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Abstract
Aberrant autophagic activity is observed in osteoarthritic joints. Vitamin D was 
shown to alleviate not only osteoarthritis severity, but also autophagy process. 
However, the influence of vitamin D on autophagy in knee osteoarthritis (KOA) 
remains ambiguous. This study aimed to determine the effect of vitamin D2 on 
serum levels of autophagosome protein LC3A in patients with KOA and whether 
LC3A levels were correlated with serum 25-hydroxyvitamin D (25(OH)D) and 
clinical outcomes of patients with KOA. A total of 165 patients with KOA and 
25 healthy controls were recruited. Vitamin D2 (ergocalciferol) was administered 
to patients with KOA at a weekly dosage of 40,000 IU. Serum LC3A, knee pain 
and functional scores, muscle strength, physical performance, and biochemical 
parameters were examined before and after 6 months of vitamin D2 supplemen-
tation. Serum LC3A levels were significantly higher in patients with KOA than 
healthy controls. In patients with KOA, vitamin D2 supplementation significantly 
decreased serum LC3A levels. Furthermore, baseline levels of serum LC3A were 
significantly associated with radiographic severity, pain and functional scores, 
total cholesterol, hs-CRP, IL-6, protein carbonyl, and serum 25(OH)D. After ad-
justing for established confounders, independent relationships among serum 
LC3A and radiographic severity, pain and functional scores, total cholesterol, hs-
CRP, IL-6, protein carbonyl, and serum 25(OH)D were also observed. Vitamin D2 
supplementation was shown to not only decrease serum levels of LC3A, inflam-
matory markers, as well as oxidative stress, but also improve muscle strength and 
physical performance in patients with KOA.
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INTRODUCTION

Knee osteoarthritis (KOA) is a degenerative joint disease 
caused by a variety of factors. In the articular cartilage of 
KOA, the number of chondrocytes and their capacity to 
rebuild the extracellular matrix and adapt adequately to 
stress have decreased.1 Despite the fact that pain is the pri-
mary symptom of KOA, the devastating consequences of 
this chronic condition cannot be alleviated by the use of 
conventional therapies, including pain palliation and alter-
ations to one's way of life. For those whose symptoms have 
not responded to more conservative methods of care, joint 
replacement surgery is often the last resort for enhancing 
their quality of life.2 Despite ongoing investigations into 
markers and the development of innovative treatments, 
such as platelet-rich plasma, bone marrow mesenchymal 
stem cells, and autologous microfragmented adipose tis-
sue,3,4 challenges on the natural course of disease still 
exist.5 From that viewpoint, it is conceivable that better 
understanding what causes joint degeneration might pave 
the way for development of disease-modifying drugs and 
discovery of potential biomarkers to aid in early diagnosis, 
both of which might prolong the time before the patients 
become severely disabled.

Autophagy is a homeostatic process through which cells 
recycle broken or redundant parts of themselves inside 
the cytoplasm.6 As a primary adaptive mechanism in the 
body, autophagy has been suggested to protect against the 

pathogenesis of several pathological conditions, including 
cancer, infection, neurodegeneration, aging, and cardiovas-
cular disease.7 In fact, the articular cartilage of the knees 
does not have the blood vessels, nerves, lymphatic vessels, 
or connective tissue which would normally provide oxygen 
and nutrition to the cartilage.8 Because of this, autophagy is 
essential for metabolism, and this is particularly true in cells 
with a slow turnover rate.9 In the context of KOA, previous 
studies have uncovered that cartilage deterioration was as-
sociated with aberrant autophagy levels.10 More specifically, 
gene expressions of autophagy markers have been observed 
to be downregulated in human osteoarthritic joints.11–13 The 
aforementioned findings highlight the significant involve-
ment of autophagy in KOA pathogenesis. When viewed 
from this perspective, it is important to note that possible 
molecules known to play a possible part in autophagy have 
considerable promise as both diagnostic biomarkers and 
therapeutic targets for KOA.

One of several molecules known to be implicated in au-
tophagy, vitamin D, is drawing attention as a potential pro-
tective molecule against the onset and progression of KOA. 
In addition to vitamin D's role in bone health – especially 
KOA,14 it has been shown to have effects on autophagy in 
a variety of pathological conditions via both genomic and 
nongenomic pathways.15 This finding lends further support 
to the notion that autophagy levels could be modulable by 
vitamin D and might possibly be predictive of cartilage de-
terioration in KOA. Despite extensive research on vitamin 
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D's links to the radiographic severity and clinical outcomes 
of KOA,16–18 its effect on autophagy process in patients 
with KOA has yet to be determined. Accordingly, this study 
aimed to determine whether vitamin D supplement could 
alter serum levels of an autophagy marker, microtubule-
associated protein 1A/1B light chain 3A (MAP1/LC3A), also 
known as LC3A, in patients with KOA and to examine clini-
cal correlations between serum LC3A levels, serum vitamin 
D, biochemical parameters, indicators of muscular strength, 
and physical performance, as well as inflammatory markers 
in patients with KOA.

METHODS

The study protocol was approved by the Ethical Commit-
tee on Human Research of the Faculty of Dentistry/Fac-
ulty of Pharmacy, Mahidol University (IRB No. MU-DT/
py-IRB2022PY072) and carried out in compliance with the 
Declaration of Helsinki guidelines. All participants provided 
their written informed consent before being included in 
the study. This trial has been registered in the Thai Clini-
cal Trials Registry (TCTR) under the registration number: 
TCTR20230901001.

