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pentobarbital solution (50 g/kg) and a midline incision of the abdomen was made from
approximately 1 cm below the xiphoid to the pelvis. The intestine was resected into 5 seg-
ments: the upper 20 cm, middle, and lower 20 cm of the small intestine, the cecum, and the
large intestine.

Ethical approval
All studies were approved by the Animal Welfare and Ethical Review Board (AWERB) at
Ulster University and conducted in accordance with UK Animals (Scientific Procedures) Act
1986 and EU Directive 2010/63EU. All necessary steps were taken to prevent any potential ani-
mal suffering.

Oral glucose tolerance
The oral glucose tolerance tests were carried out using high-fat-fed (HFF) rats to assess effects
of HWHF and its identified component, quercitrin on glycaemic control. HFF rats were fasted
overnight and administered with glucose (18 mmol/kg, body weight (b.w.)) alone (control) or
in combination with HWHF (250 mg/5ml/kg, b.w.) and quercitrin (30 mg/5ml/kg). Tail vein
bleeding was carried out and blood glucose levels were measured at 0 min (prior to oral
administration) and at 30, 60, 120, 180, 240, 360, and 480 mins afterwards using an Ascencia
Contour Blood Glucose Meter (Bayer, Newbury, UK). Blood samples were collected in hepa-
rinized microvessel blood collection tubes (Sarstedt, Numbrecht, Germany). Plasma was sepa-
rated from the blood via centrifugation at 12000 rpm for 5 min at 4 ˚C and stored at -20 ˚C for
insulin measurement by radioimmunoassay as described previously [27].

DPP-IV enzyme activity �� ����
Plasma DPP-IV activity were evaluated by fluorometric analysis on the basis of release of
AMC (7-Amino-4-Methyl-Coumarin) from Gly-Pro-AMC substrate by amendment of the
technique as reported before [25]. HFF rats were fasted overnight, and blood samples collected
at different time points as mentioned in Fig 3B (0, 30, 60, 120, 180, 240, 360, and 480 mins) fol-
lowing oral gavage of HWHF (250 mg/5ml/kg, b.w.), sitagliptin (10 �mol/5ml/kg, b.w.), valda-
gliptin (10 �mol/5ml/kg, b.w.) or saline control. Plasma samples (10 �l) were incubated at 37
˚C for 30 min with 40 �l of Tris-HCl (100 mM) buffer (pH 7.4) and 50 �l of Gly-Pro-AMC
(200 �M) substrate in each well of 96 well microplates. The fluorescence product, 7-Amino-
4-Methyl Coumarin (AMC), was released when the blood serum containing DPP-IV enzyme
hydrolysed the fluorogenic substrate bonds (H-Gly-Pro) conjugated to the AMC group
(H-Gly-Pro-AMC). Fluorescence changes were measured with Flex Station 3 as described
above in the section on DPP-IV enzyme activity �� �����.

Residual gut sucrose content
Residual gut sucrose content was measured to determine the changes in sucrose absorption
from the GIT after an oral sucrose load as recently reported [22]. The process was carried out
by administering oral sucrose load (2�5 g/5ml/kg, b.w.) to 24h fasted HFF rats together with/
without HWHF (250 mg/5ml/kg, b.w.). The rats were culled at different time points (0, 30, 60,
120 & 240 min) to monitor the residual sucrose content in the intestine. The GI tract was cut
into six different fragments including the stomach, the upper (20 cm), middle and lower (20
cm) of the small intestine, the caecum, and the large intestine. After being cleansed with acidi-
fied ice-cold saline, the fragments were centrifuged for 10 min at 3000 rpm. The resulting
supernatant was first boiled for 2 h with sulphuric acid to hydrolyze the sucrose content and
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then it was neutralized to pH between 7.0–7.4 by addition of NaOH (1 M). Glucose released
from gastrointestinal residual sucrose was determined using the GOD/PAP method (Randox
GL 2623).

