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Abstract
Nitric Oxide (NO) modulates various assortments of the angiogenic process. The endogenous hormone
leptin is able to induce different physiological process such as angiogenesis at low concentration
because of its high receptor speci�c a�nity. Various studies speculated leptin’s ability to induce
endothelium‐dependent vascular relaxation by stimulating NO through different signaling pathways. So
far, no studies have reported the dose and time dependent potential of human recombinant leptin on NO
release. Hence, an attempt has been made to understand the optimal concentration and time of
incubation of human recombinant leptin for the enzymatic release of NO from endothelial Nitric Oxide
Synthase (eNOS). Leptin induced changes in the localization and phosphorylation pattern of eNOS in
cultured endothelium under various concentrations and time of incubation is studied. The 5 Nanomolar
concentration of human recombinant leptin within 6 minutes of incubation could induce signi�cant levels
of NO from the activated eNOS in cultured endothelium through plasma membrane localization and
phosphorylation of eNOS. Our �ndings suggest that human recombinant leptin can modulate NO-
dependent new therapeutic avenue for angiogenesis-related disorders such as wound healing if used
within the active concentration and time of incubation.  

Introduction
Leptin, a 16 kDa adipocyte-derived hormone, plays a signi�cant role in regulating energy homeostasis [1].
It also acts as a pro-angiogenic molecule and initiates the process of angiogenesis through the Ob-R
receptor present on vascular endothelial cells (ECs) [2]. In our previous experiments we speculated that
the human recombinant leptin could induce concentration and time dependent angiogenic potential and
able to enhance the mRNA transcription level of Vascular Endothelial Growth Factor A (VEGF A) via
PI3K/Akt/mTOR/s6Kinase signaling pathway on chick embryo vascular bed [3, 4]. Leptin-induced NO
releases from eNOS in ECs through the activation of various canonical signaling pathway is considered
as one of the critical events in angiogenesis [5, 6]. However, no studies have been reported about the
concentration and time dependent ability to human recombinant leptin on the enzymatic release of NO
from eNOS in ECs. Hence, in the present study, we try to understand the concentration and time
dependent capacity of human recombinant leptin on NO release from endothelial eNOS through
evaluating various cellular mechanisms such as the subcellular localization, phosphorylation, and the
interaction with Caveolin-1 as determinate rate factors. Since leptin exerts its biological impact through
its speci�c receptor, it is highly advisable to �nd the optimum working concentration and time of
incubation for the recombinant protein to exert its maximum angiogenic potential while considering for
therapeutic applications.

Materials And Methods
Chemicals
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Dulbecco's modi�ed Eagle's medium (DMEM) is purchased from PAN Biotech and Foetal Bovine Serum
(FBS) from Invitrogen Life Technologies (Gaithersburg, MD). Human recombinant leptin, Bradykinin,
Phenylmethylsulfonyal �uoride (PMSF), Picoll, 5Fluorouracil (5FU), 5-Chloromethyl�ouorescein diacetate
(CMFDA), and all the primary antibodies are purchased from Abcam, USA. Propidium Iodide (PI), L-NAME,
L-Arginine, 4',6-diamidino-2-phenylindole dihydrochloride (DAPI), recombinant VEGF were from Sigma
Chemical Co (St. Louis, MO). L-NIO is purchased from Enzo life sciences and Wortmannin from Santa
Cruz Biotechnologies. Collagen type-1 purchased from Pan Biotech GmbH Am Gewerbeperk. DAF- FM (4
amino-5-methylamino-2'7'di�uoroscein) and Calcium green1/AM were from Molecular probes, Eugene,
Oregon, USA. Protease inhibitor tablets from Roche Diagnostics. All the primary antibodies are purchased
from Abcam, and all the secondary antibodies and DAB systems are purchased from Bangalore Gene,
India. All the other chemicals are at least of the reagent grade and are obtained commercially.

Cell lines

The T24 bladder carcinoma cell line formerly designated as ECV 304, stably transfected with eNOS-GFP
constructs, is a kind gift from Dr. Vijay Shah, Mayo Clinic, Rochester, USA, and was used for
immuno�uorescence analysis.  Another immortalized endothelial hybrid cell line EA.hy926 is a kind gift
from Dr. C.J.S. Edgell, University of North Carolina, Chapel Hill. The cells are cultured in DMEM medium
supplemented with 10 % FBS (v/v) and 1 % penicillin/streptomycin (w/v) and maintained at 37 °C in a
humidi�ed CO2 incubator. Bovine aortic endothelial cells (BAECs) are isolated from the bovine aorta. The
aorta is collected from a government-authorized slaughterhouse. BAECs are separated according to
protocols described elsewhere [7]. The isolated cells are con�rmed as endothelial cells by using the
antibody against endothelial marker eNOS. Primary endothelial cells are used till passage 6.

Eggs

Fertilized White Leghorn chicken (Gallus Gallus) eggs weighing 50 ± gms are obtained from the Poultry
research station, Nandanam, Chennai, Tamil Nadu, India. The eggs are incubated at 37–38ºC, at a
relative humidity of 70 to 80% using an egg incubator. All experiments are performed based on the Hens
Egg Test- Chorioallantoic Membrane (HET-CAM) method [8, 9].

