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Abstract

Peripheral artery disease is a common manifestation of atherosclerosis, characterized by
insufficient tissue perfusion and chronic ischemia. Arteriogenesis and angiogenesis are
essential endogenous mechanisms to restore blood flow and limit ischemic injury. The
metalloprotease ADAMTS13, known for cleaving ultra-large von Willebrand factor, has
been implicated in thrombotic and inflammatory regulation. However, its role in ischemic
vascular remodeling remains unclear. Using a murine hind limb ischemia model, we investi-
gated the effect of ADAMTSI13 deficiency on arteriogenesis and angiogenesis by comparing
male ADAMTS13~/~ and wild-type control mice. Perfusion recovery, vascular cell prolifer-
ation, immune cell infiltration, and thrombotic activity were evaluated using laser Doppler
measurements, immunohistochemical analysis of adductor and gastrocnemius muscle
tissues, and in vivo microscopy. ADAMTS13 deficiency did not impair perfusion recovery,
collateral artery growth, or capillarization. While platelet adhesion was slightly increased
in ADAMTS13~/~ mice, no thrombotic occlusions were observed. Inflammatory responses,
including macrophage and neutrophil infiltration as well as macrophage polarization, were
largely unaffected. Despite previous in vitro evidence indicating an angiogenic role for
ADAMTS13, its absence did not compromise angiogenesis in vivo. Our findings suggest
that ADAMTS13 does not play a critical role in ischemia-related angiogenesis and arterio-
genesis under sterile conditions and may be relevant only in contexts involving acute and
sufficiently strong thromboinflammatory stimuli.
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von Willebrand factor (VWF)

Int. J. Mol. Sci. 2025, 26, 9137

https://doi.org/10.3390/ijms26189137


https://doi.org/10.3390/ijms26189137
https://doi.org/10.3390/ijms26189137
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0009-0007-3882-7088
https://orcid.org/0009-0005-0748-7741
https://orcid.org/0009-0004-3436-2891
https://orcid.org/0009-0006-3734-3666
https://orcid.org/0009-0007-4974-9783
https://orcid.org/0000-0002-8998-0396
https://orcid.org/0000-0002-4679-7137
https://orcid.org/0000-0002-2134-0966
https://doi.org/10.3390/ijms26189137
https://www.mdpi.com/article/10.3390/ijms26189137?type=check_update&version=1

Int. J. Mol. Sci. 2025, 26, 9137

2 of 24

1. Introduction

Atherosclerosis is a major global contributor to morbidity and mortality, affecting both
coronary and peripheral arteries. It contributes to a range of ischemia-related diseases,
including coronary artery disease, stroke, and peripheral artery disease (PAD), all resulting
from plaque buildup and arterial narrowing. Despite surgical treatment options like bypass
surgery and recent advances in percutaneous interventions to restore blood flow, PAD
remains a major global health issue, especially in aging populations, with only limited
options for noninvasive therapies. PAD affects more than 200 million people globally
and is primarily caused by arterial obstruction, leading to ischemia and tissue necrosis,
particularly in the lower limbs [1]. The body, however, attempts to compensate for the
loss of an arterial vessel by developing collateral arteries that serve as a natural bypass.
This process, known as arteriogenesis, which refers to the growth of pre-existing collateral
vessels into functional arteries, is characterized by increases in lumen diameter and vessel
wall thickness [2].

Severe obstruction of a femoral artery results in redirection of blood flow into pre-
existing arterioles that connect the proximal and distal branches of the blocked artery. This
increases fluid shear stress, the frictional force of blood flow against the vessel wall sensed
by endothelial cells, which is the primary stimulus for arteriogenesis [2]. It initiates a
signaling cascade leading to endothelial activation, leukocyte extravasation, and vascular
cell proliferation, ultimately causing vascular remodeling and restoration of perfusion [3].
Shear stress also induces the release of extracellular RNA from endothelial cells, which
enhances the binding of vascular endothelial growth factor (VEGF) to the co-receptor
neuropilin-1, thereby promoting vascular endothelial growth factor receptor 2 (VEGFR2)
signaling [4,5]. This activation promotes exocytosis of Weibel-Palade bodies and the release
of von Willebrand factor (VWF) during the process of arteriogenesis [4]. While parts of VWF
are released into the circulation, some molecules remain anchored to endothelial cells [6].
Due to high shear stress, platelets can transiently bind to VWF via their glycoprotein Ibo
(GPIbw) receptor, leading to platelet activation and the formation of platelet-neutrophil
aggregates (PNAs), a key step in the inflammatory response during arteriogenesis [7,8].
PNA formation is followed by leukocyte extravasation [8]. Neutrophils generate reactive
oxygen species, which activate mast cells and increase the bioavailability of cytokines,
thereby leading to the recruitment of monocytes [9,10]. These monocytes differentiate in the
perivascular space into macrophages that release matrix metalloproteinases, cytokines, and
growth factors, collectively stimulating vascular growth and contributing to the expansion
of the collateral vessel wall and lumen [11-14]. Both pro-inflammatory M1-like and pro-
regenerative M2-like macrophages are involved, with M2-like macrophages predominating
in the later stages to promote vascular remodeling [15,16].

Unlike arteriogenesis, angiogenesis refers to the formation of new capillaries through
sprouting or intussusception from pre-existing vessels [2,17]. It is primarily driven by
hypoxia, which transcriptionally upregulates VEGF expression, a potent angiogenic fac-
tor [17,18]. VEGF-A promotes endothelial cell differentiation, proliferation, and remodeling
through its interaction with VEGFR-2 [18]. Leukocytes, particularly neutrophils and mono-
cytes, also play a critical role by supplying VEGF [19]. In addition to growth factor produc-
tion, macrophages and neutrophils contribute to angiogenesis by supporting endothelial
cell activation, matrix remodeling, and stabilization of vessel connections [20,21]. Thus,
leukocytes are essential not only for clearing cellular debris at ischemic sites but also for
remodeling the surrounding matrix and regulating the balance of pro- and anti-angiogenic
factors [18,21].
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ADAMTS13 (A Disintegrin and Metalloprotease with Thrombospondin type 1 repeats,
member 13) is a zinc-dependent metalloprotease that cleaves VWEF [22]. It is mainly
produced by hepatic stellate cells, but also by endothelial and smooth muscle cells [23-25].

VWEF is secreted as ultra-large multimers (ULVWF) from Weibel-Palade bodies and
platelet ax-granules [26-29]. Under conditions of high shear stress, such as in arterioles
or collateral vessels, ULVWF unfolds, exposing platelet-binding sites and the cleaving
site for ADAMTS13 [30,31]. By processing ULVWE into smaller, less thrombogenic forms,
ADAMTS13 regulates the multimer size of VWEF and thereby reduces its pro-thrombotic
potential [6,31-33]. Consistent with this role, ADAMTS13 deficiency causes thrombotic
thrombocytopenic purpura (TTP) in humans, a disorder characterized by widespread mi-
crovascular thrombosis due to uncleaved ULVWEF [22,34]. Emerging evidence shows that
ADAMTS13 has broader roles in vascular homeostasis, including antithrombotic and anti-
inflammatory effects. In several disease models, ADAMTS13 deficiency has been linked
to increased leukocyte recruitment and infarct size, while recombinant ADAMTS13 treat-
ment was shown to attenuate the expression of adhesion molecules and pro-inflammatory
chemokines, suggesting a regulatory role in sterile inflammation [35-42].

Despite the molecular evidence supporting a role for ADAMTS13 in both hemostatic
and inflammatory pathways, its specific contribution to arteriogenesis and angiogenesis has
not been systematically studied in vivo. Given the inflammatory nature of both processes,
we hypothesized that ADAMTS13 may modulate vascular adaptation following arterial
occlusion. During arteriogenesis, the release of highly reactive ULVWF from endothelial
cells, combined with platelet activation under inflammatory conditions, creates a poten-
tially pro-thrombotic environment in which thrombus formation could theoretically occur.
However, despite extensive study, thrombotic occlusion of collateral vessels has not been
observed. It has been proposed that ADAMTS13 mitigates this thrombotic risk by cleaving
ULVWEF under high shear conditions in the presence of platelets [33].

To address a potential role for ADAMTS13 in arteriogenesis and angiogenesis, we
employed a murine hind limb ischemia model to assess how ADAMTS13 deficiency affects
both collateral vessel growth and capillary formation. We evaluated perfusion recovery, vas-
cular cell proliferation, immune cell infiltration, and thrombotic activity in ADAMTS13~/~
and wild-type control mice to determine whether ADAMTS13 is essential in vascular
adaptation following arterial occlusion.

2. Results

To investigate the role of ADAMTS13 in arteriogenesis and angiogenesis, we employed
a murine hindlimb ischemia model in which unilateral femoral artery ligation (FAL) induces
the growth of collateral arteries in the adductor muscle of the affected limb [43]. This ligated
limb is referred to as the “occluded” side (occ). The contralateral, non-ligated limb served
as an internal control to account for surgical manipulation and potential effects of suture
placement and is referred to as the “sham” side. FAL reduces perfusion in the lower
limb, resulting in ischemia and stimulating angiogenesis in the gastrocnemius muscle. All
experiments were conducted in parallel in wild-type (control) and ADAMTS13-deficient
(ADAMTS13~/~) mice for comparative analysis.

2.1. ADAMTS13 Deficiency Does Not Alter Perfusion Recovery

Laser Doppler perfusion measurements revealed that ADAMTS13~/~ mice exhibited
no significant difference in perfusion recovery compared to wild-type controls at day 3 or 7
after induction of arteriogenesis by femoral artery ligation (Figure 1a,b). Macroscopically,
superficial collateral vessels in the adductor muscle appeared similar to those of control
mice. In both groups, a prominent corkscrew-shaped collateral artery consistently formed
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upon FAL between the profunda femoris artery and the superficial femoral artery, assuming
normal vascular remodeling and collateralization. The preexisting collaterals, however,
appeared thin and linear, in stark contrast to the newly formed bypasses (Figure 1c).
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Figure 1. ADAMTSI3 deficiency does not impact perfusion recovery after ligation of the femoral
artery (FAL). (a) Representative flux images of laser Doppler measurements of control (left images)
and ADAMTS13~/~ mice (right images) 3 days and 7 days after FAL. The flux scale bar is displayed
below (red: high flow, blue: low flow). (b) Line graph showing the relative perfusion (occ/sham)
of control and ADAMTS13~/~ mice. The perfusion recovery was calculated before the surgical
procedure (baseline), directly after the surgical procedure (aFAL), on day 3, and on day 7 after FAL.
No significant differences were observed at any timepoint. Data shown are means + standard error
of the mean (SEM); 1 = 5 mice per group. Control was compared to ADAMTS13~/~ by two-way
repeated measures ANOVA with Bonferroni’s multiple comparisons test. (c) Representative images of
superficial collateral arteries taken 7 days after FAL (occ, on the top) or sham operation (on the bottom).
The arrows highlight the prominently developed collaterals with typical corkscrew formation in the
ligated hindlimb (occ). The arrowheads mark the preexisting, thin, and linear collateral vessels in the
non-ligated limb (sham), both of which connect the femoral and profunda femoris arteries. Collateral
vessels were cut perpendicular to their course at the mid-portion (indicated by the vertical line in the
image) for subsequent staining. Scale bar: 5 mm.

