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Angiotensin Il (Ang II) has been shown to play an important role in cell apoptosis. However, the mecha-
nisms of Ang-IlI-induced apoptosis in intestinal epithelial cells are not fully understood. GATA-6 is a zinc
finger transcription factor expressed in the colorectal epithelium, which directs cell proliferation, differ-
entiation and apoptosis. In the present study we investigated the underlying mechanism of which GATA-
6 affects Ang-II induced apoptosis in intestinal epithelial cells. The in vitro intestinal epithelial cell apop-
tosis model was established by co-culturing Caco-2 cells with Ang II. Pretreatment with Angiotensin type
2 (AT2) receptor antagonist, PD123319, significantly reduced the expression of Bax and prevented the
Caco-2 cells apoptosis induced by Ang II. In addition, Ang Il up-regulated the expression of GATA-6. Inter-
estingly, GATA-6 short hairpin RNA prevented Ang Il-induced intestinal epithelial cells apoptosis and
reduced the expression of Bax, but not Bcl-2. Taken together, the present study suggests that Angiotensin
Il promotes apoptosis in intestinal epithelial cells through GATA-6 and the Bax pathway in an AT2 recep-

tor-dependent manner.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Massive resection of small intestine leads to the development of
short bowel syndrome (SBS), which is characterized as a state of
inadequate digestion and impaired absorption of nutrients. SBS is
capable of causing a series of adaptive response to increase absorp-
tive surface area and establish nutritional homeostasis in residual
intestine [1,2]. This adaption is highlighted by an increase in villus
length and crypt depth, and an increased number of microvillus.
The adaptive processes include significant increases in epithelial
cell (EC) proliferation and EC apoptosis rates [3-5]. To improve
intestinal compensation after SBS, researchers usually focus on
EC proliferation via an up-regulation in a number of growth factors
including keratinocyte growth factor (KGF), glucagon like peptide 2
(GLP-2), epidermal growth factor (EGF) and transforming growth
factor alpha (TGF-o) [2,6-9]. Also, a few studies showed that
reducing intestinal epithelial cell apoptosis would significantly im-
prove bowel adaptation [3]. For example, Wildhaber et al. reported
that ACE inhibitors (ACE-I) significantly reduces EC apoptosis and
enhances intestinal adaptation [10]. Furthermore, blockade of
angiotensin Il (Ang II) signaling by Ang II receptor antagonists re-
duced injury effects and apoptosis [2,11]. These studies suggested
that Ang Il plays a key role in apoptosis of intestinal epithelial cells.
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However, the mechanisms by which Ang II regulates intestinal epi-
thelial cells apoptosis are still elusive.

Ang II exerts its biological effects via two major isoforms of
receptor known as angiotensin type 1 (AT1) and type 2 (AT2)
receptor, both of which are seven-transmembrane-spanning G pro-
tein-coupled receptors [11-13]. The signaling of AT1 and AT2 is
associated with cell proliferation and apoptosis. The delicate bal-
ance between proliferation and apoptosis plays an essential role
in the pathophysiology of various diseases [14,15]. Several studies
demonstrated that Ang-ll-induced apoptosis in coronary artery
endothelial cells and transformed epithelial cells was mediated
by the AT1 receptor [16-19]. By contrast, some other researchers
showed that AT2-receptor activation induced apoptosis in smooth
muscle cells, HUVECs and PC12W cells whereas AT1 activation re-
sulted in proliferative and anti-apoptotic cellular responses in
these cells [20-22]. Conclusively, Ang-Il-induced signaling has
been suggested to be cell-type dependent, and the signaling spec-
ificity has been considered to determine the biological response.

