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Abstract: While methyl-tertiary butyl ether (MTBE) remains the sole clinical topical agent for gallstone dissolution,
its utility is limited due to side effects, largely stemming from its relatively low boiling point (55°C). In this study,
we introduced 2-methoxy-6-methylpyridine (MMP), a novel gallstone-dissolving compound featuring an aromatic
moiety and a substantially higher boiling point (156°C), designed to mitigate these side effects. We conducted
a comprehensive evaluation of the efficacy and potential toxicities of MMP compared to MTBE using both in vitro
and in vivo models. In the in vitro setting, MMP demonstrated significantly higher solubility than MTBE, achieving
dissolution rates of 75% vs. 56%, 95% vs. 69%, and 100% vs. 82% at 60, 120, and 240 minutes, respectively (P
< 0.05). In a porcine model with cholesterol gallstones, solubility assessments via direct injection of each solvent
into the gallbladder showed that MMP exhibited approximately 1.8 times higher solubility compared to MTBE (P <
0.05). Further pharmacokinetic analysis in SD rats revealed that MMP is rapidly absorbed and efficiently cleared
from the bloodstream, with dose-dependent variations in half-life, indicating favorable excretion profiles. Toxicologi-
cal assessments in both rodents and pigs showed that MMP induces significantly less tissue damage than MTBE,
with lower levels of apoptosis and inflammation in vital organs, as confirmed by molecular analyses including real-
time PCR, Western blotting, and immunohistochemistry. Our findings indicate that MMP offers superior efficacy in
cholesterol gallstone dissolution and presents a significantly lower toxicological profile, suggesting its potential as a
safer and more effective alternative to MTBE.

Keywords: Cholesterol gallstone, laparoscopic cholecystectomy, 2-methoxy-6-methylpyridine (MMP), gallstones,
methyl-tert-butyl ether (MTBE), topical gallstone-dissolving agent

Introduction tomy has brought about minimal invasiveness,
operability feasibility, and rapid postoperative
recovery in the treatment of gallstone diseases

[2-4]. However, there is a potential risk of sub-

Gallstones have a prevalent occurrence, affect-
ing approximately 10-20% of the adult popula-

tion worldwide [1]. It is noteworthy that over
20% of individuals with gallstones will experi-
ence symptoms during their lifetime, typically
manifesting as conditions such as biliary colic
or infections, often occurring in adulthood [1].
Currently, the most appropriate standard treat-
ment for symptomatic gallstones is laparoscop-
ic cholecystectomy. Laparoscopic cholecystec-

stantial and fatal complications, such as CBD
injury during surgery, occurring in approximately
0.5-1% of cases [5, 6]. Additionally, depending
on the definition and country, postcholecystec-
tomy syndrome, characterized by symptoms
like abdominal pain, indigestion, gas, vomiting,
jaundice, and diarrhea, can be observed in a
range of 19.8% to 54% of cases [7].
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The first publication on percutaneous transhe-
patic contact litholysis of chole sterol stones in
the gallbladder with methyl tert-butyl ether
(MTBE) appeared in 1985 [8]. In a study involv-
ing 803 patients from 21 European hospitals
[9], MTBE successfully dissolved gallstones in
95.1% of cases; however, sludge persisted in
43.5% of the gallbladders. The most serious
complication observed was bile leakage, neces-
sitating elective cholecystectomy in 1.6% of
patients, with no documented instances of
toxic injuries attributable to MTBE. Nonethe-
less, the extensive utilization of MTBE faces
constraints due to the emergence of adverse
reactions, including symptoms like nausea,
upper abdominal discomfort, duodenitis, mild-
to-moderate sedation, and hemolysis [10-19].
A substantial portion of these adverse effects
can be attributed to MTBE's relatively low boil-
ing point (55°C), leading to heightened evapo-
ration. MTBE’s evaporation rate stands at 8.0,
signifying that it evaporates at a rate eight
times faster than the standard n-butyl acetate,
categorizing it as a “rapidly evaporating” sub-
stance [20-22].

We previously uncovered a novel gallstone-dis-
solving compound, named 2-methoxy-6-meth-
ylpyridine (MMP) [23]. Within the structure of
MMP, the substantial tert-butyl moiety of MTBE
is replaced by an aromatic pyridine group, re-
sulting in a significantly higher boiling point
(156°C) and reduced vaporization rate com-
pared to MTBE. This alteration offers the poten-
tial for MMP to serve as a gallstone-dissolving
agent with enhanced safety, as it may mitigate
the adverse effects associated with MTBE. Our
previous investigation using the Hamster gall-
stone model validated that MMP demonstrated
superior solubility for cholesterol gallstones
compared to MTBE (59.0% vs. 50.0%, P <
0.05), while concurrently exhibiting lower levels
of associated toxicities than MTBE [23]. This
study serves as the preliminary investigation
into the efficacy and toxicity of MMP, incorpo-
rating both rodent pharmacokinetics and toxic-
ity assessments, as well as evaluations in a
large animal model. The promising results from
these investigations are expected to provide a
crucial foundation for the potential clinical
application of MMP.

Methods
Materials

MTBE was sourced from Sigma-Aldrich (St.
Louis, MO), while MMP was manufactured at
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the Korea Research Institute of Chemical Te-
chnology (KRICT, Daejeon, Republic of Korea).
Gallstones were collected subsequent to chole-
cystectomy from patients diagnosed with gall-
stones, and the study received approval from
the Ethics Committee of Seoul St. Mary’s Hos-
pital, the Catholic University of Korea (IRB code:
KC18TESI0103).

