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Abstract
Objectives—The angiogenic drive in skeletal muscle ischemia remains poorly understood.
Innate inflammatory pathways are activated during tissue injury and repair, suggesting that this
highly conserved pathway may be involved in ischemia-induced angiogenesis. We hypothesize
that one of the endogenous ligands for innate immune signaling, high mobility group box 1
(HMGB1), in combination with autophagic responses to hypoxia or nutrient deprivation plays an
important role in angiogenesis.

Methods—Human dermal microvascular endothelial cells (EC) were cultured in normoxia or
hypoxia (1% oxygen). Immunocytochemical analysis of HMGB1 subcellular localization,
evaluation of tube formation, and Western blot analysis of myotubule light-chain 3 (LC3I)
conversion to LC3II, as a marker of autophagy, were conducted. 3-methyladenine (3MA),
chloroquine (CQ), or rapamycin were administered to inhibit or promote autophagy, respectively.
In vivo, a murine hind-limb ischemia model was performed. Muscle samples were collected at 4
hours to evaluate for nuclear HMGB1 and at 14 days to examine endothelial density. Perfusion
recovery in the hind-limbs was calculated by laser Doppler perfusion imaging (LDPI).

Results—Hypoxic EC exhibited reduced nuclear HMGB1 staining compared with normoxic
cells (mean fluorescence intensity 186.9 ± 17.1 vs. 236.0 ± 1.6, respectively, P = 0.01) with a
concomitant increase in cytosolic staining. HMGB1 treatment of ECs enhanced tube formation, an
angiogenic phenotype of ECs. Neutralization of endogenous HMGB1 markedly impaired tube
formation and inhibited LC3II formation. Inhibition of autophagy with 3MA or CQ abrogated tube
formation while its induction with rapamycin enhanced tubing and promoted HMGB1
translocation. In vivo, ischemic skeletal muscle showed reduced the numbers of HMGB1 positive
myocyte nuclei compared with nonischemic muscle (34.9% ± 1.9 vs. 51.7% ± 2.0, respectively,
P<0.001). Injection of HMGB1 into ischemic hind-limbs increased perfusion recovery by 21%
and increased EC density (49.2 ± 4.1vs. 34.2 ± 3.4 EC/HPF, respectively; p=0.02) at 14 days
compared to control treated hind-limbs.

Conclusion—Nuclear release of HMGB1 and autophagy occur in ECs in response to hypoxia or
serum depletion. HMGB1 and autophagy are necessary and likely play an interdependent role in
promoting the angiogenic behavior of ECs. In vivo, HMGB1 promotes perfusion recovery and
increased EC density after ischemic injury. These findings are the first to suggest a possible
mechanistic link between autophagy and HMGB1 in EC angiogenic behavior and support the
importance of innate immune pathways in angiogenesis.
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Introduction
Peripheral arterial disease (PAD) affects approximately 5 million adults over the age of 40
in the United States1. The magnitude of the arterial occlusive disease as well as the degree of
collateralization determines the severity of symptoms and limb viability. Patients lacking
adequate collateral formation can develop critical limb ischemia, risking limb loss if surgical
revascularization is not performed.2

Therapeutic angiogenesis has been studied in both peripheral and myocardial perfusion.
Agents such as vascular endothelial growth factor (VEGF) have been administered
intramuscularly with modest success, 3–5 but leaky vascular networks form that produce
significant edema.5, 6 Also, upon withdrawal of the growth factors, the collateral vasculature
regresses.7 Thus, further study is required before we can effectively manipulate this process
for therapeutic purposes. A great deal of information about the molecular signals for
angiogenesis has been derived from studies in tumor biology. 6, 8, 9 Less is known about
these signals in the setting of skeletal muscle ischemia. Inflammation is one important
mediator of angiogenesis10 and recent evidence suggests that angiogenic proteins such as
angiopoeitin-2 may be involved in regulating inflammatory responses in endothelial cells
(EC).11

