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ABSTRACT 

Pulsed electromagnetic fields (PEMF) have been shown to be clinically beneficial, but their 
mechanism of action remains unclear. The present study examined the impact of PEMF on 
angiogenesis, a process critical for successful healing of various tissues. PEMF increased the 
degree of endothelial cell tubulization (sevenfold) and proliferation (threefold) in vitro. Media 
from PEMF cultures had a similar stimulatory effect, but heat denaturation ablated this activity. 
In addition, conditioned media was able to induce proliferative and chemotactic changes in both 
human umbilical vein endothelial cells and fibroblasts, but had no effect on osteoblasts. 
Angiogenic protein screening demonstrated a fivefold increase in fibroblast growth factor β-2 
(FGF-2), as well as smaller increases in other angiogenic growth factors (angiopoietin-2, 
thrombopoietin, and epidermal growth factor). Northern blot analysis demonstrated an increase 
in FGF-2 transcription, and FGF-2 neutralizing antibody inhibited the effects of PEMF. In vivo, 
PEMF exposure increased angiogenesis more than twofold. We conclude that PEMF augments 
angiogenesis primarily by stimulating endothelial release of FGF-2, inducing paracrine and 
autocrine changes in the surrounding tissue. These findings suggest a potential role for PEMF in 
therapeutic angiogenesis. 
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lthough controversial, electromagnetic forces are believed to play a role in the normal 
repair of human tissues. The therapeutic efficacy of various forms of electrical 
stimulation, including capacitative coupling, direct current, combined magnetic fields, 

and pulsed electromagnetic fields (PEMF), have been intensely investigated over the past 30 
years (1, 2). The therapeutic effects of PEMF were first demonstrated in bone by Basset and 
colleagues (1), whose reports led to clinical trials and widespread commercial availability. 
Subsequently, PEMF has been demonstrated in blinded trials to be a safe and effective means of 
treating nonhealing bone fractures (3, 4) 
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Despite the clinical evidence demonstrating PEMF to be an effective treatment modality in bone 
healing, its mechanism of action is unknown. PEMF is able to up-regulate several cytokines that 
are important in promoting osteoblast differentiation during fracture repair, including bone 
morphogenetic proteins 2 and 4 and transforming growth factor-β (5, 6). However, more direct 
barometers of osteoblast function such as collagen synthesis, proliferation, alkaline phosphatase 
activity, and prostaglandin E2 production are not significantly altered in the presence of PEMF 
(7, 8). Thus, it seems unlikely that the clinical success of PEMF is entirely attributable to an 
effect on osteoblasts alone. 

This has led investigators to study the effect of PEMF on other processes important during tissue 
repair (9). Angiogenesis, the sprouting of new blood vessels, is critical for successful fracture 
healing (10, 11), but the effects of PEMF on angiogenesis are not well understood (12). In this 
study, we examined the effects of PEMF on angiogenesis and its primary component, the 
endothelial cell. 

MATERIALS AND METHODS 

Cell culture 

Human umbilical vein endothelial cells (HUVECs) (Clonetics, East Rutherford, NJ) were 
cultured in endothelial basal medium (EBM)-2 supplemented with EGM-2MV and studied at 
passages 4–7. Fibroblasts were harvested from newborn foreskin specimens (13) and osteoblasts 
from fetal rat calvaria (10). Both fibroblasts and osteoblasts were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 
µg/ml penicillin G, 50 µg/ml streptomycin, and 0.25 µg/ml amphotericin B. 

Exposure to PEMF 

PEMF were generated by a bone-healing device (EBI, Parsippany, NJ) delivering uniform time-
varying fields. Fields consisted of asymmetric 4.5 msec pulses repeated at 15 Hz, with a 
magnetic flux density rising from 0 to 12 G in 200 µsec and returning to 0 G in 25 µsec. PEMF 
generators were placed inside identical incubators but were turned on only in the test incubator. 
Extraneous 50-Hz magnetic fields within each incubator were <2 mG. Custom designed cages 
surrounded with the same configuration were used for the in vivo experiments. 

