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Abstract: Joint problems impair performance during exercise and daily activities and influence
quality of life. The present study aimed to examine the effects of a combination of six non-essential
amino acids (6AA) on joint conditions in an adult population. A total of 50 participants aged between
20 and 64 years with joint discomfort but no diagnosed joint disorder were randomly and blindly
assigned to a control or 6AA group. The 6AA group took 12 g of the non-essential amino acid
formulation orally (4 g three times a day) and the control group took equivalent doses of a placebo.
Each group maintained the daily dose for 12 weeks. Primary outcome measures were evaluated with
the visual analogue scale (VAS), the Japanese Knee Osteoarthritis Measure (JKOM), and the Japanese
Orthopaedic Association score (JOA). These tests were taken before the experiment began at 4 weeks
and 12 weeks after the intervention. The results of the VAS indicated that 6AA improved joint pain,
discomfort, and stiffness both during a resting state and during normal activity. Participants” scores
on the JKOM and JOA also showed significant improvements in the group that had taken the 6AA
supplement. These results demonstrate that 6AA improves symptoms of joint problems, such as pain,
discomfort, stiffness, and difficulty in performing daily activities after 4 weeks of daily consumption.

Keywords: amino acids; joint; VAS; JKOM; JOA

1. Introduction

Joints are composed of bone, articular cartilage, joint capsules, synovium, and tendons.
They play a role in locomotion and mitigate the physical impact. Joint problems impair
movement during exercise and daily activities, resulting in reduced quality of life (QOL).
With age, joint cartilage wears out as it loses its elasticity, leading to conditions such as
arthritis, which may shorten a healthy life span [1,2].

Joint tissue is primarily composed of the extracellular matrix (ECM) produced by
cells. This contains chondroitin, keratosulfate, and various types of collagens. Recently,
it has been reported that collagen and gelatine in food improve joint discomfort and
functionality [3-5]. Collagen in human joint tissue is a protein constructed mainly from
non-essential amino acids [6,7]. Consumption of collagen increases plasma levels of the non-
essential amino acids, glycine and proline [8]. These non-essential amino acids have been
reported to improve arthritis and promote collagen synthesis in the cells of animals [9,10].
Thus, the non-essential amino acids abundant in collagen appear to play an important role
in maintaining joint tissue.

This study aimed to determine the effects of non-essential amino acids on joint condi-
tions in humans. A supplement containing six non-essential amino acids (alanine, aspartic
acid, glutamic acid, glycine, proline, and serine) abundant in collagens [6,7] was used
in this study. The supplement was taken three times a day for 12 weeks by otherwise
healthy individuals experiencing joint discomfort. The condition of participants” knee
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joints was assessed using the Japanese Knee Osteoarthritis Measure (JKOM) and Japanese
Orthopaedic Association (JOA) scores, which are both clinically authoritative evaluation
indices. In addition, joint discomfort, pain, and stiffness were evaluated using the visual
analogue scale (VAS).

2. Materials and Methods
2.1. Study Design and Participants

This study was a randomised, double-blind, placebo-controlled, parallel-group 12-week
trial, followed by a 12-week posttreatment observation period. Participants aged 20-64 years
who met the study criteria were recruited from those on the clinical trial register of MC-
Connect Corporation (Gunma, Japan). An invitation e-mail was sent to suitable potential
participants, containing the conditions for participation. Those aware of discomfort in one or
both knee joints were asked to participate in a screening test. Screening tests were conducted
with 150 individuals in the two weeks preceding the start of the study by the principal
investigator. Screening consisted of measurement of VAS, JKOM and JOA scores; knee
X-rays to determine Kellgren-Lawrence (K-L) grades [11]; and blood and urine collection for
biochemical analyses and collection of general demographic information.

The inclusion criteria were as follows: the participants were: (1) Aged between
20-64 years; (2) Graded 0 or I on the K-L test by the principal investigator; (3) Living
normally but with discomfort in one or both knee joints; (4) Capable of independent
decision-making and the provision of written informed consent. We excluded individuals
who: (1) Had a history of rheumatoid arthritis or could be suffering from rheumatoid
arthritis based on a blood marker test (theumatoid factor > 15 mg/dL); (2) Were diagnosed
with osteoarthritis requiring treatment; (3) Had an implanted artificial joint; (4) Were on
medications that might affect the knee joint, such as poultices, ointments or painkillers;
(5) Had joint dysfunctions, such as meniscus injury or were receiving treatment for such a
dysfunction; (6) Had previously undergone surgery for chronic knee pain; (7) Were taking
supplements or eating functional foods that may affect the knee joint during the study
and were unable or unwilling to stop during the study period; (8) Were taking amino
acid-related medicines, such as Aminoleban®; (9) Were regularly taking amino acid or
protein supplements; (10) Had an amino acid metabolism disorder (confirmed whether
the participants had congenial amino acid metabolic disorders by self-report); (11) Were
pregnant, lactating or trying to conceive; (12) Had undergone blood tests or given blood,
with collection of more than 200 mL of blood, within 12 weeks of the screening test; (13)
Had participated in a study requiring or restricting the intake of medicines or specific
foods, or involving the use of cosmetics or skin preparations within the preceding month,
or would be participating in other research or receiving medical intervention during the
study period; (14) Were judged as unsuitable for the study by the principal investigator for
other reasons.

The sample size was calculated based on a previous study [12] in which the JOA score
changed significantly after 12 weeks of intervention. The mean effect size and standard
deviation (SD) for our study were estimated as 10.3 and 10.3, respectively, based on the
results of the previous study. With a two-sided 5% significance level, the sample size
required to achieve 90% power was 44 (22 per group) based on the mean effect size and
standard deviation described above. Sample size calculation was based on two sample
t-tests. We used the R function power.t.test via R version 3.4.1 (https:/ /cran.r-project.org
(accessed on 26 April 2019)). Allowing for dropouts, the final sample size was determined
to be 25 participants per group (50 participants in total).

