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ARTICLE INFO ABSTRACT

Keywords: Aims: Lansoprazole (LPZ) is one of the most commonly prescribed drugs for treatment of acid-related diseases,
Lansoprazole and it is increasingly recognized for its potential application as an anti-diabetic therapy. Although LPZ target
Anti-diabetic tissues remain poorly understood, possible sites of action include adipose tissue. In this study, we assessed effects
Adipogenesis

of LPZ on adipocyte differentiation and function by using 3T3-L1 preadipocytes and HFD-induced obesity mice
as an in vitro and in vivo model, respectively.

Main methods: Oil red O staining and intracellular triacylglycerol content were used to determine lipid accu-
mulation. Glucose uptake was performed to measure mature adipocyte function. Expression of adipocyte genes
was determined by qRT-PCR and immunoblotting.

Key findings: LPZ has dual effects on differentiation of 3T3-L1 cells. At low concentrations, LPZ enhanced adi-
pocyte differentiation via induction of PPARy and C/EBPa, two master adipogenic transcription factors, as well
as lipogenic proteins, ACC1 and FASN. Increasing of adipocyte number subsequently increased basal and insulin-
stimulated glucose uptake, and expression of Glut4 mRNA. Conversely, high concentrations of LPZ strongly
inhibited differentiation and expression of PPARy and C/EBPa, and maintained expression of preadipocytes
markers, B-catenin and Pref-1. Inhibition of adipogenesis by LPZ reduced mature adipocyte number, Glut4
mRNA expression and insulin-stimulated glucose uptake. In addition, treatment with LPZ at 200 mg/kg sig-
nificantly reduced body weight gain and total fat mass in HFD-induced obese mice.

Significance: These results indicate that effects of LPZ on adipocyte differentiation are dependent on con-
centration and are correlated with PPARy and C/EBPa.

Proton pump inhibitor

1. Introduction

Lansoprazole (LPZ) is an effective proton pump inhibitor (PPI) that
is widely used for gastric acid-related disorders because of its ability to
reduce acid secretion of parietal cells [1]. While LPZ circulates as a
prodrug, upon activation by low pH in the stomach, LPZ binds cova-
lently to gastric H+,K + -ATPase via a disulphide bond [2]. Because it
circulates in an inactive form, LPZ has few side-effects, and it has be-
come one of the most commonly prescribed drugs over the past few
decades [3,4]. Apart from its acid-suppressing effects, LPZ has been
reported to inhibit inflammation, oxidative stress, growth of cancer
cells, and cyst growth in polycystic kidney disease [5-9]. Importantly,
clinical studies and experiments in animal model have shown that PPIs
including LPZ are associated with improved glycemic control, lowered
HbAlc levels, and increased circulating insulin concentration [10-14].
Although LPZ is increasingly recognized for its anti-diabetic properties,
the tissue targets and mechanisms of action remain poorly understood.

There are myriad tissues and organs integral to regulation of whole-
body glucose homeostasis including pancreas, liver, and adipose tissue
[15-17]. Of these we report herein our evaluation of adipose tissue as a
potential target of LPZ.

Adipose tissues play central roles in glucose and lipid homeostasis
[18]. Blood glucose is lowered by adipocytes in adipose tissue, which
take up excess glucose and store as triacylglycerol until needed. Dif-
ferentiation of adipocytes from mesenchymal precursors, termed adi-
pogenesis, is an important process for maintaining functional adipose
tissues. Disruption of this process can aggravate the hypertrophic ex-
pansion of adipocytes, and results in increased inflammation and in-
sulin resistance. At the cellular and molecular level, adipogenesis is a
multistep process controlled by a cascade of transcription factors. Of
particular importance are CCAAT/enhancer-binding protein alpha (C/
EBPa), a member of the C/EBP family, and peroxisome proliferator-
activated receptor gamma (PPARY), a member of the nuclear hormone
receptor superfamily, which serve in this context as master
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transcriptional regulators of adipogenesis. C/EBPa and PPARYy posi-
tively feedback to regulate the expression of each other, and induce
expression of genes that give rise to the mature adipocyte [19-24]. LPZ
has been reported to have glucose-lowering effects, [11,13]; however,
whether LPZ exerts these effects through a mechanism of action in
adipocytes is unknown.

In this study, we have used a drug repositioning strategy [25,26] to
determine if new therapeutic opportunities exist for LPZ through effects
on adipocyte biology. Thus, we used 3T3-L1 preadipocytes and HFD-
induced obesity animal as models to study underlying mechanism of
LPZ on adipocyte differentiation, mature adipocyte functions and in
vivo adipose tissue development.

2. Materials and methods
2.1. Drugs and reagents

Lansoprazole (LPZ), isobutyl-3-methylxanthine (IBMX), dex-
amethasone (DEX), and insulin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM), fetal
bovine serum (FBS) and calf serum (BCS) were purchased from Gibco
(Grand Island, NY, USA). Antibodies against PPARy, C/EBPa, ACC1,
FASN, o-Tubulin and p-actin were obtained from Cell Signaling
Technology (Beverly, MA, USA).

2.2. Cell culture and 3T3-L1 cell differentiation

Mouse 3T3-L1 preadipocytes (ATCC, Manassas, VA, USA) were
maintained in DMEM containing 4.5 g/1~ ' glucose supplemented with
10% FCS, 100 U/ml penicillin, and 100 pug/ml streptomycin at 37 °Cin a
humidified incubator with 5% CO,. Two days after confluence, 3T3-L1
preadipocytes were induced to differentiate by differentiated cocktail
(MDI) (DMEM containing 10% FBS, 0.5mM IBMX, 1uM dex-
amethasone, and 10 pg/ml insulin) for 48 h then cultured in growth
medium containing 10 ug/ml insulin for another 48h. Cells were
maintained in growth medium without MDI for an additional six days.
Cells were treated with either vehicle (DMSO) or LPZ at the con-
centrations and times as indicated for each experiment.

