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ABSTRACT

Teucrium polium (T. polium), commonly known as golden germander, is a herb that grows in the
Mediterranean region and is used by the locals to treat diabetes mellitus. The glucose-lowering effect of T.
polium is well established in rodents. This study aims to examine whether the glucose-lowering effect is by
inducing the release of insulin from pancreatic beta cells and to identify key measurable biomolecules/sites
that are modified in the lead-up to insulin release. Insulin secretion was examined in BRIN-BD11 pancreatic
beta cells treated with T. polium extract in vitro and key flavonoids were identified using LCMS. The T.
polium extract promoted increased insulin secretion (p<0.05), in a dose-dependent manner, and increased
glucose uptake (p<0.05) within 30min. This was accompanied by an increase in GLUT2 (p<0.05) and
glucokinase (p<0.01) expression. Also, mitochondrial metabolism and glycolytic rates were enhanced
(p<0.05), and ATP production increased (p<0.01), which coincided with increased (p<0.01) calcium influx.
Rutin and apigenin were detected, but not quercetin, in this extract. T. polium promotes insulin secretion. T.
polium does this by GLUT2 and glucokinase expression, increased glucose transport, metabolism and ATP
production, ultimately increasing intracellular calcium.
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INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder that is
increasing at an alarming rate and is recognised as the
fastest growing chronic disease in the world (Dagenais et
al., 2016; Menke et al., 2016; WHO, 2006). It is
characterised by hyperglycaemia, mostly resulting from
defects in insulin secretion, insulin action, or both (Del
Prato et al.,, 1993; Leahy et al., 1992; Rossetti et al.,
1987).

Glucose is the primary stimulus for insulin secretion in
human and rodent beta cells (Ashcroft et al., 1984; Rutter
et al., 2015). The amount of insulin secreted in the
presence of glucose exceeds that in the presence of
either fat or protein. Increased transport of glucose into
beta cells via GLUT2 and commitment of glucose to
glycolysis by the action of glucokinase potentiates insulin
secretion through an increased ATP/ADP ratio as well as
by generation of other coupling factors during oxidative

phosphorylation (Fu et al., 2013). GLUT2 is the first
glucose sensor in the beta cell that equilibrates glucose
by facilitated diffusion which occurs rapidly. Thereafter,
glucokinase responds to rises in blood glucose levels by
phosphorylating  glucose to produce glucose-6-
phosphate. This reaction is the rate-limiting step in
glycolysis and thus acts to commit glucose to glycolysis
(Ferre et al., 1996; German, 1993; Matschinsky, 1990).
The formation of pyruvate is the endpoint of glycolysis,
where it is further metabolised by the tricarboxylic acid
cycle in the mitochondria of beta cells to produce ATP
(Suckale and Solimena, 2008). As a result of higher ATP
production, the intracellular ATP/ADP ratio is increased.
This further facilitates the closure of ATP-sensitive
potassium (Katp) channels (Maechler and Wollheim,
2000; Markworth et al., 2000). This depolarizes the
plasma membrane and opens the voltage-gated calcium



channel, thereby facilitating calcium entry into beta cells
(Maechler and Wollheim, 1999; Maechler and Wollheim,
2000). This activates the exocytosis of insulin from insulin
secretory granules as they move towards the plasma
membrane (Fu et al., 2013).

Teucrium polium (T. polium), had been reported to
have various medicinal properties including antibacterial,
anti-inflammatory, antioxidant and anti-diabetic effects
(Albadr et al., 2022; Abdollahi et al., 2003; Ardestani et
al., 2008; Baali et al., 2016; Capasso et al.,, 1983).
Several studies have investigated the glucose-lowering
potential of total extracts of T. polium in vitro, ex vivo and
in vivo (Esmaeili and Yazdanparast, 2004; Kasabri et al.,
2012; Shahraki et al., 2007; Stefkov et al., 2011). There
have been other studies that investigated purchased or
isolated pure compounds, isomers of which have also
been putatively identified in T. polium. However, the
compound(s) that deliver the glucose-lowering effects of
the total extract is yet to be elucidated (Cozzani et al.,
2005; Sharififar et al.,, 2009). Most of the research
investigating the glucose-lowering effects of T. polium
has focused on changes in blood glucose levels and
insulin secretion but there is limited information on the
pathway leading to that glucose-lowering effect.
Identification of the pathway/s will aid in the ultimate
isolation of the active constituent/s. This study aimed to
investigate: i) whether treatment with the T. polium
extract promotes insulin secretion from pancreatic beta
cells and ii) determine whether the various commonly
known signalling molecules are involved in this process
when the cells are treated with T. polium.

MATERIALS AND METHODS
Plant collection and extraction

The aerial parts of T. polium L (Labiatae) were purchased
from a herbalist who collected the plant from the Al-Salt
region (25km west of Amman), Jordan. The plant was
further authenticated by the late Professor Dawud Al-
Eisawi, of the Biological Sciences Department, University
of Jordan before it was brought into Australia under
guarantine: AQIS permit 200515757. The leafy parts of
the plant material were freeze-dried.

