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Abstract

Background: Methotrexate (MTX), a widely used therapeutic agent, is associated with
hepatotoxicity. While cumulative MTX dosage has historically been linked to liver in-
jury, recent evidence highlights the potential role of metabolic syndrome (MetS) as a key
contributor. Objective: We evaluate the association between MetS and MTX-associated
liver injury using vibration-controlled transient elastography (VCTE) and liver biopsy
in patients suspected to have MTX-related liver injury. Design: This retrospective study
analyzed 59 patients with chronic MTX use who underwent VCTE in hepatology clinics
between 2016 and 2024. Patients with alternative causes of liver injury were excluded.
MetS was defined per standard criteria as the presence of >3 criteria: diabetes, hyperten-
sion, BMI > 30 kg/m?, hypertriglyceridemia, or low HDL levels. Measurements: Liver
stiffness measurement (LSM) and steatosis (CAP) were measured via VCTE, and liver
biopsy data were reviewed for steatohepatitis. ANCOVA was used to assess the effect
of MetS on liver disease while controlling for cumulative MTX dosage. Results: Of the
59 patients (mean age: 62 years; mean BMI: 34.3 kg/ m?), 36 (61%) met the criteria for MetS.
CAP values were significantly higher in patients with MetS (p < 0.001) independent of
cumulative MTX dosage. Transformed LSM values also showed a significant association
with MetS (p = 0.028). Logistic regression identified MetS as a significant predictor of
biopsy-confirmed steatosis and steatohepatitis (p < 0.001) and higher NAFLD activity score
(p = 0.002), whereas cumulative MTX dosage was not (p = 0.47). Conclusions: MetS is
strongly associated with liver injury in chronic MTX users, independent of cumulative
MTX dosage. These findings suggest metabolic factors as key mediators of MTX-induced
hepatotoxicity. Prospective, multicenter studies are needed to confirm these findings and
improve non-invasive monitoring strategies.

Keywords: methotrexate; liver injury; steatohepatitis; metabolic syndrome; hepatic
steatosis; FibroScan; liver biopsy

1. Introduction

Methotrexate (MTX), a dihydrofolate reductase inhibitor, is widely used across multi-
ple medical specialties—including rheumatology, dermatology, and gastroenterology—for
its potent anti-inflammatory effects. These effects are mediated through modulation of sev-
eral signaling pathways to provide relief for a variety of diseases [1]. Despite its therapeutic
benefits, MTX has long been associated with hepatotoxicity, particularly with long-term
use [2]. Even among patients pre-screened for other potential causes of liver injury—such as
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viral hepatitis or autoimmune liver disease—MTX use has been linked to the development
of hepatic steatosis and fibrosis [3].

The exact pathophysiology of MTX-related liver injury remains poorly defined but
may involve mitochondrial toxicity, disruption of phospholipid metabolism, activation
of the adenosine pathway, and increased fatty acid synthesis [4]. Early studies from the
1970s, particularly among psoriasis patients, suggested a dose-dependent relationship
between cumulative lifetime MTX exposure and liver injury. Increased dosages were
thought to be associated with a higher likelihood of liver injury [5]. However, a more recent
systematic review encompassing forty-two studies found no consistent correlation between
MTX cumulative dose and liver damage in the majority of analyses, suggesting that other
comorbidities and environmental conditions may be involved [6].

One such comorbidity is metabolic syndrome (MetS), a systemic condition character-
ized by insulin resistance, abdominal obesity, dyslipidemia, and hypertension. MetS has
been increasingly recognized as a driver of hepatic steatosis and fibrosis, most notably in
the form of Metabolic-dysfunction-Associated Steatotic Liver Disease (MASLD) [7].

Although liver biopsy has long been considered the gold standard for evaluating
methotrexate-associated liver injury [8,9], its role has evolved considerably in recent years.
Biopsy provides direct histologic assessment of steatosis, hepatocellular ballooning, inflam-
mation, and fibrosis—features that are crucial for distinguishing methotrexate-related injury
from metabolic-dysfunction-associated steatotic liver disease (MASLD) [10,11]. However,
its clinical utility is tempered by practical limitations. The procedure is invasive and carries
risks of pain, bleeding, infection, and, in rare cases, severe hemorrhage or death [12,13].
Furthermore, sampling error and interobserver variability can lead to inconsistent fibrosis
staging, especially when the injury pattern is heterogeneous or multifactorial [14,15].

