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Background: The global obesity epidemic is a significant public health issue,
often leading to metabolic disorders such as diabetes and cardiovascular
diseases. Collagen peptides (CP) and their bioactive component, Prolyl-
hydroxyproline (Pro-Hyp), have shown potential in reducing adipocyte size, with
unclear mechanisms concerning brown adipocyte differentiation.

Methods: We investigated the effects of Pro-Hyp on the differentiation of
brown adipocytes in C3H10T1/2 mesenchymal stem cells, focusing on its
impact on adipocyte size, gene expression related to brown fat function, and
mitochondrial activity.

Results: Pro-Hyp treatment decreased adipocyte size and upregulated brown
fat-specific genes, including C/EBP«, PGC-1a, and UCP-1. Remarkably, it did not
alter PPARy expression. Pro-Hyp also elevated mitochondrial activity, suggesting
enhanced brown adipocyte functionality. A Pro-Hyp responsive element was
identified in the PGC-1a gene promoter, which facilitated the binding of the
Foxgl transcription factor, indicating a novel regulatory mechanism.
Conclusion: Pro-Hyp promotes brown adipocyte differentiation, potentially
offering a therapeutic strategy for obesity management. This study provides
a molecular basis for the anti-obesity effects of CP, although further in vivo
studies are needed to confirm these findings and to investigate the potential
impact on beige adipocyte differentiation.
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1 Introduction

Obesity is a serious global health threat due to its association
with high risks of comorbidities such as type 2 diabetes mellitus
and cardiovascular disease (1-3). Characterized by an abnormal
increase in fat mass, this condition involves an increase in both
the size (hypertrophy) and number (hyperplasia) of fat cells (4).
The determinant of related complications is not the amount of fat
itself but its localization and individual qualitative functional
characteristics. Adipocytes can be classified into two types—
white and brown—based on their origin, morphology, and
function (5). When energy intake exceeds expenditure, the excess
energy is stored in white adipocytes as lipids, particularly
triglycerides (6). Brown adipocytes, containing numerous tiny
lipid droplets and mitochondria rich in uncoupling protein 1
(UCP-1), can dissipate energy as heat in response to various
stimuli such as cold exposure or pharmacological stimulations
(7). Several key regulatory factors, including CCAAT/enhancer-
binding protein alpha (C/EBPa), peroxisome proliferator-
activated receptor gamma (PPARY), and PPARY coactivator-1
alpha (PGC-1a), are involved in the differentiation and activation
of brown adipocytes (8, 9). Controlling the differentiation and
activation of brown adipocytes and reducing lipids stored in
white adipocytes is an attractive target for treating obesity and its
associated metabolic abnormalities.

Collagen, an extracellular matrix protein, is characterized by
at least one common Gly-X-Y repeating domain, with X and Y
primarily being proline (Pro) and hydroxyproline (Hyp),
respectively (10). Numerous bioactive peptides derived from
collagen, containing Hyp in their sequences, are resistant to
enzymatic degradation and are absorbed into the bloodstream as
oligopeptides, exerting diverse physiological effects (11, 12).
Continuous intake of collagen peptides (CP) has been reported
to affect not only the morphology of fat cells but also serum lipid
levels and the expression of genes related to lipid metabolism
(13). Additionally, continuous administration of CP reduced
testicular and visceral fat weight and decreased the size of fat cells
in obese model rats (14). Prolyl-hydroxyproline (Pro-Hyp),
particularly abundant in human blood following oral intake of
CP, has been reported to reduce the size of cultured mature
adipocytes (15). Recently, we reported that Pro-Hyp enhances the
interaction between the Runx2 promoter and Foxgl, a forkhead
box transcription factor, thereby promoting the transcription of
Runx2 and stimulating osteoblast differentiation (16). Foxa3 and
Foxo6, also forkhead box transcription factors, have been
reported to regulate the transcription of PGC-1la by binding to
the AT-rich motif in the PGC-1a promoter (17, 18). These results
suggest that Pro-Hyp may regulate the differentiation of brown
adipocytes by modulating the interaction between Foxgl and the
PGC-1la promoter. The adipocyte size reducing effect of Pro-Hyp
could be due to the promotion of brown adipocyte differentiation.
Therefore, CP and its active constituent, Pro-Hyp, may play a
significant role in mitigating obesity. Nevertheless, the detailed
mechanism by which Pro-Hyp controls the differentiation of
brown adipocytes remains unknown. In this study, we investigated
the effect of Pro-Hyp on the differentiation of brown adipocytes
using C3H10T1/2 cells and explored its action mechanism.
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2 Materials and methods
2.1 Cell culture and treatment

C3H10T1/2 cell line was obtained from the RIKEN Cell Bank
(Tsukuba, Japan). C3H10T1/2 cells were plated in 6-well plate in
Dulbecco’s Modified Eagle Medium (DMEM, Cat. #11885-084, Gibco,
Thermo Fisher Scientific, MA, United States) containing 10% fetal
bovine serum (FBS, Cat. #7524, Nichirei Biosciences, Tokyo, Japan)
and 100 U/mL penicillin, and maintained in a humidified incubator
at 37°C under a 5% CO, atmosphere into a confluent. For the
differentiation procedure, confluent C3H10T1/2 cells were induced to
differentiate into adipocytes in a differentiation medium supplemented
with 1uM rosiglitazone (Cat. #R0106, Tokyo Chemical Industry,
Tokyo, Japan) for 48h. Rosiglitazone was dissolved in dimethyl
sulfoxide (DMSO, Cat. #D8418, Sigma-Aldrich, St. Louis, MO,
United States). 1 mM Pro-Hyp (Cat. #4001630, Bachem, Bubendorf,
Switzerland) was diluted in the DMEM medium and co-treated with
rosiglitazone for 48 h.

