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intrinsic reactive oxygen species (ROS) production [14,18,19].
Since accumulation of intrinsic ROS levels could be a major
reason for replicative senescence [20], enhancing glycolysis
in cultured cells might improve the quality of the cells by
suppressing premature senescence. One candidate method for
induction of glycolysis is application of low-oxygen condi-
tions to activate the transcription factor, hypoxia-inducible
factor (HIF). HIF-1 is known to increase the expression of
most glycolytic enzymes and the glucose transporters GLUT1
and GLUT3 [20]. Thus, several studies have reported that
hypoxia is beneficial for the maintenance of hESCs in a plu-
ripotent state [21,22]. Moreover, low oxygen tension has been
reported to enhance the generation of iPSCs both from mouse
and human primary fibroblasts [23].

Recently, hypoxic culture conditions have also been re-
ported to confer a growth advantage, prevent premature
senescence, and maintain undifferentiated states in somatic
stem cells; for example, hematopoietic stem cells (HSCs)
[24], neural stem cells [25], and bone marrow-derived
MSCs [26]. These stem cells reside in their local microen-
vironments called the ““stem cell niche,” where the oxygen
tension is relatively low (in the range of 1%-9%). Thus,
hypoxic culture may be beneficial to these stem cells with
regard to in vitro proliferation, cell survival, and differen-
tiation. Takubo et al. reported that HSCs activated Pdk
through HIFlo in hypoxic culture conditions, resulting in
maintenance of glycolytic flow and suppression of the influx
of glycolytic metabolites into mitochondria, and this gly-
colytic metabolic state was shown to be indispensable for
the maintenance of HSCs [27]. Several studies have reported
that MSCs exhibit a high level of glycolytic metabolism in
the presence of high oxygen levels and further increase their
rate of glycolysis on culture under hypoxia [28,29]. How-
ever, a relationship between beneficial effects of hypoxic
conditions and metabolic status in addition to involvement
of HIFs in the metabolic changes has not been investigated
in these reports.

In this study, we aimed at investigating the effect of 5%
oxygen on hADMPCs. Our results demonstrate that culture
under 5% oxygen increased the glycolysis rate, improved the
proliferation efficiency, prevented the cellular senescence,
and maintained the undifferentiated status of hADMPCs.
Intriguingly, these effects were not mediated by HIF, but
rather by Notch signaling, an important signaling pathway
required for the development of many cell types and main-
tenance of stem cells [30,31]. Five percent oxygen activated
Notch signaling, resulting in the upregulation of SLC2A3,
TPI, and PGK] in addition to the downregulation of TIGAR
and SCO2, which may contribute to the increase in the gly-
colysis rate. These observations, thus, provide new regulatory
mechanisms for stemness maintenance obtained under 5%
oxygen conditions.

Materials and Methods
Adipose lissue samples

Subcutaneous adipose tissue samples (10-50 g each) were
resected during plastic surgery from five female and two
male patients (age 20-60 years) as discarded tissue. The
study protocol was approved by the Review Board for
Human Research of Kobe University Graduate School of
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Medicine Foundation for Biomedical Research and In-
novation, Osaka City University Graduate School of Med- -
icine, and Kinki University Pharmaceutical Research and
Technology Institute (reference number: 12-043). Each
subject provided signed informed consent.

Cell culture

hADMPCs were isolated as previously reported [11,32~
34] and maintained in a medium containing 60% DMEM
low glucose, 40% MCDB-201 medium (Sigma Aldrich),
Ix insulin-transferrin-selenium (Life Technologies), 1nM
dexamethasone (Sigma Aldrich), 100 mM ascorbic acid 2-
phosphate (Wako), 10ng/mL epidermal growth factor (Pe-
proTech), and 5% fetal bovine serum. The cells were plated
to a density of 5x10% cellsem® on fibronectin-coated
dishes, and the medium was replaced every 2 days. For
hypoxic culture, cells were cultured in a gas mixture com-
posed of 90% N, 5% CO,, and 5% O,. For maintenance of
the hypoxic gas mixture, a ProOx C21 carbon dioxide and
oxygen controller and a C-Chamber (Biospherix) were used.

Senescence-associated f-galactosidase staining

Cells were fixed with 2% paraformaldehyde/0.2% glutar-
adehyde for Smin at room temperature and then washed
twice with phosphate-buffered saline (PBS). The cells were
then incubated ovemnight at 37°C with fresh senescence-
associated B-galactosidase (SA-B-Gal) chromogenic substrate
solution (1 mg/mL Bluo-gal (Life Technologies), 40 mM
citric acid (pH 6.0), SmM potassium ferrocyanide, 5mM
potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl,).

Measurement of ROS production

Cells were harvested and incubated with 10 uM 3-(and-
6)-chloromethyl-2",7"-dichlorodihydrofluorescein diacetate,
acetyl ester (CM-H,DCFDA). The amount of intracellular
ROS production was proportional to the green fluorescence,
as analyzed using a Guava EasyCyte S8HT flow cytometer
(Millipore) using an argon laser at 488 nm and a 525/30 nm
band pass filter, and dead cells were excluded using the
Live/Dead Fixable Far Red Dead Cell Stain Kit (Life
Technologies).

EdU proliferation assay

For assessment of cell proliferation, RADMPCs were seeded
on a fibronectin-coated six-well plate at a density of 5x 10°
cells/cm?® and cultured for 3 days. Cell proliferation was de-
tected by incorporating of 5-ethynyl-2’-deoxyuridine (EdU)
and using the Click-iT EdU Alexa Fluor 488 Flow Cytometry
Assay Kit (Life Technologies). Briefly, according to the
manufacturer’s protocol, cells were incubated with 10 M
EdU for 2h before fixation, permeabilized, and stained with
EdU. EdU-positive cells were then analyzed using the 488 nm
laser of a Guava EasyCyte 8HT flow cytometer (Millipore).

Flow cytometry analysis

Flow cytometry analysis was performed as previously
described [34]. Briefly, hADMPCs were harvested and re-
suspended in staining buffer (PBS containing 1% BSA,
2mM EDTA, and 0.01% sodium azide) at a density of
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1x10° cells/mL, incubated for 20 min with a fluorescein
isothiocyanate (FITC)-conjugated antibody against CD49b
or CD98 (BioLegend) or a phycoerythrin (PE)-conjugated
antibody against CD10, CD13, CD29, CD44., CD49a,
CD49c, CD49d, CD49e, CD51/61, CD73, CD90, CD105,
CD117, SSEA4, HLA-A.B.C (BioLegend), CD133/1 (Mil-
tenyi Biotec), or CD166 (Beckman Coulter). Nonspecific
staining was assessed using relevant isotype controls. Dead
cells were excluded using the Live/Dead Fixable Far Red
Dead Cell Stain Kit (Life Technologies). FlowJo software
was used for quantitative analysis.

RNA extraction, cDNA generation, and quantitative
polymerase chain reaction

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen) accroding to the manufacturer’s instructions. cDNA
was generated from 1pg of total RNA using the Verso
c¢DNA Synthesis Kit (Thermo Scientific) and purified using
the MinElute PCR Purification Kit (Qiagen). Quantitative
polymerase chain reaction (Q-PCR) analysis was conducted
using the SsoFast EvaGreen supermix (Bio-Rad) according
to the manufacturer’s protocols. The relative expression
value for each gene was calculated using the AACt method,
and the most reliable internal control gene was determined
using geNorm Software (http://medgen.ugent.be/ ~ jvdesomp/
genorm/). Details of the primers used in these experiments are
available on request.