Historically, clinicians performed routine surveillance biopsies after reaching cumu-
lative methotrexate exposure thresholds (commonly 1.5-4 g) [5,16]. More recent data,
however, suggest that cumulative dose alone poorly predicts hepatotoxicity, prompting
a shift toward individualized, risk-based monitoring that incorporates comorbid factors
such as obesity, diabetes, and metabolic syndrome [6,17]. As a result, biopsy is now re-
served for cases in which non-invasive assessments yield discordant or indeterminate
results, or when definitive histologic characterization is required to guide management.

In contrast, vibration-controlled transient elastography (VCTE) offers a rapid, re-
producible, and non-invasive alternative for quantifying both fibrosis and steatosis [18].
Prior studies, including Brotherton et al., have demonstrated strong concordance between
elevated liver stiffness and controlled attenuation parameter values on VCTE and biopsy-
proven fibrosis in methotrexate-treated patients [19]. Given its safety profile and diagnostic
accuracy across multiple liver diseases, VCTE now serves as the preferred first-line modal-
ity for hepatic assessment in this study, while biopsy remains an important confirmatory
tool when histologic clarification is necessary.

Histologically, drug-induced liver injury (DILI) and metabolic liver disease could be
difficult to distinguish, as both can present similarly both histologically and clinically [3,7].

Given the overlap in histologic findings between MTX-induced liver injury and
metabolic liver disease, it remains difficult in clinical practice to determine the predominant
etiology of liver damage in these patients. Furthermore, with studies such as Azzam
et al. showing no dose-dependent relationship between MTX and DILI, questions about
the hepatoxicity of MTX have arisen. Specifically, the question arises of whether MetS
plays a more central role in liver injury than previously appreciated. This study aims to
evaluate the impact of MetS on liver injury in patients taking MTX. Specifically, we seek
to determine whether the presence of MetS is associated with significantly higher liver
stiffness (measured by FibroScan) and greater hepatic steatosis (identified via biopsy or
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controlled attenuation parameter) compared to patients without MetS. While MTX dosage
has historically been implicated in liver damage, we hypothesize that MetS is a more
influential contributor to hepatic injury in the modern low-dose MTX era.

2. Methods

Patients referred to our academic center hepatology clinics for evaluation of liver
disease due to chronic MTX use from 2016 to 2024 were identified using ICD codes. Patients
were included in this study if they had undergone FibroScan (FibroScan, Echosens, Paris,
France) and/or liver biopsy following chronic MTX usage. Patients were excluded if
the patient had a FibroScan already performed before initiation of MTX. We performed
retrospective chart review of all included patients for baseline characteristics. Patients with
known etiologies of liver injury such as autoimmune hepatitis, hepatitis B, and hepatitis C,
as well as patients with documented alcohol use disorder, were excluded from the study.
The institutional review board at our institution approved this study (IRB #31760) under
Exempt Category 4 and was conducted under the Declaration of Helsinki.

Patient charts were reviewed for baseline characteristics including sex, race, age,
indication for MTX usage, biopsy results, and cumulative lifetime MTX dosage (weekly
dose x number of weeks). Presence of DM, HTN, HLD, and elevated Body Mass Index
(BMI) of >30 were gathered from the patient’s chart. VCTE results, including LSM (kPa)
and CAP (dB/m), were collected for each patient. The authors also investigated charts
for patient outcomes, presence of liver transplantation, development of hepatocellular
carcinoma, and mortality.

Patients were classified as having metabolic syndrome if they met three or more
of the following criteria: (1) history of DM or treatment for DM, (2) history of HTN
or treatment for HTN, (3) elevated triglycerides or treatment for elevated triglycerides,
(4) low high-density lipoproteins (HDL) or treatment for low HDL, and (5) elevated BMI [20].
Traditionally, waist circumference is used for diagnosis, but because this is not traditionally
a portion of vital signs taken in clinic, BMI was used as a surrogate.

