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Background and Purpose: Protein tyrosine phosphatase (PTP) 1B (PTP1B) plays a

critical role in the regulation of obesity, Type 2 diabetes mellitus and other metabolic

diseases. However, drug candidates exhibiting PTP1B selectivity and oral

bioavailability are currently lacking. Here, the enzyme inhibitory characteristics and

pharmacological benefits of 3-bromo-4,5-bis(2,3-dibromo-4,5-dihydroxybenzyl)-

1,2-benzenediol (BDB) were investigated in vitro and in vivo.

Experimental Approach: Surface plasmon resonance (SPR) assay was performed to

validate the direct binding of BDB to PTP1B, and Lineweaver–Burk analysis of the

enzyme kinetics was used to characterise the inhibition by BDB. Both in vitro

enzyme-inhibition assays and SPR experiments were also conducted to study the

selectivity exhibited by BDB towards four other PTP-family proteins: TC-PTP,

SHP-1, SHP-2, and LAR. C2C12 myotubes were used to evaluate cellular permeabil-

ity to BDB. Effects of BDB on insulin signalling, hypoglycaemia and hypolipidaemia

were investigated in diabetic BKS db mice, after oral gavage. The beneficial effects of

BDB on pancreatic islets were examined based on insulin and/or glucagon staining.

Key Results: BDB acted as a competitive inhibitor of PTP1B and demonstrated high

selectivity for PTP1B among the tested PTP-family proteins. Moreover, BDB was

cell-permeable and enhanced insulin signalling in C2C12 myotubes. Lastly, oral

administration of BDB produced effective antidiabetic effects in spontaneously

diabetic mice and markedly improved islet architecture, which was coupled with an

increase in the ratio of β-cells to α-cells.

Conclusion and Implications: BDB application offers a potentially practical

pharmacological approach for treating Type 2 diabetes mellitus by selectively

inhibiting PTP1B.
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1 | INTRODUCTION

Diabetes is a worldwide epidemic that poses a major threat to global

public health (Zheng, Ley, & Hu, 2018). The ninth Diabetes Atlas

released by the International Diabetes Federation (IDF, 2019) iden-

tifies Asia as the epicentre of the diabetes crisis, with China being the

country most affected by diabetes. Type 2 diabetes mellitus (T2DM)

accounts for 90–95% of diabetes mellitus, which is characterized by

insulin resistance and/or inadequate insulin secretion (American

Diabetes, 2018; Chatterjee, Khunti, & Davies, 2017). Although

considerable progress has been made in elucidating the molecular

mechanisms of T2DM, satisfactory treatment modalities for diabetes

remain limited (Leroith & Accili, 2008; Mittermayer et al., 2015).

Protein tyrosine phosphatase (PTP) 1B (PTP1B) down-regulates

insulin and leptin signalling by catalysing tyrosine dephosphorylation

of insulin receptors (IR), insulin receptor substrate (IRS), and leptin

receptors (Byon, Kusari, & Kusari, 1998; Kenner, Anyanwu, Olefsky, &

Kusari, 1996; Zhang, Dodd, & Tiganis, 2015), and PTP1B is thus a

favourable drug target in therapeutic interventions for obesity and

T2DM (Johnson, Ermolieff, & Jirousek, 2002; Krishnan et al., 2018;

Zhang & Zhang, 2007). Genetic evidence indicates that a silent heter-

ologous single nucleotide polymorphism in exon8 and an insert variant

in the 30-UTR of PTP1B are associated with increased risk of develop-

ing T2DM, compared with the risk in people who carry the wild-type

PTP1B gene (Di Paola et al., 2002; Mok et al., 2002). Mice in which

the PTP1B gene is knocked out are healthy and fertile, and the mice

exhibit increased insulin sensitivity and resistance to high-fat diet-

induced obesity (Delibegovic et al., 2009; Elchebly et al., 1999; Haj,

Zabolotny, Kim, Kahn, & Neel, 2005; Klaman et al., 2000). Because

PTP1B is a highly validated therapeutic target, many academic institu-

tions and pharmaceutical companies have invested substantially in

developing low MW inhibitors of PTP1B, and although several natural

and synthetic PTP1B inhibitors have been reported, the FDA has not

yet approved any drug (Erbe et al., 2005; Ito, Fukuda, Sakata,

Morinaga, & Ohta, 2014; Lantz et al., 2010; Zasloff et al., 2001). The

main challenge has been to identify PTP1B inhibitors that exhibit high

selectivity, cell permeability and oral bioavailability (Combs, 2010).

Discovery of lead compounds and new drugs from the ocean

holds considerable potential for yielding favourable therapeutic

options for diverse diseases (Malve, 2016). Marine red algae of the

family Rhodomelaceae contain numerous bromophenol compounds,

and many of these compounds can produce various biological effects,

including cytotoxicity (Wu et al., 2015), antioxidant effects (Li, Li, Ji, &

Wang, 2007), and inhibition of glucose 6-phosphate dehydrogenase

(Mikami, Kurihara, Kim, & Takahashi, 2013). Notably, several of

these compounds also exhibit PTP1B inhibitory activity, and

ethanol extracts from the red alga Rhodomela confervoides lower

fasting glucose levels in the rat model of streptozotocin-induced

diabetes (Shi et al., 2008). Accordingly, 3-bromo-4,5-bis(2,3-dibromo-

4,5-dihydroxybenzyl)-1,2-benzenediol (BDB, chemical structure in

Figure 1a), a natural bromophenol isolated from R. confervoides, was

demonstrated to act as a potent PTP1B inhibitor (Cui, Shi, &

Hu, 2011; Fan, Xu, & Shi, 2003; Shi et al., 2008). Considering these

previous studies, we hypothesized that BDB could represent a

promising therapeutic agent against T2DM. Therefore, in this study,

we aimed to elucidate the characteristics of the inhibition of PTP1B,

by BDB and to evaluate the hypoglycaemic and hypolipidaemic

effects of BDB in spontaneously diabetic mice by using oral gavage.

Moreover, we sought to examine the protective effects of BDB on

pancreatic β-cells.

2 | METHODS

2.1 | In vitro enzyme-inhibition assay

The inhibitory effects of BDB on PTP1B and TC-PTP were assayed

using p-nitrophenyl phosphate (p-NPP) as the substrate; the buffer

solution contained 10-mM Tris–HCl (pH 7.5), 25-mM NaCl, 1-mM

What is already known

• 3-Bromo-4,5-bis(2,3-dibromo-4,5-dihydroxybenzyl)-

1,2-benzenediol (BDB) is found in marine red algae and

inhibits protein tyrosine phosphatase 1B.

What this study adds

• BDB is shown to be a selective and cell-permeable inhibi-

tor of PTP1B.

