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Abstract

Introduction: Cancer-related fatigue is a debilitating symptom among hepatocellular
carcinoma (HCC) patients, significantly impacting their quality of life. Emerging
evidence suggests that Vitamin D may help alleviate fatigue; however, its causal role
remains unclear.

Objective: This study aims to investigate the causal relationship between HCC,
Vitamin D, and fatigue by assessing the mediating role of Vitamin D using Mendelian
randomization (MR) analysis.

Methods: A two-sample MR analysis was conducted using genome-wide association
study (GWAS) data. Genetic instruments for “HCC,” “Vitamin D," and “fatigue” were
obtained from the Integrative Epidemiology Unit OpenGWAS database. Inverse
variance weighting, MR-Egger regression, weighted median, simple mode, and
weighted mode methods, as well as sensitivity analyses such as the MR-Egger
intercept, Cochran’s Q test, leave-one-out analysis, and MR Pleiotropy RESidual Sum
and Outlier, were employed to ensure robustness. Finally, a two-step MR analysis was
performed to quantify Vitamin D’s mediation effect.

Results: HCC showed a significant causal effect on increased fatigue risk
(odds ratio = 1.78; 95% confidence interval: 1.16-2.74; p<0.05) and decreased
Vitamin D levels (f = —12.61; p<0.05). Higher Vitamin D levels were associated with
reduced fatigue severity (3 =—0.01; p<0.05). Mediation analysis indicated that 21.74%
of the effect of HCC on fatigue was mediated by Vitamin D. Sensitivity analyses
confirmed the robustness of these findings.

Conclusion: Vitamin D may partially mediate the HCC—fatigue relationship inferred
from genetic proxies for chronic fatigue syndrome, highlighting its potential, albeit
preliminary, role as a therapeutic target for cancer-related fatigue management.
Future clinical trials should evaluate the efficacy of Vitamin D supplementation in
alleviating fatigue among HCC patients.

Keywords: Hepatocellular carcinoma; Cancer-related fatigue; Vitamin D; Mendelian
randomization; Mediation analysis
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1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most
common malignant tumor worldwide, with China
accounting for approximately 50% of global cases, thereby
facing a substantial disease burden."” Cancer-related
fatigue (CRF) is characterized by persistent physical,
emotional, and cognitive exhaustion that is not relieved
by rest and often worsens over time.” This pervasive and
debilitating symptom significantly reduces the quality of
life among HCC patients.* Recent studies have highlighted
the multifactorial pathophysiology of CRF, involving
neuroinflammation, mitochondrial dysfunction, and
dysregulation of the kynurenine pathway, which may serve
as potential therapeutic targets.>®

Despite its high prevalence, CRF remains underdiagnosed
and undertreated in clinical oncology settings, highlighting
the urgent need for mechanistic insights and evidence-based
interventions.” Surgery, transarterial chemoembolization,
and systemic therapies such as targeted drugs and
immunotherapy are common treatment modalities for HCC
and have achieved significant progress in HCC control.
However, no definitive clinical protocol currently exists for
the management of CRE The complexity of CRE, which
encompasses skeletal muscle metabolism,® hypothalamic-
pituitary—-adrenal axis regulation,” immune-inflammatory
responses,”” and central nervous system dysfunction,"
further complicates its management.

Emerging evidence highlights the role of Vitamin D in
alleviating fatigue,'” particularly among cancer patients.”***
Studies have indicated that Vitamin D supplementation can
reduce CRF severity, particularly in breast cancer patients,
potentially through immunomodulatory and antioxidant
mechanisms.'>' In addition, previous research has shown
that higher serum levels of 25-hydroxyvitamin D (25[OH]
D)-3 are associated with improved survival outcomes."”

Vitamin D deficiency is common in HCC patients
and may exacerbate systemic inflammation and impair
energy metabolism, thereby contributing to fatigue.'®"
Large-scale epidemiological evidence further supports
the protective role of sufficient Vitamin D against HCC
development. Forinstance, a prospective analysis of 447,028
United Kingdom Biobank participants demonstrated that
higher serum 25(OH)D levels were associated with up to a
48% reduction in HCC risk, with a 12% risk decrease per
10 nmol/L increment. Moreover, individuals with both
high Vitamin D levels and low genetic risk exhibited a 78%
lower HCC incidence. Complementing this, a recent United
States cohort study of over 2.4 million matched patients
confirmed that Vitamin D deficiency independently
increases the risks of cirrhosis, HCC, and mortality, and
that achieving sufficiency through supplementation reduces

mortality and normalizes HCC risk, with optimal protective
effects observed at serum levels of 40-60 ng/mL.***
However, it remains unclear whether Vitamin D plays a
mediating role in CRF among HCC patients. Specifically,
whether reduced Vitamin D levels contribute to the onset or
exacerbation of fatigue symptoms, as well as the underlying
molecular mechanisms, has not yet been investigated or
reported in the literature.

Therefore, the present study employs a Mendelian
randomization (MR) approach to investigate the causal
relationships between HCC and fatigue, with Vitamin D
serving as a potential mediator. The MR analysis
strengthens causal inference by minimizing the impact
of confounding factors and reducing reverse causality,
thereby addressing key limitations inherent to traditional
observational studies. Using a two-step MR framework,
this study quantifies the mediating effect of Vitamin D in
the HCC-fatigue pathway, providing novel insights into
potential therapeutic targets for managing CRF in patients
with HCC.

