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ABSTRACT
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Introduction and aim. Obesity is a worldwide epidemic problem, described as a risk factor for hepatic diseases, such as non-al-
coholic fatty liver disease and other pathologies related to development of cholesterol crystals and cholesterol gallbladder stones. It
has been reported that cholesterol overload may cause hepatic damage; however, little is known about the effects of an acute hyper-
cholesterolemic diet on the gallbladder. The aim of this manuscript was to evaluate the impact of a cholesterol-rich diet on the gall-
bladder. Material and methods. The study included ten eight-week-old C57BL6 male mice, which were divided into two study
groups and fed different diets for 48 h: a hypercholesterolemic diet and a balanced Chow diet. After 48 h, the mice were analyzed by
US with a Siemens Acuson Antares equipment. Mice were subsequently sacrificed to carry out a cholesterol analysis with a Reflo-
ton System (Roche), a crystal analysis with a Carl Zeiss microscope with polarized light, and a histological analysis with Hematoxy-
lin-eosin staining. Results. The hypercholesterolemic diet induced an increase in gallbladder size and total cholesterol content in the
bile, along with important histological changes. Conclusion. Cholesterol overloads not only trigger hepatic damage, but also affect

the gallbladder significantly.

Key words. Histopathology. Cholesterol. Ultrasound. Lithiasis. Bile.

INTRODUCTION

Nowadays, overweight and obesity represent a major
public health problem worldwide. These conditions are
associated with metabolic syndrome, dyslipidemia, hyper-
glycemia and diabetes, which are considered pandemic
disorders in developing countries.! Obesity may lead to
fatty infiltration of multiple internal organs, including the
liver, heart, kidneys, and pancreas, causing organ dysfunc-
tions. Fatty infiltration leads to chronic inflammation and
tissue damage. Cholesterol infiltration in the liver may re-
sult in non-alcoholic fatty liver disease (NALFD), which
is defined as evidence of hepatic steatosis and considered
the hepatic manifestation of metabolic syndrome.?

NALEFD affects up to a third of the population world-
wide.® In the Middle East, the prevalence of this condition
is 31.8%, whereas in North America, the prevalence is
23.6%.” A consequence of this liver condition is the forma-
tion of cholesterol crystals within the biliary tract.3-1% Al-
though it is assumed that fatty liver and fatty gallbladder
result from lipid accumulation, the toxic potential of spe-
cific lipids, such as cholesterol, has been studied.!! There
are three main types of gallstones, and about 80% of them
are composed of cholesterol monohydrate crystals, poten-
tially contributing to human gallstone disease, which is a
frequent health problem worldwide and accounts for ap-
proximately 95% of the biliary tract disorders.!? Hepato-
biliary ultrasound (HBUS) studies suggest the prevalence
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rate mean to be around 10%-15% in the United States, and
the occurrence rates range from 5% for non-Hispanic
black men to 27% for Mexican-American women."? In pa-
tients with cholelithiasis, the pigment stones are predomi-
nantly composed of bilirubin, calcium, salts or mixed
stones. Cholesterol stones are usually yellow-green color-
ed, whereas pigment stones are small dark stones made of’
bilirubin.'>!* The presence of a gallstone can be con-
firmed through an ultrasonography in the fasting state,
with a correct diagnosis in > 90% of the cases.!> Modern
ultrasound (US) technologies are capable of detecting
stones as small as 2 mm in diameter routinely. Smaller
stones may be missed or confused with biliary sludge (lay-
ering echogenic material that does not cast an acoustic
shadow).1>

In an animal model study where mice are fed a litho-
genic diet (composed of 15% fat, 1% cholesterol, 0.5%
cholic acid), relevant factors can be explored, such as mu-
cin accumulation. Prior to the formation of solid crystals,
liquid crystals and cholesterol crystals grow within the
mucin gel accumulated in the gallbladder. Furthermore, in
a fasting gallbladder, hepatic bile is concentrated 4- to 5-
fold due to water absorption, enhancing cholesterol crys-
tallization; on the seventh day on a lithogenic diet,
gallbladder bile becomes supersaturated with cholester-
ol.1%17 In this study, we used ultrasonographic, macro-
scopic, and histopathologic methods to show the changes
that occur in the gallbladder during the first two days on a
high cholesterol diet.

MATERIAL AND METHODS
Study subjects

A total of ten eight-week old C57BL6 male mice were
acclimatized to the animal facility environment during 1
week before the study. The mice were put on a standard
diet, and their circadian rhythm was synchronized with a
12-h:12-h light-dark cycle. The local Institutional Review
Board approved the study protocol, and experiments were
performed in accordance with current ethics guidelines
and the provisions of the Institutional Animal Care and
Use Committee. 1

Experimental design

The mice were assessed, divided into two groups and
fed different diets for 48 h. The first group was fed a hy-
percholesterolemic (HC) diet, composed of standard
chow supplemented with 2% cholesterol and 0.5% sodium
cholate;!'*-2! the second group (controls) only received a
standard balanced chow diet (Chow).!¢ After 48 h, HBUS

assessment was performed and the mice were subsequent-

ly sacrificed in order to perform the histological and rou-
tine laboratory analyses.

