Abstract

Anti-inflammatory, anti-oxidant, and anti-cancer effects of xanthohumol (XN), a
prenylated chalcone extracted from common hop plants, are gaining attention and
research has been expanding on the beneficial effects of this compound. In this study, we
have investigated the anti-inflammatory effects of XN using a mouse monocytic cell line,
RAW264.7. We hypothesized that the anti-inflammatory effects of XN are due to M2
polarization of macrophages which, in turn, is mediated partly through the adenosine

monophosphate-activated protein kinase (AMPK) signaling pathway.

Our results suggest that XN upregulated the secretion of interleukin 10 (IL-10), a
signature cytokine for M2 polarization, in RAW264.7 cells in a dose-dependent manner.
We further demonstrated that XN increased arginase-1 expression, a marker for M2
polarization, and failed to increase inducible nitric oxide synthase (INOS) expression, a
marker for M1 polarization. XN decreased interferon-y (IFN-y) induced elevation of
nitrite release, indicating the inhibitory effects of XN against M1 polarization.
Additionally, XN increased the secretion of catecholamines from macrophages
comparable to interleukin 4 (IL-4), an inducer of the M2 phenotype. Finally, XN and
AICAR upregulated the expression of p-AMPK and arginase-1 in RAW264.7 cells,

indicating the role of AMPK signaling pathway in XN-induced effects.

Taken together, these results provide evidence for the anti-inflammatory
properties of XN — mediated induction of M2 polarization. The M2 macrophage mediated
anti-inflammatory effects, coupled with catecholamine secretion, and previously anti-

adipogenic effects, makes XN an attractive molecule to study its beneficial effects on
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metabolic diseases, like obesity and diabetes which are associated with underlying

chronic, low-grade inflammation.
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4.1 Introduction

Literature suggests that the imbalance of certain immune cells like macrophages
and inflammatory adipokines, mediates the systemic inflammation that contributes to
obesity [10, 74]. Macrophages respond to infection or the accumulation of dysfunctioning
cells, which play a pivotal role in the regulation of inflammatory responses. Therefore,
therapies that target macrophages may prevent or control inflammatory-mediated

diseases, such as obesity.

Monocytes can undergo polarization towards either a pro-inflammatory
macrophage or an anti-inflammatory macrophage in response to their microenvironment
[75]. Classically activated M1 macrophages, stimulated by Thl cytokines like IFN-y or
the endotoxin lipopolysaccharide (LPS), produce effector molecules such as nitrogen
intermediates and inflammatory cytokines. Alternatively activated M2 macrophages,
stimulated by Th2 cytokines like IL-4, are characterized by their ability to produce

catecholamines, arginase — 1, and 1L-10 [76].

Flavonoids have been implicated in mediating inflammatory responses [77]. To
date, research on XN’s potential to regulate macrophage polarization is scarce. Our data
shows that XN promotes monocytes to polarize towards the anti-inflammatory M2-like

phenotype.
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AMPK is a central controller of fatty acid, cholesterol, and glucose homeostasis
through the phosphorylation of acetyl-CoA carboxylase, glycogen synthase, glucose
transporter 4, HMG-CoA reductase, hormone sensitive lipase, and the mammalian target
of rapamycin [64]. Adipose tissue macrophages (ATM) play a key role in obesity-
induced inflammation. With increased pro-inflammatory cytokines in the obese state

comes the activation of inflammatory pathways in metabolic tissues [78].

Macrophages are heterogenetic in function and shift their properties and
activation state based on their microenvironment. Activated AMPK has been shown to
inhibit pro-inflammatory macrophage functioning and promote anti-inflammatory
macrophage processes [43]. A potential role of AMPK in the suppression of
inflammatory responses has been suggested using pharmacological approaches. To this
end, we investigated the role of AMPK in the regulation of macrophage activity in
response to XN stimulation. We demonstrate that AMPK is rapidly activated by XN in

RAW264.7 cells and that AMPK mediates the macrophage inflammatory function.

