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Simple Summary

Circulating bile acids are increasingly investigated as potential biomarkers in pancreatic
cancer, but their composition may be substantially influenced by cholestasis and its clinical
management. In this study, direct bilirubin, biliary drainage, and ursodeoxycholic acid
treatment emerged as the principal determinants of circulating bile acid variability, whereas
differences associated with tumor localization were more limited and context-dependent.
Direct bilirubin provided greater explanatory value than binary jaundice classification
and identified pronounced compositional remodeling at higher concentrations. These
findings provide a clear framework for future biomarker studies and highlight the need to
systematically account for bilirubin levels, biliary drainage history, and ursodeoxycholic
acid exposure when interpreting circulating bile acid profiles.

Abstract

Background: Circulating bile acid (BA) profiles are increasingly explored in pancreatic
cancer, although their interpretation is often complicated by biliary obstruction and its
clinical management. In this study, we characterized plasma BA profiles in pancreatic ductal
adenocarcinoma (PDAC) and assessed the relative contributions of tumor localization,
histological subtype, cholestasis, and cholestasis-related interventions. Methods: Plasma
BAs were quantified by LC-MS/MS in patients with PDAC of the pancreatic head (hPDAC,
n =132), PDAC of the body-tail ({tPDAC, n = 42), and non-PDAC tumors of the pancreatic
head (hnonPDAC, n = 34). BA concentrations and derived ratios were log-transformed
and standardized, and their associations with bilirubin were examined using multivariable
linear models, LOESS, and multivariate longitudinal analyses. Results: UDCA therapy
was associated with markedly increased circulating UDCA, higher total BA concentrations,
and enrichment of secondary BA species. Direct bilirubin explained more variability in BA
composition than binary jaundice classification and showed a non-linear association with
BA remodeling, with a distinct metabolic profile emerging only at high bilirubin levels.
Longitudinally, BA profiles changed substantially over time in hPDAC, largely in parallel
with bilirubin, whereas they remained comparatively stable in tPDAC. After adjustment
for bilirubin, tumor-related differences were modest and context-dependent. Conclusions:
Overall, circulating BA profiles in pancreatic cancer appear to be driven predominantly by
cholestasis and its management rather than by tumor-related features alone.
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1. Background

Pancreatic cancer (PC) is one of the most lethal malignancies [1], and currently repre-
sents the seventh leading cause of cancer-related death worldwide, with a 5-year survival
rate of approximately 7%. Most cases are diagnosed at an advanced stage because of
the lack of specific symptoms, contributing to the poor prognosis [2]. Pancreatic ductal
adenocarcinoma (PDAC) accounts for approximately 90% of cases and frequently arises in
the head of the pancreas, where tumor growth often leads to obstruction of the common
bile duct [3]. Accordingly, a considerable rate of patients present with obstructive jaundice,
hyperbilirubinemia, and altered circulating bile acid (BA) levels.

BAs are amphiphilic molecules synthesized from cholesterol in the liver and play a
central role in lipid absorption and metabolic regulation. Through enterohepatic circula-
tion and microbial transformation in the gut, primary BAs are converted into a range of
secondary species, generating a complex and dynamic pool of metabolites with distinct
physicochemical and biological properties [4].

In recent years, circulating BA profiles have attracted increasing interest in gastroin-
testinal cancers, including PC [5]. In tissues directly exposed to the bile, such as the liver,
biliary tract, and gastrointestinal mucosa, BAs have been implicated in tumor-related pro-
cesses through several mechanisms, including inflammatory signaling and mucin regula-
tion [6-9]. In PC, however, the interpretation of BA alterations remains uncertain, although
a possible link between BAs, microbiota, and PC biology has been hypothesized [10]. Exper-
imental and clinical studies have reported heterogeneous and context-dependent findings,
and it is still unclear to what extent circulating BA profiles reflect tumor-related biology
rather than the clinical consequences of biliary obstruction [5,11]. This issue is particularly
relevant in PDAC, because cholestasis is not only common, but is also frequently modified
by clinical interventions. Patients with tumors in the pancreatic head often undergo biliary
drainage before surgery, and many receive ursodeoxycholic acid (UDCA) as part of jaun-
dice management. These interventions are not biologically neutral, as they may alter BA
composition through different mechanisms, including pharmacological remodeling of the
BA pool and mechanical relief of obstruction [12-14]. Patients with similar bilirubin values
may nonetheless represent distinct metabolic states depending on the presence, severity,
timing, and treatment of cholestasis. Failure to account for these factors may confound
the interpretation of circulating BA profiles and contribute to the heterogeneity reported
across studies.