Ultrasound assessment

An experienced sonographer conducted all HBUS ex-
aminations, which were blind to the type of diet and rand-
omized.

Specimens were sedated with avertin and shaved with a
shaving machine. After cleaning the area with a dry paper
towel, ultrasound gel was applied. The best images were
selected and recorded. The animals were examined in a
dorsal position and in left and right lateral decubitus posi-
tions. Images of the liver, gallbladder, and bile ducts were
taken in longitudinal, transversal, and oblique planes.

All US examinations were performed using a Siemens
Acuson Antares device, equipped with a 5-13-MHz hock-
ey stick linear transducer. The international guidelines for
gallbladder were adopted for both the scanning technique
and the interpretation.

Bile cholesterol assay

Gallbladder bile was aspirated with a sterile syringe and
the total cholesterol (T'C) content was determined using
an automated method (Reflotron system, Roche, Inc).

Crystal assay with polarized light microscopy

Upon exposing the peritoneal cavity, the bile was aspi-
rated and further analyzed with polarized light microsco-
py (Carl Zeiss, Inc) in order to identify cholesterol
crystals.

Histology

Gallbladders were sectioned and fixed with 10% neutral
formaldehyde (FA), and the tissues were embedded in
paraffin for histologic studies. 7 wm cuts of paraftin-em-
bedded tissues were obtained and routine hematoxylin and
eosin staining was conducted. The slides were studied and
photographed using a digital photographic microscope
(Carl Zeiss, Inc).

Statistical analysis

Data are presented as mean =+ standard deviation (SD).
Statistical differences between experimental groups were
assessed using the Student T test adjusted by unequal vari-
ances when appropriate. All P-values below 0.05 were
considered statistically significant. Prism v6.01 (Graph
Pad Software Inc, California, USA).
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RESULTS

A non-invasive US imaging technique was used to ex-
amine the gallbladder in living animals. The images re-
vealed an increased organ area (mean: 8.8 mm?) in the HC
diet mice, compared to the normal gallbladder in the
Chow mice (mean: 0.4 mm?); additionally, hyperechoic
spots were identified within the gallbladder (Figure 1A)
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of the HC diet mice. Then, we removed the gallbladder to
confirm the increase in volume and we even found some
changes in the bile color (Figure 1 B).

We were interested in analyzing the bile at the microscopic
level, and interestingly, we found an increase of birefringent
crystals characterized by their square shape and notches on the
borders under polarized light in the HC mice, suggesting the
presence of cholesterol crystals (Figure 1C).
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Figure 1. Gallbladder morpho-structural changes induced by a hypercho-
lesterolemic diet. A. Ecographic analysis showed an increase in gallbladder
size. B. Morphological difference between the liver of the Chow group and
the liver of the HC group, shown with a pale lipid deposition. C. Evidence
of biliary lithiasis hypersecretion inducing cholesterol formation as highly bire-
fringent crystals. D. The determination of total cholesterol presence was
P < 0.0001 vs. Chow.
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We measured total cholesterol through a colorimetric
reaction assay. Data show that total cholesterol content in
the HC mice gallbladder increased 1.5 fold, compared to
the Chow group (Figure 1D). Finally, at the histological
level in the HC mice we, observed a pseudo-stratified
(green arrow) epithelium, with subepithelial isolated lipid
vacuoles (black arrow), increased secretion coming from
the epithelial cells to the gallbladder lumen (blue arrow),
and a moderate infiltrate mainly mediated by neutrophils
cells (red arrow) (Figure 2A). On the other hand, the epi-
thelium of the Chow mice showed a simple columnar
structure; increased secretion, lipid vacuoles and neu-
trophils were not observed (Figure 2B-D).

When analyzed the features of the Chow group tissue,
and took them as normal characteristics. The epithelial
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was 7.76 um thick and the wall was 108.4 um thick. The ep-
ithelium showed a simple columnar structure and the nu-
cleus size of the epithelial cells was in average 5.11 um. In
comparison with the Chow gallbladder tissue, the HC
group showed an increased epithelial thickness, reaching
on average 15.3 um (p=0.0004). The wall thickness in-
creased significantly from 108.4 to 296.6 um (p = 0.0204),
and we saw an increase in nucleus size (p = 0.0196).

