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Abstract

Background: Spinach (Spinacia oleracea) is a rich source of flavonoids and therefore widely used therapeutically as
an antioxidant agent in traditional medicine. The present study was undertaken to study the bone regenerating
property of dried Spinacia oleracea extract (DSE) and self-emulsifying formulation of the extract (FDSE) on drill-hole
model of fracture repair in rats.

Methods: 0.8 mm hole was drilled in the diaphyseal region of femur in adult SD rats. DSE and formulated extract
(FDSE) was administered orally and fractured femur was collected after treatment regimen. Micro-CT, transcriptional
analysis and measurement of calcein intensity of callus formed at the injured site was performed to study the efficacy
of the extract and formulation on bone regeneration. Further, compounds from extract were assessed for in-vitro
osteoblast activity.

Results: Micro-architecture of the regenerated bone at injured site exhibited 26% (p < 0.001) and 35% (p < 0.01)
increased BV/TV (bone volume /tissue volume) and Th.N. (trabecular number) for DSE (500 mg.kg™ 1. Further, FDSE
exhibited similar augmentation in BV/TV (p < 0.01) and Th. N (p < 0.01) parameters at dose of 250 mg.kg™ . Analogous
results were obtained from transcriptional analysis and calcein intensity at the fractured site. 3-O-Methylpatuletin, one
of the compound isolated from the extract stimulated the differentiation and mineralization of primary osteoblast and
depicted concentration dependent antagonizing effect of H,O, in osteoblast apparently, minimizing ROS generation
thus affectivity in fracture repair.

Conclusions: The present study showed that bone regenerating property of spinach was augmented by formulating
extract to deliverable form and can be further studied to develop as therapeutic agent for fracture repair.
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Introduction

S. oleracea L. commonly known as Spinach, is an edible
flowering plant in the family of Amaranthaceae. It is an
erect herb about 30-60 cm height, native to South-West
Asia and cultivated throughout world as vegetables.
Spinach is recommended as the best source of iron, vita-
mins and minerals. It is a well-known source of bioactive
phytochemicals and nutrients such as ascorbate, carot-
enoids, tocopherols, phenolics, flavonoids, folate and
minerals [1]. Kaempferol, myricetin, quercetin, apigenin
and luteolin are some of the constituents in spinach leaves
extract. Spinach extract has numerous beneficial effects
such as anti-oxidative, hepato-protective [2], anti-
inflammatory [3] and anti-cancer effect [4]. Our previous
studies on ethanolic extract of Spinacia oleracea exhibits
bone restoration in ovariectomy induced bone loss model
of osteoporosis in rats and the effect was comparable to es-
trogen [5]. Additionally, recent studies from our group indi-
cated that spinach alleviates monosodium iodoacetate
(MIA) induced osteoarthritis in rats by reducing inflamma-
tion, articular and sub-chondral bone loss. Moreover, bio-
active constituents characterized from the extract exhibit
significant chondrocyte protective effects in articular chon-
drocytes apparently preventing cartilage damage in MIA in-
duced osteoarthritis [6]. Considering the beneficial effects
of spinach on bone and cartilage, we have a growing inter-
est in its potential use for the treatment of fracture repair
where both cartilage cells and osteoblast cells play import-
ant role to heal the defect region [7]. Moreover, identifica-
tion and characterization of bioactive components from the
extract can help further in its development as an effective
rapid fracture healing molecule.

Flavonoids may occur either in the form of glycosides
(hydrophilic in nature) or aglycones (lipophilic in nature).
The intestinal microflora has major role deciding absorp-
tion of either glycosides or aglycones [8]. The microflora
converts glycosides into aglycones and thus facilitates ab-
sorption. Nevertheless, there are certain cases where gly-
cosides may not be substrates for the enzymes or
microflora, thus they are moved towards colon where they
get hydrolyzed by bacteria but it results in low absorption
since absorption in the colon is very less [9]. The main
reason for low bioavailability in humans is Phase II metab-
olism [10] along with other physicochemical properties. In
addition, there are several flavonoids that undergo conju-
gation reactions like glucuronidation, methylation and sul-
fation in small intestine and liver. Except few conjugated
flavonoids, many of their metabolites exhibit low bioavail-
ability and bioactivity. It is also reported that several flavo-
noids show bioactivity in vitro but their bioactivity in vivo
is jeopardized due to extensive metabolism and low bio-
availability [11, 12]. Due to these limitations bioavailability
enhancement becomes a major issue for the oral delivery
of flavonoids. Therefore it becomes mandatory to develop
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a formulation that could improve the metabolic stability
and enhance the absorption of flavonoids to achieve max-
imum therapeutic benefits. Presence or absence of food
and age also affects the level of microflora and rate of me-
tabolism that pose direct or indirect effects on absorption.
To establish availability of potential biomarkers vis-a-vis
its efficacy and to maximize the in vivo efficacy of the po-
tential molecule, it needs to have good absorption and dis-
tribution in various body tissues; therefore it was in our
interest to develop a suitable delivery system in the form
of self -emulsifying formulation.