4.2 Specific Aims

Several flavonoids have been implicated in their ability to act as anti-
inflammatory agents [79]. Macrophages have also been identified to release
catecholamines as modulators of immune responses [80]. Macrophage polarization is a

hot topic in the quest for new anti-obesity therapies.

As an energy sensor, AMPK is responsive to increased AMP/ATP ratios,
pathogenic stressors, or energy imbalances. Recently, AMPK has been suggested to play
a crucial role in regulating immune responses [65]. However, to date, XN and its
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relationship with AMPK in modulating inflammatory responses has not been identified.
In the current study, we will investigate whether XN regulates macrophage polarization

and catecholamine secretion under the regulation of the AMPK pathway.

Specific Aim 1: To investigate the effects of XN on the polarization of RAW264.7 cells.

Specific Aim 2: To investigate the role of AMPK pathway in XN-induced polarization of

RAW?264.7 cells.
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Figure 16: Working model for XN-mediated polarization of macrophages.
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4.3 Materials and Methods
4.3.1 Cell culture

The murine monocytic cell line, RAW264.7, was cultured in DMEM containing
10% FBS and 1% PS at 37°C in a 5% CO: incubator. Medium was replaced every other
day. Cells were passaged at passage numbers 4 or 5 every four days in 0.25% trypsin plus
EDTA. RAW264.7 cells were seeded at a density of 1.0 x 10%/mL in 6-well plates. Once
the cells reached 100% confluency, they were treated with 0.1% DMSO, XN 6.25 uM or
25 uM, IFN-y 10ng/mL, or IL-4 20ng/mL for 24 hours. To investigate AMPK’s role in
XN-mediated polarization, RAW?264.7 cells were treated with 0.1% DMSO, XN 6.25 uM

or 25 uM, AICAR 2 mM, dorsomorphin 10 uM, or IL-4 20ng/mL for one hour.
4.3.2 Cytotoxicity

Confluent RAW264.7 cells were treated with 0.1% DMSO vehicle control or XN
for 24 hours. Cell viability was measured using Prestoblue™ Cell Viability Reagent
according to the manufacturer’s protocol. The absorbance of metabolically active cells
was quantified 1 hour after incubation in the reagent using the Biotek Synergy HT

microplate reader at 570nm.

4.3.3 Immunoblot analysis

Proteins were lysed and extracted from RAW264.7 macrophages after treatment
with 0.1% DMSO, XN 6.25-25 uM, IFN-y 10ng/mL, or IL-4 20ng/mL for 24 hours or
AICAR 2 mM or dorsomorphin 10 uM for one hour. Details are provided in chapter two

(page 25). Primary antibodies included: anti-iNOS, anti-B-actin (Santa Cruz
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Biotechnology, Cambridge, MA, USA), anti-arginase — 1, and p-AMPK (Thr172) (all

from Abcam, Cambridge, MA, USA).

4.3.4 Enzyme-linked Immunosorbent Assays

Catecholamine levels in culture medium of XN and IL-4 treated samples were
determined by ELISA, following the manufacturer’s protocol (Blue Gene for Life
Science; Shanghai, China). Monoclonal mouse anti-catecholamine antibodies were used

as capturing antibodies.

The product of the enzyme-substrate reaction produces a color change and these
color changes were determined via the Synergy Biotek HT microplate reader at 450nm.
Standard curves were utilized to analyze the color intensity with the concentration of

catecholamine secretion from the standards.

For IL-10 levels, culture supernatants of XN and IL-4 treated RAW264.7
macrophages were processed following the manufacturer’s instructions using a mouse IL-

10 ELISA kit (R&D Systems; Minneapolis, MN, USA).

4.3.5 Nitrite Release Assay

XN, IFN-y with or without XN, and IL-4 RAW264.7 culture supernatants were
analyzed for nitrite release based on the Greiss reaction (Promega; Madison, W1, USA).
Nitrite accumulation is an indicator of nitric oxide synthesis, and this accumulation is

responsible for the cytotoxic mediators released from macrophages [81].

