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Abstract

Spirulina platensis has been found to be useful in the treatment of type 2 diabetes. The present study aims to elucidate the effects of ethanol
extract and butanol fraction of S. platensis on insulin release and glucose homoeostasis in type 2 diabetic rats, together with their mechanism of
actions. In vitro and in vivo methods were used including cellular studies to determine potential role of ion channels and cAMP in the insulino-
tropic actions of the extracts. The ethanol extract and butanol fraction stimulated insulin release from mouse islets and pancreatic f-cells in a
concentration-dependent manner. The butanol fraction also similarly stimulated insulin release from perfused rat pancreas. The insulin-releasing
action was augmented by glucose, isobutylmethylxanthine, tolbutamide and a depolarising concentration of KCI. The insulin secretory effect
was attenuated with diazoxide and verapamil and by omission of extracellular Ca?*. Butanol fraction was found to significantly inhibit dipeptidyl
peptidase IV enzyme activity. Moreover, butanol fraction improved glucose tolerance following oral glucose administration (2-5 g/kg body
weight (b.w.)). The butanol fraction was tested on 24 h starved rats given an oral sucrose load (2-5 g/kg b.w.) to examine possible effects
on carbohydrate digestion and absorption. S. platensis substantially decreased postprandial hyperglycaemia after oral sucrose load and
increased unabsorbed sucrose content throughout the gut. During in sifu intestinal perfusion with glucose, the butanol fraction reduced glucose
absorption and promoted gut motility. Finally, chronic oral administration of butanol fraction for 28 d significantly decreased blood glucose,
increased plasma insulin, pancreatic insulin stores, liver glycogen and improved lipid profile. The characterisation of active compounds from
butanol fraction revealed the presence of p-coumaric acid, f-carotene, catechin and other antioxidant polyphenols. In conclusion, S. platensis
could be an adjunctive therapy for the management of type 2 diabetes.
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Diabetes mellitus is a metabolic syndrome where pancreatic
p-cells fail to meet the body’s need for insulin with resultant hyper-
glycaemia and increased risk of diabetic complications. The WHO
recognised diabetes mellitus as the world’s fastest growing meta-
bolic disorder. Type 1 diabetes is the result of total or near-total
p-cell destruction, whereas type 2 diabetes mellitus (T2DM) is
the result of f-cell dysfunction and insulin resistance. About
90 % of diabetic patients suffer from T2DM. This condition is asso-
ciated with the alterations in the metabolism of lipids, carbohy-
drates and proteins’”, which causes multiple complications
including CVD®@, retinopathy®, neuropathy, cognitive decline®,
nephropathy and end-stage renal disease®.

T2DM treatments include diet together with either a single or
combination of oral anti-hyperglycaemic agents, to manage

dysglycaemia®®. Although advances have been made recently
in the treatment options to achieve better glycaemic control, they
are often expensive and associated with notable adverse
effects”®. This focuses attention particularly in poorer countries
towards herbal therapy and dietary supplements as alternative
approaches to the mainstream medical treatment of T2DM.
Unlike contemporary treatment, herb-based medicines are
entirely natural; they possess very few adverse effects and
are generally affordable®. It has been reported that nearly
30-76 % of T2DM patients from different countries are using
herbal medicines'™'V and that this approach is managing
T2DM with safety?,

Over the last decades, functional foods received attention
as a potential source of useful bioactive protein hydrolysates

Abbreviations: b.w., body weight; DPP-IV, dipeptidyl peptidase IV; GI, gastrointestinal; KRB, Krebs-Ringer bicarbonate; T2DM, type 2 diabetes mellitus.
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and peptides that have health benefits and reduce the risk of
disease!®. In this way, many aquatic species have been stud-
ied with the generation of new and useful bioactive peptide
sources. For instance, the eukaryotic microalgae and prokar-
yotic cyanobacteria (often called blue-green algae) utilisation
in the food industry has become globally popular'>_ Edible
microalgal and cyanobacterial proteins have been established
as suitable precursors for the production of biologically
active peptides"”. Thus, a series of peptides isolated from
microalgal or cyanobacterial hydrolysates have been demon-
strated to exhibit desirable bioactivities, such as antioxi-
dative, anticancer, anti-inflammatory and antihypertensive
properties!310-18),

Spirulina platensis is a unicellular cyanobacterium belonging
to the Cyanophyceae class, Oscillatoriaceae family?. This
organism (cyanobacterium) is characterised by spiral chains of
the cells enclosed in a thin sheath. It contains very potent natu-
rally occurring antioxidants and free radical scavenging
agents??_§. platensis is non-toxic, bioavailable, and is believed
to provide significant multiorgan protection against many drugs
and chemically induced toxic assaults®". Active constituents
exhibit anti-inflammatory, neuroprotective, hepatoprotective,
immunomodulatory and anticancer activities®?. A recent animal
study reported potential anti-diabetic effects of S. platensis, but

Dried extract partitioned between
hexane (0-5 litres x 3) + water (0-5 litres)

the mechanisms underlying such effects are unknown®?>. In
this paper, we have made a detailed study of effects of S. platen-
sis on pancreatic insulin release, dipeptidyl peptidase IV (DPP-
IV) inhibition and various gastrointestinal (GI) tract actions to
elucidate the mechanism and therapeutic potential of S. platensis
for improvement of diabetes control.