Study participants

In this prospective, single-site, single-arm, nonrandomized 
interventional trial, a total of 165 patients with KOA were 
recruited from the outpatient clinic of the Department of 
Orthopedics at King Chulalongkorn Memorial Hospital. 
The inclusion criteria were defined as individuals aged 
50 to 80 years, who had been diagnosed with bilateral pri-
mary KOA based on the American College of Rheumatol-
ogy criteria,2 and who exhibited serum 25-hydroxyvitamin 
D (25(OH)D) levels below 30 ng/mL defined as insuffi-
cient – particularly Thai patients with KOA16 and Asian 
populations.19 Using the Kellgren-Lawrence (KL) system, 
radiographic severity was classified in a non-observer-
controlled manner. The radiographic severity of KOA was 
ranked on a scale from 0 to 4: grade 0 (no X-ray changes), 
grade 1 (doubtful narrowing of joint space and possible 
osteophyte lipping), grade 2 (definite osteophytes and pos-
sible joint space narrowing), grade 3 (moderate multiple 
osteophytes, definite narrowing of joint space, bone scle-
rosis, and possible deformity of bone contour), and grade 
4 (large osteophytes, marked joint space narrowing, se-
vere sclerosis, and clear deformity of bone contour).20 The 
exclusion criteria for this study were defined as follows: 
the presence of secondary OA caused by a known disor-
der; any recent arthroscopy, surgery, or joint injection 

in the target knee within the past 6 months; a history of 
knee joint replacement; the presence of any serious sys-
temic disease, cardiovascular disease, diabetes mellitus, 
liver disorders, renal disorders, thyroid disorders, or other 
chronic inflammatory diseases; pregnancy or lactation; 
smoking; alcohol consumption; the use of lipid-lowering 
medications, omega-3-fatty acids, antioxidant supple-
ments, or vitamin supplementations containing vitamin 
D, glucosamine or chondroitin in the past 30 days; and 
the use of non-steroidal anti-inflammatory drugs within 
2 weeks prior to and during the intervention. As per the 
trial's protocol, the administration of non-steroidal anti-
inflammatory drugs was prohibited. Besides this, patients 
who were unable to be contacted for further evaluation or 
who received treatment beyond the scope of clinical pal-
liative cares were excluded from the study.

Intervention

A schematic representation of the flow of subjects 
through the current trial is illustrated in Figure 1. Ac-
cording to the guidelines provided by the Endocrine 
Society,21 it has been recommended that adults take a 
weekly dose of 50,000 IU of vitamin D2 for a duration of 
8 weeks in order to consistently maintain serum 25(OH)
D levels above 30 ng/mL. In the context of Thailand, 
vitamin D2 (ergocalciferol) is accessible in the form of 
20,000 IU per capsule. Consequently, participants were 
instructed to consume a dosage of 40,000 IU of vitamin 
D2, specifically in the form of two capsules containing 
20,000 IU of ergocalciferol each, sourced from the Brit-
ish Dispensary in Bangkok, Thailand. This regimen was 
maintained for a duration of 6 months. To mitigate non-
compliance, biweekly telephone calls were conducted, 
consisting of assessments lasting between 5 and 8 min. 
In order to evaluate the adherence of participants to the 
intervention, they were requested to return their de-
pleted pill containers upon completion of the study. Ad-
herence was quantified by dividing the number of pills 
consumed by the expected number of pills to be taken 
throughout the study and subsequently expressing this 
ratio as a percentage. Given that the primary objective of 
this single-arm trial was to gather preliminary evidence 
on the effect of vitamin D supplementation on serum 
levels of LC3A, an autophagy marker, in patients with 
KOA, the utilization of placebo controls is generally 
deemed unnecessary for this study.

At enrollment and after 6 months of intervention, 
body composition measurements and clinical outcome 
assessments, such as knee pain, physical disability, 
muscle strength, as well as physical performance were 
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performed, and blood samples were collected from pa-
tients with KOA.

Study outcomes

The primary exploratory outcome determined the effect 
of vitamin D on serum levels of autophagosome protein 
LC3A in patients with KOA. The second exploratory out-
come evaluated the associations between serum LC3A 
levels, serum 25(OH)D levels, and clinical parameters of 
patients with KOA.

Methodologic approaches used to 
mitigate bias

Further details are provided in Supplementary Material S1.

Clinical outcome measurements

Clinical outcomes were all evaluated by healthcare pro-
fessionals who were blinded to the study purpose and 
hypotheses, as well as the interventions administered to 
the study participants. All laboratory assessments were 
conducted at baseline and after 6 months of vitamin D2 
supplementation.

Body composition

Standard measurement techniques were used to de-
termine body composition, height, weight, and waist 

circumference. Body mass index (BMI) was calculated by 
dividing body weight in kilograms (kg) by height in me-
ters squared (m2). The bioelectrical impedance analysis 
(BC-418 Segmental Body Composition Analyzer; Tanita 
Corporation) was used for body composition analyses, 
including appendicular skeletal muscle mass (ASMM), 
percentage of total fat mass (%fat), and fat mass. The 
ASMM was calculated as the sum of skeletal muscle mass 
of the arms and legs in kg, as described previously.16

Knee pain and physical disability

A 10-cm visual analog scale (VAS) is generally used to 
measure the severity of pain, in which scores of 0 and 
10 indicate no discomfort and maximum pain, respec-
tively. The Western Ontario and MacMaster University 
(WOMAC) index, a self-administered questionnaire 
consisting of 24 items, is commonly used to evaluate 
the severity of pain, stiffness, and physical disability. 
On a scale of 0–4, the test questions are scored as fol-
lows: none (0), mild (1), moderate (2), severe (3), and 
extreme (4). The scores for each subscale are summed 
up, with a possible score range of 0–20 for pain, 0–8 
for stiffness, and 0–68 for physical function. The total 
WOMAC score is the sum of the three subscales, as de-
scribed previously.16

