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Pharmacoepigenetic Biomarkers in 
Inflammatory Bowel Diseases: A Narrative 
Review
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Inflammatory bowel disease (IBD), encompassing Crohn’s disease (CD) and ulcerative colitis (UC), is 
a chronic, autoimmune disorder characterized by inflammation along the gastrointestinal tract. Global 
prevalence of the disease is increasing and patients often experience delays in diagnosis accessing effective 
therapy, highlighting an urgent need to develop a predictive biomarker for therapeutic response to reduce 
healthcare costs and disease burdens. Despite the advances to identifying genetic biomarkers for prediction 
of disease remission in IBD, patient responses vary widely, suggesting that inherited genetic variations 
alone cannot account for these differences. As autoimmune diseases like IBD are largely environmental 
in etiology, epigenetic modifications like DNA methylation, histone modifications, and non-coding 
RNAs (ncRNAs) also have the potential to be candidates for predictive biomarkers of patient disease 
development and treatment response. This review will explore the novel field of pharmacoepigenetics 
and the development of predictive epigenetic biomarkers for treatment response in IBD, highlighting new 
research in the field. While research is still in the early stages, the studies reviewed have demonstrated 
that epigenetic profiling can be utilized to predict treatment response in IBD patients. Additional 
pharmacoepigenetic cohorts with more diverse participants could help enhance current models, improving 
predictability of treatment response and clinical outcomes. As research in this field progresses, epigenetic 
biomarkers should be integrated into the clinical environment to expedite diagnosis, reduce trial-and-error 
approach to treatment, and lay the foundations for individualized therapeutic strategies for IBD patients.
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INTRODUCTION

Inflammatory bowel disease (IBD), encompassing 
Crohn’s disease (CD) and ulcerative colitis (UC), is a 
chronic, autoimmune disorder defined by inflammation 
along the gastrointestinal tract. Inflammatory bowel dis-
ease pathology is characterized by disruptions in immune 
regulation in several cell types, including T cells, B cells, 
and macrophages, in addition to increasing the permea-
bility of the gut-epithelial barrier, further exacerbating in-
flammation and tissue damage [1,2]. Studies have deter-
mined that individuals with IBD experience a significant 
reduction in quality of life compared to healthy individ-
uals [3]. Chronic inflammation in IBD can cause severe 
complications like fistulas, strictures, and abscesses [4]. 
Over time, elevated levels of inflammation can increase 
the risk of malignancies, particularly colorectal cancer 
[5]. Therefore, early and effective management of IBD is 
critical to mitigate the risk of comorbidities and improve 
patient outcomes.

CD and UC affect an estimated 5 million people 
globally [6] and worldwide prevalence has increased 
from 1990 to 2021 [7]. Prevalence is elevated in certain 
regions including Europe, North America, and Oceania 
[8], however other regions, including East Asia, are see-
ing increasing disease burdens [9]. Interestingly, while 
recent trends show that highly industrialized regions cur-
rently have stable or even slightly declining incidence 
rates of IBD, developing and rapidly industrializing ar-
eas are showing a significant increase in IBD incidence 
[7,10].

While it’s thought that both genetic and environmen-
tal factors are significant contributors in the etiology of 
IBD, the rapidly increasing prevalence and changing dy-
namics in epidemiology are evidence that environmental 
influence is crucial to the onset and progression of IBD. 
The global trend of westernized diets, characterized by 
increased consumption of highly processed foods, trans 
and saturated fats, and refined sugars has been linked to 
increased IBD risk [11] while daily consumption of fruits 
and vegetables was demonstrated to improve IBD out-
comes [12]. Other common factors of industrialized or 
industrializing countries appear to be risk factors as well 
including air pollution [13] and other environmental toxi-
cants including heavy metals, per- and polyfluorinated al-
kyl substances, and agricultural pesticides [14,15]. Other 
well-established risk factors include smoking [12,16] and 
early-life exposure to antibiotics [17].

Given the strong evidence supporting environmental 
contribution to IBD, epigenetic mechanisms likely me-
diate the interaction between the environment and gene 
expression to ultimately influence disease development. 
Epigenetics refers to molecular modifications such as 
DNA methylation (DNAm), histone modifications, chro-

matin structure, and non-coding RNAs (ncRNAs) such 
as microRNAs (miRNAs) that regulate gene expression 
without altering the DNA sequence itself [18]. These 
mechanisms act to alter gene expression levels in rap-
id response to changing environmental conditions [19]. 
Critically, epigenetic states are not static and fluctuate 
over the life course of an individual in response to pos-
itive and negative environmental influences such as diet 
[20], microbial composition [21], inflammatory states 
[22], and therapeutic interventions [23,24]. This temporal 
plasticity allows maladaptive epigenetic changes driving 
disease progression, but also offers opportunities for pos-
itive environmental and therapeutic influences to induce 
beneficial epigenetic modifications. For example, adverse 
environmental influences can induce epigenetic changes 
that lead to immune dysregulation, promoting inflamma-
tion, and influencing IBD susceptibility and exacerba-
tion of disease [25,26]. While treatment itself, whether 
through dietary changes [27], corticosteroids [28], or 
biologic therapies [24] can also directly modify epigen-
etic states, establishing a bidirectional link between epi-
genetics and disease management.

