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Stimulation of fat browning using natural bioactive products is regarded as one of the promising ap-
proaches to treat obesity and insulin resistance. Here, we investigated the physiological effects of iso-
orientin on glucose uptake and lipid accumulation in insulin resistant 3T3-L1 adipocytes. To achieve this,
3T3-L1 adipocytes were exposed to 0.75 mM palmitate for 24 h, to induce insulin resistance, before
treatment with 10 uM isoorientin or the comparative controls such as CL-316,243 (10 uM), pioglitazone
(10 uM) and compound C (1 uM) for 4 h. Relevant bioassays and Western blot analysis were conducted on
these insulin resistant cells. Our results showed that palmitate exposure could induce insulin resistance
and mitochondrial dysfunction as measured by reduction in glucose uptake and impaired mitochondrial
bioenergetics parameters. However, treatment with isoorientin reversed these effects by improving
glucose uptake, blocking lipid accumulation, and modulating the process of mitochondrial respiration.
Mechanistically, isoorientin could mediate lipid metabolism by activating 5 AMP-activated protein ki-
nase (AMPK), while also effectively modulating the expression of genes involved in fat browning such as
peroxisome proliferator-activated receptor gamma (PPAR)y/o. and uncoupling protein 1 (UCP1). In
conclusion, isoorientin impacts insulin resistance in vitro by improving glucose uptake and mitochon-
drial function, consistent to modulating the expression of genes involved in energy metabolism and fat
browning.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Insulin resistance, which is characterized by decreased insulin-
stimulated glucose uptake by insulin target cells remains the ma-
jor underlying risk factor for the development of metabolic diseases
such as type 2 diabetes (T2D) [1,2]. Besides insulin resistance, T2D is
associated with obesity, a condition consistent with excessive lipid
accumulation and the development of the metabolic syndrome [3].
Fascinatingly, the adipose tissue is well equipped to regulate energy
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homeostasis within the normal physiological state. In fact, two
distinct types of fat cells are important for the regulation of
essential metabolic processes in humans, these are white and
brown adipocytes [4]. While white adipocytes are involved in the
storage of excess energy as fat, the brown adipocytes are essential
for thermogenic energy expenditure [5]. Consistently, fat browning
is regarded as an ideal therapeutic approach for treating obesity
and its associated insulin resistance [6].

Mechanistically, fat browning is associated with the activation
of brown adipose tissue makers such as peroxisome proliferator-
activated receptor alpha/gamma  (PPARc/y), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGCla)
and uncoupling protein 1 (UCP1), which plays an important role in
maintaining beige adipocyte, modulating f-oxidation and
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Abbreviation

AMPK 5’ AMP-activated protein kinase

p-AMPK phosphorylated 5' AMP-activated protein kinase
ATP adenosine triphosphate

BSA bovine serum albumin

CO, carbon dioxide

CIDEA cell death activator

Coxs8p cytochrome c oxidase subunit 8 A

DEX dexamethasone

DIO2 iodothyronine Deiodinase 2

DMEM  Dulbecco’s modified eagle’s medium
DMSO dimethyl sulfoxide

DPBS Dulbecco’s phosphate buffered saline
FBS fetal bovine serum

FFA free fatty acid

IBMX 3-isobutyl-1-methylxanthine

LHX8 LIM Homeobox 8

MIT 3-(4,5-Dimethylthiazol-2-y1)-2,5-
Diphenyltetrazolium Bromide

ORO oil red O

PGC-1a0  peroxisome proliferator-activated receptor gamma

coactivator 1-alpha
PI3K/Akt phosphoinositide 3-kinase/protein kinase B

PPARa peroxisome proliferator-activated receptor alpha
PPARY peroxisome proliferator-activated receptor gamma
PRDM16 PR domain containing 16

NaHCO3 sodium bicarbonate

T2D type 2 diabetes

TNF-a tumour necrosis factor-alpha

TZs thiazolidinediones

UCP 1 uncoupling protein 1

WHO World Health Organisation

mitochondrial biogenesis [7,8]. As a result, fat browning has been
therapeutically targeted with an aim to ameliorate obesity-
associated complications. Some natural compounds, like resvera-
trol, have already been experimentally shown to significantly block
fat accumulation and promote browning of white adipose tissue in
high fat diet-fed mice [9]. Using 3T3-L1 adipocytes, our group and
others have actively have screened different natural products for
their potential in ameliorating palmitate-induced insulin resistance
[10—12].