To enhance reliability, all FibroScan measurements were performed by trained
operators using the M or XL probe as appropriate for patient body habitus, following
a fasting period of at least three hours. Liver biopsy specimens were reviewed by
board-certified hepatopathologists. Histologic grading and staging followed the NASH
Clinical Research Network criteria, including assessment of steatosis, ballooning, lobular
inflammation, and fibrosis.

Statistical analysis was performed on the data using SPSS version 29.0 (IBM, Armonk,
NY, USA) to assess the impact of MetS on liver injury in individuals treated with MTX. Con-
tinuous variables are summarized as mean =+ standard deviation, and categorical variables
as counts with percentages. Normality was assessed using visual Q-Q plots in addition
to Shapiro-Wilk testing to confirm distributional assumptions. Analysis of Covariance
(ANCOVA) was run to determine the effect of MetS on LSM and CAP while accounting
for the effects of the covariate, cumulative MTX dosage. To meet the assumptions of the
ANCOVA test, the dependent variables, LSM and CAP, were interrogated for normality
and homogeneity of variance using the Shapiro-Wilk test and Levene’s test of homogene-
ity, respectively. For Shapiro-Wilk, a non-significant result (>0.05) was concluded to be
normally distributed, meaning the assumption was met. For Levene’s test of homogeneity,
a non-significant result (>0.05) concluded that there was homogeneity in variance, meaning
the assumption was met. Non-normality and heteroscedasticity were transformed with
a square root transformation. For the ANCOVA results, a p-value < 0.05 was considered
statistically significant.
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For CAP results, Levene’s test indicated there was homogeneity in variance F (1, 57) = 1.4,
p = 0.25. CAP was deemed to have a normal distribution via the Shapiro-Wilk test. For
LSM results, Levene’s test violated variance F (1, 57) = 5.2, p = 0.026. Thus, a square root
transformation was performed to meet the assumption of homogeneous variance necessary
for the statistical analysis. After the square root transformation of LSM (sqrtLSM), Levene’s
test indicated homogeneity in variance F (1, 57) = 2.9, p = 0.094. The square root of LSM
was deemed to be normally distributed via the Shapiro-Wilk test.

For the biopsy results, patients were separated into groups based on the presence
of metabolic syndrome. Patients’ charts were investigated for the presence of steatosis.
A nominal regression was conducted to determine a statistically significant difference of
MetS on presence of steatosis when MTX dosage was considered. A p-value < 0.05 was
considered statistically significant.

3. Results

61 patients were identified with a history of chronic MTX usage who underwent VCTE.
Two patients were excluded due to not taking the medication as prescribed and no docu-
mentation of pharmacy refills. Of the 59 patients included in the sample, 41 were female.
The mean age was 62 years (£12). The mean BMI was 34.3 (£7.4). MTX was used to
treat rheumatologic, dermatologic, oncologic, and gastrointestinal conditions. 34 patients
were treated for rheumatologic causes. Of these rheumatologic indications, 27 were for
rheumatoid arthritis, 3 were for sarcoidosis, 2 were for systemic lupus, 1 was for sclero-
derma, and 1 was for inclusion body myositis. 15 patients were treated for dermatologic
complications. Of the dermatologic indications, 12 were for psoriasis, 2 were for atopic
dermatitis, 1 was for bullous pemphigoid, and 1 was for pityriasis lichen chronica. Of
the oncologic indications, 4 patients were treated for myelodysplastic syndromes and
3 patients were treated for leukemia/lymphoma. One patient was on methotrexate for the
management of inflammatory bowel disease. A summary of the patient demographics and
indications for MTX usage are displayed in Table 1. CAP ranged from 112 to 400 kPa with
a mean of 290.0 (£65.2) dB/m. LSM ranged from 3.4 to 27.5 with a mean of 11.5 (6.1) kPa.
Values for LSM and CAP values are displayed in Table 2.

Table 1. Patient demographics and baseline characteristics. Patient demographics and indications
for methotrexate usage. Means are presented as mean £ SD (95% CI). Categorical data are shown
as counts by group (percent). For categorical variables, p-values were calculated using Pearson Chi-
Square test. For continuous variables, p-values were calculated using two-sided t-tests. Significant,
p < 0.05; Not significant, p > 0.05.