2.2 Oil Red O staining

C3HI10T1/2 cells were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS, Cat. #D163-20145, Wako Pure
Chemical Industries, Ltd., Osaka, Japan) for 20min at room
temperature. After fixation, the cells were washed twice with PBS and
stained with Oil Red-O solution (Cat. #40491, Muto Pure Chemicals,
Tokyo, Japan) for 20 min at room temperature. The cells were washed
with running tap water to remove unbound stains. Then, it was
visualized and photographed using a BZ-810 fluorescence microscope
(Keyence, Osaka, Japan). At least 30 randomly selected images were
collected for each treatment in each experiment. The cells stained with
Oil Red O (i.e., adipocytes) were counted using BZ-H4M image
analysis software (version 1.4.1.1, Keyence, Osaka, Japan).

2.3 RNA preparation and quantitative
RT-PCR (qPCR)

The cells were cultured with or without Pro-Hyp and rosiglitazone
for 4 days. Total RNA was extracted from the cells using an RNeasy
Mini Kit (Cat. #74104, Qiagen, Hilden, Germany), and the first-strand
cDNA was converted with a Prime Script Reagent Kit (Cat. #RR037A,
Takara Bio Japan, Otsu, Japan). Then, a QPCR assay was performed
with the Thermal Cycler Dice® Real-Time System III (Takara Bio
Japan, Otsu, Japan) using TB Green Fast qPCR Mix (Cat. #430STakara
Bio Japan, Otsu, Japan). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the internal control for normalizing target gene
expression, and their respective relative expression was analyzed by
the 2 AACt method. The primers used are indicated in Table 1.

2.4 Western blot assay

The cells were cultured with or without Pro-Hyp and rosiglitazone for
4days. Cells were washed twice with ice-cold PBS and then lysed with
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TABLE 1 Primer sequences for qPCR.

Forward primer

Reverse primer

sequence sequence

PGC-1a ACA GCT TTCTGG GTG TGA GGA CCG CTA GCA
GATT AGTTT

UCP-1 GGC ATT CAG AGG CAA CAA TGA ACA CTG CCA
ATCAGCT CACCTC

PPARy ATC CAA GAC AACCTG CGA TCT GCC TGA GGT
CTGCA CTGTC

C/EBPa AGA ACA GCA ACG AGT TGG TCA ACT CCA GCA
ACCGG CCTTC

ACC1 GAT GGT TTG GCCTTT GAA GCC ACA GTG AAA
CAC AT TCT CG

FASN GAG GAC ACT CAA GTG GTG AGG TTG CTG TCG
GCT GA TCT GT

GAPDH ACT GAG CAA GAG AGG TGT GGG TGC AGC GAA
CCCTA CTT TA

RIPA Lysis Buffer (Cat. # 89900, Thermo Fisher Scientific, MA,
United States) and containing a protease inhibitor cocktail (Cat. # 87786,
Thermo Fisher Scientific, MA, United States). Cell lysates were centrifuged
at 15,000 rpm for 30 min, and the supernatants were collected as protein
samples. The protein concentration of each sample was measured with
BCA Protein Assay Reagent (Cat. # 23227, Thermo Fisher Scientific, MA,
United States). Proteins were separated by SDS-PAGE and transferred to
PVDF membranes (Cat. #1704156, Bio-Rad, Hercules, CA, United States).
After blocking with 5% skim milk in TBS-T consisting of 10 mM Tris-HCI
(pH 7.4), 1.37M NaCl, and 0.1% Tween 20 for 30min at room
temperature, the membranes were incubated with rabbit anti-UCP-1 (Cat.
#14670, Cell Signaling Technology, Danvers, MA, United States), or rabbit
anti-p-actin (Cat. #4970; Cell Signaling Technology, Danvers, MA,
United States) 1/1000 diluted in blocking buffer for 1h at room
temperature. The membranes were washed with TBS-T and then
incubated for 45 min at room temperature with an HRP-conjugated rabbit
anti-mouse IgG (Cat. #7074; Cell Signaling Technology, Danvers, MA,
United States) 1/1000 diluted in TBS-T. Labeled proteins were detected
with EZ West Lumi plus (ATTO, Tokyo, Japan). Band intensities were
determined using Image] software (National Institutes of Health,
Bethesda, MD, United States).

