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The release of hemoglobin (Hb) with hemolysis causes vascular
dysfunction. New evidence implicates Hb-induced NF-kB and hyp-
oxia inducible factor (HIF) activation, which may be under the
control of a Toll-like receptor (TLR)–signaling pathway. Nearly all
TLR-signalingpathways activate themyeloiddifferentiationprimary
response gene–88 (MyD88) that regulates NF-kB. We hypothesized
that the differing transition states of Hb influence endothelial cell
permeability via NF-kB activation and HIF regulation through a
MyD88-dependent pathway. In culturedhumandermalmicrovascu-
lar endothelial cells (HMECs-1), we examined the effects of Hb in
the ferrous (HbFe21), ferric (HbFe31), and ferryl (HbFe41) transi-
tion states on NF-kB and HIF activity, HIF-1a and HIF-2a mRNA up-
regulation,andmonolayerpermeability, in thepresenceorabsenceof
TLR4, MyD88, NF-kB, or HIF inhibition, as well as superoxide dismu-
tase (SOD) and catalase. Our data showed that cell-free Hb, in each
transition state, induced NF-kB and HIF activity, up-regulated HIF-1a
andHIF-2amRNA, and increasedHMEC-1 permeability. Theblockade
of either MyD88 or NF-kB, but not TLR4, attenuated Hb-induced HIF
activity, the up-regulation HIF-1 and HIF-2amRNA, and HMEC-1 per-
meability. The inhibition of HIF activity exerted less of an effect on
Hb-inducedmonolayer permeability. Moreover, SOD and catalase at-
tenuatedNF-kB,HIF activity, andmonolayer permeability.Our results
demonstrate that Hb-induced NF-kB and HIF are regulated by two
mechanisms, either MyD88 activation or Hb transition state–induced
ROS formation, that influence HMEC-1 permeability.
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Humans with chronic vascular inflammation and vasoconstric-
tion develop progressive endothelial dysfunction and vascular
diseases (e.g., pulmonary arterial hypertension, atherosclerosis,
and sickle-cell disease) (1, 2). Vascular diseases develop in the
face of chronic hemolysis, as occurs with hemoglobinopathies
(including sickle-cell disease), or with the intermittent release
of low to moderate levels of plasma-free hemoglobin (Hb), as
may be seen in atherosclerosis with intraplaque hemorrhage.

Low to moderate levels of plasma-free Hb may, in part, mediate
these diseases (1–4). However, studies to date have not fully
addressed the complete mechanisms responsible for Hb-induced
vascular dysfunction.

The a2b2 tetramers of Hb transition safely and effectively
between the relaxed (oxy) and tense (deoxy) conformational
states, and the oxidation of Hb is controlled by red blood cell
catalase, superoxide dismutase (SOD), and ferric Hb reductase.
However, after their release from the red blood cell, Hb tet-
ramers and dimers can be oxidized from ferrous (HbFe21) to
ferric (HbFe31) (3–5). In theory, HbFe31 in local tissue envi-
ronments may react with hydrogen peroxide (H2O2) to transi-
tion between the ferryl (HbFe41) and HbFe31 states, leading to
heme release, globin chain denaturation, and globin chain cross-
linking (4, 5). Oxidized Hb species exhibit impaired plasma
clearance because of their reduced affinity for haptoglobin pro-
tein, and are implicated as a primary cause of Hb-induced vas-
cular toxicity (4, 5).

In vascular endothelial cells, NF-kB can control the regulation
of hypoxia-inducible factor (HIF) (6, 7), and once activated, these
two transcription factors together induce chronic inflammation,
vasoconstriction, and endothelial permeability (7–9). To date,
few studies have investigated whether Hb alters the endothelial
activity of NF-kB (5, 10, 11) or HIF-1a (12–14). No studies have
investigated Hb-induced NF-kB activation on HIF regulation
and their combined effects on endothelial barrier function.