GATA is a family of six transcriptional regulation proteins that
plays important role in both developmental processed and tissue-
or cell-specific gene transcription [23,24]. Previous studies have
indicated that GATA-1, GATA-2 and GATA-3 function mainly in
hematopoietic cell lineages whereas GATA-4, GATA-5 and GATA-
6 are found in tissues of the endodermal origin [25-27]. Among
the GATA family members, GATA-6 is highly expressed in gastric,
colonic, ovary, pulmonary and cardiovascular cell lines [25,28-
31]. In the intestinal tract, GATA-6 expression is gradually
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increased along the crypt-villus axis [26,27,32]. Studies have sug-
gested that GATA-6 is associated with proliferation, differentiation
and apoptosis by regulating genes expression in gastrointestinal
tissue [28,32-34]. It has been shown that GATA-6 regulated the
apoptosis-related proteins FasL in smooth muscle cells [21]. More-
over, GATA-6 has been shown to regulate Bax and Bcl-2 in human
fetal testis [35]. But there is no report on the relationship between
GATA-6 and apoptosis related genes in intestine so far. In this
study, we explore the mechanism of Ang Il induced apoptosis in
intestinal epithelium cells involving GATA-6 transcriptional regu-
lation of Bax and Bcl-2 expression.

2. Materials and methods
2.1. Materials

Caco-2 (human colon carcinoma) cells were purchased from
China Center for Type Culture Collection (Beijing, China). Angioten-
sin Il was purchased from Sigma (St. Louis, MO, USA). AT1 receptor
blocker losartan was purchased from Merck, Co. (USA). AT2 recep-
tor blocker PD123319 was purchased from Wako Pure Chemical
Industries, Ltd. (Japan). Anti-bax and anti-bcl-2 antibodies were
purchased from Millipore (USA). Anti-GAPDH antibody was pur-
chased from Goodhere Biotechnology (Hangzhou, China). Anti-
GATA-6 antibody was purchased from Abcam (USA).

2.2. Cell culture and treatments

Caco-2 cell were grown in Eagle’s Minimum Essential Medium,
supplemented with 20% fetal bovine serum (Gemini Bioproducts,
Woodland, CA), 100U/100ug/ml penicillin and streptomycin
(Invitrogen, Carlsbad, CA). Cells were incubated in a 5% CO, humid-
ified incubator at 37 °C. The following groups were analyzed: (1)
untreated cells (control); (2) Ang II (10~® mol/L) alone; (3) AT1
receptor blocker losartan (10 ® mol/L) and then Ang II; (4) AT2
receptor blocker PD123319 (10° mol/L) and then Ang II. Prior to
stimulation with Ang II, Caco-2 cells were pretreated for 1 h with
losartan or PD123319. Ang Il was then added for 48 h. All treat-
ments were performed in triplicates.

2.3. Flow cytometry using Annexin V staining to identify apoptotic cells

The apoptotic ratios of Caco-2 in different groups were mea-
sured by flow cytometry according to the protocol provided by
the manufacturer. Double staining for FITC-Annexin V binding
and for cellular DNA using propidium iodide were performed as
described in the protocol. Cells were washed twice with phos-
phate-buffered saline (PBS, pH 7.4) and lifted by adding trypsin-
EDTA. After this treatment, cells were centrifuged and washed
twice with ice-cold PBS. Then the cells were pelleted at 1000 rpm
for 5min and resuspended in 200 pl blinding buffer (10 mM
Hepes/NaOH, pH 7.4, 140 mM NacCl and 2.5 mM CaCl2), followed
by adding 5 pl of FITC-labeled Annexin V and 10 pl of propidium
iodide. The cells were incubated on ice for 15 min in the dark. Prior
to flow cytometry of stained cells, 200 pl binding buffer was trans-
ferred into tubes and analyzed using a FACScalibur flow cytometer
(Becton Dickinson, USA) with an emission wavelength of 488 nm.
All experiments were repeated three times. Results were expressed
as the percentage of Annexin V + cells in the total cell population.

