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Abstract: The anti-inflammatory effects of curcumin are well documented. However, the bioavailability of
curcumin is a major barrier to its biological efficacy. Low-dose combination of complimentary bioactives
appears to be an attractive strategy for limiting barriers to efficacy of bioactive compounds. In this study,
the anti-inflammatory potential of curcumin in combination with chlorogenic acid (CGA), was investigated
using human THP-1 macrophages stimulated with lipopolysaccharide (LPS). Curcumin alone suppressed
TNF-« production in a dose-dependent manner with a decrease in cell viability at higher doses.
Although treatment with CGA alone had no effect on TNF-o production, it however enhanced cell viability
and co-administration with curcumin at a 1:1 ratio caused a synergistic reduction in TNF-& production
with no impact on cell viability. Furthermore, an qRT-PCR analysis of NF-«B pathway components and
inflammatory biomarkers indicated that CGA alone was not effective in reducing the mRNA expression
of any of the tested inflammatory marker genes, except TLR-4. However, co-administration of CGA with
curcumin, potentiated the anti-inflammatory effects of curcumin. Curcumin and CGA together reduced
the mRNA expression of pro-inflammatory cytokines [TNF-a (~88%) and IL-6 (~99%)], and COX-2
(~92%), possibly by suppression of NF-«kB (~78%), IkB-f3-kinase (~60%) and TLR-4 receptor (~72%) at
the mRINA level. Overall, co-administration with CGA improved the inflammation-lowering effects of
curcumin in THP-1 cells.
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1. Introduction

Inflammation is a vital protective response of the body characterised by the synthesis and release
of pro-inflammatory cytokines, such as tumour necrosis factor-o (TNF-«), and interleukin-6 (IL-6),
upregulation of enzymes (e.g., cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS)),
and stimulation of intracellular signalling pathways, particularly those activating nuclear factor
kappa-B (NF-«B), a transcription factor that orchestrates inflammatory responses in many tissues [1-3].
A long-term, uncontrolled, low-grade inflammatory response is involved in many chronic conditions,
such as obesity, diabetes, bronchitis, pancreatitis, colitis, and cardiovascular disease, as well as some
types of cancer [2,4-6].

Several anti-inflammatory drugs have been developed to control chronic inflammation by reducing
the production of inflammatory mediators, but long-term consumption of these drugs may have
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side effects, such as bleeding in the stomach and predisposition to ulcers [7]. Therefore, there is a
growing interest in alternative treatments that are natural and can be a part of the diet [8]. Traditionally,
plant-based diets and their derivatives have been used to prevent inflammation and related chronic
diseases [9]. The therapeutic effect of food is primarily associated with the presence of naturally
occurring bioactive compounds present in fruit, vegetables, and grains [10,11]. Some of these
compounds can suppress inflammation and reduce oxidative stress in cells, either by modulation of
the signalling pathways involved, direct scavenging of oxidants or induction of antioxidant enzymes,
thus helping avert chronic inflammation-related diseases [12-14].

Curcumin, the principal phenolic compound extracted from the rhizome of the turmeric plant,
is one such bioactive that has been extensively studied for its anti-inflammatory health benefits.
Curcumin is reported to affect multiple inflammation-associated biomarkers, including transcription
factors, enzymes, pro-inflammatory cytokines and chemokines, and free radicals [15-17]. In vitro
studies with curcumin treatment have shown to downregulate TNF-«, IL-6, IL-1f3, nitric oxide (NO),
prostaglandin E, (PGE,), an inhibitor of kB subunit (IkB) and IkB kinase (IKK) via suppressing the
NF-«kB signalling pathway [18-21]. Administration of curcumin (5-30 uM) to rat vascular smooth
muscle cells stimulated with LPS (1 pg/mL) to induce inflammation, resulted in decreases in expression
of TNF-«, NO, iNOS and IkBa by suppressing the mitogen-activated protein kinase (MAPK) and
NF-kB pathways [22]. Similar anti-inflammatory effects of curcumin are reported in animal and clinical
trials. Curcumin (100 mg/kg bodyweight for 30 days) decreased the secretion and transcription of
TNF-«, IL-6, IL-13 and monocyte chemoattractant protein-1 (MCP-1) in adult male Wistar rats [23].
Supplementation of 100 and 200 mg/kg bodyweight curcumin for three days downregulated TNF-«,
IL-6, IL-1f3, IL-8, IkBx by inhibiting MAPK/NEF-«kB pathways in female BALB/c and C57BL/6 mice [24].
Similar reductions in the above-mentioned anti-inflammatory biomarkers are reported in several
clinical trials at a dose ranging 500-1000 mg per day [6,25,26]. However, the low bioavailability of
curcumin has proved a challenge, requiring high doses to deliver its intended benefits in humans.
Previous studies have reported that a minimum dosage of 3.6 g/day of curcumin is required to
achieve measurable plasma levels in humans [27,28]. This problem has led to the search for other
bioactive compounds that may act synergistically with curcumin to achieve anti-inflammatory effects
at lower doses.

Although less studied than curcumin, chlorogenic acid (CGA), an ester of cinnamic acids with
quinic acid obtained primarily from coffee and several types of fruit, is a potent antioxidant that
can mitigate unbalanced intracellular redox state [29,30]. In vitro studies have also reported the
anti-inflammatory effect of CGA predominantly by scavenging reactive oxygen species (ROS) and
reactive nitrogen species (RNS) [31,32]. A decrease in intercellular oxidative stress will reduce the
activation of the NF-«B signalling pathway, thereby showing an anti-inflammatory response. It is
hypothesised that co-administration of an antioxidant CGA with curcumin, may improve the stability
of curcumin and thereby enhance the anti-inflammatory benefits of curcumin at a lower dose. To test
if administration of curcumin with CGA might result in enhanced anti-inflammatory properties,
herein, we have investigated the effect of curcumin and CGA, both individually and in combination,
on LPS-mediated inflammation in human leukaemia monocyte (THP-1) cells.

