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Supplementary tables
Supplementary table S1. Overview of side effects observed after heme injection.
Observed side effect Organism Compound Solvent Dose Injection Effect Reference
Ecchymosis, hemorrhage Guinea pig, rabbit ~ Hematin, hemin  0.85% salt 30 - 54 mg/kg intraperitoneal, ‘ Brown 1911
solution subcutaneous, [1]
intravenous
Hemorrhage Cat, dog Hematin 0.85% NaCl + 2% 3.5-9mg/kg intraperitoneal, ‘ Brown &
Na2COs alkaline visceral Loevenhart
solution 1913 [2]
Hemorrhagic kidney Rabbit Hematin 0.85% NaCl + 2% 25 mg/kg intravenous ‘ Brown 1913
injury, hemorrhage, anemia Na2CO:s alkaline [3]
solution
Hemorrhage, hyaline Rabbit Hematin 0.85% NaCl + 2% 10 - 25 mg/kg intravenous ‘@ Brown 1913
thrombi, emboli, vaso- Na2COs alkaline [4]
occlusion, vascular injury, solution
infarcts
Hemorrhages, thromboses, Dog Hematin disodium buffer, N/A (intravenous), 200 intravenous, ‘@ Anderson et
infarctions pH?7.6 mg (intraperitoneal, 3 x  intraperitoneal, al. 1942 [5]

weekly), 20 mg subcutaneous
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Inhibition of clotting
mechanism

Massive hemorrhagic
bleeding, bleeding out of
every body orifice
Thrombophlebitis

Internal bleeding, bleeding
into small intestine and
petechiae of liver, lungs,
adrenals, hemorrhage,
subcutaneous hematomas
Chemical phlebitis

Thrombophlebitis
Phlebitis

Bile thrombi

Occasional
thrombophlebitis

Dog

Rat

Human (hepatic
porphyria patients)

Rat

Human (AIP
patients)
Human (AIP
patient)

Human (AIP
patients)
Human
(Protoporphyria
patients)

Human (AIP and
variegate
porphyria patients)

Hematin

Hematin

Hematin

Hemin

Hematin
Hematin
Hematin

Hematin

Heme arginate
(Normosang®)

physiological
saline, sodium
salt solution
isotonic Na2COs
solution

0.25% Na2COs,
pH 8.0; diluted
in physiologic
saline

1% Na2COs

saline solution
N/A
1% Na2COs

0.25% Na2COs,
pH 8.0; diluted
in physiologic

saline

N/A

(subcutaneous, 5 x in a
period of 1-2 weeks)
14.5 - 32.6 mg/kg

100 - 180 mg/kg

1.2 - 6 mg/kg (applied
as 4.3 - 108 mg/1, daily)

40 - 60 mg/kg

1.8 - 3.7 mg/kg (applied
as 2 mg/ml, daily)
196 mg, every 12 hours

4 mg/kg (every 12
hours or daily)
3-4mg/kg

2 - 3 mg/kg (applied as
25 mg/ml, repetitive)

intravenous

intravenous

intravenous

intravenous

intravenous

intravenous

intravenous

intravenous

intravenous

&ee e

@

Corcoran &
Page 1945
(6]

Gessler et al.
1966 [7]

Dhar et al.
1975 [8]

Lips et al.
1978 [9]

Lamon et al.
1979 [10]
Morris et al.
1981 [11]
McColl et al.
1981 [12]
Bloomer &
Pierach 1982
(13]

Mustajoki et
al. 1986 [14]
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Occasional bleedings

Thrombophlebitis

Thrombophlebitis, fibrotic
events, vaso-occlusion

Phlebitis
Occasional
thrombophlebitis

Coagulopathy, hematoma

Thrombotic complications

Thrombosis

Human
(myelodysplastic

syndrome patients)

Rabbit

Human (healthy)

Human (AIP
patients)
Human (AIP
patients)
Human (AIP
patient)
Human (acute

porphyria patients)

Human (acute

porphyria patients)

Heme arginate
(Normosang®)

Hematin
(Panhematin®)

Hematin
(Panhematin®)

Heme arginate
(Normosang®)
Heme arginate
(Normosang®)
Hematin

(Panhematin®)
Hematin

(Panhematin®)

Heme arginate
(Normosang®)

0.9% saline

solution

aqueous solution
with 40% 1,2-
propanediol and
10% ethanol

0.05 M Naz2CO;,
0.04 M sorbitol

0.9% NaCl

physiological
saline

0.05 M Na2COs,
0.04 M sorbitol
0.05 M Na2COs,
0.04 M sorbitol

N/A

2 - 3 mg/kg (applied as
25 mg/ml, repetitive)

5 mg/kg (applied as 25
mg/ml, repetitive)

4 mg/kg

3 mg/kg
3 mg/kg (Finland), 250
mg (France)
4 mg/kg
<2->6mg/kg

3 mg/kg (applied as 25
mg/ml, repetitive)

intravenous

intravenous

intravenous

intravenous

intravenous

intravenous

intravenous

intravenous

&

@88 @

@

Ruutu et al.
1987 [15]

Tenhunen et
al. 1987 [16]

Simionatto
et al. 1988
[17]

Herrick et al.
1989 [18]
Mustajoki et
al. 1993 [19]
Gajra et al.
2000 [20]
Anderson &
Collins 2006
[21]
Marsden et
al. 2015 [22]

¢ = Evidence for a tendency to an anticoagulant effect of heme and its formulations. = Evidence for a tendency to a procoagulant effect of heme and its formulations.
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Supplementary table S2. Overview of heme effects on bleeding and clotting times.

Parameter Organism Compound Solvent Dose  Injection Setting Baseline Monitored Change Effect Reference
[s] time [s]
aPTT Human Hematin N/A 196 mg, intravenous Case 25-41 > 60a >x1.5 ‘ Morris et
(AIP every 12 report al. 1981
patient) hours [11]
aPTT Human Hematin N/A 4 intravenous Case 37.5 >1500 >x4.0 ‘ Glueck et
(AIP mg/kg, report al. 1983
patient) every 12 [23]
hours
aPTT Human Hematin N/A 4 mg/kg intravenous in vivo ~30 ~100¢ ~x3.3 ‘ Glueck et
(AIP al. 1983
patient) [23]
(a)PTT Human Hematin 0.1 NNaOH, 3nmol -(plasma in vitro 461 323 ~30% | @ Becker et
diluted in sample) al. 1985
PBS [24]
aPTT Human Hematin 1 N NaOH, 60 - (plasma in vitro 3740 409(0h)- <x29(aged /‘ Jones 1986
diluted in pg/ml  sample) h)-35.8 103.1(50d) hematin [25]
potassium (50 d) exclusively)
phosphat
buffer (pH
7.5)
aPTT Human Hematin 1 N sodium 60 - (plasma in vitro 374 (0 39.8(0h)- <x4.6(aged /‘ Jones 1986
carbonate pg/ml  sample) h)-35.8 183.0(50d) hematin [25]
(pH 7.5)) (50 d) exclusively)
aPTT Human Hematin water 78 - (plasma in vitro N/A N/A x1.4 ‘ Jones 1986
(Panhematin®) pug/ml  sample) [25]
aPTT Rat Hematin 1 N sodium 12 intravenous in vivo 17.3 N/A ~x1.8 (3 ‘ Jones 1986
carbonate mg/kg min after [25]
(pH 7.5)) injection)
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aPTT

aPTT

aPTT

aPTT

aPTT

aPTT

aPTT

aPTT

Human

Human

Human

Human

Human
(AIP
patients)
Human
(AIP
patient)

Human
(AIP
patient)
Rat

Heme arginate
(Normosang®)

Heme arginate
(Normosang®)