Design of pharmacokinetics and toxicity tests
of MMP using SD rats

The pharmacokinetics analysis and toxicity
comparison of MMP and MTBE were conducted
using Sprague-Dawley (SD) rats. The experi-
mental design included: 1) a pharmacokinetics
study of MMP assessing blood concentration
(n = 3) and urinary excretion (n = 3), 2) a com-
parative organ distribution study following
MMP administration (n = 3), 3) single (n = 12)
and repeated dose (n = 15) toxicity tests, and
4) a comparative blood concentration study fol-
lowing oral (n = 6) and intraperitoneal (IP) (n =
6) administration. The anesthesia for SD rats
was conducted by administering an intraperito-
neal injection of Zoletil at a dose of 0.006
cc/10 g (30 mg/kg) and Rompun at a dose of
0.004 cc/10 g (10 mg/kg).

For the plasma level assessment following oral
administration of MMP, male SD rats (7 weeks
old, n = 3) were administered 400 mg/kg of
MMP orally. Blood samples were collected via
the jugular vein at 0, 0.5, 2, 4, 8, and 24 hours
post-administration. After collection, the blood
samples were centrifuged at 13,000 rpm and
4°C to obtain plasma. In the urinary excretion
study, male SD rats (7 weeks old, n = 6) were
administered 400 mg/kg of MMP orally. Urine
was collected using a metabolic cage at the fol-
lowing time intervals: 0-2 h, 2-4 h, 4-8 h, and
8-24 h.

In the acute toxicity test, male SD rats (7 weeks
old, n = 16) were selected, and MMP was ad-
ministered at doses of 0, 2000, 4000, and
8000 mg/kg via oral gavage as a single dose.
Clinical signs were observed daily for 14 days
following the administration. Observations in-
cluded lethargy, gait disturbance, response to
stimuli, abnormal behavior, paralysis, diarrhea,
vomiting, edema, and respiratory distress. Any
deaths or clinical abnormalities, including leth-
argy and gait disturbance, were noted during
the study period. In the repeated-dose toxicity
test, male SD rats (7 weeks old, n = 20) were
selected, and MMP was administered at doses
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of 0, 2000, 4000, and 8000 mg/kg orally
once daily for 2 weeks. Clinical signs were mon-
itored daily for 14 days. Observations included
lethargy, gait disturbance, response to stimuli,
abnormal behavior, paralysis, diarrhea, vomit-
ing, edema, and respiratory distress. Any
deaths or clinical abnormalities, including leth-
argy and gait disturbance, were noted during
the study period.

In the pharmacokinetics study comparing blood
concentrations following PO and IP administra-
tion of MMP, male SD rats (7 weeks old, n = 12)
were selected. For PO administration, the dose
groups consisted of 6 rats, and for IP adminis-
tration, 5 rats were used. MMP was adminis-
tered at doses of 200, 400, and 800 mg/kg.
Blood samples were collected via the jugular
vein at 0, 0.25, 0.5, 1, 2, 4, 8, and 24 hours
post-administration. The samples were then
centrifuged at 13,000 rpm and 4°C to obtain
plasma. After the experiment, the rats were
euthanized by inhaling carbon dioxide in a spe-
cially designed chamber for five minutes. To
confirm death, the heart area was palpated for
30 seconds using the index and middle fingers
for verification. Once death was confirmed, a
thoracolaparotomy was performed to harvest
the targeted organs.

Histological assessment

Tissues from each group were preserved in
10% buffered formalin, embedded in paraffin,
and sectioned into 3 um-thick slices. The sec-
tions were then stained with hematoxylin and
eosin (H&E). The tissue injury score (TIS) was
calculated based on histopathological evalua-
tions, considering parameters such as necro-
sis, inflammation, and structural disruption,
with each parameter graded on a scale of O to
4. The TIS was determined using the formula:
TIS = (necrosis score + inflammation score +
structural disruption Score)/number of param-
eters assessed. The mean score for each ani-
mal was calculated by summing the individual
scores across different tissue sections.

Serological test

Blood samples were collected, centrifuged at
1000 g for 10 minutes (for ELISA) and 13,000
rom for 10 minutes at 4°C (for serological
tests), and stored at -20°C until analysis. The
concentrations of mouse IL-6 and TNF-a were
quantified using a sandwich ELISA kit (Mybio-
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source, San Diego, CA), while parameters indic-
ative of liver and kidney injury (AST, ALT, creati-
nine, and total bilirubin) were measured using a
Fujifilm-Dri-Chem Analyzer (Stanford, CT, USA).

High-performance liquid chromatography
(HPLC)

HPLC analysis was conducted using the Waters
Arc HPLC core system (Waters Corporation.
Milford, MA) with an XBridge C18 column (4.6 x
150 mm, 5 um particle size). Chromatographic
separation was achieved using a mobile phase
of acetonitrile and water (75:25, v/v) at a flow
rate of 0.6 mL/min. UV detection was perfor-
med at 270 nm with an injection volume of 10
uL.

Determination of in vitro solubility of gallstone-
dissolving solvents

Following air-drying, gallstones were meticu-
lously matched for size, weight, and shape.
Subsequently, these matched gallstones were
individually placed into separate glass contain-
ers. In each container, 10 mL aliquots of either
MTBE or MMP were introduced. The aliquots
were aspirated and replenished on an hourly
basis. To facilitate dissolution, the glass con-
tainers were gently stirred at 50 rpm within
a VS-8480SF reactor (Vision Co., Daejeon,
Republic of Korea) operating at a temperature
of 37°C for a total duration of 24 hours.
Evaluation of gallstone solubility was performed
by measuring the dry weights of the gallstones
at defined intervals of 30, 60, 90, and 120 min.

