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Oral administration of interleukin-6 (IL-6) has been
shown to reduce hemorrhage-induced bacterial trans-
location from the gut in mice and rats. To examine the
intestinal microvasculature, mice were given the elec-
tron-dense tracer horseradish peroxidase (HRP) after
hemorrhage and IL-6 or vehicle administration. In
normal mice and in those hemorrhaged and given
IL-6, the electron-dense marker, administered intra-
venously, could be found in intestinal capillaries and
between mucosal epithelial cells, suggesting that the
microvasculature was patent. In mice given saline
after shock, however, no marker was present in the
gut, suggesting that the intestinal microvasculature
was unable to deliver the marker to the epithelia.
When mice were given HRP intralumenally (il) the
tracer was able to penetrate between intestinal epithe-
lial cells only in mice given vehicle after hemorrhage.
This finding suggests that hemorrhaged mice were
susceptible to sepsis and endotoxic shock from the
leaky gut. In normal and IL-6-treated mice, the tracer
was unable to pass from the lumen between mucosal
epithelial cells, because the presence of an intact
zonula occludens prevented passage. Functional stud-
ies supported the electron microscopy findings. Bac-
teria were cultured from the livers of mice fed vehicle
after hemorrhage, but not from those fed IL-6. These
data support the conclusions that parts of the intesti-
nal microvasculature remain diminished after hemor-
rhage and resuscitation and that oral IL-6 restores this
circulation. (Am J Pathol 2000, 156:1177–1182)

Maintenance of intestinal barrier function is essential for
health and survival. Sequestration of bacteria and their
products in the intestine is maintained by both mucin and
a layer of epithelial cells. These gut cells are in constant
division, metabolizing rapidly and forming an imperme-
able barrier to harmful intestinal contents. Because they
are metabolically extremely active, they are also suscep-
tible to oxygen deprivation. Following severe hemor-
rhage, as occurs under a number of clinical conditions,
the intestinal microcirculation remains decreased by 35
to 50%, even with adequate fluid resuscitation,1–3 result-
ing in severe necrotic4 and apoptotic5 damage. Subse-
quent damage, perhaps due to neutrophil activation, oxy-
gen free radical formation, or induction of nitric oxide
synthase, leads to increases in intestinal permeability,
endotoxin leakage, and bacterial translocation to extraint-
estinal sites.6

Our laboratory has been exploring orally administered
cytokines, particularly interleukin-6 (IL-6), as agents to
affect gut function. We have shown that IL-6, when given
at the time of infection, can dramatically reduce the num-
bers of infectious Campylobacter organisms in the
mouse.7 This reduction takes place well in advance of the
onset of antigen-specific IgA in the intestinal secretions of
infected mice. These data suggest that, in addition to its
traditional role in augmenting B cell responses, IL-6 has
additional, not yet described, effects on the intestinal
mucosa.

Further examination of the role of IL-6 in intestinal
function has shown that it is instrumental in the reduction
or elimination of bacterial translocation after hemorrhagic
shock in mice8 and rats.9 Because IL-6 has been shown
to be a vasorelaxer,8,10 we postulated that its role in the
prevention of gut injury following hemorrhage is depen-
dent on its ability to increase intestinal circulation,
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thereby decreasing the total ischemia time and allowing
for nearly full recovery of the intestine after hemorrhage.

Materials and Methods

Mice

BALB/CByJ female mice were obtained from The Jack-
son Laboratory (Bar Harbor, ME). They were certified
pathogen-free, and screening by Charles River Testing
Services (Portage, MI) showed no serological evidence
of viral or parasitic infection. Mice were housed in AAA-
LAC-approved laminar flow cages in animal facilities at
the Naval Medical Research Institute (Bethesda, MD).
Standard laboratory animal chow and water were pro-
vided ad libitum.

Hemorrhagic Shock Model

The hemorrhagic shock model used has been described
previously.8 Briefly, nonfasted, anesthetized mice were
cannulated in both femoral arteries to measure blood
pressure in one and to bleed from the other. Mice were
bled to and maintained at a mean arterial pressure of
35 mm Hg for 1 hour and then resuscitated (over 15
minutes) with shed blood and a twofold volume of lac-
tated Ringer’s solution. After regaining consciousness,
30 minutes after resuscitation, they were fed 0.5 ml phos-
phate-buffered saline vehicle alone or vehicle containing
300 units rIL-6 (Genzyme, Boston, MA). After overnight
recovery (16 hours), the mice were prepared for horse-
radish peroxidase (HRP) and bacterial translocation
studies as described below.