2.2. Collateral Vascular Remodeling Is Preserved in ADAMTS13-Deficient Mice

To determine whether preserved perfusion recovery in ADAMTS13~/~ mice reflects
effective collateral remodeling, we performed immunofluorescence analysis on adductor
muscle tissue 7 days after FAL. Endothelial cells were labeled with an anti-CD31 antibody
to assess luminal diameter. In both ADAMTS13~/~ and wild-type (control) mice, FAL
induced a significant increase in collateral artery diameter compared to the sham-operated
contralateral side, indicating successful arteriogenic remodeling. However, no significant
difference in the luminal diameter was observed between the two groups (Figure 2a,c).
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Figure 2. ADAMTSI13 deficiency does not affect collateral artery cell proliferation 7 days after
femoral artery ligation. (a) Inner luminal diameter of growing and resting collateral arteries in
all four groups (wild-type controls and ADAMTS13~/~ mice, each with ligated (occ) and sham-
operated sides). Statistical analysis was performed using a two-way repeated measures ANOVA with
Bonferroni’s multiple comparisons test. Percentage of (b) BrdU* endothelial cells (CD31*/DAPI*)
relative to the total number of endothelial cells and (c) BrdU* smooth muscle cells (ACTA2" /DAPIY)
relative to the total number of smooth muscle cells in collateral arteries of the occluded side in
control and ADAMTS13~/~ mice. Groups were compared using an unpaired Student’s t-test. Data
shown are means + SEM; n = 5 mice per group; * p < 0.05, and ns p > 0.05. (d) Representative
immunofluorescence images of growing collateral arteries illustrate merged (left) and single-channel
(right) for control (upper panels) and ADAMTS13~/~ (lower panels) mice. BrdU (red) marked
proliferating cells, ACTA2 (green) labeled smooth muscle cells, CD31 (white) visualized endothelial
cells, and DAPI (blue) stained nuclei. In the merged images, proliferating cells appear pink due to
overlay of BrdU (red) and DAPI (blue). Scale bar: 20 pm.

To distinguish between vasodilation and structural remodeling, we evaluated vascular
cell proliferation by bromodeoxyuridine (BrdU) incorporation. Co-staining with ACTA2,
a marker for smooth muscle cells, allowed the identification of proliferating vascular
cells within the collateral vessel wall. Both ADAMTS13~/~ and wild-type control mice
showed a comparable number of BrdU* cells in collaterals on the ligated side, while no
BrdU™* cells were detected on the sham-operated side (Figure 2b—d and Supplementary
Material, Figure S1). When analyzed separately, endothelial cells and smooth muscle
cells revealed similar proliferation rates in ADAMTS13~/~ and wild-type control mice
(Figure 2b,c). These results show that ADAMTS13 deficiency does not impair positive
vascular remodeling or vascular cell proliferation during arteriogenesis.
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2.3. Macrophage Recruitment and Polarization Are Unaffected by ADAMTS13 Deficiency
During Arteriogenesis

Given the central role of macrophages in arteriogenesis, we analyzed macrophage
recruitment and polarization by immunofluorescence staining on adductor muscles 7 days
after induction of arteriogenesis by femoral artery ligation. This timepoint represents
the active remodeling phase during collateral growth when macrophage recruitment and
polarization are most pronounced [16]. CD68 was used as a general macrophage marker,
while mannose receptor C-type 1 (MRC1) served to distinguish between M1-like (MRC17)
and M2-like (MRC1") macrophages.

Quantitative analysis revealed a significant increase in perivascular macrophage num-
ber on the ligated side (occ) compared to the sham-operated side in both control and
ADAMTS13~/~ mice, consistent with macrophage recruitment during active arteriogene-
sis. However, no significant differences were observed between genotypes on either the
occ or sham sides, indicating that ADAMTS13 deficiency does not affect the extent of
macrophage infiltration (Figure 3a,d). Similarly, the numbers of M1-like macrophages
(CD68* /MRC1™) and M2-like macrophages (CD68" /MRC1*) were comparable between
both groups (Figure 3b—d).

Taken together, these findings demonstrate that ADAMTS13 does not modulate
macrophage recruitment or polarization during collateral vessel growth.
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Figure 3. ADAMTSI3 deficiency does not impair macrophage recruitment or polarization in arterio-
genesis. (a) The total number of perivascular macrophages (CD68" cells), (b) the number of M1-like
macrophages (CD68*/MRC1~ cells), and (c) the number of M2-like macrophages (CD68* /MRC1*
cells) per growing (occ) and resting (sham) collateral artery of control (blue bars) and ADAMTS13~/~
(red bars) mice 7 days after FAL. Data are presented as means £ SEM; n = 5 mice per group; * p < 0.05,
and ns p > 0.05. Statistical comparisons were performed using two-way repeated measures ANOVA
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with Bonferroni’s multiple comparisons test. (d) Representative immunofluorescence images of
growing collateral arteries are shown as merged images (left) and single stain (right) for control
(upper panels) and ADAMTS13~/~ (lower panels). CD68 (green) marked macrophages, MRC1 (red)
labeled M2-like macrophages, CD31 (white) visualized endothelial cells, and DAPI (blue) stained
nuclei. In the merged images, colocalization of CD68 (green) and MRC1 (red) appears as yellow,
indicating M2-like macrophages. Scale bar: 20 pum.

2.4. Endothelial VWF Release Remains Intact in the Absence of ADAMTS13

During arteriogenesis, activation of VEGFR2 rapidly triggers endothelial release of
VWE, thereby promoting platelet activation and PNA formation with subsequent mast cell
activation and leukocyte recruitment [4,8,9]. To investigate whether VWF is released from
endothelial cells of collateral arteries during this early phase of arteriogenesis, we took
advantage of the principle that antibodies cannot penetrate intact cell membranes. Accord-
ingly, to detect extracellular VWF, an anti-VWF antibody was administered intravenously
prior to tissue collection.

Immunohistological analysis performed 2 h after induction of arteriogenesis revealed
VWE presence on endothelial cells in growing collateral arteries in both ADAMTS13~/~
and control mice, indicating that this process is not impaired by ADAMTS13 deficiency.
Figure 4 therefore provides a qualitative assessment of extracellular VWF on collateral
endothelium in both groups. In contrast, almost no VWF signal was detected on the
sham-operated side in either group, confirming that VWF release is specifically induced by
arteriogenic activation (Figure 4).

Control occ Control sham

s~
i

ADAMTS13-- occ ' ADAMTS13-- sham

DAPI VWF CD31 DAPI VWF CD31

Figure 4. ADAMTSI13 deficiency does not inhibit VWF release from endothelial cells of growing
collateral arteries. Representative immunohistological stains of collateral arteries showing endothelial
cells with VWF on their luminal surface of control (upper panels) and ADAMTS13~/~ (lower panels)
mice; VWEF is only scarcely visible on the sham sides. Anti-VWF (green) served as a marker for VWEF,
CD31 (white) visualized the endothelial cells, and DAPI (blue) labeled nuclei. The inset on the right
displays a magnification of luminal VWE. Scale bar: 20 pm.

2.5. Platelet-Leukocyte Aggregate Formation and Mast Cell Activation Are Unchanged in
ADAMTS13-Deficient Mice

Given that VWF is released at the onset of arteriogenesis, we further assessed whether
the early inflammatory and thromboinflammatory events of arteriogenesis are affected by
the absence of ADAMTS13. Therefore, we analyzed PNA formation, as a sensitive marker
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of platelet activation, as well as mast cell recruitment and degranulation 24 h after FAL, a
timepoint at which PNA formation and mast cell activation are known to be maximal [8,9].

Flow cytometry revealed no significant differences in PNA formation or peripheral
blood neutrophil counts between ADAMTS13~/~ and wild-type mice (Supplementary
Materials, Figure S2a—c). Histological analysis of Giemsa-stained adductor muscle sections
showed no significant differences in mast cell recruitment between the sham-operated and
the ligated sides, nor between ADAMTS13~/~ and control mice (Figure 5a). However, mast
cell degranulation was significantly increased on the ligated side compared to the sham
side in both groups, indicating physiological mast cell activation in response to arteriogenic
stimuli. Importantly, no differences were detected between ADAMTS13™/~ and wild-type
control mice (Figure 5b,c).
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Figure 5. ADAMTS13 has no significant impact on mast cell recruitment and activation. (a) Quantifi-
cation of total perivascular mast cells per growing and resting collateral artery, and (b) the number of
degranulated mast cells in the same regions in control and ADAMTS13~/~ mice 24 h after induction
of arteriogenesis by femoral artery ligation, based on Giemsa staining. Data are presented as means
=+ SEM; n = 7 mice per group; * p < 0.05, ns p > 0.05; analyzed using two-way repeated measures
ANOVA with Bonferroni’s multiple comparisons test. (c) Representative Giemsa-stained images
showing a resting mast cell (top) and a degranulated mast cell (bottom). Insets show magnified views.
Scale bar: 20 um.

These findings suggest that early platelet-neutrophil interactions and mast cell activa-
tion proceed normally in the absence of ADAMTS13.

2.6. ADAMTS13 Deficiency Increases Platelet Adhesion Without Thrombus Formation

To investigate potential early thrombotic events in ADAMTS13~/~ mice, we exam-
ined platelet and VWF accumulation in non-perfused tissue 24 h after induction of arterio-
genesis by FAL. Immunostaining revealed a significantly increased number of adherent
platelets on the vascular endothelium of growing collateral arteries on the ligated side
in ADAMTS13~/~ mice compared to wild-type controls. Notably, despite this increased
adhesion, there was no evidence of complete thrombotic occlusion in either genotype.
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In sham-operated limbs, platelet adherence remained low and did not differ between
ADAMTS13~/~ and control mice (Figure 6a,b).

a b

Adherent platelets
per collateral artery

occ sham occ sham

ADAMTS137-

platelets

4

Control occ Control sham

ADAMTS13~ occ ADAMTS137~ sham

Figure 6. Enhanced platelet adhesion in ADAMTS13~/~ mice without thrombus forma-
tion. (a) Scatter plot of adherent platelets per collateral artery (occ and sham) in control and
ADAMTS13~/~ mice. Data are presented as means + SEM; n = 7 mice per group; * p < 0.05;
ns p > 0.05; two-way repeated measures ANOVA with Bonferroni’s multiple comparisons correction.
(b) Representative immunofluorescence images of growing collaterals: merged (left) and single-
channel (right) views for control (top) and ADAMTS13~/~ (bottom). CD41 (red) marked platelets,
VWEF (green), CD31 (white) labeled endothelial cells, and DAPI (blue) stained nuclei. Scale bar: 20 um.
(c) Representative images from epifluorescence intravital microscopy of collaterals of the occ and the
sham side in control (upper panels) and ADAMTS13~/~ (lower panels) mice, 24 h after FAL. Veins
run alongside the collateral arteries. n = 5 mice. Scale bar: 100 pm.