Western blot analysis

‘Whole cell extracts were prepared by washing cells with
ice-cold PBS and lysing them with M-PER Mammalian
Protein Extraction Reagent (Thermo Scientific Pierce) ac-
cording to the manufacturer’s instructions. Nuclear and
cytosolic extracts were prepared as follows. Cells were
washed with ice-cold PBS and lysed with lysis buffer
(50 mM Tris-HCI (pH 7.5), 0.5% Triton X-100, 137.5mM
NaCl, 10% glycerol, 5mM EDTA, | mM sodium vanadate,
50 mM sodium fluoride, 10 mM sodium pyrophosphate, and
protease inhibitor cocktail). Then, insoluble nuclei were
isolated by centrifugation and lysed with lysis buffer con-
taining 0.5% SDS. Equal amounts of proteins were separated
by sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE), transferred to polyvinylidene fluoride
membranes (Immobilon-P; Millipore), and probed with
antibodies against cleaved Notchl (#2421; Cell Signaling
Technology), HIF-1a (#610959; BD Bioscience), hypoxia-
inducible factor 2o (MAB3472; Millipore), Akt (#9272;
Cell Signaling Technology), and phospho Akt (Serd73)
(#4060; Cell Signaling Technology). Horseradish peroxi-
dase (HRP)-conjugated anti-mouse or -rabbit IgG antibody
(Cell Signaling Technology) was used as a secondary anti-
body, and immunoreactive bands were visualized using
Immobilon Western Chemiluminescent HRP substrate
(Millipore). The band intensity was measured using the
Image] software.

Fluorescence microscopy

Phase-contrast and fluorescence images were obtained
using a fluorescence microscope (BZ-9000; Keyence) using
BZ Analyzer Software (Keyence).

- 236 -

2213

Adipogenic, osteogenic, and chondrogenic
differentiation procedures

For adipogenic differentiation, cells were cultured in
differentiation medium (Zen-Bio). After 7 days, half of the
medium was exchanged for adipocyte medium (Zen-Bio)
and this was repeated every 3 days. Three weeks after dif-
ferentiation, adipogenic differentiation was confirmed by a
microscopic observation of intracellular lipid droplets with
the aid of Oil Red O staining. Osteogenic differentiation was
induced by culturing the cells in osteocyte differentiation
medium (Zen-Bio). Differentiation was examined by Ali-
zarin Red staining. For chondrogenic differentiation, 2 x 10°
hADMSCs were centrifuged at 400 g for 10min. The re-
sulting pellets were cultured in chondrogenic medium
(Lonza) for 21 days. The pellets were fixed with 4% para-
formaldehyde in PBS, embedded in OCT, frozen, and sec-
tioned at 8 um. The sections were incubated with PBSMT
(PBS containing 0.1% Triton X-100, and 2% skim milk) for
I'h at room temperature, and then incubated with a mouse
monoclonal antibody against type II collagen (Abcam) for
1h. After washing with PBS, cells were incubated with'
Alexa 546-conjugated anti-mouse IgG to identify chon-
drocytes (Life Technologies). The cells were counterstained
with 4’-6-diamidino-2-phenylindole (DAPI) (Life Technol-
ogies) to identify cellular nuclei. The sections were also
stained with 1% alcian blue (Sigma Aldrich) in 3% acetic
acid, pH 2.5 for 30 min.

Determination of HK, PFK, LDH, PDH,
and Cox 1V activities

Cells (2% 10% were lysed, and HK, PFK, LDH, or PDH
activity was measured using the Hexokinase Colorimetric
Activity Kit, Phosphofructokinase (PFK) Activity Colori-
metric Assay Kit, Lactate Dehydrogenase (LDH) Activity
Assay Kit, or Pyruvate Dehydrogenase Activity Colori-
metric Assay Kit (all from BioVision), respectively, accord-
ing to the manufacturer’s instructions. To measure Cox IV
activity, mitochondria were isolated from 2 x 107 cells using a
Mitochondria Isolation Kit (Thermo Scientific) and lysed
with buffer containing n-Dodecyl 3-D-maltoside, followed by
measurement with the Mitochondria Activity Assay (Cyto-
chrome C Oxidase Activity Assay) Kit (BioChain Institute),
according to the manufacturer’s instructions.

Results

5% oxygen hypoxic culture condition increases
proliferation capacity and decreases senescence

hADMPCs were cultured under 20% oxygen (normoxia;
Nx) or 5% oxygen (hypoxia; Hx), and their proliferation
capacities were examined based on the relationship between
the number of cultivation days and the population doubling
level (PDL). Nx-cultured hADMPCs ceased proliferation at
a PDL of 35-40 (between 4670 days), whereas continuous
cell proliferation beyond 45 PDL was observed when
hADMPCs were cultured in the Hx condition (Fig. 1A). To
investigate whether this increase of PDL in the Hx culture
condition resulted from an increase in cell cycle progression
and increase in survival rates, EdU, an alternative to 5-
bromo-2'-deoxyuridine (BrdU), was incorporated into the
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FIG. 1. Hypoxia increases proliferation capacity and de-
creases senescence in tissue-derived multilineage progenitor
cells (hADMPCs). (A) Growth profiles of hADMPCs under
normoxic (red square) and hypoxic (blue square) condi-
tions. The population doubling level (PDL) was determined
to be O when cells were isolated from human adipose tissue.
Cells were maintained until they reached PDL13-15 (pas-
sage 3) and then split into four aliquots of equal cell den-
sities. PDL was calculated based on the total cell number at
each passage. (B) Detection of normoxic (Nx) and hypoxic
(Hx) cells by flow cytometry after incorporation of EdU. (C)
Percentages of apoptotic cells with sub-G1 DNA under Nx
and Hx conditions. The results are presented as the mean of
three independent experiments. (D) hADMPCs cultured
under Nx and Hx conditions were harvested by trypsin-
EDTA and then imaged using a phase-contrast microscope.
Arrowheads indicate cells with a larger and more irregular
shape. (E) Cells expanded under Nx and Hx conditions were
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ference (independent #-test) between Nx and Hx. Scale bars;
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genomic DNA of the hADMPCs, and the amount of incor-
porated EAU was quantified by flow cytometry. As shown in
Fig.1B, the EdU incorporation rate was significantly higher
in Hx-cultured hADMPCs than in Nx-cultured hADMPCs,
suggesting that cell growth was increased in the Hx culture
condition. In addition, measurement of DNA content in
hADMPCs revealed a slight but significant decrease of sub-
G1 peaks, which indicates the existence of apoptotic cells
with degraded DNA, when the cells were cultured in the Hx
condition (Fig. 1C). These data suggest that the Hx culture
condition increases the proliferation capacity of hADMPCs
by promoting their cell growth and survival rates. We also
found that Nx-cultured hADMPCs were larger with a more
irregular shape (Fig. 1D), which suggests that the Hx culture
condition prevented hADMPCs from entering senescence
[35]. To further investigate this phenomenon, cellular senes-
cence was measured by staining for SA-B-Gal, which revealed
that SA-B-Gal activity was increased in Nx-cultured hAADMPCs
at passage 17 (Fig. 1E). Since it has been hypothesized that
senescence results from oxidative stress [20], accumulation of
ROS in hADMPCs was detected using the nonfluorescent
probe, CM-H,DCFDA. Flow cytometry analysis revealed that
ROS were generated at higher levels in hADMPCs when cul-
tured in the Nx condition (Fig. 1F), suggesting that reduced
production of ROS in the Hx condition may prevent the cells
from entering replicative senescence.