Preliminary findings have shown that isoorientin can ameliorate
obesity-associated complications by suppressing adipogenesis in
3T3-L1 adipocytes [13]. Isoorientin is a C-glucosyl flavone
commonly found in Aspalathus linearis (rooibos) and other medic-
inal plants [11,13,14]. Some in vitro evidence has shown that iso-
orientin can revert tumour necrosis factor-alpha induced insulin
resistance in murine 3T3-F442A and human adipocytes [15].
However, although such in vitro evidence has been reported
[13,15], a clear mechanism by which isoorientin ameliorates lipid
accumulation or its impact on adipose tissue browning is unknown.
In addition to assessing the beneficial effects of isoorientin on
metabolic function, including improving glucose uptake and
ameliorating lipid accumulation, the current study provides novel
evidence on the impact of this natural compound on molecular
mechanisms involved in fat browning in 3T3-L1 adipocytes
exposed to palmitate.

2. Materials and methods
2.1. Reagents and kits

Isoorientin, CL-316,243 (CL), pioglitazone hydrochloride (pu-
rity 99%), palmitic acid (C18:0), dexamethasone (DEX), dimethyl
sulfoxide (DMSO), 3-isobutyl-1-methylxanthine (IBMX), insulin,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide)
(MTT), Oil Red O (ORO), sodium bicarbonate (NaHCOs3), glycerol
release Kkit, cell culture tested water as well as phenol red and
glucose-free Dulbecco’s modified Eagle’s medium (DMEM) were
obtained from Sigma-Aldrich® (St. Louis, MO, USA). Dulbecco’s
phosphate buffered saline (DPBS), DMEM, penicillin/strepto-
mycin and trypsin were bought from Lonza Biowhitaker® (Wal-
kersville, MD, USA). Fetal bovine serum (FBS) was purchased
from Gibco®, Invitrogen™ (Gibco, Thermo Fisher, USA). 2-deoxy-
[>H]-D-glucose was purchased from American Radiolabelled

Chemicals (St. Louis, MO, USA). Bradford and RC DC protein assay
kits were obtained from Bio-Rad Laboratories (Hercules, CA,
USA). The ViaLight™ plus adenosine triphosphate (ATP) kit was
purchased from Lonza (Basel, Switzerland). Seahorse Micro-
plates, DMEM assay media without phenol red for Seahorse
XFe96, and Mito Stress assay test kits were obtained from Agilent
(Santa Clare, CA, USA). 3T3-L1 mouse embryonic fibroblasts
(ATCC Cat# CL-173TM) were obtained from the American Type
Culture Collection (Manassas, VA, USA). Protease and phospha-
tase inhibitor tablets were purchased from Roche (South San
Francisco, CA, USA). Cell Signalling Technology (Beverly, MA,
USA) supplied primary antibodies including 5 AMP-activated
protein kinase (AMPK) (cat # 2532), phosphorylated 5 AMP-
activated protein kinase (p-AMPK) (Thr172) (cat # 2535S) and
peroxisome proliferator-activated receptor gamma (PPARY) (cat
#2435), while Abcam (Cambridge, MA, USA) supplied UCP1 (cat
# ab10983) and peroxisome proliferator-activated receptor alpha
(PPARa) (cat # 24509). The housekeeping f-actin (cat # sc-
47778) and secondary antibodies include goat anti-mouse (cat
# sc-516102) and goat anti-rabbit horseradish peroxidase (IgG
HRP) (cat # sc-2004) were purchased from Santa Cruz Biotech-
nology (Dallas, Texas, USA). All other chemicals were purchased
from Sigma unless specified.

