperitoneally (i.p.) for 7 consecutive days
while the treatments were continued. Control mice were i.p. injected HBSS for the same
period. All animals were maintained at constant temperature and humidity with a 12:12-hr
light-dark cycle permitted the consumption of water and food ad libitum. The body weight
and food intake were recorded each day during the entire study period. At the end of the
experiment, all mice were euthanized using CO> and tissues including the aorta, blood and
spleen were collected for immediate assay or frozen at -80°C for further analysis. The aorta

was cut into two parts, one section closes the heart was used to conduct ex vivo monocyte
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adhesion assay immediately, and the second section was frozen at -80 °C for protein
extraction. All experimental procedures were approved by the Institutional Animal Care and
Use Committee at Tennessee State University in accordance with the National Institutes of

Health Guidelines for the Care and Use of Laboratory Animals.

Tablel. Dosages of chemicals in an animal experiment

Group  Group Group3 Group4 Group 5

1 2
TNF-a (ug/kg) - 25 25 25 25
Curcumin (mg/kg) - - 500 - 500
Luteolin (mg/kg) - - - 500 500

2.6 Ex vivo monocyte adhesion assay

After mice were euthanized, aortas were excised rapidly and washed twice with ice-
cold PBS followed by incubation in DMEM for 10 min at 37°C. The aortas were opened
longitudinally to expose the endothelium and pinned onto 4% agar in 35-mm plates with 1
ml of DMEM containing 1% heat-inactivated FBS. Fluorescence-labeled WEHI 78/ 24
mouse monocytes (1x10°%) were applied on the endothelium of aorta and incubated for 30 min
at 37°C. Unbound monocytes were gently rinsed away by DMEM medium once, firmly
bound monocytes to the endothelium of aorta was captured by fluorescence microscope.
Three images of each aorta were taken, and all bound monocytes in the entire image were
counted using Image-J software. The average number of three images was considered as the

number of the mouse, and data are expressed as means + SEM of 8 mice per group.

2.7 Western Blot
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At the end of the treatments (20 h), EA. hy926 cells were collected to extract proteins
as we described [33]. In brief, after 20 h of incubation with/out treatments, EA. hy926 cells
were rinsed once with PBS and added with ice-cold mammalian protein extraction buffer (20
mM Tris/HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5
mM NasP>0O7, 1 mM B-glycerolphosphate, 1 mM Na3zVOs). Cells were then scraped off and
collected in 1.5 ml tube and sonicated on ice for 15 seconds 3 times, with 15 seconds interval.
After centrifuging 10 min at 12,000g, the supernatant was collected as a protein sample. For
the total and nuclear NF-xB (p65), the protein sample was further extracted by a NE-PER
nuclear and cytoplasmic extraction reagents kit (Thermo Fisher Scientific, Rockford, IL,
USA). Sample protein concentration was measured using a Pierce BCA protein assay kit. An
equal amount of protein of samples was mixed with 2x western blot sample buffer and heated
at 95°C for 5 minutes, then subjected to western blot analysis. For animal tissue, mice aorta
tissue was weighted (about 20 mg each mouse) and added in mammalian protein extraction
buffer with proteinase inhibitor cocktail (Sigma-Aldrich). After cutting 30 times, samples
were homogenized by the Precellys 24 tissue homogenizer on ice for 3 times, 15 seconds
each time. Then samples were centrifuged 10 min at 12,000g, and supernatants were collected
as protein sample to measure total protein level and prepare western blot sample as described
above. Samples were separated by 10% SDS-PAGE and the membrane was blocked for 1
hour with Tris-buffered saline-Tween (TBST) containing 5% skim milk at room temperature.
After washing 3 times with TBST, the membrane was incubated with the relevant primary
antibody at 4°C overnight. On the next day, the membrane was washed 3 times with TBST
and then incubated with secondary antibody for one hour at room temperature. Specific bands
were detected by SuperSignal West Dura chemiluminescence (ThermoFisher Scientific) and

visualization was performed by exposure of the membranes to X-ray films. Band intensities

10
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were quantified by ImagelJ software. The value of the specific protein was normalized by the

expression of B-actin and expressed as the percentage of the control.