Although there are numerous ways to increase bioavail-
ability of flavonoids, self-emulsifying formulations is one of
them. Self-emulsifying formulations are based on nano-
emulsion pre-concentrate and are comprised of natural or
synthetic oils, solid or liquid surfactants or, alternatively,
one or more hydrophilic solvents and co-solvents/surfac-
tants and thus they are robust in terms of dilution. SEDDS
(self-emulsifying drug delivery system) formulation used in
this study are isotropic mixtures of oils, solid or liquid sur-
factants and one or more hydrophilic solvents and surfac-
tants/co-solvents and are considered to be interesting
approach for enhancing the oral bioavailability of drugs
[13]. These systems are capable of producing water in oil
nano-emulsions or micro emulsions upon contact with the
digestive fluids under the influence of mild agitation caused
by the gastrointestinal motility. The resultant fine droplets
provide a high surface area for drug release and absorption
particularly for lymphatic transport and avoid hepatic first
pass metabolism [14]. Further, the absorption of drugs can
be also enhanced by altering the membrane fluidity, open-
ing of tight junction for para-cellular transport, and inhib-
ition of efflux transporters such as P-glycoprotein [15].

Fracture healing is a complex proliferative and differentia-
tive physiological process highly regulated by cellular, and
molecular/genetic factors [7]. Molecular mechanisms known
to regulate skeletal tissue formation during embryological de-
velopment are repeated during the fracture healing process
[16, 17]. The signaling molecules involved in fracture healing
include pro-inflammatory cytokines which interact with sev-
eral cell types, including bone and cartilage forming primary
cells, thus initializing a cascade of event resulting in callus
formation at the fracture injury site [18, 19]. Presently, there
is no approved orally available treatment for fracture healing.
Parathyroid hormone (PTH), anti-sclerostin antibodies and
BMPs have shown promising results in this direction but fur-
ther research is required before clinical use as a pharmaco-
logical agent [20]. Calcium and vitamin D are administered
to reduce the risk of vertebral fracture and prevent hypocal-
caemia [21, 22].

Spinacia oleracea owing to its anti-inflammatory and
osteogenic property along with the capability to modu-
late osteoprogenitor cells in bone marrow could acceler-
ate the bone repair process at the fracture site.
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Additionally, it was equally important to formulate the
extract with the perspective to enhance its bioavailability
and at the same time study the osteogenic property of
the characterized compounds isolated from the extract.
Therefore, in our study we compared the effect of dried
spinach extract (DSE) with formulated DSE (FDSE) on
fracture healing model and examined the osteogenic effi-
cacy of isolated compounds.

Materials and methods

Chemicals

Cell culture media and supplements such as Modified
Eagle Medium, Fetal bovine serum (FBS), 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
2',7"'-Dichlorofluorescindiacetate (DCFDA) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Com-
plementary DNA (cDNA) synthesis kit was purchased
from Thermo Fisher Scientific (Waltham, Massachusetts,
USA) and SYBR Green kit was obtained from Genetix
(New Delhi, India).

Plant material collection and extraction

Spinacia oleracea Linn. (CDRI plant code No. 2492) was
purchased from local market of Lucknow-226,021, lo-
cated at 26.8°N 80.9°E in U.P. India. The Spinacia olera-
cea leaves were dried in the shade in a well-ventilated
enclosure. The dried leaves were powdered (3 kg) and
placed in glass percolator with ethanol (5L) and are
allowed to stand at room temperature for 24 h. The per-
colate was collected. This process of extraction was re-
peated for four times. The combined extract was
filtered, concentrated under reduced pressure at 45 °C,
weight of extract obtained 540 g (18%, 2492-C003). This
formed the ‘stock’ of dried Spinacia oleracea extract
(DSE) leaves, stored at 4 °C.

Fractionation of extract (DSE)

Ethanolic extract (270 g) was triturated with ethyl acet-
ate (500 ml X 8). The ethyl acetate soluble fraction was
then concentrated under the reduced pressure at 45 °C,
weight of ethyl acetate fraction obtained was 34g
(12.59%, with respect to extract, FO04). The insoluble
fraction was suspended in distilled water (1000 ml) and
extracted with n-butanol (800 ml X 7). The combined n-
butanol soluble fraction was concentrated under the re-
duced pressure at 45°C, weight of n-butanol soluble
fraction 112g (41.48%, with respect to extract, FO05).
The aqueous fraction obtained was 115g (42.59% with
respect to extract, F006) (Fig. 1a).

Isolation of active marker compounds from n-butanol
soluble fraction (FO05) of Spinacia oleracea leaves

The n-BuOH soluble fraction (95.0 g, F005) was subjected
to silica gel column chromatography (100-200 mesh),

Page 3 of 15

with the ethyl acetate and gradient of EtOAc-MeOH (95:
5, 90:10, 75:25, 65:35, 50:50 and MeOH) as eluent. Six
fractions (F1-F6) were collected according to TLC ana-
lysis. Fraction F2 was purified on silica gel column chro-
matography eluted with CHCl3-MeOH (97:03) afforded
one compounds (50 mg, 0.0525% with respect to extract,
KO007), further elution with CHCl;-MeOH (95:05) afforded
(20 mg, 0.021% with respect to extract, K008). These com-
pounds were characterized with the help of detailed spec-
troscopic studies (Supplementary data).

