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BACKGROUND AND AIMS: Free
25-hydroxyvitamin D (250HD) are emerging measurements

and  bioavailable

of vitamin D status. It remains unclear whether circulating
free or bioavailable 250HD are relevant to hepatocellular car-
cinoma (HCC) prognosis. Our aim was to test the hypothesis
that bioavailable 250HD may be a better serum biomarker
of vitamin D status than total 250HD on the association
with HCC survival.

APPROACH AND RESULTS: We included 1,031 newly
diagnosed, previously untreated patients with HCC from the
Guangdong Liver Cancer Cohort enrolled between September
2013 and April 2017. Serum total 250HD levels were
measured using an electrochemiluminescence immunoassay.
Serum-free 250HD levels were measured using a two-step
enzyme-linked immunosorbent assay. Bioavailable 250HD
levels were calculated from measured free 250HD and albu-
min using a previously validated equation. Primary outcomes
were liver cancer—specific (LCSS) and overall survival (OS).
Cox proportional hazards models were performed to calculate
the multivariable hazard ratios (HRs) and 95% confidence in-
tervals (Cls). During a median follow-up of 726 days, 430
patients had deceased, including 393 deaths from HCC. In
multivariable analyses, higher bioavailable 250HD levels were

significantly associated with better survival, independent of

nonclinical and clinical prognostic factors including serum
C-reactive protein, Barcelona Clinic Liver Cancer stage, and
cancer treatment. The multivariable-adjusted HRs in the high-
est versus lowest quartile of bioavailable 250HD levels were
0.69 (95% CI: 0.51, 0.93; P for trend = 0.014) for LCSS
and 0.71 (95% CI: 0.53, 0.94; P for trend = 0.013) for OS.
In contrast, neither total nor free 250HD levels were associ-

ated with LCSS or OS.

CONCLUSIONS: Higher bioavailable, rather than total,
250HD levels were independently associated with improved
survival in a population-based HCC cohort, suggesting a
potential utility of bioavailable 250HD in HCC prognosis.
(HepaToLocy 2020;72:169-182).

iver cancer ranks as the sixth most commonly
diagnosed cancer and the fourth leading
cause of cancer death worldwide.”) Although
improved survival has been observed in the modern
therapeutic era, liver cancer is still characterized by
a generally incurable clinical course with 5-year rel-
ative survival in a range of 5%-30%. Hepatocellular
carcinoma (HCC) represents nearly 90% of all liver

Abbreviations: 250HD, 25-hydroxyvitamin D; BCLC, Barcelona Clinic Liver Cancer; BMI, body mass index; CI, confidence interval; CRB
C-reactive protein; DBP, vitamin D binding protein; eGFR, estimated glomerular filtration rate; HBsAg, hepatitis B surface antigen; HBV, hepatitis
B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HR, hazard ratio; LCSS, liver cancer-specific survival; OS, overall survival; PLC,
primary liver cancer; RCT, randomized controlled trial; SYSUCG, Sun Yat-sen University Cancer Center.
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cancer cases.®) The prognosis of HCC is known to
be influenced by tumor characteristics, general health
and hepatic function of the patient, and cancer treat-
ments.”) However, investigation of modifiable predic-
tive and prognostic factors has been limited for HCC
survivors.

Vitamin D is a steroid hormone that has been
implicated in cancer development and progression
due to its antineoplastic properties including anti-
proliferation, pro-differentiation, pro-apoptosis, anti-
inflammation, and anti-angiogenesis, as well as
inhibition of invasion and metastasis.”) Observational
epidemiological studies have found an inverse asso-
ciation of vitamin D status with risk of total can-
cer incidence and mortality.*® However, a recent
meta-analysis of randomized controlled trials (RCTs)
has demonstrated a divergent effect of vitamin D sup-
plementation, which reduces total cancer mortality but
does not lower total cancer incidence in the general
population, supporting a broad benefit of vitamin D
in cancer prognosis.”’ Consistent with this hypothe-
sis, observational cohort studies have shown improved
survival in cancer patients with higher circulating
vitamin D concentrations, measured before or shortly
after diagnosis of cancer.’”” However, evidence link-
ing vitamin D status to organ-specific cancer survival
is sparse and has produced conflicting results between

(1012) Specific to liver

and within types of cancers.
12,13)

cancer, few studies have been conducted.’
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The total 25-hydroxyvitamin D (250HD) level in
serum or plasma is used currently to assess vitamin
D status in routine clinical practice.(14) Circulating
250HD exists in three forms: (1) about 85%-90% is
tightly bound to vitamin D-binding protein (DBP);
(2) approximately 10%-15% is loosely bound to albu-
min; and (3) less than 0.03% is unbound and free."™”
As put forward by the “free hormone hypothesis,” only
the free and nonspecifically bound fraction of hor-
mones are available at the cellular level to exert their
biological actions.!® Accordingly, free and albumin-
bound 250HD constitute bioavailable 250HD
(250HD that is not bound to DBP)."” Several stud-
ies have suggested a clear advantage of free and/or
bioavailable 250HD over total 250HD under patho-
logical conditions, particularly, liver disease.'®1”) The
liver is a pivotal organ for vitamin D metabolism,
where 25-hydroxylation of vitamin D and synthesis
of DBP and albumin occur. Hence, total 250HD
measurements might be misleading in the settings of
liver pathology, whereas analysis of free and/or bio-
available 250HD could provide further insights.(zo_%)
Nevertheless, whether free or bioavailable 250HD
brings additional benefits over routine total 250HD
estimation in relation to the prognosis of liver cancer
is unclear.