2.5 Analysis of mitochondrial mass

Cells were incubated with MitoTracker red (Cat. #M7513, Thermo
Fisher Scientific, Waltham, MA, United States; final concentration,
1 pM) for 1 h. Cells were washed with warmed PBS and fixed in 4%
formaldehyde (Cat. #16120141, Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). After stained with 4’,6-diamidino-2-phenylindole
(DAPI, Cat. #S36964, Thermo Fisher Scientific, MA, United States),
the cells were examined using a BZ-810 fluorescence microscope
(Keyence, Osaka, Japan). Images were acquired using the same
exposure time in each well. The experiment was performed in
triplicate. Cell mitochondrial activity stained with MitoTracker Red
was measured using BZ-H4M image analysis software (version 1.4.1.1,
Keyence, Osaka, Japan).

Frontiers in Nutrition

10.3389/fnut.2024.1375532

2.6 Plasmid constructs

To clone DNA fragments from the —3,303 to —1 upstream region
of the mouse PGC-1a gene into the luciferase reporter vectors, various
lengths of DNA fragments were amplified by PCR using the genomic
DNA extracted from the C3H10T1/2 cells as a template. The PCR
products were cloned into the Xhol site of pGL3-control (Cat. #E1741,
Promega, Madison, W1, United States) to generate the pGL3 PGC-1a
promoter construct. The nucleotide sequences of the constructs were
confirmed by DNA sequencing.

2.7 Luciferase reporter assay

The DNA transfections of 1 pg of each pGL3 PGC-1a promoter
construct and 10ng of pNL vector as an internal control vector
(Promega, Madison, WI, United States) to the cells were performed
by the Lipofectin method using Hily Max reagent (Dojindo,
Kumamoto, Japan). The cells were incubated for 48h before the
transfection reagents were removed, and Rosiglitazone and Pro-Hyp
were then added and cultured for 48h. Luciferase assays were
performed using the Dual-Glo Luciferase Assay System (Promega,
Madison, WI, United States). After the Pro-Hyp treatments were
completed, 80 uL of Dual-Glo reagent was added to each well, and
then samples were incubated at room temperature for 10 min. The
firefly luciferase luminescence was recorded using a Glo-Max Discover
Microplate Reader with an integration time of 1s. Eighty microliters
of Dual-Glo “Stop & Glo” reagent was then added to each well and
incubated at room temperature for 5min before recording the
NanoLuc luminescence. The firefly: NanoLuc luminescence ratio was
calculated to determine the activity of the PGC-1a promoter.

2.8 Chromatin immunoprecipitation

We performed chromatin immunoprecipitation/quantitative
polymerase chain reaction (ChIP/qPCR) analysis on C3H10T1/2
cells treated with and without 1 mM Pro-Hyp for 24 h to determine
whether adipocyte differentiation transcription factors associated
with the endogenous PGC-la promoter in vivo. The ChIP
experiment was performed to detect the effects of Pro-Hyp on the
promoter activity of PGC-1a in the adipocytes. ChIP experiments
were performed on C3H10T1/2 cells using the ChIP Assay Kit (Cat.
#17-295, Millipore, Burlington, MA, United States), an anti-Foxol
(Cat. #2880, Cell Signaling Technology, Danvers, MA, United States),
antibody, an anti-Foxgl antibody (Cat. # ab18259, Abcam,
Cambridge, United Kingdom) and normal rabbit IgG (Cat. #2729,
Cell Signaling Technology, Danvers, MA, United States), in
accordance with the manufacturer’s instructions. The cells were
cross-linked with 1% formaldehyde for 15min at 37°C, washed,
collected in cold PBS, lysed in SDS lysis buffer containing protease
inhibitors, and sonicated to shear DNA. The sonicated samples were
incubated with 2 pg of rabbit anti-Foxol antibody, rabbit anti-Foxgl
antibody, or normal rabbit IgG (Cat. #2729, Cell Signaling
Technology, Danvers, MA, United States) overnight at 4°C. The
antibody-protein-DNA complex was enriched by mixing with ChIP-
grade protein A/G-agarose beads (Cat. #26161, Thermo Fisher
Scientific, Waltham, MA, United States) for 1h at 4°C. The bound
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DNA was purified following the instructions provided with the ChIP
Assay Kit, amplified, and quantified using qPCR with specific
primers (Table 2). Relative enrichment was calculated as the amount
of amplified DNA relative to values obtained from Input.

2.9 Statistical analysis
The results are presented as the mean + standard deviation (SD).

The statistical significance of differences was analyzed using student’s
t-test. A p-value of <0.05 was considered statistically significant.

3 Results
3.1 Pro-Hyp reduces the size of adipocytes
The C3H10T1/2 cell line, a mesenchymal stem cell line, was used

to study the effect of Pro-Hyp on adipocyte size. The differentiation of
C3H10T1/2 preadipocytes was induced using the thiazolidinedione

TABLE 2 Primer sequences for ChlP.

Primer sequence

10.3389/fnut.2024.1375532

PPARY agonist, rosiglitazone. To determine the impact of Pro-Hyp,
cells were cultured for 5days in the presence or absence of 0.1 mM
Pro-Hyp and then stained with Oil Red O (Figures 1 A,C). The results
showed that adipocytes in the Pro-Hyp group had a smaller average
size (24pm) than the non-Pro-Hyp group. Additionally, a higher
proportion of smaller adipocytes (12-24 pm) and a lower proportion
of larger adipocytes (36-48 pm) were observed in the Pro-Hyp group
(Figure 1B). These adipocytes also had smaller lipid droplets,
characteristic of brown adipocytes (Figure 1C).