HPLC analysis of extract, fraction and pure compounds
HPLC analysis of S. oleracea extract, n-butanol fraction
and isolated pure compounds was carried out on Shi-
madzu HPLC system (LC solutions ver 1.25) using mo-
bile phase with composition: 0.2% v/v phosphoric acid in
water: methanol in a ratio of 48:54. The compounds
were detected at 365 nm with flow rate at 1.0 ml/min.
HPLC data of extract and compound have already been
reported in our previous paper [6].

Preparation of self emulsifying drug delivery system
(SEDDS)

Preparation of blank SEDDS formulation

Accurately weighed quantities of oil (oleic acid) 55%w/
w, surfactant (polysorbate 80) 20%w/w, co-surfactant
20% w/w (propylene glycol) and solubilizer (PEG 600)
5%w/w were placed in a beaker and mixed thoroughly
using magnetic stirrer to obtain a clear yellow solution.

Preparation of spinach extracts containing SEDDS
formulation

The formulation was prepared by dissolving weighed
quantity of Spinacia oleracea extract (5%W/W) in the
mixture of oleic acid (55%W /W), surfactant tween 80
(20%W /W), co-surfactant propylene glycol (20%W /W)
and solubilizer PEG 200 (5% W/W). This mixture was
kept on stirring at 70 °C, overnight to obtain a clear and
transparent preparation. This formulation was stored at
ambient temperature for further use. The formulation
(FDSE) was stored in a glass container at room
temperature for further use. SEDDS formulation was
characterized for particle size distribution, drug precipi-
tation after dilution (1 in 10).

Animals and experimental procedures

All animal experiments were conducted in accordance
with current legislation on animal experiments approved
by Institutional Animal Ethical Committee (IAEC)
(IAEC/2014/38] at C.D.R.I. Adult female Sprague Daw-
ley rats (weighing aprox.180-200 g) were taken for the
study (n =10/group). A drill-hole injury was created by
inserting a drill bit of 0.8 mm diameter in the anterior
diaphysis portion of one femur [23, 24]. Briefly, under
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Fig. 1 a Fractionation procedure of dried leaves extract of Spinacia oleracea. b Particle size distribution of SEEDS formulation after diluting 1 in 10
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anesthesia the front skin of the mid-portion of the femur
were cut straight and longitudinally 2 cm above the knee
joint. The femoral bone surface was exposed by splitting
the muscle and stripping the periosteum. A drill-hole in-
jury was created with a drill bit. The treatment was
started after 1 day of drill-hole injury and continued for
2 weeks. Plant extract (DSE) at various doses and formu-
lation (FDSE) were administered orally by gavage. PTH
was taken as a standard positive control as it enhances
fracture healing [24]. Forty eight hours before autopsy,
all animals were given a fluorochrome, calcein (20
mgkg ™" body weight) dissolved in normal saline via in-
traperitoneal route. At the end of the treatment regimen
animals were autopsied and fractured femur collected
for micro-CT and transcription analysis. For calcein
binding measurement, fixed bones were embedded in an
acrylic material and 50 pm sections were made using
Isomet Bone cutter (Agra, UP, India). Photographs of
calcein labeling at fractured site was taken by confocal
microscope (Carl Zeiss LSM 510 Meta) aided with ap-
propriate filters and intensity calculated using Carl Zeiss
AM4.2 image analysis software [5].

Assessment of trabecular micro-architecture by micro-CT
Micro-CT of excised bones was carried out using a Sky
Scan 1076 micro-CT scanner (Sky Scan, Aartselaar,
Belgium). Scanning was done at 70kV, 142 mA using a
1mm aluminum filter at a resolution of 18 um/pixel.
Cross sectional reconstruction was made using Nrecon
software based on modified feldkamp algorithm. Frac-
tured region of femur were analyzed via CT analyzer
(CTAn; Sky Scan) software [5].

Quantitative real time PCR analysis of various bone-specific
genes

Excised bones devoid of bone marrow were ground into
powder in liquid nitrogen. Total RNA was isolated by
Trizol method (Invitrogen). Complementary DNA was
synthesized and quantitative realtime PCR was per-
formed as in previous published protocol [5] (Table 1).

In vitro osteogenic activity in primary osteoblast culture
Primary osteoblast culture

Rat calvarial osteoblast (RCO) cells were obtained fol-
lowing previously published protocol. Briefly, calvarium
from ten to twelve 1-2 day old rat pups were harvested,
cleaned, and subjected to five sequential enzymatic di-
gestions (0.1% dispase and 0.1% collagenase I) of 10-15
min each. Cells were collected, re-suspended and cul-
tured in a-MEM containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (osteoblast prolif-
eration medium). Calvarial osteoblast cells were allowed
to reach confluency of 80% for further experiments [25].
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Alkaline phosphatase (ALP) activity and MTT assay

Primary osteoblast cells were seeded in 96 well plates in
osteoblast proliferation medium for 24 h. On reaching
confluency cells were treated with different concentra-
tions of the test compound or vehicle for 48 h in growth
medium supplemented with 10 mM [-glycerophosphate
and 50 ug.ml™ ! ascorbic acid (osteoblast differentiation
medium). At the end of experiment ALP assay plates
were kept at —80°C for overnight then incubated at
37°C to rupture the cells. ALP activity was measured
using p-nitrophenyl phosphate (pNPP) as substrate and
absorbance was read at 405nm. After 48h, 10 pL of
MTT (5mg/ml) solution was added in each well of
MTT assay plates and kept at 37 °C for 4 h, then media
was discarded followed by addition of 100 pul DMSO into
each well. Absorbance was taken at 570 nm [25].

