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ABSTRACT
Metformin is an anti-hyperglycemic agent used to treat diabetes, and recent
HYLGHQFHVXJJHVWVLWKDVDQWLWXPRUHϒFDF\%HFDXVHJURZWKKRUPRQHVHFUHWLQJ
pituitary adenoma (GH-PA) patients have a high incidence of diabetes frequently
WUHDWHGZLWKPHWIRUPLQZHDVVHVVHGWKHDQWLWXPRUHϑHFWRIPHWIRUPLQRQ*+3$
:HIRXQGWKDWPHWIRUPLQHϑHFWLYHO\LQKLELWHGSUROLIHUDWLRQDQGLQGXFHGDSRSWRVLV
LQ WKH *+3$ FHOO OLQH *+ :H GHWHFWHG D GHFUHDVH LQ PLWRFKRQGULDO PHPEUDQH
potential (MMP), an increase in expression of pro-apoptotic proteins, and a decrease
in expression of an anti-apoptotic protein in metformin-treated GH3 cells, which
VXJJHVWVLQYROYHPHQWRIWKHPLWRFKRQGULDOPHGLDWHGDSRSWRVLVSDWKZD\,QKLELWLRQ
of AMPK, which is activated by metformin, failed to reverse the antiproliferative
HϑHFW$7)ZDVXSUHJXODWHGE\PHWIRUPLQDQGLWVNQRFNGRZQVLJQL¿FDQWO\UHGXFHG
PHWIRUPLQLQGXFHGDSRSWRVLV,QDGGLWLRQ*+VHFUHWLRQZDVLQKLELWHGE\PHWIRUPLQ
WKURXJK VXSSUHVVLRQ RI 67$7 DFWLYLW\ LQGHSHQGHQWO\ RI $03. 0HWIRUPLQ DOVR
VLJQL¿FDQWO\VXSSUHVVHGFHOOXODUSUROLIHUDWLRQDQG*+VHFUHWLRQLQSULPDU\KXPDQ*+
3$FHOOV0HWIRUPLQDOVRVLJQL¿FDQWO\LQKLELWHG*+FHOOSUROLIHUDWLRQDQG*+VHFUHWLRQ
in vivo$7)XSUHJXODWLRQDQGS67$7GRZQUHJXODWLRQZHUHFRQ¿UPHGLQ[HQRJUDIWV
7KHVH¿QGLQJVVXJJHVWPHWIRUPLQLVDSRWHQWLDOO\SURPLVLQJWKHUDSHXWLFDJHQWIRUWKH
WUHDWPHQWRI*+3$SDUWLFXODUO\LQSDWLHQWVZLWKGLDEHWHV

hypertension, and several other endocrine disorders [2, 3].
If excess GH is sustained for a long period of time in vivo,
the mortality rate may increase several fold, mainly due to
cardiovascular complications [4, 5]. The treatments for GHPA include surgery, medical management, and radiotherapy.
Unfortunately, some invasive GH-PAs exhibit poor
responses to these approaches [6]. Hence, it is necessary to
develop novel treatment strategies.

INTRODUCTION
GH-PA is a common type of pituitary adenoma (PA).
Although most GH-PAs are benign, they may cause patients
to develop symptoms of acromegaly through hypersecretion
of growth hormone (GH) [1]. The presence of excess
GH and IGF-1 leads to a series of metabolic symptoms,
including glucose intolerance (GI), diabetes mellitus (DM),
www.impactjournals.com/oncotarget
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Metformin is a safe and effective oral antidiabetic
GUXJWKDWLVZLGHO\XVHGFOLQLFDOO\&XUUHQWO\LWLVWKH¿UVW
line drug used to treat type 2 diabetes (T2D) because it
suppresses hepatic gluconeogenesis and promotes glucose
uptake into skeletal muscles [7]. In addition to its glucoselowering activity, there has recently been increasing interest
in its antitumor potential. Many studies have reported the
EHQH¿FLDOHIIHFWVRIPHWIRUPLQIRUFDQFHUSUHYHQWLRQDQG
treatment [8, 9]. In addition, accumulating evidence indicates
that metformin decreases cancer cell viability and tumor
growth in xenograft models [10-12]. Recently, a short-term
clinical study demonstrated that metformin reduces cellular
proliferation in vivo in atypical endometrial hyperplasia and
endometrial endometrioid adenocarcinoma [13]. Metformin
is an activator of adenosine monophosphate-activated
protein kinase (AMPK), which is a serine/threonine protein
kinase. Its antitumor effects are mainly considered to occur
through activation of AMPK [14]. It suppresses cancer cell
growth by inducing cell cycle arrest and apoptosis in an
AMPK-dependent manner [15]. However, it also triggers
cell cycle arrest and apoptosis in an AMPK-independent
mechanism in some tumors [16, 17].
The antitumor effects and mechanisms of metformin
KDYHEHHQLGHQWL¿HGLQPDQ\W\SHVRIWXPRUVKRZHYHU
they are unknown in GH-PA. Because patients with GHPA have a higher incidence of diabetes, which is the
most well-known indication for the use of metformin,
we explored the potential effects of metformin on the
growth and GH secretion of GH-PAs in vitro using GH3
cell line, primary tumor cells and in vivo using nude mice.
We also investigated the molecular mechanisms by which
metformin exerts its effects.