2. Materials and Methods

2.1. Chemicals and Reagents

Phorbol 12-myristate 13-acetate (PMA, Cat. # P1585), lipopolysaccharide (LPS, Cat. # L5293),
3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT, Cat. #M5655), curcumin (Cat. # 08511)
and CGA (Cat. # 500590) were purchased from Sigma-Aldrich, Auckland, New Zealand. Roswell Park
Memorial Institute RPMI-1640 (Cat. # 72400120) and penicillin/streptomycin solution (Cat. # 15070063)
from ThermoFisher Scientific, Auckland, NZ. Fetal bovine serum (FBS, Cat. # MG-FBS0820) from MediRay,
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Auckland, New Zealand. Stock solutions of curcumin (20 mM) and CGA (50 mM) were prepared in DMSO,
and 100-uL aliquots were stored at —80 °C until required for use.

2.2. Cell Culture and Cell Treatments

THP-1 cells were purchased from Sigma-Aldrich, NZ (Cat. # 88081201) and cultured in RPMI 1640
medium supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C in 5% CO,. THP-1 cells,
at a density of 0.5 x 10° cells / well in 6-well plates, were differentiated into macrophages by treatment
with 50 nM PMA for 72 h. Differentiated THP-1 cells were then treated with curcumin and CGA for 1 h,
both individually and in combination, at a variety of concentrations (1-25 uM) as indicated in the figure
legends. The cells, in the presence of bioactive compounds, were then incubated with LPS (100 ng/mL)
for another 4 h to induce an inflammatory response. Cells were pre-treated with curcumin and CGA to
ensure full uptake and equilibration prior to LPS stimulation, helping to rule out effects, due to kinetic
differences in their absorption versus LPS action. The cell culture supernatants were collected and
stored at —80 °C until used for TNF-a quantification by ELISA. The remaining cell monolayer was
immediately used to assess cytotoxicity via MTT assay or extracted for subsequent qRT-PCR analysis.

2.3. Quantification of TNF-a

The amount of TNF-« produced by the THP-1 cells in response to LPS was quantified using a
Human TNF-o ELISA MAX™ Deluxe Set Kit (BioLegend, San Diego, CA, USA) according to the
manufacturer’s instructions.

2.4. Cell Viability

THP-1 cells treated with curcumin and CGA were washed with phenol red-free RPMI medium
followed by incubation with 2 mL of MTT reagent (0.5 mg/mL) for 2 h at 37 °C. The washing was done
thrice to remove any bioactive compound from the medium, thereby reducing their interference in
MTT assay. After incubation, the MTT dye was removed, and the violet formazan crystals generated
by the reduction of MTT were solubilised by adding 1 mL of acidified isopropanol for 20 min.
The absorbance of the solution was then measured at 595 nm using a micro-plate reader (FLUOstar®
Optima, BMG Labtech™, Ortenberg, Germany).

2.5. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from curcumin, and CGA-treated THP-1 cells using an ISOLATE II
RNA Mini Kit (Cat. # BIO-52073, Bioline, Auckland, NZ) and the RNA yield was determined by
measuring the absorbance at 260/280 nm. ¢cDNA was synthesised from 0.5 pg total RNA using a
Reverse Transcription Kit (Cat. # 4368813, ThermoFisher Scientific™, NZ). PCR reactions were set
up using 1-uL cDNA template, 5-pl 2x SYBR® green PCR master mix (Cat. # A25741, ThermoFisher,
NZ) and 1 pL of gene-specific forward and reverse primers (10 uM each) in a final volume of 10 uL.
PCR was performed for 40 cycles, with a denaturing step of 95 °C for 5 s followed by combined
annealing and extension at 60 °C for 30 s using a StepOne Real-Time PCR instrument (ThermoFisher
Scientific™, Singapore). Primer sequences are listed in Table 1. Normalisation was performed using
the housekeeping gene (-actin, and relative mRNA levels were expressed as fold changes relative to
the control and calculated as AACt = 2A—(ACtﬁ_ Actin = DCliarget gene), Wwhere, Ct is the cycle number at
which the fluorescence signal of the reaction crossed the threshold.
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Table 1. Primer sequences used for qRT-PCR.

Gene Accession Number Primer Sequences Product Size (BP)

F: TGGCAGAAAACAACCTGAACC
IL-6 NM_001318095.1 R: TTTCACCAGGCAAGTCTCCTCAT 89

F: GTGATGCCCCAAGCTGAGA
IL-10 NM_000572.2 R: CACGGCCTTGCTCTTGTTTT 138

F: CTGCTGCACTTTGGAGTGAT
TNF-o NM_000594.2 R: AGATGATCTGACTGCCTGGG %3

, F: CATCCTCTTTGCGACAGAGAC
iNOS NM_000625.3 R: GCAGCTCAGCCTGTACTTATC 118

F: TCCCTTGGGTGTCAAAGGTAAAA
COX-2 NM_000963.3 R: AACTGATGCGTGAAGTGCTG 144

F: GGTCAGACGGTGATAGCGAG
TLR-4 NM_003266.3 R: TTTAGGGCCAAGTCTCCACG 180

F: AAGTGATCCGCCAGGTGAAG
IkB-at NM_020529.2 R: CGTGTGGCCATTGTAGTTGG 281

F: TCCGATGGCACAATCAGGAAA
R: GCAGACCACAGCAGTTCTCA
F: TGAGTCCTGCTCCTTCCA
NF-«B NM_003598.2 R: GCTTCGGTGTAGCCCATT 103

F: CACTCTTCCAGCCTTCCTTC

B-Actin NM_001101.4 R: GTACAGGTCTTTGCGGATGT 104

IkB-3 kinase NM_001556.3 264

2.6. Data Analysis

Statistical analysis was conducted using SPSS (IBM SPSS version 25). All data are presented as
means=+ SD (standard deviation) unless otherwise specified, and the significance level for all statistical
tests was set at p < 0.05. The data were tested for normality using the Kolmogorov-Smirnov test.
The results were expressed as mean + standard deviation if the normality assumption was met.
One-way analysis of variance (ANOVA) was used to determine significant differences between the
means. Duncan’s post hoc comparisons were used to test for complementarity and/or synergy between
curcumin and CGA.