Accordingly, before considering circulating BAs as potential markers of tumor-related
processes in pancreatic cancer, the extent to which their variability is attributable to cholesta-
sis and its management must be clearly delineated. We therefore aimed to characterize
plasma BA profiles in pancreatic cancer and to assess whether the observed differences
were primarily related to anatomical localization or also to histological subtype. To this end,
we compared PDAC arising in the pancreatic head (hPDAC) and body-tail (tPDAC) with
non-PDAC tumors of the pancreatic head (hnonPDAC) using integrated cross-sectional
and longitudinal statistical approaches.

2. Results
2.1. Impact of UDCA Therapy on BA Profile in hPDAC

Because ursodeoxycholic acid (UDCA) is frequently prescribed to manage cholestatic
symptoms, we first sought to establish how exogenous UDCA administration alters circu-
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lating bile acid (BA) composition in patients with hPDAC. We hypothesized that UDCA
therapy significantly distorts both individual BA concentrations and overall pool com-
position. To test this hypothesis, we compared circulating BA profiles between hPDAC
patients receiving UDCA therapy and those who were untreated. UDCA therapy was
associated with marked changes in the circulating BA profile. Patients receiving UDCA
showed a significant increase in circulating UDCA levels (median 2198.9 vs. 15.25 ng/mL;
fold change 144.2; p < 0.001), together with higher levels of its conjugated derivatives
GUDCA (fold change 71.3; p < 0.001) and TUDCA (fold change 40.0; p < 0.001).

Total BAs were increased in treated patients (fold change 2.98; p < 0.001). Secondary
BAs were also elevated (fold change 7.03; p < 0.001), including both conjugated (fold change
6.39; p < 0.001) and unconjugated species (fold change 6.56; p < 0.001). Total conjugated
BAs (fold change 2.42; p < 0.001) and unconjugated BAs (fold change 3.95; p < 0.001) were
also both increased.

Compositional ratios were significantly altered, with a reduction in the primary-to-
secondary BA ratio (fold change 0.18; p < 0.001), as well as in the conjugated (fold change
0.20; p < 0.001) and unconjugated (fold change 0.29; p < 0.001) primary-to-secondary ratios
(Figure 1). No significant differences were observed for several individual primary BAs,
including CA and CDCA.
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Figure 1. Effect of UDCA therapy on BA levels and composition in hPDAC. Boxplots of selected bile
acids and derived ratios in patients with hPDAC with (n = 40) and without (n = 92) UDCA therapy.
Values are shown on a log scale. Each point represents an individual subject.

Given the effect of UDCA therapy on BA composition, all subsequent analyses were
restricted to patients not receiving UDCA (n = 156). Clinical and pathological characteristics
of this study population are summarized in Table 1.

2.2. Impact of Cholestasis on BA Profile in RPDAC

Biliary obstruction and clinical jaundice are hallmark features of pancreatic head
tumors. However, it remains unclear whether categorical indicators (such as clinical
jaundice or bilirubin above/below threshold) or continuous quantitative markers (such
as direct bilirubin) capture systemic BA alterations more effectively. We hypothesized
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that quantitative direct bilirubin levels would serve as a superior continuous predictor
of cholestasis-induced metabolic remodeling. To test this and determine the optimal
predictor for downstream models, we first compared the explanatory power of binary
clinical jaundice against quantitative direct bilirubin concentrations.

