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Abstract: Aging is a degenerative process involving cell function deterioration, leading to altered
metabolic pathways, increased metabolite diversity, and dysregulated metabolism. Previously, we
reported that human placenta-derived mesenchymal stem cells (hPD-MSCs) have therapeutic ef-
fects on ovarian aging. This study aimed to identify hPD-MSC therapy-induced responses at the
metabolite and protein levels and serum biomarker(s) of aging and/or rejuvenation. We observed
weight loss after hPD-MSC therapy. Importantly, insulin-like growth factor-I (IGF-I), known pro-
longs healthy life spans, were markedly elevated in serum. Capillary electrophoresis-time-of-flight
mass spectrometry (CE-TOF/MS) analysis identified 176 metabolites, among which the levels of
3-hydroxybutyric acid, glycocholic acid, and taurine, which are associated with health and longevity,
were enhanced after hPD-MSC stimulation. Furthermore, after hPD-MSC therapy, the levels of
vitamin B6 and its metabolite pyridoxal 5′-phosphate were markedly increased in the serum and
liver, respectively. Interestingly, hPD-MSC therapy promoted serotonin production due to increased
vitamin B6 metabolism rates. Increased liver serotonin levels after multiple-injection therapy altered
the expression of mRNAs and proteins associated with hepatocyte proliferation and mitochondrial
biogenesis. Changes in metabolites in circulation after hPD-MSC therapy can be used to identify
biomarker(s) of aging and/or rejuvenation. In addition, serotonin is a valuable therapeutic target for
reversing aging-associated liver degeneration.

Keywords: aging; antiaging; stem cell therapy; metabolism; predictor of rejuvenation; serotonin;
hepatocyte proliferation

1. Introduction

Aging is an elaborate and inevitable process of natural change that affects everyone.
To date, there are many theories about aging, and no one theory can fully explain the
aging process [1]. However, these theories are important keys for understanding why and
how aging occurs. Theories about human aging are generally classified as developmental,
psychosocial and biological theories. The developmental theories of aging assert that life is
divided into eight stages, with the final stage including people aged 65 and older [2]. Each
stage has a developmental crisis or task. According to this theory, progressively achieving
competence, skills and greater maturity at each stage can improve quality of life [3]. The
psychosocial theories of aging attempt to explain behavior, roles, culture, individual mental
health, and relationships associated with increasing age [4]. This theory serves as a frame-
work to explain the increased complexity that is observed with human aging [5]. Biological
theories about aging are divided into two major categories: programmed theories and
damage or error theories [6]. The programmed theories argue that aging is genetically
programmed to occur with biological timelines according to age [6]. The damage or error
theories suggest that aging is caused by gradual environmental deterioration and damage
to the body’s cells, tissues, and organs [6].
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Many theories have been proposed to explain the aging process, there is no consensus
on this topic. As life expectancy has dramatically increased, aging and age-related diseases
have a large negative impact on human society. Recently, research into longevity and
healthy aging has therefore rapidly progressed [7].

Metabolites play a crucial role in aging processes [8]. Hence, metabolomics may offer
therapeutic targets and biomarkers for disease and aging [9,10]. Metabolome analysis,
which involves measuring the abundance of metabolites, is a useful tool for the diagnosis
of disease development and monitoring of aging progression [11]. Blood is a primary
carrier of all molecules in the body that provides a rich source of information about
metabolites [12]. Blood from elderly individuals has altered antioxidants, nutrients, and
compounds required for body activities and organ functions, such as renal function and
liver function [13]. Multiple studies have tried to determine the age-related metabolic
features in the blood, especially plasma and serum [14,15].

According to previous studies, human placenta-derived mesenchymal stem cell (hPD-
MSC) therapy was shown to have therapeutic effects on visual activity in H2O2-injured rat
retinas, hepatic function in a cirrhotic rat model, and regeneration of damaged liver in a
TAA-injured rat model [16–18]. Recently, many studies in mice, rats, rabbits, and humans
have established that transplantation of mesenchymal stem cells (MSCs) from various
sources alleviates female reproductive disorders and improves female fertility via increased
ovarian function [19–24]. In particular, hPD-MSC therapy accelerates ovarian function
by activating antioxidant factors and vascular remodeling in young ovariectomized (ovx)
rats [25,26]. We also reported the positive effects of hPD-MSC therapy on ovarian function
in aged rat ovaries, as indicated by the dramatically increased number of primary follicles
obtained via primordial-to-primary follicle transition, which involves circulating miR-145
and BMP-SMAD signaling [21]. While positive effects of hPD-MSCs have been shown
in various systems, the underlying mechanisms of the antiaging effects of hPD-MSCs in
naturally aged rats have not been extensively studied. After we observed the positive effect
of hPD-MSCs on ovarian function, we decided to evaluate whether MSCs also have effects
on metabolism in the same animals. Therefore, the aims of this study were to clarify the
underlying mechanism of rejuvenation through metabolites after multiple injections of
hPD-MSC therapy in old rat models and to discover serum biomarkers that can monitor
and predict healthy aging and/or rejuvenation.