Interestingly, recent studies have suggested that free Hb or
heme-induced NF-kB activation may be under the control of
a Toll-like receptor (TLR)–signaling pathway (5, 15, 16). TLR
receptors are expressed in many cell types, including the vascu-
lar endothelium, and play a key role in the innate immune
response (17–20). Nearly all TLRs activate the myeloid differ-
entiation primary response gene–88 (MyD88) pathway that reg-
ulates NF-kB (19). Thus, a mechanistic link between the free
Hb induction of NF-kB, HIF regulation, and endothelial cell
permeability may be associated with a TLR–MyD88–dependent
signaling pathway.

We hypothesized that the differing transition states of Hb influ-
ence endothelial cell permeability via NF-kB activation, and sub-
sequent HIF regulation, through a MyD88-dependent pathway,
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CLINICAL RELEVANCE

Wehave characterized a novel proinflammatory pathway by
which free hemoglobin causes endothelial cell dysfunction
and contributes to vascular diseases. This affects our un-
derstanding of the vascular toxicity associated with free
hemoglobin, and provides new insights into therapies to
improve the lifespan of patients with hemolytic disease.
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and that inhibition of the MyD88–NF-kB–HIF pathway would
reduce endothelial leakage.

Our approach involved exposing human dermalmicrovascular en-
dothelial cell (HMEC-1)monolayers toHbFe21, HbFe31, orHbFe41

transition states lasting up to 24 hours, and to measure NF-kB and
HIF activity, HIF-1a and HIF-2a mRNA synthesis, and monolayer
permeability in comparison with untreated HMEC-1. We then trea-
ted HMEC-1 with either a TLR4 antagonist or short, interfering
RNA (siRNA) against MyD88, NF-kB, or HIF, to delineate the
role of the MyD88–NF-kB–HIF pathway in Hb-induced HMEC-1
permeability. Our results demonstrate that Hb-induced NF-kB

regulates HIF-1a, HIF-2a, and HMEC-1 permeability, in part,
via MyD88 activation, but not through TLR4.

MATERIALS AND METHODS

Detailed methods are included in the online supplement.

Cell Line

HMECs-1 were obtained (catalogue number C-011-SC; Gibco, Grand
Island, NY), cultured, and cultured in MCDB 131 (catalogue number
10372-019; Gibco), supplemented with 10% FBS, 0.1% gentamicin

Figure 1. Dose and time responses in human dermal microvascular endothelial cells (HMECs-1) stimulated with the ferrous (HbFe21), ferric (HbFe31),
and ferryl (HbFe41) states for (A) NF-kB activity and (B) Hypoxia-inducible factor (HIF) activity. Insets: Hb21 incubated with glucose oxidase. (C) Time

response for NF-kB activity in HMECs-1 stimulated with hemoglobin (Hb; 100 mM). (D) Time response for HIF activity of HMECs-1 stimulated with Hb

(100 mM). (E) Time course for transendothelial electrical resistance (TER) in HMECs-1 (100 mM). *P, 0.05, versus control samples (CTRL; untreated cells).

**P , 0.01, versus CTRL. yP , 0.001, versus CTRL.
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(catalogue number 15710-072; Invitrogen, Carlsbad, CA), 0.3% penicil-
lin–streptomycin (catalogue number 15,070; Invitrogen), 0.1% antibi-
otic–antimycotic (catalogue number 15240-112; Invitrogen), and 0.1%
polymyxin B sulfate (catalogue number 21850-029; Invitrogen). Cells
were cultured under standard conditions (21% O2, 5% CO2, and bal-
ance N2), passaged 1:4, and used between Passages 8–20 for all experi-
ments, unless otherwise stated. HMECs-1 were checked daily for
changes in appearance of morphology, and before experiments,
HMECs-1 were checked for dil-labeled low-density lipoprotein uptake
by flow cytometry to verify an endothelial cell phenotype. Before HbA
exposure to any experimental conditions, cells were washed with PBS,
and fresh culture medium with 10% FBS was placed in each well.