Intestinal glucose absorption
An intestinal perfusion technique �� 
��� [28], was used to determine the impact of HWHF on
intestinal glucose absorption in 36 h fasted HFF rats anaesthetized with sodium pentobarbital
(50 g/kg, b.w.). HWHF (5 mg/ml equal to 0.25 g/5ml/kg, b.w.) was added to KRB buffer con-
taining glucose (54 g/l). The resulting mixture was infused through the pylorus, and the perfus-
ate was collected at the end of the ileum via a catheter. The control group was treated with
KRB buffer only containing glucose. The rate (0�5 ml/min) and temperature (37 ˚C) of the per-
fusion was kept constant for 30 min. The amount of glucose in solution prior to and after the
perfusion of intestine were determined using the GOD/PAP method (Randox GL 2623) and
the effect of HWHF expressed as percentage of glucose absorbed.

Intestinal disaccharidase activity and gastrointestinal motility
The activity of the disaccharidase enzyme in the gut was measured as previously reported [29].
Intestinal disaccharidase activity was assessed after oral administration of HWHF (250 mg/
5ml/kg) to 24 h fasted HHF rats. A second group of HFF rats given an oral dose of saline only
served as control. The rats were culled after 1 h and their small intestines were excised, seg-
mented longitudinally, and cleansed with ice cold saline (0.9% NaCl). Tissue homogenization
was performed immediately following the dilution with 10ml saline. Homogenate aliquots
were incubated at 37 ˚C in a 40 mM sucrose solution for an hour. The disaccharidase enzyme
inhibitor, Acarbose (200 mg/5ml/kg, b.w.), was used as a positive control. Disaccharidase
enzyme activity was expressed as �mol/mg protein per hr.

Gastrointestinal motility was assessed using a solution of BaSO4 milk as reported earlier
[22, 29]. HFF rats starved for 12 h were given HWHF (250 mg/5ml/kg, b.w.) orally 60 mins
prior to oral administration of 10% BaSO4 (10% BaSO4 and 0�5% carboxymethyl cellulose; w/
v) solution. The control group was treated with only distilled water (10 ml/kg). After 15mins,
rats from both the groups were culled. The length of the small intestine travelled by the BaSO4
was measured and calculated as a percentage of a total length (from the pylorus to ileocecal
junction). The established drug, Bisacodyl (1 mg/5ml/kg, b.w.) was used as positive control.

Fractionation of a crude extract
Crude bark extract (HWHF) reconstituted in 0.12% (v/v; TFA/water) and analysed by
RP-HPLC. Filtered extract was injected into a (22 x 250 mm) Vydac 218TP1022 preparative
stainless steel 10 �m C-18 column (Grace, Deerfield, IL, USA), equilibrated with 0.12% (v/v;
TFA/water) at the flow rate of 5 ml/min. Acetonitrile was used as eluent at linear gradients to
20% over 10min and to 70% over a period of 40 min. Peak fractions detected at 254 nm and
360 nm were collected and individual peak retention time noted [20]. Major peaks were tested
for insulinotropic activity as per aforementioned methods, and positive peak fractions were
analysed further using Vydac 208TP510 (10 x 250 mm) semi-preparative stainless steel 5�m C-
18 column (Phenomenex, UK) at a flow rate of 1 ml/min.

Mass spectroscopy
Molecular weight of peak samples of HWHF were determined using LC-MS via ESI-MS. The
peak fractions were separated on a Spectra System LC (Thermo Separation Products) using a
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Kinetex 5 �m F5 LC column ((150 x 4.6 mm) (Phenomenex)) with UV detection at 220–360
nm, and system conditions were described previously [30]. Detailed methodology is given in
(Materials and Method section: S1.6 in S1 File).