In vitro angiogenesis assay 

A microcarrier (MC) in vitro angiogenesis assay was performed as described previously (14). 
HUVECs were added to a suspension of MCs (Cytodex 3, Amersham Biosciences, Piscataway, 
NJ) and cultured until confluent. Fibrin gels were prepared by dissolving fibrinogen (Sigma, St. 
Louis, MO) in PBS (2.5 mg/ml) along with 200 U/ml of aprotinin to prevent excessive 
fibrinolysis. Confluent HUVEC-seeded MCs were added to each well, and polymerization was 
achieved at 1 h by adding thrombin (0.625 U/ml). Gels were cultured in the presence or absence 
of PEMF for 7–10 days. The degree of angiogenesis was quantified by two blinded observers 
assessing 50 MCs at random and counting 1) the number of MCs with tubules greater than one, 
two, or three MC diameters and 2) the exact number of tubules on each MC. 
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Proliferation assay 

HUVECs (1×105) seeded onto six-well plates were cultured for 24 h with EBM+1% FBS 
(starved media). The media was then changed to fully supplemented media, at which time 
cultures were separated into their respective incubators for an additional 24 h. A 24 h 
proliferation assay was performed by the addition of 5 µCi of radioactive thymidine [3H] 3 h 
before the completion of the assay. Cells were washed with PBS ×3 and 10% trichloroacetic acid 
×3, followed by the addition of 2 mL of 1 N NaOH for 30 min and neutralizations with 2 mL 1 N 
HCl. Independent cell cultures were used for each experiment (n=6), run in triplicate, and 
evaluated using a scintillation counter. A subset of HUVEC cultures (n=3) were trypsinized, and 
the number of cells/well was counted manually with a hematocytometer after 24 h exposure to 
PEMF. 

For fibroblast and osteoblast proliferation studies, 1 × 105 cells were seeded onto six-well plates 
in starved DMEM (with 1% FBS) and replaced with media collected from HUVEC cultures after 
24 h pulsed electromagnetic field (PEMF) exposure. After 24 h, proliferation was measured by 
thymidine incorporation as above. 

Migration assay 

Migration was studied using a modified transwell assay. HUVECs and fibroblasts in starvation 
media (EBM or DEMM+1% FBS) were seeded onto Chemotx filters (5.7 mm, 8 µm pore size, 
Neuro Probe, Gaithersburg, MD). Media (either stock EBM, DMEM, or collected from HUVEC 
cultures after 24 h PEMF exposure) was added to the lower chamber. After 24 h incubation, 
nonmigrating cells were completely wiped from the top surface of the membrane, and migrating 
cells adherent to the underside of the filter were quantified using the nuclear dye DAPI (Vector 
Labs, Burlingame, CA) and fluorescent microscopy. 

Media denaturing experiments 

Media from HUVEC cultures in the absence or presence of PEMF was collected as donor media 
(conditioned media). In addition, PEMF and normal-conditioned media were heated at 100°C for 
20 min and immediately cooled on ice for 20 min. The denatured media was resupplemented 
with EGM-2MV to replace essential growth factors that were also denatured and then similarly 
used as growth media for a HUVEC proliferation assay. Results were normalized to the 
thymidine incorporation observed in cultures receiving media harvested from HUVECs not 
exposed to PEMF (n=6). 

Prostaglandin synthesis inhibition 

A 48 h thymidine incorporation assay was performed in the presence of indomethacin 
(Calbiochem, San Diego, CA), a phospholipase A2 inhibitor (15), at a concentration of 4 µg/ml, 
previously shown to completely block prostaglandin synthesis in vitro (n=4) (16). 
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Vascular endothelial growth factor (VEGF) ELISA and Northern blot analysis 

A mouse VEGF sandwich enzyme immunoassay (R&D Systems, Minneapolis, MN) was used to 
measure the quantity of VEGF (165-amino acid isoform) in media from PEMF and control 
cultures (n=4; run in triplicate). For Northern blot analysis, total cellular RNA was extracted by 
cell lysis (TRIzol). RNA (20µg) was separated on a 1% agarose containing 2.0 M formaldehyde 
and transferred to a Brightstar-Plus nylon blotting membrane (Ambion, Woodward, TX) via 
Turbo Blot downward transfer system. RNA was crosslinked via the UV Stratalinker 1800 
(Stratagene, La Jolla, CA) and hybridized with VEGF and 18S cDNA probes labeled with P32-
dCTP (Amersham Biosciences, Piscataway, NJ) (10). Band densitometry was performed using 
Kodak (Rochester, NY) 1D. 