Metabolic Syndrome No Metabolic Syndrome p-Value

Total number of patients (N) 36 23
Female sex (N) 23 18 0.242
Age, years (mean) 62.4 + 9.8 (58.96-65.77) 60.6 &= 14.6 (54.37-66.76) 0.574
BMI kg/m? (mean) 37.5 + 6.8 (35.31-39.79) 29.3 + 5.9 (26.84-31.71) <0.001
Cumulative Dose mg (mean) 2688 + 5068 (970.6—4404.4) 2723 £ 3067 (1403.6-4041.4) 0.976
Rheumatologic Indication (IN) 23 11 0.223
Dermatologic Indication (N) 11 6 0.712
Oncologic Indication (N) 2 5 0.061
Gastrointestinal Indication (N) 0 1 0.207
Diabetes (N) 29 4 <0.001
Dyslipidemia (N) 34 10 <0.001
Hypertension (N) 33 13 0.001




Livers 2025, 5, 67

50f11

400

350

3001

250

2001

150

100

xx

0mEX

R ;X

X

%

Table 2. Mean CAP and LSM values for individuals taking MTX. Mean values for CAP and LSM for
the individuals with MetS and those without MetS. Means are presented as mean + SD (95% CI).

Metabolic Syndrome No Metabolic Syndrome

CAP (dB/m) 311 £ 53.3 (292.73-329.27) 255 £ 68.8 (223.59-284.41)
LSM (kPa) 13.0 £ 6.7 (10.7-15.3) 9.27 £+ 3.6 (7.45-11.09)
sqrtLSM 1.05 £ 0.92 (0.98-1.12) 0.93 £ 0.6 (0.84-1.02)

Among all patients, 36 (61%) met criteria for metabolic syndrome, and these indi-
viduals tended to have a higher BMI and a greater prevalence of diabetes, dyslipidemia,
and hypertension compared to those without MetS (Table 1). The average duration of
methotrexate therapy was 6.8 & 3.2 years, with a mean cumulative dose of 2.7 g, and no
differences in cumulative dosing were observed between groups. Steatosis detected by
CAP was moderate to severe in most MetS patients, whereas those without MetS typically
demonstrated only mild hepatic fat accumulation.

Using ANCOVA, it was determined that there was a significant effect of metabolic
syndrome on CAP when cumulative MTX usage was used as a covariate F (1, 56) = 12.9,
p < 0.001. Prescence of metabolic syndrome was determined to have a significant effect
on sqrtLSM when cumulative MTX dosage was identified as a covariate F (1, 56) = 5.1,
p = 0.028. Figure 1A shows a scatterplot of CAP for patients with metabolic syndrome and
for those without. Figure 1B shows the LSM values prior to transformation and Figure 1C
shows the LSM values after the square root transformation.

Scatterplot of CAP B Scatterplot of LSM (o Scatterplot of sqrtLSM
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Figure 1. (A) Scatterplot of CAP Values. Difference in CAP values for patients with MetS compared
to those without. Mean displayed by horizontal line for each group. (B) Scatterplot of LSM values.
Difference in LSM values for patients with MetS as compared to those without. Mean displayed by
horizontal line for each group. (C) Scatterplot of sqrtLSM values. Difference in sqrtLSM values for
patients with MetS compared to those without. Mean displayed by horizontal line for each group.