Culture supernatant (50uL) was incubated at room temperature with Greiss

reagent in a 96-well plate. After 10 minutes, absorbance was read on the Synergy Biotek
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HT microplate reader at a wavelength of 520nm. Nitrite concentrations were calculated in

comparison to a standard curve.

4.3.6 Statistical analysis

All data were expressed as the mean £ SEM. All assays were performed in
triplicate for a minimum of three independent experiments. Comparisons were made by
using one-way ANOVA on GraphPad Prism software, followed by Tukey’s post hoc
tests. Statistical significance was reported as * P < 0.05, ** P < 0.01, *** P <0.001 or

**** P <0.0001.

4.4 Results

4.4.1 High dose XN decreases cell viability in RAW264.7 cells

The biological functions of a cell can largely depend on its viability. The effect of
XN on the viability of RAW?264.7 cells is depicted in Fig. 17. At low dose ranges (6.25,
12.5, and 25 uM), XN had no significant effect on cell viability after 24 hours of
treatment. However, at higher doses (50 and 75 pM), XN significantly decreased cellular
viability of RAW?264.7 cells by 37% + 0.65 and 43% 0.65, respectively. Thus, XN 6.25

and 25 uM was employed in our experiments.

4.4.2 XN treatment leads to M2 macrophage polarization in RAW264.7 cells

It has been recently recognized that XN has anti-inflammatory properties [82]. To
study XN’s possible anti-inflammatory effects in macrophage polarization, RAW264.7

cells were stimulated with XN or IL-4 for 24 hours.

Samuels 55



Arginase — 1, an anti-inflammatory M2 macrophage marker, protein expression
levels were measure via Western blotting. Our results show that XN significantly
upregulates the expression of arginase — 1, in a dose-dependent manner (P < 0.0001).
Furthermore, XN 25 uM exhibited pronounced arginase — 1 upregulation comparable to
that of IL-4, a positive control for M2 macrophage polarization (Fig. 18). These results

suggest that XN polarizes RAW264.7 cells towards the anti-inflammatory phenotype.

4.4.3 XN induces catecholamine and IL-10 secretion from RAW?264.7 cells

To investigate whether XN stimulates 1L-10 and free catecholamine secretion
from macrophages, RAW?264.7 cells were treated with 0.1% DMSO control, XN 6.25-25
MM, or IL-4 for 24 hours. XN significantly increases the release of catecholamines (Fig.
19) and IL-10 (Fig. 20) levels in a dose-dependent manner, providing novel evidence for

XN-induced M2 polarization.

4.4.4 XN inhibits M1 polarization in RAW264.7 cells

The effects of XN on iNOS expression in macrophages stimulated with IFN-y
were investigated in RAW?264.7 cells treated with XN in the presence or absence of IFN-
y. As shown in Fig. 21A, iNOS protein expression was increased in IFN-y stimulated
RAW264.7 cells. XN at 25 uM decreased IFN-y-induced upregulation of iNOS thus,
inhibiting M1 polarization. IFN-y activated macrophages significantly induced the release

of nitrite but this effect was suppressed by XN (Fig. 21B).
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4.4.5 XN activates AMPK in RAW?264.7 cells

We performed Western blot analyses to evaluate the effect of XN on AMPK
phosphorylation in XN, IL-4, AICAR, and dorsomorphin treated RAW?264.7 cells. We
first examined whether XN led to AMPK activation after one hour of treatment. Fig. 22
shows that XN significantly upregulated the expression of p-AMPK. Additionally,
AICAR increased the expression of p-AMPK. In contrast, dorsomorphin attenuated the

activation of p-AMPK in RAW264.7 cells.