The T. polium extract was prepared as outlined by
Ireng et al. (2016). Five grams of the freeze-dried T.
polium was ©placed in a Soxhlet apparatus
(Electromantle®- EM1000/CE) and refluxed three times
(4h) at 80-100°C in 400mL of 90% methanol. The extract
was then allowed to cool and the residual non-plant
material in the thimble was discarded. The extract was
then concentrated in a rotary evaporator (Buchi
Rotavapor R-200) at a fixed temperature of 45(x2)°C for
30-40min. The concentrated plant extract was then made
up to a 200-mL volume with 90% methanol. Then 2mL
aliquots were pipetted into separate glass vials (light
protective) and dried under vacuum at room temperature.
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Thereafter, the vials were immediately purged under
nitrogen (supplied by Comet TM CIGWELD), sealed and
stored at -20°C. Each vial contained extract derived from
a 50mg equivalent of original plant material. Throughout
this paper, the amount of T. polium is expressed as the
extract obtained from a weight of original plant material.
Where this extract is used in culture/buffer, the amount is
then stated as an extract obtained from an original weight
of plant material per mL of culture medium.

The concentration of the T. polium extract used was in
line with other studies examining extracts in cell culture.
It was selected to be the least possible concentration that
is less than 1mg/mL (non-significantly affecting cell
viability) which also allowed for a detectable change from
control to occur.

Chemical profiling by LCMS

Chemical fingerprint profiling of the plant extract was
carried out by Mr Ben Hunter, Curtin Health Innovation
Research Institute. Total ion chromatograms (TIC) were
collected wusing a Liquid Chromatography-Mass
Spectrometry (LCMS) system: Agilent 6540 UHD Q-TOF
MS system (Santa Clara, CA, USA) with a dual sprayer
electrospray ionization (ESI) source and attached to an
Agilent 1290 infinity UHPLC system (Santa Clara, CA,
USA) comprised of a vacuum degasser, binary pump,
with  a thermostated auto-sampler and column
compartment. The MS was operated using the following
conditions: nebuliser pressure 35 psi, dry gas flow rate
8L/min, sheath gas temperature 300°C, sheath gas flow
rate 11L/min, capillary voltage 3500 V and capillary
voltage 500V.

The instrument was operated in the scan mode with
data collected in the m/z range of 100 to 1000amu. A
Grace c¢18 monomeric 100*2.1mm, 5um, 300A column
was used with a flow rate of 200uL/min, maintained at 40
+ 1°C, with a 10.2min run time. A gradient LC method
was used with mobile phases comprised of (A) 0.1%
formic acid in deionized water and (B) 0.1% formic acid in
acetonitrile. Gradient: 6min linear gradient from 5%
solvent (B) to 40% solvent (B), followed by a 0.1min
linear gradient to 100% solvent (B), then a 2min hold at
100% solvent (B) and a 0.1min return to re-equilibration
at 5% solvent (B) holding for 2min. Compounds were
identified by HPLC—-ESI(+)-QTOF- MS. The identification
of apigenin, rutin and quercetin in the T. polium extract
was carried out using a comparison of accurate mass
and retention time of purified commercial standards
(apigenin, quercetin dihydrate and rutin hydrate
purchased from Sigma) to the T. polium extract by
generated extracted ion chromatogram (EIC).

Cell culture

The experiments were carried out using the rat



pancreatic beta cell line BRIN-BD11, donated by
Professor Philip Newsholme, Curtin University. In brief,
BRIN-BD11 cells (passage number 25-30) were grown
overnight in Roswell Park Memorial Institute (RPMI)
medium (HyClone™ RPMI 1640 media, SH30027.01, GE
Healthcare Life Sciences) supplemented with 10% (v/v)
fetal bovine serum (FBS) (SerANA (WA) Pty Ltd,
Bunbury, Australia), 100Units/mL penicillin and 0.1mg/mL
streptomycin  (Hyclone penicillin-streptomycin 100X
solution, Thermo Fisher Scientific), maintained in 5% CO,
in a NUAIRE automatic CO, incubator at 37°C.

Cell viability assays

Briefly, 5000 BRIN-BD11 cells per well were seeded in a
96-well plate. The medium was discarded on the next day
and cells were treated with different doses of T. polium
extract in growth medium for 24h. The MTT tetrazolium
assay was carried out as described by Kauffman et al.,
2012; absorbance was monitored at 550nm. The Acid
phosphatase assay was carried out as described by
Friedrich et al. (2007) and Patel et al. (2016), absorbance
was monitored at 405nm. Data was recorded using a
plate reader (EnSpire® Multimode plate reader, Perkin
Elmer).

Insulin secretion

BRIN-BD11 cells were grown in 24-well plates at 1.5 x
10° cells/well in 1mL of medium. Medium was discarded
after 24h followed by washing twice with PBS (Hyclone
phosphate buffered saline, In Vitro Technologies). All the
treatments were incubated in Krebs Ringer bicarbonate
(KRB) buffer following the method of Chen et al. (2016).
The glucose concentration was determined based on
previous studies (McClenaghan et al., 1996). Insulin
release was measured using the Mercodia Rat
Ultrasensitive Insulin ELISA kit (Mercodia, Uppsala,
Sweden). The absorbance of samples was measured at
450 nm using a plate reader. Sample readings were
normalized by measuring the protein concentration using
Pierce BCA (bicinchoninic acid) Protein Assay Kit.

Glucose uptake

Glucose uptake was measured using a flow cytometry-
based method, similar to Carlessi et al., 2017. Briefly,
serum-starved (6h) BRIN-BD11 cells were treated for
30min with the T. polium extract (50 or 500ug/mL) or with
DMEM media (Gibco- DMEM (high glucose,
GlutaMAX(TM), pyruvate). The fluorescently labelled
glucose analogue 2- [N-(7-nitrobenz-2-oxa-1, 3-diazol-4-
yl) amino]-2-deoxy-d-glucose (2NBDG) (Thermo Fisher
Scientific, San Jose, CA, USA) was utilized as an
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indicator to estimate glucose uptake. The glucose uptake
by cells was quantified by measuring the shift in median
fluorescence compared to control unlabelled cells after
suitable gating strategies were implemented to eliminate
cell debris, doublets and dead cells. For each
measurement, ten thousand single-cell events were
recorded. Measurements were done using a FACS LSR
Fortessa flow cytometer (BD Biosciences, Heidelberg,
Germany). FlowLogic FCS analysis software (Inivai
Technologies, Melbourne, Australia) was used to analyse
the data.