Hematin
(Panhematin®)

Hematin
(Panhematin®)

Heme arginate
(Normosang®)

Hematin
(Panhematin®)

Hematin
(Panhematin®)

Albumin-heme
50g/l&3
mM,
respectively)

aqueous
solution +
40% 1,2-
propanediol
+10%
ethanol
physiological
saline

0.05 M
Na2COs, 0.04
M sorbitol
0.05 M
Naz2C0s, 0.04
M sorbitol
0.9% NaCl

0.06 M
Na2COs, 0.04
M sorbitol

0.05 M
Na2COs, 0.04
M sorbitol
0.9% Nad(l,
pH74

3 mg/kg

3 mg/kg
4 mg/kg
70
pg/ml

3 mg/kg

4 mg/kg

4 mg/kg

10 - 44%

intravenous

intravenous

intravenous

- (plasma

sample)

intravenous

intravenous

intravenous

- (whole blood
sample)

in vivo

in vivo

in vivo

in vitro

in vivo

Case
report

Case
report

in vitro

~34.5 ~34.3de
~35.0 ~33.0 - 36.0f
N/A N/A
N/A N/A
N/A N/A
27 28 (1 hour
after 1st
injection),
33 (1 hour
after 2nd
injection,
day 4)
35.6 58.3
~30.0 ~30.0

No -
significant
change

No -
significant
change

~x1.2 ‘
~x1.3 ‘

No -
significant
change
If, only -
very slight
change
after 2nd
injection

~x1.6 ‘

No -
significant
change

Tenhunen
et al. 1987
[16]

Volin et al.
1988 [26]

Simionatto
et al. 1988
[17]
Simionatto
et al. 1988
[17]
Herrick et
al. 1989
[18]

Green &
Ts’ao 1990
[27]

Gajra et al.
2000 [20]

Huang et
al. 2003
(28]
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aPTT

aPTT

aPTT

aPTT

aPTT

Bleeding
time (Duke)

Clotting
time

Clotting
time

Clot
formation
time

Rat
Mouse
(CLP)

Mouse
(CLP)

Human

Human

Rabbit

Rat

Human

Human

Coagulation Rabbit

time

Hemin

Hemin

Hemin

Hemin

Hemin +
albumin (0.1%)

Hematin

Hemin

Hemin

Hemin

Hematin

<0.5%
DMSO

DMSO,
diluted in
PBS
DMSO,
diluted in
PBS
0.03M
NaOH,
diluted in
DPBS
0.03M
NaOH,
diluted in
DPBS
0.85% NaCl +
2% Na2COs
alkaline
solution
<0.05%
DMSO

0.1 M NaOH,
adjusted to
pH74

0.1 M NaOH,
adjusted to
pH74

0.85% NaCl +
2% NaxCOs3

50
mg/kg

50
pmol/kg

50
pumol/kg

1-100

1-100
uM

25
mg/kg

50
mg/kg
30 uM

30 uM

25
mg/kg

intraperitoneal

intraperitoneal

intraperitoneal

- (plasma
sample)

- (plasma
sample)

intravenous

intraperitoneal

- (whole
blood)

- (whole
blood)

intravenous

in vivo

in vivo

in vivo

in vitro

in vitro

in vivo

in vivo

ex vivo

ex vivo

in vivo

~16.9

~19.0

~31.3

~32.0

n.d.

~600

~500

~200

~17.8

~22.0

~15.6

~36.7 (1
uM) —41.4
(100 uM)
~329(1
uM) - 33.7
(100 uM)

> 7200

~2400

~400

~150

17

No
significant
change
~x1.2

~x1.7

No
significant
change
No
significant

change

n.d.

~x4.0

~20% |

~25% |

~x1.8

o © & o

Desbuards
et al. 2007
[29]

Fei et al.
2012 [30]

Hassaan et
al. 2015
[31]

Hopp et
al. 2020
[32]

Hopp et
al. 2020
[32]

Brown
1913 [3]

Rochefort
et al. 2007
[33]

De Souza
et al. 2017
[34]

De Souza
et al. 2017
[34]
Brown
1913 [3]
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ECLT
Ethanol

gelation

Ethanol
gelation
FT

PT

PT

PT

PT

Human

Human

Human

Human
(AIP
patient)
Human
(AIP
patient)
Human
(AIP
patient)

Human
(Acute
porphyria
patient)
Human

Hematin
Heme arginate

(Normosang®)

Heme arginate
(Normosang®)

Hematin
(Panhematin®)

Hematin

Hematin

Hematin

Hematin

alkaline
solution

0.1 N NaOH,
diluted in
PBS

aqueous
solution +
40% 1,2-
propanediol
+10%
ethanol
Physiological
saline

0.05 M
Na2COs, 0.04
M sorbitol
N/A

N/A

N/A

1 N NaOH,
diluted in
potassium
phosphat

3 nmol

3 mg/kg

3 mg/kg

4 mg/kg

196 mg,
every 12
hours
4
mg/kg,
every 12
hours
4 mg/kg

60
Hg/ml

- (plasma
sample)

intravenous

intravenous

intravenous

intravenous

intravenous

intravenous

- (plasma
sample)

in vitro

in vivo

in vivo
Case
report

Case
report

Case

report

in vivo

in vitro

> 10800

negative

negative

15.5

13.2

11.7

13.0 0
h) - 12.0
(50 d)

2400

negativede

negativef

18.9

20.22

18.3v

~10¢

13.6 (0 h) -
16.4 (50 d)

~78% |

No
significant
change

No
significant
change
~x1.2

~x1.5

~x1.6

~x2.5

<x1.4 (aged
hematin
exclusively)

3

Becker et
al. 1985
[24]
Tenhunen
et al. 1987
[16]

Volin et al.
1988 [26]

Gajra et al.
2000 [20]

Morris et
al. 1981
[11]
Glueck et
al. 1983
[23]

Glueck et
al. 1983
[23]

Jones 1986
[25]
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PT

PT

PT

PT

PT

PT

PT

Human

Human

Human

Human

Human

Human

Human
(AIP
patient)

Hematin
Hematin
(fresh)

Hematin (50 h
aged, 21°C)

Heme arginate
(Normosang®)

Heme arginate
(Normosang®)

Hematin
(Panhematin®)

Hematin
(Panhematin®)

buffer (pH
7.5)

1 N sodium
carbonate
(PH7.5)

1 M Na2COs,
pH8.0

1 M NaxCOs,
pH 8.0

Aqueous
solution +
40% 1,2-
propanediol
+10%
ethanol
Physiological
saline

0.05 M
Naz2C0s, 0.04
M sorbitol
0.05 M
Na2COs, 0.04
M sorbitol

60
pg/ml
40 mg/1

40 mg/1

3 mg/kg

3 mg/kg

4 mg/kg

4 mg/kg

- (plasma
sample)

- (plasma
sample)

- (plasma
sample)

intravenous

intravenous

intravenous

intravenous

in vitro

in vitro

in vitro

in vivo

in vivo

in vivo

Case
report

1300 128(0h)-
h)-12.0 16.1(50d)
(50 d)
~13.7 ~13.3
~13.7 ~16.3
~17.0 ~17.34,
~17.2¢
~18.0 ~18.0 - 19.0f
N/A N/A
12 12 (1 hour
after 1st
injection),
15 (1 hour
after 2nd
injection,

day 4)

<x1.3 (aged
hematin
exclusively)
No
significant
change
~x1.2

No
significant
change

No
significant
change
~x1.2

If, only
very slight
change
after 2nd
injection

Jones 1986
[25]

Goetsch &
Bissell
1986 [35]
Goetsch &
Bissell
1986 [35]
Tenhunen
et al. 1987
[16]

Volin et al.
1988 [26]

