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BROMODEOXYURIDINE incorporation is a useful method for
studying the pattern of DNA synthesis in proliferating
cells. The distribution pattern of incorporated BrdU in
villus enterocytes of duodenal explants was analysed
after exposure to TNFtz in organ culture. TNFx caused a
consistent, low level uptake of BrdU in the portion of the
nucleus close to the nuclear membrane, this pattern was
absent from the control cultures. As these epithelial cells
are terminally arrested in Go, the BrdU incorporation was
thought not to be due to S phase DNA synthesis, but
rather a response to the cytotoxic influence of TNFcx.
Microtitre plate proliferation assays of cell density and
DNA synthesis were devised to study the effects of TNFtz
on confluent monolayers of the human foetal jejunal cell
line I407 and the mouse fibrosarcoma cell line L929. Both
cell lines showed a similar response to TNFx. Exposure to
TNFx alone did not reduce cell numbers but did cause a
significant increase in DNA synthesis (p < 0.05). When
cycloheximtde was added in tandem with TNFcz there was
a significant reduction in cell number (p < 0.001) and
level of DNA synthesis (p < 0.01) indicative of cell death.
The DNA ofcells exposed to TNFot and cycloheximide was
fragmented when viewed on an electrophoresis gel. The
results show that BrdU incorporation might be a good
indicator of damage to the DNA of cells after cytotoxic
insult. TNF may be responsible for villus enterocyte
damage in enteropathies such as coeliac disease and
GVHR of the small bowel.
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Introduction

The human small bowel intestinal mucosa is lined
by a rapidly proliferating epithelial monolayer. The
proliferative phase starts from a ring of stem cells in
the lower third of the crypt and extends up to the
middle third of the crypt. The enterocytes overlying
the villi are terminally differentiated in Go of the cell
cycle and are thus incapable of dividing. Increased
crypt enterocyte proliferation and villus atrophy was
induced in foetal jejunal explants cultured in vitro in
the presence of pokeweed mitogen. The morpho-
logical changes in the cultured tissue were thought
to have been caused by T-cell derived lymphokines.
In murine graft vs. host disease in the small intestine
the extent of crypt hyperplasia and villus atrophy
correlated directly with the degree of lymphocyte
infiltration in the lamina propria and the villus atro-
phy was thought to be possibly attributable to
lymphokine(s).
Bromodeoxyuridine (BrdU) incorporation into

DNA has been utilized to estimate the S phase label-
ling indices in vivo and in vitro6,7 in human
colorectal mucosa. Bromodeoxyuridine has also
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been used in an intestinal epithelial cell line
microtitre plate proliferation assay and also to detect
low level proliferation of peripheral blood
mononuclear cells in response to the T-cell mitogen
tuberculin. The various subdivisions of S phase have
been elucidated by immunohistochemical localiza-
tion of bromodeoxyuridine in cultured tumour cell
lines.1

The cytokine tumour necrosis factor-0t (TNF00 is

produced by monocytes and T cells and has multiple
synergistic and pleiotrophic effects. It is thought to
exert cytotoxic and proliferative effects on different
cells in vivo and in vitro. 11 Induction of several
nuclear events were observed, e.g. decrease of DNA
synthesis, DNA fragmentation, inhibition of cell cycle
progression and gene expression,m3 TNF0t causes an
increase in the number of late S phase nuclei incor-

porating bromodeoxyuridine in the TNF sensitive
mouse fibrosarcoma cell line L929. TM

The aim of this study was to demonstrate how
exposure of organ cultured villus enterocytes to
TNF results in low level uptake of BrdU which
seems to be distinct from that seen in crypt
enterocytes passing through S phase of the cell cycle.
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A microtitre plate proliferation assay using the foetal
jejeunal cell line I407 was devised to quantify the
cytotoxic effects of TNF0t.