2. Results
2.1. hPD-MSC Therapy Alters Metabolic Patterns in the Advanced-Age Rat Model

To track the fate of hPD-MSCs in the liver, we used qRT–PCR for human-specific Alu
sequences. Human DNA (AluYb8) sequences were found after multiple injections of hPD-
MSC therapy at 10-day intervals and 4-week intervals by tail vein injection. We detected
the gDNA expression of AluYb8 sequences in the liver 1–2 weeks after multiple-injection
therapy at both 10-day intervals (Figure 1a) and 4-week intervals (Figure 1b). However, the
expression of AluYb8 was not detected in the control group (Figure 1a,b). Previously, we
observed that PKH67-labeled hPD-MSCs were found in the ovaries after multiple-injection
therapy [21].

With advanced aging, females have a tendency to gain weight and exhibit metabolic
dysfunction. In addition, the age and body weight of animals are closely related to changes
in the gene expression of metabolic parameters [27]. Regarding body weight, we found
that weight loss was observed in the 10-day-interval group, starting on the first week
after multiple cell injections (Figure 1c; pink bar vs. violet bar). At the 5th week in the
10-day-interval group, body weight was slightly increased compared with that at the
experimental starting point. However, body weight gain was markedly suppressed in
the 10-day-interval group in comparison with the control group (Figure 1c). In addition,
aged rats after hPD-MSC therapy displayed significantly lower body weights than those
of the control group after 2–5 weeks in the 4-week-interval group (Figure 1d; deep blue
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bar vs. deep green bar). These results indicate that weight loss was detected earlier in the
10-day-interval group but was maintained long term in the 4-week-interval group.
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Figure 1. hPD-MSC therapy ameliorates aging-associated phenotypes through numerous metabolic
pathways in advanced-age rat models. (a,b) Analysis of human cells after multiple injections of
hPD-MSCs into aged rats by using qRT–PCR. Human DNA (AluYb8) expression was detected in
the liver after multiple injections of hPD-MSC therapy at 10-day intervals (a) or 4-week intervals
(b). The results show that hPD-MSCs were located in the liver 1–2 weeks after multiple-injection
therapy. (c,d) Changes in body weight after hPD-MSC therapy. Aged rats after multiple injections
of hPD-MSC therapy at 10-day intervals or 4-week intervals showed body weight reduction and
long-term maintenance. Data are presented as the mean ± SEM. The asterisk represents statistical
significance at p < 0.05. Control, PBS-injected group; hPD-MSCs, multiple-injection hPD-MSC therapy
group. (e,f) Serum levels of IGF-I, a key regulator of aging, after hPD-MSC therapy. (g) PCA of
serum metabolite profiles from CE-TOF/MS analysis of aged female rats after hPD-MSC therapy.
Serum samples were collected at the 2nd week after three injections of PBS or hPD-MSCs. Control,
PBS-injected group; hPD-MSCs, multiple-injection hPD-MSC therapy group. (h) Heatmap of the
hierarchical cluster analysis of the metabolome analysis after multiple-injection hPD-MSC therapy.
The columns indicate the experimental groups of control and multiple-injection therapy at a 10-day
interval. The rows show the normalized levels of each metabolite. The dendrogram for each heatmap
shows the relatedness of the normalized metabolite level patterns.

The IGF-I signaling pathway is a key regulator of aging and is essential for maintaining
health span and lifespan [28]. During the aging process, the serum IGF-I concentration
declines progressively in humans and mice [28,29]. Thus, we investigated the effect of hPD-
MSCs on serum IGF-I levels. Intriguingly, serum IGF-I levels were significantly increased
after hPD-MSC therapy at 10-day intervals (Figure 1e) or 4-week intervals (Figure 1f).
Previously, we noted that decreased ovarian reserve and ovarian dysfunction caused by
aging were markedly improved 2 weeks after multiple-injection therapy at 10-day intervals
compared with ovarian reserve and dysfunction in the control group [21]. Taken together,
these changes in the ovary, body weight, and serum IGF-I levels indicate that hPD-MSC
multiple-injection therapy has a therapeutic effect on the rejuvenation of aging.

On the basis of the concept that a major contributing factor to weight loss is metabolism,
we compared the metabolite profiles of serum samples from two aged rats after 2 weeks with
or without hPD-MSC stimulation at 10-day intervals. Principal component analysis (PCA)
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showed obvious dissimilarities between the hPD-MSC therapy group and the control group
(Figure 1g; red oval vs. blue oval). Based on the serum samples, 176 peaks were selected
to characterize the global metabolic profiles of different groups (Figure 1h). According
to the primary metabolic pathway, the major classes identified were lipids and amino
acids, carbohydrates, energy, the urea cycle, cofactors and vitamins, nucleotides, and
peptides. Supplementary Table S1 lists all the metabolites whose levels were upregulated
or downregulated in the serum after multiple injections of hPD-MSC therapy. These results
strongly indicate that hPD-MSC therapy alters the metabolic signature in aged animals.

