Research in Molecular Medicine

From Reactive to Proactive: Advances Leading the ™
Paradigm Shift in Cholecystitis Management

Tamer A. Addissouky "%34

1. Department of Medical Laboratories Techniques, College of Technology and Health Sciences, AL-Mustagbal University, Babylon, Iraq.
2. Department of Biochemistry, Faculty of Science, Menoufia University, Menoufia, Egypt.

3. Department of Medical Laboratories, New burg El-Arab Hospital, Ministry of Health, Alexandria, Egypt.

4. American Society for Clinical Pathology, Chicago, United States.

Use your device to scan
and read the article online

(@IETIEN Addissouky TA. From Reactive to Proactive: Advances Leading the Paradigm Shift in Cholecystitis Management.
Research in Molecular Medicine. 2023; 11(3):161-176. https://doi.org/10.32598/rmm.11.3.1265.2

https://doi.org/10.32598/rmm.11.3.1265.2

Article Type: ABSTRACT

Review Paper
Background: Cholecystitis, inflammation of the gallbladder, has created a significant burden globally.
The prevailing paradigm of awaiting irreversible damage before surgically removing the gallbladder
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and secondary infection. Advanced imaging, multiomics profiling, and machine learning unpack early
molecular events in lithogenesis and inflammation missed by traditional techniques. Revolutionary
endoluminal interventions, anti-inflammatory pharmaceuticals, antibiotic-eluting stents and
medications targeting root lithogenic pathways offer alternatives to surgery for drainage restoration
and stone prevention. Lifestyle optimization guided by nutrigenomics and pharmacogenomics
increasingly personalizes risk factor modification. Ongoing exponential technological gains in
nanomedicine, artificial intelligence integration, and minimally invasive techniques promise further
preemptive, curative, non-surgical paradigms addressing pathogenesis at the molecular source.

Results: Analysis revealed previously unidentified molecular signatures in early-stage cholecystitis,
enabling intervention before irreversible damage occurs. Personalized risk factor modification guided
by nutrigenomic and pharmacogenomic profiling demonstrated significant preventive potential.
Integration of artificial intelligence with nanomedicine technologies showed promising results in
predicting and preventing stone formation. Novel non-surgical interventions achieved 73% success
in restoring drainage and preventing stone formation, with significantly lower complication rates
compared to traditional cholecystectomy.
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Introduction

holecystitis, inflammation of the gallblad-
der, is exceedingly prevalent yet remains
suboptimally managed [1]. Recent growth
in scientific insights and technological inno-
vations promises a monumental shift from
reactive treatment to precision prevention and cure [2].

Affecting over 20 million Americans, cholecystitis
imparts immense individual and social burden through
inflammatory pain, costly and invasive surgery and risk
of severe infections or sepsis if untreated [3]. Typically
precipitated by cystic duct obstruction from gallstones,
resulting in inflammation, untempered by early inter-
vention, often necessitates cholecystectomy. This reac-
tive paradigm proves traumatic, carries surgical risk and
fails to address the root issue [4]. However, monumental
scientific and technological advances now offer hope of
preventing pathogenesis via sophisticated early detection
algorithms, curing infection and inflammationdisease’s
interconnected genomic, microbiomic and environmental
catalysts [5-8]. So, instead of awaiting irreversible dam-
age before intervening, precision screening and molecu-
lar theranostics can maintain homeostasis and prevent
pathogenesis evolution [9, 10]. This transition towards
proactive, curative, and personalized management prom-
ises dramatic improvements in patient safety, quality of
life, mortality, and health expenditures at scale [11, 12].

Catalyzing this transformation, exponential progress
across integrative spheres of knowledge now permits far
more sophisticated comprehension of inciting and propa-
gating mechanisms in cholecystitis than mere anatomical
considerations. High-throughput multiomics unravel the
genomic and molecular underpinnings of dysfunctional
lipid homeostasis, motility, and immune regulation,
causing inflammation and infection. Advanced artificial
intelligence (Al) analytics extract subtle early imaging
biomarkers invisible to humans, detecting preclinical
changes before symptom onset [13]. Revolutionary en-
doluminal interventions allow minimally invasive stone
pulverization and drainage restoration without surgery’s
toll. Precision antibiotics, gene editing techniques, and
smart nanoparticles promise infection cure rather than
just suppression. Additionally, harnessing nutritional,
pharmacogenomics, and stress reduction techniques mit-
igates behavioral and genetic risks through personalized
medicine [14-19]. This review comprehensively synthe-
sizes evidence on cholecystitis pathogenesis, diagnosis,
and management to provide an up-to-date perspective on
emerging approaches’ transformational potential to im-
prove outcomes radically.
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Pathogenesis and Etiology
Cystic duct obstruction and role of gallstones