2.3. Cell viability assay

3T3-L1 preadipocytes were seeded in a 96 well plate (1 x 10* cells/
well) and incubated at 37 °C, 5% CO, with complete medium for 48 h.
Medium was then changed to differentiation medium in the absence or
presence of various concentrations of LPZ for 48 h. After incubation, the
medium was replaced with 100 pl per well of 3-(4,5-dimethylthiazol-2-
yD-2,5-diphenyl tetrazolium bromide (MTT) solution (0.5 mg ml™Y)
under humidified atmosphere at 37 °C and further incubated for 2h.
The MTT solution was removed, and the formazan salt form was dis-
solved by 100 ul per well of DMSO. Cell viability was measured at an
absorbance of 570 nm by a microplate reader. The data are shown as
the percentage of cell viability compared with the control group.

2.4. Oil Red O lipid staining and quantification

Intracellular neutral lipid accumulation was investigated by using
Oil Red O staining at day 10 of differentiation. Oil Red O was prepared
as a 0.5% stock solution in isopropanol. 3T3-L1 cells were differentiated
in the presence of the indicated concentrations of LPZ. After removal of
medium, cells were fixed with 10% formalin for at least 1 h. Cells were
then stained with working Oil Red O solution (40% water and 60% Oil
Red O stock solution, left at least 20 min, filtered and then added to
fixed cells) for at least 1 h. After rinsing four times with distilled water,
the cells were visualized using phase-contrast microscopy and photo-
graphed. To quantify cellular lipid, stained cells were eluted with 100%
isopropanol and incubated for 10 min. Absorbance was determined at
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Table 1
Oligonucleotide primer sequence used for qRT-PCR.
Gene Sequence 5’-3’
Pparg F: TGCCTATGAGCACTTCACAAGA
R: ATGCGAGTGGTCTTCCATCA
Cebpa F: CCAGAGGATGGTTTCGGGTC
R: GCGGAAAGTCTCTCGGTCTC
Cebpd F: GAACCCGCGGCCTTCTAC
R: TGTTGAAGAGGTCGGCGAAG
Adipoq F: GATGGCAGAGATGGCACTCC
R: GAGCGATACACATAAGCGGC
Accl F: ATGCGATCTATCCGTCGGTG
R: AGCAGTTCTGGGAGTTTCGG
Fasn F: GGCCCCTCTGTTAATTGGCT
R: GGATCTCAGGGTTGGGGTTG
Gadph F: ATGGTGAAGGTCGGTGTGAA
R:ACTGGAACATGTAGACCATGTAGT
Srebplc F: CACCACTTCGGGTTTCATGC
R: CAAGGCCATCGACTACATCCG
Abcal F: AGTTTCGGTATGGCGGGTTT
R: AGCATGCCAGCCCTTGTTAT
Fabp4 F: GTCACCATCCGGTCAGAGAG
R: GGTCGACTTTCCATCCCACTT
Glut4 F: GCCCGGACCCTATACCCTATT
R: GGGTTCCCCATCGTCAGAG
Cdk4 F: GTGGCTGAAATTGGTGTCGG
R:TAACAAGGCACCTCACGAA
p21 F:ATCCAGACATTCAGAGCCACAG
R:ACGAAGTCAAAGTTCCACCGT
p27 F:CAGATACGAGTGGCAGGAGG
R:ACGAGTCAGGCATTTGGTCC
Cyclin D1 F: GAGCTGCTGCAAATGGAACTG
R: AAAGAAAGTGCGTTGTGCGG
Cyclin E1 F: GCTTCGGGTCTGAGTTCCAA
R: GGATGAAAGAGCAGGGGTCC
500 nm.

2.5. Intracellular triacylglycerol measurement

The 3T3-L1 preadipocytes were differentiated in the absence or
presence of various concentrations of LPZ for the indicated times. Cell
pellets were ruptured with 5% NP-40 and the triacylglycerol content of
supernatants were assayed using a Triglyceride determination kit
(Sigma-Aldrich, MO, USA) according to manufacturer's protocol. The
absorbance was measured at 540 nm.

2.6. Glucose uptake

Adipocytes were serum-starved for 2h before the assay and in-
cubated in 1 ml of KRH buffer (136 mM NacCl, 4.7 mM KCI, 1.25 mM
CaCl,, 1.25mM MgSO,4, 10 mM HEPES, pH 7.4) at 37 °C for 15 min.
Adipocytes were then incubated with 2-deoxy-D-[2,6->°H] glucose (°*H-
2DG; PerkinElmer, Bangkok, Thailand) for an additional 10 min.
Uptake of glucose was stopped by three rapid washes with ice-cold
KRH, the cells were solubilized in 200 pl of 0.4 N NaOH for at least 4 h
and neutralized with 80pul of 1M HCL The radioactivity was de-
termined by liquid scintillation counting.

2.7. Quantitative real-time PCR analysis

Total RNA from 3T3-L1 cells was isolated using RNA STAT-60 (Tel-
Test Inc, Friendswood, TX, USA) reagent according to the manufac-
turer's protocol. The concentration of RNA was determined using
Nanodrop. After treatment with DNase I (Thermo Fisher Scientific,
Waltham, MA, USA), first-strand cDNA was synthesized from total RNA
following the manufacturer's protocol. qPCR was perform using the
MyiQ real time PCR detection system (Bio-Rad Laboratories). The re-
lative amount of each gene was calculated using the 2~ 22°T method.
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Fig. 1. LPZ stimulates lipid accumulation of 3T3-L1 adipocytes.
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3T3-L1 cells were differentiated with MDI adipogenic cocktail in presence or absence of 10 uM LPZ for 10 days followed by (A) observation of differentiated
adipocytes by Oil Red O staining and bright field under phase-contrast microscopy, (B) Quantification of Oil Red O staining and (C) cellular triacylglycerol content.
The results are the mean + SEM of at least three independent experiments. *P < 0.05 was regarded as statistically significant. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

Expression of transcripts was normalized using Peptidylprolyl
Isomerase A (Ppia) or Glyceroldehyde 3-phosphate dehydrogenase
(Gapdh) as internal standard. Expression of mRNA in control cells was
normalized to 1, and expression of gene transcripts in treated cells was
presented as relative expression compared to control. The sequence
used in this study were shown in Table 1.