2.2. hPD-MSC Therapy Drives Antiaging-Associated Metabolic Changes

Metabolic regulation dramatically affects the aging process. After we noted that hPD-
MSC therapy causes metabolic changes in serum (Figure 1h), we validated the metabolites
that play a key role in aging mechanisms, antiaging mechanisms, and lifespan by ELISA. It
has been reported that metabolites such as 3-hydroxybutyric acid (3-HBA), glycocholic acid
(GCA), and taurine play roles in preventing aging processes, which will increase healthy
lifespan [30–32]. Based on the metabolite profile by CE-TOF/MS analysis, 3-HBA and GCA
were markedly increased in serum after multiple injections of hPD-MSC therapy (Figure 2a,
red boxes), whereas taurine was slightly reduced after hPD-MSC therapy (Figure 2a, black
boxes). Based on the ELISA results, however, we observed that multiple-injection hPD-
MSC therapy showed increased taurine as well as 3-HBA and GCA, anti-aging-related
metabolites. The 3-HBA levels increased in the 10-day-interval group and 4-week-interval
group compared with the control group (Figure 2b,e). We observed that GCA levels were
not significantly changed in the 10-day-interval group (Figure 2c); however, GCA levels
were significantly increased in the first week in the 4-week-interval group (Figure 2f). Unlike
the metabolomic analysis data, which decreased after therapy, taurine was significantly
increased at the first and second weeks after multiple-injection hPD-MSC therapy in both
the 10-day- and 4-week-interval groups compared with the control group (Figure 2d,g).
Thus, our data show that hPD-MSC therapy resulted in increased serum levels of 3-HBA,
GCA, and taurine, which are associated with anti-aging and rejuvenation properties, and
suggest that they have essential roles in delaying the aging process and prolonging the
healthy lifespan.

2.3. hPD-MSC Therapy Enhances the Production of Serotonin during Aging via Vitamin B6
Metabolism

Vitamin B6 consists of pyridoxine, pyridoxal, and pyridoxamine, which are cofactors
in the tryptophan-serotonin pathway. All forms of vitamin B6 have been detected in serum.
In the liver, pyridoxal is converted by pyridoxal kinase into pyridoxal 5′-phosphate (PLP).
Importantly, PLP, known as the bioactive form of vitamin B6, is also essential for the syn-
thesis of serotonin [33]. After multiple-injection hPD-MSC therapy at 10-day intervals, we
found that the levels of pyridoxal and serotonin were dramatically increased in serum by
CE-TOF/MS analysis (Figure 3a and Supplementary Table S1). Thus, we examined the
concentrations of vitamin B6 and PLP after hPD-MSC therapy, and the levels of vitamin B6
in serum and PLP in the liver were markedly increased in the multiple-injection therapy
groups in both the 10-day-interval and 4-week-interval groups (Figure 3b,c). To determine
whether the activation of vitamin B6 metabolism caused by hPD-MSC therapy affected the
production of serotonin, the serotonin levels were also measured. As shown in Figure 3d,
the serum levels of serotonin in aged rats were relatively high after multiple-injection ther-
apy in both the 10-day-interval and 4-week-interval groups. In parallel, we observed that
multiple injections of hPD-MSC therapy improved serotonin levels in the liver (Figure 3e).
Interestingly, the levels of vitamin B6, PLP, and serotonin increased faster in the serum
and liver in the 10-day interval group than in the 4-week interval group (Figure 3b,e).
We also investigated the effect of hPD-MSC therapy on the expression of genes related to
serotonin synthesis in the liver. The expression of tryptophan hydroxylase 1 (Thp1) and dopa
decarboxylase (Ddc) was upregulated in the hPD-MSC therapy groups compared with the
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control group (Figure 3f). These findings strongly suggest that hPD-MSC therapy promotes
serotonin production through liver-derived vitamin B6 metabolism and synthesis.
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Figure 2. Multiple-injection hPD-MSC therapy is characterized by metabolic changes related to
antiaging and extending lifespan. (a) The levels of intermediates of lipid and amino acid metabolism
are plotted on pathway maps, and the relative quantities of the detected metabolites are shown
as bar graphs. Blue bar, control group; red bar, multiple-injection hPD-MSC therapy group. (b–g)
hPD-MSC therapy improves the serum levels of three antiaging metabolites. The levels of 3-HBA
(b,e), glycocholic acid (c,f), and taurine (d,g) as determined by ELISA at various time points after
multiple injections of hPD-MSC therapy at 10-day (b–d) or 4-week (e–g) intervals. Data are presented
as the mean ± SEM. The asterisk represents statistical significance at p < 0.05. Control, PBS-injected
group; hPD-MSCs, multiple-injection hPD-MSC therapy group.
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Figure 3. Multiple-injection hPD-MSC therapy induces vitamin B6 metabolism and serotonin synthesis
with aging. (a) Schematic diagram representing the regulatory pathway between vitamin B6 and
serotonin metabolism by CE-TOF/MS analysis. The relative quantities of pyridoxal and serotonin in
serum by metabolome analysis are shown as bar graphs. Blue bar, control group; red bar, multiple-
injection therapy group. (b–e) The concentrations of standard metabolites involved in vitamin B6
metabolism and serotonin. Levels of pyridoxal (b), PLP (c), and serotonin in serum (d) and levels of
serotonin in the liver (e) as determined by ELISA at various time points after multiple injections of
hPD-MSC therapy. Pyridoxal, PLP, and serotonin showed higher abundance after multiple-injection
hPD-MSC therapy at 10-day intervals or 4-week intervals. Data are presented as the mean ± SEM. The
asterisk represents statistical significance at p < 0.05. Control, PBS-injected group; hPD-MSCs, multiple-
injection hPD-MSC therapy group. (f) Changes in the expression of genes related to the production of
serotonin were evaluated by qRT–PCR in the liver after multiple injections of hPD-MSC therapy.
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2.4. hPD-MSC Therapy-Derived Serotonin Reverses the Failure of Hepatocyte Proliferation Caused
by Aging