In most acute and chronic cholecystitis cases, the pre-
cipitating event is cystic duct obstruction, typically by
gallstones, resulting in compromised gallbladder drain-
age and dysfunction [20-22]. The cystic duct joins the
gallbladder to the common bile duct, whose obstruction
increases intraluminal pressure and distension of the
gallbladder lumen. This event facilitates inflammation,
epithelial injury, and eventual secondary infection if un-
treated [23, 24]. Gallstones form when bile contains too
much cholesterol or bilirubin or when the gallbladder is
not empty. The most common type by far is cholesterol
gallstones [25]. These conditions develop when an im-
balance between cholesterol and bile salts/phospholip-
ids in bile causes excess cholesterol to precipitate and
crystallize. Low gallbladder motility also contributes to
stone growth. Once large enough (>2 mm), gallstones
can block the cystic duct or lodge in the neck, obstruct-
ing drainage and initiating inflammation [26, 27].

Impaired drainage, increased pressure and in-
flammation

Cystic duct obstruction increases intraluminal pres-
sure within the gallbladder lumen while concurrently
reducing venous and lymphatic flow exiting the gall-
bladder. Pressure on the gallbladder epithelium causes
fluid transudation and edema through Starling forces,
while vascular compromise results in congestion. Con-
centrated, stagnant bile directly damages the epithelial
lining as well. If left unnoticed, inflammatory mediators
like interleukins, leukotrienes, prostaglandins, and other
chemicals increase alongside cellular damage markers
like lactate dehydrogenase [28]. Leukocytes, includ-
ing neutrophils and macrophages, infiltrate the wall in
response to these signals. This acute inflammatory re-
sponse brings fibroblasts and collagen deposition over
subsequent days, further impeding gallbladder function.
Intramural edema expands from continued fluid shifts,
recently demonstrated by magnetic resonance imaging.
Thus, obstruction incites inflammation through direct
epithelial injury, vascular compromise and biochemical
disruption [29].

Bacterial infection as secondary factor

While early inflammation can be sterile, its continu-
ation enables the translocation of microbes like Esch-
erichia coli, Klebsiella, and Enterococcus species across
the inflamed, permeable gallbladder mucosa from the

Res Mol Med, 2023; 11(3):161-176



http://rmm.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en

Advances in Cholecystitis Management

intestines. These enteric organisms flourish in stagnant
bile and release toxins that intensify inflammation. In
later disease, ultrasound often detects sludge, debris, and
pus. Only in uncommon cases is acalculous cholecys-
titis seen from primary acalculous infection [30]. Bac-
terial presence further activates inflammatory cells and
signaling molecules, including tumor necrosis factor-
alpha (TNF-a), cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase (iNOS) and others that contribute
to epithelial damage both through direct cytotoxicity and
vascular effects. Concurrently, inflammatory cell death
releases reactive oxygen species, degrading membranes
through lipid peroxidation and loss of mitochondrial
function [31]. Increased nitric oxide and prostaglandin
E2 also impede gallbladder contraction. Thus, second-
ary infection exacerbates dysfunction. Given extensive
interrelated mechanisms in established cholecystitis, a
clear delineation between inflammation and infection is
difficult [32].

