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Monitoring urinary collagen
metabolite changes

following collagen peptide
ingestion and physical activity
using ELISA with anti active
collagen oligopeptide antibody
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Masashi Nagao*, Aya Kataoka-Matsushita®, Seiko Koizumi® & Hiroshi Mano?

Active collagen oligopeptides (ACOP) are bioactive collagen-derived peptides detected by a recently-
established ELISA. To facilitate studies of the function and metabolism of these products, this study
aims to determine which of these peptides is recognized by a novel anti-ACOP antibody used in this
ELISA. We then investigate the effect of collagen peptide (CP) ingestion and exercise on urinary ACOP
concentrations in a cohort of university student athletes using colorimetric, LC-MS/MS, and ELISA.
We observed that the antibody showed strong cross-reactivity to Pro-Hyp and Gly-Pro-Hyp and
weak cross-reactivity to commercial CP. CP ingestion increased the urinary level of ACOP over time,
which correlated highly with urinary levels of peptide forms of Hyp and Pro-Hyp. Physical activity
significantly decreased the urinary ACOP level. This study demonstrates changes in urinary ACOP
following oral CP intake and physical activity using ELISA with the novel anti-ACOP antibody. Thus,
ACOP may be useful as a new biomarker for collagen metabolism.

Collagen, which accounts for approximately 30% of the total protein in animals, is an important component
of the extracellular matrix that is essential for cell adhesion and function’. Collagen homeostasis in tissues is
maintained by collagen turnover’. Among the metabolites produced during this process are bioactive collagen
peptides (CP) resulting from its enzymatic degradation®*. These collagen peptides are efficiently absorbed in the
digestive tract, appearing in the blood within a few hours of the ingestion of collagen-containing substances®.

Oral intake of commercially available CP is reported to have physiological effects such as promoting skin pres-
sure ulcer recovery?®, stimulating bone formation and inhibiting bone resorption’, inhibiting arthritis®, increasing
fat free body mass and grip strength®, and preventing atherosclerosis'®. Recent studies report that prolylhy-
droxyproline (Pro-Hyp), one of the final collagen metabolites, stimulates the proliferation and differentiation of
skin fibroblasts!!, chondrocytes'?, and osteocytes!®. The detailed mechanism underlying the bioactivity of CP is
unclear. However, evidence indicates that Pro-Hyp is taken up by mesenchymal cells via peptide transporters'*
and subsequently plays a role in regulating cell function as a binding factor for nuclear receptors'>.

During biosynthesis, collagen undergoes post-translational modifications including hydroxylation, glyca-
tion, and the formation of intra- and intermolecular crosslinks'®. Collagen turnover, involving biosynthesis and
degradation, is altered by the effects of aging'’, physical activity'®, and nutritional status®. These factors may
also affect the status of collagen metabolites in the body. Therefore, the investigation of CP within the body may
be very important to understanding its bioactivity.
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Figure 1. Cross-reactivity of anti-ACOP antibody to five collagen-derived peptides. Data are presented as
relative values per weight normalized to that of Pro-Hyp.

Serum and urinary levels of collagen-derived peptides can be used to monitor collagen metabolism. Collagen-
derived amino acids and di- and tripeptides are identified and quantified using liquid chromatography®, gas
chromatography?', and mass spectrometry?®, a highly selective technique known as LC-MS/MS. A recently
developed, highly sensitive ELISA also detects bioactive CP. This assay does not require dedicated equipment
and can be used to analyze many samples simultaneously in a short time. In this study, we determine the specific
active collagen oligopeptides (ACOP) detected by this ELISA for use in monitoring collagen metabolism. We
then investigate the effect of CP ingestion and exercise on urinary ACOP concentrations in a cohort of university
student athletes using colorimetric, LC-MS/MS, and ELISA.

