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Abstract
Background—We tested the hypothesis that females are more resistant to trauma-hemorrhagic
shock (T/HS)-induced gut injury than males, and this is related to better preservation of their
intestinal mucus layer, which is influenced in turn by the estrus cycle stage at the time of injury.

Methods—Male, proestrus and diestrus female rats underwent a laparotomy (trauma) and 90
minutes of shock (~35 mm Hg). At 3 hours after reperfusion, terminal ileum was harvested and
stained with Carnoy’s Alcian Blue for mucus assessment, hematoxylin and eosin, and periodic
acid schiff for villous and goblet cell morphology and injury. Ileal permeability was measured in
separate intestinal segments using the ex vivo everted gut sac technique.

Results—When compared with males, proestrus female rats were significantly more resistant to
T/HS-induced morphologic gut injury, as reflected in both a lower incidence of villous injury
(14% vs. 22%; p < 0.05) and a lesser grade of injury (1.0 vs. 2.8; p < 0.05) as well as preservation
of gut barrier function (17.9 vs. 32.2; p < 0.05). This resistance to gut injury was associated with
significant preservation of the mucus layer (87% vs. 62%; p < 0.05) and was influenced by the
estrus cycle stage of the female rats. There was a significant inverse correlation between mucus
layer coverage and the incidence (r2 = 0.9; p < 0.0001) and magnitude (r2 = 0.89; p < 0.0001) of
villous injury and gut permeability (r2 = 0.74; p < 0.001).

Conclusions—The resistance of female rats to T/HS-induced intestinal injury and dysfunction
was associated with better preservation of the intestinal mucus barrier and was to some extent
estrus cycle-dependent. Preservation of the mucus barrier may protect against shock-induced gut
injury and subsequent distant organ injury by limiting the ability of luminal contents such as
bacteria and digestive enzymes from coming into direct contact with the epithelium.
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Multiple organ dysfunction syndrome (MODS) is a significant but poorly understood cause
of intensive care unit mortality after trauma-hemorrhagic shock (T/HS). Over the years,
studies have suggested that the ischemic gut plays an important role in the pathophysiology
of postshock systemic inflammatory response syndrome, adult respiratory distress
syndrome, and MODS, in at least some patient subgroups, including the trauma patient.1,2
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These preclinical and clinical studies have led to the gut hypothesis of MODS.1 Because the
first step in the paradigm of gut origin sepsis and MODS involves gut injury, understanding
the exact mechanisms by which trauma-shock leads to gut injury is of potential clinical
significance. Traditionally, studies investigating the pathogenesis of gut injury have focused
on the splanchnic circulation and systemic host factors, because shock or major trauma leads
to shunting of blood away from the gut resulting in an intestinal ischemia-reperfusion (I/R)
injury and an I/R-induced intestinal inflammatory response.3 However, much of the barrier
function of the intestine is because of the unstirred mucus layer, which protects the
underlying intestinal villi and enterocytes from potentially damaging substances such as
digestive enzymes and bacteria that are contained within the intestinal lumen in high
concentrations.3,4 Recently, we reported that disruption of the small intestinal mucus layer
was associated with trauma- and shock-induced loss of gut barrier function in male rats.5
However, based on preclinical and some clinical studies demonstrating a protective effect of
the female gender in outcomes after trauma and shock,6–9 we began investigating whether
female rats were more resistant to gut injury and gut-induced distant organ dysfunction than
male rats. These studies documented that the female intestine was more resistant to T/HS
and I/R-induced gut injury than male rats.10–12 Furthermore, this resistance to gut injury
was estrus cycle-specific with protection being greatest during the proestrus phase of the
cycle (high estrogen) and lowest during the diestrus phase of the cycle when estrogen levels
are greatly reduced.10 In addition, protection against T/HS-induced gut injury was largely
lost after ovariectomy.11 Consequently, in this study, we began testing the hypothesis that
females are more resistant to T/HS-induced gut injury than males due to better preservation
of their intestinal mucus layer and that this resistance to T/HS-induced loss of the mucus
barrier was estrus cycle-dependent.

