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Abstract: The proper regeneration of vessel anastomoses in microvascular surgery is crucial for surgi-
cal safety. Pituitary adenylate cyclase-activating polypeptide (PACAP) can aid healing by decreasing
inflammation, apoptosis and oxidative stress. In addition to hematological and hemorheological tests,
we examined the biomechanical and histological features of vascular anastomoses with or without
PACAP addition and/or using a hemostatic sponge (HS). End-to-end anastomoses were established
on the right femoral arteries of rats. On the 21st postoperative day, femoral arteries were surgically
removed for evaluation of tensile strength and for histological and molecular biological examination.
Effects of PACAP were also investigated in tissue culture in vitro to avoid the effects of PACAP
degrading enzymes. Surgical trauma and PACAP absorption altered laboratory parameters; most
notably, the erythrocyte deformability decreased. Arterial wall thickness showed a reduction in the
presence of HS, which was compensated by PACAP in both the tunica media and adventitia in vivo.
The administration of PACAP elevated these parameters in vitro. In conclusion, the application of the
neuropeptide augmented elastin expression while HS reduced it, but no significant alterations were
detected in collagen type I expression. Elasticity and tensile strength increased in the PACAP group,
while it decreased in the HS decreased. Their combined use was beneficial for vascular regeneration.

Keywords: vascular anastomosis; vascular regeneration; microsurgery; PACAP; hemorheology;
biomechanics; tensile strength

1. Introduction

Microvascular anastomoses are used by several surgical specialties, most notably
reconstructive and transplant surgery [1–3]. The development of proper vascular anas-
tomosis is limited; therefore, there is a need to take extra care during the restoration of
the blood supply of organs and tissues. Preparation of the vessels, tissue traumatization,
extent of the adventitia removal, wrong geometry, bleeding, thrombosis, inflammation and
ischemia-reperfusion injury can all affect the success of an anastomosis [4,5].

Tissue regeneration starts during surgery and can be divided into three main stages:
inflammatory, proliferative, and remodeling. In these phases, different growth factors
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manage the processes [6]. Signaling between damaged and intact tissue and immune cells
directly affects cell survival, tissue debris breakdown, and extracellular matrix production
and maturation [6,7].

Mobilization after surgical interventions is an important part of the recovery where
the increased vascular flow can play a crucial role [4]. Stretching of the vessels caused by
moving can lead to damage to the anastomosis, so the tensile strength can give information
about the resilience of the sutured vessels [8]. Optimal technique and the right choice
of processing aids have special importance. A previous study investigated the tensile
strength of end-to-end vessel anastomoses made on chicken biopreparations (~3 mm), on
abdominal aortas prepared from rats post-mortem (~2 mm) and in “thread models”. They
found no benefit in using simple continuous sutures instead of simple interrupted ones [9].
About the tensile strengths of the microvascular vessels and anastomoses, there are very
little experimental data available, even though this is an accepted, easily reproducible,
standardizable, and rapidly performed experimental method that has been repeatedly
applied to the study of anastomoses of the abdominal wall or bowel [10–12].

Bleeding is a major complication during vascular and cardiac surgeries [13,14]. Hemo-
static sponges (HS) are applied in everyday routine, and for example, Spongostan® Stan-
dard (gelatine) can absorb blood up to 50 times its weight, and the whole blood clotting
time is under 10 min [15,16]. The application of gelatine-type HS can modify the local
signaling milieu, increase inflammation and lead to foreign body granuloma, which can all
affect the tensile strength [17,18]. There have been some attempts at the impregnation of
hemostatic sponges with different pharmacological agents, but none of them stimulated
regeneration or decreased inflammation [19,20].

