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ABSTRACT: Necrotizing enterocolitis (NEC) is a potentially fatal
illness in premature neonates. Tumor necrosis factor alpha (TNF-�)
has been shown to play a central role in the inflammatory cascade
leading to the development of NEC. Published evidence points to a
significant role of pentoxifylline in inhibition of TNF-� and in
reducing mucosal injury and improving healing in ischemia-
reperfusion experiments. Our aim was to investigate the effect of
pentoxifylline on the incidence of NEC in a neonatal rat model.
Newborn Sprague-Dawley rat pups originating from eight separate
litters were delivered by cesarean section at 21.5 d and were formula
fed from birth by orogastric gavage. The rat pups were randomized
to receive either intraperitoneal pentoxifylline (15 mg/kg/dose) or
placebo, given every 8 h beginning at 24 h of age, in a blinded
fashion. Experimental NEC was induced by exposure to hypoxia for
60 s followed by cold stress at 4°C for 10 min. The animals were
euthanized at development of NEC or at 96 h and intestinal tissue
was processed and examined for histologic changes of NEC. The
incidence of NEC was significantly lower in the pentoxifylline group
[pentoxifylline 5/38 versus placebo 15/36; p � 0.008, odds ratio
(OR) � 0.21 95% confidence interval (CI) 0.07–0.67]. Among the
pups developing NEC, significantly fewer rat pups treated with
pentoxifylline had severe (�3) intestinal injury scores [pentoxifylline
1/5 versus placebo 10/15; p � 0.031, OR 0.06, 95% CI 0.01–0.79].
We conclude that intraperitoneal administration of pentoxifylline
significantly reduced the incidence and severity of NEC in our
experimental animal model. (Pediatr Res 60: 185–189, 2006)

NEC is the commonest gastrointestinal emergency in ne-
onates. The incidence of this potentially disastrous ill-

ness (5–10% of all neonates �32 wk gestation) remains
almost unchanged despite the recent advances in neonatal
intensive care (1,2). The mortality related to NEC continues to
range from 10% to 50%, and approaches 100% for those with
the most severe form of the disease, involving the entire bowel
(3). Significant morbidity includes long-term requirement for
parenteral nutrition, recurrent bouts of sepsis, malabsorption
and malnutrition related to short bowel syndrome (2), and

neurodevelopmental impairment (4,5), especially in infants
requiring surgical intervention (6).
Despite extensive research, the pathophysiology of NEC

remains poorly understood. Massive endogenous production
of cytokines, including tumor necrosis factor-alpha (TNF-�),
occurs following an initial insult and mild mucosal damage to
the gut (7). A synergistic effect of these cytokines triggers a
cascade of events leading to the eventual breakdown of the gut
mucosal barrier and severe NEC in some cases. TNF-�, a
monokine produced by mononuclear leukocytes, plays a cen-
tral role in this process (7). It has proinflammatory actions
such as induction of leukocyte and endothelial adhesion mol-
ecules, activation of polymorphonuclear (PMN) leukocytes,
and production of other cytokines like eicosanoids (8,9),
platelet activating factor (PAF), (10) and TNF-� itself (8,9).
Elevated plasma levels of TNF-� derived from circulating

mononuclear phagocytes have been demonstrated in neonates
with NEC (11). However, these plasma TNF-� concentrations
have not been shown to correlate with disease severity
(11,12). Elevated levels of TNF-� mRNA levels have also
been shown in intestinal samples of infants with acute NEC
(13), specifically in Paneth cells located at the base of the
crypts of intestinal mucosa and in infiltrating eosinophils and
macrophages (14). Recently, Halpern et al. (15) have shown
significantly increased hepatic Kupffer cells and TNF-� con-
tent in liver of rat pups with NEC, and proposed the liver as
a major source of intestinal TNF-�. Pentoxifylline is a meth-
ylxanthine derivative with diverse immunomodulatory prop-
erties including decreased production of TNF-� (16). It has
been shown to increase neutrophil deformability and chemo-
taxis and diminish the degranulation, adherence, and superox-
ide generation by stimulated neutrophils (17,18). Pentoxifyl-
line exerts these effects on PMN through its properties of
nonspecific phosphodiesterase inhibition resulting in a dose-
dependent increase in intracellular cAMP (19). For TNF-�
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primed PMN, pentoxifylline acts by enhancing the effect of
adenosine on degranulation and superoxide production (20).
Animal experiments suggest a significant role of pentoxi-