3. Results

3.1. Effect of Curcumin and CGA on TNF-a and Cell Viability

The anti-inflammatory potential of curcumin was tested in LPS-treated THP-1 macrophages
by measuring the amount of TNF-a produced in an ELISA assay after incubation with different
concentrations of curcumin (1-25 uM). Simultaneously, the effect of curcumin on cell viability was
assessed by the MTT assay. In control cells (untreated with curcumin), but exposed to LPS, TNF-oc was
present in the medium at 7.8 + 0.2 ng/mL (Figure 1A). Curcumin was effective in reducing this amount
in a dose-dependent manner, with the level of TNF-« decreasing to 1.7 + 0.1 ng/mL at 25 uM curcumin
(Figure 1A). MTT assays revealed a small, dose-dependent loss of cell viability, decreasing to 70-75%
at the two highest doses of curcumin (Figure 1B).

In contrast to curcumin, treatment of THP-1 macrophages with CGA did not result in suppression
of TNF-« release in response to LPS, but instead caused a small (yet significant) increase in TNF-«
production (Figure 2A). As the concentration of CGA increased from 1 pM to 2.5 uM, the amount of
TNF-a increased from 2.5 + 0.3 ng/mL to 2.9 + 0.3 ng/mL which was higher than the LPS-treated control
(p £ 0.05). Simultaneously, a dose-dependent increase in cell viability was observed on pre-treating
LPS-incubated THP-1 macrophages with CGA (Figure 2B). Over the range of concentrations used,
there was a stepwise increase in cell viability up to 140.2 + 14.6% at 25 uM, compared to the control
(p <£0.05). The increase in cell viability was even significant at a low dose of 1 uM (p < 0.05).
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Figure 1. Effect of curcumin dose on TNF-« production (A) and cell viability (B). THP-1 macrophages

were pre-treated with 1-25 pM curcumin for 1 h prior to stimulation with 100 ng/mL LPS for 4 h at

37 °C. The level of secreted TNF-& was measured using ELISA, and cell viability was assayed using

MTT. Data represent the mean + standard deviation for three biological replicates. One way ANOVA

with Duncan’s post hoc test was used to perform the comparison of means. Means with the same

letters are significantly different (p < 0.05).
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Figure 2. Effect of chlorogenic acid (CGA) dose on TNF-« production (A) and cell viability (B). THP-1
macrophages were pre-treated with 1-25 pM CGA for 1 h prior to stimulation with 100 ng/mL LPS for

4 h at 37 °C. The level of secreted TNF-oc was measured using ELISA, and cell viability was assayed

using MTT. Data represent the mean + standard deviation for five * or six biological replicates. One way

ANOVA with Duncan’s post hoc test was used to perform the comparison of means. Means with the

same letter are significantly different (p < 0.05).

To study the effect of combinations of curcumin with CGA, THP-1 cells were pre-treated with
curcumin at a fixed concentration of 5 uM with varying concentrations of CGA (2.5-10 uM) for 1 h
(results not shown). Cells were then challenged with LPS, and TNF-« and cell viability were measured.
LPS-stimulated THP-1 cells (without bioactive compound), or treated with curcumin or CGA alone
(prior to LPS-stimulation) were used as controls. Incubation with 5 uM curcumin caused a significant
(p <£0.05) reduction of ~16% in TNF-« release. Co-administration of curcumin with CGA also caused
similar reductions in TNF-« secretion, but the decrease was generally less than that caused by 5 uM
curcumin alone, except for cells treated with 5 tM curcumin and 5 uM CGA, where the level of TNF-
decreased by ~25%, from 4.0 + 1.8 ng/mL to 3.0 + 1.2 ng/mL (p < 0.05) compared to curcumin alone
(Figure 3A). In addition, for combination treatment, the cell viability was significantly higher than
that of the 5 uM curcumin-treated control (p < 0.05) (Figure 3B). Together, these data show that a
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combination of curcumin and CGA not only reduced TNF-« production, but also protects against
cell death.
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Figure 3. Effect of curcumin, chlorogenic acid (CGA) and their combinations on TNF-« production (A)
and cell viability (B). THP-1 macrophages were pre-treated with 5 uM curcumin and CGA (alone and
in combination) for 1 h prior to stimulation with 100 ng/mL LPS for 4 h at 37 °C. The level of secreted
TNF-a was measured using ELISA, and cell viability was assayed using MTT. Data represent the mean
+ standard deviation for nine biological replicates. One-way ANOVA with Duncan’s post hoc test
was used to perform the comparison of means. Means with the same letter are significantly different
(p <0.05).

3.2. Effect of Curcumin and CGA on the NF-xB Signalling Pathway

To investigate the molecular mechanisms by which the combination of curcumin and CGA might
exert their anti-inflammatory effects, we examined the mRNA expression of a variety of genes associated
with inflammation, in particular, those involved in the NF-«B pathway and genes downstream of
NEF-«B. The relative mRNA levels of toll-like receptor-4 (TLR-4), IkB-«, IkB-B-kinase, NF-kB, TNF-«,
IL-6, IL-10, COX-2 and iNOS were measured by qRT-PCR in THP-1 cells treated with either curcumin,
CGA or both (Figure 4).

Quantitative RT-PCR, analysis revealed that except for a small suppression of TLR-4, CGA alone
was not effective in reducing the mRNA expression of any of the inflammatory marker genes tested.
In contrast, curcumin suppressed the expression of all of the genes tested, with the exception of iNOS.
Even though treatment with CGA alone appeared to have little or no effect on THP-1 gene expression,
the effect of curcumin was markedly potentiated by co-incubation with CGA in all cases, except where
curcumin already had a large suppressive effect.