Muscle strength

Muscle strength consisting of grip strength, knee flexors, 
and extensor strength was assessed using a grip strength 
dynamometer (Takei Scientific Instruments Ltd.) and a 

F I G U R E  1   Flowchart of patient 
inclusion.
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handheld dynamometer (Hoggan Scientific LLC), as de-
scribed previously.16

Physical performances

Physical performance was evaluated using gait speed, 
timed up and go test (TUGT), sit-to-stand test (STS), and 
6-min walk test (6MWT). For the gait speed test, the time 
required to walk 5 m at a typical pace was measured using 
a conventional stopwatch, excluding the first and final 
50 cm. The TUGT was calculated based on the amount 
of time required to stand up from a sitting position, walk 
3 m, turn around, walk back, and sit down again. STS 
was an additional physical performance test in which 
patients were instructed to stand and sit as rapidly as 
possible from a standard-height chair (45 cm) with their 
arms crossed over their chests. The length of time it took 
the patient to complete this sequence of movements was 
also recorded. The 6MWT was the last physical perfor-
mance test used to assess how far the participants could 
walk in only 6 min, as described previously.16

Laboratory methods

Fasting venous blood samples were collected from pa-
tients with KOA at the beginning and after 6 months 
of vitamin D supplementation and subsequently cen-
trifuged to collect serum. The serum samples were im-
mediately stored at −20°C for later use. Biochemical 
markers including fasting blood glucose (FBG), lipid 
profiles (total cholesterol, triglyceride, LDL-cholesterol, 
and HDL-cholesterol), calcium, phosphorus, and high-
sensitivity C-reactive protein (hs-CRP) were measured 
using a Roche Hitachi 912 chemistry analyzer (Roche 
Diagnostics). Blood concentrations of 25(OH)D, para-
thyroid hormone (PTH), and insulin were measured 
using chemiluminescent immunoassay (Roche Di-
agnostics GmbH). The limit of detection of vitamin D 
assay was 4.0 ng/mL, intra-assay coefficient of variation 
(CV) was 3.4%, and interassay CV was 7.6%. Insulin re-
sistance was determined based on homeostasis model 
assessment (HOMA-IR) with the following formula: 
fasting serum insulin (μU/mL) × fasting plasma glucose 
(mg/dL)/405. Serum levels of protein carbonyl were 
measured using spectrophotometer, following the pro-
tocol established by Castegna et al.,22 as described pre-
viously.16 Serum LC3A and IL-6 levels were measured 
quantitatively using a commercially available sandwich 
ELISA kit (R&D Systems). Further details on quantita-
tion of serum LC3A levels are provided in Supplemen-
tary Material S2.

Statistical analyses

Descriptive statistics were used to provide a summary of 
the data pertaining to baseline characteristics of study 
participants. Counts and proportions were used for cat-
egorical variables, and the statistical significance was 
determined using either Pearson's chi-square test or 
Fisher's exact test, as appropriate. Continuous variables 
were described using the median and interquartile range 
(IQR; Q1–Q3), and the Mann–Whitney U test was used 
to evaluate any statistical differences. The normality of 
the data distribution was assessed using the one-sample 
Kolmogorov–Smirnov test. Statistical differences in serum 
LC3A levels, serum 25(OH)D levels, and biochemical pa-
rameters at baseline and after treatment with vitamin D2 
supplement were assessed using Wilcoxon signed-rank 
test for matched data due to non-normal distribution of 
the variable; paired sample t-test for matched samples was 
used to assess the mean difference and establish the 95% 
confidence interval (CI). Associations of baseline levels of 
serum LC3A and baseline levels of serum 25(OH)D and 
various clinical parameters, including radiographic sever-
ity, indicators of body composition, muscle strength, as 
well as physical performance, and biochemical param-
eters were initially assessed using simple linear regression 
– specifically Spearman's rho correlation coefficients (r). 
The strength of the correlations was categorized as weak, 
moderate, or strong based on the corresponding r values 
of less than 0.3, 0.3–0.5, and greater than or equal to 0.5, 
respectively.23 Following this, multivariate models, spe-
cifically multiple linear regression with forward stepwise 
methods, were used to adjust for potential confounding 
variables including age, gender, and BMI.

All analyses were deemed statistically significant if 
the p value was less than 0.05 (2-tailed test) with a 95% 
CI. As a prespecified analysis plan is not available in this 
study, no adjustments for multiplicity were performed, 
and the interpretation of the various comparisons should 
be viewed as exploratory. Statistical analyses were all exe-
cuted using the statistical package for social sciences ver-
sion 26.0 (SPSS) and GraphPad Prism version 9.4.1.

RESULTS

Baseline and on-treatment characteristics 
of study participants

The detailed demographic characteristics of patients 
with KOA both prior to and following 6 months of vi-
tamin D2 supplementation are summarized in Table 1. 
When comparing clinical characteristics of patients 
with KOA before and after a 6-month period of vitamin 
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T A B L E  1   Demographic and clinical characteristics of patients with KOA before and after vitamin D2 supplementation.