Results

Cross-reactivity of anti-ACOP antibody. ELISA was used to investigate the cross-reactivity of anti-
ACOP antibody with six different peptides: Pro-Hyp, Gly-Pro-Hyp, Pro-Hyp-Gly, Pro-Pro, Hyp-Gly, and com-
mercial CP. In this ELISA, the value measured per weight was calculated for each sample relative to that of
Pro-Hyp. As shown in Fig. 1, the cross-reactivity was approximately fivefold for Gly-Pro-Hyp and approximately
0.1 to 0.001-fold for Pro-Hyp-Gly, Pro-Pro, and Hyp-Gly. The cross-reactivity of commercial CP, the hydrolysis
product of collagen, was approximately 0.1-fold. These results show that the anti-ACOP antibody had particu-
larly strong cross-reactivity with Pro-Hyp and Gly-Pro-Hyp, binding not only to dipeptides and tripeptides but
also to the collagen-derived oligopeptide CP.

Urinary level of ACOP after collagen peptide (CP) ingestion. We observed that the urine levels of
seven out of eight collagen degradants (ACOP, Peptide forms of Hyp, Pro-Hyp, Hyp-Gly, Pro-Pro, Pro-Hyp-Gly,
and Gly-Pro-Hyp) increased after CP ingestion, with no change in Free Hyp (Fig. 2A). In the group of control,
free Hyp in the first early morning urine 4 h before CP intake was only significantly higher, and other collagen
degradants were unchanged over time (Fig. 2B). These collagen degradants decreased to approximately 5% or
less after 8 h of ingestion compared to each of the peak concentration. Furthermore, as shown in Fig. 2C, an
increase in ACOP concentration in the group of CP ingestion strongly correlated with the increase of five colla-
gen degradants except free Hyp and Pro-Pro, especially peptide forms of Hyp and Pro-Hyp. As shown in Fig. 2D,
ACOP showed no correlation with any of the collagen degradants in the group of control. These results show that
ingested CP is metabolized to form ACOP, which is subsequently excreted in the urine together with Pro-Hyp
and peptide forms of Hyp.

Urinary level of ACOP before and after physical activity. Next, we investigated the effect of physical
activity on changes in collagen metabolism. Comparison of urinary collagen metabolites both before and after
exercise showed a higher level of ACOP than free Hyp, Pro-Pro, Pro-Hyp, Hyp-Gly, Pro-Hyp-Gly, and Gly-
Pro-Hyp, but lower than peptide forms of Hyp (Fig. 3). Two-way analysis of variance showed that urine from
the group with routine CP intake had significantly higher peptide forms of Hyp, Pro-Hyp, Hyp-Gly, Pro-Pro,
Pro-Hyp-Gly, and Gly-Pro-Hyp and significantly lower levels of 3-methylhistidine (3-MH) (Fig. 3). Physical
activity decreased urinary ACOP, free Hyp, peptide forms of Hyp, Pro-Hyp, Hyp-Gly, Pro-Hyp-Gly, and total
protein, with the greatest difference observed in ACOP. Pro-Hyp and Hyp-Gly showed an interaction effect, and
a synergistic effect was observed, which was decreased by CP intake and physical activity. 8-hydroxy-2’-deoxy-
guanosine (8-OHdG) did not differ CP intake and before and after exercise. These results show that the urinary
ACOP level was decreased by physical activity.
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Figure 2. Urinary levels of collagen-derived metabolites after CP ingestion. Time course of collagen-derived
metabolite levels in the group of CP ingestion (A) and control (B). Correlation between ACOP and each
collagen-derived metabolite in the group of CP ingestion (C) and control (D). Samples were measured using
colorimetry for free Hyp and peptide forms of Hyp; LC-MS/MS for Pro-Hyp, Hyp-Gly, Pro-Pro, Pro-Hyp-Gly,
and Gly-Pro-Hyp; and ELISA for ACOP. Each symbol represents the mean concentration and the bar represents
the standard deviation (n=3, Mean + standard deviation). The time course consisted of 10 time points over 24 h,
with the time of CP ingestion as the 0 h. — 4 and 20 h were defined as the first early morning urine. Dotted lines
in C and D indicate the regression lines for the concentration of each compound, and the adjusted coefficient of
determination (adjusted R?) at upper left corner. The amount of ACOP was calculated as Pro-Hyp equivalents.
Creatinine level was used to correct for variability in concentrations of urinary components.

