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Abstract
AIM: To investigate the mechanisms and effects 
of sphincter of Oddi (SO) motility on cholesterol 
gallbladder stone formation in guinea pigs.

METHODS: Thirty-four adult male Hartley guinea pigs 
were divided randomly into two groups, the control 
group (n  = 10) and the cholesterol gallstone group (n = 
24), which was sequentially divided into four subgroups 
with six guinea pigs each according to time of sacrifice. 
The guinea pigs in the cholesterol gallstone group were 
fed a cholesterol lithogenic diet and sacrificed after 
3, 6, 9, and 12 wk. SO manometry and recording of 
myoelectric activity were obtained by a multifunctional 
physiograph at each stage. Cholecystokinin-A receptor 
(CCKAR) expression levels in SO smooth muscle were 
detected by quantitative real-time PCR (qRT-PCR) and 
serum vasoactive intestinal peptide (VIP), gastrin, and 
cholecystokinin octapeptide (CCK-8) were detected by 
enzyme-linked immunosorbent assay at each stage in 
the process of cholesterol gallstone formation. 
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RESULTS: The gallstone formation rate was 0%, 
0%, 16.7%, and 83.3% in the 3, 6, 9, and 12 wk 
groups, respectively. The frequency of myoelectric 
activity in the 9 wk group, the amplitude of myoelectric 
activity in the 9 and 12 wk groups, and the amplitude 
and the frequency of SO in the 9 wk group were all 
significantly decreased compared to the control group. 
The SO basal pressure and common bile duct pressure 
increased markedly in the 12 wk group, and the CCKAR 
expression levels increased in the 6 and 12 wk groups 
compared to the control group. Serum VIP was elevated 
significantly in the 9 and 12 wk groups and gastrin 
decreased significantly in the 3 and 9 wk groups. There 
was no difference in serum CCK-8 between the groups.

CONCLUSION: A cholesterol gallstone-causing diet 
can induce SO dysfunction. The increasing tension 
of the SO along with its decreasing activity may play 
an important role in cholesterol gallstone formation. 
Expression changes of CCKAR in SO smooth muscle 
and serum VIP and CCK-8 may be important causes of 
SO dysfunction.

Key words: Cholesterol gallstone; Sphincter of Oddi; 
Manometry; Myoelectric activity; Cholecystokinin-A 
receptor
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Core tip: This study investigated the role of sphincter 
of Oddi (SO) motility in cholesterol gallstone formation 
in a guinea pig model. The myoelectric activity and 
manometry of SO were measured at different stages 
of stone formation. As SO motility is controlled by 
neurological and hormonal factors, we detected the 
expression of serum vasoactive intestinal peptide (VIP), 
gastrin, cholecystokinin octapeptide (CCK-8), and 
CCK-A receptor (CCKAR) in the SO at different stages of 
stone formation. We found that a cholesterol gallstone-
causing diet can induce SO dysfunction and expression 
changes of CCKAR in SO smooth muscle and serum VIP 
and CCK-8 may be important causes of SO dysfunction.
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INTRODUCTION
Gallstone disease is one of the most common digestive 
disorders requiring hospital admission in Western 
countries, with a morbidity of 10%-15% in adults[1]. 
In China, the incidence of cholesterol gallstones 
has been increasing in the past few decades due to 

changing lifestyles[2]. Cholesterol gallstone formation is 
a complicated process and is still not fully understood. 
Cholesterol supersaturation of bile, biliary stasis, 
and mucus hypersecretion are universally known 
to be important factors in the process of cholesterol 
gallstone formation[3,4]. Among them, biliary stasis 
is thought to be a key factor because it allows time 
for cholesterol nucleation and then retention of the 
precipitated microcrystals[4,5]. The sphincter of Oddi 
(SO) may play an important role in gallstone formation 
because it is the only way by which bile is discharged 
into the duodenum. There are very few reports inve-
stigating the relationship between SO motility and 
cholesterol gallstone formation, and the conclusions 
are controversial[6-8]. 

