
MOLECULAR AND CELLULAR BIOLOGY, Oct. 2008, p. 6248–6261 Vol. 28, No. 20
0270-7306/08/$08.00�0 doi:10.1128/MCB.00795-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Lactate Stimulates Vasculogenic Stem Cells via the Thioredoxin
System and Engages an Autocrine Activation Loop Involving

Hypoxia-Inducible Factor 1�

Tatyana N. Milovanova,1 Veena M. Bhopale,1 Elena M. Sorokina,1 Jonni S. Moore,2 Thomas K. Hunt,3
Martin Hauer-Jensen,4 Omaida C. Velazquez,5 and Stephen R. Thom1,6*

Institute for Environmental Medicine1 and Departments of Pathology and Laboratory Medicine2 and Emergency Medicine,6 University of
Pennsylvania Medical Center, Philadelphia, Pennsylvania 19104; Department of Surgery, University of California at San Francisco,

San Francisco, California 141433; Department of Surgery, University of Arkansas for Medical Sciences, Little Rock, Arkansas4;
and Department of Surgery, University of Miami, Miami, Florida5

Received 16 May 2008/Returned for modification 19 June 2008/Accepted 1 August 2008

The recruitment and differentiation of circulating stem/progenitor cells (SPCs) in subcutaneous Matrigel in
mice was assessed. There were over one million CD34� SPCs per Matrigel plug 18 h after Matrigel implan-
tation, and including a polymer to elevate the lactate concentration increased the number of SPCs by 3.6-fold.
Intricate CD34� cell-lined channels were linked to the systemic circulation, and lactate accelerated cell
differentiation as evaluated based on surface marker expression and cell cycle entry. CD34� SPCs from
lactate-supplemented Matrigel exhibited significantly higher concentrations of thioredoxin 1 (Trx1) and
hypoxia-inducible factor 1 (HIF-1) than cells from unsupplemented Matrigel, whereas Trx1 and HIF-1 in
CD45� leukocytes were not elevated by lactate. Results obtained using small inhibitory RNA (siRNA) specific
to HIF-1 and mice with conditionally HIF-1 null myeloid cells indicated that SPC recruitment and lactate-
mediated effects were dependent on HIF-1. Cells from lactate-supplemented Matrigel had higher concentra-
tions of phosphorylated extracellular signal-regulated kinases 1 and 2, Trx1, Trx reductase (TrxR), vascular
endothelial growth factor (VEGF), and stromal cell-derived factor 1 (SDF-1) than cells from unsupplemented
Matrigel. SPC recruitment and protein changes were inhibited by siRNA specific to lactate dehydrogenase,
TrxR, or HIF-1 and by oxamate, apocynin, U0126, N-acetylcysteine, dithioerythritol, and antibodies to VEGF
or SDF-1. Oxidative stress from lactate metabolism by SPCs accelerated further SPC recruitment and
differentiation through Trx1-mediated elevations in HIF-1 levels and the subsequent synthesis of HIF-1-
dependent growth factors.

Neovascularization plays a central role in wound healing and
tumor growth. In both wounds and tumors, the local tissue
lactate concentration is elevated and reaches �6 to 15 mM, in
contrast to a concentration of 1.8 to 2 mM under normal
physiological conditions (14, 53). Lactate has been reported to
be proangiogenic, and substantial attention has been focused
on endothelial cell responses in wounds and tumors (10, 13).
Whether lactate plays a direct role in vasculogenesis, that is,
homing and vascular channel formation by stem/progenitor
cells (SPCs), however, is unknown.

We hypothesized that lactate augments SPC growth and
differentiation by stimulating an oxidative stress response.
There is a growing body of evidence demonstrating that reac-
tive oxygen species (ROS) exert roles in transduction cascades
of growth factors which regulate cell proliferation and differ-
entiation (38). Local elevations in lactate can increase cellular
NADH levels through the action of lactate dehydrogenase
(LDH), and this effect will secondarily increase intracellular
ROS production by stimulating NAD(P)H oxidase (Nox) en-

zymes (19, 31). Lactate can also enhance free-radical forma-
tion via Fenton-like reactions (1, 19).

Thioredoxin (Trx) is a ubiquitous disulfide oxidoreductase
that works in conjunction with the glutathione system to main-
tain the cytoplasm in a reduced state. The Trx system includes
the Trx1 cytosolic and Trx2 mitochondrial thiol proteins, Trx
reductase (TrxR), and NADPH. Oxidative stress increases
Trx1 synthesis and the translocation of Trx1 to the nucleus,
where it acts as a growth factor and transcription factor regu-
lator (3, 12, 21, 36, 40). There are redundant systems for
maintaining Trx1 in a reduced state, which is fundamental to
regulating its functions. Knocking down TrxR by either enzyme
inhibitors or small inhibitory RNA (siRNA) significantly de-
pletes the cellular concentration of reduced Trx1 under con-
ditions of oxidative stress (54).

Trx1 has been shown previously to promote the expression
and activity of hypoxia-inducible factor 1 (HIF-1) (12, 26, 55).
HIF-1 is a heterodimer composed of HIF-1� and constitutively
expressed HIF-� (also called the aryl hydrocarbon receptor
nuclear translocator subunit). The expression and activation of
the HIF-1� subunit are tightly regulated, and HIF-1� degra-
dation by the ubiquitin-proteasome pathway typically occurs
when cells are replete with O2 (42, 44). Recent gene array data
suggest that lactate can upregulate HIF-1 in mesenchymal
stem cells, but its functional significance, as well as proximal
factors that mediate this response, is unclear (60). Trx1 can
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increase HIF-1 protein expression under both normoxic and
hypoxic conditions (55), leading us to hypothesize that HIF-1
may be an important factor in SPC biology.

HIF-1 coordinates cell responses important for neovascular-
ization, including the synthesis of vascular endothelial growth
factor (VEGF) and stromal cell-derived factor 1 (SDF-1) (44).
These growth factors, and others, are synthesized by local
endothelial cells, perivascular myofibroblasts, keratinocytes,
macrophages, bone marrow-derived hemangiocytes, and endo-
thelial progenitor cells (EPCs) recruited to the wound site (18,
25, 33, 43, 45). Growth factors influence the efficiency of new
blood vessel growth by angiogenesis involving local endothelial
cells, and they stimulate the recruitment and differentiation of
circulating SPCs to form vessels by vasculogenesis (15, 22, 39,
46, 50, 58). Endothelial cells respond to lactate by increasing
the synthesis of VEGF in a process that may involve the sta-
bilization of HIF-1 (23). Lactate and pyruvate are intercon-
vertible via the enzymatic action of LDH. Both can stabilize
HIF-1 by oxidizing cellular iron, which inhibits prolyl hydrox-
ylase activity that requires ferrous iron (10, 13, 32).

We hypothesized that SPCs metabolize lactate and thereby
play an active role in their own recruitment and differentiation
at sites peripheral to the bone marrow. Results showed that
SPCs were among the earliest cells to arrive at a subcutaneous
Matrigel target. In the presence of high lactate concentrations,
SPCs synthesized markedly higher amounts of Trx1, TrxR, and
HIF-1, as well as VEGF and SDF-1, than in the absence of
such concentrations. CD45� leukocytes were also recruited to
Matrigel, but in much lower numbers than the SPCs, and the
CD45� cells did not express elevated Trx1 and HIF-1 in the
presence of lactate. To more discretely evaluate the role of
HIF-1, we utilized siRNA specific to HIF-1 and also genetically
modified mice in which Cre recombinase synthesis was linked
to the lysozyme gene and loxP flanked the HIF-1 gene locus.
This approach causes conditionally HIF-1 null myeloid cells
(9). Because a subpopulation of bone marrow SPCs intermit-
tently express lysozyme, we reasoned that these mice would be
useful in investigating HIF-1-deficient SPCs (57). Results with
these mice and with siRNA targeting HIF-1 showed that SPC
homing was mediated through HIF-1. Cells recruited to
Matrigel in these mice synthesized significantly less Trx1, TrxR,
VEGF, and SDF-1 and exhibited lower fractions of phospho-
rylated mitogen-activated protein kinases (MAPKs) than cells
recruited in wild-type mice, and CD34� SPC recruitment to
Matrigel in these mice was diminished compared to that in
wild-type mice. These in vivo observations indicate that an
autocrine activation loop exists in SPCs whereby growth fac-
tors mediate the phosphorylation of MAPKs that cause the
elevation of transcription factor levels, analogous to ex vivo
observations made with endothelial cells and some tumor lines
(11, 48). Because HIF-1 stimulates VEGF and SDF-1 synthe-
sis, SPCs augment their own recruitment.