Materials and methods
Plant material and preparation of ethanol extract

S. platensis was purchased from Bangladesh Council of Scientific
and Industrial Research, Dhaka, Bangladesh and was authenti-
cated by a botanical taxonomist. A voucher specimen was
deposited in the Bangladesh National Herbarium (Mirpur,
Dhaka). The whole plants were dried at 40°C (oven) and pro-
cessed into fine powder by a cyclotec grinding machine. The
powder (2kg) was extracted with 80 % ethanol (10 litres) in a
conical flask and put into an orbital shaker (550 rpm, 48—
72h). The extract was filtered using a Whatman filter paper,
and ethanol was removed using a rotary evaporator (Fig. 1). A
Varian 801 LY-3-TT freeze dryer (Varian) was used to freeze-
dry the extract which was stored at 4°C until used.

Aqueous layer further partitioned by
1-butanol (0-5 litres x 3)

— ¢

S. platensis oven
dried at 40°C

— Powder soaked in

80 % ethanol

Ethanol evaporated for
residue and dried (50 g)

—

Butanol
fraction

(10-5g)

Aqueous layer dried and evaporated

Fig. 1. Schematic diagram of preparation of ethanol extract and butanol partition fraction of Spirulina platensis.
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Preparation of butanol fraction of Spirulina platensis

According to the previously described method®®; the ethanol
extract (50 g) was partitioned into hexane (0-5 litres X 3) and
water (0-5 litres). Hexane fraction was separated, and soluble
material (15 g) was isolated after evaporation to dryness. The
water layer was additionally partitioned using 1-butanol
(0-5 litres x 3), and soluble materials of 1-butanol (10-5 g) were
obtained after evaporation to dryness. The leftover watery por-
tion was further concentrated using a rotary evaporator, and the
end product was dried (20 g) using a freeze dryer and stored in a
refrigerator at 4°C until used (Fig. 1). The ethanol extract and
butanol fraction were analysed for bioactivity in the present
studies.

Insulin secretion from isolated islets and p-cell lines

The effects of S. platensis on insulin release from BRIN-BD11
cells and isolated mouse islets were assessed as described pre-
viously®”. A range of concentrations of plant extract or butanol
fraction or known modulators of insulin secretion were incu-
bated with BRIN-BD11 cells in the presence or absence of
glucose (1-1, 56 or 16-7 mm) during 40- or 20-min incubation
at 37°C. Islets were isolated from the pancreas of NIH Swiss
mice®”. Groups of ten islets were cultured for 24-48h in
Roswell Park Memorial Institute (RPMI) media prior to pre-incu-
bation in Krebs-Ringer bicarbonate (KRB) buffer at 1-4 mm glu-
cose for 60min. Test incubations were performed in the
presence of 16-7 mum glucose for 60 min. After incubation, the
supernatants were collected and stored at —20°C until analysed

by insulin radioimmunoassay*®.

Insulin secretion from perfused pancreas

Long-Evans male rats (180-250g body weight (b.w.)) were
anaesthetised with sodium-pentobarbital (50 mg/kg, intraperito-
neal), and the pancreas was isolated and perfused at 37°C
according to the method of Giroix et al.®”. KRB buffer supple-
mented with 1-25 g/1 bovine serum albumin and 40 g/1 dextran
T70 and 2-8- or 11-2-mm glucose. A mixture of O,—CO, (95:5)
was continuously used to gas the perfusate. The composition
of the perfusate was changed after the first 20 min of equilibra-
tion as indicated in Fig. 3. Samples were stored at —20°C prior to
measurement of insulin using ELISA Kkits supplied by
Crystal Chem.

Membrane potential and intracellular calcium ([Ca®*])

The eftects of S. platensis on membrane potential and intracellular
Ca were measured using BRIN-BD11 cell monolayers as previ-
ously described®%3D. Cells were seeded onto ninety-six-well
plates (black-walled, clear-bottomed microplates, Greiner) and
washed with KRB buffer prior to the addition of FLEX assay
reagents (Molecular Devices). Effects of introducing extract or
butanol fraction and other reagents were monitored fluorometri-
cally using Flex Station 3 (Molecular Devices) at wavelengths of
450 and 525 nm, respectively.

Dipeptidyl peptidase IV activity

Effects of S. platensis on DPP-IV enzyme activity were determined
using a fluorometric method. Enzyme activity was determined
using ninety-six-well black-walled, clear-bottomed microplates
(Greiner) containing 8 mU/ml of DPP-IV enzyme and 200 pm of
substrate  (Gly-Pro-AMC) as described previously®?. Flex
Station 3 (Molecular Devices) was used to measure the changes
in fluorescence with an excitation and emission at 370 and
440 nm with 2-5 nm slit width, respectively.