• Oral administration of BDB prevents hyperglycaemia in

diabetic mice and concurrently improves islet

architecture.

What is the clinical significance

• BDB could emerge as a clinical drug candidate for T2DM

treatment in the near future.
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F IGURE 1 Chemical structure and PTP1B inhibitory activity of BDB. (a) Chemical structure of BDB. (b) IC50 of BDB inhibitory activity against
PTP1B. Data are shown by plotting relative inhibition rate of PTP1B against log values of inhibitor concentration. (c) SPR characterization of
binding affinity between BDB and PTP1B, which was immobilized on a CM5 chip. (d) Drug affinity responsive target stability (DARTS) assay
performed using whole-cell lysates of C2C12 skeletal muscle cells, which were pretreated with 10-μM BDB. (e) Cellular thermal shift assay
(CETSA) performed using lysates of C2C12 myotubes, which were exposed to 100-μM BDB. (f) Lineweaver–Burk analysis of PTP1B inhibition by
BDB, which was applied at 1-, 2-, 4-, and 8-μM BDB; the reciprocal of reaction velocity (1/Vi) is plotted against the reciprocal of substrate
concentration (1/[p-NPP]). (g) Ki of BDB inhibitory activity against PTP1B. Data are shown by plotting Kmapp values against the inhibitor
concentrations. (h) Mode of BDB binding to PTP1B active site (PDB code 2HNP). The inhibitor BDB and key residues of PTP1B are shown in a
capped stick representation. Carbon is shown in green for ligands and grey for PTP1B, oxygen is in orange, and bromine is in red. (i) SPR analysis
of binding affinity between methylated BDB and PTP1B
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EDTA, and 1-mM DTT, and the assay was performed as follows: 1 μl

of enzyme (1 mg�ml−1) and 1 μl of compounds (10-mM stock solution

in DMSO) were added to 10 μl of 50-mM p-NPP in 88 μl of buffer

solution in 96-well plates and the reaction mixture was incubated for

30 min at 37�C. The amount of p-nitrophenol, the catalytic product,

was determined by measuring the 405-nm absorbance in a microplate

reader. The inhibitory effects of the tested compounds are shown as

the concentration that inhibited 50% of PTP1B enzyme activity (IC50).

Assays for SHP-1, SHP-2, and LAR were performed using OMFP as

the substrate.

2.2 | Lineweaver–Burk analysis

BDB and human PTP1B1–321 recombinant protein were preincubated

at room temperature for 5 min, and then reaction mixtures (in 96-well

plates) containing 10-mM Tris–HCl (pH 7.5), 25-mM NaCl, 1-mM

EDTA, 1-mM DTT, and a series of p-NPP concentrations were

incubated at 37�C for 10 min; subsequently, the p-nitrophenol

content was determined by measuring the 405-nm absorbance. In the

presence of 1-, 2-, 4-, and 8-μM BDB, the 1/[S] (mM−1) and

1/[V] (1/OD�s−1) values were determined from the substrate concen-

tration and initial reaction rate, respectively, which were then plotted

on the x-axis and y-axis. The enzyme inhibition type was identified

from the intersection characteristics of the linear-regression lines.

2.3 | Surface plasmon resonance assay

Surface plasmon resonance (SPR) experiments were conducted using a

Biacore T200 SPR spectrometer. For surface treatment of the CM5

sensor chip, PTP1B protein was immobilized on the chip by Amine

Coupling Kit (BR-1000-50, GE Healthcare). First, the chip was activated

by injecting a 1:1 mixture of 0.2-M N-ethyl-N0-(dimethylaminopropyl)-

carbodiimide (EDC) and 0.05-M N-hydroxysuccinimide (NHS) for 420 s

at a flow rate of 10 μl�min−1; the PTP1B protein was diluted in 10-mM

sodium acetate buffer (pH 5.0) to 10 μg�ml−1, and ultimately �10,000

response units (RUs) were immobilized. Next, 1-M ethanolamine

(pH 8.5) was applied for 7 min at a flow rate of 10 μg�ml−1 to block

excess reactive esters on the matrix. For use as the reference, the flow

cell was subject to the aforementioned activation, immobilization, and

blocking steps, but no protein was injected.

For kinetic analysis of small molecules and their corresponding

protein interactions, the small molecules were prepared as 10-mM

stock solutions in DMSO and then diluted in PBS-P20 buffer

containing 5% DMSO. All compounds were injected into the protein-

immobilized and reference flow cells for 60 s, which was followed by

the allotted dissociation time of 60 s. To correct for the excluded

volume effect, we used a series of DMSO calibration solutions. For

kinetic evaluations, the reference data and blank data were subtracted

by using the Biacore T200 evaluation software, with the solvent

correction being performed concomitantly, after which curve-fitting

(global fitting, 1:1 model) was performed for the entire dataset. For

the layout of all the graphical data, we used GraphPad Prism 6.01

software (GraphPad Software, RRID: SCR_002798).

2.4 | Cell culture and western blotting

C2C12 myoblasts (ATCC, Cat# CRL-1772, RRID: CVCL_0188) were

purchased from ATCC (Manassas, VA, USA) and cultured in DMEM

supplemented with 10% FBS. The cells were generally seeded into

six-well plate at 4 × 105 cells per well, and at 90% confluence, the

growth medium was changed to DMEM containing 10% horse serum

(HS) to induce differentiation. After 4 days of differentiation, C2C12

skeletal muscle cells were starved overnight in serum-free DMEM and

then treated for 8 h with BDB at different concentrations and either

not stimulated or stimulated with insulin (100 nM) for 5 min.

Cells were lysed with RIPA buffer containing fresh PMSF, and

after determining the total protein concentrations of the lysates by

using a BCA kit, proteins were separated using SDS-PAGE and

transferred to PVDF membranes. To assess the phosphorylation levels

of insulin receptor substrate 1 (IRS1) and Akt, membranes were

blocked with 5% skim milk and incubated with primary antibodies

overnight at 4�C and then with secondary antibodies for 1 h at room

temperature. Immunoreactive bands were detected using Western

ECL Substrate, and images were captured using a ChemiDoc™ XRS+

System (Bio-Rad). To detect the total protein levels of IRS1 and Akt,

membranes were washed with stripping buffer (Thermo) and immuno-

blotted as described above. Five independent experiments were

performed. The antibody-based procedures used in this study

comply with the recommendations made by the British Journal of

Pharmacology (Alexander et al., 2018).