Variables

Patients with KOA (n = 165)

p value

Vitamin D2 supplementation

Before intervention After intervention

Gender (F/M) 149 (90.30%):16 (9.70%) 149 (90.30%):16 (9.70%) 1.000
Age (years) 65.00 (60.00, 69.00) 65.00 (60.00, 69.00) 1.000
Body composition

BMI (kg/m2) 24.97 (22.95, 28.31) 24.75 (22.73, 28.09) 0.061
ASMM (kg) 16.58 (15.08, 20.08) 16.50 (15.09, 19.91) 0.169
Percentage of fat (%) 35.87 (30.78, 40.06) 33.73 (28.64, 37.92) 0.001
Fat mass (kg) 21.44 (17.39, 27.93) 19.71 (16.11, 25.75) 0.001

Radiographic severity
KL grade 0 0 (0.00%) 0 (0.00%) 1.000
KL grade 1 0 (0.00%) 0 (0.00%) 1.000
KL grade 2 43 (26.06%) 43 (26.06%) 1.000
KL grade 3 51 (30.91%) 51 (30.91%) 1.000
KL grade 4 71 (43.03%) 71 (43.03%) 1.000

Pain and physical disability
VAS (0–10) 3.00 (2.00, 5.00) 2.59 (2.00, 5.00) 0.003
WOMAC (0–10) 3.00 (2.00, 4.00) 2.74 (2.00, 4.00) 0.395

Muscle strength
Grip strength (kg) 17.02 (18.74, 26.06) 17.67 (19.39, 26.71) <0.001
Knee extension force (N) 256.01 (202.88, 309.14) 358.61 (310.57, 406.65) <0.001

Physical performance
Gait speed (m/s) 0.82 (0.78, 1.14) 1.00 (0.96, 1.32) 0.002
TUGT (s) 9.30 (8.11, 11.51) 8.14 (7.13, 10.17) <0.001
STS (s) 12.33 (11.57, 18.17) 10.74 (9.80, 16.76) <0.001
6MWT (m) 374.02 (318.09, 424.35) 424.00 (369.14, 473.26) <0.001

Metabolic markers
FBG (mg/dL) 95.84 (86.45, 109.67) 96.27 (84.56, 112.42) 0.589
Insulin (μIU/mL) 4.00 (2.00, 9.00) 4.77 (2.00, 9.00) 0.197
HOMA-IR 0.94 (0.36, 2.32) 1.15 (0.39, 2.71) 0.117
Total cholesterol (mg/dL) 210.44 (185.78, 238.10) 211.40 (184.86, 240.94) 0.659
Triglyceride (mg/dL) 116.84 (89.19, 163.49) 114.20 (82.36, 165.04) 0.134
LDL-cholesterol (mg/dL) 131.22 (110.77, 160.07) 123.44 (102.82, 152.46) <0.001
HDL-cholesterol (mg/dL) 53.62 (46.00, 64.00) 55.72 (46.00, 64.00) 0.006

Biochemical markers
PTH (pg/mL) 49.57 (37.84, 68.56) 43.00 (26.90, 66.36) <0.001
Calcium (mg/dL) 9.19 (9.00, 9.50) 9.28 (9.00, 9.50) 0.033
Phosphorus (mg/dL) 3.50 (3.40, 4.00) 3.67 (3.40, 4.00) 0.083
hs-CRP (mg/L) 1.70 (0.43, 4.00) 1.06 (0.18, 3.76) 0.014
IL-6 (pg/mL) 22.36 (1.65, 43.09) 20.58 (15.95, 25.23) 0.014
Protein carbonyl (nmol/mg) 0.66 (0.43, 1.15) 0.57 (0.43, 0.97) 0.010
25(OH)D (ng/mL) 20.84 (17.52, 23.94) 32.25 (26.87, 37.41) <0.001
LC3A (pg/mL) 65.04 (49.20, 87.54) 60.04 (45.37, 82.20) <0.001

Note: Data are represented as either median interquartile range (IQR) or Q1, Q3) for continuous variables or percentages for categorical variables. Bold values 
denote statistically significant at p- value less than 0.05 (two-tailed).
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 6MWT, 6-min walk test; ASMM, appendicular skeletal muscle mass; BMI, body mass index; FBG, fasting 
blood glucose; HOMA-IR, Homeostatic Model Assessment-Insulin Resistance; hs-CRP, high-sensitivity C-reactive protein; KL, Kellgren-Lawrence; KOA, knee 
osteoarthritis; IL-6, interleukin-6; LC3A, microtubule-associated protein 1A/1B light chain 3A; PTH, parathyroid hormone; STS, sit-to-stand test; TUGT, timed 
up and go test; VAS, visual analog scale; WOMAC, Western Ontario and MacMaster University.
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D2 supplementation, no statistically significant differ-
ences were observed in body composition (BMI, ASMM, 
%fat, and fat mass), some metabolic markers (FBG, insu-
lin, HOMA-IR, total cholesterol, and triglyceride), and a 
biochemical parameter (phosphorus). However, vitamin 
D2 supplementation for a period of 6 months resulted 
in significant improvements in muscle strength (grip 
strength and knee extension force), enhanced physi-
cal performance (gait speed, TUGT, STS, and 6MWT), 
and increased circulating calcium levels in patients 
with KOA (p < 0.001, p < 0.001, p = 0.008, p = 0.023, 
p < 0.001, p < 0.001, and p = 0.033, respectively). In ad-
dition to this, vitamin D2 supplementation significantly 
decreased knee pain score (VAS; p = 0.003), metabolic 
markers (LDL-cholesterol and HDL-cholesterol), cir-
culating PTH levels (p < 0.001), circulating levels of in-
flammatory markers (hs-CRP and IL-6; p = 0.014 and 
p = 0.014, respectively), and oxidative stress (protein 
carbonyl; p = 0.010, respectively). Additionally, patients 
with KOA who received vitamin D2 supplementation 
for a duration of 6 months exhibited a notable elevation 
in their serum 25(OH)D levels compared to their base-
line levels prior to commencing the supplementation 
(p < 0.001). On the basis of radiographic severity, over 
half of the patients with KOA (56.97%) were classified 
as having KL grade 2–3.

