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Abstract

AIM: To study the metabolic profile of human umbili-
cal mesenchymal stem cells (HUMSC) and adipogenic
differentiation by nuclear magnetic resonance (NMR)
spectroscopy.

METHODS: HUMSC isolated from human umbilical
cord stroma were induced to adipocytes over 2 wk by
adding dexamethasone, 3-isobutyl-1-methylxanthine,
indomethacin, and insulin to the culture medium. Adipo-
genic differentiation was confirmed by Red O staining
and transcription-polymerase chain reaction. Perchloric
acid extracts of the HUMSCs and adipocytes (about 7 x
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10°) were characterized for metabolites by using /7 vitro
high resolution 9.4T NMR spectroscopy.

RESULTS: Several major metabolites, such as: cho-
line, creatine, glutamate and myo-inositol, acetate, and
some fatty acids/triglycerides, were observed in the
MR spectroscopic pattern of HUMSCs and their adipo-
genic differentiation. HUMSCs are characterized by an
unusually low number of NMR-detectable metabolites,
high choline, acetate, glutamate and creatine content.
However, the metabolic profiles of adipogenic differen-
tiation demonstrated considerably higher methionine
and fatty acids, and non-detectable creatine.

CONCLUSION: The biomarkers of HUMSCS and adipo-
cytes were obtained and assigned. NMR spectroscopy
will be a promising tool for monitoring stem cell differ-
entiation.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Cellular-based therapies using mesenchymal stem cells
(MSCs) are being evaluated as promising treatment op-
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tions for many diseases and injuries. MSCs are of great in-
terest in regenerative medicine, because of their properties
of pluripotency“’z], and low immunologic rejection. They
are capable of reconstructing a tissue and a coordinat-
ing function. Human umbilical MSCs (HUMSC) isolated
from human umbilical cord Wharton’s Jelly called fetal
appendage, were considered to be a new stem cell line for
cellular-based therapym. Increasingly, nowadays, researches
are focusing on the HUMSC. Extensive gene expression
and immunocytochemistry studies were recently per-
formed on HUMSC, but despite the demanding effort
and expense involved, they yielded surprisingly incoherent
results'”. However, so far, the information about metabo-
lites of HUMSC is limited, and there are unexplored areas
in this field. HUMSC should be studied further to obtain
more information before considering clinical applications.

Nuclear magnetic resonance (NMR) spectroscopy can
act as a powerful window into the metabolic machinery of
cells®™. Because of its noninvasive nature and high chemi-
cal specificity, it is well suited for studying and quantifying
cellular metabolism in tissue and organ, reflecting levels
of endogenous metabolites involved in key cellular path-
ways. Recently, NMR spectroscopy 7 vitro has been shown
to readily identify many cell types under culture conditions
on the basis of their metabolic properties; such as neural
stem cells and embryonic stem cells”| neural progenitor
cells™”, bone MSCs (BMSCs)”, and cell apoptosism]. The
changes in the intracellular metabolites associated with
the pathological change, can be detected by NMR or MR
spectroscopy, # vitro and in vivo, respectively. MRS studies
in vitro provide a more comprehensive metabolic profile
of the low molecular weight components. In the pres-
ent study, we attempt to identify the metabolic profile of
HUMSC, and characterize the changes to intracellular
metabolites of HUMSC undergoing adipogenic differen-
tiation, using 9.4T high-resolution 1H NMR spectroscopy.
The results show that the MR spectroscopic pattern of
HUMSC was identified, and the change in metabolites
was obvious after adipogenic differentiation. Further-
more, it will provide a theoretical basis for future HUMSC
monitoring after transplantation by using zz vive MR spec-
troscopy.