Therefore, our objective is to determine the associa-
tion of serum total, free, and bioavailable 250HD with
survival in a large prospective cohort of HCC patients.
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Patients and Methods
STUDY POPULATION

The analyses were performed within the Guangdong
Liver Cancer Cohort (GLCC) study, an ongoing, pro-
spective cohort study of patients with primary liver
cancer (PLC). Established in 2013 at Sun Yat-sen
University Cancer Center (SYSUCC) in Guangzhou,
China, the GLCC is designed to identify genetic and
environmental factors associated with PLC progres-
sion and prognosis. Details of the methods have been
described previously.(24) In brief, 1,359 newly diag-
nosed, previously untreated patients with PLC were
enrolled between September 2013 and April 2017.
Written informed consent was obtained from each
patient. Approval for the study was obtained from the
institutional review board of School of Public Health
at the Sun Yat-sen University.

We restricted the current analyses to patients
receiving a diagnosis of HCC (C22.0 as per the
International Classification of Diseases, version 10
[ICD-10] codes) who had adequate serum samples for
vitamin D assays with Barcelona Clinic Liver Cancer
(BCLC) stage®” at 0 to C. The process of partici-
pant selection is described in Supporting Fig. SI1.
Finally, 1,031 patients were included in this study, of
whom 979 were eligible for total 250HD analysis
and 1,002 for free and bioavailable 250HD analysis.

DETERMINATION OF 250HD
FRACTIONS

Fasting venous blood specimens were collected
within 30 days of diagnosis prior to anticancer ther-
apy. Serum samples were centrifuged, separated, and
stored at —80°C in aliquots after blood collection as
soon as possible. To minimize technical variability, all
serum samples were batched. Serum total 250HD
concentration was quantified by using an electroche-
miluminescence immunoassay (Roche Diagnostics,
Mannheim, Germany). Serum-free 250HD was
measured directly using a two-step enzyme-linked
immunosorbent assay (ELISA) (Future Diagnostics
B.V., Wijchen, Netherlands). The measurements of
free 250HD obtained with the immunoassay are well
consistent with the measurements using symmetric
dialysis and centrifugal ultrafiltration.?2%627) The
intraassay coefficients of variance were, respectively,
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11.2% and 3.1% for total and free 250HD for
masked, replicate quality control samples.

Serum bioavailable 250HD was calculated from
measured free 250HD, albumin, and affinity constant
between 250HD and albumin using the following

equation(zg):
[Bio D] =[] + [Dsn o
= (Kalb ' [Alb] + 1) : [DFree]

where [Bio D] is the concentration of bioavailable

250HD, [Dy,_.] is the concentration of free 250HD,
[D,y] is the concentration of albumin-bound
250HD, [Alb] is the concentration of serum albu-
min, K, is the affinity constant between 250HD
and albumin (6 x 10° M), and all concentrations are

expressed in mol/L.

SURVIVAL OUTCOMES

Liver cancer—specific (LCSS) and overall survival
(OS) were primary endpoints. LCSS time was calcu-
lated from date of blood sampling to date of death
from HCC, or last known date alive. OS was defined
as time from date of blood draw to date of death from
any cause, or date of last follow-up. Follow-up was
censored at the time of last outcome ascertainment
(February 22, 2019). Deaths were ascertained through
passive follow-up by medical records and active
follow-up through mail or telephone interview of
next-of-kin every 6 to 12 months. Identification
number or full name in conjunction with the date
of birth of persistent nonresponders were searched
through death certificates reported to the Guangdong
Provincial Centers for Disease Control and Prevention.
Underlying cause of death (e.g., HCC, other cause)
was assigned from death certificates and hospital
tollow-up records according to the ICD-10 codes.

CLINICAL AND LIFESTYLE DATA
COLLECTION

Routine laboratory parameters were measured
immediately at the Clinical Laboratory of SYSUCC
according to standard protocols. Detailed clinical
characteristics, including age at diagnosis, sex, edu-
cation level (primary school or below, secondary
school, college or higher), residence (urban, rural),
date of diagnosis, date of blood collection, family
history of PLC, preexisting chronic liver disease

171



FANG ET AL.