DISCUSSION

Lipid-rich diets can constitute one of the main risk fac-
tors for developing non-alcoholic fatty liver disease
(NAFLD). Lopez-Reyes, et al. and Dominguez-Pérez M, et al.
have demonstrated that a cholesterol-rich diet can induce
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Figure 2. Histological analysis of the gallbladder of HC mice. A. The gallbladders of the animals that were fed a balanced Chow diet or a hypercholesterolemic
(HC) diet were stained with hematoxilin and eosin. Green arrows indicate the change from a simple columnar epithelium (Chow diet) to a pseudo-stratified struc-
ture (HC diet), blue arrows show the presence of secretion, black arrows indiicate the presence of lipid droplets, and red arrows indicate inflammatory infiltrate. B.
The graph shows the significant difference in epithelium length between the Chow diet and the HC diet (P < 0.001). C. Comparison of the epithelium nucleus of
the gallbladder between Chow diiet and HC diet (P < 0.05). D. Difference in gallbladder wall thickness depending on the diet (P < 0.05). Original zoom 100x.
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liver damage. In the gallbladder, a diet with high-lipid
content is a major risk factor for the formation of choles-
terol stones, and according to several studies, high-choles-
terol secretion from the liver is the main cause of bile
saturation in obesity.???* Furthermore, this effect could be
associated with cholesterol-metabolic disorders in the he-
patic environment, also related to a decrease in the metab-
olism of cholesterol into bile acids.?®> Thus, the objective
of this work was to use a hypercholesterolemic model to
determine how being on a diet high in cholesterol for two
days could lead to a microlithiasis state. Our ultrasound
results show an increase in the gallbladder area, and ac-
cording to Hussaini et al., an increased lipid concentration
triggers cholesterol formation, leading to an increase in
the vesicular area, as well as an echogenic appearance due
to the presence of cholesterol crystals.?® According to
Trevifio-Garcfa, ef al., administering a parenteral diet to in-
tensive care patients showed an echogenic appearance after
the first 3 days due to the formation of cholesterol crystals
in the bile at the gallbladder level.?” According to Hand-
bige, US is the first approach for acute pathological assess-
ment of the gallbladder that allows to measure the
diameter and wall thickness with a sensitivity of 83% and a
specificity of 95%.2% The diagnosis of gallstones relies on
detecting echogenic objects within the gallbladder lumen
that produce an acoustic shadow, as it was observed in the
HC group due to the presence of cholesterol micro-crys-
tals. In support to this, it is worth pointing out that echo-
genic material in the gallbladder has been reported to be
caused by the presence of cholesterol crystals, calcium bil-
lirubinate pigment and other calcium salts in the mu-
cus.'??” Additionally, it has been reported that the presence
of these crystals suggests that the bile is saturated due to an
excess in cholesterol content.’3! At a microscopic level,
the evidence of cholesterol crystals is defined as micro-
lithiasis, and it is considered to contribute to the forma-
tion of additional stones in the gallbladder.!> Our findings,
discovered using polarized microscopy, show cholesterol
crystals featuring a square structure with indentations on
the edges and birefringence. However, this is not the only
structure possible for cholesterol crystals, as they can take
a flat, stringy, helical, arch-like, or tubular structure.!?*?
These structures have been mainly observed in patients
diagnosed with calculous gallbladder disease.>> On the
other hand, not only did we demonstrate early formation
of cholesterol micro-crystals, but we also found a signifi-
cant increase in total cholesterol levels in the bile. This
finding confirms that cholesterol crystals presence is due
to an increase of this lipid. Van Erpecum et al. found an in-
crease in the cholesterol saturation index on the 14th day on
a lithogenic diet, which triggers crystal formation.>* Chang
and Shuch used a murine model where mice were fed
a diet supplemented with 1% of cholesterol and 0.5% of

cholic acid during 2 days and following periods of 1, 2, 4, 8,
12, 24, and 40 weeks, to discover there was a prelithiasic
phase characterized by a distention of 7.2 mm in average and
targeted hyperplasia.>> However, they did not show epithe-
lial changes until the second week, when they found an im-
portant pseudo-stratification and mucosae with higher
elongation and proliferation. This contrasts with our re-
sults, which show a change in epithelium structure as soon
as the second day on a hypercholesterolemic diet, as well as
formation of mucus, suggesting abnormal gallbladder
function, since it is known that this secretion triggers for-
mation of cholesterol crystals or stones. Additionally,

Van Erpecum, et al. reported that, in a model in which
C57LBL6 strain mice were fed a lithogenic diet with 1%
cholesterol during 14, 28, and 56 days, the mice featured a
clear thickening on the edges and a moderate neutrophil
inflammatory infiltrate. A diet containing 1 g of cholester-
ol, 0.5 g of cholic acid, 2 g of corn oil, 50 g of sucrose, and
20 g of casein, during 14, 28, and 56 days, showed a clear in-
crease in thickness on the gallbladder edge and a moderate
inflammatory infiltrate of neutrophil-granulocytes at the
stroma and some inter-epithelial granulocytes.?®> Our find-
ings revealed a change in the cubic pseudo-stratified epi-
thelium, which could be caused by the HC diet composed
of a higher cholesterol (2%) concentration, reinforcing the
fact that even on the second day, a diet higher in cholester-
ol could generate faster gallbladder changes, demonstrat-
ing that a high-lipid diet not only affects the hepatic
environment, as Gutiérrez-Ruiz, ef al. have demonstrated
in recent years.>

CONCLUSION

Our steatosis model caused by cholesterol overload
showed the effect of a high-lipid diet on the gallbladder.
Furthermore, the case underlines the relevance of inte-
grated imaging to depict all these fast changes, as well as
the histological changes. Finally, this model shows that
high dosages of cholesterol could induce damage not only
to the liver, but to the gallbladder in a short period of
time, which could lead to a fast progression of cholesterol
stone formation, further affecting the gallbladder and the
liver.
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