in GH3 cell cycle progression were observed in response
to the metformin concentrations assessed (Figure 1B
and Supplementry Figure 2). However, the percentage
RIDSRSWRWLFFHOOVZDVVLJQL¿FDQWO\LQFUHDVHGLQDGRVH
dependent manner (Figure 1C).
We performed JC-1 staining to detect changes in
the mitochondrial membrane potential (MMP) in GH3
cells. We found that metformin decreased the MMP in a
dose-dependent manner (Figure 1D). The expression of
several mitochondrial apoptotic pathway-related proteins,
including Bcl-2, Bax, and cleaved caspase-3(19), were
determined by western blot analysis, which showed
that the anti-apoptotic protein Bcl-2 was decreased by
metformin in a dose-dependent manner. In contrast, the
pro-apoptotic proteins Bax and cleaved caspase-3 were
VLJQL¿FDQWO\ LQFUHDVHG LQ D GRVHGHSHQGHQW PDQQHU
(Figure 1E).

ATF3 mediated metformin-induced GH-PA cell
apoptosis

First, we conducted Cell Counting Kit-8 (CCK8) assays to investigate the effect of metformin on the
proliferation of GH3 cells. GH3 cells were treated with
different doses of metformin (0, 2, 5, 10, 20, and 50 mM)
and were assessed at four time points (0, 24, 48 and 72 h).
Growth curve analysis revealed that metformin inhibited
GH3 proliferation in a dose-dependent manner (Figure
1A). Moreover, metformin effectively suppressed GH3
proliferation at dose as low as 0.2mM (Supplementry
Figure 1A, 1B).

Metformin is a well-known activator of the
AMPK signaling pathway. We found that metformin
promoted AMPK phosphorylation in GH3 cells (Figure
2A). However, compound C, which is an AMPK
pathway inhibitor, did not reverse the inhibitory effects
of metformin (Figure 2B), indicating that metformininduced apoptosis may be independent of the AMPK
signaling pathway. Microarray analysis revealed that
WKH51$H[SUHVVLRQOHYHOVRIPDQ\JHQHVZHUHDOWHUHG
in metformin-treated GH3 cells compared with control
cells. Activating transcription factor 3 (ATF3), which was
VLJQL¿FDQWO\XSUHJXODWHG IROG LQWKHPHWIRUPLQWUHDWHG
GH3 cells (5 mM) and has been reported to be involved
in cell apoptosis [20-23], was chosen for further analysis.
4XDQWLWDWLYH573&5DQG:HVWHUQEORWWLQJFRQ¿UPHGWKDW
WKH$7) P51$ DQG SURWHLQ OHYHOV ZHUH VLJQL¿FDQWO\
upregulated in the metformin-treated GH3 cells (Figure
&' 1H[WZHNQRFNHGGRZQ$7)H[SUHVVLRQLQ*+
cells to investigate whether metformin-induced apoptosis
LVPHGLDWHGE\$7)$7)VL51$VZHUHWUDQVIHFWHGLQWR
*+FHOOVUHVXOWLQJLQVLJQL¿FDQWGRZQUHJXODWLRQRI$7)
DWWKHP51$DQGSURWHLQOHYHOV )LJXUH() )XUWKHU
$7)NQRFNGRZQVLJQL¿FDQWO\VXSSUHVVHGWKHPHWIRUPLQ
induced expression of cleaved caspase-3 (Figure 2G).
7KHVH¿QGLQJVVXJJHVWWKDWPHWIRUPLQLQGXFHG*+FHOO
apoptosis is at least partially mediated by ATF3.

