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Abstract
AIM: Gastrointestinal dysfunction is a common complication
in patients with traumatic brain injury (TBI). However, the
effect of traumatic brain injury on intestinal mucosa has not
been studied previously. The aim of the current study was
to explore the alterations of intestinal mucosa morphology
and barrier function, and to determine how rapidly the
impairment of gut barrier function occurs and how long it
persists following traumatic brain injury.

METHODS: Male Wistar rats were randomly divided into
six groups (6 rats each group) including controls without
brain injury and traumatic brain injury groups at hours 3,
12, 24, and 72, and on day 7. The intestinal mucosa structure
was detected by histopathological examination and electron
microscopy. Gut barrier dysfunction was evaluated by
detecting serum endotoxin and intestinal permeability. The
level of serum endotoxin and intestinal permeability was
measured by using chromogenic limulus amebocyte lysate
and lactulose/mannitol (L/M) ratio, respectively.

RESULTS: After traumatic brain injury, the histopathological
alterations of gut mucosa occurred rapidly as early as 3
hours and progressed to a serious state, including shedding
of epithelial cells, fracture of villi, focal ulcer, fusion of
adjacent villi, dilation of central chyle duct, mucosal atrophy,
and vascular dilation, congestion and edema in the villous
interstitium and lamina propria. Apoptosis of epithelial cells,
fracture and sparseness of microvilli, loss of tight junction
between enterocytes, damage of mitochondria and
endoplasm, were found by electron microscopy. The villous
height, crypt depth and surface area in jejunum decreased
progressively with the time of brain injury. As compared
with that of control group (183.7±41.8 EU/L), serum
endotoxin level was significantly increased at 3, 12, and 24
hours following TBI (434.8±54.9 EU/L, 324.2±61.7 EU/L and
303.3±60.2 EU/L, respectively), and peaked at 72 hours
(560.5±76.2 EU/L), then declined on day 7 (306.7±62.4 EU/L,
P<0.01). Two peaks of serum endotoxin level were found
at hours 3 and 72 following TBI. L/M ratio was also significantly
higher in TBI groups than that in control group (control,
0.0172±0.0009; 12 h, 0.0303±0.0013; 24 h, 0.0354±0.0025;

72 h, 0.0736±0.0105; 7 d, 0.0588±0.0083; P<0.01).

CONCLUSION: Traumatic brain injury can induce significant
damages of gut structure and impairment of barrier function
which occur rapidly as early as 3 hours following brain injury
and lasts for more than 7 days with marked mucosal atrophy.
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INTRODUCTION
Gastrointestinal dysfunction occurs frequently in patients with
traumatic brain injury (TBI)[1]. Dysfunction of the different
segments of gastrointestinal tract leads to corresponding
symptoms such as gastrointestinal bleeding[2-4], gastric reflux[5,6]

and decreased intestinal peristalsis[7,8], mainly due to mucosal
damage and alteration of gastrointestinal motility[9]. Studies
on gastrointestinal dysfunction associated with head injury in
the literature concentrated on the gastric mucosa, gastric
emptying and lower esophageal sphincter tone[2-8]. However,
the effect of TBI on intestinal mucosa has not been studied to
date. Therefore, the alterations of intestinal mucosa morphology
and barrier function following TBI remain unclear.
      It is generally accepted that the intestine may serve as an
important organ in the development of severe complications
under critically ill conditions, including trauma, burns, shock,
etc.[10-12]. Major trauma and shock may initiate a cascade of
intestinal events such as intestinal cytokine response[13],
increased intestinal permeability[14,15], translocation of intestinal
bacteria and endotoxin[10,16], leading to systemic inflammatory
response syndrome (SIRS) and sepsis with subsequent multiple
organ failure[12]. TBI is a severe pathological stress and critically
ill condition usually complicated with gastric stress ulcer[17].
Therefore, we hypothesized that TBI could also lead to
significant gut structural alterations and barrier dysfunction as
mentioned above in the same mechanism as trauma, hemorrhagic
shock and burns. Additionally, brain-gut axis[18,19] and
hypothalamic-pituitary adrenal axis[20] may also play a certain
role in the development of gut dysfunction following TBI, but
the potential mechanism underlying this action is not clear.
      Studies have shown that cerebral inflammation following
TBI occurs frequently and is associated with adverse
outcomes[21,22]. Bacterial endotoxin (lipopolysaccharide, LPS)
may exacerbate the inflammatory response of injured brain,
leading to invasion of granulocytes into the brain and
breakdown of the blood-brain barrier[23-26]. Severe extra-
cerebral trauma can induce the expression of TNF-α mRNA
in the brain of mice[27]. Therefore, we suggest that intestinal
cytokine, translocation of bacteria and endotoxin secondary
to gut barrier dysfunction into the injured brain through blood
circulation should activate the cerebral inflammatory response.
Because enteral nutrition and enterogenous sepsis are two of
the important factors affecting the outcomes of comatose
patients with TBI, the maintenance of normal gut integrity is