Hypoxic culture maintains some MSC properties
and increases differentiation

We then examined the cell properties of hADMPCs
under Nx and Hx conditions. Initially, cell surface antigens
expressed on hADMPCs were analyzed by flow cytometry.
No significant difference in expression profile between
hADMPCs cultured in Nx and Hx was observed; the cells
were consistently positive for CD10, CD13, CD29, CD44,
CD49a, CD49b, CD49c, CD49d, CD49%e, CD51/61, CD54,
CD59, CD73, CD90, CD98, CD105, CD166, and HLA-A,
B, C, but negative for CD34, CD45, CD117, and CD133
(Fig. 2 and data not shown). These data were consistent with
previous reports describing the expression profiles of cell
surface markers of hMSCs [36,37]. To further examine the
stem cell properties of hADMPCs, their potential for dif-
ferentiation into adipocyte, osteocyte, and chondrocyte lin-
eages was analyzed at passage 8. Hx-cultured hADMPCs
presented enhanced differentiation into various lineages
(Fig. 3A, B), indicating that the Hx culture condition im-
proved the stem cell properties of hADMPCs.

Hypoxic culture condition activates Notch signaling

To reveal the molecular mechanism by which the Hx
culture condition increased the proliferative capacity and
maintained the stem cell properties of hADMPCs, we next
examined Notch signaling, which is required for maintain-
ing stem-cell features of various types of stem cells [30,31].
As expected, levels of cleaved NOTCHI, an activated form
of NOTCHI, were significantly increased (greater than
twofold) in the Hx culture condition (Fig. 4A). Q-PCR
analysis revealed that HES1, a downstream target of Notch
signaling, was upregulated in Hx-cultured hADMPCs,
which also indicated that Notch signaling was activated in
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the Hx culture condition (Fig. 4B). Administration of the y-
secretase inhibitor DAPT at 1 M, which was sufficient to
inhibit the proteolytic cleavage of NOTCHI (Fig. 4A), de-
creased the Hx-induced expression of HES1 at both mRNA
and protein levels (Fig. 4B, C). These data indicate that Hx
increased the expression of HES1 through activation of
Notch signaling. It has been reported that Notch signaling
and hypoxia-inducible factor (HIF) undergo crosstalk in
hypoxic cells [38-41]. Therefore, HIF-1a and HIF-2a pro-
tein levels in hADMPCs were analyzed by western blotting.
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HIF-1o was stabilized when a chemical hypoxia-mimicking
agent, cobalt chloride, was applied in the culture; whereas
no obvious increase of HIF-1o was observed in the Hx
culture condition (Fig. 4D). However, we did not detect any
HIF-2o expression even in the presence of cobalt chloride
(Fig. 4E). Q-PCR analysis revealed that HIF2ZA mRNA was
not expressed in these cells (data not shown). From these
results, we concluded that neither HIF-1a nor HIF-2a was
involved in the Hx-induced increase in the proliferative
capacity and stem cell properties of hADMPCs.
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To identify the signaling responsible for the observed
effect, we next examined the Akt, NF-xB, and p53 signaling
pathways. It has been reported that hypoxic conditions in-
duce the activation of Akt and NF-kB signaling [42,43]. In
addition, hypoxic conditions have been shown to inhibit p53
activity [44], and crosstalk between these pathways and
Notch signaling has also been demonstrated [41,45-47]. As
shown in Fig. 4F, the Hx condition increased Akt phos-
phorylation, which was not decreased by DAPT treatment.
These data demonstrate that 5% oxygen activated Akt sig-
naling but not via Notch signaling. Similarly, the hypoxic
condition induced nuclear accumulation of p65, which was

Osteoblast
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0.8
*

0D 520 nm (Oil-Red 0)

Merge Alucian Blue

inhibited by DAPT treatment (Fig. 4G). These data suggest
that NF-xB signaling is regulated by Notch signaling in
hADMPCs. Furthermore, p53 was not activated under the
5% oxygen condition as assessed by detection of phospho-
p53 and a p53 reporter assay. However, DAPT treatment
significantly increased p53 activity (Fig. 4H, I).

Notch signaling is indispensable for acquisition
of the advantageous properties of hADMPCs

We next examined the roles of Notch signaling in the
proliferative capacity and stem cell properties of hADMPCs
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in the Hx culture condition. To inhibit Notch signaling,
DAPT was added to the medium at a final concentration of
1 pM. DAPT treatment significantly decreased the PDL
when hADMPCs were cultured under either 20% or 5%
oxygen (Fig. 5A). Intriguingly, measurement of the DNA
content in hADMPCs revealed that inhibition of Notch
signaling by 1uM DAPT significantly attenuated the de-
crease in apoptotic cells in the Hx condition (Fig. 5B).
These data suggest that 5% oxygen increases the prolifera-
tion capacity of hADMPCs through Notch signaling by
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promoting their survival. To examine whether Notch sig-
naling affects the stem cell properties of hADMPCs, dif-
ferentiation into adipocyte, osteocyte, and chondrocyte
lineages was analyzed at passage 8. Hx-cultured hADMPCs
underwent greater differentiation into all lineages as de-
scribed in Fig. 3, whereas application of a Notch inhibitor
significantly decreased the differentiation capacity to all
lineages (Fig. 5C-E). In addition, SA-B-Gal staining re-
vealed that inhibition of Notch signaling by DAPT re-
markably promoted senescence in both the Nx and Hx
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culture conditions, suggesting that the suppression of rep-
licative senescence observed in the Hx condition is mediated
by Notch signaling (Fig. S5F).

Glycolysis is enhanced in the 5% oxygen condition
through Notch signaling

Recent studies suggest that the metabolic shift from aer-
obic mitochondrial respiration to glycolysis extends the life
span possibly via reduction of intrinsic ROS production
[18,19]. Our results demonstrate that the 5% oxygen con-
dition reduced ROS accumulation in hADMPCs (Fig. 1F).
In addition, the relationship between Notch signaling and
glycolysis has been recently established [48,49]. We,
therefore, considered glycolytic flux by measuring the glu-
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cose consumption and lactate production of hADMPCs in
the Nx or Hx culture conditions. As shown in Fig. 6A,
glucose consumption and lactate production were elevated
in the Hx culture condition, indicating that a metabolic shift
to glycolysis occurred when hADMPCs were cultured in 5%
oxygen. In contrast, the Notch inhibitor DAPT markedly
reduced glycolytic flux as assessed by glucose consumption
and lactate production (Fig. 6A). To identify the genes re-
sponsible for the glycolytic change, we performed a Q-PCR
analysis. As shown in Fig. 6B, SLC2A3, TPI, and PGKI,
encoding glycolytic enzymes, were upregulated in the 5%
oxygen condition; whereas these genes were suppressed by
DAPT treatment. Interestingly, Hesl transduction by an
adenoviral vector markedly induced the mRNA expression
of the same genes (Fig. 6E). In addition, SCO2, a positive
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FIG. 6. Glycolysis is enhanced under 5% oxygen through Notch signaling. (A-D) hADMPCs were expanded under