Western Blot

BRIN-BD11 cells were cultured and then glucose starved
for 40min in KRB buffer containing 1.1 mM glucose. Cells
were then treated for 30min with control glucose
(5.5mM), or T. polium extract (500pug/mL in 5.5mM
glucose). Cell lysates were collected and used for
Western Blot. The cells were lysed for 40min on ice using
the radioimmunoprecipitation assay buffer (supplemented
with Pierce™ protease inhibitor mini tablets). Equal
amounts of protein (40 pg) were separated by SDS-
PAGE, using 10% separating gels, and then the samples
were transferred to polyvinylidene fluoride membranes.
The membranes were blocked with 3% bovine serum
albumin in 0.05% Tris-buffered saline with Tween 20
(TBST) solution and incubated overnight at 4°'C with the
primary antibody. Anti-glucokinase antibody-N-terminal
(Abcam, ab37796) and Anti-Glucose Transporter GLUT2
antibody (Abcam, ab54460) were investigated in the
study. Primary antibodies were used at 1:200-fold
dilutions from stock concentrations. After washing with
1% (w/v) TBST three times, the membranes were
incubated for 1h (at room temperature) with horseradish
peroxidase-conjugated goat anti-rabbit I1gG (Agilent’s
Dako, Glostrup, Denmark), at a ratio of 1:40000 in
blocking buffer. The membranes were then washed three
times with 1% (w/v) TBST and the immunoreactive bands
were visualized using ECL detection reagents. Images
were captured using Molecular Imager® Gel Doc™ XR
System (BIO-RAD, USA). Densitometric analysis was
done by using the BIO-RAD Image Lab Software (version
5.2.1). Clarity™ Western ECL Substrate, protein ladder
(Precision plus protein ® standard) and
tetramethylethylenediamine (TEMED) were purchased
from BIO-RAD Laboratories Pty. Ltd., Life Science
(Gladesville, NSW, Australia).

Immunofluorescence GLUT2

expression analysis

microscopy  for

BRIN-BD11 cells were grown in 6-well plates. Cells were
serum starved for 6h and immediately treated for 24h
with T. polium extract. The cells were then prepared for



immunofluorescence microscopy according to the
method of Chaturvedi et al. (2015). Cells were glucose
starved for 40min in KRB buffer containing 1.1mM
glucose. Cells were then treated for 30min with 5.5 mM
glucose (control) or T. polium extract (500ug/mL in
5.5mM glucose) in KRB buffer. Cells were stained with
antibodies and observed in an Olympus upright
microscope to obtain images of GLUT2 and DAPI
(Sigma- Aldrich) nuclear staining. The fluorescence
intensity of GLUT2 observed in BRIN-BD11 cells was
measured using ImageJ ® software (Ver. 1.50i). Analysis
of fluorescence intensity and detection of GLUT2 was
done using cellSens Imaging Software. The experiment
was repeated three times with similar results. Olympus
BX-51 upright fluorescent microscope was used to
capture images.

Extracellular flux analysis of mitochondrial and
glycolytic metabolism

The Seahorse Bioscience XFe96 Flux analyser was used
according to the instructions of the manufacturer. The
mitochondrial and glycolytic stress test kits used were
optimized as described by Krause et al. (2014) to ensure
the lowest concentration and maximum effect. The data
collected was analysed as described by Chen et al
(2016) and Keane et al. (2015). Basal respiration was
determined by deducting the minimum oxygen
consumption rate (OCR) after adding rotenone and
antimycin A (non-mitochondrial respiration), from the
OCR measurement taken immediately before oligomycin
addition. Calculation of proton leak was done hy
deducting non-mitochondrial respiration from the OCR
measurement after oligomycin injection. ATP production
linked to OCR was determined by the difference between
proton leak and basal respiration. Maximum respiration
was calculated by deducing the OCR of non-
mitochondrial respiration from the maximum OCR after
carbonyl cyanide p-crifluoromethoxyphenylhydrazone
(FCCP) addition. Reserve capacity was determined from
the difference between the basal respiration and
maximum respiration. Glycolysis was calculated as the
difference  between the maximum  extracellular
acidification rates (ECAR), after the inclusion of glucose,
and the ECAR before the addition of glucose. Glycolytic
capacity was calculated by subtracting the minimum
ECAR, after 2DG addition, from the maximum ECAR,
after oligomycin injection. The glycolytic reserve was
calculated as the difference between the glycolytic
capacity and glycolysis.

Intracellular ATP measurement
BRIN-BD11 cells were grown in 96-well plates for 24h.

The concentration of ATP released was measured using
a CellTiter-Glo® Iluminescent assay (Promega
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Corporation, Madison, WI,
manufacturer’s protocol.