Discussion

The main purpose of this study was to investigate the effects of CP intake and physical activity on ACOP metabo-
lism. We observed that the anti-ACOP antibody crossreacted with five di- and tripeptides and CP derived from
collagen, with strong affinity for Pro-Hyp and Gly-Pro-Hyp and weak affinity to CP. Type I collagen, the source
of CP, contains approximately forty Pro-Hyp sequences per molecule’. Thus, ELISA using this antibody was able
to specifically detect ACOP with the Pro-Hyp sequence.

We observed that urinary ACOP increased over time after CP ingestion and correlated highly positively with
Pro-Hyp and peptide forms of Hyp levels. Several collagen-derived di- and tripeptides have been reported to
increase in blood and urine for several hours after CP ingestion®?. These collagen-derived metabolites have been
used as biomarkers to determine their digestibility and absorption®*?*. The current results are consistent with
these previous studies, demonstrating that this ELISA method can be used to assess changes in urinary ACOP.

In the group of control with a collagen-free diet and no CP ingestion, ACOP was not correlated with any of
the collagen degradants. Furthermore, ACOP and collagen-derived di- and tripeptides showed no diurnal varia-
tion. Collagen turnover is known to have an endogenous circadian rhythm. The carboxy-terminal propeptide of
type I collagen (PICP) and the carboxy-terminal pyridinoline cross-linked telopeptide of type I collagen (ICTP)
have been found to be approximately 20% higher at night than during the day*. Changes in endogenous col-
lagen derived urinary ACOP are unaffected by these factors and may behave differently from these biomarkers.

Physical activity significantly decreased urinary ACOP levels. This finding is consistent with a previous
study reporting a decrease in urinary Hyp level immediately after physical activity?®. We observed that ACOP
was unique among the CP metabolites in that the concentration before and after physical activity differed much
more than that of Free Hyp or Pro-Hyp-Gly.

Surprisingly, physical activity did not increase the total urinary protein level. In general, hard physical activity
decreases the filtration function of the kidney glomeruli and increases the excretion of proteins in urine?”. We
observed that the levels of 8-OHdG, an oxidative stress marker®® and 3-MH, a muscle tissue damage marker®,
were unchanged, indicating that the exercise load in this study was not taxing for the athletes and did not cause
kidney or muscle tissue damage.

Our investigation of the effect of oral CP intake on urinary metabolites showed that the ACOP level was
little effect after approximately 12 h from the CP intake. A previous study reports that the amount of peptide
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Figure 3. Effect of physical activity on urinary collagen-derived metabolites. Boxplots indicate the median,
interquartile range, maximum-minimum whiskers, and outliers. Circles and dotted lines indicate differences
between values measured before and after exercise in athletes who did (n=22, CP intake) and did not (n=24,
No CP intake) routinely take CP supplements. Each sample were measured using colorimetry for free Hyp,
peptide forms of Hyp and total protein; LC-MS/MS for Pro-Hyp, Hyp-Gly, Pro-Pro, Pro-Hyp-Gly, Gly-Pro-
Hyp, 8-hydroxy-2'-deoxyguanosine (8-OHdG), and 3-methylhistidine (3-MH); and ELISA for ACOP. Two-
way analysis of variance (upper right corner of each graph) shows the effect of routine CP intake and physical
activity (Exercise). P <0.05 was considered statistically significant.

forms of Hyp in blood and urine, especially Pro-Hyp, increases for several hours after CP ingestion®*. Similarly,
we found that urinary peptide forms of Hyp and Pro-Hyp levels increased significantly after CP intake. These
results show that the response to CP intake differs between ACOP and Pro-Hyp, even though Pro-Hyp is a major
component of ACOP.

