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Abstract Apoptosis of intestinal epithelial cells (EC)
plays a role in total parenteral nutrition (TPN)-induced
villus atrophy. Among the mediators of apoptosis in EC
are some members of the Bcl-2 family of proteins. Bcl-2
members can either be anti- (Bcl-2, Bcl-xL, Bcl-w) or
pro-apoptotic (Bax, Bak, Bid, Bad, Bcl-xS). To deter-
mine whether the observed increase in apoptosis induced
by TPN is associated with an alteration in these Bcl-2
members’ mRNA expression, mice were randomized to
either TPN or oral feeding (controls). Animals were
killed after 7 days and the intestine was harvested. EC
were purified with magnetic beads. Apoptosis was de-
tected by cell-surface expression of phosphatidylserine
using flow cytometry. EC mRNA expression was de-
termined by reverse-transcriptase polymerase chain re-
action. Results were expressed relative to b-actin. TPN
resulted in a significant (P < 0.05, unpaired t-test) in-
crease in apoptosis: TPN 29.4 ± 11.3% versus control
14.4 ± 5.1%. The expression of the pro-apoptotic
members Bax, Bak, Bid, and Bcl-xS was significantly (P
< 0.05) decreased after TPN. In contrast, a significant
increase was observed in the anti-apoptotic member Bcl-
2. mRNA expression of Bcl-w, Bad, and Bcl-xL was not
significantly different between the control and TPN
groups. Thus TPN-induced apoptosis was associated
with an increased expression of anti-apoptotic factors
and a decrease in pro-apoptotic factors. This contrasts
with other reports where these factors showed converse
effects under apoptotic conditions. Our results may
demonstrate a unique regulatory pathway that may

counter the observed increase in TPN-induced EC
apoptosis.

Keywords Apoptosis Æ Bcl-2 protein family Æ Intestinal
epithelial cells Æ Total parenteral nutrition

Introduction

Apoptosis is a unique form of cell death that is essential
to allow the normal functions of most biological or-
ganisms. Apoptosis of intestinal epithelial cells (EC)
plays a role in total parenteral nutrition (TPN)-induced
villus atrophy [1]. Two different pathways are known to
induce apoptosis in the intestinal tract: (1) activated
neurophils; and (2) intestinal intraepithelial lymphocytes
(IEL) [2]. The IEL pathway shows different and distinct
mechanisms, such as the Fas/FasL system (Fas ligand
on IEL, Fas receptor on EC) and secretion of perforin, a
pore-forming protein, which results in an intracellular
death-inducing signaling cascade in the EC [3, 4]. The
Fas/FasL system is known to be upregulated by inter-
feron-gamma (IFN-c) [1] or p53, a tumor-suppressor
protein [5, 6].

A major intracellular signalling pathway for apop-
tosis is mediated by the Bcl-2 family of proteins. Mem-
bers of this family can either function to prevent
apoptosis (Bcl-2, Bcl-xL, Bcl-w) or support intracellular
apoptotic signalling (Bax, Bak, Bid, Bad, Bcl-xS). The
up- or down-regulation of these proteins has been shown
to play a major role in determining whether or not cells
will undergo apoptosis [7]. We hypothesized that EC
apoptosis with TPN administration would be associated
with an increase in pro-apoptotic mRNA expression and
decreased expression of anti-apoptotic Bcl-2 members.

Materials and methods

Male, specific-pathogen-free, 2-month-old mice (C57BL/6J,
Jackson Laboratories, Bar Harbor, ME) were maintained under
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temperature, humidity, and light-controlled conditions and were
initially fed ad libitum with normal mouse chow and water. Fol-
lowing 2 weeks of acclimation the mice were divided into two
groups and received either TPN or oral feeding (controls). To
perform IV catheterization they were anesthetized with sodium
pentobarbital (50 mg/kg body weight IP). During administration
of IV solutions, mice were housed in metabolic cages.