2.8. Protein extraction and immunobloting

3T3-L1 preadipocytes were differentiated and treated at the in-
dicated concentrations. Cells were harvested and homogenized in a
modified radioimmunoprecipitation assay (RIPA) buffer containing
50 mM Tris (pH 7.4), 1 mM EDTA (pH 8.0), 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 1 mM each of NaF, NaVO3; and PMSF, and
1% of protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA).
Lysates were centrifuged at 12,000 rpm for 20 min at 4°C and then
supernatants were transferred to new tubes and stored at —80 °C.

Concentration of protein was measured using BCA assay (Thermo
Scientific, Rockford, IL, USA) according to manufacturer's protocol.
Protein was run on 4-12% Nupage™ 4-12% Bis-Tris Medi gel
(Invitrogen, Carlsbad, CA, USA) and transferred to PVDF. Membranes
were blocked in 5% non-fat dried milk, and immunoblotted with pri-
mary antibodies and peroxidase-conjugated anti-rabbit IgG antibodies.
Detection of secondary antibodies was by chemiluminescence. B-actin
or a-tubulin were included as loading controls.

2.9. Animals and experimental protocol

Twenty nine male C57BL/6 J mice (Nomura Siam International Co.,
Ltd., Bangkok, Thailand) at 6 weeks of age were housed in a controlled
environment of 22 + 2°C with 12:12h dark-light cycle. The animals
were allowed free access to diet and tap water throughout the experi-
ment. After acclimatization for 1 week, all mice were fed a HFD (60%
energy from lard). After 6 weeks of dietary manipulation to induce
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Fig. 2. LPZ up-regulates expression of adipogenic genes and proteins.
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A) Confluent 3T3-L1 cells were differentiated in the indicated concentration of LPZ for 10 days. After whole cell lysis, expression of PPARy, C/EBPa, FAS, adipo-
nectin, and ACC1 were assessed by immunoblot analyses. a-Tubulin is included as a loading control. (B) Expression of mRNAs for Pparg, Cebpa, Fasn and Accl were
determined by qRT-PCR. Peptidylprolyl Isomerase A (Ppia) was used as internal control. Results are expressed as mean + SEM of triplicate experiment. *P < 0.05

was statistical significance compared with control.

obesity, the animals were divided into three groups. Mice in each group
were either given LPZ (100 mg/kg (n = 9) or 200 mg/kg (n = 10)) or
vehicle alone (n = 10) by oral gavage. Food intake, energy consump-
tion and body weight were measured once a week. After 8 weeks of
treatment, all mice were sacrificed. All studies were performed under
approval of the Faculty of Science, Mahidol University Animal Care and
Use Committee (SCMU-ACUCQ).

2.10. Statistical analysis

A minimum of three independent experiments were performed.
Data were analyzed by one-way ANOVA or unpaired t-test using
GraphPad Prism software. Data were presented as mean = SEM. A
probability level of *P-value < 0.05 was regarded as statistically sig-
nificant.

3. Results
3.1. Low concentration of LPZ promotes adipocyte differentiation

Incubation 3T3-L1 cells with the adipogenic cocktail induced cell
differentiation with a dramatic increase in lipid droplet formation, as
observed by Oil Red O staining and by phase contrast microscopy.
Interestingly, treatment with 10 uM LPZ further increased staining with
Oil Red O compared with control adipocytes. Visualization of cells by
phase contrast microscopy suggesting LPZ increased lipid droplet for-
mation compared with control (Fig. 1A). Mature adipocytes increased
Oil Red O staining compared with non-differentiated cells, and differ-
entiation in the presence of 10 uM LPZ further increased retention of
this neutral lipid stain (Fig. 1B). In addition, intracellular triacylgly-
cerol content was found to increase in mature adipocyte with LPZ
treatment (Fig. 1C).

3.2. LPZ increases expression of adipogenic mRNAs and proteins

To evaluate mechanisms by which LPZ potentiated adipocyte dif-
ferentiation, QRT-PCR and immunoblot analyses were used to estimate
expression of adipogenic genes and proteins. Consistent with effects on
preadipocyte differentiation, LPZ increased the expression of adipo-
genic transcription factors, PPARy and C/EBPa, with significant in-
duction observed at concentrations as low as 3 uM and the highest level
of expression observed at 10 uM. LPZ significantly induced protein
expression of FASN, ACC1 and adiponectin (Fig. 2A). Not surprisingly,
expression of Pparg and Cebpa mRNAs were also elevated by LPZ. In
addition, the level of mRNA expression of these adipogenic markers was
also significantly increased by LPZ treatment compared with control
adipocytes (Fig. 2B).

3.3. LPZ increases insulin-stimulated glucose uptake in 3T3-L1 adipocytes

Since LPZ potentiated adipocyte differentiation, we further de-
termined whether differentiated cells induced by LPZ supported insulin-
stimulated glucose uptake. In the absence of insulin, LPZ treatment for
10 days significantly increased glucose uptake compared with un-
treated cells, and level of glucose uptake further increased when co-
stimulated with insulin (Fig. 3A). Addition of cytochalasin B (CytoB)
impaired activity of GLUT4-mediated glucose uptake. As predicted,
expression of Glut4 mRNA, which is downstream of Pparg and Cebpa,
was increased (Fig. 3B). Treatment of mature adipocytes with LPZ for
24 h, however, did not alter basal glucose uptake and insulin-stimulated
glucose uptake (Fig. 3C), suggesting that effects of long-term LPZ
treatment on glucose uptake are secondary to elevated adipogenesis.
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Fig. 3. LPZ increases insulin-dependent glucose uptake in 3T3-L1 cells.
3T3-L1 preadipocytes were induced to differentiation with adipogenic cocktail,
and cells were simultaneously treated with or without 10 uM LPZ for 10 days.
Glucose uptake and Glut4 mRNA expression were measured at day 10 (A and B).
Fully-differentiated adipocytes were treated with 10 uM LPZ for 24 h prior to
assay of glucose uptake (C). Results are expressed as mean + SEM of triplicate
experiments. *P < 0.05 (compared with basal condition) was considered as
significantly difference. Ins and Cyto B represent insulin and cytochalasin B,
respectively.