Scratch monolayer wound healing assay

Scratch wound healing assay is performed using EA.hy926 cells as described elsewhere [7]. In brief, a
monolayer scratch is made on EA.hy926 cells and incubated with 0, 1, 5, 10, 25, and 50 nM
concentrations of leptin for 6 hours. Images are recorded every 2 hours of interval. To con�rm leptin's
temporal and after wash effect after 6 hours, the wounded area is washed with PBS and continued
incubation up to 10 hours without leptin. The rate of healing is calculated from the images. The
experiment is repeated with 5 nM concentration of leptin, and the effect is compared with 3 mM
concentration of 5- Fluorouracil. Throughout the healing experiments, the cell-free area of the wound is
recorded using a Nikon Camera attached with a Bright �eld microscope at 4X magni�cation. It is
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subsequently analyzed using Image J software to calculate the percentage and rate of wound healing
from the initial and �nal wounded areas.

Endothelial ring formation assay

Ring formation assay is performed as described elsewhere [10]. In brief, EA.hy926 cells are incubated
with 0, 1, 5, 10, 25, and 50 nM concentrations of leptin for 6 hours. Images are recorded every 2 hours of
the interval using a Nikon Camera attached with a Bright Field Phase Contrast microscope at 20X
magni�cation. The rings formed by two or more endothelial cells are considered ring structures and are
counted from every �eld. The rate of endothelial ring formation every 2 hours is calculated. The
endothelial ring structure's stability under leptin is con�rmed from real-time image analysis and
compared with the L-NIO (0.01µM) effect. After the incubation, each coverslip is mounted on a
customized live-cell chamber on a microscope stage and is �xed after focusing on a single ring structure.
The cells are monitored for 30 minutes continuously. Live-cell images are recorded at 0, 10, and 30
minutes of incubation at 20X magni�cation using a Nikon Camera attached with a Bright Field Phase
Contrast microscope.

Measurement of Nitric Oxide

The level of NO released from ECs after leptin incubation is measured by employing three methods. (A)
DAF-FM method – The experiment was performed using EA.hy926 cells, as mentioned earlier [7]. Cells are
treated with L-NIO (0.1µM) for 30 minutes before the incubation with 0, 5, 10, and 25 nM concentrations
of leptin for 4 hours. After PBS washing, the cells are treated with 1µM DAF-FM in DMEM along with 1
mM of L-Arginine for another 30 minutes. The supernatant of 100 µl in volume is collected from each
group. Using a varian cary eclipse UV-vis �uorescence spectrophotometer, the OD is measured at an
excitation/emission of 495/515nm wavelength. (B) Griess assay – Griess assay is performed as
mentioned earlier [11], repeating the same experimental procedure described above. After the incubation
with L-NIO and Leptin, cells were treated with 2X HBS and 1mM L-Arginine for another 30 minutes. The
supernatant of 100 µl in volume is collected from each group and mixed with an equal volume of PBS (50
µl) and Griess assay reagent A and B. After 10 minutes of incubation, the OD value at 540 nm is
measured using a Varian Cary 4000 UV-Vis Spectrophotometer. The nitrite concentration is determined
from a standard curve generated with Sodium Nitrate (NaNO2). The early NO-releasing capacity of 5 and
10 nM concentration of leptin for 3, 6, and 240 minutes of incubation is measured repeating the same
protocol mentioned above.   A comparative study is carried out using a known inducer of NO such as
VEGF (10 ng) and an inhibitor, Bradykinin (1µM). (C) NO measurement using NO electrode - Direct
measurement of NO immediately after the release from ECs was performed using an Apollo 4000 Free
radical analyzer (at 37ºC, pH 7.4), an optically isolated multi-channel free radical analyzer with a NO
selective membrane as described elsewhere [7]. BAEC cells are incubated with 0, 5, and 10 nM
concentrations of Leptin for 6 and 12 minutes. After the incubation, the cells are incubated with 1 mM L-
Arginine for another 30 minutes. The real-time acquisition of NO release is measured at 100 nAº voltage
at 37ºC and is recorded through a single–board computer. During the 9th minutes of the experiment, 5
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and 10 nM concentration of Leptin is added separately, and the entire set-up is allowed to run for 30
minutes and compared with the control value for the same incubation period. 

Analysis of eNOS-GFP localization pattern using eNOS-GFP stably transfected endothelial cells 

As mentioned earlier, the localization pattern of eNOS in eNOS - GFP stably transfected ECs is performed
[7]. ECV-304 eNOS GFP tagged cells are incubated with 0, 5, and 10 nM concentrations of leptin for 1st

and 4th hours separately. After �xing and permeabilizing, the cells are incubated with 2 μL of DAPI (stock-
1 mg/ml) for 10 minutes and are mounted with 70% glyceraldehyde. Images are recorded at 60X
magni�cation using a DP71 color camera attached with an Olympus1X71 Epi�uorescence microscope at
515 nm wavelength. The same procedure is followed for 0, 5, and 10 nM concentrations of Leptin for 3, 6,
9, and 12 minutes. The cells are categorized into the plasma or perinuclear membrane brightness based
on the localization eNOS. 