Innate immunity is a highly conserved inflammatory pathway representing the first line of
defense against pathogens.10 Its involvement in angiogenesis is suggested by the finding that
the anti-angiogenic actions of angiostatin may be mediated through the regulation of innate
immune responses.12 Innate immunity utilizes pattern recognition receptors (PRR) that
recognize both microbial and endogenous antigens, alerting the organism of infection or
injury.13 High mobility group box-1 (HMGB1), an abundant nuclear protein, has been
identified as an important endogenous signaling molecule that is actively secreted by
macrophages or passively released by injured or necrotic cells.13–16 HMGB1 interacts with
PRRs like the Toll-like receptors (TLR) 2,4, and 9 as well as the receptor for advanced
glycation end-products (RAGE).13 It is released during hypoxia17 and it mediates lethality in
murine sepsis18 and remote organ damage after traumatic tissue injury.19, 20 HMGB1 has
also been shown to induce EC migration in culture and EC sprouting in chick
chorioallantoic membrane.21 Recent evidence suggests that HMGB1 regulates autophagy, a
process of cellular content recycling essential for survival during nutrient deprivation.22 In
the setting of lower extremity ischemia, we hypothesize that skeletal muscle may be a local
source of HMGB1 release and that HMGB1 plays an essential role in angiogenesis. In this
study, we investigated the role of HMGB1 in promoting EC angiogenic behavior in vitro
and following muscle ischemia in vivo.

Materials and Methods
Reagents

Recombinant HMGB1 (rHMGB1) was isolated from yeast as described23 and used at 1μg/
ml unless otherwise specified. HMGB1 formulation buffer (25mM Tris chloride pH 8,
150mM KCl, 2mM dithiothreitol, 10% glycerol) was used as a control for HMGB1
administration. Monoclonal (2g7) and polyclonal HMGB1 neutralizing antibodies (generous
gifts from Dr. Kevin Tracey, Feinstein Institute for Medical Research, Manhasset NY) were
developed in rabbit and prepared as described.18 Doses used in these experiments have been
shown to attenuate murine sepsis.24 Rabbit polyclonal IgG served as the control (Sigma, St.
Louis, MO). Growth-factor reduced (GFR) Matrigel (BD Biosciences, San Jose, CA) was
stored at 4oC and allowed to solidify for 30 min at 37 oC prior to use. Antibodies were
obtained from: Abcam, Cambridge, MA (HMGB1); Santa Cruz Biotechnology, Inc., Santa
Cruz, CA (CD31); Novus Biologicals, Littleton, CO (LC3). Other reagents include: AEC
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chromogen substrate (ScyTek, Logan, UT), Pierce BCA protein assay (ThermoScientific,
Rockford, IL), and 3-methyladenine (3MA), chloroquine (CQ) and rapamycin (Sigma).

Cell culture
Human dermal microvascular endothelial cells (HDMVECs; VEC Technologies,
Rensselaer, NY) were cultured in a 1:1 mix of MCDB131 complete media (VEC
Technologies) and DMEM with 5% fetal bovine serum (FBS), penicillin, streptomycin (P/S)
and L-glutamine. Cells were used between passages 3–12. Serum depletion was performed
in 0.5–1% FBS/DMEM. The cells were cultured under either normoxia or hypoxia (1%
oxygen in a 95% nitrogen and 5% CO2 gas mixture in a hypoxia chamber; COY Laboratory
Products, Inc., Grass Lake, MI).

Endothelial tube formation and proliferation
HDMVECs were seeded on Matrigel at 35,000 cells/well with rHMGB1 or control buffer in
depleted media in either normoxia or hypoxia. Formation of tube-like structures, designated
as EC “tubes”, was digitally captured with a Nikon inverted microscope and an Olympus
DP25 camera. Network formation was evaluated after 18 hours in 4 non-overlapping fields
at 20x magnification. The number of tubes per HPF and the number of complete boxes
formed by the tubes (termed “network complexity”) were calculated. This measurement
accounts for the number of branch points and tube integrity. HMGB1 was neutralized with
polyclonal (300 μg/ml) or 2g7 (20 μg/ml) antibody. 3MA (0.2–4mM), CQ (5–200μM), or
rapamycin (0–200nM) were added 30 minutes after cells were seeded to inhibit or promote
autophagy, respectively. Images were obtained using a 4 or 10x objective after 4
(rapamycin) or 18 hours (3MA, CQ, anti-HMGB1). Proliferation was measured using 3H-
thymidine incorporation after 24 hrs under serum depleted conditions.