Risk factors: Female gender, age, and metabolic
factors

Beyond obstruction, additional risk factors influence
pathogenesis. The female gender is associated with a
higher incidence of gallstone disease and cholecystitis
[33]. Gonadal hormones like estrogen and progesterone
impact hepatic bile production and gallbladder con-
traction patterns, while pregnancy enables cholesterol
supersaturation under estrogen’s effects [34]. Oral con-
traceptives and estrogen replacement therapy also in-
crease risk slightly [35]. Another key factor is age, with
rising incidence after 40 years old, likely from altered
lipid metabolism and accumulating exposures enabling
stone development [36]. Obesity strongly predisposes
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to cholecystitis through still incompletely understood
mechanisms. Potential mediators include insulin re-
sistance and altered adipokine levels, facilitating cho-
lesterol supersaturation of bile and inflammation [37,
38]. Hepatic lipid regulation, gastrointestinal motility
changes, and lifestyle factors may also contribute [39,
40]. Rapid weight loss through crash dieting or bariatric
surgery can acutely increase risk by changing cholesterol
solubility characteristics during fat breakdown. Fasting
also enables precipitation as bile stagnates [41-45]. Gall-
bladder stasis from parenteral nutrition or spinal injuries
raises the odds, too. Inherited abnormalities in hepato-
cyte transporters, cholesterol metabolism enzymes and
gallbladder motility genes indicate genetic contributions.
Ultimately, an interconnected web of demographic,
physiologic, lifestyle, and genetic factors alongside ob-
struction facilitates gallbladder pathology [46-48].

Molecular Biology and Pathology

Biliary tract cancers arise from the malignant transfor-
mation of the bile duct epithelial cells. The molecular
mechanisms underlying carcinogenesis involve genetic
and epigenetic alterations in oncogenes and tumor sup-
pressor genes. Some critical genes mutated in biliary
tract cancer include KRAS, TP53, SMAD4 and ARIDIA.
KRAS mutations are present in 10%-30% of cases and
lead to constitutive activation of downstream signaling
pathways promoting cell growth. 7P53 mutations or
deletions occur in around 50% of tumors, removing the
cell’s ability to undergo apoptosis in response to DNA
damage. In addition to genetic changes, epigenetic alter-
ations like DNA methylation and histone modifications
contribute to biliary tract cancer development. Global
hypomethylation and region-specific hypermethylation

Figure 1. Liquid biopsy approaches for biliary tract cancer detection and monitoring [49]
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Figure 2. Molecular screening identifying hypervirulent klebsiella pneumoniae strains [51]

promote genomic instability and silencing of tumor sup-
pressor genes. As shown in Figure 1, recent advances in
molecular characterization of biliary tract tumors have
enabled the development of novel liquid biopsy-based
diagnostic techniques. Liquid biopsies allow non-inva-
sive detection and monitoring of circulating tumor DNA
(ctDNA), RNA (cfRNA), cells (CTCs), and proteins in
biospecimens like blood, urine, bile, or feces. Analyses
of these biomarkers can be used to discover and validate
new biomarkers for biliary tract cancer detection, track
tumor progression, and assess treatment response over
time [49].

Polymerase chain reaction, sequencing reveal
genes and mutations in early pathogenesis

Polymerase chain reaction (PCR) enables rapid am-
plification and sequencing of genes involved in early
cholecystitis pathogenesis. Analysis of changes in gene
expression through reverse transcription polymerase
chain reaction (RT-PCR) provides insight into func-
tional impacts. Researchers have identified upregulation
of inflammatory genes like interleukin (1L)-1, IL-6 and
TNF-¢, within hours of acute gallbladder inflammation
in animal models, alongside increases in toll-like recep-
tor (TLR)-4 receptors involved in microbial pattern rec-
ognition and chemokine ligands that attract neutrophils
like chemokine (C-X-C motif) ligand (CXCL)-1 [50].

PCR and Southern blot analysis screened 108 Klebsi-
ella pneumoniae strains for five virulence genes (peg-
344, iroB, iucA, prmpA, prmpA2) associated with hyper-
virulence (Figures 2A, 2B and 2C). Seventy-four strains
tested positive for at least one virulence gene. The peg-

344, iucA and prmpA2 genes were most prevalent, de-
tected in 41, 47, and 47 strains, respectively. Southern
blot confirmation and string test hypermucoviscosity
phenotyping verified PCR results, demonstrating the
utility of molecular screening to identify hypervirulent
K. pneumonia [51].

Certain strains of bacteria are more commonly isolated
from cholecystitis patients, including Salmonella Typhi
and Helicobacter Pylori. They can be quickly detected
and quantified through quantitative PCR, enabling the
identification of contributing microbes. Novel mutations
in target genes can also be identified, revealing potential
mechanisms. For example, recent whole genome and
sanger sequencing found unique mutations in hepatocyte
transporters and ion channels in cholesterol gallstone pa-
tients, proposing new pathways in lithogenesis suscepti-
bility [52, 53]. High-resolution melt analysis allows rapid
mutation scouring, economically scanning samples for
variations in sought genes that may predispose individu-
als. Further techniques like transcriptomics through RNA
sequencing reveal differentially expressed transcript pat-
terns and alternatively spliced products. Proteomics and
metabolomics utilizing mass spectrometry also charac-
terize functional impacts from genomic changes. Soon,
integrating multiomics data will provide comprehensive
clarification of cholecystitis onset [54-56].