(hepatitis B virus [HBV] and hepatitis C virus
[HCV] infection, fatty liver disease, cirrhosis), liver
tunction, kidney function, specific tumor markers
for PLC (alpha-fetoprotein), systemic inflamma-
tion (C-reactive protein [CRP]), mineral metab-
olism (serum calcium), BCLC stage, and cancer
treatment (e.g., hepatectomy/liver transplantation,
local ablation, hepatic arterial intervention, other
treatments), were abstracted from the SYSUCC
electronic clinical and administrative databases by
trained research staff. The family history of PLC
was defined according to a diagnosis of PLC among
any parents or siblings of the patient. HBV/HCV
infection was defined as seropositivity of hepatitis B
surface antigen (HBsAg) and/or antibody to HCV
(anti-HCV'). Hepatic function was evaluated using
a series of hepatic injury biomarkers including ala-
nine aminotransferase, aspartate aminotransferase,
gamma-glutamyltransferase (GGT), alkaline phos-
phatase (ALP), albumin, and total bilirubin. Child-

29 was also included to indicate the

Pugh score'
severity of liver dysfunction and hepatic functional
reserve. Kidney function was assessed by the esti-
mated glomerular filtration rate (eGFR) calculated
using the Modification of Diet in Renal Disease
Study equation,(3o) and chronic kidney disease was
defined as eGFR <60 mL/min per 1.73 m?.

Anthropometric measures were collected by
nurses following a standard procedure using the
same calibrated equipment. Body mass index (BMI)
was calculated as weight in kilograms divided by
height in meters squared. A structured questionnaire
was used to collect lifestyle data on physical activity,
smoking, and alcohol drinking status. Physical activ-
ity was assessed by summing the products of time
spent on a variety of activities, including occupation,
transportation, housework, and leisure-time physi-
cal activity, times the mean metabolic equivalent for
that activity.

STATISTICAL ANALYSIS

Demographic and clinical information were com-
pared across bioavailable 250HD quartiles for contin-
uous variables by analysis of variance or Kruskal-Wallis
tests and for categorical variables by Pearson chi-
square tests. Differences in serum 250HD fractions
between survivors and nonsurvivors were compared
using Wilcoxon rank-sum tests. Pairwise associations
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between serum 250HD fractions were examined
using Spearman’s rank correlation tests. The associa-
tion of serum 250HD fractions with LCSS and OS
was first examined using Kaplan-Meier survival anal-
ysis. Cox proportional hazards models were then used
to calculate hazard ratios (HRs) and 95% confidence
intervals (ClIs), adjusted for predefined covariates.
Serum 250HD fractions were included in models
in quartiles, with the lowest quartile as the reference
category. Minimally adjusted models included age at
diagnosis, sex, BMI, and season of blood collection, fol-
lowed by full adjustment for clinical prognostic factors
including serum CRP, eGFR, BCLC stage, and cancer
treatment. We did not additionally control prognostic
factors such as tumor characteristics, liver function,
and general health in the multivariable models, as the
BCLC stage comprehensively considers tumor number
and size, Child-Pugh score, and the performance sta-
tus of the patient.”” Time-250HD interactions did
not show appreciable nonproportionality. Test for lin-
ear trend was calculated by entering the median values
of 250HD quartiles into the models. Restricted cubic
spline Cox regression®” was performed and no non-
linearity was found. Observations with missing data
were omitted from the models by default, given that
only a few covariates were missing with a small propor-
tion. Additional analyses stratified by sex, BMI, HBV/
HCYV infection, eGFR, CRP, BCLC stage, and cancer
treatment were conducted for bioavailable 250HD.
Interactions were evaluated using the Wald test.
Statistical analyses were performed with the use
of SAS software, version 9.4 (SAS Institute, Cary,
NC). Two-tailed P < 0.05 was considered statistically

significant.

Results

PATIENT CHARACTERISTICS
Among the 1,031 included patients, 909 (88.2%)

were men. Mean age at diagnosis was 53.0 = 11.9
years. All participants lived in Guangdong and nearby
provinces in South China (23.9°N + 3.5°N). The
median time between cancer diagnosis and blood col-
lection was 6 (interquartile range [IQR]: 0-11) days.
The mean serum level of total, free, and bioavailable
250HD was 35.84 + 11.30 ng/mL, 5.77 + 1.68 pg/mL,
and 2.20 + 0.68 ng/mL, respectively. Patient
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characteristics according to quartiles of bioavailable
250HD levels are displayed in Supporting Table
S1. Compared with the lowest quartile, patients in
the highest quartile of bioavailable 250HD levels
were more physically active, had lower GGT and
ALP levels, a lower proportion of CRP <3.0 mg/L,
higher serum levels of albumin, calcium, total and free
250HD, and were more likely to receive liver surgery
and collect blood specimens in summer. The distribu-
tions of other variables were similar among patients
with different bioavailable 250HD concentrations.

DISTRIBUTION OF 250HD
FRACTIONS

Distribution of Serum total, free, and bioavailable
250HD levels is presented in Fig. 1. Median total
250HD concentration was 34.63 ng/mL for the
entire cohort, with a range from 5.85 to 72.24 ng/mL
(Fig. 1A). At the time of blood collection, 6.1% of
patients fulfilled the criteria for vitamin D deficiency
(total 250HD < 20 ng/mL), and a further 28.8%
were vitamin D insufficient (total 250HD 220
and <30 ng/mL). Median serum level of free and
bioavailable 250HD was 5.58 pg/mL (range: 2.18-
14.93 pg/mL) and 2.12 ng/mL (0.72-6.00 ng/mL),
respectively (Fig. 1B,C). No significant differences in
serum total and free 250HD levels were observed
between survivors and nonsurvivors (P > 0.05).
However, survivors had significantly higher bio-
available 250HD concentrations than nonsurvivors
(median: 2.18 vs.2.03 ng/mL, P< 0.001). As shown in
Supporting Fig. S2, serum total 250HD levels were
moderately correlated with free 250HD (Spearman
r = 0.55, P < 0.001) and bioavailable 250HD lev-
els (Spearman 7 = 0.52, P < 0.001) (Supporting Fig.
S2A,B), and free 250HD levels were strongly cor-
related with bioavailable 250HD levels (Supporting
Fig. S2C; Spearman » = 0.94, P < 0.001).