The allocation manager randomly allocated the 50 participants to either the six amino
acids (6AA) supplementation (experimental) group or the placebo supplementation (con-
trol) group by a stratified block randomisation. The random allocation was then adjusted to
ensure equality between-group distribution of sex, age, and baseline JKOM and JOA scores.
The link between identification number of the participants and assigned treatment group
was kept in a sealed document by the allocation manager. The allocation manager was not
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involved in assessments of eligibility, data collection, or analysis. The group allocation of
each participant was concealed from the researchers, clinicians, and participants until the
final analyses were complete. The allocation table was sealed and stored until the time
of key opening by an independent controller. This study was performed by a contract
research organisation, KSO Corporation (Tokyo, Japan), from April to December 2020 at
Kobuna Orthopedic Surgical Clinic (Maebashi, Japan).

2.2. Interventions

The supplement used in this study was a granular powder containing six non-essential
amino acids, namely, DL-alanine (1.16 g), sodium L-aspartate (0.56 g), L-glutamic acid
(0.51 g), glycine (0.56 g), L-serine (0.51 g), and L-proline (0.68 g). The placebo was pre-
pared by replacing the amino acids with maltitol. The test product was packed in single
aluminium sachets, each containing 4 g. The participants ingested one sachet of the supple-
ment or placebo with approximately 200 mL of water three times a day for 12 weeks. To
eliminate any effects of combining the supplement with food, participants were instructed
to ingest it >2 h after breakfast and dinner and before bed. The level of compliance was
calculated by collecting all opened and unopened sachets and remaining supplements.

2.3. Outcome Measurement

Baseline measures were taken of subjective symptoms and blood urine parameters at
week 0 (WO0), before the intervention; week 4 (W4); and week 12 (W12), after the intervention.
The primary outcome was the condition of the participants’ knee joints. This was measured
using the VAS, JKOM, and JOA scales.

The VAS is a reliable, validated self-report measure of the subjective experience of
pain [13]. In this instance, it was used to determine the intensity of pain, discomfort, and
stiffness in the knee. The VAS scores are standardised, and participants mark a point on a
100 mm horizontal line to represent their pain, discomfort, or stiffness level. One end of
the line is marked 0 and represents no pain/discomfort/stiffness; the other end is marked
100 and represents the worst possible pain/discomfort/stiffness. The distance between
0 and the point marked by the participant is measured in millimetres and recorded as the
VAS score. The VAS scores were obtained for the pain, discomfort, or stiffness experienced
during eight different activities. These were as follows: VAS1, walking upstairs; VAS2,
walking downstairs; VAS3, standing up from a chair; VAS4, kneeling (‘seiza’ in Japanese);
VASS, standing from seiza; VAS6, getting out of bed upon waking; VAS?, at rest before bed;
and VASS, walking a long distance or for a longer time than usual.

The JKOM is a well-established assessment tool for the measurement of pain, discom-
fort, and stiffness in the knee [14]. The JKOM-I assessed overall knee pain (one question)
along with another four domains comprising 25 questions, making the total number of
questions 26. The four additional domains included eight questions on knee pain and
stiffness over the last few days (JKOM-II), ten questions regarding problems in daily life due
to knee pain over the last few days (JKOM-III), five questions regarding the effect of knee
pain on their usual activities in the last month (JKOM-IV), and two questions regarding
their general health over the last month (JKOM-V). Participants provided answers to each
question on a 5-point Likert scale from no impairment (0 points) to serious impairment
(4 points). The responses were summed to produce a total score ranging from 0 to 100 points.
The total scores and the scores for each domain were compared between the experimental
and control groups.

The JOA is used to evaluate knee conditions from the clinician’s point of view [15]. The
JOA scores several aspects of the condition of the knee with higher scores indicating less
joint impairment. Scores are collected for pain when walking (0-30), pain when ascending
or descending stairs (0-25), range of motion (0-35) and joint effusion (swelling; 0-10). This
allows a total score range of 0-100.

The secondary outcomes for this study were serum levels of the cartilage type II collagen
degradation products, C-terminal telopeptide of type II collagen (CTX-II) and type II collagen
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cleavage neoepitope (C2C), and uric acid and plasma levels of the inflammatory marker and
tumour necrosis factor-alpha (TNF-«). The two collagen products are useful markers of cartilage
status [16,17]. Serum uric acid was measured because the association between blood uric acid
levels and knee conditions have previously been reported [18-20]. The TNF-c is a biomarker of
inflammatory processes and contributes to the destruction of cartilage [21]. Therefore, higher
levels of plasma TNF-o can be used to indicate poorer joint condition.

2.4. Safety Evaluation

To assess the safety of the 6AA supplement, measurements were taken of body mass
index (BMI), blood pressure, and pulse rate, and blood and urine tests were conducted at
WO, W4, and W12. The blood and urine samples were collected after overnight fasting. The
following blood parameters were measured: white blood cell count; red blood cell count;
haemoglobin (Hb); haematocrit (Ht); platelet count; total protein; albumin; total bilirubin;
aspartate aminotransferase (AST); alanine aminotransferase (ALT); lactate dehydrogenase
(LDH); alkaline phosphatase (ALP); y-glutamyl transpeptidase (yGTP); blood urea nitrogen;
creatinine; sodium (Na); chlorine (Cl); potassium (K); total cholesterol; LDL-cholesterol;
HDL-cholesterol; triglyceride (TG); fasting plasma glucose concentration; and glycated
haemoglobin (HbA1lc). The urine parameters measured were protein, urinary glucose, and
urinary occult blood.

