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Abstract: Inhibition of the megakaryocyte protein tyrosine phosphatase 2 (PTP-MEG2, also named
PTPNDY) activity has been shown to be a potential therapeutic strategy for the treatment of type
2 diabetes. Previously, we reported that PTP-MEG2 knockdown enhances adenosine monophosphate
activated protein kinase (AMPK) phosphorylation, suggesting that PTP-MEG2 may be a potential
antidiabetic target. In this study, we found that phloridzin, isolated from Ulmus davidiana var. japon-
ica, inhibits the catalytic activity of PTP-MEG2 (half-inhibitory concentration, ICsq = 32 + 1.06 uM)
in vitro, indicating that it could be a potential antidiabetic drug candidate. Importantly, phloridzin
stimulated glucose uptake by differentiated 3T3-L1 adipocytes and C2C12 muscle cells compared to
that by the control cells. Moreover, phloridzin led to the enhanced phosphorylation of AMPK and
Akt relevant to increased insulin sensitivity. Importantly, phloridzin attenuated palmitate-induced
insulin resistance in C2C12 muscle cells. We also found that phloridzin did not accelerate adipocyte
differentiation, suggesting that phloridzin improves insulin sensitivity without significant lipid
accumulation. Taken together, our results demonstrate that phloridzin, an inhibitor of PTP-MEG2,
stimulates glucose uptake through the activation of both AMPK and Akt signaling pathways. These
results strongly suggest that phloridzin could be used as a potential therapeutic candidate for the
treatment of type 2 diabetes.

Keywords: protein tyrosine phosphatases (PTPs); PTP-MEG2; phloridzin; type 2 diabetes; glucose-uptake

1. Introduction

Protein tyrosine phosphatases (PTPs) constitute a diverse family of enzymes and
control the cellular protein tyrosine phosphorylation levels associated with cell growth,
metabolism, and apoptosis [1]. Loss of the regulation in protein tyrosine phosphorylation
has been implicated in many diseases, including cancer, diabetes, and autoimmune dis-
orders, suggesting that PTPs may act as potential drug targets [1,2]. Some PTPs, such as
PTPN1, PTPN9, PTPN11, PTPRF, PTPRS, and dual specificity phosphatase 9 (DUSP-9), lead
to type 2 diabetes associated insulin resistance through antagonism of insulin action [3,4].
Since the activation of adenosine monophosphate -activated protein kinase (AMPK) stimu-
lates glucose uptake by promoting GLUT4 translocation, antidiabetic effects are associated
with AMPK phosphorylation, suggesting that AMPK is a target for the treatment of type 2
diabetes [5-8]. We have previously shown that knockdown of the megakaryocyte protein
tyrosine phosphatase 2 (PTP-MEG2, also named PTPN9) enhances AMPK phosphorylation
in 3T3-L1 preadipocytes, suggesting that PTP-MEG2 can be a potential antidiabetic drug
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target [9]. In addition, it has been reported that PTP-MEG?2 is an antagonist of liver insulin
signaling and that depletion of PTP-MEG?2 in the liver of diabetic (db/db) mice leads
to insulin sensitization and normalization of hyperglycemia [10]. Moreover, PTP-MEG2
inhibitor has shown to enhance Akt phosphorylation in primary hepatocytes and improve
insulin resistance and glucose homeostasis in diet-induced obese C57BL/6 mice, suggest-
ing that the inhibition of PTP-MEG?2 activity may be a potential therapeutic approach in
treating type 2 diabetes [1]. Based on previous research, identification of the PTP-MEG2
inhibitors may be an effective strategy for treating type 2 diabetes. In this study, phloridzin
was identified as a slow binding inhibitor of PTP-MEG2, suggesting that it could potentially
be used as an antidiabetic drug.

Phloridzin, phloretin 2’-O-glucoside (sometimes also referred to as phlorizin), is a
flavonoid belonging to the chemical class of dihydrochalcones and is associated with
flavonoid biosynthesis [11]. Phloridzin is one of the major polyphenols found in apple
(Malus sp.), and it is mainly present in the leaves and bark of apple trees. Low amounts
of phloridzin exist in apple fruits as well. A few other species belonging to Rosaceae
and Ericaceae also possess this compound, but only in low amounts [11]. Phloridzin
has been widely used as an alternative medicine and possesses various pharmacological
traits: scavenging effect for superoxide anions [12], inhibitory effect on lipid peroxida-
tion [13], melanogenesis stimulatory effect through the inhibition of protein kinase C
activity [14], and proliferative effect on human CD49f* /CD29* keratinocytes [15]. In par-
ticular, the effects of phloridzin on glucose uptake and diabetes have been intensively
investigated [11,16-18]. Phloridzin lowered the blood glucose levels and reversed Sglt1
expression in streptozotocin-induced diabetic mice [17], and was able to inhibit the sodium-
dependent glucose-linked transporter, SGLT [18]. Due to its potential applicability as a
pharmacological agent, phloridzin has recently received significant attention from many
research groups. However, the direct target for the antidiabetic function of phloridzin re-
mains unknown. In this study, phytochemical analysis of the root barks of Ulmus davidiana
var. japonica led to the isolation of phloridzin. We observed that phloridzin inhibited the
enzymatic activity of PTP-MEG?2 in vitro, indicating that phloridzin targets PTP-MEG2.
We subsequently examined the effects of phloridzin in insulin-responsive cell lines such
as mouse 3T3-L1 adipocytes and C2C12 muscle cells. Herein, we describe the isolation of
phloridzin and its potential as an inhibitor of PTP-MEG2 relevant to insulin resistance.