The process of microvascular anastomosis in rats and the subsequent vascular regen-
eration primarily involves several steps: initial surgical intervention, acute inflammation
and wound healing response, re-endothelialization of the vessel wall, and maturation of
the new vessel segment. These stages are orchestrated by a complex network of shearing
forces, cellular processes and signaling molecules, including growth factors, cytokines,
and extracellular matrix proteins [4,6,7,21]. Following anastomosis, the initial inflamma-
tory response, driven by the recruitment of leukocytes and the release of inflammatory
mediators, is crucial for clearing debris and initiating wound healing. Simultaneously,
platelets play a key role in forming a thrombus that seals the wound and releases various
growth factors to initiate the healing process [22]. The regeneration of the blood vessel wall,
particularly neo-intima formation, is another critical aspect. Endothelial cells lining the
blood vessel proliferate and migrate to cover the exposed surface, a process facilitated by
vascular endothelial growth factor and other signaling molecules [23]. Over time, the new
vessel segment matures, with the vascular smooth muscle cells and extracellular matrix
providing structural stability to the regenerated vessel [24–26].

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a 38-amino acid C-
terminally α-amidated peptide first extracted from ovine hypothalami in 1989 [27]. PACAP
is a member of the vasoactive intestinal polypeptide (VIP)-secretin-growth hormone-
releasing hormone (GHRH)-glucagon superfamily, and it has three major G protein-coupled
receptors, namely PAC1, VPAC1, and VPAC2. PAC1 has the highest affinity to bind PACAP,
while VPAC1 and VPAC2 bind VIP and PACAP equally. Release of the neuropeptide and
its receptor expression have been detected in the central nervous system (CNS) and many
peripheral tissues like the respiratory tract, urinary tract, and digestive system or in bone
and chondrogenic cultures [28–30]. Its function has been shown in vessels where PACAP
induces vasorelaxation in muscular arteries such as femoral and carotid arteries [31]. Fur-
thermore, the vasomotor effects of PACAP proved to show age dependency [32]. It can
also prevent harmful cellular effects of ischemic conditions, oxidative stress, and inflam-
mation [33,34]. PACAP has anti-apoptotic functions as well, as it has been detected in
CNS, in cardiomyocytes, and in retinal ganglion cells [35–38]. The protective role and
function in regeneration have been shown in bone formation, chondrogenesis, and pe-
ripheral nerve injuries [39–41]. In contrast, there are only sporadic data about its function
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in tissue regeneration after surgery, and no data can be found about its exact function in
vessel healing.

Our hypothesis was that local administration of PACAP may facilitate the regeneration
of end-to-end microvascular anastomoses, and the effect can be enhanced with combined
PACAP and HS application. The aim of this work was to test this hypothesis in a follow-up
study on the regeneration of end-to-end vascular anastomoses in rats from morphological,
functional, and biomechanical points of view.

2. Results
2.1. General Observations

Respiratory parameters during anesthesia were similar in all groups; they only in-
creased significantly (HS: p = 0.0216; PACAP: p = 0.0424) at the end of surgery (Supplemen-
tary Figure S1).

Animals tolerated the topical treatment without stress and were successfully accli-
matized within the first 3 days. Four animals had their arteries clotted postoperatively
(two from the Control and two from the HS group). At the end of the follow-up period,
we found a moderate aneurysm formation in every group at the site of the anastomosis
(Control: 2; HS: 3; PACAP: 1; PACAP + HS: 2).

2.2. Microcirculation

Foot temperatures measured immediately before the microcirculatory measurements
were almost identical in the two feet, with the highest values after the operations (Control
left: 31.08 ± 2.63 ◦C, right: 30.47 ± 2.97 ◦C; HS left: 31.73 ± 0.98 ◦C, right: 31.74 ± 1.36 ◦C;
PACAP left: 33.28 ± 0.96 ◦C, right: 33.09 ± 1.1 ◦C; PACAP + HS left: 32.01 ± 1.68 ◦C,
right: 31.916 ± 1.11 ◦C). Except for the Control group, a decrease was detected in the other
groups as the days progressed, with the lowest values measured on day 21 (Control left:
30.93 ± 0.81 ◦C, right: 30.95 ± 0.72 ◦C; HS left: 29.22 ± 1.38 ◦C, right: 29.84 ± 1.88 ◦C;
PACAP left: 30.19 ± 1.27 ◦C, right: 30.09 ± 1.21 ◦C; PACAP + HS left: 29.2 ± 1.19 ◦C, right:
29.48 ± 0.97 ◦C).