TLR-4 receptor expression was decreased by ~13% and ~52% with CGA and curcumin, respectively,
but their combination suppressed it by ~72%. Curcumin alone downregulated the expression
of IkB-B-kinase and NF-kB by ~34% and ~39%, respectively, and in combination with CGA,
significant additional decreases of ~26% and ~38%, were observed, respectively (p < 0.05). However,
the combination of curcumin and CGA was not effective in reducing IkB-x expression.

Treatment of the THP-1 cells with the combination of bioactive compounds was also able to
downregulate the expression of NF-«B regulated genes. Expression of the pro-inflammatory cytokines,
TNF-« and IL-6, was strongly suppressed by the combination treatment (~88% and ~99%, respectively),
although this was not significantly different from the already strong suppression observed with
curcumin alone. Surprisingly, curcumin and CGA had a similar effect in downregulating the expression
of the anti-inflammatory cytokine, IL-10, although this might have been due to suppression of NF-«B,
which plays a role in IL-10 expression.

Similarly, for the combination treatment, there was an additional reduction of ~20% in the
mRNA level of COX-2, a downstream target of NF-kB and a key enzyme involved in arachidonic acid
metabolism. In contrast, the expression of iNOS, an enzyme that initiates the production of bactericidal
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RNS in phagocytes, was upregulated by curcumin alone (~80%), with a very strong synergistic effect
observed upon addition of CGA (~285%), even though CGA alone did not elicit an effect.
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Figure 4. Effect of curcumin (Cur), chlorogenic acid (CGA) and their combination on mRNA expression

of inflammatory biomarkers and NF-«kB signalling pathway. THP-1 macrophages were pre-treated

with curcumin, CGA and their 1:1 combination for 1 h prior to stimulation with 100 ng/mL LPS for
4 h at 37 °C. Expression of mRNAs was quantified using qRT-PCR. Cells treated with LPS, but not
with curcumin and/or CGA were used as control. Data represent the mean + standard deviation for

three biological replicates. One-way ANOVA with Duncan’s post hoc test was used to perform the

comparison of means. Means with the same letter are significantly different (p < 0.05). ? control-CGA;

b control-Cur;

¢ control-Cur+CGA, 4 CGA-Cur; ¢ CGA-Cur+CGA; { Cur-Cur+CGA. TLR-4, toll-like

receptor-4; IkB-«, inhibitor of kB-o; NF-«kB, nuclear factor kappa-B; TNF-«, tumour necrosis factor-«;
IL, interleukin; COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase.

4. Discussion

The anti-inflammatory property of curcumin has been well-established and recognised as an
asset to reduce chronic disease risk. The potential to enhance its anti-inflammatory property has
been demonstrated by coupling with other bioactives, such as piperine, or using lipid-based delivery
systems. The results presented in this study demonstrate the efficacy of CGA to potentiate the
inflammation-lowering effects of curcumin in THP-1 cells.
complementary and synergistic reduction in mRNA levels of NF-«B, COX-2 and an increase in the
expression of INOS mRNA following concomitant treatment of cells with curcumin and CGA.

Bioactive compounds are naturally obtained from food sources and can be consumed as part of a

Our findings provide evidence of a

normal diet rather than being consumed as a drug. However, in food, these compounds are available in
small quantities which may not be sufficient to elicit the desired anti-inflammatory effects [33]. Therefore,
combinations of different bioactives may be useful to achieve synergistic effects on inflammation. In this
study, administration of curcumin prior to inducing an inflammatory response in macrophages caused
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a decrease in the production of TNF-«, a pro-inflammatory cytokine, in a dose-dependent manner,
although with slight toxicity at the highest doses (Figure 1). This is consistent with previous observations
where curcumin was effective in reducing TNF-« production with a decrease in cell viability [34,35].
Curcumin exhibits anti-inflammatory properties by influencing the activity of certain enzymes
(e.g., COX-2 and iNOS), growth factors (e.g., transforming growth factor-31—TGF-£31), receptors
(e.g., integrin receptor—IR and interleukin 8-receptor—IL-8-R), kinases (e.g., mitogen-activated protein
kinase—MAPK; and Janus kinase—JAK), inflammatory cytokines (e.g., TNF-«, IL-6 and IL-8) and
transcription factors (e.g., NF-kB and nuclear factor erythroid 2-related factor—Nrf-2) [15,16].

In contrast, CGA is an antioxidant which shows anti-inflammatory effects predominantly by
scavenging ROS and RNS, thereby reducing oxidative stress in the cell [29,30]. This decrease in oxidative
stress will reduce the activation of the NF-«B signalling pathway and thereby reduce the production of
various pro-inflammatory cytokines, such as TNF-«, and other cell mediators; ultimately reducing
chronic inflammation in the host [36]. However, in our study, a small increase in the production
of TNF-a was observed after treating THP-1 macrophages with CGA (Figure 2A). This increase in
TNF-« production is most likely explained by the observed increase in cell viability (Figure 2B).
Similar protective effects of CGA on cell viability have been reported previously [37—40]. It is possible
that CGA can modulate apoptotic genes in LPS stimulated THP-1 macrophages as CGA has been
shown to increase the production of B-cell lymphoma-2 (Bcl-2) and decrease the production of Bax,
anti-apoptotic and pro-apoptotic proteins, respectively, and decrease caspase-3 in 3-amyloid stimulated
PC12 cells within 1 h of treatment [41]. To the best of our knowledge, our study is the first to demonstrate
the protective effect of CGA in human immune cells. Further research is needed to identify the possible
mechanisms responsible for THP-1 cell protection. We also found that co-administration of CGA with
curcumin, augmented the effect of curcumin in reducing TNF-« whilst maintaining greater than 95%
cell viability. In summary, pre-treatment of THP-1 cells with CGA alone improved cell viability without
any reduction in TNF-« production, indicating its low anti-inflammatory activity. While curcumin
treatment alone slightly reduced cell viability, its co-administration with CGA improved cell survival
along with enhanced suppression of TNF-« production (Figure 3), showing that the combination of
curcumin with CGA is better than either alone. Previous reports have also shown a similar augmented
effect when combining curcumin (10 uM) with resveratrol (10 pM) in human articular chondrocytes [42].