2.5. Statistical Analysis

Data were described as the means and SDs, or 95% confidence interval (CI). Efficacy
and safety analyses were conducted on the full analysis set. The statistical significance
of between-group differences was assessed by Student’s t-test, comparing changes from
baseline W0 to W4 and from W0 to W12. To analyse the time course of effects, linear mixed
models (LMMs) [22] were applied with random intercepts. The LMMs were modelled
using the group, the number of weeks (time), and their interaction as fixed effects. The
significance of between-group differences was investigated according to the interactions
between the groups and times. A two-sided p-value of 0.05 was considered statistically
significant. All statistical analyses were performed using R version 4.0.3 (R Foundation for
Statistical Computing, Vienna, Austria). The statistical analysis plans were finalized before
the key opening.

3. Results
3.1. Participants and Compliance

Of the 150 participants screened, 100 were excluded (Figure 1). This left a total of
50 participants who were randomly and equally allocated to either the 6AA or placebo
group. The mean 6AA intake rate of participants was 99.98%. There were no dropouts and
all participants complied with the study requirements and completed the trial. Thus, the
dataset analysed included the data of all study participants.

The clinical and demographic baseline data of the participants are summarised in
Table 1. There were no significant differences in age, sex, height, body weight, BMI, body
fat, or skeletal muscle index (SMI) between the groups. All participants had a K-L grade of
0 or I. The number of participants with each of these K-L grades in the experimental and
control groups was almost equal.
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[ Enroliment ] Assessed for eligibility (n = 150)
Excluded (n = 100)
Not meeting inclusion criteria (n = 13)
Declinedto participate (n= 11)
Other reasons (n = 76)
Randomized (n = 50)
[ Allocation ]
Allocated to intervention (6AA) (n = 25) Allocated to intervention (Placebo) (n = 25)
Received allocated intervention (n = 25) Received allocated intervention (n = 25)
' )
Follow-Up
Lost to follow-up (n = 0) Lost to follow-up (n = 0)
Discontinued intervention (n = 0) Discontinued intervention (n = 0)
[ Analysis ]
\§ J
Analysed (n = 25) Analysed (n = 25)
No further exclusion from analysis No further exclusion from analysis
Figure 1. Flow chart of subject recruitment, randomisation, and follow-up.
Table 1. Baseline characteristics of participants.
6AA Placebo Difference Value
(n = 25) (n = 25) (95% CI) P
—-0.1
Age (years) 498 +7.0 50.0 £5.1 (—34t03.6) 0.9452
Sex (female/male) 22/3 21/4 - 1.0000
. -13
Height (cm) 158.6 £ 6.8 1599 £6.3 (—2.4 t0 5.0) 0.4923
. -17
Body weight (kg) 56.3 4+ 9.2 58.0 + 9.6 (L37t070) 0.5339
2 -0.3
BMI (kg/m?) 223425 226428 (“121018) 0.6751
o 0.2
Body fat (%) 302 £ 6.1 30.0 + 6.1 (-371033) 0.9064
2 -0.9
SMI (kg/m?) 21.14+34 220444 (“13t03.) 0.4078
K-L grade 0 14 15 - 1.0000
I 11 10 - 1.0000

Data are represented as mean =+ SD; CI, confidence interval; significance between groups was assessed by Student’s
t-test for continuous variables and Fisher’s exact test for categorical variables.
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3.2. Effects of the Intervention

In this study, the primary outcome was the joint condition. This was evaluated by
VAS, JKOM, and JOA. There were no significant between-group differences in the scores
for these three measures at W0. The VAS scores for pain, discomfort, and stiffness in the
knee joint are shown in Table 2. The 6AA group showed a significantly greater reduction
than the control group in all VAS scores from W0 to W4 and W12. This difference was
significant when analysed by both the unpaired t-test and LMM (p < 0.05).

Table 2. Visual analogue scale (VAS) scores at W0, W4, and W12.