Table 1. Clinical and pathological characteristics of the study population after exclusion of patients

receiving UDCA therapy.
Characteristic tPDAC (n = 37) hPDAC (n =92) hnonPDAC (n =27)
Age (years), Median (IQR) 67 (12) 68 (14) 66 (16)
Sex (Male), n (%) 16 (43.2%) 45 (48.9%) 17 (63.0%)
BMI (kg/m?), Median (IQR) 25.7 (5.4) 24.2 (3.5) 23.1 (4.1)
Jaundice (Present), 1 (%) 2 (5.4%) 28 (30.4%) 14 (51.9%)
Direct Bilirubin (umol/L),
Median (IQR) 3.0(1.8) 3.5(6.7) 8.0 (11.3)
Total Cholesterol (mmol/L),
Median (IQR) 5.0 (1.5) 4.7 (1.7) 4.7 (1.8)
Direct bilirubin explained a greater proportion of variance (+4%, p = 0.002) and was
therefore used as the primary predictor in subsequent analyses.
When each BA parameter was tested within adjusted models including age, sex, and
cholesterol, the conjugated-to-unconjugated BA ratio showed the strongest association,
with the largest standardized effect size ($ ~ 0.9; p < 0.001) (Figure 2).
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Figure 2. Association of direct bilirubin with circulating BA variables. Standardized {3 coefficients
from linear models adjusted for age, sex, and cholesterol are shown with 95% confidence intervals.
Each point represents the effect size of direct bilirubin on an individual BA or derived ratio. The
vertical dashed line indicates no effect (3 = 0). Blue points indicate positive associations and orange
points negative associations.
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Standardized conjugated / non-conjugated ratio

Plotting this ratio against direct bilirubin revealed a non-linear relationship with
three visually identifiable regions (Figure 3). Below 6 umol/L, corresponding to the
upper reference limit for direct bilirubin in our laboratory, ratio values remained relatively
stable. Between 6 and approximately 30 pmol/L, a plateau was observed, whereas above
approximately 30 umol/L the ratio increased markedly. These empirically defined ranges
were subsequently categorized as normal, moderate, and severe, respectively, to assess
whether they were associated with differences in overall BA composition.

3 10 30 100
Direct Bilirubin (log scale, .mol/L)

Figure 3. Relationship between direct bilirubin and the conjugated-to-unconjugated BA ratio. Scatter
plot of direct bilirubin (log scale) versus the standardized conjugated-to-unconjugated BA ratio. The
black line represents the LOESS fit and the shaded area the 95% confidence interval. The vertical
dashed line marks 6 pmol/L. Three regions are apparent: a stable region below 6 umol/L, a plateau
between 6 and 30 umol/L, and a sharp increase above 30 pmol/L.

To assess global metabolic variation, distance-based redundancy analysis (dbRDA)
was performed using Bray—Curtis dissimilarity (Figure 4). The severe group formed a
distinct cluster, whereas the moderate and normal groups showed substantial overlap.
PERMANOVA showed that significant differences involved only the severe group, which
differed from both the normal group (R? = 0.22, p = 0.003) and the moderate group (R? = 0.18,
p =0.006). No significant difference was observed between the moderate and normal groups
(R? =0.03, p = 0.30).
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Figure 4. Distance-based redundancy analysis (dbRDA) of bile acid (BA) profiles across bilirubin
severity classes. Ordination plot based on Bray—Curtis dissimilarity matrix of BA profiles, conditioned
on potential confounders (age, sex, and total cholesterol). Individual points represent individual
sample BA profiles color-coded by bilirubin class: Normal (red), Moderate (blue), and Severe (green).
Constrained axes CAP1 and CAP2 display the variation in BA composition attributable to bilirubin
severity class. Blue vectors indicate the direction and magnitude of multivariate shift for Moderate
and Severe classes relative to the Normal baseline. Samples in the Severe group form a distinct
cluster driven along CAP1, whereas Moderate samples show substantial overlap with the Normal
bilirubin group.