Fluorescence imaging analysis of the intracellular calcium in endothelial cells using Calcium Green Probe

Intracellular calcium level is measured as described earlier [7]. EA.hy926 cells were incubated with 0, 5,
and 10 nM concentrations of leptin for 6 minutes, followed by incubation with 5 µM Calcium green1/AM
for 30 minutes. Additional incubation with PBS is given for another 15 minutes and after washing with
PBS for 3 times to complete hydrolysis of any intact ester linkages in the intracellular calcium green
1/AM. Coverslips were loaded in a live cell chamber and placed onto the stage of an Olympus 1X71
Epi�uorescence microscope. Fluorescence images of the cells are recorded using a DP71 camera
attached to the microscope, and the �uorescence intensity of the cells is calculated using Adobe
Photoshop version 6.

Immuno�uorescence method

Immuno�uorescence analysis is performed as described elsewhere to evaluate the phosphorylation
pattern of eNOS and co-localization of eNOS and caveolin-1 [7]. ECV-304 eNOS GFP tagged cells are
incubated with 0 and 5 nM concentrations of leptin for 6 and 9 minutes. Followed by �xing and
permeabilization, the cells are blocked with 0.5% of BSA for 10 minutes. Overnight incubation is done
with primary antibodies of phospho Ser-1177 and with Caveolin-1 rabbit polyclonal primary antibody
(1:1000). TRITC labeled secondary antibody (1:2000) is used for the detection, and the nuclear staining is
performed with DAPI. Images are recorded at 60X magni�cation using a DP71 color camera attached
with an Olympus 1X71 Epi�uorescence microscope with the required �lter.    

Western blot method

(A) Direct western blot - Direct western blot method is performed as described earlier to analyze the
protein level expression of phospho Serine 1177 and eNOS [7]. ECV-304 eNOS GFP tagged cells are
treated with 0 and 5 nM concentrations of leptin for 6 and 9 minutes. Following the protein separation
and wet blotting, the membrane is probed for anti-eNOS (rabbit polyclonal, dilution of 1:1000), phospho
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eNOS (Ser-117, dilution 1:1000), and detected using HRP labeled secondary Ab of 1:2000 dilutions. The
blots are developed using TMB/H2O2 substrate. Images of the membrane are recorded using BIO-RAD
(USA) system. (B) Western blot analysis after ultracentrifugation – This experiment is performed to
identify the localization of Caveolin-1 and eNOS in endothelial cell subcellular fraction after leptin
incubation. The procedure is adopted from the protocol described elsewhere [12]. In brief, ECV-304 eNOS
GFP tagged con�uent cells are incubated with 0 and 5 nM concentrations of Leptin for 6 minutes, and
after the ultracentrifugation, all the 10 fractions are carefully collected into sterile vials. The western blot
analysis for Caveolin-1and eNOS is performed using rabbit polyclonal antibodies (1:1000 dilution) as
described above. 

Egg yolk angiogenesis assay

Egg yolk (area vasculosa) angiogenesis assay is performed as described below. In brief, 2 to 3 mL of
albumin is withdrawn on the 3rd day of incubation, and a square window is opened. During the 4th day of
incubation, sterile �lter paper disks soaked with 0 and 5 nM leptin, L-NAME (nitro arginine methyl ester) (1
µM) and leptin +L-NAME are then placed on the egg yolks and incubated for another 8 hours at 37°C in
an egg incubator. Images are taken at 4X magni�cation using a Nikon Cool Pix camera (Olympus India
Pvt Ltd, New Delhi, India) adapted to a stereomicroscope at 0, 4, and 8 hours incubation. Quanti�cation of
angiogenesis is performed using AngioQuant Toolbox, MATLAB 6.5 (R13) software. Histological analysis
is performed as described elsewhere [8, 9]. 

Statistical analysis

All the experiments are performed in triplicate or more (n≥3) until otherwise speci�ed. Data are presented
as mean ± SEM. Data analyzed using Student t-test as appropriate. Data with p-values equal or less than
p=<0.001 is selected as a criterion for showing a statistically signi�cant difference.

Results
Human recombinant leptin induce concentration dependent EC migration, proliferation, and ring
formation.

Scratch wound healing assay is performed to �nd the ability of human recombinant leptin on EC
migration and proliferation. Figure 1.a represents the images of the scratch wound before and after the
incubation under various concentrations of leptin. From the data, it is clear that 5 nM concentration of
leptin repopulated the denuded area by enhancing ECs migration signi�cantly up to 69% within the 6
hours of incubation (p = 0.005, Fig. 1.b). This impact is further con�rmed by measuring the healing effect
of leptin at the wounded area after the wash effect (Fig. 1.c). Interestingly, it is found that after the wash,
the healing rate of 25 and 50 nM concentrations of leptin (studied higher concentrations) is increased
signi�cantly (p = < 0.001). One possible mechanism for such effect is that, after the wash, the effect of
higher concentration of leptin is diminished due to them, and hence, the migratory and proliferation
impact on ECs is strengthened and has become equal to the effect of leptin at a lower concentration. To
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determine the migratory and proliferative potential of ECs under human recombinant leptin, we performed
a scratch wound healing assay in the presence of an anti-proliferative agent, namely 5-Fluorouracil (5-FU)
(Fig. 1.d). The result indicates that the healing effect of 5 nM leptin is reduced together with 5-FU (57%)
(68%, p = < 0.001). This observation suggests that human recombinant leptin shows concentration-
dependent wound healing potential by accelerating ECs migration and proliferation.