2.2. Cell culture and differentiation

The 3T3-L1 mouse embryonic fibroblasts were cultured in
growth medium (DMEM supplemented with 10% FBS) at 37 °C in
atmosphere of 5% CO, as previously described by [16]. Subse-
quently, the cells were sub-cultured every 2—3 days until they
reached 80%—90% confluency. The cells were seeded into multi-
well plate at density of 2 x 10* cells/mL which allowed them to
reach confluency after 3 days of culture. Upon confluency (day 0),
the pre-adipocytes were differentiated to mature adipocytes using
a slightly modified method as previously described [12]. Briefly,
growth media was substituted with adipocyte differentiation me-
dia (DMEM supplemented with 10% FBS, 0.5 mM IBMX, 1 uM DEX
and 1 pg/mL insulin) for 2 days. On day 3, adipocyte differentiation
media was changed to adipocyte maintenance media (DMEM
containing 1 ug/mL insulin) for further 2 days. Thereafter, cells were
cultured with growth medium that was refreshed after 2 days and
kept in the same medium until day 8, before subsequent
experiments.
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2.3. Exposure of 3T3-L1 adipocytes to palmitate and preparation of
compounds for cell culture

A previously described method was used to prepare palmitate
used in the current experiments [11]. Briefly, fully differentiated
3T3-L1 adipocytes were exposed to growth media supplemented
with 0.75 mM palmitate for 24 h at 37 °C in 5% CO; and humidified
air to induce insulin resistance. Alternatively, all compounds
including isoorientin, pioglitazone and CL-316,243 were dissolved
in 100% DMSO to make stock solutions of 22.3, 25.5 and 10.73 mM,
respectively. The stock solutions were further diluted in phenol red
free DMEM (supplemented with 8 mM glucose, 3.7 g/L NaHCOs,
and 2% (w/v) BSA) to yield a final working solution with <0.001%
DMSO, to avoid the toxic effect of DMSO as previously reported [17].

2.4. Treatment of insulin resistant 3T3-L1 adipocytes

Palmitate-induced insulin resistant 3T3-L1 adipocytes were
serum and glucose starved for 30 min in DMEM without phenol
red, serum or glucose to induce a phase of growth arrest, as pre-
viously described by [11]. Subsequently, the cells were treated for
4 h under standard tissue culture conditions in DMEM containing
8 mM glucose as a normal control; with or without palmitate
(0.75 mM), compound C which is an AMPK inhibitor (10 pM), and
positive controls such as CL-316,243 a selective 3-adrenergic
agonist (1 uM), pioglitazone an antidiabetic-drug (10 uM) and
isoorientin (10 uM). Thereafter, relevant assays were performed.

2.5. ATP and MTT assays

A modified MTT assay protocol, described by Mosmann in 1983
[18] was used to assess the metabolic activity of viable cells after
treatment. Briefly, adipocytes were treated with MTT solution
(2 mg/mL DPBS) and incubated for 30 min under standard tissue
culture conditions. Additionally, ATP production was determined
using fluorometric assay ViaLight™ plus ATP kit from Lonza (Basel,
Switzerland), according to manufacturer’s protocol. For the MTT
assay, absorbance for purple formazan solution was read at 570 nm
using BioTek®ELx 800 plate reader equipped with by Gen 5®
software for data collection (BioTek Instruments Inc., Winooski, VT,
USA). For ATP assay, the cells were incubated for a further 2 min at
room temperature before reading the luminescence using a Bio-
Tek® FLx 800 plate reader equipped with Gen 5® software for data
acquisition.

2.6. Glucose uptake assay

Glucose uptake was performed as previously described by
Muller et al. [19], with some modifications. Briefly, treated adipo-
cytes were incubated with glucose and phenol red free DMEM
containing 0.5 pCi/ml 2-deoxy-[>H]-D-glucose for 15 min under
standard tissue culture parameters. Subsequently, 2-deoxy-[>H]-D-
glucose uptake was measured using liquid scintillation (2220 CA,
Packard Tri-Carb series, PerkinElmer, Downers Crove, IL, USA).
Glucose content (fmol/mg) was normalized with protein content
which was quantified using Bradford assay read at 570 nm using
BioTek® ELx800 plate reader supplied with Gen 5® software.

2.7. 0il Red O staining and glycerol release assay

Intracellular lipid accumulation was determined by measuring
Oil Red O stain as previously described [20]. To quantify glycerol
release, the culture media were collected and centrifuged to
remove debris, and glycerol release was determined using fluo-
rescent glycerol release assay kit from BioVision Inc. (Milpitas, CA,

USA), following manufacturer’s protocol. Subsequently, glycerol
content was normalized to crystal violet stain measured at 570 nm
using BioTek® ELx800 plate reader equipped with Gen 5® software.