USA), following the

Measurement of calcium influx

Calcium was measured with a Fluo-4 AM calcium
indicator using confocal microscopy. The present study
used a modified method of Maffucci et al. (2009). In brief,
BRIN-BD11 cells (50,000 cells/ well) were plated in a 6-
well plate. The growth medium was removed after 24h
and replaced with serum-free medium for 6h. After 6h,
the cells were incubated for 45min with 4 mM Fluo-4-AM
dye (Life Technologies Australia Pty Ltd.) in 2mL of Gibco
Hank's balanced salt solution (HBSS) (Thermo Fisher
Scientific) at 37°C. Cells were then incubated for 30min in
HBSS containing 1.1mM glucose. After a wash, the cells
were stimulated with 5.5mM glucose with or without the
T. polium extract (500ug/mL) or gliclazide (5uM) in KRB
buffer. Images were acquired using an Ultraview Vox
spinning disk confocal microscope, (at 20X objective)
equipped with a chamber for live imaging, using the
Volocity software (Perkin Elmer, USA). The intensity of
Fluo-4 AM calcium fluorescence was measured using
ImageJ ® software (Ver. 1.50i).

Statistical analyses

Each experiment was performed multiple times (indicated
in each legend) with, at least, 3 replicates each time.
Differences in the response between the different
treatments were examined using one-way ANOVA or t-
tests as appropriate. A General Linear Model (GLM) was
used to explore the relationship between the dose of T.
polium extract and insulin release. In this model, the
insulin release (dependent variable) was modelled as a
function of the dose (either as pg/mL, or its logarithm).
The analysis was performed using GraphPad prism
software (6.0, GraphPad prism Software Inc, CA, USA).
A p-value < 0.05 was taken to indicate a statistically
significant association in all tests.

RESULTS
Extract effect on cell viability

The cytotoxicity of the total extract of T. polium was
assessed by measuring BRIN-BD11 cell viability following
24h exposure using the MTT and APH assays (Figure 1).
Concentrations up to 1mg/mL of the T. polium extract did
not significantly affect cell viability.

BRIN-BD11 cells were cultured as described in the
methods section. The cells were treated for 24h with 0 to
1mg/mL of the T. polium extract. The viability of cells
following the treatment was assessed using the (A) MTT
and (B) acid phosphatase (APH) assays. All values are
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Figure 1. Viability of BRIN-BD11 cells in response to various doses of the T. polium extract. BRIN-BD11 cells were
cultured as described in the methods section. The cells were treated for 24h with 0 to 1mg/mL of the T. polium
extract. The viability of cells following the treatment was assessed using the (A) MTT and (B) acid phosphatase (APH)
assays. All values are reported as the mean (+ SD) of three separate experiments, with each point done in triplicate for

each experiment.

reported as the mean (x SD) of three separate
experiments, with each point done in triplicate for each
experiment.

Extract promoting insulin secretion

Insulin secretion by the total extract of T. polium was
compared to the effect of gliclazide. The total extract
significantly (p<0.05) promoted insulin secretion, and the
GLM analysis identified a strong positive association
between the dose of the extract and the insulin response
(F146=38.5; R°=0.46; B=0.0022; p<0.0001). When the
independent variable was changed to Log (dose), the fit
of the model was similar (R2=0.47). This indicates a
concentration-dependent effect from BRIN-BD11 cells,
giving a similar insulin release profile to that
demonstrated by gliclazide (Figure 2).

Extract enhances glucose uptake

The effect of the T. polium extract on glucose uptake by
BRIN-BD11 cells was investigated in an independent
assay, monitoring the uptake of a fluorescent D-glucose
analogue, 2NBDG. The T. polium extract (500ug/mL)
significantly (p<0.001) promoted 2NBDG uptake into
BRIN-BD11 cells within 30min of treatment (Figure 3).

Extract stimulates GLUT2 and

expression

glucokinase

Western Blot measurement of glucokinase revealed a
significant (p<0.05) increase (1.9-fold) in its expression in
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Figure 2. Insulin secretion from BRIN-BD11 cells in response to
various concentrations of either T. polium extract or gliclazide. The
data was normalized to the amount of protein in the cells using a
BCA protein quantification assay. All values are reported as the
mean (+ SD) of four separate experiments, with each point carried
out in triplicate for each experiment. Statistical differences (*
denotes p<0.05, ** p<0.01, *** p<0.001) between the treatments
compared to control (glucose alone) are depicted above. There
appears to be a dose-dependent increase (p <0.001) in insulin
secretion with extract.

BRIN-BD11 cells in response to the T. polium extract
treatment compared to control (Figure 4A and 4B).
Additionally, GLUT2 protein levels were also significantly
(p<0.05) enhanced by 1.5-fold following treatment with
the extract (Figure 4A and 4C). GLUT2 expression of
BRIN-BD11 cells was also visualized by



Mannan et al.

() (i) (iii)

250 1 ‘ 250 .
=

Cells 91.7%

Single cells 83.8% 10

\'4

pron o
6_‘ ) Viable cells 85.8%
'/
%

1041
o
10% 1
0.
" 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
FSC-A FSC-A FSC-A
1o ©
2001
124 4
(] *kk
‘:&; f‘g 1501
(] Q ~
S 827 2 100 ——
3 Qe
o 8% g0l
411 Z
N
] Control 50 500
0 10°  10¢  10°
2NBDG (fluorescence intensity) [Tp] (ng/mL)