4.4.6 XN-induced M2 polarization is dependent upon the activation of AMPK signaling

pathway

We next evaluated the impact of enhanced AMPK activation on macrophage
inflammatory activity. RAW264.7 cells were treated with XN, AICAR, or IL-4 and
analyzed for arginase — 1 protein expression. AICAR treated RAW?264.7 cells displayed
significant amounts of arginase — 1 expression comparable to that of both IL-4 and XN

(Fig. 23). This data suggests that AMPK regulates XN-induced macrophage polarization.

4.5 Discussion

Obesity, a central modulator of the metabolic syndrome, is closely linked with the
state of chronic, low-grade inflammation. In adipose tissue, excessive energy intake
results in pro-inflammatory macrophages infiltration and a shift in the phenotype
polarization of macrophages. Literature has demonstrated that disruption in the

expression of pro-inflammatory cytokines released by M1 macrophages relieves adipose
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tissue inflammation and dysregulation [83]. To this end, it was our goal to examine the

effects of XN on macrophage polarization.

Macrophages are well characterized key regulators of the inflammatory response
[84, 85]. Numerous studies have reported that macrophage infiltration in adipose tissue
initiates and accelerates the cycle of inflammation within the obese state [42, 86]. Gordon
et al., reported that both pro-inflammatory and anti-inflammatory macrophages reside in
the tissue of obese persons [87]. Moreover, it has been accepted that the manipulation of
the M1/M2 ratio, such that M1 macrophages are decreased in numbers and M2
macrophages are increased, ameliorates adipose tissue inflammation [88]. In the current
study, we demonstrate that XN ameliorates inflammation and regulates macrophage

polarization through the AMPK signaling pathway.

XN, a hops flavonoid, has been studied extensively for its anti-carcinogenic, anti-
oxidant, and anti-diabetic properties [4]. XN has also been reported to inhibit iINOS
expression resulting in suppressed nitric oxide production in macrophages [89]. Adipose
tissue marked with inflammation, orchestrated by ATM recruitment, is the central event
initiating the metabolic syndrome [78]. To this end, we investigated whether XN

polarizes RAW264.7 cells and the molecular mechanism behind it.

Recent studies have implicated flavonoids as having potent anti-inflammatory
properties. The dietary flavonoid quercetin was shown to prevent M1 polarization and
inflammation of ATMs [90]. Resveratrol exerts anti-inflammatory effects on adipose
tissue by attenuating tumor necrosis factor-a in visceral white adipose tissue macrophage

release in mice [91]. Gao et al., reported that curcumin induces M2 polarization by IL-4
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or IL-13 secretion in RAW264.7 cells [92]. In accordance with these findings, our data
show that XN promotes RAW?264.7 cells towards the anti-inflammatory phenotype as
demonstrated by increased arginase — 1 expression, catecholamine, and 1L-10 secretion.
Conflictingly, isoliquiritigenin, a flavonoid from licorice, has been demonstrated to

inhibit M2 polarization [93].

To further identify XN’s anti-inflammatory characteristics, we showed that XN
attenuates pro-inflammatory mediators in RAW264.7 cells. IFN-y-induced iNOS protein
expression was reversed by XN. Furthermore, XN suppressed the release of nitrite in
IFN-y stimulated RAW264.7 macrophages. These results are suggestive of XN’s
capability to prevent the polarization of macrophages towards the pro-inflammatory M1-
like phenotype. In conclusion, XN could improve obesity associated inflammation via
regulation of the M1/M2 ratio in adipose tissue. Therefore, identifying signaling
pathways that regulate macrophage polarization can help lead to strategies for the

modification of macrophage behavior.