Induction of experimental diabetes

Long-Evans male rats (150-200g) were purchased from the
International Research,
Bangladesh. Standard environmental conditions with tempera-
ture of 22 (sem 5)°C, relative humidity of 55-65% and 12h
light-12 h dark cycle were maintained. Food and fresh water
were supplied ad libitum. The composition of the pelleted diet
(metabolisable energy of 11-8MJ/kg per 2820 kcal/kg) was
described previously®®. T2DM was induced in neonatal rats
at 2 d of age by a single intraperitoneal injection of streptozotocin
(90 mg/kg b.w.). T2DM rats were selected for the experiments at
12 weeks of age after an oral glucose tolerance test. Animals
exhibiting blood glucose levels of 8-12 mmol/l were chosen
as type 2 diabetes rats. The ‘Principles of Laboratory Animals
Care’ (National Institutes of Health Publication no. 86-23, revised
1985) and the UK Animals Scientific Procedures Act 1986 were
followed.

Center for Diarrtheal Disease

Residual gut sucrose content

The effects of S. platensis on sucrose digestion and absorption
from the GI tract were assessed after the oral administration of
sucrose solution (2-5 g/kg b.w.) to 24-h fasted T2DM rats with
or without butanol fraction of S. platensis (250 mg/kg, b.w.).
Blood samples were collected from the tip of the tail prior to
and after 30, 60, 120 and 240 min for glucose analysis. To mea-
sure the unabsorbed sucrose content of the GI tract, rats were
killed at the same time points and the tract was excised and
divided into six parts: the stomach, the upper (20 cm), middle
and lower (20 cm) of the small intestine, the caecum and the
large intestine. Each segment was washed with acidified ice-cold
saline and centrifuged for 10 min at 3000 rpm (1000 g). The
resulting supernatant was boiled for 2 h to hydrolyse the sucrose,
and pH was adjusted (7-0-7-4) by adding NaOH. The concentra-
tion of serum glucose and the total amount of glucose liberated
from GI tract were determined®.

Intestinal glucose absorption

The effects of S. platensis on intestinal glucose absorption were
determined using an in situ intestinal perfusion technique®.
Non-diabetic rats were fasted for 36 h followed by induction
of anaesthesia with sodium pentobarbital (50 g/kg b.w.).
Butanol fraction of S. platensis (5 mg/ml equal to 0-25 g/kg) dis-
solved in KRB buffer containing glucose (54 g/1) was infused via
the rat pylori, and perfusate was collected at the end of ileum.
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The control group was treated with KRB buffer only in the pres-
ence of glucose. Perfusion of intestine was carried out at a con-
stant rate of 0-5ml/min for 30 min at 37°C. The results were
expressed as the percentage of glucose absorbed, measured
from the amount of glucose in solution before and after the per-
fusion of intestine.

Intestinal disaccharidase activity and gastrointestinal
motility

Intestinal disaccharidase enzyme activity was determined as
described previously®®. Non-diabetic rats were fasted for 20 h
followed by the oral administration of S. platensis (250 mg/kg)
or water alone. The rats were killed after 1 h, and the small intes-
tine was collected, cut longitudinally and rinsed with ice-cold
saline. Volume was made up to 10 ml by adding saline (0-9 %
NaCl), and the tissue was homogenised. Aliquots of the homog-
enate were incubated at 37°C in a 40 mum sucrose solution for
60 min. Disaccharidase enzyme activity was measured as
pmol/mg protein per h. Acarbose (200 mg/kg), an established
disaccharidase enzyme inhibitor, was used as a control. GI motil-
ity was measured according to the method of Chatterjee®”. The
butanol fraction of S. platensis (250 mg/kg b.w.) or water (10 ml/
kg) was administered orally to non-diabetic rats. One hour later,
a suspension of BaSO4 milk (10 % BaSOy4 and 0-5% carboxy-
methyl cellulose; w/v) was administered orally. Rats of both
groups were killed after 15 min of administration of BaSOj.
The length travelled by BaSO4 milk was calculated and
expressed as the percentage of the total distance of the small
intestine (pylorus to the ileo-caecal junction). The established
drugs: Loperamide (5mg/kg b.w.) and Sennoside (10 mg/kg
b.w.) were used as positive controls.

Glucose tolerance and chronic effects in type 2 diabetic
rats

The effects of butanol fraction of S. platensis on oral glucose tol-
erance were measured after fasting the T2DM rats for 12 h. Blood
samples were obtained from the cut tip of the tail at given time
points (0, 30, 60, 120 and 180 min) before and after oral admin-
istration of glucose (2-5 g/kg b.w.) with (Treated group) or with-
out (Control group) S. platensis (250 mg/kg). The long-term
effects of S. platensis on glucose homoeostasis in T2DM rats
were measured by twice daily administration (oral gavage) of
butanol fraction (250 mg/kg) for 28 d. Control rats received oral
administration of water alone. Blood samples were collected,
and serum was separated by centrifugation and stored at
—20°C until measurement of glucose, insulin and lipid profiles.
Glucose and insulin were measured via the glucose oxidase-
phenol amino phenazone (GOD-PAP) method (glucose Kkit,
Randox™) and rat insulin ELISA Kit (Crystal Chem™),
respectively.

