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A B S T R A C T   

Free heme toxicity in the vascular endothelium is critical for the pathogenesis of hemolytic disorders including 
sickle cell disease. In the current study, it is demonstrated that human alpha1-antitrypsin (A1AT), a serine 
protease inhibitor with high binding-affinity for heme, rescues endothelial cell (EC) injury caused by free heme. 
A1AT provided endothelial protection against free heme toxicity via a pathway that differs from human serum 
albumin and hemopexin, two prototypical heme-binding proteins. A1AT inhibited heme-mediated pro-inflam-
matory activation and death of ECs, but did not affect the increase in intracellular heme levels and up-regulation 
of the heme-inducible enzyme heme oxygenase-1. Moreover, A1AT reduced heme-mediated generation of 
mitochondrial reactive oxygen species. Extracellular free heme led to an increased up-take of A1AT by ECs, 
which was detected in lysosomes and was found to reduce heme-dependent alkalization of these organelles. 
Finally, A1AT was able to restore heme-dependent dysfunctional autophagy in ECs. Taken together, our findings 
show that A1AT rescues ECs from free heme-mediated pro-inflammatory activation, cell death and dysfunctional 
autophagy. Hence, A1AT therapy may be useful in the treatment of hemolytic disorders such as sickle cell 
disease.   

1. Introduction 

The vascular endothelium plays a major role in regulating the ho-
meostasis of blood pressure, the plasma coagulation system, exchange of 
fluid and macromolecules between blood vessels and tissues as well as 
quiescence of inflammation [1–3]. In conditions associated with he-
molysis and tissue damage such as sickle cell disease or 
ischemia-reperfusion injury (IRI) the endothelium encounters high 
levels of free heme released from damaged red blood cells or tissues 
[4–6]. Free heme can have pro-oxidant, pro-inflammatory and cytotoxic 

effects in the endothelium if its toxicity is not contained by covalent or 
non-covalent binding to hemoproteins or heme-binding proteins (HBPs) 
[7–12]. Therefore, intra- and extracellular levels of free heme are tightly 
controlled via a complex interplay of various protective mechanisms. 
For example, intracellular levels of heme are determined through a 
fine-tuned balance of enzymatic heme synthesis and degradation. 
Moreover, complex interactions of heme with intra- and extracellular 
HBPs are critically involved in controlling heme homeostasis [13–17]. 

A prototypical serum HBP is hemopexin, a glycoprotein with high 
binding affinity for free heme (KD < 10− 12 in humans) that has been 
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shown to counter-act free heme toxicity [18–20]. In conditions of major 
hemolysis serum levels of hemopexin are diminished [21] and, there-
fore, other serum HBPs such as albumin may become essential in 
neutralizing free heme toxicity [9]. Although albumin binds heme with 
lower affinity than hemopexin, its high serum concentrations may 
compensate a potential deficiency in hemopexin [22]. The latter may at 
least partially explain protective effects of albumin infusion to in-
dividuals with severe sepsis [23] or malaria [24,25]. 

Human alpha1-antitrypsin (A1AT), an acute-phase glycoprotein and 
important inhibitor of neutrophil proteases, has been shown to exhibit 
relatively high heme-binding affinity similar to that of albumin (KD ~ 
10− 7 in humans) [26]. We have previously reported in a human 
neutrophil model that A1AT markedly reduced free heme-activating 
effects such as reactive oxygen species (ROS) production, induction of 
heme oxygenase (HO)-1, release of interleukin (IL)-8, and inhibited 
neutrophil adhesion to ECs. In a mouse model of heme-induced acute 
kidney injury, A1AT was able to lower serum levels of heme and 
concomitant pro-inflammatory effects [27]. The aim of the current study 
was to investigate how A1AT controls heme toxicity in human ECs and 
to compare A1AT effects with two serum HBPs, hemopexin and albumin. 

2. Results 

2.1. A1AT blocks heme-induced activation of ECs 

Since free heme causes inflammatory activation of ECs [28], we 
treated HUVECs with heme (2.5 μM) in the absence or presence of A1AT 
(0.5 mg/ml). For a comparison, albumin and hemopexin, two serum 
HBPs with high binding affinity for heme, as well as γ-globulin, a serum 
protein with no known binding affinity for heme, were applied under the 
same experimental conditions. As expected, free heme induced the EC 
surface expression of VCAM-1 and ICAM-1, and the secretion of cytokine 
IL-8 in the cell culture supernatant (Fig. 1A–C). The effects of heme were 
blocked by A1AT, albumin and hemopexin, but not by γ-globulin on 
both protein (Fig. 1A–C) and mRNA levels (Table 1). Because EC acti-
vation by heme is mediated via the NF-κB pathway [29], we hypothe-
sized that treatment with the I-κB inhibitor, Bay11-7082, will block the 
effects of heme. As demonstrated in Table 2, BAY11-7082 and TAK-242, 
a small-molecule inhibitor of Toll-Like Receptor (TLR) 4, markedly 
inhibited heme-induced mRNA expression of VCAM-1, ICAM-1 and IL-8 
(Table 2). Furthermore, Western blot analysis revealed that A1AT, al-
bumin and hemopexin as well as BAY11-7082 and TAK-242, inhibited 
heme-induced phosphorylation of the NF-κB subunit p65 (Figs. S1A–B). 
These results support the notion that inhibition of heme-induced EC 
activation involves the NF-κB pathway. 