The aim of this study was focused on addressing the hypothesis that the energy
sensor, AMPK, serves as a regulator of inflammation in macrophages. Inflammation is
the orchestrator in obesity pathogenesis and macrophage inflammation is the key
component of obesity-induced inflammation. We believe that the signaling protein,
AMPK, modulates immunometabolism because it is abundantly expressed in both
adipocytes and macrophages, regulated by inflammatory stimuli, and regulates free fatty

acid metabolism and the inflammatory response.
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AMPK inhibits anabolic processes and activates catabolic processes once
activated. A proposed role for AMPK in the regulation of inflammatory responses is
supported by the use of AICAR; AICAR was shown to suppress the synthesis of iINOS by
macrophages and adipocytes [94]. Several activators of AMPK have been identified to
decrease pro-inflammatory mediators such as IFN-y and tumor necrosis factor-o [94-96].
Furthermore, Sag et al., reported that AMPK promotes macrophages towards the anti-
inflammatory M2 phenotype [43]. This supports our results that XN and AICAR
upregulated p-AMPK and arginase — 1 levels in RAW264.7 cells. These results indicate
that XN-mediated macrophage polarization is dependent upon the activation of the

AMPK signaling pathway.

Our data indicate that AMPK is a regulator of immunometabolism in RAW264.7
cells stimulated with XN. Disturbances of AMPK signaling during adipose tissue
dysfunction could be linked to the over-productive activation of inflammatory signaling

in obesity.
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4.6 Figures
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Figure 17. Effect of XN on RAW264.7 cellular viability. RAW264.7 cells were treated
with varying concentrations of XN for 24 hours and cell viability was measured by
Prestoblue™ Cell Viability Reagent. All data are presented as the mean £ SEM. Means

denoted with different letters are statistically different, P < 0.05.
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Figure 18. Effect of XN on arginase — 1 protein expression levels. RAW264.7 cells

were treated with varying concentrations of XN and IL-4 as a positive control and

arginase — 1 expression was determined by Western blot. All data are presented as mean

+ SEM. Statistical significance between control and treatment groups is represented as

*** P <0.001, **** P < 0.0001.
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Figure 19. XN induces catecholamine secretion in RAW264.7 cells. RAW264.7 cells

were treated with vehicle, XN, or IL-4 for 24 hours and catecholamine synthesis was

examined. All data are presented as the mean £ SEM. Means denoted with different

letters are statistically different, P < 0.05.
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Figure 20. Effect of XN on IL-10 secretion in RAW264.7 cells. All data are presented

as mean = SEM. Means denoted with different letters are statistically different, P < 0.05.
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Figure 21. XN prevents M1 polarization in RAW264.7 cells. RAW267 cells were
treated with XN, IL-4, or IFN-y in the presence or absence of XN for 24 hours. A. XN
downregulated IFN-y-induced iNOS expression. B. XN suppressed nitrite release in IFN-
vy activated RAW264.7 macrophages. All data are presented as mean + SEM. Means

denoted with different letters are statistically different, P < 0.05.
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Figure 22. Effect of XN on p-AMPK protein expression. RAW264.7 cells were treated
with XN, AICAR, IL-4, or dorsomorphin for one hour and p-AMPK expression levels
were assessed by Western blotting. All data are presented as mean + SEM. Statistical

significance between control and treatment groups is represented as * P < 0.05.
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6.1 Introduction

A marked feature of obesity is hypertrophic and hyperplasic adipocytes, and
adipose tissue that is mainly comprised of pro-inflammatory M1 macrophages.
Adipokines and cytokines derived from adipocytes and macrophages, respectively, cross-
talk may result in the metabolic syndrome. It has been proposed that the paracrine loop,
with the key players being free fatty acids and pro-inflammatory cytokines, aggravates

inflammation and promotes the hypertrophy of adipocytes [83].

Noteworthy, similar changes in inflammation are remarkable in fat depots [97].
Adipocytes analyzed for gene expression profiles obtained from obese mice and humans
showed that macrophages contribute the majority of pro-inflammatory cytokines [42].
These observations lead to the conclusion that adipose tissue macrophages are the sole

source of inflammation in obesity.