2.8 Statistical analyses

All values of in vitro studies were presented as means = SEM of at least three
independent experiments performed in triplicate. For the animal study, 8 mice/group was
determined by conducting a power analysis (using GPOWER software) for a one-way
ANOVA at a type error level of 5%. The values of in vivo studies were presented as means
+ SEM of 8 mice. All data were analyzed with one-way ANOV A and significant differences
between treatment groups were further analyzed using Tukey test. Differences with P value

< 0.05 were considered significant.

11
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3. Results

3.1 Combined curcumin and luteolin synergistically inhibited TNF-a-induced monocytes
adhesion to EA.hy 926 cells

Since TNF-o-induced monocyte adhesion to endothelial cells is an important step in
the development of vascular inflammation, we determined if curcumin or luteolin can block
TNF-a-induced adhesion of THP-1 cells to EA.hy 926 cells, a typical model of vascular
inflammation research. Our results have shown that exposure of EA.hy 926 cells to TNF-a
(10 ng/ml) for 20 h dramatically increased the adhesion of monocytes to EA.hy 926 cells.
Curcumin dose-dependently inhibited TNF-a-induced binding of monocytes to ECs at 87%
and 73% of TNF-a at 5 uM, 10uM respectively (Fig. 1A). Similarly, luteolin along also dose-
dependently inhibited TNF-a-induced binding of monocytes to ECs (Fig. 1B). However, the
minimum concentrations of curcumin (5 uM) and luteolin (5 uM) significantly inhibited
monocytes to EA.hy 926 cells are still too high to achieve by relevant foods intake. We then
combined the two chemicals to test if the combination inhibits monocyte adhesion while the
individual chemical does not significantly inhibit at the selected concentrations. To select the
optimum combination of luteolin and curcumin, the two chemicals were combined at the
relevant concentrations to test in the adhesion assay and Cls were calculated as in Fig. 1 C.
The combination of curcumin at 1M plus luteolin at 0.5 UM has lower CI value (0.60, CI<1
means synergistic) while the individual chemicals at lower concentrations. As shown in Fig.
1D, combined curcumin (1 pM) and luteolin (0.5 pM) synergistically inhibited monocytes
adhesion to 84% of TNF-a control, and the inhibitory effect of the combination is
significantly different with that of individual curcumin or luteolin, and curcumin and luteolin
alone did not significantly inhibit TNF-a-induced monocytes adhesion. Therefore, we

selected this combination curcumin (1uM) and luteolin (0.5uM) as an optimum combination

12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

to conduct the following experiments.

3.2 Combined curcumin and luteolin synergistically reduced TNF-a-increased protein

expressions of VCAM-1 and MCP-1 in endothelial cells

Elevated VCAM-1, MCP-1, and other adhesion molecules play key roles of adhesion,
migration, infiltration of monocytes/macrophages and triggering chronic vascular
inflammation. We want to know whether these molecules mediate the inhibitory effect on
monocyte adhesion by a combination of curcumin and luteolin. Our western blot results show
that the expression of that protein of VCAM-1 was synergistically reduced to 75% of TNF-
a control by a combination of curcumin 1 uM plus luteolin 0.5 uM, while the individually
treated with curcumin or luteolin at the relevant concentrations did not significantly reduce
VCAM-1 expression (Fig. 2A). Similarly, TNF-a-increased MCP-1proteins expression was
synergistically reduced to 59% of TNF-a control by combined curcumin and luteolin, and
this inhibitory effect is significantly different with the effect by the individual curcumin or
luteolin (Fig. 2B). These results are the pattern of monocytes adhesion to EA.hy 926 cells
by an individual or combined chemicals, indicating that combined curcumin and luteolin
synergistically inhibit TNF-a-induced monocytes adhesion to EA.hy 926 cells by down-

regulating proteins expression of VCAM-1 and MCP-1in EA hy 926 cells.

3.3 Curcumin and luteolin synergistically inhibit TNF-a-induced inflammation via regulating

the NF-kB pathway in endothelial cells

To further investigate how combined curcumin and luteolin synergistically inhibits
TNF-a-induced monocytes adhesion, we collected treated EA.hy 926 cells to determine the
level of NF-xB signaling pathway, a pivotal pathway in the transcriptional regulation of
chemotactic cytokines and vascular adhesion molecules [34]. Western blot analysis showed

13
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that combined curcumin and luteolin did not significantly change total P65 protein expression
(Fig. 3A), but nuclear P65 protein expression of was significantly decreased to 36% by
combined curcumin 1 uM plus luteolin 0.5 uM (Fig. 3B). These data indicate that combined
curcumin and luteolin may synergistically inhibit TNF-a-induced monocytes adhesion by

attenuating p65 translocation from cytosol to nucleus.