Figure 3. Flow cytometric determination of glucose (2NBDG) uptake by BRIN-BD11 cells following
treatment with T. polium extract. The Figures in (A) depict the flow cytometry gating strategy.
Cellular events were gated through (i) the forward scatter (FSC- A) versus the side scatter (SSC-A)
plot, and further interrogated by (ii) the ratio of area to height in forward scatter (FSC) to allow for
the analysis of single cellular events followed by (iii) the exclusion of propidium iodide to gate out
dead cells. The remaining live cells were assessed for glucose uptake measurement. The figures in
(B) and (C) are the results of the serum-starved BRIN-BD11 cells treated for 30min with DMEM
media  or the T. polium extract (T. polium: 50 Jl], 500 lug/mL) each supplemented with 2NBDG, or
a blank @ (cells with media but without 2NBDG). Following treatment, the cells were washed,
detached with trypsin and stained with propidium iodide. 2NBDG uptake was measured using a
flow cytometer. The peak shift of fluorescence intensity (FI) after various treatments are shown in
caption (B) (_ control, [J50ug/mL T. polium and JJ500pg/mL T. polium) which are quantitated in
caption (C). The values in (C) are given as percent Fl, relative to control. All values are reported as
the mean (x SD) of four separate experiments (each point done in triplicate for each experiment).
Statistical differences between the treatments were assessed as described in the methods section;
* denotes p<0.05 and *** p<0.001 compared to the control.
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immunofluorescence staining after the T. polium extract (Figure 6). Using this approach, we demonstrated a
(Figure 5A). GLUT2 staining increased substantially enhanced response of BRIN-BD11 cells to

significantly (p<0.01) by 2.4-fold in the presence of the T. both glucose and oligomycin by the

to control

polium extract compared to the control treatment (Figure extracellular acidification rate compared

5B). The merged Figures (Figure 5A, captions v and vi)
indicate that this staining coincides with DAPI staining
(Figure 5A, captions iii and iv) and confirms that the
presence of the GLUT2 was cell-specific.

Stimulatory role of extract on glycolysis
To determine the effects of the T. polium extract on beta

cell glycolysis, we measured the ECAR of BRIN-BD11
cells after a 30min pre-treatment with the total extract

untreated cells. Calculation of glycolytic rate, glycolytic
capacity and non-glycolytic acidification from ECAR
measurements indicated a significant (p<0.05) increase
in all parameters by the T. polium extract treatment.

Extract enhances mitochondrial respiration and ATP
production

A mitochondrial stress test was employed to measure the
oxygen consumption rate following the addition of various
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Figure 4. Effect of the T. polium extract on glucokinase and glucose transporter 2 (GLUT2)
expression in BRIN-BD11 cells. BRIN-BD11 cells were cultured then glucose starved for 40min in
KRB buffer containing 1.1 mM glucose. Cells were then treated for 30min with control glucose
(5.5mM), or, T. polium extract (500pg/mL in 5.5mM glucose). Cell lysates were collected and used
for Western Blot. (A) Glucokinase (i) and GLUT2 (ii) were present in BRIN-BD11 after treatment
with T. polium extract and control media. (B) Level of glucokinase upregulation (i) and GLUT2
upregulation (i) by T. polium extract. a-Actinin was used as a housekeeping control. All data are
presented after normalising with a-actinin expression and are expressed relative to the control. All
values are reported as the mean (+ SD) of four separate experiments, with each point done in
triplicate for each experiment. Statistical differences between the treatments were assessed as
described in the methods section; * denotes p<0.05 and ** p<0.01 compared to control.

modulators of mitochondrial function (Brand and Nicholls,
2011). This strategy allowed the determination of various
mitochondrial parameters including basal respiration,
maximal respiration and spare respiratory capacity. The
oxygen consumption rate (OCR) measurements indicated
that all the mitochondrial bioenergetics parameters were
significantly (p<0.05) increased in the presence of the T.
polium extract for 30min (Figure 7A and 7B).

In addition, intracellular ATP levels in BRIN-BD11 cells
were measured after exposure to the T. polium extract
(500ug/mL) or alanine (10mM) for 30min (Figure 8A). The
T. polium extract and Alanine, another known insulin
secretagogue significantly (p<0.01) promoted intracellular
ATP generation from BRIN-BD11 cells compared to the
control. As was observed in Figure 8A, the amount of
ATP produced in the mitochondria, independently
calculated from extracellular flux analysis (last rate
measurement before oligomycin injection minus minimum
rate measurement after oligomycin injection), was also
significantly (p < 0.05) enhanced (Figure 8B).

Extract promoting intracellular calcium influx

Calcium influx in BRIN-BD11 cells was monitored using

confocal microscopy (Figure 9). To assess interference
between the extract and the dye, the cells were incubated
with (1) the T. polium extract in the absence of the Fluo-4
AM dye and, separately (2) the Fluo-4 AM dye alone.
There was a sharp increase in the calcium influx after
treatment with T. polium extract or gliclazide, compared
with control (Figure 9B). Using immunofluorescence
microscopy, a significant (p < 0.01) increase in the
intracellular calcium was observed after treatment with
5uM gliclazide or the T. polium extract (500ug/mL) in the
presence of 5.5mM glucose solution, respectively (Figure
9A).

