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Abstract
Background: Sepsis is a highly incident condition in which a cascade of proinflamma-
tory cytokines is involved. One of its most frequent consequences is ileus, which can 
increase mortality. Animal models such as that induced by systemic administration of 
lipopolysaccharide (LPS) are useful to deeply evaluate this condition. The effects of 
sepsis on the gastrointestinal (GI) tract have been explored but, to our knowledge, in 
vivo studies showing the motor and histopathological consequences of endotoxemia 
in an integrated way are lacking. Our aim was to study in rats the effects of sepsis on 
GI motility, using radiographic methods, and to assess histological damage in several 
organs.
Methods: Male rats were intraperitoneally injected with saline or E. coli LPS at 0.1, 1, 
or 5 mg kg−1. Barium sulfate was intragastrically administered, and X-rays were per-
formed 0–24 h afterwards. Several organs were collected for organography, histopa-
thology, and immunohistochemistry studies.
Key Results: All LPS doses caused gastroparesia, whereas changes in intestinal motil-
ity were dose-and time-dependent, with an initial phase of hypermotility followed by 
paralytic ileus. Lung, liver, stomach, ileum, and colon (but not spleen or kidneys) were 
damaged, and density of neutrophils and activated M2 macrophages and expression 
of cyclooxygenase 2 were increased in the colon 24 h after LPS 5 mg kg−1.
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1  |  INTRODUC TION

Sepsis is a severe systemic reaction, with generalized inflammation, 
that occurs, among others, in response to infection of either bac-
terial or viral etiology. It affects 3–10 per 1000 inhabitants in the 
developed countries.1 Although over the last years its mortality has 
decreased around 20%–30%, due to the knowledge of its physiopa-
thology and management improvements,2–4 sepsis is a risk factor for 
the development of gastrointestinal (GI) conditions, including gas-
troparesis, diarrhea, or ileus.5,6 Impaired GI motor function needs to 
be rapidly solved, as the degree of dysmotility is in relation with the 
severity of illness and mortality.7 Besides, rapid resolution permits 
enteral feeding, which is the recommended nutritional method if 
tolerated.8,9 International Guidelines for Management of Sepsis and 
Septic Shock 2016 establish several recommendations regarding gut 
dysmotility of these patients. They recommend the measurement of 
gastric residual or the use of prokinetics in patients with feeding in-
tolerance (who are at risk of aspiration).8

Among others, sepsis can be developed by the presence in blood 
of constituents of bacteria, like lipopolysaccharide (LPS), a highly 
antigenic component of gram-negative bacteria outer membrane. 
Accordingly, sepsis and its effects on GI motility have been previ-
ously studied in preclinical models through the experimental admin-
istration of LPS. These effects are variable. In rodents, LPS delays 
gastric emptying and increases small intestinal transit10–12 or in-
duces ileus13 by activating macrophages.14 In the dog, LPS at a single 
sublethal dose delays gastric emptying and colonic transit of solids15 
or induces diarrhea and an increase in colonic transit of liquids.16 In 
sheep, LPS abolishes gastric antrum motility and impairs migrating 
motor complex.17 These apparently contradictory results may be 
due to the use of different doses and/or to the studies having been 
performed at different moments after LPS injection, but, to our 
knowledge, a comprehensive—from stomach to distal colon—in vivo 
minimally invasive investigation on the dynamic, dose-dependent 
changes occurring after LPS insult on GI motility in experimental an-
imals is lacking. This is important to distinctly identify the different 
phases of the septic response to LPS, in which the cellular and mo-
lecular mechanisms involved, and, therefore, the treatments needed 
to prevent complications or mortality, may be different.

Radiographic methods applied after contrast administration 
in the conscious experimental animal may be very useful in order 
to study, in the same animal, these dynamic changes in transit.18 
Moreover, these noninvasive methods allow for dynamic changes 

in other aspects of the GI viscera (size, contents appearance) to be 
easily evaluated.19–21 Thus, our aim was to radiographically study in 
the rat the dynamic changes induced by LPS on GI motility and gen-
eral health parameters throughout the first 24 h after its systemic 
administration at different doses and to determine the associated 
histopathological alterations in several tissues.

2  |  MATERIAL S AND METHODS

2.1  |  Animals and experimental protocol

Young adult male Wistar rats weighing 315–425 g were obtained 
from the Animal Facilities of Universidad Rey Juan Carlos (URJC), 
housed four animals/cage, and kept under controlled temperature, 
humidity, and dark/light conditions (22 ± 2°C, 55 ± 10% and 12/12 h, 
respectively, lights on at 8 am). They were fed ad libitum and had free 
access to water. Cages had standard bedding. All animal procedures 
were approved by the Ethics Committee from URJC and Comunidad 
Autónoma de Madrid (PROEX 061/18 and 173.6/21). Animal care 
and use were performed accordingly with the Spanish Policy for 
Animal Protection RD53/2013, which meets the European Union 
Directive 2010/63 on the protection of animals used for experimen-
tal and other scientific purposes.

Conclusions and Inferences: Using radiographic, noninvasive methods for the first 
time, we show that systemic LPS causes dose-, time-, and organ-dependent GI motor 
effects. Sepsis-induced GI dysmotility is a complex condition whose management 
needs to take its time-dependent changes into account.

K E Y W O R D S
cytokine storm, gastrointestinal motility, immunohistochemistry, lipopolysaccharides, sepsis

Key Points

•	 Noninvasive radiographic methods were used to moni-
tor the effects of sepsis induced by lipopolysaccha-
ride (LPS) on gastrointestinal motility, and the damage 
caused in different organs was evaluated.

•	 Gastric emptying was delayed at all LPS doses, but the 
intestine was affected with increasing doses causing 
early hypermotility followed by paralytic ileus.

•	 Lung, liver, stomach, ileum, and colon were damaged, 
and density of neutrophils and M2 macrophages and 
expression of cyclooxygenase 2 were increased in the 
colon only at the highest dose tested.