Simionatto
et al. 1988
[17]

Green &
Ts’ao 1990
[27]
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PT

PT

PT

PT

RT

RT

TT

1T

1T

TT

Rat

Rat

Mouse
(CLP)

Mouse
(CLP)

Human
(Acute
porphyria
patient)
Human
(Acute
porphyria
patient)
Human

Human
Human

Human

Albumin-heme
50g/l&3
mM,
respectively)
Hemin

Hemin

Hemin

Hematin

Hematin

Lithium
ferriheme

Lithium
ferriheme
Lithium
ferriheme
Lithium
ferriheme

0.9% NaCl,

pH74
<0.5%
DMSO
DMSO,
diluted in
PBS
DMSO,
diluted in

PBS
N/A

N/A

N/A

N/A
N/A

N/A

10 - 44%
(0.28 -
1.2 mM)

50
mg/kg

50
umol/kg

50
pmol/kg

4 mg/kg

0.1
mg/ml

100 mg.
%

20 mg.
%
40 mg.
%
60 mg.
%

- (whole
blood)

intraperitoneal

intraperitoneal

intraperitoneal

intravenous

- (plasma
sample)

- (plasma
sample)

- (plasma
sample)
- (plasma
sample)
- (plasma
sample)

in vitro

in vivo

in vivo

in vivo

in vivo

in vitro

in vitro

in vitro

in vitro

in vitro

~20.0

~19.3

~13.6

~20

25

~20.0

~20.0

~11.0

~18.6

~3(0¢

50

N/A

10

35

No
significant
change

No
significant
change
~x1.2

~x1.4

~x1.5

~x2.0

No
significant
change
~x3.3

~x11.7
Complete

clotting
prevention

Huang et
al. 2003
(28]

Desbuards
et al. 2007
[29]

Fei et al.
2012 [30]

Hassaan et
al. 2015
[31]
Glueck et
al. 1983
[23]

Glueck et
al. 1983
[23]

Barnard
1947 [36]

Barnard
1947 [36]
Barnard
1947 [36]
Barnard
1947 [36]
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1T

TT

1T

TT

TT

1T

1T

TT

Human
(Acute
porphyria
patient)
Human
(Acute
porphyria
patient)
Human
(Acute
porphyria
patient)
Human

Human

Human

Rat

Human

Hematin

Hematin

Hematin

Hematin

Hematin

Hematin

Hematin

Heme arginate
(Normosang®)

N/A

N/A

N/A

0.25%
Na2COs;
diluted in
barbital
buffer pH 7.4
1 N NaOH,
diluted in
potassium
phosphat
buffer (pH
7.5)

1 N sodium
carbonate
(PH7.5))

1 N sodium
carbonate
(PH7.5))
Aqueous
solution +
40% 1,2-

4
mg/kg,
every 12
hours
4 mg/kg

0.01-0.03
mg/ml

0.01
mg/ml

60
pg/ml

60
pg/ml

12
mg/kg

3 mg/kg

intravenous

intravenous

- (plasma
sample)

- (plasma
sample)

- (plasma
sample)

- (plasma
sample)

intravenous

intravenous

Case

report

in vivo

in vitro

in vitro

in vitro

in vitro

in vivo

in vivo

N/A

~15

13.0 0
h) - 12.0
(50 d)

13.0 (0
h) - 12.0
(50 d)
14.0

~18.7

N/A

~25¢

~20 ->60

13.8 (0 h) -
27.8 (50 d)

129 (O h) -
25.9 (50 d)

N/A

~18.9de

No
significant
changeb

~x2.5

~x1.3->4.0

~x3.5

<x2.3 (aged
hematin
exclusively)

<x2.2 (aged
hematin
exclusively)
~x1.6 (3
min after
injection)
No
significant
change

Glueck et
al. 1983
[23]

Glueck et
al. 1983
[23]

Glueck et
al. 1983
[23]

Green et
al. 1983
[37]

Jones 1986
[25]

Jones 1986
[25]

Jones 1986
[25]

Tenhunen
et al. 1987
[16]
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propanediol
+10%
ethanol
TT Human Heme arginate  Physiological 3 mg/kg intravenous in vivo ~19.0 19.0f No - Volin et al.
(Normosang®) saline significant 1988 [26]
change
TT Human Hematin 0.05 M 4 mg/kg intravenous in vivo N/A N/A ~x1.1 ‘ Simionatto
(Panhematin®) Na2COs, 0.04 et al. 1988
M sorbitol [17]
TT Human Hematin 0.05M 4 mg/kg intravenous Case 17 19 1 hour No change - Green &
(AIP (Panhematin®) Na2COs, 0.04 report after 1st Ts’ao 1990
patient) M sorbitol injection), [27]
17 (1 hour
after 2nd
injection,
day 4)
TT Human Hematin 0.06 M 4 mg/kg intravenous Case 18.9 25.6 ~x1.4 ‘ Gajra et al.
(AIP (Panhematin®) Na2COs, 0.04 report 2000 [20]
patient) M sorbitol

111 h after first injection. 2 7 h after 4% injection. 3 10 min after injection. ¢ 15 min after hematin infusion. ¢ 4 h after infusion. f = 15 min to 24 h after administration. é = Evidence for a
tendency to an anticoagulant effect of heme and its formulations. ECLT = Euglobulin clot lysis time; PTT = partial thromboplastin time.

Supplementary table S3. Overview of the impact of heme intoxication on cells participating in blood coagulation.

Cell type Organism Compound Solvent Dose Injection Setting Observation Effect Reference

Platelet Rabbit Hematin 0.85% NaCl + 25mg/kg  intravenous  in vivo Platelet count | (70% |, 1 hour after ‘ Brown
2% Na20s injection) 1913 [3]
alkaline

solution
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Platelet

Platelet

Platelet

Platelet

Platelet

Platelet

Platelet

Platelet

Human
(AIP
patient)

Human
(AIP

patient)
Human
(AIP

patient)
Human

Human

Human

Hematin

Heme

Hemin

Hematin

Hematin

Hematin

Hematin

Hematin

N/A

25% pyridine
(pH 12.6),
diluted with
30% pyridine
(pH 12.2)
N/A

N/A

N/A

N/A

0.25%
Na2COs (pH
7.4), diluted
with isotonic
saline

0.25%
Na:COs (pH
7.4), diluted
with isotonic
saline

196 mg,
every 12
hours
0.15-770
mM

N/A

4 mg/kg,
every 12
hours
4 mg/kg

0.1 mg/ml
(£ 158 uM)

2-5 ug/ml
(232-79
uM)

5-10 pg/ml
(279-15.8
HM)

intravenous

intravenous

intravenous

- (platelet-
rich plasma
sample)

- (washed
platelets)

- (washed
platelets)

Case
report

in vitro

in vitro

Case

report

in vivo

in vitro

in vitro

in vitro

Platelet count | (~57% |, 12 hours after
injection)

Heme reduction by epinephrine
essential for platelet activation

Enhancement of ADP- and
epinephrine-dependent platelet
aggregation, hemin-binding to
platelet membrane and granula
membrane of platelets

Platelet count | (~12% |, 7 hours after
4™ injection), thrombocytopenia

Platelet count | (~41% |, 10 minutes
after injection)

Platelet aggregation 1, Serotonin
secretion 1, ATP secretion 1

Platelet aggregation 1

Thromboxane A2 generation 1 (~ 92.7
- 187.3 ng per billion platelets; dose-
dependent)

Morris et
al. 1981
[11]
Peterson
et al. 1982
[38]

Malik et
al. 1983
[39]

Glueck et
al. 1983
(23]
Glueck et
al. 1983
(23]
Glueck et
al. 1983
(23]
Neely et
al. 1984
[40]