2.8. Mitochondrial bioenergetics analysis

Mitochondrial respiration in insulin resistant 3T3-L1 adipocytes
was assessed using XF96 Extracellular Flux Analyzer from Agilent
as previously described [21], with slight modifications. In brief,
3T3-L1 pre-adipocytes were seeded in XF96 microplate plate at a
density of 1 x 10% cells/well which reached confluency after 24 h.
Subsequently, cells were differentiated and treated as previously
described in section 2.2, and the Seahorse assay was performed on
day 5 of differentiation. Subsequently, ATP production and maximal
respiration was determined using Mito stress assay kit. After the
assay, protein content was determined using Bradford protein
assay, results were reported as oxygen consumption rate (OCR)
(pmol Oy/min/mg protein).

2.9. Protein extraction and Western blot analysis

Proteins were extracted as previously described [11]. Western
Blot analysis was done following the method described by [22].
Briefly, 30 ug and 40 pg of proteins were electrophoresed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. The membranes were
incubated overnight at 4 °C with the following primary antibodies
AMPK (1:1000), p-AMPK (Thr172) (1:800), PPARa. (1:1000), PPARY
(1:800) and UCP1 (1:800). The B-actin (1:1000) was added as a
loading control. The following day, the membranes were incubated
with the relevant enzyme horseradish peroxidase conjugated sec-
ondary antibody (1:4000) in blocking buffer (5% skim milk) at room
temperature for 90 min, and Clarity™ Western ECL Substrate (1:1
of luminal solution and reaction buffer) was added for 5 min. The
proteins bands were detected using a ChemiDoc™ MP system
(BioRad, Cressier, Switzerland) the signalling intensity of the pro-
tein bands was quantified using Image Lab software version 6.0.1.

2.10. Statistical analysis

Statistical calculations were performed using one-way analysis
of variance (ANOVA) followed by Tukey post-hoc test in GraphPad
Prism software version 8.0.2 (GraphPad Software Inc., San Diego,
CA, USA). Results are represented as the means + SEM of three
independent biological experiments. A p value of < 0.05 was
considered as statistically significant.

3. Results

3.1. Isoorientin improved metabolic activity and glucose uptake in
palmitate-exposed adipocytes

MTT assay was used to assess the effect of isoorientin in terms of
mitochondrial activity in palmitate-induced insulin resistant 3T3-L
adipocytes. Positive controls, CL-316,243 and pioglitazone had no
effect in mitochondrial activity in normal cells, while the negative
control compound C reduced mitochondrial activity by 25%
(p < 0.05). Interestingly, treating these insulin resistant cells with
isoorientin significantly enhanced mitochondrial activity by 33%
(p < 0.001) relative to untreated palmitate control, this increase in
MTT was more pronounced than those of positive controls CL-
316,243 (28% p < 0.001) and pioglitazone (24% p < 0.01) (Fig. 1A).
To confirm MTT results, ATP production was measured. Similarly,
palmitate reduced ATP production by 23% (p < 0.05) compared to
the normal control, and this reduction was normalized to that of
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Fig. 1. Isoorientin improved mitochondrial activity as measured by MTT (A) and ATP production (B) assays, while also enhancing glucose uptake (C) in 3T3-L1 adipocytes exposed to
0.75 mM palmitate for 24 h. Cells were also treated with compound C, which was used as a 5’ AMP-activated protein kinase (AMPK) inhibitor (10 pM), positive controls such as CL-
316,243 a selective B3-adrenergic agonist (1 pM), pioglitazone an antidiabetic-drug (10 pM) were also employed to compare the bioactivity of isoorientin. Results are expressed as
mean + SEM of three independent experiments. *p < 0.05, ***p < 0.001 versus normal control and ## p < 0.05, ** p < 0.001 versus palmitate control.

normal control by culturing with positive controls CL-316,243 (38%
p < 0.001), pioglitazone (35% p < 0.001). Isoorientin on the other
hand significantly improved ATP production by 34% (p < 0.001)
(Fig. 1B).

Furthermore, glucose uptake in these insulin resistant 3T3-L1
adipocytes was assessed. The results showed both positive controls,
CL-316,243 and pioglitazone increased glucose uptake by 32% and
43% (p < 0.05 and p < 0.001), respectively in comparison to un-
treated control (Fig. 1C). Palmitate significantly reduced glucose
uptake by 32% (p< 0.05). Both positive controls CL-316,243 (48%
p < 0.001) and pioglitazone (52% p < 0.001), including isoorientin
56% (p < 0.001) were able to enhance glucose uptake, when
compared to the untreated palmitate control (Fig. 1C).