Wo W4 w12
-Value
Values Value Difference Value ! Values Difference pValue X pLMM
6AA  Placebo 6AA  Placebo (95% CI) p-vatue 6AA  Placebo (95% CI)
VAS1 Pain 38.0 33.1 30.0 32.7 76 0.0001 * 197 269 122 0.0123 * 0.0023 *
(222)  (202)  (20.6) (207)  (~1l1to—42) (201) (176)  (~21.6to —2.8)
Discomfort ~ 38.7 34.8 28.6 34.4 97 0.0001 * 193 276 122 0.0121* 0.0040 *
@27) (209) (L0) (217) (~143to-50) (189) (182)  (~215to —2.8)
Stiffness 355 30.6 27.8 29.8 ~70 0.0023 * 196 259 113 0.0250 * 0.0055 *
48) (202) (2L6)  (197)  (~113to—2.6) (185) (180)  (~21.2to —15)
VAS2 Pain 46.1 420 346 412 ~108 0.0004 * 254 346 ~134 0.0059 * 0.0024 *
Q24) (224 (233) (220) (~165t0 —5.0) (223) (205)  (~22.7to —4.0)
Discomfort  44.6 413 34.0 412 ~104 0.0003* 244 339 128 0.0093 * 0.0041 *
@43) (221 (@41) (221  (~158to —5.1) (27) (194)  (~222to —33)
Stiffness 455 39.0 35.1 39.6 ~110 0.0001 * 252 338 ~151 0.0019 * 0.0006 *
(4) @L7) @47 QL6 (~161to —59) (220) (215) (—244to —59)
VAS3 Pain 50.9 47.4 384 45.4 ~104 0.0001 * 268 364 132 0.0105 * 0.0046 *
QL4 (215 (@21) (215  (~153to—56) (206) (214)  (~231to-32)
Discomfort 503 46.8 37.2 45.6 ~119 <0.0001* 262 363 ~136 0.0072 % 0.0034 *
QL8 (215 (223)  (206) (~169to —69) (187) (218)  (~233to —39)
Stiffness ~ 48.7 424 36.5 420 117 <0.0001* 265 349 147 0.0022 * 0.0006 *
@200 (223) (222) (14  (~167to —68) (187) (226)  (~239t0 —56)
VAS4 Pain 37.3 30.4 255 316 ~13.0 <0.0001* 192 264 ~141 0.0025 * 0.0012 *
@31 (191  (199) (223) (~181to-7.9) (185) (168)  (—23.0to —52)
Discomfort ~ 39.4 30.9 26.8 32,0 ~138 <0.0001* 202 272 ~156 0.0011 * 0.0003 *
228 (227) (199) (241)  (~182to —9.4) (19.6) (19.1)  (—24.6to —65)
Stiffness  38.5 30.0 265 30.0 120 <00001* 199 260 146 0.0037 * 0.0006 *
(238)  (218)  (204) (221)  (~164to—7.6) (192) (190) (—242to —5.0)
VAS5 Pain 405 39.3 30.4 412 ~119 <0.0001* 229 332 ~115 0.0131 0.0083 *
@15  (206) (215)  (209)  (—164to —7.4) (01) (195  (—204to —2.5)
Discomfort 413 39.7 29.3 411 133 <00001* 221 336 ~131 0.0074 * 0.0042 *
@25 (210) @L1) (12) (~185t0 -82) 191) (202)  (~225t0 —3.7)
Stiffness  39.1 37.8 28.4 39.7 126 <0.0001* 218 327 —121 0.0112 % 0.0059 *
Q18  (223) (L5  (210) (~166to —85) (191) (204)  (~2l4to —2.9)
VAS6 Pain 449 445 35.8 449 95 <0.0001* 265 363 ~102 0.0228 * 0.0131 *
@21)  (193) (202)  (196) (~13.1to-58) (09) (199)  (~189to —15)
Discomfort ~ 45.0 44.4 34.6 448 ~1038 <00001* 260 361 ~10.8 0.0166 * 0.0101 *
@25 (1990 (20.3)  (202)  (~145to —7.1) (203) (202)  (~19.5to —2.0)
Stiffness ~ 43.5 408 33.7 429 119 <0.0001* 262 348 112 0.0128 * 0.0088 *
@34) (220) (209) (212) (~158t0 —8.0) (05) (210)  (~200to —2.5)
VAS7 Pain 23.8 173 15.7 19.1 ~10.0 0.0002 * 110 174 129 0.0005 * 0.0001 *
207)  (190) (160)  (203)  (~149to —5.0) (125) (174)  (~19.8to —6.0)
Discomfort  24.1 162 15.8 195 116 <0.0001* 115 174 ~13.8 0.0006 * 0.0001 *
(209)  (196) (164) (11  (~167to —65) (129) (17.8)  (~213to —62)
Stiffness ~ 23.1 16.0 15.6 18.7 ~102 <00001* 116 173 128 0.0008 * 0.0001 *
207)  (189)  (169)  (205)  (—147to —58) 128) (177)  (~199t0 —56)
VASS Pain 451 36.3 311 35.2 ~129 <0.0001* 243 300 ~146 0.0018 * 0.0010 *
208  (210) (179)  (201)  (~181to-7.7) (186) (182)  (—234to-57)
Discomfort 472 37.2 30.6 37.1 ~164 <00001* 222 311 ~18.8 0.0001*  <0.0001*
@05 (@15  (173)  (196) (121%%;0 (158) (193)  (~27.8t0—9.9)
Stiffness ~ 43.8 341 29.4 343 ~146 <0.0001* 217 293 ~173 0.0001%  <0.0001*
208 (214 (1700  (201)  (—20.1to —9.0) (152) (192)  (~257to —9.0)

Data are presented as mean + SD. 1 CI, confidence interval; LMM, linear mixed model; SD, standard deviation; W,
week. The differences between the 6AA and control groups in changes from W0 to W4 and W12 were assessed by
Student’s t-test * p < 0.05 between the 6AA and placebo groups. VAS scores were obtained for pain, discomfort,
or stiffness experienced during eight different activities. These were as follows: VAS1, walking up stairs; VAS2,
walking down stairs; VAS3, standing up from a chair; VAS4, kneeling (‘seiza’ in Japanese); VAS5, standing from
seiza; VAS6, getting out of bed upon waking; VAS7, at rest before bed; and VAS8, walking a long distance or for a
longer time than usual.
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Table 3 shows the results of the JKOM evaluation of knee conditions for the two
groups at the three measurement time points. The 6AA group had significantly lower
scores than the control group on the JKOM at both W4 and W12. The LMM analysis
found a significant difference between the total JKOM scores of each group. Comparisons
between the experimental and control group in each JKOM domain (I-V) were made
using unpaired t-tests. Significant between-group differences were detected in domains
I, II, and III at both W4 and W12. In domain V, the 6AA group showed a significantly
greater improvement in scores than the control group at the end of the intervention period
(p = 0.0052). No significant differences between the two groups were observed in domain
IV. The LMM analysis confirmed that the 6AA group score reductions were significantly
greater than those of the control group in domains I, II, Ill and V (p < 0.05). There was
a greater reduction in the JOA scores of the 6AA group than the control group at W12,
but this was non-significant (p = 0.0901). However, the LMM analysis found significantly
greater reductions in JOA scores for the 6AA group than for the control group (p = 0.021).