Materials and Methods

Organ culture ofduodenal biopsies: Duodenal biop-
sies were obtained from individuals attending the
clinic for diagnostic endoscopy in whom small bowel
disease was excluded. The biopsies were obtained
per-endoscopically from the second stage of the
duodenum. The culture medium consisted of RPMI
1640 supplemented with 10% foetal calf serum,
HEPES buffer (1 M), 1 M t-glutamine, 50 btg/ml
gentamicin and non-essential amino acids, 1 mM
sodium pyruvate and 50 btM 2-mercaptoethanol and
2 IU/ml insulin. The medium was also supplemented
with 3 ng/ml TNFz (British Biotechnology). Some
biopsies were also cultured in medium without TNF0t
as a control. The dose of TNF0t was chosen following
preliminary studies which showed that TNF{z in-
duced proliferative responses in non-confluent I407
epithelial cells. The explants were cultured with
TNF0t for 18 h at 37C on fine stainless steel mesh in
2 ml Falcon organ culture dishes (Becton Dickinson,
Cowley, UK) in a sealed organ culture chamber
(Flow Labs, Uxbridge, UK) previously infused with
95% oxygen and 5% CO2. At 18 h the explant growth
medium was aspirated and replaced with complete
medium supplemented with BrdU (50 l.tM) and
fluordeoxyuridine (FdU, 5 M)28’29 and the explants
were cultured for a further 2.5 h. They were then
fixed in Carnoys fixative, dehydrated in increasing
concentrations of xylene in ethanol and embedded
in paraffin wax. Serial sections of 3 l.tm were cut and
dewaxed. The sections were emersed in 1 N HCl for
8 min at 60C to allow denaturation of the DNA. The
sections were then incubated in .anti-BrdU antibody
(1/20 Dako, Glostrup, Denmark). The binding of the
antibody was visualized by a streptavidin peroxidase
technique using the substrate diamino-benzidine
(DAB). The slides were counterstained with
haematoxylin and eosin. A coverslip was applied to
the slide after adding a solvent based mounting
medium. The sections were viewed by light
microscopy.

Cell lines: I407 is an intestinal epithelial cell line
initiated in 1955 from human embryonic jejunum
(ATCC, Rockville, MD, USA). L929 is a mouse
fibrosarcoma cell line (ATCC). The L929 line used
was known to have retained its sensitivity to TNF.
The cells were seeded at 106/flask (Nunc, 50 ml)
and passaged weekly in supplemented RPMI-1640
medium.

MTTproliferation assay: This was adapted from a
published method. 15 L929 and I407 cells were seeded

at 2x 105/ml in fiat-bottomed 96-well microtitre
plates. The cells were allowed to grow to confluence
over 8 days. TNF was added at a final concentration
of 3 ng/ml for a further incubation of 18 h, 100 btl of
normal medium was added to control wells. The
effect of the TNF on cell density was assessed using
the colorimetric absorbance of solubilized MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] crystals from the cell monolayers. Briefly,
20 l.tl of MTT in culture medium (6 mg/ml) was added
to each well 4 h before the end of the incubation
with TNF. The medium was then aspirated. The plate
was dried in an oven at 50C for 3 h. Aliquots of 150
btl of isopropyl alcohol containing 5% formic acid
were added to each well to dissolve the MTT crystals.
Absorbance was read on a microtitre plate reader
(Titertek) at 590 nm. The assay was repeated using
medium supplemented with the peptide translation
inhibitor, cycloheximide (0.2 btg/ml). The assay gives
an estimate of cell density.

Bromodeoxyuridine cell lineproliferation assay: This
Was adapted from an ELISA technique developed for
the measurement of leukocyte proliferation. L929
and I407 cells were seeded at 2 x 105/ml in fiat-
bottomed 96-well microtitre plates. As above, the
cells were allowed to grow to confluence (8 days).
TFN0t at a final concentration of 3 ng/ml was added
to the wells with control well receiving a similar
volume of culture medium. The cells were incubated
for a further 18 h and then BrdU and FdU were added
to each well in complete medium at a final concen-
tration of 50 and 5 btM respectively, and cultured for
a further 2.5 h. The experiment was repeated adding
cycloheximide to the culture media as described
above. The cell monolayers were washed several
times in PBS and dried at 50C in an oven. The cells
were then fixed in absolute ethanol for 10 min. The
plates were air dried overnight. 2 N HCl was added
to each well to denature the cellular DNA. Then the
acid was removed. 0.1 M Na2B40 (pH 8.4) was added
to each well to neutralize any remaining acid. The
plates were then washed four times in PBS/0.5%
Tween 20 (PBST). Anti-BrdU was added to each well
(1/75, Dako, Glostrup, Denmark) and incubated at
room temperature for 1 h. PBST with mouse serum
was added as a negative control for the ELISA. The
plates were then washed several times with PBST.
Peroxidase conjugated rabbit anti-mouse IgG (Dako)
was added to each well at a concentration of 1/1000
in PBST. Orthophenylenediamine (OPD) in citrate
buffer (0.003% H202) was used as substrate for the
ELISA. The reaction was allowed to proceed in the
dark for 10 min and was then stopped by adding 50
btl of 2 N HCl to each well. Absorbance was read at