MATERIALS AND METHODS
Animals

Sprague-Dawley (SD) rats weighing 300 g to 450 g were housed under barrier-sustained
conditions kept at a temperature of 25°C with 12-hour light/dark cycle. The rats had free
access to water and chow (Teklan 22/5 Rodent Diet W-8640; Harlan Tecklad, Madison, WI)
for at least 1 week before the study. All animals were maintained in accordance with the
recommendation of the Guide for the Care and Use of Laboratory Animals. All animal
protocols were approved by the New Jersey Medical School Animal Care and Use
Committee. The estrus cycle stages of the female rats were determined by histologic
examination of vaginal scrapings.13

Experimental Design
The major goal of this study was to test the hypothesis that the degree of loss of the gut
mucus layer after T/HS would correlate directly with the magnitude of gut injury and that
both T/HS-induced mucus loss and gut injury would be less in proestrus female than male
rats. To test this hypothesis, we performed several experiments on male and female
(proestrus and diestrus) rats that underwent T/HS or trauma sham shock (T/SS). In the T/HS
group, animals underwent a laparotomy followed by 90 minutes of hemorrhagic shock.
After shock, animals were resuscitated with their own shed blood and sacrificed after a 3-
hour period. In the T/SS group, animals underwent vessel cannulation and laparotomy but
were not subjected to hemorrhagic shock. Three hours after resuscitation, the animals were
killed. In experiment 1, morphologic markers of injury (villous injury, mucus coverage, and
goblet cell number) were assessed. In experiment 2, the terminal ileum was collected and
assessed functionally for permeability using the everted gut sac technique.

Sheth et al. Page 2

J Trauma. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hemorrhagic Shock Model
As described previously,14 rats were fasted overnight to eliminate feces, weighed, and
anesthetized with intraperitoneal sodium pentobarbital (50 mg/kg). Using aseptic techniques,
the internal jugular vein and the femoral artery were isolated and cannulated with
polyethylene (PE-50) tubing and 50-guage silicon catheter, respectively, both containing 0.1
mL heparinized saline solution (concentration, 10 units/mL). Both catheters remained in situ
for the duration of the experiment. Next, a 3-cm midline laparotomy (trauma) was
performed. After closure of the abdomen, the femoral artery catheter was attached in line to
a blood pressure monitor (BP-2 digital blood pressure monitor; Columbus Instruments,
Columbus, OH) for continuous blood pressure monitoring. In T/HS group, blood was then
withdrawn from the internal jugular vein, and the mean arterial pressure was maintained at
~35 mm Hg for 90 minutes by withdrawing or infusing the shed blood at a rate of 1 mL/min.
The T/HS animals were resuscitated by the reinfusing the shed blood which had been
maintained at 37°C. Using heating pads, body temperature was maintained at 37°C until the
animals were killed at 3 hours after the end of the 90 minutes T/SS or T/HS period.

Tissue Fixing and Staining Technique
The stool-free segments of terminal ileum were opened along the mesenteric border without
rinsing. Specimens were laid flat, mucosal surface up, and pinned to cardboard. Alcian Blue
(3%; Sigma, St. Louis, MD) solution in distilled water was sprayed on the mucosal surface
to stain the mucus layer, followed by immediate immersion in Carnoy’s solution (60%
ethanol, 30% acetic acid, and 10% chloroform) for 2 hours at 4°C. The samples were then
placed in 100% ethanol, cleared in xylene, and embedded in paraffin.15 The tissue sections
were cut longitudinally into 4-μm sections for histologic analysis.