Along with TNF-«, several other pro-inflammatory cytokines (e.g., IL-6), anti-inflammatory
cytokines (e.g., IL-10), and enzymes (e.g., COX-2 and iNOS) are also upregulated in response to
inflammatory stimuli. The expression of these genes can be controlled by a variety of signalling
pathways; including the JNK pathway, p38 MAPK pathway, P13k/Akt pathway and the NF-kB
pathway [43]. NF-«B is the principal regulator influencing the expression of more than 500
inflammation-related genes [44]. We, therefore tested the effect of curcumin, CGA and their combination
on the mRNA expression of various genes in the NF-«kB signalling pathway. In unstimulated cells,
the NF-«kB protein is present in the cytoplasm and translocates into the nucleus upon activation [45].
In its inactive form, the NF-«B heterodimer is sequestered in the cytoplasm by binding with I«B,
an NF-kB inhibitory protein [46]. On exposing the cells to LPS, the TLR-4 receptor is activated causing
activation of IkB kinase (IKK), which phosphorylates IkB, targeting it for proteolytic degradation,
thereby releasing NF-«B [47], which translocates into the nucleus to increase the transcription of
various inflammation-related genes including TNF-«, IL-6, COX-2 and iNOS [46,48]. Our results
show that treatment of macrophages with CGA and curcumin in combination resulted in an enhanced
anti-inflammatory potential compared to curcumin alone, possibly by suppressing genes in the NF-«B
pathway at the mRNA level, likely leading to decreased activity of the pathway. The combination was
effective in synergistically downregulating the mRNA levels of both the TLR-4 receptor, and IkB kinase.
The combination of curcumin with CGA also synergistically suppressed NF-«B expression. However,
the reduction in expression of genes regulated by NF-«B (TNF-c, IL-6 and IL-10) by both compounds
together was not significantly different from that seen with curcumin treatment alone. This was very
probably due to the fact that these genes were almost fully suppressed by curcumin, leaving little room
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for an additional effect of CGA. It was expected that the combination treatment would enhance the
expression of IL-10, an anti-inflammatory cytokine, but the opposite was observed. This reduction in
IL-10 mRNA could be due to suppression of its regulator NF-«kB. A similar reduction in COX-2 mRNA
was observed on treatment with the combination. The effect of curcumin, CGA and their combination
on the mRNA levels of NF-kB signalling pathway components is summarised in Figure 5. Further
work will be required to determine if other inflammatory signalling pathways, such as p38-MAPK and

JNK, are affected in a similar way.
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et o8 ey,
1 N\, L& YW ry
—~ X B B~ WYy ¥y
K ":'fl" \\ =
4 i IkB-B-kinase_ N > ey
N ombination
| ccA &
\\ \\
SRS
S Curcumin

\
|
g — 1
\

1

|

1

|

Cytosol
l

S Ay, T AN
W = .Ihiﬁcé'éf’z \\\ !
\ v

iNOS

Nucleus

Figure 5. Summary of the effects of curcumin, chlorogenic acid (CGA) and their combination on the
NF-«B signalling pathway. LPS, lipopolysaccharide; TLR-4, toll-like receptor-4; IkB-«, inhibitor of
kB-&; TNF-«, tumour necrosis factor-«; IL, interleukin; COX-2, cyclooxygenase-2; iNOS, inducible

nitric oxide synthase. Upregulation (») and downregulation (o) of mRNA levels.

5. Conclusions
Using an in vitro model of inflammation, in which THP-1 macrophages were stimulated with LPS,

we have shown that curcumin and CGA synergistically reduce the production of the pro-inflammatory
cytokine TNF-«. This combination of compounds was also effective in synergistically down-regulating
the genes for pro-inflammatory cytokines and the COX-2 enzyme. These effects are likely explained
by suppression of NF-kB pathway activity, due to decreased mRNA levels of NF-kB pathway
components. Our pre-clinical study, conducted in cultured human cells, provides strong evidence
to suggest that combining curcumin and CGA may be an effective new strategy to combat chronic
inflammation. However, experimental findings in vitro do not necessarily translate directly to the
situation in vivo. Further studies, including trials in animals and humans, should be conducted
to confirm the effectiveness of this combination of compounds in the therapeutic suppression

of inflammation.

Author Contributions: M.D., K.R.-M., R.T.,, and A.N.M. conceptualized the study. A.B. conducted the experiments,
performed analysis, and wrote the manuscript. M.D., K.R.-M., RT,, AN.M., H.S. reviewed the manuscript. M.D.,
K.R.-M. and H.S. provided resources. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Riddet Research Institute, New Zealand.

Conflicts of Interest: The authors have declared no conflict of interest.