2.2. A1AT prevents heme-caused EC death 

Heme can cause EC death via apoptosis and necroptosis [30]. As 
determined by 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) and lactate dehydrogenase (LDH) assays, prolonged 
exposure of ECs to heme (18 h) induced cytotoxicity, which was pre-
vented by A1AT, albumin and hemopexin (Fig. 2A and B), but not by 
γ-globulin or BAY11-7082 or TAK242 (Fig. S1B). These latter findings 
implied that heme-induced NF-κB activation and/or TLR4 signaling are 
not involved in the observed cytotoxic effects of heme (Fig. S1C). The 
MTT assay, which measures cellular metabolic activity, was also applied 
for determining cell viability/cytotoxicity, but the results were in line 
with LDH assays (not shown). To further explore the mechanism/s of 
heme-induced cytotoxicity in ECs various small molecule inhibitors of 
cell death were employed. The apoptosis inhibitor Z-VAD-fmk, the 
necroptosis inhibitor necrostatin-1, but not the necrosis inhibitor IM-54 
or the ferroptosis inhibitor ferrostatin-1, attenuated heme-induced 
cytotoxicity (Fig. 2C). Caspase activity assays further confirmed that 
treatment of ECs with heme alone, but not with heme plus A1AT, caused 
the activation of caspases 3 and 7 (Fig. 2D). The ability of A1AT to 

abolish free heme toxicity was also observed in aortic, pulmonary 
microvascular, and dermal microvascular ECs (Fig. S2). Altogether, the 
findings show that A1AT inhibits heme-mediated EC death. 

2.3. Protective effects of A1AT are independent of HO-1 

Albumin and hemopexin can prevent heme toxicity via limiting its 
entry into ECs [31]. To explore the mechanism of A1AT-mediated EC 
protection we treated cells with heme or heme-A1AT and intracellular 
levels of labile heme were determined with an apo-horseradish peroxi-
dase (HRP)-based assay. In contrast to albumin and hemopexin, A1AT 
did not block the up-take of heme by ECs (Fig. 3A) and the up-regulation 
of mRNA and protein levels of the inducible heme-degrading enzyme, 
HO-1 (Fig. 3B and C). As expected, γ-globulin showed no effect on HO-1 
induction (Fig. 3C). Because the up-regulation of HO-1 gene expression 
is considered a cytoprotective mechanism against free heme toxicity 
[32], we examined whether HO-1 expression and HO activity may 
contribute to heme-neutralizing effects of A1AT. Hence, before adding 
heme alone or heme with A1AT, ECs were pretreated with the HO in-
hibitor tin (IV)-mesoporphyrin IX (SnMPIX). As demonstrated in Fig. 3D, 
pretreatment with this compound did not affect A1AT-dependent cyto-
protection against heme toxicity. Similarly, a transient knock-down of 
HO-1 by transfection with HO-1 small interfering RNA (siRNA)(Fig. 3E) 
did not alter A1AT-dependent protection of ECs (Fig. 3F). Thus, A1AT 
cytoprotection against heme-mediated EC injury is mediated via a 
mechanism that differs from that of albumin and hemopexin. 

2.4. A1AT blocks heme-induced mitochondrial ROS (mROS) production 

Mitochondrial dysfunction is associated with apoptosis and nec-
roptosis [33]. Therefore, we evaluated the potential role of mitochon-
dria in heme-mediated EC death. Staining with the mROS indicator 
MitoSOX [34] revealed that heme-mediated up-regulation of mROS is 
blocked by A1AT, as similarly observed for the mitochondria-specific 
superoxide scavenger mito-TEMPO [35] (Fig. 4A). Among the com-
pounds applied as positive controls for mROS, the mitochondrial res-
piratory chain complex III inhibitor antimycin A, but not the complex I 
inhibitor rotenone, induced the production of mROS (Fig. 4A). To 
further determine the potential role of heme toxicity via mROS, ECs 
were treated with heme in the presence of mito-TEMPO. Whereas 
mito-TEMPO significantly blocked heme-induced cell death (Fig. 4B), 
rotenone, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP) and oligomycin A had no or only a minor effect on 
heme-induced cell death (Fig. 4B). Moreover, treatment with 
antimycin-A, which induced mROS in this model potentiated 
heme-induced toxicity. These findings indicate that generation of mROS, 
but not inhibition of the respiratory chain, contributes to 
heme-mediated cell death. These data indicate that heme-dependent 
cytotoxicity in ECs involves an increase of mROS that is blocked by 
A1AT. 