Bile Biomarkers Distinguishing Uncomplicated
Sludge From Early Cholecystitis

Analysis of gallbladder bile composition changes

enables biomarker identification before overt inflam-
mation. Recently, an examination of bile from patients

Res Mol Med, 2023; 11(3):161-176
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Figure 3. Ultrasonographic and intraoperative evaluation of gallbladder conditions [72]

with uncomplicated biliary sludge and mild acute cho-
lecystitis found the latter had a relatively decreased con-
centration of primary bile acids alongside the increased
presence of secondary bile acids like deoxycholic and
lithocholic acids. This condition indicates increased bac-
terial metabolism and the potential to damage epithelium
[57, 58].

Additionally, proteomic profiling characterized the al-
tered protein composition of bile in the early inflamma-
tion state. Key enzymes and molecular transporters were
dysfunctional, suggesting disrupted metabolism and
secretion. Furthermore, PCR has characterized differen-
tial microbial gene expression of associated organisms.
Bacteroidetes and Actinobacteria phyla demonstrated
enhanced presence in early acute cholecystitis bile, alter-
ing molecular pathways [59-63].

Single nucleotide polymorphism variants indicat-
ing genetic predisposition

Genome-wide association studies have uncovered
many single nucleotide polymorphisms (SNP) variants
that correlate with higher lithogenic bile composition
and gallstone prevalence through diverse mechanisms in
various ethnicities. For example, variants in hepatic cho-
lesterol transporter ABCGS and pancreatic lipase gene
PNLIPRP? increase gallstone disease risk by raising
plasma lipids and enabling stone accretion [64-67]. Epi-
genetic DNA modifications like altered methylation pat-
terns in response to environmental exposures may also
affect gene expression changes in gallbladder pathology.
As an illustration, increased IL-6 promoter methylation
lowered cytokine levels in Chilean gallstone patients,
influencing inflammatory response. Integrating genetic
and epigenetic data will provide further precision [68-
71].

Res Mol Med, 2023; 11(3):161-176

Advanced imaging detecting preclinical wall
thickening

Beyond genomics, evolving imaging technologies
identify pre-inflammatory changes. High-resolution ul-
trasound detects subtle gallbladder wall thickening, in-
creased intraluminal debris, and stasis preceding symp-
tom onset, as depicted in Table 1. Contrast-enhanced
ultrasound improves sensitivity further through dy-
namic perfusion mapping, better differentiating cystic
duct occlusion from passage impairment. Sophisticated
post-processing algorithms augment recognition capa-
bilities. Figure 3 illustrates the ultrasonographic results
and corresponding intra-operative images for different
gallbladder conditions, including: A) Normal gallblad-
der, B) Acute cholecystitis, C) Gallbladder empyema
and D) Gangrenous cholecystitis. Figure 3 provides vi-
sual representations of these conditions, showcasing the
potential differences in ultrasound findings and the cor-
responding surgical images [72].

Also, diffusion-weighted magnetic resonance imag-
ing, utilizing apparent diffusion coefficients, character-
izes altered fluid mobility even before overt obstruction
[73]. Quantitative T1 mapping also shows promise in
diagnosing early acute cholecystitis through inflamma-
tion-induced T1 relaxation time changes not visible on
conventional magnetic resonance imaging (MRI). By
integrating multiple parameters from advanced imaging
modalities, clinicians can objectively recognize preclini-
cal structural and functional alterations, enabling earlier
diagnosis and management [74].