MATERIALS AND METHODS

Animal study procedures. Wild-type mice (Mus musculus) were purchased
from Jackson Laboratories (Bar Harbor, ME), given a standard rodent diet and
water ad libitum, and housed in the animal facility of the University of Pennsyl-
vania. In some studies, we used mice developed by Randall S. Johnson at the
University of California, San Diego, that had conditionally HIF-1 null myeloid

cells. In these mice, Cre recombinase cDNA was inserted into the endogenous
myeloid lysozyme locus and loxP flanked the HIF-1 locus.

The standard protocol was to place two subcutaneous Matrigel plugs into each
mouse, one on either side of the thoracic vertebrae. Matrigel is an endothelial
cell basement membrane-like material that is a liquid at 0°C and a solid at body
temperature (29). After anesthetization (intraperitoneal administration of ket-
amine [100 mg/kg of body weight] and xylazine [10 mg/kg]), the skin was pre-
pared by being swabbed with Betadine, and Matrigel plugs (1 ml) were injected
subcutaneously into the back on either side of the thoracic vertebrae. One of the
Matrigel plugs was supplemented with DL-lactide (85 mol%; 32 mg/ml of Matri-
gel). This polymer is hydrolyzed slowly so that, when applied to wounds, it
sustains the lactate monomer concentration within a range of �6 to 15 mM (51).
In our studies, the slow degradation of the lactate polymer resulted in a lactate
concentration in Matrigel of 16.2 � 0.4 mM (mean � standard error [SE]; n �
3) at 18 h after implantation versus 3.5 � 0.7 mM (n � 3; P � 0.05) in
unsupplemented Matrigel. Levels remained stable over the course of the exper-
iment, and at 10 days, values were 15.8 � 0.3 mM (n � 3) for lactide-supple-
mented Matrigel and 3.8 � 0.5 mM (n � 3) for unsupplemented Matrigel.
Lactate concentrations in digested Matrigel were measured by the EnzyChrom
lactate assay kit (Bioassay Systems, Hayward, CA). Where indicated, Matrigel
was supplemented with 15 mM oxamate, 10 �M mitomycin C, 0.1 mM apocynin,
1 �M dithioerythritol (DTE), 5 �M N-acetylcysteine (NAC), 14 �M 1,4-
diamino-2,3-dicyano-1,4,6-(2-aminophenylthio)butadiene (U0126; Calbiochem,
San Diego, CA), 10 �g of anti-VEGF or anti-SDF-1 (BD Biosciences, San
Diego, CA), or 37.5 ng of siRNA specific to HIF-1 or TrxR or nonsilencing
control siRNA conjugated to Alexa Fluor 488 (Qiagen, Germantown, MD) or
37.5 ng of siRNA specific to mouse LDH (Santa Cruz).

At selected times, mice were reanesthetized and blood was obtained into
heparinized syringes by cardiac puncture. Matrigel plugs were harvested and
sharply cut with a blade, and approximately one-third of each plug was placed
into MethoCult colony assay medium (StemCell Technologies, Vancouver, Brit-
ish Columbia) for incubation at 37°C in air with 5% CO2 under a fully humidified
atmosphere. A second, small slice of the Matrigel was placed onto a glass slide
for staining with 10 �M dihydro-2	,7	-dichlorofluorescein (H2DCF; Kodak,
Rochester, NY) diacetate or fluorochrome-conjugated antibodies for micro-
scopic examination, and the remaining Matrigel plug was weighed in a plastic
dish and then digested by incubation with 1 ml of dispase for 90 min at 37°C.
Bone marrow cells were also obtained from both femurs. The ends of each bone
were clipped, and the marrow cavities were flushed with 2 ml of phosphate-
buffered saline (PBS). Leukocytes were isolated from blood samples, samples of
Matrigel digested with dispase, and bone marrow samples for cell counting, flow
cytometry analysis, and Western blotting of cell lysates. In addition, the cells
from digested Matrigel were frozen and subjected to Western blotting at later
times. In brief, 5 
 106 cells from each sample type (Matrigel, blood, and bone
marrow) were lysed, the protein concentration was adjusted to 25 mg/ml, 5 �g of
protein was placed into each lane, and Western blotting was performed by
following previously described methods (49). Antibodies used for Western blot-
ting were against HIF-1 (R&D, Minneapolis, MN), mouse thioredoxin-1 (Cell
Signaling Technology, Danvers, MA), and the MAPKs extracellular signal-reg-
ulated kinases 1 and 2 (ERK 1/2) and Jun N-terminal protein kinase (JNK)
(Santa Cruz) and p38 (BD Pharmingen). MAPK antibodies included antibodies
specific for the phosphorylated forms and antibodies recognizing both phosphor-
ylated and nonphosphorylated forms.

Flow cytometry. Flow cytometry was performed with a 4-color, dual-laser
analog FACSCalibur system (Becton Dickinson, San Jose, CA) using CellQuest
acquisition software or with an 18-color LSRII system (BD Biosciences, San
Diego, CA) using FACSDiva digital acquisition electronics and software (BD
Biosciences) by standard protocols (5, 17, 52). Cells were gated based on forward
and side laser light scattering, and nucleated cells were segregated from debris by
DRAQ5 DNA staining. To identify SPCs, we utilized specific anti-mouse fluo-
rochrome-conjugated antibodies: anti-mouse CD34-fluorescein isothiocyanate
(anti-CD34-FITC) and CD34-phycoerythrin (anti-CD34-PE; eBioscience, San
Diego, CA); anti-mouse Sca-1–FITC (BD Pharmingen); anti-mouse CXCR4-
allophycocyanin (anti-CXCR4-APC; R&D, Minneapolis, MN); and anti-mouse
VEGF receptor 2 (VEGFR2)–Flk-1–APC, von Willebrand factor (vWF)-FITC,
CD133-APC, and TER119-FITC (eBioscience).

For cell cycle analysis, leukocytes (106) were pelleted and fixed with 70%
ice-cold ethanol and then incubated with RNase (100 �g/ml) and propidium
iodide (4 �g/ml) in PBS or Vindelov’s reagent containing Tris (pH 7.6), 1 mg of
RNase A, 7.5 mg of propidium iodide, and 0.1 ml of Nonidet P-40, stored at 4°C,
and labeled at room temperature (RT). SPCs labeled with anti-CD34-FITC were
permeabilized with 2% paraformaldehyde for 20 min on ice, followed by 0.1%
Triton X-100 for 5 min at RT. Flow cytometry was performed by collecting 6 
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104 events gating solely on CD34� cells, and the percentage of cells in each cycle
phase was analyzed by using ModFit LT cell cycle analysis software (Verity
Software House).