Intravital microscopy using an intravenously administered CD41 antibody to label
circulating platelets confirmed the absence of intraluminal thrombi in growing collateral
arteries of ADAMTS13~/~ and control mice 24 h after FAL. A representative signal of
platelet adhesion was observed in a vein on the ligated side of a control animal, providing
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a visual reference for the typical appearance of adherent platelets, which was not observed
in collateral arteries (Figure 6c).

2.7. Ischemic Injury Extent Is Not Altered by ADAMTS13 Deficiency

While our data indicated that arteriogenesis is unaffected by ADAMTS13 deficiency,
we next investigated whether the downstream angiogenic response was altered. To assess
ischemic tissue damage, hematoxylin and eosin (H&E) staining was performed on gastroc-
nemius muscle sections collected 7 days after FAL. No differences in the extent of ischemic
injury were observed between ADAMTS13~/~ and control mice (Figure 7a,b). Sham-
operated sides showed no evidence of ischemic damage in either group (representative
images are provided in Supplementary Materials, Figure S3).

a b
O
20 .

15+

10+

Ischemic tissue
damage (%)

Control

ADAMTS13--

Figure 7. ADAMTS13 deficiency does not alter the extent of ischemic tissue damage. (a) Scatter
plot showing the percentage of ischemic tissue damage relative to the total gastrocnemius muscle
area in control and ADAMTS13~/~ mice 7 days after FAL, with one complete cross-sectional area
analyzed per mouse. Data are presented as means = SEM; n = 5 mice per group; ns p > 0.05; statistical
analysis by unpaired Student’s {-test. (b) Representative images of hematoxylin and eosin (H&E)
stained sections of gastrocnemius muscles from control (top) and ADAMTS13~/~ (bottom). Scale
bars: 1000 um (overview) and 100 um (detail).

2.8. Capillary Density Is Not Altered by ADAMTS13 Deficiency

To investigate the impact of ADAMTS13 deficiency on ischemia-induced angiogenesis,
we performed immunofluorescence staining for CD31, CD45, BrdU, and DAPI on gastroc-
nemius muscle sections collected 7 days after FAL. Capillaries were specifically quantified
by counting CD31*/CD45~ /DAPI" cells, thereby excluding leukocytes that express CD31
but are CD45 positive. Muscle fibers were identified based on their autofluorescence (see
Supplementary Materials, Figure S4). The capillary-to-muscle fiber ratio was used as a
measure of angiogenic activity.

Both ADAMTS13~/~ and wild-type control mice showed a significantly increased
capillary density on the occluded side compared to the sham side, demonstrating effective
angiogenic stimulation in response to ischemia. There was, however, no significant differ-
ence in capillary-to-muscle fiber ratio between the two genotypes (Figure 8a,c). Similarly,
both the number of proliferating endothelial cells (CD31* /CD45~ /BrdU* per muscle fiber)
and the proliferation rate (CD31" /CD45~ /BrdU™ as a percentage of total CD31*/CD45~
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cells) in the ischemic gastrocnemius muscles were identical in ADAMTS13~/~ and wild-
type control mice (Figure 8b,c and Supplementary Materials, Figure S5). In contrast, no
endothelial cell proliferation was detected in the non-ischemic, sham-operated gastrocne-
mius muscles of either genotype. Finally, capillary density on sham-operated sides did
not differ between the two groups, confirming that ADAMTS13 deficiency does not affect
baseline vascularization (Figure 8a).
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Figure 8. ADAMTS13~/~ mice do not show a difference in capillarity 7 days after FAL. (a) Number
of endothelial cells (CD31*/CD45~ /DAPI*) per muscle fiber of ischemic (occ) and non-ischemic
(sham) gastrocnemius muscle of control and ADAMTS13~/~ mice. Statistical analysis was performed
using two-way repeated measures ANOVA with Bonferroni correction for multiple comparisons.
(b) Proliferating endothelial cells (CD31*/CD45~ /BrdU" /DAPI") per muscle fiber in the ischemic
region of gastrocnemius muscle in control and ADAMTS13~/~ mice. Groups were compared using
an unpaired Student’s t-test. Data are presented as means = SEM; n = 5 mice per group; * p < 0.05; ns
p > 0.05. (c) Representative immunofluorescence staining of ischemic gastrocnemius muscle sections.
Merged images (left) and single-channel views (right) are shown for control (upper panels) and
ADAMTS13~/~ (lower panels) mice. BrdU (red) marked proliferating cells, CD45 (green) labeled
leukocytes, CD31 (white) visualized endothelial cells, and DAPI (blue) stained nuclei. In the merged
images, proliferating cells appear pink, reflecting BrdU (red) colocalized with DAPI (blue). Scale
bar: 50 um.

2.9. ADAMTS13 Deficiency Increases Macrophage Recruitment Without Affecting Polarization

Since ADAMTS13 deficiency did not affect macrophage recruitment or polarization
during arteriogenesis, we next investigated whether this also held true in the context of
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angiogenesis. To address this, we again used CD68 as a general marker for macrophages
and MRC1 to identify M2-like polarized macrophages.

In ischemic gastrocnemius muscle, total macrophage counts per mm?

were sig-
nificantly higher in ADAMTS13~/~ mice than in controls (Supplementary Material,
Figure S6a,d). However, the proportions of M1-like and M2-like polarized macrophages
did not differ between genotypes (Supplementary Material, Figure S6b—d). Both genotypes
showed significantly increased macrophage recruitment in the gastrocnemius muscle of
the ligated limbs compared to the non-ligated side. In the sham-operated muscles, no
differences were observed between ADAMTS13~/~ and control mice regarding either total
macrophage number or their polarization (Supplementary Materials, Figure S6a—c).
These findings suggest that, while ADAMTS13 deficiency may enhance macrophage
accumulation in ischemic tissue, it does not alter their polarization profile during angiogenesis.

2.10. ADAMTS13 Deficiency Does Not Affect Neutrophil Accumulation and NET Formation

Neutrophils and their ability to form neutrophil extracellular traps (NETs) are key
components of the early inflammatory response to ischemia. To assess the neutrophil
response, gastrocnemius tissue was analyzed 3 days after FAL using immunofluorescence
staining for myeloperoxidase (MPO, a neutrophil marker), citrullinated histone H3 (CitH3,
a NET marker), and DAPI. Cells positive for both MPO and DAPI were classified as
neutrophils, while MPO™ /CitH3* /DAPI" cells were identified as NET-forming neutrophils.

Quantitative analysis showed no significant differences in total neutrophil numbers be-
tween ADAMTS13~/~ and control mice (Supplementary Figure S7a,c). Similarly, NET den-
sity (NETs/mm?) was comparable between both genotypes (Supplementary Figure S7b,c).
In sham-operated, non-ischemic muscles, only minimal numbers of neutrophils were
present, while NETs were absent in both ADAMTS13~/~ and control mice, indicating
that the presence of neutrophils and NET formation is driven by ischemic conditions
(Supplementary Figure S7a).

3. Discussion

In this study, we investigated the role of ADAMTSI13 in arteriogenesis and angio-
genesis using a murine hindlimb ischemia model. While ADAMTS13 is well known for
its role in cleaving ULVWF to reduce thrombotic and inflammatory activity, our findings
challenge the assumption that it is a critical regulator in collateral artery growth and an-
giogenesis in peripheral skeletal muscle ischemia [4,44]. Contrary to prior assumptions,
our results demonstrate that ADAMTS13 deficiency does not impair the growth of col-
lateral arteries or capillary growth, nor is it associated with thrombus formation in the
remodeling vasculature.

Experimental studies have demonstrated that ADAMTS13 deficiency enhances throm-
bus formation on activated endothelium, an effect reversed by recombinant ADAMTS13,
highlighting its protective role [45]. In several models, ADAMTS13 has been shown to exert
protective anti-thrombotic and anti-inflammatory effects, for example, in diabetic nephropa-
thy or myocardial pressure overload injury [46,47]. Clinical and experimental studies reveal
that low ADAMTS13 plasma levels are associated with an increased risk of myocardial
infarction, stroke, or arterial thrombosis in subarachnoid hemorrhage [40,48-53]. In a
mouse model of ischemic stroke, it was shown that ADAMTS13 can dissolve occlusive
thrombus, thus facilitating efficient thrombolysis and vessel recanalization [54].

Based on these findings, we hypothesized that ADAMTS13 deficiency would pro-
mote platelet aggregation and thrombus formation in growing collateral vessels, thereby
impairing perfusion recovery. However, our data did not support this hypothesis. We
found no significant difference in hind limb perfusion recovery between ADAMTS13~/~
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and wild-type mice. To ensure that perfusion data reflected actual collateral growth,
we assessed collateral vessel diameter and endothelial cell proliferation. Both parame-
ters were comparable between the groups, confirming unimpaired arteriogenesis despite
ADAMTS13 deficiency.

Although we found increased platelet adhesion in ADAMTS13~/~ mice 24 h after
ligation, no thrombotic occlusions were detected histologically or by intravital microscopy.
Several compensatory mechanisms may explain these findings. First, the elevated platelet
adhesion observed histologically may reflect post-mortem effects, as uncleaved ULVWF
remains attached to the endothelial surface in the absence of ADAMTS13, facilitating
platelet retention during blood flow cessation. Second, local production of nitric oxide (NO),
which plays a central role in inhibiting platelet activation under physiological conditions,
may compensate for the absence of ADAMTS13, potentially due to shear stress-induced
upregulation of NO in collateral vessels [55,56]. Third, it is also plausible that other
proteolytic systems, such as leukocyte-derived proteases, compensate for ADAMTS13 loss
by degrading ULVWF and limiting thrombus formation [57,58].

To ensure that the early steps of arteriogenesis were not affected by the absence of
ADAMTS13, we examined endothelial VWF release at 2 h, as well as PNA formation
and mast cell activation 24 h after femoral artery ligation. During the process of arterio-
genesis, VEGFR2 activation has been shown to trigger endothelial VWF release, which
in turn promotes platelet activation, formation of PNAs, followed by subsequent mast
cell activation and leukocyte recruitment [4,8,9]. Our immunostaining demonstrated pre-
served VWF release in ADAMTS13~/~ mice, consistent with previous reports showing
that endothelial VWF secretion remains intact in the absence of ADAMTS13 [36,59]. Like-
wise, PNA formation and mast cell activation were not significantly altered. Although a
slight, non-significant increase in PNAs was observed in ADAMTS13~/~ mice, possibly
reflecting a mildly pro-thrombotic environment, this did not appear to affect downstream
inflammatory responses. These findings suggest that the initiation phase of arteriogenesis,
including VEGFR2-dependent VWF release, early platelet-leukocyte interactions and mast
cell activation, was not significantly disrupted or enhanced in the absence of ADAMTS13.

In several pathological contexts, ADAMTS13 has been shown to modulate inflamma-
tion. Mechanistically, ADAMTS13 deficiency has been associated with enhanced leukocyte
rolling and adhesion to the endothelium in unstimulated venules, as well as increased
neutrophil transmigration into inflamed tissue [36]. These data support the notion that
ADAMTS13 regulates not only thromboinflammatory balance but also early leukocyte—
endothelial interactions.