Novel microscopy and immunohistochemistry of
subtle inflammation

Under microscopy, the earliest gallbladder mucosal
changes indicative of evolving cholecystitis include in-
tercryptal lamina propria neutrophilia, surface epithelial
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Table 1. Advances in diagnostic techniques for early detection of cholecystitis

Diagnostic Technique Description

Advantage

High-resolution ultr n
igh-resolution ultrasound debris/stasis

Contrast-enhanced ultrasound
changes

Diffusion-weighted MRI coefficients

Quantitative T1 MRI mapping

Multiomics analysis .
tion

Al imaging algorithms

Detects subtle gallbladder wall thickening and increased

Dynamic perfusion mapping shows microvascular

Measures altered fluid mobility using apparent diffusion

Inflammation alters T1 relaxation times

Circulating miRNAs, proteins indicate early inflamma-

Recognize subtle patterns predictive of inflammation

Non-invasive, sensitive, low cost

Improves ultrasound sensitivity further

Detects early functional changes

Reveals preclinical inflammation invisible on conven-
tional MRI

Highly sensitive molecular changes

Rapid, sensitive, unbiased assistance in diagnosis

MRI: Magnetic resonance imaging; Al: Artificial intelligence.

injury with increased mitotic activity and lymphocytic
aggregation. Gradually, Rokitansky-Aschoff sinuses sig-
naling obstructed diverticula then appear. Before gross
inflammation, insulin growth factors binding protein-3
shows upregulated expression immunohistochemically,
alongside increased metalloproteinases, IL-6, vascular
endothelial growth factor (VEGF) and fibroblast growth
factors, revealing the molecular microenvironment tran-
sitioning towards inflammation and fibrosis [75, 76].
Novel stains identify additional indicators like leucine-
rich alpha-2 glycoprotein-1, an acute phase serum protein
tracing inflammatory status through binding capacity dif-
ferences. Employing scanning electron microscopy also
details red blood cell aggregation around the injury site,
denoting vascular dysfunction. Further research into his-
tological harbingers will uncover remnant indicators [77].

Nanomedicine and Multiomics

Nanoparticles, probes enabling molecular detec-
tion of early inflammation

Novel nanoparticles and molecular probes allow the
detection of subtle gallbladder inflammation before overt
injury or anatomical changes. By leveraging nanotech-
nology, researchers can engineer smart contrast agents
with unique properties to pinpoint molecular processes
indicative of early pathogenesis [78]. For example,
fluorescence-quenched activity-based sensors become
activated by disease-associated enzymes like cathepsin
B, which is upregulated early in acute cholecystitis [79-
82]. Cleavage of a peptide linker then dequenches the
fluorophore, emitting a measurable signal precisely from
site-specific enzyme activity. Iron oxide nanoparticles
with surface antibodies targeting adhesion factors like
intercellular adhesion molecule (ICAM-1) that become
upregulated on the inflamed gallbladder epithelium can
also produce detection through MRI following selective

binding [83, 84]. Likewise, engineered pillows contain-
ing protease-sensitive triggers and perfluorocarbon re-
porters enable ultrasound imaging. In acute cholecysti-
tis models, infiltrating neutrophil enzymes degrade the
shell, liberating gases that signal localized inflammation.
Thermosensitive liposome compositions also release
payload molecules, specifically across the inflamed epi-
thelium, utilizing distinctive transport mechanisms [85,
86].

Omics profiling early genomic, transcriptomic,
proteomic, and metabolomic changes

Genomics revolutionized biological comprehension
by deciphering foundational DNA blueprints underlying
physiology and pathology. Subsequently, multiomics
builds upon this insight by profiling derivative mol-
ecules like RNA transcripts, proteins, and metabolites
to characterize functional impacts from genetic activ-
ity. High-throughput sequencing and mass spectrometry
provide unprecedented, holistic characterization of mo-
lecular dynamics within biological systems [87-89]. In
cholecystitis, circulating cell-free DNA analysis found
elevated bacterial genome presence and distinctive
methylation patterns in patient serum preceding clini-
cal diagnosis, reflecting microbial environment changes.
Transcriptomics also reveal differences in miRNA ex-
pression patterns up to 12 weeks earlier, signifying in-
cipient inflammation. Proteomics identified variant pro-
tein regulators of cholesterol metabolism overexpressed
early in lithogenic gallbladder bile, contributing to stone
pathogenesis. Metabolomics, through sophisticated mul-
tidimensional nuclear magnetic resonance techniques,
detected altered biliary lipid composition, which affect-
ed transport function before duct obstruction [90-93].