Clinically, both CD and UC are similar in presenting 
symptoms which include abdominal pain, weight loss, 
fatigue, and diarrhea with or without blood. However, 
they can be differentiated through gross appearance from 
examination by endoscopy and histologic features [29]. 
Intestinal findings in CD include skip lesions and trans-
mural inflammation [30], whereas findings in UC include 
partial thickness inflammation and continuous spread 
beginning at the rectum [31]. Despite these distinctions, 
patient symptom variability and overlap of clinical fea-
tures with irritable bowel disease and food intolerances 
can complicate and significantly delay diagnosis [32,33], 
increasing the risk of complications and need for invasive 
surgical treatments [34].

Following diagnosis, most patients require consis-
tent administration of anti-inflammatory treatments to 
achieve and maintain a state of remission. Most treatment 
regimens begin with anti-inflammatory medication such 
as corticosteroids which are used as a “bridge” for main-
tenance therapy [35]. Given the progressive nature of IBD 
and lack of a cure, most patients require multiple ther-
apeutic adjustments throughout their life [36]. In some 
cases, surgery is the best form of treatment when main-
tenance therapy is not effective [37]. However, treatment 
response is highly variable between patients, with some 
individuals experiencing sustained remission for many 
years on immunosuppressive therapies while others de-
velop resistance or adverse reactions to standard therapy 
[38]. The inconsistency in patient response necessitates 
investigation into personalized treatment strategies that 
consider patient factors beyond clinical presentation, in-
cluding investigating epigenetic changes that may change 
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biologics or JAK inhibitors [42]. While these policies are 
particularly prevalent in the US, they are also observed 
in socialized healthcare systems, where cost-containment 
measures restrict the use of high-cost treatments [46]. 
The financial burden associated with biologics and JAK 
inhibitors further complicates access, as these therapies 
can be prohibitively expensive for patients, insurers, and 
government healthcare programs [44]. The introduction 
of biosimilars has the potential to mitigate these financial 
barriers by providing lower-cost alternatives to existing 
biologic agents, potentially improving affordability and 
accessibility [47].

Delays in accessing effective therapies due to step 
therapy policies and financial constraints can have severe 
consequences for patients. Prolonged inflammation re-
sulting from inadequate treatment can lead to disease pro-
gression, increased risk of complications, and a reduced 
quality of life [41]. In severe cases, delays in receiving 
appropriate treatment can contribute to increased mor-
bidity and mortality among individuals with IBD [42]. 
Compounding these challenges, patient responses to bio-
logic therapies vary widely. Some individuals experience 
primary non-response, where they fail to achieve remis-
sion upon initiation of therapy, while others develop sec-
ondary loss of response over time [43]. This variability is 
often attributed to the development of anti-drug antibod-
ies, which neutralize the biologic agent and reduce its ef-
ficacy, as well as differences in disease pathophysiology 
among patients [44]. These factors underscore the need 
for predictive biomarkers to guide personalized therapy, 
ensuring that patients receive the most effective treat-
ment while minimizing the risk of inadequate response or 
treatment failure. Therapeutic drug monitoring optimizes 
biologic therapy in IBD by measuring serum drug lev-
els and anti-drug antibodies, allowing personalized dos-
ing to enhance efficacy and minimize immunogenicity. 
Combining therapeutic drug monitoring with predictive 
biomarkers may help guide biologic switching strategies. 
For example, high anti-drug antibody levels in a patient 
on infliximab may warrant a switch to ustekinumab, 
while primary non-response to anti-tumor necrosis factor 
(anti-TNF) therapy might indicate a need for Interleukin 
(IL)-12/23 inhibition [48].

Emerging research has identified several promising 
biomarkers, including genetic polymorphisms, such as 
variations in TNF and IL23R genes, which may influence 
response to anti-TNF and IL-23 inhibitors. Additionally, 
specific serum proteins, such as C-reactive protein and 
fecal calprotectin, have been used to assess inflammation 
and predict treatment efficacy. Microbiome signatures are 
also being explored as potential predictors of therapeutic 
response, with studies suggesting that gut microbial com-
position may correlate with treatment success or failure. 
These biomarkers hold promise for optimizing biologic 

over the course of treatment regimens.
This review will explore the potential for epigenetic 

biomarkers and the novel field of pharmacoepigenomics 
to predict treatment response in IBD, highlighting new 
research in the field. By investigating the interactions 
between environmental risk factors, epigenetic regula-
tion, and prediction of clinical outcomes, we can develop 
strategies for personalized treatment of IBD, improving 
patient outcomes.

CURRENT TREATMENTS IN 
INFLAMMATORY BOWEL DISEASE

Aminosalicylates, such as mesalamine, are com-
monly prescribed as the first-line treatment for mild to 
moderate UC. However, their efficacy in CD is limited, 
and they are not routinely recommended for its treatment 
[39,40]. These agents function by reducing inflammation 
in the gastrointestinal tract and are often well tolerated. In 
more severe cases, corticosteroids, including prednisone 
and budesonide, are employed to control inflammation 
and manage acute flares [41]. However, due to their sig-
nificant side effect profile, their use is typically limited 
to short-term induction therapy rather than maintenance 
treatment.