However, it should be acknowledged that, due to the
absence of a large-scale genome-wide association study
(GWAS) specifically addressing CRF in HCC patients, this
study utilizes genetic instruments derived from chronic
fatigue syndrome (CFS) as a proxy. While CFS and CRF
share overlapping symptomatology, they arise from
distinct etiologies—a limitation that constrains the direct
generalizability of the findings to the oncology context.

2. Materials and methods
2.1. Data source

This MR study was conducted using publicly available
GWAS datasets. Data were extracted from the Integrative
Epidemiology Unit (IEU) OpenGWAS project database
(https://gwas.mrcieu.ac.uk/),  encompassing  genetic
associations with HCC, Vitamin D levels (measured as
serum 25[OH]D3), and fatigue. The fatigue GWAS was
derived from a study of CFS rather than CRE As no large-
scale GWAS for CRF currently exists, CFS was used as the
best available proxy, although this introduces potential
etiological discrepancies that must be considered when
interpreting the results. The study design adhered to the
Strengthening the Reporting of Observational Studies in
Epidemiology-MR guidelines to ensure transparency and
reproducibility.?? As this study involved secondary analyses
of previously collected and disseminated data, additional
ethical approval was not required.

2.2. Selection of instrumental variables (IVs)

To ensure robust and credible results, the IVs selected
for a two-sample MR study must satisfy three core
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assumptions: (i) The IVs must exhibit a strong association
with the exposure of interest; (ii) the IVs should be
independent of confounding factors that could bias the
relationship between the exposure and outcome; and
(iii) the IVs should influence the outcome solely through
their effect on the exposure, with no alternative pathways.”
Figure 1 illustrates these assumptions and the role of
selected single-nucleotide polymorphisms (SNPs) as IVs
in relation to the exposure (HCC), mediator (Vitamin D),
and outcome (fatigue), while avoiding confounders and
reverse causality.

SNPs associated with the exposure were initially
identified from GWAS using the following criteria:
A genome-wide significance threshold of p<5 x
107¢,** a genetic distance of 10,000 kb, and a linkage
disequilibrium measure of * < 0.001. To satisfy the
exclusion restriction assumption, we excluded SNPs
with a significant association with the outcome at a
threshold of p<5 x 107°.2* To further evaluate the validity
of these SNPs as IVs, we calculated F-statistics for each
variant to minimize weak instrument bias, excluding
SNPs with an F-statistic <10.* PhenoScanner (http://
www.phenoscanner.medschl.cam.ac.uk/) was used to
determine whether the selected SNPs exhibited genome-
wide significant associations with other traits, thereby
preventing potential confounding.”” Finally, to ensure
consistency between exposure and outcome SNPs, we
harmonized alleles and excluded ambiguous palindromic
SNPs and incompatible SNPs.?

2.3. MR methods

The primary MR analysis was conducted using univariable
two-sample MR with the inverse variance weighting
method. To assess the robustness of the inverse variance
weighting estimates, alternative MR methods, including

b =
Instrumental variables
SNPI | ) D e |
SNP2 v 5 p| Relevance
XY, assumption
SNPn "> —

Exclusion

MR-Egger regression, weighted median, simple mode,
and weighted mode tests, were employed. These
analyses were conducted to minimize the potential bias
caused by genetic IVs operating through unidentified
pathways and to address inconsistencies in the strength
of IV effects. Sensitivity analyses aimed at detecting and
adjusting for potential pleiotropy and heterogeneity
were conducted to ensure the robustness and reliability
of the MR findings. Specifically, the MR-Egger intercept
was employed to identify directional pleiotropy. If the
intercept term was very close to 0, then the MR-Egger
model was approximately equivalent to inverse variance
weighting.

Pp>0.05 indicated that the possibility of pleiotropy was
minimal or non-existent, suggesting that the SNPs were
associated only with the exposure and not with other
confounding variables. Heterogeneity was assessed using
Cochrans Q test and a “leave-one-out” analysis, which
sequentially excludes individual IVs to evaluate their
impact, and the MR Pleiotropy RESidual Sum and Outlier
(MR-PRESSO) was also applied for outlier detection and
adjustment.

All statistical analyses were performed using R
software version 4.2.3 (Core Team, Austria) with
the “TwoSampleMR” and “MR-PRESSO” packages.
Visualization of MR results was achieved through forest
plots generated by GraphPad Prism software version 9.0
(GraphPad Software Inc., USA). A statistical significance
threshold of p<0.05 was applied throughout the analyses.

2.4. Mediation MR analysis

A two-step MR approach was performed to estimate the
mediating effect of the mediator (Vitamin D) on the causal
association between HCC and fatigue. In the first step,
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Figure 1. Illustration of the assumptions for Mendelian randomization analysis and the mediation model
Abbreviations: HCC: Hepatocellular carcinoma; SNP: Single-nucleotide polymorphism.
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univariable two-sample MR was used to determine the
causal effect (B,) of HCC on Vitamin D and the total effect
(B,) of HCC on fatigue. In the second step, the direct effect
(B,) of the mediator (Vitamin D) on fatigue was calculated
by adjusting for the effect of HCC on fatigue via the inverse
variance weighting method. The mediation effect was
then quantified by calculating the proportion mediated as
follows®:

B,xB,

Proportion mediated =——*
0

(1)

This process enabled the quantification of Vitamin D’s
role in mediating the causality between HCC and fatigue.
All statistical analyses were conducted using R software
version 4.2.3 and visualized through forest plots generated
by GraphPad Prism software version 9.0. The flowchart for
the MR analysis is shown in Figure 2.