Studies in cerebral and myocardial ischemia/reperfusion injury demonstrated larger
infarct sizes and increased infiltration of neutrophils and pro-inflammatory cytokines
in ADAMTS13-deficient mice, effects that were attenuated by recombinant ADAMTS13
administration [38-40]. Comparable observations have been made in models of acute
kidney injury, diabetic retinopathy, rheumatoid arthritis, or sickle cell disease, where
loss of ADAMTS13 increased inflammation, and recombinant ADAMTS13 exerted anti-
inflammatory effects [42,60-62]. In particular, studies in ADAMTS13-deficient ApoE~/~
mice demonstrated accelerated atherosclerotic lesion development accompanied by in-
creased macrophage infiltration into plaques, highlighting the relevance of ADAMTS13 in
modulating vascular inflammation [37,63]. Based on the more pronounced inflammatory
responses observed in various disease models of ADAMTS13 deficiency, we hypothesized
that its absence might also affect arteriogenesis, a process that critically depends on the
balance between pro- and anti-inflammatory signaling. However, our data showed that
ADAMTS13 deficiency does not alter the number of perivascular macrophages, nor does it
affect the polarization toward pro-inflammatory (M1-like) or pro-regenerative (M2-like)
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macrophage phenotypes. These findings suggest that the absence of ADAMTS13 does not
significantly contribute to a pro-inflammatory shift during sterile inflammation associated
with arteriogenesis.

In our model, FAL induces arteriogenesis in the upper hindlimb, and as a consequence
of reduced perfusion, it causes ischemic tissue damage in the lower limb, particularly in
the gastrocnemius muscle [43,64]. Given that ADAMTS13 deficiency has no impact on
collateral artery growth, we investigated whether it might alter the downstream ischemic
injury by analyzing tissue damage in the gastrocnemius muscle. Quantification of ischemic
damage revealed no significant differences between ADAMTS13~/~ and control mice. Tt
was demonstrated that enhanced arteriogenesis correlates with reduced ischemic injury in
the lower limb [9]. Accordingly, this finding of no significant difference in overall ischemic
injury is consistent with our observation of preserved arteriogenesis in the upstream
femoral collateral network, which ensures timely restoration of perfusion and thereby
limits ischemic injury in both groups.

Previous in vitro studies have suggested a role for ADAMTS13 in modulating an-
giogenesis through effects on the VEGF/VEGFR2 signaling pathway. Recombinant
ADAMTS13 has been shown to promote angiogenesis in human umbilical vein endothelial
cells (HUVECS) in a dose-dependent manner by enhancing tube formation, proliferation,
and migration in vitro. Interestingly, when ADAMTS13 was administered together with
VEGEF, the VEGF-induced angiogenic response showed attenuation rather than enhance-
ment. This inhibitory effect was attributed to a direct interaction between the throm-
bospondin type 1 (TSP1) domain of ADAMTS13 with VEGE, suggesting a dual modulatory
role of the metalloprotease [65]. In a subsequent study, ADAMTS13 was shown to rapidly
upregulate VEGF mRNA and protein expression and to enhance VEGFR2 phosphoryla-
tion via its C-terminal TSP1 repeats. Blocking VEGF signaling abrogated these effects,
confirming the VEGF dependence of ADAMTS13-induced endothelial activation [66]. Sup-
porting these in vitro observations, knockdown of endogenous ADAMTS13 in HUVECs
resulted in significantly impaired proliferation, migration, and tube formation, likely due
to reduced VEGF levels, further indicating a pro-angiogenic role of ADAMTS13 indepen-
dent of its enzymatic activity against VWF [67]. These findings suggest that ADAMTS13
plays a context-dependent role in angiogenesis, with both pro-angiogenic and VEGF-
inhibitory effects depending on the signaling environment. In contrast to these in vitro
data, our results demonstrate that the absence of ADAMTS13 does not impair angiogenesis
in vivo. Capillary density and endothelial cell proliferation were not significantly reduced
in ADAMTS13~/~ mice compared to wild-type controls.

Based on the reported anti-inflammatory role of ADAMTS13, we hypothesized that
loss of ADAMTS13 may lead to excessive inflammation during ischemia-induced angio-
genesis with increased leukocyte infiltration in the ischemic muscle. Indeed, we observed
a significant increase in total macrophage infiltration within the ischemic gastrocnemius
muscle of ADAMTS13~/~ mice. However, no difference in macrophage polarization was
detected, with comparable proportions of pro-inflammatory M1-like and pro-regenerative
M2-like macrophage subsets between the genotypes. Furthermore, neutrophil infiltration
into the ischemic muscle following femoral artery ligation was not elevated in ADAMTS13-
deficient animals. This contrasts with findings from reperfusion-based models such as
cerebral ischemia, where ADAMTS13 deficiency led to enhanced neutrophil-driven injury,
suggesting that its role in ischemic inflammation may depend on the specific pathophysio-
logical context.

Collectively, our data indicate that ADAMTS13 deficiency does not significantly alter
ischemia-related angiogenesis in skeletal muscle. In this arteriogenesis-driven model,
where perfusion is progressively restored through collateral artery growth, both VEGFR2-
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dependent endothelial proliferation and inflammation-mediated processes of angiogenesis
appear to proceed normally, without evidence of impairment.

Overall, these findings regarding arteriogenesis and angiogenesis suggest that the
modulatory effects of ADAMTS13 may be more relevant in other models, such as acute
reperfusion injury, rather than in settings characterized by gradual vascular adaptation
and recovery.

The clinical implications of these findings are particularly relevant for peripheral
artery disease (PAD). Studies have reported reduced ADAMTS13 activity or elevated
VWEF/ADAMTS13 ratios in young patients with atherosclerosis, including those with PAD.
Notably, the combination of low ADAMTS13 levels and elevated VWF concentrations
has been associated with the highest risk for arterial events [68]. Our results suggest that,
despite reduced ADAMTS13 activity, the ability to form collateral vessels and capillaries
may remain intact, at least in the absence of acute thromboinflammatory events. This could
imply that endogenous vascular adaptation, such as the growth of natural bypasses, may
not be critically impaired in PAD patients with low ADAMTS13 levels.

Limitations of this study include the possibility that ADAMTS13-deficient mice may
compensate differently than humans, which makes it challenging to directly extrapolate
our findings to clinical practice. Moreover, our model simulates arterial occlusion in non-
atherosclerotic vessels, unlike the atherosclerotic context of peripheral artery disease in
humans. This difference could alter the role of ADAMTS13 and affect the applicability of
our results.

In conclusion, our findings refine the current understanding of ADAMTS13’s role in
ischemic revascularization. While ADAMTS13 is critical in limiting thrombus formation in
acute thromboinflammatory settings such as stroke or TTP, it appears to be dispensable
for collateral artery and capillary growth in models of gradual perfusion recovery driven
by arteriogenesis.

4. Materials and Methods
4.1. Animals

All experiments involving animals were conducted in accordance with the German
Animal Welfare Act and the NIH guidelines on animal care. Ethical approval was obtained
from the Government of Upper Bavaria (Regierung von Oberbayern, Germany; approval
code: ROB-55.2-2532.Vet_02-22-99; approval date: 29 March 2023), and experiments were
performed in compliance with the institutional guidelines of the Walter Brendel Centre
of Experimental Medicine. The mice were maintained under standardized environmen-
tal and housing conditions, including regulated temperature and humidity, with a 12 h
light/dark cycle, and were provided with a standard laboratory diet. Environmental en-
richment consisted of coarse bedding, play tunnels, gnawing sticks, cellulose tissues, and
cellulose swabs.

To examine the influence of ADAMTS13 on arteriogenesis and angiogenesis, 8-12-week-old
ADAMTS13-deficient male mice (ADAMTS13~/~ on a C57BL/6] background; B6.129-
Adamts13"™1P8i /], The Jackson Laboratory, JAX strain #007235), provided by S. Schneider
from the University Medical Center Hamburg-Eppendorf and bred in-house, were com-
pared to age-matched wild-type C57BL /6] male mice (referred to as control), either obtained
from Charles River Laboratory (Sulzfeld, Germany) or bred at the institute. Animals were
included in the experiment no earlier than four days after arrival to allow sufficient time
for acclimatization. Only animals in full health were enrolled. Endpoints were defined a
priori based on a standardized score sheet, which was used for daily monitoring. Assessed
parameters included body weight, fecal output, behavior, general condition and grooming,
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signs of pain, wound healing, and complications of the vascular occlusion. No animals had
to be excluded based on these criteria.

4.2. Femoral Artery Ligation, Laser-Doppler Perfusion Measurements, and Tissue Sampling

To induce arteriogenesis in the adductor muscle and angiogenesis in the gastroc-
nemius muscle, the murine hind limb ischemia model was employed as previously de-
scribed [43,64]. Mice were anesthetized using a combination of fentanyl (0.05 mg/kg,
Dechra Veterinary Products Deutschland GmbH, Aulendorf, Germany), midazolam
(5.0 mg/kg, Ratiopharm GmbH, Ulm, Germany), and medetomidine (0.5 mg/kg, Pfister
Pharma, Berlin, Germany) (MMF). A minimally invasive surgical procedure was performed
to ligate the right femoral artery just distal to the origin of the epigastric artery. To control
for surgical manipulation and suture placement, a sham operation was conducted on the
contralateral femoral artery, where the artery was exposed and a suture placed beneath
it without ligation (see Supplemental Figure S8). Postoperative analgesia consisted of
buprenorphine (0.1 mg/kg, Dechra Veterinary Products Deutschland GmbH), adminis-
tered subcutaneously at a volume of 0.1 mL 10 min before awakening from anesthesia and
every 8 h on postoperative days 1, 2, and 3.

Hind limb perfusion was assessed using laser Doppler imaging (LDI) (Moor LDI 5061
and Moor Software Version 3.01, Moor Instruments, Axminster, Devon, UK) at baseline
(preoperatively), immediately after ligation (aFAL), and on postoperative days 3 and 7. To
prevent hypothermia and minimize temperature-related variability, measurements were
conducted in a temperature-controlled chamber at 36-38 °C. Imaging began 10 min after the
mice were placed in the chamber. The region of interest (ROI) was defined in the software
and set to 0.42 cm? for both hind limbs across all experimental groups (see Supplemental
Figure S9). A mean flux value was calculated, and perfusion was quantified as the ratio of
flux in the ligated limb (occ) to the sham-operated limb (sham).

Tissue was collected at 2 h, 24 h, 3 or 7 days following femoral artery ligation. For
24 h, 3- and 7-day timepoints, mice were re-anesthetized with MMF. Blood was collected
by cardiac puncture using a heparinized syringe, yielding 500-1000 puL of blood for flow cy-
tometry. Following blood collection, animals were euthanized by cervical dislocation
under deep anesthesia. For mast cell staining, PNA analysis, and platelet adhesion,
n =7 mice per group were used; for all other histological staining, n = 5 mice per group
were analyzed.

For 7-day tissue collection, an aortic catheter was inserted, and the lower body was per-
fused with 20 mL of adenosine buffer (1% adenosine (Sigma-Aldrich, St. Louis, MO, USA),
5% bovine serum albumin (BSA, Sigma-Aldrich), diluted in phosphate-buffered saline
(PBS)), followed by 20 mL of 3% paraformaldehyde (PFA, Merck, Darmstadt, Germany,
diluted in PBS). The adductor and gastrocnemius muscles were dissected and incubated
for 1 h in 15% sucrose solution, followed by 12 h in 30% sucrose.