Trx and HIF-1 staining for flow cytometry. Isolated leukocytes (5 
 105) were
pelleted and fixed with 4% paraformaldehyde at RT for 20 min and then washed
twice with PBS. Cells were resuspended in 200 �l of SAP buffer (2% fetal bovine
serum, 0.5% saponin, and 0.1% sodium azide in PBS), and anti-mouse Trx1 or
anti-HIF-1� antibody was added at the final concentration of 10 �g/ml. Samples
were incubated for 20 min at RT and then washed twice with SAP buffer. Cells
were resuspended in 200 �l of SAP buffer and stained with 5 �l of secondary goat
anti-mouse APC-conjugated immunoglobulin G (eBioscience). Following incu-
bation for 20 min at RT, cells were washed once with SAP buffer and once with
PBS and resuspended in 250 �l of PBS. Conjugated antibodies—2 �l of anti-�-
actin–FITC (Sigma), 2 �l of anti-CD34-PE (eBioscience), 1 �l of anti-DRAQ5
(Alexis), and 2 �l of antistreptavidin-APC (eBioscience)—were added for 1 h on
ice, and cells were washed twice in PBS before four-color fluorescence-activated
cell sorter analysis. Anti-�-actin was measured in the FL1 channel (530/30-nm
band-pass filter), anti-CD34–R-PE was measured in the FL2 channel (585/42-nm
band-pass filter), anti-DRAQ5 (nucleic acid stain) was measured in the FL3
channel (670-nm long-pass filter) by excitation from the 488-nm blue laser, and
anti-HIF-1–APC was measured in the FL4 channel (661/16-nm band-pass filter)
by excitation from the 635-nm red diode laser. Compensation for HIF-1–APC in
multiparameter flow cytometry is dose dependent and was determined empiri-
cally after acquiring 50,000 events per sample. Dead cells and debris were
excluded based on forward-angle and side scattering. Side scatter gating on the
DRAQ5� population was used to distinguish nucleated cells, and anti-�-actin–
FITC confirmed the uniform permeabilization of SPCs. Data were analyzed
using CellQuest (Becton Dickinson) and FlowJo (TreeStar) software. To com-
pare the percentages of cells positive for HIF-1, all cells with R-PE, FITC,
DRAQ5, and APC fluorescence intensities above 98% of the mean intensities of
the control samples were considered. The controls were developed from samples
in which one specific antibody had been omitted, and four-color compensation
was empirically assessed.

Confocal microscopy. Confocal microscopy with a Radiance 2000 system (Bio-
Rad, Hercules, CA) was used to create images of vascular channels and cells
recruited into Matrigel. Matrigel implants were thinly sliced, and cells were
labeled with specific anti-mouse CD34-FITC, TER119-FITC, vWF-FITC, or
CD31-FITC in 1:100 dilutions for 60 min on ice and then placed onto a glass slide
for observation at magnifications of 
600 and five times greater. The presence of
functional vascular channels in the Matrigel was documented by injecting mice
with carboxylate-modified polystyrene beads (FluoSpheres [0.04 �m; Invitro-
gen]) conjugated to Nile red or with FITC-conjugated dextran (molecular

weight, 40,000; Invitrogen, Inc.) by procedures described by Springer et al. (47).
To quantify the fluorescence of DCF in CD34� cells, the relative fluorescence
intensities of samples with and without the addition of 24 mM KCl to cause cell
depolarization were measured.

Statistical analysis. Results are expressed as the means � SE of values ob-
tained in three or more independent experiments. To compare data, we used a
one-way analysis of variance with SigmaStat (Jandel Scientific, San Jose, CA) and
the Newman-Keuls post hoc test or Student’s t test where appropriate. The level
of statistical significance was defined as a P value of �0.05.

RESULTS

Cell recruitment to Matrigel. Plugs were harvested 18 h (day
1) or 5 or 10 days after implantation and digested so that cells
in the Matrigel could be characterized by flow cytometry. At
18 h postimplantation, 97.5% � 0.3% of all cells in Matrigel
expressed the SPC marker CD34, and 93.7% � 0.6% (not
significant [NS]; n � 5 samples in each group) of cells in
Matrigel-lactide were CD34�. As shown in Fig. 1, there was a
consistent pattern, with increasing numbers of CD34� cells in
Matrigel versus Matrigel-lactide from 18 h to 5 days but no
significant increase in samples harvested 10 days after implan-
tation.

Vascular channels in Matrigel. To assess whether vascular
channels developed in the Matrigel, anesthetized mice under-
went intracardiac infusion with fluorescein-conjugated dextran
or Nile red beads prior to the harvesting of Matrigel (Fig. 2).
Even at just 18 h after implantation, channels could be visual-
ized. CD34� cells lined these channels, and many of the chan-
nels also expressed the EPC marker CD31 and the mitotic
marker Ki67. There appeared to be a greater number of chan-
nels, with more interconnections, in Matrigel supplemented
with the lactate polymer than in unsupplemented Matrigel.

FIG. 1. Counts of CD34� cells in Matrigel plugs. Plugs were di-
gested with dispase, stained with fluorochrome-tagged antibodies, and
suspended in PBS. The total number of cells in each sample was
calculated based on the volume of the cell suspension and the rate at
which fluid was taken up in the flow cytometer. *, significantly different
from cell number in unsupplemented Matrigel harvested at 18 h (day
1); a, significantly different from cell numbers in unsupplemented
Matrigel samples harvested at 5 and 10 days. Cell counts in Matrigel-
lactide at 5 versus 10 days postimplantation were also significantly
different. Numbers are means � SE (n � 5) for all groups. FIG. 2. SPC surface marker expression and vascular channels iden-

tified by dextran and Nile red beads in Matrigel harvested 18 h postim-
plantation. Note that each row shows images from different samples.
The bottom row shows images of Matrigel harvested at 18 h and
incubated ex vivo for 7 days.
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The pattern was complex, however, and not amenable to sim-
ply counting channels. Therefore, we quantified the fluores-
cence of CD34� cells as well as fluorescence from Nile red
beads. There was a linear correlation between cell fluorescence
and Nile red bead fluorescence (Fig. 3). The intensities of cell
and Nile red bead fluorescence in unsupplemented Matrigel
were, respectively, 3.8 
 104 � 1.8 
 104 relative fluorescence
units (mean � SE; n � 6) and 3.8 
 104 � 0.9 
 104 relative
fluorescence units (n � 6), versus those in Matrigel-lactide of
1.6 
 105 � 0.4 
 105 relative fluorescence units (n � 6; P �
0.05) and 1.6 
 105 � 0.4 
 105 relative fluorescence units
(n � 6; P � 0.05). If the harvested Matrigel was cultured ex
vivo for 7 days, the linear structures present at the time of
removal could be detected based on the presence of intravas-
cular fluorescent markers, and there were also many unorga-
nized clumps of CD34� cells (Fig. 2).

Cell recruitment versus proliferation. Matrigel plugs with or
without lactide that contained 15 �M mitomycin C were har-
vested 18 h after implantation, and essentially the same num-
bers of CD34� cells as those in control Matrigel samples were
found (Table 1). The cytostatic impact of mitomycin C was
apparent, however, based on an assessment of annexin V ex-
pression to evaluate cell apoptosis. There were only 5.9% �
1.8% (mean � SE; n � 5) apoptotic CD34� cells in unsupple-
mented Matrigel control samples harvested 18 h after implan-
tation, whereas samples containing mitomycin C had 62.3% �
2.3% (n � 3; P � 0.05) apoptotic cells. Lactide-supplemented
Matrigel had 4.6% � 0.8% (mean � SE; n � 5) apoptotic
CD34� cells, and lactide-supplemented samples containing mi-
tomycin C had 66.0% � 3.1% (n � 3; P � 0.05) apoptotic cells.

To explore further the contribution of cell proliferation to
increasing cell numbers, Matrigel plugs were also harvested
from mice 5 days after implantation or 18 h after implantation
and incubated ex vivo for 7 days. As expected, these samples
exhibited marked increases in SPC numbers versus cell counts
at 18 h, although cells incubated ex vivo appeared to form
clumps instead of linear networks (Table 2; Fig. 2). Lactide-

containing Matrigel had more cells than unsupplemented Ma-
trigel.