2.5 | HPLC analysis for measuring cell permeability

This HPLC-based experiment was performed as previously reported

(das Neves, Sarmento, Amiji, & Bahia, 2012; Luo et al., 2018). Briefly,

C2C12 skeletal muscle cells were pretreated with BDB (10 μΜ) for

8 h, fixed with methanol, lysed using sonication, and then centrifuged

to obtain the supernatant. The supernatant was evaporated under

reduced pressure, and then the precipitate was dissolved in methanol

and subject to HPLC analysis (π-Nap, 75% methanol/H2O + 2% acetic

acid). DMSO-treated cells were used as the negative control.

2.6 | Cellular thermal shift assay

Cellular thermal shift assay (CETSA) studies were performed based on

the method described previously (Martinez Molina et al., 2013). For

cell-lysate CETSA, C2C12 skeletal muscle cells were collected in 1× PBS

containing fresh protease-inhibitor cocktail and then frozen and thawed

thrice (with liquid nitrogen being used for freezing cells). The lysates

were divided into two aliquots, and one aliquot was treated with

100-μM BDB and one with DMSO (control). After 20-min incubation at
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room temperature, each lysate was divided into 14 fractions, which were

heated at different temperatures (42–68�C) for 3 min and then cooled at

room temperature for 3 min; lastly, the lysates were boiled, separated

using SDS-PAGE, and immunoblotted for PTP1B.

For intact-cell CETSA, C2C12 myotubes were pretreated with

BDB (10 μM) for 8 h and then heated and cooled as described above.

After the cells were frozen and thawed twice, lysates were collected

by means of centrifugation and analysed through western blotting.

2.7 | Drug affinity responsive target stability assay

To determine PTP1B stability under protease treatment, the drug

affinity responsive target stability (DARTS) assay was performed as

described previously (Pai et al., 2015). Differentiated C2C12 myotubes

were lysed using M-PER buffer containing a protease-inhibitor

cocktail, and cell lysates were diluted in TNC buffer (50-mM Tris–HCl,

pH 8.0, 50-mM NaCl, and 10-mM CaCl2) and then treated with BDB

at different concentrations (10, 30, and 100 μM) or DMSO (control).

After incubating the mixtures at room temperature for 30 min, pronase

(12.5 μg�ml−1) was added, and the incubation was continued for

another 15 min at room temperature. The reaction was terminated by

adding the protease-inhibitor cocktail, and the lysates were boiled and

analysed through western blotting with anti-PTP1B antibody (Cat# sc-

133259, RRID: AB_2174955). GAPDH was used as a negative control.

2.8 | Animal studies

2.8.1 | Animals

All animal care and experimental procedures were performed

according to the guidelines approved by the Institute of Oceanology

committees for the care and use of laboratory animals (HAIFAJIZI-

2013-3; approval date: December 09, 2013). Animal studies are

reported in compliance with the ARRIVE guidelines (Percie du Sert

et al., 2020) and with the recommendations made by the British

Journal of Pharmacology (Lilley et al., 2020). Efforts were made to

minimize animal suffering.

We purchased 4- to 6-week-old male BKS.Cg-Dock7m+/+Leprdb/J

diabetic mice (BKS db mice, also called db/db mice; The Jackson

Laboratory, stock number 000642; RRID: IMSR_JAX:000642) and

their lean C57BLKS/J wild-type controls (BKS mice; The Jackson Lab-

oratory, stock number 000662; RRID: IMSR_JAX:000662) from the

Model Animal Research Centre of Nanjing University (Nanjing, China).

2.8.2 | Housing and husbandry

Mice were housed in specific-pathogen-free conditions (two mice

per cage), under controlled temperature (24 ± 2�C) and humidity

(50–60%) and a regular 12/12-h light/dark cycle, and allowed free

access to a normal chow diet and water.

2.8.3 | Validity

BKS db mice replicate various aspects of human T2DM Phases I–III.

The blood glucose level of the BKS-background diabetic mice

increased uncontrollably with age, and their islet β-cells decreased

substantially.

2.8.4 | Blinding

Drugs (vehicle, metformin, and different concentrations of BDB) were

prepared and numbered by the designer. The operator was blinded to

the drugs.

2.8.5 | Studies conducted using BKS db mice

After 1 week of acclimatization, plasma glucose levels of all mice

were assessed to verify the diabetic status, and the diabetic mice

were randomly divided into four groups (n = 8): diabetic model

group (BKS db, treated with sodium carboxymethyl cellulose

[CMC-Na] solution), metformin-treatment group (metformin,

100 mg�kg−1 body wt�day−1), low-dose BDB-treatment group

(BDB-L, 50 mg�kg−1 body wt�day−1), and high-dose BDB-treatment

group (BDB-H, 100 mg�kg−1 body wt�day−1). Age-matched male

BKS mice (treated with CMC-Na solution) were used as the normal

control (n = 8). All mice were given drugs orally for 9 weeks.

However, one mouse from BKS db group died at the fifth week

due to improper gastric administration during the experimental

period (n = 7 after the fifth week).

To measure the long-time and short-time fasting blood glucose

(FBG) levels, mice were fasted for 12 and 6 h, respectively. Glucose

levels were measured using tail-vein blood and a OneTouch UltraEasy

glucometer (Johnson & Johnson, USA).

At the end of the experiment, mice were anaesthetized using

10% chloral hydrate, and then blood samples of all mice were

collected through the venous plexus behind the eyeball. Serum was

separated using centrifugation and stored at −80�C. Serum total

cholesterol (TC), triglyceride (TG), LDL-cholesterol (LDL-C),

HDL-cholesterol (HDL-C), and free fatty acid (FFA) levels were

determined according to the instructions of the assay-kit manufac-

turer. Because of insufficient serum samples, the group size varied

from five to eight, and detailed group size was shown in the figure

legends. The mice were then killed, and tissues were removed

immediately and fixed in 10% formalin for subsequent immunohisto-

chemical staining.

2.8.6 | Oral glucose tolerance test and insulin
tolerance test

Given the number of participants and duration of the oral glucose

tolerance test (OGTT) and insulin tolerance test (ITT) experiments, six
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mice were randomly chosen from each group for the following tests.

After 6 weeks of treatment, glucose (1.5 g�kg−1) was administered

using gavage for the OGTT experiment after starvation for 12 h.

After 7 weeks of treatment, insulin (1 U�kg−1) was injected

subcutaneously for the ITT experiment after fasting for 6 h. Blood

glucose was measured using tail-vein blood at the specific times. The

AUC was calculated from the data collected during the OGTT and

ITT experiments.