Recent studies on rodents revealed that recovery of impaired liver during aging is
controlled by intracellular and extracellular factors [34–36]. In the present study, the serum
levels of serotonin were enhanced via PLP induced by hPD-MSC therapy. As an increased
circulating serotonin concentration is positively associated with liver regeneration [37],
our observations suggest that hPD-MSC therapy may be crucial for normal hepatocyte
proliferation during the aging process. We then tested whether hPD-MSC therapy-induced
serotonin in aged rats correlated with an improvement in hepatocyte proliferation. We
assessed the well-established classical biomarkers of cell proliferation (Ki-67 and PCNA) in
the liver with or without hPD-MSC therapy. Two weeks after multiple-injection therapy
at 10-day intervals, quantification of both markers revealed a dramatic increase in hepatic
cell proliferation in aged rats (Figure 4a), indicating that stem cell-derived signaling me-
diates hepatocyte proliferation with aging. To observe the effect of hPD-MSC therapy on
proliferation, we examined the expression of hepatic proteins, such as PCNA, CYCLIN D1,
cyclin-dependent kinase 2 (CDK2), and p-CDK2. We found that in both the 10-day-interval
(Figure 4b,c) and 4-week-interval groups (Figure 4b,d), the levels of PCNA protein were sig-
nificantly increased, which was similar to the results obtained with IHC analysis (Figure 4a).
As expected, the expression of the hepatic proteins CYCLIN D1, p-CDK2, and CDK2 was
significantly enhanced in the 10-day-interval and 4-week-interval groups compared to the
control group (Figure 4b–d).

We next examined whether hPD-MSC therapy is related to changes in the expression
of the serotonin receptor (5-hydroxytryptamine receptor 2a; Htr2a) and liver regeneration
mediators (hepatocyte growth factor and vascular endothelial growth factor a; Hgf and
Vegfa). As a result, hPD-MSC therapy restored the upregulation of Htr2a in the liver
with aging (Figure 4e,f), indicating that serotonin receptor upregulation is related to the
proliferation process. We also found that elevation of Hgf and Vegfa was observed after
multiple-injection hPD-MSC therapy at 10-day intervals (Figure 4e). In contrast, multiple-
injection therapy at 4-week intervals had no effect on the expression of Hgf and Vegfa in
aged rats at any time point tested (Figure 4f). These data suggest that hPD-MSC therapy
alleviates the aging-associated decline in the capacity of hepatocytes to proliferate.

2.5. hPD-MSC Therapy Induces Mitochondrial Biogenesis in the Liver with Aging

Mitochondrial biogenesis occurs during the process of liver regeneration in coordina-
tion with cellular proliferation and DNA replication [38]. Suppression of liver regeneration
inhibits peroxisome proliferator-activated receptor-γ coactivator 1α (PGC1α) and mitochon-
drial transcription factor A (mtTFA), which are key factors in the dynamics of mitochondrial
biogenesis, resulting in impaired mitochondrial biogenesis [39]. In this study, we observed
that hPD-MSC therapy augmented the proliferation of hepatic cells during aging (Figure 4).
Therefore, to determine whether hPD-MSC therapy affects mitochondrial biogenesis during
hepatocyte proliferation, we used four classical markers of mitochondrial dynamics: sirtuin
1 (SIRT1), PGC1α, nuclear respiration factor 1 (NRF1), and mtTFA. SIRT1 deacetylates
PGC1α, and PGC1α activates NRF1, resulting in the induction of mtTFA and stimulation
of mitochondrial biogenesis. Western blotting showed that SIRT1 levels were increased in
the liver after hPD-MSC therapy (Figure 5a,b). After multiple-injection therapy, the pro-
tein levels of PGC1α were increased, indicating enhanced PGC1α activation (Figure 5a,b).
Moreover, the expression levels of NRF1 and mtTFA, which are involved in regulating mi-
tochondrial dynamics, were all increased in the liver with aging (Figure 5a,b). In summary,
hPD-MSC therapy stimulates mitochondrial biogenesis caused by activation of the SIRT1-
PGC1α-NRF1-mtTFA signaling pathway, resulting in increased hepatocyte proliferation in
aged rats.



Int. J. Mol. Sci. 2022, 23, 566 8 of 18
Int. J. Mol. Sci. 2022, 23, x 9 of 20 
 

 

 

Figure 4. Enhanced hepatocyte proliferation by multiple-injection hPD-MSC therapy can delay liver aging. (a) Prolifera-

tion of hepatic cells assessed by quantification of immunostaining for the proliferation markers Ki-67 and PCNA in liver 

specimens after stem cell therapy in advanced-age rat models. Cells were counted in six different sections, and the data 

are expressed as the number of Ki-67- or PCNA-positive cells ± SEM. The asterisk represents statistical significance at p < 