3.2. Isoorientin attenuated palmitate-induced lipid accumulation
and enhanced lipolysis in palmitate-exposed adipocytes

The effect of isoorientin on lipid accumulation in palmitate-
exposed adipocytes was assess using Oil Red O staining. The posi-
tive control CL-316,243 had no effect while, pioglitazone reduced
lipid accumulation by 29% (p < 0.01) (Fig. 2A). Treatment with
palmitate significantly increased lipid accumulation by 30%
(p < 0.01) when compared to normal control. This increase was

significantly reduced by both positive controls CL-316,243 43%
(p < 0.001), pioglitazone 45% (p < 0.001), including isoorientin by
51% (p < 0.001) (Fig. 2A). In terms of glycerol release, palmitate did
not have a significant impact on glycerol release. However, among
treatments tested, only CL-316,243 demonstrated effect in
enhancing glycerol release in these insulin resistant 3T3-L1 adi-
pocytes (Fig. 2B).

3.3. Isoorientin improved palmitate altered mitochondrial
bioenergetics in palmitate-exposed adipocytes

Mitochondrial bioenergetics was assessed to determine the ef-
fect of isoorientin on energy expenditure and mitochondrial
dysfunction, as represented in Fig. 3A. The results showed that
palmitate significantly reduced basal OCR by 38% (p < 0.001)
relative to normal control, while isoorientin reverted this effect,
increasing OCR by 36% (p < 0.001) when compared to the untreated
palmitate control (Fig. 3B). Furthermore, ATP was measured after
injecting 1 uM oligomycin, and results showed that compound C
reduced ATP production by 57% (p < 0.01). Similarly, palmitate-
exposure significantly reduced ATP production by 43% (p < 0.001)
relative to normal control. Culturing these insulin resistant cells
with isoorientin improved the ATP production by 117% (p < 0.001)



S.E. Mazibuko-Mbeje et al. / Metabolism Open 6 (2020) 100037 5

>

200

150+

100 p

% Oil Red O/Crystal violet

0.75 mM Palmitate

B.

200+

% Glycerol release
(umol/L)

0.75 mM Palmitate

Fig. 2. Effect of isoorientin on lipid accumulation (A) and glycerol release (B) in 3T3-L1 adipocytes exposed to 0.75 mM palmitate for 24 h. Cells were also treated with compound C,
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(Fig. 3C).

Maximal respiration was measured after injection with 7.5 uM
carbonyl cyanide-4-trifluoromethoxy-phenylhydrazone (FCCP),
and the results showed that the positive control CL-316,243
enhanced maximal respiration by 37%, when compared to the
normal control (Fig. 3D). On the other hand, pioglitazone signifi-
cantly improved maximal respiration after palmitate by 65%
(p < 0.001), isoorientin treatment also enhanced OCR performance
from 62% (p < 0.001), when compared to the untreated palmitate
control (Fig. 3D).

In terms of spare respiratory capacity, the positive control CL-
316,243 was able to increase respiratory capacity by 38%
(p < 0.001), when compared to untreated palmitate-exposed cells
(Fig. 3E). Interestingly, even after palmitate treatment, CL-316,243
was able to enhance maximal respiration by 44% (p < 0.001).
Subsequently, isoorientin was able to significantly enhance spare
respiratory capacity by 71% (p < 0.001), when compared to un-
treated palmitate control, and this increase was comparable to that
of the positive control CL-316,243 (Fig. 3E).

3.4. Isoorientin enhanced the expression of genes involved in
glucose and lipid homeostasis as well as fat browning in palmitate-
exposed adipocytes

To partially understand the underlying mechanism by which
isoorientin affects glucose uptake and lipid accumulation in insulin
resistant adipocytes, we investigated the protein expression of
AMPK, a master regulator of cellular energy homeostasis, and
PPARY, an essential mediator of adipogenesis. Here, our results
showed that our positive controls CL-316,243 and pioglitazone
were able to increase AMPK activation by 68% and 60% (p < 0.05)
respectively (Fig. 4A). As expected, compound C reduced AMPK
phosphorylation by 51% albeit not significant compared to normal
control. Treatment with palmitate increased AMPK activation,
however addition of isoorientin further increased the activation of
AMPK by 30%, and this effect was significant (p < 0.01) when
compared to the untreated control. This increase was comparable
to both positive controls CL-316,243 and pioglitazone (Fig. 4A).
Consistently, positive control CL-316,243 and isoorientin signifi-
cantly increased the expression of PPARY by 74% and 31% relative to

normal and palmitate controls, respectively (Fig. 4B).; interestingly,
although comparable to CL-316,243, isoorientin more effectively
increased PPARy than pioglitazone, which is a PPARy agonist.