3.2 Pro-Hyp significantly increases mRNA
expression of C/EBP, PGC-1a, and UCP-1in
C3H10T1/2 precursor adipocytes

To explore the effect of Pro-Hyp on adipocyte size reduction,
qPCR was conducted to measure the mRNA levels of genes associated
with brown adipocyte differentiation and activation, namely PPARy,
C/EBPa, PGC-1a, and UCP-1. The results showed that, while PPARy
mRNA levels remained unchanged, Pro-Hyp significantly increased
the expression of C/EBPa, PGC-la, and UCP-1 mRNA
(Figures 2A,B,D,E). The expression of transcription factors Foxol and
Foxgl, crucial in gene regulation involving Pro-Hyp, remained
unchanged with the addition of Pro-Hyp (Figures 2C,F). Pro-Hyp had
no effect on the expression of ACC1 and FASN, which are involved in

p<0.05.

Pro-Hyp miniaturizes C3H10T1/2 adipocytes. C3H10T1/2 cells treated with 0.1 MM Pro-Hyp. Representative Oil Red O staining images of adipocytes.
Scale bar, 250 pm (A), 50 um (C). After 4 days of adipogenic differentiation, the cells were stained with Oil Red O. (A,C) Representative images of Oil Red
O-stained adipocytes. C3H10T1/2 cells were treated with 0.1 mM Pro-Hyp. (B) The distribution of the average diameter of adipocytes. The diameter of
adipocytes was evaluated using KEYENCE analysis software and ImageJ software. C3H10T1/2 was treated Pro-Hyp had a significantly miniaturized
adipocyte diameter compared with untreated Pro-Hyp. Data are presented as the means + standard deviation (n = 3), * vs. non-treated controls,

P1 CAGTGTGAGCAAGTTAAGAT lipid synthesis or lysis (Figures 2G,H). Furthermore, Pro-Hyp
P2 AGAGTCGATGTTTATTCATC treatment group also significantly increased UCP-1 protein expression
P3 TCATTATCAAGCAATCCTGG (Figures 21,]). These findings on adipocyte size reduction by Pro-Hyp
P4 TAATGCAGAGTTATCTAGTG suggest that Pro-Hyp is associated with up-regulation of genes related
to brown adipocyte differentiation.
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Pro-Hyp promotes brown adipocyte-linked gene expression. After culture for 4 days, the medium was replaced with an identical medium containing 0.1 mM
Pro-Hyp. Cells were cultured with or without Pro-Hyp for 4 days. RT-PCR analysis of the mRNA expression levels of PPARy (A), PGC-1a (B), Foxgl (C), C/EBP
(D), UCP-1 (E), Foxol (F), ACC1 (G), FASN (H). Results are expressed as relative values to GAPDH. Western blotting analyses (1) and quantification (J) of the

expression of UCP-1. p-actin was used as a loading control. Data are presented as the means + standard deviation (n = 3), * vs. non-treated controls, p <0.05.

3.3 Pro-Hyp increases mitochondrial
MitoTracker intensity in C3H10T1/2
precursor adipocytes

To assess whether Pro-Hyp stimulates mitochondrial mass,
MitoTracker Red staining was used, showing an increase in
mitochondrial fluorescence signal intensity (Figure 3A). Pro-Hyp
treated C3H10T1/2 precursor adipocytes exhibited a significant
increase in MitoTracker intensity compared to untreated cells
(Figure 3B), indicating increased mitochondrial mass.

3.4 Pro-Hyp increases mitochondrial
MitoTracker intensity in C3H10T1/2
precursor adipocytes

To assess whether Pro-Hyp stimulates mitochondrial activity,
MitoTracker Red staining was used, showing an increase in
mitochondrial fluorescence signal intensity (Figure 3A). Pro-Hyp
treated C3H10T1/2 precursor adipocytes exhibited a significant
increase in MitoTracker intensity compared to untreated cells
(Figure 3B), indicating increased mitochondrial mass.

3.5 ldentification of Pro-Hyp responsive
elements in the upstream region of the
PGC-1a gene

To investigate whether Pro-Hyp induces differentiation of brown
adipocyte-like cells by promoting the expression of PGC-1a, a key

Frontiers in Nutrition

gene in this process, we conducted a series of experiments using the
C3H10T1/2 cell line. Fragments of various lengths from the upstream
region of the Pgcla gene were cloned into luciferase reporter vectors
to create constructs for luciferase reporter assays (Figures 4A,C).
Specifically, the segments from —3,303 to —1 and the —2,645 to —1946
region (referred to as the D domain) upstream of the PGC-1a gene
were tested. When cells transfected with these constructs were
exposed to Pro-Hyp, they showed a significant increase in luciferase
activity compared to when Pro-Hyp was absent, indicating a response
to Pro-Hyp (Figure 4B). Further detailed examination using truncated
mutants of the D-domain in the upstream of the PGC-la gene
revealed that the responsive region to Pro-Hyp is located between
—2,139 and —1946 upstream of the mouse PGC-1a gene (Figure 4D).
This finding is critical as it pinpoints the specific sequence within the
upstream of the PGC-1a gene that responds to Pro-Hyp, suggesting a
direct regulatory mechanism at the genetic level.