2.8.7 | Immunohistochemistry

Pancreas from all treated mice were collected and fixed in 4%

paraformaldehyde solution overnight at 4�C. Subsequently, paraffin-

embedded pancreas sections were rehydrated and heated with

sodium citrate buffer for antigen retrieval and then blocked with 10%

goat serum; to block endogenous peroxidases, the sections were

treated with 3% hydrogen peroxide solution. Next, the sections were

incubated (overnight at 4�C) with following primary antibodies (from

Abcam): guinea pig anti-insulin antibody (1:100, Cat# ab7842, RRID:

AB_306130), rabbit anti-glucagon antibody (1:8,000, Cat# ab92517,

RRID: AB_10561971), and rabbit anti-Ki67 antibody (1 μg�ml−1, Cat#

ab15580, RRID: AB_443209). For colour development, we used the

HRP-DAB or AP-Permanent Red system or both, and then captured

as digital images, and the results analysed by using a Tissue FAXS

System (TissueGnostics, AT). Samples that showed dark staining and

sections that appeared damaged were excluded from the analysis, and

the group size varied from five to six, and detailed group size was

shown in the Figure 7 legend. The histological staining results were

statistically analysed, in a blinded manner, by a technician from

TissueGnostics.

2.9 | Synthetic scheme for BDB and
methylated BDB

BDB and its methylated derivative (Compound 6) were synthesized

as follows. First, vanillin was reacted with bromine in CH3OH at 0�C

to obtain Compound 1 at 95% yield (Fürstner, Stelzer, Rumbo, &

Krause, 2002). Compound 1 was methylated with CH3I in DMF to

generate Compound 2 (Fürstner et al., 2002) (97% yield), and the-

n Compound 2 was brominated a second time by using two

equivalents of bromine in acetic acid at 70�C, which yielded

Compound 3 (Ford & Davidson, 1993) (63% yield). Compound 3 was

reduced with NaBH4 in methanol at 0�C to obtain an alcohol,

Compound 4 (93% yield), and in the presence of AlCl3, Friedel and

Crafts reaction of Compound 4 with 1,2-dimethoxybenzene

generated an intermediate compound, Compound 5 (90% yield).

Compound 5 was reacted with bromine in CH2Cl2 at room tempera-

ture to generate Compound 6 (81% yield). BDB was obtained at 92%

yield (purity >99%) by removing the methyl groups from Compound

6 with BBr3 at 0�C.

The following synthetic scheme was used:

The structural-elucidation data were as follows:

Methylated BDB (Compound 6): m.p. 178–180�C; 1H NMR

(500 MHz, CDCl3) δ: 6.60 (s, 1H, ArH), 6.45 (s, 1H, ArH), 6.14 (s, 1H,

ArH), 4.20 (s, 2H, ArCH2Ar), 3.96 (s, 2H, ArCH2Ar), 3.88 (s, 3H, OCH3),

3.80 (s, 6H, OCH3 × 2), 3.79 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 3.58 (s,

3H, OCH3);
13C NMR (125 MHz, CDCl3) δ: 152.4, 152.3, 152.2, 146.5,

146.0, 145.6, 136.0, 135.4, 135.2, 129.9, 122.8, 122.1, 121.7, 118.1,

117.5, 114.0, 113.8, 111.9, 60.5, 60.4, 56.2, 56.1, 42.1, 40.5. HR-

EIMS m/z 831.7531 [M]+, Calc. 831.7527.

BDB: 1H NMR (500 MHz, acetone-d6) δ: 6.56 (s, 1H, ArH), 6.50

(s, 1H, ArH), 6.21 (s, 1H, ArH), 4.05 (s, 2H, ArCH2Ar), 3.78 (s, 2H); 13C

NMR (125 MHz, acetone-d6) δ: 145.7, 145.6, 145.2, 144.0, 143.6,

133.0, 131.9, 129.3, 117.0, 116.5, 129.3, 115.1, 115.0, 114.0, 113.9,

41.0, 40.2. HR-EIMS m/z 742.6543 [M]+, Calc. 742.6551.

2.10 | Data and statistical analyses

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). Data were analysed in a

blinded manner. Sample size (animal experiments) was planned based

on our previous study on bromophenol compounds (Li et al., 2019).

Group size was equal at design. However, in certain cases, adequate

blood samples or pancreas sections were not obtained during testing,

which explains the small sample size for recordings conducted with

BDB. In the analysis of band density in western blotting, data were

normalized to the internal control to exclude unwanted sources of

variation. No data transformation was performed, and no outliers

were removed in data analysis and presentation.

Results are presented as the means ± SEM. Statistical analysis

was performed only when each group contained at least n = 5

independent samples, and the analysis was performed using one-

way ANOVA followed by Tukey's post hoc test between control

and various drug-treated groups. Tukey tests were conducted only

when F achieved a P value of <0.05 and there was no significant

variance inhomogeneity. Data from small group sizes of n < 5 were

not subjected to statistical analysis. The declared group size is the

number of independent values, and statistical analysis was

performed using these independent values. Values were considered

significant at P < 0.05, and this holds for the data shown later in

Section 3. Analyses were performed using GraphPad Prism 6.01

software.
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2.11 | Materials

The following reagents were from commercial sources: DMEM

containing high-concentration glucose, penicillin–streptomycin, FBS,

and HS, Hyclone (South Logan, UT, USA); EDTA-free protease-inhibitor

cocktail and pronase, Roche (Basel, Switzerland); M-PER buffer, Thermo

Fisher Scientific (Waltham, MA, USA); metformin, insulin, and CMC-Na,

Sigma-Aldrich (St. Louis, MO, USA); Series S CM5 sensor chips, EDC,

NHS, PBS-P20 buffer, 1.0-M ethanolamine-HCl (pH 8.5), and

maintenance kit, GE (Mississauga, ON, Canada); DMSO and sodium

acetate, Solarbo (Beijing, China); IRS1 antibody (Cat# 2382, RRID:

AB_330333), Akt antibody (Cat# 9272, RRID: AB_329827), and

phospho-Akt (Ser473) rabbit mAb (Cat# 4060, RRID: AB_2315049), Cell

Signaling Technology (Danvers, MA, USA); anti-phospho-IRS1 (Tyr608)

F IGURE 2 Selectivity exhibited by BDB towards PTP1B and four other PTP-family proteins. (a) Inhibition by BDB (20 μg�ml−1 ) of PTP1B, TC-
PTP, SHP-1, SHP-2, and LAR. (b–e) IC50 values of BDB inhibitory activity against TC-PTP (b), SHP-1 (c), SHP-2 (d), and LAR (e). (f–i) SPR
characterization of binding affinity between BDB and TC-PTP (f), SHP-1 (g), SHP-2 (h), and LAR (i), which were individually immobilized on CM5 chips
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antibody (Cat# 09-432, RRID: AB_1163457), Millipore (Bedford, MA,

USA); insulin antibody (Cat# ab7842, RRID: AB_306130), glucagon

antibody (Cat# ab92517, RRID: AB_10561971), and Ki67 antibody

(Cat# ab15580, RRID: AB_443209), Abcam (Cambridge, MA, USA);

GAPDH antibody (Cat# 60004-1-Ig, RRID: AB_2107436), Proteintech

(Wuhan, China); BCA Protein Assay Kit, Thermo (Waltham, MA, USA);

Western ECL Substrate, Bio-Rad (Hercules, CA, USA); and TG, TC,

LDL-C, HDL-C, and FFA assay kits and glycosylated serum protein assay

kit, Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Recombinant hPTP1B1–321 protein was purified in our laboratory.