HRP label, mol wt 40 kd, was prepared as a solution of
4 mg in 0.25 ml 0.9% NaCl.11 In the HRP iv groups, the
label was injected into the tail vein, and 10 minutes later
the mice were sacrificed by cervical dislocation under
methoxyfluorane anesthesia. In the HRP il groups, it was
injected into a ligated loop of distal ileum and allowed to
penetrate the mucosa for 15 minutes in methoxyfluorane-
anesthetized mice before sacrifice.1,3 For each experi-
ment, three mice were used: one for hemorrhage plus
IL-6, one for hemorrhage plus vehicle, and one for sham.
The bacterial translocation experiments were repeated at
least 50 times. The HRP experiments were performed 6
times.

Bacterial Translocation

Enumeration of bacteria in solid organs has been pub-
lished previously.8 Briefly, tissues were removed from
mice, weighed, and homogenized in 4 ml phosphate-
buffered saline. Serial dilutions of the homogenate were
plated on sheep blood agar plates and incubated at 37°C
for 24 to 48 hours. Bacterial colonies were counted and
calculated as colonies per gram of tissue.

Histology

The ileum of each mouse was removed immediately,
flushed, cut into 0.5-cm rings, and fixed in 2% glutaral-
dehyde, 1% paraformaldehyde in 0.1 mol/L sodium ca-
codylate buffer, pH 7.25, for 1 hour at 4°C. All of the
intestines were rinsed overnight at 4°C in 0.1 mol/L so-
dium cacodylate buffer, pH 7.5. Sections of intestinal
rings 100 mm thick were cut for localization of label.
Demonstration of peroxidase location was achieved by
incubating the sections in the dark for 20 minutes in 5 ml
DAB (3, 39-diaminobenzidine) substrate medium (Sigma
Immuno Chemicals, St. Louis, MO). Sections were then
rinsed in Tris(hydroxymethyl)aminomethane buffer and
postfixed in 1% sodium cacodylate buffered osmium te-
troxide for 60 minutes. After dehydration with ethanol, the
sections were treated with propylene oxide and embedded
in Epon polybed 812 (Poly/Bed; Polysciences, Warrington,
PA). Sections 1 mm thick were examined by light micros-
copy. Ultrathin sections prepared with a diamond knife
were lightly stained with lead citrate and examined in a
JEOL 100 CXII electron microscope (JEOL, Peabody, MA).

Results

General electron microscopy findings were similar to
those reported previously.9 In normal mice, microvilli
were even and intact, and mitochondria appeared active.
In shocked mice fed vehicle alone, focal areas of uneven
microvilli were seen and cells appeared more highly vac-
uolated with mitochondrial breakdown. In shocked mice
fed vehicle plus IL-6, the microvilli were again even and
mitochondria appeared more like those of normal mice.

The effect of hemorrhage on intestinal circulation can
be seen very clearly in mice receiving an iv injection of
HRP. In normal, unhemorrhaged mice, the HRP is seen to
pass between intestinal epithelial cells from the circula-
tion to the lumen (arrows, Figure 1A) suggesting that the
intestinal circulation is patent, allowing the label to reach
the intestinal lumen by intravascular pressure. Vesicles
containing HRP are also present in the cytoplasm as has
been previously noted.12

In mice hemorrhaged and fed vehicle, there is no
evidence that HRP has reached the intestine (Figure 1B).
Intercellular channels are apparent (arrows) but not filled
with electron-dense material. No HRP containing vesicles
are present in cells of this group. Mice hemorrhaged and
fed IL-6 have restored circulation to their intestines (Fig-
ure 1C), since HRP is able to again penetrate between
the cells (arrows). It appears that circulation is not re-
stored completely, however, since the label is less dense
with focal areas of patchiness when compared with nor-
mal mice (Figure 1A).

When mice were given HRP il, the distribution pattern
is opposite that seen in mice injected iv. In normal mice,
HRP penetrated from the lumen only as far as the zonula
occludens suggesting that the intestinal barrier function
was well maintained (Figure 2A). Bacterial products, to
the extent that they are the size of HRP, cannot penetrate
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past the zonula occludens. Large amounts of HRP are
seen between intestinal epithelial cells only in mice hem-
orrhaged and fed vehicle (Figure 2B). The prominent
cytoplasmic vacuoles and swelling of mitochondria seen
in epithelial cells of shocked mice fed vehicle are indic-
ative of cell degeneration. Intestines of mice hemor-
rhaged and fed IL-6, although not completely normal,
show a reduced pattern of HRP distribution, suggesting
the reestablishment of barrier function (Figure 2C).