•	 Systemic LPS causes dose-, time-, and organ-dependent 
gastrointestinal motor effects, not necessarily depend-
ent on the degree of inflammation.
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All experiments started between 8:30 and 9:30 am. Before 
procedures, animals were weighed. Lipopolysaccharide (LPS) from 
Escherichia coli O111:B4 was suspended in sterile 0.9% NaCl (ve-
hicle) and intraperitoneally (i.p.) administrated at 0 (control/saline, 
0.5 mL/300 g BW), 0.1, 1, or 5 mg kg−1. Changes in GI motor function 
were monitored for 24 h by radiographic means (see below). Rats 
were placed in clean cages (with standard bedding) after LPS admin-
istration (the same grouping was maintained in the clean cages, to 
avoid stress associated to isolation or mixing with other rats).

In addition, body weight and clinical status were surveyed at 8 
and 24 h after LPS. Thus, signs of dehydration were stablished by 
skin turgor evaluation22 (0: negative; 1: positive). General discomfort 
was inferred from the occurrence of vocalizations when holding the 
animals (0: no vocalization; 1: vocalization). The sum of these param-
eters was considered as a clinical score.

2.2  |  Gastrointestinal Motility Evaluation

2.2.1  |  Radiographic study

Radiographic methods (serial X-rays) were used for assessment of 
GI motor function as published before.18,20 Briefly, straight after 
saline or LPS administration, rats were gavaged 2.5 mL of a barium 
sulfate suspension (0.9 g/mL, room temperature) before taking the 
X-rays. A CS2100 (Carestream Dental, Spain) digital X-ray appara-
tus (60 kV, 7 mA) was used. X-rays were recorded on Carestream 
Dental T-MATG/RA film (15 × 30 cm) housed in a cassette pro-
vided with a regular intensifying screen film and were developed 
using a Kodak X-omat 2000 automatic processor. Exposure time 
was adjusted to 20–60 ms. Animals were introduced in adjustable 
handmade transparent plastic tubes in order to restrict movement. 
Previous studies have shown that this restriction does not signifi-
cantly alter GI motility parameters.18 To further reduce stress, rats 
were released immediately after each shot, so that immobilization 
lasted for 1–2 min.

Radiographs were taken at different time points (0, 1, 2, 4, 6, 8, 
and 24 h) after LPS and contrast medium administration.

Analysis of X-rays was performed by two different trained in-
vestigators, blinded to drug administration, as previously reported.18 
Briefly, a semiquantitative score (0–12 points) was calculated as the 
sum of the percentage of each GI region filled with contrast (0–4), 
intensity (0–4) and homogeneity of contrast (0–2) and sharpness (0–
2) of the GI region profile. Thus, total score (for each rat, organ, and 
time point) was 0–12.

X-ray images also served to analyze alterations of stomach, 
cecum, and fecal pellets size or density, as well as to assess the num-
ber of fecal pellets visible within the colon. Changes in size could be 
due to mechanical alterations of GI wall or volume of contents and 
density may vary in relation to the degree of hydration of contents. 
For morphometric and densitometric analysis, an image analysis sys-
tem (Image J 1.38 for Windows, U.S. National Institutes of Health, 
Bethesda, Maryland, USA, free software: http://rsb.info.nih.gov/ij/) 

was employed as referred elsewhere.23 For the morphometric analy-
sis, area (the 2D projection of the organ in the X-ray images) was the 
parameter measured, as a surrogate of size (or volume).

The presence of abnormal content within the colorectal region, 
suggestive of diarrhea, was assessed from each X-ray at each time 
point. A classification of this barium-stained content was established 
as previously published (normal: presence of fecal pellets only; mildly 
abnormal: presence of both fecal pellets and liquid content; severely 
abnormal: presence of liquid content only).21 Data were expressed 
as % of animals having each type of content.

2.3  |  Analysis of tissues

2.3.1  |  Sample collection and macroscopic study

Twenty-four hours after LPS, animals received an i.p. overdose of so-
dium pentobarbital (60 mg kg−1) and different organs were obtained 
at necropsy for macroscopic evaluation and histopathological analy-
sis (see below).

The lungs of animals treated with saline or LPS 5 mg kg−1 were 
obtained for histopathological examination, as a positive control of 
lung damage associated with sepsis24 (due to technical issues, a dif-
ferent set of animals had to be used for this basic histologic study; 
in these animals, the clinical and GI effects were confirmed to be 
similar to those described here, but the results were not used in the 
present report).

The digestive organs (stomach, small, and large intestine) were 
removed en bloc and stretched out on top of a sheet of graph paper 
and photographed. Image J (the same software used for the X-ray 
quantitative analysis) was used to measure the areas (the 2D pro-
jection of the organ) of stomach (whole stomach, and body and 
forestomach, separately25) and cecum, as well as the length of small 
intestine and colon, and values were normalized to body weight. The 
stomach was scored in a buoyancy test in saline (0: no buoyancy; 1: 
buoyancy).26

Before storage for histopathological study, stomach, cecum, 
colon (all with contents), liver, spleen, and kidneys were weighed. 
These data are expressed normalized to body weight.

2.3.2  |  Histopathological analysis

Samples from lungs, spleen, liver, kidney, esophagus, forestomach 
and stomach body, duodenum, terminal ileum, and proximal and 
distal colon were obtained, fixed in buffered 10% formalin and em-
bedded in paraffin. Sections of 5 μm were stained with hematoxylin–
eosin (HE). They were studied under a Zeiss Axioskop 2 microscope 
(Zeiss International, USA) equipped with the image analysis soft-
ware package AxioVision 4.6 (Zeiss International) or LASX 3.7 (Leica 
Microsystems AG, Germany) to calculate the morphometric param-
eters (kidney glomerular area, and thickness of the lung alveolar wall, 
distal colon whole wall, and ileal and distal colon muscle layers). The 
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experimenter was blind to the treatment received by the rat from 
which the analyzed sample was obtained. Between 5 and 10 sec-
tions per animal were analyzed.