Metformin induced apoptosis via the
mitochondrial apoptotic pathway

Metformin inhibited GH secretion by GH-PA
cells

As metformin inhibited GH3 cell proliferation,
we explored whether it also affected the cell cycle
and apoptosis. GH3 cells were treated with different
concentrations of metformin (0, 2, and 5 mM) for 48
h, and then cell cycle distributions and apoptosis were
DQDO\]HGE\ÀRZF\WRPHWU\1RGRVHGHSHQGHQWFKDQJHV

We next used ELISA to examine whether metformin
inhibits GH secretion by GH3 cells. We found that GH
UHOHDVH ZDV VLJQL¿FDQWO\ UHGXFHG E\ PHWIRUPLQ LQ D
dose and time-dependent manner (Figure 3A). GH
hypersecretion by GH-PAs is induced in a STAT3dependent manner [24]. We also found that STAT3 activity

RESULTS
Metformin inhibited GH-PA cell proliferation
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Figure 1: Metformin (Met) induced apoptosis via the mitochondrial apoptotic pathway in a dose dependent manner.
(A) GH3 cells were incubated with different concentrations of metformin for 0, 24, 48, and 72 h, and cell proliferation was measured by
CCK-8 assay. (B)*+FHOOVZHUHH[SRVHGWRDQGP0PHWIRUPLQIRUKDQGWKHQFHOOF\FOHZDVDQDO\]HGXVLQJÀRZF\WRPHWU\
(C)$SRSWRVLVRIFHOOVWUHDWHGZLWKPHWIRUPLQDWGLIIHUHQWFRQFHQWUDWLRQVZDVPHDVXUHGE\ÀRZF\WRPHWU\(D) Mitochondrial membrane
potential (MMP) was measured in different treatment groups by JC-1 staining. (E) Protein expression levels of Bcl2, Bax and Cleaved
FDVSDVHZHUHH[DPLQHGE\:HVWHUQEORW 3 3
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Figure 2: Metformin induced GH3 cell apoptosis by activation of ATF3 independent of AMPK. (A) Protein levels of
p-AMPK (Thr172) and AMPK were examined by Western blot. (B) GH3 cell proliferation with metformin treatment (5mM for 48 h) was
assayed by CCK-8, following treatment with compound C (5 uM). (C and D)$7)P51$DQGSURWHLQOHYHOVLQJURXSVRIWUHDWPHQWZLWK
or without metformin for 48 h by RT-qPCR and Western blot. (E and F)$7)P51$DQGSURWHLQOHYHOVRIFHOOVWUDQVIHFWHGZLWKFRQWURO
RU$7)VL51$(G)*+FHOOVZHUHWUDQVIHFWHGZLWKFRQWURORU$7)VL51$DQGWKHQWUHDWHGZLWKP0PHWIRUPLQIRUK&OHDYHG
FDVSDVHZDVH[DPLQHGE\:HVWHUQEORW 3 3
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was suppressed by metformin. However, AMPK inhibition
by compound C did not alter the inhibitory effect of
metformin on STAT3 activity (Figure 3B). These results
indicated that metformin inhibited GH secretion by GH3
cells through suppression of STAT3 activity in an AMPKindependent manner.

4E). In accordance with the clinical features of acromegaly
patients, the body weights of the tumor-bearing mice were
markedly increased compared with those of the normal
mice due to GH secretion by the tumor cells. Metformin
DGPLQLVWUDWLRQVLJQL¿FDQWO\DWWHQXDWHGWKHLQFUHDVHGERG\
weights of the tumor-bearing mice at the concentrations
of 300 mg/kg and 500 mg/kg (Figure 4F). Moreover,
the metformin-treated tumors exhibited increased ATF3
expression and reduced STAT3 phosphorylation, consistent
with the in vitro results (Figure 4D, 4G).