A silicon rubber catheter was inserted into the superior vena
cava through the left jugular vein. The distal end of the catheter
was tunneled subcutaneously. The catheter, exiting between the
scapulae, was attached to a swivel spring that allowed mice free
movement in their individual cages (Metamount System, Instech,
Plymouth Meeting, MA). Catheterized mice were connected to an
infusion pump (AIM pain provider pump, donated by Abbott,
Abbott Park, IL), and 5% dextrose in 0.45 saline with 20 mol KCl/
l was infused at an initial rate of 3 ml/24 h.

After 12 h the TPN mice received a solution containing a bal-
anced mixture of amino acids, lipids, and dextrose in addition to
electrolytes and vitamins (prepared by the hospital pharmacy) [8].
Caloric delivery was based on estimates of caloric intake by the
control group and from previous investigators, and was essentially
the same in both groups [9]. The TPN was given at 7 ml/24 h with
no oral intake other than water ad libitum.

Control mice received a saline infusion instead of TPN at a rate
of 7 ml/24 h. In addition, they were given standard laboratory
mouse chow and water ad libitum.

Animals in both groups were killed after 7 days using CO2, and
the intestine was harvested. Survival in the TPN group was 48.3%,
versus 93.30% in the control group. This low survival was felt to be
secondary to the almost 50% incidence of bacterial translocation
seen in rodents on TPN [10, 11]. All ill-appearing or non-viable
animals were not used for this study, which left 8 animals each in
the TPN and control groups for analysis of data.

Mucosal cell isolation

Isolation of mucosal cells was performed using the protocol
described by Kiristioglu and Teitelbaum [8]. Mesenteric fat and
Peyer’s patches were removed from the small intestine, which was
then cut longitudinally. The intestine was placed in tissue-culture
medium (RPMI 1640 with glutamine) and agitated to remove
mucus and fecal material, then cut into 5-mm pieces and washed in
an IEL-extraction buffer (1 mM EDTA, 1 mM dithiotheritol in
phosphate-buffered saline). It was incubated in the same buffer
with continuous brisk stirring at 37� for 20 min. The supernatant
was then filtered rapidly through a glass-wool column. After cen-
trifugation, the pellets were purified in 40% isotonic Percoll
(Upjohn & Pharmacia, Sweden) and reconstituted in tissue-culture
medium. The cell suspension contained a purified mixture of EC
and IEL at a ratio of 50:50.

Flow cytometry

Flow cytometry was performed using standard techniques [12].
Acquisition and analysis were performed on a Becton-Dickinson
FACScan (Becton-Dickinson, Mountainview, CA) using a Mac-
intosh Power PC computer and CellQuest (Becton-Dickinson)
software for analysis.

Separation of EC from IEL was done by gating cells using
forward and side-scatter characteristics. Further confirmation of
EC and IEL purity was done by specific staining of EC with
antibody generated by a hybridoma G8.8 [13] and a pan-lym-
phoid antibody (anti-CD45, Pharmingen, San Diego, CA). This
confirmed purity to exceed 97%. Apoptosis was determined by a
flow cytometer based on the cell-surface expression of phos-
phatidylserine (annexin V), as this is one of the earliest markers
of apoptosis. The annexin V assay was performed with an
apoptosis kit (Pharmingen) according to the manufacturer’s in-
struction. Staining with propidium iodide was used to monitor
cell necrosis.

Cell separation

Isolation of purified EC from IEL was performed by direct
magnetic separation. Magnetic beads conjugated with antibody
to CD45 (specific for lymphoid cells) were used to remove non-
epithelial cells. The magnetic bead solution (BioMag SelectaPure
Anti-Mouse CD 45R antibody particles, Polyscience, Warring-
ton, PA) was washed three times to remove sodium azide. Cells
were resuspended at a concentration of 1 · 106/5 ml RPMI,
incubated with the magnetic beads (0.11 ml beads for 1 · 106

IEL) for 60 min on ice, and gently swirled every 10 min to
promote attachment. Magnetic separation was then performed
for 10 min and the supernatant, which contained EC, was saved
for RNA isolation. The remaining cells were washed with 5 ml
RPMI and again subjected to magnetic separation. The
remaining cells bound to the beads were considered purified
IEL and were discarded. Using antibody to EC and IEL (see
section above), the purity of the magnetically-sorted cells was
over 99%.