Time lapse imaging of tube formation
HDMVECs plated on Matrigel on angioslides (ibidi, Munich, German) in serum depleted or
replete (5%) DMEM. 2g7 or nonspecific IgG were additionally added. The slides were
mounted in a temperature and CO2 controlled microincubator (Zeiss, Thornwood, NY) on
an inverted Olympus IX81 microscope with motorized stage and CCD camera (Q-Imaging,
Retiga EXi; Surrey, BC). Differential interference contrast (DIC) images were collected
from the same location in each well every 5 min for 6 hrs using a 10x objective. Images
were compiled into movies using MetaMorph (Molecular Devices, Downington, PA). The
perpendicular distance at the midpoint of each tube within the image obtained at 6 hrs was
measured as a representation of tube thickness.

In vitro immunocytochemistry
HDMVECs were plated on gelatin-coated coverslips and incubated in normoxia or hypoxia
in serum depleted or repleted conditions. Cells were fixed (2% paraformaldehyde),
permeabilized (0.1% Triton X), blocked with 2% BSA, and incubated with anti-HMGB1
antibody, phalloidin, and DAPI followed by Cy3-conjugated secondary antibody. Four
images per coverslip were obtained (60x) using an Olympus Provis II microscope and
Magnafire image acquisition software. Intensity of HMGB1 nuclear staining was determined
after color separation by dividing total nuclear Cy3 mean fluorescent intensity (MFI;
Metamorph) by nuclei count.

Western blot analysis
Cells were lysed in phenylmethanesulfonylfluoride (PMSF), and protein quantified with
BCA assay. Nuclear and cytoplasmic fractions were separated as described17 for HMGB1
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blotting. Endothelial cell LC3 was detected in whole cellular lysates 6 hrs after treatment.
Densitometry was performed using Vision Works (UVP, Upland, CA).

Murine hind-limb ischemia model
All procedures conformed to the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health, and was in accordance with the
policies of the Institutional Animal Use and Care Committee of the University of Pittsburgh
(Protocol #0911093). Male C3H/HeOuJ mice (Stock # 000635, Jackson Laboratories, Bar
Harbor, ME) were used at 12 wks of age (20–40 gm).

Mice were anesthetized with pentobarbitol (70mg/kg) and inhaled isofluorane <1%.
Bilateral groins were shaved and prepped with iodine prep solution. Through a transverse
incision, the right external iliac and femoral veins and arteries and all visible branches were
ligated as described.3 Left femoral vessels were exposed but not ligated. Post-operative
analgesia was maintained with buprenorphine 0.1mg/kg every 12 hrs. Mice were sacrificed
at 4 hrs or 14 days and hind-limb muscles were collected. In separate experiments, mice
were injected with HMGB1 (20μg) or control buffer in the right calf muscles immediately
following arterial ligation. Left hind-limbs received control buffer only. Laser Doppler
perfusion imaging (LDPI, Perimed, Stockholm Sweden) was performed 1 and 14 days after
ischemia.

Quantification of myocyte nuclear HMGB1 and vascular density
Serial sections (8μm) were obtained from each muscle, de-paraffinized, blocked with avidin
and biotin, and incubated with primary antibody overnight. Muscle harvested at 4 hrs was
stained for HMGB1. Muscle obtained at 14 days was stained for CD31 to quantify EC/
vascular density. After washing, sections were incubated with biotinylated goat-anti-rat
secondary antibody. Antigen detection was performed by adding AEC chromogen substrate
with hematoxylin counterstain. Non-overlapping images from 3 sections, 60μm apart were
obtained with a 40x objective using a Nikon Eclipse 800 microscope attached to an
Olympus camera. Percent of HMGB1 positive staining myocyte nuclei at 4 hrs of ischemia
was determined using Metamorph.

Statistical analysis
Analysis of variance (ANOVA) was used to compare multiple groups, while t-test was used
to compare means between two treatments (SigmaStat, San Jose, CA). Data was expressed
as mean ± standard error of the mean (SEM). P<.05 determined statistical significance.