Effects of Spirulina platensis on liver glycogen content

The effects of Spirulina platensis treatment for 28 d on liver gly-
cogen content were determined as previously described®”.
Briefly, the weight of liver was measured and finely homoge-
nised with 10ml of 5% trichloroacetic acid. The precipitated

proteins were filtered, and glycogen content was analysed from
the clear filtrate. One millilitre of the filtrate was mixed with 2 ml
of 10 N KOH and boiled for 1 h at 100°C. After cooling, 1 ml of
glacial acetic acid was added and the solution was made up to
10 ml by adding deionised water. Then, 1 ml of this solution was
mixed on ice with 2 ml of anthrone solution (100 mg anthrone
dissolved in 50 ml of concentrated H,SOy); this mixture was
boiled for additional 10 min at 100°C and then cooled.
Aliquots were taken in a microplate reader, and the absorbance
was measured at 490 nm.

Insulin content in pancreases

Rats were killed after 28 d treatment with S. platensis (250 mg/
kg), and the pancreatic tissues were dissected, weighed, homo-
genised and extracted in (10 ml) acid alcohol solution (23-5 %
distilled water, 75 % ethanol and 1-5 % HCI 12 mwm). After centrifu-
gation, the supernatant samples were stored at —20°C. Pancreatic
insulin level was determined using rat insulin ELISA Kit (Crystal
Chem™).

Chemical characterisation by reversed-phase HPLC

Crude extract was re-dissolved in solvent A (0-12% (v/v) tri-
fluoroacetic acid (TFA)-water) and purified by reversed-phase
HPLC. The prepared crude extract solution was injected in to
a Vydac 218TP1022 (C-18) reversed-phase HPLC column
(Grace) equilibrated with 0-12 % (v/v) TFA/water at a flow rate
of 1-0 ml/min. The concentration of acetonitrile within the elut-
ing solvent was expanded using linear gradients 0 to 20 % over
10 min and to 70 % over a period of 25 min. The wavelengths of
254 and 360 nm were used to measure the absorbance.

Statistical analysis

Statistical analyses were performed by using SPSS for windows
(version 20). The results are represented as mean values with
their standard errors. Data were analysed using repeated-
measures ANOVA followed by Dunnett’s adjustment and
unpaired ¢ test where applicable. P<0-05 was considered as
the level of significance.

Results

Effects of Spirulina platensis on insulin secretion from
clonal pancreatic p-cells (BRIN BD11)

Fig. 2(a) and (b) shows the effects of ethanol extract and butanol
fraction of S. platensis on insulin secretion from BRIN-BD11
cells. Alanine (10 mm) was used as a positive control. Both
extract and fraction (1-6-5000 pg/ml) stimulated insulin release
concentrations dependently compared with control (5-6 mu glu-
cose). Higher concentrations (1000-5000 pg/mD also induced
insulin release but were associated with decreased cell viability.
Further tests revealed that the insulinotropic effects of a non-
toxic dose of S. platensis (40 pg/ml) were significantly enhanced
in the presence of 16-7 mm glucose (P < 0-001), isobutyl-methyl
xanthine (P<0-001) and tolbutamide (P<0-001, Fig. 2(e)
and (). The phosphodiesterase inhibitor isobutyl-methyl
xanthine and tolbutamide were used to modulate the glucose-
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Fig. 2. Effects of ethanol extract and butanol fraction of Spirulina platensis on insulin release from (a and b) BRIN-BD11 cells, (c and d) islets of Langerhans and (e-h)
BRIN-BD11 cells in the presence of established stimulators or inhibitors of insulin secretion. Values are means with their standard errors, n 8 and 4 for insulin release.
* P<0-05, ** P<0-01, *** P<0-001 compared with 5-6 and 16-7 mm glucose alone. t P<0-05, 1 P<0-01 and t11 P < 0-001 compared with 5-6 mm glucose in the
presence of the extract or fraction. £ P < 0-05, £ P < 0-001, £}t P < 0-001 compared with respective incubation in the absence of the extract or fraction. (a) C—, 5-6 mm
glucose; 1, 5-6 mm glucose + 10 mm alanine; I, 5-6 mm glucose + ethanol extract (ug/ml). (b) C—, 5-6 mm glucose; 1, 5-6 mm glucose + 10 mm alanine;
I, 5-6 mm glucose + butanol fraction (pg/ml). (c) [mm, 1-4 mm glucose; I, 5-6 mm glucose; 1, 16-7 mm glucose 10 mwm alanine; [, 16-7 mm glucose
+ glucagon-like peptide 1 (v); I, 16-7 mm glucose + ethanol extract (pg/ml). (d) mmm, 1-4 mm glucose; Ezm, 5-6 mm glucose; 1, 16-7 mwm glucose; [, 10 mm
alanine; [, 16-7 mm glucose + glucagon-like peptide 1 (v); I, 16-7 mm glucose + butanol fraction (ug/ml). (e) C—, Glucose alone; mmmm, glucose + ethanol
extract (40 pg/ml). (f) C—, Glucose alone; I, glucose + butanol fraction (40 pg/ml). (g) C—, Glucose (5-6 mv); I, glucose (5-6 mwm) + ethanol extract
(40 pg/ml). (h) 1, Glucose (5-6 mwv); I, glucose (5-6 mm) + butanol fraction (40 pg/ml).
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Fig. 3. Effects of butanol fraction of Spirulina platensis on insulin release from perfused rat pancreas in the (a) absence or (b) presence of theophylline (10 mw), (c)
verapamil (50 pm) and (d) diazoxide (8 mwm) at 11 mm glucose and (e) control group: arginine (19 mwm) alone. Values are means with their standard errors, n 4. Pancreas
was perfused (1 ml/min) with butanol fraction of S. platensis at a dose of 5 mg/ml in the presence or absence of theophylline (10 mm), verapamil (50 pm) and diazoxide
(8 mwm) at 11 mm glucose and control group: arginine (19 mm) alone. The glucose concentration was raised from the basal level of 2.8 mm (basal) to 11 mm. G, glucose,
THEO, theophylline; BSP, butanol fraction of S. platensis.
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induced cAMP production and insulin secretion. In contrast, the
effects of both ethanol extract and butanol fraction of S. platensis
were inhibited by 40-50 % by diazoxide (P < 0-05) and verapamil
(P<0-01, Fig. 2(e) and (f). Both diazoxide, a Karp channel
opener and verapamil, voltage-gated Ca channel blocker inhib-
ited pancreatic insulin secretion by reducing intracellular Ca**
influx. The ethanol extract and butanol fraction also maintained
an ability to increase insulin secretion in cells depolarised with
30 mm KCl (P<0-001, Fig. 2(e) and (f)). Absence of Ca?t (Fig.
2(g) and (h)) significantly inhibited but did not totally abolish insu-
lin secretion induced by S. platensis.