Neely et
al. 1984
[40]
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Platelet

Platelet

Platelet

Platelet

Platelet

Platelet

Platelet

Human

Human
(myelody
splastic
syndrome
patients)

Human
(AIP
patients)

Human
(AIP
patient)

Human
(AIP
patient)
Rat

Mouse
(wild-
type &
HO-1 KO)

Hematin

Heme
arginate
(Normosan
5®)

Heme
arginate
(Normosan
g®)
Hematin
(Panhemati
n®)

Hematin
(Panhemati
n®)
Albumin-
heme (50
g/1&3
mM,
respectivel
y)

Hemin

0.25%
Na2COs (pH
7.4), diluted
with isotonic
saline

0.9% saline

solution

0.9% NaCl

0.05M
Na2COs, 0.04
M sorbitol

0.05M
Naz2C0s, 0.04
M sorbitol
0.9% Nad(l,
pH7.4

Phosphate-
buffered
saline

2 ug/ml (=
3.2 uM)

2-3mg/kg
(applied as
25 mg/ml,
repetitive)

3 mg/kg

4 mg/kg

4 mg/kg

10 - 44% (&
0.28-1.2
mM)

15 - 40
mg/kg,
twice daily

- (washed
platelets)

intravenous

intravenous

intravenous

intravenous

- (whole
blood)

intraperitone
al

in vitro

Case
reports

Case

reports

Case
report

Case

report

in vitro

in vivo

ATP release | (slightly)

Platelet count 1 (~ 2.2 - >8-fold after
several weeks)

Platelet count 1 (~ 1.2-fold after
several weeks)

Platelet count 1 (e.g., ~ 1.2-fold, 24
hours after treatment), platelet
aggregation |, Platelet ATP content
1, platelet ADP content |

Platelet count | (44% |)

No change of total number

Platelet cGMP level 1, accelerated
platelet-rich thrombi formation in
HO-1 knockout mice after induction

@,

Neely et
al. 1984
[40]

Ruutu et
al. 1987
(151,
Volin et
al. 1988
[41]
Herrick et
al. 1989
(18]

Green &
Ts’ao
1990 [27]

Gajra et
al. 2000
[20]
Huang et
al. 2003
(28]

Peng et
al. 2004
[42]
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Platelet

Platelet

Platelet

Platelet

Platelet

Rat

Human

Mouse

Human

Human

Hemin

Albumin-
heme (50
g/1&3
mM,
respectivel
y)

Hemin

Hemin

Hemin

<0.5% DMSO

0.9% Nadl,
pH 7.4

N/A

N/A

N/A

50 mg/kg

10 - 40% (&

0.28-1.1
mM)

1 mM

0-25uM

0-25 uM

intraperitone
al

- (whole
blood)

- (mouse
aorta)

- (platelets)

- (platelets)

in vivo

in vitro

ex vivo

in vitro

in vitro

by FeCls, no thrombosis promotion
by heme without FeCls pretreatment
Significant increase of platelet count
(~1.4-fold)

No change of ADP-stimulated
platelet activation

Platelet aggregation as a
consequence of endothelial
denudation 1

Ferroptosis 1, platelet activation 1, P-
selectin translocation 1,
reorganization of actin filaments 1,
lipid peroxidation 1, cell viability 1,
LDH release 1, HO-1 expression 1,
cytosolic iron 1, GSH/GSSG ratio |, y-
glutamyltransferase level 1
Activation of platelets 1, Cell
viability |, LDH release 1, P-selectin
level 1, filopodia-like structure of
platelets (10 uM hemin), ROS
generation 1, mitochondrial
cardiolipin oxidation 1,
mitochondrial membrane potential |,
anti-apoptotic Bcl-2 level |, apoptotic
Bcl-2 level 1, GSH/GSSG ratio |,
NLRP-3 activation 1, prevention by
melatonin

Desbuard
setal.
2007 [29]
Komatsu
et al. 2007
[43]

Woollard
et al. 2009
[44]
NaveenK
umar et
al. 2018
[45]

NaveenK
umar et
al. 2019
[46]
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Platelet Mouse
Platelet Human
Platelet Mouse

Endothelial Bovine
cell

Endothelial
cell

Bovine

Hemin

Hemin

Hemin

Hematin

Hematin

N/A

N/A

N/A

0.25%
NaCOs (pH
7.4), diluted
with isotonic
saline or 50
mM HEPES
buffer

0.25%
Na2COs (pH
7.4), diluted
with isotonic
saline or 50
mM HEPES
buffer

50 umol/kg  N/A

0.75 - 50 - (platelets)
uM

1.56 - 50 - (platelets)
uM

2-40 ug/ml - (BAECs)
(23.2-63.1
HM)

100 pg/ml
(2 158 uM)

- (BAECs)

in vivo

in vitro

in vitro

in vitro

in vitro

Platelet number |, soluble P-selectin
level 1, prevention by melatonin

Rapid platelet aggregation (2 - 12
uM), slower/reduced platelet
aggregation (25 uM), P-selectin
expression 1, GPIIblIla activation 1,
phosphatidylserine exposure on
platelets (= 25 uM), phosphorylation
of Syk and PLCy2 1, CLEC2-
mediated platelet activation,
independent from oxidative stress
Platelet aggregation 1, CLEC2-
mediated platelet activation

Reversible morphologic changes of
BAECs (bulging, exposed areas,
surface vesiculation, cell retraction),
no significant change in cell
detachment

Cell detachment 1 (from ~7.9 to
~13.0%)

NaveenK
umar et
al. 2019
[46]
Bourne et
al. 2020
[47]

Bourne et
al. 2020
[47]

Neely et
al. 1984
(48]

Neely et
al. 1984
(48]
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Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

Bovine

Pig

Pig

Mouse

Bovine

Mouse
(NY1DD)

Hematin

Hemin

Hemin

Hemin

Hemin

Hemin

(as
Panhemati
n®)

0.25%
Na2COs (pH
7.4), diluted
with isotonic
saline or 50
mM HEPES
buffer

20 mM
NaOH,
diluted with
buffer

20 mM
NaOH,
diluted with
buffer

N/A

DMSO

D-sorbitol,
Na2COs,
saline (as
Panhematin®

)

40 ug/ml (2
63.1 uM)

N/A

1-10 uM

1 mM

10 - 50 uM

04-32
umol/kg

- (BAECs)

- (PAECs)

- (PAECs)

- (mouse
aorta)

- (BAECs)

intravenous

in vitro

in vivo

in vivo

ex vivo

in vitro

in vivo

Platelet adhesion to BAECs 1 (2-fold)

Rapid uptake of heme, sensitivity
towards oxidants 1

LDL oxidation 71; extremely cytotoxic

Denudation of endothelium 1,
collagen exposure 1, platelet
aggregation 1

LDH release 1, apoptosis 1, ATP |
(only when 50 uM hemin was
applied), mitochondrial dysfunction
1, lipid peroxidation 1, protein
carbonyl formation 1, protein thiol
oxidation 1, autophagy activation 1,
mitophagy induction 1

Endothelial cell activation through
TLR4 signaling 1, vaso-occlusion 1,
expression of adhesion molecules 1

Neely et
al. 1984
[48]

Balla et al.
1991 [49]

Balla et al.
1991 [50]

Woollard
et al. 2009
[44]
Higdon et
al. 2012
[51]

Belcher et
al. 2014
[52]
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Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

Human

Human

Mouse
(SAD)

Mouse
(SAD)

Human

Human

Hemin

(as
Panhemati
n®)

Heme-
laden MPs
(SCD)