2.3. Baseline Tumor-Related Differences After Stratification by Bilirubin Levels

We next examined whether tumor diagnosis and anatomical location contributed
to BA variability independently of current cholestatic burden. We hypothesized that
tumor-related differences, if present, would be more detectable after stratification by
direct bilirubin levels. To address this question, we conducted a stratified multivariate
analysis across the three bilirubin classes, conditioning on relevant clinical covariates.
Partial constrained analysis of principal coordinates (CAP), conditioned on bilirubin, age,
sex, and cholesterol, revealed mild separation between tPDAC and tumors arising in the
pancreatic head, with substantial overlap across groups (Figure 5). In PERMANOVA,
tumor diagnosis explained a significant proportion of variance only within the normal
bilirubin subgroup (R? = 0.048, p = 0.005), but not in the moderate (p = 0.732) or severe
(p = 0.455) groups. Within the normal subgroup, pairwise comparisons showed that tPDAC
differed significantly from both hPDAC (p = 0.009) and hnonPDAC (p = 0.006), whereas no
difference was observed between hPDAC and hnonPDAC (p = 1.000). Overall, baseline
BA profiles in tPDAC were shifted toward unconjugated and secondary species, whereas
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tumors arising in the pancreatic head showed a profile more weighted toward conjugated
BAs (Supplementary Figure S1).
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Figure 5. Canonical Analysis of Principal Coordinates (CAP) of baseline individual bile acid (BA)
profiles across tumor groups. Ordination plot based on individual BA concentrations at baseline (T0),
conditioned on potential confounders (bilirubin, age, sex, and total cholesterol). Individual subjects
are represented by points color-coded by tumor classification: hnonPDAC (non-PDAC tumors of
the pancreatic head; red), hPDAC (pancreatic head PDAC; blue), and tPDAC (pancreatic body/tail
PDAC; green). Shaded ellipses denote 95% confidence intervals around group centroids. Blue vectors
indicate the directional shift and magnitude of group centroids relative to the baseline reference
group (hnonPDAC). Constrained axes CAP1 and CAP2 capture the multivariate variation attributable
to tumor type. Partial separation along CAP1 is visible between tPDAC and head tumors, though
substantial overlap remains across all three groups.

2.4. Temporal Dynamics of BA Profiles in Operated Patients

To determine whether surgical resection and subsequent relief of biliary obstruction
restore normal systemic BA profiles, we evaluated longitudinal metabolic trajectories in
surgical patients. We hypothesized that surgical intervention in hPDAC patients would
trigger a progressive normalization of BA composition in tandem with resolving cholestasis,
whereas non-obstructive body/tail tumors (tPDAC) would maintain stable metabolic
profiles over time. To test this hypothesis, we analyzed direct bilirubin and systemic BA
dynamics preoperatively (T0) and across two postoperative time points (T1 and T2). Direct
bilirubin levels showed a marked decline over time in hPDAC, whereas no comparable
temporal trend was observed in tPDAC (Figure 6). Consistent with this pattern, BA profiles
in hPDAC showed marked temporal variation. Multivariate analysis identified direct
bilirubin as the main driver of variation (Bray-Curtis R? = 0.061, p < 0.001; Euclidean
R? = 0.081, p < 0.001), with a significant effect of time (Bray—Curtis R? = 0.013, p = 0.016;
Euclidean R? = 0.028, p = 0.001). Pairwise comparisons demonstrated significant differences

https://doi.org/10.3390/ cancers18152481


https://doi.org/10.3390/cancers18152481

Cancers 2026, 18, 2481

8 of 14

Direct Bilirubin (umol/L)

125

100

75

50

25

= —

TO

between TO and T1 (p = 0.007) and between T0 and T2 (p = 0.001), whereas no significant
difference was observed between T1 and T2 (p = 0.221). In contrast, no significant temporal
changes were observed in tPDAC: neither time (Bray—Curtis p = 0.136; Euclidean p = 0.091)
nor direct bilirubin (Bray—Curtis p = 0.546; Euclidean p = 0.326) significantly contributed
to variation in BA composition, and profiles remained stable across time points. Overall,
these findings indicate that BA profiles in hPDAC are dynamic over time, whereas tPDAC
profiles remain comparatively stable (Supplementary Figure S2). An additional comparison
restricted to the later postoperative time point (T2 hPDAC vs. T2 tPDAC) still showed a
significant association between diagnosis and BA composition after adjustment for age,
sex, bilirubin, and cholesterol (Bray—Curtis R? = 0.0446, p = 0.004; Euclidean R? =0.0385,
p=0.011).