0.05. The scale bar indicates 25 μm. (b) The levels of the hepatic proteins PCNA, CYCLIN D1, p-CDK2, and CDK2 were 

evaluated using Western blot analysis at 10-day intervals or 4-week intervals. ACTB was used as a loading control. C, 

control group; T, multiple-injection hPD-MSC therapy group. (c,d) Bar graph represents the band intensity of each marker 

normalized to the intensity of the respective ACTB band at 10-day intervals (c) or 4-week intervals (d). Data are presented 

as the mean ± SEM. The asterisk represents statistical significance at p < 0.05. Control, PBS-injected group; hPD-MSCs, 
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Figure 4. Enhanced hepatocyte proliferation by multiple-injection hPD-MSC therapy can delay liver
aging. (a) Proliferation of hepatic cells assessed by quantification of immunostaining for the proliferation
markers Ki-67 and PCNA in liver specimens after stem cell therapy in advanced-age rat models. Cells
were counted in six different sections, and the data are expressed as the number of Ki-67- or PCNA-
positive cells ± SEM. The asterisk represents statistical significance at p < 0.05. The scale bar indicates
25 µm. (b) The levels of the hepatic proteins PCNA, CYCLIN D1, p-CDK2, and CDK2 were evaluated
using Western blot analysis at 10-day intervals or 4-week intervals. ACTB was used as a loading control.
C, control group; T, multiple-injection hPD-MSC therapy group. (c,d) Bar graph represents the band
intensity of each marker normalized to the intensity of the respective ACTB band at 10-day intervals
(c) or 4-week intervals (d). Data are presented as the mean ± SEM. The asterisk represents statistical
significance at p < 0.05. Control, PBS-injected group; hPD-MSCs, multiple-injection hPD-MSC therapy
group. (e,f) Changes in the expression of genes related to hepatocyte proliferation in the liver were
evaluated by qRT–PCR after multiple injections of hPD-MSC therapy at 10-day intervals (e) or 4-week
intervals (f).
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Figure 5. Multiple injections of hPD-MSC therapy enhanced mitochondrial biogenesis in the liver.
(a) Protein expression of the mitochondrial biogenesis markers SIRT1, PGC1α, NRF1, and mtTFA at
10-day intervals or 4-week intervals was investigated using Western blot analysis. ACTB was used
as a loading control. C, control group; T, multiple-injection hPD-MSC therapy group. (b) Bar graph
represents the band intensity of each marker normalized to the intensity of the respective ACTB band.
Data are presented as the mean ± SEM. The asterisk represents statistical significance at p < 0.05.
Control, PBS-injected group; hPD-MSCs, multiple-injection hPD-MSC therapy group.
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3. Discussion

In this study, the effects of multiple injections of hPD-MSC therapy on aging-associated
physiological changes were explored. Our results showed that multiple injections of hPD-
MSC therapy dramatically decreased the body weight of aged rats through metabolic
regulation. Importantly, we provide novel and specific information on the changes in
metabolite levels after hPD-MSC therapy, such as increased IGF-I, 3-HBA, GCA, taurine,
PLP, and serotonin. These metabolites are inversely associated with chronological aging.
We found hPD-MSCs in old rat liver after multiple-injection therapy at 10-day intervals
or 4-week intervals, as we expected, as well as increased hepatocyte proliferation after
hPD-MSC therapy. Multiple-injection therapy changed the expression of mRNAs and
proteins associated with liver regeneration and mitochondrial biogenesis via increased
serotonin caused by activation of vitamin B6 metabolism in the body. Taken together, these
results indicate that hPD-MSC therapy has critical effects on preventing the aging process
and prolonging healthy lifespan through the control of metabolic dynamics (Figure 6).
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Figure 6. Schematic diagram of the experimental strategy used in the present study to investigate
hPD-MSC therapy-induced rejuvenation in aged female rats. After hPD-MSC therapy, aged rats
exhibited body weight reduction through metabolic regulation. Changes in factors in the blood
related to metabolic alterations after hPD-MSC therapy should be considered candidate biomarker(s)
of aging and/or rejuvenation. Furthermore, hPD-MSC therapy promoted serotonin production
due to the activation of vitamin B6 metabolism. After hPD-MSC therapy, enhanced liver serotonin
production may be essential for hepatocyte proliferation in relation to mitochondrial biogenesis.
Clinical application of hPD-MSC therapy in elderly individuals in the future would be a solution for
improving quality of life by slowing the aging process.

It is well known that the most important issue in xenotransplantation for cell therapy
is immune compatibility. However, unlike cells from other lineages, the unique character-
istics of MSCs, including the low immunogenicity of cells derived from most sources for
transplantation (autogeneic, allo-, and third-party MSCs), have already been demonstrated
by other scientists [40–43]. Moreover, some investigators argue that MSCs have immune
evasion abilities but are not immune privileged [44]. Although both issues are still under
debate and mechanisms underlying immune rejection are still being investigated, we con-
cluded that the present study was conducted in a setting that may prevent direct immune
rejection based on HLA alleles without additionally requiring the use of immunosuppres-
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sive drugs. According to previous studies, MSCs do not express HLA-II, which is known
to be a potent alloantigen, suggesting no relevance to the stimulation of CD4 T cells [45,46].
Although the expression of HLA-I by MSCs may allow their interaction with CD8 T cells,
their hypoimmunogenic phenotype was fully validated by the observation of their direct
modulation of T cell induction or secretion of immunosuppressive factors [47,48]. We
observed that IL-6 expression in the liver was not significantly different between the control
and therapy groups (Supplementary Figure S1). In addition, the levels of IL-6 in the ovary
markedly decreased at 1 week after hPD-MSC therapy in the 10-day-interval group and
at 5 weeks after hPD-MSC therapy in the 4-week-interval group (Supplementary Figure
S1). In conjunction with previous findings, allogeneic hPD-MSC therapy did not trigger
the immune response in aged rats in this study.