Metformin inhibited GH-PA cell growth and GH
secretion in vivo
To further evaluate the antitumor potential of
metformin in vivo, we generated a GH-PA xenograft
model by subcutaneous injection of GH3 cells into nude
mice. The mice were divided into normal and tumorbearing groups. All mice were administered vehicle or
metformin at one of 3 different concentrations (100 mg/
kg, 300 mg/kg, or 500 mg/kg) each day for 4 weeks.
Administration of metformin at the low concentration
WHQGHG WR QRQVLJQL¿FDQWO\ UHGXFH WXPRU JURZWK ,Q
contrast, the middle and high metformin concentrations
VLJQL¿FDQWO\LQKLELWHGWXPRUJURZWK )LJXUH$%& 
We also found that the tumor-bearing mice secreted more
GH than the normal mice. Treatment of the tumor-bearing
mice with metformin reversed GH hypersecretion (Figure

Metformin inhibited proliferation and GH
secretion of patient-derived GH-PA cells
To further investigate the effects of metformin on
KXPDQ*+3$VZHFXOWXUHGDQGLGHQWL¿HGSULPDU\*+
PA cells derived from 8 patients after transsphenoidal
resection (Figure 5A). Primary cultured cells were treated
with different concentrations of metformin and assessed
at 72 hours. Similar to results in GH3 cell line, metformin
exerted growth inhibitory effects on 7 of the 8 individual
patient cultures, whereas 1 of 8 samples did not respond
)LJXUH% )XUWKHUPRUHDVLJQL¿FDQWUHGXFWLRQRI*+
levels was detected in 7 of 8 tumor cell cultures after

Figure 3: Metformin inhibited GH secretion by GH3 cells. (A) GH3 cells were incubated with different concentrations of
metformin for 0, 12, 24, 36, 48, 60 and 72 h, and GH secretion was detected by ELISA. (B) GH3 cells were pretreated with or without
FRPSRXQG & DQG WKHQ WUHDWHG ZLWK PHWIRUPLQ S$03. 7KU  DQG S67$7 7\U  ZHUH H[DPLQHG E\ :HVWHUQ EORW 3  
**P < 0.01.
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Figure 4: Metformin inhibited GH3 cell growth and GH secretion in vivo. (A) GH3 cells were injected subcutaneously in nude
mice and excised tumors from different groups are shown. (B) The weight of the excised tumors. (C) Growth curve shows the tumor volume
change of mice after administration of vehicle or metformin. (D) Protein level of ATF3 in tumor tissues was examined by Western blot. (E)
GH level of mice after different treatments was detected by ELISA. (F) The weight of the mice after different treatments was recorded. (G)
3URWHLQOHYHORIS67$7 7\U LQWXPRUWLVVXHVZDVH[DPLQHGE\:HVWHUQEORW 3 3
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metformin treatment, while GH level was unchanged
LQVDPSOH )LJXUH& 7KHVHGDWDIXUWKHUYHUL¿HGWKH
inhibitory effects of metformin on GH-PA.

Importantly, we further explored metformin’s inhibition of
GH-PA cell growth and found that primary cultured cells
from 7 of 8 acromegaly patients responded to metformin
treatment. A number of studies have suggested that the
growth inhibitory effects of metformin may be attributed
to cell cycle arrest or cell apoptosis. Ben Sahra et al. [26]
demonstrated that metformin induces cell cycle arrest
in the G0/G1 phase rather than promoting apoptosis in
prostate cancer cells. However, metformin has also been
reported to induce apoptosis in pancreatic cancer cells
>@2XUÀRZF\WRPHWU\UHVXOWVLQGLFDWHGWKDWPHWIRUPLQ
did not induce GH3 cell cycle arrest. PAs are senescent
benign tumors, and Chesnokova et al. [28] and Arzt et al.
[29] have reported these tumors were prematurely arrested
in a state of cellular senescence which is the feature of
VWDEOH PDLQWHQDQFH RI FHOOF\FOH DUUHVW 6R RXU ¿QGLQJ
that PA cell cycle was not arrested by metformin appears
to be consistent with these studies. However, we found
PHWIRUPLQVLJQL¿FDQWO\LQFUHDVHG*+FHOODSRSWRVLVLQD
dose-dependent manner. The discrepancy among studies
regarding the effect of metformin may be attributed to the
use of different cell types.

DISCUSSION
Although most GH-PAs are benign, some tumors
exhibit invasive behaviors and respond poorly to current
treatments. Thus, it is necessary to develop novel strategies
to treat GH-PAs. In our study, we found that metformin
inhibited the proliferation and hormone secretion of a GHPA cell line both in vitro and in vivo.
A relatively non-toxic and well-tolerated antidiabetic
drug, metformin also has antitumor potential, which has
attracted increasing attention in recent years. Recently,
studies have reported that metformin inhibits the growth
of a number of different tumors [10-12]. The antitumor
potential of this drug is not likely due to its reduction of
blood glucose, as sulfonylureas and other antidiabetic
drugs do not alter the risk of breast cancer [25]. Our
study showed that metformin also inhibited proliferation
of a GH-PA cell line, GH3, both in vitro and in vivo.