fylline in improving the gut status in presence of hypoxic-
ischemic injury with reduction in myeloperoxidase activity
(an index of PMN stimulation) and free radical generation
(21,22). Improved anastomotic healing following pentoxifyl-
line treatment has been demonstrated in ischemia-reperfusion
models (23). Pentoxifylline has also been shown to improve
hemodynamic function and reduce plasma TNF-� levels and
mortality in preterm neonates with blood culture–positive
sepsis (24,25). Given the current understanding of inflamma-
tory cytokines like TNF-� in the pathophysiology of the
illness, pentoxifylline may be beneficial in the management of
NEC. We aimed to investigate the efficacy of pentoxifylline in
reducing the incidence and severity of NEC in the neonatal rat
model originally described by Barlow in 1975 (26). This
model incorporates the stress of hypoxia, hypothermia, and
artificial feeding on an immature gut (the most essential risk
factors for human NEC) and the developmental aspects of the
illness and has been shown to closely approximate the clini-
copathologic findings of human NEC (27,28).

METHODS

Animal protocol. The animal protocol was approved by the Animal Ethics
Committee at the Royal Perth Hospital (application number 02-04). Time-
dated pregnant Sprague-Dawley rats (Animal Resources Center, Perth, West-
ern Australia) were delivered prematurely on d 21.5 (term, 22.5–23 d) via
abdominal incision under CO2 anesthesia. Newborn rat pups (8–12 per litter)
were collected, weighed, warmed, and reared in individual labelled Styrofoam
cups lined with shredded tissue paper kept in an incubator at 35.5°C with a
relative humidity of 70%. The rat pups were hand fed with artificial formula
(Rat milk replacer: 168 kcal/100 mL; Wombaroo Food Products, Adelaide,
Australia), designed to approximate the protein and caloric content of rat
breast milk, using an orogastric tube (L-Cath 28-G, Luther Medical Products,
Inc., Tustin, CA). Feeds were started at 0.1 mL from 30 min of age, given
every 4 h, and advanced by 0.05 mL every 12 h to a maximum of 0.3 mL per
feed by d 4. Routine care included daily cleansing and stimulation of bowel
and bladder function before each feed using a cotton-tipped applicator to
simulate maternal grooming behavior. Body weights were recorded daily
prefeed. To develop NEC, all rat pups were challenged with hypoxia by
breathing 100% nitrogen gas in a closed, clear plastic chamber for 60 s,
followed by hypothermia—exposure to cold at 4°C for 10 min—starting from
2 h of age and then every 12 h.

Rat pups were randomized to the two experimental groups using computer-
generated random numbers stratified for each litter to ensure that rat pups
from each litter were evenly distributed in the study groups. Group allocation
was determined by selection of sequentially numbered opaque envelopes.
Group 1 received 15 mg/kg of pentoxifylline (200 �g/0.1 mL), whereas
Group 2 received an equivalent volume of placebo (normal saline). Starting
with the first dose at 24 h of age, both medications were administered
intraperitoneally at 8-h intervals using a tuberculin syringe. The study med-
ications were prepared by the Department of Pharmacy at the Princess
Margaret Hospital for Children, Perth, Western Australia, and dispensed in
de-identified 5-mL vials. All investigators including the histopathologist (AC)
and biostatistician (DD) were blinded to study group allocation. The dose of
pentoxifylline used in the study was based on data from clinical trials of
pentoxifylline in neonatal sepsis and chronic lung disease (25,29) and the
intraperitoneal route was chosen for ease of administration.

All rat pups were observed hourly for clinical signs of NEC such as
abdominal distension, respiratory distress, and lethargy. Ninety-six hours after
birth, or at signs of illness, the pups were euthanized via decapitation.

Tissue collection. Within 30 min of death, the gastrointestinal tract
(stomach to rectum) was harvested and visually evaluated for intestinal
discolouration, hemorrhage, and distension. The entire bowel was then fixed
in 10% buffered formalin, embedded in paraffin, and 5-�m sections were
stained with hematoxylin and eosin (HE) for microscopic evaluation. The

entire bowel was processed as macroscopic changes do not correlate well with
microscopy and the disease (as in human neonates) tends to be patchy.

Histopathological evaluation. A perinatal histopathologist (AC), blinded
to study group allocation, assessed and graded the histologic changes using
intestinal injury scores reported by Dvorak et al. (28) as follows: grade 1:
focal mild injury confined to villous tips; grade 2: partial loss of villi; grade
3: necrosis extending to submucosa; grade 4: transmural necrosis.