Effects of Spirulina platensis on insulin secretion from
isolated islets

The ethanol extract and butanol fraction significantly increased
insulin secretion from isolated mouse islets compared with
16-7 mm glucose alone (P < 0-05-P < 0-001; Fig. 2(c) and (d).
Increasing the concentrations from 25 to 200 pg/ml resulted in
2- and 2-5-fold increase in insulin release compared with control
(16:7 mm glucose); glucagon-like peptide 1 (10~ and 1078 m) and
alanine (10 mm) were used in this experiment as positive control
(Fig. 2(c) and (d).

Effects of Spirulina platensis on insulin secretion from
perfused pancreas

In a pilot study, the pancreas retained insulin secretory capacity
during 70 min with exposure to glucose and arginine (Fig. 3(e)).
Butanol fraction of S. platensis produced a significant (£ < 0-001)
biphasic increase in insulin release with a 20-fold elevation
above the basal level (2-8 mm) (Fig. 3(a)). Subsequent exposure
for 10 min to 11 mum glucose caused a sharp rise of insulin release
from the basal level of 0-05-0-01 ng/ml to a peak of 2-4-1-5 ng/
ml (P < 0-00D). After adding butanol fraction to 11 mm glucose, a
further enhancement in insulin release was noted (Fig. 3(a)),
which opposed the decline in insulin release under the continu-
ous exposure to 11 mum glucose alone. Theophylline (10 mm) is a
methylxanthine derivative that inhibits cyclic nucleotide phos-
phodiesterase and increases the intracellular cyclic 3’,5’-AMP
level. Addition of theophylline (10 mm) to butanol fraction
increased insulin secretion further (Fig. 3(b)). As shown in
Fig. 3(c) and (d), perfusion in the presence of verapamil and
diazoxide at 11 mm glucose decreased insulin releasing activity
of the butanol fraction by 20-30 %.

Effects of Spirulina platensis on membrane potential and
intracellular calcium ([Ca?*]) in the clonal BRIN-BD11
cell line

The ethanol extract and butanol fraction of S. platensis increased
membrane potential and intracellular Ca ([Ca?*])) at the presence
of 5-6 mm glucose (P < 0-05; Fig. 4(a—h)) as compared with con-
trol (5-6 mm glucose alone). KCI (30 mm) and alanine (10 mwm)
were used as positive controls in this experiment.

Effects of Spirulina platensis on dipeptidyl peptidase IV
activity in vitro

The butanol fraction significantly (P<0-05, P<0-01 and
P <0-001) inhibited the liberation of 7-amino-4-methylcoumarin,

by 7-70% at concentrations of 200-5000 pg/ml (Fig. 5(D).
Sitagliptin, as an established DPP-IV inhibitor, reduced DPP-IV
activity by 10-97 % (P < 0-05, P<0-01 and P < 0-001; Fig. 5(e))
at concentrations between 16 x 107 to 5 pM.