2. Results
2.1. Isolation and Identification of Phloridzin

The crude extract of the root barks of U. davidiana var. japonica was sequentially sol-
vent partitioned between water and organic solvents, including hexane, dichloromethane,
ethyl acetate (EtOAc), and n-butanol of increasing polarity, yielding four fractions. Phy-
tochemical analysis of the EtOAc-soluble fraction was performed using repeated column
chromatography and semi-preparative HPLC separation, resulting in the isolation of
phloridzin. The structure of phloridzin (Figure 1) was determined by comparing the 'H
and 13C-NMR spectra with those previously reported in the literature [11,14,17], and by
LC/MS analysis.

Figure 1. The chemical structure of phloridzin.
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2.2. Suppression of PTP-MEG2 Enhanced AMPK Phosphorylation

To identify the antidiabetic target of phloridzin, we performed PTP-MEG2 knockdown
in 3T3-L1 preadipocytes using PTP-MEG2 siRNA for 72 h. Scrambled siRNA was used
as a negative control. At the same time, we also incubated cells with 10 uM phloridzin
for 72 h. Efficient suppression of PTP-MEG2 was confirmed by quantitative RT-PCR or
Western blotting (Figure 2A,B). Consistent with our previous findings [9], we found that
PTP-MEG2 knockdown significantly increased AMPK phosphorylation, suggesting that
PTP-MEG2 can be a potential antidiabetic drug target (Figure 2B,C). In addition, AMPK
phosphorylation was also enhanced in 10 uM phloridzin-treated cells, as compared to
the control (Figure 2B,C). Furthermore, concurrent treatment with PTP-MEG2 siRNA and
10 uM phloridzin increased AMPK phosphorylation less than that of PTP-MEG2 siRNA
knockdown alone, indicating that phloridzin targets PTP-MEG2 (Figure 2B,C).
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Figure 2. Suppression of PTP-MEG2 enhanced AMPK phosphorylation. (A,B) 3T3-L1 preadipocytes were transfected with
30 nM PTP-MEG2 siRNA or scrambled siRNA as a control (con). After 72 h, cells were lysed and analyzed by quantitative
real-time PCR (A) or Western blotting (B). (C) Quantification of phospho-AMPK/total-AMPK using the ATTO image
analysis software (CS analyzer 4). All experiments were independently repeated at 3 times. Results are presented as mean
=+ standard error of the mean (SEM). ** p < 0.001, * p < 0.05 compared to the control siRNA condition (con siRNA).

2.3. Phloridzin Inhibited the Catalytic Activity of PTP-MEG2 In Vitro

Next, PTP-MEG2 was overexpressed and purified using a cobalt affinity resin (Figure 3A).
To measure its catalytic activity, kinetic constants of PTP-MEG2 were determined using
DiFMUP as a fluorogenic PTP substrate (Table 1). Phloridzin showed better inhibition
of DiIFMUP hydrolysis by PTP-MEG2 than other PTPs such as PTPN1, PTPRS, PTPRE,
and DUSP9 (Table 2). The progress curves of DiFMUP hydrolysis by PTP-MEG2 were
linear in the absence of an inhibitor but hyperbolic progress curves were observed in the
presence of phloridzin, indicating that phloridzin acted as a slow-binding inhibitor of
PTP-MEG?2 (Figure 3B). To estimate its half-inhibitory concentration (ICs), PTP-MEG2 was
pre-incubated with phloridzin for 20 min and then a DiFMUP solution was added to it. The
ICsq value of phloridzin against PTP-MEG2 was determined to be 32 4= 1.06 uM (Figure 3C).
Since the Hill coefficient (1) obtained based on the slope of the Hill plot represents the
degree of cooperativity in ligand—protein interactions (1 > 1, positively cooperative binding;
n =1, noncooperative binding; n < 1, negative cooperative binding) [19], we estimated the
extent of cooperativity between phloridzin and PTP-MEG2. We found that n was estimated
to be 2.5 for PTP-MEG2, indicating positive cooperation in the binding of phloridzin
to PTP-MEG2 (Figure 3D). Moreover, surface plasmon resonance (SPR) analysis was
performed to measure the molecular interaction between phloridzin and PTP-MEG2. To
this end, the association (k = 48.4 M~1s~1) and dissociation (k = 2.26 x 10~% s~1) constants
were estimated. SPR analysis revealed the specific interaction of phloridzin with PTP-
MEG?2, which had an equilibrium constant (K = k/k) value of 4.66 pM (Figure 3E). In
addition, we measured the enzymatic activity of purified PTP-MEG2 by antidiabetic agents
such as rosiglitazone and metformin. We found that both rosiglitazone and metformin
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did not inhibit the catalytic activity of PTP-MEG?2 in vitro, indicating that inhibition of
catalytic activity of PTP-MEG2 was phloridzin-specific among glucose-lowering agents