Experimental Design and Cell Treatments

For all experiments, HMECs-1 were used from the same passage and
grown during the same time frame in culture media containing 10%
FBS. All experiments were completed in either a 24-well polystyrene
plate (catalogue number 08-772-1; Fisher, Pittsburgh, PA) seeded at
a concentration of 40,000 cells per well, or on 6.5-mm-diameter polyeth-
ylene terephthalate inserts (100,000 cells per insert) with a pore size of
0.4 mm (catalogue number 351,181; BD Falcon, San Jose, CA). Cells
were untreated (i.e., control) or treated with HbFe21, HbFe31, or
HbFe41 (500 nM to 500 mM) between 4 and 24 hours (as noted in
the figure legends) in the presence or absence of: (1) siRNA against
MyD88, NF-kB (p65), or HIF-1a; (2) the TLR4 inhibitor, TAK-242
(catalogue number B1157; Biotek, Winooski, VT); (3) LPS, (4) CuZn
SOD (150 units, catalogue number S9636; Sigma Chemical Co., St.
Louis, MO), and catalase (150 units, catalogue number C3566; Sigma
Chemical Co.); and (5) dimethyloxalyglycine (DMOG, 5–50 mg, cata-
logue number D3695; Sigma Chemical Co.). When appropriate, cells
were also treated with mock Hb dialysis solution to ensure the obtained
results were directly of Hb and oxidized Hb and not those of residual
amounts of K3(Fe (2))6 or H2O2. With the exception of SOD and
catalase, all inhibitors were added to the cell culture medium 24 hours
before Hb treatment. SOD and catalase were added at the time of Hb
treatments. After 24 hours of Hb exposure, NF-kB and HIF activity,
HIF-1a and HIF-2a mRNA concentrations, and monolayer leakage
were measured in triplicate. Unless noted, experiments were repeated
at least three times on at least 2 separate days (n ¼ 6).

Statistical Analysis

All experiments followed a randomized block design with the use of
cells from at least three different cell preparations. Data are expressed
as the means 6 SEM of independent experiments. Significance be-
tween groups was determined by one-way ANOVA. Post hoc analyses
were completed with Tukey-Kramer multiple-comparison tests. Statis-
tical analysis was completed using the statistical software package JMP
(version 5; SAS Institute, Cary, NC). Statistical significance was defined
as P < 0.05.

RESULTS

Hb Oxidation

To test the stability of each iron oxidative transition state of Hb,
we performed spectral analyses of HbFe21, HbFe31, or HbFe41

(via sulf-met-Hb) to determine the specific states of Hb in the
preparations immediately before and in culture media after 8,
18, and 24 hours of Hb incubation (Figures E1A–E1C in the
online supplement). Our data showed that the two sources of
H2O2 (namely, the addition of bolus H2O2 or glucose/glucose
oxidase) induced Hb oxidation in all preparations. The prepa-
ration of HbFe41 via the incubation of HbFe31 with a 10-fold
molar excess of H2O2 over heme demonstrated a 60:40 HbFe31

to HbFe41 ratio at time 0 hours, a 50:50 HbFe31 to HbFe41

ratio at 8 hours, and a 70:30 HbFe31 to HbFe41 ratio at 18 and
24 hours (Figure E1B). As a comparison, we also prepared HbFe41

by incubating HbFe21 with 10 units of glucose oxidase in glucose-
rich media. Within 10 minutes of incubation with glucose oxidase,
HbFe21 was oxidized to a 50:50 HbFe31 to HbFe41 ratio. By

8 hours, the equilibrium of the 60:40 HbFe31 to HbFe41 ratio
had been reached, and remained in place for 18 and 24 hours
(Figure E1C). Unless otherwise stated, cell culture experiments
used HbFe41 prepared by incubating HbFe31 with excess H2O2.