VEGF blocking assays 

PEMF- and control-conditioned media were used for a 48 h HUVEC proliferation assay and 
supplemented with either 0.1 mg/ml of anti-human VEGF antibody or 50 ng/ml of recombinant 
human VEGF R2(KDR)/Fc chimera (R&D Systems), concentrations previously shown to 
eliminate soluble VEGF activity (n=4; run in triplicate) (17). 

Angiogenic protein screening 

PEMF and control conditioned media was harvested after 48 h of incubation and analyzed via a 
sandwich ELISA assay (SearchLight Angiogenesis Array, Pierce Technologies, Boston MA). 
Media samples (50 µl) were incubated for 1 h in ELISA coated with antibodies to angiogenic 
proteins, including tissue inhibitor of matrix metalloproteinase-1 (TIMP-1), angiopoietin-2 (Ang-
2), platelet-derived growth factor (PDGF), thrombopoietin (TPO), keratinocyte growth factor 
(KGF), hepatocyte growth factor (HGF), and epidermal growth factor (EGF). Total 
concentrations (pg/ml) were determined through chemiluminescent signaling. All experiments 
(n=3) were done in triplicate. 

FGF-2 ELISA and Northern blot 

A mouse FGF-2 sandwich enzyme immunoassay (R&D Systems) was used to measure the 
quantity of FGF-2 in media from PEMF and control cultures (n=4; experiments run in triplicate). 
For Northern blot analysis (n=3), total cellular RNA was extracted by cell lysis (TRIzol). RNA 
(50 µg) was separated on a 1% agarose containing 2.0 M formaldehyde and transferred to a 
Brightstar-Plus nylon blotting membrane (Ambion) via Turbo Blot downward transfer system. 
RNA was crosslinked via the UV Stratalinker 1800 (Stratagene) and hybridized with FGF-2 and 
18S cDNA probes labeled with P32-dCTP (Amersham Biosciences) (10). Band densitometry was 
performed using Kodak 1D. 

FGF-2 blocking assays 

FGF-2 neutralizing antibody (donated by Dr. David A. Moscatelli, New York, NY) was added to 
cultures also receiving either PEMF- or control-conditioned media (18). The FGF-2 antibody 
was added each time the media was changed, and a thymidine incorporation assay was 
performed after 48 h (n=6; each experiment was run in triplicate). 
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In vivo Matrigel plug assay 

All experiments were performed in full accordance with the NYU Medical Center Institutional 
Animal Care and Use Committee. Tie2/lacZ mice (10–16 wk old; Jackson Laboratory, Bar 
Harbor, ME) received a s.c. injection with Matrigel supplemented with basic-FGF-2 (25 ng). 
Mice were housed in either control cages (n=8) or in cages that delivered PEMF (n=10) 
consecutively for 8 h per day. Matrigel samples were snap frozen or fixed in 4% 
paraformaldehyde, and tissue sections were stained histochemically with x-gal solution overnight 
at 4°C or immunohistochemically with rat anti-mouse CD31 (Becton-Dickinson, Franklin Lakes, 
NH) and Alexa-Flour goat anti-rat secondary antibody (Molecular Probes, Eugen, OR). The 
number of nuclei contained per high power field (hpf) of Matrigel was counted in 20 random 
fields by two blinded observers. For ELISA analysis, matrigel plugs were harvested and 
submerged in T-PER Extraction Reagent (Pierce/Perbio, Inc.) with 100 µl/ml protease inhibitor 
added, mechanically homogenized, and centrifuged. Supernatent was removed and assayed using 
the ELISA protocol described previously for FGF-2. Similar sandwich enzyme immunoassay 
kits (R&D Systems) were used to assay TPO, Ang-2, and EGF (n=4; experiments run in 
triplicate). 