For 2 h and 24 h timepoints, adductor and gastrocnemius muscles were collected
without prior aortic perfusion. Dissected muscles were fixed in 3% PFA for 1 h, followed
by sequential incubation in 15% and 30% sucrose as described above.

All muscles were embedded in Tissue-Tek compound (Sakura Finetek Germany
GmbH, Staufen, Germany) and stored at —80 °C. Cryosections (8 um thick) were prepared
from the adductor and gastrocnemius muscles using a cryostat, with collateral vessels in
the adductor muscle sectioned perpendicularly at their mid-portion (see Figure 1c and
Supplemental Figure S8).
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4.3. Histology and Immunohistology

In order to investigate arteriogenesis, two superficial collateral arteries (see Figure 1c)
within the adductor muscle were analyzed on both the ligated (occ) and sham-operated
side of each mouse by histological and immunofluorescence methods. Immunofluorescence
staining was conducted according to established standard protocols, ensuring antibody
validation, proper fixation, antibody incubation and detection steps [69,70]. For each
side, the two collateral arteries were examined in three tissue sections, and the mean of
all six measurements per side was calculated. For mast cell staining, five tissue sections
per side were analyzed, each containing two collateral arteries. To assess angiogenesis,
five images from the ischemic region of the gastrocnemius muscle were evaluated per
mouse, while non-ischemic regions from the contralateral leg served as sham controls. Each
image encompassed a defined area of 1.5 mm?, and the mean value across these images
was calculated for each animal. Tissue samples of the gastrocnemius muscle collected seven
days after FAL were used to stain the ischemic area for endothelial cells and macrophages,
while samples obtained 3 days post-ligation were used to detect neutrophils and NETs.

BrdU Staining: This staining protocol was used to detect proliferating endothelial
(BrdU*/CD31* /DAPI") and smooth muscle cells (BrdU*/ACTA2*/DAPI") in the col-
lateral vessels. Beginning immediately after femoral artery ligation, mice received daily
intraperitoneal injections of bromodeoxyuridine (BrdU; 1.25 mg/day i.p. in 100 uL PBS,
Sigma-Aldrich).

Cryosections were incubated for 30 min at 37 °C in 1 M HC1 for DNA denaturation,
followed by membrane permeabilization with 0.2% Triton™ X-100 (AppliChem GmbH,
Darmstadt, Germany) for 10 min. Blocking was performed with 10% donkey serum (ab7475,
Abcam, Cambridge, UK), and sections were incubated overnight at 4 °C with the anti-BrdU
primary antibody (ab6326, Abcam; 1:100). The next day, donkey anti-rat Alexa Fluor®
555 secondary antibody (A48270, Thermo Fisher Scientific, Waltham, MA, USA; 1:100 in
phosphate-buffered saline containing 0.1% Tween-20 (PBS-T)) was applied for 1 h at room
temperature (RT). Following a second blocking step with 4% BSA for 30 min, sections
were incubated with anti-ACTA2-Alexa Fluor® 488 (F3777, Sigma-Aldrich; 1:400), anti-
CD31-Alexa Fluor® 647 (102516, BioLegend, San Diego, CA, USA; 1:100), and DAPI (62248,
Thermo Fisher Scientific; 1:1000).

BrdU staining of gastrocnemius muscles was similar, with the modification that FITC-
labeled anti-CD45 (11-0451-85, Invitrogen, Waltham, MA, USA; 1:100) was used instead of
anti-ACTA2 to distinguish endothelial cells (CD31*/CD45~ /DAPI*) from CD31* leukocytes.

Macrophage Staining: This protocol was used to visualize macrophages and assess

their polarization, distinguishing pro-inflammatory M1-like macrophages (CD68* /DAPI*)
from pro-regenerative M2-like macrophages (CD68*/MRC1*/DAPI*). Sections were fixed
in 4% PFA for 10 min and blocked with 10% donkey serum (ab7475, Abcam) for 1 h at RT.
They were then incubated overnight at 4 °C with the anti-MRC1 primary antibody (ab64693,
Abcam; 1:200). The next day, donkey anti-rabbit Alexa Fluor® 546 (A10040, Thermo Fisher;
1:200) was applied for 1 h at RT. After a second 30 min blocking step with 4% BSA, sections
were stained with anti-CD31-Alexa Fluor® 647 (102516, BioLegend; 1:100), anti-CD68-Alexa
Fluor® 488 (ab201844, Abcam; 1:200), and DAPI.

Macrophage staining of gastrocnemius muscles was conducted in the same way,
omitting anti-CD31.

Neutrophil and NET Staining: To visualize neutrophils (MPO*/DAPI*) and NETs
(MPO*/CitH3* /DAPI"), gastrocnemius muscle tissue was fixed in 4% PFA for 10 min,
permeabilized with 0.5% Triton X-100 (AppliChem GmbH) (In PBS-T) for 2 min at RT, and
blocked for 1 h with 10% donkey serum. Sections were incubated overnight at 4 °C with
anti-citrullinated histone H3 (Cit-H3, ab5103, Abcam; 1:100) and anti-myeloperoxidase




Int. J. Mol. Sci. 2025, 26, 9137

18 of 24

(MPO, AF3667, R&D Systems, Minneapolis, MN, USA; 1:100) in donkey serum. The next
day, sections were incubated with the secondary antibodies donkey anti-goat Alexa Fluor®
546 (A11056, Thermo Fisher Scientific; 1:100) and donkey anti-rabbit Alexa Fluor® 488-
conjugated secondary antibody (A32790, Thermo Fisher Scientific; 1:200) in PBS-T for 1 h at
RT, along with DAPI for nuclear counterstaining.

Platelet Staining: To visualize luminal platelets (CD41%) and VWE, cryosections were
fixed in 4% PFA for 5 min, permeabilized with 0.2% Triton X-100 (AppliChem GmbH)
for 10 min, and blocked with 10% donkey serum (ab7475, Abcam) for 1 h at RT. Sections
were then incubated overnight at 4 °C with an anti-VWF antibody (A0082, Dako Den-
mark/Agilent Technologies, Santa Clara, CA, USA; 1:100). The following day, sections
were incubated for 1 h at RT with a donkey anti-rabbit Alexa Fluor® 488-conjugated sec-
ondary antibody (A32790, Thermo Fisher Scientific; 1:200), followed by a second 30 min
blocking step with 4% BSA. Subsequently, PE anti-mouse CD41 (133906, BioLegend; 1:100),
anti-CD31-Alexa Fluor® 647 (102516, BioLegend; 1:100), and DAPI were applied.

VWE Staining: Mice received 800 ng/kg of anti-VWF antibody (A0082, Dako/Agilent
Technologies, dissolved in PBS) intravenously (total volume 100 pL) 30 min before tissue

collection. Two hours after FAL, tissues were harvested and cryopreserved. Cryosections
were stained with donkey anti-rabbit Alexa Fluor® 488 (A32790, Thermo Fisher Scientific;
1:200) for 1 h at RT, followed by blocking with 4% BSA and staining with anti-CD31-Alexa
Fluor® 647 (102516, BioLegend; 1:100) and DAPI.

Mast Cell Staining: Mast cells were visualized using standard Giemsa staining proto-

col as previously described [71]. In brief, tissue sections were fixed in 4% PFA for 5 min,
then rehydrated through a descending ethanol series: 5 min each in 100%, 96%, and 70%
ethanol. Sections were subsequently incubated for 1 h at 65 °C in Giemsa staining solution
(8 mL Giemsa’s azure-eosin-methylene blue solution in 192 mL distilled water). After
staining, slides were rinsed in distilled water and briefly differentiated in 0.5% acetic acid,
followed by 2 s in 96% and then 100% ethanol. Finally, slides were cleared in xylene
and mounted.

Ischemic Area: Tissue damage in the gastrocnemius muscle was evaluated using
hematoxylin and eosin (H&E) staining, according to previously described protocols [72]. In
brief, tissue sections were fixed in 4% PFA for 5 min, rinsed briefly in distilled water, and
stained with Mayer’s hematoxylin for 6 min. After washing under running tap water for
5 min, sections were sequentially incubated in 70% ethanol for 1 min, 0.1% eosin for 5 min,
96% ethanol for 1 min, 99% ethanol for 1 min, and finally in xylene for 2.5 min.

Image acquisition: For image acquisition, a Leica epifluorescence microscope (DM6

B, Leica Microsystems, Wetzlar, Germany) with a 40x objective lens for imaging collateral
vessels and a 20 x objective for imaging ischemic areas in gastrocnemius muscle was used.
Image] software, version 2.16.0/1.54g (National Institutes of Health, Bethesda, MD, USA;
open-source) was used for cell quantification. The platelet staining was imaged with an
LSM 880 (Carl Zeiss AG, Oberkochen, Germany) equipped with an Airyscan detector and
a 40x oil immersion objective. Deconvolution post-processing was performed with ZEN
2.3 Black software (Carl Zeiss AG), resulting in improved image quality. Imaging of VWF
staining was performed using a Zeiss LSM 980 (Carl Zeiss AG) confocal microscope (Carl
Zeiss AG). Post-processing consisted solely of orthogonal projection using ZEN 3.6 Blue
software (Carl Zeiss AG).

4.4. Intravital Microscopy

The adductor muscle was surgically prepared to expose the collateral branches of the
profunda femoris artery, as previously described [73]. Following anesthesia with MMF,
mice were positioned on a heating pad with all four limbs immobilized. Modeling clay
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was placed under the adductor muscle to achieve a flat orientation of the vessels. The
skin around the scar from the initial surgery was incised and sutured to form a pocket.
Perimuscular fat and superficial muscle covering the collaterals were carefully removed.
Throughout the procedure and imaging process, the tissue was kept moist using pre-
warmed saline or ultrasound gel. The depth of anesthesia was continuously monitored
and maintained with repeated MMF administration. For platelet labeling, 10 ug of Brilliant
Violet 421TM—conjugated anti-CD41 antibody (133912, BioLegend), diluted in PBS (total
volume 100 uL), was injected via the tail vein prior to imaging. Directly after imaging, mice
were euthanized by cervical dislocation under deep anesthesia.

Epifluorescence imaging was carried out using a Zeiss LSM 980 (Carl Zeiss AG,
Oberkochen, Germany) microscope equipped with an Axiocam 506 mono camera and a
Colibri 7 LED excitation system. Fluorescence excitation was achieved using a 385 nm
LED, and emission was detected using the 425-430 nm band-pass of the filter. Imaging was
conducted with a 20x /1.0 DIC water immersion objective. ZEN 3.6, Blue software (Carl
Zeiss AG) was used for image acquisition. Collateral vessels, including both artery and vein,
were imaged at the branching point from the profunda femoris artery. Platelet adherence
was manually quantified with Image]. For imaging, n = 5 mice per group were used.