Determination of in vivo solubility using pig
animal model

Three-month-old pigs (Cronex Co., Hwaseong,
Korea) were utilized as experimental subjects.
Animal experimentation procedures adhered to
the guidelines established by the Institute for
Laboratory Animal Research, Korea (IRB No:
CRONEX-IACUC-202102001). The pigs under-
went a seven-day acclimatization period upon
introduction to their new environment. They
were subsequently housed in conditions featur-
ing a controlled temperature of 24 + 2°C,
humidity levels maintained at 50 + 10%, a
12-hour light-dark cycle with an illuminance of
200 lux, and ventilation occurring at a rate of
10-15 times per hour. For the experimental
procedure, five uniform 5-mm cholesterol gall-
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stones were implanted into each pig's gall-
bladder through an incision, which was subse-
quently closed using sutures. Following this, a
catheter was inserted through the liver into the
gallbladder, through which MTBE and MMP
were separately injected at a rate of 10 ml/15
min, four times each. Finally, the pigs were
euthanized, and the solubility of cholesterol
gallstones within the gallbladder was assessed
by measuring their weight. The experimental
group was stratified into three subgroups ba-
sed on the treatment modality: control (n = 3),
MTBE (n = 5), and MMP (n = 5). The anesthesia
for pigs was conducted by administering an
intramuscular injection of Zoletil at a dose of
0.1 mL/kg and Rompun at a dose of 0.1 mL/
kg. After achieving deep anesthesia, the state
was maintained using a respirator with an
oxygen:isoflurane (2:1) mixture for inhalation
anesthesia. After the experiment, the animals
were euthanized by rapidly administering a
high dose of potassium chloride (KCI) solution
(2 mmol/kg) intravenously or intracardially to
induce cardiac arrest. Cardiac arrest was con-
firmed via electrocardiography or auscultation.

TUNEL assay

TUNEL analysis was conducted to detect apop-
tosis in gallbladder tissues, employing an in
situ apoptosis detection kit (Takara Bio, Inc.,
Japan) in accordance with the manufacturer’s
instructions. In summary, slides containing tis-
sue samples were subjected to a 1-hour incu-
bation at 37°C in the absence of light with 50 pl
of the TUNEL reaction mixture and TdT labeling
reaction mix. Following this incubation, the
samples underwent three PBS rinses and were
subsequently visualized using a fluorescence
imaging system (EVOS U5000; Invitrogen, CA,
USA).

Real-time PCR

Total RNA was extracted from gallbladder tis-
sues using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Reverse transcription was carried out
with 1 pg of RNA, employing an RT-premix kit
(TOYOBO, Osaka, Japan), following the manu-
facturer’s instructions. SYBR Green-based real-
time quantitative polymerase chain reaction
(PCR) was conducted utilizing the following
primers: For pig MCL-1, the forward primer was
5-TTC TCG GAT GAT CCA TGT TTT C-3’ and the
reverse primer was 5-CCA GCA GCA CAT TTC
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AGA TGC CGC-3'. For pig Bax, the forward prim-
erwas 5-CCG AAATGT TTG CTG ACG-3’ and the
reverse primer was 5-AGC CGA TCT CGA AGG
AAG T-3'. Additionally, for GAPDH, the forward
primer was 5’-ACA CTC ACT CTT CTACCT TTG-3’
and the reverse primer was 5-CAA ATT CAT TGT
CGT ACC AG-3'. PCR reactions were conducted
using the Applied Biosystems StepOnePlus
Real-Time PCR System (Thermo, Carlsbad, CA,
USA).

Immunohistochemical analysis

For immunohistochemical analysis, formalin-
fixed, paraffin-embedded tissue sections were
subjected to deparaffinization and subsequent
rehydration in an ethanol series, following stan-
dard procedures. Epitope retrieval was per-
formed as per established protocols. Immuno-
histochemical staining was conducted using
antibodies against c-Caspase 3 (Cell Signaling
Technology) and Bcl-xL (Abcam). Subsequently,
the samples were examined for antibody ex-
pression using a laser-scanning microscope
(Eclipse TE300; Nikon, Tokyo, Japan).

Western blot analysis

Gallbladder tissues were lysed using the EzRIPA
lysis kit (ATTO Corporation; Tokyo, Japan) and
subsequently quantified using Bradford reagent
(Bio-Rad, Hercules, CA, USA). Protein visualiza-
tion was achieved through western analysis
employing primary antibodies (dilution 1:1000)
sourced from Cell Signaling Technology (Bever-
ly, MA), followed by HRP-conjugated secondary
antibodies (dilution 1:2000) obtained from Vec-
tor Laboratories (Burlingame, CA, USA). Specific
immune complexes were detected utilizing
the Western blotting plus chemiluminescence
reagent (Millipore, Bedford, MA). The primary
antibody against c-Caspase 3 was procured
from Cell Signaling Technology (Beverly, MA,
USA), while the primary antibody against MCL-1
was sourced from Abcam (Cambridge, UK).
Additionally, primary antibodies against 3-actin
were obtained from Sigma Aldrich (St. Louis,
MO, USA), and HRP-conjugated secondary anti-
bodies were acquired from Vector Laboratories
(Burlingame, CA, USA).