2.4. Quantitative real-time PCR

Total RNA was extracted from cultured Caco-2 cells using Trizol
(Invitrogen) following the manufacturer’s instructions. Briefly, RNA
was reverse-transcribed into complementary DNA (cDNA) with a

Table 1
Primer sequences of oligonucleotides used for PCR.
Gene Primers Size of
product (bp)
Bax Forward  5'-TTTTGCTTCAGGGTTTCATCCA-3’ 117
Reverse 5'-TGAGACACTCGCTCAGCTTCTTG-3’
Bcl-2 Forward 5-GTGGATGACTGAGTACCTGAACC-3’ 133
Reverse 5'-AGTCTTCAGAGACAGCCAGGAG-3’
GATA-6  Forward 5-TCCCATGACTCCAACTTCCACC-3’ 170
Reverse 5’-AGAGCCCATCTTGACCCGAAT-3'
B-Actin Forward 5'-CCAC G A AACTACCTTC A ACTCC-3' 132
Reverse  5-GTGATCTCCTTCTGCATCCTGT-3'

SuperScript First-Strand Synthesis System RT-PCR kit (Invitrogen)
and served as a template for amplification of Bax, Bcl-2, GATA-6
and B-actin. The forward and reverse primer (Table 1) were synthe-
sized by TaKaRa. Gene expression was carried out by real-time PCR
using the ABI 7500 and the SYBR® Premix Ex TaqTM II (TaKaRa)
starting with 2 ng of reverse-transcribed total RNA. The thermal
cycling conditions for reverse transcription and amplification acti-
vation were set at 45 °C for 30 min and 95 °C for 10 min, respec-
tively. PCR denaturing was set at 94 °C for 5 min and annealing/
extending at 59 °C for 1 min, for a total of 40 cycles. The expression
of each gene was normalized to B-actin expression in the individ-
ual samples.

2.5. Western blot analysis

The cells were washed twice with PBS prior to lysis in cold RIPA
buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1ug/ml
APMSF, 1.0 mM sodium orthovandate, 1x mammalian protease
inhibitor cocktail; Sigma-Aldrich). The protein concentration was
determined according to the Bradford method using BCA assay re-
agent (Beyotime). Samples (25 g protein) were loaded onto SDS-
PAGE gels and the gels were transferred to polyvinylidene difluo-
ride membrane (Millipore) after electrophoresis. Membranes were
blocked by 5% bovine serum albumin in TBS-T (50 mM Tris-HCI pH
7.5, 140 mM NacCl, 0.1% Tween) and then incubate with the follow-
ing primary antibodies at 4°C: mouse monoclonal anti-bax
(1:200), rabbit monoclonal anti-bcl-2 (1:500), rabbit polyclonal
anti-GATA-6 (1:1000), rabbit polyclonal anti-GAPDH (1:1000).
The membranes were then washed three times and incubated with
horseradish peroxidase-conjugated goat anti-rabbit or goat anti-
mouse secondary antibodies. Membrane imaging was performed
using the enhanced chemiluminescence detection system (ECL,
Boster) according to the manufacturer’s instructions.

2.6. Short Hairpin RNA Assay

For inhibition of GATA-6 function, a transient transfection assay
was performed. The custom shRNA directed against the 19 nucleo-
tides of the human GATA-6 sequence, 5'-GCAATGCTTGTGGACTCTA-
3’, was purchased from Shanghai Sunbio Medical Biotechnology Co.
Ltd. Cells cultured to 90-95% confluence in a 6-well plates were
transfected with the shRNA expression plasmid (4 pg for single
transfections) using Lipofectamine 2000 reagent (Invitrogen) in
antibiotics-free and serum-free Opti-MEM medium according to
the manufacturer’s instructions. After 6 h, the medium was replaced
with normal culture medium with Ang II, and the cells were incu-
bated for 48 h before harvested for western blot analysis of GATA-
6, Bax and Bcl-2, or for apoptosis detection by flow cytometry.

2.7. Statistical Analysis

All experimental data are shown as the Mean + SD. Analysis was
performed using SPSS software (version 12.0 for windows). Differ-
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ences were set statistically significant when p < 0.05. If not other-
wise stated, all experiments included three independent replica-
tions in triplicate.