It is well-established that cholecystokinin (CCK) is 
one of the major gastrointestinal hormones responsible 
for gallbladder contraction and SO relaxation[9]. The 
biological actions of CCK in the alimentary tract are 
mediated by the CCK-A receptor (CCK-AR)[10]. A series 
of studies focused on the expression level of CCK-AR 
in the gallbladder in the pathogenesis of cholesterol 
gallstone disease[5,11]. However, no report on CCK-
AR expression in the SO in animals with gallstones is 
available yet.

The aim of this study was to investigate the role 
of SO motility in cholesterol gallstone formation in 
a guinea pig model. The myoelectric activity and 
manometry of SO were measured at different stages 
of stone formation in this model. As SO motility is 
controlled by neurological and hormonal factors, we 
detected serum vasoactive intestinal peptide (VIP), 
gastrin, CCK-8, and CCK-AR expression in the SO at 
different stages of stone formation. 

MATERIALS AND METHODS
Experimental animals 
Thirty-four adult male Hartley guinea pigs, weighing 
between 230 g and 270 g, were purchased from 
Huishan Jiangnan Laboratory Animal Company (License 
SCXK SU: 2009-0005). The animals were housed in 
climate-controlled rooms under an alternating 12-h 
light and dark cycle and permitted continuous access to 
food and water. After a 2-wk equilibration, the animals 
were divided randomly into two groups (control and 
cholesterol stone groups): the control group (n = 10) 
was fed a normal diet, and the cholesterol stone group 
(n = 24) was sequentially divided into four subgroups 
with six guinea pigs each according to time of sacrifice, 
fed a cholesterol lithogenic diet[6], and sacrificed after 
3, 6, 9, and 12 wk. The lithogenic diet consisted of 1% 
cholesterol[10] (purchased from Trophic Animal Feed 
High-Tech Co. Ltd., Nantong, China). Gallstones were 
defined as macroscopically visible sediment. The calculi 
were tested by infrared spectrometry to verify the 
sample as cholesterol gallstones. SO manometry and 
myoelectric activity of the guinea pigs were determined 
at 3, 6, 9, and 12 wk. 
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Measurement of myoelectric activity of the SO 
At the end of the feeding period, the animals were 
anesthetized by injecting pentobarbital sodium (45 
mg/kg) into the peritoneal cavity. The guinea pigs 
were fixed in the supine position, and the skin of 
the superior abdomen was prepared and sterilized. 
A longitudinal incision was made and the papilla 
determined. Details of the myoelectric system were 
described previously[12]. In brief, two polar hook metal 
electrodes were inserted 0.2 mm into the subserosa 
of the SO by megaloscope (× 10 magnification). The 
fan-out of the two signals was connected with the 
two polars of the physiological recorder (BL-420 F; 
Chengdu Taimeng Software, Chengdu, China), and 
a piece of metal needle was inserted into the legs 
of the animals to connect with the earth pole of the 
recorder. The myoelectric signal was collected by the 
electrode, imported into the computer, and stored after 
processing by a physiological recorder and the software 
system specialized in electromyographic signals. The 
setup parameters were as follows: scanning speed, 
500 ms/div; sensitivity, 200 μV; time parameter, 1 s; 
and frequency filtering, 10 Hz. Finally, the myoelectric 
figure was dealt with by digital filtering of 10-30 Hz. 

SO manometry
Details of manometry were described previously[12]. 
In brief, a manometry catheter was modified from a 
pedo bi-lumen central venous catheter (4F and 30 cm 
long). The catheter was inserted into the common bile 
duct (CBD) and SO through the duodenal ampulla. 
The pressure transducer was used for receiving the 
dynamic pressure change from the manometric lumen. 
The frequency of SO phasic contraction, SO amplitude, 
SO basal pressure, and CBD pressure were measured 
and recorded. A physiological recorder and relevant 
manometry program were used to record and analyze 
the tracings.