Histological damage was evaluated in sections of the ileum using 
criteria adapted from Saccani et al. (2012).27 A numerical score of 
0–9 was assigned to each section considering general loss of muco-
sal architecture (graded 0–3, absent to severe), extent of inflamma-
tory cell infiltrate (graded 0–3, absent to transmural), crypt abscess 
formation (0–1, absent or present), goblet cell depletion (0–1, absent 
or present), and muscular layer thickness (0–1, normal to reduced).

Histological damage was also evaluated in colonic sections using 
a semiquantitative score system according to Galeazzi et al. (1999), 
in which the following features were graded: damage of epithelium 
(0–3, normal to severe destruction), inflammatory cell infiltration (0–
4, absent to severe), separation of muscular layer (0–2, normal to 
severe), and goblet cell depletion (0–4, no depletion to complete de-
pletion).28 Thus, a total numerical score of 0–13 points was assigned 
to each organ for each treatment.

Liver damage was evaluated according to the histological scoring 
system by Kleiner et al (2005).29 Lung damage was evaluated ac-
cording to Fahmi et al (2016),24 and the thickness of the alveolar wall 
was measured under a 40× objective.

Immunohistochemistry was performed on colonic paraffin-
embedded sections of 5 μm thickness. Deparaffined slides were 
washed with phosphate buffered saline (PBS) with 0.05% Tween 20 
(Calbiochem, Darmstadt, Germany). Thereafter, sections were incu-
bated for 10 min in 3% (v/v) hydrogen peroxide to inhibit endogenous 
peroxidase activity and blocked with serum for 30 min to minimize 
nonspecific binding of the primary antibody. Sections were then incu-
bated overnight at 4°C with the following antibodies: antimacrophage-
associated antigen CD163 (1:100, Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) to quantify the number of activated M2 macro-
phages, antimyeloperoxidase (MPO) (Abcam, 1:1000, Cambridge, UK) 
to quantify neutrophils and anticyclooxygenase-2 antibody (COX-2) 
(Abcam, 1:1500, Cambridge, UK) to assess the presence of inflamma-
tion; similarly, anti-claudin-1 antibody (Abcam, 1:75, Cambridge, UK) 
was used to investigate epithelial barrier integrity. As a negative con-
trol, preparations were incubated without the primary antibody. After 
incubation, samples were washed with PBS-Tween. The peroxidase-
based detection kit ImmPress (Vector labs, Burlingame, CA, USA) was 
used as chromogen. Samples were counterstained with hematoxy-
lin and coverslips mounted with Eukitt mounting media (O. Kindler 
GmbH & Co, Freiburg, Germany). Quantification of the labeling was 
performed with Fiji-Image J software from a minimum of seven micro-
graphs per sample.

2.4  |  Compounds and drugs

Barium sulfate suspension (3.4 M barium sulfate, 88 mM sorbitol, 
31 mM citric acid, 39 mM sodium citrate, and 180 mM arabic gum) 
was prepared in distilled water. Barium sulfate, sorbitol, arabic 
gum, and LPS were purchased from Sigma-Aldrich (Madrid, Spain). 

Citric acid and sodium citrate were provided by Merck (Darmstadt, 
Germany) and Panreac (Barcelona, Spain), respectively.

2.5  |  Statistical analysis

For the in vivo studies (evaluation of general health, gastrointesti-
nal motility, and macroscopic features), n was initially set at 8–12 
animals per experimental group. However, due to several techni-
cal issues (some unintentionally missing clinical and macroscopic 
data; some X-rays of not sufficient quality to allow for morpho-
metric/densitometric analysis, despite usable for the semiquan-
titative evaluation; the lack of T24 X-ray data from the first set 
of rats used, which forced us to include a second set of animals), 
the final n for some parameters and some experimental groups 
was different from that initially set (please see figure legends for 
ranges). The n was set at 4–8 animals per group for the histo-
pathological studies.

Data are presented as the mean values ± SEM. Differences were 
analyzed using Student's t-test with Welch's correction were appropri-
ate, Kruskal–Wallis (followed by Dunn's post hoc test) for nonparamet-
ric distributions or one-way ANOVA (followed by Bonferroni's post hoc 
test) for parametric distributions, as well as two-way ANOVA followed 
by Bonferroni's multiple comparison post hoc test. Chi-square test was 
used for evaluating differences in the stomach buoyancy test. Values 
of p < 0.05 were considered significantly different.

3  |  RESULTS

3.1  |  General health parameters

General health parameters were assessed 8 and 24 h after endotoxin 
or its vehicle (Figure  1). At 8 h after saline or LPS, all animals had 
a similar weight loss with respect to T0 (expressed as percentage), 
without any statistically significant difference among these experi-
mental groups (Figure 1A). At 8 h, the values of the score used to 
evaluate the clinical status of the rats increased with increasing 
doses of the endotoxin (Figure 1B), although without reaching sta-
tistically significant differences with the control group. At 24 h, all 
animals treated with LPS showed further weight loss that was statis-
tically significant compared with saline (Figure 1A), and higher clini-
cal score values (Figure 1B), although only animals treated with the 
highest LPS dose showed statistically significant differences with 
control and the other groups (Figure 1B).

Mortality of one rat occurred sometime between 8 and 24 h after 
administration of the highest dose of LPS.

3.2  |  Radiographic study

In control rats, the stomach progressively emptied, being almost or 
completely devoid of barium at 8 and 24 h, respectively (Figure 2A). 
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The small intestine contents reached its maximum at 1 h. Then, 
barium contents gradually moved aborally, still being visible (but 
scarce) at 6–8 h (Figure 2B). Once again, at 24 h no sign of barium 
was seen in the small intestine. Cecum started to show radiographic 
signal 2 h after gavage, reaching a maximum from 4 to 8 h (Figure 2C) 
and showing practically no barium at 24 h. Colorectum (Figure 2D) 
started to have barium contents in most animals at 4 h, peaked at 
8 h, and was almost empty at 24 h. Figure 2E shows representative 
images of these findings.