believed to be beneficial in improving the outcomes of head-
injured patients[28,29].
      Considering the important role of intestinal function in
the rehabilitation of patients with TBI and no study reported
previously on the intestinal aspects following TBI, additional
studies need to be carried out to clarify the degree of mucosal
damage and gut barrier dysfunction induced by TBI, and if
possible, to explore the potential mechanisms that have not
been interpreted yet. Therefore, we performed a series of
studies on intestines of TBI rats. The purpose of this study
was to explore the alterations of intestinal mucosa morphology
and barrier function, and to determine how rapidly impairment
of gut barrier function occurred and how long it persisted
following TBI.

MATERIALS AND METHODS

Rat models of TBI
Male Wistar rats, weighing 220 g to 250 g, were purchased
from Animal Center of Chinese Academy of Sciences,
Shanghai, China. The rats were fed on rodent chow with free
access to tap water and housed in temperature- and humidity-
controlled animal quarters with a 12 hour light/dark cycle.
All procedures were approved by the Institutional Animal
Care Committee.
      The rats were randomly divided into six groups (6 rats
each group) including control group with right parietal
bone window alone and no brain injury, and traumatic brain
injury groups at hours 3, 12, 24, and 72, and on day 7,
respectively. Following intraperitoneal anesthesia with urethane
(1 000 mg.kg-1), animal head was fixed in the stereotactic
device. A right parietal bone window of 5 mm diameter was
made under aseptic conditions with dental drill just behind the
cranial coronal suture and beside midline. The dura was kept
intact. Right parietal brain contusion was adopted using the
impact method described by Feeney et al.[30] and severe
traumatic brain injury was made by dropping weight with a
4 mm impact diameter, a 5 mm depth and total impact energy
of 1 000 g.cm. The control animals were killed for sample
collection at 72 hours, and TBI group rats were decapitated at
corresponding time points. Blood samples were obtained by
right ventricle puncture and centrifuged with the plasma stored
at -40  before the animals were sacrificed at each time point.
A 3 cm segment of the jejunum 12 cm distal to Treitz ligament
was taken for histopathological studies and 1 mm3 mucosa for
ultrastructural observations.

Histopathological and ultrastructural examination
The 10 % buffered formalin-fixed jejunum was embedded in
paraffin, sectioned at 4 µm thickness with a microtome and
stained with hematoxylin and eosin. The sections were
examined under light microscope. Villous height, diameter of
middle villous segment and crypt depth in all tissues were

determined using the HPIAS-1000 colorful image analysis
system (Champion Image Engineering Company, Wuhan,
China). Villous surface area was calculated according to the
following formula: surface area=πdh, (d: diameter, h: villous
height). At least 10 well-oriented crypt-villous units per small
intestinal sample were measured and averaged by a pathologist
who was blind to animal groups.
      Samples for electron microscopy were fixed in phosphate-
buffered glutaradehyde (2.5 %) and osmium tetroxide (1 %).
Dehydration of the mucosa was accomplished in acetone
solutions at increasing concentrations. The tissue was
embedded in an epoxy resin. Semithin (1 µm) sections through
the mucosa were then made and stained with toluidine blue.
Then 600 angstrom-thin sections were made from a selected
area of tissue defined by the semithin section, and these sections
were stained with lead citrate and uranyl acetate. Ultrastructures
of mucosa were observed under a transmission electron
microscope (JEM-1200X).

Plasma endotoxin determination
The endotoxin content in plasma samples was assayed by the
chromogenic limulus amebocyte lysate (LAL) test with a
kinetic modification according to the test kit procedure.