Statistical analysis 

Statistical analysis was calculated based on a two-tailed t test, and all data are presented as mean 
± SE. P < 0.05 was considered statistically significant. 

RESULTS 

PEMF induces endothelial tubule formation 

The gelatin microcarrier assay is a well-established in vitro model of angiogenesis and quantifies 
the ability of endothelial cells to sprout from a single focus (14). HUVECs grown on MCs in the 
absence (Fig. 1A) or presence (Fig. 1B) of PEMF demonstrate a substantial increase in 
tubulization. Tubulization was quantified in two ways: 1) the total fraction of MCs with a tubule 
length greater than one, two, or three diameters and 2) the total number of tubules on each 
microcarrier. In PEMF, a severalfold increase in tubulization of one or two diameters was seen 
(41/50 vs. 24/50, 21/50 vs. 3/50; P<0.01) (Fig. 1C), and only cells exposed to PEMF developed 
tubules greater than three diameters (6/50 vs. 0/50; P<0.05). Exposure to PEMF also led to a 
significant increase in the total number of tubules per microcarrier (2.25±0.45 vs. 1.00±0.25; 
P<0.05) (Fig. 1D). 

PEMF stimulates endothelial proliferation 

Thymidine incorporation established that HUVECs exposed to PEMF demonstrated enhanced 
proliferation compared with controls (9.2×104 vs. 3.5×104 cpm; P<0.01) (Fig. 1E–1G). This 
increase in proliferation correlated with an increase in absolute cell number (220±14×103 
cells/well in PEMF vs. 117±9×103 cells/well in controls) over the 24 h course of the 
experiments. Fibroblast and osteoblast cell lines, under identical conditions of PEMF exposure, 
did not exhibit any change in thymidine incorporation or cell number (P=0.23 and P=0.29, 
respectively). 
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PEMF releases the soluble pro-angiogenic protein FGF-2 

Media harvested from HUVECs cultured in PEMF (PEMF-conditioned media) increased 
proliferation of HUVECs not directly exposed to PEMF, suggesting a soluble factor was 
responsible. The average HUVEC response to PEMF-conditioned media was twofold greater 
than HUVECs given media from control cells not exposed to PEMF (222.0±2.3%; P<0.01). The 
addition of a cyclooxygenase inhibitor (indomethacin) was unable to block PEMF-induced 
stimulation (206.0±2.7%; P<0.01), suggesting that arachadonic acid metabolites were not 
involved. In contrast, heat denaturing eliminated the stimulatory effects of PEMF-conditioned 
media on HUVECs (77.8±10.2% vs. 222.0±2.3%; P<0.01), demonstrating that a soluble protein 
was responsible for the proliferative activity (Fig. 1H). 

The most likely candidate responsible for pro-angiogenic effect was VEGF, a potent vascular 
mitogen (19). However, no differences were observed in VEGF-A mRNA or protein levels 
within PEMF cultures when compared with controls (mean intensity 167.57 vs. 172.23, 
51.25±4.98 pg/ml vs. 50.79±3.78 pg/ml, respectively; P=0.81) (Fig. 2A, 2B). To further confirm 
that VEGF signaling was not involved, proliferation assays were also performed in the presence 
of anti-VEGF antibody or recombinant VEGF-receptor 2 (KDR)/Fc chimera, both potent 
blockers of soluble VEGF activity. HUVEC proliferation in response to PEMF was unchanged in 
the presence of these blocking agents (284.8±17.3% and 266.1±10.0% vs. 222.0±2.3% with 
conditioned-media alone, respectively) (Fig. 2C). 