normoxic (20% O,) and hypoxic (5% O,) conditions. DAPT (1 pM) was added to inhibit Notch signaling. (A) Glucose
consumption and lactate production of hADMPCs were measured and plotted as the means of three independent experi-
ments +SD. (B) Relative mRNA expression of SLC2A3, TPI, PGKI, TIGAR, and SCO2 in hADMPCs. Each expression
value was calculated with the AACt method using UBE2D?2 as an internal control. (C, D) Hexokinase (HK), phospho-
fructokinase (PFK), lactate dehydrogenase (LDH) (C), pyruvate dehydrogenase (PDH), and Complex IV (Cox IV) (D)
activities were measured and the value of relative activity was plotted as the means of three independent experiments £+ SD.
(E, F) hADMPCs were transduced with either mock (Cont) or HES1 and then cultured for 3 days. (E) Relative mRNA
expression of SLC2A3, TPI, PGKI, TIGAR, and SCO2 in hADMPCs. Each expression value was calculated with the AACt
method using UBE2D?2 as an internal control. (F) Glucose consumption and lactate production of hADMPCs were measured
and plotted as the means of three independent experiments+SD. (G) hADMPCs were transduced with either scrambled
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FIG. 7. Glycolysis supports proliferation of hADMPCs.
hADMPCs were treated with 0, 0.2, 0.4, and 1 mM 2-deoxy-
D-glucose (2-DG) (A) or 0, 1, and 5mM sodium azide
(NaN3) (B) for 24 h. Cells were then allowed to incorporate
EdU for 2h, and the EdU-positive cells were analyzed by
flow cytometry. The percentages for the 0 mM control were
plotted as the means of three independent experiments = SD.
*P<0.05; **P<0.01.

modulator of aerobic respiration, and TIGAR, a negative
regulator of glycolysis, were transcriptionally downregulated
in the 5% oxygen condition; whereas DAPT treatment par-
tially restored the expression level (Fig. 6B). Adenoviral
expression of Hesl dramatically reduced SCO2 and TIGAR
expression (Fig. 6E), which suggests that the Notch-Hesl
signaling modulates the metabolic pathway. We also mea-
sured the activities of key enzymes in glycolysis. Hexokinase
activity was not changed under hypoxic conditions; however,
PFK and LDH were activated in 5% oxygen condition, which
was attenuated by Notch inhibition (Fig. 6C). In addition,
pyruvate dehydrogenase (PDH) and cytochrome ¢ oxidase
(Complex 1V) activity assays showed that mitochondrial
respiration decreased under the hypoxic condition and that
DAPT treatment restored it (Fig. 6D). Moreover, glycolytic
flux in Hesl-expressing hADMPCs was positively correlated
with the expression of these glycolytic genes as assessed by
glucose consumption and lactate production (Fig. 6F). In
contrast, HES1 knockdown by adenoviral transduction of
HES1 RNAI resulted in a significant reduction of glycolytic
flux (Fig. 6G), demonstrating that HES1 is involved in the
regulation of glycolysis.

Glycolysis supports the proliferation of hRADMPCs

To determine whether aerobic glycolysis is important for
the proliferation of hADMPCs, hADMPCs were treated with
the glycolytic inhibitor 2-deoxy-D-glucose (2-DG) or the
respiration inhibitor sodium azide (NaN3). We found that
hADMPCs were sensitive to treatment with 2-DG even at a
low concentration of 0.2 mM (Fig. 7A). In contrast, treat-
ment of hADMPCs with NaN; rather increased their pro-
liferation at the concentration of 1 mM and supported their
proliferation even at the concentration of 5mM (Fig. 7B).
These data suggest that the proliferation of hADMPCs is
compromised when aerobic glycolysis is blocked.

Discussion

Recent evidence suggests that hypoxic culture conditions
confer a growth advantage, prevent premature senescence,
and maintain undifferentiated states in ESCs, iPSCs, and
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somatic stem cells. However, the molecular mechanism
underlying the beneficial effects of culturing these cells at
low oxygen conditions remains unclear. Our findings
prompted us to hypothesize that Notch signaling in physi-
ological hypoxic conditions (5% O,) contributes to these
effects on hADMPCs by modulating glycolytic flux.

We found that 5% O, significantly increased the prolif-
eration capacity, decreased apoptosis, and inhibited senes-
cence of hADMPCs (Fig. 1). Moreover, 5% O, improved
the differentiation of hADMPCs without affecting the ex-
pression of their cell surface markers (Figs. 2 and 3). Wel-
ford et al. reported that HIF-1a delays premature senescence
of mouse embryonic fibroblasts under hypoxic conditions
(2% O,) [50]. Tsai et al. reported that hypoxia (1% O,)
inhibits senescence and maintains MSC properties through
accumulation of HIF-1a [26]. Hypoxia was recently re-
ported to enhance the undifferentiated status and stem cell
properties in various stem and precursor cell populations via
the interaction of HIF with the Notch intracellular domain to
activate Notch-responsive promoters [38]. In the current
study, the effects observed in 5% O, condition were inde-
pendent of HIF proteins, because accumulation of HIF-1g
and HIF-2o was not observed (Fig. 4). Instead, our find-
ings suggest that 5% O, activated Notch signaling, which
contributed advantageous effects of hypoxic culture on
hADMPCs. A pharmacological inhibitor of Notch signaling,
DAPT, abrogated the hypoxic-induced Notch activation,
increased proliferation capacity and lifespan, maintenance
of stem cell properties, and prevention of senescence (Figs.
4 and 5). Moreover, we also found that 5% O, enhanced
glucose consumption and lactate production, and these ef-
fects were also attenuated by Notch inhibition (Fig. 6A) and
knockdown of HES1 (Fig. 6G). Previously, it has been re-
ported that Notch signaling promotes glycolysis by acti-
vating the PI(3)K-Akt pathway [48,49]. However, our
results indicate that Akt signaling was not activated by
Notch signaling, because DAPT did not attenuate hypoxia-
induced Akt phosphorylation (Fig. 4F). Although Akt is
unlikely to be regulated by Notch signaling in hADMPCs, it
is obvious in our data that Akt signaling was activated by
5% O,. Therefore, we could not rule out the possibility that
the promotion of glycolysis in the 5% O, condition was
caused by Akt signaling.