Previously, we found that hPD-MSCs have therapeutic effects on ovarian aging [21].
Accordingly, we thought that hPD-MSC therapy may have positive antiaging effects,
and we confirmed that body weight loss after multiple injections of hPD-MSC therapy
was tightly linked with metabolic alterations. It has been reported that moderate and
progressive weight loss improves metabolic function in the body [49]. In mammals, growth
hormone regulates IGF-I levels in serum and tissues. Previous work has established that
centenarians (100 years of age) and semi-supercentenarians (≥105 years of age) have a good
metabolic profile, characterized by preserved glucose tolerance and insulin sensitivity with
low serum IGF-I [50]. In humans, a decline in IGF-I levels has been shown to be associated
with a significantly higher incidence of diabetes, osteoporosis, dementia, and Alzheimer’s
disease [51–53]. In rodents, reductions in serum IGF-I levels during aging impair a healthy
lifespan [28]. On the other hand, IGF-I can modulate lifespan in diverse species, including
yeast, worms, fruit flies, rodents, and humans [54]. As expected, we found that in aged
rats, hPD-MSC therapy led to a reduction in body weight with increased serum IGF-I levels
during the aging process. These data provide a hypothetical basis that stem cell therapy
could be a more effective method for natural body weight loss without any stressful diets
or weight loss pills in elderly individuals, obese individuals, and patients with metabolic
syndrome.

Metabolic alterations are fundamental to the aging process [51,55–58]. In fact, as shown
in our results, serum metabolites that increased significantly with hPD-MSC stimulation
included factors related to delayed aging and expanded lifespan. According to published
studies, 3-HBA is an important molecule that exhibits antiaging effects and can increase
longevity by suppressing aging- and oxidative stress-induced changes, such as centro-
some amplification, hyperproliferation, and DNA damage accumulation [30,59]. Moreover,
cholic acid and chenodeoxycholic acid are produced by the liver in humans and can be
conjugated with glycine or taurine to form GCA, taurocholic acid, glycochenodeoxycholic
acid (GCDCA), and taurochenodeoxycholic acid [60]. GCA is one of the bile acids that
helps emulsify fats and absorb fat-soluble vitamins [61]. In the progeria mouse model, a
diet enriched in cholic acid enhanced the healthspan and lifespan through an increase in
glycine-conjugated bile acids, including GCA and GCDCA. Taurine is found at higher con-
centrations in most cells and plays a role in alleviating symptoms of aging [62], and its level
gradually decreases with aging [63]. Three metabolites, namely, 3-HBA, GCA, and taurine,
are able to attenuate hallmarks of senescence. Our results showed that the concentrations
of 3-HBA, GCA, and taurine were significantly increased in the serum after hPD-MSC
treatment, which may contribute to its antiaging role. We suggest these metabolites as
candidate biomarkers in serum for antiaging, healthy lifespan, and rejuvenation. These
specific alterations in the serum metabolites caused by multiple-injection hPD-MSC therapy
oppose the naturally occurring metabolic dynamics during aging and have a protective
anti-aging role.

Vitamin B6, also known as pyridoxine, pyridoxal, and pyridoxamine, is a water-soluble
vitamin that is added to foods and supplements. Pyridoxine is predominant in plants,
whereas pyridoxal and pyridoxamine are mainly present in animal tissues [64]. Absorbed
vitamin B6 is converted to PLP in the liver. PLP acts as a cofactor and antioxidant molecule
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in numerous enzymatic reactions, including the metabolism of proteins, carbohydrates,
and fats; synthesis of histamine; scavenging of reactive oxygen species (ROS); support of
the immune system and brain health; and synthesis and/or catabolism of certain neuro-
transmitters [65,66]. On the other hand, serotonin is a small molecule linked to antiaging
activity that is closely associated with PLP. Intriguingly, PLP-dependent activities regulate
metabolic pathways that convert tryptophan to serotonin in the liver [67]. Tryptophan
hydroxylase (THP1 and THP2) converts tryptophan to 5-hydroxytryptophan, which in turn
is metabolized to serotonin by the PLP-dependent enzyme dopa decarboxylase (DDC) [68].
We showed that serum levels of pyridoxal and serotonin were increased with stem cell
therapy. Vitamin B6 is crucial for the tryptophan-serotonin pathway. After multiple in-
jections of hPD-MSC therapy, the increased PLP in the liver via the vitamin B6 metabolic
pathway leads to upregulation of serotonin through enhanced expression of genes related
to serotonin biosynthesis (Thp1 and Ddc). Therefore, we concluded that hPD-MSCs regulate
the levels of serotonin through a PLP-dependent pathway, thereby efficiently safeguarding
the health span of elderly individuals.

The liver has an excellent capacity to regenerate after injury or resection, but this
unique regenerative ability of the liver is reduced with aging, so it represents a critical
problem in elderly patients with liver diseases [69,70]. In other words, aging involves
reductions in liver volume, blood flow, immune function, and liver regeneration capacity,
which may contribute to an increased risk of liver disease. The liver is mainly composed of
hepatocytes. Under both acute and chronic injury conditions, hepatocyte proliferation plays
a distinctive role in liver homeostasis and regeneration [71]. Recently, it has been noted that
MSCs are important for liver regenerative medicine and have been used in the treatment of
liver cirrhosis [72]. Patients with liver cirrhosis are known to have markedly lower serotonin
levels than healthy individuals [67]. It is also well known that the concentration of serotonin
declines during aging [73–75]. In this study, as a result of the increased serotonin levels
in serum and liver by vitamin B6 metabolism induced by hPD-MSC treatment, increased
hepatocyte proliferation markers such as Ki-67 and PCNA and elevation of hepatic proteins
were observed. Changes in serotonin levels after hPD-MSC therapy may cause age-related
changes in the hepatocyte proliferation rate. In addition, mitochondria are the main energy
source and play a critical role in liver function [76]. In hepatocytes, adequate mitochondrial
function is maintained by mitochondrial biogenesis and/or increased enzyme activity. As
expected, we observed that the proteins related to mitochondrial proliferation, namely,
SIRT1, PCGα1, NRF1, and mtTFA, were substantially enhanced in the aged liver with
hPD-MSC treatment compared with the control group. These results collectively suggest
that hPD-MSC therapy-derived serotonin might impede the predicted age-related decline
in liver proliferation through interaction with mitochondrial biogenesis.