3. Results
3.1. Ang Il induced apoptosis in Caco-2 cells

Using the established in vitro model of Caco-2 apoptosis in-
duced by Ang II, we investigated the effects of Ang Il on cell apop-
tosis in different concentrations. All doses of Ang II tested
significantly increased Caco-2 apoptosis compared with control
treatment. Ang I (107’ M and 108 M) induced about 15-20%
apoptosis within 48 h, while 107® M induced approximately 40%
apoptosis (p <0.05) (Fig. 1). Higher concentrations of Ang II
(10> M) did not induced more cell apoptosis when compared with
107°M of Ang II (p > 0.05) (Fig. 1). Based on these findings, Ang II
(105 M) concentration was chosen in the following experiments.

3.2. Bax and Bcl-2 are involved in Ang Il induced apoptosis through
AT2 receptor

Ang Il exerts its biological effects via AT1 and AT2 receptors. To
investigate which receptor is related to apoptosis induced by Ang
I, we used antagonists of AT1 and AT2. Pretreatment of Caco-2
cells with the AT2 receptor antagonist PD123319 inhibited Ang
[I-induced apoptosis, as determined by flow cytometry. In contrast,
no remarkable inhibition of Ang II-induced apoptosis was observed
when cells were pretreated with the AT1 receptor antagonist losar-
tan (Fig. 2A). These data suggested that Ang II-induced apoptosis in
Caco-2 cell is mediated by the AT2 receptor.

Bax is a pro-apoptotic protein whereas Bcl-2 is an anti-apopto-
tic protein. The ratio between Bax and Bcl-2 expression has been
shown as an important marker of apoptotic probability in intesti-
nal epithelium cell. We next investigated the effect of PD123319
on the expression of these two apoptosis regulators. The mRNA le-
vel of Bax showed a significant increase in Ang II treated cells.
When cells were pretreated with PD123319 before adding Ang II,
the mRNA level of Bax was significantly reduced, by nearly 30%,
compared to cells treated with Ang II alone (p <0.05) (Fig. 2B).
The expression of Bcl-2 also increased in Ang II treated cells, how-
ever, pretreatment with PD123319 only reduced Bcl-2 mRNA by
10% compared to cells treated with Ang II alone (Fig. 2B). Similar
results were obtained for Bax and Bcl-2 protein expression by wes-
tern bolt analysis (Fig. 2C). Thus, the increased Bcl-2: Bax ratio
when cells were pretreated with PD123319 may contribute to
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Fig. 1. Ang Il-induced apoptosis in Caco-2 cells. Caco-2 cells were treated with the
indicated concentrations of Ang II for 48 h before apoptosis detection using flow
cytometry. Percentage of apoptotic cells increased in the presence of increasing
doses of Ang II. Values are mean + SD of triplicate samples. *Statistical significant
difference versus control, p < 0.05.

the protection of these cells from Ang Il-induced apoptosis ob-
served in Fig. 2A. Together, these results indicated the involvement
of the AT2 receptor and Bax in Ang II-induced apoptosis in Caco-2
cells.

3.3. Ang Il up-regulated GATA-6 expression is an AT2 receptor-
dependent manner

The signaling pathways activated by Ang II through its receptors
have been demonstrated to be cell-type specific. Pharmacological
inhibitors were used to identify signaling pathways originating
from the AT2 receptor and leading to Bax up-regulation and apop-
tosis in Caco-2 cell. Since it was reported that Ang Il induced apop-
tosis via GATA-6 in the Smooth Muscle Cell [21], we examined
whether Ang Il regulates GATA-6 expression in the Caco-2. Quanti-
tative real-time PCR showed that GATA-6 mRNA level increased
50% when Caco-2 cell was exposed to Ang Il. However, the up-reg-
ulation of GATA-6 mRNA reduced significantly when cells were
pretreated with PD123319 (p < 0.05 relative to cells treated with
Ang II alone), but not with losartan (Fig. 3A). GATA-6 protein level
also increased in Ang Il group, but again, the up-regulation reduced
markedly in PD123319 group (Fig. 3B). Given the similar expres-
sion pattern of Bax and GATA-6, we next examine the role of
GATA-6 in Ang Il-induced apoptosis.