Mammals sustain energy homeostasis via thermogenesis, activated by cold
exposure. When the central nervous system detects cold temperatures, the sympathetic
nervous system will become activated and release catecholamines in BAT and WAT
[98]. This release of catecholamines stimulates thermogenesis in brown/beige adipocytes.
Nguyen et al., demonstrated that M2 macrophages regulate thermogenesis and in turn, the

beiging of white adipocytes [76].
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Figure 24. Working model demonstrating the direct and indirect effects of XN on

the induction of beiging in WAT.
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4.3 Materials and Methods
4.3.1 Cell Culture and Differentiation of 3T3-L1 adipocytes and RAW264.7 cells

Detailed cell culturing for 3T3-L1 adipocytes and RAW?264.7 cells are described

in chapter two (page 30) and chapter three (page 6), respectively.
4.3.2 Transwell Co-culture System

3T3-L1 preadipocytes were grown to confluency in 6-well plates and
differentiated to mature adipocytes as described above. Cells were then cultured in a
transwell system, on day 5 of the adipocyte maturation cycle, with 3T3-L1 cells in the
lower chamber and RAW?264.7 cells seeded onto the 0.4um cell insert (Corning
Incorporated; Kennebunk, ME, USA). The insert of the transwell is porous in that these
pores are small enough to prevent the passage of most cell types, yet large enough to
permit the passage of small molecules like cytokines or adipokines. Within the co-culture
system, RAW264.7 cells were directly treated with 0.1% DMSO vehicle control, XN, or

IL-4 for 24 hours.
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Figure 25. Hlustration of transwell co-culture system.
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6.3.4 Immunoblot Analysis

Immunoblot analysis was carried out as described in chapter 2 (page 25).

6.3.5 Mitochondrial biogenesis

Mature 3T3-L1 adipocytes co-cultured with RAW264.7 cells were treated with
0.1% DMSO, XN25 uM, or IL-4 20 ng/mL for 24 hours and incubated with
Mitotracker® Green FM (Invitrogen, Grand Island, NY, USA) as per the manufacturer’s
instructions. Mitochondrial activity was measured using the Biotek Synergy HT
(Winooski, VT, USA) microplate reader at 516nm and images were captured using the
EVOS FL Auto Imaging System (ThermoFisher Scientific, Grand Island, NY, USA)

microscope.

6.3.6 Enzyme-linked Immunosorbent Assays

Detailed methods are described in chapter three (page 51).

6.3.7 Statistical analysis

All data were expressed as the mean £ SEM. All assays were performed in
triplicate for a minimum of three independent experiments. Comparisons were made by
using One-way ANOVA on GraphPad Prism software, followed by Tukey’s post hoc
tests. Statistical significance was reported as * P < 0.05, ** P < 0.01, ***P < 0.001 or

**** P <0.0001.
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6.4 Results

6.4.1 Enhanced levels of UCP1 in 3T3-L1 adipocyte-macrophage co-culture upon XN

stimulation

We investigated the expression of UCP1 within mono-cultured adipocytes and co-
cultured RAW264.7 cells and white adipocytes. We observed less pronounced levels of
UCP1 protein expression in XN treated 3T3-L1 adipocytes cultured alone (Fig. 26A) than
in XN-stimulated 3T3-L1 mature adipocytes co-cultured with RAW264.7 cells (Fig.
26B). Therefore, macrophages had an indirect impact on the beiging of differentiated

adipocytes.

6.4.2 XN increased mitochondrial biogenesis in 3T3-L1 adipocytes co-cultured with

RAW264.7 macrophages

Because mitochondrial biogenesis is a feature of brown/beige adipocytes, we

sought to investigate mitochondrial biogenesis activity within this co-culture system.

Our data show that XN induced the upregulation of mitochondrial biogenesis in 3T3-L1
adipocytes co-cultured with RAW264.7 macrophages, P < 0.05 (Fig. 27). This confirms

beiging in this co-cultured transwell model.