Effects of Spirulina platensis on unabsorbed sucrose
content in the gut

At 1 h following sucrose load (2-5g/kg b.w.), a significant
(P < 0-05-0-01) amount of sucrose was measured in the stomach
and the upper, middle, lower and large intestine (Fig. 6(a—f)). An
extensive (P < 0-01) amount of sucrose found in the stomach,
upper and middle intestine at 30 min, while at 2h (P < 0-05),
increased amounts of unabsorbed sucrose were measured in
caecum and lower intestine. The administration of butanol frac-
tion (250 mg/kg b.w.) with sucrose reduced sucrose absorption
significantly (P < 0-01) after 30 min and up to 2 h (Fig. 6). At4 h,
sucrose content was almost nil throughout the GI tract, although
a small fraction remained in the caecum and lower intestine, indi-
cating rapid hydrolysis and absorption of sucrose in the upper
part of the intestine (Fig. 6).

Effects of Spirulina platensis on intestinal glucose
absorption

During perfusion, the extent of glucose absorption in the intestine
was almost consistent over 30 min. However, supplementation
with butanol fraction significantly decreased intestinal glucose
absorption (P < 0-05-P < 0-01) as illustrated in Fig. 7(a) and (b).

Effects of Spirulina platensis on intestinal disaccharidase
activity and gastrointestinal motility

Butanol fraction of S. platensis (250 mg/kg b.w.) did not affect
disaccharidase enzyme activity (Fig. 7(c)). However, this fraction
significantly promoted gastrointestinal motility (P < 0-05,
Fig. 7(d).

Acute and chronic effects of Spirulina platensis on glucose
homoeostasis in type 2 diabetic rats

Oral administration of butanol fraction of S. platensis (250 mg/kg
b.w.) together with glucose (2-5 g/kg b.w.) improved glucose
tolerance at 30 and 60 min (P<0-01-P<0-05) in T2DM rats
(Fig. 5(a) and (b)). In addition, S. platensis (250 mg/kg b.w.)
treatment lowered serum glucose significantly after sucrose load
(P < 0-05; Fig. 5(c) and (d)) at 60 and 120 min in T2DM rats.

Furthermore, twice daily oral administration of the butanol
fraction of S. platensis (250 mg/kg b.w.) for 28 d significantly low-
ered serum glucose levels (P < 0-05) and increased serum insulin
level (P<0-05) compared with controls (Table 1). Pancreatic
insulin and liver glycogen were increased (P <0-05) as shown
in Table 1. Measurement of lipid profile showed that the butanol
fraction of S. platensis (250 mg/kg b.w.) increased HDL, while
the LDL and total cholesterol were significantly decreased
(P<0-05-0-01; Table 1).

Chemical characterisation by reversed-phase HPLC

The phytochemical screening of butanol fraction by HPLC
(Fig. 8) revealed the presence of f-carotene, catechin and some
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Fig. 4. Effects of ethanol extract and butanol fraction of Spirulina platensis on (a—d) membrane potential and (e—h) intracellular calcium in BRIN-BD11 cells expressed as
relative fluorescence units (RFU) and respective AUC. Values are means with their standard errors, n 6 for membrane potential and intracellular calcium. *** P < 0-001
compared with 5.6 mm glucose alone. (a and c) —e—, ], 5-6 mm glucose; —, I, 5-6 mm glucose + KCI (30 mm); —¥—, [, 56 mm glucose + ethanol extract
(40 pg/ml). (b and d) —e—, 1, 5-6 mm glucose; -, I, 5-6 mm glucose + KCI (30 mwm); —+—, @@, 5-6 mm glucose + butanol fraction (40 pg/ml). (e and g)
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other previously identified compounds in S. platensis such as Discussion
zeaxanthin, astaxanthin, p-coumaric acid and apigenin®®39,
The concentrations of nutritional chemical characterisation of
S. platensis are listed in Table 2.

S. platensis has been reported recently to exhibit antihyperglycae-
mic effects, but the mechanism of action was not elucidated®-2>.
This study has examined the insulinotropic effects of S. platensis
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Fig. 5. Effects of butanol fraction of Spirulina platensis on (a and b) glucose tolerance (GTT), (c and d) serum glucose after sucrose load (SGASL) in type 2 diabetic rats and
(e and f) DPP-IV activity in vitro. Rats were fasted for 12 and 24 h and administered glucose or sucrose solution (2-5 g/kg body weight) by oral administration in presence or
absence of butanol fraction of S. platensis (250 mg/kg body weight). Sitagliptin was used as established DPP-IV inhibitor. Values are means with their standard errors rep-
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using the perfused rat pancreas, isolated mouse islets and the
clonal BRIN-BD11 f-cell line. The results suggest that the anti-
hyperglycaemic effects are partly mediated through stimulating
the insulin secretion from pancreatic f-cells®”, which is further
supported by observation of incremental increases in serum
and pancreatic insulin after 28 d of chronic treatment.