Mineralization assay

Cells were seeded in 12 well plates for mineralization
assay. After initial proliferation for 48h, cells were cul-
tured for 21 days in differentiation medium supplemented
with test compounds and vehicle to facilitate calcium nod-
ule formation. At the end of the treatment period cells
were fixed in 4% formaldehyde and stained with 40 mM
(pH 4.5) Alizarin. Quantification was facilitated with am-
monium hydroxide and O. D taken at 405 nm [25].

Quantitative real-time polymerase chain reaction (qPCR)
Cells were treated with different concentrations of active
compound for 72 h. RNA was extracted and quantitative
real time PCR reaction performed for determination of
the relative expression of osteogenic genes RUNX2,
BMP-2, COL-1 compared to untreated cells [25].

ROS generation

DCEFDA is a non-fluorescent dye which fluoresces on bind-
ing to ROS cleaving to form DCF (fluorophore). Fluores-
cence was measured by fluorimetry at excitation 480 nm
and emission 535 nm. Cells were pre-treated for 24 h with
compound at concentrations 100 uM, 1 uM, 10 nM, 100pM
and 1pM and incubated with positive control H,O, (0.03%)
for 4h to generate ROS. Cells were treated with DCFDA
(10 pug.ml™ ") for 30-45 min prior to termination of the ex-
periment. NAC (N-acetyl-L-cysteine) 10 mM was used as
positive to antagonize ROS generation [26].

Pharmacokinetic study

Oral bioavailability

Animals were fasted overnight (12-16 h) and randomly
divided into two groups (n = 6/group) First group of rat
received a single oral dose of DSE at 500 mg.kg™'. The
second group of rats received a single oral dose of for-
mulated extract (FDSE) at dose of 250 mgkg™'.The
blood samples were collected at 0.5, 1, 2, 4, 8, 12 and 24
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Table 1 Primer sequence of various genes used for gPCR
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Gene Symbol Gene Name Primer Sequence Accession Number

RUNX2 Runt-related transcription factor2 F-CCACAGAGCTATTAAAGTGACAG NM_053470
R-AACAAACTAGGTTTAGAGTCATCA

BMP2 Bone morphogenetic protein2 F- CCCCTATATGCTCGACCTGT NM_017178.1
R-AAAGTTCCTCGATGGCTTCTT

OCN Osteocalcin F-ATAGACTCCGGCGCTACCTC NM-013414
R-CCAGGGGATCTGGGTAGG

coL1 Typel Collagen F- CATGTTCAGCTTTGTGGACCT NM_053304
R- GCAGCTGACTTCAGGGATGT

BMP4 Bone morphogenetic protein4 F-GCATCCCAGAGAATGAGGTG NM_012827.2

R-CCACCTGCTCCCGAAATAG

h. post dose and serum samples were stored at — 80 °C
until analysis. Pharmacokinetic parameters like area
under the curve (AUC), peak serum concentration
(Chax), time to Cpoax (tmax), total clearance (Cl) and
mean residence time (MRT), steady state volume distri-
bution (V,s) were determined by drug concentration ver-
sus time curve [27].

Analysis of biomarkers in serum samples

A Shimadzu UFLC pump (LC-20 AD) with online degasser
(DGQU-20A3), an auto-sampler (SIL-HTc) with a
temperature-controlled peltier-tray and a triple quadrupole
API 4000 Q trap mass spectrometer (Applied Biosystems,
Toronto, Canada) was used for analysis. Chromatographic
separation was made on a Discovery HS C-18 column
(5um, 100x4.6 mm id) preceded with a guard column
(5 um, 20 x 4.0 mm, id) packed with the same material with
mobile phase [0.2% formic acid in methanol: Milli Q water
(90:10, v/v)] pumped at a flow rate of 0.7 mL/min under iso-
cratic condition. The mobile phase was degassed by ultra-
sonication for 15 min before use. LC-MS/MS system was
equilibrated for approximately 20 min before commence-
ment of analysis. The analysis time was 3 min per sample.
The mass spectral analysis was performed in multiple reac-
tion monitoring mode (MRM) was used to monitor the tran-
sitions m/z345.0 - m/z330.1 (K007), m/z346.9 — m/
z289.0(K008), m/z345.0 — m/z330.1 (K009), m/z346.9 — m/
2289.0(K010) and m/z 180.1 — m/z 138.2 (phenacetin; in-
ternal standard) in positive ionization mode at 5500 V. An
aliquot (50 pl) of the serum samples was hydrolyzed using p-
glucuronidase and subjected to liquid-liquid extraction using
tert-butyl methyl ether. Data acquisition and quantitation
were performed using analyst software (version 1.4.2; AB
Sciex, Toronto, Canada).

Statistical analysis

Data are expressed as Mean + SEM. The data obtained
in experiments were subjected to one-way ANOVA
followed by Newman—Keuls multiple comparison test of
significance using Graph Pad Prism 5.0 software.