6.4.3 XN induces catecholamine secretion in co-cultured cells

Next, to investigate whether this beiging of 3T3-L1 adipocytes co-cultured with
RAW?264.7 cells was a result of macrophage polarization, we first examined the effect of
XN on catecholamine secretion. The release of catecholamines into the co-culture

medium increased with 24 hours of XN treatment (Fig. 28). Interestingly enough, these
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effects were not more pronounced than catecholamine secretion in RAW264.7

macrophages cultured alone (Fig. 19).

6.4.4 Indirect contact between macrophages and adipocytes enhances secretion of anti-

inflammatory IL-10 levels

To determine if anti-inflammatory IL-10 secretion is regulated by paracrine
communications, we co-cultured RAW264.7 macrophages, treated with XN or IL-4, with
3T3-L1 adipocytes. Significant differences in IL-10 secretion levels were found when
comparing direct (Fig. 20) and indirect macrophage-adipocyte co-cultures (Fig. 29),
indicating that the co-culturing of cells in transwells, increased XN-induced IL-10 levels

by 551%.

Noteworthy, when comparing IL-4-stimulated RAW264.7 mono-cultured IL-10
levels to co-cultured IL-10 levels, IL-10 secretion levels were more pronounced by
1,644%, suggesting that adipocytes may secrete IL-10 [99] and XN is mediating

inflammatory responses in both cell lines.

6.5 Discussion

Obesity is associated with chronic, low-grade inflammation. Studies have
demonstrated that dysfunctional adipose tissue is infiltrated with pro-inflammatory
macrophages [42]. In the current study, we developed an in vitro transwell co-culture
system comprised of differentiated 3T3-L1 adipocytes and RAW264.7 macrophages

stimulated with XN or IL-4.
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In the lean state, adipose tissue is comprised mostly of M2-like macrophages
while in the obese state, M1-like macrophages infiltrate adipose tissue. This infiltration
creates the state of chronic, low-grade inflammation marked by obesity and this
polarization state is characterized by secretions of pro-inflammatory cytokines [100].
Relative reductions in type 2 immunity may generate increases in pro-inflammatory
macrophage polarization in obesity, influencing adipose tissue dysfunction and hormone

response.

Studies have proposed that M2 macrophages and type 2 immune signaling
pathways leads to the beiging of white fat [76, 101]. It has been demonstrated that I1L-4
induces the expression of tyrosine hydroxylase, the rate-limiting enzyme in the synthesis
of catecholamines, in M2 macrophages, increasing beiging of white adipose tissue [101].
In the present study, we observed a lack of significant IL-4-stimulated catecholamine
secretion within the adipocyte-macrophage co-culture system, whereas unpublished data
from Dr. Rayalam’s lab suggests that conditioned media experiments with RAW264.7
cell culture supernatant and mature 3T3-L1 adipocytes increased catecholamine secretion
levels. This study demonstrates, for the first time, XN-induced polarization of
macrophages toward the anti-inflammatory phenotype beiges WAT as demonstrated by
enhanced IL-10 secretion, UCP1 expression, and mitochondrial biogenesis within the

transwell co-culture system, mediating XN’s multi-faceted anti-obesity effects.
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6.6 Figures
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Figure 26. XN-stimulated RAW264.7 cells indirectly beige 3T3-L1 adipocytes. A.

Direct effects of mature 3T3-L1 adipocytes treated with varying concentrations of XN for

24 hours. B. Indirect effects of co-culturing of RAW264.7 macrophages and mature 3T3-

L1 adipocytes treated with XN for 24 hours. All data are presented as mean + SEM.