In comparisons of demographic and clinical char-
acteristics of patients with KOA before vitamin D2 
supplementation and healthy controls (Table  2), no 
statistically significant differences were observed in 
gender ratio, median age, and body composition mark-
ers (BMI, ASMM, %fat, and fat mass). As expected, 
WOMAC score and indicators of muscle strength (grip 
strength) and physical performance (TUGT and 6MWT) 
were significantly higher in patients with KOA than that 
in healthy controls (p = 0.007, p = 0.021, p < 0.001, and 
p = 0.018, respectively), whereas STS, an additional in-
dicator of physical performance, was significantly lower 
in patients with KOA than those in healthy controls 
(p = 0.001). These findings imply that patients with KOA 
exhibited significantly lower levels of physical function-
ing in comparison to healthy controls.

LC3A levels in patients with KOA with and 
without vitamin D2 supplementation

Patients with KOA without vitamin D2 supplementation 
showed serum LC3A levels at a median of 65.04 pg/mL 
(IQR: 49.20–87.54). Following vitamin D2 supplemen-
tation, serum LC3A levels were reduced to a median of 
60.04 pg/mL (IQR: 45.37–82.20). Difference in serum LC3A 
levels between pre- and post-vitamin D2 supplementation 

groups was statistically significant (p = 0.0155, 95% CI: 
−8.333 to −2.333; Figure  2a,b). Compared to healthy 
controls, serum LC3A levels were significantly increased 
in patients with KOA with vitamin D2 supplementation 
at baseline and 6 months (p < 0.0001, 95% CI: −32.00 to 
−12.67; p = 0.0009, 95% CI: −27.33 to −8.00; respectively; 
Figure 2c).

In stratified analysis by the disease severity classified 
by KL grades, patients with KOA with KL grade 2 had a 
significant decrease in serum LC3A levels after 6 months 
of vitamin D2 supplementation, as compared to their 
pre-supplementation levels (p < 0.0001, 95% CI: −16.67 
to −5.00; Figure  2d). On the other hand, there were no 
significant differences in serum LC3A levels at baseline 
and after a 6-month period of supplementation among pa-
tients with KOA with higher KL grades (Figure 2d).

Correlations between circulating LC3A 
levels and clinical parameters of patients 
with KOA

Associations between serum LC3A baseline levels and 
outcome parameters of patients with KOA prior to receiv-
ing vitamin D supplementation are detailed in Figure 3a. 
Spearman's rho correlation analysis uncovered that serum 
LC3A baseline levels were positively associated with ra-
diographic severity (KL grade: r = 0.379, p < 0.001, 95% CI: 
0.24–0.51), scores of knee pain (VAS: r = 0.458, p < 0.001, 
95% CI: 0.32–0.58) and physical disability (WOMAC: 
r = 0.242, p = 0.004, 95% CI: 0.07–0.40), metabolic param-
eter (total cholesterol: r = 0.493, p < 0.001, 95% CI: 0.36–
0.60), and inflammatory markers (hs-CRP: r = 0.493, 
p < 0.001, 95% CI: 0.50–0.70; IL-6: r = 0.626, p < 0.001, 95% 
CI: 0.51–0.72; Figure  3b–g). On the other hand, serum 
LC3A levels were found to be inversely correlated with 
oxidative stress (protein carbonyl: r = −0.200, p = 0.013, 
95% CI: −0.35 to −0.01) and serum 25(OH)D levels in pa-
tients with KOA (r = −0.506, p < 0.001, 95% CI: −0.61 to 
−0.38; Figure 3h,i).

To determine whether serum LC3A levels were inde-
pendently associated with clinical parameters of patients 
with KOA, multivariate logistic regression analysis was 
further executed. After adjusting for confounding fac-
tors, including age, gender, and BMI, serum LC3A lev-
els were observed to be independently associated with 
KL grade (β-coefficient = 22.67, 95% CI: 9.70–35.65, 
p = 0.001), VAS score (β-coefficient = 4.91, 95% CI: 3.46–
13.28, p = 0.029), WOMAC score (β-coefficient = 4.00, 
95% CI: 3.58–13.59, p = 0.002), total cholesterol (β-
coefficient = 0.25, 95% CI: 0.19–0.68, p = 0.026), hs-CRP 
(β-coefficient = 36.72, 95% CI: 34.45–38.89, p < 0.001), 
IL-6 (β-coefficient = −2.05, 95% CI: −5.57 to 1.46, 
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T A B L E  2   Baseline characteristics of patients with KOA with pre-vitamin D2 supplementation and healthy controls.