SERUM 250HD FRACTIONS AND
SURVIVAL

During a median follow-up of 726 (IQR: 329-1,133)
days and 790,490 person-days at risk, 430 (41.7%)
deaths were documented and 393 (91.4%) of them
died of HCC. Kaplan-Meir survival curves by quartiles
of serum 250HD fractions are illustrated in Fig. 2.
Similar results for LCSS and OS were observed.
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Total and free 250HD levels were not significantly
related to survival (Fig. 2A-D; log rank P > 0.05),
whereas higher bioavailable 250HD levels were asso-
ciated with significantly increased survival (Fig. 2E,F;

log rank P = 0.019 for LCSS and 0.03 for OS). The
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associations with LCSS and OS remained materially
unchanged after adjustment for nonclinical covari-
ates, even additionally for clinical prognostic factors
including serum CRP, eGFR, BCLC stage, and can-

cer treatment (Table 1). Compared with patients in

TABLE 1. Multivariable-Adjusted Associations of Quartiles of Serum Total, Free, and Bioavailable 250HD Levels With Survival

Outcomes in the Guangdong Liver Cancer Cohort Study

Quartile of Serum 250HD Fractions

Pfor
Q1 Q2 Q3 Q4 Trend”*
LCSS
Total 250HD (ng/mL) <27.34 27.34-34.63 34.63-43.63 >43.63 -
Number of deaths 87 89 99 101 -
Person-days at risk 208,751 190,081 186,362 178,700 -
Mortality rate per 10,000 person-days 4.17 (3.29,5.04) 4.68 (3.71,5.65) 5.31 (4.27,6.36) 5.65 (4.55,6.75) -
Nonclinical factors—adjusted HR (95% CI)* 1.00 1.08 (0.80, 1.45) 1.21 (0.91,1.63) 1.25(0.93,1.68) 0.109
Clinical factors—adjusted HR (95% Cly* 1.00 0.90 (0.66,1.22) 0.99 (0.73,1.32) 0.97 (0.72,1.31) 0.934
Free 250HD (pg/mL) <4.62 4.62-5.58 5.58-6.71 >6.71 -
Number of deaths 102 94 91 95 -
Person-days at risk 201,823 192,957 183,620 183,656 -
Mortality rate per 10,000 person-days 5.05 (4.07,6.03) 4.87 (3.89,5.86) 4.96 (3.94,5.97) 5.17 (4.13,6.21) -
Nonclinical factors—adjusted HR (95% Cl)* 1.00 0.94(0.71,1.24) 0.94 (0.71,1.25) 1.01 (0.76,1.34) 0.926
Clinical factors-adjusted HR (95% Cly* 1.00 0.83 (0.63,1.10) 0.79 (0.59,1.05) 0.90 (0.68,1.20) 0.503
Bioavailable 250HD (ng/mL) <1.73 1.73-2.12 2.12-2.56 >2.56 -
Number of deaths 115 96 95 76 -
Person-days at risk 189,317 190,655 189,481 192,603 -
Mortality rate per 10,000 person-days 6.07 (4.96,7.18) 5.04 (4.03,6.04) 5.01 (4.01,6.02) 3.95(3.06,4.83) -
Nonclinical factors—adjusted HR (95% CI)* 1.00 0.81(0.62,1.06) 0.77 (0.59,1.02) 0.63 (0.47,0.85) 0.002
Clinical factors—adjusted HR (95% Cly* 1.00 0.80(0.61,1.05) 0.75(0.57,0.98) 0.69 (0.51,0.93) 0.014
0S
Total 250HD (ng/mL) <27.34 27.34-34.63 34.63-43.63 >43.63 -
Number of deaths 97 97 109 110 -
Person-days at risk 208,751 190,081 186,362 178,700 -
Mortality rate per 10,000 person-days 4.65 (3.72,5.57) 5.10(4.09,6.12) 5.85(4.75, 6.95) 6.16 (5.01,7.31) -
Nonclinical factors—adjusted HR (95% CI)* 1.00 1.07 (0.81,1.42) 1.21 (0.92,1.59) 1.24 (0.93,1.64) 0.103
Clinical factors—adjusted HR (95% Cly* 1.00 0.88 (0.66,1.18) 0.97 (0.73,1.29) 0.95(0.72,1.26) 0.939
Free 250HD (pg/mL) <4.62 4.62-5.58 5.58-6.71 >6.71 -
Number of deaths 111 101 102 103 -
Person-days at risk 201,823 192,957 183,620 183,656 -
Mortality rate per 10,000 person-days 5.50 (4.48,6.52) 5.23 (4.21,6.26) 5.55 (4.48,6.63) 5.61 (4.53,6.69) -
Nonclinical factors-adjusted HR (95% Cly* 1.00 0.93(0.71,1.22) 0.97 (0.74,1.28) 1.01(0.77,1.33) 0.845
Clinical factors—adjusted HR (95% CI)* 1.00 0.83(0.63,1.09) 0.83(0.63,1.09) 0.89 (0.68,1.18) 0.494
Bioavailable 250HD (ng/mL) <1.73 1.73-2.12 2.12-2.56 >2.56 -
Number of deaths 122 109 102 84 -
Person-days at risk 189,317 190,655 189,481 192,603 -
Mortality rate per 10,000 person-days 6.44 (5.30,7.59) 5.72 (4.64,6.79) 5.38 (4.34,6.43) 4.36(3.43,5.29) -
Nonclinical factors—adjusted HR (95% CI)* 1.00 0.87 (0.67,1.13) 0.80 (0.61,1.04) 0.67 (0.50,0.88) 0.004
Clinical factors—adjusted HR (95% Cly* 1.00 0.85(0.66,1.11) 0.77 (0.59,1.00) 0.71(0.53,0.94) 0.013