450 nm using a Titertek multiscan plate reader. The
BrdU plate assay was taken to indicate the levels of
DNA synthesis proceeding in the cell monolayers.
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A preliminary validation exercise was carried out
for the two assays to see how they compared with
each other. Microtitre plates were seeded with 1407
cells for 9 consecutive days with four different con-
centrations of foetal calf serum. The plates were
processed in duplicate to compare cell density with
DNA synthesis over the 9 day period (Fig. 2). Results
for the MTT and BrdU validation assays were ex-
pressed as mean + S.D. of 12 microtitre wells (Fig. 2).
Results of the MTT and BrdU TNF assays in Fig. 3
were expressed as mean + S.E.M. (assays were re-
peated three to eight times on different days). Each
assay consisted of the mean + S.D. of three to six
microtitre well absorbance readings.

DNA extraction and electrophoresis: The DNA of I407
and L929 cells exposed to TNF (with or without
cycloheximide) was extracted to assess any cytotoxic
effects of the TNF by adapting a published tech-
nique. 16 Briefly, the cells were pelleted at 350 xg for
10 min and taken up in 1.5 ml of H20 and 200 t.tl of
SDS. This solution was allowed to lyse the cells for
10 min before 1.5 ml of resuspension buffer (20 mM
Tris, 800 mM NaCl and 4 mM EDTA, pH 8.2) was
added. Lysis buffer (250 btl, 2% SDS, 4 mM EDTA) was
added and then the cellular protein were digested
overnight at 37C with 250 t.tl protease K (Sigma, 5
mg/ml). The proteins were precipitated by gently
shaking in 1 ml of saturated NaCl (6 M) for 15 s and
centrifuging at 1 600 xg for 15 min. The supernatant
containing the DNA was decanted into a fresh tube
and 2.5 volumes of 100% ethanol was added. The
DNA was spooled out with a wire loop and dissolved
in T:E buffer (10:1, Tris, 800 mM; EDTA, 80 mM; pH
8.0). The DNA concentration was estimated from the
optical density at 260 nm of a 1:200 dilution. Samples
containing 4 t.tg of DNA were made up to 15 I.tl in
double distilled H20 and an equal volume of dena-
turing tracking dye was added (50% formamide, 20%
bromophenol blue (1%) stock, 30% TAE (0.04 M Tris
acetate, 0.01 M EDTA, pH 7.9). The DNA was heated
to 70C for 1 h to denature the DNA duplex, rapidly
ice cooled, and electrophoresed through 1% agarose
gel. Undenatured and denatured HindIII digested
Lambda DNA (BRL) were used as fragment size
markers. The acridine orange and ethidium bromide
stained gels were illuminated using UV and photo-
graphed.

faint in comparison to that seen in the crypt
enterocytes engaged in S phase of mitosis (Fig. lc).
The staining is absent from the enterocytes from the
control cultures (i.e. no TNF in the culture medium
(Fig. lb)). Some of the underlying lamina propria
lymphocytes also show relatively strong BrdU uptake
(Fig. la). The faint granular perinuclear stain in the
surface enterocytes approximates closely in appear-
ance to the late S phase configurations ($4 and $5)
described by Van Dierendonck et al. in cultured