Detection of serum VIP, gastrin, and CCK-8 
Four milliliters of venous blood were obtained from 
the guinea pigs in the early morning before they were 
sacrificed and placed in a test tube. The blood was 
centrifuged at 1500 r/min for 15 min, and serum 
was isolated, placed in Eppendorf tubes and stored at 
-70 ℃. Serum VIP, gastrin, and CCK-8 were measured 
by enzyme-linked immunosorbent assay (ELISA). The 
ELISA testing kit was supplied by USCN Life Science 
Inc. (Houston, TX, United States).

Quantification of CCKAR mRNA in SO tissues
The SO of each animal was quickly removed and 
transferred to normal saline after animals were 
euthanized. The smooth muscle was removed 
carefully using sharp dissection. Total RNA from SO 
tissue samples was extracted using TRIzol reagent 
(Invitrogen, Carlsbad, CA, United States). Every 50 mg 
of SO tissue sample was extracted with 1 mL of TRIzol 
reagent according to the manufacturer’s protocol. One 
microgram of total RNA was used for the synthesis of 
cDNA using a FastQuant RT Kit and target genes were 
assayed using SYBR Green Real-time PCR Master Mix 
(via Roche Light Cycler, Roche, Basel, Switzerland) 
with their respective primers. The PCR conditions 
were as follows: 95 ℃ for 30 s; 40 cycles of 95 ℃ for 
5 s, 57 ℃ for 10 s, and 72 ℃ for 15 s. Transcription 
levels of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) were used as an internal control to calculate 
fold induction, and the fold changes in transcription 
levels were calculated using the 2-∆∆Ct method. Primer 
sequences of CCKAR and GAPDH are shown in Table 1.

Statistical analysis
Statistical analysis was performed using Student’s t 
test. Data were analyzed with software SPSS 17.0 
(SPSS Inc. Chicago, IL, United States), and P < 0.05 
was set as the level of significance. The results are 
expressed as mean ± SE.

RESULTS
Gallstone formation rate
No gallstone was found in guinea pigs in the control 
group. In contrast, the gallstone formation rate in 
the cholesterol stone group fed with a cholesterol 
lithogenic diet was 0%, 0%, 16.7%, and 83.3% in the 
3, 6, 9, and 12 wk groups, respectively. 

SO myoelectric activity analysis
Compared with the control group, the frequency of 
myoelectric activity decreased markedly in the 9 wk 
group (Figure 1A and B, Table 2). The amplitude of 
myoelectric activity decreased significantly in the 9 and 
12 wk groups (Figure 1A-C, Table 2).

SO manometry analysis
Compared with the control group, the amplitude and 
frequency of SO decreased significantly in the 9 wk 
group (Table 3), and SO basal pressure and common 
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Table 1  Primer sequences of CCKAR and GAPDH

Genes Forward primer (5’-3’) Reverse primer (5’-3’)

CCKAR ACGGAGGGTAGTGAACTCCA TCGCAGGCAGAAGTGATGTT
GAPDH GCACCGTCAAGGCTGAGAAT CATCACGAACATAGGGGCATC

CCKAR: Cholecystokinin-A receptor; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. 
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the hospital[13-15], with a prevalence of 10%-15% in 
adults in Europe and the United States. In Western 
countries, cholesterol gallstones account for 80%-90% 
of gallstones at cholecystectomy[15], but the mechanism 
underlying the pathogenesis of cholesterol gallstone 
disease is not completely understood.

Epidemiological evidence indicates that multiple 
environmental factors and genetic elements are 
involved in cholesterol gallstone formation. Among 
them, biliary stasis is thought to be an important 
factor. A series of studies in human and animal models 
have shown that formation of cholesterol gallstones 
is causatively related to decreased gallbladder con-
tractility[16]. Since SO is the only gate through which 
bile is discharged into the duodenum, bile filling and 
excretion of the gallbladder are closely related to the 
motility state of the SO[17]. However, there is limited 
research on the role of SO motility in the process of 
cholesterol gallstone formation. SO manometry (SOM) 
is the only method that can assess directly the motor 
function of the SO and is considered the gold standard 
for assessing SO dysfunction (SOD)[18]. However, 
manometry changes of the SO in cholelithiasis are 
controversial. Research by Pang et al[19] indicated that 
the base pressure of the SO was significantly increased 
in rabbits fed a cholesterol lithogenic diet. On the 
other hand, a study in prairie dogs showed that SO 
resistance remained normal throughout the period of 
gallstone formation. These completely different results 
may be species dependent. Meanwhile, the mechanical 
activity recorded may not represent the features of 

bile duct pressure increased significantly in the 12 wk 
group (Figure 2, Table 3).