4.5. Flow Cytometry

Blood was collected via cardiac puncture using a heparinized syringe (Ratiopharm
GmbH). 100 pL of whole blood was lysed in 2 mL BD FACS™ Lysing Solution (349202,
BD Biosciences, Franklin Lakes, NJ, USA; diluted 1:9 in distilled water), followed by
centrifugation at 400x g for 5 min at RT. The supernatant was discarded, and cells were
resuspended in an antibody mix of 100 uL 1% BSA in PBS containing the antibodies PE
anti-mouse CD11b (101208, BioLegend; 1:300), Brilliant Violet™ 421 anti-mouse CD115
(135513, BioLegend; 1:300), FITC anti-mouse CD41 (133903, BioLegend; 1:400), APC anti-
mouse Ly-6G/Ly-6C (108412, BioLegend; 1:800), and eFluor™ 780 viability dye (65-0865-14,
Invitrogen; 1:1000).

Samples were incubated for 20 min at 4 °C, centrifuged again (400x g, 5 min, RT),
and resuspended in 300 puL 1% BSA in PBS. Flow cytometry was performed using the BD
LSRFortessa (BD Biosciences, Lakes, NJ, USA). The PE-Texas Red detector (615/20 nm) was
left unoccupied to measure background fluorescence and assist in population gating. Data
were analyzed with FlowJo™ V10 (BD Biosciences).

4.6. Genotyping of ADAMTS13~/~ Mice

Genomic DNA was extracted from tissue samples (ear biopsies) using the KAPA
Express Extract kit (KE7102, Kapa Biosystems, Wilmington, MA, USA) according to the
manufacturer’s instructions. Genotyping was performed using two separate PCR reactions
to distinguish ADAMTS13 wild-type and knockout alleles. PCR set A contained Primer 2
(ADAMTS13 0IMR8009, wild common reverse, 5'-GAG TTG CTA GGT TAT CAG GAA
G-3') and Primer 3 (ADAMTS13 0IMR8010, mutant forward, 5-TGG TTC TAA GTA CTG
TGG TTT CC-3'), producing a 290 bp amplicon corresponding to the knockout allele. PCR
set B contained Primer 2 and Primer 1 (ADAMTS13 oIMR8008, wild-type forward, 5-AGC
CCC AAC TCT TGT CTT TTA AT-3'), producing a 361 bp amplicon corresponding to
the wild-type allele. Each PCR reaction (25 pL) contained 12.5 uL KAPA2G Fast HotStart
Genotyping Mix (KK5621, Kapa Biosystems), 10.5 pL nuclease-free water, 0.5 uL of each
primer, and 1 pL. genomic DNA. PCR cycling conditions were 95 °C for 3 min; 35 cycles
of 95 °C for 15, 58 °C for 15 s, 72 °C for 30 s; and a final extension at 72 °C for 30 s. PCR
amplicons were separated on a 1.5% agarose gel with a 100 bp DNA ladder. Genotypes
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were assigned as follows: a band in PCR set A only indicated ADAMTS13~/~, a band in
PCR set B only indicated wild-type (see Supplemental Figure S10).

4.7. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 10 (GraphPad Software,
La Jolla, CA, USA). Group comparisons and statistical tests are specified in the respective
figure legends. Data are presented as mean + standard error of the mean (SEM), and
p-values < 0.05 were considered statistically significant. In cases with no variability (e.g.,
all sham values = 0), t-tests were used instead of two-way ANOVA.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms26189137 /s1.
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ADAMTS13 A Disintegrin and Metalloprotease with Thrombospondin type 1 repeats, member 13

BrdU Bromodeoxyuridine

CitH3 Citrullinated Histone H3

FAL Femoral Artery Ligation

H&E Hematoxylin and Eosin

HUVEC Human Umbilical Vein Endothelial Cells
LDI Laser Doppler imaging

MMF Midazolam, Medetomidine and Fentanyl
MRC1 Mannose Receptor C-type 1

MPO Myeloperoxidase

NET Neutrophil Extracellular Trap

NO Nitric Oxide

ns not significant

occ occluded

PAD Peripheral Artery Disease
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PBS Phosphate-Buffered Saline
PFA Paraformaldehyde
PNA Platelet-Neutrophil Aggregates
ROI Region Of Interest
RT Room Temperature
SEM Standard Error of the Mean
TNFx Tumor Necrosis Factor-Alpha
TSP1 Thrombospondin Type 1
TTP Thrombotic Thrombocytopenic Purpura
ULVWF Ultra Large Von Willebrand Factor
VEGF Vascular Endothelial Growth Factor
VWE Von Willebrand Factor
References
1.  Fowkes, EG.; Rudan, D.; Rudan, I.; Aboyans, V.; Denenberg, ].O.; McDermott, M.M.; Norman, P.E.; Sampson, U.K.; Williams, L.J.;

10.

11.

12.

13.

14.

15.

16.

17.

Mensah, G.A; et al. Comparison of global estimates of prevalence and risk factors for peripheral artery disease in 2000 and 2010:
A systematic review and analysis. Lancet 2013, 382, 1329-1340. [CrossRef]

Faber, J.E.; Chilian, W.M.; Deind]l, E.; van Royen, N.; Simons, M. A brief etymology of the collateral circulation. Arterioscler.
Thromb. Vasc. Biol. 2014, 34, 1854-1859. [CrossRef] [PubMed]

Deindl, E.; Schaper, W. The art of arteriogenesis. Cell Biochem. Biophys. 2005, 43, 1-15. [CrossRef] [PubMed]

Lasch, M,; Kleinert, E.C.; Meister, S.; Kumaraswami, K.; Buchheim, J.I.; Grantzow, T.; Lautz, T.; Salpisti, S.; Fischer, S.; Troidl, K,;
et al. Extracellular RNA released due to shear stress controls natural bypass growth by mediating mechanotransduction in mice.
Blood 2019, 134, 1469-1479. [CrossRef] [PubMed]

Fischer, S.; Nishio, M.; Peters, S.C.; Tschernatsch, M.; Walberer, M.; Weidemann, S.; Heidenreich, R.; Couraud, P.O.; Weksler, B.B.;
Romero, I.A ; et al. Signaling mechanism of extracellular RNA in endothelial cells. FASEB J. 2009, 23, 2100-2109. [CrossRef]
Dong, J.E; Moake, ].L.; Nolasco, L.; Bernardo, A.; Arceneaux, W.; Shrimpton, C.N.; Schade, A.J.; McIntire, L.V.; Fujikawa, K,;
Lopez, ]. A. ADAMTS-13 rapidly cleaves newly secreted ultralarge von Willebrand factor multimers on the endothelial surface
under flowing conditions. Blood 2002, 100, 4033—4039. [CrossRef]

Sadler, J.E. Biomedicine. Contact--how platelets touch von Willebrand factor. Science 2002, 297, 1128-1129. [CrossRef]
Chandraratne, S.; von Bruehl, M.L.; Pagel, ].I; Stark, K.; Kleinert, E.; Konrad, I.; Farschtschi, S.; Coletti, R.; Gartner, E; Chillo,
O.; et al. Critical role of platelet glycoprotein ibalpha in arterial remodeling. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 589-597.
[CrossRef]

Chillo, O.; Kleinert, E.C.; Lautz, T.; Lasch, M.; Pagel, ].I.; Heun, Y.; Troidl, K.; Fischer, S.; Caballero-Martinez, A.; Mauer, A.;
et al. Perivascular Mast Cells Govern Shear Stress-Induced Arteriogenesis by Orchestrating Leukocyte Function. Cell Rep. 2016,
16,2197-2207. [CrossRef]

Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte chemoattractant protein-1 (MCP-1): An overview. |. Interferon.
Cytokine. Res. 2009, 29, 313-326. [CrossRef]

Arras, M.; Ito, W.D.; Scholz, D.; Winkler, B.; Schaper, ].; Schaper, W. Monocyte activation in angiogenesis and collateral growth in
the rabbit hindlimb. J. Clin. Investig. 1998, 101, 40-50. [CrossRef]

Deindl, E.; Hoefer, L.E.; Fernandez, B.; Barancik, M.; Heil, M.; Strniskova, M.; Schaper, W. Involvement of the fibroblast growth
factor system in adaptive and chemokine-induced arteriogenesis. Circ. Res. 2003, 92, 561-568. [CrossRef] [PubMed]

Hoefer, L.E.; van Royen, N.; Rectenwald, J.E.; Bray, E.J.; Abouhamze, Z.; Moldawer, L.L.; Voskuil, M.; Piek, J.J.; Buschmann,
LR.; Ozaki, C.K. Direct evidence for tumor necrosis factor-alpha signaling in arteriogenesis. Circulation 2002, 105, 1639-1641.
[CrossRef] [PubMed]

Heil, M.; Ziegelhoeffer, T.; Pipp, F; Kostin, S.; Martin, S.; Clauss, M.; Schaper, W. Blood monocyte concentration is critical for
enhancement of collateral artery growth. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H2411-H2419. [CrossRef] [PubMed]
Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, F.; Seifi, B.;, Mohammadi,
A.; Afshari, ].T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and disease. . Cell Physiol. 2018,
233, 6425-6440. [CrossRef]

Troidl, C.; Jung, G.; Troidl, K.; Hoffmann, J.; Mollmann, H.; Nef, H.; Schaper, W.; Hamm, C.W.; Schmitz-Rixen, T. The temporal
and spatial distribution of macrophage subpopulations during arteriogenesis. Curr. Vasc. Pharmacol. 2013, 11, 5-12. [CrossRef]
Buschmann, I.; Schaper, W. Arteriogenesis Versus Angiogenesis: Two Mechanisms of Vessel Growth. News Physiol. Sci. 1999,
14, 121-125. [CrossRef]


https://doi.org/10.1016/S0140-6736(13)61249-0
https://doi.org/10.1161/ATVBAHA.114.303929
https://www.ncbi.nlm.nih.gov/pubmed/25012127
https://doi.org/10.1385/CBB:43:1:001
https://www.ncbi.nlm.nih.gov/pubmed/16043879
https://doi.org/10.1182/blood.2019001392
https://www.ncbi.nlm.nih.gov/pubmed/31501155
https://doi.org/10.1096/fj.08-121608
https://doi.org/10.1182/blood-2002-05-1401
https://doi.org/10.1126/science.1075452
https://doi.org/10.1161/ATVBAHA.114.304447
https://doi.org/10.1016/j.celrep.2016.07.040
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1172/jci119877
https://doi.org/10.1161/01.RES.0000061181.80065.7D
https://www.ncbi.nlm.nih.gov/pubmed/12600883
https://doi.org/10.1161/01.cir.0000014987.32865.8e
https://www.ncbi.nlm.nih.gov/pubmed/11940540
https://doi.org/10.1152/ajpheart.01098.2001
https://www.ncbi.nlm.nih.gov/pubmed/12388258
https://doi.org/10.1002/jcp.26429
https://doi.org/10.2174/157016113804547629
https://doi.org/10.1152/physiologyonline.1999.14.3.121

Int. J. Mol. Sci. 2025, 26, 9137 22 0f 24

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Adams, R.H.; Alitalo, K. Molecular regulation of angiogenesis and lymphangiogenesis. Nat. Rev. Mol. Cell Biol. 2007, 8, 464—478.
[CrossRef]

Gaudry, M.; Bregerie, O.; Andrieu, V.; El Benna, J.; Pocidalo, M.A.; Hakim, J. Intracellular pool of vascular endothelial growth
factor in human neutrophils. Blood 1997, 90, 4153-4161. [CrossRef]