Results
Nuclear HMGB1 is released from stressed ECs

A variety of cells respond to stress by translocating HMGB1 out of the nucleus.22 To
determine if ECs respond to angiogenic conditions such as hypoxia or serum deprivation by
releasing nuclear HMGB1, we localized HMGB1 in HDMVECs using
immunocytochemistry. After 6 hrs of hypoxia in normal serum conditions, nuclear HMGB1
levels were reduced compared with normoxic cells (186.9 ± 17.1 vs. 236.0 ± 1.6,
respectively; mean ± SEM, N = 4; P = 0.01) (Figure 1A). There was a concomitant increase
in cytosolic HMGB1 in cells exposed to hypoxia. In normoxia, cells in normal serum
exhibited greater nuclear HMGB1 staining than cells cultured in serum depleted conditions
(226.0 ± 5.5 vs. 236.0 ± 4.6, respectively; N = 4; P = 0.04). Similarly, cytosolic HMGB1
staining was increased in serum starved cells. These findings were confirmed by WB whre
cytoplasmic HMGB1 levels were low under resting conditions but increased following
serum deprivation or hypoxia (Figure 1B; representative of 3 experiments), although nuclear
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fractions did not differ at this time point (not shown). Nuclear fractions of HDMVECs
cultured in 1% serum demonstrated a modest but significant loss of HMGB1 after 3 hours of
hypoxia and after 24 hours in both normoxic and hypoxic conditions (Figure 1C).

Exogenous HMGB1 enhance endothelial tube formation
Hypoxic (Table 1, Figure 2A), and serum deprived (Figure 2C) HDMVECs exhibited
increased tube formation compared with normoxic, and serum repleted cells. Because both
conditions induce nuclear HMGB1 release, the ability of HMGB1 to promote EC angiogenic
behavior was examined. Supplemental rHMGB1 increased EC tubing behavior under
hypoxic conditions with greater tube numbers and complexity (Figure 2A). In normoxia, the
effect of rHMGB1 was limited. To assess whether the effects of HMGB1 on tube formation
was due to a proliferative response, HDMVEC proliferation over 24 hours was evaluated in
the presence of HMGB1 in normoxia and hypoxia, all under serum depeleted conditions.
Hypoxia increased EC proliferation compared to normoxia (1.83 ± 0.27 fold over normoxia;
P<0.01). rHMGB1 significantly increased cell proliferation in hypoxia but not in normoxia
(2.37± 0.46 vs 1.04 ± 0.06 fold over normoxia controls; N = 3 experiments; P<0.01).

Inhibition of HMGB1 impaired endothelial tube formation
HDMVECs treated with anti-HMGB1 blocking antibodies under hypoxic conditions
exhibited markedly impaired tube formation in the presence or absence of rHMGB1 (Figure
2B). Nonspecific IgG did not affect tubing. Similar results were seen in normoxia (not
shown). Tube formation was imaged in real time over 6hr with 2g7 antibody or control IgG
in 5% or 0.5% serum. Images from the same area within the well obtained at 0, 3, 4, and 6
hours are compiled in Figure 2C. In low serum, ECs aggregated into distinct foci from
which tubes extended and formed networks. Anti-HMGB1 antibody impaired tube
formation in 0.5% serum with delayed tubing and shorter tubes. Tube thickness also differed
significantly between IgG and 2g7 treated cells with more robust tubes in the IgG treated
group (12.2 ± 1.6 vs. 5.6 ± 0.8 μm, respectively; P<0.01; N=6 wells/group). In 5% serum,
tube formation was markedly impaired at all time points and was completely inhibited in the
presence of 2g7.

HMGB1 neutralizing antibody blocks LC3II formation
Our data demonstrated that EC tube formation requires endogenous HMGB1. The
angiogenic process was also more robust in nutrient or oxygen deprived conditions,
suggesting that energy conservation mechanisms such as autophagy may be involved in
angiogenic processes. To assess EC autophagy, we examined the conversion of LC3I to
LC3II, a critical step in autophagosome formation and marker of autophagy, under
conditions of hypoxia or serum deprivation as well as with HMGB1 modulation (Figure
3).22 HDMVECs cultured in 10% serum exhibited low levels of LC3II while serum-
depletion increased LC3II formation (Figure 3A). Inhibition of autophagy with 3MA
reduced LC3II levels in low serum conditions. Similarly, 2g7 reduced LC3II levels under
serum deprivation (Figure 3A). While exogenous rHMGB1 did not appear to alter LC3II
formation, 2g7 significantly reduced LC3II in the presence of 0.1 and 1 μg/ml rHMGB1
(Figure 3B). These findings suggest that ECs exposed to serum deprivation undergo
autophagy, and this process is, in part, regulated by endogenous HMGB1.

Modulation of autophagy alters endothelial tube formation
To investigate a role for autophagy in EC tube formation, HDMVECs were treated with
3MA or CQ, both inhibitors of autophagy, under conditions of serum deprivation. Both
3MA and CQ impaired EC tube formation (Figure 4A and B) in a dose dependent fashion,
demonstrating a significant loss of network complexity (Figure 4B). Alternatively, induction
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of autophagy with rapamycin25 stimulated EC tube formation in a dose dependent manner
(Figure 5). In combination, these findings suggest that autophagy promotes and is required
for EC tube formation.