— Y —— —
T T2 TO T T2

Time Point

Figure 6. Temporal changes in direct bilirubin in operated patients with hPDAC and tPDAC. Direct
bilirubin levels measured at preoperative baseline (T0), the first postoperative time point (T1), and
hospital discharge (T2) in patients with hPDAC and tPDAC. A marked decline over time is observed
in hPDAC, whereas tPDAC shows no comparable temporal trend.

3. Discussion

The present study shows that circulating BA profiles in PC are strongly influenced by
cholestasis and its management, which emerged as major determinants of BA composition
across cross-sectional, multivariate, and longitudinal analyses, whereas the contribution
related to tumor localization was more limited and context-dependent.

A first major finding is the strong impact of UDCA therapy on the circulating BA profile
in patients with head PDAC. This treatment was associated with a considerable increase in
UDCA and its conjugated derivatives, together with an increase in the total BA pool and a
shift in compositional ratios toward secondary species. These changes are consistent with
the known pharmacokinetic properties of UDCA, including enterohepatic recirculation and
extensive hepatic conjugation, which enrich the BA pool in more hydrophilic species and
modify the relative abundance of endogenous BAs, as previously described in cholestatic
liver disease [15-20].
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To the best of our knowledge, this is the first study to characterize the overall impact
of UDCA on circulating BA composition in a pancreatic cancer cohort, including changes
extending beyond drug-derived metabolites to the distribution of broader BA classes.

This is relevant not only for PC but also for clinical settings characterized by obstructive
jaundice, in which UDCA is often administered as part of clinical management, although
its effect is rarely explicitly considered when interpreting circulating BA signatures.

A second major finding is the role of bilirubin as a quantitative determinant of BA
composition. Compared with a binary classification of jaundice, direct bilirubin provided
greater explanatory power and better captured the impact of cholestasis in our cohort. Its
association with BA composition was non-linear, with limited variation at lower concentra-
tions and a distinct metabolic profile emerging only at higher levels, whereas moderate
elevations were not clearly distinguishable from normal values. This pattern is consistent
with current concepts of cholestatic adaptation, whereby impaired biliary excretion pro-
motes BA retention, remodeling of the circulating BA pool, and activation of compensatory
regulatory pathways [12,20-24].

In pancreatic cancer, Liu et al. [25] similarly highlighted the influence of biliary obstruc-
tion on circulating BA profiles, but reported mainly an increase in total BA concentrations
without significant changes in relative composition. The different findings may partly re-
flect our use of direct bilirubin as a continuous predictor across the full range of cholestatic
burden, which allowed compositional changes at higher concentrations to become appar-
ent. Differences in cohort characteristics, the number and types of BA species measured,
analytical endpoints, and the timing and management of biliary obstruction may also have
contributed. Overall, our results extend previous observations by indicating that marked
cholestatic burden may affect both BA concentration and composition.

Regarding comparisons among tumor groups, differences in BA composition were
overall limited and context-dependent. In baseline stratified analyses, tumor diagnosis
explained only a small fraction of BA variability, and only in patients with normal bilirubin
levels. Within this subgroup, differences emerged between tumors of the pancreatic tail and
head, whereas no distinction was observed between PDAC and non-PDAC tumors located
in the head. This result should be interpreted with caution, as patients with pancreatic head
tumors and normal bilirubin had undergone biliary drainage before sampling. Therefore,
the apparent association with anatomical localization may partly reflect the timing and
metabolic consequences of jaundice resolution, not fully captured by bilirubin levels at TO.

Longitudinal analyses support this interpretation. In hPDAC, BA profiles changed
markedly from preoperative to postoperative time points before stabilizing, whereas no
significant temporal variation was observed in tPDAC. A modest difference between
hPDAC and tPDAC persisted at the later postoperative time point. Overall, these findings
suggest that baseline differences in patients with normal bilirubin may reflect residual
effects of prior cholestasis and its treatment, although a limited contribution of anatomical
localization cannot be excluded. Longer follow-up will be needed to clarify whether these
differences persist or reflect transient post-intervention effects.

