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Heme induces rapid endothelial barrier dysfunction via the
MKK3/p38MAPK axis
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Several studies demonstrate that hemolysis and free heme in circulation cause endothelial
barrier dysfunction and are associated with severe pathological conditions such as acute
respiratory distress syndrome, acute chest syndrome, and sepsis. However, the precise
molecular mechanisms involved in the pathology of heme-induced barrier disruption remain
to be elucidated. In this study, we investigated the role of free heme in the endothelial barrier
integrity and mechanisms of heme-mediated intracellular signaling of human lung micro-
vascular endothelial cells (HLMVECs). Heme, in a dose-dependent manner, induced a rapid
drop in the endothelial barrier integrity of HLMVECs. An investigation into barrier proteins
revealed that heme primarily affected the tight junction proteins zona occludens-1, claudin-1,
and claudin-5, which were significantly reduced after heme exposure. The p38MAPK/HSP27
pathway, involved in the regulation of endothelial cytoskeleton remodeling, was also sig-

® Free heme in
hemolytic disorders
induces rapid
endothelial barrier
dysfunction via the
p38MAPK pathway.

® MKK3 KO effectively
protects from heme-
induced endothelial
barrier dysfunction in
the lungs.

/ nificantly altered after heme treatment, both in HLMVECs and mice. By using a knockout
(KO) mouse for MKK3, a key regulator of the p38MAPK pathway, we showed that this KO effectively decreased heme-
induced endothelial barrier dysfunction. Taken together, our results indicate that targeting the p38MAPK pathway may

represent a crucial treatment strategy in alleviating hemolytic diseases. (Blood. 2020;136(6):749-754)

Introduction

Elevated levels of circulating free heme have been shown to
correlate with increased risk of several hemolytic disorders and
are associated with endothelial barrier dysfunction. The path-
ological conditions associated with endothelial barrier dys-
function include sickle cell anemia, acute respiratory distress
syndrome, myocardial infarction, hypertension, sepsis, and
stroke. During hemolysis, free hemoglobin from ruptured red
blood cells in the bloodstream undergoes rapid oxidation and
releases free heme. Pathologically, high levels of free heme and
iron release occur in acute conditions such as severe hemolytic
crisis in sickle cell disease (up to 20 wM) or thalassemia (up to
280 uM).23 Therefore, understanding the mechanism of free
heme-induced damage represents an important strategy in
identifying appropriate treatment targets for a broad range of
hemolytic diseases.

Although significant progress has been made in our un-
derstanding of signaling mechanisms and mediators that reg-
ulate endothelial permeability, important gaps still exist, and
mouse models to explore heme-mediated damage are not
clearly defined. We recently discovered that heme affects en-
dothelial barrier function within minutes, and this is associated
with activation of the p38/HSP27 pathway.* In disorders with
endothelial barrier dysfunction, the lungs are particularly vul-
nerable to vascular leak and fluid accumulation, with serious
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pathological consequences.® Therefore, in this study, we used
human lung microvascular endothelial cells (HLMVECS) to assess
barrier dysfunction because they are most susceptible to injury
with severe implications. We also took advantage of the feasi-
bility of exploring endothelial damage in the lungs in vivo.
Consequently, we demonstrate a strong association between
the p38MAPK pathway and heme-induced barrier dysfunction
by using a knockout (KO) mouse model of MKK3, a key regulator
of the p38 pathway. Our findings provide a solid background for
the development of novel therapeutic targets to treat hemolytic
diseases with endothelial barrier dysfunction.

Methods

Detailed methods are provided in the supplemental Information,
available on the Blood Web site.

Results and discussion

The endothelial cells form a monolayer lining the blood vessel,
forming a semipermeable barrier that controls fluid homeostasis,
nutrient transport, and cellular migration across the barrier.® In
continuation of our previous studies,* based on the hypothesis
that excess heme in blood potentially leads to endothelial barrier
disruption, we studied the direct effect of heme on barrier
function in HLMVECs. Indeed, treatment with free heme (50 wM)
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significantly increased intracellular heme content in HLMVECs
(Figure 1A). We also observed a dose-dependent decrease in
barrier function, which was a maximum between 15 and 25 minutes
after heme treatment followed by a recovery phase (Figure 1B).
When the barrier function was calculated, a significant decline in
function was observed, as identified from the slope in Figure 1C.
Recovery of the barrier function was proportional to the dose and
did not revert to the control level. These data confirm that heme
causes a rapid disruption of the endothelial barrier and could
contribute to diseases involving endothelial barrier compromise.