Immunomodulators, such as azathioprine and meth-
otrexate, are used as maintenance therapy for patients 
who fail to achieve remission with aminosalicylates or 
corticosteroids [42]. Thiopurines, including azathioprine 
and 6-mercaptopurine, are more commonly utilized in 
UC, whereas methotrexate is predominantly prescribed 
for CD. Recent studies suggest a shift towards combi-
nation therapy of thiopurines with biologics to optimize 
treatment outcomes and improve long-term remission 
rates. Table 1 summarizes the current treatment modal-
ities, their mechanisms of action, and key considerations 
[43,44].

Despite the availability of these advanced therapies, 
access remains a significant challenge for many patients. 
Recent studies indicate that step therapy policies and fi-
nancial constraints can lead to delays in initiating effec-
tive treatment, which is associated with increased rates 
of hospitalization, disease complications, and lower 
quality of life [44,45]. Data from recent analyses suggest 
that patients who face treatment delays due to insurance 
barriers experience a significantly higher risk of disease 
progression [45]. Strategies to mitigate these challenges 
include patient assistance programs, policy advocacy for 
reduced step therapy requirements, and broader insurance 
coverage for biosimilars, which have been shown to pro-
vide cost-effective alternatives while maintaining ther-
apeutic efficacy. Step therapy policies, often referred to 
as “fail-first” policies, require patients to try and fail less 
expensive treatment options before gaining approval for 
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THE CASE FOR EPIGENETIC 
BIOMARKERS IN IBD

Several genetic variants, such as mutations in NOD2, 
IL23R, and ATG16L1, have been associated with IBD 
susceptibility, particularly in Northern European popula-
tions [55]. However, despite extensive research, genetic 
factors alone do not fully explain the variability in disease 
onset, progression, or treatment response, particularly in 
non-European cohorts [56-59]. This has led to growing 
interest in epigenetic mechanisms, such as DNAm, his-
tone modifications, chromatin remodeling, and ncRNAs, 
which mediate gene-environment interactions and con-
tribute to disease heterogeneity [60].

Beyond genetics, epigenetic modifications play a 
crucial role in the regulation of gene expression, immune 
function, and intestinal epithelial integrity. DNA methyl-
ation, a key epigenetic process, involves the addition of 
methyl groups to DNA. If the promoter or key regulatory 
regions of the gene are methylated, it can decrease the 
expression of the gene or shut down gene expression, ef-
fectively “turning off” the gene [61]. This process plays 
a critical role in modulating gene expression related to 
immune responses and epithelial function. For instance, 
hypermethylation of the CLDN2 gene has been linked to 
increased intestinal permeability, and barrier dysfunc-
tion, a hallmark of UC pathology [60]. The CLDN2 gene 
encodes claudin-2, a tight junction protein that regulates 
paracellular transport, and its hypermethylation results 
in decreased expression, compromising mucosal bar-
rier function and increasing susceptibility to inflamma-
tion-driven epithelial damage [2,62].

Histone modifications, through acetylation and 
methylation of histone tails, alter chromatin structure and 
regulate the accessibility of transcription factor binding 
sites in DNA, thereby impacting gene expression [61]. 
They play a crucial role in regulating gene expression in 
IBD, with specific marks associated with either activa-
tion or repression of inflammatory pathways. H3K4me3 
and H3K27ac, known as activating marks, are enriched 
at promoters and enhancers of pro-inflammatory genes, 
while H3K27me3 and H3K9me3 are repressive marks 
linked to silencing anti-inflammatory pathways [60,63]. 
Dysregulation of these marks has been observed in in-
flamed intestinal tissues. Although the exact contributions 
of histone modifications to IBD pathogenesis remain un-
der active investigation, they represent a significant area 
of ongoing research [60].

ncRNAs, particularly miRNAs, are increasingly rec-
ognized for their regulatory role in post-transcriptional 
gene expression. In most cases, miRNAs bind to target 
mRNAs, preventing their translation into proteins [64]. 
Some miRNAs contribute to inflammatory responses and 
tissue repair mechanisms, highlighting their relevance in 

selection and improving patient outcomes, although fur-
ther validation studies are needed to integrate them into 
clinical practice. Identifying such biomarkers can assist 
clinicians in selecting the most appropriate biologic agent 
for individual patients, thereby enhancing therapeutic ef-
ficacy and minimizing adverse effects. Current research 
has explored various potential biomarkers to predict re-
sponses to specific biologic classes. For instance, the gut 
microbiome has been investigated for its role in influenc-
ing treatment outcomes. A study by Schierova et al. [49] 
examined the predictive value of gut microbiome signa-
tures for therapy intensification in IBD patients, suggest-
ing that certain microbial profiles may be associated with 
the need for escalated treatment. However, the study con-
cluded that while the gut microbiome holds potential as a 
biomarker, further research is necessary to validate these 
findings and enhance their generalizability [49,50].