Heme-
laden MPs
(SCD)
Heme

Hemin

Hemin

D-sorbitol, 20 uM
Na2COs,
saline (as
Panhematin®
)
N/A ~20 nM (50
control
MPs/ul),
~65 nM (50
SCD
MPs/ul)
N/A 300 MPs/ul
N/A 100 nM
025M 5-100 uM
NaOH,
diluted in
PBS (pH 7.4)
50 mM 12.5-50
NaOH, 145 uM
mM NadC],
diluted with

medium

- (HUVECs)

- (HUVECs)

intravenous

intravenous

(HLMVECs)

- (HUVECs)

in vitro

in vitro

ex vivo

ex vivo

in vitro

in vitro

Endothelial cell activation through
TLR4 signaling 1, vaso-occlusion 1,
expression of adhesion molecules 1

Transfer of heme to HUVECs by MPs
(SCD MPs & synthetic heme-laden
MLVs: transfer 1 (~4-fold), Blockage
of transfer via annexin-a5 (PS-
antagonist, 10 pg/ml) or hemopexin
(2 uM), ROS production 1 (inhibited
by annexin-a5, reduced by
hemopexin (50%), prevented by
TLR4 neutralization), apoptosis 1
ACH-dependent vasodilation of
endothelium |, blood flow velocity in
renal arteries | (30% |)
ACH-dependent vasodilation of
endothelium |

Transendothelial electrical resistance
|, ermeability of monolayer 1,
programmed cell death 1, effects
abrogable by: TLR4-inhibitor,
antioxidant N-acetylcystein, iron
chelator deferoxamine), MLKL
activation (necroptosis) 1

C3 deposition 1, TM expression 1,
HO-1 gene expression 1, HO-1
protein expression 1

Belcher et
al. 2014
[52]

Camus et
al. 2015
[53]

Camus et
al. 2015
[53]
Camus et
al. 2015
[53]
Singla et
al. 2017
[54]

May et al.
2018 [55]
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Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

Endothelial
cell

RBC

Human

Human

Human

Mouse
(C57B1/6)

Human

Human

Rabbit

Hemin

Hemin

Hemin

Hemin

Hemin

Hemin

Hematin

50 mM
NaOH, 145
mM NadCl,
diluted with
medium

50 mM
NaOH, 145
mM Nadl],
diluted with
medium

50 mM
NaOH, 145
mM NadCl,
diluted with
medium

50 mM
NaOH, 145
mM NadCl],
diluted with
PBS

50 mM
NaOH, 145
mM Nadl,
diluted with
vehicle

0.1 M NaOH,
diluted in
FBS

0.85% NaCl +
2% Na2CO:s

12.5-50
uM

12.5-50
uM

12.5-50
uM

40 umol/kg

50 uM

20 - 40 uM

<15 mg/kg

- (HMECs)

- (GENCs)

- (HRGECs)

intraperitone
al

- (HUVECs)

- (ECs)

Intravenous

in vitro

in vitro

in vitro

in vivo

in vitro

in vitro

in vivo

C3 deposition 1, TM expression 1,
HO-1 gene expression 1, HO-1
protein expression 1

C3 deposition 1, TM expression 1,
HO-1 gene expression 1, HO-1
protein expression 1 (slightly)

C3 deposition 1 (higher extent than
in vascular ECs), TM expression 1,
HO-1 gene expression 1, HO-1
protein expression 1 (slightly)

C3 deposition in kidney glomeruli 1,
skin and large liver vessel TM levels
1, lung microvasculature TM levels |,
HO-1 levels in proximal tubules
(liver, heart, skin, lungs) 1, HO-1
colocalization with blood vessels
P-selectin expression 1, complement
activation 1, protection by
hemopexin

P-selectin expression 1, VCAM-1
expression 1, HbS RBC adhesion to
heme-activated ECs 1

Rarely: RBC count | (fast
regeneration)

May et al.
2018 [55]

May et al.
2018 [55]

May et al.
2018 [55]

May et al.
2018 [55]

Merle et
al. 2018
[56]

Kucukal
et al. 2018
[57]

Brown
1913 [3]




19 of 36

RBC

RBC

RBC

RBC

RBC

RBC

RBC

RBC

Rabbit

Rabbit

Human
(AIP
patient)
Mouse

Human
(AIP

patient)
Human

Human

Rat

Hematin

Hematin

Hematin

Heme

Hematin

Hemin

Hemin

Albumin-
heme (50
g/1&3
mM,

alkaline
solution
0.85% NaCl +
2% Na2COs
alkaline
solution
0.85% NaCl +
2% Na2CO:s
alkaline
solution

N/A

5 mM NaOH,
diluted with
medium
N/A

0.01M
NaOH,
diluted with
water

20 mM
NaOH,
diluted with
water

0.9% Nad(l,
pH74

20 mg/kg

10 mg/kg
(daily)

196 mg,
every 12
hours
0-7uM

4 mg/kg,
every 12
hours
0-500 uM

0.2-40 uM

10 - 44%
(0.28-1.2
mM)

Intravenous

intravenous

intravenous

- (RBCs)

intravenous

- (RBCs)

- (RBCs)

- (whole
blood)

in vivo

in vivo

Case
report

in vitro
Case
report

in vitro

in vitro

in vitro

RBC count | (decrease of > 1000000
cells)

Irregular size, variable color,
presence of immature cells (in
particular basophilic cells), RBC
count | (~60%)

Hematocrit | (from 32% to 22%, 12
hours after injection)

Hemolysis 1, glutathione level |,
ATP level |, hemoglobin amount |

Hematocrit | (from 36% to 32%, 7
hours after 4t injection), no
morphological changes
Conformational change of spectrin
and protein 4.1, RBC membrane
stability |

Hemolysis 1, heme accumulation in
RBC membrane, heme extractable

from membranes by albumin

No change

Brown
1913 [3]

Brown
1913 [3]

Morris et
al. 1981
[11]
Chou et
al. 1981
(58]
Glueck et
al. 1983
(23]

Liu et al.
1985 [59]

Shaklai et
al. 1985
[60]

Huang et
al. 2003
[28]
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RBC

Leukocyte

Leukocyte

Leukocyte

Leukocyte

Leukocyte

Leukocyte

Rat

Guinea
pig

Rabbit

Rabbit

Human
(myelody
splastic
syndrome
patients)

Human

Mouse

respectivel
y)

Hemin

Hematin,
hemin

Hematin

Hematin

Heme
arginate
(Normosan

g®)

Hematin

Hemin

<0.5% DMSO

0.85% salt
solution

0.85% NaCl +
2% Na2COs
alkaline
solution

0.85% NaCl +
2% Na2COs
alkaline
solution
0.9% saline

solution

N/A

0.1 N NaOH,
10 mM Tris
base (pH 8.6)

50 mg/kg

30-54
mg/kg

10 mg/kg

20 mg/kg
(daily)

2-3mg/kg
(applied as
25 mg/ml,
repetitive)

N/A

750 uM
(intravascul
ar conc.)

intraperitone
al

intraperitone
al,
subcutaneou
S,
intravenous
intravenous

intravenous

intravenous

- (PBMC)

intravenous

in vivo

in vivo

in vivo

in vivo

Case
reports

in vitro

in vivo

No significant change of hematocrit,
no change of RBC count

Polymorphonuclear leucocyte 1

Leukocytosis; total leukocyte number
1 (~1.4-fold), large (~5.6-fold) and
small (~1.5-fold) mononuclear cells 1,
basophiles 1 (~2.7-fold), eosinophils |
(decrease of ~60%)

marked leukocytosis; total leukocyte
number 1 (x ~4.6), large mononuclear
cells 1 (~10-fold), polymorphonuclear
cells 1 (~7.8-fold)

Neutrophil count 1 (~2.1 - >5-fold)