Figure 5: Metformin suppressed cellular proliferation and reduced GH secretion in primary cultures of human
GH-PA cells. (A)SULPDU\*+3$FHOOVZHUHLGHQWL¿HGE\KXPDQ*+%OXHVLJQDO'$3,QXFOHDUVWDLQLQJJUHHQVLJQDO*+VWDLQLQJ
2ULJLQDO PDJQL¿FDWLRQ î (B) The effects of metformin on proliferation of the primary tumor cells, after 72 hours of exposure.
(C)'HWHFWLRQRIWKHSULPDU\FHOOV*+VHFUHWLRQDIWHUWUHDWHGZLWKPHWIRUPLQE\(/,6$ 3 3
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Table 1. Primer list for qPCR
Gene name (Species)
ATF3 (rat)

Primer sequences (5’-3’)

Tm cycles

Product (bp)

F: CTCCTGGGTCACTGGTGTTTG

57-30

106

57-30

157

R: GAGGACATCCGATGGCAAAG
ȕDFWLQ UDW

F: GAGGGAAATCGTGCGTGAC
R: GCATCGGAACCGCTCATT

Apoptosis is programmed cell death triggered by
intrinsic or extrinsic apoptotic pathways. The intrinsic
pathway, also known as the mitochondrial-mediated
pathway [30], is characterized by a decrease in the
MMP and is regulated by Bcl-2 family proteins [31].
Among the Bcl-2 family members, Bax and Bcl-2 have
EHHQ LGHQWL¿HG DV WKH SLYRWDO UHJXODWRUV RI DSRSWRVLV
Pores form in the outer mitochondrial membrane in the
presence of an increased Bax/Bcl-2 ratio. Consequently,
apoptogenic mitochondrial proteins are released,
activating downstream death programs, such as those
involving caspase-3, and resulting in apoptosis [32]. Our
UHVXOWV UHYHDOHG WKDW PHWIRUPLQ VLJQL¿FDQWO\ UHGXFHG
the MMP of GH3 cells. Expression of the pro-apoptotic
proteins Bax and cleaved caspase-3 was induced in the
PHWIRUPLQWUHDWHG FHOOV KRZHYHU PHWIRUPLQ KDG DQ
opposite effect on expression of the anti-apoptotic protein
Bcl-2. Further, the Bax/Bcl-2 ratio was increased in
response to metformin. These effects of metformin were
GRVH GHSHQGHQW 2XU ¿QGLQJV VXJJHVW WKDW PHWIRUPLQ
induces GH3 cell apoptosis through activation of the
mitochondrial-mediated pathway.
AMPK, which has well-known antitumor effects,
KDVEHHQLGHQWL¿HGDVWKHGRZQVWUHDPPROHFXOHDFWLYDWHG
by metformin [14, 15]. In our study, AMPK was also
activated in GH3 cells after metformin treatment in
vitro. However, the AMPK inhibitor compound C did not
reverse the anti-proliferative effect of metformin. These
experimental results indicated that metformin inhibited
GH3 cell proliferation in an AMPK-independent manner.
To further identify the underlying molecular mechanisms
of metformin-induced apoptosis, we conducted microarray
analysis of GH3 cells treated (or untreated) with
PHWIRUPLQ *HQH H[SUHVVLRQ SUR¿OHV ZHUH VLJQL¿FDQWO\
altered in GH3 cells following treatment with metformin,
DQG LQ SDUWLFXODU $7) H[SUHVVLRQ ZDV VLJQL¿FDQWO\
upregulated (8-fold). We further demonstrated that
ATF-3 was upregulated in metformin-treated GH3 cells
DW ERWK WKH P51$ DQG SURWHLQ OHYHOV VLPLODU $7)
upregulation was detected in xenograft tumors from
the metformin-treated nude mice. ATF3 is a stressresponsive transcription factor that belongs to the ATF/
CREB family [33]. Its overexpression has been shown to
induce apoptosis in both human ovarian surface epithelial
and ovarian cancer cells [21]. ATF3 knockout partially
reverses stress-induced beta-cell apoptosis [23]. ATF-3
www.impactjournals.com/oncotarget