Table 3. Japanese Knee Osteoarthritis Measure (JKOM) and Japanese Orthopaedic Association (JOA)

scores at W0, W4, and W12.
Wo W4 W12
p-Value
Values Values Difference Value ! Values Difference Value ! LMM
6AA  Placebo 6AA  Placebo (95% CI) P 6AA  Placebo (95% CI) P
JKOM 1 45.0 37.7 36.9 35.4 —5.8 0.0199 * 23.1 31.8 —-159 0.0004 * <0.0001 *
(184)  (163)  (192) (1500  (~10.6to —1.0) (19.1)  (144)  (~244t0 —7.5)
1I 79 79 6.1 73 -1.2 0.0124 * 4.6 6.6 -2.0 0.0094 * 0.0026 *
3.1) (2.4) 3.6) (2.5) (=21to0 —0.3) (33 (22 (=3.6t0 —0.5)
11T 49 51 3.0 5.0 -19 0.0002 * 2.6 4.6 —-1.8 0.0001 * 0.0010 *
(4.0) (3.3) (4.0) (3.3) (=280 —09) (36) (32 (=26 to —1.0)
v 3.3 4.0 2.7 3.8 -0.3 0.4826 2.6 3.4 0 0.9357 0.9533
(2.3) (2.6) (2.0) (2.2) (—12 to0 0.6) 2.0 (23 (~1.0 to 1.0)
\Y 1.8 19 1.6 1.8 -0.1 0.3534 11 1.7 -0.5 0.0222 * 0.0052 *
0.9) 0.9) 0.9) 0.9) (—0.4t00.1) 1.0) (07 (=1.0to —0.1)
Total 17.9 18.9 134 179 -3.5 0.0014 * 10.9 16.3 —4.4 0.0016 * 0.0010 *
(I1-V) (8.9) (7.4) (8.9) (7.4) (=5.6to —1.4) (84  (7.0) (=7.0to —1.8)
JOA Mean 91.0 91.2 91.8 91.8 0.2 0.7305 93.6 92.1 1.7 0.0901 0.0210 *
(3.0) (2.5) (3.4) (2.6) (—1to1.4) @0 (32 (~03t03.7)
Data are represented as mean (SD); CI, confidence interval; 1 Student’s t-test assessed the differences between the
6AA and placebo groups of change from W0 at W4 and W12 weeks; LMM, linear mixed model; * p < 0.05 between
the 6AA and placebo groups.
Serum CTX-II, C2C, uric acid, and plasma TNF-« levels (from samples taken at the
three measurement time points) were secondary outcome measures for this study. Only
uric acid was significantly different between the 6AA and placebo groups (Table 4).
Table 4. The serum CTX-II, C2C, uric acid, and plasma TNF-« levels at W0, W4, and W12.
Wo W4 W12
-Value
Values Values Difference Nalue? Values Difference Value P LMM
6AA Placebo 6AA Placebo (95% CD P 6AA Placebo (95% CI) P
CTX-II 465.0 487.6 465.0 501.3 -13.7 0.4462 485.7 479.0 293 0.1817 0.0680
(pg/mL)  (1672)  (1922)  (165.5) (181.4) (—49.6 t0 22.2) (159.9)  (165.8)  (—14.2t0727)
c2C 330.4 339.2 346.4 358.2 =31 0.7825 364.5 354.2 19.1 0.2726 0.1551
(ng/mL)  (51.3) (40.3) (38.7) (39.1) (~25.7 t0 19.5) (70.5) (433)  (~155t053.8)
Uric acid 4.6 49 43 5.6 -09 0.0002 * 44 54 —0.5 0.0383 * 0.0407 *
(mg/dL) (1.2) 1.2) a.1) (1.1) (=13 to —0.4) (1.1) 1.2) (=090 0)
TNF- 4.9 51 5.1 5.4 -0.1 0.6805 47 5.1 -0.2 0.6353 0.6288
(pg/mL) (1.6) (2.5) 1.8) @.7) (0.8 0 0.6) 2.1 (3.2) (—1.0 to 0.6)

Data are represented as mean (SD); CI, confidence interval; LMM, linear mixed model; 1 Student’s t-test assessed
the differences between the 6AA and placebo groups of change from W0 at W4 and W12 weeks. * p < 0.05 between
the 6AA and placebo groups.
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3.3. Safety Evaluations

There were no abnormalities in the blood or urine laboratory test results or clinical data
of our participants that could lead to safety concerns. Further assessment of supplement
safety was made through medical interviews with each participant and no issues were
reported. Supplementary Table S1 shows the results of the blood and urine laboratory tests.

4. Discussion

The present study aimed to evaluate the effects of 6AA intake on knee joint discomfort
in subjects. The primary outcome was measured by comparison of the changes in VAS,
JKOM, and JOA scores after 4 and 12 weeks of participants in the 6AA group and the
placebo group. For VAS scores, this comparison of changes in VAS scores demonstrated that
pain, discomfort, and stiffness in knee joints are significantly improved by the intake of 6AA
(Table 2). The JKOM is a questionnaire for assessing the extent of knee problems. Similarly,
supplementation with 6AA produced significantly greater improvement in total JKOM
scores than supplementation with the placebo. Consistent with the measurement of VAS
scores, JKOM-I and II scores are related to pain, discomfort, and stiffness, and consistent
with the VAS results, these scores were significantly improved by 6AA supplementation.
Also, significant decreases in JKOM-III and JKOM-V scores were observed in the 6AA
group. This is because these domains are concerned with the effects of the knee condition
on daily life and with subjective health status, and this result suggests that the QOL of
participants was improved by the 6AA supplement. The LMM analysis of JOA scores
showed significantly greater improvements in the 6AA group than in the placebo group.
These results demonstrate that 6AA supplementation mitigates pain, discomfort, and
stiffness in the knees both in a sedentary state and during daily activities, resulting in
improved QOL.