Intestinal permeability
Intestinal permeability was quantified using the lactulose/
mannitol (L/M) test as previously described[19]. Six hours before
the animals were sacrificed at each time point, the rats with
their bladders emptied were given the test solution of 2.5 ml
by gastric tube feeding, containing 60 mg lactulose and 30 mg
mannitol. All urine was collected for 5 hours through the
metabolic cage and stored at -40  for further analysis. Urinary
lactulose and mannitol were measured using high-performance
liquid chromatography (Waters Co., USA). Results were
expressed as a ratio of percentage of the administered dose of
the two molecules excreted.

Statistical analysis
Software SPSS 11.0 was used in the statistical analysis. Each
parameter was expressed as mean ± SD, and compared using
one-way ANOVA analysis of variance, followed by Tukey
test. The level of significance was P<0.05.

RESULTS

Histopathology
Histopathological examination showed that the morphology
of jejunal mucosa was approximately normal in control rats.
After TBI, mucosal damage occurred as early as 3 hours and
was maximal at 72 hours, then progressed to mucosal atrophy
on day 7. The type of jejunal mucosa damages induced by
TBI is shown in Table 1. Representative histopathologic
sections of jejunal mucosa are shown in Figures 1-4.

Table 1  Main histopathological changes of jejunal mucosa after traumatic brain injury

Type of mucosal damages Group of TBI

Shedding of epithelial cells from the top of villi 3 and 12 hours

Epithelial cell necrosis and disarrangement of villi 24 and 72 hours

Focal mucosa ulcer with exposure of submucosal interstitium 72 hours

Fusion of adjacent villi into piece 72 hours and 7 days

Dilation of central chyle duct 72 hours and 7 days

Inflammatory cell infiltration in intestinal wall 72 hours and 7 days

Mucosal atrophy 7 days

Vascular dilation, congestion and edema in villous interstitium and lamina propria 3 hours throughout 7 days
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Figure 1  Epithelial cells shed from the top of villi with almost
normal villous height and well defined arrangement of villi at
3 hours following TBI. H-E, magnification ×100.

Figure 2  Markedly altered villous morphology and decreased
height at 72 hours following TBI. Note the focal mucosa ulcer
with exposure of submucosal interstitium and disarrangement
of villi. H-E, magnification ×100.

Figure 3  Marked alterations of villous morphology occurred
7 days following TBI, including mucosal atrophy, fusion of
adjacent villi, inflammatory cell infiltration, and vascular
dilation, congestion and edema in the villous interstitium and
lamina propria. H-E, magnification ×100.

Figure 4  Dilation of central chyle duct of jejunal mucosa. H-E,
magnification ×100.

Figure 5  Reduction of mitochondrial matrix and disruption of
its cristae at 72 hours following TBI. TEM, magnification ×15 k.

Figure 6  Ruptured, distorted and sparse microvilli at 24 hours
following TBI. TEM, magnification ×10 k.

Figure 7  Apoptosis bodies in epithelial cytoplasms of jejunum
following TBI. TEM, magnification ×8000.

Figure 8  Disrupted and wider tight junction between epithe-
lial cells at 72 hours and 7 days following TBI, shown as blank
arrow. TEM, magnification ×5000.

Histomorphometric studies
Villous height, crypt depth and villous surface area were
determined as specific indices for the evaluation of mucosal
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damages. The alterations of these parameters following TBI
are shown in Table 2. Qualitative analyses of the villi
demonstrated that the villous height, crypt depth and surface
area were significantly decreased at 24 hours after TBI as
compared with control group and further declined to the degree
of mucosal atrophy on day 7 following TBI.

Ultrastructural observations
Within 24 hours of TBI, the nuclei of epithelial cells appeared
irregular, but their membranes were still intact. At 72 hours
and on day 7 following TBI, obvious ultrastructural alterations
were found, including reduction of matrix of mitochondria
and disruption of their cristae (Figure 5), ruptured, distorted
and sparse microvilli (Figure 6), apoptosis bodies in
cytoplasms (Figure 7), disrupted and wider tight junction
between epithelial cells (Figure 8), swollen and degenerated
vascular endothelial cells.

Changes in plasma endotoxin concentration
As shown in Figure 9, plasma endotoxin was significantly
increased at 3 hours following TBI, and peaked at 72 hours,
then declined on day 7, but was still significantly higher than
that of controls (P<0.01). A marked correlation was noted
between the changes in plasma level of endotoxin and intestinal
permeability throughout 12 hours and 7 days following TBI
(r=0.765, P<0.01).