2.5. Intracellular levels of A1AT are increased in the presence of heme 

We next asked whether A1AT-mediated cytoprotection of ECs 
against heme toxicity might be related to the enhanced A1AT up-take by 
these cells. As determined by confocal microscopy, intracellular levels of 
A1AT were markedly higher in cells treated with A1AT plus heme in 
comparison to cells treated with A1AT alone. Notably, A1AT was not 
detectable in untreated or heme-treated ECs (Fig. 5A). Similarly, intra-
cellular A1AT levels increased in ECs cultured with native human 
plasma in the presence of heme, further confirming that heme enhances 
the up-take of A1AT (Fig. 5B). A1AT is known to be taken up by ECs via 
endocytosis that is a lysosome delivery pathway [36]. Accordingly, 
A1AT was found to be co-stained with LysoTracker Red indicating 
lysosomal localization of this protein (Fig. 5C). Altogether, the data 
show that free heme increases the up-take of A1AT by ECs and localizes 
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Fig. 1. A1AT attenuates heme-induced 
EC activation. (A–C) HUVECs were 
treated with heme (2.5 μM) in the 
presence of A1AT (0.5 mg/ml), albumin 
(0.5 mg/ml), Hx (0.5 mg/ml) or 
γ-globulin (0.5 mg/ml) for 12 h. (A–B) 
The cells were probed with antibodies 
against VCAM-1 and ICAM-1 and 
analyzed by flow cytometry. A repre-
sentative flow cytometry contour plot is 
shown (left) and the mean % positive 
population of VCAM-1 and ICAM-1 is 
represented as a bar graph. (C) The cell 
culture supernatant was analyzed for 
the levels of secreted IL-8 by ELISA. 
Results shown are means ± SEM of at 
least three independent experiments. 
One-way ANOVA with Tukey’s post-hoc 
analysis was performed for statistical 
analysis, **p < 0.01, ***p < 0.001. Alb, 
albumin; Hx, hemopexin; Glob, 
γ-globulin.   
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in lysosomes. 

2.6. A1AT blocks heme-mediated lysosomal alkalization 

To further investigate the role of A1AT in ECs, we performed addi-
tional experiments with acridine orange (AO), a lysomotropic dye. 
Treatment with heme alone caused a marked decrease in lysosomal AO 
staining, but this was not observed in the presence of A1AT (Fig. 6A). 
The decrease in AO fluorescence intensity by heme and its recovery by 
A1AT was also determined and quantified by flow cytometry (Fig. 6B). 
To corroborate that heme induces lysosomal alkalization ECs were 
stained with LysoSensor Green, a pH-dependent indicator probe. Stim-
ulation of ECs with heme caused a marked decrease in the intensity of 
LysoSensor Green that was counter-acted by A1AT (Fig. 6C). In an 
attempt to re-acidify lysosomes, ECs were pretreated with forskolin, an 
inducer of cAMP [37]. Heme-mediated decrease in fluorescence in-
tensity of LysoSensor Green was partially reversed by treatment with 
forskolin (Fig. 6D). Moreover, MTT assays revealed that forskolin 
significantly improves the viability of heme-treated ECs (Fig. 6E). 
Collectively, these findings indicate that heme causes lysosomal alkali-
zation in ECs that is prevented by A1AT. 

2.7. A1AT rescues heme-dependent dysfunction of autophagy in ECs 

Lysosomes play a key role in autophagy, a process that is necessary 
for maintaining cellular homeostasis [38]. A significant increase in 
levels of the autophagy marker protein microtubule light chain (LC)3BII 
was observed in heme-treated ECs (Fig. 7A). In parallel, up-regulation of 
p62, also known as SQSTM1, was observed indicating an inhibition of 

autophagosome degradation (Fig. 7A). Heme-induced up-regulation of 
LC3BII and p62 was suppressed by A1AT (Fig. 7A). The addition of the 
lysosomal inhibitor chloroquine to non-treated or A1AT-treated ECs, 
and that of rapamycin, a positive control for autophagy, led to an in-
crease in LC3BII indicating a normal autophagic flux (Fig. 7B). By 
contrast, chloroquine added to heme-treated cells failed to increase 
LC3BII levels indicating diminished autophagic flux (Fig. 7B). Moreover, 
the staining with cytoID revealed an accumulation of autophagosomes 
in heme-treated ECs, but not in heme plus A1AT-treated cells (Fig. 7C). 
Finally, we asked if distinct alterations of autophagy-associated path-
ways may affect cytoprotection against heme toxicity by A1AT. To this 
end, two lysosomal acidification blockers, concanamycin-A and 
bafilomycin-A1, as well as two autophagosome formation blockers, 
wortmannin (a phosphatidyl-inositol-3 kinase (PI3K) inhibitor) and 
MRT68921 (an Unc-51 like autophagy activating kinase (ULK) inhibi-
tor) were applied. Inhibitors of lysosomal acidification, but not those of 
autophagosome formation, markedly enhanced cell death (Fig. 7D and 
E). When combined with lysosomal inhibitors, heme exerted an additive 
cytotoxic effect, which was not observed with two other inhibitors of 
autophagy (Fig. 7D and E). Notably, cytoprotective effects of A1AT 
against heme toxicity were preserved in the presence of autophagy in-
hibitors but partially lost in the presence of the lysosomal inhibitors 
(Fig. 7D and E) suggesting that reversal of lysosomal alkalization rather 
than direct correction of autophagy is responsible for inhibition of 
heme-induced cell death. 

3. Discussion 

Vascular ECs control blood vessel homeostasis and play a critical role 
in the pathogenesis of inflammatory disorders [1]. In various clinical 
conditions such as sickle cell disease, sepsis or IRI, high levels of 
extracellular free heme can arise from hemolysis or tissue damage and 
cause endothelial injury, dysfunction or death via pro-oxidant, pro-in-
flammatory and cytotoxic effects [4,5,9]. In the current study, we show 
that human A1AT, an acute phase protein with high binding affinity for 
heme (KD ~ 10− 7 M) [26], protects against free heme toxicity in ECs via 
a mechanism different from that of albumin and hemopexin, two major 
serum HBPs. In contrast to these latter proteins, A1AT has protective 
effects without blocking the cellular up-take of heme. Furthermore, we 
provide experimental evidence that A1AT-dependent protection against 
heme in ECs is mediated via pathways that block EC activation, death 
and dysfunction of autophagy. 