(Supplementary Materials Figure S1).
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Figure 3. PTP-MEG?2 inhibition by phloridzin. (A) Polyacrylamide gel electrophoresis (PAGE) analysis of PTP-MEG2
(molecular weight: 37.8 kDa). M: molecular weight marker, lane 1: total sample before induction, lane 2: supernatant before
induction, lane 3: total sample after induction, lane 4: supernatant after induction, lane 5: sample passed through the column
after sonication, lane 6: sample after washing the column using lysis buffer, lane 7: sample after washing the column using
10 mM imidazole, lanes 8-9: protein eluted using 100 mM imidazole. (B) Progress curves showing inhibition of PTP-MEG2
by phloridzin at 800 uM (A), 400 pM (+), 200 uM (e), 100 pM (=), 50 uM (#), and 0 uM (H). (C) ICs5 values estimated by
fitting the sigmoid plot for % inhibition versus various concentrations of phloridzin (200, 100, 50, 25, 12.5, 3.125, and 0 uM).
(D) Hill coefficient (nH) was calculated from the slopes of the Hill plots created according to the Hill equation. (E) SPR
analysis was performed in running buffer (5% DMSO in PBS) using a Reichert SR7500DC system. Purified PTP-MEG2 was
injected for 3 min at a flow rate of 20 uL/min. Interaction analyses were performed by injection of increasing concentrations
(12.5 to 200 uM) of phloridzin at a flow rate of 30 uL/min. Association and dissociation signals were monitored for 300 and
420 s, respectively. All experiments were independently repeated at 3 times.

Table 1. Kinetic constants for 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP )hydrolysis by
PTP-MEG?2. Kinetic constants of PTP-MEG2 for measuring enzyme activity were determined using
DiFMUP as a fluorogenic PTP substrate.

[E] (pM) K (uM) V (uMmin—1) k (min—1) k/K (uM~1 min—1)
PTP-MEG2 62.5 163.1 2.166 347 x 104 2.12 x 102

Table 2. Inhibition of PTPs by phloridzin treatment. PTPs were added to solutions containing 200 uM
phloridzin in reaction buffer with DIFMUP (2 x K).

PTPs PTPN1 PTPRS PTP-MEG2 PTPRF DUSP9
Inhibition (%) 39+3 18 +1 81+1 11+2 13+2

2.4. Glucose Uptake Is Increased Following Phloridzin Treatment

Previously, PTP-MEG2 inhibitors have been shown to increase insulin signaling and
improve glucose homeostasis in diet-induced obese mice [1]. Since glucose uptake by
insulin target tissues, such as skeletal muscle, liver, and fat, plays an important role in
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maintaining glucose homeostasis [6], we examined the effects of phloridzin in 3T3-L1
adipocytes and C2C12 muscle cells. To assess the appropriate concentrations of phloridzin
for use in cell-based studies, its cytotoxicity was studied using an EZ-Cytox assay Kkit.
Incubation of 3T3-L1 adipocytes and C2C12 muscle cells with 1 or 10 uM phloridzin for
48 h had no effects on cell viability, indicating that these concentrations were suitable for
cell treatment (Figure 4A,B).
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Figure 4. Phloridzin increases glucose uptake. (A,B) 3T3-L1 adipocytes (A) and C2C12 muscle cells
(B) were incubated with the indicated concentrations of phloridzin for 2 days and cell viability was
assessed by the EZ-Cytox assay kit. (C-E) Differentiated 3T3-L1 preadipocytes (C) and C2C12 muscle
cells (D,E) were incubated for 1 h or 72 h (E) with 1 or 10 uM phloridzin, 0.1 uM insulin, or 2 uM
rosiglitazone, and then treated with the fluorescent glucose indicator, 2-NBDG, for 30 min. For the
detection of 2-NBDG, cells were washed with PBS and the fluorescence intensity was evaluated using
a fluorescence microplate reader. All experiments were independently repeated at 3 times. Results
are expressed as mean + SEM. Data were analyzed using a two-tailed unpaired t-test. ** p < 0.01,
* p < 0.05 compared to the control group.

We next elucidated the effects of phloridzin on the glucose uptake of differentiated
3T3-L1 adipocytes and C2C12 muscle cells using the fluorescent glucose probe, 2-(N-(7-
nitrobenz-2-oxa-1, 3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDG). Cells were incubated
with 1 or 10 uM phloridzin, 0.1 uM insulin (positive control), or 2 uM rosiglitazone (an
antidiabetic drug used as the positive control) for 1 h. After changing the culture medium,
the cells were treated with 2-NBDG for 30 min. After washing the cells with PBS, the
fluorescence intensity (excitation/emission = 485/535 nm) was measured. We found that
the phloridzin-treated cells had significantly enhanced fluorescence intensity as compared
to the control, suggesting that phloridzin stimulated glucose uptake by differentiated
3T3L1 adipocytes as well as C2C12 muscle cells (Figure 4C,D). In addition, C2C12 muscle
cells were cultured with 10 uM phloridzin or 0.1 uM insulin for 72 h and glucose uptake
was assessed. We found that incubation with 10 uM phloridzin enhanced glucose uptake.
Furthermore, concurrent treatment with 10 uM phloridzin and 0.1 uM insulin increased
glucose uptake, as compared to cells treated with 0.1 uM insulin alone (Figure 4E). In
addition, treatment with 10 pM phloridzin for 72 h induced the translocation of glucose
transporter type 4 (GLUT4) in C2C12 muscle cells, similar to 0.1 pM insulin-treated effects
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(Supplementary Materials Figure S2). Treatment with 2 uM rosiglitazone or 0.1 uM insulin
also increased the cellular glucose uptake, indicating that the fluorescent probe worked
properly in our cell systems (Figure 4C-E).