Procoagulant activity of PBMCs 1

Leukocyte accumulation 1 (spleen,
liver, kidney, intestines, femur, brain,
pancreas)

Desbuard
s et al.
2007 [29]

Brown
1911 [1]

Brown
1913 [3]

Brown
1913 [3]

Ruutu et
al. 1987
[15],
Volin et
al. 1988
[41]
Smith &
Winslow
1992 [61]
Wagener
et al. 2001
[62]
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Leukocyte

Leukocyte

Leukocyte

Leukocyte

Leukocyte

Leukocyte

Human

Rat

Rat

Rat

Human

Rat

Hemin

Hemin

Albumin-
heme (50
g/1&3
mM,
respectivel

y)
Hemin

Hemin

Hemin

DMSO,
diluted with
PBS

DMSO,
diluted with
PBS

0.9% Nadl,
pH 7.4

with Trizma
base in 0.1 M
NaOH,
diluted in
saline, pH 8
DMSO,
diluted with
PBS

<0.5% DMSO

0.1-20 uM

30 - 300
nmol/cavit

y

10 - 44% (&
0.28-1.2
mM)

750 uM

1-50 uM

50 mg/kg

- (PMNs)

intrathoracic

- (whole
blood)

intradermall
y

(neutrophils)

intraperitone
al

in vitro

in vivo

in vitro

in vivo

in vitro

in vivo

Neutrophil recruitment 1 (PKC
activation required), actin
polymerization 1, oxidative burst in
neutrophils 1, PKC activation 1, IL-8
expression 1

Neutrophil migration 1, pleural
neutrophil population 1, no changes
of mononuclear cells

No change

Leukocyte recruitment 1

Delay in neutrophil apoptosis, de
novo synthesis of antiapoptotic
proteins (e.g., Bcl-xv), ERK-2
translocation 1, Akt phosphorylation
1, degradation of proapoptotic
proteins (e.g. Bad), NF-kB activation

1
Higher total leucocyte count (x ~1.9),

no changes of lymphocyte cell
number

Graga-
Souza et
al. 2002
[63]

Graga-
Souza et
al. 2002
[63]
Huang et
al. 2003
[28]

Wagener
et al. 2003
[64]

Arruda et
al. 2004
[65]

Desbuard
s et al.
2007 [29]
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Leukocyte

Leukocyte

Leukocyte

Leukocyte

Mouse
(NY1DD)

Mouse
(SA)

Human

Human

Hemin

(as
Panhemati
n®)

Hemin

Hemin

Hemin

D-sorbitol, 3.2 umol/kg intravenous
Na2COs,
saline (as
Panhematin®

)

DMSO, 50 umol/kg intraperitone
diluted in al
Hanks

balanced salt

solution
DMSO, 10-20uM - (BM

diluted in

Hank’s
balanced salt
solution

N/A

1.5-38.3 -

neutrophils)

uM (neutrophils)

in vivo

in vivo

in vitro

in vitro

Leukocyte rolling 1, leukocyte

adhesion 1 (TLR4-dependent)

NET formation 1

NET formation 1

NET formation 1

@

Belcher et
al. 2014
[52]

Chen et
al. 2014
[66]

Chen et
al. 2014
[66]

Ohbuchi
et al. 2017
[67]

¢ =Evidence for a tendency to an anticoagulant effect of heme and its formulations. = Evidence for a tendency to a procoagulant effect of heme and its formulations. ACH
= acetylcholine; BAECs = Bovine aortic endothelial cells; BM = Bone marrow; FBS = fetal bovine serum; GENCs = Glomerular endothelial cells; HLMVECs = human lung
microvascular endothelial cells; HMECs = Human Mammary Epithelial Cells; HO-1 = heme oxygenase 1, HRGECs = Human renal glomerular endothelial cells; HUVECs =
human umbilical vein endothelial cells; MLKL = mixed lineage kinase domain-like; MLVs = synthetic multilayer vesicles; MPs = erythrocyte membrane microparticles; N/A =
not applicable; n.d. = not determined; PMNs = Polymorphonuclear neutrophils, SA = hemizygous mice: Tg[Hu-miniLCRa1GyAydpS] Hba—/~Hbb+/-; SAD = transgenic S-

Antilles-D Punjab Hb-expressing mouse model of SCD; TM = thrombomodulin.

Supplementary table S4. Overview of the impact of heme and its formulations on proteins acting in blood coagulation.

Protein Organism Compound Solvent Dose Injection Setting  Observation Effect Reference
Activated Mouse Hemin DMSO, diluted 50 intraperitone in vivo APC plasma level 1 (4-24 h ‘ Fei et al. 2012
protein C (CLP) in PBS pmol/kg  al after treatment) [30]
Activated Human Hemin 30 mM NaOH, 187.5 - - in vitro Ko of 400 + 47 nM, - Hopp et al.
protein C diluted in Tris- 3000 nM stoichiometry: 1:1.3 2020 [32]
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Activated
protein C

Activated
protein C

Activated
protein C

a2-antiplasmin

Antithrombin-
111

Antithrombin-
111

Collagen
E-selectin

Factor V

Factor VIII

Human

Human

Human

Human

Human
(AIP

patient)
Human

Mouse
Human

Human
(AIP
patient)
Human
(AIP
patient)

Hemin

Hemin

Hemin

Heme
Hematin
Heme
arginate
(Normosan
g ®)
Hemin

Hemin

Hematin

Hematin

HCl buffer (pH
7.4)

30 mM NaOH,
diluted in
HEPES buffer
(pPH7.0)

30 mM NaOH,
diluted in DPBS
buffer (pH 7.4)
30 mM NaOH,
diluted in
medium

N/A

physiological
saline

N/A
N/A

N/A

N/A

0-50 uM

0-100
uM

120 uM

4 mg/kg

3 mg/kg

1 mM

100 uM

4 mg/kg

4 mg/kg

- (HUVECs)

intravenous

intravenous

- (mouse
aorta)
- (HUVECs)

intravenous

intravenous

in vitro

in vitro

in vitro

in vivo

in vivo

ex vivo

in vitro

in vivo

in vivo

(APC:heme), two binding
sites identified

Amidolytic activity of rAPC
(50 nM) and pdAPC (100
nM) |,

Ki (pdAPC) = 12.56 + 2.31
uM

Anticoagulant activity of
APC (5nM) |

APC (20 nM) protects from
heme’s cytotoxicity

Suggestion of a
permanently bound heme
No change of plasma level

Plasma levels not altered

Endothelial collagen
expression 1

Surface expression of E-
selectin (4-fold) 1

Plasma level |/FV activity |
(~80%)*

Plasma level | (~36.8%)*

@
@
é
é

Hopp et al
2020 [32]

Hopp et al.
2020 [32]

Hopp et al
2020 [32]

Arkebauer et
al. 2011 [68]
Glueck et al.
1983 [23]

Volin et al.
1988 [26]

Woollard et
al. 2009 [44]

Wagener et

al. 1997 [69]

Glueck et al.
1983 [23]

Glueck et al.
1983 [23]
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Factor VIII

Factor VIII

Factor VIII

Factor VIII

Factor VIII

Factor VIII

Human
(AIP

patient)
Human

Human

Human

Human

Human

Hematin

Hematin

9Fe- and
3H-labeled
Hematin

Hemin

Hemin

Hemin

N/A

0.25% Na2COs
(24h), diluted
with barbital
buffer (pH 7.4)
0.25% Na2COs

DMSOQO, diluted
in buffer

DMSOQO, diluted
in buffer

DMSO, diluted
in buffer

4 mg/kg

18- 70
pg/ml

e.g.0.17
mg/ml

0.01-64
uM

Molar
excess

Molar
excess

intravenous

- (plasma)

in vivo

in vitro

in vitro

in vitro

in vitro

in vitro

Plasma level | (~36.8%)*

FVIII procoagulant activity
1 (72% in pooled plasma, 88%
in FVIII concentrate)

Formation of FVIII/VWF
complex, inhibition of
FVIII-VWEF dissociation,
binding of FVII/VWEF-
hematin complex to
platelets

Specific heme binding to
rFVIII (Soret band shift to
~412 nm), ~10 binding sites,
Ko(full-length rFVIII) = 12.7
+ 6.1 nM, Kp(B-domain-
deleted rFVIII) =19+ 0.5
nM

FVIII procoagulant activity
| (full-length rFVIII: by up to
~50%; B-domain-deleted
rFVIIL: by up to ~51%),
prevention by VWF
FVIII-VWEF interaction not
altered, FVIII-phosphatidyl
serine interaction not
altered, FVIII-activated
platelet interaction not
altered, thrombin can
cleave heme-bound FVIII

Glueck et al.
1983 [23]

Green et al.
1983 [37]

Green et al.
1986 [70]

Repessé et al.
2012 [71]

Repessé et al.