Thirty-two patients underwent liver biopsy. Of these 32 patients, 20 were identified
with steatosis on biopsy. A binomial regression was performed to determine the effect
of metabolic syndrome and MTX dosage on presence of steatosis. The logistic regres-
sion model was statistically significant, x?>= 13.787, p < 0.001. The model explained 40%
(Nagelkerke R?) of the variance in steatosis on biopsy and correctly predicted 55% of
cases. Presence of steatosis was significantly different in patients with metabolic syndrome
(p < 0.001) but was not related to cumulative lifetime dosage of MTX (p = 0.467). Histologic
review revealed that steatosis was predominantly macrovesicular, distributed mainly in
the centrilobular region, and frequently accompanied by mild portal inflammation. Pa-
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tients with MetS demonstrated significantly higher NAS (p = 0.002) and ballooning scores
(p = 0.008) than those without MetS, consistent with the pattern of metabolic liver injury.
Although no statistically significant difference was observed in fibrosis stage (p = 0.8),
individuals with MetS exhibited a numerical trend toward more advanced fibrosis. Im-
portantly, no cases of hepatic decompensation, transplantation, or mortality occurred
during the study period, emphasizing the largely subclinical but progressive nature of
liver injury in this population. Cumulative MTX dosage was not found to influence biopsy-
proven steatosis or diagnosis of steatohepatitis (p = 0.467). A summary of the results are
displayed in Table 3.

Table 3. Prescence of biopsy characteristics on biopsy. Data shows the number of patients who had
each of the biopsy characteristics. The mean is reported as mean + SD. A nominal regression was
performed to determine if there was a difference between groups with metabolic syndrome and those
without. A p < 0.05 is considered significant.

MetS (n = 19) 95% CI No MetS 95% CI p-Value
Steatosis Grade 1.32 £0.75 0.80-1.62 0.15£0.38 —0.03-0.46 <0.001
Necro-inflammatory Score 0.95 £ 0.62 0.64-1.36 0.46 £ 0.66 0.21-1.07 0.164
Ballooning Score 1.26 +1.19 3.03-4.87 0.08 £ 0.28 0.32-1.68 0.008
NAFLD Activity Score 3.21+212 0.75-2.09 077 £1.17 0.49-2.22 0.002
Fibrosis Stage 1.53 £1.19 0.65-1.56 123 £1.54 —0.12-0.55 0.8

4. Discussion

MTX is a cornerstone treatment for various malignancies, autoimmune diseases, and
inflammatory conditions due to its antineoplastic and immunosuppressive properties.
Despite its efficacy, MTX is well-documented to cause hepatotoxicity, including serum
aminotransferase elevations, fatty liver disease, fibrosis, and, in severe cases, cirrhosis
or portal hypertension [16]. Historically, cumulative MTX dosage has been implicated
as the primary factor in liver injury; however, variability in liver injury across patient
populations suggests that additional risk factors [6], such as obesity, diabetes, and alcohol
use, may contribute significantly. Modern MTX regimens with weekly dosing and folate
supplementation have reduced the incidence of severe liver disease, but the mechanisms
underlying liver injury, especially in the presence of metabolic risk factors, remain unclear.
MASLD is associated with MetS [21] and is a prevalent cause of liver transplantation in the
United States [22].

Numerous studies have established that diabetes mellitus (DM) and metabolic syn-
drome (MetS) are major determinants of liver disease progression. Specifically, a meta-
analysis by Younossi et al. demonstrated that insulin resistance and diabetes accelerate
disease evolution from steatosis to advanced fibrosis, cirrhosis, and hepatocellular carci-
noma (HCC), leading to higher liver-related and overall mortality [23]. These findings
provide a mechanistic framework supporting our observation that MTX-related hepatotoxi-
city reflects an interaction between metabolic dysfunction and drug exposure rather than
cumulative dose alone. Patients with DM and MetS exhibit a pro-inflammatory, lipotoxic
hepatic environment characterized by mitochondrial dysfunction, oxidative stress, and
impaired autophagy [11,24,25]. Beyond these cellular mechanisms, diabetes also promotes
hepatic stellate cell activation and extracellular matrix deposition through chronic hyper-
insulinemia and advanced glycation end-product formation, both of which perpetuate
fibrogenesis [14,15]. This study is not intended to completely disregard the cytotoxic mech-
anisms of MTX, as it has been well demonstrated that MTX also causes oxidative stress,
mitochondrial dysfunction, and disruption of nucleotide synthesis pathways contributing
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to hepatocellular injury [1,26]. Rather, this study attempts to address that these pathways
may sensitize the liver to the toxic effects of MTX. The coexistence of MetS and MTX
exposure may therefore represent a “two-hit” process in which metabolic dysregulation
primes hepatocytes for injury, and MTX acts as an accelerant rather than a sole instigator.
Moreover, the metabolic milieu in these patients is often compounded by dyslipidemia and
visceral adiposity, which further increase hepatic oxidative stress and impair microvascular
perfusion, creating a self-sustaining cycle of injury and repair. From a clinical perspective,
this interaction explains why patients with diabetes or MetS frequently develop more rapid
fibrosis progression even at lower cumulative MTX doses. Recognizing this relationship
reframes MTX hepatotoxicity not as an inevitable consequence of long-term therapy but as
a modifiable risk mediated by underlying metabolic health.