Statistical analysis

The data analysis was conducted using SPSS
11.0 software (SPSS Inc., Chicago, IL), and the
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results are presented as mean + standard devi-
ation. Statistical comparisons among groups
were assessed using the Kruskal-Wallis test.
Statistically significant differences were defined
as those with probability values (P) less than
0.05.

Results
Pharmacokinetics of MMP in SD rats

Among the various compounds used for dis-
solving gallstones, MTBE stands out as a repre-
sentative solvent and is presently the only drug
of its kind in use. MTBE is an alkyl ether com-
pound akin to diethyl ether, an anesthetic agent
(Figure 1A, left). In MMP, the substitution of
MTBE involves replacing its bulky aliphatic tert-
butyl group with a pyridine moiety, an aromatic
group (Figure 1A, right). Compounds containing
an aromatic ring typically exhibit higher boiling
pointsandlowervaporpressures. Consequently,
MMP possesses a relatively higher boiling point
(156°C) and exhibits lower volatility, potentially
resulting in reduced toxicity while maintaining
comparable dissolving properties to MTBE.

The pharmacokinetics of MMP were evaluated
in SD rats following oral administration at a
dose of 400 mg/kg. Time-dependent plasma
and urine concentrations of MMP were mea-
sured (Figure 1B). The plasma concentration of
MMP peaked at 0.5 hours post-administration
and was undetectable at 24 hours. The urinary
concentration of MMP showed a peak at 2
hours, with a significant decrease observed by
24 hours, indicating extensive excretion.

To determine the half-life of MMP, blood con-
centrations were measured in SD rats following
oral and intraperitoneal administration of MMP
at doses of 200 mg/kg, 400 mg/kg, and 800
mg/kg (Figure 1C). The half-life of MMP in the
blood varied based on the dose and adminis-
tration route. For oral administration at a dose
of 200 mg/kg, the half-life (T,/,) was approxi-
mately 2.99 hours. At a higher oral dose of 400
mg/kg, the half-life extended to approximately
4.29 hours, and at 800 mg/kg, it further
increased to around 6.13 hours. For intraperi-
toneal administration, the half-life also varied:
at a dose of 200 mg/kg, the half-life was
approximately 4.66 hours, while at 400 mg/kg,
it was shorter, around 2.64 hours. These
results suggest that the half-life of MMP in the
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bloodstream is dose-dependent and varies sig-
nificantly with the method of administration.

To assess the time-dependent distribution of
MMP across different tissues, residual amounts
of MMP were measured using HPLC in various
organs following the administration (Figure 1D).
When MMP was administered at a dose of
4000 mg/kg, the residual concentration was
approximately 100 pg/kg at 1 hour post-admin-
istration, but it was undetectable at 24 hours,
indicating complete clearance from the body.

Toxicity test of MMP in SD rats

Acute toxicity testing was performed to assess
the safety profile of MMP at doses of 2000 mg/
kg, 4000 mg/kg, and 8000 mg/kg (Figure 2A,
top) in SD rats. The median lethal dose (LD50)
for oral administration was determined to be
4000 mg/kg. This conclusion was based on
the observation that 50% of the rats (2 out of 4)
administered 4000 mg/kg of MMP died, while
no deaths occurred at 2000 mg/kg, and all
rats (4 out of 4) died at the 8000 mg/kg dose.
Mortality was observed within the first two days
post-administration, but no deaths occurred
beyond this period. During the 14-day observa-
tion period following a single oral dose, no clini-
cal signs such as lethargy, gait disturbance,
abnormal behavior, paralysis, diarrhea, vomit-
ing, edema, or respiratory distress were ob-
served. A subsequent repeated dose toxicity
test was conducted with MMP administered at
concentrations of 400 mg/kg, 800 mg/kg, and
1600 mg/kg, and the animals were monitored
for 14 days (Figure 2A, bottom). Similar to the
single-dose study, no adverse clinical signs
were noted.

Additionally, the absorption rates of MMP via
different administration routes-oral (PO) and
intraperitoneal-were compared using distilled
water as the solvent (Figure 2B). Blood concen-
tration of MMP was measured over time for
both administration routes. For oral administra-
tion, the peak concentration was observed at
0.5 hour, but the absorption rates were gen-
erally lower compared to the intraperitoneal
route, with substantial elimination by 8 hours
and near-complete clearance by 24 hours.
Intraperitoneal administration also showed
peak concentrations at 0.5 hour for all tested
doses (200 mg/kg, 400 mg/kg, 800 mg/kg),
followed by a rapid decline, with MMP becom-
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Figure 1. Pharmacokinetics of MMP in SD rats. A. Chemical structures of MTBE and MMP. MMP is a structural de-
rivative of MTBE, where the isobutyl ether group of MTBE is replaced with a pyridine ring, resulting in a benzene-like
ring structure. In MMP, the pyridine ring has a methoxy (-OCH,) group at the 2-position and a methyl (-CH,) group
at the 6-position, contrasting with the simple alkyl ether structure of MTBE. B. Plasma and urine concentrations of
MMP following oral administration of 400 mg/kg in SD rats. Plasma concentration peaked at 0.5 hour post-admin-
istration, and urine concentration peaked at 2 hours, with significant elimination observed by 24 hours. Values are
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presented as mean + SD (n = 3). C. Half-life of MMP in the blood was determined following oral and intraperitoneal
administration. MMP was administered at doses of 200 mg/kg, 400 mg/kg, and 800 mg/kg via both oral and
intraperitoneal routes. For oral administration, the half-life increased with dose, ranging from approximately 2.99
hours at 200 mg/kg to 6.13 hours at 800 mg/kg. In contrast, for intraperitoneal administration, the half-life was
shorter and showed a non-linear relationship with dose, varying between approximately 2.64 hours at 400 mg/kg
and 4.66 hours at 200 mg/kg. D. Time-dependent distribution of MMP in various organs was assessed using HPLC.
MMP was widely distributed across different organs shortly after administration, with the highest concentrations
typically observed within the first hour. By 24 hours, MMP was nearly undetectable in all tissues, indicating effective
clearance of the drug from the body. Values are presented as mean + SD (n = 5).