Variables
Patients with KOA before vitamin D2 
supplementation (n = 165) Healthy controls (n = 25) p value

Gender (F/M) 149 (90.30%):16 (9.70%) 23 (92.00%):2 (8.00%) 0.831
Age (years) 65.00 (60.00, 69.00) 65.00 (53.50, 71.00) 0.925
Body composition

BMI (kg/m2) 24.97 (22.95, 28.31) 23.60 (21.10, 25.80) 0.249
ASMM (kg) 16.58 (15.08, 20.08) 14.20 (13.00, 16.80) 0.134
Percentage of fat (%) 35.87 (30.78, 40.06) 35.10 (27.45, 40.80) 0.265
Fat mass (kg) 21.44 (17.39, 27.93) 21.50 (16.30, 25.50) 0.864

Radiographic severity
KL grade 0 0 (0.00%) N/A N/A
KL grade 1 0 (0.00%) N/A N/A
KL grade 2 43 (26.06%) N/A N/A
KL grade 3 51 (30.91%) N/A N/A
KL grade 4 71 (43.03%) N/A N/A

Pain and physical disability
VAS (0–10) 3.00 (2.00, 5.00) N/A N/A
WOMAC (0–10) 3.00 (2.00, 4.00) 1.33 (0.10, 2.67) 0.007

Muscle strength
Grip strength (kg) 17.02 (18.74, 26.06) 19.50 (17.40, 25.50) 0.021
Knee extension force (N) 256.01 (202.88, 309.14) N/A N/A

Physical performance
Gait speed (m/s) 0.82 (0.78, 1.14) 0.95 (0.79, 1.16) 0.053
TUGT (s) 9.30 (8.11, 11.51) 6.84 (5.89, 8.09) <0.001
STS (s) 12.33 (11.57, 18.17) 10.81 (9.28, 15.84) 0.001
6MWT (m) 374.02 (318.09, 424.35) 380 (285.00, 404.00) 0.018

Metabolic markers
FBG (mg/dL) 95.84 (86.45, 109.67) N/A N/A
Insulin (μIU/mL) 4.00 (2.00, 9.00) N/A N/A
HOMA-IR 0.94 (0.36, 2.32) N/A N/A
Total cholesterol (mg/dL) 210.44 (185.78, 238.10) N/A N/A
Triglyceride (mg/dL) 116.84 (89.19, 163.49) N/A N/A
LDL-cholesterol (mg/dL) 131.22 (110.77, 160.07) N/A N/A
HDL-cholesterol (mg/dL) 53.62 (46.00, 64.00) N/A N/A

Biochemical markers
PTH (pg/mL) 49.57 (37.84, 68.56) N/A N/A
Calcium (mg/dL) 9.19 (9.00, 9.50) N/A N/A
Phosphorus (mg/dL) 3.50 (3.40, 4.00) N/A N/A
hs-CRP (mg/L) 1.06 (0.18, 3.76) N/A N/A
IL-6 (pg/mL) 20.58 (15.95, 25.23) N/A N/A
Protein carbonyl (nmol/mg) 0.66 (0.43, 1.15) N/A N/A
25(OH)D (ng/mL) 20.84 (17.52, 23.94) N/A N/A
LC3A (pg/mL) 65.04 (49.20, 87.54) 39.70 (34.20, 56.37) <0.001

Note: Data are represented as either median interquartile range (IQR) or Q1, Q3 for continuous variables or percentages for categorical variables. Bold values 
denote statistically significant at p value less than 0.05 (two-tailed).
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 6MWT, 6-min walk test; ASMM, appendicular skeletal muscle mass; BMI, body mass index; FBG, fasting 
blood glucose; HOMA-IR, Homeostatic Model Assessment-Insulin Resistance; hs-CRP, high-sensitivity C-reactive protein; KL, Kellgren-Lawrence; KOA, knee 
osteoarthritis; IL-6, interleukin-6; LC3A, microtubule-associated protein 1A/1B light chain 3A; PTH, parathyroid hormone; STS, sit-to-stand test; TUGT, timed 
up and go test; VAS, visual analog scale; WOMAC, Western Ontario and MacMaster University.
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p = 0.034), protein carbonyl (β-coefficient = 20.13, 95% 
CI: 2.28–39.98, p = 0.037), and serum 25(OH)D levels (β-
coefficient = −11.61, 95% CI: −14.62 to −8.62, p < 0.0001; 
Table 3).

DISCUSSION

Autophagy has been known to be linked to osteoarthri-
tis, leading to recent breakthroughs in our understand-
ing of the mechanisms behind alterations in cellular and 
environmental physiology in KOA.24 It has been well-
recognized that cartilage and chondrocytes in arthritic 
joints are particularly vulnerable to the slow, cumula-
tive effects of mechanical and oxidative stress. These in-
clude deterioration in cartilage homeostasis, decreased 

antioxidative forces, abnormal inflammatory responses, 
and altered gene and protein expressions.25 From this 
viewpoint, adaptive mechanisms that enable a restora-
tion of cellular injury, such as autophagy, are crucial for 
the maintenance of chondrocyte survival and function. 
In the light of this presumption, the current study com-
pared the levels of LC3A, an autophagosome protein, in 
the blood of healthy controls, as well as those of patients 
with KOA before and after vitamin D2 supplementation. 
The possible correlations between serum LC3A levels and 
clinical parameters including pain score, mobility, physi-
cal performance, and biochemical parameters were also 
determined. Our results provide credence to the idea that 
vitamin D might have a significant importance in au-
tophagy via decreasing levels of autophagosome protein 
LC3A in the blood of patients with KOA. Besides this, it 

F I G U R E  2   Serum levels of autophagosome protein LC3A in study participants. (a) Comparison of serum LC3A levels in patients 
with KOA with pre- and post-vitamin D2 supplementation. (b) Graph differences of serum LC3A levels between before and after vitamin 
D2 supplementation in patients with KOA. (c) Comparison of serum LC3A levels in patients with KOA with pre- and post-vitamin D2 
supplementation and healthy controls. (d) Comparison of serum LC3A levels among patients with KOA with different KL grades before and 
after 6 months vitamin D2 supplementation. KL, Kellgren-Lawrence; KOA, knee osteoarthritis; OA, osteoarthritis.
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appears to have positive effects on physical performance 
and reduction of inflammation in patients with KOA.