The human recombinant leptin's ability to form stable endothelial ring-like structures is analyzed as a
quantitative method to prove its potential as a pro-angiogenic molecule. Endothelial ring structures are
the fundamental units of capillary tubes and are essential for angiogenesis. Hence, we also analyzed
leptin potential to form stable ring-like structures at the early incubation period by recording the live
images of ECs ring-like structures at 0, 10, and 30 minutes of incubation. Among studied concentrations,
5 nM leptin shows a signi�cantly higher ring-like structure formation capacity rate within the 4th hour of
incubation (p = < 0.001, Fig. 1.e).The effect of leptin is compared with L-NIO, which is known for its
inhibitory action on the endothelial ring-like structure formation (Fig. 1.f). Images indicate that ECs
incubated with 5 nM leptin can form a stable ring-like structure within 10 minutes of incubation and be
noted with strong podia attachment between the ECs and sustain the ability for a more extended period
(even at 30 minutes of incubation). On the other hand, ECs treated with L-NIO show fewer podia
attachments with week endothelial ring-like structures throughout the incubation period. Interestingly, it is
noted that under leptin and L-NIO incubation, ECs show immediate distraction on their ring-like structures
because of L-NIO impact within 10 minutes of incubation. But the same cells can regain their ability to
form stable ring-like structures throughout the remaining incubation period and suggest leptin impact.

Human recombinant leptin induces concentration and time-dependent NO-release from ECs.

The amount of NO released from ECs under various concentrations of human recombinant leptin is
measured using DAF-FM and Griess assay methods and compared with the L-NIO (a non-selective
inhibitor of NOS) effect. Figure 2.a and 2.b indicates that the 5 nM leptin concentration induces a
signi�cant level of the enzymatic release of NO from ECs than other studied concentrations (p = < 0.001).
But, in the presence of L-NIO, leptin's NO-releasing ability has been reduced irrespective of its
concentration. This result directly supports leptin's ability to activate eNOS in ECs, which is considered an
important event for the enzymatic release of NO from ECs. The data indicate that both 5 and 10 nM
concentrations of leptin can release a signi�cant NO level from ECs. Further, we compared the NO-
releasing potential of both 5 and 10 nM leptin with other known strong inducers of NO release, such as
VEGF and Bradykinin. Figure 2.c indicates that both leptin concentrations show a signi�cant increase in
the level of NO release with comparatively more effect under 5 nM concentration (p = < 0.001), and the
impact is almost equal to that of VEGF.

Griess assay is performed to measure the NO-releasing ability of 5 and 10 nM concentrations of leptin at
3, 6, and 240 minutes of incubation to determine the earlier optimum incubation period for the higher
level of NO release from ECs. Interestingly, it is found that both 5 and 10 nM leptin-induced an elevated
level of NO release at 3 and 6 minutes of incubation (p = < 0.001) (Fig. 2.d). Among the analyzed
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concentrations, 5 nM leptin shows the maximum ability to release a higher level of NO enzymatically at 6
minutes of incubation. Thus, the result implicates that the 5 nM concentration of leptin can release a
signi�cant level of NO from ECs within 6 minutes of incubation. Recon�rmation of the observation is
carried out using an ultrasensitive NO electrode, which conformed a higher peak in the level of NO release
under 5 nM concentration of leptin at 6 of incubation (Fig. 2.e).

Human recombinant leptin regulates the localization pattern of eNOS at the subcellular level under
Nanomolar concentration.

Human recombinant leptin's ability to regulate the localization of eNOS within ECs is analyzed under 5
and 10 nM concentrations using eNOS GFP tagged ECs at different incubation periods. Figure 3.a shows
that during the 1st and the 4th hour of incubation, cells incubated with 5 nM concentration of leptin show
more localization of eNOS at the plasma membrane. In contrast, the control cells are noticed with more
perinuclear membrane localization of eNOS. The cells were categorized into the plasma membrane and
the perinuclear membrane bright cells based on the localization of eNOS. Figure 3.b indicates that the
pool of ECs incubated with 5 nM concentration of leptin show 68% of more plasma membrane bright
cells during the 1st hour of incubation as an indication of more localization of eNOS at the plasma
membrane upon leptin incubation. During the 4th hour, the pool of ECs shows 54% of more plasma
membrane bright cells under 5 nM concentration of leptin and is signi�cantly higher than 10 nM
concentration effect (p = < 0.001). The result indicates that within one hour of incubation, 5 nM
concentration of human recombinant leptin trans- localize eNOS from the perinuclear membrane to the
EC's plasma membrane region. We experimented on various time points such as 3, 6, 9, and 12 minutes
to clarify the above observation. Figure 3.c shows that the cells incubated with a 5 nM concentration of
leptin induce more eNOS localization at the plasma membrane region at every time point of incubation
signi�cantly with noticeable impact early at the 6th minute of incubation (p = < 0.001, Fig. 3.d). Results
concluded that 5 nM concentration of human recombinant leptin regulates the subcellular trans-
localization of eNOS from the perinuclear membrane to the plasma membrane region in ECs within 6
minutes of incubation. This possibility further enhances the enzymatic release of NO from eNOS.