MATERIALS AND METHODS

HUMSCs and adipogenic differentiation

The HUMSCs were obtained from human umbilical
cord stroma, received as a gift from Stem Cell Labora-
tory (Multidisciplinary Research Center of Shantou Uni-
versity, China). HUMSCs were cultivated as described.
80%-85% subconfluent HUMSCs from passage 4 in
culture underwent a differentiation process described
earlier by Karahuseyinoglu e¢# al"". Briefly, the HUMSCs
were induced for adipogenic differentiation by an ad-
ministration of 1 pmol/L dexamethasone, 500 pmol/L
3-isobutyl-1-methylxanthine, 60 umol/L indomethacin,
and 5 ug/ mL insulin in DMEM-low glucose (low glu-
cose, 1 g/1) supplemented with 10% fetal bovine serum.
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Induced cells were maintained at 37 ‘C in 5% CO2/95%
air incubator under sterile conditions, and the culture me-
dium was changed every 3-4 d.

Adipogenic differentiation identification with Red-O
staining and reverse reverse transcriptase-polymerase
chain reaction

When the cells were induced for adipogenic differentia-
tion for 2 wk, the culture medium was changed 12 h
before Oil Red-O staining. After removing the medium,
the cells were washed with PBS 3 times, after that ten
percent buffered formalin-fixed cells (15 min at room
temperature) wete stained by 1% (wt/vol) oil red O in
60% isopropanol for 15 min. After washing cells with
distilled H20 3 times, the cells were observed under a mi-
croscope. In order to confirm that the lipid body formed
is mainly due to adipogenic induction, the mRNA expres-
sion test was required. Total cellular RNA was isolated
using the RNeasy mini kit (Qiagen, GmbH, and Hilden,
Germany) according to the manufacturer’s instructions.
Several main primers such as: peroxisome proliferator-
activated receptor (PPAR)-y, acyl-CoA synthetase (ACS),
and the enzyme lipoprotein lipase (LPL), e, were used
for reverse reverse transcriptase-polymerase chain reac-
tion (RT-PCR); the expression level of GAPDH was
used as the house keeping gene control. We described the
examination, in detail, in a previous publicationmj.

Cells extracts and 1H-NMR spectroscopy data
acquisition

When the HUMSCs grew to sufficient numbers for the
expetiment (about 7 X 10°) and cell differentiation induced
for 2 wk, the cells were harvested quickly with a vulca-
nite scraper and washed three times with PBS to remove
potential medium residue. The cells were collected for
future study by centrifugation (1200 r/min at 4 'C) for 8
min. Metabolite extraction was petformed on ice in 2 mL
petchlotic acid PCA (0.5 mmol/L) for these cell pellets.
Briefly, the samples were sonicated (BILON99-11DL
Instruments, China) for 6 min and then the sample pH
values were neutralized with ice-cold KOH (1 mmol/L)
and PCA (0.5 mmol/L). Then the mixture was centri-
fuged BECKMAN USA) for 25 min (15000 r/min at
4 °C). The resulting supernatant was lyophilized into
powdet, and then stored at -80 ‘C for 1H NMR analy-
sis. Weighed 10 mg lyophilized extracts were transferred
to 5 mm NMR tubes and redissolved in 500 pul. D20
containing 0.5 mmol/L 2, 2-3, 3-tetradeutero-trimethyl-
sylilpropionate (TMSP), which was used as an external
standard [0.00 part per million (ppm)] for sample quanti-
fication and assignment of the metabolites. The samples
were analyzed on an 7 vitro 9.4 T high resolution magnet-
ic resonance spectrometer (Bruker Avance 400 MHz) at
27 ‘C. NMR spectra were obtained using presaturation of
the residual water protons in the solvent with the Bruker
ZGPR pulse program. The spectral parameters were:
sweep width = 5 kHz, data size = 4096 points, TR = 20 s
and the number of scans = 128. The chemical shift was
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Figure 1 Human umbilical mesenchymal stem cells, adipogenic differentiation and red-o staining. A is the human mesenchymal stem cells at passage 4, the
cells assumed a more spindle-shaped, fibroblastic morphology; B-D demonstrate the human umbilical mesenchymal stem cells (HUMSCs) after 2 wk adipogenic
differentiation without and with the Red-O staining, respectively. The differentiated cells’ shape had transformed into an ovoid/round morphology and there were abun-
dant lipid droplets presented in the cell periphery; E is the HUMSCs with Red-O staining without differentiation, no lipid body is visible.

assigned according to the internal standard (TMSP), and
was analyzed by MestRe-c 4.3.