Structural elucidation of isolated molecules
The identity of compound/s from HWHF was determined by HPLC, LC-MS and NMR. NMR
spectra for P-2 fraction were recorded using a 600 MHz Bruker AVIII HD spectrometer outfit-
ted with a 5 mm BBO H&F cryogenic test. Standard one-dimensional composite pulse
sequencing (zgcppr) was used to obtain 1H NMR spectra with the accompanying instrumental
settings: number of scans = 16; temperature = 298 K; relaxation delay = 16 s; pulse
width = 11.5 �s; acquisition time = 1.7039 s; receiver gain = 28; spectral width = 9615.4 Hz; off-
set = 4125 Hz. 13C NMR spectra were obtained with the aid of the utilization of the reverse
gated-decoupling pulse sequence (zgig) and the purchase parameters were set as follows: num-
ber of scans = 32; temperature = 298 K; unwinding delay = 10 s; pulse width = 6.8250 �s; pro-
curement time = 3.9716 s; spectra width = 36,057.7 Hz; offset = 4125 Hz [31]. All spectra were
physically staged and routinely baseline corrected. Spin-lattice rest time (T1) estimations of
protons in glycerol and maleic acid were estimated using a classical inversion recovery pulse
sequence with 10 relaxation delays (�) extending from 0.01 to 20 s [31].

Statistical analysis
Graph Pad prism 5, was used for all analysis and interpretation of data. Data were analysed by
unpaired Student’s t-test (nonparametric, with two-tailed P values) and one-way ANOVA
with Bonferroni post hoc tests. Values were expressed as Mean�SEM with significance
denoted by P<0.05.

Results

Concentration-dependent effects of �. ��	
� bark on insulin release from
BRIN-BD11 cells and isolated mouse islets
Basal insulin release from BRIN-BD11 cells was 1.3 � 0.04 ng/106 cells/20 min at 5.6 mM glu-
cose. Alanine (10 mM) enhanced insulin output to 6.5 � 1.0 ng/106 cells/20 min. HWHF stim-
ulated insulin release significantly (P<0.05–0.001) at�1.6 �g/ml concentrations (Fig 1A).
Similarly, at 16.7 mM glucose, insulin release was 1.95 � 0.08 ng/106 cells/20 min whereas in
the presence of 30 mM KCl, it increased to 9.18 � 0.79 ng/106 cells/20 min (Fig 1B). Moreover,
at 16.7 mM glucose, HWHF enhanced insulin release significantly (P<0.05– P<0.001) at con-
centrations�40 �g/ml (Fig 1B). HWHF evoked concentration-dependent increase of insulin
release at concentrations of up to 1000 �g/ml, without harming the cell viability (S1A & S1B
Fig in S1 File). HWHF also increased insulin secretion from isolated mouse islets in a concen-
tration-dependent manner at 16.7 mM glucose (Fig 1C), exerting significant (P<0.05–0.001)
effects at concentrations�25 �g/ml. GLP-1 and alanine, which were used as positive controls,
similarly triggered an insulin response (Fig 1C).

Insulinotropic effects of �. ��	
� bark in the presence of known
modulators of insulin release
To evaluate the underlying mechanism of insulin release, the effects of non-toxic concentra-
tion (200 �g/ml) of HWHF were examined on insulin release in presence of established stimu-
lators and inhibitors (Fig 1E). In the presence of a K+ channel activator, diazoxide (300 �M)
and L-type voltage-dependent Ca2+ channels blocker, verapamil (50 �M), insulin release
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Effects of �. ��	
� bark on membrane depolarization and intracellular
calcium concertation in BRIN-BD11 cells
HWHF induced significant (P<0.001) membrane depolarization and increased intracellular
calcium by 56% to 80% (Fig 2A and 2B) respectively. The positive controls 30 mM KCl and 10
mM alanine respectively depolarised BRIN-BD11 cells by 91% and increased intracellular cal-
cium by 98% (P<0.001; Fig 2A and 2B).

Effects of �. ��	
� bark on glycation of insulin
A significant (P<0.05–0.01) inhibition in insulin glycation was observed with HWHF. At con-
centrations of 50–200 �g/ml, the extract caused 20–32% inhibition at�100 �g/ml concentra-
tion (P<0.05–0.01; Fig 1D). Aminoguanidine (44 mM) used as a positive control, caused 78%
inhibition (P<0.001; Fig 1D).