We found that ACOP differed from the other collagen metabolites in several ways. Urinary ACOP was present
in greater amounts, less affected by oral CP intake, and more affected by physical activity. Furthermore, ACOP
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can be easily measured in a short time using ELISA, which can be used to analyze urine samples without pretreat-
ment such as cumbersome hydrolysis or expensive equipment as in LC-MS/MS. Taken together, ACOP may be
a suitable marker for the evaluation of collagen metabolism in terms of novelty and convenience.

Interestingly, the decrease in urinary Pro-Hyp level following physical activity was observed only in the group
that routinely took CP. This discovery suggests that active collagen oligopeptides may prevent exercise-induced
depletion of Pro-Hyp. The production of Pro-Hyp from ACOP may be a faster and more flexible response
to changes in the body’s demand for Pro-Hyp than that from collagen. Experiments in animal models using
radioisotopes have reported that orally administered Pro-Hyp is rapidly metabolized and absorbed into specific
tissues'®. Most of these Pro-Hyp-derived metabolites are unidentified, but some are reported to be converted
into cyclic Pro-Hyp?’. Our findings indicate that ACOP is involved in such Pro-Hyp metabolism. Therefore,
dietary ACOP supplementation may be useful for rapid compensation for Pro-Hyp consumption during physi-
cal exertion.

This study has several limitations. First, the cross-reactivity of the anti-ACOP antibody used in this study
was confirmed only for five di- and tripeptides. Therefore, the behavior and strength of its reactivity to other
CP and non-CP-derived peptides remains unknown. Second, the present results were obtained in a cohort of
athletes. In general, the diet, physical activity, and body composition of athletes differ from those of non-athletes;
therefore, the urinary ACOP level observed in this study and its changes in response to CP intake and physical
activity cannot be directly applied to non-athletes.

In conclusion, the present study demonstrated that ACOP was less affected by CP intake and clearly decreased
by physical activity compared to peptide forms of Hyp and Pro-Hyp. Therefore, urinary ACOP detected by ELISA
using anti-ACOP antibody could be a new indicator for monitoring changes in collagen metabolism. However,
it is unknown what the changes in the amount of ACOP excreted in the urine means. In addition, the molecu-
lar profiles and mechanisms of the changed ACOP remain unresolved in detail. Further research is needed to
understand the physiological role of active collagen oligopeptides.

Methods

Chemicals. Hydroxyproline (Hyp), 8-hydroxy-2'-deoxyguanosine (8-OHdAG), 3-methylhistidine (3-MH)
and creatinine were purchased from FUJIFILM Wako Pure Chemical (Osaka, Japan). Pro-Hyp, Hyp-Gly, Pro-
Pro, Pro-Hyp-Gly, and Gly-Pro-Hyp were purchased from GL Biochem (Shanghai, China). The fish-derived
low-molecular weight commercial collagen peptide (CP, Wellnex TYPE-S) was purchased from Nitta Gelatin
(Osaka, Japan). The Pierce BCA Protein Assay Kit was purchased from Bio-Rad (Hercules, CA, USA). The
ELISA kit was purchased from Air Plants Bio (Tokyo, Japan). The other analytical grade chemicals were pur-
chased from FUJIFILM Wako Pure Chemical (Osaka, Japan).

Study approval. This study was approved by the Ethics Committee of Juntendo University (No. 2018133)
and conducted in accordance with the Ethical Guidelines for Medical and Health Research Involving Human
Subjects published by the Ministry of Health, Labour and Welfare of Japan and the Declaration of Helsinki. Writ-
ten informed consent was obtained from all participants.

Cross-reactivity confirmation. Five collagen-derived peptides (Pro-Hyp, Hyp-Gly, Pro-Pro, Pro-Hyp-
Gly, and Gly-Pro-Hyp) and CP were mixed with purified water to a concentration of 20 mg/mL. These samples
were analyzed by ELISA for cross-reactivity with the anti-ACOP antibody.