Histologic Analysis
Ileal Villous Injury and Mucus Coverage—To assess the mucus layer, cut sections of
tissue were restained with hematoxylin and eosin to evaluate ileal villous injury and mucus
coverage simultaneously. Five random fields with 150 to 250 villi from each animal were
analyzed in a blinded fashion using light microscopy at 100× magnification. The overall
incidence of villous damage was expressed as a percentage of injured villi to total villi
counted. Injury was graded using the method described by Chiu et al.16 Briefly, grade 0
corresponds to normal mucosal villi, grade 1 is development of subepithelial space, grade 2
is an extension of this subepithelial space with moderate lifting of epithelial layer from the
lamina propria, grade 3 is massive epithelial lifting, grade 4 has denuded villi, and grade 5
involves digestion and disintegration of lamina propria, hemorrhage, and ulceration. The
percentage of mucus coverage of the ileal surface was measured in microns (μm), with an
objective micrometer in a blinded fashion as described by Rupani et al.5

Goblet Cell Count—The Carnoy’s fixed cut sections were restained with periodic acid
schiff to reveal goblet cells. The goblet cells were identified within the ileal mucosa by their
classic goblet-like shape and deep-blue stain. Total goblet cell counts were determined along
the combined crypt-villus axis of 20 well-oriented crypt-villus units from the crypt base to
the villus tip and expressed as number per villus.17 All studies were performed in a blinded
fashion.

Measurement of Ex Vivo Intestinal Permeability
Intestinal permeability was determined using the everted gut sac method with fluorescein
isothiocyanate dextran (molecular weight 4,000 Da; FD4; Sigma) tracer as described by
Rupani et al.5

Sheth et al. Page 3

J Trauma. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical Analysis
Results were expressed as mean ± standard deviation (SD). Continuous data were analyzed
by unpaired t test and one-way analysis of variance using the post hoc Tukey-Kramer or
Newman-Keuls multiple comparison tests. Statistical significance was considered to be a p
value <0.05.

RESULTS
Male rats subjected to T/HS, but not T/SS, had morphologic evidence of significant villous
damage and this was manifest as a 22% incidence of villous injury as well as a high grade of
injury (Fig. 1). This morphologic evidence of T/HS-induced villous injury was associated
with loss of gut barrier function and a twofold increase in gut permeability (Fig. 1, A). T/HS
also caused over a 40% decrease in the intestinal mucus barrier layer, which was
morphologically manifest as loss of the continuous mucus layer separating the underlying
enterocytes and villi from the intraluminal contents of the gut (Fig. 2). This T/HS-induced
disruption and decrease in the mucus layer was not associated with a significant reduction in
goblet cell numbers (Fig. 2).

Proestrus female rats seemed to be significantly resistant to T/HS-induced gut injury when
compared with T/SS because the incidence of villous injury in the proestrus female rats
subjected to T/HS was only modestly increased, while the magnitude of gut injury and gut
permeability were similar between the T/HS and the T/SS groups (Fig. 3). This resistance to
T/HS-induced gut injury seemed to be estrus cycle-dependent, because female rats subjected
to T/HS during the diestrus stage of the estrus cycle, when estrogen levels are reduced, had a
higher incidence and magnitude of villous injury (p < 0.05) as well as increased gut
permeability (p < 0.05) when compared with the proestrus T/HS and the T/SS control groups
(Fig. 3, A). Similar to what was observed in terms of villous injury, the proestrus female rats
subjected to T/HS had a small, but significant decrease in the mucus layer while the amount
of the mucus layer lost was greater in the diestrus rats subjected to T/HS and only the
diestrus T/HS rats had a decrease in goblet cell numbers (Fig. 4).

There was no difference in any of the gut parameters measured between the male and female
T/SS groups. However, the incidence and severity of intestinal villous injury, the degree of
gut permeability, and the magnitude of loss of the mucus layer were greater in the male than
the proestrus females subjected to T/HS (Fig. 5, A). Furthermore, the extent of gut injury
and loss of the mucus layer in the diestrus females subjected to T/HS was significantly less
than that observed in the male rats subjected to T/HS but significantly greater than in the
proestrus T/HS females (Fig. 5, B). This observation that the susceptibility of the diestrus
females to T/HS-induced gut changes was intermediate between the males and proestrus
females suggests that while females are more resistant to gut injury, the degree of that
resistance varies over the estrus cycle as the concentration of sex hormones change.