3.4. Adipogenic effects of LPZ appear to be independent of Cebpd and cell
cycle regulators

We next tested whether LPZ treatment for 2 days was sufficient to
potentiate adipocyte differentiation compared with 10 days treatment.
As shown in Figs. 4A and 2 days treatment with LPZ significantly in-
creased Oil Red O staining compared with that of control cells. We then
hypothesized that LPZ might potentiate adipocyte differentiation by
acting to stimulate mitotic clonal expansion (MCE) in the early phase of
adipogenesis. The MCE is regulated by a group of cell cycle regulator
genes and Cebpd transcription factor. Therefore, we tested whether the
effect of LPZ on adipocyte differentiation was via up-regulation of
Cebpd and cell cycle regulators. The mRNA expression level of cell cycle
regulator genes (Cdk4, Cyclin D1, CyclinE1l, p21, and p27), and Cebpd
were measured by qRT-PCR after 24 h treatment with LPZ. We found
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that LPZ treated cells did not alter the expression level of cell cycle
regulator genes compared with control cells. The expression level of
Cebpd mRNA after LPZ treatment was also not changed compared with
control cells (Fig. 4B). These finding indicated that the action of LPZ at
the early phase of adipogenesis did not require up-regulation of cell
cycle regulators or Cebpd expression and may involve other signaling
mechanisms.

3.5. High concentrations of LPZ suppress adipocyte differentiation

We then investigated whether LPZ at concentrations higher than
10 uM would have effects on adipocyte differentiation. 3T3-L1 cells
were differentiated using the MDI adipogenic cocktail in the presence of
LPZ (50 and 100 uM) for 48 h. At day 10, as showed in Fig. 5A, treating
the cells with 50 pM LPZ had a slight reduction in intensity of Oil Red O
staining compared with control adipocytes. However, cells differ-
entiated in the presence of 100 uM LPZ had substantially reduced Oil
Red O staining, and number of adipocytes as assessed by phase contrast
microscopy (Fig. 5A). After quantification of stained Oil Red O, the
reduction in retained dye for 50 and 100 uM LPZ was reduced in dose-
dependent manner (Fig. 5B). These results were bolstered by quantifi-
cation of intracellular triacylglycerol content, which was suppressed
even further by high concentrations of LPZ (Fig. 5C). Importantly,
treatment of 3T3-L1 preadipocytes with 10-100 uM LPZ for 48 h had no
influence on cell viability (Fig. 5D). These results indicate that two
days’ exposure to 50 or 100 uM LPZ is sufficient to suppress adipocyte
differentiation.

3.6. High concentrations of LPZ inhibit expression of adipogenic mRNAs
and proteins in 3T3-L1 adipocytes

Since high concentrations of LPZ inhibited adipocyte differentia-
tion, we then investigated whether LPZ inhibited adipocyte differ-
entiation by disrupting expression of adipogenic genes and proteins.
Treatment of cells with LPZ at 50 and 100 uM for 48h significantly
reduced protein expression of PPARy, C/EBPa, Adiponectin, and ACC1.
Suppression of FABP4 and FASN protein required higher concentrations
of LPZ than that of PPARy, C/EBPa, Adiponectin, and ACC1 (Fig. 6A).
In agreement with protein expression results, the expression of adipo-
genic mRNA was dramatically reduced in 100 uM LPZ treatment con-
dition (Fig. 6B).

3.7. High concentration of LPZ elevates preadipogenic markers in 3T3-L1
adipocyte cells

We next tested whether impaired adipogenesis was associated with
increased expression of preadipocyte markers, and as expected, [3-ca-
tenin and Pref-1 proteins were expressed higher in LPZ-treated cells
(Fig. 6C). Consistent with the tight control of B-catenin protein de-
gradation, the protein was elevated whereas the mRNA was not influ-
enced by LPZ treatment. In addition, the expression of 3-catenin target
genes, Axin2, was also increased, which supports not only high ex-
pression of [3-catenin, but also high activity.

3.8. High concentrations of LPZ reduced glucose uptake

Since high concentrations of LPZ inhibited adipocyte differentia-
tion, we further determined whether decreasing in adipocyte number
by LPZ reduces total glucose uptake in 3T3-L1 cells. As expected,
treatment of 3T3-L1 cells with 100 uM of LPZ during differentiation
(48 h) reduced basal and insulin-stimulated glucose uptake (Fig. 7). As
predicted, LPZ also reduced expression of Glut4 mRNA. These ob-
servations provide further support for the idea that high concentrations
of LPZ inhibit adipocyte differentiation.
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Confluent 3T3-L1 cells were induced to differentiate in the presence or absence of LPZ. Oil Red O staining and quantification was at day 10 (A). The mRNA expression
of Cebpd and cell cycle regulator genes following treatment with 10 uM of LPZ for 24 h was measured by qRT-PCR (B). Gapdh was used as internal control. Results are
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legend, the reader is referred to the Web version of this article.)