Because VEGF is only one of many potential angiogenic factors, angiogenic protein screening of 
PEMF conditioned media was performed. Protein concentrations for tissue inhibitor of matrix 
metalloproteinase-1 (TIMP-2), platelet-derived growth factor (PDGF), and hepatocyte growth 
factor (HGF) were not significantly altered in PEMF conditions vs. controls (data not shown). In 
contrast, FGF-2 production was found by ELISA to be increased fivefold by exposure to PEMF 
(Fig. 2D). Northern blot analysis also revealed an increase in FGF-2 mRNA in cultures 
incubating in PEMF. (mean intensity 975635 vs. 651316; P<0.05) (Fig. 2E). The addition of 
FGF-2 neutralizing antibody inhibited the stimulatory effects of PEMF on HUVEC proliferation 
but did not return it to baseline (147.28%±9.73% vs. 94.85%±3.70%, P<0.05) (Fig. 2F). 
Additional proteins with smaller significant elevations were Ang-2, TPO, and EGF: 
(2320.3±1128.4 vs. 3323.8±1168.7 pg/ml; P<0.05), (46.7±4.3 vs. 133.1±51.4 pg/ml; P<0.05), 
and (4.8±1.3 vs. 7.1±0.4 pg/ml; P<0.05), respectively (data not shown). 

Conditioned media stimulates proliferation in fibroblasts but not osteoblasts 

Under direct stimulation with PEMF, HUVECs proliferated exponentially and released 
significant amounts of FGF-2. However, fibroblast and osteoblast proliferation did not increase 
appreciably after PEMF exposure. To determine whether paracrine FGF-2 signaling occurred 
from HUVECs to parenchymal tissues, we studied fibroblast and osteoblast proliferation under 
the influence of media collected from HUVEC cultures after 24 h PEMF exposure. Using the 
same thymidine assay described previously, 24 h of exposure to conditioned media resulted in a 
significant (>100%) increase in fibroblast growth when compared with controls. However, 
osteoblast proliferation did not change significantly under the same conditions (Fig. 2G). 

Page 6 of 16
(page number not for citation purposes)



 

Conditioned media stimulates fibroblast and HUVEC migration 

To further confirm the importance of FGF-2 signaling from HUVECs and examine functional 
cell changes induced by protein release, we studied fibroblast and HUVEC migration using 
PEMF-conditioned HUVEC media as a chemotactic agent. The migratory populations of both 
fibroblasts and HUVECs more than doubled under the influence of PEMF-conditioned media 
(Fig. 2H). 

PEMF stimulates in vivo angiogenesis 

Having demonstrated that PEMF has a potent effect on endothelial cells in vitro, we examined 
whether PEMF was able to stimulate angiogenesis in vivo. Matrigel is a soluble basement 
membrane preparation, and when implanted s.c. supports vascular ingrowth. Matrigel was 
injected s.c. into tie2/lacZ transgenic mice that were housed in cages emitting PEMF for 8 h a 
day or control cages. After 3, 10, and 14 days, there was significantly greater vascular ingrowth 
into the matrix in PEMF-treated animals, confirmed by staining specific for endothelial markers 
CD31 and Tie-2. PEMF increased the vascular ingrowth more than twofold by day 3 (13.3±0.41 
vs. 5.8±0.28 cells/hpf; P<0.01). This increase in vascular ingrowth persisted through days 10 and 
14 (16.6±0.49 vs 12.6±0.43 cells/hpf; P<0.01, and 19.4±0.55 vs. 14.8±0.40 cells/hpf; P<0.01, 
respectively). (Fig. 3) ELISA confirmed a twofold increase in FGF-2 in PEMF-treated matrigel, 
but demonstrated no differences in the growth factors TPO, Ang-2, and EGF (data not shown). 

DISCUSSION 

In this study, we demonstrate that PEMF stimulates processes critical for angiogenesis. The 
delivery of PEMF at low doses, identical to that currently in clinical use, significantly increased 
endothelial cell proliferation and tubulization, processes important for vessel formation. The 
ability of PEMF to increase cellular proliferation was unique to endothelial cells while the 
addition of media from conditioned HUVECs to both fibroblast and HUVEC cultures increased 
proliferation and migration. This suggests that endothelial cells are the primary target for PEMF 
stimulation, releasing protein in a paracrine fashion to induce changes in neighboring cells and 
up-regulate angiogenesis. However, both direct stimulation and conditioned media studies 
revealed no significant change in osteoblast proliferation. Thus, the ability of PEMF to enhance 
the healing of complicated fractures is likely the result of increased vascularity rather than a 
direct effect on osteogenesis as previously believed. 