Figure 9  Significant increase of level of plasma endotoxin
following TBI compared with control. Two peaks of plasma
endotoxin existed at 3 h and 72 h postinjury, respectively.
aP<0.05 vs control; cP<0.05 vs 12 h, 24 h and 72 h following TBI,
eP<0.05 vs 3 h following TBI. Mean ± SD of six animals, control:
183.7±41.8 EU/L, 3 h: 434.8±54.9 EU/L, 12 h: 324.2±61.7 EU/L,
24 h: 303.3±60.2 EU/L, 72 h: 560.5±76.2 EU/L, 7 d: 306.7±62.4
EU/L.

Intestinal permeability and L/M ratio
As shown in Figure 10, intestinal permeability was significantly
increased at 12 hours after TBI, peaked at 72 hours, and
declined gradually afterward, but was still higher on day 7
following TBI than that of control group.

Figure 10  Significant increase of L/M ratio at 12 h, 24 h and
72 h following TBI compared with control and significant
decline on day 7 compared with group at 72 h. The L/M ratio
on day 7 was still significantly higher than that at 12 h and 24 h.
bP<0.01 vs control, dP<0.01 vs 12 h and 24 h, eP<0.01 vs 7 d. Mean
± SD of six animals, control: 0.0172±0.0009, 12 h: 0.0303±0.0013,
24 h: 0.0354±0.0025,72 h: 0.0736±0.0105, 7 d: 0.0588±0.0083.

DISCUSSION
Major changes of gastrointestinal function following traumatic
brain injury could be summarized in four aspects. The first
was gastrointestinal mucosa ischemia, which usually resulted
in stress ulcer and gastrointestinal bleeding[3,4]. The second was
motility dysfunction, which manifested as abdominal
distention, diarrhea, gastric retention, and even toxic intestinal
paralysis[5-7,31]. The third was disruption of gut barrier, which
led to bacterial and endotoxin translocation contributing to the
development of SIRS and sepsis. The fourth was alteration of
intestinal mucosal absorption of nutrients, which played an
important role in malnutrition. Studies on stress ulcer and
gastrointestinal bleeding after brain injury have been reported
extensively[2]. Stress ulcer was one of the most common
gastrointestinal complications following head trauma with a
reported incidence of 74-100 %[3,4]. Endoscopic evidences of
gastric mucosal lesions could appear within 24 hours, and 17 %
of these erosions would progress to clinically significant
gastrointestinal bleeding after severe brain injury.
       Studies on intestinal mucosa structure and barrier function
following TBI have not been found to date. In this study, we
found that severe damage of intestinal mucosa occurred
following TBI. The morphologic alterations of gut mucosa
included shedding of epithelial cells, fracture of villi, focal
ulcer, fusion of adjacent villi, dilation of central chyle duct,
mucosal atrophy, and edema in the villous interstitium and
lamina propria. Apoptosis of epithelial cells, fracture and
sparseness of microvilli, disruption of tight junction between
enterocytes, damage of mitochondria and endoplasm, were
found by electron microscopy. These lesions occurred rapidly
as early as 3 hours following TBI and lasted for more than 7
days. At the early stage (within 72 hours following TBI), it
manifested as acute damages of intestinal epithelium, such as

Table 2  Changes in villous height, diameter, crypt depth and surface area of mucosa

Groups       Villous height (µm) Villous diameter (µm)      Crypt depth (µm)                         Surface area (mm2)