3.6 Pro-Hyp promotes Foxgl binding to a
Pro-Hyp responsive element upstream of
the PGC-1a gene in adipocytes

To further elucidate the mechanism by which Pro-Hyp influences
brown adipocyte differentiation, we focused on the —2,139 to —1946
region upstream of the PGC-1a gene, identified as the DI region
containing at least two the Fox core sequence. This specific region was
studied to understand how the transcription factor Foxgl and PGC-1a
regulate Pro-Hyp-induced brown adipocyte differentiation.
Chromatin immunoprecipitation (ChIP) followed by quantitative
PCR (qPCR) was utilized to analyze the binding of Foxgl to this
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was added to the culture medium without or without 0.1 mM Pro-Hyp, and fluorescence was observed with the same exposure time. Representative
microscopy images are shown. (B) Quantification of images. Relative MitoTracker fluorescence intensity per DAPI was shown (n = 3). Data are
presented as the means + standard deviation (n = 3), * vs. non-treated controls, p <0.05.
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region. The experiments were performed using primers specifically
designed to target these sequences (as shown in Figure 5A and
detailed in Table 2). In the presence of Pro-Hyp, Foxgl was found to
bind to the DI region upstream of the PGC-1a gene. This binding was
notably absent in the absence of Pro-Hyp, underscoring the specificity
of the interaction (Figure 5B). Particularly striking was the finding
that, in the Pro-Hyp-treated samples, Foxgl was significantly bound
to the Fox core A sequence within the DI region (Figure 5C). In
contrast, no significant binding to the Fox core B sequence was
observed (Figure 5D). This highlights a targeted interaction between
Foxgl and a specific sequence within the DI region in response to
Pro-Hyp.

Moreover, regardless of the presence of Pro-Hyp, no binding of
Foxol to the DI region was detected, suggesting a unique role for
Foxgl in this regulatory process (data not shown). These results
strongly suggest that Pro-Hyp facilitates the binding of Foxgl to the
specific Fox core A sequence upstream of the PGC-1a gene. This
interaction appears to be a critical aspect of the regulatory mechanism
by which Pro-Hyp influences gene expression related to the
differentiation of brown adipocytes.

4 Discussion

Obesity is a common chronic disease resulting from an imbalance
between energy intake and expenditure, leading to dysregulated
lipogenesis. It poses a serious global health threat due to its association
with many complications (19). Therapeutic strategies targeting the
reduction of lipids stored in white adipocytes are effective. Still,
approaches that enhance the activity of brown adipocytes, which can

10.3389/fnut.2024.1375532

consume energy by producing heat, may offer promising new
strategies for preventing and treating obesity. This is because the
activity of these thermogenic adipocytes is reported to be inversely
correlated with fat mass (20). Although drugs for obesity treatment
are approved, strategies using natural compounds derived from food
that do not cause side effects are still sought after. Recently, multiple
reports have suggested the fat-reducing effects of collagen peptide
intake (13, 14, 21). Pro-Hyp, an oligopeptide abundantly detected in
human blood following collagen peptide intake, has been reported to
reduce the size of fat cells (15). However, the detailed mechanism by
which Pro-Hyp regulates brown adipocyte differentiation remains
unknown. In this study, we investigated the effect of Pro-Hyp on the
differentiation of brown adipocytes and its mechanism using
C3H10T1/2 cells.

We treated C3H10T1/2 cells with the thiazolidinedione PPARy
agonist Rosiglitazone to induce adipocyte differentiation and
examined the effects of Pro-Hyp on these adipocytes. Pro-Hyp was
found to reduce the size of fat cells, suggesting its role in adipocyte
miniaturization. Brown adipocytes, characterized by tiny multilocular
lipid droplets and UCP-1 expression in the mitochondrial inner
membrane, can dissipate energy as heat through uncoupling oxidative
phosphorylation (22). Brown adipocyte differentiation is a complex
process involving several factors, among which transcription factors
like C/EBPa, PPARY, and PGC-1a play crucial roles (8, 9). In our
study, Pro-Hyp induced mRNA expression of C/EBPa but not PPARY.
Rosiglitazone, a PPARy agonist, might have masked the effect of
Pro-Hyp on PPARy mRNA expression. Furthermore, Pro-Hyp
induced mRNA expression of brown adipocyte-related genes PGC-1a
and UCP-1 and increased mitochondrial mass. These findings are
consistent with previous reports that Pro-Hyp increases mitochondrial
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area and UCP-1 in rat interstitial-vascular cells (15), suggesting that
Pro-Hyp promotes brown adipocyte differentiation by controlling the
gene expression of C/EBPa and PGC-1a.

PGC-1aq, reported as a coactivator of PPAR-y, regulates UCP-1
expression and thermogenesis in brown adipocytes. Given that
Pro-Hyp is thought to promote UCP-1 expression by controlling
PGC-1a expression, we conducted luciferase reporter assays using
C3H10T1/2 cells to determine whether Pro-Hyp directly modulates
mouse PGC-1a gene expression by regulating PGC-1a promoter
activity. Pro-Hyp was found to promote transcription of PGC-1a.
We also identified Pro-Hyp responsive elements upstream of nt —1946
and —2,139 in the PGC-1a gene.