Exposure to low concentrations of heme can cause activation of ECs 
with increased expression of adhesion molecules and cytokine produc-
tion [28] whereas higher concentrations of heme can cause EC death 
[30,39]. We show that A1AT counteracts heme-induced EC activation 
and death (Figs. 1 and 2). According to previous reports, heme scavenger 
proteins such as albumin and hemopexin protect the endothelium via 
blocking the cellular uptake of heme [31]. By contrast, A1AT does not 
inhibit the up-take of heme by ECs and heme-mediated up-regulation of 
HO-1, an inducible heme-degrading enzyme (Fig. 3). Because HO-1 
overexpression is known to be protective in the vascular endothelium 
[40], we assumed that the up-regulation of HO-1 by heme and A1AT 
may be critical for A1AT-dependent protection against heme toxicity. 
However, blockage of HO enzyme activity or silencing of HO-1 gene 
expression, did not affect A1AT’s ability to inhibit the toxicity of heme 
(Fig. 3). Therefore, the protective effects of A1AT appear to be inde-
pendent of heme degradation by HO-1. 

Laser confocal microscopy assays revealed that extracellular free 
heme strongly enhanced A1AT uptake by ECs (Fig. 5A). It is also 
important to note that heme increased endothelial up-take of purified 
A1AT (Fig. 5A) and also that of A1AT from whole human plasma 
(Fig. 5B). ECs lack the ability to synthesize their own pool of intracel-
lular A1AT and are entirely dependent on circulating levels of A1AT. 
Previous studies have shown that A1AT is internalized by ECs in a time-, 
dose- and conformation-dependent manner. Moreover, internalization 

Table 1 
A1AT blocks heme-induced EC activation.  

Treatment VCAM-1/HPRT ICAM-1/HPRT IL-8/HPRT 

Control 1 1 1 
A1AT 1.032 ± 0.064 1.14 ± 0.21 0.83 ± 0.34 
Hx 1.46 ± 0.46 1.34 ± 0.52 1.1 ± 0.07 
HSA 0.69 ± 0.14 1.24 ± 0.67 0.99 ± 0.78 
Heme 20.2 ± 7.21*** 29.75 ± 21.35** 67.87 ± 40.38** 
Heme + A1AT 0.58 ± 0.20 1.38 ± 0.91 1.87 ± 1.66 
Heme + Hx 0.46 ± 0.10 0.99 ± 0.09 1.06 ± 0.10 
Heme + HSA 0.78 ± 0.12 0.91 ± 0.50 0.82 ± 0.56 

HUVECs were treated with heme (2.5 μM) in the presence or absence of the 
indicated serum proteins (0.5 mg/ml) for 9 h. Expression of VCAM1, ICAM1 and 
IL-8 was analyzed by real time RT-PCR and normalized to the expression of 
hypoxanthine phosphoribosyltransferase 1 (HPRT). Values are represented as 
mean ± SD fold induction in relation to control unstimulated cells from three 
independent experiments. One-way ANOVA with Tukey’s post-hoc analysis was 
performed for statistical analyses; VCAM-1 (Heme vs others ***p < 0.001), 
ICAM-1(Heme vs others **p < 0.01) and IL-8 (Heme vs others **p < 0.01). 

Table 2 
EC activation is mediated via NF-κB and TLR4 signaling.  

Treatment VCAM-1/HPRT ICAM-1/HPRT 

Control 1 1 
Bay-11082 0.59 ± 0.2 0.72 ± 0.02 
TAK-242 0.87 ± 0.46 0.84 ± 0.52 
Heme 15.58 ± 10.6** 49.88 ± 27.07** 
Heme + Bay-11082 2.69 ± 1.05 8.76 ± 6.81 
Heme + TAK-242 7.8 ± 0.20 26.53 ± 0.91 

HUVECs were treated with heme (2.5 μM) in the presence or absence of the NF- 
κB signaling inhibitor, Bay-11082 (5 μM) or the TLR4 signaling inhibitor, TAK- 
242 (1 μM) for 9 h. Expression of VCAM1 and ICAM1 was analyzed by real time 
RT-PCR and normalized to the expression of HPRT. Values are represented as 
mean ± SD fold induction in relation to control unstimulated cells. One-way 
ANOVA with Tukey’s post-hoc analysis was performed for statistical analyses; 
VCAM-1 (Heme vs others **p < 0.01) and ICAM-1 (Heme vs others **p < 0.01). 
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of A1AT has been demonstrated to be mediated via both clathrin- and 
caveolae-mediated endocytosis [41,42]. The increased up-take of A1AT 
by ECs in the presence of extracellular free heme (Fig. 5) supports a 
protective nature of this event and the mechanisms of how heme me-
diates the intracellular up-take of A1AT in ECs warrant further 
investigation. 