The stomach of LPS-treated rats emptied significantly more slowly 
than that of control animals, independently from the dose, for the first 
8 h of the study (Figure 2A). The small intestine was the less affected 
organ in our experiments. As LPS delayed gastric emptying, small 

intestine of animals treated with the low dose showed less contents at 
1 h, but at 2 and 4 h there were no differences compared with control 
animals (Figure 2B). At 6 h, the small intestine of the animals treated 
with the medium and higher LPS doses was less filled. Finally, at 24 h, 
all animals showed similar absence of barium in this organ.

Compared to control, in animals treated with LPS the cecum 
started to fill at later points (Figure 2C). In addition, lower scores 
were reached at every time point, except for 0 and 1 h, in which 
no barium was seen in any animal, and at 24 h, in which cecum 
still showed significant barium contents in all LPS-treated animals. 
Interestingly, at this time point, the cecum showed higher contents 
with increasing LPS doses.

Appearance of barium within the colorectum was altered by LPS 
(Figure 2D) in a similar manner to that observed for the cecum, but 
dose-dependency of changes was more evident in this organ. From 4 
to 24 h, LPS retarded colorectum appearance of barium in an inverse 
dose-dependent manner, with the graph corresponding to LPS 0.1 an-
imals showing the greatest shift to the right compared with control. 
Despite the delay in reaching the cecum, the graph for LPS at the high-
est dose overlapped with that for control from 2 to 6 h (Figure 2D). 
Furthermore, in some rats, barium reached the colorectum already 2 h 
after administration of LPS at 1 or 5 mg kg−1 and the stained content 
did not have a pelleted, but a liquid appearance (see Figure 2E: X-ray 
taken at 2 h shows an illustrative example), which was never seen in 
control rats or rats treated with LPS at 0.1 mg kg−1. Twenty-four hours 
after the challenge, the colorectum of LPS-treated animals displayed 
higher barium contents in comparison to controls, showing a dose-
dependent tendency, similar to that in the cecum.

Figure  3 shows data of the morphometric and densitometric 
study of stomach, cecum, and fecal pellets. Stomach and cecum 
changes in area and density along time (Figure 3A–D) were in gen-
eral agreement with the previously described results, except for LPS 
5 stomach, which from 1 to 4 h showed a significantly bigger area 
than other doses (Figure 3A). The cecum maximum area (Figure 3C) 
was significantly lower for LPS-treated animals, irrespective of the 
dose used, and maximum density of contents in this organ between 
4 and 8 h (when it was maximum for saline-treated animals) was also 
reduced compared with controls, but the difference did not reach 
statistical significance (Figure  3D). However, at 24 h, density of 
cecum in the group treated with LPS 5 was higher than the maxi-
mum density reached in control animals and this value decreased in 
a dose-dependent manner (Figure 3D).

As expected, the number of fecal pellets varied along time in 
consonance with colorectum contents (Figure  3E). As shown in 
Figure 3E, for saline-treated animals, this parameter increased from 0 
to 5.12 ± 0.4 pellets at 8 h and then decreased to 1.65 ± 0.67 pellets at 
24 h. These pellets had a mean area of 61.52 ± 3.25 mm2 (Figure 3F). 
By contrast, the pellets were fewer in number (at 4–8 h) and smaller in 
LPS than in control animals (Figure 3E,F). However, at 24 h there were 
significantly more feces than in control animals (up to 9.0 ± 1.66 in LPS 
0.1, 6 ± 0.95 in LPS 1 and 6.43 ± 1.39 in LPS 5, p < 0.001) (Figure 3E). 
Fecal pellets density did not show any statistically significant differ-
ences among the experimental groups (Figure 3G).

F I G U R E  1 Effect of LPS on general health parameters. Rats 
were weighed (A) and their symptomatology scored (B) before, 
8 h and 24 h after saline (vehicle) or LPS (0.1, 1, or 5 mg kg−1) 
intraperitoneal (i.p.) administration. Histograms represent mean 
values ± SEM (n = 5–12 per group). *p < 0.05, ***p < 0.001 (Kruskal–
Wallis followed by Dunn's post hoc test).
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The proportion of animals showing abnormal contents at col-
orectal level, suggestive of diarrhea,21 was also assessed from the 
X-rays. Only rats treated with the highest dose of LPS showed ab-
normal colorectal contents (i.e., contents that did not have a normal 
fecal pellet appearance). Mildly abnormal colorectal content started 
to be seen at 2 h. Gradually, both the percentage of animals with ab-
normal content and the severity of this condition increased, reaching 
a peak of 44% of animals with mild or severe abnormalities at 8 h 
(Figure 4A).

3.3  |  Macroscopic study

Macroscopic analysis of the organs was performed after euthanasia, 
which took place after the last X-rays were taken at 24 h (Table S1). 
Comparisons of organ weight and size (area/length) were made after 

normalization to body weight, so that the results could be evalu-
ated independently from the effect of LPS on this parameter. LPS 
tended to decrease liver weight and increase kidney and spleen 
weight. Statistically significant differences were reached in animals 
treated with LPS 1 and 5 for spleen or with LPS 5 for kidney. LPS 
also increased the weight and area of the stomach, the difference 
reaching statistical significance for LPS 5 (whole stomach area and 
weight; body and forestomach area). The buoyancy test showed that 
stomachs from control rats placed in saline sank with no exception, 
but 44%–66% of the stomachs from LPS rats floated (p < 0.001). No 
macroscopic bleeding was observed in this organ. The endotoxin sig-
nificantly reduced the area of the cecum at all doses. Nevertheless, 
no significant differences of cecum weight were observed. The co-
lonic weight (with contents) was significantly reduced in LPS-treated 
animals. However, LPS did not significantly alter neither the length 
of the small intestine nor that of the colorectum (Table S1).