Changes in serum VIP, gastrin and CCK-8 
Compared with the control group, serum VIP was 
elevated significantly in the 9 and 12 wk groups (Table 
4), and serum gastrin was decreased significantly in 
the 3 and 9 wk groups (Table 4). There was no diffe-
rence in serum CCK-8 between the groups (Table 4).

Quantitative expression of CCK-AR mRNA
Compared with the control group, expression levels of 
the CCK-A receptor mRNA were increased significantly 
in the 6 and 12 wk groups (Figure 3).

DISCUSSION
Gallstone disease is one of the most common and most 
expensive digestive disorders requiring admission to 

5543 June 28, 2016|Volume 22|Issue 24|WJG|www.wjgnet.com

μV
799.9

599.9

400.0

200.0

0

-200.0

-400.0

-599.9

-799.9

400.0
200.0

0
-200.0
-400.0
-599.9

μV

0       1.0       2.0       3.0      4.0       5.0      6.0       7.0       8.0      9.0     10.0 s

0     0.5     1.0    1.5     2.0     2.5    3.0     3.5    4.0     4.5    5.0     5.5     6.0    6.5     7.0    7.5     8.0    8.5     9.0     9.5 s

30.0

0

-30.0

-60.0

μV

0       0.5       1.0      1.5       2.0       2.5      3.0       3.5      4.0       4.5      5.0       5.5      6.0       6.5      7.0 s

Figure 1  Sphincter of Oddi myoelectric activity analysis. A: The frequency and amplitude of myoelectric activity in the control group; B: The frequency and 
amplitude of myoelectric activity in the 9 wk group; C: The frequency and amplitude of myoelectric activity in the 12 wk group. 

Table 2  Changes of sphincter of Oddi myoelectric activity in 
the process of gallstone formation

Group Amplitude Frequency

Control group 142.45 ± 71.25 16.56 ± 4.05
3-wk group 125.06 ± 59.76 13.70 ± 2.88
6-wk group 152.96 ± 81.05 15.10 ± 4.13
9-wk group  100.27 ± 50.42a    8.68 ± 2.35a

12-wk group    40.60 ± 15.03c 13.80 ± 3.79

aP < 0.05, cP < 0.01 vs the control group. 
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B

A
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SO activity, especially in the relaxed SO. Another 
measurement reflecting SO function is recording the 
myoelectric activity of the SO[20].

In this study, we investigated whether SOD was 
present and what role it played in the process of 
cholesterol gallstone formation in guinea pigs. SOM 
and myoelectric activity of SO were investigated 
simultaneously at different stages of stone formation. 
We found that gallstones did not occur until 9 wk, with 
an incidence rate of 16.7%, increasing to 83.3% after 
12 wk. SO myoelectric activity analysis indicated that 
the frequency and amplitude of myoelectric activity 

decreased significantly in the 9 wk group compared to 
control. Subsequent SO manometry analyses showed 
the same result: both SO amplitude and SO frequency 
decreased significantly in the 9 wk group, and the 
most important indications, the SO basal pressure and 
common bile duct pressure, increased significantly 
in the 12 wk group. All these findings are consistent 
with weakening of the myoelectric activity of SO and 
gradual increasing of SO tension in the process of 
gallstone formation. Disturbance of SO motor function 
impedes the flow of bile into the duodenum, and biliary 
stasis occurs.
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Table 3  Sphincter of Oddi manometry in the process of gallstone formation