Recombinant TC-PTP, SHP-1, SHP-2, and LAR proteins were from Sino

Biological (Beijing, China).

F IGURE 3 BDB is cell permeable in C2C12 skeletal muscle cells. (a) HPLC analysis of DMSO- and BDB-treated C2C12 myotube lysates.
Differentiated C2C12 myotubes were serum-starved overnight and then treated with DMSO or BDB (0.1 μmol) for 8 h. Subsequently, the

myotubes were washed and fixed with methanol, and then cells were scraped and collected for HPLC analysis. (b) Uptake ratio of BDB in C2C12
myotubes. The amount of BDB was calculated using the standard curve method. Values are expressed as the average of five independent
replicates (n = 5). (c) Effects of BDB on insulin signalling pathway. Serum-starved C2C12 myotubes were pretreated with BDB for 8 h and then
exposed for 5 min to 100-nM insulin treatment in serum-free medium. Immunoblotting was used to detect IRS1/Akt phosphorylation and PTP1B
protein. (d) Ratio of tyrosine-phosphorylated IRS1 to total IRS1. (e) Ratio of serine-phosphorylated Akt to total Akt. (f) Ratio of PTP1B to GAPDH
(control). Data are expressed as means ± SEM from five independent replicates (n = 5). *P< 0.05, significantly different as indicated. (g) Cellular
thermal shift assay (CETSA) performed using intact C2C12 myotubes, which were pretreated with 10-μM BDB
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2.12 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander, Fabbro et al., 2019a, 2019b).enzymes

3 | RESULTS

3.1 | BDB is a competitive inhibitor of PTP1B

Recombinant hPTP1B1–321 was used for measuring the in vitro inhibi-

tory activity of BDB. BDB potently inhibited PTP1B, with an IC50 of

1.86 μM (Figure 1b). To exclude the possibility that false-positive data

were generated from the in vitro enzyme assay, direct interaction

F IGURE 4 Hypoglycaemic effect of BDB in diabetic BKS db mice. Animals were orally treated with BDB (50 or 100 mg�kg−1, BDB-L, BDB-H,

respectively) or metformin (100 mg�kg−1) for 9 weeks. (a–c) Body weight (a), food intake (b), and water intake (c) of BKS db mice fed a normal
chow diet and treated with/without BDB. (d, e) Plasma glucose levels of diabetic mice treated with vehicle, BDB, or metformin and of normal BKS
mice treated with vehicle, after fasting for 12 h (d) or 6 h (e). n = 8 for BKS, metformin, BDB-H, and BDB-L groups; for BKS db group, n = 8 during
the first to fourth week and n = 7 during the fifth to ninth week. (f–h) Random blood glucose (RBG) levels (f), 12-h fasting blood glucose (FBG)
levels (g), and serum glycosylated serum albumin (GSA) levels (h) at the end of 9-week treatment. n = 6 for BKS, metformin, and BDB-H groups;
for BKS db group, n = 5 in RBG and FBG tests and n = 6 in GSA test. Data are expressed as means ± SEM from the numbers of mice shown
above. *P < 0.05, (c, d, e) BDB-H group mice significantly different from vehicle-treated diabetic BKS db mice or (f, g, h) as indicated
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between BDB and PTP1B was detected using SPR analysis, which

revealed that BDB bound to PTP1B with an affinity of 1.812 μM and

in a slow-on and slow-off manner (Figure 1c).

Low MW inhibitors can form ligand–protein complexes with their

targets and thereby disrupt the function and increase the stability of

target proteins. We used two target-engagement assays to investigate

whether BDB binds to and enhances the stability of PTP1B. The

results of DARTS assay showed that BDB treatment could protect

PTP1B from pronase-induced proteolysis (Figure 1d), and the results

of CETSA performed using C2C12 myotube lysates indicated that

BDB protected PTP1B against temperature-dependent degradation

(Figure 1e).

Next, the inhibitory type of BDB was studied through

Lineweaver–Burk analysis of the enzyme reaction (Figure 1f); in the

generated plot, the regression lines intersected on the y-axis, and

whereas the KM values increased in a dose-dependent manner, the

Vmax values did not change, indicating that BDB is a competitive inhib-

itor. The measured Ki of BDB was 1.1 μM (Figure 1g).

To ascertain the manners in which BDB binds to PTP1B, we

constructed 3D binding models in an open conformation of PTP1B

(PDB code: 2HNP) through docking simulation (Figures S1 and 1h),

which revealed that BDB is embedded in the active site and a dense

network of hydrogen bonds is established between the phenolic

hydroxyl groups of BDB and Pro180, Cys215, and Asp265 of PTP1B;

moreover, Lys116 and Arg221 participate in the formation of

cation–π interactions with the phenyl rings. Because of these multiple

interactions, BDB can effectively self-adapt to the active site of the

enzyme and function as a potent inhibitor.

Lastly, we again used SPR analysis to examine PTP1B interaction

with a methylated derivative of BDB, which was synthesized in our

laboratory. The methylated derivative did not bind to PTP1B

(Figure 1i), which suggests that hydrogen bonding constitutes the

main interaction force that maintains the binding of BDB and PTP1B.

3.2 | BDB is a specific inhibitor of PTP1B

Considering that PTP-family members contain a highly conserved cat-

alytic domain, we next investigated the selectivity of BDB for PTP1B

relative to four other PTPs: TC-PTP, SHP-1, SHP-2, and LAR. At

20 μg�ml−1, BDB almost totally inhibited the activity of PTP1B but

was markedly less effective against the other tested PTPs (<50%

inhibited) (Figure 2a). The catalytic domain of TC-PTP shares 74%

sequence identity with that of PTP1B (Figure S1), but the BDB IC50

for TC-PTP (Figure 2b) was �7.5-fold higher than that for PTP1B

(Figure 1b). Moreover, the IC50 values for SHP-1, SHP-2, and LAR

were all higher than that for TC-PTP (Figure 2c–e), demonstrating that

BDB was a specific inhibitor of PTP1B.