In conclusion, we found that multiple injections of hPD-MSC therapy-induced alter-
ations in serum metabolites, and specifically, the levels of four metabolites (3-HBA, GCA,
taurine, and PLP), a growth factor (IGF-I), and a hormone (serotonin), whose levels are
inversely correlated with aging, were significantly elevated. Because changes in the levels
of these metabolites are involved in the antiaging process, we propose that these metabo-
lites are candidate metabolic markers for predicting aging and rejuvenation. Additionally,
hPD-MSC therapy alleviates the symptoms of age-associated health conditions, including
body weight loss and liver proliferation, by activating mitochondrial biogenesis. Therefore,
we conclude that hPD-MSC therapy would delay the aging process.

4. Materials and Methods
4.1. Reagents

Reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
noted.
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4.2. Culture of hPD-MSCs

hPD-MSCs were kindly provided by Gi Jin Kim (CHA University, Pangyo, Korea).
hPD-MSCs were isolated and characterized as reported previously [77,78]. Briefly, hPS-
MSCs were cultured in α-MEM containing 10% fetal bovine serum (FBS; Corning Inc.,
Corning, NY, USA), 1% penicillin-streptomycin (Life Technologies, Carlsbad, CA, USA),
1 mg/mL heparin, and 100 µg/mL FGF4 (PeproTech, Rocky Hill, NJ, USA) with 5% CO2 at
37 ◦C.

4.3. Multiple Injection of hPD-MSC Therapy

All procedures were approved by the Institutional Animal Care and Use Committee
(IACUC 190163) of the CHA Laboratory Animal Research Center. Sprague–Dawley (SD;
52–54 weeks of age) rats were obtained from Janvier Labs (Le Genest-Saint-Isle, France).
These animals were randomly divided into multiple-injection hPD-MSC therapy groups
and a control group (n = 24 in each group). For multiple-injection hPD-MSC therapy, hPD-
MSCs (5 × 105) were injected three times into rats via the tail vein at 10-day intervals or
4-week intervals. The rats in the control group were only injected with phosphate-buffered
saline (PBS). The rats were sacrificed 1, 2, 3, and 5 weeks following the transplantation of
hPD-MSCs, and organ samples were collected and immediately frozen for further analysis.
Serum was collected by centrifugation and stored at −80 ◦C for metabolome profiling and
metabolite assays.

4.4. RNA Extraction and Quantitative Real-Time RT–PCR (qRT–PCR)

Total RNA was extracted from the liver using TRIzol (Invitrogen, Carlsbad, CA, USA)
reagent and reverse transcribed to generate cDNA using M-MLV Reverse Transcriptase
(Promega, Madison, WI, USA). To measure the expression of target genes in the liver after
hPD-MSC therapy, qRT–PCR analysis was performed using a CFX96 Touch™ Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). The primer sequences are listed in
Supplementary Table S2. iQ SYBR Green Supermix PCR reagents (Bio-Rad, Hercules, CA,
USA) were used to monitor the fluorescence as amplification. The results and melting
curves were assessed using CFX Maestro software (Bio-Rad, Hercules, CA, USA). The
expression of each gene was normalized to the expression of Gapdh. The relative change in
gene expression was calculated using the comparative CT method.

4.5. Genome Extraction

Rat genomic DNA was extracted from the liver after hPD-MSC therapy as previously
reported [79]. After RNA isolation with 500 µL of TRIzol, 250 µL of back extraction buffer
(BEB; 4 M guanidine thiocyanate; 50 mM sodium citrate; 1 M Tris, pH 8.0) was added to
the interphase-organic phase mixtures and then incubated at room temperature for 10 min.
After centrifugation, the upper phase was removed, 100% isopropanol was added, and the
samples were incubated overnight at −80 ◦C. After centrifugation, the supernatant was
removed, and the pellets were washed with 70% ethanol. The pellets were eluted with
Tris-EDTA (10 mM Tris; 0.1 mM EDTA, pH 8.0).

4.6. Human Alu Sequence and qRT–PCR

We synthesized the primers as described previously by Walker et al. [80]. The AluYb8
sequences are listed in Supplementary Table S2. qRT–PCR was performed with AluYb8
primers and 10 ng of genomic DNA from the liver.