Human recombinant leptin stimulates ECs through the modi�cation of intracellular calcium levels at
Nanomolar concentration.

In ECs, activation of eNOS also determined by the level of calcium. Stimulation of ECs through the
mobilization of intracellular calcium favors the activation of eNOS. Further, the activated eNOS could
detach from the Caveolin-1 and can enzymatically release NO. Hence, the intracellular calcium level in
ECs is measured under recombinant leptin incubation as a parameter to �nd out the activation pool of
eNOS enzyme for the su�cient level release of NO. Figure 4.a shows the representative images for the
calcium intensity in ECs under 5 and 10 nM concentrations of leptin within 6 minutes of incubation. The
average intensity of calcium per cell is calculated, and a graph plotted. It is observed that the cells
incubated with 5 nM leptin show more calcium intensity signi�cantly than those incubated with 10 nM
concentration (p = 0.05, Fig. 4.b). Thus, the �nding strongly suggests that the human recombinant leptin
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can stimulate ECs through the mobilization of intracellular calcium, favoring the enzymatic release of NO
from activated eNOS.

Human recombinant leptin-induces eNOS activation via the phosphorylation of eNOS at Serine 1177
residue at Nanomolar concentration.

We analyzed the impact of human recombinant leptin on the phosphorylation of eNOS in favor of the
enzymatic release of NO from ECs. Co-expression of eNOS and phospho eNOS (serine 1177 residue) is
analyzed by immuno�uorescence and protein blot methods. Figure 5.a represents the images of co-
localization of eNOS and phospho eNOS at Seri 1177 for 6 and 9 minutes of incubation. Cells treated
with 5 nM leptin show more phospho eNOS (Serine 1177) protein at the plasma membrane region, which
indicated the active pool eNOS through its phosphorylation. Measurement of protein level also supports
the same �nding (Fig. 5.b). It is noted that 5 nM concentration of leptin shows a signi�cantly higher
protein level of expression for phospho eNOS at the plasma membrane zone within 6 minutes of
incubation (p = < 0.001, Fig. 5.c). Thus, it can conclude that the leptin-induced eNOS activation depends
on the phosphorylation of eNOS at serine 1177 residue, which is considered a surrogate marker for eNOS
activation in ECs.

Human recombinant leptin mediates the interaction of eNOS with Caveolin-1 at the plasma membrane
zone at Nanomolar concentration.

Co-expression of eNOS with Caveolin-1 in ECs under human recombinant leptin is examined as a tool to
identify the activation of eNOS. Figure 6.a represents the images of co-expression of eNOS with Caveolin-
1 under 5 nM concentration of leptin in ECs for 6 minutes of incubation. Cells incubated with 5 nM leptin
concentration show the co-expression of eNOS and Caveolin-1 at the plasma membrane region within 6
minutes of incubation. The �nding is further supported by separating cellular compartments by the
western blot method after the ultracentrifugation process. This �nding enables �nding the speci�c
compartment that shows more co-expression of eNOS and Caveolin-1(Fig. 6.b). Fragments 1, 2, and 3
represent the plasma fractions, 4, 5, and 6 represent the Golgi fractions, and 7, 8, 9, and 10 represent the
nuclear fractions from ECs upon 5 nM concentration leptin incubation. The result shows that the co-
expression of Caveolin-1 and eNOS is higher at the plasma membrane fraction under 5 nM concentration
of leptin within 6 minutes of incubation. Thus, the co-expression pattern reveals that the interaction of
eNOS with Caveolin-1 will play a signi�cant role in human recombinant leptin-induced eNOS activation
and the enzymatic release of NO from ECs through regulating its function at the plasma membrane
region. This mechanism further supports the events of the easier availability of NO for angiogenic
processes.