Autophagy is a highly conserved catalytic metabolism. 
Through the autophagic pathway, human cells eliminate 
or sequester cellular contents to lysosomes for degrada-
tion.6 This complicated system of autophagy includes 
induction or initiation, nucleation, elongation, matura-
tion, and degradation. It is initiated by the assembly of 
autophagy-related (ATG) proteins and signaling molecules 
to form an autophagosome. Microtubule-associated pro-
tein-1 light chain 3-I (LC3A), which has been synthesized 
as a precursor (LC3), and cleaved by ATG4B to its cytoso-
lic free-form, is converted to autophagosome membrane-
associated form (LC3B). The LC3B precisely targets the 
elongation and subsequent fusion with lysosomes for deg-
radation.26 The elongation is a critical step in the forma-
tion of complete autophagosomes, and the conversion of 
LC3A to LC3B is a key factor in the elongation process.27 

Regarding this, it has been suggested that LC3 quantities 
(LC3A, LC3B, or LC3B/LC3A ratio) are commonly used 
as a proxy for the autophagy flux.28 Based on this premise, 
our study measured serum levels of LC3A and demon-
strated that serum LC3A levels in patients with KOA were 
significantly greater than those in healthy control. Besides 
this, patients with KOA with vitamin D2 supplementation 
had significantly lower serum LC3A levels. Upregulated 
levels of autophagosome protein, LC3A, could be ex-
plained from the pathological features of KOA, such as the 
disease severity, the patient's age, zoning of cartilage, and 
the location of the pathology. Evidence from animal stud-
ies support the hypothesis that expression of autophagy 
varied with KOA severity, with increased autophagy at the 
beginning of the disease process and a deliberate decrease 
as the disease progresses.29,30 Consistently, Cheng et al.31 
uncovered that autophagy was enhanced in the early 
stages and diminished in the late stages of experimental 

F I G U R E  3   Correlation between serum LC3A levels and clinical parameters in patients with KOA. (a) Heatmap of Spearman's rho 
correlations between serum LC3A levels and clinical parameters of patients with KOA. (b) Scatter plot displaying significant correlation 
between serum LC3A levels and KL grade. (c) Scatter plot displaying significant correlation between serum LC3A levels and knee pain 
(VAS score). (d) Scatter plot of significant correlation between serum LC3A levels and physical disability (WOMAC score). (e) Scatter plot of 
significant correlation between serum LC3A levels and total cholesterol. (f) Scatter plot of significant correlation between serum LC3A levels 
and hs-CRP. (g) Scatter plot of significant correlation between serum LC3A levels and IL-6. (h) Scatter plot of significant correlation between 
serum LC3A levels and protein carbonyl. (i) Scatter plot of significant correlation between serum LC3A levels and 25(OH)D. 6MWT, 6-
min walk test; ASMM, appendicular skeletal muscle mass; BMI, body mass index; FBS, fetal bovine serum; HOMA-IR, insulin resistance 
homeostasis model assessment; KL, Kellgren-Lawrence; KOA, knee osteoarthritis; STS, sit-to-stand test; TUGT, timed up and go test; VAS, 
visual analog scale; WOMAC, Western Ontario and McMaster Universities.
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OA in SW1353 human chondrosarcoma cells. In the con-
text of aging, autophagy activation was detected in knee 
articular cartilage from young mice when compared to the 
older ones. With increasing age, expression of apoptotic 
marker, poly (ADP-ribose) polymerase p85, was upregu-
lated, whereas expressions of autophagy-related genes 
including ATG5 and LC3 and cartilage cellularity were 
both decreased.32 More specifically, a clinical study un-
veiled that clusters of chondrocytes residing in the mid-
dle zone of KOA cartilage from patients showed robust 
expressions of Beclin-1 and LC3.33 In addition to this, the 
result derived from GFP-LC3 transfection showed that OA 
chondrocytes were more simply susceptible to autophagy 
compared to chondrocytes from healthy individuals.34 
These results were consistent with previous reports denot-
ing that expression of autophagy marker was upregulated 
in OA chondrocytes and cartilage, particularly during the 
initial degenerative phase, to counteract against apoptosis 
and reactive oxygen species (ROS). With gradual cartilage 
degradation, declined autophagy levels were observed to 
be associated with cell deaths.12,35,36

Current evidence suggests that vitamin D deficiency 
has been implicated in the pathogenesis of KOA.37 In de-
tails, the findings of several studies indicate a potential 

preventive role of vitamin D in KOA.38-40 Besides this, 
the findings from several longitudinal studies16,41,42 and 
systematic reviews43 are promising, which provide en-
couragement for further studies. However, numerous 
randomized clinical trials that examined the therapeutic 
benefits of vitamin D supplementation in treating KOA 
did not find any conclusive evidence of its effective-
ness.44,45 It is apparent that inconsistent results on the 
effect of vitamin D supplementation on KOA may be at-
tributed to several factors, such as KOA severity, baseline 
level of serum vitamin D, the duration of treatment, the 
dosage of vitamin D administered, and study design. The 
degradation of articular cartilage, however, is expected to 
be more amenable to reversal via novel therapeutic mech-
anisms. Interestingly, vitamin D was recognized to have 
a protective effect against a wide range of diseases.15 In 
terms of bone-related cells, vitamin D has been shown to 
induce autophagy by increasing expression of RANKL in 
osteoclasts,46 restoring autophagic flux through vitamin 
D receptor and peroxisome proliferator-activated recep-
tor-γ in synovial fibroblasts,47 activating AMPK/mTOR 
signaling in chondrocytes,48,49 and enhancing autophagic 
flux as well as attenuating inflammatory response in rat 
KOA chondrocytes.50,51 In contrast to the aforementioned 
findings derived from animal models, our clinical study 
uncovered that vitamin D reduced serum levels of LC3A 
as an autophagy marker in patients with KOA. This con-
trasting result could be attributable to methodological dif-
ferences between animal and clinical studies.