3.4. GATA-6 short hairpin RNA blocks Ang II inducible Bax expression
and cell apoptosis

In order to correlate GATA-6 with Bax and Ang II inducible
apoptosis, we used short hairpin RNA (shRNA) of GATA-6, which
significantly reduced GATA-6 protein level in Caco-2 cell
(Fig. 4A). Consequently, GATA-6 knockdown decreased Ang II-in-
duced up-regulation of Bax protein, but not Bcl-2 protein
(Fig. 4A). Importantly, GATA-6 knockdown also inhibited Ang II-in-
duced apoptosis (p < 0.05 relative to cells transfected with a nega-
tive control shRNA) (Fig. 4B). Together, these results suggested that
Ang Il induces Bax expression and Caco-2 cell apoptosis via the AT2
receptor and GATA-6.

4. Discussion

In the present study, we found that Ang Il induces significant
apoptosis in human colonic epithelium Caco-2 cells. To determine
which receptor relays the Ang II signal in intestinal epithelial cell
apoptosis, we tested AT1 receptor antagonist, losartan and AT2
receptor antagonist, PD123319. We showed that apoptosis was
abolished by pre-treatment with PD123319, but not losartan, sug-
gesting a dominant role of AT2 in intestinal epithelial cell apopto-
sis. Others reported that AT2 also mediated Ang Il-induced
apoptosis in smooth muscle cells, HUVECs and PC12W cells [20-
22]. However, a few other groups reported that Ang II could also
induce apoptosis through the AT1 receptor [36,37]. Taken together,
these studies provided evidence for the heterogeneous nature of
Ang Il-induced apoptosis in different tissues, cells, and different
species.

Apoptosis is controlled partly by a complex interplay between
pro-apoptotic and anti-apoptotic mediators, such as Bax and Bcl-
2 [38], respectively. We used real-time PCR and western bolt anal-
ysis to detect Bax and Bcl-2 mRNA and protein expression in Ang Il
treated Caco-2 cells. Our finding of an increase in Bax and Bcl-2 le-
vel upon Ang II treatment is consistent with previous reports
[2,39]. Interestingly, pretreatment of the cells with PD123319 re-
sulted in a much more dramatic decrease in Bax induction by
Ang Il compared to Bcl-2 induction. This in turn resulted in a signif-
icant decrease in Bax: Bcl-2 ratio that inhibited the apoptosis of
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Fig. 2. Effects of PD123319 and losartan on Ang Il-induced apoptosis. Caco-2 cells were treated with AT2 antagonist PD123319 (10~° M) or AT1 antagonist losartan (1076 M)
for 1 h prior to the addition of Ang Il (10-% M). After 48 h, apoptosis was determined using flow cytometry. (A) Ang ll-induced apoptosis was blocked by PD123319, but not
losartan. (B and C) Ang II-induced expression of Bax and Bcl-2 in Caco-2 cells. mRNA expression by real-time PCR (B) and protein expression by western blot analysis (C) of
both Bax and Bcl-2 were significantly induced by Ang II, and the induction was reduced when cells were pretreated with PD123319. However, the reduction of Bax was more
than that of Bcl-2. p-Actin mRNA and GAPDH protein expression were used as control in (B) and (C), respectively. Values are mean * SD of triplicate samples. *Statistically
significant difference versus cells treated with Ang II alone (A) or control gene expression (B), p < 0.05.
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Fig. 3. Effects of PD123319 and losartan on Ang Il-induced GATA-6 expression in Caco-2 cells. Cells were treated, GATA-6 mRNA (A) and protein (B) expression were
measured as in Fig. 2. Ang Il induced GATA-6 mRNA and protein expression, and the induction was blocked by pretreatment of cells with PD123319. Values are mean * SD of
triplicate samples. *Statistical significant difference versus cells treated with Ang II alone, p < 0.05.
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Fig. 4. GATA-6 mediates Ang IlI-induced Bax expression and Caco -2 cell apoptosis. Caco-2 cells were transfected with GATA-6 or control shRNA-expressing plasmid for 6 h,
and then cultured in Ang I (1075 M) for 48 h before harvested for western blot analysis (A) or apoptosis detection by flow cytometry (B). (A) As expected, GATA-6 shRNA
significantly knocked down GATA-6 protein expression, which led to significant decrease in Ang II-induced expression of Bax, but not Bcl-2. (B) GATA-6 shRNA blocked Ang II-
induced apoptosis. Values are mean + SD of triplicate samples. *Statistically significant difference versus cells treated with Ang II alone, p < 0.05.