A MMP: single oral dose toxicity test (day)
Dose 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14
(mg/kg)
0 04 04 04 04 04 04 04 04 04 04 04 04 04

2,000 0-4 04 04 04 04 04 0-4 0-4 04 04 04 0-4 0-4
4,000 04 244 24 24 244 24 2-4 24 24 24 24 2-4 2-4

8,000 2-4 4-4 4-4 4-4 4-4 4-4 4-4 4-4 4-4 4-4 4-4 4-4 4-4

MMP: repeated oral dose toxicity test (day)

Dose

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
(mg/kg)

0 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5
400 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5
800 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5

1,600 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5
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Figure 2. Toxicity tests of MMP in SD rats. A. Acute and repeated dose toxicity tests in SD rats. The acute toxicity
test involved single oral doses of MMP at 2000 mg/kg, 4000 mg/kg, and 8000 mg/kg, with an LD50 determined
at 4000 mg/kg (top). The repeated dose toxicity test involved administration of MMP at 400 mg/kg, 800 mg/kg,
and 1600 mg/kg over 14 days, with no adverse clinical signs observed (bottom). In the table, the first number rep-
resents the number of animals that died at each time point, while the second number indicates the total number
of animals tested. B. Pharmacokinetic analysis of MMP in SD rats following oral (PO) and intraperitoneal (IP) admin-
istration at doses of 200 mg/kg, 400 mg/kg, and 800 mg/kg. Blood concentrations of MMP were measured over
time, revealing peak concentrations at 0.5 hour for both administration routes, followed by substantial elimination
by 8 hours and near-complete clearance by 24 hours. Values are presented as mean + SD (n = 5).

ing negligible by 8 hours. These findings sug- nated from the bloodstream, with peak con-
gest that MMP is rapidly absorbed and elimi- centrations occurring at 0.5 hour and substan-
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tial clearance by 8 hours, consistent across
both oral and intraperitoneal administration
routes.

Determination of solubility of MMP

Gallstones were collected from patients who
underwent cholecystectomy for gallstone-relat-
ed issues at Seoul St. Mary’s Hospital, the
Catholic University of Korea. Among these, gall-
stones with an outer appearance indicative of
cholesterol content were selected for the study.
Analysis confirmed that cholesterol constituted
79.6% of these gallstones. Figure 3A shows
representative images of gallstones after treat-
ment with MTBE and MMP at 30, 60, 90, and
120 minutes. After exposure to either MTBE or
MMP, gallstones of similar size (approximately
6 mm) showed a greater reduction in size with
MMP compared to MTBE at all time points. By
120 minutes, the size of the gallstones in the
MTBE-treated group had decreased to approxi-
mately 3 mm, whereas in the MMP-treated
group, the gallstones were completely dis-
solved and no residual stones were visible. The
solubility of each solvent was further assessed
by comparing the weights of residual gallstones
in an in vitro environment. Briefly, individual
gallstones were placed into separate glass
containers, and 10 mL of either MTBE or MMP
was added. The containers were gently stirred
at 37°C to facilitate dissolution, and the dry
weights of the gallstones were measured at 30,
60, 90, and 120 minutes (Figure 3B). After 30
minutes, MMP exhibited a dissolution rate of
55%, compared to 42% with MTBE, although
this difference was not statistically significant.
However, at 60, 120, and 240 minutes, MMP
demonstrated significantly higher dissolution
rates than MTBE, with rates of 75% vs. 56%,
95% vs. 69%, and 100% vs. 82%, respectively
(P < 0.05). These results suggest that MMP
has a significantly greater solubility than MTBE
in in vitro models of cholesterol gallstones.

The solubility of the gallstone-dissolving agents
was further compared in an in vivo pig model.
The surgical procedure is briefly outlined as fol-
lows (Figure 3C): After inducing respiratory
anesthesia, a laparotomy was performed to
access the gallbladder. Five cholesterol stones,
each measuring 5 mm in diameter (Figure 3D),
were inserted into the gallbladder, which was
then sutured. A catheter (Uresil REF MPL2:
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Indianapolis, IL, USA) was subsequently insert-
ed into the gallbladder through the liver, and 10
mL of either MTBE or MMP (100%) was admin-
istered to each group, with five pigs per group
(MTBE and MMP groups), and a total of 13 pigs
in the study, including the control group (n = 3).
The gallstone-dissolving agents were adminis-
tered at 15-minute intervals, totaling eight
administrations over two hours, with aspira-
tion performed before each injection to evacu-
ate the gallbladder’'s contents. The solubility
between the MTBE and MMP groups was com-
pared, revealing that the MMP-treated group
exhibited a solubility that was 1.8 times higher
than that of the MTBE-treated group (P < 0.05)
(Figure 3E).