To investigate whether heme disrupts tight junction (TJ) pro-
teins, we studied endothelial junctions such as TJs and adherens
junctions, which are prominent and regulate vascular perme-
ability, mediate cell adhesion, and transfer intracellular signals.”
TJs are composed of transmembrane proteins (eg, CLDNSs) and
intracellular proteins (eg, ZO). Disruption in interactions between
these proteins perturbs the TJs affecting permeability of the
endothelium. Adhesion in adherens junctions is mediated by
cadherins, and among them, VE-cadherin is the major compo-
nent. These junctions are continuously remodeled in response to
mechanical and chemical cues in physiological settings.® We
tested the effect of heme on these junctions in HLMVECs by
immunostaining and western blotting. We observed that heme
caused attenuation of peripheral ZO-1, as evident from confocal
images (Figure 1D). Quantification of ZO-1 levels over nuclear
staining showed a significant decrease, even at 15 minutes after
heme treatment (Figure 1E), indicating that ZO-1, upon losing its
cellular organization and being a high molecular weight protein,
intercalates with other cytoskeleton proteins. Indeed, ZO-1 has
been shown to bind to F-actin and has been linked to regulation
of the actomyosin cytoskeleton.? An investigation into the other
junction proteins by western blotting revealed that ZO-1, CLDN-
1, and CLDN-5 were significantly decreased at all time points
tested, with a slight drop in VE-cadherin seen only at 30 minutes
after heme treatment (Figure 1F-J). Interestingly, we found that
heme activated p22, an EF-hand Ca?*-binding protein, which
facilitates microtubule-membrane interactions and could po-
tentiate stress fiber formations (Figure 1K-L)."° Furthermore, we
also found that heme promoted actin stress fiber formation in
HLMVECs (Figure 1M).

Heme is known to activate multiple signaling pathways, in-
cluding AKT-ERK, lipid oxidation, and the canonical TLR4-NFKR
inflammatory pathway.”"'? However, we recently discovered
that heme-mediated endothelial barrier disruption took place
10 times faster and occurred independent of TLR4 signaling.*
We also demonstrated an early activation of the p38/HSP27
pathway during hemolysis.* Interestingly, the p38/HSP27 path-
way is known to rapidly modulate the cytoskeleton and affects

junction organization in response to stress.’® Investigating the p38
pathway proteins showed that heme caused p38 phosphorylation
at early time points (Figure 2A-B). Phosphorylation of p38 is known
to activate the downstream cascade of MAPK-activated protein
kinase 2 (MK2) and HSP27.'* Correspondingly, we observed sig-
nificant activation of MK2 by phosphorylation at Thr334 residue but
only a trending increase in the phosphorylation of the Thr222
residue (Figure 2A,C-D). Activation of MK2 has been shown to
phosphorylate HSP27.' In addition, MK2 has also been shown to
phosphorylate HSP27 in response to oxidative stress."® Indeed, free
heme promotes the formation of reactive oxygen species, which
induces direct cellular damage via the oxidation of lipids, proteins,
and DNA, thus activating the p38/MAPK pathway.''® In this study,
we observed phosphorylation of HSP27 from early time points
(Figure 2A,E). This activation also corresponded to the activation of
MKK3 (Figure 2AF), a key regulator upstream of the p38/MAPK
pathway, indicating that heme potentially targets the MKK3/p38/
MAPK axis in disrupting the endothelial barrier.

Next, to test whether blocking the p38 pathway would alleviate
heme-mediated endothelial barrier dysfunction in the lungs, we
targeted its regulator, MKK3, which controls the p38-mediated
actin cytoskeleton rearrangements.’® Therefore, we tested
whether disrupting this pathway by knocking out MKK3 would
protect from heme-mediated action on the endothelial barrier in
mouse lungs. The wild-type mice injected with heme consid-
erably supported the in vitro findings and demonstrated a
significant decrease in barrier proteins ZO-1 and CLDN-5 (Figure
2G-l). Also, we found heme-induced activation of MK2 and
MKK3 and, correspondingly, significant activation of p38 in wild-
type mice (Figure 2G,J-L). In contrast, both barrier disruption and
activation of the p38MAPK pathway were significantly attenu-
ated in the MKK3~/~ mice (Figure 2G-L). We also observed that
heme significantly activated the inflammatory adhesion protein,
ICAM1, but only showed a trending activation in E-selectin and
no change in VCAM1 (Figure 2M-P), indicating that inflammation
could be a later outcome of heme-induced damage. In-
terestingly, the MKK3~/~ mice did not show any increase in these
inflammatory markers but showed lower basal expression of
ICAM1 (Figure 2M-P). This could signify that MKK3~/~ mice are
protected from later onset of heme-induced inflammation. To
assess the lung barrier disruption, we evaluated lung leakage by
FITC-dextran extravasation. Strikingly, the MKK3~/~ mice in-
jected intravenously with heme (250 wM) and FITC-dextran
(1 mg per 30 g of body weight) in circulation for 6 hours
showed a dramatic decrease in lung extravasation of FITC-
dextran through the endothelial barrier as compared with
controls (Figure 2Q-R). Interestingly, the in vivo circulating
concentration of heme used in this study was highly comparable
to hemolytic pathological conditions,?? and the MKK3~/~ mice