More detailed microscopy studies indicated that A1AT is localized in 
lysosomes (Fig. 5). In addition, heme caused lysosomal alkalization via a 
yet unknown mechanism, which was markedly inhibited in the presence 
of A1AT (Figs. 5 and 6). Previously, apolipoprotein D has been 
demonstrated to reduce lysosomal permeabilization and to stabilize the 
pH of these organelles resulting in a significant improvement of cell 
viability [43]. Therefore, it is tempting to speculate that the effect of 
A1AT might be similar to that of apolipoprotein D. Further studies are 
required to find out if A1AT’s property to maintain lysosomal alkaliza-
tion is associated with binding of free heme or direct lysosomal 
interactions. 

Lysosomal alkalization can lead to alterations of the autophagy 
pathway [44,45] that is important for cell homeostasis [46]. Therefore, 
diminution or blockage of autophagy can result in intracellular 

accumulation of misfolded proteins and dysfunctional organelles [47]. 
Indeed, heme-induced lysosomal alkalization appeared to coincide with 
impaired autophagy in ECs (Fig. 7) as observed by the decrease in 
autophagy flux (Fig. 7) [48], which was rescued in the presence of 
A1AT. It should be noted that earlier findings on the effects of free heme 
and autophagy are contradictory. Heme has been shown to block 
autophagy flux in cardiomyocytes and to induce cytotoxicity [49]. On 
the other hand, heme has been shown to induce autophagy, which was 
then considered a protective mechanism in bovine aortic ECs [50]. 

Free heme concentrations in human plasma may range between 2 
and 5 μM, as determined with an antibody-based assay [51]. Thus, heme 
concentrations used in our study are relatively low (2.5 μM) as 
compared to those in previous reports (10 μM and higher). These latter 
differences may, at least in part, explain discrepancies between studies 
on the heme effects in autophagy. Similar to heme, A1AT has also been 
reported to play contrasting roles in the regulation of autophagy. 
Endogenous A1AT has previously been shown to act as a negative 
regulator of autophagy in cultured breast cancer cells [52]. By contrast, 
in human macrophages A1AT has been reported to enhance autophagy 
upon mycobacterial infection [53]. The mechanistic details on how 

Fig. 2. A1AT blocks heme-induced EC death. The viability of HUVECs treated with heme (2.5 μM) in the presence of A1AT (0.5 mg/ml), albumin (Alb) (0.5 mg/ml) 
or hemopexin (Hx) (0.5 mg/ml) for 18 h was assessed by (A) MTT assay and LDH assay (B). (C) The viablility of HUVECs stimulated with heme (2.5 μM) in the 
presence of z-VAD-fmk (50 μM), necrostatin-1 (nec-1) (50 μM), ferrostatin-1 (fer-1) (10 μM) or IM-54 (10 μM) was assessed by MTT assay (D) HUVECs treated for 12 
h were subjected to caspase 3/7 activity measurements as detailed in Materials and Methods. Staurosporine (0.75 μM), an inducer of apoptosis was used as a positive 
control. Results shown are means ± SEM of at least three independent experiments. One-way ANOVA with Tukey’s post-hoc analysis was performed for statistical 
analysis, ***p < 0.001. Alb, albumin; Hx, hemopexin. 
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A1AT corrects heme-induced autophagy needs to be explored further. 
The current results allow to conclude that A1AT interacts with 

various heme-dependent pro-oxidant and pro-inflammatory pathways 
that cause EC activation, death and impairment of autophagy all of 
which may not necessarily be linked with each other. It is conceivable 
that A1AT can prevent EC activation via inhibiting NF-κB signaling 
whereas EC death is blocked by reduction of mROS production, caspase 

activation and lysosomal alkalization. Although most recognized for its 
inhibitory role on neutrophil elastase and proteinase 3, A1AT also ex-
hibits a number of other anti-inflammatory and immunomodulatory 
cell-type specific functions [54]. For example, A1AT has been shown to 
inhibit caspase activity and to prevent EC death [55] which is in line 
with findings of the current report. Increased intracellular levels of 
A1AT in the presence of heme (Fig. 5) could be a protective mechanism 

Fig. 3. A1AT mediated protection against 
heme toxicity is independent of HO-1. (A–C) 
HUVECs were treated as indicated for 4 h. 
(A) Intracellular free heme was measured 
using an apo-HRP assay as detailed in Ma-
terials and Methods. (B) RNA isolated was 
analyzed by real-time RT-PCR for the 
expression of HO-1 and normalized to the 
expression of HPRT. (C) A representative 
Western blot of total cell lysates probed with 
antibodies against HO-1 and GAPDH (Top) 
and a bar graph that represents the mean of 
densitometric quantification normalized to 
GAPDH from three independent experiments 
is shown as fold change in relation to heme- 
induced HO-1 expression (bottom). (D) 
HUVECs were pretreated with SnMPIX (10 
μM) for 1 h before adding heme (2.5 μM) 
and A1AT (0.5 mg/ml), as indicated, for 
another 18 h. Cell viability was assessed by 
MTT assay. (E) A representative Western 
blot of total cell lysates probed with the 
antibodies against HO-1 and GAPDH iso-
lated from cells transfected with the indi-
cated siRNA for 48 h followed by 4 h of 
treatment with heme (2.5 μM) (Top) and a 
comparison of HO-1 densitometric quantifi-
cation in heme-treated control and HO-1 
siRNA transfected lanes is shown as a bar 
graph (Bottom). The values are normalized 
to GAPDH and represents the mean of at 
least three independent experiments (F) 
HUVECs transfected with the indicated siR-
NAs were treated with heme (2.5 μM) and 
A1AT (0.5 mg/ml) and subjected to MTT 
assays as described in Materials and 
Methods. Results shown are mean of at least 
three independent experiments. Student’s t- 
test or one-way ANOVA with Tukey’s post- 
hoc analysis was performed for statistical 
analyses, **p < 0.01, ***p < 0.001. Alb, 
albumin; Hx, hemopexin; Glob, γ-globulin.   
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that might be of particular relevance in pathophysiological situations, in 
which the heme-binding capacities of albumin and hemopexin are 
exhausted or high levels of free heme occur as a consequence of tissue 
damage by IRI or other pathophysiological conditions [9]. Recent 
studies have shown that A1AT has protective effects against renal IRI by 
inhibiting pathways of inflammation and apoptosis [56]. It is conceiv-
able that these effects of A1AT may be related to its free 
heme-neutralizing properties. 