Urine ACOP concentration before and after CP ingestion. Three healthy, non-athlete male subjects
(mean age 36.5 +13.2 years, mean body weight 66.9 + 10.8 kg, mean BMI 23.7 + 3.3 kg/m?) were limited to a low-
protein diet for the duration of the experiment and a 12-h fast before the start of the experiment. During this
time, the subjects were restricted from taking supplements and medications, and liquid intake was limited to
water only. The subjects were then orally administered 10 g of commercial CP, or none dissolved in 200 mL of hot
water at approximately 50 °C. The two experiments were conducted with an interval of one day. Urine samples
were collected at 10 time points before (— 4, — 1, 0 h) and after (1, 2, 4, 6, 8, 20, 24 h) ingestion, with the urines at
4 h before and 20 h after ingestion being the first early morning urine. Urine samples were stored at—80 °C, and
analyzed for the content of ACOP, collagen-derived di- and tripeptides, Hyp, and creatinine. The concentration
of all analyzed urine constituents was normalized to that of creatinine.

Urine collection before and after physical activity. Forty-six healthy male university students in their
teens and twenties were recruited from a running club at Josai University. All subjects received no interven-
tion regarding diet, dietary supplements, medications, hydration intake, or exercise regimen during the study.
Results of a dietary questionnaire confirmed that all subjects had eaten the same dormitory food the day before
the study. The subjects were divided into two groups according to whether they did (mean age 19.5+ 1.3, mean
body weight 57.6+3.7, mean BMI 19.5+1.3 kg/m? n=22) or did not (mean age 18.9+ 1.1, mean body weight
55.9+5.4, mean BMI 19.8 +1.1 kg/m?, n=24) take CP routinely. The athletes were provided with a CP supple-
ment, the porcine-derived commercial collagen peptide (Wellnex SCP-5200) from Nitta Gelatin (Osaka, Japan).
While the subjects were not asked about their specific CP intake, we did confirm that they had not taken any
food and CP-containing supplements after 20:00 the day before. Physical exercise among the cohort consisted
of running for a mean duration of 1 h and a distance of approximately 13 km. Urine samples were collected
from the subjects before and after physical activity, with the urines before physical activity being the first early
morning urine. Urine samples were stored at—80 °C, and analyzed for the content of ACOP, collagen-derived
di- and tripeptides, Hyp, 8-OHdG, 3-MH, total protein, and creatinine. The concentration of all analyzed urine
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constituents was normalized to that of creatinine. Concentrations before and after physical activity were com-
pared between the two groups.

ELISA. Active collagen oligopeptide concentration was determined using the ELISA kit according to the
manufacturer’s instructions. The concentrations were calculated in terms of Pro-Hyp equivalents using a Pro-
Hyp standard.

LC-MS/MS analysis. LC-MS/MS was used to measure Pro-Hyp, Hyp-Gly, Pro-Pro, Pro-Hyp-Gly, Gly-
Pro-Hyp, 8-OHdG, 3-MH, creatinine concentrations. To quantify 3-MH, an aliquot of urine diluted 500-fold in
50 mM ammonium bicarbonate solution was added to a threefold volume of ethanol. Samples were centrifuged
at 3000 rpm for 5 min followed by filtration through a 0.22 pm filter. An aliquot of each sample was used for
mass spectrometry. Chromatography analysis was performed using an ACQUITY UPLC H-Class Bio system
(Waters, Milford, MA, USA) equipped with a Hypersil GOLD PFP column (2.1 x 150 mm, 5 um; Thermo Fisher
Scientific, Waltham, MA, USA). The isocratic elution was performed with 2% methanol/0.2% formic acid/2 mM
ammonium acetate in water under the following conditions: sample injection volume, 0.5 pL; flow rate, 0.4 mL/
min; elution time, 3.5 min; column temperature, 40 °C. Mass spectrometry was performed using a Xevo TQ-XS
quadrupole mass spectrometer (Waters, Milford, MA, USA) under the following conditions: capillary voltage,
1000 V (positive ionization mode); desorption temperature, 500 °C; source temperature, 150 °C. Data were
acquired using selective reaction monitoring with m/z transition of 170 > 124 for 3-MH. Data were acquired and
quantified using Mass Lynx software (version 4.2, Waters).