Quantification of the interesting metabolites

We compared the integration of TMSP signal with intra-
cellular metabolites after baseline and phase correction
for quantification. The concentration of the metabolite
was calculated according to this equation”. Metabolite
= [Square (metabolite)]/[square (TMSP)] X [Number of
protons of metabolite/9] X TMSP. Square (metabolite)
and square (TMSP) stand for the area of metabolite peak
of interest and TMSP signals; (TMSP) and (metabolite)
represent the concentration of TMSP and metabolites,
respectively; 9 is the number of protons giving rise to the
TMSP resonance. Statistical comparisons of the metabo-
lite level in HUMSC and differentiated cells were made
using the SPSS13.0 software. Absolute concentrations
were given as mean = SD and statistically analyzed using
the Student’s #test for the comparison of two groups,
with P < 0.05 considered to be significant.

RESULTS

The HUMSC:s isolated from human umbilical cord stro-
ma were serial sub-cultivation and adipogenic differentia-
tion induced. Figure 1A shows HUMSCs as a monolayer
of large, fat cells (about 30 um in diameter) in culture
medium. As the HUMSCs approached confluence, they
assumed a more spindle-shaped, fibroblastic morphology.
The onset of phenotypic changes was noticed as ecarly as
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the first days of induction. Figure 1B shows that after
14 d adipogenic treatment the cell shape had transformed
into an ovoid/round morphology, together with increased
number and size of mobile lipid droplets which coalesced,
and showed a tendency to accumulate in the cell periph-
ery. Figure 1C and D are the results for Oil Red-O stain
of the HUMSC:s after and before undergoing adipogenic
induction. After 14 d under adipogenic conditions, the
lipid droplets in the cytoplasm were clearly visualized, with
Oil Red-O stain. However, no lipid body was observed
in the cytoplasm of the HUMSCs before differentiation.
Figure 2 demonstrates that the PPAR-y, ACS, FABP4,
LPL gene expression increased with adipogenic differen-
tiation induced for 0, 7 and 14 d. At 14 d, all the above
genes were expressed to different degrees. Figure 3A and
B represent a typical 1H NMR spectrum of HUMSCs
before and after adipogenic treatment, respectively. There
are two obviously distinct spectra in 0.00-3.50 ppm region
of the spectrum. Several resonance signals seem particu-
larly outstanding within 0.00-3.50 ppm chemical shifts;
for instance, choline compound (3.21-3.24 ppm) consists
of choline, phosphocholine and glyocerphosphocho-
line, creatine (3.05 ppm), acetate (1.91 ppm), methionine
(2.19 ppm), succinate (2.41 ppm), lactate (1.31 ppm) and
fatty acid (1.28 ppm), and so on. These visible metabo-
lites in the two spectra and their corresponding chemical
shifts, also including the respective groups contributing
to these signals, are all shown in Table 1. It is noticeable
that in the spectra of HUMSCs with and without dif-
ferentiation, the amplitudes of metabolic resonances are
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Table 1 Intracellular metabolites and their chemical
shifts, before and after differentiation of human umbilical

mesenchymal stem cells (Sitter ez 2/*%, 2002 and Govindaraju
et al”"!, 2000)