F I G U R E  2 Radiographic analysis of 
the effect of LPS on gastrointestinal 
motor function in the rat. Rats received 
an intraperitoneal (i.p.) administration 
of saline or LPS (0.1, 1, or 5 mg kg−1). 
After treatment, barium sulfate was 
administered (2.5 mL and 0.9 g/mL). X-rays 
were taken immediately and 1, 2, 4, 6, 
8, and 24 h after barium. Motility curves 
show barium transit for the stomach 
(A), small intestine (B), cecum (C), and 
colorectum (D), using a semiquantitative 
score (see Materials and Methods section 
for details). Data are shown as mean 
values ± SEM (n = 24–26 per group). 
**p < 0.01, ***p < 0.001 versus vehicle; 
$p < 0.05, $$p < 0.01, $$$p < 0.001 versus 
LPS 0.1; ###p < 0.001 versus LPS 1 (2-way 
ANOVA followed by Bonferroni post hoc 
test). (E) Representative X-ray images 
of saline, LPS 0.1 and 5 mg kg−1 rats at 
different time points. Bar scale represents 
3 cm. C, cecum; FP, fecal pellets (within 
the colorectum); S, stomach; SI, small 
intestine; T, thread appearance of 
colorectal contents (only seen in LPS 5 
images).
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3.4  |  Histopathological results

Acute lung injury was shown to be induced in animals exposed to LPS 
5 mg kg−1. In these rats, lungs showed alveolar congestion, hemor-
rhage, and a significant increase in the thickness of their alveolar wall 
(Figure 4B–D). On the contrary, no significant pathological damage 
was observed in kidney, esophagus, duodenum, or spleen and only 
a light infiltration of macrophages was seen in the liver when LPS 5 
was used (Figure 4E). The glomerular area of the kidney (μm2) tended 
to increase with LPS 5, but the differences among the experimental 
groups did not reach statistical significance (saline: 9378 ± 608; LPS 
0.1: 8369 ± 947; LPS 1 9477 ± 511; LPS 5: 10,342 ± 119; p > 0.05). By 
contrast, the stomach, ileum, and distal colon showed some dam-
age (Figures 5 and 6). More precisely, the forestomach showed some 
hemorrhagic foci in the submucosa of samples of animals treated 
with LPS 5 (Figure 5A,B). Regarding stomach body, apical damage 

and some basal swelling were observed in glands of animals treated 
with LPS 5. Additionally, mucosa thickness was smaller in this group 
(Figure 5C,D). Ileum did not suffer a statistically significant damage 
in its general architecture (Figures 5E,F and 6A), but the muscle layer 
thickness was significantly reduced in animals treated with LPS 5 
(Figure 6C–E). Finally, the distal colon of animals treated with LPS 
did not show a significant structural damage (Figure 6B), although 
some hemorrhagic areas and large Peyer's patches were seen, 
whereas muscle layer thickness was not significantly altered in LPS 
5-treated compared with control animals (Figures 5G,H and 6F–H). 
The distal colon wall thickness (μm) was not significantly altered by 
LPS treatment either (saline: 667.1 ± 17; LPS 0.1: 711.3 ± 41; LPS 1: 
683.2 ± 55; LPS 5: 682.9 ± 33; p > 0.05).

Inflammation in colon was further investigated by means of 
immunohistochemistry. Activated M2 macrophages, immunore-
active to CD-163, were increased in the colonic submucosa in a 

F I G U R E  3 Morphometric and 
densitometric analysis of stomach, 
cecum, and fecal pellets from X-ray 
images of control and LPS-treated rats. 
Rats received an intraperitoneal (i.p.) 
administration of saline or LPS (0.1, 1, or 
5 mg kg−1). The area (A) and density (B) of 
stomach and cecum (C, D) were analyzed 
in digitized X-rays, as described in Material 
and Methods section. Fecal pellets were 
counted (E), and their area and density 
were also measured (F, G; in these graphs 
values corresponding to time points 
4–24 h after barium were averaged). 
Data are shown as mean values ± SEM 
(n = 16–18 per group). *p < 0.05, **p < 0.01, 
***p < 0.001 versus vehicle; $p < 0.05, 
$$p < 0.01, $$$p < 0.001 versus LPS 0.1; 
#p < 0.05, ###p < 0.001 versus LPS 1 (1 or 
2-way ANOVA followed by Bonferroni 
post hoc test or Kruskal–Wallis followed 
by Dunn's post hoc test).
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8 of 15  |     CASTRO et al.

dose-dependent manner, and the difference with control was statis-
tically significant for LPS 5 in the distal part (Figure 7A–F). Similarly, 
the number of MPO-positive neutrophils was significantly increased 
in the distal colon of the LPS 1 and LPS 5 groups compared with 
saline-treated animals (Figure  7G–I). Cyclooxygenase-2 labeling 
changed from a typical basal expression pattern in the epithelial 
glands of control animals to a generalized expression pattern in the 
animals treated, especially with the highest dose of the endotoxin, 
although the differences among control and LPS-treated groups 
were not statistically significant (Figure 8A–C). Regarding claudin-1 
expression, we could not appreciate any remarkable alteration in 
protein distribution throughout the mucosa, but the intensity of la-
beling reached significantly higher values in LPS 5-treated animals 
than in controls and animals treated with LPS 0.1 (Figure 8D,E).

4  |  DISCUSSION

The present study shows, using radiographic, noninvasive methods 
for the first time, the impact of different i.p. doses of the gram-
negative bacterial endotoxin LPS on rat gastrointestinal motor 
function along 24 h. The sepsis-inducer agent produced similar gas-
tric stasis at all doses tested and a biphasic intestinal effect with a 
brief initial phase of accelerated intestinal transit and a more pro-
longed and clearly dose-dependent phase of paralytic ileus. Finally, 
the pathology study performed at 24 h, when significant clinical 
symptoms (and lung damage) were observed, showed that some 
of these functional effects, particularly those elicited by low LPS 
doses, could be produced in the absence of inflammatory damage 
to the gut wall.