3.9. LPZ prevents body weight gain and reduces fat mass of mice with HFD-
induced obesity

Next, we investigated further whether LPZ has inhibitory effects on
adipose tissue mass in HFD-induced obese mice. We found that HFD
successfully induced obesity in mice with increases from initial weight
of approximately 20-25 g to 30-40 g, and significantly increased body
weight compared to mice on a Normal diet (ND; data not shown).
Importantly, oral administration of 100-200 mg/kg/day LPZ for 8
weeks decreased HFD-induced weight gain (Fig. 8A). This reduction
was not due to a reduction in energy consumption. Total body fat ac-
cumulation was slightly lower in LPZ treatment at 100 mg/kg/day.
However, the reduction of total fat mass was far more significant with
an LPZ treatment of 200 mg/kg/day (Fig. 8B). Interestingly, only the
subcutaneous adipose depots were significantly reduced by both LPZ
treatment groups. In contrast, significant changes in epididymal and
visceral adipose depots, liver weight and kidneys weight were not ob-
served (Fig. 8C). These results suggest that LPZ suppresses HFD-induced
obesity through a specific reduction of subcutaneous adipose tissues.

4. Discussion

Considerable evidence indicates that LPZ has anti-glycemic effects
in patients and animal models with type 2 diabetes mellitus [10-14].
However, the mechanism underlying these effects is not well under-
stood. The present study revealed the pharmacological effect and

underlying mechanism of LPZ on adipogenesis. Our results showed that
treating 3T3-L1 preadipocytes with 10 uM LPZ during differentiation
stimulated adipogenesis, as revealed by elevated triacylglycerol content
and number of adipocytes.

Increasing of adipocyte number is predominantly mediated by sti-
mulating the differentiation of existing preadipocytes. Among the
transcription factors involved with this complex process, PPARy and C/
EBPa are major regulators [19-24,27]. As expect for an inducer of
adipogenesis, LPZ increased expression of PPARy and C/EBPa mRNA
and protein. LPZ enhanced mRNA and protein expression of adipocyte-
related genes such as Fasn and Accl, which are regulated by Pparg and
Cebpa during adipocyte differentiation. Interestingly, action of LPZ on
adipocyte differentiation, function and insulin sensitivity is similar that
of thiazolidinediones, which are drugs used to treat type 2 diabetes
patients. Thus, effects on adipocyte biology may be a possible me-
chanism by which LPZ improves glucose homeostasis.

We observed that treatment with LPZ during the early phases of
adipogenesis potentiated adipocyte differentiation, and these effects on
differentiation were independent from the expression of Cebpd and cell
cycle regulator genes, Cdk4, Cyclin D1, CyclinEl, p21, and p27.
However, several signaling cascades such as Akt, MAPK, S6K, and many
others also play role in this early phase [28,29]. Our findings cannot
rule out effects of LPZ on other signaling pathways.

Another important issue is whether the concentrations of LPZ used
in our in vitro experiments are pharmacologically relevant. The max-
imum plasma concentration after oral administration of a single 30 mg
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3T3-L1 preadipocytes were stimulated with adipogenic differentiation cocktail in the absence or presence of the indicated concentrations of LPZ for 48 h
The cells were further cultured in a differentiation medium for another 8 days. Cellular morphology of cells was observed using phase contrast microscope. Lipid
accumulation in adipocytes was assessed by Oil Red O staining (A), quantification of retained Oil Red O dye (B), measurement of intracellular triacylglycerols (C) and

measurement of cell viability (D). Data are presented as the mean =

SEM of triplicate experiments. *P < 0.05 was regarded as statistically significant. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

dose is approximately 3.25 pM [3,30]. Clinical evidence indicates that
patients who take pharmacological doses of LPZ have improved gly-
cemia [10,12,13]. Our study showed that treatment with 3 pM LPZ, the
pharmacological dose, was sufficient to induce adipogenesis as assessed
by expression of adipogenic proteins.

One of the primary functions of adipose tissue is the uptake and
storage of excess energy. Under conditions of positive energy balance,
increasing adipocyte number (i.e. hyperplasia) is healthier than adi-
pocyte hypertrophy, which ultimately creates large dysfunctional adi-
pocytes that are associated with insulin-resistance and metabolic syn-
drome [17,18]. Our study on glucose uptake revealed that low
concentrations of LPZ augmented both basal and insulin-mediated
glucose uptake. However, treatment with LPZ for 24 h in fully-differ-
entiated adipocytes did not show any significant difference in basal or
insulin-stimulated glucose uptake. Thus, it is likely that the increase
glucose uptake with LPZ treatment was secondary to an increase in
adipocyte number as well as Glut4 mRNA expression.

On the other hand, our observations revealed that high concentra-
tions of LPZ, above the pharmacological range, inhibited adipogenesis.
Although repressive effects of LPZ on adipocyte differentiation could
have resulted from cell toxicity; in 3T3-L1 cells, 50 and 100 pM LPZ for
48h had no effect on cell viability. Instead, the inhibitory effect was
mediated via suppressing the expression of key transcription factors,
Ppary and C/ebpa, which then further inhibited other adipogenic re-
lated genes. In agreement with our findings, we also observed that 50
and 100 M LPZ maintained expression of preadipocyte markers, [3-
catenin and Pref-1 protein. Interestingly, the mRNA of B-catenin was
not altered, suggesting a posttranscriptional mechanism for effects on
B-catenin by LPZ. A relationship between PPARy and [-catenin

degradation has been previously reported [31,32]. It is also possible
that LPZ inhibited PPARy activity, which resulted in cellular accumu-
lation of 3-catenin. In our study, we found that high concentrations of
LPZ reduced both basal and insulin-stimulated glucose uptake, and
Glut4 mRNA expression. We also observed that insulin can further sti-
mulate glucose uptake in adipocytes treated with high concentrations of
LPZ. These results indicated that high concentrations of LPZ likely re-
duce glucose uptake secondary to a reduction of mature adipocyte
number but without altering insulin-stimulated glucose uptake in adi-
pocytes. Consistent with in vitro results, this study also presented evi-
dence that LPZ has anti-obesity effects in HFD-fed mice. LPZ reduced
weight gain and reduced total fat mass, which reflected growth of
adipose tissue in obese animal. The reduction of body weight and total
adipose tissue were not the result of reduced food intake, suggesting
that energy expenditure may be stimulated. However, the underlying
mechanisms by which LPZ exerted these effects, as well as selective loss
of the posterior subcutaneous adipose will require further study.