NF-kB and HIF Activation

To determine whether free Hb induced NF-kB and HIF,
HMECs-1 were exposed for 24 hours to HbFe21, HbFe31, or
HbFe41, and were evaluated for NF-kB and HIF activity. The
data showed that all oxidative states of cell-free Hb activated
NF-kB and HIF in a dose-dependent fashion (Figures 1A and
1B). HbFe41 induced the greatest response, regardless of
whether Hb was prepared with H2O2 or glucose oxidase (Fig-
ures 1A and 1B, insets). Equivalent volume solutions from mock
preparations for HbFe31 and HbFe41 showed that NF-kB and
HIF activity was derived from Hb rather than residual amounts
of either K3Fe (2)6 and H2O2 in our Hb preparations (Figure
E2). The NF-kB results were confirmed with ELISA (Figure
E3). From these dose–response curves, we chose the most

Figure 2. Hb-induced effects on HIF-1a and HIF-2a mRNA. HMECs-1

were stimulated with 100 mM of HbFe21, HbFe31, or HbFe41 states: (A)

HIF-1a mRNA concentration and (B) HIF-2a mRNA concentration. #P ,
0.02, versus CTRL (untreated cells). *P , 0.04, versus short, interfering

RNA (siRNA)–transfected cells. Unless siRNA is specified in the treat-

ment group, HMEC-1 incubation with HbFe21, HbFe31, or HbFe41

oxidation states were completed in the absence of any targeted or
scrambled siRNA. MyD88, myeloid differentiation primary response

gene–88.
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effective concentration (100 mM) for all subsequent cell culture
experiments.

Time Course of Hb-Induced NF-kB and HIF Activity

To determine whether Hb-induced NF-kB and HIF activity
occurred in a time frame relevant to a mechanistic link between
these transcription factors, we completed a time-course evalua-
tion for their activity in HMEC-1 luciferase reporter cells and
by Western blotting methods. NF-kB activity was increased in
HMECs-1 as early as 4 hours, and continued to increase until 24
hours after incubation with Hb in the HbFe41 state (Figure 1C).
A trend toward increased HMEC-1 NF-kB activity (P ¼ 0.1)
was evident after 18 hours of incubation with HbFe31, which
was increased at 24 hours, whereas HbFe21 increased NF-kB
activity at 24 hours (Figure 1C). Western blot analysis con-
firmed that HbFe41-treated HMECs-1 had increased nuclear
p(65) at all time points, but not at the same magnitude at 18
or 24 hours (Figure E4). Interestingly, densitometry showed
that HbFe31 increased NF-kB activity at all time points, but
peaked at 8 hours, with a nearly 6-fold increase. HbFe21 in-
duced an approximately twofold increase at 18 and 24 hours
(Figure E4). Finally, HIF activity was increased at the 24-hour
time point in HMECs-1 incubated with HbFe21 and FeHb31,
and after 18 hours when incubated with HbFe41 (Figure 1D).

Time Course of HMEC-1 Monolayer Permeability

To determine whether the oxidization states of Hb (100 mM) al-
tered HMEC-1 permeability, transendothelial electrical resistance

was evaluated between 4 and 24 hours of incubation with HbFe21,
HbFe31, HbFe41, or mock Hb preparations. Electrical resistance
is inversely related to monolayer permeability. Changes in electri-
cal resistance were noted starting at 8 hours and persisting for up
to 24 hours (Figure 1E), and as expected, no differences were
detected in cells treated with mock Hb solutions (Figure E5).

HIF-1a and HIF-2a mRNA

NF-kB is known to up-regulate HIF-1a and HIF-2a mRNA
mechanistically (7, 8). An increased abundance of cytosolic
HIF protein may also account for increased HIF activity. Thus,
we measured HIF-1a and HIF-2a mRNA concentrations in
HMEC-1 after 24 hours of Hb exposure. All three oxidative
states of cell-free Hb increased the mRNA for HIF-1a and HIF-
2a, with the greatest response induced by HbFe31 and HbFe41

(Figures 2A and 2B).