Hence, we provide novel aspects of how the acute-phase protein 
A1AT, a recently identified HBP, can exert protection of ECs against the 
toxicity of extracellular free heme. Our findings expand knowledge on 
some as yet unknown functions of A1AT in pathophysiological settings, 
in which large amounts of free heme are released. The ability of A1AT to 
counter-act clinically relevant toxicity of free heme in the endothelium 
may help to develop novel therapeutic applications of A1AT for the 
treatment of disorders associated with hemolysis or tissue damage. 

4. Materials and methods 

4.1. Reagents 

A1AT was purchased from CSL Behring (Kankakee, IL, USA), human- 
serum albumin (HSA) from Octapharma (Lachen, Switzerland) and 

human hemopexin from Athens research and technology (Athens, GA, 
USA). Hemin and SnMPIX were obtained from Frontiers Scientific 
(Logan, UT, USA). IM-54 and Z-VAD-fmk were purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA). All other materials and reagents 
were obtained from Sigma-Aldrich (St. Louis, MO, USA) or Tocris 
Bioscience (Bristol, UK), unless otherwise indicated. 

4.2. Cell culture 

Human umbilical vein endothelial cells (HUVECs) (3 independent 
donors), human aortic endothelial cells (HAoECs), human pulmonary 
microvascular endothelial cells (HPMVECs) and human dermal micro-
vascular endothelial cells (HDMVECs) (2 independent donors, respec-
tively) were purchased from PromoCell (Heidelberg, Germany). HUVEC 
and HAoEC were cultivated in endothelial cell growth medium (Pro-
moCell) with supplements including 2%/5% heat-inactivated fetal calf 
serum, respectively and used in passages 4 to 7. HPMVEC and HDMVEC 
were cultivated in endothelial cell growth medium MV (PromoCell) with 
supplements and 5% heat-inactivated fetal calf serum and used in pas-
sages 4 to 7. Cells were maintained at 37 ◦C, 5% CO 2 and 100% hu-
midity until confluence. For the experiments, ECs were plated in 12 well 
plates at a seeding density of 1.5 × 10^5 cells/well or in 24 well plates at 
a seeding density of 8 × 10^4 cells/well. Except for immunofluorescence 

Fig. 4. A1AT blocks heme-induced mitochondrial ROS production. (A–B) HUVECs were treated with heme (2.5 μM) in the presence of A1AT (0.5 mg/ml), mito- 
TEMPO (75 μM), antimycin-A (4 μM), rotenone (1 μM), FCCP (1 μM) and oligomycin A (2 μM) for 3 h (A) or 18 h (B), as indicated. (A) A representative histo-
gram of mitochondrial ROS levels assessed by flow cytometry using MitoSox (left) and the percentage changes in relative mean fluorescence intensity (MFI) shown as 
a bar graph. (B) Cell viability was assessed by MTT assays. Values represent mean ± SEM of at least three independent experiments. One-way ANOVA with Tukey’s 
post-hoc analysis was performed for statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001. 
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studies, cells were used for the experiment when it reached a desired 
confluency of 75–80%. The final molar concentration of serum proteins 
A1AT, hemopexin and albumin used for experiments were 9.62 μM, 
8.47 μM and 7.52 μM respectively, corresponding to a concentration of 
0.5 mg/ml in either 1 ml of medium/well for 12 well plates or 0.5 ml/ 
well for 24 well plates. 

4.3. 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay 

MTT assay was performed as described previously [57]. Briefly, the 
medium was replaced with fresh serum free medium supplemented with 
MTT (0.5 mg/ml, Sigma-Aldrich, St. Louis, MO, USA) and incubated at 
37 ◦C for 2 h. The resulting formazan crystals were dissolved in DMSO 
and absorbance read at 570 nm using a spectrophotometer (Biotek). The 
cell viability was calculated by the following formula: A570 of treated 

Fig. 5. Heme-mediated up-take of extracellular 
A1AT in ECs. (A–B) HUVECs were treated for 4 h 
with heme (2.5 μM) and A1AT (0.5 mg/ml) as 
indicated. (A) A representative confocal microscopy 
image of cells stained with an antibody against 
A1AT is shown. Nuclei were stained with 4′,6-dia-
midin-2-phenylindol (DAPI, 1 μg/ml). (B) A repre-
sentative fluorescence microscopy image of 
HUVECs treated with heme (2.5 μM) in medium 
supplemented with native human plasma (10%) for 
4 h and stained with DAPI and an antibody against 
A1AT (Bar = 20 μm) is shown. (C) A representative 
fluorescence microscopy image of cells co-stained 
with LysoTracker Red, DAPI and an antibody 
against A1AT (Bar = 20 μm) is shown. Co- 
localization of A1AT and lysosomes were calcu-
lated using Image J (Pearson’s r value = 0.79 ±
0.075). All images are representatives of at least 
three independent experiments. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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cells/A570 of non-treated cells x 100. 