2.5. Phloridzin Enhanced the Phosphorylation of AMPK and Akt

We next investigated the cellular mechanisms associated with increased glucose up-
take. AMPK controls glucose homeostasis by regulating cellular metabolism of peripheral
tissues, such as skeletal muscle, liver, and adipose tissues. Activation of AMPK leads to the
stimulation of glucose uptake and lipid oxidation [7,8]. Akt signaling is associated with
insulin-stimulated glucose uptake and Akt phosphorylation promotes GLUT-4 transloca-
tion and glucose uptake [20,21]. In this study, mature 3T3-L1 adipocytes were incubated
with 1 or 10 uM phloridzin for 72 h and Western blotting was performed. We found that
treatment with 10 uM phloridzin markedly induced AMPK phosphorylation compared to
the control (Figure 5A,B).

A Phloridzin B 2.0
Con Con Con 1pM 1M 1pM  10pM  10pM 10 pM
£ 15
— — — — — — — GES amuy |¥*P-AMPK
¥
; 1.0
- s G Gaun S SN GEEe G @D (> TAMPK &
¥
< 05
C— — — — — — S ) S | P-Akt
0.0
con 1M 10 M
Ltk L T e Phioridzin
C.
D G S G G D S P | oci .
15
D Rosiglitazone E 25 E
[ = 1.0
Con Con Con 2uM 2uM 2uM = ]
w 20 d
o
I-—_—-——.—.»mmmg 05
F1s
X 0.0
|--——-- * T-AMPK & 10, con 1M 10 pM
E Phioridzin
|— -— e ey --lﬂhcun 0.5
0.0
con Rosiglitazone
50 M LY294002 - - - + + + + + + G 1.57
10 pM phloridzin - - - = - - ok + ¥ i Ak
’----— s e GENS @I emmw | > P-Akt % 1.04
=
E
* T <
- D GER G S S SN SR . Ak < .5
l - TS G T e D S S S | -actn
0.0+
50 uM LY294002 - + +
10 uM Phloridzin - s +

Figure 5. Phloridzin enhances the phosphorylation of AMPK and Akt. (A,D) Mature adipocytes were incubated with
1 or 10 uM phloridzin or 2 uM rosiglitazone. After 72 h, the cells were lysed, and Western blotting was performed
using antibodies against phosphorylated AMPK, total AMPK, phosphorylated Akt, total Akt, and beta-actin. (B,C,E,G)
Quantification of phospho-AMPK/total-AMPK (B,E) and phospho-Akt/total-Akt (C,G) using the ATTO image analysis
software (CS analyzer 4). (F) 50 uM LY294002 or 10 uM phloridzin were treated in mature 3T3-L1 adipocytes. After 24 h,
cells were lysed and analyzed by Western blotting. All experiments were independently repeated at 3 times. Results are
presented as mean + SEM. Data were analyzed using two-tailed unpaired ¢-test. ** p < 0.01, * p < 0.05 compared to the
control group.

In agreement with this result, incubation with 10 pM phloridzin significantly enhanced
Akt phosphorylation compared to the control (Figure 5A,C). Rosiglitazone also remarkably
increased AMPK phosphorylation, indicating that the Western blotting experiments were
properly performed (Figure 5D,E). These results indicate that phloridzin increases glucose
uptake through activation of both AMPK and Akt signaling pathways.
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2.6. Phloridzin Restored LY294002-Blocked Akt Phosphorylation

We next examined the role of phloridzin in the PI3K/Akt pathway. Since LY294002, a
chemical inhibitor of phosphatidylinositol-3-kinase (PI3K), reduces Akt phosphorylation,
it is commonly used to study the role of the PI3K/Akt pathway [22]. In our study, we
incubated mature 3T3-L1 adipocytes with 50 uM LY294002 for 24 h. Treatment with 50 uM
LY294002 markedly decreased Akt phosphorylation, while 10 uM phloridzin restored
LY294002-reduced Akt phosphorylation (Figure 5F,G). Our study of the PI3K inhibitor
revealed that phloridzin significantly stimulated the downstream Akt signaling pathway.

2.7. Phloridzin Ameliorated Palmitate-Induced Insulin Resistance in C2C12 Muscle Cells

Next, we investigated whether phloridzin might attenuate insulin resistance in C2C12
muscle cells. Palmitate, a saturated fatty acid, has been shown to decrease insulin-
stimulated glucose uptake and reduce the insulin-stimulated phosphorylation of Akt,
suggesting that palmitate causes insulin resistance in C2C12 muscle cells [23,24]. When we
incubated C2C12 muscle cells with 500 uM palmitate for 48 h, palmitate-treated cells de-
creased insulin-stimulated glucose uptake, indicating that palmitate contributes to insulin
resistance (Figure 6A).
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Figure 6. Phloridzin attenuates palmitate-induced insulin resistance in C2C12 muscle cells. (A,B)
Differentiated C2C12 muscle cells were treated with 10 pM phloridzin or 500 uM palmitate for 48 h
and then incubated with and without 0.1 pM insulin for 30 min. Cells were analyzed by glucose
uptake (A) or Western blotting (B). (C) Quantification of phospho-Akt/total-Akt using the ATTO
image analysis software. All experiments were independently repeated at 3 times. Results are
expressed as mean £ SEM. Data were analyzed using two-tailed unpaired ¢-test. * p < 0.05 compared
to the control group.