In addition to quantification of serum LC3A levels, 
other biochemical measurements in patients with KOA 
were further performed in the present study. Our results 
uncovered significant correlations of serum LC3A with 
markers of inflammation and oxidative stress in pa-
tients with KOA. It has been recognized that oxidative 
stress and inflammation play a role in the development 
of KOA.52 It has been shown that excessive production 
of ROS-induced oxidative stress and inflammation has 
the potential to disrupt the regulation of autophagy, ulti-
mately leading to cellular damage and cartilage destruc-
tion.51,52 Based on prior studies,51,52 it has been observed 
that vitamin D exhibited a protective effect against ROS 
production and inflammation. The aforementioned 
findings might help to explain why significant associa-
tions of serum LC3A with serum 25(OH)D and markers 
of inflammation and oxidative stress were observed in 
this study.

Despite the fact that the foregoing findings support 
the therapeutic potential of autophagy in KOA, several 
barriers must be addressed before autophagy regulators 
may be used clinically for the prevention or treatment of 
KOA. First, given that autophagy is not the only process 
that regulates cartilage deterioration of KOA, vitamin D2 

T A B L E  3   Multivariate linear regression analysis of 
independent association between serum LC3A levels and 
clinical parameters of patients with KOA before vitamin D2 
supplementation.

Variables

Serum LC3A levels

p value*β-coefficient (95% CI)

Radiographic severity

KL grade 22.67 (9.70 to 35.65) 0.001

Pain and physical disability

VAS 4.91 (3.46 to 13.28) 0.029

WOMAC 4.00 (3.58 to 13.59) 0.020

Metabolic markers

Total cholesterol 0.25 (0.19 to 0.68) 0.026

Biochemical markers

hs-CRP 36.72 (34.45 to 38.89) <0.001

IL-6 −2.05 (−5.57 to −1.46) 0.034

Protein carbonyl 20.13 (2.28, 39.98) 0.037

25(OH)D −11.61, (−14.62 to −8.62) <0.001

Note: Bold values denote statistically significant at p value less than 0.05 
(two-tailed).
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; CI, confidence interval; hs-
CRP, high-sensitivity C-reactive protein; KL, Kellgren-Lawrence; KOA, knee 
osteoarthritis; IL-6, interleukin-6; LC3A, microtubule-associated protein 
1A/1B light chain 3A; VAS, visual analog scale; WOMAC, Western Ontario 
and MacMaster University.
*p-values were all adjusted by established confounders including age, 
gender, and BMI.
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therapy aimed at altering autophagy levels may not be 
adequate to halt the disease's progression and improve 
clinical outcomes of patients with KOA. Another limita-
tion of the study is that ergocalciferol was solely used in 
the present study. Furthermore, the inherent limitations 
of this study are its nonrandomized design and the ab-
sence of a placebo control, which both hinder the ability 
to draw inferences from comparisons. For that reason, 
it is appropriate to interpret the findings of the study as 
exploratory in nature. Additional limitation of our study 
pertains to the lack of sufficient information provided on 
healthy controls, which hinders a comprehensive com-
parison with patients with KOA with post-vitamin D2 
supplementation. However, given that the primary objec-
tive of this study was to determine the effect of vitamin D 
supplementation on serum LC3A levels in patients with 
KOA, we refrained from gathering demographic data of 
healthy controls following a 6-month duration for com-
paring their demographic data with patients with KOA 
who underwent post-supplementation. Additionally, be-
cause vitamin D has a dual role, both activating and in-
hibiting, depending on cell targets, it is important to keep 
in mind that the influence of autophagy differs across tis-
sues and cells. In support of this, several studies unveiled 
the KOA chondrocytes with the early state showed both 
upregulated and downregulated levels of autophagosome 
proteins, whereas expressions of autophagosome proteins 
were drastically decreased in KOA chondrocytes with the 
late stage.29,31,34 These previous findings support our re-
sults revealing that vitamin D was effective in reducing 
elevated levels of LC3A to the baseline, which might be 
used to restore bone homeostasis in patients with KOA 
with the early stage.

To the best of our knowledge, this study is the first 
to demonstrate that vitamin D supplementation signifi-
cantly reduced serum levels of autophagosome protein, 
LC3A, in patients with KOA. Alongside this, serum levels 
of LC3A were found to be significantly correlated with 
knee pain, physical function, and joint inflammation in 
patients with KOA. From this, it is important to note that 
new possibilities for using vitamin D to treat KOA might 
be gleaned from a better understanding of its role in auto-
phagy signaling. Attributable to the effectiveness, safety, 
and accessibility of vitamin D, there is a solid basis for 
elucidating its use in clinical practices. These consider-
ations highlight the need for further study to determine 
how autophagy regulator generates effective, precise, and 
optimal adjustments to autophagy levels in patients with 
KOA.
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