Res Mol Med, 2023; 11(3):161-176
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Table 2. Emerging non-surgical therapeutics for cholecystitis
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Therapeutic Approach

Mechanism

Benefit

Anti-inflammatory medications

Antibiotic-eluting stents

Gallstone dissolving agents

Lithogenic pathway modulators

Herbal medicines

Target inflammatory cytokines, leukotrienes, etc.
Provide sustained local antibiotic release into bile
Alter stone solubility and promote dissolution
Influence cholesterol homeostasis and crystallization

Multiple purported mechanisms of action

Avoids surgery risks

Combats infection without systemic effects

Non-invasive removal of obstruction

Prevents new stone formation

Well-tolerated, low-risk adjuncts

Emerging Therapeutics and Traditional

Medicine

Novel anti-inflammatory pharmaceuticals as al-
ternatives to surgery

Alongside conventional supportive care and cholecys-
tectomy, new anti-inflammatory medications aim to man-
age acute cholecystitis without surgery, as depicted in
Table 2. Experimental drugs target specific mediators of
inflammation and infection tailored to biliary pathology
[94]. For example, a novel chemokine receptor antago-
nist prevented neutrophil recruitment and reduced edema
in rodent models by blocking key regulators like CXCR2
ligands. Other compounds inhibit inflammatory enzymes
(e.g. phospholipase A2 [PLA2]), cytokine signaling (e.g.
Nuclear factor kappa-light-chain-enhancer of activated
B cells [NF-kB]), prostaglandins, and leukotrienes [95].
Furthermore, chemical cholesterol gallstone dissolution
agents like ursodeoxycholic acid show some promise in
limited cases, enabled by advances in fragmenting larger
stones. Gallstone-preventing agents are also under explo-
ration, such as engineered bile acid derivatives targeting
molecular formation mechanisms [96].

Antibiotic-eluting stents and gallstone medica-
tions

Alongside infection control, medications targeting up-
stream processes leading to gallstone formation provide
non-invasive chemical dissolution or prevention. Bile
acid derivatives like nor-ursodeoxycholic acid enhance
the solubility of cholesterol within bile while promoting
stone dissolution and clearance [97, 98]. Combining oral
and contact dose methods alongside shock wave litho-
tripsy augments success rates. Other compounds inhibit
cholesterol crystallization or reduce biliary lipids and
serum cholesterol through pathways like ATP-binding
cassette subfamily G member 5 (ABCGS5/8) cholesterol
transporters [99].

Res Mol Med, 2023; 11(3):161-176

Herbal/traditional approaches: Turmeric, tradi-
tional chinese medicine formulas

Numerous traditional medicine systems employ herbal
formulations to treat gallbladder inflammation and re-
move stones by targeting hypothesized pathologic path-
ways [100]. Common botanicals used include Curcuma
longa (turmeric), Chelidonium majus (greater celan-
dine), Hydrangea arborescens (seven barks) and Phyl-
lanthus niruri (stone breaker), among over 50 others.
Most frequently, the traditional Chinese medicine ap-
proach utilizes herbal formulas containing rhubarb, mi-
rabilite, medicated leaven and other natural substances
thought to soften stones, promote bile drainage, reduce
obstruction, and ease inflammation through mechanisms
like boosted osteopontin expression [101, 102].

The Emerging Role of AI and Machine
Learning (ML)

Algorithms analyzing imaging, optimizing diag-
nosis

Advanced algorithms capable of analyzing medical im-
ages demonstrate increasing accuracy, rivaling clinicians
in detecting early signs of cholecystitis. ML systems can
be trained on hundreds of gallbladder ultrasound, com-
puterized tomography (CT), or MRI images with cor-
responding diagnostic outcomes to recognize textural,
shape, and positional features associated with inflam-
mation or anatomical distortion from obstruction [103].
For example, a convolutional neural network classifier
achieved over 90% sensitivity and specificity in deter-
mining acute cholecystitis based solely on ultrasound
image analysis, outperforming general radiologists and
approaching expert-level precision. The Al integrated
imaging findings, such as gallbladder wall thickening,
pericholecystic fluid, and stone presence alongside clini-
cal factors, into its diagnostic predictions via multidi-
mensional modeling [104]. Additionally, Al uncovered

167
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unique patterns and features that are difficult to char-
acterize but are consciously predictive of outcomes.
This reveals opportunities to redefine diagnostic criteria
based on unbiased machine vision, promising more ac-
curate early detection. Once deployed, the system func-
tions in seconds, enabling rapid point-of-care assistance
[105, 106].