F I G U R E  4 Appearance of contents 
within the colorectum (A), and lung (C–E) 
and liver (F) damage. (A) Classification 
of colorectal contents as seen in X-Rays 
in rats treated with LPS at 5 mg kg−1 
intraperitoneally (i.p.) (see Material 
and Methods section for details); n = 9 
per group. (B) Lung of a control animal 
treated with saline. (C) Lung of an animal 
treated with LPS at 5 mg −1 (i.p.). (D) Mean 
thickness ± SEM of the alveolar wall in 
saline and LPS 5 animals (n = 6 per group), 
***p < 0.001 versus saline (Student's t-
test). (E) Nodules of immune cells (arrow) 
in the liver of animals treated with LPS at 
5 mg kg−1 (i.p.).
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    |  9 of 15CASTRO et al.

In the gastrointestinal field, doses as low as 0.04 mg kg−1 have 
been used to evaluate the early effects of LPS on gastric and intes-
tinal motor function.30,31 Higher doses (up to 20 mg kg−1) have been 
used by other authors, but the duration of these studies was always 
short (less than 24 h)32 due to the fact that mortality increases in a 
dose-dependent manner.33 Indeed, in a previous pilot study, mor-
tality at 24 h was absent for animals treated with 0.1, 0.5, 1, and 
2.5 mg kg−1, whereas it was 25% (2/8 rats) after 5 mg kg−1 and 75% 
(3/4 rats) after 10 mg kg−1 (data not shown). Here, mortality was 
much lower than in our pilot study (3.85%, 1/26 rats treated with 
LPS 5 mg kg−1), possibly due to the fact that a different batch of LPS 
was used in the present study.

Rats treated with LPS lost weight and showed signs of dehy-
dration, probably due to less consumption of food and water after 
treatment, without ruling out as possible causes the concomitant 
concurrence of diarrhea or the presence of polyuria.34 Anorexia, 
one of the most described symptoms linked to LPS, may be due to 
the action of MyD88-dependent proinflammatory cytokines in the 
brain,35–37 but also gastroparesia (see below) may contribute to it 
and the consequent weight loss.

The response to LPS is known to produce structural dam-
age in several systems, also mimicking the effects of the cytokine 
storm.38 Thus, LPS at 5 mg kg−1 caused acute lung injury, associated 
with alveolar congestion, hemorrhage, and a significant increase of 

F I G U R E  5 Effect of LPS administration 
on the general structure of the rat 
stomach, ileum, and distal colon wall. 
Rats were injected intraperitoneally (i.p.) 
with saline or LPS at 0.1, 1, or 5 mg kg−1. 
Histological samples embedded in 
paraffin sections were obtained 24 h after 
administration and stained with HE. Left 
(A, C, E, G): tissue samples from saline-
treated animals. Right (B, D, F, H): tissue 
samples from LPS 5-treated animals. (A,B) 
general view of the forestomach. Arrow 
shows hemorrhagic area between the 
submucosa and muscularis mucosae layers. 
(C,D) stomach body. Epithelial glands are 
smaller and appear damaged in the LPS 
5 animals (black arrow), basal swelling is 
observed in some of them (white arrow). 
(E,F) low magnification images of ileum. 
(G,H) low magnification images of distal 
colon. In some LPS animals, hemorrhagic 
lamina propria (black arrow) and large 
Peyer's patches (white arrow) were found. 
Bar: 100 μm.
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10 of 15  |     CASTRO et al.

the alveolar wall thickness 24 h after its intraperitoneal injection. 
Although intratracheal injection of LPS is often used to cause acute 
lung injury in rodents, the systemic administration of the endotoxin 
is also used to mimic sepsis associated with lung damage and cyto-
kine storm; the effects are clearly dependent on the dose and route 
used, as well as the time point evaluated.39–41

The liver is one of the organs that may be more affected in crit-
ically ill patients suffering from paralytic ileus, which may lead to 
abdominal hypertension and abdominal compartment syndrome.7 
However, we only found a slight infiltration of macrophages, sug-
gesting that sepsis was at a relatively early stage in our model. 
Interestingly, LPS has been shown to induce the release of proin-
flammatory mediators by macrophages in the liver without obvious 
morphological effects,42,43 which is in accordance with our results.

Regarding the kidney, treatment with LPS is an established model 
to study acute renal failure although usually at higher doses than 
those we have assayed. Thus, intravenous doses of 20 mg kg−1 in rats 
have been shown to alter renal blood flow, glomerular filtration rate, 
and renal function.44 Similarly, 15 mg kg−1 i.p. evoked tubular cells 

damage, loss of brush border, and apoptosis of nephrons in mice.45 In 
both studies, evaluations were performed 24 h after LPS administra-
tion. Doses similar to ours (4 mg kg−1) increased oxidative and apop-
tosis markers 24 h after LPS administration.46 However, histological 
damage (renal fibrosis) was only described 60 days later. Despite the 
lack of statistically significant histological damage 24 h after LPS in 
our study, it cannot be discarded that kidney function was affected, 
which needs to be specifically studied. Interestingly, in critically ill 
patients with paralytic ileus, renal function is a strong predictor of 
intestinal dysmotility, and serum creatinine and intestinal motility 
were found to be correlated.7,47

Our results show that E. coli LPS exerted early and prominent 
gastric stasis independently of the dose. This organ had increased 
size (estimated by area) and weight and accumulated gas, likely 
due to gastric dysmotility. It also showed gastric microbleeding (at 
5 mg kg−1), confirming other results obtained with higher doses than 
ours.48 Early gastric stasis has also been described in rats at lower 
doses, such as 40 μg kg−130 and in other species, such as sheep,17 
horses,49 or dogs,15 suggesting that gastric hypomotility may be a 