Results

Villus enterocyte BrdU incorporation: Figure la
shows granular, immunoperoxidase staining of the
nucleus of the surface enterocytes of a duodenal
explant after 18 h culture in medium containing
TNF. This is indicative of BrdU uptake into newly
synthesized DNA. The staining is located close to the
nuclear membrane (’perinuclear’). This staining is

FIG. 1. (a) Villus enterocytes showing low level uptake of BrdU after
exposure to TNF(x in culture (xl 900). The replication points are largely
confined to the nuclear membrane. The BrdU uptake is most obvious in
enterocytes at the extreme tip of the villus. (b) Villus tip enterocytes from
the control culture showing negligible BrdU uptake (xl 900). (c) Crypt
enterocytes showing high level BrdU uptake during S phase after a similar
culture period in normal medium. All sections were visualized with the same
immunoperoxidase/DAB staining protocol.
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tumour cell lines1 and to the Type 3 pattern of BrdU
incorporation observed in L929 cells exposed to
TNF. 14 These findings were consistently observed in
seven control individuals.

Time course of DNA synthesis and cell population
growth in I407 cells cultured to confluence: Peak
DNA synthesis occurs on day 5 with medium con-
taining 2% and 5% FCS and on day 4 with medium
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FIG. 2. A comparison of the MTT cell density and BrdU DNA synthesis
assays using 1407 epithelial cell line over time and different concentrations
of foetal calf serum in the culture medium. The assays were carried out in
parallel at the same time. The cells reach maximum density (confluence)
towards days 7 and 8. However, peak DNA synthesis occurs during the log
phase of growth on days 4-5 when most of the cells are in S phase of the
cell cycle.I-TI, MTT assay; D, BrdU assay.

containing 10% FCS (Fig. 2). Maximum DNA synthe-
sis occurs in medium containing 10% FCS. Peak DNA
synthesis probably occurs when most of the cell
population is engaged in S phase during the ’log
phase’ of population growth. In contrast, maximum
cell density does not occur until days 7 and 8, by
which time DNA synthesis has subsided to a back-
ground level. At this stage most of the cells have left
S phase and have reached a quiescent state of G or

Go in the cell cycle.

TNFot induced DNA synthesis in confluent 1407 and
L929 cells: The MTT assay, which relates to the
number of viable cells, showed no significant differ-
ence in cell density of the 1407 cells cultured in TNF
relative to those cultured in normal medium; x +

S.E.M., 0.597 + 0.112 vs. 0.582 + 0.123, n 7, p, NS.
However, when the media was supplemented with
an inhibitor of protein synthesis, cycloheximide,
there was a significant decrease in the cell density of
I407 cells exposed to TNF relative to the controls: x
+ S.E.M., 0.188 + 0.058 vs. 0.335 + 0.119, n 3, p <
0.001 (Fig. 3a).
The BrdU incorporation assay shows a significant

increase in DNA synthesis in the I407 cells exposed
to TNF relative to those cultured in control medium.
x + S.E.M., 0.655 + 0.214 vs. 0.529 + 0.210, n 8,
p < 0.05. However, when the media was supple-
mented with cycloheximide there was a decrease in
DNA synthesis in the cells exposed to TNF relative to
those cultured in control medium: x + S.E.M., 0.175
+ 0.083 vs. 0.804 + 0.093, n 3, p < 0.01 (Fig. 3b).
The MTT assay showed a slight decrease in cell

density in L929 cell exposed to TNF relative to those
cultured in normal medium; x + S.E.M., 0.401 + 0.045
vs. 0.534 + 0.046, n 3, p, NS. However, when the
media was supplemented with cycloheximide there
was a significant decrease in the cell density of those
cells exposed to TNF relative to those cultured in the
control medium: x + S.E.M., 0.106 + 0.034 vs. 0.329
+ 0.042, n 3, p < 0.001 (Fig. 3c).
The BrdU assays showed an increase in the level

of DNA synthesis in those cells exposed to TNF
relative to those cultured in the control medium: x +

S.E.M., 0.795 + 0.177 vs. 0.732 + 0.218, n 3, p < 0.05
(Fig. 3d). In summary, this data shows that the
response of the two cell lines to TNF0t is essentially
the same. Exposure to TNF alone did not reduce cell
density (except for a slight decrease for L929 cells),
however it did cause a significant increase in DNA
synthesis. When cycloheximide is added in tandem
with TNF there was a significant reduction in cell
number and the level of DNA synthesis in both cell
lines.