The BFU values of the right and left foot were altered almost identically during the
interventions. During ischemia, circulation parameters decreased in all but the operated
foot of the PACAP + HS group. The postoperative value was almost identical to the values
during ischemia. The lowest values for the postoperative days were as follows: Control:
day 21, HS: day 14, PACAP: day 14 (left foot p = 0.0323), and PACAP + HS: day 21. During
the postoperative days, the circulation gradually increased to maximum values by day
14 in the PACAP + HS (right foot p = 0.0291) and Control (left foot p = 0.0392; right foot
p = 0.0004) groups. The maximum values were measured on day 7 for the HS group and
day 21 for the PACAP (right foot p = 0.002) group (Supplementary Figure S2).

2.3. Hematological and Hemorheological Changes

Except for the PACAP group, platelet counts were significantly increased after the
surgery (Control day 14: p = 0.025; PACAP + HS day 7: p < 0.0001), and almost every
group normalized on day 21. The red blood cell count decreased until day 14, after which
it started to normalize. The white blood cell count increased postoperatively on day 7 in
every group (Control: p = 0.0267; HS: p < 0.0326; PACAP: p = 0.0242; and PACAP + HS:
p < 0.0003), most notably in the Control animals, then the values started to decrease. The
PACAP-treated groups showed a slight time shift, reaching a maximum on day 14 and
declining thereafter, but they were significantly different (p = 0.0026) from the preoperative
state even on day 21 (Table 1). The hemoglobin and MCV parameters showed a continuous
reduction after surgery until day 21; however, there were no significant differences between
the groups. Hematocrit also decreased until day 14 and increased by day 21 (Table 1).
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Table 1. Alterations of the selected hematological parameters (white blood cell count—WBC;
red blood cell count—RBC; hematocrit—Hct; hemoglobin concentration—Hgb; mean corpuscu-
lar volume—MCV; platelet count—Plt) in the Control, HS, PACAP and PACAP + HS groups during
the follow-up period.

Variable Group Base 7th p.o. Day 14th p.o. Day 21st P.O. Day

WBC [109/L]

Control 11.95 ± 3.63 18.92 ± 7.94 * 18.89 ± 3.18 * 13.82 ± 4.84
HS 10.88 ± 40 17.47 ± 6.37 * 17.79 ± 3.15 * 15.88 ± 5.07

PACAP 11.11 ± 4.65 16.31 ± 2.43 * 21.95 ± 6.78 * 18.81 ± 5.67 *
PACAP + HS 10.04 ± 3.58 15.29 ± 4.04 * 16.13 ± 4.12 *& 13.38 ± 2.72 *&

RBC [1012/L]

Control 7.59 ± 0.48 6.84 ± 0.81 7.02 ± 0.34 * 7.44 ± 0.37
HS 7.57 ± 0.44 7.51 ± 0.34 # 7.35 ± 0.29 # 7.22 ± 0.61 *

PACAP 7.81 ± 0.34 7.63 ± 0.33 # 7.29 ± 0.49 * 7.63 ± 0.21
PACAP + HS 8.01 ± 0.34 + 7.33 ± 0.55 * 7.40 ± 0.23 *# 7.50 ± 0.46 *

Hct
[%]

Control 44.66 ± 2.79 39.23 ± 3.05 * 39.75 ± 1.92 * 41.76 ± 2.26 *
HS 44.38 ± 1.8 42.34 ± 2.40 *# 41.06 ± 2.35 * 40.06 ± 3.50 *