Control 229.2±18.1 37.4±5.5 79.3±9.6 0.0259±0.0048

TBI 3 hours 219.5±21.2 37.6±6.1 78.9±9.4 0.0258±0.0035

TBI 12 hours 214.5±22.5 35.6±3.1 74.0±6.9 0.0241±0.0037

TBI 24 hours 189.2±13.6b 32.7±3.2 67.0±7.6bc 0.0195±0.0012bc

TBI 72 hours 150.8±10.4bc 32.1±4.2 34.8±5.6bc 0.0151±0.0010bc

TBI 7 days 136.7±15.7bc 30.8±5.8 38.3±6.1bc 0.0130±0.0015bc

Note: Values were expressed as mean ±SD. bP<0.01 vs control, cP<0.01 vs group of 3 hour TBI.
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epithelial necrosis and focal mucosa ulcer. On day 7 after TBI,
the intestinal lesions were dominated by mucosal atrophy and
edema of villous interstitium and lamina propria. Inflammatory
cell infiltration in the small intestine was found 24 hours after
TBI. Mucosal atrophy was considered to be associated with
the necrosis and apoptosis of gut epithelium, which were
induced by relative hypoperfusion (ischemia-reperfusion
injury) and interaction of inflammatory mediators with their
receptors located on the gut epithelial cells[13].
     Intestinal mucosal injury could also be assessed by
measuring the permeability of mucosal barrier to small or large
solutes. Lactulose and mannitol have previously been used to
assess intestinal mucosal permeability in burn and critically ill
patients[12,14,15]. Mannitol, a smaller sugar, passes through
aqueous pores in the cell membranes. Lactulose, a larger
molecule, is absorbed paracelluarly through tight junctions.
Increased absorption of lactulose can reflect mucosal leakiness,
and decreased absorption of mannitol can reflect decreased
functional absorptive area. The current study demonstrated that
the L/M ratio was significantly greater at 3 hours following
TBI, and reached its peak at 72 hours, then declined on day 7
with the value still markedly higher than that of control group
and 24 hour TBI group. Additionally, the results showed that
increased intestinal permeability might persist for 7 days in
rats with TBI, which conformed highly to the histopathological
alterations, i.e. mucosal atrophy and disruption of tight junction
between epithelial cells.
      The level of plasma endotoxin was positively related to
L/M ratio, and manifested as two peaks at 3 hours and 72 hours
after TBI, respectively. The first peak might be the result of
acute gut mucosal damage mainly induced by splanchic
ischemia due to the excited sympathetic nerve. With the
resumption of liver anti-toxic function and the advent of
specific antibodies to lipopolysaccharide, the plasma level of
endotoxin was declined to some extent[34]. The second peak of
plasma endotoxin might be related to severe mucosal damages
such as focal ulcer and epithelial necrosis which usually
occurred at 72 hours following TBI. High L/M ratio and plasma
level of endotoxin following TBI implied that the gut barrier
function was disrupted.
       The potential mechanism underlying the alterations of gut
structure and impairment of barrier function following TBI
might be related to several factors, including ischemia-
reperfusion, intramucosal acidosis[32], cytokines and
inflammatory mediators[13,33]. Splanchnic hypoperfusion is a
common finding in trauma. In systemic pathological stresses
such as TBI, an adaptive response mediated by neuro-endocrine
exists, which leads to selective splanchic vascular spasm in
order to maintain the normal supply of vital organs such as the
heart, lung and brain. The gut is highly susceptible to the
consequent reduction in oxygenation, particularly mucosa of
the stomach and intestine. This might induce increased gut
permeability, alteration of enteral immune function, mucosal
edema, epithelial necrosis and apoptosis, and even focal
mucosa ulcer, which would contribute to bacterial and
endotoxin translocation[13,14,20]. Brain-gut axis and hypothalamus-
pituitary-adrenal axis might play a potential role in gut mucosal
damages[18-20]. It may arise from the actions of parasympathetic
centers of the hypothalamus with their connections to vagal
nuclei in the medulla. Cytokines and inflammatory mediators
such as TNF-α, IL-1, oxygen free radicals and nitric oxide
could induce damages of microvilli, tight junction between
enterocytes and paracelluar junction, which would lead to
increased intestinal permeability[33].
       Increased intestinal permeability has been implicated in the
pathogenesis of both SIRS and progression to MODS[10,11,14,15].
The gut origin hypothesis suggests that a failure of gut barrier
function as a result of a major stress insult permits bacterial

and endotoxin translocation, which triggers systemic
immunoinflammatory response to release cytokines and
inflammatory mediators. These cytokines and mediators might
exacerbate SIRS, sepsis and multiple organ failure[10-13]. This
concept was supported by the data from animal studies in
experimental models, including surgical trauma [14],
malnutrition, jaundice, pancreatitis, hemorrhagic shock, and
thermal injury[28]. Results of the current study showed that gut
barrier dysfunction occurred with high plasma level of
endotoxin and increased intestinal permeability following TBI.
Therefore, we suggest that SIRS and MODS secondary to
traumatic brain injury be possibly related to the disruption
of gut barrier. Otherwise, translocated endotoxin and gut-
derived cytokines may enter the injured brain with circulating
blood, which was assumed to activate or exacerbate the
inflammation of brain, and cause “two-hit” insult[22-26].
Circulating lipopolysaccharide and cytokines may stimulate
the hypothalamic-pituitary-adrenal axis and sympathetic
nervous system to affect the function of multiple organs.
MODS is one of the common fatal complications following
severe TBI.
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