Collagen accounts for about two-thirds of the dry weight of adult articular carti-
lage [23]. It is the most important structural and functional component of the ECM and
is vital to the strength, regulation, and regeneration of articular cartilage [24]. Several
studies have found that supplementation with collagen and related compounds, such as
collagen hydrolysates, has beneficial effects on joint pain and discomfort. Although the
mechanism responsible for the effects of collagen consumption on joint conditions is not
fully established, possible explanations have been identified. The intake of hydrolysed col-
lagen is known to stimulate chondrocytes to increase ECM synthesis, and this includes the
synthesis of collagen in articular cartilage [25]. A cellular study found that type II collagen
promotes the release of anti-inflammatory cytokines, such as interleukin-10, in immune
cells and chondrocytes and facilitates ECM replenishment by chondrocytes [26]. Therefore,
consumed collagen may enhance, repair, or regenerate deteriorating ECM collagen by
stimulating ECM synthesis and suppressing inflammation in chondrocytes.

Orally-administered collagen is absorbed from the intestine during digestion and
enters the bloodstream as peptides and free amino acids. These can be delivered to synovial
joints via capillaries, directly affecting ECM metabolism in articular cartilage and immune
cells such as macrophages [27]. As described above, there have been several studies
showing the direct effects of collagen derivatives on cultured chondrocytes and immune
cells [26-29]. In contrast, there have been relatively few studies on the mechanism behind
the effects of free amino acids on joint health. Comparatively, there have been many more
studies on the effects of glycine, which is most abundant in collagen [9,30]. Therefore, it
has been hypothesised that glycine makes the greatest contribution to the beneficial effects
of collagen supplements on joints. Like collagen peptides, glycine has also been reported to
increase the synthesis of innate collagen and appears to suppress inflammation in cultured
cell experiments [9,31]. However, whether a combination of amino acids that includes
glycine affects joint conditions in humans has not been examined. In the present study,
we tested the effects of a combination of six free amino acids on the human knee joint.
Although we did not isolate the individual contributions of each of the non-essential amino
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acids in the 6AA supplement, our study provided new insight into the role of free amino
acids in the maintenance and improvement of joint health.

This study had some limitations. Firstly, to evaluate the effects of 6AA on joint condi-
tions, questionnaires were used as our primary outcome measures. While the measures
used have proven reliability and validity [32] and the results were consistent between them,
self-report measures of medical conditions cannot be regarded as objective and stringent
evidence. To estimate the type II collagen degradation in cartilage, serum CTX-II and C2C
were measured. The data showed no significant differences in those markers between the
placebo and 6AA groups. Many previous studies have used urinary CTX-II and C2C levels
as a measure of collagen degradation in cartilage [16,17,33,34], yet it is unclear whether
serum CTX-II and C2C are equally appropriate for the evaluation of collagen degradation.
On the other hand, the concentration of uric acid in the 6AA group was lower than that
of the placebo group (Table 4). Since some studies indicate a relationship between serum
uric acid levels and joint conditions, the reduced uric acid level may reflect improved joint
conditions as a result of the 6AA supplementation. To examine the effects of 6AA in future
studies, more appropriate markers should be selected. Secondly, dietary records were
not obtained in this study. Thus, nutrients in the diets of our participants, particularly
the non-essential amino acids found in foods, may have affected our outcomes. In future
studies, dietary intake of nutrients should be assessed. Thirdly, only one dose was tested.
All participants ingested 12 g/day (4 g three times per day). The effective dose of 6AA may
be lower than this and further research is required to determine the optimum dose.

In conclusion, this trial demonstrated that supplementation with 6AA at doses of
12 g/day improved knee joint health and reduced symptoms of pain, discomfort, and
stiffness in otherwise healthy individuals experiencing joint discomfort. The compliance
rate was almost 100% throughout the study, and no adverse events were observed. To our
knowledge, this is the first study to report the beneficial effects of free amino acids on the
knee joint. Further study is required to clarify the mechanism underlying these effects and
to determine the individual influences of each of the amino acids.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/nu14173628/s1, Table S1: The results of safety evalua-
tions at W0, W4 and W12.

Author Contributions: Y.A., ET., M.T. and H.U. designed the study. Y.K. was responsible for data
acquisition. Analysis was performed by ET. and M.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki. All the participants were informed of the nature of the experimental procedure before
written informed consent was obtained. The study was approved by the ethics committee of Kobuna
Orthopedic Surgery and Ajinomoto Co., Inc., and was registered at the University Hospital Medical
Information Network Clinical Trials Registry as UMIN000040810.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: We would like to thank all the participants as well as the study team at the
Kobuna Orthopedic Clinic and stuff members from the KSO Corporation.

Conflicts of Interest: The authors declare no conflict of interest.

1. Lynch, M.; Bucknall, M.; Jagger, C.; Wilkie, R. Healthy working life expectancy at age 50 for people with and without osteoarthritis
in local and national English populations. Sci. Rep. 2022, 12, 2408. [CrossRef] [PubMed]

2. Dominick, K.L.; Ahern, EM.; Gold, C.H.; Heller, D.A. Health-related quality of life among older adults with arthritis. Health Qual.
Life Outcomes 2004, 2, 5. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/nu14173628/s1
http://doi.org/10.1038/s41598-022-06490-3
http://www.ncbi.nlm.nih.gov/pubmed/35165378
http://doi.org/10.1186/1477-7525-2-5
http://www.ncbi.nlm.nih.gov/pubmed/14720300

Nutrients 2022, 14, 3628 10 of 11

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

27.

28.

29.

30.

31.