PACAP 45.60 ± 1.85 43.16 ± 2.52 *# 40.54 ± 2.26 * 42.19 ± 2.28 *
PACAP + HS 46.15 ± 1.87 40.75 ± 2.96 * 41.04 ± 1.58 * 41.54 ± 2.20 *

Hgb
[g/L]

Control 14.9 ± 1.01 13.35 ± 1.43 * 13.14 ± 0.75 * 13.61 ± 0.81 *
HS 15.09 ± 0.69 14.34 ± 0.88 * 13.51 ± 0.76 * 12.96 ± 1.07 *

PACAP 15.40 ± 0.61 14.56 ± 0.92 * 13.38 ± 0.84 * 13.70 ± 0.87 *
PACAP + HS 15.53 ± 0.45 13.71 ± 0.98 * 13.43 ± 0.41 * 13.36 ± 0.81 *

MCV
[fL]

Control 58.90 ± 2.13 57.76 ± 4.59 56.69 ± 2.77 * 56.19 ± 1.78 *
HS 58.73 ± 1.69 56.33 ± 2.04 * 55.82 ± 2.09 * 55.56 ± 1.89 *

PACAP 58.41 ± 1.44 56.56 ± 1.73 * 55.70 ± 1.76 * 55.24 ± 2.07 *
PACAP + HS 57.51 ± 10 55.59 ± 1.08 * 55.48 ± 0.98 * 55.43 ± 1.11 *

Plt
[109/L]

Control 718.43 ± 236.20 900 ± 140.97 990.93 ± 181.6 * 835.86 ± 129.69
HS 647.14 ± 209.38 877.93 ± 232.37 719.79 ± 375.57 598.93 ± 216.68 #

PACAP 736.50 ± 115.93 899.63 ± 254.41 819.81 ± 266.16 751.06 ± 196.66

PACAP + HS 682.19 ± 220.62 1025.63 ± 173.21 * 1031.31 ± 236.01 * 917.31 ± 135.92
*+&

Means ± S.D., * p < 0.05 vs. base, # p < 0.05 vs. Control, + p < 0.05 vs. HS, & p < 0.05 vs. PACAP.

Red blood cell deformability showed a slight worsening on day 7 (EImax in PACAP:
p = 0.023 vs. base) and day 14 (EImax in PACAP + HS: p = 0.0012 and SS1/2: p = 0.0039 vs.
base), but on day 21, every group normalized. Red blood cell aggregation deteriorated
postoperatively in every group. It was visible on the 7th postoperative day in the M 5s
and M1 5s parameters, most importantly in the treated groups versus base values (M 5s in
Control: p = 0.0278, in HS: p = 0.0027, in PACAP: p = 0.0012, in PACAP + HS: p < 0.0001; M1
5s in HS: p = 0.0008, in PACAP p = 0.0296), while only the PACAP group had significant
(M 5s: p < 0.0001; M1 5s: p = 0.0163) differences on day 21. In the M 10s and M1 10s
parameters. An elevation was observed on day 7, most notably in the HS group (M 10s
in HS: p < 0.0001, in PACAP: p = 0.0078, and M1 10s in HS: p = 0.005 vs. base). This
deterioration remained on day 21 only in the HS group (M 10s in HS: p = 0.0014 vs. base)
(Table 2).

2.4. Tensile Strength

In all cases, the anastomosed femoral arteries were significantly weaker than the intact
opposite arteries. Compared to the contralateral side, the smallest values were found in
the HS group, while the strongest anastomoses were found in the PACAP group (Control:
0.647 ± 0.073 vs. 0.198± 0.089 N, HS: 0.641± 0.088 vs. 0.163± 0.059 N, PACAP 0.63 ± 0.15
vs. 0.395 ± 0.177 N, PACAP + HS: 0.694 ± 0.061 vs. 0.325 ± 0.173 N) (Figure 1A).
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Table 2. Changes in red blood cell deformability (EImax and SS1/2) and red blood cell aggregation
parameters (aggregation indices M 5s, M 10s, M1 5s, and M1 10s) in the Control, HS, PACAP, and
PACVAP + HS groups during the follow-up period.