TLR4 Inhibition

TLRs are known to regulate NF-kB (21). TLR4 is the best-
characterized of the TLR receptors, and was previously reported
to be activated by heme in human embryonic kidney–293 or
macrophage cell lines (18, 22). Thus, to determine whether NF-
kB and HIF activation in our system was dependent on a TLR4-
signaling pathway, HMECs-1 were treated with HbFe21, HbFe31,
HbFe41, or LPS (as a positive control) in the presence or ab-
sence of a TLR4 inhibitor, TAK-242. TLR4 inhibition exerted no
significant effect on attenuating either Hb-induced NF-kB and
HIF activity or HIF-1a and HIF-2a mRNA production (Figures

Figure 3. Effects of MyD88 inhibition on

NF-kB, HIF activity, or transendothelial

electrical resistance in HMECs-1 stimu-

lated with 100 mM of HbFe21, HbFe31,
or HbFe41 states. To confirm siRNA

knockdown, Western blots were com-

pleted on four to six independent cell

treatments, and loading controls for
b-actin were used from the same test

blots. (A) NF-kB activity. (B) HIF activity.

(C) TER. (D) Western blot of MyD88 in
HMECs-1 treated with MyD88 siRNA.
#P, 0.04, versus CTRL. *P, 0.01, versus

Hb-induced activity in the absence

MyD88 siRNA. **P , 0.02, versus Hb-
induced activity in the absence MyD88

siRNA. ***P , 0.04, versus Hb-induced

activity in the absence of MyD88 siRNA.
yP , 0.001, versus CTRL or HMECs
cotreated with Hb and MyD88 siRNA.

CTRL refers to untreated cells.
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E6A–E6D). As expected, TAK-242 decreased LPS-induced NF-kB
activity (Figure E6A).

MyD88 Inhibition

MyD88 is a universal adapter protein inherent to almost all TLR
receptors, as well as to receptors for advanced glycation end
products and interleukin-1b. Thus, we analyzed the impact of
MyD88, using siRNA against MyD88, on Hb-induced NF-kB
and HIF activity, HIF-1a and HIF-2a mRNA, and HMEC-1
electrical resistance. Our data showed that the knockdown of
MyD88 attenuated the impact of all oxidative transition states
of Hb on NF-kB and HIF activity (Figures 3A and 3B) and on
HIF-1a and HIF-2a mRNA expression (Figure 2), and attenu-
ated the decrease in HMEC-1 electrical resistance (Figure 3C).

NF-kB and Prolyl Hydroxylase Inhibition

Next, we sought evidence to elucidate whether the influence of
Hb on HIF activity was controlled by the NF-kB regulation of
HIF-1a and HIF-2a mRNA synthesis, or by interference with
prolyl hydroxylase (PH) activity. The PH class of enzymes
tightly controls cytosolic HIF-1a and HIF-2a protein concen-
trations (10). Thus, we treated HMECs-1 with Hb species in the
presence or absence of siRNA against NF-kB (p65) or a com-
petitive inhibitor of the PH enzymes, DMOG. We measured
HIF activity and HIF-1a and HIF-2a mRNA concentrations.
Similar to MyD88 inhibition, the knockdown of p65 attenuated
Hb-induced HIF activity (Figure 4A), HIF-1a and HIF-2a
mRNA concentrations (Figure 2), and electrical resistance (Fig-
ure 4B). Interestingly, a unique synergistic HIF response existed
between all oxidative states of Hb ([100 mM]) and DMOG (30
mg) (Figure E7).

HIF Inhibition

To elucidate the influence of NF-kB compared with HIF-
regulated proteins on the HMEC-1 barrier function, we treated

HMECs-1 with Hb species in the presence or absence of siRNA
against HIF. Compared with NF-kB, the knockdown of HIF
exerted less of an effect on electrical resistance in the HbFe31

and HbFe41 transition states (Figure 4C).