3. Results
3.1.IVsincluded in the analysis

The study utilized genetic variants from GWAS for HCC,
Vitamin D levels, and CFS to construct the IVs. The
GWAS for HCC (GWAS ID: ieu-b-4953) was derived
from the United Kingdom Biobank and included 168 cases
and 372,016 controls, with a total sample size of 372,184
individuals of European ancestry. Genetic associations for
Vitamin D levels were obtained from the Medical Research
Council IEU GWAS (GWAS ID: ukb-b-18593), including
a sample of 64,979 participants of European descent.
The GWAS for CFS (GWAS ID: ebi-a-GCST90038694)
contained data from 2092 cases and 482,506 controls,
amounting to a total sample size of 484,598 individuals.
The detailed characteristics of the included GWAS datasets
are presented in Table 1.
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Figure 2. Flowchart of the MR analysis examining the causal relationships among HCC, Vitamin D levels, and fatigue-related phenotypes
Abbreviations: GWAS: Genome-wide association study; HCC: Hepatocellular carcinoma; IV: Instrumental variable; MR: Mendelian randomization;
MR-PRESSO: Mendelian randomization Pleiotropy RESidual Sum and Outlier; SNP: Single-nucleotide polymorphism.
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3.2. Effects of HCC on fatigue

The findings revealed a positive association between
HCC and fatigue (odds ratio [OR] = 1.78; 95%
confidence interval [CI]: 1.16-2.74; p=0.008). To
validate these findings, additional analyses were
conducted using the MR-Egger (OR = 2.22; 95% CI:
0.42-11.73; p=0.391), weighted median (OR = 1.73; 95%
CI: 1.01-2.98; p=0.047), simple mode (OR = 1.70; 95%
CI: 0.08-3.60; p=0.214), and weighted mode (OR = 1.74;
95% CI: 0.81-3.75; p=0.204). Across all methods, the
ORs consistently suggested a potential effect of HCC
on fatigue, with P-values ranging from 0.53 to 0.80
(Figure 3A). Cochran’s Q test indicated no evidence of
heterogeneity (p=0.984), and the MR-Egger intercept
analysis revealed no evidence of horizontal pleiotropy
(p=0.80) (Table 2). MR-PRESSO analysis confirmed that
no SNPs introduced bias.

The leave-one-out sensitivity analysis examined the
robustness of the results by iteratively excluding each SNP.
The analysis revealed that no single SNP disproportionately
influenced the overall association, thereby supporting the
stability and reliability of the findings (Figure 3B). Figure 3C
illustrates the scatter plot of SNP effects on HCC versus their
effects on fatigue. Lines representing different MR methods
indicated a consistent direction of association, reinforcing the
causal relationship. The inverse variance weighting method
demonstrated the strongest association, with other methods
aligning closely, providing robust evidence of a causal link
between HCC and fatigue. These results collectively highlight
that HCC is a potential contributor to fatigue.

3.3. Effects of Vitamin D on fatigue

Figure 4 illustrates the MR analysis of the causal
relationship between Vitamin D levels and fatigue.

Table 1. Details of the instrumental variables included in the Mendelian randomization analyses

Phenotype GWAS ID Consortium Population Gender Sample Control Objective Number Year PMID
size (n) group (n) group (n) of SNPs

HCC ieu-b-4953 UK Biobank European  Male and female 372,184 372,016 168 6,304,034 2021 -

Chronic fatigue  ebi-a-GCST90038694 NA NA NA 484,598 482,506 2,092 9,587,836 2021 33959723

syndrome

Vitamin D ukb-b-18593 MRC-IEU  European  Male and female 64,979 NA NA 9,851,867 2018 NA

Abbreviations: GWAS: Genome-wide association study; HCC: Hepatocellular carcinoma; MRC-IEU: Medical Research Council Integrative
Epidemiology Unit; NA: Not available; PMID: PubMed identifier; SNP: Single nucleotide polymorphism; UK: United Kingdom.

Exposure (HCC) to outcome (fatigue) rs6759004
Methods No. of SNP B
rs738409
MR-Egger 74 ———e— 0.8l
Weighted median 7 —— 0.566 a rs12968650
Inverse variance weighted 7 b= 0.68 E rs12911531
Simple mode T —— 0.63 %
Weighted mode 7 +—— 0.66 rs7232780
0123 46 rs80215559
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Figure 3. MR results and sensitivity analyses of the effects of HCC on fatigue: (A) Forest plot of MR analyses; (B) leave-one-out sensitivity analysis; and

(C) scatterplot results across five MR methods

Abbreviations: HCC: Hepatocellular carcinoma; MR: Mendelian randomization; OR: Odds ratio; SNP: Single-nucleotide polymorphism.
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Table 2. Heterogeneity and pleiotropy analyses