The data of Figure 3 support functionally the histolog-
ical findings seen using the HRP tracer. It can be seen
that mice hemorrhaged and fed saline have significant
numbers of bacteria in their livers at 16 hours post-hem-
orrhage, a condition which persists for many days (not
shown). Mice hemorrhaged and fed IL-6, however,

showed much reduced bacterial translocation and sepsis
after hemorrhage, as was shown previously.8,9

Discussion

After an ischemic event, blood is shunted from the central
organs to the brain and heart. Even though blood pres-
sure is reestablished in the periphery, splanchnic isch-
emia may be maintained for long periods.2 This ischemia
can result in breakdown of the intestinal barrier, leading
to the leakage of intestinal contents into the periphery,
inducing the onset of endotoxic shock and systemic sep-
sis.1 The exact route of penetration and elimination of this
material, however, has not been demonstrated. Since we

Figure 1. A: Intestinal epithelium from normal mouse. HRP administered intravenously (iv) before sacrifice. Label can be seen between the individual cells. B:
Intestinal epithelium from mouse hemorrhaged and fed control fluid. HRP administered iv. Absence of label between epithelial cells. C: Intestinal epithelium from
mouse hemorrhaged and fed IL-6. HRP administered iv. Label is again apparent between epithelial cells.

Figure 2. A: Intestinal epithelium from normal mouse. HRP administered intralumenally (il). Label can be seen to penetrate a short distance (zonula occludens)
between epithelial cells. B: Intestine from a mouse hemorrhaged and fed vehicle. HRP administered il. Large amounts of label penetrate between the epithelial
cells. C: Intestine from a mouse hemorrhaged and fed IL-6. HRP administered il. Label is scant between cells.
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have shown that orally administered IL-6 can reduce or
eliminate bacterial translocation in hemorrhagic shock
models,5,8,9 a detailed investigation of cellular events in
the intestine after hemorrhage was carried out using the
electron-dense marker HRP. HRP has been widely used
to document blood flow and permeability in a number of
models.13,14 The data presented in this report show that
orally administered IL-6 restores intestinal circulation and
reduces leakage of marker from the lumen to the circu-
lation after hemorrhage.

Although IL-6 might be thought to be limited in avail-
ability by stomach and intestinal digestive processes, it
has been shown to be extraordinarily resistant to acid
denaturation and proteolysis by its unique structure and
glycosylation. It has been shown that mutant IL-6 adopts
a molten globule structure in an acid environment and,
while in that configuration, is resistant to proteolysis.15

Similarly, the cytokine granulocyte-colony stimulating fac-
tor (G-CSF) is capable of assuming this same kind of
molten globule structure in an acid environment.16 It has
been postulated that cytokines of the 4-a chain amino
acid class, which includes IL-6 and G-CSF, are all simi-
larly resistant to acid proteolysis (deFellipis, personal
communication). Inasmuch as intestinal epithelial cells
express IL-6R on their lumenal surfaces17 (F. M. Rollwa-
gen, unpublished data), it can be supposed that IL-6
survives passage through the stomach and proximal
small intestine to maintain its functions in the ileum.

This report demonstrates that the intestinal barrier is
compromised after hemorrhage, suggesting a mode of
transport by which lipopolysaccharide and perhaps live
bacteria can move freely from the lumen between intes-
tinal epithelial cells into the sterile interior. HRP adminis-
tered to normal mice seems to travel from the blood
vessels to the lumen of the intestine. The route of trans-
port appears to flow between intestinal epithelial cells,
despite the presence of tight junctions, rather than being
transported through the cells. This particular route of
travel not only establishes a positive pressure gradient
which may prevent backflow of intestinal contents be-

tween cells, it also is a marker of vascular patency, in that
the label can travel through the vasculature to reach the
epithelium. Evidence for this positive flow is seen in Fig-
ure 1A, and has been shown in rats by Andersen et al.18