The role of fecal calprotectin as a non-invasive bio-
marker has been extensively studied. Calprotectin levels 
correlate with intestinal inflammation and monitoring its 
concentration can aid in assessing disease activity and 
predicting response to therapy. A review by Mosli et al. 
highlighted the utility of fecal calprotectin in guiding 
treatment decisions, noting its association with mucosal 
healing and clinical remission [51].

Recent studies have highlighted the role of epigen-
etic modifications, such as DNAm, in influencing drug 
response variability among patients with inflammatory 
diseases. For instance, methylation of the tumor necrosis 
factor-alpha (TNF-α) promoter region has been implicat-
ed in the regulation of TNF-α expression, a cytokine cen-
tral to inflammatory processes [52]. Altered methylation 
patterns in this region can lead to either upregulation or 
downregulation of TNF-α production, thereby affecting 
the efficacy of anti-TNF therapies commonly used in con-
ditions like rheumatoid arthritis and inflammatory bowel 
disease.

Despite these advancements, no single biomarker has 
yet fulfilled all criteria for reliably predicting response to 
any specific biologic treatment in IBD. A comprehensive 
review by Verstockt et al. [53] emphasized the complex-
ity of IBD pathogenesis and the multifactorial nature of 
treatment response, indicating that a combination of bio-
markers may be necessary to achieve accurate predictions 
[53,54].

Predictive biomarkers have the potential to trans-
form IBD treatment by guiding personalized therapy se-
lection. Incorporating biomarker-driven decision-making 
could optimize biologic use, reduce treatment failures, 
and improve long-term disease control, reduce the burden 
of trial-and-error treatment selection.
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chronic activation of pro-inflammatory pathways [52].

GENETIC VS EPIGENETIC 
CONTRIBUTIONS TO IBD

While genetic markers such as NOD2 and IL23R 
polymorphisms indicate inherited susceptibility, they do 
not change over time and have limited diagnostic util-
ity for guiding treatment, necessitating a deeper exam-
ination of epigenetic regulatory mechanisms. Epigenetic 
modifications are dynamic and reversible, offering a po-
tential mechanism for precision medicine approaches in 
IBD. Epigenetic alterations, including DNA methylation, 
histone modifications, and miRNA expression changes, 
have been implicated in disease severity, immune cell 
function, and response to biologic therapy [63,65]. Table 
2 contrasts genetic and epigenetic influences in IBD and 
highlights epigenetic biomarkers currently under investi-
gation for disease stratification and treatment optimiza-
tion.

The dynamic nature of epigenetic modifications sug-
gests that epigenetic profiling could be leveraged for per-
sonalized IBD management, improving diagnostic accu-
racy and therapeutic decision-making. Pharmacogenetic 
research has demonstrated that genetic markers, such as 
NOD2 variants, may predict non-response to anti-TNF 
therapy, but their predictive power remains limited [66]. 

the complex network of IBD pathogenesis, and its upreg-
ulation in active UC has been strongly associated with 
corticosteroid resistance [62]. This overexpression leads 
to persistent immune activation and inflammation, pre-
venting effective resolution of disease flares despite cor-
ticosteroid therapy.

For instance, miR-21 has been implicated in the reg-
ulation of immune responses and intestinal barrier func-
tion, with its overexpression associated with increased 
intestinal permeability and inflammation in IBD patients 
[62]. Additionally, miR-7-5p has been shown to target tre-
foil factor 3 (TFF3), a protein involved in mucosal heal-
ing, with elevated miR-7-5p levels leading to decreased 
TFF3 expression and impaired mucosal repair in IBD [2].

FOXP3 methylation plays a crucial role in regulating 
regulatory T cell function, which is essential for main-
taining immune homeostasis. Increased methylation of 
the FOXP3 promoter leads to reduced expression of reg-
ulatory T cells, contributing to a loss of immune tolerance 
and the exacerbation of inflammation in UC [63]. This 
epigenetic alteration is particularly significant as regula-
tory T cells play a central role in suppressing excessive 
immune responses, and their dysfunction is associated 
with more severe disease phenotypes in IBD. Addition-
ally, histone H3K27 acetylation, a marker of active chro-
matin and inflammatory gene expression, is significant-
ly increased in IBD patients, further contributing to the 

Table 2. Genetic vs Epigenetic Contributions to IBD
Category Specific Marker Function Clinical Relevance Reference
Genetic 
Markers

NOD2 Regulates bacterial 
sensing, activates NF-κB

Associated with CD, predicts 
early disease onset but not 
treatment response

Jostins et al., 
2012 [55]

IL23R Regulates Th17 cell 
differentiation

Linked to CD susceptibility, 
potential marker for 
ustekinumab response

Liu et al., 2015 
[59]

ATG16L1 Autophagy-related gene Increased risk of CD, but no 
direct link to therapy response

Cleynen et al., 
2016 [66]

Epigenetic 
Markers

TNF-α promoter 
methylation

Regulates TNF-α 
expression

Associated with anti-TNF 
response; hypomethylation 
correlates with therapy 
resistance

Somineni et al., 
2019 [52]