Importantly, 10 uM phloridzin attenuated palmitate-induced insulin resistance by
markedly increasing glucose uptake (Figure 6A). In addition, palmitate inhibited the insulin-
stimulated phosphorylation of Akt in C2C12 muscle cells using Western blotting (Figure 6B,C).
Interestingly, incubation with 10 uM phloridzin ameliorated palmitate-induced insulin resis-
tance by enhancing Akt phosphorylation (Figure 6B,C). These results indicate that phloridzin
attenuates palmitate-induced insulin resistance in C2C12 muscle cells.
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2.8. Phloridzin Did Not Enhance Lipid Accumulation

We next elucidated the effect of phloridzin on lipid accumulation. 3T3-L1 preadipocytes
were differentiated in the presence of phloridzin or rosiglitazone. On day 6 of differen-
tiation, the degree of adipocyte differentiation was evaluated by Oil Red O staining. In
addition, we performed quantification of lipid accumulation. To this end, Oil Red O dye
was eluted by incubation with isopropanol and the absorbance was measured using a
microplate reader. Adipogenesis is associated with CCAAT/enhancer-binding protein «
(C/EBP«) and peroxisome proliferator-activated receptor-y (PPARY) [25]. Rosiglitazone, a
PPARYy agonist, is an insulin-sensitizing agent with side effects such as rodents and human
weight gain [26,27]. In line with this, we found that rosiglitazone significantly stimulated
the formation of lipid droplets compared to the control (Figure 7A,B).
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Figure 7. Phloridzin does not accelerate lipid accumulation. (A) 3T3-L1 preadipocytes were differentiated into mature
adipocytes in the presence of phloridzin or rosiglitazone. The extent of lipid droplets was monitored by Oil Red O
staining on day 6 of differentiation. Images of fat accumulation were acquired using an EVOS FL Imaging System. (B)
For quantification of lipid accumulation, Oil Red O dye was eluted by incubation with isopropanol and the absorbance
was measured at 490 nm using a microplate reader. All experiments were independently repeated at 3 times. Results are
presented as mean & SEM. Data were analyzed using two-tailed unpaired t-test. *** p < 0.001 compared to the control
group. Scale bar: 200 um.

On the contrary, phloridzin treatment did not accelerate adipocyte differentiation
compared to the control, indicating that phloridzin does not enhance fat accumulation
(Figure 7A,B). These results indicate that phloridzin may act as a glucose lowering agent
through the PPARy-independent signaling pathway, suggesting that phloridzin stimulates
glucose uptake without significant lipid accumulation.

3. Discussion

Since PTPs are associated with diverse diseases, including cancer, diabetes, and
autoimmune dysfunctions [2—4], they are suggested as next-generation drug targets. Some
reports have shown that treatment with PTP-MEG2 inhibitors results in improved insulin
action in both in vitro and in diet-induced obese mice [1,28], and a decrease in PTP-MEG2
in hepatocytes increases insulin sensitivity [10]. In line with our previous findings [9], we
also showed that PTP-MEG2 knockdown increased AMPK phosphorylation, suggesting
that PTP-MEG2 may be a potential antidiabetic drug target. Therefore, the use of PTP-
MEG?2 inhibitors is considered an effective strategy for the treatment of type 2 diabetes.
In this study, phloridzin was identified as an inhibitor of PTP-MEG2, and, therefore, a
potential anti-diabetes candidate.

Phloridzin is one of the dihydrochalcones usually found in apples and contributes
to the inhibition of oxidative stress [11,17]. Some reports have shown that phloretin and
phloridzin improve insulin sensitivity and enhance glucose uptake by inhibiting Cdk5
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activation and corresponding PPARy phosphorylation in differentiated 3T3L1 cells [29],
and that phloretin exerts beneficial effects on the skeletal system in estrogen-deficient
mice [30]. On the other hand, long-term intake of products containing high doses of
phloridzin has been reported to adversely affect the musculoskeletal system in type 2
diabetic rat models [31]. Sodium-glucose co-transporter-2 (SGLT2) plays an important
role in reabsorption of glucose in the kidney, and inhibition of SGLT2 has been reported
as a new therapeutic strategy for diabetes [32]. Phloridzin has been shown to lack speci-
ficity for SGLT2, and phloridzin has been reported previously to improve hyperglycemia
through the reduction of the blood glucose level and reverse the streptozotocin-mediated
induction of SGLT1 rather than SGLT2 in the small intestine in streptozotocin-induced
diabetic mice [17,32-34]. In addition, it has been reported that phloridzin has the pro-
liferative effects on CD49f* /CD29" keratinocytes via the extracellular signal-regulated
kinase (ERK)-dependent mammalian target of rapamycin (mTOR) pathway [15]. How-
ever, the direct target for the antidiabetic function of phloridzin is unknown. Here, we
found that phloridzin inhibited the enzymatic activity of PTP-MEG2 in vitro, indicating
that phloridzin targets PTP-MEG2. Moreover, in the present study, we demonstrated that
phloridzin enhances glucose uptake by differentiated 3T3-L1 adipocytes and C2C12 muscle
cells through the activation of both AMPK and Akt signaling pathways.

Insulin binds to the insulin receptor on the surface of insulin-responsive tissues
such as liver, adipose tissue, and skeletal muscle to induce membrane translocation of
GLUT4 [35]. The activation of AMPK stimulates glucose uptake by promoting GLUT4
translocation, and reduction of GLUT4 is associated with cellular insulin resistance in
diabetic animal models [5,8,36]. We also found that phloridzin induced translocation of
GLUT4 in C2C12 muscle cells, suggesting that phloridzin stimulates glucose uptake by
promoting GLUT4 translocation.