Quantitation of key constituents

The amount of apigenin, quercetin and rutin were
guantitated to compare activity levels achieved by using
the extract to the concentrations used by other authors
who examined each of these pure compounds in cell
culture models (Cazarolli et al.,, 2009a; Cazarolli et al.,
2009b; Erraught et al., 2016; Kittl et al., 2016; Ghorbani,
2017). Dried extract from 1g of plant material was
reconstituted in hot water and analysed by LCMS (Figure
10) as outlined in the methods section. Although this
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Figure 5. Confocal microscopy imaging of GLUT2 in BRIND-BD11 cells
treated with the T. polium extract. BRIN-BD11 cells were cultured as
described in the methods section. Cells were glucose starved for 40min in
KRB buffer containing 1.1mM glucose. Cells were then treated for 30min
with 5.5mM glucose (control) or T. polium extract (500pug/mL in 5.5mM
glucose) in KRB buffer. (A) Cells were stained with antibodies and observed
in an Olympus upright microscope to obtain images of GLUT2 (i), (ii) and
DAPI nuclear staining (iii), (iv). Merged pictures of both GLUT2 and nuclei
in control and the T. polium extract (500ug/mL) treated cells are shown in
caption (v) and (vi), respectively. The scale bar corresponds to 50um. (B)
Fluorescence intensity of GLUT2 observed (green fluorescence) in BRIN-
BD11 cells shown in caption (A) was measured using ImageJ ® software
(Ver. 1.50i). The experiment was repeated three times with similar results. A
representative result of one experiment is shown here. ** denotes p<0.01
compared to control.
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Figure 6. The effect of the T. polium extract on a glycolysis stress test in BRIN-BD11 cells.
BRIN-BD11 cells were seeded and cultured for 24h as described in the methods section.
On the day of the experiment, BRIN-BD11 cells were pre-treated for 30min with control
KRB buffer or T. polium extract (500ug/mL). (A) The extracellular acidification rate (ECAR)
was measured under basal conditions and sequentially over 120min with the addition of
25mM glucose, oligomycin and 2 Deoxyglucose (2DG) at set time points. ECAR was
monitored over 120min. Individual parameters for the glycolytic stress test are shown in (B):
(i) Glycolysis and ii) Glycolytic capacity which were calculated as outlined in the methods
section. All values are reported as the mean (+ SD) of four separate experiments, with each
point done in triplicate for each experiment; * denotes p<0.05 and **p<0.01 compared to
control.

Figure 7. Effect of the T. polium extract on bioenergetics and mitochondrial metabolism in
BRIN-BD11 cells. (A) Oxygen consumption rate (OCR) of mitochondria after T. polium
extract or vehicle control treatment was monitored. (B) Individual parameters for (i) basal
respiration, (i) maximal respiration, and iii) spare respiratory capacity were calculated as
outlined in the methods section. All values are reported as the mean (x SD) of four
separate experiments, with each point done in triplicate for each experiment. Statistical
differences between the treatments were assessed; * denotes p<0.05 compared to control.
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Figure 8. Intracellular ATP levels of BRIN-BD11 cells in Cell-Titer Glo
luminescent assay and Sea horse mitochondrial XF stress test. (A) Using the
Cell-Titer Glo Luminescent assay, ATP concentrations were measured. The
ATP levels are presented as a percentage of control; control levels are set at
100%. The cells were treated with 5.5mM glucose (control), 10mM alanine in
KRB buffer containing 16.7mM glucose (positive control) or T. polium extract
(500pg/mL) in KRB buffer containing 5.5mM glucose for 30min. (B) In the
seahorse mitochondrial stress test, the oxygen consumption rate (OCR) of
mitochondria after treatment with the T. polium extract or vehicle control was
monitored and the ATP released was calculated as outlined in the methods
section. All values are reported as the mean (x SD) of four separate
experiments, with each point done in triplicate for each experiment; Statistical
differences between the treatments compared to the control (5.5mM glucose)
were assessed; ** denotes p<0.01.
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Figure 9. The effect of T. polium extract on calcium influx in BRIN-BD11 cells imaged by
confocal microscopy. BRIN-BD11 cells were stained with Fluo-4 AM dye and treated as
outlined in the methods section. (A) Images were taken before (i, iii, v) and 30 seconds after
(i, iv, vi) the addition of 5.0uM gliclazide (iv) or 500 pg/mL T. polium extract (vi) using Perkin-
Elmer confocal microscope. Green fluorescence indicates the presence of calcium inside the
cells. The scale bar corresponds to 50um. The experiment was repeated three times with
similar results. A representative image of one experiment is shown here. (B) The time course
of intracellular calcium binding with internalized Fluo4-AM dye was monitored using a Perkin-
Elmer confocal microscope. Fluorescence of calcium at various time points (0-600 seconds)
was observed and measured as outlined in the methods section. All values are reported as the
mean (= SD) of three separate experiments, with each point done in triplicate for each
experiment.
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Figure 10. The total ion chromatogram (TIC) scan of the T. polium extract in +ESI
mode. Apigenin and rutin were confirmed with reasonable certainty by matching
extracted ion chromatogram signals of the extract with accurate mass, retention
time and MSMS fragmentation of pure compounds.

method enabled us to measure the amount of apigenin
(10.92ug) and rutin (10.32upg) from 1 gram of T. polium,
guercetin was not detected.

DISCUSSION

Our current study confirms initial findings suggesting that
extracts of T. polium lower blood glucose by increasing
insulin release from pancreatic beta cells (Figures 2 and
3). This was further confirmed by significant increases in
glucokinase and GLUT2 expression (Figures 4 and 5).
These findings were further confirmed by significant
increases, in T. polium treated cells, in key metabolic
markers (Figures 6-9) of pancreatic beta cell activity
necessary for insulin secretion. The extract has been
found to contain compounds of insulinotrophic potential
(Figure 10) (Ireng et al., 2016) as have been individually
investigated as pure compounds by others and
independently shown to promote insulin secretion (Kittl et
al., 2016; Ghorbani, 2017; Cazarolli et al., 2009a).