The compositional changes associated with cholestasis and UDCA exposure may also
have biological relevance beyond their role as potential analytical confounders. Alterations
in the balance between conjugated and unconjugated BAs, as well as between primary
and secondary species, could influence signaling through BA-responsive receptors such
as FXR and TGRS, with potential effects on metabolic regulation, inflammatory responses,
epithelial function, and tumor-host interactions [23,24,26-28]. In pancreatic cancer, FXR
overexpression has been associated with lymph-node metastasis, cell migration, and in-
vasion, while broader evidence supports a potential role of BA signaling in pancreatic
carcinogenesis [28,29]. These observations provide a mechanistic framework for interpret-
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ing the circulating BA alterations identified in our cohort and support further investigation
of their biological relevance.

This study has some limitations. First, although the cohort was prospectively assem-
bled at a single high-volume pancreatic surgery center and represents a substantial series
of patients with resectable pancreatic and periampullary tumors, the single-center design
may limit the generalizability of the findings. Some analytical subgroups, particularly
the body-tail PDAC and periampullary non-PDAC groups, were smaller, reflecting the
distribution of tumors encountered in surgical practice. In addition, several analyses were
restricted to patients not receiving UDCA because of its marked effect on circulating BA
composition, thereby reducing the number of patients available within specific analytical
strata. This restriction reflects routine clinical management of biliary obstruction and was
necessary to distinguish treatment-related effects from those associated with cholestasis
and tumor characteristics. Second, although the statistical models accounted for the princi-
pal available clinical and biochemical covariates, residual confounding cannot be entirely
excluded. UDCA exposure was specifically considered in the analyses, while corticosteroid
and statin use were recorded and are reported in the Supplementary Table S1. Unmeasured
variability in gut microbiota composition and intestinal transit may also have influenced
primary-to-secondary BA relationships [26,27]. Third, the absence of healthy and non-
malignant cholestatic control groups precludes assessment of the diagnostic specificity of
the observed BA patterns.

The present findings should be interpreted primarily in the context of patients
with pancreatic or periampullary tumors evaluated and managed in a surgical setting.
Whether the same relationships between cholestatic burden, biliary management, and
circulating BA profiles also apply to patients with unresectable disease or to those man-
aged without surgery remains to be established. Nevertheless, the present results have
broader methodological implications, as they indicate that direct bilirubin, biliary drainage
history, and UDCA exposure are major determinants of circulating BA variability and
should be systematically considered when interpreting BA profiles in future clinical and
metabolomic studies.

4. Methods
4.1. Patient Selection

This prospective observational study included 208 consecutive patients enrolled be-
tween September 2022 and December 2023 at the General and Pancreatic Surgery Unit of the
University Hospital of Verona. Patients who had undergone prior surgery were excluded,
as were those with liver cirrhosis, acute liver failure, renal failure, multiple organ failure,
or ongoing infection. Patients were stratified into three groups according to tumor type
and anatomical localization: PDAC located in the head of the pancreas (hPDAC, n = 132),
PDAC located in the body-tail of the pancreas (tPDAC, n = 42), and non-PDAC tumors
arising in the head of the pancreas (hnonPDAC, n = 34). All cases were histopathologically
confirmed. Clinical and pathological characteristics of the overall study population are
reported in Supplementary Table S1.

For the cross-sectional analyses, plasma samples were collected in heparinized tubes
prior to surgery (T0) and stored at —80 °C until analysis. All blood samples were collected
at 08:00 a.m. after an overnight fast, to minimize variability related to food intake and
diurnal variation. Before TO sampling, all patients with tumors arising in the pancreatic
head had received treatment for biliary obstruction, including UDCA therapy or biliary
drainage. In a subset of operated patients with hPDAC and tPDAC, additional plasma
samples were collected at the first postoperative time point (T1;, hPDAC, n = 84 samples;
tPDAC, n = 26 samples) and at hospital discharge (T2; hPDAC, n = 58 samples; tPDAC,
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n = 21 samples), and were then used for longitudinal analyses of BA profile dynamics. The
study was approved by the Institutional Review Board of the University Hospital of Verona
(3364CESC, 7 July 2021). All subjects provided written informed consent in accordance
with institutional guidelines.