We further tested the effect of isoorientin on the regulation of
genes involved in fat browning, and these included PPARa and
UCP1. The results showed that palmitate-exposure significantly
downregulated PPARa protein expression by 45% (p < 0.050); while
isoorientin ameliorated this effect by increasing PPARa exppression
by 50% (p < 0.05) (Fig. 4C). Furthermore, isoorientin significantly
increased UCP1 protein expression by 97% relative to the normal
control, and 22% relative to untreated palmitate control (Fig. 4D).
Additionally, exposure of untreated cells to palmitate enhanced
UCP1 expression to the equivalent level of the positive control CL-
316,243, which is a beta3-adrenergic agonist known to induce fat
browning. Interestingly, isoorientin was more effective at stimu-
lating UCP1 expression relative to all controls including CL-316,243
(Fig. 4D).

4. Discussion

An in vitro model of palmitate-induced insulin resistant 3T3-L1
adipocytes has been established to study obesity-associated com-
plications, including insulin resistance [13,16,23]. Indeed, several
studies have shown that concentrations of 0.2—0.75 mM palmitate
are enough to induce insulin resistance in various cell lines over a
16—24 h period [11,24]. In our laboratory, we have explored
metabolic alterations associated with palmitate-induced insulin
resistance in 3T3-L1 adipocytes. As a prime example, we have
shown that enhanced palmitate-exposure of 3T3-L1 adipocytes is
associated with impaired glucose uptake and fatty acid oxidation
[16]. These complications have been further demonstrated to be
consistent with altered insulin signalling via the phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) pathway and dysregulated
AMPK protein expression [12]. Although the effects on PI3K/AKT
were not investigated, impaired glucose uptake in response to
palmitate exposure in the current study was concomitant with
enhanced lipid accumulation, reduced metabolic activity, and
altered expression of genes involved in energy metabolism such as
AMPK and PPARy thus, inferring that palmitate-exposed 3T3-L1
adipocytes mimic obesity associated complications identified
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and spare capacity (E) in 3T3-L1 adipocytes exposed to 0.75 mM palmitate for 24 h. Cells were also treated with compound C, which was used as a 5 AMP-activated protein kinase
(AMPK) inhibitor (10 pM), positive controls such as CL-316,243 a selective 33-adrenergic agonist (1 uM), pioglitazone an antidiabetic-drug (10 uM) were also employed to compare
the bioactivity of isoorientin. Results are expressed as mean + SEM of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 versus normal control and **#p < 0.001 versus

palmitate control.

in vivo [25].

A growing body of evidence shows that fat browning is a
promising therapeutic strategy for combating human obesity and
insulin resistance, because of its substantial energy-burning po-
tential [26—28]. Activation of fat browning has been found to
reverse obesity and insulin resistance in mice fed a high-fat diet
[29]. In addition to their role in ameliorating insulin resistance,
both AMPK and PPARY have been reported to play essential role in
stimulation and regulation of fat browning. For example, Wu and
colleagues [30] showed that upon activation, AMPK can modulate
fat browning by inducing the expression of brown fat thermogenic

protein UCP1 in high-fat-diet fed mice. In agreement with these
results, we found that isoorientin can activate AMPK consistent
with interlinked regulation of PPARa./PPARY/UCP1 in 3T3-L1 adi-
pocytes exposed to palmitate. Recent evidence showed that
elevated level of UCP1 is associated with enhanced glucose uptake
and oxygen consumption in cultured adipocytes [31]. Similarly, in
this study we found that isoorientin could improve glucose uptake
in relation to increasing the expression of UCP1 and oxygen con-
sumption rate in palmitate-induced 3T3-L1 adipocytes.
Furthermore, isoorientin treatment appeared to activate AMPK
which was accompanied by reduced intracellular lipid
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Fig. 4. Isoorientin improved pAMPK (A),PPARY (B), PPARa. (C), and UCP1 (D) protein expression in 3T3-L1 adipocytes exposed to 0.75 mM palmitate for 24 h. Cells were also treated
with compound C, which was used as a 5 AMP-activated protein kinase (AMPK) inhibitor (10 uM), positive controls such as CL-316,243 a selective Bf3-adrenergic agonist (1 pM),
pioglitazone an antidiabetic-drug (10 pM) were also employed to compare the bioactivity of isoorientin. Results are expressed as mean + SEM of three independent experiments.
*p < 0.05, **p < 0.01, ***p < 0.001 versus normal control and #p < 0.05 versus palmitate control.