Exposure Outcome Heterogeneity Pleiotropy
Method Cochran’s Q p-value MR-Egger intercept p-value
HCC Fatigue Inverse variance weighting 1.037 0.984 -7.11x107° 0.800
Vitamin D Fatigue Inverse variance weighting 80.436 5.18e-08 5.33x10°° 0.756
HCC Vitamin D Inverse variance weighting 12.513 0.768 0.005 0.413
Abbreviations: HCC: Hepatocellular carcinoma; MR: Mendelian randomization.
A o ) B (5113642272
Exposure (vitamin D) to outcome (fatigue) rs117862422
rs2207132
Methods No of SNP [ 15143069752
MR-Egger 25 e -0.01 rs57459725
Weighted median 25 —— -0.01 rs6724965
Inverse variance weighted 25 —— -0.01 '51 gég;gig
Simple mode 25— -0.02 phiiil
Weighted mode 25 = -0.01 a rs2608984
0.97 098 0.99 1.00 1.01 = rs2346264
OR O rs35408430
2 rs2847500
C rs2756119
rs1966478
2 i rs4418728
> t rs8181687
s rs8018720
- rs1260326
S 141301394
E t 1 rs2037511
= J rs73413596
g -0 rs11122455
» rs6671730
& rs8107974
N -0.002 °
- £ 1 Al - = +
0.02 0.04 0.06 -0.015 -0.010 -0.005 0.000
SNPs’ effect on vitamin D Effect estimate (B) of SNPs on fatigue
/ MR-Egger Simple mode Weighted mode . .
/ Weighted median ~ Inverse variance welghted Leave—-one-out sensitivity analysis

Figure 4. MR results and sensitivity analyses of the effects of vitamin D on fatigue: (A) Forest plot of MR analyses; (B) leave-one-out sensitivity analysis;

and (C) scatterplot results across five MR analyses

Abbreviations: MR: Mendelian randomization; OR: Odds ratio; SNP: Single-nucleotide polymorphism.

Although the direct causal effect of Vitamin D on fatigue
was modest, a consistent negative association was observed.
Following outlier correction using MR-PRESSO, all MR
methods yielded ORs close to 1, with P-values ranging
from —0.01 to —0.02, suggesting a small and potentially
fragile role of Vitamin D in alleviating fatigue (Figure 4A).

Although Cochrans Q test detected significant
heterogeneity among the IVs (p=5.18 x 10°%), suggesting
potential violations of the “no horizontal pleiotropy”
assumption or variability in instrument strength,
horizontal pleiotropy was not detected by the MR-Egger
intercept (p=0.76; Table 2). This pattern, significant
heterogeneity without directional pleiotropy, may reflect
context-dependent effects of Vitamin D on fatigue or the
influence of weak instruments and therefore warrants
cautious interpretation of the causal estimate. Leave-one-
out sensitivity analysis confirmed that no SNPs influenced
the overall findings (Figure 4B). The scatter plot further
supported the consistency across MR methods, showing
similar directional effects and linear relationships between
SNP impacts on Vitamin D and fatigue (Figure 4C).

This consistency supports a negative correlation between
Vitamin D and fatigue, though the relationship remains
modest.

3.4. Effects of HCC on Vitamin D

Given that our earlier findings demonstrated associations
between HCC and fatigue, as well as between Vitamin D
and fatigue, we postulated that Vitamin D may mediate the
relationship between HCC and fatigue. Figure 5 supports
this hypothesis, demonstrating a causal effect of genetically
predicted HCC on Vitamin D levels using the inverse
variance weighting method (OR =9.48x 10~ 95% CI: 9.74
x 107-9.23x 107 p=0.002). Sensitivity analyses were also
performed to reinforce this conclusion.

As shown in Figure 5A, MR-Egger (B = -27.75,
p>0.05), weighted median (f = -10.16, p>0.05), simple
mode (B = -10.24, p>0.05), and weighted mode
(B = -10.74, p>0.05) all yielded consistent negative
associations between HCC and Vitamin D. MR-PRESSO
detected no outlier SNPs. Cochran’s Q test indicated
no evidence of heterogeneity (p=0.768; Table 2), and
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Figure 5. MR results and sensitivity analyses of the effects of HCC on vitamin D: (A) Forest plot of MR analyses; (B) leave-one-out sensitivity analyses; and

(C) scatterplot results across five MR analyses

Abbreviations: HCC: Hepatocellular carcinoma; MR: Mendelian randomization; OR: Odds ratio; SNP: Single-nucleotide polymorphism.

the MR-Egger intercept analysis showed no evidence
of horizontal pleiotropy (p=0.413; Table 2). Leave-one-
out sensitivity analysis further confirmed that no single
SNP disproportionately affected the overall association
between HCC and Vitamin D (Figure 5B). Furthermore,
scatterplots consistently illustrated a negative relationship
between HCC and Vitamin D levels across different
methods (Figure 5C). These findings collectively support
the hypothesis that Vitamin D may play a mediating role
in the association between HCC and fatigue, although
further research is needed to elucidate the underlying
mechanisms.

3.5.The mediation effect of Vitamin D in the causal
association between HCC and fatigue

Using the two-step MR approach, we evaluated the
mediating role of Vitamin D in the causal pathway
linking HCC to fatigue. In the first step, a significant
causal association between HCC and Vitamin D levels
was identified (B, = —12.61, p<0.05), indicating that HCC
negatively affects Vitamin D levels. In the second step,
we established a causal relationship between Vitamin D
levels and fatigue risk (8, = —0.01, p<0.05), suggesting that
reduced Vitamin D levels increase the risk of fatigue. The
direct causal effect of HCC on fatigue was also significant
(Bo = 0.58, p<0.05).