Statistics. Based on the incidence of NEC (60–65%) in our laboratory
using the neonatal rat model, we estimated a total sample size of 80 animals
(40 in each group) to detect a 50% reduction in the incidence of NEC (� 0.05,
� 0.2) in the treatment group. Differences between groups for incidence and
severity of intestinal injury were compared using the Fisher exact tests. Effect
of pentoxifylline on NEC was summarized using odds ratio (OR) and their
95% confidence intervals (CI) estimated using logistic regression analysis.

RESULTS

Eighty rat pups originating from eight separate litters were
used for the study. Fifty-nine rat pups (pentoxifylline, 35;
placebo, 24) survived until 96 h of age with the remaining
animals dying or euthanized on developing clinical signs of
illness. The interval between death and tissue harvest was
greater than 30 min in 6 rat pups (pentoxifylline, 2; placebo,
4) and these were excluded (as postmortem autolysis can
mimic early NEC changes), leaving 38 in the pentoxifylline
and 36 in the placebo group for the final analysis.
The mean � SD birth weight of the rat pups in the placebo

group was 5.3 � 0.4 g, whereas in the pentoxifylline group it
was 5.2 � 0.4 g. The body weights of rat pups in both the
groups gradually declined over the study period, with the final
weights being 3.8 � 0.3 g for the placebo and 4.0 � 0.3 g for
the rat pups who received pentoxifylline (Fig. 1). This weight
decline was more pronounced for rat pups in the placebo
group at 96 h and was statistically significant—SED 0.0953,
95%CI 1.28–1.66.
On histopathological examination, a significantly higher

number of rat pups in the placebo group revealed changes
consistent with NEC—placebo 15/36 (42%) versus pentoxi-
fylline 5/38 (13%); p � 0.008, OR � 0.21, 95% CI 0.07–0.67
(Fig. 2). These changes ranged from loss of the mucosa over

Figure 1. Body weight changes in rat pups in pentoxifylline (�, n � 38) and
placebo (□, n � 36) groups. Values expressed as mean � SEM.
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the villous tips to loss of villous integrity with villous slough-
ing, and in late stages degenerative changes of the muscularis
propria (Fig. 3). No difference was noted in the distribution of
lesions in the animals developing NEC in the two groups. The
pathologic changes of NEC were more profound in the rat
pups from the placebo group, with animals who developed
NEC presenting with more severe (�3) intestinal injury
scores—placebo 10/15 (67%) versus pentoxifylline 1/5
(20%); p � 0.031, OR 0.06, 95% CI 0.01–0.79 (Fig. 4).

DISCUSSION

Our results indicate a significant reduction in the severity
and incidence of NEC in the rat pups treated with pentoxifyl-
line.
Several models for studying NEC in pigs, dogs, rabbits,

mice, and rats have been extensively reviewed (30,31). Most
of these do not incorporate the common risk factors (e.g.
prematurity, hypoxia, hypothermia, and formula feeding) (7)
for neonatal NEC and focus on induction of ischemia/
reperfusion injury using chemical or surgical techniques to
produce NEC-like pathologic changes. The rat model used in
our study is the most representative as it incorporates the
currently accepted common risk factors for NEC in human
preterm neonates. The results of our study are thus more
relevant to NEC in human preterm neonates.

The pathophysiology of NEC involves a complex interac-
tion of pro- (IL-6, IL-8, IL-12, IL-18, interferon gamma,
TNF-�, and PAF) and anti-inflammatory (IL-1ra, IL-6, IL-10,
IL-11) mediators (11,32,33). In particular, TNF-� along with
PAF has been implicated to play a central role in the inflam-
matory cascade leading to NEC (7,11). TNF-� triggers the
production of several inflammatory cytokines including PAF,
is one of the most potent inducers of oxygen radicals in
neutrophils and plays an important role in the regulation of
intestinal epithelial cell apoptosis (34,35). The beneficial ef-
fects of pentoxifylline in our study could be related to the
inhibition of TNF-�, indirect inhibition of PAF, reduction in
free radicals, and activation of leukocytes. The ability of
pentoxifylline to improve capillary flow and tissue oxygen-
ation may also have been helpful (36).
The importance of TNF-� in the pathophysiology of NEC is

also indicated by two recent experimental studies involving
anti-TNF-� antibodies as a prophylaxis for the illness. Seitz et
al. (37) in their rabbit model of NEC reported a significant
reduction in the severity of NEC (mean NEC score: 1.72 �
0.41 versus 3.28 � 0.32) and number of myeloperoxidase
positive cells (mean 34.33/20 visual fields versus mean
65.85/20 visual fields) in animals exposed to prophylactic
administration of rabbit anti-mouse TNF-� antibody. Halpern
et al. (15) have also recently suggested that anti-TNF-�

Figure 2. Incidence of NEC. Pentoxifylline group: n � 5/38 (13%); placebo
group: n � 15/36 (42%). *p � 0.008, OR � 0.21, 95% CI 0.07–0.67.