Recent evidence suggests that Notch signaling acts as a
metabolic switch [48,51]. Zhou et al. demonstrated that
hairy, a basic helix-loop-helix transcriptional repressor
regulated by Notch signaling, was upregulated and genes
encoding metabolic enzymes, including TCA cycle enzymes
and respiratory chain complexes, were downregulated in
hypoxia-tolerant flies. Intriguingly, they also found that
hairy-binding elements were present in the regulatory region
of the downregulated metabolic genes. Their work, thus,
provides new evidence that hairy acts as a metabolic switch
[51]. Landor et al. demonstrated that both hyper- and hy-
poactive Notch signaling induced glycolysis, albeit by dif-
ferent mechanisms. They showed that Notch activation
increased glycolysis through activation of PI3K-AKT sig-
naling, whereas decreased Notch activity inhibited mito-
chondrial function in a p53-dependent manner in MCF7
breast cancer cell lines [48]. Consistent with their reports,
our findings that Notch signaling promoted activity of some
glycolysis enzymes and inhibited mitochondrial activity
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(Fig. 6) also suggest that Notch signaling functioned as a
metabolic switch. While our data showed that Notch inhi-
bition by DAPT resulted in reduced glycolysis (Fig. 6A~C),
induction of mitochondrial function (Fig. 6D) and activation
of pS3 (Fig. 4H, I) are not consistent with the report of
Landor el al. This contradiction might be explained by the
expression level of endogenous Notch. Landor et al. showed
that in breast cancer MDA-M-231 cells, which showed
higher endogenous Notch activity, high glucose uptake, and
lactate production than MCF7 breast cancer cell lines, Notch
inhibition by DAPT significantly reduced glucose consump-
tion and lactate production [48]. As shown in Fig. 4A, we
observed that hADMPCs in 5% O, displayed high Notch
activity. Moreover, the lactate-to-glucose ratio was 1.8~1.9 in
hADMPCs, suggesting that hADMPCs largely rely on gly-
colysis for energy production (Fig. 6A). In addition, it was
reported that hMSCs showed a higher glycolytic rate than
primary human fibroblast [52]. It appears that hADMPCs
cultured under hypoxic conditions might possess cell prop-
erties similar to MDA-M-231 cells or MCF7 cells, in which
stable expression of constructs NICD1-GFP produces high
Notch activity.

Nuclear translocation of p65 was observed in hypoxic
conditions, demonstrating that NF-xB is a direct target of
Notch signaling (Fig. 4G). Intriguingly, the hypoxic culture
conditions in this study upregulated several genes encoding
glycolytic enzymes (SLC2A3, TPI, and PGKT); whereas the
expression of these genes was suppressed by Notch inhibi-
tion. In addition, Hesl transduction induced mRNA ex-
pression of the same genes (Fig. 6). It was previously
reported that SLC2A3 expression was regulated by p65/NF-
KB signaling, and that Notch/Hesl is able to induce the
activation of the NF-xB pathway in human T-ALL lines and
animal disease models [53]. Espinosa et al. demonstrated
that Hesl directly targeted the deubiquitinase CYLD, re-
sulting in deubiquitination and inactivation of TAK1 and
IKK, degradation of IxBa, and activation of NF-kB signaling
[53]. In our systems, however, we did not observe repression
of CYLD mRNA in Hesl-overexpressing hADMPCs (data
not shown). While PGK/ mRNA has been reported to be
upregulated by NF-xB, it has not clearly been shown to be
controlled by NF-kB despite the presence of an NF-xB site in
the promoter [54]. Although modulation of TPI expression by
NF-kB has not been reported, we found several NF-xB
binding sites on the human TPI promoter (data not shown).
Since NF-xB is likely to be one of the responsible signals for
hypoxic-induced glycolysis [53], further analysis will be re-
quired to determine the mechanism by which NF-kB sig-
naling is induced by Notch signaling. In addition, it will be
important to investigate whether NF-xB is really responsible
for the observed glycolysis and whether it regulates the ex-
pression of SLC2A3, TPI, and PGKI in hADMPCs under 5%
oxygen.

In addition, SCO2, a positive modulator of aerobic res-
piration, and TIGAR, a negative regulator of glycolysis,
were transcriptionally downregulated in the 5% oxygen
condition; whereas DAPT treatment partially restored ex-
pression (Fig. 6B). We observed some glycolysis and mi-
tochondrial enzyme activity and found that the activities of
COX IV and PFK were consistent with gene expression data
(Fig. 6C, D). Adenoviral expression of Hesl dramatically
reduced SCO2 and TIGAR expression (Fig. 6E), which
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suggests that Notch-Hes1 signaling modulates the metabolic
pathway. Intriguingly, our results also indicate that Hesl
could suppress the expression of TIGAR and SCO2, a p53
target gene. It has been reported that Notch signaling sup-
presses p53 in lymphomagenesis [46]. Moreover, Kim et al.
reported that NICDI inhibits pS3 phosphorylation and re-
presses pS3 transactivation by interacting with p53 [47]. In
addition, DAPT treatment resulted in the enhancement of
p53 activity in the hypoxic conditions (Fig. 4H, I). There-
fore, it is possible that p53 activation was regulated by
Notch signaling in hADMPCs, although we did not observe
a decrease in p53 activity in hypoxic conditions in this study
(Fig. 4). Further analysis will be required to determine
whether p33 activity is suppressed in hypoxic conditions
over a longer period of culture.

Cells undergoing active proliferation utilize large amounts
of glucose through glycolysis. producing pyruvate for use in
substrates (amino acids and lipids) and the pentose shunt for
use in nucleic acid substrates, and also producing NADPH as
a reducing agent to counter oxidative stress [18,55]. In the
current study, 5% O, actually increased proliferation and
decreased the accumulation of ROS, which may be involved
in the reduction of senescence (Fig. 1). Since accumulation
of endogenous ROS might be a major reason for replicative
senescence [20], enhancing glycolysis in cultured cells may
improve the quality of the cells by suppressing premature
senescence. Kondoh et al. demonstrated that enhanced
glycolysis is involved in cellular immortalization through
reduction of intrinsic ROS production [14,18,19]. Therefore,
it is possible that the extension of lifespan observed in our
experimental conditions was caused by the reduction of
intracellular ROS levels through enhanced glycolysis by
Notch signaling. Our data indicate that aerobic glycolysis is
utilized for proliferation of hADMPCs, because the glyco-
lytic inhibitor 2-DG attenuates the proliferation rate of
hADMPCs (Fig. 7A). Intriguingly, the aerobic respiration
block by NaNj did not decrease the proliferation; rather, it
increased proliferation at a low concentration (Fig. 7B),
which may support our data indicating that the metabolic
switch from mitochondrial respiration to glycolysis provides
a growth advantage to hADMPCs. However, the question of
whether the enhanced glycolysis really contributes to the
prolonged lifespan in hADMPCs remains to be determined
in this stady.

In the current study, the molecular mechanism for how
Notch signaling is activated in 5% O, conditions was ex-
plored. It has been reported that Notchl activity is influ-
enced by oxygen concentration [40,41,56]. In melanoma
cells, hypoxia (2% O) resulted in increased expression of
Notchl by HIF-1o and also by Akt through NF-xB activity
[41]. Similarly, in hypoxic breast cancer cells, Notch ligand
JAG2 was shown to be transcriptionally activated by hyp-
oxia (1% O,) in an HIF-1a-dependent manner, resulting in
an elevation of Notch signaling [40]. In contrast, in hESCs
continuously cultured in 5% O,, alteration of the Notch
pathway seems to be independent of HIF-1a [56]. In our
system, Notchl activation was not likely dependent on HIF-
1o and HIF-2¢, because these proteins did not accumulate in
the Hx condition. In contrast, our results indicate that the
5% O, condition activated Akt and NF-kB signaling (Fig.
4), which suggests that these molecules may activate Notch
signaling in hADMPCs. NF-xB was previously shown to
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increase Notchl activity indirectly by increasing the ex-
pression of Notch ligand Jagged! in HeLa, lymphoma, and
myeloma cells [57]. In addition, Akt regulated Notchl by
increasing Notchl transcription through the activity of NF-
kB in melanoma cells [41]. Further analysis is required to
clarify the mechanism underlying this phenomenon.