5. Conclusion

In summary, the present study demonstrates, for the first time, the
dual pharmacological effects of LPZ on 3T3-L1 preadipocyte conver-
sion, with effects of LPZ on adipogenesis highly correlated with ex-
pression of adipogenic proteins including PPARy, C/EBPa, Adiponectin,
FASN, and ACCL1. In addition to providing fundamental knowledge of
how LPZ influences differentiation and function of cultured adipocytes,
our current study also demonstrates that LPZ has anti-obesity effects in
a HFD-induced obesity model. This study supports drug repositioning of
LPZ as an alternative agent for either lowering blood glucose or obesity



A. Benchamana, et al.

Life Sciences 239 (2019) 116897

- + + +
® -0 % o (57w
. T 273kDal> | [p—— | FASN
& 0 50 100 LPZ (uM) 013  1.00 079 040%*
57kDa > PPAR 27kDa [> | [ | Adiponectin
53kDa Y %
> 001 100 044 o005
051 1.00 0.76* 0.64* : : : :
42kDa>-- CEBPq 280> s SEBEBE B . .| Acci
28kDa > SR 009 100 030 o0a1*
057 1.00 O. 1
14kDa [> | A —— | FABP4
42kDa D> I IR £ -actin TR

Ko f O
® 5§ § "
0n /2]
3 8
S s
§ 1.0 5
< <
r4 * =
(14 * o
5 0.5+ £
2 g
= 2
s ks
9 K]
X o0l ¥
N
R
KR f
100 uM LPZ

B-actin

42kDap> [--- - - .

(C) . % @ + ol § 20
. o s 10 LPZ (uM) a

Active 2 1.5
92kDa [> I-.— - -—..I B-catenin e
148 100 1.97* 3.15* :

sokoar> | W 0| Pref1 2 10-
218 1.00  1.87* 273* £
2
-t
[}
©
(14

42kDa[> [W W W % e o s wu| B-actin

o
g

o
o
1

Q

S oq'
& ¥
o

100 M LPZ

Fig. 6. High concentration of LPZ inhibits adipogenesis via suppression of adipogenic factors.
3T3-L1 preadipocytes were stimulated with the MDI differentiation cocktail in the presence or absence of the indicated concentrations of LPZ for 48 h

. The cells were further cultured in a differentiation medium for another 8 days. Cells were lysed for evaluation of mRNA and protein expression. Expression of
protein (A) and mRNA (B) of the adipogenic transcription factors, Pparg, Cebpa, Fas, Fabp4, Adiponectin, and Accl. Expression of preadipogenic markers, active (3-
catenin and Pref-1 protein and mRNA expression level of B-catenin, and Axin2 were analyzed (C). B-actin and Ppia were used as internal control for protein expression

and mRNA expression, respectively. *P < 0.05 was regarded as statistically significant compared with control.
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Fig. 7. Inhibition of adipogenesis by high con-
centration of LPZ subsequently reduced basal and
Glut4 insulin-stimulated glucose uptake.
__* 3T3-L1 preadipocytes were stimulated with the
MDI differentiation cocktail in the presence or
absence of the indicated concentrations of LPZ for
48h
. Basal and insulin-stimulated glucose uptake (A),
and expression of Glut4 mRNA (B) were in-
vestigated. Results are representative of at least
three independent experiments. Data are re-
presented as mean * SEM. *P < 0.05 was re-
garded as statistically significant.
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Fig. 8. LPZ reduces gain of body weight and subcutaneous adipose tissue in HFD-induced obese mice.
Mice received LPZ or vehicle daily by oral gavage for 8 weeks. (A) Body weight gain, food intake and energy consumption were observed once a week (*P < 0.05
HDF vs HFD +100, “P < 0.05 HFD vs HFD +200). At 8 weeks of treatment, mice were sacrificed and photographed. (B and C) Total fat mass, subcutaneous adipose
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*P < 0.05 was regarded as statistically significant.

References

[1]

[2]

[3]

[4]

G. Sachs, J.M. Shin, C.W. Howden, Review article: the clinical pharmacology of
proton pump inhibitors, Aliment. Pharmacol. Ther. 23 (2006) 2-8, https://doi.org/
10.1111/j.1365-2036.2006.02943.x.

J.M. Shin, G. Sachs, Differences in binding properties of two proton pump inhibitors
on the gastric H+ ,K+-ATPase in vivo, Biochem. Pharmacol. 68 (2004) 2117-2127,
https://doi.org/10.1016/j.bcp.2004.07.035.

A.E. ¢ Zimmermann, B.G. Katona, Lansoprazole: a comprehensive review,
Pharmacotherapy 17 (1997) 308-326, https://doi.org/10.1002/7.1875-9114.1997.
tb03714.x.

S. Shi, U. Klotz, Proton pump inhibitors: an update of their clinical use and

[5]

[6]

6-9).

pharmacokinetics, Eur. J. Clin. Pharmacol. 64 (2008) 935-951, https://doi.org/10.
1007/500228-008-0538-y.

J. Nantavishit, V. Chatsudthipong, S. Soodvilai, Lansoprazole reduces renal cyst in
polycystic kidney disease via inhibition of cell proliferation and fluid secretion,
Biochem. Pharmacol. 154 (2018) 175-182, https://doi.org/10.1016/J.BCP.2018.
05.005.