4.2. LC-MS/MS Analysis of BAs

Plasma BAs profiling was performed using a previously published and validated
liquid chromatography—tandem mass spectrometry (LC-MS/MS) technique [30] with mi-
nor modifications. BA standards were obtained from Cambridge Isotope Laboratories
(Andover, MA, USA) as commercially available mixtures of unconjugated (BA Standard
Mix 1, MSK-BA1) and conjugated BAs (BA Standard Mix 2, MSK-BA2). These mixtures in-
clude primary and secondary BAs in both unconjugated and glycine- or taurine-conjugated
forms (e.g., CA, CDCA, DCA, UDCA, LCA, and related conjugated species). Stable isotope-
labeled BAs were provided as separate mixtures and used as internal standards. Plasma
samples (200 pL) were subjected to methanol-based protein precipitation in the presence of
internal standards, centrifuged, and the resulting supernatant was diluted prior to analysis.
Reconstituted standards and processed samples were analyzed on a Cortecs T3 column us-
ing an ACQUITY UPLC I-Class system coupled to a Xevo TQ-S micro MS/MS operating in
negative electrospray ionization and multiple reaction monitoring (MRM) mode. Detailed
chromatographic and mass spectrometric conditions, together with analytical performance
characteristics, have been previously described [30].

4.3. Statistical Analysis

Continuous variables were expressed as medians and interquartile ranges (IQRs).
To account for non-normal distribution and high dynamic range, BA concentrations and
derived ratios were log-transformed and standardized using Z-score scaling before analysis.
Differences between independent groups were assessed using the Mann-Whitney U test,
with Benjamini-Hochberg correction for multiple testing. Associations between clinical
variables and BA profiles were evaluated using multivariable linear regression models,
and standardized beta coefficients with 95% confidence intervals were calculated. Non-
linear relationships between direct bilirubin and BA variables were explored using locally
estimated scatterplot smoothing (LOESS), and variance partitioning was applied to compare
the explanatory power of direct bilirubin and binary jaundice status. Global metabolic
variation was assessed using PERMANOVA and visualized by constrained ordination
methods, including dbRDA and partial constrained analysis of principal coordinates (CAP),
after adjustment for relevant confounders. In addition, principal component analysis
(PCA) of BA ratios was used as an exploratory approach to aid interpretation of group-
related compositional shifts. Temporal changes in BA composition were assessed using
PERMANOVA models, with pairwise comparisons performed when appropriate. Statistical
analyses were performed using R v4.5.2, adonis, factoextra v.2.0.0, FactoMineR v2.13,
pairwiseAdonis v0.4.1, vegan v2.7.3.

5. Conclusions

In conclusion, circulating BA profiles in pancreatic cancer were primarily shaped by
cholestatic burden and its clinical management, particularly UDCA exposure and prior bil-
iary intervention. Direct bilirubin was more informative than binary jaundice classification
and captured a non-linear remodeling of BA composition that became apparent at higher
concentrations, whereas tumor-related differences were modest and context-dependent.
Future metabolomic and biomarker studies should routinely incorporate direct bilirubin,
preferably as a continuous covariate, together with biliary drainage history and UDCA
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exposure before interpreting BA alterations as tumor-related. Prospective multicenter
studies are required to validate these observations and to determine whether BA profiling
adjusted for cholestatic and treatment-related factors provides independent diagnostic or
prognostic information.
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www.mdpi.com/article/10.3390/cancers18152481/s1, Figure S1: PCA loading plot of bile acid ratios.
Arrows represent the contribution of bile acid-derived ratios to the first two principal components.
Ratios associated with secondary and unconjugated bile acids align with positive Dim1 values,
consistent with the tPDAC profile, whereas conjugation-related ratios orient in the opposite direction,
consistent with tumors arising in the pancreatic head. Arrow length and color indicate the relative
contribution of each variable. Figure S2: Adjusted longitudinal evolution of the bile acid profile
(PC1) in hPDAC and tPDAC. Arrows represent the contribution of bile acid-derived ratios to the first
two principal components. Ratios associated with secondary and unconjugated bile acids align with
positive Dim1 values, consistent with the tPDAC profile, whereas conjugation-related ratios orient in
the opposite direction, consistent with tumors arising in the pancreatic head. Arrow length and color
indicate the relative contribution of each variable. Table S1: Clinical and pathological characteristics
of the overall study population.
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