To quantify the mediation effect of Vitamin D, we
calculated the indirect effect as:

=B1 x B2 =(-12.61) x (—0.01) = 0.126 (2)

Bindirect

“/ M_edigtor\
\_ Vitamin D /

Vi
%'\

‘ Exposure =|' Outqome \

OO S T L

Figure 6. The mediating effect of the mediator (Vitamin D) on the causal
association between HCC and fatigue
Abbreviation: HCC: Hepatocellular carcinoma.

and the proportion mediated by Vitamin D as:

X
Proportion mediated = B, ... /By :M
Bo (3)
J0126 o1 7a%
0.58

These results indicate that approximately 21.74% of
the total effect of HCC on fatigue is mediated through
Vitamin D. These findings suggest that Vitamin D plays a
partial but significant mediating role in the HCC-fatigue
pathway, highlighting its potential as a protective factor in
CRE. These results highlight the importance of targeting
Vitamin D pathways in therapeutic strategies for mitigating
fatigue in HCC patients. Detailed results are presented in
Figure 6.
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4, Discussion

HCC patients frequently experience fatigue due to both
disease-related factors and treatment-induced side effects.
CRF may interfere with treatment efficacy and significantly
impair patients quality of life. Currently, no specific
therapeutic strategies are available for CRF management.
Emerging evidence suggests that low Vitamin D levels
are associated with HCC progression.” Moreover, as
a key micronutrient involved in metabolic regulation,
Vitamin D has been implicated in the development of
CRE. Therefore, MR analysis was conducted to investigate
whether Vitamin D plays a mediating role in the association
between HCC and fatigue, with the goal of elucidating the
potential of Vitamin D supplementation as a therapeutic
approach for managing fatigue in HCC patients.

In this study, we first identified a positive association
between HCC and fatigue, suggesting that HCC contributes
to fatigue. For the causal relationship between Vitamin D
levels and fatigue, our findings indicated that although the
direct causal effect of Vitamin D on fatigue was modest,
a consistent potential role for Vitamin D in alleviating
fatigue was observed. Furthermore, a negative relationship
between HCC and Vitamin D levels was demonstrated
across multiple analytical methods. To precisely calculate
the proportion mediated role of Vitamin D, a two-step
MR analysis was conducted, which demonstrated that
approximately 21.74% of the total effect of HCC on fatigue
is mediated through Vitamin D. This modest proportion
underscores Vitamin D’s partial but significant role in the
HCC-fatigue pathway.

However, this estimate must be interpreted in light of
the significant heterogeneity observed in the Vitamin D-
fatigue pathway (p<0.001), which suggests that the causal
effect of Vitamin D on fatigue may not be uniform across
all genetic instruments. This heterogeneity could arise
from biological context-dependency (e.g., effects modified
by inflammation or metabolic status), measurement error
in the proxy fatigue phenotype, or residual pleiotropy,
all of which introduce uncertainty into the mediation
proportion and highlight the need for replication in larger,
more homogeneous datasets.

The liver plays a central role in Vitamin D metabolism,
where 25-hydroxylases (e.g., CYP2R1 and CYP27A1l)
catalyze the conversion of Vitamin D into 25(OH)D,
the primary circulating form of vitamin D.** In HCC,
liver dysfunction caused by cirrhosis and other factors
often impairs 25-hydroxylase activity, leading to reduced
25(OH)D synthesis.”’ In addition, the liver produces
Vitamin D-binding protein, which is crucial for Vitamin D
transport, and its levels are decreased in HCC patients,
potentially further exacerbating Vitamin D deficiency.’>*

The hallmark features of HCC, including chronic
inflammation and oxidative stress, further aggravate
Vitamin D deficiency.” Elevated levels of pro-inflammatory
cytokines, such as tumor necrosis factor-o. and interleukin
6, in HCC patients have been reported to suppress
Vitamin D synthesis and metabolism.**** Moreover,
oxidative stress damages hepatic mitochondria and
cellular components,* potentially disrupting Vitamin D
metabolism and interfering with Vitamin D receptor
signaling pathways.*”

Given the extensive role of Vitamin D in immune
and metabolic regulation, its deficiency may contribute
significantly to the development of fatigue in HCC patients.
Genetic factors may also influence Vitamin D metabolism in
HCC patients. The SNP rs8107974 appears in both the HCC-
Vitamin D and Vitamin D-fatigue pathways, suggesting a
potential regulatory role. Located in the intronic region of
the SUGPI gene, rs8107974 may influence the splicing of
SUGPI, akey regulator of mRNA processing. Studies indicate
that abnormal splicing of SUGPI may affect the expression
of genes involved in energy metabolism and inflammation
regulation, contributing to metabolic alterations and
fatigue severity in HCC patients.®®* Furthermore, the
chronic inflammatory environment in HCC may interact
with SUGPI function,” thereby exacerbating metabolic
dysregulation and fatigue symptoms.

These findings establish Vitamin D as a key mediator
in the HCC-fatigue axis, with potential involvement
of rs8107974-mediated regulation of SUGPI. MR
and mediation analyses support the mediating role of
Vitamin D in HCC-related fatigue, suggesting its potential
as a biomarker and a therapeutic target for precise
interventions in HCC-associated fatigue.

This study employed the MR technique to provide robust
causal evidence, minimizing confounding and reverse
causality inherent in observational designs. Sensitivity
analyses enhanced the reliability of results, whereas the
mediation framework quantified Vitamin D’s role in
the HCC-fatigue pathway. However, several limitations
warrant consideration. First, while MR minimizes
confounding, its validity relies heavily on the availability of
large, well-powered GWAS datasets. The GWAS for fatigue
included only 2092 cases—a relatively small sample size
that may reduce statistical power, increase standard errors,
and limit the precision of causal estimates. This limitation
is particularly relevant for the Vitamin D-fatigue pathway,
where significant heterogeneity was observed, suggesting
potential violations of MR assumptions or the influence of
weak instruments.