Antioxidant Treatments

Cell-free Hb is well-established to promote the formation of re-
active oxygen species (ROS) such as SOD and H2O2 in circulat-
ing cells, as well as in endothelial cells. Both SOD and H2O2 are
known activators of HIF and NF-kB (7, 23). Thus, to determine
the extent that Hb-induced ROS formation contributed to either
HIF or NF-kB activation in our model system, HMECs-1 were
cotreated with free Hb species and exogenous SOD and catalase.
Treatment with SOD and catalase attenuated Hb-induced NF-kB
and HIF activity in all three Hb transition states, as well as HIF-
1a mRNA (Figures 5A–5D). Interestingly, less of an effect of
SOD and catalase was evident in HIF-2a mRNA up-regulation.
With the exception of HIF-2amRNA, SOD and catalase exerted
the greatest impact on the responses to Hb in the HbFe41 state.
To evaluate whether free Hb increased intracellular oxidative
stress, we measured the glutathione (GSH) to GSH disulfide
(GSSG) ratio in treated and untreated cells. Our results showed
no significant changes in the GSH/GSSG ratio in HMECs-1
after 24 hours of exposure to any of the Hb species (Figure
5D). Interestingly, cotreatment with SOD and catalase inhibited
Hb-induced permeability in the Fe21 and Fe41 states, but was
not as effective in the Fe31 state (Figure 5F).

DISCUSSION

The principle observation of this study involves the novel finding
that Hb induced an NF-kB–HIF signaling pathway in HMECs-1
via two main mechanisms, namely, either an MyD88-dependent
pathway or a ROS-signaling event. Of interest, our results showed
that NF-kB activity was a greater contributor to HMEC-1 mono-
layer permeability than was HIF activation. Further, our data
showed that Hb-induced MyD88 signaling was independent of

Figure 4. Effects of NF-kB (p65) and

HIF inhibition on HMECs-1 stimulated

with 100 mM of HbFe21, HbFe31, or
HbFe41 states. To confirm siRNA

knockdown, Western blots were com-

pleted on three independent cell
treatments, and loading controls for

b-actin were used from the same test

blots. (A) HIF activity. (B) TER with NF-

kB siRNA. (C) TER with HIF siRNA. (D)
Representative Western blot of siRNA

against NF-kB (p65) or HIF. #P ,
0.04, versus CTRL. *P , 0.04, versus

Hb-induced activity versus with NF-
kB or HIF siRNAs. **P , 0.02, versus

Hb-induced activity with NF-kB or HIF

siRNA. yP , 0.01, versus CTRL or
HMECs cotreated with Hb and NF-

kB siRNA. CTRL refers to untreated

cells. Unless siRNA is specified in the

treatment group, HMEC-1 incubation
with HbFe21, HbFe31, or HbFe41 ox-

idation states were completed in the

absence of any targeted or scrambled

siRNA.
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TLR4 (Figure 6). Thus, in addition to the pro-oxidant effects of
Hb, our data support the concept that Hb can initiate an inflam-
matory response via a MyD88-dependent receptor such as TLR,
pattern recognition receptors (PRRs), or the receptor for ad-
vanced glycation end products (4). These observations begin to
define the complex interactions between signaling pathways and
transcription factors that are initiated at the interface between
free Hb and the endothelium that contribute to vascular diseases
(Figure 6).

NF-kB is either a heterodimer or homodimer, and is formed
by a family of five subunits, RelA (p65), RelB, cRel, p50, and
p52 (7, 24). All subunits were previously shown to contribute to
the regulation of HIF-1a and HIF-2a mRNA (6, 7), with the
exception of the p52 regulation of HIF-1a mRNA (7). Our data
showed that NF-kB preceded HIF activity, strengthening the
conclusions of previous reports. Moreover, as expected, we did

not achieve a complete blockade of Hb-induced HIF activity
or HIF-1a and HIF-2a mRNA synthesis with p65 knockdown.
Instead, p65 inhibition blocked Hb-induced permeability. In-
terestingly, changes in HMEC-1 electrical resistance began after
8 hours of incubation in HbFe21, HbFe31, and HbFe41 transition
states, but NF-kB activity was increased only in HbFe41 cells.
This suggests that in addition to NF-kB and HIF, free Hb may
alter endothelial barrier function through other pathways, such as
a p38 mitogen-activated protein kinase mechanism (22).