Group SO basal pressure CBD pressure Amplitude of SO Frequency of SO

Control group 26.59 ± 8.16 23.25 ± 8.35 8.72 ± 2.05 11.27 ± 3.74
3-wk group 21.25 ± 1.38 18.48 ± 1.94 8.33 ± 3.85 11.50 ± 1.64
6-wk group 27.57 ± 8.67 25.82 ± 8.26 8.03 ± 3.15   9.33 ± 3.27
9-wk group   34.11 ± 11.56   32.15 ± 11.64  5.89 ± 1.41a    7.67 ± 3.44a

12-wk group    52.38 ± 12.84c    50.11 ± 12.59e 6.82 ± 1.34 10.60 ± 3.51

aP < 0.05, cP < 0.01, eP < 0.001 vs the control group. SO: Sphincter of Oddi; CBD: Common bile duct. 
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Figure 2  Sphincter of Oddi manometry analysis. A: Sphincter of Oddi (SO) basal pressure in the control group; B: SO basal pressure in the 12 wk group; C: 
Common bile duct pressure in the control group; D: Common bile duct pressure in the 12 wk group.

Rong ZH et al . Animal model of cholesterol gallstone disease



The mechanism of cholesterol gallstone-causing 
diet-induced SOD has not been fully elucidated. Pang 
et al[19] considered that the potential mechanisms of 
hypercholesterolemia (HC)-induced SOD were the 
intracellular calcium overload and calcium oscillation 
abnormality. Szilvassy et al[21] suggested that the 
impairment of the SO relaxation function was related 
to the alteration of the nitric oxide signal caused by 
hypercholesterolemia and hypertriglyceridemia. SO 
motility was controlled by numerous neurotransmitters 
and gastrointestinal hormones[22]. The most important 
hormone in the regulation of SO function is CCK[23]. In 
normal conditions, CCK can contract the gallbladder 
smooth muscle and reduce tone in the SO to regulate 
bile flow from the liver through the bile duct into the 
duodenum. During fasting, hepatic bile enters the 
gallbladder for storage. Eating initiates gallbladder 
emptying by neural and hormonal (predominantly 
CCK) influences. We found serum CCK-8 level was 
not increased in the 9 and 12 wk groups, meaning 
that the gallbladder evacuation resistance increased 
during eating in these groups. Decreases in serum 
CCK-8 level can cause gallbladder bile stasis, increase 
the volume of the gallbladder, and induce SOD by 
increasing the tension of SO.

CCK modulates SO motility mainly via excitatory 
receptors on the smooth muscle and inhibitory 

receptors in the neural endings[24]. A study in cats[24] 
showed that the SO relaxation by CCK was abolished 
by complete denervation induced by tetrodotoxin. 
Beagle dogs after cholecystectomy[25] showed an 
increased CBD pressure, and SO relaxation response 
to CCK was weakened. These findings were thought 
to be due to destruction of neural pathways with the 
operation. In our study, we examined the expression 
of CCK-AR in the SO using quantitative real-time 
PCR for the first time. We found that the expression 
levels of CCK-AR mRNA increased in SO in the 6 and 
12 wk groups. The increase in CCK-AR may result in 
changes in tension of SO, and, therefore, the excreting 
resistance of the bile may be enhanced significantly. 

VIP, an alkaline intestinal peptide composed of 28 
amino acids, can relax gallbladder smooth muscle 
and decrease gallbladder pressure. In the present 
study, serum VIP level in the 9 and 12 wk groups was 
higher than that of the control group. We restated the 
role of VIP in the formation of cholesterol gallstones 
that had been stressed in our previous study[12]. 
We found that the frequency of myoelectric activity 
decreased markedly in the 9 wk group, the amplitude 
of myoelectric activity decreased in the 9 and 12 wk 
groups, and the SO basal pressure and common bile 
duct pressure increased significantly in the 12 wk 
group. Elevation of VIP may play an important role in 
the mechanism of SOD.