4.4. Lactate dehydrogenase (LDH) assay 

The amount of LDH released in the cell culture supernatant was 
determined using Cytotoxicity Detection Kit Plus (Roche, Basel, 
Switzerland) according to the manufacturer’s protocol. 

4.5. Western blot 

Western blotting was performed with primary antibodies against 
HO-1 (1:1,000, Enzo Life Sciences, Farmingdale, NY, USA), phospho- 
p65 (1:1,000, Cell Signaling Technology, Danvers, MA, USA), LC3B 
(1:1,000, Sigma-Aldrich, St. Louis, MO, USA), β-actin (1:5,000, Sigma- 
Aldrich) and secondary horse radish-conjugated goat anti-rabbit or 
rabbit anti-mouse (1:4,000, Agilent Dako, Santa Clara, CA, USA), as 
previously described. Signals were visualized by Clarity Western ECL 
Substrate (Bio-Rad, Hercules, CA, USA) and quantified with a ChemiDoc 
MP Imaging System (Bio-Rad). Images were processed using Corel Draw 
Graphic Suite ×5 Software (Corel Corporation, Ottawa, Canada). 

4.6. Analysis of mRNA expression 

RNA isolation was performed using an RNeasy mini kit (Qiagen 
GmbH, Hilden, Germany). Synthesis of cDNA was performed by 
employing High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Carlsbad, CA, USA). Inventoried primers for quantification 
of mRNA levels of VCAM-1, ICAM-1, IL-8, HO-1 and hypoxanthine 
phosphoribosyltransferase 1 (HPRT) were purchased from Applied 
Biosystems. Amplification was performed with TaqMan Gene Expression 
Master Mix on a StepOnePlus™ Real-Time PCR System (Applied Bio-
systems, Carlsbad, CA, USA). Thermal cycling was performed at 95 ◦C 
for 10 min followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for 1 min. 
HPRT was used as a control for normalization of cDNA values. The 
ΔΔCT method was used to semi-quantify mRNA levels. 

4.7. Immunofluorescence 

Cells plated on coverslips in 24-well plates were subjected to an in-
direct immunofluorescence staining protocol as previously described 
[58]. Briefly, at the end of the experiment cells were washed with PBS 
and fixed using 4% paraformaldehyde and 2% saccharose for 20 min, 
following permeabilization using 1% glycine containing 0.02% Triton 

Fig. 6. Heme-induced lysosomal alkalization is reduced by A1AT. (A–E) HUVECs were treated with heme (2.5 μM) in the presence A1AT (0.5 mg/ml) or con-
canamycin (0.1 μM) as indicated for 4 h. (A) A representative fluorescence image of acridine orange (AO) staining as mentioned in Materials and Methods (Bar = 100 
μm) is shown. (B) Relative changes in AO staining of ECs as determined by flow cytometry are shown in % of MFI. (C) A representative dot plot of ECs stained with 
LysoSensor Green assessed by flow cytometry (left) and relative changes (% of MFI) (right) are shown. (D) HUVECs were pretreated with forskolin (10 μM) for 1 h 
before addition of heme for another 4 h (2.5 μM), as indicated. Cells were stained with lysosensor and analyzed by flow cytometry. (E) HUVECs were pre-treated with 
forskolin (10 μM) for 1 h before stimulation with heme (2.5 μM) for an additional 18 h. Cell viability was assessed by MTT assays. Values represent mean ± SEM of at 
least three independent experiments. One-way ANOVA with Tukey’s post-hoc analysis was performed for statistical analyses, *p < 0.05, **p < 0.01, ***p < 0.001. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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X-100 for an additional 10 min. Next, cells were washed using PBS 
containing 0.05% Tween. Non-specific binding sites were blocked with 
1% bovine serum albumin prepared in washing buffer for 30 min at 
room temperature. The primary antibody against A1AT was incubated 
overnight at 4 ◦C followed by incubation with an Alexa Fluor 488-con-
jugated secondary antibody at 1:500 dilution (Invitrogen). Nuclei 
were visualized with 1 μM Hoechst 33,342 for 5 min at RT embedded in 
Mowiol 4–88. All samples were inspected with an Olympus IX81 mi-
croscope equipped with a DR4 camera. Digital pictures were processed 
with image J software. For confocal microscopy images were acquired 
using confocal laser microscope Olympus FluorView 1000 equipped 
with a 60× oil immersion objective in sequential mode. 