To quantify 8-OHdG, each urine sample was diluted tenfold in pure water, centrifuged at 12,000 rpm
(10,000xg) for 5 min, and filtered using a 0.22 pm filter. An aliquot of each filtrate was analyzed by mass spec-
trometry. Chromatography analysis was performed with an UPLC proteomics Series (Shimadzu, Kyoto, Japan)
equipped with an Inertsustain AQ-C18 (2.1 x 150 mm, 3 um; GL Sciences, Tokyo, Japan). The. The isocratic
elution was performed with 8% acetonitrile/0.1% acetic acid in water under the following conditions: sample
injection volume, 10 uL; flow rate, 0.3 mL/min; elution time, 3 min; column temperature, 40 °C. Mass spectrom-
etry was performed using a 4000 QTRAP quadrupole mass spectrometer (AB Sciex, Tokyo, Japan) under the
following conditions: ion spray voltage, 5500 V (positive ionization mode); source temperature, 500 °C. Data were
acquired using selective reaction monitoring with m/z transition of 284 > 168 for 8-OHdG. Data were acquired
and quantified using Analyst software (version 1.5, AB Sciex).

To quantify Pro-Hyp, Hyp-Gly, Pro-Pro, Pro-Hyp-Gly, Gly-Pro-Hyp, and creatinine, an aliquot of each urine
sample was added to a fourfold volume of acetonitrile. An aliquot of supernatant of the centrifuged samples at
12,000 rpm (10,000xg) for 5 min was dried by centrifugal evaporator, diluted 100-fold in pure water, and filtered
using a 0.22 pm filter. An aliquot of each filtrate was analyzed by mass spectrometry. Chromatography analy-
sis was performed with an UPLC proteomics Series (Shimadzu, Kyoto, Japan) equipped with an Inertsustain
AQ-C18 (2.1x150 mm, 1.9 um; GL Sciences, Tokyo, Japan). The gradient elution was performed with solution
A:0.1% formic acid/water and solution B: 0.1% formic acid/acetonitorile under the following conditions: sample
injection volume, 10 pL; flow rate, 0.15 mL/min; elution time, 0 min: B1%, 5 min: B80%; column temperature,
40 °C. Mass spectrometry was performed using a 4000 QTRAP quadrupole mass spectrometer (AB Sciex, Tokyo,
Japan) under the following conditions: ion spray voltage, 5500 V (positive ionization mode); source temperature,
700 °C. Data were acquired using selective reaction monitoring with m/z transition of 229 >132 for Pro-Hyp,
189> 68 for Hyp-Gly, 213 > 70 for Pro-Pro, 286 > 189 for Pro-Hyp-Gly, 286 > 155 for Gly-Pro-Hyp, and 114 >72
for creatinine. Data were acquired and quantified using Analyst software (version 1.7, AB Sciex).

Colorimetry. Hyp concentrations were determined by colorimetric analysis using the Ehrlich reagent after
oxidation with chloramine T*'. An aliquot of the urine sample was hydrolyzed by treatment with 6 N hydro-
chloric acid at 110 °C for 24 h and then neutralized sodium hydroxide. The hydrolyzed sample analyzed for Hyp
content. Free and total Hyp were determined before and after hydrolysis. The peptide form of Hyp was estimated
by subtracting the concentration of free Hyp from that of total Hyp. Total protein concentration was determined
using the colorimetric assay kit according to the manufacturer’s instructions.

Statistical analysis. Statistical analysis was performed using EZR (version 1.54, Saitama Medical Center,
JICHI Medical University, Saitama, Japan)®. The coefficient of determinations was calculated to determine
whether ACOP concentration correlated with other that of collagen metabolites. Two-way analysis of variance
was used to examine the effect of routine CP intake and physical activity on urinary components. The Smirnov-
Grubbs test was used to detect outliers. P <0.05 was considered statistically significant.
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