Both the ethanol extract and butanol fraction dose-depend-
ently enhanced insulin release from isolated islets and clonal
BRIN-BD11 cells. The butanol fraction was more insulinotropic
than the ethanol extract. Likewise, the butanol fraction exerted
substantial insulin release from perfused rat pancreas. Non-toxic
concentrations of S. platensis were used to examine mechanisms
underlying stimulation of insulin secretion in the absence and
presence of known modulators of g-cell function. Sulfonylureas

are known to act by closing Kurp channels, depolarising
the plasma membrane, as induced by 30 mm KCl, and stimula-
ting Ca’* entry by activation of voltage-dependent Ca
channels®*1®_ S, platensis stimulated insulin release enhanced
by tolbutamide and KCI (30 mm), suggesting its ability to potentiate
insulin secretion via other pathways such as the adenylate
cyclase/cAMP or the phosphatidylinositol pathway, or as a direct
effect on exocytosis??. S. platensis also clearly stimulated p-cells
via its effects on Ca®* ion channels. Thus, diazoxide, a Kyp-
channel opener?, inhibited the insulin-releasing effects of both
the extract and fraction. This suggests that S. platensis closes Kap
channels to induce insulinotropic action. Furthermore, the L-type
voltage-dependent Ca?* channel blocker, verapamil,“? also
reduced the insulin-releasing effects of S. platensis. This suggests
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Fig. 6. Effects of butanol fraction of Spirulina platensis on (a—f) gastrointestinal sucrose content after oral sucrose loading in type 2 diabetic rats. Type 2 diabetic rats were
fasted for 24 h prior to the oral administration of sucrose solution (2-5 g/kg body weight) in the presence (treated group) or absence of (control group) butanol fraction of S.
platensis (250 mg/kg body weight). Values are means with their standard errors represented by vertical bars (n 6). * P<0-05 and ** P<0-01 compared with type 2

diabetic control rats. (a—f) ], Control; ==, butanol fraction (250 mg/kg).

a dependency on Ca** channel to induce insulin release. Similar
intracellular Ca*" dependency was found in BRIN-BD11 cells,
where S. platensis increased insulin release, which was inhibited
by the L-channel blocker verapamil. Furthermore, studies with
BRIN BD11 cells showed S. platensis induced membrane depolar-
isation and increased [Ca*];

The insulin-releasing effects of S. platensis were also markedly
increased by the phosphodiesterase inhibitors isobutyl-methyl xan-
thine and theophylline implicating involvement of the cAMP path-
way®® Recent studies have shown that use of S. platensis in asthma
as adjunct therapy has improved the condition significantly*®. The
anti-asthmatic actions have been attributed to elevation of cAMP in
bronchial smooth muscle cells, promoting airway relaxation and

blocking replication of smooth muscle cells“>. Overall, these results
indicate that the polar solvents ethanol and butanol contain active
molecules of S. platensis that exert multiple effects on the f-cells
mediated most importantly via ion channels.

DPP-1V is an enzyme that metabolises incretin hormones and
as a result terminate the insulin-releasing and glucose-lowering
actions of both glucagon-like peptide 1 and glucose-dependent
insulinotropic polypepide®”. DPP-IV inhibitors have been
developed to enhance endogenous incretin action and treat
T2DM“?. The two incretin hormones have been shown to have
multiple action by increasing pancreatic insulin secretion and
reducing glucagon secretion®”. In the present study, S. platensis
significantly (P < 0-05, P < 0-01 and P < 0-001) inhibited DPP-IV
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Fig. 7. Effects of butanol fraction of Spirulina platensis on (a and b) intestinal glucose absorption, (c) disaccharidase enzyme activity and (d) gastrointestinal motility (by
BaSO, traversed) in non-diabetic rats. Rats were fasted for 36 h, and intestine was perfused with glucose (54 g/l) in the presence (treated group) or absence of (control
group) butanol fraction of S. platensis (10 mg/ml). BaSO, was administered at 60 min following oral feeding of S. platensis. Acarbose (200 mg/kg); and loperamide (5 mg/
kg) and sennoside (10 mg/kg) were used as positive controls for determinations of disaccharidase activity and gastrointestinal motility, respectively. Values are means
with their standard errors represented by vertical bars (n8). * P< 0-05, ** P< 0-01 and *** P < 0-001 compared with controls. (a) —e—, Control; -, butanol fraction (250
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Table 1. Long-term effects of the butanol fraction of Spirulina platensis on blood glucose, plasma insulin, pancreatic insulin content and other parameters in
type 2 diabetic rats after a 28-d studyt (n 8)
(Mean values with their standard errors)

od 28d
Control Butanol fraction Control Butanol fraction
Parameters Mean SEM Mean SEM Mean SEM Mean SEM
Glucose (mmol/l) 971 1-41 953 1.27 9-67 1-45 7-31* 117
Plasma insulin (ng/ml) 047 0-19 048 0-29 0-46 0-18 0-67* 0-15
Pancreatic insulin (nmol/g) - - 0-81 0-15 1-10* 0-11
Liver glycogen (g/100 g) - - 1.45 0-22 2.26" 0-30
Total cholesterol (mmol/l) - - 3.53 0-20 2-60* 012
HDL (mmol/l) - - 241 0-15 3:15* 012
LDL (mmol/l) - - 2-05 0-23 0-75** 0-16