Effects of �. ��	
� bark on glucose uptake and insulin action
The effects of HWHF on uptake of fluorescent glucose in the presence or absence of insulin
(100 nM) are shown in Fig 2(C)–2(F)). At 100 nM insulin, HWHF increased glucose uptake

Fig 2. Effects of HWHF on (A) membrane potential and (B) cytoplasmic calcium in BRIN BD11 cells, (C, D, E, F & G) glucose uptake by
differentiated 3T3L1 adipocytes, (H) starch digestion and (I) �� ����� glucose diffusion. Fluorescence intensity was monitored in cells incubated
with HWHF without (E) or with (F) 100 nM insulin. Images are taken at X10 magnification. Values are Mean�SEM for n = 6 for membrane potential
and cytoplasmic calcium, n = 4 for glucose uptake, starch digestion and glucose diffusion. �p<0.05, ��p<0.01 and ���p<0.001 compared to control.

https://doi.org/10.1371/journal.pone.0264632.g002
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Acute effects of �. ��	
� bark on oral glucose tolerance
HWHF at a dose of 250 mg/5ml/kg, body weight (b.w.) induced a significant (P<0.05–0.001)
reduction in blood glucose of high fat fed rats at 30, 60 and 240 mins after oral glucose com-
pared to saline controls (Fig 3B). �. ��	�
 treatment also increased plasma insulin concentra-
tions at 30 min (P<0.05; Fig 3C). Area under the curve analysis showed an overall 12%
(P<0.05) decrease in blood glucose and 9% increase in plasma insulin respectively (P<0.05;
Fig 3(B) & 3(C)).

Acute effects of �. ��	
� bark on DPP-IV enzyme activity �� ����
HWHF (250 mg/5ml/kg, b.w.) induced significant (P<0.05) reduction in DPP-IV enzyme
activity of high fat fed rats at 30, 240, 360 and 480 mins after treatment compared to saline-
treated controls (Fig 3D). Area under the curve analysis showed an overall 14% (P<0.05)
decrease in DPP-IV enzyme activity (Fig 3D). Sitagliptin and vildagliptin (10 �mol/5ml/kg, b.
w.) used as positive controls induced 69–71% (P<0.001; Fig 3D) reductions in DPP-IV
enzyme activity.

Effects of �. ��	
� bark on gastrointestinal tract sucrose content after oral
sucrose loading
A substantial amount of unabsorbed sucrose (P<0.05–0.01) was found in the GI tract (in the
stomach and upper intestine at 30 and 60 min, and in middle and lower intestine at 60 and 120
min) following the oral sucrose gavage (2.5 g/5ml/kg, b.w.) with HWHF (250 mg/5ml/kg, b.
w.) (Fig 4A–4D). Additionally, at 240min, a small amount of unabsorbed sucrose remained in
the caecum and large intestine (P<0.05; Fig 4E and 4F). This implies rapid hydrolysis and
absorption of sucrose in the upper GIT (Fig 4).

Effects of �. ��	
� on intestinal glucose absorption
Fig 5A shows marked (P<0.01–0.001) diminution of glucose absorption rate in the gut after
oral gavage of glucose with HWHF (250 mg/5ml/kg, b.w.). HWHF resulted in a substantial
decrease in glucose absorption at 10 and 20 min (P<0.01–0.001). Area under the curve showed
15% decrease overall in glucose absorption (P<0.05; Fig 5B).

Effects of �. ��	
� on intestinal disaccharidase enzyme activity and GI
motility
HWHF (250 mg/5ml/kg, b.w.) was found to significantly (P<0.05; Fig 5C) inhibit disacchari-
dase enzyme action. Furthermore, a notable increase in gastrointestinal motility was also
observed at same dose (P<0.05; Fig 5D) compared to controls. The established drugs, Acar-
bose (200 mg/5ml/kg, b.w.) and Bisacodyl (1 mg/5ml/kg, b.w.) respectively decreased disac-
charidase enzyme activity (P<0.001; Fig 5C) and increased GI motility (P<0.001; Fig 5D).