Metabolites 1H or spin Chemical
shift (ppm)
Valine (Val) yCH3 0.98 1.02
Fatty acids -CH2-(CH2)n-CH2- 1.28
Lactate (Lac) CH3 1.32
Fatty acids (-CH2-CH3) 1.35
Fatty acids (-CO-CH2-CH2-) 1.54
Acetate (Ace) CH3 1.92
Glutamate (Glu) BCH2 yCH2 2.05 2.34
Methionine (Meth) BCH2 2.19
Succinate (Suc) (o, BCH2) 241
Fatty acids -CH=CH-Ch2-CH=CH- 2.75
Creatine (Cr) CH3 3.05
Choline (Cho) N-(CH3)3 3.21
Phosphocholine (PC) N-(CH3)3 3.22
Glyocerphosphocholine (GPC) N-(CH3)3 3.23
Taurine (Tau) N-CH2 S-CH2 3.27 3.43
Myo-Inosito (Myo) C1H C3H 3.54

distinct. Quantification of metabolite concentrations was
performed; the levels of intracellular metabolites, such as
choline (Cho), creatine (Cr), glutamate (Glu) and acetate
(Ace) all decreased, with an increased level of methionine
(Meth), succinate (Suc) and fatty acids after HUMSCs
differentiation for 2 wk. Intracellular choline, acetate, glu-
tamate and creatine reduced from 6.3 £ 0.68, 0.97 £ 0.23,
0.3 £ 0.05and 0.1 £ 0.02 mmol/L to 1.1 + 0.06 (P < 0.01),
0.45+ 0.1 (P < 0.01), 0.16 £ 0.08 mmol/L (P < 0.05) and
non-detected, respectively. Inversely, the methionine, suc-
cinate increased from 0.03 + 0.01, 0.11 + 0.02 mmol/L
to 0.12 £ 0.05 (P < 0.01) and 0.15 £ 0.05 mmol/L (P >
0.05), in addition the fatty acids also increased remarkably
(Table 2).

DISCUSSION

HUMSCs, pluripotent progenitors derived from human
umbilical cord Wharton’s Jelly, were capable of differ-
entiating into the mesoderm lineage, such as adipocytes,
chondrocytes and osteoblasts”. The adipogenic induction
in HUMSCs was described by Karahuseyinoglu e# al" and
was simply verified by Oil Red-O, a histological stain used
to detect neutral lipids. In this study, a significant quantity
of lipid particles occurred after 3 d in HUMSCs under-
going adipogenic differentiation. After 14 d adipogenic
treatment, mobile lipid droplets of increased number and
size, stained positive with Oil Red O stain, were observed
gathering in the cytoplasm. However, previous studies
also indicated that lipid bodies are a reference for apop-
tosis evaluation™¥. Therefore, in the present study, the
adipogenesis-specific genes, such as PPAR-y, LPL, ACS
and FABP4 were confirmed. The PPAR-y is important
in initiating the transcription of adipogenic genes and
this protein can be activated by fatty acids. In lipoprotein
metabolism, LPL breaks the large molecules of triglycer-
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Figure 2 Reverse reverse transcriptase-polymerase chain reaction of the
human umbilical mesenchymal stem cells and adipogenic differentiation.
After adipogenic differentiation induced for 1 and 2 wk, the mRNA expression
of adipocyte-specific genes, such as peroxisome proliferator-activated receptor
(PPAR)-y, FABP4, acyl-CoA synthetase (ACS), and lipoprotein lipase (LPL) are
visible more or less. This expression is absent in human umbilical mesenchy-
mal stem cells, without differentiation.