Results

Preparation of self-micro emulsifying drug delivery
system (SEDDS)

Different blank SEDDS formulations were prepared by
varying the ratio of oil to co-surfactant to increase the
loading and decrease the precipitation of extract after di-
lution. The optimized formulation showed good stability
against precipitation after dilution. The mean particle
size of the formulation was found to be 253.4 + 1.485 nm
with polydispersive index (PDI) 0.564 + 0.081 (Fig. 1b).

Effect of extract and formulation on in vivo fracture
healing

Bone micro-architecture parameters changes at fracture site
Dried Spinacia oleracea extract (DSE) at dose of 500
mgkg 'dy™' exhibited enhanced bone regeneration at
fracture site as compared to vehicle treated control
(Fig. 2a,b). However, formulation of the extract (FDSE)
resulted in lowering the effective dose to 250
mgkg 'dy " as evident from the micro-CT data (Fig. 2c).
BV/TV (bone volume/tissue volume) was increased by
~26% (p <0.01) at 500 mg.kg"'dy™" of DSE compared to
control group whereas; no significant effect was ob-
served at the lower dose. Formulated extract (FDSE) re-
sulted in ~26% (p<0.01) and~324% (p<0.001)
increase in BV/TV at 250 and 500 mgkg'dy™ dose
compared to control. Dose of 250 mg.kg 'dy™" FDSE
demonstrated a 41.71% (p <0.001) increment in BV/TV
relative to extract at the same dose. Intermittent PTH
given as a positive control displayed 47% (p < 0.001) rise
in BV/TV and was non-significant when compared to
FDSE. Similarly, Tb.N. (trabecular number) was in-
creased by ~ 35% (p < 0.05) in 500 mgkg'dy " dose both
in DSE and FDSE and 38% (p < 0.01) in PTH treated ani-
mals (Fig. 2d). No change was observed in Tb.N. at
lower dose of DSE whereas, 33% (p <0.01) increment
was observed in FDSE at 250 mg.kg 'dy™" dose. Findings
from positively correlated parameters for improved bone
micro-architecture were substantiated by data obtained
from negatively linked parameters viz. Tb. Sp (trabecular
separation) (defines the separation between the
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Fig. 2 DSE and FDSE improved micro-architectural parameters in the drill-hole site and accelerates bone regeneration at the fracture site.
Representative 2D (a) and 3D (b) images generated by micro-CT showing bone healing at different doses. Micro-CT analysis showing (c) bone
volume/tissue volume BV/TV; (d) trabecular number (Tb.N); (e) trabecular separation (Th.Sp); (f) structure model index (SMI). All values are
expressed as Mean = SEM (n = 10 rats/group). p < 0.05, "p <001, p <0001 compared with control. *p < 0.05, #p < 001, **p < 0.001 compared
to formulated extract (FDSE) with corresponding dose of extract (DSE).2p < 0.05, ®®p < 0.01, ®®®p < 0.001 compared to PTH )

Tb. Sp was reduced by 34% (p<0.001) and 29% (p <
0.001) in 500 mgkg 'dy™! dose of DSE and FDSE re-
spectively. At 250mgkg 'dy' dose Tb. Sp was

trabecular network) and SMI (structure model index)
(indicator of the structure of trabeculae and high values
demonstrates greater accumulation of micro-damage).
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Fig. 3 a Representative confocal images (X100) of calcein labeling in the drill-hole site of various groups. b Data shows the quantification of the
mean intensity of calcein labeling at the drill-hole site after treatment. Expression of osteogenic genes BMP2 (c), COL1 (d), BMP4 (e) quantitated
by gPCR at fracture site. Values represent Mean + SEM (n = 10 rats/group). p < 0.05, 'p <001, " p < 0.001 compared with control. *p < 0.05, *p <
001, ™p < 0.001 compared to formulated extract (FDSE) with corresponding dose of extract (DSE).2p < 0.05, ®®p < 0.01, ®®®p < 0.001 compared

to PTH
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Fig. 4 Alkaline phosphatase (ALP) activity in calvarial osteoblast cells of isolated compounds from the extract. a 3-Methyl-6,7-(methylenedioxy)
quercetagetin (K007) (b) 3-O-methylpatuletin (K008) (c) Pterospermin C (k009) (d) Adenosine (K010). Data shows Mean + S.EM of three

(A)
3-Methyl-6,7-(methylenedioxy) quercetagetin
0.59 "
E 0 4" l. I:I T
Qe
& 0.3 _
-
0.2 e
3 2
0.14 3
0.0- 1 T
Control 1pM 100pM 10nM 1pM 100pM
© Pterospermin C
0.5
0.4+
= T =
w, &
g e
- e
& L}
a
. npunn
O ot
o
. ?:
Control 1pM 100pM 10nM 1pM 100pM
independent experiments ***p < 0.001; **p < 0.01 and *p < 0.05 as compared with untreated cells taken as control

3-O-methylpatuletin

0.51
k%
£ 0.4- *x **
= o T *
w,
[
- o
[~
a
S =
e
I.:F 1
Control 1pM 100pM 10nM 1pM 100pM
(D) Adenosine
0.51
= 0.44 _ -
=
w;
> S
= 3
‘a l:ll
2
© —