*Adjusted for age at diagnosis, sex, BMI, and season of blood collection.
TAdjusted additionally for <GFR, CRP level, BCLC stage, and cancer treatment.
The median values of serum 250HD quartiles were used in the models.
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the lowest quartile of bioavailable 250HD levels,
patients in the highest quartile had a multivariable-
adjusted HR for LCSS of 0.69 (95% CI: 0.51, 0.93;
P for trend = 0.014) and for OS of 0.71 (95% CI: 0.53,
0.94; P for trend = 0.013). In contrast, no significant
associations with either LCSS or OS were observed

for total or free 250HD levels (P for trend > 0.05).

STRATIFIED ANALYSES

Interactions of bioavailable 250HD levels with
sex, BMI, HBV/HCYV infection, eGFR, serum CRP,
BCLC stage, and cancer treatment on association
with survival outcomes did not reach statistical signif-
icance (Table 2; P for interaction >0.05). The inverse
association of bioavailable 250HD with LCSS or
OS remained largely unchanged across most sub-
groups, despite that statistical power was diminished.
Notably, the improvement in survival associated with
higher bioavailable 250HD levels was evident even
in BCLC stage C patients, with an HR of 0.67 (95%
CI: 0.46, 0.98 comparing extreme quartiles; P for
trend = 0.039) for LCSS and 0.69 (95% CI: 0.48,
0.99; P for trend = 0.037) for OS. Additionally, the
beneficial effect of higher bioavailable 250HD lev-
els on survival was both statistically significant among
patients receiving local treatment (HR = 0.73; 95%
CI: 0.54, 0.99; P for trend = 0.041 for LCSS; and
HR = 0.74; 95% CI: 0.55, 1.00; P for trend = 0.032
for OS) versus systemic treatment (HR = 0.07, 95%
CI: 0.01, 0.52; P for trend = 0.004 for LCSS; and
HR = 0.08; 95% CI:0.01, 0.55; P for trend = 0.004
for OS).

Discussion

This is an investigation of the relationship between
vitamin D status at diagnosis, estimated compre-
hensively using serum total, free, and bioavailable
250HD levels, and survival in a large prospective
cohort of newly diagnosed, previously untreated
patients with HCC. In the study population, higher
bioavailable 250HD levels were associated with
improved LCSS and OS, independent of clinical
prognostic factors including systemic inflammation,
BCLC stage, and cancer treatment. By contrast,
serum total and free 250HD levels were related to
neither LCSS nor OS.
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Two prospective studies to date have addressed the
prognostic value of circulating total 250HD levels for
survival in patients with liver cancer. One study con-
ductedin200 German patientswith HCC demonstrated
that patients with serum total 250HD <10 ng/mL
had significantly decreased OS in comparison to
patients with total 250HD >10 ng/mL following the
diagnosis of HCC."® The other study using data from
206 Finnish male smokers, who received a diagnosis
of liver cancer during the follow-up of the Alpha-
Tocopherol, Beta-Carotene Cancer Prevention Study,
showed a suggestive improvement in LCSS among
participants with higher total 250HD levels up to
28 years before cancer diagnosis, albeit not statistically
significant.1? Of note, the existing studies were both
carried out in European populations living at latitudes
higher than 50°N. As opposed to the aforementioned
studies, no significant associations of serum total
250HD with either LCSS or OS were observed in
our study population. However, it should be pointed
out that total 250HD concentrations in the European
studies are much lower than those in the present study
(13.9-17 ng/mL vs. 35.8 ng/mL), which could be par-
tially attributed to the difference in race and latitude.
In our study, serum total 250HD levels were gen-
erally high, and most patients were vitamin D suffi-
cient (total 250HD 2 30 ng/mL). The inconsistent
findings may suggest a potential ceiling effect of total
250HD on HCC survival that no additional benefit
would be provided when total 250HD reaches a cer-
tain concentration. In other words, the relative rarity
of vitamin D deficiency in the study population may
preclude exploration of an association between lower
total 250HD levels and patient outcomes. However,
we observed no significant evidence for worse survival
in the highest versus lowest quartile of total 250HD,
which eliminates the concern about the safety of total
250HD concentrations exceeding 40 ng/mL. Still,
it should be emphasized that measuring simply total
250HD as the diagnostic tool is probably inade-
quate under various disease conditions, because total
250HD concentrations, which are subject to multiple
environmental and physiological changes,(32) may be
a surrogate of general health status. In particular, the
liver is responsible for 25-hydroxylation of vitamin D
and production of DBP and albumin. Thus, patients
with synthetic hepatic dysfunction always have altered
total 250HD levels,(zo_”) which may not accurately
reflect 250HD levels available for cellular uptake.