In the current study, the T. polium extract promoted
insulin secretion from BRIN-BD11 pancreatic beta cells in
a dose-dependent manner (Figure 2) which is in line with
previous reports (Kasabri et al., 2012; Mirghazanfari et
al.,, 2010; Stefkov et al.,, 2011). Stefkov et al. (2011)
reported that an ethanol extract of T. polium promoted a
2.6-fold, dose-dependent increase in insulin release by
MIN6 pancreatic beta cells in the presence of 20mM
glucose. Kasabri et al. (2012) reported that an aqueous
extract of T. polium promoted a 19-fold increase in insulin
release by MIN6 in the presence of 5.6mM glucose.
Mirghazanfari et al. (2010) reported that a methanolic
extract of T. polium potentiated glucose-stimulated
release of insulin, from basal level, significantly

(p<0.0001), giving a 23 and 44-fold increase in insulin
release from in situ rat pancreas perfused in 2.8 and
16.7mM glucose, respectively. Collectively, these
previous studies and the present study provide
compelling evidence that constituent(s) within the T.
polium extract promote insulin secretion.

The T. polium extract significantly (p<0.05) increased
glucose uptake into BRIN-BD11 cells as measured by
two independent assays: the glucose uptake assay
(Figure 3) and the glucose consumption assay (results
not shown). This significant glucose uptake was detected
within 30min of treatment which also coincided with
increased expression of GLUT2 following treatment of
these cells with the T. polium extract (Figures 4 and 5). In
addition to promoting GLUT2 expression, the T. polium
extract significantly (p < 0.01) increased the expression of
glucokinase (Figure 4). These findings are in agreement
with the key role GLUT2 plays in the fast uptake of
glucose into beta cells (Fu et al., 2013; Tal et al., 1992)
followed by its rapid phosphorylation by glucokinase
(Matschinsky et al., 1993) Further, our results are in
support with previous report on T. polium extract
promoting the activity of glucokinase in the liver of
diabetic rats (Stefkov et al., 2011; Vessal et al., 2003),
and consistent with the effect of T. polium in promoting
insulin secretion (Bahramikia and Yazdanparast, 2012) .

The increased expression of both GLUT2 and
glucokinase is consistent with the effect of T. polium in
promoting insulin secretion. Increased transport of
glucose into cells via GLUT2 and commitment of glucose
to glycolysis by the action of glucokinase can potentiate
insulin secretion through an increased ATP/ADP ratio as
well as by generation of other coupling factors during
oxidative phosphorylation. This conclusion assumes that
the GLUT2/glucokinase sensor system in BRIN-BD11



cells is the rate-limiting step in this process, an
assumption which is supported by several studies
(Mirghazanfari et al., 2010; Schuit et al., 2001; Tal et al.,
1992).

It might be informative to explore whether the T. polium
extract promotes increased expression of GLUT2 at the
plasma membrane. It should be noted that whilst the
current study shows GLUT2 expression is increased, this
does not necessarily guarantee that the increased
expression translates to increased translocation at the
plasma membrane where it is needed to facilitate glucose
transport into the beta cell. Although Figure 5 illustrates
fluorescently tagged GLUT2 in beta cells, these
experiments did not enable actual cellular localisation of
the transporter molecules. Future studies might focus on
microscopy experiments on transfected beta cells using
subcellular compartment reporters (Ait-Omar et al., 2011;
Cohen et al.,, 2014), endosome markers or studies on
loss of function of GLUT2 (e.g. siRNA knockdown) (Low
et al., 2021; Ohtsubo et al., 2011) to enable localisation
of the transporters to be determined.

In keeping with the observation that the T. polium
extract promotes glucose transport through increased
expression of GLUT2 and glucokinase, it might be
expected that this leads to the increased phosphorylation
of glucose, which thereby commits glucose to glycolytic
processing within these beta cells (Mithieux et al., 2004).
The speculation that the T. polium extract does indeed
promote glycolytic processing of glucose is supported by
a Seahorse XF glycolysis stress test (Figure 6). The
constituents of the T. polium extract increased the
extracellular acidification rate (Figure 6A) and glycolytic
rate (Figure 6B) via glucose uptake (Figure 3), which is
important for energy metabolism (Figure 7). Further
studies on mRNA and protein expression of other key
glycolytic genes are necessary to explore the detailed
mechanism of the constituents of the T. polium extract on
the glycolytic pathway.

It would be expected that if the glycolytic capacity of
beta cells is enhanced by the T. polium extract, there is
either increased production of lactate, as an end-point of
glycolysis or that pyruvate enters the mitochondrial
pathways (tricarboxylic acid cycle and oxidative
phosphorylation). Lactate measurements were not
performed in the current study; however, beta cells
typically express very low levels of lactate
dehydrogenase(Ainscow et al., 2000; Sekine et al.,
1994). The mitochondrial stress test data support the
conclusion that the T. polium extract enhances
mitochondrial respiration (Figures 7A and 7B). The
extract promoted basal respiration in mitochondria, which
indicates that AT. POLIUM turnover in the cells and non-
mitochondrial respiration were increased (Figure 7). The
pyruvate and NADH from glycolytic and mitochondrial
metabolism are important for glucose-stimulated insulin
secretion and its regulation (Campbell and Newgard,
2021; Rutter et al., 2015). There was a significant (p <
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0.05) increase in maximal mitochondrial respiration after
the T. polium extract treatment (Figure 7B), which in turn
enhances substrate availability for the respiratory chain
(Brand and Nicholls, 2011; Ruas et al., 2016). Previously,
Baali et al. (2016) reported an increase in mitochondrial
respiration in rat liver after chronic treatment with T.
polium extract in vivo. Although this group measured the
hepatic mitochondrial bioenergetics using high-resolution
Oxygraph-2K, their data is in line with the findings of the
current study reporting an upregulation of mitochondrial
respiration in pancreatic beta cells following treatment
with the T. polium extract.