ides into chylomicron and very light density lipoprotein
into small molecules of fatty acids to facilitate absorption
into tissues through the endothelium of the capillary.
Synthesis of LPL is found to be dominant in adipose
tissue. In the present study, RT-PCR was performed at
HUMSCs adipogenic induction at 7th and 14th day. This
demonstrated that the expression of PPAR-y, ACS and
LPL were all increased gradually, but at different rates. In
the present study we found: (1) HUMSCs are promising
seeding cells in tissue engineering, as they can be differ-
entiated into mature fat cells; and (2) the method used for
inducing HUMSCs to became adipocytes was successful.
Biological construction of the metabolome in an or-
ganism is now fully understood. The metabolites located
“downstream” of the genome will fluctuate naturally
along with changes in genome, transcription, proteomem,
and enzyme activation. Thus, metabolites contain abun-
dant biological information and indicate cells' physiologi-
cal function and activity. Several metabolites are usually
predominant in the spectrum of biological samples; these
metabolites include Cho, Glu, Cr and Lac, which demon-
strate different physiological function!. Whereas, some
metabolites are the typical biomarker for a particular cell
line, this can contribute to identify, trace and purify that
specific cell line. One of the notable findings in pres-
ent series was that the HUMSC spectrum pattern was
established; Cho, Glu, Cr, MI and Lac peaks were pre-
dominant. The biggest difference between the HUMSC
spectrum and the adipocyte spectrum is that some peaks
located at 1.35 ppm, 1.54 ppm and 2.75 ppm arose in the
latter. A previous study showed that these resonances
were attributable to fatty acid or neutral lipid“(’]. However,
in the present study, we assumed that they most likely
arose from the neutral lipid, especially triglycerides, accu-
mulating in lipid bodies in the cells. Abundant cytoplas-
mic lipid bodies were observed in HUMSCs undergoing
adipogenic differentiation. The relationship between 1H
NMR-visible mobile lipid domains with cytoplasmic lipid
bodies had been revealed by many previous studies! "',
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Table 2 Concentrations of major metabolites in mesenchymal stem cells and mesenchymal stem cell-differentiated cells

Metabolites Cho (mmol/L) Ace (mmol/L) Cr (mmol/L) Glu (mmol/L) Meth (mmol/L) Suc (mmol/L)
MSCs (1 = 6) 6.30 + 0.68 0.97 £0.23 0.10 £ 0.02 0.30 £ 0.05 0.03 £ 0.01 0.11 £ 0.02
Differentiated cells (1 = 4) 1.10 £ 0.06 0.45+0.10 ND 0.16 £ 0.08 0.15 £ 0.05 0.12 £ 0.05
P value <0.01 <0.01 <0.01 <0.01 >0.05

MSCs: Mesenchymal stem cells; Cho: Choline; Ace: Acetate; Cr: Creatine; Glu: Glutamate; Meth: Methionine; Suc: Succinate.

A

Ace

T P n P - n -
3.23 3.22 3.21 3.20
Chemical shift (ppm)

3.24

3.50 3.00 2.50 2.00 1.50 1.00 0.50 0.00
Chemical shift (ppm)

3.50 3.00 2.50 2.00 1.50 1.00 0.50 0.00
Chemical shift (ppm)

Figure 3 Metabolic profile of human umbilical mesenchymal stem cells before and after adipogenic differentiation. A and B are the nuclear magnetic reso-
nance Spectrums of human umbilical mesenchymal stem cells (HUMSCs) and adipogenic differentiation, respectively. The two spectrums demonstrated that the
levels of intracellular metabolites, such as choline, creatine, glutamate and acetate all decreased with the increased level of methionine, succinate and fatty acids after
the HUMSCs differentiation 2 wk.

Here, there would be one question; whether the PCA in the spectra of adipogenic differentiation. The level of