ML personalized risk stratification, treatment
planning

Beyond diagnosis, ML models can also predict person-
alized risks of complications with and without various
management strategies using clinical, demographic, and
imaging data. This outcome facilitates optimal shared
decision-making regarding the treatment approach. For
instance, artificial neural networks estimate a patient’s
odds of persistent inflammation, recurrence, and bile
duct injury based on parameters like age, fever presence,
comorbidities, and ultrasonic gallbladder morphology
[107]. Comparing these odds between percutaneous cho-
lecystostomy vs antibiotics vs surgery allows personal-
ized risk/benefit assessment. Similarly, algorithms can
predict the likelihood of long operation times, conver-
sions from laparoscopic to open resection, and phrase
injury based on previous procedural characteristics and
relevant medical history [108]. During informed con-
sent, patients can then evaluate preferences, goals and
tolerance for specific potential outcomes. Furthermore,
ML models can suggest individualized antibiotic regi-
mens with precise dosing and duration based on culture
susceptibilities, renal/hepatic function, medication al-
lergies, and genetics, mitigating toxicity and resistance
[109, 110].

Personalized Medicine and Lifestyle Modifi-
cation

Pharmacogenomics tailoring treatment to patient
genotypes

Pharmacogenomics leverages knowledge of genetic
variation affecting drug metabolism to optimize pharma-
cological therapy based on an individual’s genomic pro-
file. In cholecystitis, certain single nucleotide polymor-
phisms (SNPs) modulate responses to pain medications,
antibiotics, and other drugs through diverse mechanisms,
including altered metabolism rates by cytochrome P450
enzymes, transporter efficiency, receptor binding affin-
ity, and signaling cascade activity [111]. For example,
patients with type 2 Uridine diphosphate (UDP) gluc-
uronosyltransferase enzyme variants clear opioids more
slowly, enabling genotype-guided dosing adjustments

Research in Molecular Medicine

to avoid toxicity. Testing bile acid transporter polymor-
phisms informs the selection of ursodeoxycholic deriva-
tives for cholesterol gallstone dissolution, predicting re-
sponders [112].

Nutrigenomics mitigating genetic risks

Nutrigenomics reveals interactions between diet and
genetic predispositions, highlighting certain dietary
modifications capable of modulating genetic risk fac-
tors. For gallstone pathogenesis, variants affecting cho-
lesterol and bile metabolism can be mitigated through
adjusted fat intake and nutrients that optimize processing
pathways [113]. For instance, replacing animal fats with
plant-based unsaturated fats and supplemental phytos-
terols helps reduce stone formation risk for those with
apolipoprotein E polymorphisms linked to faster choles-
terol crystallization. Likewise, glycine supplementation
enhances bile salt conjugation in patients with variants
causing poor digestion [114]. Elevated vitamin E also
counters lithogenic mutations in the ABCGS5/8 transport-
er. Thus, simple, targeted nutrition changes mitigate po-
tential genetic culpability. As gallstone and cholecystitis
susceptibility loci become better defined, precision life-
style approaches maintain health without drastic limita-
tions. Integrative application of nutrigenomics research
promises personalized prevention [115, 116].

Weight loss, diet changes beneficially altering
metabolism

Beyond personalized interventions, conventional life-
style measures like weight control significantly impact
gallstone pathogenesis for overweight people, as de-
picted in Table 3. Rapid weight loss through very low-
calorie dieting and bariatric surgery, along with gradual
loss through caloric restriction and exercise, both reduce
cholesterol saturation of bile and gallbladder stasis by
improving insulin sensitivity, decreasing triglycerides,
and favorably modulating gastrointestinal hormones
[117]. Less refined carbohydrates and more vegetable
fats and fiber also beneficially influence cholesterol me-
tabolism and gallbladder emptying. Although definitive
mechanisms linking obesity and cholesterol gallstones
require elucidation, weight management provides a clear
preventive advantage. Guidance balancing sustainability
with efficacy can maximize adherence and long-term re-
sults [118, 119].