accumulation in these insulin resistant fat cells. These in vitro
beneficial effects by isoorientin could well be linked to its activity in
promoting fatty oxidation process, and thus translating directly to
its potential to enhance the energy burning process, as illustrated

elsewhere [32]. Certainly, we recently showed that, depending on
the dose tested, isoorientin can improve metabolic activity and
reduce lipid accumulation in differentiated adipocytes in part by
promoting the phosphorylation of AKT and AMPK [33]. To support
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this concept, in the current study, the results of increased energy
expenditure were concomitant with enhanced mitochondrial
respiration, with these effects even comparable with the positive
controls used; further suggesting that isoorientin could play an
important role in controlling mitochondrial energetics. However,
although such putative benefits are observed with the use of iso-
orientin in ameliorating insulin resistance in vitro, the major
challenge still persists as to whether the effective dose can be
reached in vivo and how it can be selected for clinical practice.
Hence, beyond the application of simple in vitro to in vivo
extrapolation approaches for environmental compounds [34], this
aspect is of importance to understand given the increasing interest
on naturally-derived compounds and nutraceuticals for their role in
combating metabolic diseases and related complications such as
oxidative stress and inflammation [35—37]. In fact, food-derived
products like rooibos are increasingly consumed for their envis-
aged health benefits [38], which have been shown to be related to
its high phenolic content [39,40]. Although less is known regarding
how isoorientin as a pure compound affects clinical parameters in
obese subjects, consumption of 6 cups of rooibos tea for six weeks,
which is known to contain relatively high levels of this flavone [41],
has been linked with significantly improved lipid profile and redox
status in adults at risk for developing cardiovascular disease [42].
Thus, in addition to testing its capability as a pure compound, other
studies are necessary looking at the efficacy of food sources con-
taining this flavone for their vast ameliorative effects against
obesity in clinical settings.

Overall, the current findings provide essential information on
how isoorientin impacts obesity-associated complications, how-
ever this preclinical model is not without limitations. Since we have
shown that isoorientin can promote AMPK phosphorylation in
conditions of insulin resistance, thus the combined use of this
flavone with compound C should still be been tested. Precisely,
additional experiments should focus on the combination use of
isoorientin with compound c and its impact on basic metabolic
assays such as glucose uptake, lipid accumulation, oxygen con-
sumption, and UCP1 expression. Outstanding molecular work ex-
tends to understanding the modulatory effect of isoorientin on the
expression of other markers involved in brown adipose tissue
function such as PR domain containing 16 (PRDM16), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1a), LIM Homeobox 8 (LHX8), cell death activator (CIDEA), iodo-
thyronine Deiodinase 2 (DIO2) and cytochrome c oxidase subunit
8A (COX8pP). Also, investigations on the comparative effects of
PPARq activators such as fenofibrate could add more information
on the implicated mechanisms by which this dietary flavone
ameliorates insulin resistance. This is especially vital since its
known that fenofibrate can improve insulin sensitivity, reduce lipid
consumption, and ameliorate other metabolic disease associated
complications [43,44].

5. Conclusion and future perspectives

Our data support the impact of isoorientin on ameliorating
obesity-related insulin resistance in vitro through improvement of
glucose uptake, metabolic activity, mitochondrial energetics, as
well as inhibition of lipid accumulation. Furthermore, partial
speculation of mechanisms that might be implicated in this process
are illustrated, as demonstrated by enhanced expression of AMPK/
UCP1, and inhibition of PPARa following exposure of 3T3-L1 adi-
pocytes to palmitate, all of which are molecules involved in energy
metabolism. Indeed, further exploration of these processes and
expansion of these results is necessary, especially using in vivo
obesity-related experimental models.
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