F I G U R E  6 Effect of LPS administration 
on general damage and muscle layer 
thickness of the rat small intestine and 
distal colon wall. Rats were injected 
intraperitoneally (i.p.) with saline or LPS at 
0.1, 1, or 5 mg kg−1. Histological samples 
were obtained 24 h after administration, 
embedded in paraffin, sectioned and 
stained with HE. Top panel: general 
damage of ileum (A) and distal colon 
(B). Arrows on the OY axis indicate the 
maximum achievable damage. Bottom 
panel: Muscle layer thickness at 24 h. Top 
row (C–E), small intestine. Bottom row (F–
H), distal colon. Left (C, F): tissue samples 
from saline-treated animals. Center (D, 
G): tissue samples from LPS 5-treated 
animals. Right (E, H): quantitative 
analyses. Bars show mean values ± SEM 
for control (black), LPS 0.1 (pink), 1 (red), 
and 5 (dark red) mg kg−1-treated animals. 
**p < 0.01 versus all other experimental 
groups (one-way ANOVA followed by 
Bonferroni post hoc test or by Student's 
t-test). n = 4–8 per group. Bar: 50 μm for 
the small intestine samples and 100 μm for 
the colonic samples.
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well-conserved basic defense mechanism against (ingested) toxins. 
In rats, IL-1β—but not IL-1 or TNF-α—was responsible for antral gas-
tric stasis.50 It has been shown that the early gastric response to 
low doses of LPS may be due to a vagovagal reflex, and the activa-
tion of an inhibitory pathway from the dorsal motor complex.30,31 
Nevertheless, an early upregulation of iNOS may be involved in gas-
tric stasis after endotoxemic doses of LPS similar to ours.51 The same 
mechanism has been proposed for the LPS-induced (15 mg kg−1) re-
laxation of intestinal muscle.52

In our model, 1 h after LPS at 0.1 and 1 mg kg−1 there was a de-
crease in small intestine contents. This could simply be a conse-
quence of gastric stasis, but it has been demonstrated that doses 
of 0.1 or 0.4 mg kg−1 reduce the amplitude and frequency of spon-
taneous spiking activity of rat proximal jejunum, and reduce upper 
gastrointestinal transit in mice, at an early time point (30–50 min 
after the administration).13 Even if gastric stasis of LPS-treated rats 
was ongoing, small intestine showed normal contents from 2 to 4 h 
after LPS. Moreover, the small intestine was already almost empty 

of contents earlier in LPS (6 h) than in saline-treated animals (24 h). 
This suggests that LPS induced some degree of hypermotility of this 
organ. Although the small intestine was emptied more quickly in 
LPS-treated animals, filling of cecum was apparently delayed com-
pared with control animals, but, curiously, it was slightly faster for 
the highest LPS dose. The effect of LPS in the cecum may have been 
masked by barium dilution. Indeed, the lower semiquantitative score 
of the cecum at T2 in LPS-treated animals (Figure 2C) seems mainly 
due to a much lower density of barium in this organ (Figure  3D), 
compared with the control group. This can be partly explained be-
cause there was less barium available to reach and fill the cecum, 
since less barium reached the small intestine within the first hour 
of the study, associated with early gastric stasis. However, barium 
dilution might be also due to a higher accumulation within the cecum 
of nonstained material (fecal matter and water) in the first few hours 
after treatment with LPS, due to hypermotility of the small intestine. 
Moreover, the colorectum was filled in a dose-dependent manner, 
with the highest dose allowing an even slightly faster filling of this 

F I G U R E  7 Effect of LPS administration 
on the proliferation of immune cells 
in the rat colon. Rats were injected 
intraperitoneally (i.p.) with saline or LPS at 
0.1, 1, or 5 mg kg−1. Histological samples 
were obtained 24 h after administration, 
embedded in paraffin, sectioned and 
immuno-stained with antibodies against 
CD163 (A–F) or MPO (G–I). Top row 
(A–C): proximal colon. Middle (D–F) and 
bottom (G–I) rows: distal colon. Left (A, 
D, G): tissue samples from saline-treated 
animals. Center (B, E, H): colon samples 
from LPS 5-treated animals. Right (C, 
F, I): quantitative analyses. Bars show 
mean values ± SEM for control (black), 
LPS 0.1 (pink), 1 (red) and 5 (dark red) mg 
kg−1-treated animals. *p < 0.05, **p < 0.01, 
***p < 0.001 versus saline; $$$p < 0.001 
versus LPS 0.1; ##p < 0.01 versus LPS 1 
(one-way ANOVA followed by Bonferroni 
post hoc test or Student's t-test). n = 4–8 
per group. Bar: 50 and 100 μm for the 
CD163- and MPO-stained samples, 
respectively.
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organ than in control rats (but only until T4). This, together with the 
abnormal (diarrheic) appearance of colorectal contents at T2-T8 in 
some rats, suggests that hypermotility occurred early not only in the 
small intestine but also in the large intestine, at least in the colorec-
tum. This increase in intestinal transit shortly after LPS is in accor-
dance with other studies in rats treated with low or endotoxemic 
doses of LPS.53–56

As mentioned above, the cecum was less filled 2 h after LPS 
despite the apparent increase of small intestine motility. The same 
delaying effect of LPS in colorectum was observed at 4 h and 6 h 
for LPS at 0.1 and 1 mg kg−1, and at T8, for all doses. In accordance, 
fecal pellets decreased in number and area (size), but showed similar 
density. Ileus is a well-known consequence of endotoxin administra-
tion and sepsis.57 Our motility data suggest that paralytic ileus was 
taking place in our model (even if counteracted before T6 by the 
early hypermotility phase). At 24 h, in both cecum and colorectum, 
contents were dose-dependently increased in every group of endo-
toxemic rats compared with control rats, partly due to the barium 
released from the stomach after LPS gastric effect was reduced, and 
partly due to the large intestine hypomotility and retention of fecal 
matter from T8 to the end of the study.