SPC characterization. Surface markers in addition to CD34
were evaluated to assess cell lineage more precisely. A typical
flow cytometry analysis of cells from Matrigel and Matrigel-
lactide is shown in Fig. 4. Table 3 reports the coexpression of
markers on CD34� cells from samples of bone marrow, blood,
and Matrigel with or without lactide harvested 18 h after im-
plantation. The fractions of cells exhibiting putative SPC mark-
ers, including dim surface expression of CD45 (CD45�) and
the expression of Sca-1, CD133, and CXCR4, in blood samples
were lower than those in bone marrow samples, as expected
(4). The proportions of CD34� cells that coexpressed dim
CD45, Sca-1, CD133, and CXCR4 in Matrigel samples (with or
without lactide) were significantly higher than those in blood
samples. EPCs are thought to express CD31 and VEGFR2.
The levels of CD31 coexpression on CD34� cells in Matrigel
samples were significantly higher than those in blood samples.
VEGFR2 was expressed on 97% of blood CD34� cells, and so
no difference compared to cells in Matrigel was noted. Very
small fractions of CD34� cells in blood and unsupplemented
Matrigel samples expressed vWF, but there was a significant
increase in such cells in Matrigel supplemented with lactide.
We also evaluated the expression of TER119, a surface marker
for cells following an erythroid lineage (28), because we ob-
served erythrocytes in the Matrigel vascular channels. Whereas
very few CD34� cells in the blood samples expressed TER119,
the proportion was elevated among cells harvested from Ma-
trigel plugs.

If Matrigel was harvested at 5 days postimplantation, versus
at 1 day, there were more CD34� cells in lactide-supplemented
samples than in Matrigel-only samples and nearly one-quarter
of CD34� cells in Matrigel with or without lactide coexpressed

FIG. 3. The relationship between Nile red bead fluorescence in
Matrigel plugs and fluorescence from CD34� cells is shown. Matrigel
was stained with FITC-conjugated anti-CD34 antibody, and fluores-
cence in green and red channels was quantified as outlined in Materials
and Methods. The six data points closest to the origin are for unsupple-
mented Matrigel, whereas the six in the upper right corner are for
Matrigel with lactide. Values are relative fluorescence units.

TABLE 1. CD34� cell counts (106) in Matrigel samplesa

Mouse background Inhibitor (no. of
samples evaluated)

CD34� cell count (106) in:

Matrigel Matrigel-
lactide

Wild type None (control; 5) 1.37 � 0.08 4.21 � 0.18*
Mitomycin C (3) 1.70 � 0.06 4.80 � 0.11*
Control siRNA (3) 1.26 � 0.12 3.82 � 0.18*
siRNA targeting

LDH (3)
0.87 � 0.03 1.70 � 0.11*

Oxamate (3) 0.41 � 0.07 1.18 � 0.43*
Anti-VEGF (3) 0.55 � 0.04 2.08 � 0.03*
Anti-SDF1 (3) 0.24 � 0.04 0.58 � 0.02*
Apocynin (3) 0.66 � 0.06 1.35 � 0.03*
NAC (3) 0.82 � 0.06 1.67 � 0.09*
DTE (3) 0.80 � 0.02 1.51 � 0.09*
U0126 (3) 1.03 � 0.09 1.75 � 0.10*

HIF-1 null None (3) 0.88 � 0.05 1.60 � 0.12*

Control for HIF-1
null mice

None (3) 1.39 � 0.05 4.04 � 0.17

a Numbers are means � SE. *, significantly different from value for unsupple-
mented Matrigel. The inclusion of any of the agents listed, except mitomycin C
and nonsilencing control siRNA, resulted in cell counts significantly different
from those in the corresponding control samples (Matrigel or Matrigel-lactide
samples) without the inhibitor. The lower two rows show data for mice with
conditionally HIF-1 null myeloid cells or control mice that were otherwise ge-
netically identical to the conditionally null mice.
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the panhematopoietic marker CD45 (Table 2). Significantly
more cells in Matrigel samples containing lactide than in Ma-
trigel-only samples coexpressed TER119. The influence of lac-
tate on cell differentiation was also demonstrated by the ex-
amination of several surface markers on CD34� cells from
Matrigel harvested 18 h after implantation and incubated ex
vivo for 7 days. A significantly higher proportion of these cells
than of cells from Matrigel at 18 h postimplantation expressed
CD45, whereas changes in TER119 expression were variable
(Table 2).

Lactate metabolism and the role of growth factors. As out-
lined in the introduction, we hypothesized that lactate metab-
olism and growth factors such as VEGF and SDF-1 influence
SPC responses. Significantly fewer CD34� cells were found in
Matrigel harvested at 18 h postimplantation when it contained
siRNA targeting LDH or 15 mM oxamate, a competitive in-
hibitor of LDH (35) (Table 1). The inclusion of neutralizing
antibodies against VEGF or SDF-1 within the Matrigel also
inhibited increases in CD34� cells.

Reactive species and effects of antioxidants. We hypothe-
sized that lactate metabolism causes oxidative stress mediated
by Nox enzymes. Matrigel was harvested 18 h postimplantation
and stained with H2DCF, and the conversion of H2DCF to
fluorescent DCF was measured to assess ROS production (Fig.
5). Because there were different numbers of cells in the sam-
ples, the quantitative analysis of fluorescence required analyz-
ing duplicate samples incubated with 24 mM KCl to cause cell
depolarization. In this way, the relative fluorescence in each
sample was quantified as the ratio of the fluorescence in the
absence of KCl to that in the presence of KCl. An example of
the images observed is shown in Fig. 5, along with the data
analysis. The fluorescence ratio was significantly higher for
Matrigel containing lactide than for unsupplemented Matrigel.
If the Matrigel samples contained LDH-specific siRNA, there
was no significant difference between the results for Matrigel
without and Matrigel with lactide. Moreover, fluorescence ra-
tios for Matrigel samples containing the siRNA were signifi-
cantly lower than those for Matrigel samples prepared in the
standard fashion.

To assess the impact of oxidative stress on CD34� cell re-
cruitment, a number of inhibitory agents were included in
Matrigel samples. The inclusion of 0.1 mM apocynin, a Nox
inhibitor, or the antioxidant NAC or DTE significantly reduced

the number of CD34� cells in Matrigel samples harvested 18 h
after implantation (Table 1).

Trx1 and HIF-1 expression in cells recruited to Matrigel by
18 h postimplantation. By flow cytometry, cells found in
Matrigel samples harvested 18 h after implantation were parti-
tioned into CD34� SPCs and leukocytes that expressed CD45
but not CD34, and the intracellular expression of Trx1 and
HIF-1 was evaluated. As shown in Table 4, the number of
CD34� CD45� leukocytes was small, and such cells in Matri-
gel-lactide samples did not exhibit significant differences in the
expression of Trx1 or HIF-1 from those in unsupplemented
Matrigel samples, whereas the CD34� cells in Matrigel-lactide
samples exhibited significantly greater expression of Trx1 and
HIF-1 than those in unsupplemented Matrigel samples. The
same patterns of protein expression were found in cell lysates
analyzed by Western blotting (see Fig. 7 and 8).

Roles of Trx and HIF-1 in SPC recruitment. The recruit-
ment of SPCs to Matrigel was evaluated with the inclusion of
siRNA targeting TrxR or HIF-1 (Table 4). As expected, there
was a marked reduction in the number of cells and also the
HIF-1 content in the cells obtained from Matrigel containing
siRNA specific to HIF-1. Because we observed elevations of
Trx1 in CD34� cells isolated from lactate-supplemented
Matrigel samples, we also evaluated the impact of siRNA tar-
geting TrxR. Cell numbers were significantly reduced in these
samples, and notably, there was a reduction of Trx1. Of greater
surprise, we found a reduction in HIF-1 expression in these
CD34� cells, suggesting a complex interaction between the Trx
system and HIF-1. Contrary to those in CD34� cells, the levels
of HIF-1 and Trx1 in CD45� cells from Matrigel containing
TrxR-specific siRNA were not significantly decreased.