To confirm this selectivity of BDB, we immobilized these four

PTPs on CM5 chips and performed SPR analysis. The affinity of BDB

F IGURE 5 Effect of BDB treatment on glucose intolerance and insulin resistance in diabetic mice. (a–d) Glucose tolerance (a) and insulin
sensitivity (c) were measured using OGTT and ITT, respectively, in diabetic mice treated with/without BDB for 7 weeks. The AUC is shown on
the right for OGTT (b) and ITT (d). Data are presented as means ± SEM (n = 6). *P < 0.05, (a, c) BDB-H group mice significantly different from
vehicle-treated diabetic BKS db mice or (b, d) as indicated
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binding toTC-PTP (Figure 2f), was �8.9-fold lower than the affinity of

BDB binding to PTP1B (Figure 1c). Similarly, BDB exhibited

considerably lower binding affinity for SHP-1 and SHP-2 than PTP1B

(Figure 2g,h) and, furthermore, showed no detectable binding to LAR

(Figure 2i).

3.3 | BDB is cell permeable in C2C12 skeletal
muscle cells

To function at cellular and whole-animal levels, BDB must penetrate

the cell membrane, we therefore, assessed the cell-membrane

permeability of BDB. First, we calculated the theoretical octanol–

water partition coefficient to predict the lipophilicity of BDB. The

theoretical cLogP was 6.94, which indicated preferential distribution

of BDB into a hydrophobic environment rather than a hydrophilic

environment; thus, BDB is likely to pass through the cell membrane.

Next, we exposed C2C12 skeletal muscle cells to 10-μM BDB for 8 h

and then used HPLC to measure the content of BDB in cell lysates

(Figures S3 and 3a). The average ratio of BDB in the cell lysates in the

five independent repetitions of the experiment is shown in Figure 3b,

and indicates that BDB successfully passed through the cell

membrane and accumulated intracellularly.

Given that BDB demonstrated the ability to cross the plasma

membrane, we next examined the activity of BDB as a PTP1B

inhibitor in whole cells. We used immunoblotting and analysed the

F IGURE 6 Effects of BDB on dyslipidaemia in diabetic mice. (a) H&E staining of liver after 9-week treatment with vehicle in normal BKS mice
or with vehicle, metformin, or high-dose BDB in diabetic BKS db mice (scale bar, 100 μM). (b–f) Mouse serum was prepared at the end of the
ninth week and used for determining total cholesterol (TC, b), triglyceride (TG, c), LDL-cholesterol (LDL-C, d), HDL-cholesterol (HDL-C, e), and
circulating free fatty acid (FFA, f) levels. InTC test, n = 6; inTG and LDL-C tests, n = 5; in HDL-C test, n = 7 for BKS group, and n = 5 for BKS db,
metformin, and BDB-H groups; and in FFA test, n = 6 for BKS and BKS db groups, n = 8 for metformin group, and n = 7 for BDB-H group. Data
are presented as means ± SEM, from the numbers of mice shown above. *P < 0.05, significantly different as indicated; n.s., not significant
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phosphorylation level of Tyr608 of IRS1, one of the direct substrates

of PTP1B, and Ser473 of Akt, a downstream effector of IRS1

(Figure 3c). Notably, after BDB treatment, insulin-stimulated phos-

phorylation of IRS1-Tyr608 was increased (Figure 3d), as was that of

Akt-Ser473 (Figure 3e), although PTP1B levels were unaffected by

BDB exposure (Figure 3f). These results suggest that BDB enhances

insulin signalling directly without altering the protein level of PTP1B.

We also tested whether BDB can increase the thermal stability of

PTP1B in intact cells; CETSA results indicated that BDB treatment

effectively protects PTP1B protein from temperature-dependent

degradation at the intact-cell level (Figure 3g).

3.4 | Oral administration of BDB prevents
hyperglycaemia in diabetic BKS db mice

To evaluate the potential antidiabetic effect of BDB in vivo, we used

genetically diabetic mice: BKS db mice (db/db mice). Mice were given

F IGURE 7 Effects of BDB on pancreatic islet architecture in diabetic mice. After 9-week treatment of diabetic BKS db mice were treated
with vehicle, metformin, or BDB, the pancreas was isolated, embedded in paraffin, and sectioned. Control: sections of pancreas are from normal
BKS mice treated with vehicle. (a–e) H&E staining (a), insulin immunostaining (b), glucagon immunostaining (c), insulin and glucagon double-
immunostaining (d), and insulin and Ki67 double-immunostaining (e) of pancreas from BKS mice treated with vehicle or from BKS db mice treated
with vehicle, metformin, or BDB for 9 weeks (scale bar, 100 μm). (f) Percentage of Ki67-positive beta cells. n = 6 for BKS and BDB-H groups, and
n = 5 for BKS db and metformin groups. Data are shown as means ± SEM from the numbers of mice shown above. *P < 0.05, significantly
different as indicated; n.s., not significant
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BDB (50 and 100 mg�kg−1 �day−1) orally for 9 weeks, and another

group of mice was treated with metformin (100 mg�kg−1 day−1), as

the positive control.

Diabetic mice are characterized by obesity, polyphagia, and

polyuria. During the 9 weeks of treatment, BDB did not affect either

body weight or food intake of the diabetic mice (Figure 4a,b).

However, water intake of the mice in the BDB-treatment group

showed a decreasing tendency starting from the fifth week (Figure 4c)

and was significantly decreased at the fifth and seventh week.

Long-time and short-time fasting glucose levels were significantly

decreased starting from the second week of high-dose BDB treatment

(Figure 4d,e). Metformin effectively lowered the blood glucose level

from the third week onwards, which was 1 week later than the BDB

treatment. At the end of the ninth week, random blood glucose (RBG)

levels and 12-h FBG levels were measured, showing that BDB

treatment led to significant glycaemic control in the diabetic mice

(Figure 4f,g). Moreover, serum glycosylated serum albumin (GSA)

levels were decreased at the ninth week of BDB treatment

(Figure 4h).

To examine the effects of BDB on glucose tolerance and insulin

sensitivity, OGTT and ITT were performed: BDB improved glucose

clearance in diabetic mice, with the quantified data showing that the

AUC was decreased by �25.6% (Figure 5a,b). BDB treatment also

significantly decreased insulin resistance in BKS db mice, as indicated

by the �36.7% decrease in the AUC (Figure 5c,d).

Collectively, our results suggest that oral administration of BDB

prevented hyperglycaemia and improved insulin sensitivity in diabetic

BKS db mice.

3.5 | BDB treatment ameliorates hepatic steatosis
and dyslipidaemia

As compared with non-diabetic control mice, vehicle-treated

diabetic mice exhibited overt hepatic steatosis, with vacuolated and

swollen hepatocytes present in liver sections (Figure 6a). BDB

treatment ameliorated these hepatic disorders and caused significant

reductions in circulating TC, TG, and LDL-C levels, relative to the

levels after vehicle treatment (Figure 6b–d). Moreover, HDL-C levels

were effectively increased after 9 weeks of BDB treatment

(Figure 6e). However, BDB did not affect circulating FFA levels

(Figure 6f). These results suggest that BDB treatment also mitigated

the metabolic abnormalities associated with T2DM, such as hepatic

steatosis and hyperlipidaemia.