Variable Group Base 7th p.o. Day 14th p.o. Day 21st p.o. Day

EImax

Control 0.57 ± 0.01 0.55 ± 0.03 0.57 ± 0.01 0.58 ± 0.02
HS 0.58 ± 0.02 0.57 ± 0.01 0.58 ± 0.01 0.58 ± 0.02

PACAP 0.58 ± 0.02 0.57 ± 0.02 * 0.57 ± 0.02 0.58 ± 0.01
PACAP + HS 0.59 ± 0.01 # 0.56 ± 0.01 * 0.57 ± 0.01 * 0.59 ± 0.01 +&

SS1/2
[Pa]

Control 1.51 ± 0.20 1.50 ± 0.12 1.58 ± 0.18 1.54 ± 0.22
HS 1.47 ± 0.20 1.56 ± 0.14 1.67 ± 0.21 1.54 ± 0.15

PACAP 1.47 ± 0.19 1.45 ± 0.13 1.63 ± 0.32 1.48 ± 0.23
PACAP + HS 1.61 ± 0.13 1.61 ± 0.18 & 1.46 ± 0.17 *+ 1.59 ± 0.16

M 5s

Control 2.64 ± 1.04 3.87 ± 1.46 * 3.14 ± 0.82 2.78 ± 1.01
HS 3 ± 1.35 4.44 ± 1.21 * 3.90 ± 1.55 3.88 ± 2.16

PACAP 3.62 ± 1.34 # 4.97 ± 1.83 * 4.51 ± 1.37 *# 5.15 ± 1.67 *#
PACAP + HS 3.09 ± 1.05 4.56 ± 1.63 * 4.67 ± 1.31 *# 3.68 ± 0.98 #&

M 10s

Control 6.39 ± 3.81 8.31 ± 2.42 7.84 ± 2.04 6.87 ± 1.55
HS 7.45 ± 2.70 10.38 ± 3.81 *# 9.17 ± 4.12 9.75 ± 2.41 *#

PACAP 8.89 ± 2.59 # 11.24 ± 3.58 *# 9.10 ± 2.60 9.22 ± 2.53 #
PACAP + HS 9.32 ± 2.41 # 9.53 ± 3.02 9.16 ± 2.04 # 8.60 ± 1.47 #

M1 5s

Control 2.41 ± 1.41 3.01 ± 1.51 2.93 ± 0.95 2.14 ± 1.09
HS 2.48 ± 1.02 4.08 ± 1.56 * 2.90 ± 0.95 3.03 ± 1.63

PACAP 3.43 ± 1.30 #+ 4.08 ± 1.37 *# 3.32 ± 1.29 4.05 ± 1.16 *#+
PACAP + HS 3.20 ± 1.08 + 3.78 ± 1.53 3.69 ± 1.18 #+ 3.29 ± 0.98 #&

M1 10s

Control 6.06 ± 3.62 7.83 ± 3.64 7.22 ± 2.21 5.89 ± 1.37
HS 6.90 ± 3.11 9.82 ± 4.43 * 8.92 ± 4.13 8.23 ± 2.82 #

PACAP 9.30 ± 2.66 #+ 10.82 ± 3.95 # 8.47 ± 2.86 9.67 ± 2.61 #
PACAP + HS 9.02 ± 20 #+ 9.15 ± 3.36 9.77 ± 2.89 # 8.39 ± 2.81 #

Means ± S.D., * p < 0.05 vs. base, # p < 0.05 vs. Control, + p < 0.05 vs. HS, and & p < 0.05 vs. PACAP.
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Figure 1. The maximal tensile strength values needed for the tearing of the vessels in newton (A),
the slope in the 33–100% range of the full slopes of the tensile strength graphs (B), and the relative
changes in slope values compared to base (C). Mean ± S.D. * p < 0.05 vs. Intact artery (control side),
# p < 0.05 vs. Control group, × p < 0.05 vs. HS group, + p < 0.05 vs. all other groups.