FANG ET AL.

HEPATOLOGY, Vol. 72, No. 1, 2020

L10°0 (96°0°€5°0) LL0 (86°0°L5°0) 50 (LL'L'Y9'0) ¥8°0 00'L L16/18€ (+) ADOH-H4uD 10/pup (+) Bysg
6180 (16'2'v20) €80 (LGy'syo)er'L (rgz'ero) LL'L 00'L L6/9€ (=) AOH-tup pup () BysgH
L660 UoLOBJUI AOH/AGH
8500 (20'1'€£°0) 850 (L1'1'8€0) £9°0 (Le'L'sv'0) £L0 00l zee/ell W01 0vZz
G010 (60'1'65°0) £L0 (60'1'65°0) 08°0 (12'1'99°0) 680 00'L 6L9/v0¢8 /By 0'vz>
LeG0 sisouboip 4o [jyg
L80°0 (660’750 €L0 (90'1'19°0) 08°0 (SL'1'99°0) £8°0 00'L 189/8.¢ BT
0820 (r1'2'€20)0L0 (IR WAN R A0 (09'162°0) 690 00'L LZ1/6¢ UBWIOM
230 X83
S0
7000 (z5'0°'10°0) L0O (96'0'80°0) 82°0 (€L'Z'LL0) LY 0 00'L e/l Auswinel OluIBISAS
L¥0'0 (66'0'v50) €£0 (20'1'£6'0)9L0 (60'1'29°0) 280 00'L 656/G5¢ AUBIIDBIL D007
610 Juswijoall 1sdun)
6800 (86'0°97°0) £9°0 (G1'1'65°0) 280 (02'1'09°0) 680 00'L GGY/85C o)
£98°0 (L1'2'1£0) 060 (L6'L'LE0) ¥8°0 (89'1'8€°0) 08°0 00'L ozl/es q
9010 (82'1'v£0) 990 (€60'v20) LV'0 (82'1'££0) 690 00'L LTv/TL v-0
09€°0 abnis 9109
z100 (68°0°L7'0) 09°0 (90°L°95°0) £L°0 (OL'L°£5°0)6L°0 00'L LL¥/292 VW pe<
7850 (zr'1'e5°0) £8°0 (SL'L'6£0) £9°0 (67'1'€5°0) 68°0 00'L 0£5/0ZL Vow pes
6970 i) wnieg
2650 (06'7'10°0) 020 (61'0£°60°0) 19°1 (z2'6'000) L1O 00'L 6¢/81 e/ 1 led uwAw 09>
0100 (26'0'05°0) 89°0 (£60'65°0)€L°0 (90'1'19°0) 080 00'L £96/69¢ AU e/ Jad uw/w 092
LL£0 NERE]
7200 (96'0'25°0) L0 (66'0'95°0) ¥£'0 (80°1'09°0) 180 00'L L16/25E (+) AOH-HUD Jo/pup (+) BysgH
6£9°0 (§9'2'£10) £9°0 (SsezeozlL (L9°2'7E'0) 760 00'L L6/0€ (=) AOH-uD pup (-) Bysg
1650 UoHOBJUI ADH/AGH
7100 (¥8'0'52°0) 970 (60°L'7E0) 190 (L1'1'8€°0) £9°0 00l 2ze/00l S R74
781°0 (SL'L°£50) 180 (80°1'85°0) 6£°0 (L1'1'29°0)G8°0 00l 619/28¢ 010>
6sz0 sisoubnip 4o |iNg
0v0'0 (66'0'€5°0) 2L 0 (90'1'65°0) 640 (L1'1'29°0) €80 00'L 188/LYE us|y
7820 (€1'2'220)89°0 (Lrr'oro)zro (ze'L'2z0) 150 00'L LzL/s¢ UBLIOM
9/20 hEN
$807
||UoNODIBIU 0} o §PUBIL 10} d 1%y ) 4y ® [PJOL/SUIPBQ JO 0N

HOGZ 3[ap|IbAROIG JO SIPNY

Apmg

110y0)) 133UE)) 1A SuopSuenc) oY) UI $3JBLIBAO)) PIII[IS Aq PayRIENG S[AA T (T O ST A[JB[FEALOLg WNIdG Aq SAW0IN() [eAIAING J0F (D) %S6) SOBY pFezel] "¢ A TAV.L

177



HEPATOLOGY, July2020

1591 P[EAA 93 Sulsn pajenyead d1om suondeIRU
*S[POWI A} UT Pasn 219M sa[1Ienb (JLJ()GZ WNIdS JO SINJEA URIPIW Y] Ls
. < < Q.