* P<0:05 and ** P<0-01 compared with type 2 diabetic control rats.
1 Butanol fraction of S. platensis (250 mg/kg body weight) or only saline (control) was administered orally to rats for 28 d.

enzyme activity, indicating that butanol fraction can enhance
endogenous glucagon-like peptide 1 and glucose-dependent
insulinotropic polypepide activity. A recent study has shown that
flavonol glycosides from the seeds of Lens culinaris Medikus
(Fabaceae) inhibited DPP-IV enzyme activity in the dose-depen-

(48)

dent manner Therefore, it is anticipated that the same

phytochemical constituents of S. platensis may be responsible
for the observed DPP-IV inhibitory activity effect.
Administration of S. platensis significantly lowered blood glu-
cose and improved glucose tolerance in T2DM rats. The butanol
fraction also significantly inhibited glucose absorption during gut
perfusion. As anticipated, significant amounts of unabsorbed
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Fig. 8. Representative HPLC profile of butanol fraction of Spirulina platensis using analytical C-18 column over the period of acetonitrile. The column was equilibrated
with 0-1 % (v/v) trifluoroacetic acid/water at flow rate of 1-0 mi/min. The concentration of the eluting solution was raised using linear gradients from 0 to 20 % acetonitrile
over 10 min, to 70 % over 25 min. Details of peaks corresponding to butanol fraction are presented in the chromatogram. UV detection was set at 254 and 360 nm, and
1 mg/ml sample was injected each run. Peaks 1-9 of unknown compounds were detected at different retention times (RT).

Table 2. Major compounds identified by reversed-phase-HPLC of the
butanol fraction of Spirulina platensis

Peaks = Compounds RT (min)  Concentration (ug/ml)
1 Siphonein 10-3 20-6
2 Zeaxanthin 12:6 30-5
3 Astaxanthin 13.0 178
4 Unidentified carotenoids 153 1224
5 Catechin 235 15-6
6 Pheophytin A 26-2 156
7 p-Coumaric acid 29-0 51-3
8 p-Carotene 30-8 221
9 Apigenin 324 297

RT, retention time.

sucrose were found in postprandial state throughout the gut.
This postprandial effect may be related to the interference of
intestinal glucose absorption®. The butanol fraction of S. pla-
tensis did not inhibit intestinal disaccharidase enzyme activity,
and thus inhibition of digestion of carbohydrate is not involved
in its mechanism of antihyperglycaemic action. However,
increased GI motility, examined using BaSO4 milk, may inhibit
carbohydrate absorption in the gut. Dietary fibres reduce post-
prandial food transit time in the GI tract®”; thus, shorter time
is available for the carbohydrate absorption®”, and therefore
postprandial hyperglycaemia is reduced. High sucrose content
in the GI tract indicates reduced sucrose digestion. As a result,

a significantly higher concentration of sucrose reaches to the
large intestine and caecum and is excreted. S. platensis reduced
postprandial sucrose absorption and enhanced GI motility, pos-
sibly by forming glucose—fibre complexes that reduce post pran-
dial transit time or gastric emptying time.

A recent study using S. platensis reported potential protective
activity against fat induced apoptosis and decreasing intestinal
cholesterol absorption®->?. However, in the present chronic
study, administration of butanol fraction of S. platensis for 28 d
in type 2 diabetic rats significantly increased liver glycogen con-
tent and HDL, while it reduced LDL substantially. Interestingly,
chronic treatment also enhanced plasma insulin and pancreatic
insulin content in type 2 diabetic rats. Therefore, the stimulation
of insulin release from p-cells as well as insulin action is possibly
thereby co-related with the improvement of hepatic glucose
uptake.

The phytochemical screening of S. platensis using reversed-
phase HPLC revealed the presence of several phenolic acids like
p-coumaric acid and other bioactive molecules such as pheophy-
tin A, catechin, zeaxanthin, astaxanthin, apigenin and carotenoid
pigments including f-carotene. This composition is in general
agreement with the previous research®®3. Recent studies also
claim that these compounds have antioxidant properties, trigger
insulin secretion and have antihyperglycaemic activity®3->%.

In conclusion, this study has shown that ethanol extract of S.
Pplatensis and its butanol fraction exert prominent stimulatory
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effects on insulin secretion from f-cells via physiological path-
ways. In vivo studies in T2DM rats indicate that the butanol frac-
tion decreased blood glucose, increased gut motility, reduced
glucose absorption in GIT and improved both plasma and pan-
creatic insulin levels. S. platensis contains important phytochem-
icals and valuable micro/macronutrients, consistent with the use
of this microalgae as a prophylactic or dietary supplement in the
treatment of diabetes.
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