is a key mediator of KLF6-induced apoptosis in prostate
cancer cells [22]. In addition, it mediates apoptosis
induced by t10, c12-CLA in human colorectal cancer cells
[20]. Above all, ATF-3 plays a crucial role in regulating
apoptosis. In the present study, ATF-3 knockdown using
siATF-3 resulted in a marked decrease in metformininduced apoptosis, suggesting that ATF-3 mediates the
pro-apoptotic effect of metformin.
Further, we were interested in determining whether
metformin affects GH secretion. Our results showed that
metformin decreased GH secretion of GH3 cells both in
vitro and in vivo. Metformin also suppressed GH secretion
by primary human GH-PA cells. Additionally, the body
weights of the tumor-bearing mice were markedly
increased compared with those of the normal mice, and
the metformin treatment reduced the body weights of the
tumor-bearing animals in a dose-dependent manner over
WKHFRXUVHRIWKHWUHDWPHQW7KHVH¿QGLQJVLQGLFDWHGWKDW
metformin inhibited GH secretion in vivo. As an important
energy-sensing enzyme, AMPK activity is closely related
to hypophyseal hormone secretion. AMPK regulates
secretion of luteinizing hormone (LH) in gonadotrope
cells, as well as adrenocorticotropin precursor expression
in corticotroph cells [34, 35]. However, a previous study
KDV FRQ¿UPHG WKDW$,&$5 D VSHFL¿F$03. DJRQLVW 
does not affect hormone secretion by GH3 cells [36]. It
has been recently reported that GH hypersecretion by
GH-PAs is promoted by the transcription factor STAT3
> @ %DVHG RQ WKHVH ¿QGLQJV ZH GHWHUPLQHG WKDW
metformin inhibited STAT3 activity both in vitro and
in vivo. Therefore, our data suggest that the metformin
might inhibit GH secretion by suppressing STAT3 activity
independent of AMPK. Lin et al. [38] have also found that
metformin suppresses STAT3 activation in an AMPKindependent manner in lung cancer, which is consistent
ZLWKRXU¿QGLQJV
In summary, we revealed that metformin inhibited
somatotroph adenoma cell growth through an ATF-3mediated pro-apoptotic effect both in vitro and in vivo.
In addition, GH secretion was suppressed by metformin
through inhibition of STAT3 signaling in an AMPKindependent manner. Our results suggest that metformin
is a promising potential therapeutic agent for patients with
benign GH-PA, especially those with diabetes. However,
WKHUHVXOWVRIWKLVVWXG\PXVWEHYHUL¿HGE\IXUWKHUFOLQLFDO
investigations.
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MATERIALS AND METHODS

3URWHLQWHFK  *$3'+  $EFDP  DQG ȕDFWLQ
 &67 7KH PHPEUDQHV ZHUH IXUWKHU LQFXEDWHG
with horseradish peroxidase-conjugated goat anti-rabbit
,J* 6DQWD&UX]%LRWHFKQRORJ\ 7KHPHPEUDQH
signals were visualized by enhanced chemiluminescence.

Cell culture
The rat pituitary adenoma cell line GH3 was
obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in Ham’s F-12K
medium (Invitrogen Life Technologies, Carlsbad, CA,
86$ VXSSOHPHQWHGZLWKIHWDOERYLQHVHUXP )%6
,QYLWURJHQ/LIH7HFKQRORJLHV DQGKRUVHVHUXP +6
Invitrogen Life Technologies) in a 5% CO2KXPLGL¿HG
atmosphere at 37°C.

Small interfering RNA (siRNA) experiments
6L51$ IRU UDW $7) DQG FRQWURO VL51$ ZHUH
purchased from Ruibo Biotech (Guangzhou, China). GH3
FHOOVZHUHWUDQVLHQWO\WUDQVIHFWHGZLWK$7)VL51$DQG
FRQWURO 51$ XVLQJ ULER)(&7 &3 5HDJHQW 5LERELR
Guangzhou, China) according to the manufacturer's
LQVWUXFWLRQV 7RWDO 51$ DQG SURWHLQ ZHUH REWDLQHG
IURPVL51$WUDQVIHFWHG*+FHOOVVL51$WUDQVIHFWLRQ
HI¿FLHQF\ZDVGHWHUPLQHGE\UHDOWLPH3&5DQG:HVWHUQ
blot.