2012 [71]

Repessé et al.
2012 [71]
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Factor VIII

Factor XII

Factor XII

Factor XIIla

FDP

FDP

Fibrinogen

Fibrinogen

Fibrinogen

Fibrinogen

Human

Human

Mouse

Human

Human
(AIP

patient)
Human

Human
(AIP
patient)
Bovine

Human

Human

Hemin

Hematin

Hemin

Hemin

Hematin

Heme
arginate
(Normosan

g®)
Hematin

Hematin

Hematin

Heme
arginate

DMSO, diluted
in buffer

0.1 N NaOH,
diluted in PBS

0.1 M NaOH
and 0.1 M Tris-
HCI (pH 8.0)

30 mM NaOH,
diluted in Tris
buffer (pH 7.5)
N/A

physiological
saline

N/A

0.25% Na2COs
(24h), diluted
with barbital
buffer (pH 7.4)
0.25% Na2COs
(pH 7.4), diluted
with isotonic
saline
physiological
saline

Molar
excess
3-24
nmol

0-35
umol/kg
0-50 uM

4 mg/kg

3 mg/kg

4 mg/kg

50 pg/ml

7 pg/ml

3 mg/kg

- (plasma)

Retro-orbital

intravenous

intravenous

intravenous

- (gel-filtered
platelets)

intravenous

in vitro

in vitro

in vivo

in vitro

in vivo

in vivo

in vivo

in vitro

in vitro

in vivo

Impaired FVIII-FIX
interaction (by ~52%)
Increased activation
(amidolytic and
autoactivation) suggested
Blocking of intrinsic
pathway via FXII did not
influence heme-driven
coagulation activation
No impact on the
amidolytic activity of
rFXIIIa (400 nM)

Plasma level 1 (~x2)*?

Plasma levels not altered

Plasma level | (~32.1 %)*

Hematin binding to
fibrinogen (2 mg/ml),
thrombin clottablity of
fibrinogen |
Hematin-induced
fibrinogen binding to
platelets 1 (~13.8%; 30 min
preincubation)

Plasma levels not altered

@

@

Repessé et al.
2012 [71]
Becker et al.
1985 [24]

Sparkenbaug
h et al. 2015
[72]

Hopp et al.
2020 [32]

Glueck et al.
1983 [23]

Volin et al.
1988 [26]
Glueck et al.
1983 [23]
Green et al.

1983 [37]

Neely et al.
1984 [40]

Volin et al.
1988 [26]
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Fibrinogen

Fibrinogen

Fibrinogen

Fibrinogen

Fibrinogen

Fibrinogen

Fibrin

Human

Human

Pig

Human

Human

Human

Human

(Normosan
g®)

Heme

Hemin

Hematin

Hematin

Hematin

Hemin

Hematopor
phyrin

0.1 M NaOH,
diluted with T
buffer

0.05 M NaOH

0.05 M NaOH

0.05 M NaOH

DMSO

N/A

10 uM

0-500
uM

30 uM

20 pM

25-50
uM

N/A

- (blood,
plasma)

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro

Suggestion of at least one
permanently bound heme
Binding of hemin to
immobilized fibrinogen

Cross-linking (= 1 min
exposure) 1, formation of
high molecular weight
polymers (> 245 kDa) 1,
H20:-dependent
Cross-linking of fibrinogen
(10 mg/ml; 2 min exposure)
1, membrane-like layer
formation 1, formation of
high molecular weight
polymers (> 245 kDa) 1,
dityrosine formation
Binding to fibrinogen (Soret
band shift to 410 nm;
hexacoordination)

Binding to fibrinogen (Soret
band red-shift, change of
conformation), cross-
linking of fibrinogen, one
binding site predicted, Ko =
3.0+ 0.4 x 105 M-, increased
peroxidase-like activity of
hemin

No binding to fibrin

Nielsen et al.
2011 [73]
Orino 2013
(74]

Ke & Huang
2016 [75]

Ke & Huang
2016 [75]

Ke & Huang
2016 [75]

Hou et al.
2018 [76]

Musser et al.
1980 [77]
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ICAM-1

ICAM-1

Kallikrein

Plasmin

Plasmin

Plasmin

Plasminogen

Protein C
P-selectin

P-selectin

P-selectin

Human

Mouse

Human

Pig

Pig

Human

Human
(AIP
patient)
Mouse
(CLP)
Human

Human

Human

Hemin

Hemin

Hematin

Hematin

Hematin

Heme

Hematin

Hemin

Hemin

Hemin

Hemin

N/A

0.1 N NaOH, 10

mM Tris base
(pH 8.6)

0.1 N NaOH,
diluted in PBS

0.25% Na2COs
(24h), diluted
with barbital
buffer (pH 7.4)
0.25% Na2COs
(24h), diluted
with barbital
buffer (pH 7.4)

N/A

DMSO, diluted

in PBS
N/A

50 mM NaOH /

145 mM Na(l,
diluted in
medium
D-sorbitol,
Na2CO:s, saline

50 - 100
uM
750 uM

3-24
nmol

0.006 -
0.09
pg/ml

15 pg/ml

4 mg/kg

50
pmol/kg
10 uM

100 uM

20 uyM

- (HUVECs)

intravenous

- (plasma)

- (whole
blood clot)

intravenous

intraperitone
al
- (HUVEGs)

- (HUVECs)

- (HUVECs)

in vitro

in vivo

in vitro

in vitro

in vitro

in vitro

in vivo

in vivo

in vitro

in vitro

in vitro

Surface expression of
ICAM-1 (2 to 4.4-fold) 1
Endothelial surface
expression of ICAM-1 1 (1 -
24 hours after administration)
Amidolytic activity 1 (e.g.,
~10-fold faster conversion of
substrate in presence of 12
nmol hematin)

Amidolytic activity | (6 -
50%; 1 min preincubation)

Inhibition of clot lysis

Suggestion of a
permanently bound heme
No change of plasma level

Protein C plasma level 1 (4 -
24 h after treatment)
TLR-4-dependent surface P-
selectin expression 1
Membrane P-selectin
expression 1

P-selectin expression 1

e @

e @

@

@ a8 e

Wagener et
al. 1997 [69]
Wagener et
al. 2001 [62]

Becker et al.
1985 [24]

Green et al.
1983 [37]

Green et al.
1983 [37]

Arkebauer et
al. 2011 [68]
Glueck et al.
1983 [23]

Fei et al. 2012
[30]

Belcher et al.
2011 [78]
Frimat et al.
2013 [79]

Belcher et al.
2014 [52]
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P-selectin

P-selectin

Thrombin

Thrombin

Thrombin

Thrombin

Thrombin

Thrombin

Mouse
(C57BL/6,
NY1DD)