FOXP3 
methylation

Modulates regulatory T 
cell function

High methylation linked to loss 
of immune tolerance, severe 
UC

Howell et al., 
2018 [63]

CLDN2 
hypermethylation

Affects tight junction 
integrity

Increased methylation 
associated with UC, barrier 
dysfunction

Ventham et al., 
2016 [60]

MIR21 
overexpression

Post-transcriptional 
regulator of immune genes

Upregulated in active UC, 
associated with corticosteroid 
resistance

Venkateswaran et 
al., 2023 [62]

Histone H3K27 
acetylation

Enhances inflammatory 
gene expression

Increased in IBD patients, 
marks active disease sites

Somineni et al., 
2019 [52]
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In contrast, epigenetic signatures may offer a more pre-
cise tool for therapy selection, particularly in the context 
of biologic response variability.

Multi-marker panels combining therapeutic drug 
monitoring and pharmacoepigenetics may further opti-
mize biologic selection and dosing in IBD. For example, 
TNF promoter methylation levels correlate with anti-TNF 
efficacy, suggesting that epigenetic screening could help 
identify patients at risk of primary or secondary loss of 
response [48]. Similarly, studies have indicated that his-
tone modifications and miRNA expression patterns may 
influence response to JAK inhibitors and integrin inhib-
itors, potential stratifying patients for optimal therapy 
[63,65]. With further validation, it could revolutionize 
IBD management by reducing the need for trial-and-error 
biologic selection.

PHARMACOEPIGENETICS FOR IBD

IBDs arise from a complex interplay of genetic pre-
disposition and environmental factors. While genetic mu-
tations contribute to disease susceptibility, they cannot 
fully explain why some individuals develop IBD while 
others remain unaffected. Moreover, treatment responses 
vary widely between patients, suggesting that inherited 
genetic variations alone cannot account for these differ-
ences [67]. These challenges highlight the limitations of 
pharmacogenetic studies, which primarily examine sin-
gle nucleotide polymorphisms (SNPs) and other inherited 
factors to predict drug metabolism, efficacy, and toxicity 
[68]. Although this approach has been beneficial in con-
ditions with strong genetic determinants, such as cancer 
and monogenic disorders, its predictive power in IBD is 
limited due to the significant role of environmental ex-
posures, immune system dynamics, and gut microbiome 
interactions in shaping disease progression and treatment 
outcomes [45].

Recognizing these challenges, researchers have re-
cently turned to pharmacoepigenetics as a promising al-
ternative for understanding treatment response in IBD. 
Unlike genetic variations, which are static, epigenetic 
modifications are dynamic and reversible, meaning they 
can be influenced by external factors such as diet, infec-
tions, and inflammation [69]. By identifying epigenetic 
markers associated with drug response, pharmacoepi-
genetics offers a targeted approach to personalizing ther-
apy in IBD patients [24]. Due to their ability to change 
in response to disease activity, epigenetic modifications 
may provide a more adaptable predictive model for treat-
ment response in IBD compared to static SNPs [69].

The impact of commonly prescribed medications on 
the epigenetic profiles in IBD is a growing area of re-
search. Disease modifying antirheumatic drugs like meth-
otrexate and sulfasalazine, both commonly prescribed R
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curve (ROC) curves were used to evaluate model accura-
cy. The study did not appear to identify a clear signature 
present at the baseline treatment that could predict suc-
cess or failure of infliximab treatment. However, longitu-
dinal analysis revealed that transcriptomic and epigenetic 
changes that occurred in week 2 after the drug was ad-
ministered could predict therapeutic outcomes of clinical 
remission or non-responsiveness at week 14. Their find-
ings suggest that epigenetic profiling could help identify 
responders and non-responders before treatment initia-
tion, potentially reducing the trial-and-error approach in 
therapy selection [69].

The sample size of the Mishra et al. [69] study was 
small (n=14), and the primary results combined CD and 
UC patients within the same treatment groups. Howev-
er, this study found distinct molecular signatures when 
comparing CD and UC patients, suggesting that biologi-
cal mechanisms to TNF antagonist therapy may vary be-
tween the two conditions. And indeed, the authors state 
that when they separated CD and UC samples, models 
were better able to predict treatment response at base-
line than when all IBD samples were combined. While 
a recent meta-analysis of newly diagnosed IBD patients 
did find that there is a significant overlap in methylation 
patterns between CD and UC, there were still some dis-
tinct epigenetic features that could differentiate the two 
conditions [76]. When possible, stratifying UC and CD 
into separate groups in pharmacoepigenomic studies may 
yield more accurate results. This approach can help iden-
tify disease-specific molecular signatures and improve 
the precision of therapeutic predictions for future studies.