Mobasheri, A.; Mahmoudian, A.; Kalvaityte, U.; Uzieliene, I.; Larder, C.E.; Iskandar, M.M.; Kubow, S.; Hamdan, P.C,;
de Almeida, C.S,, Jr.; Favazzo, L.].; et al. A White Paper on Collagen Hydrolyzates and Ultrahydrolyzates: Potential Supplements
to Support Joint Health in Osteoarthritis? Curr. Rheumatol. Rep. 2021, 23, 78. [CrossRef] [PubMed]

Mohammed, A.; He, S. A Double-Blind, Randomized, Placebo-Controlled Trial to Evaluate the Efficacy of a Hydrolyzed Chicken
Collagen Type II Supplement in Alleviating Joint Discomfort. Nutrients 2021, 13, 2454. [CrossRef]

Zdzieblik, D.; Brame, J.; Oesser, S.; Gollhofer, A.; Konig, D. The Influence of Specific Bioactive Collagen Peptides on Knee Joint
Discomfort in Young Physically Active Adults: A Randomized Controlled Trial. Nutrients 2021, 13, 523. [CrossRef]

Deane, C.S.; Bass, ].J.; Crossland, H.; Phillips, B.E.; Atherton, P.J. Animal, Plant, Collagen and Blended Dietary Proteins: Effects on
Musculoskeletal Outcomes. Nutrients 2020, 12, 2670. [CrossRef]

Oikawa, S.Y.; Kamal, M.].; Webb, E.K.; McGlory, C.; Baker, S.K.; Phillips, S.M. Whey protein but not collagen peptides stimulate
acute and longer-term muscle protein synthesis with and without resistance exercise in healthy older women: A randomized
controlled trial. Am. J. Clin. Nutr. 2020, 111, 708-718. [CrossRef]

Alcock, R.D.; Shaw, G.C.; Tee, N.; Burke, L.M. Plasma Amino Acid Concentrations After the Ingestion of Dairy and Collagen
Proteins, in Healthy Active Males. Front. Nutr. 2019, 6, 163. [CrossRef]

de Paz-Lugo, P; Lupianez, ].A.; Melendez-Hevia, E. High glycine concentration increases collagen synthesis by articular chondrocytes
in vitro: Acute glycine deficiency could be an important cause of osteoarthritis. Amino Acids 2018, 50, 1357-1365. [CrossRef]

Li, P.; Wu, G. Roles of dietary glycine, proline, and hydroxyproline in collagen synthesis and animal growth. Amino Acids 2018,
50, 29-38. [CrossRef]

Kellgren, ].H.; Lawrence, ].S. Radiological assessment of osteo-arthrosis. Ann. Rheum. Dis. 1957, 16, 494-502. [CrossRef] [PubMed]
Kanzaki, N.; Saito, K.; Maeda, A.; Kitagawa, Y.; Kiso, Y.; Watanabe, K.; Tomonaga, A.; Nagaoka, I.; Yamaguchi, H. Effect of
a Dietary Supplement Containing Glucosamine Hydrochloride, Chondroitin Sulfate and Quercetin Glycosides on Knee Joint
Functions-Stratified Analysis Based on Kellgren-Lawrence Grades-. Jpn. Pharmacol. Ther. 2015, 43, 1017-1023.

McCormack, H.M.; Horne, D.J.; Sheather, S. Clinical applications of visual analogue scales: A critical review. Psychol. Med. 1988,
18, 1007-1019. [CrossRef] [PubMed]

Akai, M.; Doi, T.; Fujino, K.; Iwaya, T.; Kurosawa, H.; Nasu, T. An outcome measure for Japanese people with knee osteoarthritis.
J. Rheumatol. 2005, 32, 1524-1532. [PubMed]

Okuda, M.; Omokawa, S.; Okahashi, K.; Akahane, M.; Tanaka, Y. Validity and reliability of the Japanese Orthopaedic Association
score for osteoarthritic knees. J. Orthop. Sci. 2012, 17, 750-756. [CrossRef]

Kalai, E.; Bahlous, A.; Charni, N.; Bouzid, K.; Sahli, H.; Chelly, M.; Meddeb, M.; Zouari, B.; Abdelmoula, J.; Sellami, S. Increased
urinary type II collagen C-telopeptide levels in Tunisian patients with knee osteoarthritis. Clin. Lab. 2012, 58, 209-215.

He, G.; Chen, X.,; Zhang, G.; Lin, H.; Li, R.; Wu, X. Detection of urine C2C and trace element level in patients with knee
osteoarthritis. Cell Biochem. Biophys. 2014, 70, 475-479. [CrossRef]

Xiao, L.; Lin, S.; Zhan, F. The association between serum uric acid level and changes of MRI findings in knee osteoarthritis: A
retrospective study (A STROBE-compliant article). Medicine 2019, 98, €15819. [CrossRef]

Bassiouni, S.A.R.A K El Adalany, M.A.; Abdelsalam, M.; Gharbia, O.M. Association of serum uric acid with clinical and
radiological severity of knee osteoarthritis in non-gouty patients. Eqypt. Rheumatol. Rehabil. 2021, 48, 8. [CrossRef]

Ma, C.A,; Leung, Y.Y. Exploring the Link between Uric Acid and Osteoarthritis. Front. Med. 2017, 4, 225. [CrossRef]
Daghestani, H.N.; Kraus, V.B. Inflammatory biomarkers in osteoarthritis. Osteoarthr. Cartil. 2015, 23, 1890-1896. [CrossRef] [PubMed]
Oberg, A.L.; Mahoney, D.W. Linear mixed effects models. Methods Mol. Biol. 2007, 404, 213-234. [CrossRef] [PubMed]

Eyre, D. Collagen of articular cartilage. Arthritis Res. 2002, 4, 30-35. [CrossRef]

Sun, B. The mechanics of fibrillar collagen extracellular matrix. Cell Rep. Phys. Sci. 2021, 2, 100515. [CrossRef]

Oesser, S.; Seifert, J. Stimulation of type II collagen biosynthesis and secretion in bovine chondrocytes cultured with degraded
collagen. Cell Tissue Res. 2003, 311, 393-399. [CrossRef] [PubMed]