Nutrients 2020, 12, 2706 10 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Franceschi, C.; Campisi, J. Chronic Inflammation (Inflammaging) and Its Potential Contribution to
Age-Associated Diseases. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2014, 69, S4-S9. [CrossRef] [PubMed]

He, Y.; Yue, Y;; Zheng, X.; Zhang, K.; Chen, S.; Du, Z. Curcumin, Inflammation, and Chronic Diseases:
How Are They Linked? Molecules 2015, 20, 9183-9213. [CrossRef] [PubMed]

Lin, J.-Y.; Tang, C.-Y. Strawberry, loquat, mulberry, and bitter melon juices exhibit prophylactic effects
on LPS-induced inflammation using murine peritoneal macrophages. Food Chem. 2008, 107, 1587-1596.
[CrossRef]

Hewlings, S.; Kalman, D.S. Curcumin: A Review of Its” Effects on Human Health. Foods 2017, 6, 92. [CrossRef]
[PubMed]

Meirow, Y.; Baniyash, M. Immune biomarkers for chronic inflammation related complications in
non-cancerous and cancerous diseases. Cancer Immunol. Immunother. 2017, 66, 1089-1101. [CrossRef]
Panahi, Y.; Hosseini, M.S.; Khalili, N.; Naeimi, E.; Simental-Mendjia, L.E.; Majeed, M.; Sahebkar, A. Effects of
curcumin on serum cytokine concentrations in subjects with metabolic syndrome: A post-hoc analysis of a
randomized controlled trial. Biomed. Pharmacother. 2016, 82, 578-582. [CrossRef] [PubMed]

Laine, L. Approaches to nonsteroidal anti-inflammatory drug use in the high-risk patient. Gastroenterology
2001, 120, 594-606. [CrossRef]

Khan, R.S.; Grigor, J.; Winger, R.; Win, A. Functional food product development—Opportunities and
challenges for food manufacturers. Trends Food Sci. Technol. 2013, 30, 27-37. [CrossRef]

Mueller, M.; Hobiger, S.; Jungbauer, A. Anti-inflammatory activity of extracts from fruits, herbs and spices.
Food Chem. 2010, 122, 987-996. [CrossRef]

Arvanitoyannis, I.S.; Van Houwelingen-Koukaliaroglou, M. Functional Foods: A Survey of Health Claims,
Pros and Cons, and Current Legislation. Crit. Rev. Food Sci. Nutr. 2005, 45, 385-404. [CrossRef]

Vicentini, A.; Liberatore, L.; Mastrocola, D. Functional foods: Trends and development of the global market.
Ital. ]. Food Sci. 2016, 28, 338-351.

Astley, S.; Finglas, P. Nutrition and Health. In Reference Module in Food Science; Elsevier BV: Amsterdam,
The Netherlands, 2016.

Calixto, J.B.; Otuki, M.F; Santos, A.R. Anti-Inflammatory Compounds of Plant Origin. Part I. Action on
Arachidonic Acid Pathway, Nitric Oxide and Nuclear Factor k B (NF- k B). Planta Medica 2003, 69, 973-983.
[CrossRef] [PubMed]

Lee, M.T.; Lin, W.C.; Yu, B,; Lee, T. Antioxidant capacity of phytochemicals and their potential effects on
oxidative status in animals—A review. Asian Australas. ]. Anim. Sci. 2016, 30, 299-308. [CrossRef] [PubMed]
Anand, P,; Sundaram, C.; Jhurani, S.; Kunnumakkara, A.B.; Aggarwal, B.B. Curcumin and cancer: An “old-age’
disease with an “age-old” solution. Cancer Lett. 2008, 267, 133-164. [CrossRef] [PubMed]

Lozada-Garcia, M.C.; Enriquez, R.G.; Teresa, R.A.; Nieto-Camacho, A., Palacios-Espinosa, J.F;

4

Custodio-Galvan, Z.; Soria-Arteche, O.; Pérez-Villanueva, J. Synthesis of Curcuminoids and Evaluation of
Their Cytotoxic and Antioxidant Properties. Molecules 2017, 22, 633. [CrossRef]

Noorafshan, A.; Ashkani-Esfahani, S. A review of therapeutic effects of curcumin. Curr. Pharm. Des. 2013,
19, 2032-2046.

Aggarwal, S.; Ichikawa, H.; Takada, Y.; Sandur, SK. Shishodia, S.; Aggarwal, B.B. Curcumin
(Diferuloylmethane) Down-Regulates Expression of Cell Proliferation and Antiapoptotic and Metastatic
Gene Products through Suppression of IkBa Kinase and Akt Activation. Mol. Pharmacol. 2005, 69, 195-206.
[CrossRef]

Jin, C.-Y,; Lee, J.-D.; Park, C.; Choi, Y.H.; Kim, G.-Y,; Jin, J.-D.L.C.-Y. Curcumin attenuates the release of
pro-inflammatory cytokines in lipopolysaccharide-stimulated BV2 microglia. Acta Pharmacol. Sin. 2007, 28,
1645-1651. [CrossRef]

Chen, N.; Nie, M.; Fan, M; Bian, Z. Anti-Inflammatory Activity of Curcumin in Macrophages Stimulated by
Lipopolysaccharides from Porphyromonas gingivalis. Pharmacology 2008, 82, 264-269. [CrossRef]
Murakami, Y.; Ishii, H.; Takada, N.; Tanaka, S.; Machino, M.; Ito, S.; Fujisawa, S. Comparative
anti-inflammatory activities of curcumin and tetrahydrocurcumin based on the phenolic O-H bond
dissociation enthalpy, ionization potential and quantum chemical descriptor. Anticancer. Res. 2008,
28, 699-707.


http://dx.doi.org/10.1093/gerona/glu057
http://www.ncbi.nlm.nih.gov/pubmed/24833586
http://dx.doi.org/10.3390/molecules20059183
http://www.ncbi.nlm.nih.gov/pubmed/26007179
http://dx.doi.org/10.1016/j.foodchem.2007.10.025
http://dx.doi.org/10.3390/foods6100092
http://www.ncbi.nlm.nih.gov/pubmed/29065496
http://dx.doi.org/10.1007/s00262-017-2035-6
http://dx.doi.org/10.1016/j.biopha.2016.05.037
http://www.ncbi.nlm.nih.gov/pubmed/27470399
http://dx.doi.org/10.1053/gast.2001.21907
http://dx.doi.org/10.1016/j.tifs.2012.11.004
http://dx.doi.org/10.1016/j.foodchem.2010.03.041
http://dx.doi.org/10.1080/10408390590967667
http://dx.doi.org/10.1055/s-2003-45141
http://www.ncbi.nlm.nih.gov/pubmed/14735432
http://dx.doi.org/10.5713/ajas.16.0438
http://www.ncbi.nlm.nih.gov/pubmed/27660026
http://dx.doi.org/10.1016/j.canlet.2008.03.025
http://www.ncbi.nlm.nih.gov/pubmed/18462866
http://dx.doi.org/10.3390/molecules22040633
http://dx.doi.org/10.1124/mol.105.017400
http://dx.doi.org/10.1111/j.1745-7254.2007.00651.x
http://dx.doi.org/10.1159/000161127