Structural elucidation of isolated molecules
Phytochemicals in crude HWHF possibly responsible for observed bioactivity were purified by
HPLC, used for molecular mass determination by LC-MS and structure elucidation by NMR
(Figs 6–8). The molecular masses of P-1, P-2, P-3 and P-4 were 449.9, 447.9, 431.9 and 594 Da
respectively (Fig 7(A)–7(D)). Evaluation of peak fractions using insulin-releasing bioactivity
with BRIN-BD11 cells revealed that only P-1 and P-2 exhibited insulin secretory activity. As
shown in Fig 9, P-1 & P-2 significantly stimulated (P<0.05–0.001) insulin release in a
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Fig 4. Effects of HWHF on (A-F) sucrose content in the gut after oral sucrose loading in high fat fed rats. Rats were fasted for 24 h before the
oral administration of sucrose solution (2.5 g/kg b.w.) with or without HWHF (250 mg/5ml/kg, b.w.). Values are Mean � SEM, n = 6. �p<0.05
and ��p<0.01, compared to control.

https://doi.org/10.1371/journal.pone.0264632.g004
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(C-R), 70.7 (C-R), 70.6 (C-R), 70.5 (C-R), 16.2 (C-R) [The letter R symbolize the signals of
rhamnose molecule]. These findings indicate that P-2 was quercitrin which is one of the bioac-
tive phytoconstituents. The molecular structure of this compound is shown in Fig 8. We puri-
fied very limited quantities of quercitrin which precluded direct biological testing. However,
quercitrin was readily obtainable from commercial sources.

Acute effects of quercitrin on insulin release from BRIN-BD11 cells
Quercitrin was tested for insulin secretory effects on BRIN-BD11 cells using alanine (10 mM)
as a positive control (Fig 9C). Quercitrin induced a significant stimulation in insulin secretion
at concentrations of 6.25–50 �M (P<0.05–0.001, Fig 9C). At higher concentration of 50 �M, it
increased LDH release indicative of adverse effect on cell viability (S1H Fig in S1 File).

Acute effects of quercitrin on oral glucose tolerance
At dose 30 mg/5ml/kg, body weight quercitrin induced a significant (P<0.05–0.01) improve-
ment in oral glucose tolerance (18 mmol/kg, b.w.) at 30, 60 and 120 min respectively (P<0.05–
0.001; Fig 9D). Quercitrin also increased plasma insulin at 30 and 60 min (P<0.05–0.01; Fig
9E). Area under the curve showed 29% (P<0.001) decrease in blood glucose (Fig 9D) and 32%
(P<0.001) increase in plasma insulin responses (Fig 9E).

Discussion
�. ��	�
 is a popular medicinal herb in traditional medicine and has been claimed to possess
antidiabetic properties [13]. This mangrove plant has been reviewed recently for

Fig 6. Representative HPLC profile of HWHF. Crude HWHF was chromatographed with flow rate of 1.0 ml/min on a (10 x 250 mm) semi-
preparative 5�m C-18 column (Phenomenex, UK). The concentration of the eluting solvent was raised using linear gradients of acetonitrile (0–20%
from 0 to 10 min, 20–70% from 10 to 40 min and 70–20% from 40 to 60 min). Compounds were detected by measurement of absorbance at 254-
360nm.

https://doi.org/10.1371/journal.pone.0264632.g006
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pharmacological activities including antioxidant, antinociceptive, and cardiovascular benefits
[13]. However, detailed scientific validation of these claims and knowledge of the underlying
mechanism of action are lacking [13]. The present study aimed to carefully examine the antidi-
abetic potential of HWHF extract using a series of �� ����� and �� ���� studies to elucidate the
possible mechanisms through which it can affect blood glucose homeostasis.

To achieve this goal, we used both �� ����� and �� ���� models including acute insulin release
studies using BRIN BD11 cells and isolated islets together with in ����� evaluations of starch
digestion, insulin glycation, glucose diffusion, cellular glucose uptake and DPP-IV inhibitory
activity.

Such evaluation showed that hot water extract of �. ��	�
 (HWHF) concentration-depen-
dently stimulated basal and glucose-induced insulin secretion from both clonal and primary
beta-cells. The insulin secretory effect of non-toxic concentrations was retained in the presence
of tolbutamide, a KATP-channel blocker or depolarisation with KCl (30 mM). However, diaz-
oxide, a KATP�channel opener [35], inhibited the insulin-releasing effects of HWHF indicating
that cellular action of HWHF may involve closure of such channels as well as KATP-indepen-
dent effects. Consistent with this, verapamil, L-type voltage-dependent Ca2+ channel blocker,
decreased HWHF activity, endorsing the importance of Ca2+- channel which was further vali-
dated by the effects of HWHF on membrane depolarisation and intracellular Ca2+ in clonal
beta-cells. The effects of the extract were further potentiated by the cAMP phosphodiesterase
inhibitor, IBMX [36]. This significantly enhanced the insulin releasing activity of HWHF.