In shocked mice fed saline (Figure 1B), the label is pre-
vented from reaching the lumen, perhaps because vas-
cular spasm reduced blood flow to the area. The subse-
quent loss of blood flow to the intestinal microvasculature
reverses this positive pressure gradient leading to retro-
grade flow from the lumen between intestinal epithelial
cells and into the systemic circulation (Figure 2B). These
results may explain the existence of sepsis syndrome in
trauma patients who lack a focus of infection.4 After IL-6
administration, HRP administered iv is again present be-
tween the epithelial cells (Figure 1C). Restoration of in-
testinal blood flow, shown by the data of this group of
mice, suggests that orally administered IL-6 allows blood
flow to return to the intestine after hemorrhage. Similarly,
passage of HRP from the lumen was blocked at the
zonula occludens in normal mice (Figure 2A) and in those
hemorrhaged and fed IL-6 (Figure 2C). These data sup-
port the work of Langer et al,14 who showed that intralu-
menally administered HRP can permeate between the
intestinal epithelia of shocked animals, and extend it to
show our IL-6 effects. Prevention of the passage of in-
tralumenally administered HRP at the zonula occludens
also supports the work of Rhodes and Karnovsky,19 who
first demonstrated this secondary barrier function.

It has been suggested that IL-6 produced by intraepi-
thelial lymphocytes is responsible for the loss of intestinal
barrier function following hemorrhage, and the extent of
loss can be correlated with plasma levels of this cyto-
kine.20 Since it has been shown that cytokines such as
tumor necrosis factor,21 IL-1,22 interferon-g,23 and IL-622

can be secreted by epithelial cells in culture, and may
affect epithelial cell function,24 attributing the intestinal
cytokine source to intraepithelial lymphocytes alone may
be limiting. IL-6 alone may not be solely responsible for
the deleterious effects of hypoxia/reoxygenation on the
gut, since levels of other inflammatory cytokines also play
an important role in loss of barrier function. Correlation of
intestinal damage with measurement of serum cytokine
levels by enzyme-linked immunosorbent assay25,26 or
bioassay27,28 may also be ambiguous, because the pres-
ence of soluble cytokine receptor (especially IL-6R) and
other cytokine carrier proteins (known as chaperones25)
may compromise the results.27,28 Finally, the correlation
between levels of a single cytokine in serum and mucosal
permeability is limiting, because it is known that cytokines
are seldom secreted singly and are usually found as part
of a spectrum of inflammation.

Although it has been difficult to show bacterial trans-
location in clinical cases, patients suffering from hemor-
rhagic shock or post-surgical syndrome are quite prone
to endotoxemia and multiple organ failure.29 These pa-
tients almost assuredly become endotoxemic from intes-
tinal leakage, even though a peripheral focus of bactere-
mia is not found. Endotoxin administered iv can induce
intestinal damage, as evidenced by the presence of in-
creased intestinal hemoglobin and other serum pro-
teins.30 It is possible, therefore, that once a small amount

Figure 3. Bacterial translocation following hemorrhage in the mouse. Mice
were hemorrhaged and fed either saline or IL-6. At 18 hours post-hemor-
rhage, mice were sacrificed and analyzed for the presence of bacteria in their
livers.
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of intestinal damage is sustained by focal lesions after
hemorrhage, the response can be self-stimulating, in that
the small amounts of endotoxin released can induce
further epithelial damage.31 Such damage can result in a
reduction in net ion transport across the epithelium,32

leading to further metabolic impairment.
The data of this communication suggest that oral IL-6

administration partially restores the positive pressure gra-
dient seen in normal mice and establishes a barrier to the
migration of bacteria and their products into the circula-
tion. The establishment of such a gradient could be
brought about by any number of physiological changes
induced by IL-6, such as increase in local blood pressure
via relaxation of upstream blood vessels, constriction of
downstream blood vessels, which would slow blood out-
flow, or an effect on lymphatic drainage. Our work8 and
that of Ohkawa et al10 suggest that IL-6 acts as a vasore-
laxer in the intestine, allowing more blood to flow into
previously constricted vessels,2 leading to improved in-
testinal mucosal pH.32

The data presented in this report, as well as our pre-
viously published work, clearly show that orally adminis-
tered IL-6 can be of benefit in the restoration of intestinal
health after hemorrhage. We have shown that IL-6 re-
duces hypoxia-induced apoptosis in vivo and in vitro,
most likely by increasing bcl-2 gene expression.5 These
apoptosis findings support the work of Ikeda,33 who
showed that apoptosis is induced in rat intestinal epithe-
lium after hemorrhage. The hypoxia-induced apoptosis
may be eliminated by a reduction in total ischemic time in
vivo. If oral IL-6 restores intestinal perfusion, a theory
supported by the work of others,32 then the reduced
ischemia time of tissue may also reduce the apoptosis
seen in hemorrhaged mice. It seems that orally adminis-
tered IL-6 is of benefit in the restoration of intestinal health
through its vasoactivity and its effects on hypoxia-in-
duced apoptosis.
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