Multiple reports have suggested that Pro-Hyp is involved in
gene expression regulation in mesenchymal-derived cells (23-26).
We previously reported that Pro-Hyp promotes Runx2 gene
expression and osteoblast differentiation by facilitating the binding
of Foxgl to the Fox core sequence in the Runx2 promoter (16). It
is conceivable that Pro-Hyp modulates the expression of target
genes through Fox transcription factors. The Pro-Hyp responsive
sequence we identified in the PGC-1a gene upstream of nt —1946
to —2,139 contains a Fox core sequence expected to bind forkhead
box transcription factors, suggesting that Pro-Hyp could regulate
PGC-la gene expression through interactions with Foxgl or
Foxol. Our study demonstrated using ChIP analysis that Pro-Hyp
treatment facilitated the binding of Foxgl to the PGC-la gene
upstream region containing the Fox core sequence between nt
—1946 and —2,139. For Foxol, no binding to the PGC-1la gene
upstream region containing the Fox core sequence was observed.
Binding to other members of the forkhead box protein family,
FoxA3 and FoxO6, has not been confirmed. Foxgl is a forkhead
box protein known to be involved in neuronal differentiation and
localizes to mitochondria (27). Overexpression of FOXGI1 in
nasopharyngeal carcinoma cells increased mitochondrial DNA
copy number and ATP/ADP ratio, while knockdown had the
opposite effect (28). These reports suggest that FOXG1 influences
mitochondrial function. The increase in mitochondrial mass of
C3H10T1/2 cells by Pro-Hyp in this study could be due to the
upregulation of PGC-1a mediated by FOXGI.

In adipose tissue, fat cells are enveloped in a dense network of type
I collagen. The expression of MMP-2 and MMP-9, which degrade
extracellular matrix collagen, is thought to generate collagen metabolic
products like Pro-Hyp (29). Fat cells differentiate and function in an
environment rich in extracellular matrix (ECM) proteins (30). Our
results may indicate that ECM collagen in adipose tissue is broken
down and may promote beige adipogenesis. The reported fat-reducing
effects of CP intake could be due to the action of CP containing
Pro-Hyp and Pro-Hyp generated from collagen around adipose tissue,
controlling adipocyte differentiation. Thus, Pro-Hyp could be an
attractive target for obesity treatment.

5 Conclusion

While collagen peptides (CP) have been reported to exhibit anti-
obesity effects, the mechanism by which CP induces brown adipocyte
differentiation to exert these effects was previously unclear. Our study
identified one of the molecular mechanism by which Pro-Hyp, a
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major collagen degradation product, promotes PGC-la gene
expression in brown adipocyte differentiation via Foxgl. However,
further research is necessary to explore the potential impact of
Pro-Hyp on beige adipocyte differentiation and its in vivo efficacy.
Overall, our study reveals the potential importance of Pro-Hyp as an
effective therapeutic target for obesity by promoting brown
adipocyte differentiation.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

KN: Writing - review & editing, Writing - original draft,
Investigation. YK: Writing - review & editing, Writing - original draft,
Methodology. RK: Writing — review & editing, Investigation. YS:
Writing - review & editing, Investigation. YO: Writing - review &
editing, Investigation. AK-M: Writing - review & editing. JS: Writing —
review & editing, Investigation. MW: Writing - review & editing. HM:
Writing - review & Visualization,

editing, Supervision,

Conceptualization.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

AK-M was employed by Nitta Gelatin Inc.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnut.2024.1375532
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Nomura et al.

References

1. Must A, Spadano J, Coakley EH, Field AE, Colditz G, Dietz WH. The disease
burden associated with overweight and obesity. JAMA. (1999) 282:1523-9. doi: 10.1001/
jama.282.16.1523

2. Bell JA, Kivimaki M, Hamer M. Metabolically healthy obesity and risk of incident
type 2 diabetes: a meta-analysis of prospective cohort studies. Obes Rev. (2014)
15:504-15. doi: 10.1111/0br.12157

3. Mongraw-Chaffin ML, Peters SAE, Huxley RR, Woodward M. The sex-specific
association between BMI and coronary heart disease: a systematic review and meta-
analysis of 95 cohorts with 1-2 million participants. Lancet Diabetes Endocrinol. (2015)
3:437-49. doi: 10.1016/S2213-8587(15)00086-8

4. Salans LB, Cushman SW, Weismann RE. Studies of human adipose tissue. Adipose
cell size and number in nonobese and obese patients. J Clin Invest. (1973) 52:929-41.
doi: 10.1172/JCI107258

5. Gregoire FM, Smas CM, Sul HS. Understanding adipocyte differentiation. Physiol
Rev. (1998) 78:783-809. doi: 10.1152/physrev.1998.78.3.783