DNAfragmentation in I407 and L929 cells on expo-
sure to TNFot: After 16 h exposure to TNFx the DNA
of the cell lines was extracted and denatured such
that single-stranded nicks in the damaged DNA du-
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FIG. 3. All cell cultures were confluent. The response of the 1407 and L929 cells to TNF(x is essentially the same, (MTT assays a and c). When the cell
lines are cultured with TNF there is almost no change in cell density (apart from the L929 cells which do show a slight decrease in density, Fig. lc). However,
when cycloheximide is added to the media, there is a marked decrease in cell density in the cells exposed to TNF, indicative of cell death (p < 0.001 ). (BrdU
assays b and d). There is a significant increase in DNA synthesis in those cells cultured in TNF (p < 0.05). When the cultures were repeated with media
supplemented with cycloheximide there was marked reduction in DNA synthesis in the 1407 cells (p < 0.01 ). The paired t-test was used to compare the two
culturing regimens; medium +TNF( and control medium.

plex could be visualized by agarose gel
electrophoresis. The DNA of the cells exposed to
TNF0t was largely intact when compared with the
controls. However, when the protein translation in-
hibitor cycloheximide was added to the culture
medium the DNA of the I407 and L929 cell lines
showed a significant degree of DNA fragmentation as
evidenced by the presence of low molecular weight
DNA close to the cathode end of the electrophoresis
gel (Fig. 4).

Discussion

On exposure to TNF0t the villus enterocytes of the
cultured duodenal explants exhibited conspicuous
low level uptake of BrdU suggestive of newly synthe-
sized DNA. It was noted that the replication granules
were localized for the most part close to the nuclear
membrane. However, there were a few villus
enterocytes at the extreme villus tip also showing
larger irregularly shaped replication granules
throughout the whole nucleus. These observations
are in keeping with previous observations for late S
phase in cultured cell lines. 1,14,17 The villus
enterocytes are terminally differentiated cells arrested
in Go of the cell cycle, therefore the DNA synthesis
cannot be attributable to S phase. It is plausible to

suggest that this DNA synthesis could be due to the
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FIG. 4. Agarose gel showing fragmented DNA of 1407 and L929 cells after
16 h exposure to TNF and/or cycloheximide. Undamaged high molecular
weight DNA remains close to, or in, the anode well. Fragmented DNA of a
variety of smaller molecular weights are apparent as smears down the
electrophoresis gel.

same process of unscheduled DNA synthesis as that
previously described in tumour cell lines cultured in
the presence of TNF. In this case the authors pro-
posed that the unscheduled DNA synthesis was at-
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tributable to DNA repair after the cytotoxic effects of
TNF.

Similar unscheduled DNA synthesis has been re-
ported in a number of experimental conditions. DNA
repair occurs in bovine lens epithelial cells after
exposure to RiO2. The repair process involving new
DNA synthesis is completed within 30 min of the
noxious insult. Similarly, DNA synthesis due to re-
pair occurs over a period of 50 min in RiO exposed
or UV irradiated human epithelioid P3 cells,i TNF in
association with elicited macrophages was shown to
induce sub-lethal DNA damage in cultured mammary
tumour cells and this damage was potentiated in the
presence of actinomycin D. This damage could be
partially abrogated by the addition of inhibitors of
arachidonate metabolism, removal of HiO with
catalase, or addition of antibodies to TNF0t. 18