The relative resistance to gut injury in the female as opposed to the male T/HS groups was
associated with significant preservation of the mucus layer, because there was a significant
inverse correlation between the mucus layer coverage and the incidence (r2 = 0.9; p <
0.0001) and magnitude (r2 = 0.89; p < 0.0001) of villous injury as shown in Figure 6.
Similarly, mucus layer coverage also correlated inversely with the loss of gut barrier
function as measured by increased gut permeability (r2 = 0.74; p < 0.001).

DISCUSSION
The concept that loss of the gut barrier can lead to adverse clinical events has resulted in a
large body of work culminating in the gut hypothesis of MODS, the first and critical step of
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which is gut injury and loss of barrier function. This notion is not surprising because the
lumen of the small and large intestine is a hostile environment that contains sufficient
bacteria and bacterial products to kill the host thousands of times over if they were to reach
the systemic circulation.1 Furthermore, if the luminal digestive enzymes, especially the
pancreatic proteases, were to come into direct contact with enterocytes lining the intestinal
villous, these host cells would be digested in a fashion similar to that of ingested proteins
and other food stuffs. Thus, if the gut barrier were lost, the host would be in danger of being
injured not only by its own gut bacteria but also of being digested by its own luminal
digestive enzymes. Thus, a complex set of host defenses has evolved to maintain gut barrier
function, the failure of which can have dire consequences. Consequently, significant efforts
have been made to investigate the mechanisms of gut injury and loss of barrier function
under stress situations associated with splanchnic hypoperfusion and gut I/R states, such as
those that occur after major trauma and/or during shock states. Based on the exact
experimental model tested, a number of factors have been implicated in the pathogenesis of
gut injury including reactive oxygen species, reactive nitrogen intermediates,
proinflammatory molecules, and inflammatory cells such as neutrophils18–20 and
intraluminal digestive enzymes.21,22 Although significant attention has been focused on the
intestinal villous and the enterocyte response to injury and repair, the effects of gut I/R on
the unstirred mucus layer have been relatively ignored. However, under normal conditions,
the gut is largely protected from direct contact with intestinal bacteria or harmful luminal
contents by a layer of mucus that is being continuously secreted by goblet cells.23,24 One
potential reason for the limited attention being focused on the mucus layer under conditions
of gut ischemia or stress is that the mucus layer is dissolved and lost during ordinary
histologic fixation procedures, and what is not seen is often ignored and not studied.
Consequently, because of the potential importance of the unstirred mucus layer in preserving
intestinal barrier function, we have recently begun studying this component of the intestinal
barrier. To accomplish this, we have used a modification of the Carnoy’s fixation technique,
which allows the mucus layer to be preserved during fixation, while allowing standard
morphologic analysis of the intestinal villous. With this technique, direct correlations
between the mucus layer and gut injury can be made.

In this context, the current studies show that T/HS leads to a significant loss of the intestinal
mucus layer in male rats and that this loss of the mucus layer is tightly associated with an
increase in villous injury and gut permeability. In contrast, in proestrus female rats where
the mucus layer is largely preserved, very limited T/HS-induced gut injury and dysfunction
was observed. Furthermore, in diestrus female rats, where T/HS led to an intermediate
degree of mucus loss, the extent of gut injury and the increase in gut permeability was also
intermediate. Thus, these studies support the idea that T/HS-induced loss of the unstirred
mucus layer is directly associated with gut injury and dysfunction. This notion that loss of
the mucus layer is involved in T/HS-induced gut injury is supported by studies showing that
the mucus layer is an important protective barrier in the stomach where stress-or ischemia-
related loss of the gastric mucus layer contributes to gastric mucosal injury caused by
intraluminal acid.25,26 The current results are also consistent with earlier studies using
frozen sections of the gut to assess the mucus layer, where the magnitude of T/HS-induced
increases in gut permeability correlated better with the degree of mucus loss than the extent
of gut injury based on morphologic studies.5 Others have reported that qualitative and
quantitative changes in the intestinal mucus gel may disrupt the functional mucus barrier
leading to increased bacterial translocation,27–29 and a recent report showed that the enteral
administration of high molecular weight polyethylene glycol, as a mucus surrogate,
prevented lethal gut origin sepsis.30 In addition, using a whole gut transport model, it was
found that the decisive barrier to the transport of a compound across the gut wall was related
to the mucus layer and not the lipid membrane of the underlying enterocytes.31 Finally, in
proof of principle studies, we and others32,33 documented that the intraluminal
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administration of the mucolytic agent N-acetyl cysteine into the normal intestine resulted in
loss of the mucus layer and an increase in intestinal permeability that correlated in a dose-
dependent fashion.32