Furthermore, small case numbers increase susceptibility
to the winner’s curse and may inflate effect sizes in discovery
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GWAS, which could propagate into downstream MR
analyses. Although sensitivity analyses (e.g., MR-PRESSO
and leave-one-out) were employed to mitigate bias, the
modest effect sizes and partial consistency across methods
underscore the need for cautious interpretation.

Another fundamental limitation is the use of the CFS
GWAS dataset rather than CRF-specific GWAS data. While
both conditions manifest as persistent, debilitating fatigue,
their underlying pathophysiologies differ substantially.
CREF is driven by tumor burden, systemic inflammation,
metabolic dysregulation, and treatment toxicity, whereas
CEFS is often associated with post-viral triggers, autonomic
dysfunction, and immune dysregulation without
malignancy. Consequently, the genetic architecture
captured by the CFS GWAS may not fully reflect the
biological pathways specific to CRF in HCC patients. This
mismatch weakens the direct clinical translatability of our
findings and suggests that the observed mediation effect,
while statistically significant, may not precisely mirror
the HCC-CRF-Vitamin D axis in oncology populations.
Future MR studies employing CRE-specific GWAS when
available are essential to validate and refine these results.

Otherlimitationsincludethelackof CRE-specific GWAS,
potential population bias due to reliance on European-
ancestry datasets, and the complex, multifactorial nature
of CRF. Future research should validate these findings in
diverse populations, assess the clinical efficacy of Vitamin
D supplementation through randomized controlled trials,
and explore underlying molecular mechanisms, including
metabolic and inflammatory pathways, to further elucidate
the biological link between Vitamin D, HCC, and fatigue.

5. Conclusion

This study provides preliminary evidence that Vitamin
D may play a modest role in mediating the relationship
between HCC and CRE. By integrating MR and mediation
analysis, we provide preliminary, hypothesis-generating
evidence for Vitamin D’s protective effects against CREF,
offering a foundation for future interventional and
mechanistic studies, which should be further validated
in CRF-specific cohorts. Targeting Vitamin D deficiency
in HCC patients may represent a promising therapeutic
strategy to mitigate fatigue and improve overall clinical
outcomes.

Acknowledgments

None.

Funding

The study was supported by the National Natural Science
Foundation of China (No. 82405512), the University-

level Basic Medical Research Project of Naval Medical
University (No. 2022MS008), and Medical Basic Research
Program of the First Affiliated Hospital of Naval Medical
University (No. 2021JCMS12).

Conflict of interest

The authors declare they have no competing interests.

Author contributions

Conceptualization: Maofeng Zhong, Shuang Xiang
Formal analysis: Maofeng Zhong, Yuyu Guo
Investigation: Tianxiao Zheng

Methodology: Yuyu Guo

Writing-original draft: Maofeng Zhong, Tianxiao Zheng
Writing-review & editing: Shuang Xiang, Wanfu Lin

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data

Data are available from the corresponding author upon
reasonable request.

References

1. Han B, Zheng R, Zeng H, et al. Cancer incidence and
mortality in China, 2022. ] Natl Cancer Cent.2024;4(1):47-53.

doi: 10.1016/j.jncc.2024.01.006

2. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024.
CA Cancer ] Clin. 2024;74(1):12-49.

doi: 10.3322/caac.21820

3. Lu N, Huang KC. Improving cancer patients’ prognosis by
incorporating mindfulness intervention into the treatment
strategy. World ] Psychiatry. 2025;15(5):102977.

doi: 10.5498/wijp.v15.i5.102977

4.  Zhao FJ, Huo RR, Li FR, You XM. Associations of tumor-
related psychiatric symptoms and healthy behaviors with
dynamic quality of life after hepatocellular carcinoma
hepatectomy. Support Care Cancer. 2024;32(9):589.

doi: 10.1007/500520-024-08790-y

5. Zhang Y, Li L, Li X, et al. Risk prediction models as an
emerging trend for managing cancer-related fatigue:
A systematic review. ] Adv Nurs. 2025;81(8):4465-4484.

doi: 10.1111/jan.16680

6. Francken KE Kooij A, Zwahlen D, et al. Toward a better
understanding of the uptake of interventions for cancer-related

Volume 10 Issue 2 (2026)

doi: 10.36922/EJM0025280296


https://dx.doi.org/10.36922/EJMO025280296
http://dx.doi.org/10.1016/j.jncc.2024.01.006
http://dx.doi.org/10.3322/caac.21820
http://dx.doi.org/10.5498/wjp.v15.i5.102977
http://dx.doi.org/10.1007/s00520-024-08790-y
http://dx.doi.org/10.1111/jan.16680

Eurasian Journal of
Medicine and Oncology

Vitamin D mediates fatigue in HCC

10.

11.

12.

13.

14.

15.