HIFs are heteroduplexes with a and b subunits, and coordi-
nate the body’s response to hypoxia (9). As previously men-
tioned, HIF-1a and HIF-2a synthesis can be regulated through
NF-kB, but their activity is controlled by PH enzymes that, under
normal oxygen tensions, target HIF-a for degradation (7, 25).
Our data showed a synergistic response in Hb-induced HIF ac-
tivity when HMECs-1 were cotreated with DMOG, a competitive

Figure 5. Effects of superoxide dismutase (SOD)
and catalase (CAT) treatment on NF-kB and HIF

activity, HIF-1a and HIF-2a mRNA, and electrical

resistance in HMECs stimulated with 100 mMHb,

starting in either the HbFe21, HbFe31, or HbFe41

states. (A) NF-kB activity. (B) HIF activity. (C) HIF-

1a mRNA. (D) HIF-2a mRNA. (E) GSH/GSSG ra-

tio as an indication of intracellular oxidative stress

in HMECs. (F) TER. *P, 0.04, versus Hb-induced
activity in the absence of SOD and CAT; **P ,
0.02, versus Hb-induced activity in the absence of

SOD and CAT. yP , 0.01, versus CTRL. CTRL
refers to untreated cells.
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inhibitor of PH enzyme. This supports a notion that the principle
mechanism by which Hb induces HIF is not through interference
with PH enzymes, but through increased HIF cytosolic protein
via NF-kB activation. However, because DMOG is a competitive
inhibitor of PH enzymes, it does not entirely rule out the possi-
bility that Hb alters PH activity.

Uncontrolled HIF activity can lead to endothelial cell dys-
function and pulmonary vascular leakage in vivo and in vitro
(8, 26, 27). Our data showed that the knockdown of HIF-1a
exerted a minimal effect on attenuating Hb-induced endothelial
cell permeability. This provides evidence that Hb-induced en-
dothelial permeability is regulated principally through NF-kB
(p65) activation and controlled inflammatory proteins, such as
TNF-a, as opposed to HIF-controlled proteins, such as vascular
endothelial growth factor or endothelin-1. However, under hyp-
oxic conditions, where HIF is not targeted for ubiquination, it
may exert a greater effect on endothelial dysfunction. Thus, HIF
activity may be relevant to causing endothelial cell dysfunction
during vaso-occlusive episodes that cause tissue hypoxia in sickle-
cell disease. We did not, however, specifically inhibit HIF-2a ac-
tivity to determine its exact contribution to Hb-induced HMEC-1
permeability. Though it is unlikely, Hb-induced HMEC-1 perme-
ability may have occurred through HIF-2a as opposed to p65.

Supporting our hypothesis, our data showed that MyD88 in-
hibition attenuated Hb-induced NF-kB and HIF activity, HIF-
1a and HIF-2a mRNA synthesis, and HMEC-1 permeability.
This describes a novel mechanistic signaling pathway between
free Hb and the endothelium that disrupts endothelial barrier
function properties and leads to increased endothelial cell per-
meability. TLR and PRR signaling cascades can be triggered
by endogenous danger–associated molecular patterns (DAMPs)
released by tissue damage, including ATP or hyaluronan, which
can cause further endothelial cell dysfunction (19, 28). Thus our

data, along with those of others, suggest that free Hb falls into
the DAMP category as well.

TLR4 is activated by LPS, heat shock protein–60, and oxi-
dized low-density lipoprotein (19, 28). In our cell-culture model,
inhibition with the TLR4 receptor antagonist TAK-242 exerted
no effect on Hb-induced NF-kB and HIF activation in any ox-
idative state. These data support those of Silva and colleagues
(from 2009), which showed that HbFe41 Hb activated a TLR
receptor other then TLR4 (5). The exact TLR or PRR that Hb
activates poses an important question to resolve, and we are ac-
tively seeking the answer.