Having shown that T/HS leads to loss of the mucus barrier and that loss of the mucus layer
correlates with increased gut permeability, the question arises as to the potential mechanisms
by which this occurs. Because it is the polymerization of mucin glycoproteins to form a
viscous gel that is responsible for the hydrophobic and barrier natures of mucus,34,35

destruction of polymerized mucin could contribute to T/HS-induced loss of the mucus layer
and increased gut permeability. Because it has been reported that reactive oxygen and
nitrogen species damage and degrade mucin molecules leading to a loss of viscosity and a
decrease in hydrophobicity,36 it seems likely that under conditions of gut I/R, the presence
of damaging reactive oxygen and nitrogen free radicals could result in mucin molecules
loosing their viscoelastic properties and thereby compromise the barrier function of the
mucus layer. Furthermore, the ability of pancreatic enzymes to cleave and degrade mucins in
vivo is significantly augmented when the mucins have been chemically modified as may
occur under conditions of oxidant stress.37,38 This potential relationship between oxidant-
modified mucin molecules and subsequent mucin degradation by luminal pancreatic enzyme
resulting in increased gut injury and loss of barrier function is supported by studies showing
that intraluminal pancreatic enzyme neutralization or pancreatic duct ligation largely
prevents T/HS-induced gut injury, increased intestinal permeability, and loss of the mucus
layer.22,39,40 These studies22,39,40 documented that not only the gut mucosa and the mucus
layer were preserved, but also pancreatic proteases were necessary for T/HS-induced lung
injury, neutrophil activation, and the production of biologically active mesenteric lymph.

The reasons for why the female rodent gut seems to be resistant to T/HS-induced gut injury
seem to be multifactorial. For example, studies have shown both cardiac output and regional
blood flow to the organs, including the intestine, are better preserved during as well as after
an episode of T/HS in female than male rats.41,42 Furthermore, even when the intestine of
male and female rats are subjected to an equivalent gut I/R insult, where the reduction in
intestinal blood flow is equivalent between the groups, the proestrus female rat gut is more
resistant to injury than the male gut.12 Thus, more than a difference in intestinal blood flow
after T/HS seems to account for the increased resistance of female versus male intestine. The
fact that estrogen is involved appears likely from our earlier study,10 as well as the current
study, showing that the susceptibility to T/HS-induced gut injury is highest when estrogen
levels are lowest as during the diestrus stage of the estrus cycle. In this light, it is known that
female sex hormones increase both the quantity and quality of mucus secretion in the genital
and nasal epithelia43,44 and, in the same way, female sex hormones may augment the mucus
barrier in the gut and thereby help in protecting the gut from injury. In addition, the female
gut produces less of a nitric oxide response10 and is more resistant to T/HS-induced gut
inflammation and manifests a blunted cytokine response45–47 after a gut I/R insult. Thus,
whether the increased mucus layer observed in the proestrus female rats after T/HS
represents a direct effect of female sex hormones on the mucus layer or an indirect effect
due to the limiting effects of estradiol on gut inflammation, or even a combination of the
two, will require further study.