Nutrients 2020, 12, 2706 11 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Meng, Z.; Yan, C.; Deng, Q.; Gao, D.-F; Niu, X.-L. Curcumin inhibits LPS-induced inflammation in rat
vascular smooth muscle cells in vitro via ROS-relative TLR4-MAPK/NF-«B pathways. Acta Pharmacol. Sin.
2013, 34, 901-911. [CrossRef] [PubMed]

Kaur, H.; Patro, I; Tikoo, K.; Sandhir, R. Curcumin attenuates inflammatory response and cognitive deficits
in experimental model of chronic epilepsy. Neurochem. Int. 2015, 89, 40-50. [CrossRef] [PubMed]

Zhang, N.; Li, H.; Jia, J.; He, M. Anti-inflammatory effect of curcumin on mast cell-mediated allergic responses
in ovalbumin-induced allergic rhinitis mouse. Cell. Immunol. 2015, 298, 88-95. [CrossRef]

Khajehdehi, P.; Pakfetrat, M.; Javidnia, K.; Azad, F.; Malekmakan, L.; Nasab, M.H.; Dehghanzadeh, G.
Oral supplementation of turmeric attenuates proteinuria, transforming growth factor-f3 and interleukin-8
levels in patients with overt type 2 diabetic nephropathy: A randomized, double-blind and placebo-controlled
study. Scand. J. Urol. Nephrol. 2011, 45, 365-370. [CrossRef] [PubMed]

Panahi, Y.; Ghanei, M.; Bashiri, S.; Hajihashemi, A.; Sahebkar, A. Short-term Curcuminoid Supplementation
for Chronic Pulmonary Complications due to Sulfur Mustard Intoxication: Positive Results of a Randomized
Double-blind Placebo-controlled Trial. Drug Res. 2014, 65, 567-573. [CrossRef] [PubMed]

Anand, P; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of Curcumin: Problems and
Promises. Mol. Pharm. 2007, 4, 807-818. [CrossRef]

Cui, J.; Yu, B;; Zhao, Y.; Zhu, W,; Li, H.; Lou, H.-X,; Zhai, G. Enhancement of oral absorption of curcumin by
self-microemulsifying drug delivery systems. Int. . Pharm. 2009, 371, 148-155. [CrossRef]

Liang, N.; Kitts, D.D. Role of Chlorogenic Acids in Controlling Oxidative and Inflammatory Stress Conditions.
Nutrients 2015, 8, 16. [CrossRef]

Tajik, N.; Tajik, M.; Mack, L; Enck, P. The potential effects of chlorogenic acid, the main phenolic components
in coffee, on health: A comprehensive review of the literature. Eur. J. Nutr. 2017, 56, 2215-2244. [CrossRef]
Palocz, O.; Paszti-Gere, E.; Gélfi, P.; Farkas, O. Chlorogenic Acid Combined with Lactobacillus plantarum
2142 Reduced LPS-Induced Intestinal Inflammation and Oxidative Stress in IPEC-]J2 Cells. PLoS ONE 2016,
11, e0166642. [CrossRef]

Han, D.; Chen, W.; Gu, X,; Shan, R.; Zou, J,; Liu, G.; Shahid, M.; Gao, J.; Han, B. Cytoprotective
effect of chlorogenic acid against hydrogen peroxide-induced oxidative stress in MC3T3-E1 cells through
PI3K/Akt-mediated Nrf2/HO-1 signaling pathway. Oncotarget 2017, 8, 14680. [CrossRef] [PubMed]

Long, F; Yang, H.; Xu, Y.; Hao, H.; Li, P. A strategy for the identification of combinatorial bioactive compounds
contributing to the holistic effect of herbal medicines. Sci. Rep. 2015, 5, 12361. [CrossRef] [PubMed]

Yang, C.-W.; Chang, C.-L.; Lee, H.-C.; Chi, C.-W,; Pan, J.-P.; Yang, W.-C. Curcumin induces the apoptosis
of human monocytic leukemia THP-1 cells via the activation of JNK/ERK Pathways. BMC Complement.
Altern. Med. 2012, 12, 22. [CrossRef]

Ma, F; Liu, F; Ding, L.; You, M.,; Yue, H.; Zhou, Y.; Hou, Y. Anti-inflammatory effects of curcumin are
associated with down regulating microRNA-155 in LPS-treated macrophages and mice. Pharm. Biol. 2017,
55,1263-1273. [CrossRef] [PubMed]

Naveed, M.; Hejazi, V.; Abbas, M.; Kamboh, A.A.; Khan, G.J.; Shumzaid, M.; Ahmad, F.; Babazadeh, D.;
FangFang, X.; Modarresi-Ghazani, F,; et al. Chlorogenic acid (CGA): A pharmacological review and call for
further research. Biomed. Pharmacother. 2017, 97, 67-74. [CrossRef]

Gong, X.; Su, X.; Zhan, K.; Zhao, G. The protective effect of chlorogenic acid on bovine mammary epithelial
cells and neutrophil function. J. Dairy Sci. 2018, 101, 10089-10097. [CrossRef]

Pavlica, S.; Gebhardt, R. Protective effects of ellagic and chlorogenic acids against oxidative stress in PC12
cells. Free. Radic. Res. 2005, 39, 1377-1390. [CrossRef]

Zhang, Y.; Miao, L.; Zhang, H.; Wu, G.; Zhang, Z.; Lv, ]. Chlorogenic acid against palmitic acid in endoplasmic
reticulum stress-mediated apoptosis resulting in protective effect of primary rat hepatocytes. Lipids Health Dis.
2018, 17, 270. [CrossRef]