Upregulation of glycolytic activity and mitochondrial
respiration should lead to an increase in oxidative
phosphorylation and ATP production in the cells
(Campbell and Newgard, 2021; Sekine et al., 1994).
Indeed, as would be expected, the treatment of BRIN-
BD11 cells with the T. polium extract promoted ATP
production in BRIN-BD11 cells (Figure 8). This finding
was verified in two independent assays: mitochondrial
stress test and Celltiter-Glo luminescent assay. The
increased production of ATP in the presence of the T.
polium extract would increase the ATP: ADP ratio to
facilitate the closure of the Katp (Campbell and Newgard,
2021; Miguel et al., 2004; Ruas et al., 2016). This should
lead to membrane depolarization and the opening of
calcium channels (Haythorne et al., 2019; Tarasov et al.,
2004). In the current study, although the effect of the T.
polium extract on Kamp channel closure was not
investigated, calcium influx into the beta cells, which is a
consequence of Karp channel closure, was observed. As
would be expected with increased intracellular ATP
production, the T. polium extract increased intracellular
calcium influx in BRIN-BD11 (Figure 9). Our results here
are in agreement with a previous study which found that
diazoxide, a Katp channel opening agent, and verapamil,
a calcium channel blocker, inhibit the T. polium extract
promoted insulin secretion in perfused rat pancreas
(Mirghazanfari et al., 2010). The authors of this study
concluded that constituents of the T. polium extract act
on Katp channels and calcium channels; however, may
not be acting directly on these channels.

The precise compound(s) responsible for the glucose-
lowering effect of the total extract of T. polium are yet to
be identified. Meanwhile, there have been several studies
that examined the total plant extract for its glucose-
lowering effect (Bahramikia and Yazdanparast, 2012;
Mirghazanfari et al., 2010; Vessal et al., 2003) and some
studies attempted to examine the activity of certain pure
compounds, namely apigenin, quercetin and rutin
(Cazarolli et al., 2009b; Haythorne et al., 2019; Kittl et al.,
2016) that have been putatively identified in T. polium
(Ireng et al., 2016). However, it is important to remember
that studies testing isolated flavonoids in cell culture
optimise the concentrations used depending on cell
viability assays, therefore most likely lead to the amounts
tested far exceeding actual individual compound



concentrations in the extract (Kittl et al., 2016; Stefkov et
al., 2011). In our current extract we were unable to detect
guercetin (Figure 10) and the concentrations of apigenin
and rutin (~5ng/mL on cells in culture) in the extract
appear to be much lower than what is necessary
(500ug/mL) to deliver significant differences in responses
in activity experiments using single flavonoids in culture
(Kappel et al., 2013). However, these initial quantities
may be underestimates since our method used external
standards which do not account for sink conditions
brought about by the total extract medium. Nonetheless,
the extract from 62ug of T. polium aerial parts
significantly (p<0.05) increased insulin secretion in vitro
(Figure 2). In light of these findings, more work is
necessary to examine the constituents of the T. polium
extract further. Future studies should also investigate
whether quercetin is solely present in the form of rutin
and examine T. polium for glucose-lowering compounds.
Additionally, the aglycones and human metabolites may
be of more relevance to in vivo scenarios since the
glycosides are usually hydrolysed upon ingestion, and
rapidly metabolised in vivo generating several
methylated, sulfonated and glucuronidated forms, which
may contribute to in vivo activity (Kappel et al., 2013;
Manach et al., 1998).

As demonstrated in the present study, treatment of
BRIN-BD11 cells with the T. polium extract promotes
GLUT2 (Figures 4 and 5) and glucokinase (Figure 4)
expression, which appear to have led to the increased
glycolytic activity (Figure 6) and mitochondrial respiration
(Fig 7), consequently resulting in increased ATP
production (Figure 8), presumably inhibiting potassium
efflux and thereby promoting calcium influx (Figure 9).
Studies evaluating the effects of T. polium extract on
isolated ion channels (including various voltage-gated
calcium channels) (Braun et al., 2008; Soares et al.,
2017; Rorsman and Ashcroft, 2018) may be needed in
future to determine whether constituent(s) of the T.
polium extract interact directly with various ion channels.
This study thus suggests that the T. polium extract
contains compounds that promote insulin secretion in
BRIN-BD11 cells by inducing the glucose
sensing/metabolising pathways.

CONCLUSION

Our current findings indicate that constituents(s) within
the T. polium extract promote insulin secretion by
promoting GLUT2 and glucokinase expression. The
increased expression of both glucokinase and GLUT2 in
beta cells is particularly noteworthy as these activities
constitute the glucose sensor of pancreatic beta cells and
have a high impact on glucose homeostasis, which is
impaired in type 2 diabetes. Furthermore, this led to
increased glucose transport, metabolism, ATP production
and ultimately ca” influx following the well-established
biochemical pathway for insulin release from pancreatic
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beta cells. Flavonoids within the extract are of growing
interest; however, it is important to determine the total
amounts of each constituent considering the different
glycosides, human metabolites and their concentrations
in vivo, when assessing flavonoid activities in vitro,
especially since the activities of ingested compounds
may vary upon metabolism. Therefore, the T. polium
extract appears an impactful target for future drug
discovery efforts for the treatment of type 2 diabetes and
related disorders; however, the approach in assessing
the constituents may very much influence their selection.
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