The angiogenic ability of human recombinant leptin enhanced through NO

The experiment is performed to evaluate the angiogenic effect of human recombinant leptin in an in vivo
condition. The investigation is performed on the highly delicate vascular membrane of CAM at the
beginning stage of early vascularization. Figure 7.a indicates that the area vasculosa incubated with a 5
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nM leptin concentration is noticed with more vascular density at the incubated area. On the other hand,
the impact is found to be diminished in the presence of L-NAME. Quanti�cation of vessel growth in terms
of tubule length and size (Fig. 7.b) indicates that leptin promotes vessel growth signi�cantly (p = < 0.05).
Histological evaluation (Fig. 7.c) suggests that the area vasculosa incubated with leptin shows many
positive angiogenic responses such as bulged sinus terminalis and a tightly packed vascular
mesodermal layer between the blood vessels. It also indicates the presence of large blood vessels with
lumen �lled with numerous nucleated RBCs. In comparison, the area vasculosa incubated only with L-
NAME shows a loosely packed thin layer of ectoderm with no sinus terminalis. Control membrane shows
a narrow sinus terminalis and small blood vessels with tightly packed vascular ectodermal layers and
different extracellular spaces between the mesodermal layers. The data support human recombinant
leptin's ability to mediate angiogenesis through NO under Nanomolar concentration.

Discussion
Various �ndings prompted that human recombinant leptin may serve as a regulatory factor for
angiogenesis [3, 4]. NO plays a critical role in angiogenesis and enhances multiple processes in ECs such
as cell survival, proliferation, migration [13, 14]. In vitro studies under many pathological conditions
indicated that leptin could evoke PI3k independent Akt-eNOS phosphorylation pathway to induce NO
release [15, 6]. Our in vitro experiments concluded that the Nanomolar concentration of human
recombinant leptin evokes an increase in NO release from eNOS in ECs. The effect is comparatively equal
to various NO agonists such as VEGF and Bradykinin [16, 17]. The signi�cant �nding of our study is that
human recombinant leptin at Nanomolar concentration (5 nM) accelerates the release of NO from ECs
within a shorter incubation period (6 minutes) to favor angiogenesis.

It has been reported that the optimal coupling of extracellular stimulation of NO within ECs depends on
the subcellular localization of the eNOS [18]. Our data gives an insight into the interaction of leptin with
eNOS in ECs. We found that human recombinant leptin at its Nanomolar concentration trans-locates
eNOS from the perinuclear membrane to the plasma membrane and operates the procedure within
shorter incubation period. Thus, this trans-localization pattern of eNOS under Nanomolar concentration
of leptin within shorter incubation period as a signi�cant stimulation point of the enzymatic release of NO
from activated eNOS in ECs. The phosphorylation pattern of eNOS in various amino acid moieties plays a
vital role in regulating the catalytic activity of eNOS. It is well known that the phosphorylation of eNOS at
Serine 1177 could lead to enhanced activation of eNOS and become a critical regulation of NO release
from ECs [7]. Our experiments notion obtained from the co-localization and phosphorylation of eNOS at
serine 1177 moiety indicated that the human recombinant leptin could enhance the catalytic activity of
eNOS via the phosphorylation of eNOS at serine 1177 residue. This phosphorylation mechanism further
accelerates the signi�cant level of NO releases from eNOS in ECs. Thus, the present study hints that the
human recombinant leptin activates eNOS by modulating both the subcellular localization and the
phosphorylation pattern under lower concentration and within minimal incubation time.
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Intracellular calcium dynamics in ECs is a critical determinant factor for eNOS activation, which binds to
the canonical CaM-binding domain in eNOS to accelerate its catalytic functions via NO [19]. Cellular
tra�cking of eNOS within ECs is also considered a key player in releasing NO from activated eNOS [18].
In our research work, we found that under human recombinant leptin the presence of both eNOS and
Caveolin-1 is more at the plasma membrane region than at the nuclear membrane. This data con�rms the
Nanomolar concentration of human recombinant leptin's ability to translocate Caveolin-1 and eNOS from
the Golgi apparatus (cytosol) to the plasma membrane region in ECs within a shorter incubation period.
Our data also showed that upon human recombinant leptin incubation, intracellular calcium mobilization
is increased in ECs. This hike in the mobilization, in turn, may help to release NO from activated eNOS
under human recombinant leptin. Hence, the present study emphasizes that the localization,
phosphorylation at Serine 1177 residue, and the physical association with Caveolin-1 at the plasma
membrane along with the intracellular calcium mobilization re�ect an active pool of eNOS enzyme under
human recombinant leptin in ECs. Further the CAN assay reveals that the 5 nM concentration of human
recombinant leptin could promote NO-dependent angiogenesis and is in accordance with the earlier report
which support the concentration dependent angiogenic impact of human recombinant leptin on CAM
vascular bed [3].

Conclusion
Overall, our data con�rm that the Nanomolar concentration of human recombinant leptin accelerates the
signi�cant level of NO release form eNOS in ECs within a shorter incubation period. The mechanism of
action is regulated through eNOS subcellular tra�cking, phosphorylation at Serine 1177 in ECs and is
further supported by interaction of eNOS with Caveolin-1 and is modulated in the presence of intra
cellular calcium level. Altogether, the present study offers a mechanism that recruits leptin-eNOS-phospho
eNOS axis which could favor the NO-mediated angiogenic process. The �ndings also highlighted the
bene�cial therapeutic role of human recombinant leptin through establishing leptin-eNOS-NO axis-
dependent angiogenic potential under Nanomolar concentration within shorter incubation period. This
�nding may open up a new avenue for the therapeutic application of human recombinant leptin under
wound healing milieu.
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Figure 1