The role of HIF-1 in SPC homing to Matrigel was next
evaluated in a series of studies conducted with mice with con-
ditionally HIF-1 null myeloid-lineage cells. Based on flow cy-
tometry results, the CD34� cell populations in blood and
Matrigel-lactide samples had virtually no HIF-1 and those in
bone marrow samples had only very small amounts (Fig. 6). In
these studies, as well as the flow cytometry trials comparing
CD34� SPCs and CD45� leukocytes, cell permeabilization was
always assessed directly by measuring the fluorescence of �-ac-
tin in the cell samples. Dot plots demonstrating the uniform
staining among samples are shown in Fig. 6.

Interestingly, although the leukocyte counts in blood sam-

TABLE 2. CD34� cell counts and proportions of CD34� cells coexpressing CD45 or TER119 in Matrigel samplesa

Sample group
CD34� cell count (106) in: % of CD34� cells coexpressing

CD45 in:
% of CD34� cells coexpressing

TER119 in:

Matrigel Matrigel-lactide Matrigel Matrigel-lactide Matrigel Matrigel-lactide

Samples harvested 18 h postimplantation
(n � 5)

1.37 � 0.08 4.21 � 0.18* 5.2 � 0.12 12.2 � 0.12* 42.2 � 1.1 46.3 � 0.88

Samples harvested 5 days postimplantation
(n � 5)

4.05 � 0.45† 22.91 � 0.67*† 22.1 � 3.1† 25.9 � 0.9† 24.5 � 1.6† 68.6 � 2.1*†

Samples harvested 18 h postimplantation
and incubated ex vivo for 7 days (n � 5)

31.5 � 6.1† 88.3 � 2.03*† 44.1 � 1.1† 81.3 � 6.2*† 39.5 � 1.6 48.6 � 2.8*

a Numbers are means � SE. *, significantly different from value for unsupplemented Matrigel samples; †, significantly different from value in same column for 18-h
sample.
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ples from HIF-1 null mice did not differ from those in samples
from wild-type mice, the percentages of CD34� cells in blood
samples from conditionally HIF-1 null mice were markedly
different. Wild-type mice had 0.4% � 0.05% (n � 5) CD34�

cells, whereas the mice with conditionally HIF-1 null myeloid
cells had 3.2% � 0.01% (P � 0.05; n � 4) CD34� cells. The
level of CD34� cell recruitment to Matrigel in conditionally
HIF-1 null mice was markedly lower than that in wild-type
mice (Table 1). In control mice that were otherwise genetically
identical to the HIF-1 null mice, CD34� cell recruitment was
virtually the same as that in wild-type mice.

Protein expression pattern in Matrigel-recruited cells. Re-
sults from the siRNA studies indicated that there was a com-
plex pattern of protein-protein interactions in which the knock-
down of TrxR led to lower levels of expression of Trx1 and
HIF-1 in SPCs. This was also shown by Western blotting per-
formed on lysed cells recovered from the Matrigel samples,

FIG. 4. SPC flow cytometry analysis protocol. Leukocytes in Matrigel with or without lactide were evaluated based on forward and side laser light
scattering, and the circled populations were selected for further analysis. SPCs were enumerated based on the surface expression of CD34 and DNA
staining using DRAQ5. CD34� DRAQ5� cells were then evaluated for the expression of CD31, Sca-1, CXCR4, CD133, and VEGFR2.

TABLE 3. Surface markers expressed on CD34� cells evaluated by
four-color flow cytometrya

Surface marker

% of CD34� DRAQ5� cells expressing
marker in samples of:

Bone
marrow Blood Matrigel Matrigel-

lactide

Dim CD45 expression
(CD45�)

94 � 3 80 � 4* 95 � 2 88 � 2*

Sca-1 95 � 2 79 � 3* 96 � 1 92 � 3
CD133 90 � 4 66 � 2* 95 � 3 82 � 3*
CXCR4 78 � 2 56 � 5* 90 � 5* 80 � 5
CD31 4 � 2 46 � 4* 82 � 4* 86 � 3*†
VEGFR 6 � 2 97 � 2* 92 � 4*† 90 � 4*†
vWF 26 � 3* 4 � 1 6 � 2† 66 � 4*
TER119 42 � 3 3 � 1* 42 � 4 42 � 6

a A minimum of 50,000 CD34� cells were counted for each sample, and data
are means � SE (n � 5 samples). *, significantly different from other values in
row; †, not significantly different from value to the immediate left in same row.
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and there were smaller amounts of VEGF and SDF-1 in the
cells deficient in TrxR (Fig. 7 and representative blots shown in
Fig. 8 and 9). Ex vivo studies with endothelial cells and some
tumor cells have shown the existence of an autocrine feedback
loop involving HIF-1, VEGF, and ERK 1/2, so we evaluated
the fractions of phosphorylated MAPKs in the Matrigel cell
pellets (11, 48). As shown in Fig. 7, cells from lactate-supple-
mented Matrigel samples exhibited significantly higher propor-
tions of phosphorylated ERK, JNK, and p38 and higher levels
of expression of Trx1, TrxR, HIF-1, VEGF, and SDF-1 than
cells from unsupplemented Matrigel samples.

We hypothesized that lactate metabolism causes oxidative
stress and found that lactate effects on various proteins were
inhibited in Matrigel that included LDH-specific siRNA, apo-
cynin, DTE, or NAC (Fig. 7). Trx1, as well as ROS, can stim-
ulate MAPK phosphorylation, and in turn, ERK 1/2 can stim-
ulate Trx1 synthesis (2, 37). Matrigel containing U0126, a

specific ERK 1/2 inhibitor, had significantly fewer CD34� cells
than Matrigel without the inhibitor (Table 1) and a degree and
pattern of protein synthesis inhibition similar to those seen
with the other inhibitory agents, except that there was no
reduction in the fraction of phosphorylated p38 MAPK. If
lactate-supplemented Matrigel samples included siRNA spe-
cific to TrxR (but not nonsilencing control siRNA), the in-
creases seen in MAPK phosphorylation and the various pro-
tein levels in lactate-supplemented Matrigel samples were
abolished and the numbers of CD34� cells in Matrigel were
reduced (Table 4; Fig. 7). The same pattern of effects was
also observed in samples containing siRNA targeting HIF-1
and in samples from the conditionally HIF-1 null mice.
Finally, consistent with the presence of an autocrine loop,
antibodies to VEGF and SDF-1 also inhibited CD34� cell
recruitment and the levels of the various proteins in the cells
(Table 1; Fig. 7).

FIG. 5. DCF fluorescence in CD34� cell-lined channels within Matrigel. The top two rows of images show DCF fluorescence, as well as
colocalization with the CD34� cells in a Matrigel-lactide sample (M � L) with and without the topical addition of 24 mM KCl to cause cell
depolarization. The bar graphs at the bottom show the ratios of DCF fluorescence (without versus with KCl) from different Matrigel samples (n �
3 different mice for each calculation). Where indicated, Matrigel samples were supplemented with siRNA specific to LDH (�siRNA-LDH). The
fluorescence in the standard-preparation (standard prep.) Matrigel-lactide samples and Matrigel samples (M) was significantly greater than that
in the siRNA samples.
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SPC cell cycle. The mitotic activity of CD34� cells in
Matrigel was evaluated by determining the proportions of cells in
the S or G2/M phase of the cell cycle. The DNA content
(propidium iodide uptake) was assessed by flow cytometry, and
the cell cycle was analyzed using computer software. In un-
supplemented Matrigel from control mice, 3.2% � 0.1% (n �

5) of CD34� cells were in the S, G2, or M phase, whereas the
proportion in Matrigel-lactide samples was 15.5% � 0.3%
(n � 5; P � 0.05 versus the value for unsupplemented Matri-
gel). If the Matrigel contained siRNA targeting TrxR, 3.3% �
0.3% (n � 3; NS versus the control value) of CD34� cells in
the Matrigel-only samples were in the S, G2, or M phase and

FIG. 6. Intracellular HIF-1 and �-actin in permeabilized CD34� cells assessed by flow cytometry. (A) Shown are representative dot plots for
cells stained for �-actin. Among samples in each group (blood, Matrigel with and without lactide, and bone marrow), there were no significant
differences in the magnitude of �-actin detected, thus demonstrating comparable degrees of permeabilization in all samples. (B) Cells were probed
for HIF-1, and histograms were generated. Representative examples are shown. Curves labeled a are for cells from normal wild-type mice, curves
labeled b are for CD34� cells from mice with conditionally HIF-1 null myeloid cells, and curves labeled c are for wild-type cells stained with
nonspecific immunoglobulin G conjugated to APC.