In conclusion, the 5% oxygen condition conferred a
growth advantage through a metabolic shift to glycolysis,
improved the proliferation efficiency, prevented the cellular
senescence, and maintained the undifferentiated status of
hADMPCs. These observations, thus, provide new regula-
tory mechanisms for the maintenance of stemness observed
in 5% oxygen conditions. In addition, our study sheds new
light on the regulation of replicative senescence, which
might have an impact for quality control of hADMPC
preparations used for therapeutic applications.
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Abstract

Purpose Anterior knee pain related to the donor site is a
frequent complication of anterior cruciate ligament recon-
struction (ACLR) with bone-patellar tendon-bone autograft
tissue. Even when hamstring tendon (HT) grafts are used
instead, symptoms such as mild pain and discomfort can
still occur. The purpose of this study was to elucidate the
pathophysiology of anterior knee symptoms after ACLR
with HT autografts.

Methods Fifty-seven patients (22 men and 35 women;
mean age, 24.7 years) who underwent anatomic double-
bundle ACLR with HT autografts were examined 6 months
post-operatively. The presence of anterior knee symptoms,
anterior knee laxity, range of motion, and muscle strength
were assessed. Changes in patellar tendon and infrapatellar
fat pad (IFP) morphology and blood flow were also eval-
uated using ultrasound. Potential variables affecting the
presence of anterior knee symptoms were subjected to

T. Kanamoto (B<]) - S. Hirabayashi

Department of Rehabilitation, Osaka Rosai Hospital, 1179-3,
Nagasone-cho, Kita-ku, Sakai, Osaka 597-8025, Japan
e-mail: takanamoto2 @gmail.com

Y. Tanaka - K. Kita - H. Amano
Department of Orthopaedic Surgery, Osaka Rosai Hospital,
Sakai, Japan

Y. Yonetani
Department of Orthopaedic Surgery, Osaka University Graduate
School of Medicine, Osaka University, Osaka, Japan

M. Kusano

Department of Orthopaedic Surgery, Kansai Rosai Hospital,
Sakai, Japan

S. Horibe

Faculty of Comprehensive Rehabilitation, Osaka Prefecture
University, Habikino, Osaka, Japan

Published online: 01 July 2014

- 248 -

univariate analysis and multivariate logistic regression
analysis to identify independent risk factors.

Results  Six months post-operatively, the total incidence
of anterior knee symptoms was 56.1 % (32/57). According
to univariate analysis, age, quadriceps strength, and
increased blood flow in the IFP were significantly associ-
ated with the presence of anterior knee symptoms. Multi-
variate logistic regression analysis revealed that increased
blood flow in the IFP was an independent factor for the
presence of anterior knee symptoms (odds ratio 5.0; 95 %
confidence interval 1.3-19.9). There were no significant
findings inside the patellar tendon.

Conclusions Increased blood flow in the IFP was identified
as an independent factor for the presence of anterior knee
symptoms 6 months after ACLR with HT autografts. The
ultrasound evaluation can help to define precisely the origin of
anterior knee symptoms after ACLR with HT autografts.
Level of evidence Case series with no comparison groups,
Level IV.

Keywords Anterior knee problems/symptoms - ACL
reconstruction - Ultrasound - Infrapatellar fat pad -
Increased blood flow

Introduction

Anterior knee pain, generally related to the donor site, is
one of the most frequent complications after anterior cru-
ciate ligament reconstruction (ACLR) with bone-patellar
tendon-bone (BTB) autografts and has the potential to
impede rehabilitation and a return to sports activities [12,
16, 26]. Even when hamstring tendon (HT) grafts are used
for ACLR instead, anterior knee symptoms such as mild
pain and discomfort during daily activities and sports can
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occur at an incidence of 9.3-32.2 % [14, 16, 17, 20].
Several factors have been found to contribute to anterior
knee symptoms after ACLR with HT grafts, such as knee
extension deficits [12, 21], low quadriceps muscle power
[17], and residual anterior instability [26]; the pathophys-
iology, however, is still unknown.

Anterior knee symptoms during activities of daily living
and sports can also be caused by disorders of the knee
extensor mechanism and surrounding soft tissues, such as
patellar tendinopathy and Hoffa’s disease [5, 18]. Because
surgical treatment has the possibility to affect anterior knee
structures [24], the anterior knee symptoms after ACLR
could be derived from the abnormal property of the
structures such as patellar tendon (PT) and infrapatellar fat
pad (IFP). Anterior knee structures are closely related and
must be seen as a single mechanism, often making it dif-
ficult to distinguish focal lesions [23]. Ultrasound has been
established as an effective imaging technique for evalua-
tion of the knee extensor mechanism and surrounding soft
tissues, although it is not advantageous when it comes to
detection of cartilage lesions of the knee [2]. Studies on
patellar tendinopathy have shown an association between
clinical symptoms such as pain and morphologic and blood
flow changes in the tendon [5, 10]. For the present study,
ultrasound imaging was used to evaluate anterior knee
structures and elucidate the pathophysiology of anterior
knee symptoms after ACLR with HT autografts.

The purpose of this study was to determine the risk factors
for anterior knee symptoms after ACLR with HT autografts.
Demographic data and clinical results such as anterior knee
laxity, knee range of motion, and thigh muscle strength were
examined, and ultrasound evaluations of the morphology
and vascularity of the patellar tendon and infrapatellar fat
pad were performed. The hypothesis was that changes in
morphology and vascularity of anterior knee structures
would be associated with the incidence of anterior knee
symptoms after ACLR with HT autografts.

Materials and methods

Between April 2010 and March 2012, primary anatomic
double-bundle ACL reconstruction with HT autografts was
performed on 323 knees. Of those, 57 patients provided
informed consent to evaluate 57 knees by ultrasound
6 months post-operatively. As ultrasound examination was
performed only 1 day a week, patients represented 17 % of
the available cohort, with no selection bias present.

Surgical procedure and post-operative rehabilitation

Anatomic double-bundle ACL reconstruction with HT
grafts was performed based on age and activity level as
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previously described [25]. Post-operatively, all patients
underwent the same rehabilitation protocol. Briefly, the
knee was immobilized with a brace for 2 weeks, partial
weight bearing was allowed at 3 weeks, and full weight
bearing was permitted at 4 weeks. Jogging and running
were allowed for 3-4 months, followed by a return to
previous sports activities at 6-9 months.

Assessment of anterior knee symptoms

Patients answered a 13-item self-report questionnaire,
known as the Anterior Knee Pain Scale (also known as the
Kujala scale [13]), to examine the incidence of symptoms
during six activities (walking, running, jumping, climbing
stairs, squatting, and sitting for prolonged periods with the
knee bent) considered to be specifically associated with
anterior knee pain syndrome [13, 22]. We dichotomized
answers into either ‘no difficulty’ or ‘other’ categories;
patients who selected ‘other’ categories were considered to
have anterior knee symptoms.