Gastrin can increase the SO basal pressure amp-
litude[12]. Elevation of serum gastrin may be related to 
SOD with characteristics of high tension in patients 
with post-cholecystectomy pain[26]. However, we found 
that serum gastrin was decreased significantly in the 3 
and 9 wk groups. This effect may have resulted from 
changes in diet and may not necessarily be related to 
the formation of gallstones.

In conclusion, we have indicated that a cholesterol 
gallstone-causing diet may induce SOD, the increasing 
tension of SO along with its decreasing activity may play 
an important role in cholesterol gallstone formation, and 
expression changes in CCK-AR in SO smooth muscle 
and serum CCK-8 and VIP may be important causes 
of SOD. The exact mechanism of cholesterol gallstone-
causing diet-induced SOD needs further study. Control 
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Table 4  Changes in VIP, gastrin and CCK-8 in the process of cholesterol stone formation (pg/mL)

Group 3-wk 6-wk 9-wk 12-wk

VIP 
   Control   9.36 ± 2.72    9.30 ± 8.91     6.91 ± 3.14   8.39 ± 0.99
   Cholesterol stone 11.83 ± 3.57    7.08 ± 2.31    31.20 ± 7.78a 22.15 ± 2.87c

Gastrin
   Control 17.83 ± 2.35   18.56 ± 5.77   17.42 ± 6.39 19.41 ± 4.58
   Cholesterol stone    0.08 ± 0.03c     4.18 ± 2.87      2.16 ± 0.44a 18.92 ± 8.37
CCK-8 
   Control 1970.33 ± 439.82 2353.32 ± 13.18 2100.27 ± 29.70 2107.77 ± 171.70
   Cholesterol stone 2214.61 ± 174.96   2044.18 ± 147.03   2034.75 ± 138.39 2042.61 ± 265.01

aP < 0.05, cP < 0.01 vs the control group. VIP: Vasoactive intestinal peptide; CCK-8: Cholecystokinin octapeptide. 
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Figure 3  Cholecystokinin-A receptor mRNA expression levels in different 
groups. CCKAR: Cholecystokinin-A receptor.
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of a cholesterol diet and regulation of SO motility are 
important in the prevention of cholesterol gallstone 
formation.

COMMENTS
Background
The sphincter of Oddi (SO) may play an important role in gallstone formation 
because it is the only way by which bile is discharged into the duodenum. 
However, there is limited research on how the motor function of the SO works 
and what mechanism by which stones are formed in the process of cholesterol 
gallstone formation.

Research frontiers
SO manometry is the only method to directly assess the motor function of the 
SO and is considered the gold standard for assessing SO dysfunction (SOD). 
However, manometry changes of SO in cholelithiasis are quite controversial. 
Another measurement reflecting SO function is recording the myoelectric 
activity of the SO. 

Innovations and breakthroughs
This study showed that a cholesterol gallstone-causing diet can induce SOD. 
The increasing tension of the SO along with its decreasing activity may play 
an important role in cholesterol gallstone formation. Expression changes of 
cholecystokinin-A receptor in SO smooth muscle, serum vasoactive intestinal 
peptide, and cholecystokinin-octapeptide may be important causes of SOD.

Applications
The study results suggest that a cholesterol gallstone-causing diet can induce 
SOD, and disturbance of SO motility may play a role in gallstone formation. 
Control of a cholesterol diet and regulation of SO motility are important in the 
prevention of cholesterol gallstone formation.

Peer-review
This is an interesting paper. The authors describe the results of a basic study 
in a guinea pig model to investigate the role of SO motility in cholesterol 
gallbladder stone formation. They concluded that a cholesterol gallstone 
causing diet may induce increasing tension and decreasing activity of SO, and 
these effects could play an important role in cholesterol gallstone formation. 
This work represents a well-conducted basic study that contributes useful 
information about the role of SO motility in the process of cholesterol gallstone 
formation and confirms previous limited data that indicated a significant 
increase in the base pressure of the SO in rabbits with a cholesterol lithogenic 
diet.
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