3.4 Dietary supplementation of curcumin and luteolin synergistically reduces TNF-o-

induced vascular inflammation in C57BL/6 mice

To further confirm whether combined curcumin and luteolin synergistically prevent
TNF-o-induced vascular inflammation in vivo as we recently described [31], individual or
combination of curcumin and luteolin were dietarily administrated to mice for 7 consecutive
days while TNF-a was injected. The animal condition was observed daily during the
experimental period. We did not observe any difference of performance, the reactivity of
mice between groups during the entire experimental period, and there was no significant
difference of body weight, food intake and drink intake (data not shown). After carefully
isolated and opened, the endothelium of isolated mouse aorta was explored to fluorescence-
labeled mouse WEHI 78/ 24 monocytes. As shown in Fig. 4A, TNF-a-treatment significantly
increased WEHI 78/24 cells binding to the vessel walls of mouse aortas compared with those
from control mice, indicating that blood vessels in TNF-a treated mice are activated and
inflammatory. While dietary supplementation of individual curcumin or luteolin effectively
blocked adhesion of monocytes to the endothelium (Fig. 4A), a combination of curcumin and
luteolin synergistically inhibited TNF-a-recruited because of the inhibitory effect of the
combination of curcumin and luteolin significantly lower than that of individual curcumin

and luteolin. We further measured protein expression of MCP-1 and VCAM-1 in the aorta

14
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and found that TNF-o-increased VCAM-1 (Fig. 4B) and MCP-1(Fig. 4C) were
synergistically decreased dietary supplementation of curcumin and luteolin to 52% and 65%
of TNF-a control respectively. These results suggest that combined curcumin and luteolin
exerts an anti-inflammatory effect in vasculature via inhibiting adhesion molecules

production.
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4. Discussion

The critical roles of chemokines and adhesion molecules in the initiation and
development of vascular inflammatory process and pathogenesis of CVDs have been well
established [35, 36]. For example, chemokine MCP-1 is essential for monocyte rolling, firm
adhesion to ECs and the subsequent transmigration into vascular tissue [37][39][46] and
adhesion molecules such as ICAM-1, VCAM-1, and E-selectin play a pivotal role in
attracting, binding and transmigrating monocytes into sites of inflammation [38][47]. These
have been confirmed by that mice lacking receptors for these molecules are less susceptible
to vascular disease and have fewer monocytes in vascular lesions [39]. In the present study,
we observed that TNF-a-increased protein expression of MCP-1 and VCAM- 1 were
synergistically reduced by combined curcumin and luteolin both in human EA.hy 926
endothelial cells (Fig. 2 A&B) and mice aorta (Fig. 4 B&C), the same patterns of the
synergistic inhibitory effect on TNF-a-increased monocytes adhesion on ECs by combined
curcumin and luteolin both in human EA.hy 926 endothelial cells (Fig. 1D) and mice aorta
(Fig. 4 A). In addition to endothelial cells, MCP-1 and other adhesion molecules can be
produced by a variety of cell such as fibroblasts, macrophages, monocytes, epithelial, smooth
muscle, monocytic and microglial (a specialized population of macrophages that are found
in the central nervous system) cells [40], suggesting that combination of curcumin and
luteolin may also attenuate the production of these inflammatory molecules from other types
of cells. An interesting result from our study is that ICAM-1 protein expression was not
significantly reduced by the combination of curcumin and luteolin while this treatment
significantly reduced VCAM-1 expression both in human cells and mice aorta as
aforementioned, a possible explanation is that VCAM-1 plays a dominant role in the initiation

of vascular inflammation [41]. Nevertheless, dietary intake both curcumin and luteolin or
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relevant foods may prevent vascular inflammation by inhibiting the release of chemokines
and adhesion molecules.