16.

fatigue: The perspective of healthcare providers, patients, and
partners. Support Care Cancer. 2025;33(8):740.

doi: 10.1007/500520-025-09765-3

Beeler DM, O’Higgins CM, Brady B, Walsh D, Reilly RB.
Objective measurement of cancer-related fatigue. Support
Care Cancer. 2025;33(8):716.

doi: 10.1007/500520-025-09764-4

Neshan M, Tsilimigras DI, Han X, Zhu H, Pawlik TM.
Molecular mechanisms of cachexia: A review. Cells.
2024;13(3):252.

doi: 10.3390/cells13030252

Hassan SA, Ali AAH, Yassine M, et al. Relationship between
locomotor activity rhythm and corticosterone levels during
HCC development, progression, and treatment in a mouse
model. J Pineal Res. 2021;70(3):e12724.

doi: 10.1111/jpi.12724

Jiayi C, Siru C, Xiaoqi L, et al. Effects of jianpi huayu
decoction on Th1/Th2 immune balance in mice with liver
cancer-related fatigue via the IL- 27/STAT1 signaling
pathway. Integr Cancer Ther. 2024;23:15347354241263018.

doi: 10.1177/15347354241263018

Yang S, Chu S, Gao Y, et al. A narrative review of cancer-
related fatigue (CRF) and its possible pathogenesis. Cells.
2019;8(7):738.

doi: 10.3390/cells8070738

Di Molfetta IV, Bordoni L, Gabbianelli R, Sagratini G,
Alessandroni L. Vitamin D and its role on the fatigue
mitigation: A narrative review. Nutrients. 2024;16(2):221.

doi: 10.3390/nu16020221

Scafuri L, Buonerba C, Strianese O, et al. Impact of dietary
supplements on clinical outcomes and quality of life in
patients with breast cancer: A systematic review. Nutrients.
2025;17(6):981.

doi: 10.3390/nu17060981

Custodio IDD, Nunes FSM, Lima MTM, et al. Serum
25-hydroxyvitamin D and cancer-related fatigue: Associations
and effects on depression, anxiety, functional capacity and
health-related quality of life in breast cancer survivors during
adjuvant endocrine therapy. BMC Cancer. 2022;22(1):860.

doi: 10.1186/512885-022-09962-x

Afonso ML, Capelas ML, Pimenta NM, et al. A systematic
review of vitamin D supplementation in oncology: Chance
of science or effectiveness? Nutrients. 2025;17(4):634.

doi: 10.3390/nul17040634

Montagnese C, Porciello G, Vitale S, et al. Quality of
life in women diagnosed with breast cancer after a
12-month treatment of lifestyle modifications. Nutrients.
2020;13(1):136.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

doi: 10.3390/nul13010136

Zhou YT, Li SS, Ai M, et al. 1,25(OH)2D3 mitigate cancer-
related fatigue in tumor-bearing mice: Integrating
network pharmacological analysis. Biomed Pharmacother.
2020;128:110256.

doi: 10.1016/j.biopha.2020.110256

Shu J, Zhang M, Dong X, et al. Vitamin D receptor gene
polymorphisms, bioavailable 25-hydroxyvitamin D, and
hepatocellular carcinoma survival. J Natl Cancer Inst.
2024;116(10):1687-1696.

doi: 10.1093/jnci/djael16

Crudele L, De Matteis C, Piccinin E, et al. Low HDL-
cholesterol levels predict hepatocellular carcinoma
development in individuals with liver fibrosis. JHEP
Rep. 2023;5(1):100627.

doi: 10.1016/j.jhepr.2022.100627

Tseng YT, Wang CH, Wang JD, Chen KT, Li CY. Nonlinear
associations of serum vitamin D levels with advanced liver
disease and mortality: A US cohort study. Therap Adv
Gastroenterol. 2025;18:17562848251338669.

doi: 10.1177/17562848251338669

Yu C, Lin E, Tian C, et al. Baseline vitamin D status, genetic
susceptibility, and the risk of incident hepatocellular
carcinoma. Int | Cancer. 2025;157(9):1795-1804.

doi: 10.1002/ijc.70003

Skrivankova VW, Richmond RC, Woolf BAR, et al
Strengthening the reporting of observational studies
in epidemiology using mendelian randomization: The
STROBE-MR statement. JAMA. 2021;326(16):1614-1621.

doi: 10.1001/jama.2021.18236

Sanderson E, Glymour MM, Holmes MV, et al. Mendelian
randomization. Nat Rev Methods Primers. 2022;2:6.

doi: 10.1038/s43586-021-00092-5

Liu C, Xie ], Ye B, Zhong J, Xu X. Unraveling the link between
sterol ester and colorectal cancer: A two-sample mendelian
randomization study. BMC Cancer. 2024;24(1):1462.

doi: 10.1186/s12885-024-13228-2

Guo XG, Zhang Y], Lu YX, et al. Causal association between
genetically predicted circulating immune cell counts and
frailty: A two-sample mendelian randomization study. Front
Immunol. 2024;15:1336498.

doi: 10.3389/fimmu.2024.1336498

Verbanck M, Chen CY, Neale B, Do R. Detection of
widespread horizontal pleiotropy in causal relationships
inferred from mendelian randomization between complex
traits and diseases. Nat Genet. 2018;50(5):693-698.

doi: 10.1038/s41588-018-0099-7
Guo W, Zhao L, Huang W, et al. Sodium-glucose

Volume 10 Issue 2 (2026)

doi: 10.36922/EJM0025280296


https://dx.doi.org/10.36922/EJMO025280296
http://dx.doi.org/10.1007/s00520-025-09765-3
http://dx.doi.org/10.1007/s00520-025-09764-4
http://dx.doi.org/10.3390/cells13030252
http://dx.doi.org/10.1111/jpi.12724
http://dx.doi.org/10.1177/15347354241263018
http://dx.doi.org/10.3390/cells8070738
http://dx.doi.org/10.3390/nu16020221
http://dx.doi.org/10.3390/nu17060981
http://dx.doi.org/10.1186/s12885-022-09962-x
http://dx.doi.org/10.3390/nu17040634
http://dx.doi.org/10.3390/nu13010136
http://dx.doi.org/10.1016/j.biopha.2020.110256
http://dx.doi.org/10.1093/jnci/djae116
http://dx.doi.org/10.1016/j.jhepr.2022.100627
http://dx.doi.org/10.1177/17562848251338669
http://dx.doi.org/10.1002/ijc.70003
http://dx.doi.org/10.1001/jama.2021.18236
http://dx.doi.org/10.1038/s43586-021-00092-5
http://dx.doi.org/10.1186/s12885-024-13228-z
http://dx.doi.org/10.3389/fimmu.2024.1336498
http://dx.doi.org/10.1038/s41588-018-0099-7

Eurasian Journal of
Medicine and Oncology

Vitamin D mediates fatigue in HCC

28.