Figure 3. Histopathological appearance of the distal small intestine of neonatal rat pups (H&E staining). (A) Normal villous appearance. (B) Partial loss of villi
with separation in the submucosa and lamina propria. (C) Transmural necrosis with loss of villous and crypt epithelium and infiltration with inflammatory cells.

Figure 4. Intestinal injury scores. Grade 1: focal mild injury confined to
villous tips; grade 2: partial loss of villi; grade 3: necrosis extending to
submucosa; grade 4: transmural necrosis.
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antibody could be used as a potential therapy for human NEC
and that hepatic TNF-� is an important component for the
development of NEC. Using a similar neonatal rat model of
NEC, they showed that in animals injected with a monoclonal
anti-TNF-� antibody, the incidence of NEC was reduced from
80% to 17%. Also, hepatic TNF-�, and hepatic and ileal IL-18
were significantly decreased in pups given anti-TNF-�. How-
ever, an increased risk of serious infections and non-
Hodgkin’s lymphoma following immunosuppression due to
specific and complete inhibition of TNF-� limits the use of
this therapy in human neonates.
The timing of pentoxifylline administration in our study is

of interest. The incidence and severity of NEC was reduced in
the newborn rat pups when treated with pentoxifylline starting
24 h after the initiation of stress. Caplan et al. (27) have
reported onset of NEC within 36 h of initiation of stress in the
hypoxia-hypothermia-formula-fed preterm rat model of the
illness. It is thus possible that pentoxifylline may have acted as
a treatment (or secondary prophylaxis) rather than a primary
prophylactic agent at least in some pups that had developed
early NEC before the drug was administered.
Erdener et al. (38) did not observe such a protective effect

of pentoxifylline on NEC in their hypoxia/reperfusion model
using 1-d-old newborn rabbits. This model, however, differs
substantially from ours in that it utilized a different species and
used hypoxia as the only stress factor. Their results are also
difficult to interpret due to the small sample size and the lack
of sample size estimations. Despite the conclusion that pen-
toxifylline was not beneficial, a closer look at the data does
indicate a trend toward less severe NEC scores for rabbits in
the pentoxifylline group (score, 1.85 � 0.69) compared with
the untreated rabbits (score, 2.42 � 0.78).
Currently, there is no specific treatment or secondary pro-

phylaxis for NEC. Once the potentially disastrous illness is
diagnosed, the progression and outcome of the disease are
difficult to predict and management is purely supportive. Our
results indicate that pentoxifylline may be used for secondary
prevention, preferably as soon as possible after the diagnosis
of NEC. The natural course of the illness is often progressive
and multifocal, and it has been hypothesized that, as the sick
neonate redistributes the blood, other areas of the bowel
become compromised and develop NEC (39). It is only with
significant disease or perforation that the process becomes
clinically apparent. Treatment at an early stage may therefore
prevent progression of the illness, and reduce the length of the
bowel that may be severely compromised with necrosis. Given
that pentoxifylline has been used in chronic lung disease (29)
and sepsis (25) in preterm neonates, and so far no adverse
effects have been reported, a clinical trial may be justified
based on our results. Caution, however, is warranted, as the
concept of down-regulation of the inflammatory response is
deceptively simple. The difficulty lies in our inability to
determine the nature and dominance of the type of immune
response (pro- or anti-inflammatory) at any stage of the ill-
ness. The importance of species-specific responses to thera-
peutic agents also needs to be considered carefully. Pilot
studies are necessary for evaluating the pharmacokinetics,

dose response, and safety of pentoxifylline in preterm neo-
nates. The existing studies of pentoxifylline in critically ill
preterm neonates with sepsis should provide useful baseline
data to design such pilot studies (40). Clinical trials must also
address the issue of long-term neurodevelopmental outcomes.
This is especially important for drugs chosen for prophylaxis,
as almost an entire population of high-risk preterm neonates
will be exposed to their adverse effects.
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