TABLE 4. Cell counts in Matrigel and flow cytometry-assessed contents of HIF-1 and Trx1 in cellsa

Inhibitor Sample
typeb

No. of CD34�

cells (106)

Amt in CD34� cells of: No. of CD34� CD45�

cells (106)

Amt in CD34� CD45� cells of:

HIF-1 Trx1e HIF-1 Trx1e

None (control) M�L 4.21 � 0.18 372.1 � 8.8 388.7 � 5.2 0.62 � 0.02 23.5 � 0.6 13.8 � 0.2
M 1.37 � 0.08c 133.1 � 1.2c 122.5 � 0.5c 0.15 � 0.01c 21.1 � 0.7 13.1 � 0.2

Control siRNA M�L 3.82 � 0.18 389.8 � 4.6 365.2 � 4.7 0.51 � 0.01 24.1 � 0.4 13.7 � 0.1
M 1.26 � 0.12c,d 131.3 � 0.8c 122.2 � 2.1c 0.15 � 0.01c 22.2 � 0.9 13.1 � 0.3

TrxR siRNA M�L 1.23 � 0.06c 203.2 � 4.0c 135.2 � 1.7c 0.015 � 0.001 24.2 � 0.1 12.1 � 0.1
M 0.65 � 0.04c,d 97.3 � 0.6c,d 77.9 � 0.36c,d 0.003 � 0.001c,d 23.2 � 0.2 12.1 � 0.1

HIF-1 siRNA M�L 1.49 � 0.04c 27.7 � 0.7c 0.03 � 0.01c 2.20 � 0.17c

M 0.93 � 0.07c,d 11.2 � 0.2c,d 0.008 � 0.001c,d 1.23 � 0.03c,d

a Values are means � SE (n � 3) for each group. Levels of HIF-1 and Trx1 are expressed as relative fluorescence units.
b M, unsupplemented Matrigel; M�L, Matrigel supplemented with lactide.
c P � 0.05 versus value for control (M�L).
d P � 0.05 versus value for control (M).
e Trx1 in cells incubated with siRNA targeting HIF-1 was not evaluated by flow cytometry, but it was assessed by Western blotting (Fig. 7 and Table 5).
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the proportion in Matrigel-lactide samples was 8.6% � 0.1%
(n � 3; P � 0.05 versus the control value). If the Matrigel
contained siRNA specific to HIF-1, 2.0% � 0.1% (n � 4; NS
versus the control value) of CD34� cells in the Matrigel-only

samples were in the S, G2, or M phase and the proportion in
Matrigel-lactide samples was 4.9% � 0.1% (n � 4; P � 0.05
versus the control value). Conditionally HIF-1 null mice ex-
hibited a pattern similar to that seen with the siRNA targeting

FIG. 7. Protein expression patterns in cells found in Matrigel. Cell lysates were subjected to Western blotting as outlined in Materials and
Methods. All values were normalized to the protein concentration found in cells isolated from unsupplemented Matrigel. The actual values for
each sample can be found in Table 5. Agents were added to Matrigel or Matrigel-lactide as indicated on the abscissas. Wild-type mice were used
in all cases, except where the bars are indicated to represent results for mice with conditionally HIF-1 null myeloid cells. Agents included in the
Matrigel samples were nonsilencing control siRNA; siRNA directed against LDH, TrxR, or HIF-1; apocynin; DTE; NAC; U0126; anti-VEGF
antibody; or anti-SDF antibody. The contents of proteins (Trx1, TrxR, HIF-1, VEGF, and SDF) in cells were expressed as the ratios of the band
densities on Western blots to the �-actin band densities on the same blots. In all cases, except those involving Matrigel containing nonsilencing
control siRNA, values for cells isolated from Matrigel with inhibitors were lower than the values for cells isolated from Matrigel without inhibitors.
In all cases, the protein contents of cells isolated from Matrigel-lactide were significantly greater than those of cells isolated from Matrigel that
did not contain lactide. Phosphorylated enzymes were evaluated as ratios compared to the total amount of the enzymes in cells. The fractions in
cells from Matrigel-lactide were significantly greater than those in cells from unsupplemented Matrigel. The fractions of phosphorylated enzymes
in cells from samples with inhibitors were significantly reduced compared to those in the control cells, except for the fractions in cells containing
nonsilencing control siRNA and the phosphorylated p38 content in cells from samples containing U0126. Numbers in parentheses are the numbers
of samples in the indicated groups. pERK, pJNK, and pP38, phosphorylated ERK, JNK, and p38.

TABLE 5. Selected enzymes in lysed cell pellets obtained from digested Matrigel plugsa

Inhibitor or mouse strain
(no. of samples)

Sample
type

% of total MAPK present as phospho-MAPK Level of:

ERK 1/2 JNK p38 Trx1 TrxR HIF-1� VEGF SDF-1

No inhibitor (control; 4) M�L 38.3 � 0.43 35.3 � 0.55 12.2 � 0.09 2.24 � 0.01 2.53 � 0.01 2.69 � 0.01 2.87 � 0.12 2.56 � 0.15
M 28.2 � 0.18 18.1 � 0.03 8.3 � 0.21 0.98 � 0.02 1.40 � 0.01 1.22 � 0.01 1.22 � 0.13 1.23 � 0.09

Apocynin (3) M�L 15.8 � 0.25 12.9 � 0.07 8.2 � 0.15 0.63 � 0.01 0.83 � 0.01 1.12 � 0.07 1.09 � 0.06 0.99 � 0.06
M 9.80 � 0.42 6.23 � 0.09 4.50 � 0.09 0.30 � 0.03 0.48 � 0.01 0.55 � 0.02 0.58 � 0.18 0.56 � 0.02

DTE (3) M�L 10.0 � 0.21 9.6 � 0.03 6.6 � 0.10 0.50 � 0.02 0.74 � 0.02 1.81 � 0.02 1.23 � 0.15 1.20 � 0.06
M 5.6 � 0.05 4.6 � 0.12 3.53 � 0.18 0.26 � 0.01 0.36 � 0.01 0.64 � 0.01 0.77 � 0.05 0.67 � 0.02

NAC (3) M�L 10.9 � 0.18 8.8 � 0.03 7.6 � 0.11 0.60 � 0.01 0.80 � 0.01 1.85 � 0.03 1.23 � 0.15 1.20 � 0.06
M 6.2 � 0.09 3.9 � 0.41 3.73 � 0.07 0.31 � 0.01 0.36 � 0.01 0.64 � 0.03 0.77 � 0.05 0.67 � 0.02

U0126 (3) M�L 0.06 � 0.01 3.53 � 0.07 13.6 � 0.50† 0.60 � 0.01 0.62 � 0.02 1.75 � 0.03 1.33 � 0.03 1.36 � 0.07
M 0.23 � 0.03 1.62 � 0.04 7.10 � 0.17† 0.22 � 0.01 0.22 � 0.01 0.68 � 0.02 0.65 � 0.03 0.68 � 0.03

Control siRNA (6) M�L 36.4 � 0.26 30.5 � 0.44 14.3 � 0.15 2.45 � 0.03 2.66 � 0.03 2.34 � 0.04 2.50 � 0.06 2.80 � 0.06
M 24.1 � 0.11 19.5 � 0.15 8.03 � 0.12 1.28 � 0.02 1.50 � 0.02 1.07 � 0.02 1.30 � 0.06 1.37 � 0.06