Cycloheximide augmented DNA damage and
apoptosis in TNF0t exposed U937 tumour cells rela-
tive to cells cultured in TNF alone.21 Human
recombinant TNFz was shown to induce DNA dam-
age and attendant apoptosis in cultured bovine
endothelial cells."" Exposure of cultured L929 cells to
TNF reduced the proportion of BrdU positive cells.
However, exposure to TNF in late S phase resulted
in increased numbers of what the authors termed
’type 3 BrdU distribution patterns’ i.e. large irregu-
larly shaped replication granule clusters distributed
throughout the whole nucleus. TM The same effect was
absent when a TNF resistant L929 variant cell line was
used. A number of explanations were put forward to

explain this phenomenon, i.e. changes in the speed
of successive events during S phase, by influence of
TNF on the nuclear matrix or on enzymes involved
in DNA replication. It is known that TNF affects the
activity of a Ca2+ dependent endonuclease and DNA
polymerase {24 and topoisomerase I1. 25,26 All these
enzymes are capable of causing strand breakages in
DNA. It could be argued that the late S phase L929
cells of Kraeft et al. TM might have left S phase alto-
gether and that the type 3 BrdU distribution pattern
that they observed might be analogous to the type of
pattern in Fig. la.
To further investigate the phenomenon of un-

scheduled DNA synthesis in the small bowel biopsy
explants on culturing with TNFo:, an in vitro assay
was developed to demonstrate the damaging effect
of TNFz on the foetal jejunal stem cell line I407
grown to confluence on 96-well-microtitre plates.
The mouse fibroblast tumour cell line with known
sensitivity to TNF was used as a positive control for
the assay. Recombinant TNF0t at a concentration of
3 ng/ml or control medium was added to each of the
duplicate plates. After 18 h the effect of TNFz was
assayed using the MTT assay (a measure of cell
density) and a BrdU incorporation ELISA technique
(a measure of DNA synthesis). BrdU incorporation
has been used previously to measure DNA synthesis

due to repair processes after ultraviolet radiation
induced damage in cultured human fibrolasts.27 It
transpired that the I407 cell line was as sensitive to
the effects of TNFz as the L929 cell line. The MTT
assays showed little difference in cell density in those
cells cultured in TNF0t relative to those cultured in
normal medium. However, in parallel, the BrdU as-
says showed a significant increase in DNA synthesis
in those cells exposed to TNF0t in comparison with
those cells cultured in normal medium (p < 0.05). It
was concluded that the DNA synthesis must have
been due to DNA repair processes as there was no
increase in cell density (but rather a slight decrease).
When the experiments were repeated with the addi-
tion of cycloheximide to the culture media, virtually
all the cells exposed to TNF underwent apoptosis
(p < 0.001, MTT assays; p < 0.01, BrdU assays) while
those cultured in the control medium survived de-
spite the presence of cycloheximide. Agarose gel
electrophoresis revealed significant DNA fragmenta-
tion in the DNA of those cells exposed to the com-
bination of TNF0t and cycloheximide, as predicted by
.the microtitre plate assays. The DNA of the cells
cultured separately in TNF0t and cycloheximide was
largely intact suggesting that the protein translation
inhibitor cycloheximide blocks DNA repair in the cell
lines. Thus, the otherwise sub-lethal dose of TNF0t
became lethal. This suggests that the ability of cell
nuclear DNA to repair itself after exposure to TNF0t
is dependent on de novo peptide translation. By
inference from these experiments it is possible that
the subtle BrdU uptake in the villus epithelium of
explants cultured in TNF0t is due to ongoing DNA
synthesis associated with DNA damage/repair.

In conclusion, it is possible that TNFz mediates a
sub-lethal DNA injury signal to villus enterocytes
with resultant DNA repair as evidenced by their BrdU
uptake subsequent to TNF exposure. TNFz at a
concentration of 3 ng/ml induces DNA synthesis in
the intestinal epithelial cell line I407 grown to con-
fluence. The DNA synthesis may be due to DNA
repair as opposed to S phase. The cells are normally
able to survive exposure to TNF. The presence of the
protein translation inhibitor, cycloheximide, abro-
gates the ability of 1407 cells to repair damaged DNA
on exposure to an otherwise sub-lethal dose of
TNFz, in tandem with other factors could be respon-
sible for villous atrophy in conditions such as celiac
disease and graft vs. host disease of the small intes-
tine. More studies are required to more clearly define
the mechanism whereby TNF influences the cellular
differentiation and metabolism of the small bowel
epithelium.
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