While VEGF is the most ubiquitous mediator of angiogenesis, it was not responsible for the 
angiogenic effect of PEMF in these experiments. Angiogenic protein screening demonstrated a 
fivefold increase in FGF-2, a well-described angiogenic mediator. While the addition of an FGF-
2 neutralizing antibody reduced PEMF stimulation of endothelial cells, proliferation did not 
return completely to baseline. It is therefore possible that PEMF does not simply act through the 
up-regulation of a single agent (i.e., FGF-2), but involves the coordinated release of other 
angiogenic proteins or cytokines. However, in vivo, we only were able to demonstrate significant 
increases in FGF-2. Thus, it seems likely that FGF-2 signaling is the predominant mechanism 
and these cytokine changes are secondary. It is interesting to note that the in vitro potency of 
PEMF to increase endothelial cell proliferation was comparable to that of high doses of VEGF or 
FGF, suggesting that this phenomenon is of true biologic relevance in vivo (20). 
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To support this, we examined the effect of PEMF on in vivo angiogenesis. Using the well-
established Matrigel assay, we demonstrated that PEMF was able to significantly increase 
angiogenesis in vivo. Recent evidence suggests that blood vessels in the adult may result from 
either expansion of existing endothelial cells or the recruitment of bone marrow-derived 
endothelial progenitor cells (EPCs) (21, 22). Although we did not directly assess the effects of 
PEMF on bone marrow derived EPCs, our in vitro data on fully differentiated endothelial cells 
leads us to suspect that the effects of PEMF are directed toward pre-existing endothelial cells. 

If PEMF is able to augment angiogenesis, its clinical utility may extend well beyond its current 
role in bone healing. One obvious application is in the field of therapeutic angiogenesis, defined 
as the artificial manipulation of blood vessel growth for the treatment of ischemic conditions. 
The majority of existing techniques for therapeutic angiogenesis are based on the delivery of 
single pro-angiogenic cytokines or the supplementation of vascular stem cells (21). Agents such 
as VEGF or FGF have shown promise in animal models, but clinical trials have been 
disappointing (23). Furthermore, difficulties related to immunogenicity, dosing, and means of 
delivery have limited the widespread clinical impact of these modalities. PEMF may offer 
distinct advantages as a noninvasive and targeted modality, which is able to release several 
growth factors to achieve therapeutic angiogenesis. Moreover, because PEMF utilizes commonly 
available, clinically approved technology, it may have rapid applicability in the treatment of 
ischemic conditions (24). Data from this study provide a rational basis for use in these 
conditions. 

The finding that PEMF was able to stimulate endothelial cell kinetics raises important questions 
regarding the relationship between PEMF and carcinogenesis. A number of epidemiological 
studies have suggested a link between electromagnetic fields and malignancies, including breast 
cancer, brain cancer, and leukemia (25), but the precise mechanism, if any, remains unknown. 
Although there are multiple papers confirming that electromagnetic fields are not directly 
mutagenic or carcinogenic, none have examined the possibility that electromagnetic fields may 
promote tumor progression once malignant transformation has occurred. Because angiogenesis is 
believed to be essential for tumor growth, spread, and eventual clinical disease, the present study 
suggests that the link between electromagnetic fields and cancer may be through increased 
angiogenesis. Epidemiological studies suggest that exposure to PEMF (i.e., high-tension power 
lines) at a wide range of frequencies can be correlated with an increased risk of cancer (26). 
However, the direct comparison to the field strength used in this study is difficult given the wide 
amplitude window produced by pulsed delivery. Although clinical data suggest that PEMF is 
safe, the possibility that electromagnetic fields are not themselves carcinogenic but promote 
tumor progression via increased angiogenesis warrants further investigation. 