The Nanomolar concentration of human recombinant leptin enhances ECs migration and proliferation.
(a). Monolayer wound healing assay - Representative images of monolayer scratch wound made on
EA.hy926 cells. (n=3, bar is 10 µM). (b). Percentage of wound healing - 5 nM leptin concentration shows a
signi�cantly higher healing percentage (69%). (n=6, mean ± SEM, #p=0.005 and *p=<0.001 compared to
control). (c). Rate of healing after the wash - The potential healing effect of leptin at Nanomolar
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concentration is analyzed as before and after wash effect. After the wash, the healing rate signi�cantly
increased under 25 and 50 nM concentrations of leptin at 8th and 10th hour of incubation. (n=6, mean ±
SEM, *p=<0.001 compared to control). (d). Comparison of leptin's wound healing potential with 5FU -
After creating a monolayer scratch wound area on EA.hy926 con�uent cells, the wounded area is
incubated with a 5 nM concentration of leptin and 3 mM 5FU for 6 hours. The healing percentage of
leptin alone incubation is 68%, which indicates enhanced EC migration and proliferation. The impact is
reduced when the cells are incubated with leptin along with 5FU (57%). (n=6, mean ± SEM, *p=<0.001
compared to control). (e). Rate of ring-like structure formation – Among studied concentrations, 5 nM
concentration of leptin at the 4th hour of incubation shows a signi�cantly higher ring-like structure
formation rate. (n=6, mean ± SEM, *p=<0.001 compared to control). (f). Leptin shows stable ring-like
structures – The ability of the 5 nM concentration of leptin to form a stable ring structure is analyzed and
compared with that of L-NIO. Upon 5 nM concentration of leptin incubation ECs show stable ring-like
structures (arrow) immediately within 10 minutes. Whereas ECs incubated with L-NIO show maximum
damage at the protrusion of ring-like structure (arrow). While in the combination, the ECs retained their
capacity to form a stable ring-like structure after 10 minutes of incubation because of leptin impact. (n=6,
bar is 10 µm).

Figure 2

Human recombinant leptin shows dose and time-dependent eNOS activation and NO release. (a). DAF-FM
and (b) Griess assay – EA.hy926 cells are incubated with L-NIO (0.1µM) for 30 minutes before the
incubation with 0, 5, 10 and 25 nM concentrations of leptin for 4 hours. 5 nM concentration of leptin
shows a signi�cantly higher level of NO release than other studied groups. Along with L-NIO, leptin shows
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a signi�cantly lower level of NO release as an indication of the demand of eNOS activation to release NO
under leptin (n=6, mean ± SEM, *p=<0.001 compared to control). (c). Comparison of NO-releasing ability
of leptin with known NO agonist. EA.hy926 cells are incubated with 0, 5, and 10 nM concentrations of
leptin, 10 ng of VEGF, and 1 µM Bradykinin for 4 hours. Both the leptin concentrations show more or less
equal potential on NO release compared to VEGF and Bradykinin (n=6, mean ± SEM, *p=<0.001 compared
to control). (d). Leptin induces a signi�cant amount of NO release during the early incubation period –
EA.hy926 cells are incubated with 0, 5, and 10 nM leptin for 0, 3, 6, and 240 minutes incubation. Leptin's 5
and 10 nM concentration shows a signi�cant NO release at 3 and 6 minutes of incubation. (n=6, mean ±
SEM, *p=<0.001). (e). Direct measurement of NO release from ECs under leptin using a NO electrode.
BAECs are incubated with 0, 5, and 10 nM concentrations of leptin and NO-releasing level is measured
during the 6th and 12th minutes of incubation. Leptin of 5 nM concentration shows a higher peak in the
NO release level early at 6 minutes of incubation. (n=4).

Figure 3

Human recombinant leptin translocates eNOS from the perinuclear membrane to the plasma membrane.
(a). eNOS localization pattern for hours. ECV-304 eNOS GFP tagged cells are incubated with 0, 5, and 10
nM leptin separately for one and four hours. Images are recorded at 60X magni�cation using a DP71
color camera attached with an Olympus1X71 Epi�uorescence microscope at 515 nm wavelength. Cells



Page 18/23

incubated with 5 nM leptin show more eNOS localization at the plasma membrane for both the period.
(n=6, the bar is 20 µm, arrows indicate eNOS GFP presence, nucleus stained with DAPI). (b). Percentage
of eNOS localization for hours. Cells are categorized into the plasma membrane bright and perinuclear
membrane bright cells. Cells incubated with 5 nM concentration of leptin show a signi�cantly higher
percentage of (68%) of plasma membrane-localized cells during the 1st and 4th hour of the incubation
period (n=6, mean ± SEM, *p=<0.001 compared to control). (c). Leptin translocates eNOS from the peri-
nuclear membrane to the plasma membrane within minutes of incubation. ECV-304 eNOS GFP tagged
cells are incubated with 0, 5, and 10 nM leptin concentrations for 3, 6, 9, and 12 minutes. Cells incubated
with a 5 nM concentration of leptin show more eNOS localization at the plasma membrane at the 6th and
9th minutes of incubation. (n=6, the bar is 20 µm, arrows indicate eNOS GFP presence, nucleus stained
with DAPI). (d). Percentage of eNOS localization for minutes. Cells incubated with a 5 nM concentration
of leptin show a signi�cantly higher percentage of (69%) of plasma membrane-localized cells within 6
minutes of incubation as an indication of the potential of Nanomolar concentration leptin to induce eNOS
subcellular localization within 6 minutes of incubation. (n=6, mean ± SEM, *p=<0.001 compared to
control).
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Figure 4