Insulin resistance is a major feature of type 2 diabetes and refers to insulin dysfunction
in peripheral tissues, such as skeletal muscles, liver, and adipose tissues [37]. Palmitate, a
saturated fatty acid, has been found to induce insulin resistance through downregulation
of the insulin-stimulated phosphorylation of Akt [23,24]. Some reports have indicated that
cis-9, trans-11-conjugated linoleic acid attenuates palmitate-induced insulin resistance by
increasing glucose and fatty acid consumption [38], and that palmitate-induced insulin
resistance was blocked by salsalate and adiponectin through inhibition of selenoprotein p
in HepG2 cells [24]. In line with this, we also found that phloridzin ameliorated palmitate-
induced insulin resistance by significantly enhancing Akt phosphorylation.

Rosiglitazone, a member of the thiazolidinedione class, is commonly used as an
antidiabetic drug. Rosiglitazone has been shown to enhance glucose uptake into muscle
and adipose tissue via activation of AMPK [26,39]. Rosiglitazone has adverse effects, one
of which is weight gain, and has been shown to cause fat accumulation through activation
of PPARYy [26,27,40]. Consistent with these findings, we found that rosiglitazone induced
lipid accumulation. In contrast, phloridzin does not enhance fat accumulation compared
to the control, suggesting that phloridzin improves insulin sensitivity without significant
lipid accumulation.

4. Materials and Methods
4.1. Chemicals

Phloridzin (purity >98%, by LC/MS) was obtained from the root barks of U. davidiana
var. japonica in the continuing systematic projects to isolate natural products from medicinal
plants in our group. The root barks of U. davidiana var. japonica were collected from
Wonhwasan-ro, Jecheon-si, Korea, in 2016, and authenticated by one of the authors (K. H.
Kim). A voucher specimen (SKKU-NR 0401) of the plant was deposited at the herbarium
of the School of Pharmacy, Sungkyunkwan University, Suwon, Korea. Briefly, extracts
of dried root barks of U. davidiana var. japonica were prepared in 50% aqueous EtOH
for 2 days at 70 °C and filtered. The filtrate was concentrated under a reduced pressure
to obtain the EtOH extract, which was successively solvent-partitioned using hexane,
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dichloromethane, ethyl acetate (EtOAc), and n-butanol. The EtOAc-soluble fraction was
subjected to chromatography in a Diaion HP-20 column in a gradient solvent system of
MeOH (100% H O, 20% MeOH, 40% MeOH, 60% MeOH, 80% MeOH, and 100% MeOH) to
yield six fractions (EO, E2, E4, E6, E8, and E10). Fraction E8 was separated by preparative
reversed-phase HPLC using a gradient solvent system of MeOH-H O (45-100% MeOH) to
yield six fractions (E8A-E8F). Fraction E8D was separated by preparative reversed-phase
HPLC using a gradient solvent system of MeCN-H O (25-40% MeCN) to further yield six
fractions (E8D1-E8D6). Phloridzin was purified from fraction E8D3 using semi-preparative
HPLC using a solvent system of MeOH-H O (formic acid 0.1% (v/v)) (46% MeOH).

Phloridzin: Colorless gum; 'H NMR (400 MHz, CD OD): 6 290 (2H, t, ] = 7.5 Hz,
H-9), 3.41 (1H, m, H-5"), 3.45 (1H, m, H-2"), 3.46 (1H, m, H-3"), 3.47 (1H, m, H-4"), 3.48
(2H, m, H-8), 3.73 (1H, dd, | = 5.0 and 12.0 Hz, H-6"), 3.93 (1H, d, | = 12.0 Hz, H-6"),
5.06 (1H, d, ] =7.0 Hz, H-1”), 5.98 (1H, d, ] = 2.0 Hz, H-5), 6.20 (1H, d, ] = 2.0 Hz, H-3),
6.70 (2H, d, ] = 8.5 Hz, H-2' and H-6'), 7.08 (2H, d, ] = 8.5 Hz, H-3' and H-5'); 13C NMR
(100 MHz, CD OD): ¢ 30.8 (t, C-9), 46.9 (t, C-8), 62.2 (t, C-6"), 71.3 (d, C-4"), 74.6 (d, C-2"),
78.1(d, C-57),78.3 (d, C-3"),95.2 (d, C-5),98.3 (d, C-3), 102.1 (d, C-17), 106.8 (s, C-1), 115.8
(d, C-2" and C-6'), 130.2 (d, C-3' and C-5'), 133.6 (s, C-10), 156.3 (s, C-4'), 162.2 (s, C-4), 165.6
(s, C-6),167.5 (s, C-2), 206.5 (s, C-7); Electrospray ionization mass spectrometry (ESIMS)
(positive-ion mode) m/z: 457.1 [M + Na]*.

4.2. Cell Culture

C2C12 muscle cells and 3T3-L1 preadipocytes obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA) were cultured as previously described [5,25].
3T3-L1 preadipocytes were grown in high glucose Dulbecco’s modified Eagle’s medium
(DMEM; Welgene, Seoul, Republic of Korea) containing 10% bovine calf serum (BCS;
Thermo Fisher Scientific, Massachusetts, USA) and an antibiotic-antimycotic solution (Wel-
gene). C2C12 muscle cells were cultured in DMEM supplemented with 15% fetal bovine
serum (FBS; Welgene) and the antibiotic-antimycotic solution. Cells were incubated at
37 °Cin a 5% CO incubator.