Reverse-transcriptase polymerase chain reaction (RT-PCR)

For isolation of total RNA a guanidine isothiocyanate/chloroform
extraction method was used. Cells were suspended at a concen-
tration between 2 and 10 · 106/ml in tissue-culture media (RPMI
1640 with glutamine) and isolated with Trizol (Gibco BRL, Ga-
ithersburg, MD) according to the manufacturer’s directions. RNA
was frozen at –70 �C until assayed. Quantification was done by
spectrophotometry at 260 nm absorption.

For the RT reaction, EC mRNA (poly A positive) was reverse-
transcribed into cDNA by adding 2 lg/ml total cellular mRNA to
the following reaction mixture: PCR nucleotide mix (Boehringer-
Mannheim, Indianapolis, IN; each at 10 mM); M-MLV RT (Gibco
BRL, 200 U/ll); Oligo (dT) primer (New England Biolabs,
Beverly, MA; 40 lM); and RNAase inhibitor (Roche Diagnostics,
Mannheim, Germany, 40 U/ll). DEPC-treated H2O was added to
yield the appropriate final concentration. Samples of 100 ll were
incubated at 40 �C for 70 min and the reaction was stopped by
incubating at 95 �C for 3 min. cDNA samples were stored at 4 �C
until assayed.

For the PCR, specific primers for the anti-apoptotic (Bcl-2,
Bcl-xL, Bcl-w) and pro-apoptotic (Bax, Bak, Bid, Bad, Bcl-xS)
sequences were designed to maximize the efficient PCR product
with minimization of false priming sites using an optimization
program (OLIGO 4.1, National Biosciences, Plymouth, MN).
Their sequences are shown in Table 1. The PCR was run under the
following conditions (final concentrations): RT product (2 ll);
forward and reverse specific oligomers (5 mM, 1 ll); PCR buffer
(Roche, Mannheim, 10 mM Tris, 50 mM KCl, 0.8 ll); MgCl2
(Roche, Mannheim, 25 mM, 0.2 ll); and Taq polymerase (Perkin-
Elmer, Foster City, CA, 5 IU/ll, 0.1 ll), with sufficient DEPC-
treated H2O to allow for appropriate concentrations. The following
thermal cycler (PTC-100, MJ Research, Watertown, MA) settings
were used: Step 1: 94 �C, 2 min; step 2: 94 �C, 15 s; 55 �C, 15 s;
72 �C, 1 min; step 3: 72 �C, 5 min; step 4: 4 �C. To insure that
DNA product was generated at the exponential portion of the
product curve, the following cycles of step 2 were performed for the
various Bcl-2 family members: 36 · step 2 for Bcl-xL, Bad, and Bcl-
xS and 40 · 2 for Bcl-2, Bcl-w, Bax, Bak, and Bid. The PCR
products were run out on 2% agarose gel containing ethidium
bromide for 1 h at 160 V.

A digital image of the cDNA product was recorded with a video
camera system under ultraviolet light (Kodak Electrophoresis
Documentation and Analysis System [EDAS] DC290 camera,
Eastman Kodak, Rochester, NY). Product bands were quantified
using an imaging computer program (Kodak 1D Image Analysis
Software). Results were expressed as the ratio of the investigated
mRNA expression level over the b-actin mRNA expression level.
All data were expressed as mean ± standard deviation. The results
were analyzed using an unpaired t-test, and statistical significance
was defined as P < 0.05.
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Results

The average body weight of the animals at the beginning
was 23.2 ± 1.4 g and 21.4 ± 2.2 g for the TPN and
control groups, respectively; after the 7-day treatment it
was 20.3 ± 2.1 g for TPN mice and 21.7 ± 2.3 g for
control mice.

Cells isolated from the intestine contained an en-
riched population of IEL with an approximately 50:50
ratio of IEL to EC. Similar to other investigations, there
was a statistically significant (P = 0.03) decline in the
number of IEL with TPN [9]: the cell counts per mouse
were 4.9 ± 2.1 · 106 in TPN mice and 7.0 ± 1.7 · 106 in
the controls. There was also a statistically significant
difference in EC counts per mouse between study
groups: in TPN mice 3.0 ± 1.9 · 106 and in controls 6.6
± 2.1 · 106 (P = 0.04).