T. Takagi, Y. Naito, H. Okada, T. Ishii, K. Mizushima, S. Akagiri, S. Adachi,

0. Handa, S. Kokura, H. Ichikawa, K. Itoh, M. Yamamoto, H. Matsui, T. Yoshikawa,
Lansoprazole, a proton pump inhibitor, mediates anti-inflammatory effect in gastric
mucosal cells through the induction of heme oxygenase-1 via activation of NF-E2-
Related factor 2 and oxidation of kelch-like ECH-associating protein 1, J.
Pharmacol. Exp. Ther. 331 (2009), https://doi.org/10.1124/jpet.109.152702 255
LP - 264.


https://doi.org/10.1111/j.1365-2036.2006.02943.x
https://doi.org/10.1111/j.1365-2036.2006.02943.x
https://doi.org/10.1016/j.bcp.2004.07.035
https://doi.org/10.1002/j.1875-9114.1997.tb03714.x
https://doi.org/10.1002/j.1875-9114.1997.tb03714.x
https://doi.org/10.1007/s00228-008-0538-y
https://doi.org/10.1007/s00228-008-0538-y
https://doi.org/10.1016/J.BCP.2018.05.005
https://doi.org/10.1016/J.BCP.2018.05.005
https://doi.org/10.1124/jpet.109.152702
https://doi.org/10.1124/jpet.109.152702

A. Benchamana, et al.

71

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

V.E. Fako, X. Wu, B. Pflug, J.-Y. Liu, J.-T. Zhang, Repositioning proton pump in-
hibitors as anticancer drugs by targeting the thioesterase domain of human fatty
acid synthase, J. Med. Chem. 58 (2015) 778-784, https://doi.org/10.1021/

jm501543u.

S. Zhang, Y. Wang, S.J. Li, Lansoprazole induces apoptosis of breast cancer cells
through inhibition of intracellular proton extrusion, Biochem. Biophys. Res.
Commun. 448 (2014) 424-429, https://doi.org/10.1016/J.BBRC.2014.04.127.
R.R. Kedika, R.F. Souza, S.J. Spechler, Potential anti-inflammatory effects of proton
pump inhibitors: a review and discussion of the clinical implications, Dig. Dis. Sci.
54 (2009) 2312-2317, https://doi.org/10.1007/5s10620-009-0951-9.

K. Takebayashi, S. Sakurai, T. Suzuki, K. Hori, T. Terasawa, R. Naruse, K. Hara,
M. Suetsugu, T. Tsuchiya, H. Aoki, T. Hamasaki, H. Shuutou, T. Inukai, Effect of
combination therapy with alogliptin and lansoprazole on glycemic control in pa-
tients with type 2 diabetes, Endocr. J. 61 (2014) 1031-1039, https://doi.org/10.
1507/endocrj.EJ14-0208.

T.B. Bodvarsdéttir, K. Hove, C. Gotfredsen, L. Pridal, A. Vaag, A. Karlsen,

J.S. Petersen, Treatment with a Proton Pump Inhibitor Improves Glycaemic Control
in Psammomys Obesus, a Model of Type 2 Diabetes, (2010), https://doi.org/10.
1007/500125-010-1825-6.

K.D. Hove, K. Faerch, T.B. Bodvarsdottir, A.E. Karlsen, J.S. Petersen, A. Vaag,
Treatment with a proton pump inhibitor improves glycaemic control in type 2
diabetic patients - a retrospective analysis, Diabetes Res. Clin. Pract. 90 (2010)
e72-e74, https://doi.org/10.1016/J.DIABRES.2010.09.007.

S. Hao, J. Sun, X. Tian, X. Sun, Z. Zhang, Y. Gao, Lansoprazole enhances the anti-
diabetic effect of sitagliptin in mice with diet-induced obesity and healthy human
subjects, J. Pharm. Pharmacol. 66 (2014) 1133-1139, https://doi.org/10.1111/
jphp.12237.

W.L. Suarez-Pinzon, G.S. Cembrowski, A. Rabinovitch, Combination therapy with a
dipeptidyl peptidase-4 inhibitor and a proton pump inhibitor restores normogly-
caemia in non-obese diabetic mice, Diabetologia 52 (2009) 1680-1682, https://doi.
org/10.1007/s00125-009-1390-z.

A. Puglianiello, S. Cianfarani, Central control of glucose homeostasis, Rev. Diabet.
Stud. 3 (2006), https://doi.org/10.1900/RDS.2006.3.54 54-54.

A.R. Saltiel, C.R. Kahn, Insulin signalling and the regulation of glucose and lipid
metabolism, Nature 414 (2001) 799-806, https://doi.org/10.1038/414799a.
M.A. Herman, B.B. Kahn, Glucose transport and sensing in the maintenance of
glucose homeostasis and metabolic harmony, J. Clin. Investig. 116 (2006)
1767-1775, https://doi.org/10.1172/JCI29027.

E.D. Rosen, B.M. Spiegelman, Adipocytes as regulators of energy balance and glu-
cose homeostasis, Nature 444 (2006) 847, https://doi.org/10.1038/nature05483.
0.A. MacDougald, M.D. Lane, Transcriptional regulation of gene expression during

10

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Life Sciences 239 (2019) 116897

adipocyte differentiation, Annu. Rev. Biochem. 64 (1995) 345-373, https://doi.
org/10.1146/annurev.bi.64.070195.002021.

E.D. Rosen, O.A. MacDougald, Adipocyte differentiation from the inside out, Nat.
Rev. Mol. Cell Biol. 7 (2006) 885, https://doi.org/10.1038/nrm2066.

T.C. Otto, M.D. Lane, Adipose development: from stem cell to adipocyte, Crit. Rev.
Biochem. Mol. Biol. 40 (2005) 229-242, https://doi.org/10.1080/
10409230591008189.

P. Tontonoz, E. Hu, B.M. Spiegelman, Stimulation of adipogenesis in fibroblasts by
PPARyY2, a lipid-activated transcription factor, Cell 79 (1994) 1147-1156, https://
doi.org/10.1016/0092-8674(94)90006-X.

E. Rosen, C.-H. Hsu, X. Wang, S. Sakai, M. Freeman, F. Gonzalez, B. Spiegelman, C/
EBPalpha induces adipogenesis through PPARgamma: a unified pathway, Genes
Dev. 16 (2002) 22-26, https://doi.org/10.1101/gad.948702.nuclear.