4.3. Cell Differentiation

The methods used for differentiating 3T3-L1 preadipocytes and C2C12 cells were as
described previously [5,25]. Once 3T3-L1 preadipocytes reached 100% confluency, they
were cultured in DMEM supplemented with 10% FBS, antibiotic-antimycotic solution,
0.5 mM isobutylmethylxanthine (IBMX; Merck KGaA, Darmstadt, Germany), 1 uM dex-
amethasone (Sigma-Aldrich, Saint Louis, MO, USA), and 5 pug/mL insulin (Merck KGaA,
Darmstadt, Germany) for 2 days. Cells were then maintained in DMEM supplemented
with 10% FBS, antibiotic-antimycotic solution, and 5 ng/mL insulin for 2 days. Next,
cells were incubated for 4 days in DMEM containing 10% FBS and antibiotic-antimycotic
solution. When C2C12 muscle cells reached 100% confluency, they were differentiated
into myotubes in DMEM supplemented with 2% horse serum (Thermo Fisher Scientific),
antibiotic-antimycotic solution, and 5 uM insulin for 4 days. In all the experiments, the
culture medium was replenished daily.

4.4. Glucose Uptake Assay

The methods used for evaluating glucose-uptake in C2C12 muscle cells and 3T3-L1
preadipocytes were as described previously [5]. Differentiated cells were grown in low-
glucose DMEM (Gibco BRL) for 4 h and then incubated with phloridzin or rosiglitazone
(an antidiabetic drug used as a positive control [41]) in glucose-depleted DMEM (Gibco
BRL) for 1 h. The cells were treated with 5 uM of the fluorescent glucose probe 2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG; Thermo Fisher Scientific)
for 30 min. After washing the cells with phosphate-buffered saline (PBS, Welgene), the cell
pellets were resuspended in PBS and passed through a 40 um cell strainer. The fluorescence
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intensity (excitation/emission = 485/535 nm) of the cells was measured using a fluorescence
microplate reader (Victor™ X4, PerkinElmer, Waltham, MA, USA).

4.5. Overexpression and Purification of Recombinant PTPs

The methods used for the overexpression and purification of PTPs were as described
previously [21]. The N-terminal His6-tagged human PTP-MEG2 and PTPN1 were trans-
formed into Escherichia coli (E. coli) Rosetta (DE3) (Merck Millipore, Darmstadt, Germany).
The human genes of PTPRS, PTPNE, and DUSP9 with both an N-terminal maltose-binding
protein (MBP) and a C-terminal His6-tag were transformed into E. coli Rosetta (DE3). For
the expression of the recombinant PTPs, cells were induced for 16 h at 18 °C using 0.1 mM
isopropyl 3-D-1-thiogalactopyranoside (IPTG). Cells were then harvested by centrifugation
(3570% g for 15 min at 4 °C), washed with buffer A consisting of 50 mM Tris pH 7.5, 500 mM
NaCl, 5% glycerol, 0.025% 2-mercaptoethanol, and 1 mM phenyl-methylsulfonyl fluoride
(PMSF), and then lysed in buffer A by ultrasonication. After centrifugation (29,820x g
at 4 °C for 30 min), the supernatant was incubated with a cobalt affinity resin (TALON®,
Takara Korea, Seoul, Korea) on a shaker at 4 °C for 1 h. The resin was then washed with
buffer A containing 10 mM imidazole. PTPs were eluted with buffer A supplemented with
100 mM imidazole and stored at —80 °C until further use.

4.6. Measurement of Enzymatic Activity and Half-Inhibitory Concentration (ICsg) Value

The enzymatic activity of purified PTP-MEG2 was assayed using 6,8-difluoro-4-
methylumbelliferyl phosphate (DiFMUP) (100 pM), a commonly used PTP substrate,
as previously described [42]. To determine the K values, 62.5 pM of PTP-MEG2 was added
to the reaction buffer (20 mM tris pH 6.0, 150 mM NaCl, 2.5 mM dithiothreitol (DTT), 0.01%
Triton X-100) containing DiFMUP (800, 400, 200, 100, 50, 25, 12.5, or 6.25 pM) in 96-well
plates (to a final volume of 100 uL). Fluorescence intensities were measured continuously
for 10 min (excitation/emission = 355/460 nm) using a Victor™ X4 multi-label plate reader
(Perkin Elmer, Norwalk, CT, USA), and K values were determined using Lineweaver-Burk
plots. To identify the mode of inhibition of phloridzin, phloridzin at concentrations of 800,
400, 200, 100, 50, and 0 uM was added to DIFMUP (2 x K; 326.2 uM) in the reaction buffer.
After addition of 62.5 pM of PTP-MEG2, progress curves were plotted against the product
concentration. To estimate ICsy values, various concentrations of phloridzin (200, 100,
50, 25,12.5, 3.125, and 0 uM) were pre-incubated with 62.5 pM of PTP-MEG?2 for 20 min,
following which, the solution containing 326.2 uM DiFMUP was added to these mixtures.
ICs values were determined by fitting the sigmoid plots for the % inhibition versus various
concentrations of phloridzin (KaleidaGraph, Synergy Software, Reading, Pennsylvania,
USA) used. The Hill coefficient (1), which measures the degree of cooperativity between
phloridzin and PTP-MEG2, is defined as the slope of the Hill plot created using the Hill
equation [22].