Dai, M.; Sui, B.; Xue, Y,; Liu, X.; Sun, J. Cartilage repair in degenerative osteoarthritis mediated by squid type II collagen via
immunomodulating activation of M2 macrophages, inhibiting apoptosis and hypertrophy of chondrocytes. Biomaterials 2018,
180, 91-103. [CrossRef]

Dar, Q.A.; Schott, EM.; Catheline, S.E.; Maynard, R.D.; Liu, Z.; Kamal, E; Farnsworth, C.W.; Ketz, ].P,; Mooney, R.A.; Hilton, M.J; et al.
Daily oral consumption of hydrolyzed type 1 collagen is chondroprotective and anti-inflammatory in murine posttraumatic osteoarthritis.
PLoS ONE 2017, 12, €0174705. [CrossRef]

Van Vijven, ].P; Luijsterburg, PA.; Verhagen, A.P; van Osch, G.J.; Kloppenburg, M.; Bierma-Zeinstra, S.M. Symptomatic and chon-
droprotective treatment with collagen derivatives in osteoarthritis: A systematic review. Osteoarthr. Cartil. 2012, 20, 809-821. [CrossRef]
McAlindon, T.E.; Nuite, M.; Krishnan, N.; Ruthazer, R.; Price, L.L.; Burstein, D.; Griffith, J.; Flechsenhar, K. Change in knee
osteoarthritis cartilage detected by delayed gadolinium enhanced magnetic resonance imaging following treatment with collagen
hydrolysate: A pilot randomized controlled trial. Osteoarthr. Cartil. 2011, 19, 399-405. [CrossRef]

Melendez-Hevia, E.; De Paz-Lugo, P.; Cornish-Bowden, A.; Cardenas, M.L. A weak link in metabolism: The metabolic capacity
for glycine biosynthesis does not satisfy the need for collagen synthesis. J. Biosci. 2009, 34, 853-872. [CrossRef]

Razak, M.A.; Begum, P.S.; Viswanath, B.; Rajagopal, S. Multifarious Beneficial Effect of Nonessential Amino Acid, Glycine: A
Review. Oxid. Med. Cell. Longev. 2017, 2017, 1716701. [CrossRef] [PubMed]


http://doi.org/10.1007/s11926-021-01042-6
http://www.ncbi.nlm.nih.gov/pubmed/34716494
http://doi.org/10.3390/nu13072454
http://doi.org/10.3390/nu13020523
http://doi.org/10.3390/nu12092670
http://doi.org/10.1093/ajcn/nqz332
http://doi.org/10.3389/fnut.2019.00163
http://doi.org/10.1007/s00726-018-2611-x
http://doi.org/10.1007/s00726-017-2490-6
http://doi.org/10.1136/ard.16.4.494
http://www.ncbi.nlm.nih.gov/pubmed/13498604
http://doi.org/10.1017/S0033291700009934
http://www.ncbi.nlm.nih.gov/pubmed/3078045
http://www.ncbi.nlm.nih.gov/pubmed/16078330
http://doi.org/10.1007/s00776-012-0274-0
http://doi.org/10.1007/s12013-014-9943-2
http://doi.org/10.1097/MD.0000000000015819
http://doi.org/10.1186/s43166-020-00055-w
http://doi.org/10.3389/fmed.2017.00225
http://doi.org/10.1016/j.joca.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/26521734
http://doi.org/10.1007/978-1-59745-530-5_11
http://www.ncbi.nlm.nih.gov/pubmed/18450052
http://doi.org/10.1186/ar380
http://doi.org/10.1016/j.xcrp.2021.100515
http://doi.org/10.1007/s00441-003-0702-8
http://www.ncbi.nlm.nih.gov/pubmed/12658447
http://doi.org/10.1016/j.biomaterials.2018.07.011
http://doi.org/10.1371/journal.pone.0174705
http://doi.org/10.1016/j.joca.2012.04.008
http://doi.org/10.1016/j.joca.2011.01.001
http://doi.org/10.1007/s12038-009-0100-9
http://doi.org/10.1155/2017/1716701
http://www.ncbi.nlm.nih.gov/pubmed/28337245

Nutrients 2022, 14, 3628 11 of 11

32. Ishibashi, Y.; Adachi, N.; Koga, H.; Kondo, E.; Kuroda, R.; Mae, T.; Uchio, Y. Japanese Orthopaedic Association (JOA) clinical
practice guidelines on the management of anterior cruciate ligament injury—Secondary publication. J. Orthop. Sci. 2020, 25, 6-45.
[CrossRef] [PubMed]

33. Kubhi, L,; Tamm, A.E,; Kumm, J.; Jarv, K.; Mértson, A.; Tamm, A.O.; Kisand, K. Associations of Urinary Collagen II Neoepitope C2C
with Total Knee Replacement Outcomes: Is OA a Systemic Disease in Rapidly Progressive Cases? Appl. Sci. 2021, 12, 164. [CrossRef]

34. Song, Q.Q.; Sun, L.Y;Li, CH, Liu, YJ; Cui, S.L; Liu, YQ.; Cao, YH.; Pei, ] R.; Wang, Y,; Lian, W,; et al. The urinary levels of CTX-II, C2C,
PYD, and Helix-II increased among adults with KBD: A cross-sectional study:. J. Orthop. Surg. Res. 2019, 14, 328. [CrossRef]


http://doi.org/10.1016/j.jos.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31843222
http://doi.org/10.3390/app12010164
http://doi.org/10.1186/s13018-019-1392-6

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Interventions 
	Outcome Measurement 
	Safety Evaluation 
	Statistical Analysis 

	Results 
	Participants and Compliance 
	Effects of the Intervention 
	Safety Evaluations 

	Discussion 
	References