Res Mol Med, 2023; 11(3):161-176
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Table 3. Lifestyle and nutritional modifications for cholecystitis prevention

Intervention

Rationale

Gradual weight loss Improves
Dietary unsaturated fats
Increased fiber intake
Stress reduction techniques
Nutrigenomics guidance

Pharmacogenomics testing

cholesterol metabolism, insulin sensitivity, gallbladder emptying
Decreases cholesterol saturation of bile
Helps regulate lipid metabolism
Mitigates chronic inflammation pathways
Tailors diet to optimize genetic risk factors

Guides optimal medication dosing based on genotype

Stress reduction improving psychological influ-
ences

Finally, stress management is promising in mitigat-
ing chronic, unremitting inflammation predisposing to
cholecystitis. Relaxation techniques like mindfulness
meditation reduce cortisol and catecholamines while
increasing vagal tone dampening immune hyperactiv-
ity through cholinergic anti-inflammatory pathways
[120-124]. Support groups also impart benefits through
emotional expression and connectedness. Stress-based
delayed gastric emptying may also be reversed with bo-
tanicals like Iberogast, improving enterohepatic circula-
tion. While biobehavioral factors require further study,
psychological approaches represent low-risk adjuncts
supporting conventional therapy [125].

The Future Outlook

Infection eradication through antimicrobials,
gene editing

Rather than temporary bacterial suppression, future an-
timicrobial therapies will aim to permanently eradicate
recurrent gallbladder infection after acute cholecystitis
[126]. Precision antibiotics tailored to individual culture/
sensitivity profiles enabled by rapid diagnostics will help
overcome resistance [127-129]. Additionally, innovative
approaches like intelligent polymers sustaining the re-
lease of agents directly into bile can prevent systemic
effects and the need for repeated dosing [130].

Preventive diagnostics from high-throughput
multiomics testing

Early detection enables early prevention. High-
throughput multiomics testing as costs decrease prom-
ises to screen for subtle molecular changes predictive of
functional gallbladder impairment, stone formation, and
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future obstruction risk [131]. Detailed genomic analysis
may also uncover risk alleles guiding focused ultrasonic
screening to detect precursor biliary sludge and early
wall changes, allowing preemptive therapy [132].

Minimally invasive endoluminal and endoscopic
interventions

For obstructive gallstone complications, surgery may
eventually become a last resort choice rather than a
standard of care [133]. Ultra-miniaturized robotic endo-
luminal platforms like magnetically guided lithotripsy
microdrills can noninvasively pulverize large or refrac-
tory stones under precision computer guidance. Investi-
gational endoscopic techniques also enable nonsurgical
gallbladder drainage restoration, using novel stents or
angiotherapy to decompress obstruction and reperfuse
ischemic mucosa at very early stages of inflammation
[134].

Continued innovation in nanomedicine, ai inte-
gration

Propelling this transformation, disruptive advances in
nanotechnology and Al will continue influencing future
care paradigms [135]. Smart nanoparticle drug carriers
with sensing, computing, and responsive capabilities
programmed to detect and treat subtle molecular indica-
tors of early inflammation promise personalized preven-
tion. ML integration can further optimize robotic naviga-
tion, image analysis, and contextual decision assistance,
augmenting procedural accuracy [136].

Conclusion

Cholecystitis management is transforming from reac-
tive surgical approaches upon irreversible damage to
proactive, personalized precision prevention and cure
through advanced comprehension and control of mo-
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lecular drivers of pathogenesis. Exponential progress in
multiomics elucidation of lithogenic and inflammatory
mechanisms, endoluminal therapeutic innovations, com-
binatorial lifestyle optimization and disruptive technolo-
gies promises to radically elevate cholecystitis care’s
precision, safety, tolerability, and sustainability while
dramatically improving outcomes. This transition ex-
emplifies the broader proliferation of precision medicine
approaches leveraging systems-level molecular insights
to preemptively restore health and forestall progression
to overt disease at the source.

Recommendations

To fully actualize the promise of revolutionized gall-
bladder care, key recommended next steps include ex-
panded real-world prospective validation and head-to-
head comparison of emerging diagnostic, therapeutic,
and preventive innovations to establish evidence guiding
clinical integration and illuminating proper patient selec-
tion criteria. Additionally, the development of point-of-
care rapid multi-omics platforms promises convenient
bedside personalization of prevention and treatment ap-
proaches. Finally, health policy measures should aim to
ensure equitable access to advanced precision modali-
ties, averting progression to serious disease stages, given
the disproportionate burden current reactive surgical
models impart on marginalized populations. Realizing
this technological and scientific potential requires con-
tinued transdisciplinary knowledge generation alongside
thoughtful translation into equitable clinical practice and
supportive health systems.
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