The NF-xB pathway may be the same target both curcumin and luteolin in inhibiting
TNF-a-induced vascular inflammation. For instance, curcumin exerts anti-inflammatory
through inhibition of the NF-xB pathway [42, 43] and luteolin protects against TNF-o-
induced vascular inflammation in human endothelial cells via suppressing IKBa/NF-xB
signaling pathway [31]. In fact, NF-kB signaling pathway plays a central role in the
regulation of inflammatory responses by governing the expression of chemokines and
leukocyte adhesion molecules such as MCP-1, VCAM-1, E-selectin and ICAM-1 [44, 45].
TNF-a activates NF-xB in the cytosol and leads the p50/65 heterodimer of NF-xB p65
translocation into the nucleus, then the p50/p65 dimer binds to the promoter regions of NF-
kB-dependent proinflammatory and adhesion genes such as MCP-1 and VCAM-1 to induce
the DNA transcription and protein expressions [44, 46]. Therefore, NF-«B is an interesting
target for the attenuation of inflammation. Remarkably, we found that TNF-a nuclear p65
protein expression was synergistically reduced by the combined curcumin and luteolin in
human EA hy 926 endothelial cells while the individual chemical did not have this inhibitory
effect (Fig. 3B). This result matches the patterns of the synergistic inhibition of combined
curcumin and luteolin on the TNF-a-induced monocytes adhesion (Fig. 1D) and expressions
of VCAM-1 and MCP-1(Fig. 2), indicating that combined curcumin and luteolin
synergistically inhibits TNF-a-induced vascular inflammation via suppressing NF-kB p65
nuclear translocation. Indeed, inhibitors of NF-«B p65 nuclear translocation such as
dexamethasone [47] and rolipram [48] have been used to suppress inflammation.

To understand how combination of two or more phytochemicals exerts synergistic
anti-inflammatory effects in cells, animals, and humans, we recently summarized literatures

and proposed five mechanisms including enhancing the bioavailability of phytochemicals,
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increasing antioxidant capacity, interacting with gut microbiome (change microbial profiles,
reduce endotoxin and increase gut integrity) and targeting same and/or different signaling
pathways by the interactions between phytochemicals [16]. Particularly the bioavailability of
curcumin can be massively increased by another chemical. For instance, co-administration
of piperine and curcumin to humans and rats enhanced the bioavailability of curcumin by
2000% and 154%, respectively [49]. This may be a result of the inhibition of the
glucuronidation of curcumin by piperine because curcumin is heavily metabolized in the form
of glucuronide conjugates prior to reaching the plasma and piperine is a well-known inhibitor
of hepatic and intestinal glucuronidation [50]. We also observed that adding luteolin with
curcumin together significantly increased the cellular uptake of curcumin both in endothelial
cells and breast cancer cells (data not shown), indicating the luteolin enhanced curcumin
uptake at least partly contributes to the synergistic inhibition on TNF-a-increased vascular

inflammation both in human cells and mice.

The complexity of the metabolism of curcumin and luteolin may affect the synergistic
anti-inflammatory effect of the combination in vivo. Curcumin is a relatively unstable
compound that degrades quickly in neutral and alkaline solutions to ferulic acid, feruloyl
methane and vanillin. Compared to curcumin, these degraded products have a much lower
anti-cancer effect [51]. Similarly, the major product of in vivo metabolism products curcumin
monoglucuronide and curcumin diglucuronide have much lower antioxidant capacity than
that of curcumin [52]. However, an increase in blood curcumin glucuronide concentration
enhances the concentration of free form curcumin, resulting in the suppression of human
colon carcinomas implanted in mice [53]. For luteolin, the two major forms in vegetables are
either aglycone or glucosides (e.g., luteolin-7-O-B-D-glucoside, luteolin-7-O-[2-(B-D-

apiosyl)-B-D-glucoside]). However, luteolin conjugates, especially luteolin-3'-OB-D-
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glucuronide, but not luteolin aglycone and luteolin glucosides, are presumably responsible

for the physiological effects of luteolin in vivo. Therefore, these luteolin aglycone and
luteolin glucosides must be metabolized to luteolin glucuronide (e.g., luteolin-3"-OB-D-
glucuronide) in rats or luteolin-3'-O-sulfate in humans. Interesting, luteolin glucuronide

exerts stronger anti-inflammatory effect than that of luteolin sulfate [54].