In conclusion, although PEMF has been used for years by clinicians to supplement bone healing, 
its precise mechanism of action has not been determined. Our data provide evidence to support 
the concept that PEMF acts by promoting angiogenesis through the coordinated release of FGF-2 
and to a lesser extent several other vascular growth factors (Ang-2, TPO, and EGF). This 
suggests that PEMF may facilitate healing by augmenting the interaction between osteogenesis 
and blood vessel growth. This finding not only elucidates a novel mechanism for PEMF action, 
but also suggests extended applications for PEMF in the treatment of ischemic disease and a 
potential linkage between electromagnetic fields and tumor biology. 
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Fig. 1 
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Figure 1. PEMF stimulates 3-D angiogenesis in vitro. A 3-D angiogenesis assay was performed on HUVECs grown on 
gelatin microcarriers and embedded in a fibrin gel. Representative pictures 7 days after HUVEC-seeded microcarriers were 
cultured in normal conditions (A) or PEMF (B), demonstrating increased tubulization of PEMF. C) Fifty microcarriers 
were chosen at random, and the number of microcarriers exhibiting tubulization of greater than 1 diameter (>1MC), 2 
diameters (>2MC), or 3 diameters (>3MC) was quantified. D) Microcarriers were also assessed for the number of tubules 
present on each microcarrier.  The extent of proliferation of HUVECs over a 48-h period was examined by light 
microscopy (E) and quantified by thymidine incorporation (F) and revealed that PEMF significantly augmented the 
proliferation of HUVECs (P<0.01) but had no effect on osteoblasts or fibroblasts (G). H) Media cultured in PEMF was 
able to enhance the proliferation of HUVECs, but denaturing the media ablated this effect. HUVEC proliferation in PEMF 
was not inhibited by the addition of indomethacin, a prostaglandin (PGE2) synthesis inhibitor. 
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Fig. 2 
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Fig. 2 (cont) 
 

      
Figure 2. PEMF stimulates the release of FGF-2 but not VEGF by HUVECs. A) Northern blot analysis demonstrated 
no change in VEGF mRNA when HUVECs were grown in PEMF or control conditions. B) VEGF ELISA revealed no 
differences in VEGF protein production by HUVECs exposed to PEMF. C) The presence of recombinant VEGF R2/Fc 
chimera or anti-VEGF antibody was unable to block the response of HUVEC proliferation to PEMF. In contrast, FGF-2 
production was found to be twofold greater in PEMF conditions. D) FGF-2 ELISA verified that PEMF stimulated a 
threefold increase in HUVEC production of FGF-2 protein. E) Northern blot analysis demonstrated an increased degree of 
FGF-2 transcription in response to PEMF, normalized using GAPDH. F) The addition of FGF-2 neutralizing antibody 
significantly reduced the degree of stimulation in response to PEMF. Control cultures exhibited no changes in proliferation 
in response to the antibody. G) Media collected from PEMF cultures was able to induce significant (>100% above 
baseline) proliferation in HUVECs and fibroblasts but not osteoblasts. H) Migration of fibroblasts and HUVECs in 
response to media collected form PEMF-conditioned HUVEC cultures was threefold greater in both cell types compared 
with cells stimulated with unconditioned media. 
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Fig. 3 
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Figure 3. PEMF promotes angiogenesis in an in vivo Matrigel plug assay. A, B) Vascular ingrowth  
within Martigel 2 wk after implantation was confirmed by staining for CD31 and Tie2. C) Representative 
pictures of Matrigel (dotted box) from mice in control and PEMF cages demonstrate that exposure to 
PEMF led to an increase in the degree of vascular ingrowth relative to controls. (Scale bars represent 
25µm) D) High-power views of a representative section of Matrigel from control mice (top panel) and 
PEMF-exposed mice (bottom panel) are depicted. E) Quantification of cells within the Matrigel 
demonstrated a significant PEMF stimulation of vascular ingrowth at days 3, 10, and 14 (scale bars 
represent 25 µm).  
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