Control 1pM 100pM 10nM 1M 100uM

diminished by 20% (non-significant change) and 33%
(p<0.001) in DSE and FDSE respectively (Fig. 2e). This
further validated the affectivity of FDSE at 250
mgkg 'dy" (decreased Tb. Sp by 24% (p <0.05) com-
pared to only DSE at the same dose). Additionally, SMI
an important parameter of fracture healing was dimin-
ished by 43% (p<0.01) and 51% (p<0.001) at higher
dose of DSE and FDSE respectively and 52.5% (p <
0.001) in PTH group. 250 mg.kg 'dy™* DSE exhibited a
27.2% (p < 0.05) decrease against a sharp 60% (p <0.001)
decline in FDSE at same dose relative to control group
and 46.3% difference in comparison to DSE (Fig. 2f).
Overall, the data showed that DSE at 500 mgkg *dy™"
was effective in fracture healing and FDSE was effective
in lowering the dose to half, thus validating that the
SEDDS formulation enhanced the bone healing property
of DSE apparently lowering its effective dose.

Effect of extract and formulation on callus formation at
the fracture site

Figure 3a depicts representative confocal images of cal-
cein labeling at fracture site. The intensity of calcein is
proportional to mineralization of the callus at the frac-
ture site. As evident from the images and intensity meas-
urement DSE at doses 500 mgkg 'dy™' showed an
increment of ~36.5% (p<0.01) compared to control
(Fig. 3b). However, FDSE at both doses enhanced the in-
tensity by ~76% (p <0.001) compared to control. How-
ever maximum mineralization was observed in PTH
treated group (~80%) (p <0.001) compared to control.
These results clearly revealed that the extract was effect-
ive in callus formation at the fractured site which is pro-
portional to new bone formation and FDSE at 250
mgkg'dy™" dose showed significantly higher calcein in-
tensity then corresponding DSE.
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Effect of extract and formulation on osteogenic gene
expression

The expression of osteogenic genes BMP-2, BMP-4, COL-
1 were assessed by real time quantitative PCR (Fig. 3c-e).
The expression level of BMP-2 was up-regulated ~ 2 fold
and ~ 5 fold for 250 mgkg'dy™* for DSE and FDSE re-
spectively. However, for COL-1 the expression profile was
different in DSE (no significant change) and FDSE (~ 4
fold change) at lower dose, showing enhanced augmenta-
tion in FDSE. Whereas, at higher dose the similar increase
in expression was observed for DSE, FDSE and PTH. An-
other important protein, BMP-4 is expressed in later
stages of fracture repair was studied for various groups.
The results revealed that BMP-4 expression was amplified

by 4 fold in FDSE at both doses, whereas five fold in 500
mgkg'dy”" DSE and PTH. Thus, the quantitative real
time gene expression data exhibited the effective dose of
DSE to be 500 mgkg 'dy " while the dose was reduced to
half in FDSE treated animals.

Effect of isolated compounds on in vitro calvarial
osteoblast cells

Screening of compounds using osteoblast differentiation
and cell viability assay

The compounds isolated from extract (3-Methyl-6,7-(methyle-
nedioxy) quercetagetin (K007), 3-O-methylpatuletin (K008),
Pterospermin C (K009) and Adenosine (K010) were screened
for alkaline phosphatase (ALP) activity, an important marker
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of osteoblast differentiation and cell toxicity study by MTT
assay in primary rat calvarial osteoblasts. All the compounds
screened, showed comparable ALP activity to vehicle treated
cells (Fig. 4). KOO8 demonstrated 65.2% (p < 0.001) increased
ALP activity at 1pM and 40% (p <0.01) augmentation at
100pM and 10nM (Fig. 4b). Further data from MTT assay
demonstrated that compound K008 was well tolerated at all
concentration (resulted in 44%; p < 0.001 increased viability at
1pM) and showed no inhibitory effect on cell proliferation
(Fig. 5b). Overall the data suggested that K008 was active at all
concentration with maximum activity at 1pM concentration
and apparently one of the components for the enhanced
in vivo activity of DSE. Additionally the ECs, (half maximal ef-
fective concentration) values of the compounds (Table 2) cal-
culated from ALP assay demonstrated that K008 as the
compound effective at lowest concentration.

Mineralizing ability of screened compounds in calvarial
osteoblast

Representative images of alizarin stained cells (Fig. 6a)
and quantification of data revealed that compound K008
augmented calcium nodule formation (Fig. 6b) in differ-
entiated osteoblast by ~ 60% at 1pM and ~ 30% at 10 nM
and 100 pM concentration.

Effect of active compound increased osteoblastogenesis
related marker gene expression

RUNX-2, a bone specific transcription factor and BMP-2
are key regulators of osteoblast differentiation exhibited
~1.2 and~2.5 fold change at 1pM concentration of
compound K008 for 48 h (Fig. 6¢ and d). ALP (Fig. 6e)
and COL-1 (Fig. 6f) involved in the matrix maturation
and mineralization was enhanced by ~ 1.4 and ~ 1.5 fold
respectively at 1 pM. From the qPCR analysis it was evi-
dent that KOO8 was prolific in augmenting the process of
differentiation and mineralization of osteoblast cells.
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Effect of active compound on ROS generation stimulated
by H,0,

ROS was increased as a result of treatment with H,O, as
evident from the increased fluorescence. Cells pretreated
with K008 completely alleviated the H,O, induced in-
creased ROS generation as assessed by DCFDA. ROS
was observed to be reduced in concentration gradient
manner with compound K008 treatment as evident from
O. D comparable to negative control NAC (Fig. 6g).