Comparison of in vivo pharmacokinetics and
toxicity of MTBE and MMP

The pharmacokinetics of MMP were evaluated
following the administration for gallstone disso-
lution. Our study confirmed that MMP, when
administered into the gallbladder, can enter the
bloodstream. HPLC analysis showed that 1
hour after administration, MMP concentrations
in the blood were 0.7 ug/mL following a 5 mL
(250 mg/kg) dose and 1.52 pg/mL following a
10 mL (500 mg/kg) dose (Figure 4A). Sub-
sequently, the concentrations of MMP in vari-
ous organs were measured using HPLC analy-
sis. The liver exhibited the highest concentra-
tion of MMP, followed by the pancreas, though
these differences were not statistically signifi-
cant (Figure 4B).

To assess the toxicity of gallstone-dissolving
solvents on gallbladder epithelial cells, gall-
bladder tissues were collected, and real-time
PCR was conducted to examine apoptosis-
related markers. Compared to MTBE, MMP
resulted in a significant reduction in the expres-
sion of the pro-apoptotic marker Bax mRNA and
a significant increase in the expression of the
anti-apoptotic marker Mcl-1 mRNA in gallblad-
der tissues (P < 0.05) (Figure 4C). Additionally,
Western blot analysis was performed to com-
pare the expression of apoptotic markers
(c-caspase 3 and Mcl-1) in gallbladder tissues
following each treatment. MMP significantly
reduced the expression of the pro-apoptotic
marker c-Caspase 3 and significantly increased
the expression of the anti-apoptotic marker
Mcl-1 compared to MTBE in gallbladder tissues
(P < 0.05) (Figure 4D).
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Figure 3. Evaluation of MMP’s solubility compared to MTBE in both in vitro and in vivo models. A. Representative
images of cholesterol gallstones treated with MTBE or MMP at 30, 60, 90, and 120 minutes. MMP-treated gall-
stones showed a greater reduction in size compared to MTBE-treated gallstones at all time points, with complete
dissolution observed in the MMP group by 120 minutes. B. In vitro dissolution rates of gallstones treated with MTBE
or MMP, measured by the dry weight of residual stones at various time intervals. MMP demonstrated significantly
higher dissolution rates compared to MTBE at 60, 120, and 240 minutes (P < 0.05). Values are presented as mean
+ standard deviation of three independent experiments. *P < 0.05. C. Overview of the surgical procedure used in
the in vivo pig model to evaluate gallstone solubility. D. A representative image depicting the five cholesterol gall-
stones that were surgically inserted into the gallbladder of a pig. E. Comparison of the solubility between MTBE and
MMP in the in vivo pig model. The MMP-treated group (n = 5) exhibited a solubility 1.8 times higher than that of the
MTBE-treated group (n = 5). *P < 0.05.

Comparative analysis of hematological and treatment and control groups (Figure 5A).
biochemical parameters following MTBE and Additionally, biochemical tests were performed
MMP administration to monitor liver and kidney function, including

AST, ALT, creatinine, and total bilirubin levels.
The effects of MTBE and MMP administration The results showed no significant differences in
on blood leukocytes and biochemical para- these parameters between the MMP-treated
meters were evaluated. Using an automated group, the MTBE-treated group, and the control
hematology analyzer, we compared the total group (Figure 5B). To assess the potential
WBC count and WBC fractions post-administra- inflammatory response induced by MMP, levels
tion of MTBE and MMP with the control group. of the inflammatory cytokines IL-6 and TNF-a
The analysis revealed no significant increase in were measured using ELISA. The findings indi-
total WBC count or WBC fractions between the cate that there were no significant increases in
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Figure 4. In vivo pharmacokinetics and toxicity of MMP compared to MTBE. A. Plasma concentrations of MMP
measured 1 hour after administration of 5 mL (250 mg/kg) and 10 mL (500 mg/kg) doses into the gallbladder. B.
Tissue distribution of MMP in various organs, including the heart, lungs, liver, kidneys, spleen, pancreas, and small
intestine, measured by HPLC analysis, showing the highest concentration in the liver, followed by the pancreas. C.
Expression levels of apoptosis-related markers Bax (pro-apoptotic) and Mcl-1 (anti-apoptotic) in gallbladder tissues
measured by real-time PCR. MMP treatment significantly decreased Bax mRNA levels and increased Mcl-1 mRNA
levels compared to MTBE (P < 0.05). D. Western blot analysis of c-Caspase 3 (pro-apoptotic) and Mcl-1 (anti-apop-
totic) expression in gallbladder tissues. MMP treatment led to a significant reduction in c-Caspase 3 expression and
an increase in Mcl-1 expression compared to MTBE (P < 0.05). Values are presented as mean + standard deviation

of three independent experiments. *P < 0.05.

IL-6 or TNF-a levels in the MMP-treated group
compared to the control and MTBE-treated
groups (Figure 5C).