LDH siRNA (3) M�L 7.0 � 0.07 6.5 � 0.21 6.1 � 0.09 1.1 � 0.06 1.44 � 0.09 1.27 � 0.03 2.50 � 0.06 2.80 � 0.06
M 3.5 � 0.18 2.7 � 0.12 2.4 � 0.12 0.6 � 0.06 0.82 � 0.01 0.71 � 0.06 1.30 � 0.06 1.37 � 0.06

TrxR siRNA (3) M�L 10.8 � 0.12 9.13 � 0.07 8.90 � 0.15 0.78 � 0.02 0.26 � 0.01 1.46 � 0.01 1.02 � 0.04 1.23 � 0.03
M 4.80 � 0.26 6.03 � 0.28 4.30 � 0.06 0.37 � 0.01 0.08 � 0.01 0.59 � 0.01 0.56 � 0.01 0.56 � 0.02

HIF-1� siRNA (4) M�L 4.1 � 0.10 7.93 � 0.03 8.40 � 0.12 0.55 � 0.03 1.29 � 0.01 1.07 � 0.01 0.95 � 0.06 0.99 � 0.06
M 2.03 � 0.13 3.93 � 0.09 4.13 � 0.09 0.21 � 0.01 0.61 � 0.02 0.61 � 0.01 0.67 � 0.09 0.65 � 0.04

HIF-1� null mice (3) M�L 5.10 � 0.12 7.95 � 0.13 10.87 � 0.35 0.28 � 0.01 1.46 � 0.01 0.44 � 0.01 0.64 � 0.05 0.65 � 0.02
M 1.87 � 0.05 3.37 � 0.15 3.53 � 0.18 0.12 � 0.01 0.68 � 0.01 0.27 � 0.01 0.31 � 0.09 0.38 � 0.02

Anti-VEGF (4) M�L 3.5 � 0.04 5.23 � 0.28 2.67 � 0.09 0.77 � 0.02 1.03 � 0.04 1.57 � 0.12 0.16 � 0.03 0.50 � 0.06
M 1.76 � 0.09 2.20 � 0.06 1.20 � 0.12 0.30 � 0.01 0.47 � 0.02 0.80 � 0.05 0.13 � 0.03 0.31 � 0.02

Anti-SDF-1 (3) M�L 3.77 � 0.09 4.23 � 0.09 2.23 � 0.09 0.68 � 0.02 1.51 � 0.06 0.75 � 0.09 0.24 � 0.02 0.12 � 0.02
M 1.87 � 0.09 1.70 � 0.06 1.04 � 0.04 0.27 � 0.01 0.55 � 0.02 0.37 � 0.01 0.12 � 0.01 0.08 � 0.01

a Comparisons were made between control Matrigel plugs containing no inhibitor and corresponding plugs containing each inhibitor shown and between Matrigel-lactide
(M�L) and unsupplemented Matrigel (M) samples containing the same inhibitors. Phosphorylated MAPKs (phospho-MAPKs) were assessed as the percentages of
phosphorylated ERK 1/2, JNK, and p38 among the total amounts of these kinases in the cell pellets. Band densities were evaluated relative to band densities for the total
amount of the appropriate MAPK found on the same Western blots. In each group (control samples and samples containing inhibitors), the fractions of phosphorylated
enzymes in cells from Matrigel-lactide samples were significantly different from those in cells from unsupplemented Matrigel samples. The fractions of phosphorylated enzymes
in control Matrigel-lactide samples were significantly greater than those in all other samples except Matrigel-lactide samples containing control siRNA and the samples
corresponding to values labeled with † in the p38 column. Similarly, the fractions of phosphorylated enzymes in control Matrigel samples were significantly greater than those
in all other Matrigel samples except Matrigel samples containing control siRNA. The contents of proteins (Trx1, TrxR, HIF-1, VEGF, and SDF-1) in the cells are expressed
as the ratios of the band densities on Western blots to the band densities for �-actin on the same blots. All values are means � SE.
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HIF-1. In Matrigel samples from control mice that expressed
HIF-1 but were otherwise genetically identical to the HIF-1
null mice, 3.9% � 0.1% (n � 4) of CD34� cells were in the S,
G2, or M phase whereas the proportion in Matrigel-lactide
samples was 15.1% � 0.3% (n � 4; P � 0.05 versus the result
for unsupplemented Matrigel). The proportions of S-, G2-, or
M-phase CD34� cells from HIF-1 null mice were as follows:
2.1% � 0.1% (n � 4; P � 0.05 versus the control value) in
unsupplemented Matrigel and 4.8% � 0.2% (n � 4; P � 0.05
versus the control value) in Matrigel-lactide.

Blood and bone marrow responses. There appeared to be a
systemic response to the Matrigel implants, because the num-
bers of CD34� cells in blood increased over time, although the
total white-cell counts did not change. At the outset, the
CD34� cell count was 0.4 
 106 � 0.05 
 106/ml (n � 10); it
increased to 1.0 
 106 � 0.1 
 106/ml (n � 4; NS) at day 5 and
to 1.5 
 106 � 0.4 
 106/ml (n � 5; P � 0.05) at day 10.
Because of this observation, we investigated the CD34� frac-
tions and total cell counts in bone marrow samples. If mice
were implanted with only unsupplemented Matrigel (different
from the usual protocol of implanting two plugs, one contain-
ing lactide), after 1, 5, or 10 days the absolute cell counts and
the proportions of CD34� cells in bone marrow samples were
insignificantly different from those in samples from mice with-
out implants, 4.2 
 106 � 0.08 
 106/ml, with 13.4% � 0.2%
CD34� cells. Among mice implanted with lactide-containing
Matrigel, the bone marrow cell counts were as follows (n � 5
for each group): on day 1, 6.4 
 106 � 0.3 
 106/ml, with
28.1% � 3.3% CD34�; on day 5, 12.2 
 106 � 3.5 
 106/ml,
with 54.3% � 3.4% CD34�; and on day 10, 13.3 
 106 � 2.3 

106/ml, with 68.7 � 4.0% CD34� (all values were significantly
greater than values for mice implanted with unsupplemented
Matrigel). The effect of lactide-containing Matrigel plugs on
bone marrow cell counts was inhibited if Matrigel included
oxamate, NAC, DTE, or U0126, LDH-, TrxR-, or HIF-1-spe-
cific siRNA, or antibodies against VEGF or SDF-1. With the
inclusion of these inhibitors, the cell counts and the propor-
tions of cells expressing CD34 were not different from those in

samples from mice implanted with unsupplemented Matrigel
(data not shown).

DISCUSSION

The Matrigel model allows a quantitative evaluation of in
vivo SPC recruitment and growth responses. At 18 h after
implantation, over 90% of the cells present in Matrigel ex-
pressed surface markers for SPCs and there were threefold
more CD34� cells in Matrigel supplemented with the lactate
polymer than in unsupplemented Matrigel. Dim expression of
CD45 is typically used to exclude leukocytes while enumerating
SPCs (7, 27). We were surprised by how few leukocytes were in
samples harvested 18 h after implantation. There was no sig-
nificant increase in the numbers of SPCs in Matrigel between
days 5 and 10, suggesting that homing stimuli for SPCs are
transient (Fig. 1). On day 10, there were actually fewer SPCs in
Matrigel-lactide than there were on day 5. This finding may be
due to differentiation and the loss of the CD34 marker or
apoptosis due to the loss of trophic signals.

Whereas a very small fraction of CD34� cells in Matrigel
expressed CD45 at 18 h postimplantation, the proportion of
such cells in Matrigel harvested at 5 days increased significantly
(Table 2). To assess whether SPCs may actually contribute to
the leukocyte pool of cells, we removed Matrigel from mice at
18 h and cultured it ex vivo for 7 days. The marked elevation
in cells coexpressing CD45 after this incubation (Table 2) in-
dicates that some SPCs differentiate into myeloid cells. The
pluripotency of SPCs is a matter of intense debate in the
context of vasculogenesis. Because we observed erythrocytes in
the Matrigel channels, we also assessed the expression of
TER119 by CD34� cells. The results suggest that some re-
cruited cells did form erythroid precursors (Table 2).