Furthermore, this study explores the relationship between MetS and MTX-associated
liver injury using a retrospective cohort of chronic MTX users. Among the key findings
of this study is the identification of MetS as a strong, independent predictor of fibrosis
noted via LSM and steatosis measured as CAP score using VCTE, while controlling for
cumulative MTX dosage. This finding challenges the traditional belief that MTX hepa-
totoxicity is primarily dose-dependent, highlighting instead the critical role of metabolic
risk factors such as metabolic syndrome and diabetes mellitus. Our results align with
broader evidence showing that DM and MetS accelerate the progression of chronic liver
disease from steatosis to fibrosis, cirrhosis, and HCC [23-25]. This is consistent with studies
demonstrating that patients with MetS or DM develop more rapid fibrosis progression,
have higher rates of hepatic decompensation, and experience worse long-term survival
compared to those without metabolic risk factors. In this context, MTX exposure may act
as an additional insult on an already vulnerable liver, compounding the injury driven by
underlying metabolic dysfunction. Importantly, this paradigm shift emphasizes that liver
injury in MTX users may not be explained solely by cumulative drug exposure, but by the
synergistic interplay between MTX and the metabolic milieu. Mechanistically, diabetes
exacerbates hepatocellular stress through lipotoxicity, oxidative injury, and chronic inflam-
mation, rendering the liver more susceptible to MTX-induced damage. This aligns with the
concept of a “two-hit” or “multiple-hit” model of injury in metabolic dysfunction.

Clinically, these findings carry important implications for patient management. Indi-
viduals with metabolic syndrome or diabetes receiving long-term MTX should undergo
more intensive hepatic monitoring—such as periodic VCTE or laboratory surveillance—given
their heightened risk for fibrosis progression. Conversely, patients without metabolic risk
factors may not require as frequent elastography or imaging, allowing for more judicious
use of healthcare resources. This tailored approach could refine current monitoring guide-
lines, which historically rely primarily on cumulative MTX dose thresholds. Moreover,
optimizing metabolic health through lifestyle modification or pharmacologic control of
diabetes, dyslipidemia, and obesity may mitigate hepatotoxic risk and allow patients to
safely continue MTX therapy, a drug that often provides disease- and life-altering benefit.

These observations underscore the need for objective, reliable measures such as VCTE
and biopsy to disentangle the relative contributions of MTX and metabolic dysfunction,
and to guide risk-stratified monitoring strategies. The study’s use of validated non-invasive
diagnostic tools, such as VCTE, alongside histologic confirmation via liver biopsy, strength-
ens the reliability and clinical relevance of its results. The findings of this study align with
the findings by Bedoui et al., who performed a systematic review showing that cumulative
dosage of MTX does not influence degree of liver injury [1]. The hypothesis that MetS may
mediate drug-induced liver injury is further supported by studies of other hepatotoxic
medications such as tamoxifen, valproic acid, and lamotrigine, where metabolic risk factors
modify risk [9,22].
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Our results therefore support a paradigm in which MTX hepatotoxicity represents
a manifestation of metabolic liver vulnerability rather than a direct toxic threshold phe-
nomenon. Recognizing this relationship may improve clinical outcomes by prompting
earlier intervention on modifiable metabolic factors, prioritizing fibrosis screening for
high-risk individuals, and reducing unnecessary surveillance in low-risk populations. This
risk-adapted model aligns with precision medicine principles and emphasizes prevention
rather than reaction.