6. Cinti S. Adipose organ development and remodeling. Compr Physiol. (2018)
8:1357-431. doi: 10.1002/cphy.c170042

7. Oelkrug R, Polymeropoulos ET, Jastroch M. Brown adipose tissue: physiological
function and evolutionary significance. ] Comp Physiol B. (2015) 185:587-606. doi:
10.1007/s00360-015-0907-7

8. Madsen MS, Siersbaxk R, Boergesen M, Nielsen R, Mandrup S. Peroxisome
proliferator-activated receptor y and C/EBPa synergistically activate key metabolic
adipocyte genes by assisted loading. Mol Cell Biol. (2014) 34:939-54. doi: 10.1128/
MCB.01344-13

9. Uldry M, Yang W, St-Pierre ], Lin J, Seale P, Spiegelman BM. Complementary action
of the PGC-1 coactivators in mitochondrial biogenesis and brown fat differentiation.
Cell Metab. (2006) 3:333-41. doi: 10.1016/j.cmet.2006.04.002

10.van der Rest M, Garrone R. Collagen family of proteins. FASEB J. (1991)
5:2814-23. doi: 10.1096/fasebj.5.13.1916105

11.Ichikawa S, Morifuji M, Ohara H, Matsumoto H, Takeuchi Y, Sato K.
Hydroxyproline-containing dipeptides and tripeptides quantified at high concentration
in human blood after oral administration of gelatin hydrolysate. Int ] Food Sci Nutr.
(2010) 61:52-60. doi: 10.3109/09637480903257711

12. Sato K. Structure, content, and bioactivity of food-derived peptides in the body. J
Agric Food Chem. (2018) 66:3082-5. doi: 10.1021/acs.jafc.8b00390

13. Tometsuka C, Funato N, Mizuno K, Taga Y. Long-term intake of ginger protease-
degraded collagen hydrolysate reduces blood lipid levels and adipocyte size in mice.
Curr Res Food Sci. (2021) 4:175-81. doi: 10.1016/j.crfs.2021.03.003

14. Woo M, Song YO, Kang K-H, Noh JS. Anti-obesity effects of collagen peptide
derived from skate (Raja kenojei) skin through regulation of lipid metabolism. Mar
Drugs. (2018) 16:306. doi: 10.3390/md16090306

15. Minaguchi JA, Ogata S, Takahashi N, Hirose T, Ueda H, Takehana K. Remodeling
of rat stromal-vascular cells to brite/beige adipocytes by prolyl-hydroxyproline. J Vet
Med Sci. (2017) 79:547-53. doi: 10.1292/jvms.16-0163

16. Nomura K, Kimira Y, Osawa Y, Kataoka-Matsushita A, Takao K, Sugita Y, et al.
Stimulation of the Runx2 P1 promoter by collagen-derived dipeptide prolyl-

Frontiers in Nutrition

09

10.3389/fnut.2024.1375532

hydroxyproline bound to Foxgl and Foxol in osteoblasts. Biosci Rep. (2021)
41:BSR20210304. doi: 10.1042/BSR20210304

17.Ma X, Xu L, Gavrilova O, Mueller E. Role of forkhead box protein A3 in age-
associated metabolic decline. Proc Natl Acad Sci USA. (2014) 111:14289-94. doi:
10.1073/pnas.1407640111

18. Chung SY, Huang WC, Su CW, Lee KW, Chi HC, Lin CT, et al. FoxO6 and PGC-1a
form a regulatory loop in myogenic cells. Biosci Rep. (2013) 33:¢00045. doi: 10.1042/
BSR20130031

19. Jung UJ, Choi M-S. Obesity and its metabolic complications: the role of adipokines
and the relationship between obesity, inflammation, insulin resistance, dyslipidemia and
nonalcoholic fatty liver disease. Int J Mol Sci. (2014) 15:6184-223. doi: 10.3390/
ijms15046184

20. Saito M, Matsushita M, Yoneshiro T, Okamatsu-Ogura Y. Brown adipose tissue,
diet-induced thermogenesis, and thermogenic food ingredients: from mice to men.
Front Endocrinol. (2020) 11:222. doi: 10.3389/fend0.2020.00222

21. Tometsuka C, Koyama Y-I, Ishijima T, Toyoda T, Teranishi M, Takehana K, et al.
Collagen peptide ingestion alters lipid metabolism-related gene expression and the
unfolded protein response in mouse liver. Br J Nutr. (2017) 117:1-11. doi: 10.1017/
S0007114516004384

22. Richard D, Picard E. Brown fat biology and thermogenesis. Front Biosci. (2011)
16:1233-60. doi: 10.2741/3786

23. Kimira Y, Ogura K, Taniuchi Y, Kataoka A, Inoue N, Sugihara F, et al. Collagen-
derived dipeptide prolyl-hydroxyproline promotes differentiation of MC3T3-E1l
osteoblastic cells. Biochem Biophys Res Commun. (2014) 453:498-501. doi: 10.1016/j.
bbrc.2014.09.121

24.1de K, Takahashi S, Sakai K, Taga Y, Ueno T, Dickens D, et al. The dipeptide prolyl-
hydroxyproline promotes cellular homeostasis and lamellipodia-driven motility via
active p1-integrin in adult tendon cells. J Biol Chem. (2021) 297:100819. doi: 10.1016/j.
jbc.2021.100819