Primary culture of human GH-PA cells
Eight human GH-PA specimens were obtained from
patients undergoing transsphenoidal surgery at Xinqiao
Hospital in Chongqing, China (Supplementry Table 1). All
the participants voluntarily joined this study with informed
consents. The human tumor tissues were obtained and used
in a manner compliant with the Declaration of Helsinki.
Fresh tumors were washed with 1X phosphate buffered
saline and cut into small pieces. Then, tissue fragments
were digested with Type I Collagenase for two hours at
37°C. After adding equal amounts of 10% FBS-containing
0(0 PHGLD WKH FHOO VXVSHQVLRQ ZDV ¿OWHUHG WKURXJK
0R¿OWHU7KHQWKHFHOOVXVSHQVLRQZDVFHQWULIXJHG
and washed with PBS two times, and the cell pellet was
resuspended in 10% FBS-containing MEM media. Finally,
the primary cells were cultured in a 5% CO2KXPLGL¿HG
atmosphere at 37°C.

Cell proliferation assay
Cell proliferation was measured using a WST-8
Cell Counting Kit-8 (Dojindo Laboratories, Mashikimachi, Kumamoto, Japan) according to the manufacturer’s
instructions.

Cell cycle analysis
&HOO F\FOH GLVWULEXWLRQ ZDV DQDO\]HG E\ ÀRZ
F\WRPHWU\ ,Q WRWDO î6 cells were harvested at the
indicated time points under the appropriate treatment.
7KHQ FHOOV ZHUH ULQVHG ZLWK 3%6 DQG ¿[HG LQ 
ethanol at 4 °C overnight. Subsequently, the cells were
resuspended and stained in 0.05 mg/ml propidium iodide
3,%'%LRVFLHQFHV3KDUPLQJHQ DQGDQDO\]HGE\ÀRZ
F\WRPHWU\ )$&6FDQ%'%LRVFLHQFHV3KDUPLQJHQ6DQ
Diego, CA, USA). Gating was set to exclude cell debris,
FHOO GRXEOHWV DQG FHOO FOXPSV '1$ KLVWRJUDPV ZHUH
analyzed by ModFit LT V2.0 software.

Reverse transcription and qPCR
7RWDO 51$ ZDV H[WUDFWHG XVLQJ 75,]RO 5HDJHQW
(Invitrogen, Carlsbad, CA, USA) and then treated with
'1DVH , WR HOLPLQDWH JHQRPLF '1$ FRQWDPLQDWLRQ
5HYHUVH WUDQVFULSWLRQ RI  XJ 51$ ZDV SHUIRUPHG
XVLQJD5HYHU7UD$FH)LUVW6WUDQGF'1$6\QWKHVLV.LW
7R\RER2VDND-DSDQ LQD¿QDOYROXPHRIX/T3&5
was performed using SYBR Premix Ex Taq II (TaKaRa,
Dalian, China) and a CFX96 Real-time System (Bio-Rad
Laboratories, Hercules, CA, USA). The relative expression
levels were calculated using the 2-¨¨FW method. The primer
sequences used for qPCR are given in Table 1.

Apoptosis analysis
GH3 cells were treated at the indicated time points
with the appropriate treatment. After treatment, apoptosis
was assessed using a FITC-Annexin V apoptosis detection
kit (BD Biosciences Pharmingen). Cells were washed 3
times with PBS and suspended in binding buffer. Then, the
cells were stained with FITC-Annexin V and PI. Finally,
DSRSWRVLVZDVGHWHFWHGE\ÀRZF\WRPHWU\DQGDQDO\]HGE\
ModFit LT V2.0 software.

Western blot analysis
GH3 cell extracts equivalent to 40 ug protein were
subjected to 12% SDS-PAGE and then transferred onto
SRO\YLQ\OLGHQH GLÀXRULGH PHPEUDQHV 7KH PHPEUDQHV
were blocked with 5% nonfat milk in Tris-buffered
saline containing 0.05% Tween 20, incubated with rabbit
DQWLERGLHVDJDLQVWUDW%FO $EFDP %D[ 
$EFDP  &DVSDVH   &67  $03. 
&67 S$03. 7KU  &67 67$7 
&67  S67$7 7\U   &67  $7) 
www.impactjournals.com/oncotarget