Robust statistical methods, including ANCOVA and logistic regression, were em-
ployed in this study to control confounders and test hypotheses effectively. Transformations
to address data non-normality and heterogeneity of variance ensure the validity of the
statistical analyses. The inclusion of patients treated for diverse indications (rtheumatologic,
dermatologic, oncologic, and gastrointestinal) enhances the general applicability of findings
across specialties. We have previously described the utility of VCTE in detecting MASLD
and correlated the LSM and CAP scores with steatosis and fibrosis noted on liver biopsies
in these patients with chronic MTX use [20].

Strengths of this study include the integration of both non-invasive elastography and
histology, adjustment for cumulative MTX dose as a covariate, and the use of real-world
patients across multiple specialties. These design features enhance the clinical relevance of
our findings.

This study has several limitations that should be considered when interpreting its
findings. The retrospective design introduces potential biases, including incomplete or
inconsistent medical records, and the single-center nature of the study limits the general-
izability of results to broader populations. Additionally, patient selection bias may have
occurred since only those referred to hepatology clinics were included, potentially over-
representing more severe disease. The overall sample size was modest, and only a subset
(n = 32) underwent biopsy, which reduces statistical power and limits generalizability. The
reliance on secondary data, such as medical records and pharmacy refill reports, may lead
to inaccuracies in assessing MetS and cumulative MTX dosage. Variability in LSM and
CAP values, particularly in the MetS group, suggests unmeasured heterogeneity, and the
retrospective design precludes causal inferences. While we used established criteria to
define metabolic syndrome, we acknowledge that reliance on chart documentation may
have introduced some misclassification. Finally, the study’s focus on MetS and MTX dosage
does not account for other potential contributors, such as lifestyle factors or genetic predis-
positions, and the predominance of rheumatologic indications and lack of demographic
diversity further limit its applicability to other patient populations.

We acknowledge that several studies have previously examined the association be-
tween MetS and liver injury in chronic MTX users. While prior studies have explored dose-
dependent MTX hepatotoxicity, recent evidence increasingly highlights the importance
of metabolic risk factors [1,3,17]. Our study specifically aims to clarify the independent
role of MetS in MTX-associated liver injury by employing VCTE coupled with histologic
validation via liver biopsy. Additionally, we have clearly defined MetS where BMI was
used instead of waist circumference due to availability and consistency of recorded clinical
data. We also recognize that concurrent medications such as antidiabetic and lipid-lowering
agents may have influenced outcomes, representing another potential confounder. Collec-
tively, these findings suggest that diabetes and metabolic syndrome may act not only as
coexisting comorbidities but as key modifiers of MTX-related hepatotoxicity. Recognizing
this relationship has important implications for risk stratification and follow-up in patients
prescribed long-term MTX.
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Future directions should include the development of prospective, multicenter studies
incorporating dynamic metabolic parameters (e.g., insulin resistance indices, lipid profiles,
and body composition metrics) to refine risk models. Integration of fibrosis progression data
and response to metabolic optimization could further delineate how improving metabolic
health alters MTX tolerability and long-term outcomes.

Future research should focus on prospective, multicenter studies to validate the role of
MetS in MTX-associated liver injury across diverse and larger patient populations. We plan
to conduct studies with adequate follow-up to incorporate comprehensive assessments
of liver-related outcomes such as cirrhosis, decompensation, hepatocellular carcinoma,
and liver transplantation and provide a clearer understanding of disease progression.
Investigating lifestyle factors, genetic predispositions, and the interplay of other hepa-
totoxic medications could further elucidate the multifactorial nature of MTX-induced
hepatotoxicity. Finally, developing predictive models that incorporate both metabolic and
pharmacologic risk factors could guide personalized monitoring and therapeutic strategies,
ensuring optimal safety and efficacy for patients on long-term MTX therapy.

In conclusion, this study suggests an association of metabolic syndrome and MTX-
associated liver injury rather than the cumulative dose MTX alone in long-term MTX
users. These findings aim to improve understanding of hepatotoxicity mechanisms and
inform monitoring strategies, shifting focus from MTX dosage alone to metabolic health as
a critical determinant of liver injury risk. Multicenter and prospective studies are required
to validate the findings of this study and to avoid erroneous conclusions.
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