Wang, J. Neutrophils in tissue injury and repair. Cell Tissue Res. 2018, 371, 531-539. [CrossRef]

Du Cheyne, C.; Tay, H.; De Spiegelaere, W. The complex TIE between macrophages and angiogenesis. Anat. Histol. Embryol. 2020,
49, 585-596. [CrossRef] [PubMed]

Levy, G.G.; Nichols, W.C.; Lian, E.C.; Foroud, T.; McClintick, ].N.; McGee, B.M.; Yang, A.Y.; Siemieniak, D.R.; Stark, K.R,;
Gruppo, R.; et al. Mutations in a member of the ADAMTS gene family cause thrombotic thrombocytopenic purpura. Nature 2001,
413, 488-494. [CrossRef] [PubMed]

Uemura, M.; Tatsumi, K.; Matsumoto, M.; Fujimoto, M.; Matsuyama, T.; Ishikawa, M.; Iwamoto, T.A.; Mori, T.; Wanaka, A.; Fukui,
H.; et al. Localization of ADAMTS13 to the stellate cells of human liver. Blood 2005, 106, 922-924. [CrossRef] [PubMed]

Turner, N.; Nolasco, L.; Tao, Z.; Dong, ].F.; Moake, J. Human endothelial cells synthesize and release ADAMTS-13. ]. Thromb.
Haemost. 2006, 4, 1396-1404. [CrossRef]

Bockmeyer, C.L.; Forstmeier, V.; Modde, F.; Lovric, S.; Claus, R.A.; Schiffer, M.; Agustian, P.A.; Grothusen, C.; Grote, K,;
Birschmann, I.; et al. ADAMTS13—marker of contractile phenotype of arterial smooth muscle cells lost in benign nephrosclerosis.
Nephrol. Dial. Transplant. 2011, 26, 1871-1881. [CrossRef]

Sporn, L.A.; Marder, V.J.; Wagner, D.D. Inducible secretion of large, biologically potent von Willebrand factor multimers. Cell
1986, 46, 185-190. [CrossRef]

Cramer, E.M.; Meyer, D.; le Menn, R.; Breton-Gorius, J. Eccentric localization of von Willebrand factor in an internal structure of
platelet alpha-granule resembling that of Weibel-Palade bodies. Blood 1985, 66, 710-713. [CrossRef]

Schmugge, M.; Rand, M.L.; Freedman, J. Platelets and von Willebrand factor. Transfus. Apher. Sci. 2003, 28, 269-277. [CrossRef]
Fernandez, M.F; Ginsberg, M.H.; Ruggeri, Z.M.; Batlle, FJ.; Zimmerman, T.S. Multimeric structure of platelet factor VIII/von
Willebrand factor: The presence of larger multimers and their reassociation with thrombin-stimulated platelets. Blood 1982,
60, 1132-1138. [CrossRef]

Schneider, S.W.; Nuschele, S.; Wixforth, A.; Gorzelanny, C.; Alexander-Katz, A.; Netz, R.R.; Schneider, M.F. Shear-induced
unfolding triggers adhesion of von Willebrand factor fibers. Proc. Natl. Acad. Sci. USA 2007, 104, 7899-7903. [CrossRef]
Crawley, ].T.; de Groot, R; Xiang, Y.; Luken, B.M.; Lane, D.A. Unraveling the scissile bond: How ADAMTS13 recognizes and
cleaves von Willebrand factor. Blood 2011, 118, 3212-3221. [CrossRef] [PubMed]

Chauhan, A.K.; Goerge, T.; Schneider, S.W.; Wagner, D.D. Formation of platelet strings and microthrombi in the presence of
ADAMTS-13 inhibitor does not require P-selectin or beta3 integrin. J. Thromb. Haemost. 2007, 5, 583-589. [CrossRef] [PubMed]
Shim, K.; Anderson, PJ.; Tuley, E.A.; Wiswall, E.; Sadler, ]J.E. Platelet-VWF complexes are preferred substrates of ADAMTS13
under fluid shear stress. Blood 2008, 111, 651-657. [CrossRef] [PubMed]

Crawley, ].T.; Scully, M.A. Thrombotic thrombocytopenic purpura: Basic pathophysiology and therapeutic strategies. Hematol.
Am. Soc. Hematol. Educ. Program 2013, 2013, 292-299. [CrossRef]

Bernardo, A.; Ball, C.; Nolasco, L.; Choi, H.; Moake, ].L.; Dong, J.E. Platelets adhered to endothelial cell-bound ultra-large von
Willebrand factor strings support leukocyte tethering and rolling under high shear stress. J. Thromb. Haemost. 2005, 3, 562-570.
[CrossRef]

Chauhan, A K; Kisucka, J.; Brill, A.; Walsh, M.T.; Scheiflinger, F.; Wagner, D.D. ADAMTS13: A new link between thrombosis and
inflammation. J. Exp. Med. 2008, 205, 2065-2074. [CrossRef]

Gandhi, C.; Khan, M.M.; Lentz, S.R.; Chauhan, A.K. ADAMTS13 reduces vascular inflammation and the development of early
atherosclerosis in mice. Blood 2012, 119, 2385-2391. [CrossRef]

De Meyer, S.E,; Savchenko, A.S.; Haas, M.S.; Schatzberg, D.; Carroll, M.C.; Schiviz, A.; Dietrich, B.; Rottensteiner, H.; Scheiflinger,
F.; Wagner, D.D. Protective anti-inflammatory effect of ADAMTS13 on myocardial ischemia/reperfusion injury in mice. Blood
2012, 120, 5217-5223. [CrossRef]

Khan, M.M.; Motto, D.G.; Lentz, S.R.; Chauhan, A.K. ADAMTS13 reduces VWF-mediated acute inflammation following focal
cerebral ischemia in mice. J. Thromb. Haemost. 2012, 10, 1665-1671. [CrossRef]

Fujioka, M.; Nakano, T.; Hayakawa, K.; Irie, K.; Akitake, Y.; Sakamoto, Y.; Mishima, K.; Muroi, C.; Yonekawa, Y.; Banno,
F; et al. ADAMTS13 gene deletion enhances plasma high-mobility group box1 elevation and neuroinflammation in brain
ischemia-reperfusion injury. Neurol. Sci. 2012, 33, 1107-1115. [CrossRef]

Gandhi, C.; Motto, D.G; Jensen, M.; Lentz, S.R.; Chauhan, A.K. ADAMTS13 deficiency exacerbates VWE-dependent acute
myocardial ischemia/reperfusion injury in mice. Blood 2012, 120, 5224-5230. [CrossRef] [PubMed]

Abu El-Asrar, A.M.; Nawaz, M.I; Ahmad, A.; Siddiquei, M.; Allegaert, E.; Adyns, L.; Vanbrabant, L.; Gikandi, PW.; De Hertogh,
G.; Struyf, S.; et al. ADAMTS13 Improves Endothelial Function and Reduces Inflammation in Diabetic Retinopathy. Cells 2025,
14, 85. [CrossRef] [PubMed]


https://doi.org/10.1038/nrm2183
https://doi.org/10.1182/blood.v90.10.4153
https://doi.org/10.1007/s00441-017-2785-7
https://doi.org/10.1111/ahe.12518
https://www.ncbi.nlm.nih.gov/pubmed/31774212
https://doi.org/10.1038/35097008
https://www.ncbi.nlm.nih.gov/pubmed/11586351
https://doi.org/10.1182/blood-2005-01-0152
https://www.ncbi.nlm.nih.gov/pubmed/15855280
https://doi.org/10.1111/j.1538-7836.2006.01959.x
https://doi.org/10.1093/ndt/gfq604
https://doi.org/10.1016/0092-8674(86)90735-X
https://doi.org/10.1182/blood.V66.3.710.710
https://doi.org/10.1016/S1473-0502(03)00046-6
https://doi.org/10.1182/blood.V60.5.1132.1132
https://doi.org/10.1073/pnas.0608422104
https://doi.org/10.1182/blood-2011-02-306597
https://www.ncbi.nlm.nih.gov/pubmed/21715306
https://doi.org/10.1111/j.1538-7836.2007.02361.x
https://www.ncbi.nlm.nih.gov/pubmed/17166247
https://doi.org/10.1182/blood-2007-05-093021
https://www.ncbi.nlm.nih.gov/pubmed/17901248
https://doi.org/10.1182/asheducation-2013.1.292
https://doi.org/10.1111/j.1538-7836.2005.01122.x
https://doi.org/10.1084/jem.20080130
https://doi.org/10.1182/blood-2011-09-376202
https://doi.org/10.1182/blood-2012-06-439935
https://doi.org/10.1111/j.1538-7836.2012.04822.x
https://doi.org/10.1007/s10072-011-0913-9
https://doi.org/10.1182/blood-2012-06-440255
https://www.ncbi.nlm.nih.gov/pubmed/22983446
https://doi.org/10.3390/cells14020085
https://www.ncbi.nlm.nih.gov/pubmed/39851513

Int. J. Mol. Sci. 2025, 26, 9137 23 of 24

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Scholz, D.; Ziegelhoeffer, T.; Helisch, A.; Wagner, S.; Friedrich, C.; Podzuweit, T.; Schaper, W. Contribution of arteriogenesis and
angiogenesis to postocclusive hindlimb perfusion in mice. J. Mol. Cell Cardiol. 2002, 34, 775-787. [CrossRef] [PubMed]

Kluever, A K.; Braumandl, A; Fischer, S.; Preissner, K.T.; Deind], E. The Extraordinary Role of Extracellular RNA in Arteriogenesis,
the Growth of Collateral Arteries. Int. J. Mol. Sci. 2019, 20, 6177. [CrossRef]

Chauhan, A.K.; Motto, D.G.; Lamb, C.B.; Bergmeier, W.; Dockal, M.; Plaimauer, B.; Scheiflinger, F.; Ginsburg, D.; Wagner, D.D.
Systemic antithrombotic effects of ADAMTSI13. J. Exp. Med. 2006, 203, 767-776. [CrossRef]

Dhanesha, N.; Doddapattar, P.; Chorawala, M.R.; Nayak, M.K.; Kokame, K ; Staber, ] M.; Lentz, S.R.; Chauhan, A K. ADAMTS13
Retards Progression of Diabetic Nephropathy by Inhibiting Intrarenal Thrombosis in Mice. Arterioscler. Thromb. Vasc. Biol. 2017,
37,1332-1338. [CrossRef]

Witsch, T.; Martinod, K.; Sorvillo, N.; Portier, I.; De Meyer, S.E; Wagner, D.D. Recombinant Human ADAMTS13 Treatment
Improves Myocardial Remodeling and Functionality After Pressure Overload Injury in Mice. . Am. Heart Assoc. 2018, 7, €007004.
[CrossRef]

Sonneveld, M.A.; de Maat, M.P,; Leebeek, EW. Von Willebrand factor and ADAMTS13 in arterial thrombosis: A systematic review
and meta-analysis. Blood Rev. 2014, 28, 167-178. [CrossRef]

Vergouwen, M.D.; Knaup, V.L.; Roelofs, ].].; de Boer, O.].; Meijers, J.C. Effect of recombinant ADAMTS-13 on microthrombosis
and brain injury after experimental subarachnoid hemorrhage. J. Thromb. Haemost. 2014, 12, 943-947. [CrossRef]