Although LPS can affect intestinal morphology shortly after its 
administration (30–50 min), when TNF-α and IL-6 blood levels are 
already increased,13 no important histological damage was seen in 
our model in duodenum, where a moderate inflammatory effect 

has been previously described in rats after LPS administration at 
a dose of 2.5 mg kg−1.58 However, in our experimental conditions, 
the distal parts of the GI tract seem to be more affected by LPS. 
Thus, we found a thinning of muscle layers that was significant 
in the ileum at the higher LPS dose assayed, and signs of inflam-
mation in terms of the presence of M2 macrophages and neutro-
phils, with no signs of epithelial structural damage in the distal 
colon, where we observed, nevertheless, hemorrhagic foci and 
an increase in the size and number of Peyer's patches. This is in 
accordance with other studies in which infiltration of leukocytes 
in intestinal muscle layers and other markers of inflammation 
such as iNOS, TNF-α, IL-6, or COX-2 were observed in ileus.58–60 
Intestinal macrophages such as M2 have been postulated as the 
primary cells to orchestrate the response to LPS, producing NO or 
prostaglandins and chemoattractants for leukocytes.52,57 Thus, in 
our model, prostaglandins17 and NO61 may be responsible for the 
slow transit observed. The latter could also be involved in the re-
laxation of smooth muscle leading to thinning of the muscular lay-
ers observed in the ileum and colon of LPS 5 mg kg−1 rats. Besides 
macrophages and neutrophils, or other cells might also be involved 
in initial or late ileus phases induced by LPS.62,63 The contribution 
to ileus of other mechanisms, like the activation of the endocanna-
binoid system,13 cannot be discarded.

Lastly, LPS capability to increase epithelial permeability is well-
known. Specifically, this propermeability effect has been described 

F I G U R E  8 Effect of LPS administration 
on cyclooxigenase-2 (COX-2) and claudin-1 
immunoreactivity in the epithelial glands 
of rat distal colon. Rats were injected 
intraperitoneally (i.p.) with saline or LPS at 
0.1, 1, or 5 mg kg−1. Histological samples 
were obtained 24 h after administration, 
embedded in paraffin, sectioned and 
immuno-stained with antibodies against 
COX-2 (A,B) or claudin-1 (D,E). A and D: 
distal colon samples from saline-treated 
animals. B and E: distal colon samples 
from LPS 5-treated animals. Bar: 100 μm. 
C and F: quantitative analyses. Bars show 
mean intensity values of staining ± SEM 
for control (black), LPS 0.1 (pink), 1 (red), 
and 5 (dark red) mg kg−1-treated animals. 
*p < 0.05 versus saline, $$p < 0.01 versus 
LPS 0.1 (one-way ANOVA followed by 
Bonferroni post hoc test or Student's t-
test). n = 4–8 per group.
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    |  13 of 15CASTRO et al.

with LPS at a dose of 0.1 mg kg−1, although it was not appreciable 
until 5 days after its administration and was not associated with any 
histological damage.64 Other authors found an increase in mucosal 
permeability at a much higher dose (10 mg kg−1), appreciating a de-
crease in the tight junction proteins.65 In our case, we have found 
an increase in claudin-1 expression in animals treated with LPS at 
5 mg kg−1. This is in agreement with other authors who have found 
claudin-1 upregulation associated with diseases related to increased 
inflammation and bowel permeability.66 Similarly, barrier breakdown 
seems to be confirmed by the increase in neutrophils65 and M2 
macrophages.67

Our study has several limitations. First, we could not assess 
the concentrations of blood cytokines, although other research-
ers have shown increases of cytokines such as IL-1β, TNF-α, asso-
ciated with systemic LPS-induced acute lung injury39 and paralytic 
ileus,68 which were found here. Second, despite we attempted to 
measure the changes in temperature using a rectal thermometer at 
several time points, the results were inconsistent (data not shown). 
More accurate methods, like telemetry, will be helpful to confirm the 
dose-dependent effects of LPS in this parameter described by other 
researchers69–71 Nevertheless, we believe the lack of an adequate 
measurement of body temperature regarding the monitoring of sep-
sis evolution does not decrease the interest of our results on gastro-
intestinal motility, which is the focus of our research. Third, stomach 
area (size) was not homogenous between groups at T0. As rat weights 
were comparable, this may be due to the fact that animals were not 
fasted before experiments (fasting was not applied to avoid stress 
and discomfort to the rats, because it would have lasted for longer 
than 24 h). Nevertheless, LPS effect is still remarkably evident in com-
parison to control (saline) rats, and agree with the literature showing 
gastric stasis at extremely low LPS doses, as discussed above.30,31 
Finally, diarrhea was not evaluated using semiquantitative clinical 
scores like those described by Fukudome et al.72 Instead, we relied 
on the radiographic study, which had previously allowed us to image 
diarrhea induced by 5-fluorouracil.21 Radiographic methods have 
also allowed to image cannabinoid-mediated paralytic ileus induced 
by vincristine administration.20 Still, the design of the radiographic 
study may be optimized to evaluate the effect of LPS on the small 
and large intestine more specifically, by administering the endotoxin 
at longer time points after barium gavage, when the organ of interest 
is already reasonably well filled with contrast (see Bagues et al73 as an 
example of administration of the challenging insult 1 h after barium).

5  |  CONCLUDING REMARKS

Our results suggest that intestinal hypermotility is an early event 
that increases with the LPS dose and severity of sepsis and some-
how counteracts gastrointestinal transit inhibition that leads to 
ileus and seems to be the “basal effect” of LPS (and relatively 
dose-independent, as described for the stomach and cecum). More 
research needs to be done to identify the exact mechanisms in-
volved but, in light of the available scientific literature, it could be 

speculated that early hypermotility and diarrhea may be favored by 
altered motor neurotransmission and/or impaired intestinal water 
absorption/secretion, whereas thereafter, other mechanisms, prob-
ably more directly associated with systemic and local inflammation, 
may favor ileus predominance.

Using radiographic methods, our study offers, for the first time, 
an integrated view of LPS-induced gastrointestinal response in con-
scious animals. The two dysmotility phases identified here corre-
spond well with the clinical findings. Thus, our model may be useful 
for the assessment of new therapies to treat motor function in sep-
tic patients, including smart drugs and drug-release devices able to 
detect the motility changes and act in a dual manner: first, to coun-
teract hypermotility and diarrhea; second, to counteract ileus and 
promote efficient motility.
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