29.

30.

31.

32.

33.

34.

cotransporter 2 inhibitors, inflammation, and heart failure:
A two-sample mendelian randomization study. Cardiovasc
Diabetol. 2024;23(1):118.

doi: 10.1186/512933-024-02210-5

Burgess S, Davey Smith G, Davies NM, et al. Guidelines
for performing mendelian randomization investigations:
Update for summer 2023. Wellcome Open Res. 2019;4:186.

doi: 10.12688/wellcomeopenres.15555.3

VanderWeele TJ. Mediation analysis: A practitioner’s guide.
Annu Rev Public Health. 2016;37:17-32.

doi: 10.1146/annurev-publhealth-032315-021402

Adelani IB, Rotimi OA, Maduagwu EN, Rotimi SO.
Vitamin D: Possible therapeutic roles in hepatocellular
carcinoma. Front Oncol. 2021;11:642653.

doi: 10.3389/fonc.2021.642653

Sun S, Xu M, Zhuang P, et al. Effect and mechanism of
vitamin D activation disorder on liver fibrosis in biliary
atresia. Sci Rep. 2021;11(1):19883.

doi: 10.1038/541598-021-99158-3

Delrue C, Speeckaert MM. Vitamin D and vitamin
D-binding protein in health and disease. Int ] Mol Sci.
2023;24(5):4642.

doi: 10.3390/ijms24054642

Qin LN, Zhang H, Li QQ, et al. Vitamin D binding protein
(VDBP) hijacks twistl to inhibit vasculogenic mimicry in
hepatocellular carcinoma. Theranostics. 2024;14(1):436-450.

doi: 10.7150/thno.90322

GuoJ,MaZ,MaQ, etal.1,25(0OH),D; inhibits hepatocellular
carcinoma development through reducing secretion of

35.

36.

37.

38.

39.

40.

inflammatory cytokines from immunocytes. Curr Med
Chem. 2013;20(33):4131-4141.

doi: 10.2174/09298673113209990248

Busa P, Huang N, Kuthati Y, Wong CS. Vitamin D reduces
pain and cartilage destruction in knee osteoarthritis animals
through inhibiting the matrix metalloprotease (MMPs)
expression. Heliyon. 2023;9(4):e15268.

doi: 10.1016/j.heliyon.2023.e15268

Fromenty B, Roden M. Mitochondrial alterations in fatty
liver diseases. ] Hepatol. 2023;78(2):415-429.

doi: 10.1016/j.jhep.2022.09.020

Obaid AA, Almasmoum H, Almaimani RA, et al. Vitamin D
and calcium co-therapy mitigates pre-established cadmium
nephropathy by regulating renal calcium homeostatic
moleculesand improvinganti-oxidativeand anti-inflammatory
activities in rat. J Trace Elem Med Biol. 2023;79:127221.

doi: 10.1016/j.jtemb.2023.127221

Zhang J, Xie J, Huang J, et al. Characterization of
the SF3B1-SUGP1 interface reveals how numerous
cancer mutations cause mrna missplicing. Genes Dev.
2023;37(21-24):968-983.

doi: 10.1101/gad.351154.123

DiStefano JK, Kingsley C, Craig Wood G, et al. Genome-
wide analysis of hepatic lipid content in extreme obesity.
Acta Diabetol. 2015;52(2):373-382.

doi: 10.1007/s00592-014-0654-3

Whitfield JB, Schwantes-An TH, Darlay R, et al. A genetic
risk score and diabetes predict development of alcohol-
related cirrhosis in drinkers. ] Hepatol. 2022;76(2):275-282.

doi: 10.1016/j.jhep.2021.10.005

Volume 10 Issue 2 (2026)

"

doi: 10.36922/EJM0025280296


https://dx.doi.org/10.36922/EJMO025280296
http://dx.doi.org/10.1186/s12933-024-02210-5
http://dx.doi.org/10.12688/wellcomeopenres.15555.3
http://dx.doi.org/10.1146/annurev-publhealth-032315-021402
http://dx.doi.org/10.3389/fonc.2021.642653
http://dx.doi.org/10.1038/s41598-021-99158-3
http://dx.doi.org/10.3390/ijms24054642
http://dx.doi.org/10.7150/thno.90322
http://dx.doi.org/10.2174/09298673113209990248
http://dx.doi.org/10.1016/j.heliyon.2023.e15268
http://dx.doi.org/10.1016/j.jhep.2022.09.020
http://dx.doi.org/10.1016/j.jtemb.2023.127221
http://dx.doi.org/10.1101/gad.351154.123
http://dx.doi.org/10.1007/s00592-014-0654-3
http://dx.doi.org/10.1016/j.jhep.2021.10.005