Presence of intracellular calcium level for the activation of eNOS. (a). Intracellular calcium level-
Representative images of intracellular calcium level in ECs under leptin. EA.hy926 cells are incubated with
0, 5, and 10 nM of leptin for 6 minutes, followed by incubation with a 5 µM Calcium green1/AM for
another 30 minutes. Images are recorded using a DP71 camera attached to an Olympus 1X71
Epi�uorescence microscope at 4X magni�cation. (n=4, bar is 10 µm). (b). The average intensity of
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calcium/cells. From the images, the average �uorescence intensity of the cells is calculated using Adobe
Photoshop version 6. Cells treated with 5 nM leptin show signi�cantly higher average intensity in
intracellular calcium level (n=4, ¥p=0.05, mean ± SEM).

Figure 5

Human recombinant leptin activates eNOS through phosphorylation at Serine 1177 residue. (a).
Immuno�uorescence analysis of co-localization of eNOS and phospho eNOS at Serine 1177. ECV-304
eNOS GFP tagged cells are incubated with 0 and 5 nM leptin for 6 and 9 minutes. Images are recorded at
60X magni�cation using a DP71 color camera attached to an Olympus 1X71 Epi�uorescence microscope
with required �lters. Cells incubated with a 5 nM concentration of leptin show more co-localization at the
plasma membrane for eNOS and phospho eNOS within 6 minutes of incubation. (n=3, the bar is 20 µm,
arrow indicates the presence of co-localization of eNOS and phospho eNOS, nucleus stained with DAPI).
(b). Western blot analysis - ECV304 GFP tagged cells are incubated with 0 and 5 nM concentrations of
leptin for 6 and 9 minutes. After the protein separation and wet blotting, the blots were developed, and the
images are recorded using a BIO-RAD system. (c). Average protein level expression - Cells incubated with
5 nM leptin concentration within 6 and 9 minutes of incubation show the higher-level expression of eNOS
and phospho eNOS (Serine 1177) signi�cantly. The results indicate that leptin-induced eNOS activation
depends on the phosphorylation of eNOS at Serine 1177 residue. (n=3, p=<0.001, mean ± SEM).
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Figure 6

Human recombinant leptin mediates the interaction of eNOS with Caveolin-1 at the plasma membrane.
(a). Immuno�uorescence analysis of co-localization of eNOS and Caveolin-1. ECV-304 eNOS GFP tagged
cells are incubated with 0 and 5 nM concentrations of leptin for 6 minutes. After the overnight incubation,
immunostaining was done with the primary antibody for Caveolin-1. Images are recorded at 60X
magni�cation using a DP71 color camera attached to an Olympus 1X71 Epi�uorescence microscope with
required �lters. Cells incubated with a 5 nM concentration of leptin show more co-localization at the
plasma membrane for eNOS and Caveolin-1 within 6 minutes of incubation. (n=3, the bar is 20 µm, arrow
indicates the presence of co-localization of eNOS and Caveolin-1, nucleus stained with DAPI). (b).
Ultracentrifugation and western blot analysis. ECV-304 eNOS GFP tagged con�uent cells are incubated
with 0 and 5 nM leptin concentration for 6 minutes. After the ultracentrifugation, all the ten fractions are
carefully collected and blotted for Caveolin-1 and eNOS expression. The images are recorded using a BIO-
RAD system. The co-localization expression of Cav-1 and eNOS is higher at the plasma membrane
fraction under 5 nM concentration of Leptin within 6 minutes of incubation. (1, 2, and 3 represent plasma
fractions, 4, 5, and 6 represent Golgi fractions, and 7, 8, 9, and 10 represent nuclear membrane fractions).
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Figure 7

The Nanomolar concentration of human recombinant leptin induce angiogenesis on early CAM. (a). In
vivo angiogenic assay - Representative images of area vasculosa incubated with 0 and 5 nM leptin for 8
hours. Area vasculosa incubated with 5 nM leptin shows increased vasculature density than control
(arrow). The effect is diminished under L-NAME. (n=3, bar is 10 µm). (b). Quanti�cation of angiogenesis -
The length and the size of the blood vessel increased signi�cantly under leptin incubation and decreased
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in the presence of L-NAME (n=3, mean ± SEM, §p=<0.05 compared to control). (c). Histological evaluation
–The part of the area vasculosa incubated with 5 nM leptin concentration shows more angiogenic
response than other studied groups. (n=3, bar is 50 µm, LECS- large extracellular space; LBV- large blood
vessels; V- vein; SBV- small blood vessel; BI- blood islands).
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