Figure 1. Heme causes endothelial cell barrier disruption. (A) Heme entry into HLMVECs was quantified using the Hemin assay kit (Abcam; ab65332). HLMVECs treated with
heme (50 M, 15 minutes) had significantly increased intracellular heme content. (B) HLMVECs were seeded in ECIS plates, and after resistance measurements attained a stable
level, heme was added to the media. Readings were recorded every minute after heme treatment and plotted as normalized cell index. (C) Rate of decline in resistance, reflective
of barrier disruption, was calculated as slope using xCELLigence software. (D) Heme affects tight junction proteins. HLMVECs were treated with heme (50 uM, 60 minutes), and
cells were fixed, immunostained for zona occludens-1 (ZO-1, green), and imaged using a confocal microscope (original magnification X63). Arrows indicate the cellular
organization of ZO-1. (E) Similarly, HLMVECs were treated with heme for the given amount of time and imaged at 20X and quantified for ZO-1 levels using Image J software.
Images were quantified using at least 5 random images. (F-J) HLMVECs were treated with heme (50 wM) for different time points, and cell lysate was prepared in RIPA buffer with
protease and phosphatase inhibitors. Endothelial junction proteins were detected using western blotting. Representative blots of ZO-1, claudin-1 [CLDN-1], CLDN-5, and VE-
cadherin are shown (F), quantified using BioRad software (G-J). (K-L) Protein levels were normalized to B-actin. Stress fiber formation was seen after heme exposure. p22, the EF-
hand protein required for actin polymerization, was found significantly increased. (M) HLMVECs were treated with heme (50 wM, 60 minutes), and cells were fixed, stained for
F-actin using phalloidin (green), and imaged using a fluorescence microscope (original magnification X63). Yellow arrows indicate apical stress fibers, and red arrows indicate
stress fibers. Experiments were repeated at least 3 times. Values are mean * standard error of the mean. *P < .05 compared with control. RFU, relative fluorescence unit.
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Figure 2. Intracellular MKK3/P38 pathway affected by heme. (A-F) HLMVECs were treated with heme (50 wM) for different time points, and cell lysate was prepared in RIPA
buffer with protease and phosphatase inhibitors. The MKK3/p38/HSP27 axis proteins were found to be activated after heme treatment. Representative blots of proteins and
corresponding proteins phosphorylation levels for P-p38, p38, P-MK2 (T334), P-MK2 (T222), P-HSP27, HSP27, P-MKK3 (5189), and MKK3 (A), quantified using BioRad software
(B-F). (H-L) MKK3~/~ mice had attenuated barrier disruption and diminished p38 pathway activation. Wild-type (WT) and MKK3~/~ mice were treated with heme (250 pM IV) or
with vehicle for 6 hours, their were lungs excised, and lysates were prepared in RIPA buffer with protease and phosphatase inhibitors. Our data indicate activation of MKK3/P38
on heme treatment that was blunted in MKK3~/~ lungs. TJ proteins showed a decrease only in WT mice treated with heme. Representative blots of proteins ZO-1, CLDN-5, P-p38,
p38, P-MK2 (T334), MK2, P-MKK3(5189), and MKK3 (K), quantified using BioRad software (H-L). (M-P) Heme mildly activated adhesion molecules, specifically ICAM-1. Rep-
resentative blots of E-selectin, ICAM-1, and VCAM-1, and quantifications are shown. All protein levels were normalized to B-actin. (Q) Assessment of heme-induced
barrier dysfunction in mouse lungs. Mice were injected with heme or vehicle (6 hours) and, in the end, injected with fluorescein isothiocyanate (FITC)-dextran to visualize
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Figure 2 (continued) FITC-dependent fluorescence in the lungs. Our data indicated a high level of extravasation of FITC-dextran into the lungs in WT rats treated with heme,
whereas MKK3 /" rats showed protection against heme-mediated lung barrier disruption. (R) Quantification of FITC-dextran extravasation into the lungs showed that
MKK3~/~ mice were significantly protected from heme-induced barrier damage. Experiments were repeated at least 3 times. Values are mean * standard error of the
mean. (S) Heme injected into mice activates the MKK3/p38MAPK/HSP27 pathway, leading to disruption of TJs, causing cytoskeletal derangements and ultimately causing
barrier disruption (red). Compromised endothelial barrier is reflected by flow of FITC-dextran from bloodstream and into lung tissue. MKK3~/~ mice are highly protected (green)
from heme-induced endothelial barrier disruption. *P < .05 compared with WT, **P < .05 compared with MKK3 vehicle, ***P < .05 compared with WT heme group.

circumvented the heme-induced damage, indicating that tar-
geting the p38MAPK pathway effectively attenuates hemolytic
endothelial barrier dysfunction (Figure 2S). In summary, our data
suggest that the MKK3/p38 axis regulates heme-mediated

FREE HEME MECHANISMS IN BARRIER DYSFUNCTION

barrier disruption in pulmonary endothelial cells. Understand-
ing intracellular heme signaling is important in the pathobiology
of hemolytic conditions. This knowledge could be applied to
the development of treatment options that target the MKK3
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pathway for resolution of hemolysis-related lung complications
(eg, acute chest syndrome, acute respiratory distress syndrome,
and pulmonary edema).
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