(uomEdTPIW 9SAUTYY) [EUONIPLI) ‘Aderoypowraypd orasAs Aderoyy pejadre) repnosjour 3 9) JudUNEIN oruraysds pue Aderoyy uonerper Surpnpouy s
‘uonuaAIIUI TerralIe onedoy pue ‘uonelqe [edo] ‘voneiuedsuen 101 Awolosyedoy Surpnpouy N

“I0J0®] PolJIIeIls B SeM ]I Uaym

S[OpOW 9y} WIOIJ PIAOWISI SEM I[(BLIBA wa%ao%obg 9} pUE JUSWIIEII) IJUED pUE “93e1s 104 .ﬁo\é D nm 99 douuuzg poojq jo uoseas AEZm b'el .mﬁocwm% 18 o3e 10§ wopwsmﬁm .

7000 (55'0'10°0) 80°0 (860°01°0) L£0 FL'z'110)8r0 00'L 70 AUBLUIDBIL OJWBISAS
2800 (00'1'65°0) v£0 (20'1'65°0) LLO (S1'1'£9°0) 880 00'L 656/18¢ AuBiDaIL D007
9920 Juswijoall J1sdun)
L80°0 (66'0°87°0) 69°0 (GL'1'650) 280 (92'1'69°0) 060 00'L GGY/LLT o)
0LL0 (66'17££0) 980 (LLL've0) LL0 (£9'L'07'0) 280 00'L 0z1/9§ q
9z1'0 (82'1'9€°0)89°0 (L0'1'2€0) 860 (Lv'L'S7'0) 080 00'L LTYIV8 v-0
670 abojs 9704
0l00 (06'0°¢7°0) 29°0 (70'1'95°0) 9£°0 (zl'1'09°0) 280 00'L LLY/E8T VoW prg<
9250 (e7'1'95°0) 68°0 (LT1'G70)9L0 (29'1'19°0) 660 00'L 0£5/8€ L VBw oes
0L7'0 40 wnieg
6.00 (68°0°10°0) 80°0 (9¢'v'20°0) 2€°0 (leZ'1lo0)SL0 00l 68/81 e/ | sed uwAw 09>
Gl00 (96'0°€5°0) L0 (66'0'85°0) 9£°0 (€1'1'99°0) 980 00'L £96/66¢ AU €71 Jed uiw/w 09
[88°0 NERL]
||UONODIBIU 0} o sPualL 10} o 48] ) 0 1) [pjO1/SYinaQ 4O 'ON

FANG ET AL.

AHOGC 81qP[IbADOIG JO BIIHDNY

ponuzuod) "¢ A 1dV.L

178



HEPATOLOGY, Vol. 72, No. 1, 2020

Here we extend previous literature of the standard
measure of vitamin D status to investigate the rela-
tionship between free and bioavailable 250HD levels
and HCC prognosis for the first time. We observed
that serum bioavailable 250HD levels were inversely
related to both LCSS and OS, indicating bioavail-
able 250HD but not total 250HD is an indepen-
dent predictor for survival among HCC patients. In
agreement with our findings, higher preoperative lev-
els of bioavailable 250HD rather than total 250HD
were reported to be associated with improved OS
in patients with stage I-IIT colorectal cancer.®¥ In
addition, bioavailable 250HD has been suggested
to be a more informative measure of vitamin D sta-
tus for the pro§nosis of coronary artery disease than
total 250HD.®* The nonsignificant association of
free 250HD levels with survival is unexpected in
the current study. However, considering that only
tiny amounts (<0.03%) of total 250HD are free and
unbound in serum,™ bioavailable 250HD levels are
approximately equal to albumin-bound 250HD levels.
Because albumin-bound 250HD is capable of disso-
ciating rapidly in a dynamically perfused tissue, bio-
available 250HD levels might be more representative
of the bioavailability of vitamin D than a very small
proportion of free 250HD. Findings from epidemi-
ological studies support this notion that bioavailable
250HD levels were better linked to biological out-
comes than the free fraction alone.*** Our results
highlight that bioavailable measures of 250HD are
potentially useful for predicting the risk of liver cancer
mortality. With the recent availability of a commer-
cial direct free 250HD measurement ELISA kit, the
determination of bioavailable 250HD is much easier
and more precise than the calculation based on the
DBP and total 250HD levels.*”