Microarray analysis in GH3 cells treated and
untreated by metformin
7RWDO 51$ ZDV H[WUDFWHG IURP *+ FHOOV XVLQJ
51$LVR 3OXV 7DNDUD  DQG GLJHVWHG ZLWK '1DVH ,
WR UHPRYH UHPDLQLQJ '1$ 7KH 51$ ZDV FOHDQHG
XS ZLWK 51HDV\ .LW 4LDJHQ +LOGHQ *HUPDQ\ 
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and the quantities and qualities were determined by
spectrophotometry and 1% formaldehyde denaturing gel
electrophoresis. The samples with bright bands of 28S
WR6 51$ LQ D UDWLR ! ZHUH XVHG IRU PLFURDUUD\
analysis. The hybridization was performed using
Affymetrix GeneChip® Rat Genome 230 2.0 Array. After
hybridization, the GeneChip arrays were washed and then
stained with streptavidin phycoerythrinonan (SAPE) with
Affymetrix Fluidics Station 450 followed by scanning with
the Affymetrix GeneChip Scanner 3000 7G. Differentially
H[SUHVVHGJHQHVZHUHLGHQWL¿HGE\VLJQL¿FDQWDQDO\VLVRI
PLFURDUUD\ 6$0 5HODWLYHH[SUHVVLRQRIRU
was considered as differentially expressed genes.

normal group received daily intragastric administration of
an equal volume of vehicle (H2O) only. The mice were
monitored daily for any discomfort and weighed every two
days to check for physical condition. Tumor volume was
measured twice a week and calculated using the formula
V (mm3) = [ab2]/2, where a is the length and b is the width
of the tumor. Tumor tissue was removed from tumorbearing nude mice and blood was collected following the
¿QDOWUHDWPHQW7KHSODVPDZDVVWRUHGDW±&XQWLO*+
hormone assay as previously described. The study was
approved by the Xinqiao Hospital institutional committee
on animal care. All animal procedures were conducted
DFFRUGLQJWRSURWRFROVDSSURYHGE\81&&+,QVWLWXWLRQDO
Animal Care and Use Committee (IACUC).
Based on the well-established Reagan-Shaw method
[18], the dose of drugs used for one animal species can
be translated to another. According to the formula, human
HTXLYDOHQWGRVH PJNJ  DQLPDOGRVH PJNJ îDQLPDO
Km/human Km. The Km values are based on body surface
area. Km for a 60 kg human adult is 37 and for a 20 g
mouse is 3. Thus, the human equivalent of the dose of
500 mg/kg in a mouse is 2432 mg in an average-sized
person of 60 kg, which is lower than the maximum safe
dose of 2550 mg/d recommended in the Physician’s Desk
Reference. Thus, all dosing in our experiments were
within a therapeutic range safely for humans.

Analysis of mitochondrial membrane
potential (MMP)
003ZDVGHWHUPLQHGE\ÀRZF\WRPHWU\XVLQJWKH
mitochondrial membrane potential assay kit with JC-1.
%ULHÀ\î6 cells were harvested at the indicated time
points with the appropriate treatment. Then, the collected
cells were treated according to the manufacturer's
LQVWUXFWLRQV(DFKVDPSOHZDVDVVHVVHGE\ÀRZF\WRPHWU\
for red (JC-1 aggregates) and green (JC-1 monomers)
ÀXRUHVFHQFH-&HPLWVUHGÀXRUHVFHQFHZKHQLWHQWHUV
intact mitochondria to form aggregates. However, under
the condition of MMP collapse, JC-1 forms a monomer
DQGJLYHVJUHHQÀXRUHVFHQFH6RWKHUDWLRRIDJJUHJDWHV
PRQRPHUUHÀHFWVWKHFKDQJHRI003

Statistical analysis
The data are expressed as the means ± SEM. Student
W WHVW 0DQQ±:KLWQH\ 8 WHVW DQG RQHZD\ DQDO\VLV RI
YDULDQFHZHUHDSSOLHGWRGHWHUPLQHVWDWLVWLFDOVLJQL¿FDQFH
Data analysis were conducted by SPSS for Windows
version 13.0 (SPSS Inc, Chicago, IL, USA). P values less
WKDQZHUHFRQVLGHUHGVLJQL¿FDQW

Enzyme-linked immunosorbent assay (ELISA)
The levels of GH were measured in the cell culture
supernatants and plasma using ELISA kits (Invitrogen
Life Technologies) at the indicated time points with the
appropriate treatment according to the manufacturer's
recommendations.
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KRXVHGXQGHUVSHFL¿FSDWKRJHQIUHHFRQGLWLRQV$WRWDORI
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metformin was started 9 days after inoculation. Then,
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implantation with GH3 cells were used as a negative
control group(normal group). The metformin-treated
group received daily intragastric administration of 100,
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WKHPLFHZHUHVDFUL¿FHGZKLOHWKHFRQWUROJURXSDQGWKH
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