Fig 7. Molecular mass of peak samples of HWHF by LC-MS analysis. Peak fractions were separated on a Spectra System LC using a Kinetex 5�m F5
LC column (150 x 4.6 mm) (Phenomenex). The mass-to-charge ratio (m/z) versus peak intensity was determined. Samples of “peaks (P) 1 to 4” with
retention times of 19, 20, 23 and 28 min were used to determine the molecular weights of unknown compounds with m/z 449.9, 447.9, 431.9 and 594.0
Da, respectively.

https://doi.org/10.1371/journal.pone.0264632.g007

PLOS ONE Antidiabetic actions of H. fomes bark

PLOS ONE | https://doi.org/10.1371/journal.pone.0264632 March 3, 2022 15 / 22



Interestingly, potential anti-oxidative and anti-inflammatory activity of �. ��	�
 [37] have
been proposed to be mediated by the cAMP pathway.

Obesity, decreased GLUT4 translocation or impairments in signal transduction of muscle
and other target cells can cause cellular insulin resistance so agents that promote glucose
uptake are desirable as antidiabetic drugs [38, 39]. HWHF significantly increased adipocyte
glucose uptake and, although further detailed studies are required, this is assumed to be medi-
ated via AMPK pathway [40]. This positive effect was observed in the presence and absence of
insulin. Previous studies with naringenin, a flavonone, demonstrated insulin-stimulated glu-
cose uptake in 3T3L1 adipocytes through inhibition of phosphoinositide 3-kinase (PI3K), a
key regulator of insulin-induced GLUT4 translocation [41]. Therefore, it can be speculated
that the increase in glucose uptake by HWHF might be due to the presence of flavonoids [42].

In the pathophysiology of diabetes, non-enzymatic glycosylation of structural proteins is
considered as a major contributor to the onset of complications of the disease. Functional pro-
teins such as insulin can also be glycated and this has been shown to decrease biological activity
[43, 44]. In this study HWHF significantly decreased insulin glycation in a concentration-
dependent manner. This might translate to improvements of insulin action �� ���� but perhaps
more importantly indicate that �. ��	�
 might help protect structural proteins from the lon-
ger-term complications of diabetes. Interestingly, �. ��	�
 has been reported to possess poly-
phenolic constituents such as flavonoids, that exhibit potential antioxidant properties [13].

Fig 8. (A) 1H-NMR, (B) C13-NMR spectrum and isolated compounds (C) Quercitrin of P-2 sample obtained from RP-HPLC of HWHF. Proton-
decoupled natural abundance 1H- NMR and C13- NMR spectrum of peak-2 sample of HWHF (obtained from chromatograph over the period of 70%
acetonitrile from 10 to 40 min with retention time of 20 min) at 40 ˚C. The spectrum was obtained at 600 MHz after 119044 transients (14 h) by the
pulsed Fourier transform method on a Varian XL-100 A spectrometer. Representative structure of flavonoids, corresponding to the molecular formula
of quercitrin is C21H20O11.

https://doi.org/10.1371/journal.pone.0264632.g008
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are limited by uncertainty regarding the exact molecular mechanisms involved and the precise
identity of all of the active compounds responsible for such a wide range of antidiabetic
actions.

Conclusion
In summary, present study establishes that �. ��	�
 extract possesses significant antihypergly-
caemic properties mediated by multiple actions including the stimulation of insulin secretion,
inhibition of starch digestion, disruption of glucose absorption and inhibition of DPP-IV
which may enhance incretin action following feeding. Many populations in the world have
limited access to modern antidiabetic drugs. The present data suggest that �. ��	�
 and its
phytoconstituents, such as quercitrin identified as compound P-2, may be useful as dietary
adjuncts for the management of diabetes.
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