Experimental studies have demonstrated strong
biological plausibility for the association between
vitamin D and liver cancer survival.®*® Vitamin D
deprivation may promote liver tumor growth through
regulation of toll-like receptor 7 and f-catenin activation
in the context of Smad3 disruption.(37) Additionally,
vitamin D treatment can inhibit the proliferation of
hepatoma cells by reducing the expression of his-
tone deacetylase 2 (HDAC2), thereby increasing the
expression of p21 (WAF1/Cip1) and phosphatase and
tensin homolog deletion on chromosome 10 (phos-
phatase and tensin homolog) in a dose-dependent
manner, resulting in cell cycle arrest at GO/G1
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phase.®®%* The down-regulation of HDAC2 caused
by vitamin D can also induce the apoptosis of HepG2
cells through regulating the down-regulation—mediated
pathway and/or the mitochondria-mediated path-
way.(40) Besides, vitamin D can stimulate the expres-
sion of thioredoxin-interacting protein, leading to
inhibited proliferation, enhanced apoptosis, and oxi-
dative injury in HCC cells.“!
D has an anti-inflammatory effect on HCC by sup-
pressing inflammatory cytokine (interleukin-6 and
tumor necrosis factor «) secretion in a p27kip] gene—
dependent way.“? Liver cancer cells have the ability
to convert 250HD to la,25-dihydroxyvitamin D
(1a,25[OH],D), the biologically active form of vita-
min D, in a intracrine, autocrine or paracrine manner,
which allows vitamin D to play antineoplastic roles
in local tumor tissues while minimizing the risk of
hypercalcemia.(43)

The present study raises the possibility of improv-
ing survival in HCC patients through elevating
bioavailable 250HD levels. Given that there are
moderate correlations between total and bioavailable
levels of 250HD, vitamin D supplementation tar-
geted at increasing the total 250HD levels may be
promising. It has been reported that participants with
vitamin D deficiency had increased both total and
bioavailable 250HD levels after being given vita-
min D therapy.(44) Two recent large-scale RCTs, the
Vitamin D and Omega-3 Trial and the Vitamin D
Assessment study, demonstrated that supplementation
of vitamin D resulted in a suggestive but not statisti-
cally significant reduction in cancer mortality in the
general population.**® Nevertheless, the protective
benefit of vitamin D supplementation against cancer
mortality became pronounced when pooling the large
RCTs together.”) In addition, two recent RCTs sug-
gest that patients with digestive tract cancers, espe-
cially colorectal cancer, may benefit from vitamin D
supplementation.”*® Our findings indicate that the
assessment of vitamin D status using bioavailable
instead of total 250HD levels would aid in the iden-
tification of individuals who are most likely to benefit
from vitamin D supplementation.

Although biologically plausible, establishing a causal
relationship between vitamin D and HCC prognosis is
challenging due to possible reverse causality and poten-
tial residual confounding from such an observational
study. Previous studies have reported a high prevalence
of vitamin D deficiency in patients with chronic liver

) Furthermore, vitamin
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disease including HCC."3*) Most of the patients had
preexisting chronic liver disease and were diagnosed
at an advanced stage, despite being newly diagnosed
with HCC. As 250HD, DBP, and albumin are pro-
duced in the liver, there is a possibility that bioavailable
250HD levels reflect the functional status of the liver
among HCC patients. However, bioavailable 250HD
levels were not associated with HBV/HCYV infection,
liver cirrhosis, fatty liver disease, and even BCLC
stage in the study population. Moreover, including
BCLC stage, a comprehensive index of tumor grade
and liver function, in the multivariable models did not
change the significant association between bioavail-
able 250HD levels and HCC survival. In addition
to BCLC stage, we also adjusted for other important
potential confounders that may affect 250HD levels,
such as obesity, season, and systemic inflammatory
response. However, the observed associations of bio-
available 250HD levels with HCC survival remained.
Appropriately designed and adequately powered RCTs
are warranted to detect whether improving the vitamin
D bioavailable status has a favorable effect on survival
in patients recently diagnosed with HCC.

Several strengths of this study are notable. First, we
prospectively examined a large patient population with
newly diagnosed, previously untreated HCC, which
has the ability to capture the spectrum of patients with
HCC and to eliminate potential confounding by pre-
vious treatment history. Furthermore, both total and
free 250HD levels were directly measured in serum.
A direct free 250HD measurement avoids the rela-
tive inaccuracy of calculating free 250HD from total
250HD, DBP, and albumin levels."” Additionally,
extensively demographic, clinical, and treatment
covariate data allowed for rigorous control of poten-
tial confounders and evaluation of effect modification,
despite that residual confounding can never be com-
pletely ruled out in the observational studies. Finally,
despite HCC being a highly lethal malignancy, we
used both LCSS and OS data in our analyses, given
that 250HD may be a surrogate marker for general
health not specific to patients with HCC.®?

Limitations of our study must also be considered.
There are concerns that serum 250HD was mea-
sured at a single time point and disease progression
might adversely influence 250HD concentrations.
Nonetheless, we included multiple clinical confound-
ers, including kidney function, systemic inflammation,
BCLC stage and cancer treatment, in multivariable
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models and the associations of bioavailable 250HD
with survival remained consistent. Moreover, although
the overall study was large, the sample size drops in
the stratified analyses. We also excluded other his-
tological types of PLC from the analyses for small
numbers, which may limit the generalizability of our
findings to all patients with PLC. Finally, all of our
study participants were of Asian descent and lived
in South China; thus, caution should be taken when
applying our results to racially and geographically
diverse patient populations.

In summary, bioavailable 250HD may be a pref-
erable vitamin D form over total 250HD in terms of
the association of vitamin D status with HCC prog-
nosis. Our observations provide compelling evidence
for inverse associations between serum bioavailable
250HD levels at diagnosis and HCC survival, sug-
gesting a potential utility of bioavailable 250HD as a
prognostic biomarker in patients with HCC.
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