25. Nakatani S, Mano H, Sampei C, Shimizu ], Wada M. Chondroprotective effect of
the bioactive peptide prolyl-hydroxyproline in mouse articular cartilage in vitro and in
vivo. Osteoarthr Cartil. (2009) 17:1620-7. doi: 10.1016/j.joca.2009.07.001

26. Ohara H, Ichikawa S, Matsumoto H, Akiyama M, Fujimoto N, Kobayashi T, et al.
Collagen-derived dipeptide, proline-hydroxyproline, stimulates cell proliferation and
hyaluronic acid synthesis in cultured human dermal fibroblasts. J Dermatol. (2010)
37:330-8. doi: 10.1111/j.1346-8138.2010.00827.x

27.Jerome MS, Kuthethur R, Kabekkodu SP, Chakrabarty S. Regulation of
mitochondrial function by forkhead transcription factors. Biochimie. (2022) 198:96-108.
doi: 10.1016/j.biochi.2022.03.013

28.Xi H, He Z, Lv C. FOXG1 improves mitochondrial function and promotes the
progression of nasopharyngeal carcinoma. Mol Med Rep. (2021) 24:651. doi: 10.3892/
mmr.2021.12290

29.Bouloumié A, Sengenés C, Portolan G, Galitzky ], Lafontan M. Adipocyte
produces matrix metalloproteinases 2 and 9: involvement in adipose differentiation.
Diabetes. (2001) 50:2080-6. doi: 10.2337/diabetes.50.9.2080

30. Chun T-H. Peri-adipocyte ECM remodeling in obesity and adipose tissue fibrosis.
Adipocytes. (2012) 1:89-95. doi: 10.4161/adip.19752

frontiersin.org


https://doi.org/10.3389/fnut.2024.1375532
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1001/jama.282.16.1523
https://doi.org/10.1001/jama.282.16.1523
https://doi.org/10.1111/obr.12157
https://doi.org/10.1016/S2213-8587(15)00086-8
https://doi.org/10.1172/JCI107258
https://doi.org/10.1152/physrev.1998.78.3.783
https://doi.org/10.1002/cphy.c170042
https://doi.org/10.1007/s00360-015-0907-7
https://doi.org/10.1128/MCB.01344-13
https://doi.org/10.1128/MCB.01344-13
https://doi.org/10.1016/j.cmet.2006.04.002
https://doi.org/10.1096/fasebj.5.13.1916105
https://doi.org/10.3109/09637480903257711
https://doi.org/10.1021/acs.jafc.8b00390
https://doi.org/10.1016/j.crfs.2021.03.003
https://doi.org/10.3390/md16090306
https://doi.org/10.1292/jvms.16-0163
https://doi.org/10.1042/BSR20210304
https://doi.org/10.1073/pnas.1407640111
https://doi.org/10.1042/BSR20130031
https://doi.org/10.1042/BSR20130031
https://doi.org/10.3390/ijms15046184
https://doi.org/10.3390/ijms15046184
https://doi.org/10.3389/fendo.2020.00222
https://doi.org/10.1017/S0007114516004384
https://doi.org/10.1017/S0007114516004384
https://doi.org/10.2741/3786
https://doi.org/10.1016/j.bbrc.2014.09.121
https://doi.org/10.1016/j.bbrc.2014.09.121
https://doi.org/10.1016/j.jbc.2021.100819
https://doi.org/10.1016/j.jbc.2021.100819
https://doi.org/10.1016/j.joca.2009.07.001
https://doi.org/10.1111/j.1346-8138.2010.00827.x
https://doi.org/10.1016/j.biochi.2022.03.013
https://doi.org/10.3892/mmr.2021.12290
https://doi.org/10.3892/mmr.2021.12290
https://doi.org/10.2337/diabetes.50.9.2080
https://doi.org/10.4161/adip.19752

	Collagen-derived dipeptide prolyl-hydroxyproline cooperates with Foxg1 to activate the PGC-1α promoter and induce brown adipocyte-like phenotype in rosiglitazone-treated C3H10T1/2 cells
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and treatment
	2.2 Oil Red O staining
	2.3 RNA preparation and quantitative RT-PCR (qPCR)
	2.4 Western blot assay
	2.5 Analysis of mitochondrial mass
	2.6 Plasmid constructs
	2.7 Luciferase reporter assay
	2.8 Chromatin immunoprecipitation
	2.9 Statistical analysis

	3 Results
	3.1 Pro-Hyp reduces the size of adipocytes
	3.2 Pro-Hyp significantly increases mRNA expression of C/EBP, PGC-1α, and UCP-1 in C3H10T1/2 precursor adipocytes
	3.3 Pro-Hyp increases mitochondrial MitoTracker intensity in C3H10T1/2 precursor adipocytes
	3.4 Pro-Hyp increases mitochondrial MitoTracker intensity in C3H10T1/2 precursor adipocytes
	3.5 Identification of Pro-Hyp responsive elements in the upstream region of the PGC-1α gene
	3.6 Pro-Hyp promotes Foxg1 binding to a Pro-Hyp responsive element upstream of the PGC-1α gene in adipocytes

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