Taram, F; Winter, A.N.; Linseman, D.A. Neuroprotection comparison of chlorogenic acid and its metabolites
against mechanistically distinct cell death-inducing agents in cultured cerebellar granule neurons. Brain Res.
2016, 1648, 69-80. [CrossRef]

Lee, C.-W.; Won, T.-].; Kim, H.-R.; Lee, D.; Hwang, K.W.; Park, S.-Y. Protective Effect of Chlorogenic Acid
against Ap-Induced Neurotoxicity. Biomol. Ther. 2011, 19, 181-186. [CrossRef]


http://dx.doi.org/10.1038/aps.2013.24
http://www.ncbi.nlm.nih.gov/pubmed/23645013
http://dx.doi.org/10.1016/j.neuint.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26190183
http://dx.doi.org/10.1016/j.cellimm.2015.09.010
http://dx.doi.org/10.3109/00365599.2011.585622
http://www.ncbi.nlm.nih.gov/pubmed/21627399
http://dx.doi.org/10.1055/s-0034-1389986
http://www.ncbi.nlm.nih.gov/pubmed/25268878
http://dx.doi.org/10.1021/mp700113r
http://dx.doi.org/10.1016/j.ijpharm.2008.12.009
http://dx.doi.org/10.3390/nu8010016
http://dx.doi.org/10.1007/s00394-017-1379-1
http://dx.doi.org/10.1371/journal.pone.0166642
http://dx.doi.org/10.18632/oncotarget.14747
http://www.ncbi.nlm.nih.gov/pubmed/28122344
http://dx.doi.org/10.1038/srep12361
http://www.ncbi.nlm.nih.gov/pubmed/26198093
http://dx.doi.org/10.1186/1472-6882-12-22
http://dx.doi.org/10.1080/13880209.2017.1297838
http://www.ncbi.nlm.nih.gov/pubmed/28264607
http://dx.doi.org/10.1016/j.biopha.2017.10.064
http://dx.doi.org/10.3168/jds.2017-14328
http://dx.doi.org/10.1080/09670260500197660
http://dx.doi.org/10.1186/s12944-018-0916-0
http://dx.doi.org/10.1016/j.brainres.2016.07.028
http://dx.doi.org/10.4062/biomolther.2011.19.2.181

Nutrients 2020, 12, 2706 12 of 12

42.

43.

44.

45.

46.

47.

48.

Shakibaei, M.; Mobasheri, A.; Buhrmann, C. Curcumin synergizes with resveratrol to stimulate the MAPK
signaling pathway in human articular chondrocytes in vitro. Genes Nutr. 2010, 6, 171-179. [CrossRef]
[PubMed]

Qin, X,; Jiang, X.; Jiang, X.; Wang, Y.; Miao, Z.; He, W,; Yang, G.; Lv, Z.; Yu, Y.; Zheng, Y. Micheliolide
inhibits LPS-induced inflammatory response and protects mice from LPS challenge. Sci. Rep. 2016, 6, 23240.
[CrossRef] [PubMed]

Buhrmann, C.; Mobasheri, A.; Busch, F; Aldinger, C.; Stahlmann, R.; Montaseri, A.; Shakibaei, M. Curcumin
modulates NF-kB-mediated inflammation in human tenocytes in vitro: Role of the phosphatidylinositol
3-kinase-Akt pathway. J. Biol. Chem. 2011, 286, 28556-28566. [CrossRef] [PubMed]

Jobin, C.; Bradham, C.A.; Russo, M.P,; Juma, B.; Narula, A.S.; Brenner, D.A.; Sartor, R.B. Curcumin blocks
cytokine-mediated NF-«B activation and proinflammatory gene expression by inhibiting inhibitory factor
I-«B kinase activity. J. Immunol. 1999, 163, 3474-3483.

Surh, Y.-J.; Chun, K.-S.; Cha, H.-H.; Han, S.S.; Keum, Y.-S.; Park, K.-K.; Lee, S.S. Molecular mechanisms
underlying chemopreventive activities of anti-inflammatory phytochemicals: Down-regulation of COX-2
and iNOS through suppression of NF-«B activation. Mutat. Res. Mol. Mech. Mutagen. 2001, 480, 243-268.
[CrossRef]

Shen, W.; Qi, R.; Zhang, ].; Wang, Z.; Wang, H.; Hu, C.; Zhao, Y.; Bie, M.; Wang, Y.; Fu, Y.; et al. Chlorogenic acid
inhibits LPS-induced microglial activation and improves survival of dopaminergic neurons. Brain Res. Bull.
2012, 88, 487—-494. [CrossRef]

Li, W,; Suwanwela, N.C.; Patumraj, S. Curcumin prevents reperfusion injury following ischemic stroke in
rats via inhibition of NF-«B, ICAM-1, MMP-9 and caspase-3 expression. Mol. Med. Rep. 2017, 16, 4710-4720.
[CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s12263-010-0179-5
http://www.ncbi.nlm.nih.gov/pubmed/21484156
http://dx.doi.org/10.1038/srep23240
http://www.ncbi.nlm.nih.gov/pubmed/26984741
http://dx.doi.org/10.1074/jbc.M111.256180
http://www.ncbi.nlm.nih.gov/pubmed/21669872
http://dx.doi.org/10.1016/S0027-5107(01)00183-X
http://dx.doi.org/10.1016/j.brainresbull.2012.04.010
http://dx.doi.org/10.3892/mmr.2017.7205
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture and Cell Treatments 
	Quantification of TNF- 
	Cell Viability 
	Quantitative Real-Time PCR (qRT-PCR) 
	Data Analysis 

	Results 
	Effect of Curcumin and CGA on TNF- and Cell Viability 
	Effect of Curcumin and CGA on the NF-B Signalling Pathway 

	Discussion 
	Conclusions 
	References