Subjective evaluation and physical examination

At 6 months after ACLR, subjective evaluation was per-
formed using the IKDC subjective knee form and physical
examinations including anterior knee laxity as measured by
the KT-2000 arthrometer (MEDmetric, San Diego, CA),
heel-height difference (HHD), and isokinetic thigh muscle
strength measured by the Cybex 6000 isokinetic dyna-
mometer (Lumex, Inc., Ronkonkoma, NY) were per-
formed. Parameters used were the average side-to-side
differences in anterior laxity at manual maximum force and
the ratio of peak extensor and flexor torques at 60°/s
between involved and uninvolved limbs.

Ultrasound evaluation

Ultrasonography was performed using a Prosound II SSD-
65008V linear, multi-frequency (5-13 MHz) array trans-
ducer (ALOKA, Tokyo, Japan). The PT and IFP were
completely scanned along longitudinal and transverse
planes. With grayscale ultrasound, morphologic tendon
changes (thickening of hypoechoic areas) were registered
on a standard form [10]. Power Doppler was used to
diagnose blood flow in the PT and IFP [5, 7]. To maxi-
mize sensitivity to any flow, the lowest pulse repetition
frequency and wall filter were applied. When more blood
flow signal was detected compared to contralateral knees,
it was recorded as increased blood flow (Fig. 1). Two
examiners examined five randomly selected subjects with
regard to intra- and inter-reproducibility of ultrasound
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Trochlear groove

Fig. 1 Representative ultrasound image of knee. The transverse
planes of both knees of a Sl-year-old female patient with post-
operative anterior knee symptoms during squatting, running, and
climbing stairs. Articular cartilage in the trochlear groove was seen in
the viewing field, and the infrapatellar fat pad (IFP) was observed

examination, for which a perfect agreement was observed.
All examinations in this study were completed by an
orthopaedic surgeon who was experienced in musculo-
skeletal ultrasound and blinded to clinical outcome
assessments.

Ethical standards

Our study protocol abided by standards set by the Helsinki
Declaration, and all experiments in this study were con-
ducted in accordance with a protocol approved by the
Ethical Committee of Osaka Rosai Hospital.

Statistical analysis

Continuous variables are expressed as mean =& SD. The x*
test and Fisher’s exact test were used to compare cate-
gorical variables between patients with and without ante-
rior knee symptoms. Unpaired Student’s ¢ test or Mann—
Whitney U test were performed for univariate analysis of
continuous variables between groups. After determining
variables associated with anterior knee symptoms accord-
ing to univariate analysis, multivariate logistic regression
analysis was performed. All analyses were performed using
SPSS (SPSS Inc., Chicago, IL), with P < 0.05 considered
statistically significant.

Sample size calculation indicated that a total of 34
patients would be required to show significant changes in a
chi-square test with an o level of 0.05 and a f§ level of
80 %. For comparison of isokinetic thigh muscle strength
between the group with anterior knee pain and the group
without anterior knee pain, a total of 52 patients was
required to show a significant difference at an o level of
0.05 and a S level of 80 %.
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between the patellar tendon (PT) and femoral trochlear groove.
a Non-operated right knee. No blood flow signal was observed in the
IFP. b Operated left knee. Increased blood flow signal was observed
in the IFP (arrows)

Results

Patient characteristics and incidences of anterior knee
symptoms

Participant characteristics are summarized in Table 1.
Thirty-two patients (56.1 %) showed symptoms during at
least one of six activities, but none had severe symptoms
that disrupted activities of daily living. According to uni-
variate analysis, age was significantly associated with
anterior knee symptoms (P = 0.012). Gender, worker-to-
student ratio, pre-injury Tegner activity level, pre-operative
quadriceps torque at 60°/s, meniscal lesions, and articular
cartilage defects did not correlate with the presence of
anterior knee symptoms (Fig. 2).

Subjective evaluation and physical examination at post-
operative follow-up

Average IKDC subjective scores 6 months after ACLR
were 54.7 + 6.0 and 56.4 £+ 5.2 for the groups with and
without anterior knee symptoms, respectively (n.s.). No
significant difference was observed in anterior knee laxity
or in HDD between the groups with and without anterior
knee symptoms. Isokinetic testing showed that quadriceps
torque was restored less effectively in the group with
anterior knee symptoms (64.0 & 18.3 %) than the group
without symptoms (829 + 154 %) (P = 0.0004)
(Table 2).

Ultrasound findings
Ultrasound results did not reveal abnormal changes in

morphology such as hypoechoic lesions and blood flow in
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Table 1 Patient demographics

Variable All Men Women Significance® (P value)
No. cases/no. knees 57 22 35

Age (range) in years 24.7 (13-51) 27.0 (15-45) 233 (13-51) NS

Worker/student 20/37 8/14 12/23 NS

Median pre-injury Tegner activity level (range) 7 (4-9) 7 (4-9) 9 (4-9) P = 001"
Pre-operative quadriceps torque 60°/s 613 +£172 61.1 £204 615+149 NS

Treatment for meniscal lesion (no. cases of partial resection/repair) 31 15 16 NS

Articular cartilage defect (outerbridge classification >II) 18 8 10 NS

$ Statistically significant difference between men and women
T Mann-Whitney U test

(%)

100 -
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S0 4249
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22.8%
0 S -
o N o 1 ge®
A - ) N
5o eo® ow® o® P&\e"‘ G‘\Q\‘
) 2
&

Fig. 2 Incidence of anterior knee symptoms during activities of daily
living. Six months post-operatively, anterior knee symptoms were
reported in 24 patients (42.1 %) when squatting, 16 (28.1 %) when
running, and 13 (22.8 %) when climbing stairs. Thirty-two patients
(56.1 %) showed symptoms during at least one of six activities
(walking, running, jumping, climbing stairs, squatting, and sitting for
prolonged periods with the knee bent)

the PT. With the IFP, however, 28 patients (87.5 %) in the
group with anterior knee symptoms and 13 (52.0 %) in the
group without symptoms showed increased blood flow
(Table 3). The relationship between the presence of ante-
rior knee symptoms and increased blood flow in the IFP
was significant (P = 0.003).

Multivariate logistic regression analysis

According to univariate analysis, age, quadriceps torque,
and increased blood flow in the IFP were included as
factors of anterior knee symptoms. Patients were grouped
by whether they were either 18 years old and younger or
older than 18, given the consideration of biological growth,
and 80 % of the uninvolved limbs were used as a cut-off
point to indicate quadriceps torque. Multivariate logistic
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Table 2 Comparison of physical examinations among those with and
without AKP

Variable Group with Group without Significance
anterior knee anterior knee pain (P value)
pain

No. cases 32 25

Anterior knee laxity®

Mean 07+£08 05+£12 NS
(range) in
mm
<2mm (%) 958 91.7 NS
Knee flexion contracture
HHD 34.4 12.5 NS
>1.0 cm
(%)
Quadriceps 68.4 + 14.8 854 £ 15.1 P = 0.0004
torque at
60°/s"

Hamstrings 82.1 £ 154 872 £ 125 NS

torque at
60°/s

NS not significant HHD heel-height difference

% The side-to-side difference with the KT-2000 arthrometer at max-
imum manual force

 Values are expressed as a percentage of the uninvolved side

regression analysis revealed that quadriceps torque (odds
ratio 3.5; 95 % confidence interval 1.0-11.7) and increased
blood flow in the IFP (odds ratio 5.0; 95 % confidence
interval 1.3~19.9) were independent factors associated with
the presence of anterior knee symptoms (Table 3).