Apoptosis in EC in the small bowel significantly in-
creased (P = 0.02) after 7 days of TPN: 29.4 ± 11.3%
versus 14.4 ± 5.1% in controls (Fig. 1). In contrast, the
percent of EC showing cell necrosis (propidium iodide
staining) was not statistically different between control
and TPN mice: TPN 15.4 ± 13.0% versus controls 6.8
± 3.1% (P = 0.19).

Table 2 and Fig. 2 summarize the RT-PCR results.
In general, and in contrast to our original hypothesis,
the mRNA expression of most pro-apoptotic members
was significantly (P< 0.05) decreased in TPN compared
to control mice: Bax declined by 29%, Bid by 88%, Bak

by 46%, and Bcl-xS by 95%. In contrast, and again
opposed to our original hypothesis, there was a signifi-
cant increase in the anti-apoptotic member Bcl-2 (80%
rise) in the TPN group. Other anti-apoptotic members
failed to show an appreciable change with TPN.

Discussion

Apoptosis is a morphologically and biochemically dis-
tinct form of cell death that plays an essential biological
role to maintain homeostasis and physiological integrity
in most tissues. Apoptosis is programmed cell death that
evolves under genetic control. It is characterized by
stereotypic and morphologic features including cell
shrinkage, disappearance of microvilli, externalization
of phophatidylserine, condensation of chromatin, nu-
clear fragmentation, separation of apoptotic cell bodies,
and finally, phagocytosis by neighboring and mononu-
clear cells [14]. The intestinal mucosa has a rapid turn-
over rate (3–6 days), and constitutively works to
maintain an equilibrium between cell proliferation and
death. Disregulation of the rate of apoptosis may result
in tissue atrophy or in hyperplasia and malignant
transformation [15].

Mechanisms of apoptosis vary among different cell
types and may involve an array of signaling processes
and regulators influencing multiple cellular functions.
Generally, apoptosis relies on the activation of cysteine
proteases of the caspase family. Caspases (cysteine-de-

Table 1 Specific primer data for selected Bcl-2 family members

Name GenBank accession
number

Length of cDNA
product (bp)

Forward primer Reverse primer

b-actin NM_007393 319 GAG GGA AAT CGT GCG TGA CAT AGA AGG AAG GCT GGA AAA GAG
Bcl-2 AA867214 526 CAC ATC CAA TAA AAG AGC ACC CCA TCC TGA AGA GTT
Bcl-xL L35049 399 AGG CAG GCG ATG AGT TTG AAC GAA CCA CAC CAG CCA CAG TCA
Bcl-w U59746 362 GTT TCC GCC GCA CCT TCT CT CCC CGT CAG CAC TGT CCT CA
Bax L22472 161 CGG CGA ATT GGA GAT GAA CTG GCA AAG TAG AAG AGG GCA ACC
Bak Y13231 349 AAG ACG CTT TAG CAA ACA GG TAG GGA GGG CAA GGA TTG TG
Bid U75506 477 GCC AAG CAC ATC ACA GAC CTG GAA GAC ATC ACG GAG CAA AGA T
Bad L37296 438 GGA AGA CGC TAG TGC TAC AG GAG CCT CCT TTG CCC AAG TT
Bcl-xS U10100 210 AGG CAG GCG ATG AGT TTG AAC GAA CCA CAC CAG CCA CAG TCA

Fig. 1 Flow cytometry detec-
tion of epithelial cell (EC)
apoptosis: a representative
flow-box plot for a control and
TPN mouse. Percentage of
apoptotic cells expressed as sum
of right lower and right upper
quadrant. Marked increase of
apoptotic EC after TPN (29.4
± 11.3%) compared with con-
trol (14.4 ± 5.1%)
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pendent, aspartate-specific proteases) are endoproteases
that are integral to the disassembly of the cell [16]. This
class of proteins cleaves a variety of substrates, including
DNA repair enzymes, cellular and nuclear structural
proteins, and many other cellular constituents [17, 18].
There are two main pathways leading to caspase acti-
vation, the so called intrinsic and extrinsic pathways.
The intrinsic pathway occurs directly in mitochondria
after receiving external, mostly non-specific death signals
such as chemicals or c-irradiation. In response, cyto-
chrome c is released from the mitochondria, interacts
with Apaf-1 protein and cATP, and activates the death-
inducing caspase cascade. The extrinsic pathway is
mediated by cell-surface receptors and, in the intestinal
tract, includes ligands from IEL. Binding of the IEL’s
CD95 ligand (FasL) to the CD95 receptor on the EC
(Fas) activates the death-inducing signaling complex. In
turn, this complex recruits the caspases and leads to
apoptosis.