extraction is unable to get comprehensive lipid signals in these metabolites would vary with the specific cell line
the cells. However, to a certain extent, some information and process. The level of metabolites would vary with
of water-soluble fatty acids or neutral lipid can be ac- the process of cell development, differentiation and dam-
cessed. We found, typically, that these lipid signals arose age due to functional gene expression, transcription level
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and enzyme activation changes. Interestingly, we found
that, in HUMSCs undergoing adipogenic differentiation,
the reduction of Cr, Cho, Ace and Glu was remarkable.
It indicates that the intracellular metabolites will meet the
requirements of the cell’s function and activity variation.
We presumed the metabolite variation can be explained
by: (1) Initially, there is growth arrest of proliferating pre-
adipocytes, which was demonstrated by Hansen ef @/
The PPAR-y activation is the main reason for promoting
growth arrest and the establishment of the differentiated
adipocyte phenotypeml. In the present study, PPAR-y
expression increased after 2 wk adipogenic differentia-
tion. Lower levels of metabolites might be associated
with cells in growth arrest; and (2) it is expected that
adipocytes have much lower intracellular metabolite lev-
els compared to HUMSCs. The results appeared to be
similar to that of Shi ez, so that it seemed that this had
little novelty value but, in fact, this is not the case. Sev-
eral important distinctions were obvious. Firstly, human
UMSCs were used in this study, instead of Balb/c mouse
BMSCs, namely, the metabolic profile of HUMSCs was
established. It is surprising that the metabolic features of
an MSC line in human and mouse was almost the same.
Therefore, combining both studies, showed that using
mouse MSCs to replace human MSCs for pre-clinical
MRS research is feasible. Secondly, using RT-PCR, as
performed in this research, to verify adipogenic differen-
tiation was scientifically exact. Moreover, a routine PCA
extraction, not HRMAS 1H-NMR spectroscopy, was
used in present series, although the spectrum of MSC
with and without adipogenic differentiation was similar.
The two experimental results confirm each other. Al-
though many results of the two studies were similar, the
concentration of the metabolites is lower in the present
series. We hypothesized that these distinctions may be at-
tributed to differences in the detection methods used, as
well as in the differentiation time. Using high-resolution
1H NMR spectroscopy for cell extracts, metabolite loss
would be greater. Even more surprisingly, methionine was
increased after differentiation, which had not been re-
ported before. As an essential amino acid, the methionine
consumption decreased with the cell differentiation stage,
but uptake was not decreased correspondingly. This may
be an anomaly in the present study, further research is
required.

However, there are some limitations to the current
study. Firstly, a large number of cultured cells are required
to achieve excellent NMR resonance intensity. These are
in vitro studies, so the results cannot really reflect the 7 vivo
metabolism of HUMSCs. Furthermore, as a routine
method, PCA extraction cannot provide overall metabolic
information. Nonetheless, we have reported the first es-
tablished metabolic profile of HUMSC. In addition, these
experiments confirmed the metabolite features of ad-
ipogenic differentiation in HUMSCs by a traditional and
effective method. This will, in future, provide a theoretical
basis for identifying HUMSCs and monitoring their dif-
ferentiation using MR spectroscopy.
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Before clinical application, an effective method for monitoring the cell's physi-
ological function and activity should be established. NMR spectroscopy can act
as a powerful window into the metabolic machinery of cells, so that it can reflect
the function and activity of the cells. However, so far, the information about
metabolites of human umbilical MSCs (HUMSC) has been limited, and there
are unexplored areas in this field. This project was aimed to explore the char-
acteristic biomarkers of HUMSCs, and identify their variation after adipogenic
differentiation using in vitro nuclear magnetic resonance (NMR) spectroscopy.
This has not been reported previously.

Research frontiers

The research hotspot is to establish the metabolic profile of HUMSCs. Addition-
ally, the results demonstrated that NMR spectroscopy would be a promising
technology for identifying stem cell type and the physiological function and
activity change.

Innovations and breakthroughs

In the present study, the authors report a novel strategy for investigating in-
tracellular metabolites of HUMSCs and adipocytes using NMR spectroscopy,
which allows identification of the stem cell and changes in physiological function
and activity. The current study established the metabolic profile of HUMSCs,
successfully. It will provide a theoretical basis for future use of NMR spectros-
copy to identify HUMSCs and monitor their differentiation.

Applications

The present study not only identified the endogenous metabolites of HUMSCs,
but also provided a novel strategy for stem cell identification and evaluation of
physiological function and activity.

Terminology

HUMSC isolated from human umbilical cord Wharton’s Jelly called fetal ap-
pendage, were considered to be a new stem cell line for cellular-based therapy.
NMR spectroscopy can act as a powerful window into the metabolic machinery
of cells, and it can reflect the function and activity of cells non-invasively.
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In this study the authors attempt to identify the metabolic profile of HUMSC dur-
ing adipogenic differentiation by NMRs. The method which used for evaluating
of differentiation is interesting.
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