EC HMGB1 translocation from the nucleus is regulated by autophagy
Our data show that both HMGB1 and autophagy are involved in EC angiogenic behavior in
vitro. To determine the relationship between HMGB1 and autophagy, we examined the
ability of 3MA and rapamycin to modulate nuclear HMGB1 levels. Rapamycin decreased
levels of nuclear HMGB1 in ECs cultured in normoxia and serum replete conditions
compared to cells not treated with rapamycin (Figure 6A; 26.1 ± 15.9 vs. 127.7± 6.5; P<.
001; data represents 4 experiments). Hypoxic, serum deprived cells treated with 3MA (4
mM) had significantly higher levels of nuclear HMGB1 staining than similarly cultured cells
without 3MA (MFI 121.3± 3.9 vs. 81.9± 16.7; P=.04). These findings were confirmed by
WB where cytosolic HMGB1 was increased by rapamycin, hypoxia, or 1% serum (Figure
6B). However, while 3MA promoted nuclear retention of HMGB1 by immunocytochemistry
(Figure 6A), it did not reduce cytoplasmic levels of HMGB1 by WB (Figure 6C). These
findings suggest that autophagy initiated by hypoxia, serum depletion, and rapamycin is a
stimulus for nuclear HMGB1 release in ECs. but inhibition of autophagosome formation by
3MA does not significant block HMGB1 release.

HMGB1 is released by ischemic skeletal muscle in vivo
Skeletal muscle ischemia is a strong stimulus for peripheral angiogenesis in vivo. To
determine if ischemia can induce HMGB1 release from muscle cells, samples of muscle
from ischemic hind-limbs after femoral artery ligation and muscle from non-ischemic
controls were stained for HMGB1(Figure 7A). Four hours after arterial ligation, nuclear
HMGB1 staining was reduced in the myocytes from the ischemic hind-limbs compared to
the control hind-limbs (34.9% ± 1.9 vs. 51.7% ± 2.0, respectively, P<0.001).

Intramuscular rHMGB1 administration improves hind-limb perfusion after ischemia
To determine if HMGB1 has pro-angiogenic effects in the setting of muscle ischemia,
HeOuJ mice were injected with either rHMGB1 (20μg) or a comparable volume of control
buffer into the right calf muscle before arterial ligation. To control for the injection, the
same volume of control buffer was also injected into the left, nonischemic calf muscle. By
LDPI at 2 weeks (Figure 7B,C), perfusion was significantly improved in rHMGB1 treated
mice. EC density was determined by CD31 staining in samples of muscle collected 2 weeks
after injury, (Figure 7D). and was greater in rHMGB1 treated ischemic hind-limbs than in
controls (49.2 ± 4.1/HPF (N=7) vs. 34.2 ± 3.4/HPF (N=5), respectively; p=0.02).

Discussion
This study adds to the literature supporting a role for HMGB1 in ischemia mediated
angiogenesis.21, 26–30 De Mori et al reported that intramuscular administration of HMGB1
enhanced muscle regeneration and improved perfusion in a murine hind-limb ischemia
model.26 HMGB1 is upregulated in tumor but not normal endothelium.27 Recently, Bescetti
et al demonstrated that exogenous HMGB1 promotes neovascularization and improved
blood flow by LDPI in diabetic mice.30 HMGB1 has been shown in other systems to be
released from cell nuclei by stimuli such as hypoxia through active secretion as well as
passive release. 17 Our data confirm similar responses in hypoxic ECs and skeletal muscle
and builds on the existing literature by showing that hypoxia mediates endogenous HMGB1
translocation from these cells. HMGB1 release from stressed ECs may represent an active
secretion but precise mechanistic studies were not performed. In the ischemic skeletal
muscle, we predict that passive release by damaged or dying cells predominates..
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Additionally, rHMGB1 promotes perfusion recovery and increases endothelial density in
ischemic hind-limbs.