Muroi, C.; Fujioka, M.; Mishima, K.; Irie, K.; Fujimura, Y.; Nakano, T.; Fandino, ].; Keller, E.; Iwasaki, K.; Fujiwara, M. Effect of
ADAMTS-13 on cerebrovascular microthrombosis and neuronal injury after experimental subarachnoid hemorrhage. J. Thromb.
Haemost. 2014, 12, 505-514. [CrossRef]

Andersson, H.M,; Siegerink, B.; Luken, B.M.; Crawley, ].T.; Algra, A.; Lane, D.A.; Rosendaal, ER. High VWF, low ADAMTS13,
and oral contraceptives increase the risk of ischemic stroke and myocardial infarction in young women. Blood 2012, 119, 1555-1560.
[CrossRef]

Kaikita, K.; Soejima, K.; Matsukawa, M.; Nakagaki, T.; Ogawa, H. Reduced von Willebrand factor-cleaving protease (ADAMTS13)
activity in acute myocardial infarction. J. Thromb. Haemost. 2006, 4, 2490-2493. [CrossRef] [PubMed]

Crawley, ].T,; Lane, D.A.; Woodward, M.; Rumley, A.; Lowe, G.D. Evidence that high von Willebrand factor and low ADAMTS-13
levels independently increase the risk of a non-fatal heart attack. J. Thromb. Haemost. 2008, 6, 583-588. [CrossRef]

Denorme, F.; Langhauser, F; Desender, L.; Vandenbulcke, A.; Rottensteiner, H.; Plaimauer, B.; Francois, O.; Andersson, T.;
Deckmyn, H.; Scheiflinger, F.; et al. ADAMTS13-mediated thrombolysis of t-PA-resistant occlusions in ischemic stroke in mice.
Blood 2016, 127, 2337-2345. [CrossRef]

Fisslthaler, B.; Dimmeler, S.; Hermann, C.; Busse, R.; Fleming, I. Phosphorylation and activation of the endothelial nitric oxide
synthase by fluid shear stress. Acta. Physiol. Scand. 2000, 168, 81-88. [CrossRef] [PubMed]

Wen, L.; Feil, S.; Wolters, M.; Thunemann, M.; Regler, F.; Schmidt, K.; Friebe, A.; Olbrich, M.; Langer, H.; Gawaz, M.; et al. A
shear-dependent NO-cGMP-cGKI cascade in platelets acts as an auto-regulatory brake of thrombosis. Nat. Commun. 2018, 9, 4301.
[CrossRef]

Lancellotti, S.; Basso, M.; De Cristofaro, R. Proteolytic processing of von Willebrand factor by adamts13 and leukocyte proteases.
Mediterr. J. Hematol. Infect. Dis. 2013, 5, €2013058. [CrossRef]

Raife, T.].; Cao, W.; Atkinson, B.S.; Bedell, B.; Montgomery, R.R.; Lentz, S.R.; Johnson, G.F.; Zheng, X.L. Leukocyte proteases
cleave von Willebrand factor at or near the ADAMTS13 cleavage site. Blood 2009, 114, 1666-1674. [CrossRef]

Motto, D.G.; Chauhan, A K.; Zhu, G.; Homeister, J.; Lamb, C.B.; Desch, K.C.; Zhang, W.; Tsai, H.M.; Wagner, D.D.; Ginsburg, D.
Shigatoxin triggers thrombotic thrombocytopenic purpura in genetically susceptible ADAMTS13-deficient mice. J. Clin. Investig.
2005, 115, 2752-2761. [CrossRef]

Zhou, S.; Jiang, S.; Guo, J.; Xu, N.; Wang, Q.; Zhang, G.; Zhao, L.; Zhou, Q.; Fu, X,; Li, L.; et al. ADAMTS13 protects mice against
renal ischemia-reperfusion injury by reducing inflammation and improving endothelial function. Am. J. Physiol. Renal. Physiol.
2019, 316, F134-F145. [CrossRef]

Fukui, S.; Gutch, S.; Fukui, S.; Chu, L.; Wagner, D.D. Anti-inflammatory protective effect of ADAMTS-13 in murine arthritis
models. J. Thromb. Haemost. 2022, 20, 2386-2393. [CrossRef] [PubMed]

Rossato, P.; Federti, E.; Matte, A.; Glantschnig, H.; Canneva, E; Schuster, M.; Coulibaly, S.; Schrenk, G.; Voelkel, D.; Dockal, M.;
et al. Evidence of protective effects of recombinant ADAMTS13 in a humanized model of sickle cell disease. Haematologica 2022,
107, 2650-2660. [CrossRef]

Jin, S.Y.; Tohyama, J.; Bauer, R.C.; Cao, N.N.; Rader, D.J.; Zheng, X.L. Genetic ablation of Adamts13 gene dramatically accelerates
the formation of early atherosclerosis in a murine model. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1817-1823. [CrossRef] [PubMed]
Deind], E.; Ziegelhoffer, T.; Kanse, S.M.; Fernandez, B.; Neubauer, E.; Carmeliet, P.; Preissner, K.T.; Schaper, W. Receptor-
independent role of the urokinase-type plasminogen activator during arteriogenesis. FASEB J. 2003, 17, 1174-1176. [CrossRef]
[PubMed]


https://doi.org/10.1006/jmcc.2002.2013
https://www.ncbi.nlm.nih.gov/pubmed/12099717
https://doi.org/10.3390/ijms20246177
https://doi.org/10.1084/jem.20051732
https://doi.org/10.1161/ATVBAHA.117.309539
https://doi.org/10.1161/JAHA.117.007004
https://doi.org/10.1016/j.blre.2014.04.003
https://doi.org/10.1111/jth.12574
https://doi.org/10.1111/jth.12511
https://doi.org/10.1182/blood-2011-09-380618
https://doi.org/10.1111/j.1538-7836.2006.02161.x
https://www.ncbi.nlm.nih.gov/pubmed/16898955
https://doi.org/10.1111/j.1538-7836.2008.02902.x
https://doi.org/10.1182/blood-2015-08-662650
https://doi.org/10.1046/j.1365-201x.2000.00627.x
https://www.ncbi.nlm.nih.gov/pubmed/10691783
https://doi.org/10.1038/s41467-018-06638-8
https://doi.org/10.4084/mjhid.2013.058
https://doi.org/10.1182/blood-2009-01-195461
https://doi.org/10.1172/JCI26007
https://doi.org/10.1152/ajprenal.00405.2018
https://doi.org/10.1111/jth.15828
https://www.ncbi.nlm.nih.gov/pubmed/35875933
https://doi.org/10.3324/haematol.2021.280233
https://doi.org/10.1161/ATVBAHA.112.247262
https://www.ncbi.nlm.nih.gov/pubmed/22652598
https://doi.org/10.1096/fj.02-0800fje
https://www.ncbi.nlm.nih.gov/pubmed/12692088

Int. J. Mol. Sci. 2025, 26, 9137 24 of 24

65.

66.

67.

68.

69.

70.

71.
72.

73.

Lee, M.; Rodansky, E.S.; Smith, ].K,; Rodgers, G.M. ADAMTS13 promotes angiogenesis and modulates VEGF-induced angiogene-
sis. Microvasc. Res. 2012, 84, 109-115. [CrossRef]

Lee, M.; Keener, |.; Xiao, ].; Long Zheng, X.; Rodgers, G.M. ADAMTS13 and its variants promote angiogenesis via upregulation of
VEGF and VEGFR?2. Cell Mol. Life Sci. 2015, 72, 349-356. [CrossRef]

Tang, H.; Lee, M.; Kim, E.H.; Bishop, D.; Rodgers, G.M. siRNA-knockdown of ADAMTS-13 modulates endothelial cell angiogene-
sis. Microvasc. Res. 2017, 113, 65-70. [CrossRef]

Bongers, T.N.; de Bruijne, E.L.; Dippel, D.W.; de Jong, A.].; Deckers, ].W.; Poldermans, D.; de Maat, M.P,; Leebeek, EW. Lower
levels of ADAMTS13 are associated with cardiovascular disease in young patients. Atherosclerosis 2009, 207, 250-254. [CrossRef]
Im, K.; Mareninov, S.; Diaz, M.EP; Yong, WH. An Introduction to Performing Immunofluorescence Staining. Methods Mol. Biol.
2019, 1897, 299-311. [CrossRef]

Kim, S.W.; Roh, J.; Park, C.S. Immunohistochemistry for Pathologists: Protocols, Pitfalls, and Tips. J. Pathol. Transl. Med. 2016,
50, 411-418. [CrossRef]

Buesa, R.J. Giemsa Staining of Tissue Sections: A New Twist on an Old Technique. J. Histotechnol. 2001, 24, 251-253. [CrossRef]
Fischer, A.H.; Jacobson, K.A ; Rose, J.; Zeller, R. Hematoxylin and eosin staining of tissue and cell sections. CSH Protoc. 2008, 2008,
pdb.prot4986. [CrossRef]

Lasch, M.; Nekolla, K.; Klemm, A.H.; Buchheim, J.I.; Pohl, U.; Dietzel, S.; Deindl, E. Estimating hemodynamic shear stress in
murine peripheral collateral arteries by two-photon line scanning. Mol. Cell Biochem. 2019, 453, 41-51. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.mvr.2012.05.004
https://doi.org/10.1007/s00018-014-1667-3
https://doi.org/10.1016/j.mvr.2017.05.007
https://doi.org/10.1016/j.atherosclerosis.2009.04.013
https://doi.org/10.1007/978-1-4939-8935-5_26
https://doi.org/10.4132/jptm.2016.08.08
https://doi.org/10.1179/his.2001.24.4.251
https://doi.org/10.1101/pdb.prot4986
https://doi.org/10.1007/s11010-018-3430-9

	Introduction 
	Results 
	ADAMTS13 Deficiency Does Not Alter Perfusion Recovery 
	Collateral Vascular Remodeling Is Preserved in ADAMTS13-Deficient Mice 
	Macrophage Recruitment and Polarization Are Unaffected by ADAMTS13 Deficiency During Arteriogenesis 
	Endothelial VWF Release Remains Intact in the Absence of ADAMTS13 
	Platelet-Leukocyte Aggregate Formation and Mast Cell Activation Are Unchanged in ADAMTS13-Deficient Mice 
	ADAMTS13 Deficiency Increases Platelet Adhesion Without Thrombus Formation 
	Ischemic Injury Extent Is Not Altered by ADAMTS13 Deficiency 
	Capillary Density Is Not Altered by ADAMTS13 Deficiency 
	ADAMTS13 Deficiency Increases Macrophage Recruitment Without Affecting Polarization 
	ADAMTS13 Deficiency Does Not Affect Neutrophil Accumulation and NET Formation 

	Discussion 
	Materials and Methods 
	Animals 
	Femoral Artery Ligation, Laser-Doppler Perfusion Measurements, and Tissue Sampling 
	Histology and Immunohistology 
	Intravital Microscopy 
	Flow Cytometry 
	Genotyping of ADAMTS13-/- Mice 
	Statistical Analysis 

	References