Similarly, Lin et al. [24] investigated the role of 
DNAm as a biomarker to predict anti-TNF concentra-
tions in patients with CD with the purpose of identify-
ing which patients may benefit from dose optimization 
at the start of biologic therapy. The study utilized data 
from the Personalized Anti-TNF Therapy in Crohn’s Dis-
ease (PANTS) study, a multi-center prospective cohort 
located in the UK that investigates the treatment failure 
rates of anti-TNF drugs including infliximab (Remicade 
or infliximab biosimilar CTP13) and adalimumab (Humi-
ra). Whole blood was collected from 385 participants for 
DNA methylation analysis from participants at baseline 
(prior to first dose), and weeks 14, 30, and 54 after the 
start of treatment. Only 87 participants provided sam-
ples at all four study visits. DNA methylation changes 
were analyzed using beta values, representing the pro-
portion of methylation at individual CpG sites. Analysis 
considered confounding factors such as aging, smoking, 
and cell composition, which can influence DNAm. Epig-
enome-wide association study analyses were conducted 
using linear mixed effect models which included time on 
anti-TNF treatment as a fixed effect and random effect 
was used to assess individual-level effects. The models 

as treatment for IBD, have been shown to interact with 
genetic and epigenetic factors, potentially affecting treat-
ment outcomes and disease progression [70,71]. While 
such effects have been studied in rheumatic diseases like 
axial spondyloarthritis and rheumatoid arthritis, studies 
specific to IBD are lacking. Interestingly, metformin, 
a drug more commonly prescribed for type 2 diabetes, 
can also alter epigenetic states [72], which may explain 
the mechanism of how metformin can ameliorate IBD 
symptoms [73]. Metformin has been demonstrated to 
influence the activity of several epigenetic enzymes, in-
cluding histone acetyltransferases, histone deacetylates, 
and DNA methyltransferases [72], resulting in a reversal 
of adverse epigenetic states and preservation of the epig-
enome [74,75]. These findings highlight the bidirectional 
relationship between pharmaceutical therapies and the 
epigenome: epigenetic states can influence drug efficacy, 
while some drugs can, in turn, alter epigenetic states.

Building on these principles, recent research sug-
gests that DNAm patterns correlate with responsive-
ness to biologic therapies, particularly anti-TNF agents 
such as infliximab, adalimumab, and certolizumab pegol 
[24,69]. The ability to monitor epigenetic changes over 
time could enable more precise patient stratification for 
therapy selection [24], ensuring that patients receive the 
most effective treatment while minimizing unnecessary 
exposure to ineffective medications.

REVIEW OF RECENT 
PHARMACOEPIGENETIC STUDIES IN 
INFLAMMATORY BOWEL DISEASES

Several studies provide compelling evidence that 
epigenetics plays a role in predicting biologic therapy 
response and are summarized in Table 3. In one of the 
first studies of its kind, a longitudinal multi-omics study 
by Mishra et al. [69] demonstrated that early shifts in 
gene expression and DNAm correlated with clinical out-
comes in patients undergoing infliximab, adalimumab, or 
vedolizumab therapy. A discovery cohort of IBD patients 
(n=14) undergoing first time treatment with TNF antag-
onists was used to identify potential biomarkers and epi-
genetic signatures associated with therapeutic response. 
Participants were tracked for a total of 14 weeks and ther-
apy was given at baseline (just prior to starting therapy), 
week 2, week 6, and at week 14. A replication cohort of 
23 IBD patients currently treated with vedolizumab (an-
ti-α4β7 integrin antibody) was used to validate discovery 
cohort findings. Patient blood samples were collected at 
baseline at various time points during treatment for gene 
expression and DNAm analysis. The discovery and repli-
cation cohorts were used together to build a model using 
a machine learning with a random forest approach. Area 
under curve (AUC) and receiver-operating characteristic 
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compared to the vedolizumab group (98.4%), however 
the model still performed well in predicting patient re-
sponse vs non-response status. The predictive model had 
a calculated sensitivity of 0.769 and a specificity of 0.67 
for vedolizumab, alongside both a sensitivity and spec-
ificity of 0.73 for ustekinumab. When compared to pre-
test probability of response, the model increases response 
likelihood for classified patients as 20% and 24% higher 
for vedolizumab and ustekinumab respectively. The au-
thors noted that due to the COVID-19 pandemic, access 
to non-essential endoscopies to check treatment progress 
was limited in 70% of participants. Investigators needed 
to use less stringent response assessments like inflamma-
tory markers and clinical signs and symptoms to deter-
mine treatment response for most patients, similar to the 
Lin et al. [24] study. If endoscopic data is more available 
for future studies, it may better improve the accuracy of 
pharmacoepigenetic predictive biomarkers.

Furthermore, the findings by Joustra et al. indicate 
that the methylation patterns remained stable over time, 
but also signify that the markers identified are indicators 
of treatment response, but not amelioration of inflam-
mation [77]. This is potentially beneficial as it suggests 
that epigenetic markers might provide a more reliable 
prediction of treatment response, unaffected by changes 
in inflammatory parameters. Overall, the study suggests 
that stable epigenetic markers could pave the way for 
personalized medicine in CD, potentially offering a more 
consistent predictor of treatment outcomes compared to 
SNP-based pharmacogenomics, which may be influenced 
by genetic variability and and are not predictive of envi-
ronmental impacts across the lifespan.