HMGB1 may have qualitative effects on blood vessel formation, which is supported by our
in vitro data. Recombinant HMGB1 increased the complexity of EC tube networks under
both normoxia and hypoxia in a manner that cannot be explained by increased proliferation
alone. rHMGB1 in normoxia was not pro-proliferative. HMGB1 neutralization inhibited EC
tube formation under both normoxia and hypoxia, supporting a role for this endogenous
danger signal in the angiogenic behavior of EC. A critical role for HMGB1 in angiogenesis
has been recently suggested by Wake et al who reported that histidine-rich glycoproteins
block HMGB1-heparin complex-induced vessel sprouting in matrigel plugs.31 Our time-
lapse imaging demonstrated that HMGB1 neutralization impaired tube extension and
thickness without interfering with EC migration into distinct foci. We used measures of
branching, tube length, and tube thickness to quantify the different elements that contribute
to healthy EC tube formation. This was done because there is a lack of standardized
methodology to quantify in vitro angiogenesis. Although the mechanisms governing tube
formation are still poorly understood, processes regulating cell adhesion, migration, and
cytoskeletal rearrangement are likely to be involved. HMGB1 is critical for axonal
elongation in the central nervous system,32 a process that bears marked similarity to
angiogenesis.

Our experiments confirm that the signals that promote release of nuclear HMGB1 in
HDMVECs (hypoxia, serum depletion) induce EC tube formation as well as autophagy.
Autophagy involves lysosomal degradation of long-lived proteins under stress conditions
such as hypoxia, injury, or starvation and is important for repair and energy conservation.33

In mouse embryonic fibroblasts (MEF), autophagy has recently been shown to be required
for HMGB1 translocation to the cytoplasm. In turn, cytoplasmic HMGB1 sustains
autophagy in these same cells.22 We showed that neutralization of HMGB1 inhibits LC3 II
formation, suggesting that HMGB1 may be required to sustain autophagy in EC, if not to
initiate it. We also demonstrate that treatment of EC with 3MA and CQ, specific inhibitors
of PI3KC3 activity in autophagy,34 attenuates EC tube formation in serum depleted
conditions. In hepatoma cells, 3MA specifically blocks protein degradation induced by
amino acid depletion, a critical process to provide energy in a stressed state.35 it is possible
that autophagy provides the energy for normal EC tube formation under starved or hypoxic
conditions. Inhibiting autophagy through HMGB1 neutralization could compromise tube
formationby reducing the availability of energy required for this demanding process. Higher
serum concentrations that do not provide the autophagic drive also impair tube formation.

HMGB1 translocation within other cell types has been linked to autophagy. 36 Our
experiments demonstrate that, while HMGB1 may be important for autophagosome
formation in HDMVECs, autophagy may further promote HMGB1 release from the nucleus.
Rapamycin stimulated HMGB1 nuclear loss from nonstressed ECs. 3MA increased nuclear
HMGB1 levels in hypoxic ECs but there was still detectible HMGB1 in the cytoplasm.
These findings suggest that stimuli such as starvation and hypoxia initiate HMGB1
translocation that can be further enhanced during autophagy. However, we did observe that
both HMGB1 translocation and autophagy are required for EC tube formation. Inhibiting
HMGB1 or autophagy significantly impaired tube formation. In vivo, skeletal muscle
ischemia was a strong stimulus for HMGB1 secretion from myocyte nuclei. Exogenous
HMGB1 stimulated better perfusion recovery and suggested greater vascularity with more
endothelial structures observed, suggesting a similar role for HMGB1 in promoting
angiogenesis in vivo. Further studies to identify functional vascular structures are needed to
confirm these findings. While autophagy is known to occur in fasting muscles37 and has
recently become a topic of rigorous investigation,38 the co-dependence of autophagy and
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HMGB1 release in skeletal muscle was not evaluated in our studies. The impact of HMGB1
and autophagy on neovessel integrity and tissue repair after ischemic injury will be the focus
of future studies.

In summary, we demonstrate the novel finding that both HMGB1 and autophagy are
necessary and co-dependent factors in EC tube formation. In addition, administration of
HMGB1 to ischemic muscle improved limb perfusion and increased endothelial density
after ischemia. These findings show how essential innate tissue responses to stress and
injury are in angiogenesis. These studies provide further insight into this important adaptive
process and may elucidate therapeutic options for patients with critical limb ischemia. While
the focus of this study was on the in vitro regulation of angiogenesis by autophagy and
HMGB1, future studies will establish the roles for autophagy and HMGB1 in angiogenesis
in vivo. The role of innate immune receptors, such as the toll like receptors, in mediating
these responses will also be investigated.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 6.
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Figure 7.
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