Discussion
The most important finding of the present study was that

increased blood flow in the IFP was identified as an inde-
pendent factor associated with the presence of anterior
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Table 3 Multivariate logistic regression analysis of risk factors for anterior knee symptoms

Variables No. cases Patients with anterior Odds ratio 95 % confidence Significance
knee symptoms interval (P value)

Age (years)

<18 27 12 (44.4 %) 1.0

18< 30 20 (67.7 %) 17 0.5-5.7 0.4
Quadriceps torque at 60°/s

80 %= 25 9 (36.0 %) 1.0

<80 % 32 23 (71.9 %) 3.5 1.0-11.7 0.04
Increased blood flow in the infrapatellar fat pad

No 16 4 (25.0 %) 1.0

Yes 41 28 (68.3 %) 5.0 1.3-19.9 0.02

knee symptoms 6 months after ACLR with HT autografts,
although there were no abnormal changes in the PT.

In this study, the incidence of anterior knee symptoms was
56.1 %. In previous reports, incidences of anterior knee
symptoms after ACLR with HT grafts were 12.5-32.2 %
[14]. A possible explanation for this discrepancy is different
assessment methods. With no agreement on exact diagnostic
criteria, investigators have diagnosed anterior knee symp-
toms with their own methods [16, 26] or systems such as the
IKDC score [1], patellofemoral pain score [9] or Kujala
patellofemoral score (the Anterior Knee Pain Scale) [11].
Among these, we selected the Anterior Knee Pain Scale and
examined the incidence of anterior knee symptoms during
these six activities considered to be associated specifically
with anterior knee pain syndrome [22]. We removed symp-
tom severity from our consideration, given that none of our
patients experienced pain during these activities. We also
assessed symptoms at 6 months post-operatively, while most
other studies were performed at least 2 years after ACLR
[14]. Niki et al. [17] recently reported that the prevalence of
anterior knee pain was 42.0 % 3 months post-operatively,
falling to 11.1 % after 2 years. These issues make it difficult
to compare our incidence of anterior knee symptoms with
other reported rates.

There appears to be consensus in the literature that
regaining thigh muscle strength after any type of autograft is
essential for avoiding future anterior knee problems [12, 19].
Muneta et al. [15] reported that patients’ subjective evalua-
tions of their ACL reconstruction with HT or BTB autografts
were worse if quadriceps or hamstring strength was less than
that of the contralateral side. Niki et al. [17] reported that
quadriceps peak torque at 60°/s, not donor site morbidity,
was associated with anterior knee pain development 2 years
post-operatively. Although it remains unclear whether
reduced quadriceps torque was a cause or consequence of
anterior knee pain and what the underlying mechanisms are
[16, 17], there is no doubt about the importance of thigh
muscle strength in patients after ACLR.
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The IFP is an intracapsular, extrasynovial adipose tissue
that fills the anterior knee compartment and is richly vas-
cularized and innervated [8], but its precise function is
unknown [3, 24]. Although the pathophysiology is not yet
confirmed, several studies have described chronic hyper-
plasia of the IFP as a possible cause of anterior knee symp-
toms [18, 24]. More recent articles, on the other hand,
highlighted the IFP as a biochemical modulator of inflam-
matory and destructive responses in the injured knee [6, 28].
In human osteoarthritic joints and animal models, nocicep-
tive nerve fibres present in the IFP or infiltrating immune
cells can cause anterior knee symptoms [4]. In the present
study, ultrasonography showed increased blood flow in the
IFP more frequently in patients with anterior knee symptoms
than in those without symptoms. Abnormal blood flow can
be observed in several clinical situations [27, 28]. Some
studies have shown that intratendinous flow is associated
with symptomatic patellar and Achilles tendinopathy, which
supports monitoring tendon neovascularization as a diag-
nostic indicator of critical situations [5]. To our knowledge,
this study is the first to utilize ultrasound evaluation of blood
flow in the IFP, although the exact mechanism underlying the
increased blood flow requires further investigation.

The present study has some limitations. First, it was a
cross-sectional study based on a relatively small sample
size, but still revealed new information about the patho-
physiology of anterior knee symptoms after ACLR with
HT autografts and tested ultrasound as a possible evalua-
tion tool. Second, the short-term follow-up might not be
related to long-term clinical outcomes such as anterior knee
symptoms. Investigation at a relatively early stage can be
meaningful, however, because it is preferable to minimize
subjective symptoms early before they impede rehabilita-
tion and patients return to sports activities [16]. Finally, no
patients experienced highly severe anterior knee symptoms
in this study. As such, we were unable to examine the
relationship between the blood flow in the IFP and severity
of anterior knee symptoms.
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The clinical relevance of this study is that the ultrasound

evaluation can be helpful when defining the precise origin
of anterior knee symptoms after ACLR with HT autografts.

Conclusion

Quadriceps torque and increased blood flow in the IFP
were identified as independent factors associated with the
presence of anterior knee symptoms 6 months after ACLR
with HT autografts, although there were no abnormal
changes inside the PT. Age, gender, intra-articular lesions,
and knee extension deficit were not independent variables
that affected the presence of anterior knee symptoms.
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Patellar mobility can be reproducibly measured using ultrasound
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Abstract The present study was performed to examine
the reliability of ultrasound in evaluating patellar mobility
in the superior—inferior direction. Twelve healthy men
volunteered for the study. Patellar mobility in the superior—
inferior direction during isometric knee extension con-
traction with the knee immobilized in a semi-flexed knee
brace was measured using ultrasound. Both intra-observer
and inter-observer reliability were assessed by intra-class
correlation coefficients (ICCs). Bland—Altman analysis was
used for assessing agreement between measurements. JICC
values were excellent for both intra-observer and inter-
observer reliability at 0.97 and 0.93, respectively. In 95 %
of measurements, the same observer measured within
—0.55 to 0.61 mm, while different observers measured
within —0.82 to 0.85 mm. In conclusion, patellar mobility
in the superior—inferior direction during an isometric knee
extension exercise can be reproducibly measured using
ultrasound.

The level of evidence
tion method).

VI (basic study of a novel evalua-
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Introduction

To prevent postoperative complications, it is important to
regain normal patellar mobility after knee surgeries such as
anterior cruciate ligament reconstruction and total knee
arthroplasty. Patellar immobility leads to decreased range
of motion, quadriceps inhibition, altered gait pattern, and
prolonged rehabilitation [1]. Thus, multidirectional mobi-
lization of the patella and quadriceps muscle setting exer-
cises are initiated in the early postoperative period to
improve patellar mobility and quadriceps function. Despite
the importance of this being generally accepted, a single
gold standard evaluation method of patellar mobility has
not been established [2-4].

With the recent development of high-resolution probes,
the use of musculoskeletal ultrasound has significantly
increased [5]. The superficial localization of the knee
extensor apparatus, including the patella and patellar tendon,
makes it suitable for ultrasound evaluation [6, 7]. The pur-
pose of this report was to determine if ultrasonography can be
useful in evaluating patellar mobility in the superior—inferior
direction during an isometric knee extension exercise.

Materials and methods
Participants

Twelve healthy men with no signs of musculoskeletal
injury or disorder that would prevent their participation
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