Regulation of the Fas-mediated proteolytic cascade
of apoptosis may occur at various steps along the re-
cruitment-activation pathway. In the small-intestinal

epithelium, the IEL appears to reserve the potential to
up-regulate genetic expression of its FasL and EC Fas.
One study that used TPN-induced apoptosis found this
up-regulation to coincide with increased IEL-derived
IFN-c [1]. Another regulatory factor in the Fas/FasL
system is the tumor-suppresser protein p53, which can
initiate apoptosis in response to various environmental
or physical stresses [5, 6].

At mitochondria-related intrinsic levels, the Bcl-2
family of proteins can regulate the engagement of
apoptosis and set a survival threshold. These integral
membrane proteins are localized to the nuclear mem-
brane, endoplasmatic reticulum, and outer mitochon-
drial membranes. Members of this family can either be
anti-apoptotic (Bcl-2, Bcl-xL, Bcl-w, A1, NR-13, and
mcl-1) or pro-apoptotic (Bax, Bcl-xS, Bid, Bak, and Bad)
[19]. They can modulate the apoptotic transduction
pathway through alteration of the intracellular electro-
chemical gradient, direct inhibition of caspase activa-
tion, or by activating antioxidant mechanisms in the
mitochondria that are characteristic of certain apoptotic
pathways [20].

Through the formation of homodimers and hetero-
dimers, stoichiometric ratios of specific Bcl-2 members
may dictate the cell’s fate after receiving a death signal.
The anti- or pro-apoptotic action appears to be depen-
dent on several factors, including cell type, apoptotic
stimuli, cellular context (cell-cycle dependence), cellular
environment (presence of growth factors), or cell loca-
tion (Bcl-2 is mostly expressed at the base of the colonic
crypt, but less in the small intestine, whereas Bax is
predominant in the crypts of the small intestine; Bak is
strongly expressed at the villus, but only weakly in the
crypt) [3]. In many tissues, the Bcl-2/Bax ratio appears
to determine the cell’s fate, whereby excess Bcl-2 confers
survival and excess Bax promotes cell death.

Studies suggest that, following the Fas-mediated
apoptotic signal, anti-apoptotic Bcl-2 members may be
upregulated and provide complete protection or may
show no altered expression, implicating a lack of regu-
latory influence [21]. Those Fas-mediated cells uninflu-
enced by Bcl-2 proteins concurrently avoid the
mitochondria-dependent death mechanism and are la-
beled as type I cells. Conversely, type II cell death uti-
lizes the cytochrome-c mechanism, and these cells are
susceptible to Bcl-2 regulation [22, 23]. The predomi-
nance of one cell type over the other remains unknown;
however, receptor-mediated apoptosis mechanisms ap-
pear to be specific to the tissue and/or ligand. Apoptotic
cells utilizing p53 have shown, as mentioned above,

Fig. 2 mRNA expression of Bcl-2 family members for control
(white) and TPN (black) groups. Results expressed as ratio to
b-actin expression *P < 0.05 control vs TPN

Table 2 mRNA expression of Bcl-2 family members (Results expressed as ratio to b-actin expression)

Group Pro-apoptotic members Anti-apoptotic members

Bax Bak Bid Bcl-xS Bad Bcl-2 Bcl-xL Bcl-w

Control 0.53 ± 0.11 1.14 ± 0.12 0.25 ± 0.12 0.62 ± 0.14 1.02 ± 0.10 0.16 ± 0.17 0.51 ± 0.24 0.45 ± 0.11
TPN 0.35 ± 0.18a 0.63 ± 0.12a 0.03 ± 0.01a 0.06 ± 0.06a 0.99 ± 0.16 0.54 ± 0.27a 0.78 ± 0.10 0.50 ± 0.12

aP < 0.05 control versus TPN

573



increased expression of Fas and FasL, but also up-reg-
ulation of Bax and down-regulation of Bcl-2 [5, 6, 24].