Together, these studies highlight the growing role of 
pharmacoepigenetics in optimizing IBD treatment strat-
egies. While pharmacogenetics has contributed valuable 
insights into drug response, its limitations in complex im-
mune-mediated diseases like IBD underscore the need for 
more dynamic approaches such as pharmacoepigenetics. 
Epigenetic biomarkers provide an evolving framework 
for improving biologic therapy monitoring and refining 
personalized medicine in IBD. As research progress-
es, incorporating epigenetic analysis into clinical deci-
sion-making may offer a transformative step toward pre-
cision medicine, ultimately improving patient outcomes 
and reducing reliance on trial-and-error prescribing of 
biologic therapies.

FUTURE DIRECTIONS

While these studies provide a strong proof of con-
cept that pharmacoepigenomics can be used to develop 
predictive models of treatment outcomes in IBD, further 
studies with independent cohorts are needed to validate 
the findings. Some important questions remain:

adjusted for anti-TNF treatment type and cell composi-
tion within the sample.

Between baseline and week 14 of anti-TNF treat-
ment, 4999 differentially methylated positions (DMPs) 
were identified and associated with 2376 genes. Many 
of the DMPs became progressively hypomethylated over 
time, indicating dynamic changes as treatment continued. 
From baseline to week 14, epigenome-wide association 
identified 323 DMPs associated with higher anti-TNF 
drug concentrations, an indication that the patient is re-
ceiving adequate drug exposure. Of the 323 DMPs as-
sociated with anti-TNF concentrations, 125 DMPs were 
also correlated with traits like body mass index and C-re-
active protein levels.

Although these DMPs show potential as predictive 
biomarkers for treatment response, the effect sizes were 
relatively small, suggesting limited utility [24]. Howev-
er, authors stated that the classification of remission vs 
non-response was mainly determined on clinical symp-
toms and CRP levels and that it is possible that utilizing 
better indicators of remission like endoscopic findings 
could better refine the data. Analysis between infliximab 
and adalimumab treatment groups was performed and no 
significant difference in DMPs was identified at baseline, 
however 13 DMPs were identified when investigating dif-
ferences between the two groups post-treatment. Consid-
ering there were 4999 common changes between baseline 
and 14 weeks and only 13 DMPs identified that were dif-
ferent comparing infliximab and adalimumab, this could 
indicate class-specific effects of anti-TNF drugs. These 
results reinforce the potential of epigenetic modifications 
as indicators of treatment efficacy.

In an upcoming paper Joustra et al. identified periph-
eral blood DNA methylation signatures predictive of re-
sponse to biologic treatments in patients with CD [77]. 
This study was a two-center, prospective cohort study 
that involved 184 adult male and female CD patients that 
were treated with either vedolizumab (Entyvio—α4β7 
integrin antagonist) or ustekinumab (Stelara—IL-12 and 
IL-23 antagonist). Peripheral blood leukocyte (PBL) sam-
ples were collected from patients both before and during 
treatment. DNA methylation profiling was conducted on 
the samples to identify differential CpGs among respond-
ers and nonresponders utilizing a supervised machine 
learning approach. The authors used a gradient boosting 
model on datasets to identify CpG sites that consistently 
predict treatment response. Each CpG was further val-
idated using permutation tests to avoid overfitting and 
reduce bias. Internal and external validation was per-
formed and response-predicting models identified specif-
ic DNAm changes linked to drug response to these bio-
logics with high accuracy, with AUC scores of 0.87 for 
vedolizumab and 0.89 for ustekinumab. There was lower 
statistical power in the ustekinumab group (64.3%) when 
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SCFAs have the capacity to act as histone deacetylase in-
hibitors and alter DNA methylation, influencing gene ex-
pression in intestinal epithelial and immune cells [80,81]. 
The interplay of the gut microbiome and inflammatory 
levels within the gut is complex. Inflammatory states, like 
those seen in IBD patients, have been associated with gut 
dysbiosis, involving a decrease in beneficial SCFA-pro-
ducing bacterial species [21,82]. On the other hand, gut 
dysbiosis is highly implicated in the development and 
exacerbation of inflammatory states [83], contributing 
to aberrant epigenetic states and potentially aggravating 
disease activity [21,84]. Of high relevance, the gut micro-
biome and SCFA metabolites have also been utilized as a 
predictor of biologic therapeutic response and prognosis 
[85]. Therefore, integrating epigenetic and microbiome 
data could explain some of the heterogeneity observed 
in treatment response and aid in developing personalized 
therapeutic strategies. Future pharmacoepigenetic studies 
should consider including microbiome profiling to assist 
in patient stratification and creating an epigenetic bio-
marker.