Histological comparison of gallbladder tissues
after treatment

Histological changes in gallbladder tissue fol-
lowing each treatment were compared using
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H&E staining. The MTBE-treated group dis-
played considerable disorganization of the tis-
sue architecture and increased inflammatory
cell infiltration, whereas these changes were
less severe in the MMP-treated group (Figure
6A). Subsequently, immunohistochemical sta-
ins utilizing pro-apoptotic marker c-Caspase 3
and anti-apoptotic marker Bcl-xL were com-
pared in each group. In comparison to the
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Figure 5. Comparative analysis of hematological and biochemical parameters following MTBE and MMP administra-
tion. A. Total WBC count and WBC fractions (neutrophils, lymphocytes, monocytes, eosinophils and basophils) mea-
sured using an automated hematology analyzer post-administration of MTBE and MMP. No significant increases
were observed compared to the control group. B. Biochemical analysis of liver and kidney function markers (AST,
ALT, creatinine, total bilirubin) across different treatment groups, showing no significant differences. C. Measure-
ment of inflammatory cytokines IL-6 and TNF-« levels using ELISA to evaluate potential inflammatory responses. No
significant increase in cytokine levels was observed in the MMP-treated group compared to the control and MTBE-

treated groups.

MTBE-treated group, the MMP-treated group
significantly reduced the expression of c-Cas-
pase 3 and significantly increased the expres-
sion of Mcl-1 (P < 0.05) (Figure 6B). Finally,
the degree of apoptosis was compared in gall-
bladder tissues obtained from each group
through TUNEL assay comparisons (Figure 6C).
The MMP-treated group significantly reduced
TUNEL immunofluorescence compared to the
MTBE-treated group (P < 0.05). These results
indicate that MMP treatment induces signifi-
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cantly lower levels of apoptosis in gallbladder
tissues compared to MTBE treatment.

The potential toxicological effects of MMP on
various organs, including the liver, lungs, kid-
neys, heart, pancreas, small intestine, and
spleen, were investigated in pig. After adminis-
tering MMP for one hour, organ morphology
was assessed using H&E staining. The results
indicated that MMP exhibited significantly less
toxicity in the liver, lungs, and kidneys com-
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Figure 6. Histological comparison of gallbladder tissues after MTBE or MMP treatment. A. H&E staining of gall-
bladder tissues showing tissue disorganization and inflammatory cell infiltration following MTBE treatment, with
less severe changes observed in the MMP-treated group. Images are shown at 10x and 20x maghnifications. B.
Immunohistochemical staining for the pro-apoptotic marker c-Caspase 3 and the anti-apoptotic marker Bcl-xL. The
MTBE-treated group shows significantly higher c-Caspase 3 expression, while the MMP-treated group displays sig-
nificantly higher Bcl-xL expression (P < 0.05). Percentages of immunoreactive areas were measured using NIH
image J and expressed as relative values to those in control tissues. *P < 0.05. C. TUNEL assay for the determina-
tion of apoptosis levels in gallbladder tissues. The MMP-treated group exhibited a significant reduction in TUNEL
immunofluorescence when compared to the MTBE-treated group (P < 0.05), demonstrating that MMP treatment
induces significantly lower levels of apoptosis in gallbladder tissues in comparison to MTBE treatment. Percentages
of immunoreactive areas were measured using NIH image J and expressed as relative values to those in control

tissues. *P < 0.05.

pared to MTBE (P < 0.05) (Figure 7). The histo-
logical images and corresponding TIS clearly
demonstrate that tissue morphology in the
MMP-treated group remained well-preserved
with minimal signs of damage or inflammation,
whereas the MTBE-treated group exhibited
more pronounced histological alterations, indi-
cating a higher degree of tissue injury.

Discussion

In spite of its relatively high solubility as a con-
tact gallstone-dissolving solvent, MTBE is cur-
rently not widely employed due to its low boiling
point, resulting in adverse effects caused by
evaporation within the human body. To address
this limitation, we have identified MMP, a deriv-
ative of MTBE with an elevated boiling point,
and this study represents the inaugural large
animal investigation conducted on MMP. Phar-
macokinetic analysis in SD rats revealed that
MMP exhibits favorable absorption and clear-
ance profiles, with dose-dependent variability
in half-life across different administration rout-
es. Toxicological assessments indicated that
MMP induces significantly less tissue damage
in vital organs compared to MTBE, with a higher
therapeutic index. In vitro analysis demonstrat-
ed that MMP significantly outperformed MTBE
in dissolving cholesterol gallstones, achieving
95% dissolution at 120 minutes (versus 69%
for MTBE) and reaching complete dissolution
(100%) by 240 minutes, while MTBE reached
only 82% dissolution. Furthermore, in a porcine
model, MMP exhibited a solubility 1.8 times
greater than that of MTBE over a 2-hour admin-
istration period (P < 0.05). Histological exami-
nations of gallbladder tissues post-treatment
confirmed that MMP leads to reduced apopto-
sis and tissue disruption compared to MTBE.
These findings underscore the potential of
MMP as a promising topical agent for gallst-
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one dissolution, warranting further investiga-
tion and development.

In this study, the pharmacokinetics and toxicity
of MMP were evaluated in both rodent and pig
models, demonstrating its favorable safety pro-
file compared to MTBE. Pharmacokinetic analy-
sis in SD rats showed that MMP is rapidly
absorbed and cleared from the bloodstream,
with dose-dependent variability in half-life, indi-
cating efficient excretion. In the pig model,
MMP was also found to enter the bloodstream
following gallbladder administration, but it was
efficiently cleared, with minimal accumulation
in tissues. Toxicity assessments in both models
revealed that MMP induces significantly less
tissue damage than MTBE, with lower levels of
apoptosis and inflammation observed in vital
organs such as the liver, lungs, and kidneys.
These findings suggest that MMP is not only
more efficiently excreted but also exhibits a
lower toxicity profile, making it a safer alterna-
tive to MTBE for clinical use in gallstone dis-
solution.