Effect of extract and formulation on pharmacokinetic
parameters

LC-MS/MS method for quantitative estimation of the
four biomarkers (K007, K008, K009 and K010) of Spina-
cia oleracea L. was developed. K007, K008, K009 and
K010 were found to be present 0.20, 0.013, 0.0004 and
0.046%, respectively. The LC-MS/MS method applies to
50 pL of serum and exhibited excellent linearity between
1 and 200 ng.ml™'. Recoveries of the markers was >70%
for K007 and K008 but < 5% for K009 and K010 with ac-
ceptable accuracy and precision.

The animals tolerated the treatment as no peculiarities
in the animal behavior were observed. The absorption of
both K007 and K008 was rapid with peak serum concen-
tration (Cmax) at 2 h and were monitored up to 8 h on
oral administration of formulation (Table 3). The serum
concentration-time profile obtained after oral adminis-
tration of formulation was subjected to non-
compartmental analysis and the calculated pharmacoki-
netic parameters are shown in Table 2. The volume of
distribution (K007, 43.3 L/kg; K008, 5.6 L/kg) is larger
than the total blood volume of rat (0.054 L/kg) [27] and
systemic clearance (K007, 12.8L/h/kg) is also higher
than the total hepatic blood flow in rats (2.9 L/h/kg) [27]
indicating extravascular distribution along with the
extra-hepatic elimination.

Table 2 Pharmacokinetic parameter of K007 and K008 after single oral dose of FDSE (250 mgkg™ ') in SD rats

Parameters K007 K008 Parameters K007 K008
10 Crax (ng/mL) 76 50
Chnax (ng/mL) 7.6 5.0
e (H) 14 2
=°] —e— K007 tmax (h) 14 2 AUC.s (hgh/ 390 233
E —e— K008 mL)
2 AUClqs h/mL 233
£°] tas(ng h/mL) 39.0 AUCO-s(ng 493 353
g AUCO-oo(ngh/mL) | 493 | 353 | h/mD
8] MRT (h) 34 39
8 MRT (&) 34 > CVF (Uh/k
2 9 128 14
CUF (L/h/kg) 12.8 L4 v rung 433 56
i
0 2 4 8 Vs/F (L/kg) 433 5.6
Time (h)

Abbreviations: AUC,,s; = area under the serum concentration-time curve up to last observation, C,,,,x = peak serum concentration, ty.x = time to C;,ax, MRT =mean
residence time, V, /F = steady-state volume of distribution, CI/F = clearance, F = fraction of dose absorbed
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(See figure on previous page.)

Fig. 6 In vitro osteogenic and anti-ROS activity of the active compound 3-O-methylpatuletin (KO08) in primary osteoblast cells. a-b Representative
images of compound K008 treated Alizarin Red-S stained cells and quantification. Relative change in expression of osteogenic genes (c) RUNX2,
(d) BMP2, (e) ALP, (f) COL1 in calvarial osteoblasts treated with compound K008 as compared to control by gPCR. *p < 0.05, **p < 0.01, ***p <
0.001 compared with vehicle treated control cells. g Compound K008 inhibited ROS generation stimulated by H202in osteoblast cells as assessed
by DCFDA assay. *** p < 0.001 compared to only untreated cells. ###p < 0.001 compared to H202 treated cells

Discussion

The aim of this study was to compare the bone regener-
ating property of dried extract of Spinacia oleracea and
its self emulsifying formulation. The process of fracture
repair in the drill hole model of injury involves intra-
membranous ossification resulting in the formation of
bone directly, without forming cartilage, from commit-
ted osteoprogenitor and undifferentiated mesenchymal
cells that resides in the periosteum, and results in forma-
tion of hard callus [28-30]. Our study clearly indicated
that the dried spinach extract (DSE) augmented the
process of repair at the drill-hole by newly generated
bone at a dose of 500 mg.kg™ *dy ! as assessed by both
dynamic (calcein labeling) and microarchitecture mea-
surements. However, the effective dose was reduced to
250 mgkg 'day™ in SEDDS formulated extract on the
same animal model, attributed to increased bioavailabil-
ity of the extract. The SEDDS formulation exhibited a
23% and 35% increase in BV/TV and Tb.N. at dose of
250 mg.kg 'day™' dose as compared to extract. SEDDS
formulations are an important tool to increase the solu-
bility of lipophilic drugs and offer the potential for en-
hancing drug absorption and oral bioavailability. The
oleic acid and propylene glycol used in the SEDDS for-
mulation here are Generally Regarded as Safe (GRAS)
and all other components are approved for oral adminis-
tration by the US FDA. The SEDDS formulation shows
high loading i.e. 10%w/w and after dilution with water
the nano-emulsion was spontaneously formed with no
evidence of precipitation which confirms its stability
against dilution.