3.6 | BDB treatment improves pancreatic islet
architecture in BKS db mice

PTP1B inhibitors can effectively reduce blood glucose levels in

diabetic animal models, but the long-term effect of PTP1B inhibition

on pancreatic islets remains incompletely studied. Therefore, we

performed multiple-antibody staining of pancreas and acquired digital

images of whole-pancreas sections to characterize islet morphology

and measure cell composition (Figures 7 and S4).

Pancreatic islet architecture and cell composition clearly differed

between the non-diabetic and diabetic groups (Figure 7). In

non-diabetic control mice, the islets harboured a large, tight, insulin-

positive, beta cell core, surrounded by a layer of slightly glucagon-

positive alpha cells, whereas the islets in vehicle-treated diabetic mice

contained more glucagon-positive alpha cells, which penetrated the

entire islet, including the central core (Figure 7b–d). Notably, 9 weeks

of BDB treatment significantly increased the number of beta cells

(Figure 7b), reduced the number of α-cells in the islets (Figure 7c), and

increased the ratio of beta cells to alpha-cells (Figure 7d). More

importantly, BDB treatment restored the distribution pattern of beta:

alpha cells in the islets: the alpha cells in the islet core were markedly

decreased and those at the islet edges were effectively increased

(Figure 7d). Although islet PTP1B expression did not differ between

non-diabetic and diabetic mice (Figure S4D), our results indicate that

the efficacy of the low MW PTP1B inhibitor potentially extends

beyond blood glucose control and helps improve islet architecture.

Lastly, we analysed beta cell proliferation in islets by double

staining for Ki67, a marker of cellular proliferation, and insulin

(Figure 7e). Relative to the level in healthy BKS mice, fewer

Ki67-positive beta cells were present in the islets of vehicle-treated

diabetic mice, but Ki67-positive beta cells were readily detected in

the islets of BDB-treated BKS db mice (Figure 7f). These results

indicate that BDB can enhance the islet architecture and beta cell

mass by promoting the proliferation of beta cells.

4 | DISCUSSION AND CONCLUSIONS

Over the past decade, the phosphatase PTP1B has been regarded as a

favourable drug target for therapeutic interventions designed for

obesity and T2DM (He, Yu, Zhang, & Zhang, 2014). Consequently,

much pharmaceutical research effort has been expended to identify

low MW inhibitors of PTP1B for the treatment of T2DM and

obesity-related metabolic diseases. However, most of the identified

inhibitors are negatively charged phosphotyrosine (pTyr) mimics, such

as phosphonates, carboxylic acids, and sulfamic acids, which exhibit

poor selectivity for PTP1B and insufficient in vivo efficacy because of

low cell permeability and bioavailability (Thareja, Aggarwal,

Bhardwaj, & Kumar, 2012). To date, only five low MW PTP1B

inhibitors have reached the clinical trial stage - ertiprotafib, TTP814,

JTT-551, MSI-1436, and KQ-791, and no drug has as yet been

approved for treatment.

To meet this challenge, we have focused on investigating low

MW PTP1B inhibitors obtained from marine natural products and

derivatives (Fan et al., 2003; Jiang, Guo, Shi, Guo, & Wang, 2013;

Jiang, Shi, Cui, & Guo, 2012; Li et al., 2019; Luo et al., 2018; Luo,

Jiang, Li, Jia, & Shi, 2019). BDB is a natural bromophenol isolated from

the marine red alga R. confervoides (Fan et al., 2003). Here, we have

identified BDB as a competitive inhibitor of PTP1B by using in vitro

enzyme inhibition assays. Moreover, to eliminate any false-positive
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data that might be obtained in enzymic reaction analyses, we used the

SPR assay to examine the direct binding of BDB with PTP1B. The

Biacore SPR method is a rapid, label-free, and real-time technique

for detecting biomolecular interactions (Schasfoort, 2017), and

continuous enhancement of the sensitivity of commercial SPR

instruments has resulted in SPR becoming a well-established and

necessary research tool for studying the binding of low MW

compounds to proteins (Liao et al., 2017). The binding affinity

between proteins and low MW compounds generally ranges from

10−3 to 10−6 M, and the affinity of BDB for PTP1B was measured to

be 1.8 × 10−6 M. This suggests that BDB is a potent PTP1B inhibitor.

The results of molecular dynamics simulations revealed that BDB

is deeply embedded in the pocket of the PTP1B catalytic domain and

that strong hydrogen-bonding interactions exist between BDB and

the residues of PTP1B. Importantly, by using SPR to examine the

interaction between a methylated derivative of BDB and PTP1B, we

determined that the hydrogen bonds provide the main interaction

force underlying the binding of BDB and PTP1B. Thus, it is likely that

BDB inhibits PTP1B by competing with the substrate for interaction

at the enzyme's catalytic domain, with the binding of BDB being

mostly mediated by hydrogen bonding.

The results of docking analyses indicated that BDB interacts with

the PTP1B residues Pro180, Cys215, and Asp265. Intriguingly, these

residues are the same as the corresponding residues in TC-PTP

(Figure S2). PTP-family proteins contain a highly conserved catalytic

domain, and this is particularly relevant here in the case of TC-PTP,

which shares 74% sequence identity with PTP1B in its catalytic

domain. Moreover, the active sites of these two proteins are identical

(Andersen et al., 2001; Johnson et al., 2002). Poor selectivity can

cause target-related side effects, and selectivity is one of the major

challenges faced in the development of PTP1B inhibitors. Neverthe-

less, we showed here that BDB acted as a specific inhibitor of PTP1B

and further that BDB exhibited lower binding affinity for TC-PTP,

SHP-1, and SHP-2 and showed no binding to LAR. The mechanism

underlying this selectivity is unclear, and this could be addressed in

future studies by performing 2D-HNMR and co-crystallization of BDB

with PTP1B. However, currently, the selectivity exhibited by inhibi-

tors towards closely related phosphatases remains to be explained.