In summary, this study provides further evidence to suggest that nonbacterial factors on the
luminal side of the gut may be important modulators of gut injury during stress states, with
two of these luminal factors being the unstirred mucus layer and pancreatic proteases. These
results also suggest that there are two distinct processes occurring simultaneous,
contributing to gut injury during shock states, one systemically and the other at the luminal
surface of the gut. Therefore, studies limited to assessing tight junction function between
enterocytes or even villous injury are unlikely to provide a complete picture of the
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mechanisms involved in T/HS as well as other gut I/R insults that lead to gut injury and loss
of barrier function. Based on this information, our working hypothesis for the mechanisms
by which T/HS causes gut injury and increases gut permeability is as follows. T/HS induces
a gut I/R injury, which in turn results in mild enterocyte injury and an oxidant-mediated
injury to the mucus layer, which of itself is not sufficient to completely disrupt the mucus
layer. However, the chemically modified mucus loses enough of its hydrophobic and other
barrier properties to allow further mucin degradation by intraluminal, water soluble
pancreatic proteases. These pancreatic proteases, as well as other lumen factors, including
bacteria and their products, now reach and cross the compromised enterocyte barrier, where
they initiate a response that results in the generation of biologically active lymph, as well as
potentiate gut and systemic inflammation and injury. If this notion is true, then luminal
therapies directed at supporting the mucus layer and limiting the actions of digestive
enzymes may join systemic therapies directed at limiting the magnitude or consequences of
gut injury and hence gut-origin sepsis and MODS.
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Figure 1.
(A) In male rats, T/HS increased the number of intestinal villi injured plus the magnitude of
villous injury as well as intestinal permeability. **p < 0.01 vs. male T/SS group. *p < 0.05
vs. male T/SS group. Data are expressed as mean ± SD (n = 4–6 rats/group). (B)
Representative photomicrographs of terminal ileum from T/SS or T/HS rats obtained 3
hours after reperfusion (200×) showing high-grade villous injury after T/HS manifest as
sloughing of villous tips and a severely disrupted mucus layer (arrow).
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Figure 2.
(A) Males rats subjected to T/HS had a significant reduction in their intestinal mucus layer
coverage but no change in goblet cell numbers. **p < 0.01 versus male T/SS groups. Data
are expressed as mean ± SD (n = 4–6 rats/group). (B) Representative photomicrographs of
terminal ileum 3 hours after reperfusion (100×) showing loss of the mucus layer in the T/HS
group.
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Figure 3.
(A) The incidence of T/HS-induced villous injury was increased to a greater degree in the
diestrus than the proestrus rats subjected to T/HS as was gut permeability. *p < 0.05 versus
all other groups. Data are expressed as mean ± SD (n = 4–6 rats/group). (B) Representative
photomicrographs of terminal ileum 3 hours after reperfusion (200×) showing low-grade
villous injury after T/HS in proestrus females manifest as subepithelial spaces at the tips
(arrows). The diestrus group shows higher degree of gut injury with subepithelial spaces
extending all the way to the crypt (arrow).
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Figure 4.
(A) After T/HS, the magnitude of loss of the mucus layer was greater in the diestrus than the
proestrus females when compared with the T/SS group. *p < 0.05 versus all other groups #p
< 0.05 versus T/SS group. Data are expressed as mean ± SD (n = 4–6 rats/group). (B)
Representative photomicrographs of terminal ileum 3 hours after reperfusion (100×)
showing better preservation of the mucus layer and goblet cells in proestrus compared with
diestrus rats subjected to T/HS.
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Figure 5.
Both proestrus and diestrus female rats subjected to T/HS were more resistant to gut injury
(A), loss of gut barrier function (A) or loss of the mucus layer than male rats (B). *p < 0.05
versus all other groups. **p < 0.01 versus all other groups. Data are expressed as mean ± SD
(n = 5–6 rats/group).
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Figure 6.
There is significant inverse correlation between that the degree of mucus layer coverage
with the incidence (r2 = 0.9; p < 0.0001; A) and grade (r2 = 0.89; p < 0.0001; B) of villous
injury and gut permeability (r2 = 0.74; p < 0.001; C). All T/HS and T/SS animals were used.
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