All studies assessed were conducted on whole blood 
[24,69] or peripheral blood leukocytes [77] which contain 
heterogeneous cell populations. As each cell type has its 
own epigenome, utilizing whole blood for epigenetic stud-
ies is not ideal as cell populations can differ from patient 
to patient based on inflammatory status, confounding epi-
genetic data [86]. Approaching pharmacoepigenetic stud-
ies by using cell sorting like Fluorescence-Activated Cell 
sorting (FACS) or cell separation with magnetic beads to 
isolate specific immune populations from whole blood 
may be preferable [87]. Additionally, newer technologies 
allow for single-cell epigenetic analysis like scBS-seq or 
scRRBS [88]. Unfortunately, both sorted cell populations 
and single cell epigenetic analysis are significantly more 
expensive protocols in comparison to whole blood bulk 
epigenetic analysis. If budget is not a major constraint, 
multi-omic techniques like scTrio or scNMT can be used 
to capture epigenomic and transcriptomic changes within 
a single cell [88]. A compromised approach for clinical 
utility could be to find potential biomarkers in large pa-
tient populations using whole blood or PBL bulk anal-
ysis and validate the top candidates using more expen-
sive, but precise multi-omic techniques like for specific 
immune cell populations. A major weakness in the three 
studies assessed is that only DNA methylation data was 
analyzed, with only Mishra et al. [69] also incorporat-
ing transcriptomic data. While DNAm is one of the well 
characterized and therefore more easily interpreted epi-
genetic marker, DNA methylation, histone modifications, 
and ncRNAs all have been demonstrated to be involved 
in the etiology of IBD [89]. Accordingly, both miRNAs 
and histone modifications have been demonstrated to also 
show potential for predicting treatment response in other 

Are the DNA methylation patterns identified in these 
studies dynamic and influenced by aging, inflammatory 
levels, and severity of disease state or are they truly able 
to be utilized as predictors of treatment response? These 
points are not mutually exclusive and indeed, it is very 
possible that DNAm markers can be both responsive to 
biological impacts and also useful for prediction. Mishra 
et al. [69] were unable to identify a specific DNAm pat-
tern to predict treatment response at baseline but were 
able to find distinct patterns associated with treatment 
response predictive of remission at two weeks post-treat-
ment. This indicates that DNA patterns are changing in 
response to treatment, a finding replicated by Lin et al. 
[24] which found significant differences between methyl-
ation levels at baseline and 14 weeks. Joustra et al. [77] 
were able to determine that several DNA methylated re-
gions were stable in their participants regardless of in-
flammatory levels and this aligned with a previous study 
from the same group [78], where certain DNAm markers 
were present and stable in IBD patients over a period of 
7 years.

An investigation into long-term response is also 
required. Do these epigenetic markers correlate with 
sustained remission, or just short-term response levels? 
The Mishra et al. study [69] only investigated remission 
response into the 14th week after treatment and DNAm 
samples were only collected until the 6th week. However, 
Lin et al. [24] and Joustra et al. [77] did follow up until 
week 54 and 6-to-9 months post-treatment respectively. 
Further longitudinal investigation is required to deter-
mine whether these biomarkers can predict long-term 
treatment response, especially as many patients treated 
with biologic therapy can lose response over time [44].

All IBD pharmacoepigenetic studies assessed in 
depth were conducted in West and Central Europe on ma-
jority ethnically White European candidates [24,69,77]. 
It is important to determine if these results can be repli-
cated in other populations outside of Europe, including 
non-Western populations. Combining these results in di-
verse cohorts can enhance the clinical utility of epigenetic 
biomarkers, leading to more personalized and effective 
treatment strategies for patients worldwide. This is an es-
pecially urgent need with the dramatic increase in IBD 
incidence in industrializing nations worldwide [7,10], 
where predictive models of treatment efficacy could have 
a significant impact on patient care.

An emerging area of interest in IBD pharmacoepi-
genetics research is the integration of microbiome-epig-
enome interactions. The gut microbiome has emerged as a 
critical environmental factor that can alter the epigenetic 
profile of an individual. Short chain fatty acids (SCFAs) 
such as acetate, propionate, and butyrate are produced by 
the microbiome and as a byproduct of nondigestible fiber 
fermentation [79]. Recent studies have demonstrated that 
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CONCLUSIONS

Despite the advances to understanding the genetic 
basis of IBD, genetic susceptibility alone cannot explain 
patient variability in disease development, onset, and 
therapeutic response. As autoimmune diseases like IBD 
are largely environmental in etiology, epigenetic modi-
fications like DNA methylation, histone modifications, 
and ncRNAs have the potential to be better candidates for 
predictive biomarkers of patient disease development and 
treatment response.

The dynamic and reversible nature of epigenetic 
modifications provides a potential avenue for personal-
ized medicine in IBD. While research is still in the ear-
ly stages, the studies reviewed have demonstrated that 
epigenetic profiling can utilized to predict treatment re-
sponse in IBD patients. Additional pharmacoepigenetic 
cohorts with more diverse participants could help en-
hance current models, improving predictability and pa-
tient outcomes. As research in this field progresses, epi-
genetic biomarkers should be integrated into the clinical 
environment to expedite diagnosis, reduce trial-and-error 
approach to treatment, and lay the foundations for indi-
vidualized therapeutic strategies for IBD patients. For 
epigenetic profiling to become a standard part of patient 
care, regulatory approval, updated clinical guidelines, 
and the development of cost-effective diagnostic and 
prognostic tools will be essential for implementation. 
As research into the pharmacoepigenetics of inflamma-
tory bowel diseases continues, collaboration between re-
searchers, clinicians, and policymakers will be essential 
to translating these epigenetic discoveries into real-world 
applications and improving outcomes for patients with 
inflammatory bowel diseases.
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