MMP demonstrated approximately 1.8 times
higher solubility compared to MTBE in the gall-
stone pig model. Furthermore, various investi-
gative approaches, encompassing real-time
PCR, Western blot analysis, and immunohisto-
chemistry, consistently revealed a noteworthy
reduction in apoptotic markers such as Bax
and c-Caspase-3, coupled with an enhanced
expression of the anti-apoptotic marker Bcl-xL
in the MMP treatment group relative to the
MTBE group. H&E staining demonstrated a
well-preserved and organized structure with
reduced inflammatory cell infiltration in the
MMP-treated group. The TUNEL assay provided
corroborative evidence of reduced apoptosis in
the MMP group compared to the MTBE group.
Given the validation through clinical trials,
these findings propose that contact litholysis
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scale from O to 4. The TIS results show that MMP treatment resulted in well-preserved tissue morphology with mini-
mal signs of damage or inflammation, whereas MTBE treatment led to more pronounced histological alterations,
indicating higher degrees of tissue injury. Magnification levels are indicated in the spleen images (x10 and x20).

Statistical significance is denoted by *P < 0.05.

employing MMP may have the capacity to sig-
nificantly substitute conventional MTBE treat-
ments and present an attractive alternative to
laparoscopic cholecystectomy for specific gall-
stone patients.

Over 80% of cholesterol gallstones consist of
cholesterol, making cholesterol solvents effec-
tive in dissolving them. Cholesterol solvents
include ether, chloroform, saline solution, and
heparin [24]. Among these, ether is an excellent
cholesterol solvent, but it has a critical draw-
back in that it evaporates at body temperature.
Whereas ether exhibits a boiling point of
34.6°C, its derivative, MTBE, possesses a high-
er boiling point of 55°C [21, 22]. This is attrib-
uted to the structure of MTBE. MTBE possess-
es an asymmetric molecular structure consis-
ting of a methyl group and a tert-butyl group
bonded to an oxygen atom [23]. This structural
asymmetry leads to increased molecular com-
plexity and non-uniform electron distribution,
resulting in stronger intermolecular forces, par-
ticularly dipole-dipole interactions and London
dispersion forces, between MTBE molecules.
As a result, MTBE exhibits a higher boiling tem-
perature than ether, necessitating more energy
to disrupt the intermolecular bonds within its
molecules. Therefore, MTBE has been recog-
nized as one of the very few ethers that can be
used as a gallstone-dissolving compound.

Despite the higher boiling point of MTBE, it
remains insufficiently high to prevent evapora-
tion within the body, leading to the occurrence
of various adverse effects, which poses a sig-
nificant concern. Upon administered into gall-
bladder, MTBE not only gets absorbed in the
gallbladder or duodenum, leading to side
effects like drowsiness, nausea, or vomiting
[9-14, 17], but it can also be systemically
absorbed, resulting in hemolysis and reversible
kidney injury [25]. Inhalation of MTBE in rats
has been associated with a statistically signifi-
cant increase in kidney and liver tumors [26].
Additionally, MTBE exposure has been linked
to the development of cancers in various
organs and tissues, resembling those induced
by exposure to equivalent doses of known
carcinogens like benzene, vinyl chloride, and
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1,3-butadiene [27]. In rats, oral exposure to
MTBE has shown dose-dependent, statistically
significant increases in carcinomas such as
lymphoma, leukemia, and Leydig cell carcino-
ma of the testes [28].

Our quest to mitigate the adverse effects of
MTBE and enhance the safety of gallstone-dis-
solving compounds for potential medical use
has led to the discovery of MMP, a derivative of
MTBE. MMP primarily functions as an MTBE
analogue distinguished by the inclusion of an
aromatic moiety. MTBE itself is characterized
as an asymmetric chemical compound housing
an ether functional group. One facet of MTBE
consists of a substantial tert-butyl group, while
the opposing facet comprises a more straight-
forward methyl group. In the case of MMP, its
structure involves the substitution of MTBE’s
bulky aliphatic tert-butyl group with an aromat-
ic functional group, while retaining the methyl
group on the opposite side. A noteworthy attri-
bute of compounds containing an aromatic
ring is their relatively higher boiling point and
reduced vapor pressure. Consequently, MMP
exhibits a notably higher boiling point at 156°C,
leading to diminished evaporation at room tem-
perature and ultimately resulting in reduced
toxicities while upholding the dissolving capa-
bilities of MTBE. In our previous publication, we
have demonstrated the heightened dissolving
capacity and reduced toxicity of MMP when
compared to MTBE, through investigations
involving the dissolution mechanisms and the
use of a hamster gallstone model [23].

In summary, this study represents the first vali-
dation report of MMP, a gallstone-dissolving
compound, applied to the large animal model.
To assess the solubility and toxicological profile
of MMP, a comprehensive series of experi-
ments were conducted, encompassing both in
vitro investigations employing human gall-
stones and in vivo assessments employing a
pig model of gallstones. Across these experi-
ments, MMP consistently exhibited superior
solubility compared to MTBE for cholesterol
gallstones, while maintaining a lower level of
associated toxicity. Furthermore, it should be
noted that MMP possesses a higher boiling
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point relative to MTBE (55°C vs. 156°C).
Consequently, MMP is anticipated to exhibit
reduced in vivo evaporation-induced adverse
effects, including nausea, vomiting, abdominal
pain, diarrhea, and hemolytic anemia, which
are often associated with MTBE’s lower boiling
point. In light of these findings, MMP holds
promise as a compelling alternative capable of
replacing MTBE effectively.
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