Assays of the intestinal epithelium after spontaneous,
c-radiation-induced and 5-fluorouracil-induced apopto-
sis resulted in unchanged Bcl-2 expression levels, which
indicate its insignificant role in the apoptotic mechanism
utilized. Under the same stimuli, the apoptotic response
of Bax-null mice suggested that Bax also plays a minor
role in the small intestine [25, 26]. Bak has been shown
to be a major endogenous promoter of apoptosis in the
gastrointestinal tract [27]. Another report correlated Bax
and Bak-double deficient mice with marked inhibition of
apoptosis, which suggested that either Bax, Bak, or both
appear to be an essential gateway to the mitochondrial
dysfunction required for apoptosis in response to diverse
stimuli [28]. As for the Bcl-w apoptotic inhibitor, mu-
cosal cells that were Bcl-w-null displayed up to sixfold
enhancement of apoptosis after apoptotic induction [29].
The two described pathways can compete with each
other, and can be activated sequentially or indepen-
dently.

In our mouse TPN model, apoptosis significantly
increased in TPN animals. Concomitant with this rise in
TPN-associated apoptosis was a significant increase in
the mRNA expression of Bcl-2 (anti-apoptotic) and a
decrease of Bax, Bak, Bid, and Bcl-xS (all pro-apoptot-
ic). This is in contrast to other reports, where these
factors showed converse effects under apoptotic condi-
tions. The observed changes in the expression pattern of
the Bcl-2 family members is highly suggestive that the
Bcl-2 family acts as a counterregulatory mechanism to
inhibit ongoing apoptosis due to another mechanism.
The EC-neighboring IEL can regulate apoptosis by ex-
pression of cytokines. In an earlier study, we showed
increased expression of IFN-c by IEL in a mouse TPN
model [8]. IFN-c has been reported to have substantial
effects on EC growth [30] and to promote the apoptotic
process via up-regulation of Fas/FasL [31]. We have also
previously shown that TPN-associated villus atrophy is
associated with an increase in FasL expression, and this
expression appears to be dependent upon the expression
of IFN-c [1]. It can be concluded that the extrinsic
pathway of apoptosis is up-regulated under TPN con-
ditions.

Several other factors and conditions are known to
regulate apoptosis. Intestinal trefoil factor, expressed by
goblet cells, has a strong anti-apoptotic action [32].
Short-chain fatty acids also regulate apoptosis via
b-oxidation in the mitochondria [2]. Carcinoembryonic
antigen functions as a general inhibitor of apoptosis [33].
In a mouse 50% small-bowel resection model, it was
found that after orogastric application of epidermal
growth factor the apoptotic index was increased. Fur-
thermore, keratinocyte growth factor is reported to be a
mitogenic growth factor, and is believed to have a crit-
ical role in intestinal epithelial growth and maintenance
[34, 35]. Tumor growth factor-b also appears to con-
tribute to inhibition of proliferative cell activity [36].
Lastly, tumor necrosis factor was found to induce

apoptosis of villus EC in mice [37]. It is possible that
some of these additional factors may play a role in the
regulation of apoptosis with TPN administration.
However, their mechanism has not yet been revealed.

Our results show that the intrinsic pathway, with its
regulation by the Bcl-2 family of proteins, was altered in
the opposite way than it would be hypothesized: the
mRNA levels of the pro-apoptotic members decreased,
while those of the anti-apoptotic members increased.
The most plausible explanation for this finding is that in
the TPN model, the intrinsic pathway is set to coun-
teract the predominantly activated Fas/FasL-mediated
extrinsic pathway. Our results may demonstrate an un-
known, unique regulatory pathway that appears to act
as a means to counter Fas/FasL-mediated apoptosis
during the administration of TPN. Clearly, further in-
vestigation is needed to define the regulation of this
special apoptotic state more clearly.
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