Ang II treated Caco-2 cells. This finding is supported by other stud-
ies that showed the Bax: Bcl-2 ratio as a valuable indicator for
modulating apoptosis [38,40]. The results suggested that Ang II in-
duced intestinal epithelial cell apoptosis is linked to the Bax/Bcl-2
intrinsic pathway.

Several lines of evidence demonstrated that GATA family mem-
bers are involved in the regulation of apoptosis in multiple tissues
[35,41-43]. GATA-1 regulates the apoptosis-related proteins Bcl-x1
and Bcl-2 [41,42] whereas GATA-4 modulates Bcl-2 level in human
ovary cells [43]. In human fetal testis, GATA-6 is linked to the
expression level of Bax and Bcl-2 [35]. The regulation of apopto-
sis-related proteins by GATA factors suggests a role of these factors
in apoptosis. We focused on GATA-6 in this study because our pre-
liminary results showed that GATA-6 is highly expressed in Caco-2
cells whereas GATA-4 is not (data not shown).

Our data show that GATA-6 protein level is increased in Ang II-
induced Caco-2 cells, and this increase is abolished when cells
were pretreated with PD123319. It suggests that Ang Il-induced
GATA-6 up-regulation is dependent on AT2 receptor. This finding
is consistent with previous studies [21]. Furthermore, the expres-
sion of GATA-6 and Bax are regulated similarly by Ang II and
PD123319, indicating that GATA-6 might stimulate Bax expression
and thus mediate Ang II-induced apoptosis in Caco-2 cells. To test
this hypothesis, we used shRNA to knock down GATA-6 expression.
As expected, GATA-6 shRNA significantly inhibited Bax induction,
but not Bcl-2, by Ang Il and thus prevented apoptosis. These results
emphasize the key role of the Bax pathway in Ang II-induced apop-
tosis in intestinal epithelial cells. Interestingly, an earlier study
showed that GATA-6 mediates Ang Il-induced apoptosis through
Fasl in smooth muscle cells [21], suggesting that different pro-
apoptotic proteins facilitate Ang Il-induced apoptosis in different
cell types. More complicated, GATA-6 has also been reported to
prevent apoptosis in Bovine Corpus Luteum [44]. The opposite ef-
fects of GATA-6 suggest that GATA-6 can acts as a transcriptional
activator or repressor of pro-apoptotic proteins in different cell
types, depending on the context of the regulatory regions and
other regulatory factors/co-factors of the target genes [35]. In light
of these findings, our future studies will focus on how GATA-6 con-
trols the expression of Bax at transcription level in intestinal epi-
thelial cells.

In conclusion, our results suggest the following model. In intes-
tinal epithelial cells, Ang II signals through the AT2 receptor to up-
regulate GATA-6 expression, which in turn up-regulates the

expression of Bax, eventually leading to apoptosis in these cells.
These results provide insight into the molecular mechanism of
intestinal adaptation after the development of short bowel syn-
drome (SBS). Future studies will identify more components along
this pathway and lead to a more complete understanding of this
important adaptive process.
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