As expected, in addition toMyD88 knockdown, SODand cat-
alase treatment attenuated Hb-induced NF-kB and HIF activity,
HIF synthesis, and permeability. These data are congruent with
the pro-oxidant characteristics of Hb, because extracellular free
radical formations such as superoxide anion (O2

$2) or H2O2 can
contribute to Hb-induced NF-kB and HIF activity (12, 13, 16).
It remains unclear why SOD and catalase did not exert as great
an effect on attenuating permeability when the Hb began in the
Fe31 state. It is provocative to speculate that the HbFe31 state
is responsible for theMyD88 activation, and this poses an important
question. Taking into account our data from all three Hb transitions
states and considering the possibility they may occur simultaneously
in the blood/interstitial milieu, future therapeutic strategies may
involve targets to protect the endothelium against Hb toxicity with
a combination of antioxidants and MyD88 inhibition.

In humans, circulating free Hb does not typically exceed 1–2
mM of heme, but under pathophysiological conditions, such as
infections or in hemolytic anemia syndromes, it may persist at
much higher concentrations (29). In our cell-culture system,
Hb-induced NF-kB and HIF activation occurred between a
low-level range of 10 and 300 mM (hyperhemolytic disease state
concentrations). This suggests that HMECs-1 responded to Hb

Figure 6. Schematic depicts the mechanisms by which our data

showed free Hb-induced NF-kB activity, HIF activity, and increased
permeability in HMECs-1 through an MyD88-dependent mecha-

nism or reactive oxygen species (ROS) produced from Hb transition

states. Hemoglobin-induced MyD88 activation may occur through
either a membrane-bound Toll-like receptor (TLR) or through a pat-

tern recognition receptor (PRR) within the endothelial cell.
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in a physiologically relevant range that could occur in moderate
to high levels of red blood cell lyses, thus describing a potential role
for Hb-induced endothelial permeability via an MyD88, NF-kB,
and HIF signaling pathway. Furthermore, our data are consistent
with other in vitro observations that Hb at the lower 10–100-mM
concentrations exerts the greatest influence on NF-kB and HIF
activity (5, 10, 14, 30). This may be particularly relevant in localized
areas where erythrocytes are trapped, such as areas of vaso-
occlusion during acute sickle-cell events, or in the unique setting
of plaque rupture with hemorrhage in atherosclerotic vessels.

We recently reported that rats chronically infused with free Hb
(12–35 mg/day) in the Fe21 state, in which Hb infusions lasted up to
7 weeks, showed evidence for the progression of pulmonary vascu-
lar inflammation, intercellular adhesion molecule–1 (ICAM-1), and
vascular disease (31). Both HMECs-1 and pulmonary vascular en-
dothelial cells express TLR or IL-1Β receptors that can activate
MyD88 (32). Because ICAM-1 is regulated by NF-kB activation,
it is provocative to consider that increased lung ICAM-1 concen-
trations in our in vivo model may have occurred through an
Hb-induced MyD88-dependent signaling pathway. However, en-
dothelial cells from different organ beds and different locations
within an organ behave differently (22), and therefore this will
need to be verified in future studies.

In conclusion, the results of the present study showed that in
HMECs-1 exposed for 24 hours to free Hb beginning in either
the HbFe21, HbFe31, or HbFe41 transition states, increased
HMEC-1 monolayer permeability, HIF activity, and HIF pro-
tein synthesis via an NF-kB–dependent pathway controlled by
two main mechanisms, either MyD88 activation or the Hb transi-
tion state, induced ROS formation. Our data support the concept
that independent of the nitric oxide and pro-oxidant characteristics
of Hb, Hb can act as a proinflammatory agent by activating an
MyD88-dependent pathway.
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