Transcriptional analysis from fractured bone exhibited
stimulation in expression osteogenic genes BMP-2,
BMP-4 and COL-1 at the fracture site, markers for frac-
ture healing. Bone morphogenetic proteins (BMPs) play
an important role in cellular migration, differentiation,

Table 3 Compounds isolated from extract of Spinacia oleracea

division, and matrix synthesis in the process of fracture
healing. BMP-2 is an important factor facilitating the for-
mation of new bone at fracture site during the process of
healing. BMP-2 is expressed during the complete period
of healing and initiates the expression of other important
morphogenetic proteins [31]. BMP-2 expression was stim-
ulated remarkably in animals with SEDDS formulated
DSE at dose of 250 mgkg 'day™ indicating robust and
faster healing. BMP-4 is expressed during callus formation
and enhances the osteo-inductive capacity of the mesen-
chymal cells to osteoblasts [29, 32]. COL-1 represents the
process of bone remodeling at the site of injury. Our re-
sults reveal up regulation in BMP-4 and COL-1 expres-
sion at comparatively lower dose of the formulation
apparently indicating its efficacy in modulating the cellular
mechanism of fracture repair. Formulation of extract re-
sulted in lowering of particle size and increased solubility,
therefore efficacy as is also evident from the increased cal-
cein intensity thus establishing the fact that the formula-
tion intensifies the process of bone regeneration at the
fracture site at cellular level at a lower dose.

This increase in bone accretion at the drill hole ap-
pears to be attributed to the presence of flavonoids and
bioactive compounds which increase the differentiation
of calvarial osteoblast cells in in vitro. Further, isolation
of bioactive constituents from the extract and assessing
their osteogenic activity in vitro aided in validating the
active biomarkers from the extract. Spinach has high fla-
vonoid content. Thirty six compounds were identified
based on their retention times, accurate mass and MS/
MS spectra [33], out of which four compounds 5, 3', 4'-
trihydroxy-3-methoxy-6,7-methylenedioxy-flavone
(K007), 3-O-methylpatuletin (K008), Pterospermin C
(K009) and Adenosine (K010) exhibited osteoblast differ-
entiation as evident from ALP assay. KOO8 showed en-
hanced osteogenic differentiation at all concentration

Code no. Molecular formula Molecular weight Chemical Name EC50
Koo7 Cy7H1,08 344 3-Methyl-6,7-(methylenedioxy) quercetagetin 59uM
or
5, 3, 4-trihydroxy-3-methoxy-6,7-methylenedioxy-flavone,
K008 Ci7H140¢ 346 3-O-methylpatuletin 1.12 uM
or
5, 7, 3, 4'-tetrahydroxy-3,6- dimethoxy-flavone
K009 CioH13N504 267 Pterospermin C 7.56 UM
K010 C4H404 116 Adenosine 1.32 uM
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attributed to low cell cytotoxicity evident from the MTT
assay. Further, KOO8 exhibited maximum up-regulation
in the expression of RUNX-2, BMP-2, COL-1 and ALP
compared to untreated calvarial osteoblast cells. RUNX-
2, a key transcription factor associated with osteoblast
differentiation and its stimulation leads to osteoblast for-
mation. BMP-2 is a marker of osteoblast differentiation
is known to stimulate bone formation. COL-1 is well
known to be involved in the matrix maturation and
mineralization process. Alizarin staining revealed the
affectivity of K008 in increasing deposition of calcium
nodules in differentiated osteoblast cells.

When bone fracture occurs, a remarkable yield of free radi-
cals is generated by the damaged tissues thus elevating the re-
active oxygen species at injured site [34]. Any exogenous
agent to aid in bone healing should have the capacity to form
either osteoblast or cartilage from undifferentiated mesenchy-
mal cells along with antioxidant and anti-inflammatory prop-
erty. Phytochemicals with anti-oxidative capacity (such as
kaempferol, quercetin) present in spinach regulate bone me-
tabolism by reducing the production of (ROS) reactive oxygen
species and by improving anti-oxidative capacity [6, 35, 36].
Moreover, 3-O-methylpatuletin, one of the biomarker isolated
from the extract demonstrated ROS scavenging activity in-
duced by H,O, in osteoblast cells.

The pharmacokinetics of extract and its formulation de-
tected all the four markers (K007, K008, K009 and K010) in
serum samples below LLOQ (1 ng/mL). Following enzym-
atic hydrolysis of the serum samples, only K007 and K008
could be quantified up to 8 h in the hydrolyzed serum sam-
ples of the rats treated with the formulation. They exhibited
low systemic availability, large volume of distribution, high
clearance and mean residence time of ~ 3.5 h.

Conclusion

Collectively, our findings suggest that the SEDDS formula-
tion facilitated to improve the absorption and bioavailabil-
ity of biomarkers that resulted in improved efficacy at
almost half dose of extract. It accelerated fracture repair
and by increasing the production of osteoprogenitor cells
and their differentiation to osteogenic lineage thereby en-
hancing the recruitment of osteoblast to the injury site as
well as stimulating the ability of the cells to produce
osteogenic cytokine, BMP-2 and deposition of matrix pro-
tein, COL-1, ultimately accelerate fracture healing.
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1186/540816-020-00190-z.
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