0O.A. MacDougald, S. Mandrup, Adipogenesis: forces that tip the scales, Trends
Endocrinol. Metab. 13 (2002) 5-11, https://doi.org/10.1016/51043-2760(01)
00517-3.

A.A. K, P.P. Deotarse, A.S. Jain, M.B. Baile, N.S. Kolhe, Drug repositioning: a re-
view, Int. J. Pharm. Rev. Res. 4 (2015) 51.

T.T. Ashburn, K.B. Thor, Drug repositioning: identifying and developing new uses
for existing drugs, Nat. Rev. Drug Discov. 3 (2004) 673, https://doi.org/10.1038/
nrd1468.

J. Zhang, M. Fu, T. Cui, C. Xiong, K. Xu, W. Zhong, Y. Xiao, D. Floyd, J. Liang, E. Li,
Q. Song, Y.E. Chen, Selective disruption of PPAR 2 impairs the development of
adipose tissue and insulin sensitivity, Proc. Natl. Acad. Sci. 101 (2004)
10703-10708, https://doi.org/10.1073/pnas.0403652101.

F. Bost, M. Aouadi, L. Caron, B. Binétruy, The role of MAPKs in adipocyte differ-
entiation and obesity, Biochimie 87 (2005) 51-56, https://doi.org/10.1016/j.
biochi.2004.10.018.

L.S. Carnevalli, K. Masuda, F. Frigerio, O. Le Bacquer, S.H. Um, V. Gandin,

1. Topisirovic, N. Sonenberg, G. Thomas, S.C. Kozma, S6K1 plays a critical role in
early adipocyte differentiation, Dev. Cell 18 (2010) 763-774, https://doi.org/10.
1016/j.devcel.2010.02.018.

J.M. Shin, N. Kim, Pharmacokinetics and pharmacodynamics of the proton pump
inhibitors, J. Neurogastroenterol. Motil. 19 (2013) 25-35, https://doi.org/10.
5056/jnm.2013.19.1.25.

D. Lu, D.A. Carson, Repression of B-catenin signaling by PPARy ligands, Eur. J.
Pharmacol. 636 (2010) 198-202, https://doi.org/10.1016/J.EJPHAR.2010.03.010.
J. Liu, H. Wang, Y. Zuo, S.R. Farmer, Functional interaction between peroxisome
proliferator-activated receptor y and B-catenin, Mol. Cell. Biol. 26 (2006)
5827-5837, https://doi.org/10.1128/MCB.00441-06.


https://doi.org/10.1021/jm501543u
https://doi.org/10.1021/jm501543u
https://doi.org/10.1016/J.BBRC.2014.04.127
https://doi.org/10.1007/s10620-009-0951-9
https://doi.org/10.1507/endocrj.EJ14-0208
https://doi.org/10.1507/endocrj.EJ14-0208
https://doi.org/10.1007/s00125-010-1825-6
https://doi.org/10.1007/s00125-010-1825-6
https://doi.org/10.1016/J.DIABRES.2010.09.007
https://doi.org/10.1111/jphp.12237
https://doi.org/10.1111/jphp.12237
https://doi.org/10.1007/s00125-009-1390-z
https://doi.org/10.1007/s00125-009-1390-z
https://doi.org/10.1900/RDS.2006.3.54
https://doi.org/10.1038/414799a
https://doi.org/10.1172/JCI29027
https://doi.org/10.1038/nature05483
https://doi.org/10.1146/annurev.bi.64.070195.002021
https://doi.org/10.1146/annurev.bi.64.070195.002021
https://doi.org/10.1038/nrm2066
https://doi.org/10.1080/10409230591008189
https://doi.org/10.1080/10409230591008189
https://doi.org/10.1016/0092-8674(94)90006-X
https://doi.org/10.1016/0092-8674(94)90006-X
https://doi.org/10.1101/gad.948702.nuclear
https://doi.org/10.1016/S1043-2760(01)00517-3
https://doi.org/10.1016/S1043-2760(01)00517-3
http://refhub.elsevier.com/S0024-3205(19)30824-0/sref25
http://refhub.elsevier.com/S0024-3205(19)30824-0/sref25
https://doi.org/10.1038/nrd1468
https://doi.org/10.1038/nrd1468
https://doi.org/10.1073/pnas.0403652101
https://doi.org/10.1016/j.biochi.2004.10.018
https://doi.org/10.1016/j.biochi.2004.10.018
https://doi.org/10.1016/j.devcel.2010.02.018
https://doi.org/10.1016/j.devcel.2010.02.018
https://doi.org/10.5056/jnm.2013.19.1.25
https://doi.org/10.5056/jnm.2013.19.1.25
https://doi.org/10.1016/J.EJPHAR.2010.03.010
https://doi.org/10.1128/MCB.00441-06

	Regulation of adipocyte differentiation and metabolism by lansoprazole
	Introduction
	Materials and methods
	Drugs and reagents
	Cell culture and 3T3-L1 cell differentiation
	Cell viability assay
	Oil Red O lipid staining and quantification
	Intracellular triacylglycerol measurement
	Glucose uptake
	Quantitative real-time PCR analysis
	Protein extraction and immunobloting
	Animals and experimental protocol
	Statistical analysis

	Results
	Low concentration of LPZ promotes adipocyte differentiation
	LPZ increases expression of adipogenic mRNAs and proteins
	LPZ increases insulin-stimulated glucose uptake in 3T3-L1 adipocytes
	Adipogenic effects of LPZ appear to be independent of Cebpd and cell cycle regulators
	High concentrations of LPZ suppress adipocyte differentiation
	High concentrations of LPZ inhibit expression of adipogenic mRNAs and proteins in 3T3-L1 adipocytes
	High concentration of LPZ elevates preadipogenic markers in 3T3-L1 adipocyte cells
	High concentrations of LPZ reduced glucose uptake
	LPZ prevents body weight gain and reduces fat mass of mice with HFD-induced obesity

	Discussion
	Conclusion
	Author contributions
	mk:H1_26
	Acknowledgements
	References