An intricate network of channels within Matrigel was shown
to connect to the mouse vasculature based on analysis with
fluorescent dextran or Nile red beads (Fig. 2). We conclude
that this network was a manifestation of vasculogenesis be-
cause channels were lined with CD34� cells, many also ex-
pressed the EPC marker CD31, and many appeared to be
undergoing proliferation, based on the expression of Ki67. The

FIG. 8. Representative Western blot demonstrating the presence
of HIF-1, TrxR, and Trx1, as well as �-actin, in cell lysates from
Matrigel implanted into wild-type (WT) mice, Matrigel containing
either nonsilencing control siRNA or siRNA specific to HIF-1 im-
planted into wild-type mice, and Matrigel implanted into mice with
conditionally HIF-1 null myeloid cells. M, unsupplemented Matrigel
samples; M�L, Matrigel-lactide samples.

FIG. 9. Representative Western blot demonstrating the presence
of VEGF and SDF-1, as well as �-actin, in cell lysates from Matrigel
implanted into wild-type (WT) mice, Matrigel containing either non-
silencing control siRNA or siRNA specific to HIF-1 implanted into
wild-type mice, and Matrigel implanted into mice with conditionally
HIF-1 null myeloid cells. M, unsupplemented Matrigel samples; M�L,
Matrigel-lactide samples.
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presence of cell clumps versus linear channels in Matrigel
incubated ex vivo (Fig. 2) is consistent with published findings
that shear stress appears to be required for vascular channel
formation (56, 59). The coexpression of some endothelial
markers is influenced by shear stress (56, 59). The expression
of vWF on endothelial cells is a dynamic process that is also
influenced by growth factors and lactate (16, 20). At 18 h
postimplantation, a higher percentage of CD34� cells from
Matrigel-lactide samples than from unsupplemented Matrigel
samples did express vWF (Table 3).

LDH can influence ROS production by providing NADH to
Nox enzymes (19, 31), and this pathway appears to have been
operating in SPCs based on DCF fluorescence in Matrigel (Fig.
5). The inhibitory effects of apocynin, oxamate, NAC, DTE,
and siRNA specific to LDH on SPC recruitment and protein
expression (Table 1; Fig. 7) indicate that ROS are a trophic
stimulus of SPCs. The Trx system responds to oxidative stress
by reducing ROS and also by promoting the expression and
activity of HIF-1 (12, 26, 55). The pathway we propose for
lactate enhancement of SPC recruitment to Matrigel is shown
in Fig. 10. Oxamate and siRNA specific to LDH also exhibited
adverse effects on CD34� cell recruitment and protein synthe-
sis in unsupplemented Matrigel (Table 1; Fig. 7). We believe
this effect is because unsupplemented Matrigel contains �3
mM lactate.

Trx1 can bind to a number of transcription factors and sig-
naling molecules (34). A role of the Trx system in SPCs was
shown by the inhibitory actions of siRNA targeting TrxR.
There were substantial elevations of Trx1 protein and TrxR in
SPCs from lactate-supplemented versus unsupplemented
Matrigel (Table 4; Fig. 7). The complexity of the mechanism
responsible for this enhancement was shown by finding that
siRNA specific to TrxR diminished the contents of Trx1 and
HIF-1 in CD34� cells (Table 4). In this regard, finding no
difference in Trx1 or HIF-1 levels in CD45� cells isolated from
unsupplemented versus lactate-supplemented Matrigel offers
circumstantial evidence that the robust SPC responses ob-
served in this in vivo model were not related to metabolism by
leukocytes following their influx into Matrigel.

When siRNA specific to TrxR or HIF-1 was added to the
lactate-supplemented Matrigel, the number of CD34� cells
present 18 h after implantation was reduced (Table 4). These
results, along with findings for mice with conditionally HIF-1
null myeloid cells (Table 1), indicate that the influence lactate
has on SPCs is mediated by HIF-1. Results for the condition-
ally HIF-1 null mice demonstrate several interesting points.
There were significantly fewer CD34� cells in Matrigel har-
vested from conditionally HIF-1 null mice than in Matrigel
harvested from wild-type mice 18 h after implantation (Table
1). Clearly, the presence of more CD34� cells in blood does
not necessarily lead to more cell recruitment to Matrigel, as
the conditionally HIF-1 null mice had eightfold more CD34�

cells in their blood than the wild-type controls. Also, although
the HIF-1 concentration was low, it was detectable in the cells
isolated from Matrigel harvested from the HIF-1 null mice.
This result may have occurred because not all SPCs express
lysozyme (which is required to activate Cre and subsequently
remove the HIF-1 locus in myeloid cells from these mice).
There also may have been a small population of SPCs that
expressed the same surface markers that we found (Table 3)

but came from the walls of blood vessels near the Matrigel
implants. These cells are not thought to be derived from bone
marrow cells (41).

The results presented in Table 1 demonstrate that blocking
the action of VEGF or SDF-1 with antibodies impaired SPC
recruitment. VEGF and SDF-1 are regulated by HIF-1, and
the inhibitory effects of antibodies against VEGF or SDF-1
present in the Matrigel were consistent with the findings re-
ported in published literature on SPC homing (6, 24, 43).
Contrary to expectations, however, cells harvested from
Matrigel containing antibodies to growth factors exhibited re-
ductions in the amounts of growth factor proteins, as well as
Trx1, TrxR, and HIF-1, compared to the amounts in cells from
Matrigel without antibodies (Fig. 7). The protein contents of
the cell pellets were normalized to the amounts of �-actin
present in the samples, so the diminished protein contents
cannot be explained because there were fewer cells. These
findings, as well as the finding of smaller fractions of phosphor-
ylated MAPKs, demonstrate a complex interplay whereby ab-
rogating effects of any component in the sequence outlined in
Fig. 10 will inhibit the production of all other components.

Endothelial cells and macrophages increase VEGF synthesis
when incubated in the presence of lactate (8, 30). The data
from siRNA experiments and those with HIF-1 null mice in-
dicate that the augmented synthesis of growth factors in lac-
tate-supplemented Matrigel was due to HIF-1 (Fig. 7). Over
90% of the cells in Matrigel at 18 h postimplantation were
SPCs, and lactate caused no elevation of Trx1 or HIF-1 in the
few CD45� cells present. From these observations, we con-
clude that lactate caused SPCs themselves to generate the
growth factors that hastened recruitment and cell differentia-
tion, based on surface marker expression (Tables 2 and 3) and
the proportion that had entered the cell cycle. It also appears
that mediators enter the bloodstream and stimulate bone mar-
row SPCs, because mice injected with lactide-containing
Matrigel had higher counts of circulating CD34� cells, higher
bone marrow cell counts, and a greater proportion of bone
marrow cells expressing CD34 than mice implanted with un-
supplemented Matrigel.

In summary, multiple lines of evidence demonstrate that
lactate influences SPC recruitment and differentiation in a
pathway involving Trx1 and HIF-1. The repair of human skin
after wounding is a lifelong process, so understanding the phys-
iology has major clinical importance. Tumor growth also re-
quires blood vessel development, and insight into how this
occurs has important therapeutic implications. Our observa-

FIG. 10. Diagram showing the hypothesized sequence of effects
triggered by lactate that stimulate SPC recruitment to Matrigel based
on experimental findings. Items in parentheses are inhibitors used in
this investigation to assess the roles of various agents in the pathway.
Trx-S2, oxidized thioredoxin; Trx-SH2, reduced thioredoxin; Ig’s, im-
munoglobulin antibodies to VEGF or SDF-1.
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tions demonstrate that Trx1 and HIF-1 play major roles in SPC
recruitment, growth, and differentiation. Lactate elevation is a
ubiquitous characteristic of tumors and wounds. Hence, these
findings offer important insights into the nature of vasculogen-
esis that may translate to direct clinical relevance.
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