In summary, we reported for the first time that combined curcumin and luteolin, at low
levels achievable by dietary intake, synergistically inhibited TNF-a-induced monocytes
adhesion to human EA.hy 926 endothelial cells, but the individual chemical at the relevant
levels did not have a significant inhibitory effect. This synergistic inhibitory effect on
monocytes adhesion by combined curcumin and luteolin is in line with the synergistic
inhibited TNF-a-increased protein expressions of VCAM-1 and MCP-1 as well as the TNF-
a-induced NF-«kB p65 nuclear translocation in EA.hy 926 cells. We are also the first reporter
that dietary supplementation of the combination of curcumin and luteolin synergistically
reduced TNF-a-increased vascular inflammation in C57BL/6 mice. These results suggest that

dietary intake of a combination of curcumin and luteolin may be a valuable approach to

.....

.....

Figure Legends

Fig. 1. Combined curcumin and luteolin synergistically inhibited TNF-a-induced monocytes
adhesion to EA.hy 926 cells. After 100% confluent, EA.hy 926 cells were treated TNF-a (10
ng/ml) with/out individual or combination of curcumin (Cur) or/and luteolin (Lut) for 20 h.
Cells were gently washed with serum-free medium and incubated with Calcein-AM labeled
THP-1 cells for 1h. Unbound monocytes were gently rinsed away by HBSS. The adhered
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monocytes were captured by a fluorescence microscope or directly determined by measuring
the fluorescence using a Synergy H1 hybrid reader at excitation and emission wavelengths
of 496 nm and 520 nm. Individual curcumin (A) and luteolin (B) dose-dependently inhibited
TNF-a-induced monocytes adhesion to EA.hy 926 cells. Combination index (CI, C) were
calculated from various combinations to select the optimum combination. D, combined
curcumin (1 pM) and luteolin (0.5 pM) synergistically inhibited TNF-a-induced monocytes
adhesion to EA.hy 926 cells as shown in representative images (merged from two separate
images of endothelial cells (optical) and monocytes (fluorescent)) at the magnification of 40x
and bar graphs. Data are reported as the means + SEM *, P < 0.05; **, P < 0.01 compared

to the TNF-a control. #, p < 0.05 compared to the combined curcumin and luteolin treatment.

Fig. 2. Combined curcumin and luteolin synergistically reduced TNF-a-increased proteins
expression of VCAM-1(A) or MCP-1(B) in EA.hy926 cells. 20 h treated TNF-a (10 ng/ml)
with/out individual or combination of curcumin (Cur) or/and luteolin (Lut) EA.hy926 cells
were collected to measure proteins levels by Western blot. Target protein expression was
normalized to B-actin. Data are expressed as the means + SEM from three independent
experiments. *, P <0.05; **, P <0.01 compared to the TNF-a control. #, p < 0.05 compared

to the combined curcumin and luteolin treatment.

Fig. 3. Combined curcumin and luteolin synergistically reduced TNF-a-increased NF-xB p65
nuclear translocation. 20 h treated TNF-a (10 ng/ml) with/out individual or combination of
curcumin (Cur) or/and luteolin (Lut) EA.hy926 cells were collected to measure proteins
levels by Western blot. Total NF-xB (p65) protein (A) and nuclear p65 protein (B) protein
expression were normalized to B-actin. Data are expressed as the means + SEM from three
independent experiments. *, P < 0.05; **, P < 0.01 compared to the TNF-a control. #, p <

0.05 compared to the combined curcumin and luteolin treatment.
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Fig. 4. Dietary supplementation of a combination of curcumin and luteolin synergistically
reduced TNF-a-induced aortic inflammation in C57BL/6 mice. Individual or combination
of curcumin and luteolin were dietarily administrated to mice for 7 consecutive days while
TNF-a was injected. Ex vivo adhesion assay was conducted between the endothelium
isolated from mouse aorta and fluorescence-labeled mouse WEHI 78/ 24 monocytes.
Combination of curcumin and luteolin synergistically inhibited TNF-a-recruited monocytes
adhesion (A), and TNF-a-increased aortic VCAM-1 (B) and MCP-1(C) protein expression.
Representative images of monocytes adhesion on ECs are shown at the magnification of 40x.
Target protein expression was normalized to B-actin. Data are expressed as means + SEM
(n=8). *, P <0.05; **, P <0.01 compared to the TNF-a control. #, p < 0.05 compared to the

combined curcumin and luteolin treatment.
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