Statistical significance between control and treatment groups is represented as *P<0.05,

** P <0.01.
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Figure 27. Mitochondrial content in mature 3T3-L1 adipocytes co-cultured with XN

stimulated RAW264.7 macrophages. All data are presented as mean + SEM. Statistical

significance between control and treatment groups is represented as *P<0.05.
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Figure 28. Catecholamine secretion levels in XN treated macrophages co-cultured
with 3T3-L1 adipocytes. All data are presented as mean + SEM. Statistical significance

between control and treatment groups is represented as * P <0.05.
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Figure 29. Effect of XN treated macrophages co-cultured with 3T3-L1 adipocytes on
IL-10 secretion levels. All data are presented as mean + SEM. Statistical significance

between control and treatment groups is represented as ** P < 0.01, *** P < 0.001.
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Provided that obesity is a result of energy imbalance and chronic inflammation,
WAT stores excess energy in the form of triglycerides. Phytochemicals that increase
sympathetic nervous system activation to increase thermogenesis, increase brown/beige
adipocyte proliferation, activate brown adipocytes, polarize macrophages towards the
anti-inflammatory phenotype, or beige adipocytes, may alleviate adipose tissue

dysfunction.

Research directed toward understanding the responsiveness of activated BAT to
achieve and maintain energy homeostasis could provide novel anti-obesity therapies.
Furthermore, targeting adipose tissue-specific inflammation could also supplement
combating obesity. The present study offers novel insights into the role of the prenylated
flavonoid XN in inducing the brown fat-like phenotype in 3T3-L1 adipocytes and the

polarization of macrophages.

We have successfully demonstrated that XN induces the beige phenotype in 3T3-
L1 adipocytes and drives thermogenic programming as witnessed by the significant
elevation of brown/beige-fat specific proteins such as UCP1, CIDE-A, TBX-1, ZIC1, and
PGC-1a. It has been identified that beige adipocytes, not brown adipocytes, express
TBX-1[102]. This led us to the conclusion that XN has a role in inducing the beige
phenotype. Additionally, XN upregulated the expression of the brown/beige adipocyte
specific UCP1 protein, confirming the acquired brown-like phenotype in XN-stimulated

3T3-L1 adipocytes.
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Once white adipocytes are transdifferentiated into beige adipocytes, these beige
adipocytes acquire large amounts of mitochondria [103]. Our data demonstrates that XN
increased mitochondrial biogenesis, as evidenced by the upregulation of PGC-1a, a
transcriptional regulator of mitochondrial biogenesis and function, and MitoTracker™
green assay. XN also appeared to decrease adipogenesis and promote lipolysis as
witnessed by a decrease in lipid content and lipid droplet size, therefore reducing

adiposity.

Macrophages are regarded as prominent mediators in obesity. Their sub-
populations, M1 and M2, could have deleterious or protective functions in the
inflammatory response depending on their microenvironment. Manipulation of the ratio

of M1/M2 macrophages could have a therapeutic effect in the treatment of obesity.

In the present study, we demonstrated that XN possesses immunomodulatory and
anti-inflammatory activities in RAW264.7 macrophages. XN upregulated the classical
M2 marker, arginase — 1, in RAW264.7 cells. Additionally, XN induced the secretion of
catecholamines and IL-10 from RAW264.7 cells, suggesting that monocytes have been
promoted towards the anti-inflammatory phenotype. XN prevented the polarization of
monocytes towards the pro-inflammatory phenotype as evidenced by the attenuation of

IFN-y-induced iNOS expression and nitrite release.
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The activation of AMPK is crucial in maintaining energy homeostasis. Our data
show that XN significantly upregulates the expression of activated AMPK in both 3T3-
L1 adipocytes and RAW?264.7 cells and its effect was abolished by inhibition with
dorsomorphin of AMPK. Further, using the AMPK activator, AICAR, and inhibitor,
dorsomorphin, we found that XN-induced beiging of 3T3-L1 adipocytes and anti-
inflammatory polarization of macrophages is mediated through the activation of the

AMPK signaling pathway.

In conclusion, our findings suggest that XN possesses multi-faceted anti-obesity
effects, making for an attractive pharmacological drug therapy for the treatment and
prevention of obesity. Our in vitro data provides novel evidence of XN’s role in the

modulation of improving the metabolic profile.
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