4.7. Surface Plasmon Resonance

Surface plasmon resonance (SPR) analysis was performed in running buffer (5% dimethyl
sulfoxide, DMSO in PBS) using a Reichert SR7500DC system (Reichert Technologies, Depew,
NY, USA). For immobilization of PTP-MEG2, carboxymethyl dextran hydrogel (CMDH) sur-
face sensor chips were activated with a mixture of 0.1 M EDC (N-ethyl-N'-(3-dimethylaminop-
ropyl)carbodiimide) and 0.05 M NHS (N-hydroxysuccinimide) for 7 min and purified PTP-
MEG2 (32 pg/mL 10 mM sodium acetate, pH 6.0) was injected for 3 min at a flow rate of
20 puL/min. Deactivation of the surface was performed using 1 M ethanolamine (pH 8.5) for
8 min. Interaction analyses were performed by injection of increasing concentrations (12.5 to
200 uM) of Phloridzin at a flow rate of 30 uL/min. Association and dissociation signals were
monitored for 300 and 420 s, respectively. For the analysis, background signal recorded in
reference channel was subtracted and then binding signals were fitted. Data was analyzed
using Scrubber2 software (BioLogic Software, Campbell, Australia).
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4.8. Western Blotting

Proteins were extracted using the lysis buffer containing 25 mM hydroxyethylpiper-
azine ethane sulfonic acid (HEPES), 150 mM NacCl, 1% Triton X-100, 10% glycerol, 5 mM
EDTA, 10 mM NaF, 2 mM Na VO, and a protease inhibitor cocktail (Roche Korea, Seoul,
Republic of Korea). Proteins were separated by electrophoresis using a 10% sodium
dodecyl sulfate-polyacrylamide gel and transferred to a polyvinylidene fluoride mem-
brane (Merck KGaA, Darmstadt, Germany) using a wet transfer system. Membranes were
incubated overnight at 4 °C with the following primary antibodies: anti-total AMPK,
anti-phosphorylated AMPK, anti-total Akt, anti-phosphorylated Akt (Cell Signaling Tech-
nology, Beverly, MA, USA), PTP-MEG2 (Santa Cruz Biotechnology, Dallas, TX, USA), and
anti-beta-actin (AbFrontier, Seoul, Republic of Korea). Membranes were then probed with
an anti-rabbit-IgG-horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology). Antibody-antigen complexes were detected using enhanced chemilumi-
nescence (ECL) reagents (GE Healthcare Korea, Songdo, Republic of Korea).

4.9. RNA Interference

Knockdown of PTP-MEG2 in 3T3-L1 preadipocytes was performed using small in-
terfering RNAs (siRNA, Bioneer, Daejeon, Korea). Scramble siRNA was used as the
negative control (Bioneer). Transfections were performed using Dharmafect (Dharmacon,
GE Healthcare Korea, Songdo, Korea) according to the manufacturer’s instructions.

4.10. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from 3T3-L1 preadipocytes using NucleoSpin RNA Plus
(Macherey-Nagel, Duren, Germany) and treated with DNase (Macherey-Nagel) to remove
genomic DNA. The total RNA (1 ng) was used to synthesize cDNA with the High-Capacity
Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). PCR was performed
on a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using
SsoAdvanced Universal SYBR green super-mix (Bio-Rad) according to the manufacturer’s
instructions. Gene expression levels of PTP-MEG2 were normalized to levels of the con-
trol gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primer information is
provided in Supplementary Materials Table S1.

4.11. Oil Red O Staining

Lipid droplets of 3T3-L1 adipocytes were assessed by Oil Red O staining, as described
previously [25]. On day 6 after differentiation, cells were washed with PBS, and fixed with
4% paraformaldehyde for 15 min. The cells were then washed with PBS and stained with
filtered 0.3% Oil Red O solution in isopropanol for 30 min. After washing the cells with PBS,
images of fat accumulation were acquired using an EVOS FL Imaging System (Thermo
Fisher Scientific Korea Ltd., Seoul, Korea). For quantification of lipid accumulation, Oil
Red O dye was eluted by incubation with isopropanol and the absorbance was measured
at 490 nm using a microplate reader (Victor™ X4).

4.12. Statistical Analysis

Statistical significance (p < 0.05) was determined using a two-tailed unpaired ¢-test
(GraphPad Software, San Diego, CA, USA). All experiments were independently repeated
at 3 times. ATTO image analysis software (CS analyzer 4) was used for protein quantifi-
cation. Results are presented as mean =+ standard error of the mean (SEM). *** p < 0.001,
**p <0.01, * p < 0.05 compared to the control group.

5. Conclusions

We previously reported that PTP-MEG2 knockdown enhances AMPK phosphoryla-
tion, suggesting that PTP-MEG2 may be a potential antidiabetic target [9]. Here, phloridzin
was obtained from the root barks of U. davidiana var. japonica as part of our ongoing research
projects to discover bioactive natural products [43-49], and for the first time, we found that



Molecules 2021, 26, 1612 13 of 15

phloridzin inhibited the catalytic activity of PTP-MEG?2 in vitro, indicating that phloridzin
targets PTP-MEG2. Through our cell-based studies, we demonstrated that phloridzin
stimulated glucose uptake by differentiated 3T3-L1 adipocytes and C2C12 muscle cells
through the activation of both AMPK and Akt signaling pathways. Importantly, phlo-
ridzin ameliorated palmitate-induced insulin resistance in C2C12 muscle cells. Moreover,
we found that phloridzin did not promote fat accumulation, suggesting that phloridzin
improves insulin sensitivity without significant lipid accumulation. Taken together, our
results suggest that phloridzin, an inhibitor of PTP-MEG2, could be a potential therapeutic
candidate for the treatment of type 2 diabetes.

Supplementary Materials: Figure S1: Rosiglitazone and metformin do not inhibit the catalytic
activity of PTP-MEG2, Figure S2: GLUT4 translocation was increased by 10 pM phloridzin. Table S1:
Primer sequences used to target mouse genes, Table S2: Kinetic constants for DIFMUP hydrolysis
by PTPs.
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