4.8. Apo-horseradish peroxidase (HRP) assay to determine intracellular 
heme levels 

Intracellular levels of free heme were determined with a method 
based on the reconstitution of apo-HRP as described previously [59]. 
The assay works on the principle that amount of free transferable heme 
is directly proportional to the amount of active form of HRP (holo-HRP) 
formed when an inactive form (non-heme containing or apo-HRP) is 
supplied. A heme standard was used to determine the concentration of 
heme in the cell lysates based on the holo-HRP activity. 2–40 μL of 
protein cell lysates from each sample were added to the required amount 

of HBSS to get an initial volume of 50 μL. From a 10 nM heme stock 
solution, a heme standard curve with concentrations of 0.25, 0.5, 1, 1.5, 
2.0 and 2.5 nM for a reaction volume of 100 μL was calculated and 
prepared initially in 50 μL. Next, 50 μL of 750 nM apo-HRP 
(APO-HRP4C; BBI Solution, Gwent, UK), was added to all the samples 
and standards. The reconstitution reaction was carried out in a 96-well 
plate for 10 min at 4 ◦C. Following incubation, 5 μL of each reaction was 
transferred to a new 96-well plate. The holo-HRP activity of the samples 
and standards were recorded by adding 200 μl of TMB substrate 
(KEM-EN-TEC Diagnostics, Copenhagen, Denmark) and measuring the 
absorbance at 652 nm kinetically on a BioTek Synergy 2 (Agilent Bio-
Tek, Winooski, VT, USA) plate reader until the absorbance of the highest 
standard was between 1.5 and 1.8. Unknown labile heme concentrations 
in the cell lysate were calculated from the linear regression analysis of 
the heme standard curve and normalized to protein concentrations in 
cell lysates. The final free heme values are expressed as pmoles/mg 
protein. 

4.9. Caspase 3/7 activity assay 

Caspase 3/7 activity assay kit (Promega, Madison, WI, USA) was 
used according to the manufacturer’s protocol. 

Fig. 7. A1AT corrects heme-induced autophagy dysfunction. (A–C) HUVECs were treated with heme (2.5 μM) in the presence of A1AT (0.5 mg/ml) and chloroquine 
(0.1 mM), rapamycin (500 nM) for 8 h, as indicated. (A–B) Representative Western blots of total cell lysates using antibodies against LC3BI/II, p62 and β-actin. (C) A 
representative image of cyto-ID staining (bar = 20 μm) is shown. (D–E) HUVECs pretreated with the lysosomal inhibitors bafilomycin A (25 nM), concanamycin A 
(0.1 μM) or the autophagy inhibitors wortmannin (1 μM), MRT68921 (1 μM) for 1 h before heme treatment for another 18 h. Cell viability was determined with MTT 
and LDH assays, respectively. Values represent mean ± SEM of at least three independent experiment). One-way ANOVA with Tukey’s post-hoc analysis was per-
formed for statistical analyses, *p < 0.05, **p < 0.01, ***p < 0.001. 
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4.10. Mitochondrial ROS (mROS) production 

HUVECs (0.75 × 105 cells/well) were plated in 24-well plates and 
allowed to rest overnight. The following day medium was replaced with 
serum free medium and cells were stimulated for 3 h with different re-
agents as detailed in the respective Figure Legends. The medium was 
replaced with a fresh serum free medium containing 5 μM of Mitosox 
(Thermo Fisher Scientific, Inc. Waltham, MA, USA) and incubated for 
10 min followed by FACS analysis. 

4.11. Autophagy flux measurement 

To calculate the autophagy flux the densitometry values of LC3BII 
was determined and respective fold induction in relation to the band in 
control unstimulated cells were calculated. The autophagy flux was 
determined by subtracting the fold induction values of chloroquine 
treatment and the respective treatment without chloroquine. 

4.12. CytoID staining 

HUVECs (1 × 105 cells/well) plated on coverslips in a 24 well plate 
were treated with heme in the presence or absence of A1AT for 6 h 
followed by CytoID staining (CYTO-ID® Autophagy detection kit, Enzo 
Life Sciences, Farmingdale, NY, USA) according to the manufacturer’s 
protocol. Pictures were taken using an Olympus IX81 microscope 
equipped with a DR4 camera. Digital pictures were processed with 
image J software. 

4.13. Lysosomal parameters (acridine orange (AO), LysoTracker red and 
LysoSensor green) 

HUVECs (0.75 × 105 cells/well) were cultured in 24-well plates and 
allowed to rest overnight. At the end of the experiment, the medium was 
replaced with fresh serum free medium containing AO (2 μM), Lyso-
Tracker Red (50 nM, Life Technologies, Carlsbad, CA, USA) or Lyso-
Sensor Green (1 μM, Life Technologies) and incubated for further 20 
min. Cells were analyzed by flow cytometry or by fluorescence micro-
scopy as described previously [60]. For co-localization experiments, 
LysoTracker Red staining was performed before fixing the cells. 

4.14. Knockdown experiments 

HUVECs were transfected in 12-well plates with 75 nM of HO-1 small 
interfering RNA (siRNA) (ID:s194530) from Thermo Fischer Scientific, 
and control siRNA (Pre-designed validated AllStars Negative Control 
siRNA, Qiagen, Venlo, Netherlands) using ScreenFect A-plus trans-
fection reagent (Incella, Eggenstein-Leopoldshafen, Germany) according 
to the manufacturer’s instructions. The knockdown was verified by 
Western blot analyses after 48 h of transfection. 

4.15. Flow cytometry analysis 

Flow cytometry analysis was performed on a FACS Canto II flow 
cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) 
and quantification was performed using FACS Diva software. 

4.16. Statistical analyses 

All statistical data analysis was performed using One-way ANOVA 
with Post Tukey’s test or Student’s t-test as indicated in the figure leg-
ends using GraphPad Prism Version 8 (GraphPad Prism Software Inc.). 
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