PTP1B anchors on the cytoplasmic face of the endoplasmic reticu-

lum through a C-terminal hydrophobic sequence (Frangioni, Beahm,

Shifrin, Jost, & Neel, 1992) and catalyses protein dephosphorylation by

means of its charged active site (Xiao et al., 2014). Several compounds

have been found to inhibit PTP1B highly effectively in vitro, but poor

cell permeability limits the ability of these compounds to reach their

intracellular target. For example, many of the inhibitory compounds

are highly charged or strongly polar because they contain pTyr

mimetics, and thus, these compounds cannot pass through the cell

membrane and access intracellular PTP1B. By contrast, BDB, unlike

pTyr mimetics, is an uncharged compound, and its theoretical cLogP

was calculated here to be 6.94; thus, BDB is expected to show prefer-

ential distribution into a hydrophobic rather than a hydrophilic milieu

and is likely to pass through the cell membrane. Accordingly, our HPLC

analysis of BDB accumulation in C2C12 myotubes yielded an average

BDB ratio in the myotubes of nearly 13%, which indicates that BDB

successfully passed through the cell membrane and accumulated intra-

cellularly. However, a limitation of the HPLC method is that the non-

specific adsorption of BDB on the cell membrane cannot be excluded,

and thus, we performed immunoblotting and intact-cell CETSA to fur-

ther assess the ability of BDB to interact with intracellular PTP1B and

enhance PTP1B-mediated insulin signalling. We were able to show

that BDB protected intracellular PTP1B from temperature-dependent

degradation and that BDB directly increased the phosphorylation

levels of IRS1 and Akt, without altering the protein level of PTP1B.

These results indicate that BDB is cell-permeable. However, high

cLogP value could affect the solubility of BDB and, consequently, may

influence the absorption of BDB. It will be essential to determine the

pharmacokinetics of this inhibitor, measuring the absorption, distribu-

tion, and elimination of BDB in mice in further studies.

The in vivo efficacy of several PTP1B inhibitors does not always

agree with their observed in vitro effects and pharmacodynamic studies

on these inhibitors in diabetic animal models are crucial. More impor-

tantly, oral bioavailability is one of the major challenges encountered in

the development of PTP1B inhibitors (Combs, 2010). In this study, we

investigated the effects of long-term oral administration of BDB. BDB

markedly reduced fasting glucose levels starting from the second week,

and this demonstrated that the BDB effect was measurable 1 week

earlier than the effect of metformin. OGTT results further showed that

BDB increased the ability of diabetic mice to clear glucose, and ITT

results showed that BDB notably decreased insulin resistance in BKS

db mice. Taken together, our results indicated high bioavailability of

BDB, and oral administration of BDB prevented hyperglycaemia and

concurrently enhanced glucose tolerance and insulin sensitivity.

Dyslipidaemia, which affects �50% of T2DM patients, is a risk

factor for cardiovascular complications. Diabetic dyslipidaemia is

characterized by a high plasmaTG concentration, low HDL-C concen-

tration, and high LDL-C concentration (Mooradian, 2009). We found

that BDB markedly reduced the circulating levels of TC, TG, and

LDL-C and effectively increased the level of HDL-C, which indicates

that BDB exerted ameliorative effects on aberrant blood lipid levels.

Diabetes mellitus is a progressive disease in which beta cell

counts start to decrease from as early as the diagnosis of pre-diabetes,

and these cell numbers in pancreatic islets decrease at a rate of �4%

per year as the disease progresses (Halban et al., 2014; Wang

et al., 2015). In T2DM patients, beta cell failure occurs as a result of

de-differentiation, which results in the decrease in beta cell numbers

(Halban et al., 2014). Given this new understanding of the mechanism

of beta cell failure, identification of effective methods to reverse the

de-differentiation of beta cells has emerged as the key to the

treatment of diabetes mellitus. Among the currently approved oral

hypoglycaemic drugs, insulin secretagogues can induce beta cell

apoptosis (Maedler et al., 2005), and glinides can damage beta cell

function (Takahashi et al., 2007). Moreover, long-term use of insulin

sensitizers and glycosidase inhibitors does not help improve the

function of beta cells (Halban et al., 2014). Therefore, there is an

urgent need for effective therapeutic drugs to restore the numbers of

beta cells inT2DM patients.
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The role of PTP1B in regulating the insulin signalling pathway is

widely recognized, but few investigations to date have focused on the

function of PTP1B in pancreatic beta cells. A previous study showed

that, relative to control mice, mice with PTP1B deletion in the

pancreas displayed earlier impairment of glucose tolerance and

attenuated glucose-stimulated insulin secretion under high-fat-diet

feeding (Liu et al., 2014). However, highly contrasting results were

obtained in another study in which isolated islets from 8-week-old

PTP1B−/− mice showed enhanced glucose-stimulated insulin secretion

(Fernandez-Ruiz, Vieira, Garcia-Roves, & Gomis, 2014), and pancreatic

islets from PTP1B−/− mice also exhibited, relative to control, increased

beta cell area, coupled with higher proliferation and lower apoptosis

(Fernandez-Ruiz et al., 2014). In our experiments, we have used a low

MW inhibitor of PTP1B to further investigate the precise role of

PTP1B in regulating pancreatic beta cell mass. Intriguingly, BDB

treatment improved pancreatic islet architecture and concurrently

increased the percentage of beta cells and decreased percentage of

alpha cells. Moreover, BDB administration increased the number of

Ki67-positive beta cells, which implies that the treatment promoted

beta cell proliferation. Thus, our study indicates that selective

inhibition of PTP1B is not only beneficial for glycaemic control but

also conducive to the proliferation and viability of pancreatic beta

cells. A more recent study confirmed that the protective effect

exerted by PTP1B on islets represents another mechanism of action

of the enzyme: targeting of pancreatic islet PTP1B improved islet graft

revascularization and transplant outcomes (Figueiredo et al., 2019).

Collectively, these findings reveal that targeting PTP1B can improve

the structure and function of diabetic islets.

As compared with kinase research, phosphatase research is still in

its infancy. Several early studies led many to believe that phospha-

tases were “undruggable” targets because of the high conservation

rate of their active site. Here, we have provided proof-of-concept

results indicating that these challenges associated with active-site-

directed inhibitors of PTP1B can be overcome. We have identified

BDB as a specific PTP1B inhibitor that exhibits high cell permeability,

and we have also presented evidence that BDB is orally bioavailable

and exerts antidiabetic effects in a spontaneously diabetic mouse

model and concurrently enhances glucose tolerance and insulin

sensitivity in these mice. More importantly, we have reported that

BDB improves pancreatic islet architecture and concomitantly

increases beta cell numbers.

The current study also has some limitations. Additional investiga-

tions into the mechanism underlying BDB specificity for PTP1B and

further testing of BDB selectivity by including additional PTPs and

PTP1B-knockout cells/animals need to be addressed in further work.

The pharmacokinetics and toxicity of BDB should also be evaluated in

the mouse model.

In conclusion, this study has shown that oral administration of

BDB successfully produced antidiabetic effects by selectively

inhibiting PTP1B. Our study has also provided new insights into the

role of PTP1B in pancreatic beta cells. Our hope is that BDB will

emerge as a candidate drug for clinical treatment of T2DM in the

near future.
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