Mouse

Human

Human

Bovine

Human

Mouse

Human

(as
Panhematin
®)

Hemin

(as
Panhematin
®)

Hemin

Hematin

Hematin (4
weeks
aged)
Hematin

Hematin

Hemin

Hemin

(as
Panhematin®)

D-sorbitol,
NaxCOs, saline
(as
Panhematin®)
0.1 N NaOH, 10
mM Tris base
(pH 8.6)

N/A

carbonate buffer
(pH7.4)

0.25% Na2COs
(24h), diluted
with barbital
buffer (pH 7.4)
0.25% Na2COs
(24h), diluted
with barbital
buffer (pH 7.4)
0.1 M NaOH
and 0.1 M Tris-
HCI (pH 8.0)
30 mM NaOH,
diluted in
HEPES buffer
(pH 7.0)

3.2
pmol/kg

750 uM

70 pg/ml

6 pg/ml

50 ug/ml

0-0.238
pg/ml

0-35
pumol/kg

0-50 uM

intravenous

intravenous

- (plasma)

Retro-orbital

in vivo

in vivo

in vitro

in vitro

in vitro

in vitro

in vivo

in vitro

P-selectin expression on
vessel walls 1, dependent
on NOX, PKC and
oxidants, TLR-4-mediated
Endothelial surface
expression of P-selectin 1
(one hour after
administration)

Time- and temperature-
dependent prolongation of
TT

Inhibition of thrombin (0.25
U/ml)-mediated
fibrinopeptide A generation
Hematin binding to
thrombin (2 mg/ml),

amidolytic activity of a-
thrombin (17.4 - 69.6
pU/ml) | (by 13 — 86.3%)

Thrombin-antithrombin
complex plasma levels 1 (up
to 2.7-fold)

No impact on the
amidolytic activity of a-
thrombin (25 nM)

Belcher et al.
2014 [52]

Wagener et
al. 2001 [62]

Glueck et al.
1983 [23]

Jones et al.
1986 [80]

Green et al.
1983 [37]

Green et al.
1983 [37]

Sparkenbaug
hetal. 2015
72]

Hopp et al.
2020 [32]
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Thrombomodul

in
Tissue factor

Tissue factor

Tissue factor

Tissue factor

Tissue factor

Tissue factor

Tissue factor

Mouse
(CLP)
Human

Human

Human

Human

Human/
Mouse

Mouse

Human

Hemin

Hemin

Hemin

Hemin

Hemin

Hemin

Hemin

Hemin

DMSO, diluted 50

in PBS pmol/kg
0.05 M NaOH, 1-100
diluted in uM
medium

0.05 M NaOH, 100 uM
diluted in

medium

N/A 10 uM
N/A 30 M
0.1 M NaOH 5- 50 uM
and 0.1 M Tris-

HClI (pH 8.0)

0.1 M NaOH 35
and 0.1 M Tris- pmol/kg
HCl (pH 8.0)

0.1 M NaOH, 30 uM
adjusted to pH

74

intraperitone
al
- (ECs)

- (ECs)

- (plasma)

- (plasma)

Retro-orbital

- (whole
blood)

in vivo

in vitro

in vitro

in vitro

in vitro

in vitro

in vivo

ex vivo

Thrombodulin plasma level
| (4 - 24 h after treatment)
Dose-dependent
upregulation of TF
expression 1 (up to 50-fold
with 100 uM heme)
Time-dependent
upregulation of TF mRNA
expression 1 (17-fold), time-
dependent upregulation of
total endothelial TF protein
level (after 4 hours;
functionally active TF) 1

TF level in PBMCs and
monocytes 1, prevention by
hemopexin (15 upM), TF
mRNA expression in
monocytes 1

TF expression in PBMCs 1

TF expression in PBMCs

and RAW 264.7
macrophages 1
Blocking of intrinsic

pathway did not influence
heme-driven procoagulant
activity = important role
for extrinsic, TF-mediated
pathway

TF  antibody  inhibited
heme-induced coagulation

é

Fei et al. 2012
[30]

Setty et al.
2008 [81]

Setty et al.
2008 [81]

Rehani et al.
2013 [82]

Souza et al.
2014 [83]

Sparkenbaug
h et al. 2015
[72]
Sparkenbaug
h et al. 2015
[72]

De Souza et
al. 2017 [34]
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Tissue factor

Tissue factor

VCAM-1

VCAM-1

Von Willebrand
factor

Von Willebrand
factor
Von Willebrand
factor

Von Willebrand
factor

Von Willebrand
factor

Human

Mice

Human

Mouse

Human

Human

Human

Human

Human

Hemin

Hemin
Hemin

Hemin

59Fe- and
3H-labeled
Hematin

Hemin

Hemin

Hemin

Hemin

(as
Panhematin
®)

0.1 M NaOH,
diluted with
water

50 mM NaOH,
145 mM NaCl
N/A

0.1 N NaOH, 10
mM Tris base
(pH 8.6)

0.25% Na2COs

N/A

DMSOQO, diluted
in buffer

50 mM NaOH /
145 mM NaCl,
diluted in
medium
D-sorbitol,
NaxCOs, saline
(as
Panhematin®)

5-30 uM - (PBMCs)
100 intraperitone
umol/kg al
100 uM - (HUVECsS)
750 uM intravenous
e.g.0.17 -
mg/ml
10 uM - (HUVECGs)
Molar -
excess
100 pM - (HUVECsS)
20 uM - (HUVECGsS)

in vitro

in vivo

in vitro

in vivo

in vitro

in vitro

in vitro

in vitro

in vitro

>  TF-dependency  of
heme’s procoagulant effects
TF expression (= 10 pM
hemin) 1

TF expression 1

Surface expression of
VCAM-1 (3-fold) 1
Endothelial surface
expression of VCAM-1 1 (1
- 24 hours after
administration)
Formation of FVIII/VWF
complex, inhibition of
FVIII-VWF dissociation,
binding of FVIII/VWE-
hematin complex to
platelets

Fast Weibel Palade body
exocytosis 1

Protection of FVIII from
heme-mediated
inactivation

Weibel Palade body
exocytosis 1, time-dependent
VWE secretion 1 (up to ~65
ng/ml)

Superficial VWF string
formation 1, prevented by
hemopexin

@@ @

@

Hounkpe et
al. 2020 [84]

May et al.
2020 [85]
Wagener et
al. 1997 [69]
Wagener et
al. 2001 [62]

Green et al.
1986 [70]

Belcher et al.
2011 [78]
Repessé et al.
2012 [71]

Frimat et al.
2013 [79]

Belcher et al.
2014 [52]
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Von Willebrand Mouse Hemin D-sorbitol, 3.2 intravenous  in vivo VWE expression on vessel @ Belcher et al.
factor (C57BL/6, (as Na2COs, saline pmol/kg walls 1, dependent on NOX, 2014 [52]
NY1DD)  Panhematin (as PKC and oxidants, TLR-4-
®) Panhematin®) mediated

& = Evidence for a tendency to an anticoagulant effect of heme and its formulations. ® = Evidence for a tendency to a procoagulant effect of heme and its formulations. * = 10 min
after hematin infusion. ECs = endothelial cells; HUVECs = human umbilical vein endothelial cells; ICAM-1 = intercellular adhesion molecule 1; N/A = not applicable; NOX =
NADPH oxidase; pd APC = plasma-derived activated protein C; PKC = protein kinase C; rAPC = recombinant activated protein C (Drotrecogin alpha, Xigris ®) rFVIII = recombinant
factor VIIIL; rFXIIla = recombinant active factor XIIL; TT = thrombin time; VCAM-1 = Vascular cell adhesion molecule 1.
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