4.7. Metabolome Profile of Serum by CE-TOF/MS Analysis

Serum metabolomic analysis was performed employing the Basic Scan package from
Human Metabolome Technologies (HMT) Inc. (Tsuruoka, Japan) and CE-TOF/MS as
previously described [81]. CE-TOF/MS analysis was performed with serum samples from
two aged rats after 2 weeks with or without hPD-MSC therapy at 10-day intervals.
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4.8. Western Blotting

Western blotting was performed using a standard protocol. We used the following
primary and secondary antibodies: PCNA (1:1000; ab92552, Abcam, Cambridge, MA, USA),
CYCLIN D1 (1:1000; #55506, Cell Signaling Technology, Danvers, MA, USA), phospho-
CDK2 (p-CDK2; 1:1000; #2561, Cell Signaling Technology, Danvers, MA, USA), CDK2
(1:1000; #18048, Cell Signaling Technology, Danvers, MA, USA), SIRT1 (1:1000; #9475, Cell
Signaling Technology, Danvers, MA, USA), PGC1α (1:1000; NAP1-04676, Novus Biologicals,
Littleton, CO, USA), NRF1 (1:1000; #46743, Cell Signaling Technology), mtTFA (1:1000;
ab131607, Abcam, Cambridge, MA, USA), ACTIN (1:2000; sc-8432, Santa Cruz Biotech-
nology, Dallas, TX, USA), ACTB (1:2000; A5316), HRP-conjugated anti-rabbit IgG (1:5000;
#65-6120, Invitrogen, Carlsbad, CA, USA) and anti-IgG (1:5000; #62-6520, Invitrogen, Carls-
bad, CA, USA). Bands were detected using a ChemiDoc XRD+ system (Bio-Rad, Hercules,
CA, USA), and relative intensity was assessed using Image Lab software (Bio-Rad, Hercules,
CA, USA).

4.9. Serum and Liver Metabolite Levels

Eight different enzyme-linked immunosorbent assay (ELISA) kits were used in the
study. For ELISA analysis, one sample of 0.5 mL of serum was obtained from each rat. Liver
lysate was prepared by homogenization in ice-cold 0.05 N HCl with a cocktail of protease
inhibitors (Thermo Fisher Scientific, Waltham, MA, USA) or PLP assay buffer. The amount
of protein in the samples was normalized after quantifying the total protein using the
Bio-Rad protein assay dye reagent concentrate. The levels of metabolites in serum or liver
at the indicated time points (1, 2, 3, and 5 weeks after multiple-injection hPD-MSC therapy
at 10-day intervals or 4-week intervals) were measured using the rat IGF-I Quantikine
ELISA kit (MG100, R&D Systems, Minneapolis, MN, USA), rat beta-hydroxybutyric acid
ELISA kit (3-HBA; MBS721642, MyBioSource, San Diego, CA, USA), rat glycocholic acid
ELISA kit (GCA; MBS7222062, MyBioSource, San Diego, CA, USA), rat taurine ELISA kit
(MBS744370, MyBioSource, San Diego, CA, USA), general 5-hydroxytryptamine (5-HT)
ELISA kit (MBS2700308, MyBioSource, San Diego, CA, USA), serotonin ELISA kit (ab133053,
Abcam, Cambridge, MA, USA), rat vitamin B6 ELISA kit (MBS9711616, MyBioSource, San
Diego, CA, USA), and PLP assay kit (ab273312, Abcam, Cambridge, MA, USA). Assays
were performed according to the manufacturer’s instructions.

4.10. Immunohistochemistry (IHC)

Livers from aged rats after multiple injections of hPD-MSC therapy were fixed in
10% neutral buffered formalin. After dehydration, fixed tissue was embedded in paraffin,
sectioned into 8-µm-thick sections, and secured on slides (Pro-beOn Plus, Fisher Scientific,
Pittsburgh, PA, USA). Tissue sections were deparaffinized, incubated with 3% H2O2 in
methanol for 20 min, and treated with primary antibodies specific for PCNA (ab92552,
Abcam, Cambridge, MA, USA) and Ki-67 (ab16667, Abcam, Cambridge, MA, USA) at
a 1:100 dilution overnight at 4 ◦C. Next, sections were rinsed in PBS and treated with
biotinylated secondary antibody (DAKO, Carpenteria, CA, USA) for 20 min at room
temperature. Finally, the streptavidin-biotin-peroxidase complex was treated for 25 min at
room temperature, and peroxidase activity was visualized with AEC+ staining (DAKO,
Carpenteria, CA, USA). Negative control sections were incubated with dilution buffer
alone. Hematoxylin was used for counterstaining.

4.11. Statistical Analysis

Unless indicated otherwise, all procedures were repeated at least three independent
times. The results are expressed as the mean ± SEM. Statistical analyses were performed
using Student’s t-test (control 10-day-interval group vs. multiple-injection 10-day-interval
therapy group; control 4-week-interval group vs. multiple-injection 4-week-interval therapy
group), and p < 0.05 was considered statistically significant.
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IGF-I Insulin-like growth factor-I
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PCA Principal component analysis
3-HBA 3-Hydroxybutyric acid
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PLP Pyridoxal 5′-phosphate
THP1 Tryptophan hydroxylase 1
DDC Dopa decarboxylase
CDK2 Cyclin-dependent kinase 2
HTR2A 5-Hydroxytryptamine receptor 2a
HGF Hepatocyte growth factor
VEGFA Vascular endothelial growth factor a
PGC1α Peroxisome proliferator-activated receptor-γ coactivator 1α
mtTFA Mitochondrial transcription factor A
SIRT1 Sirtuin 1
NRF1 Nuclear respiration factor 1
GCDCA Glycochenodeoxycholic acid
ELISA Enzyme-linked immunosorbent assay
5-HT 5-Hydroxytryptamine
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