Ultimate tensile strength of the anastomoses increased significantly (p < 0.0001) de-
creased compared to the own intact arteries (100%): Control anastomosis was 30 ± 10.4%
(p < 0.0001 vs. PACAP), HS had 25.9 ± 12.3% (p < 0.0001 vs. PACAP; p = 0.0456 vs. PACAP
+ HS), PACAP acquired 57.8 ± 8.3% (p = 0.0137 vs. PACAP + HS) and PACAP + HS was
39.6 ± 7.5%.

The slope of the ascending curves of tearing was reduced compared to the slope of
the intact vessel. In the 33–100% section of the curves, the largest deviation, compared to
intact vessels, was seen in the HS group (28.3 ± 8.9%), while the smallest deviation was in
the PACAP group (64.8 ± 22.5%). The other two groups deviated almost equally (Control:
53.5 ± 13.4%, PACAP + HS 55.8 ± 16.8%) (Figure 1B).
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We represented the slopes of anastomosed vessels compared to their own ipsilateral
artery (100%) and all of them showed a significant difference (p < 0.0001): Control group
was 50.3 ± 10.2% (p = 0.0021 vs. HS), the HS showed 24.5 ± 9%, in PACAP groups we
observed 53.7 ± 13% (p = 0.0015 vs. HS), and in PACAP + HS, we measured 52.6 ± 10.2%
(p = 0.0039 vs. HS).

2.5. Histology, Molecular Biology
2.5.1. Thickness of Vessel Wall Layer

The wall thickness of the arteries showed a decrease after using HS (p = 0.0058). The
combined PACAP + HS application was protective against the reduction. The tunica
intima was not altered after wrapping with HS or PACAP in the anastomosed arteries, but
a slight non-significant increase could be detected versus the Control anastomoses. The
tunica media thickness showed a significant increase in PACAP + HS (p = 0.0121) treated
anastomosed samples compared with the other anastomosed arteries. The wall thickness
reduction of tunica adventitia was significant in the HS-wrapped anastomoses compared
with the Control anastomoses, while PACAP-treated anastomoses also showed a slight
decrease. The combined treatment reduced the decrease in the thickness of tunica adventitia
in anastomosed vessels (Figure 2).
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Figure 2. Representative histological photos (original magnification: 20×) and vessel wall layer
thickness data of the excised and torn (by tensile strength test) arteries. (A) Representative H&E-
stained slides; (B) full layer thickness; (C) tunica intima thickness; (D) tunica media thickness; and
(E) tunica adventitia thickness. Means ± S.D., # p < 0.05 vs. Control, $ p < 0.05 vs. all other groups.

The walls of intact arteries (Control side as a benchmark) with or without PACAP
treatment did not show significant alterations; furthermore, after vessel tearing, no signif-
icant changes were measured with PACAP treatments in vitro. On the contrary, PACAP
induced an elevation in the wall thickness of arteries. A separate analysis of tunica intima
did not show significant alterations either in intact or anastomosed vessels after PACAP
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treatment in vitro. A slight decrease in thickness was measured in tunica media in torn
vessels, but no significant alteration was identified in tunica media in either group in vitro.
Interestingly, tunica adventitia thickening was reduced by PACAP treatment in torn vessels,
but a significant elevation was detected in anastomosed vessels in vitro (Figure 3).
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2.5.2. Elastin Expression

The elastin content of vessels was visualized and quantified with orcein staining. In
the anastomosed arteries, a decreased intensity of orcein staining was detected in the HS
group compared with intact and Control anastomosed vessels. On the other hand, the
PACAP addition to the HS increased the orcein staining intensity in anastomosed vessels
in vivo (Figure 4).

Elastin lamellas were also determined in tunica media, and some deviation was
detected between the intact arteries of the different groups. In the presence of HS, a slight
reduction was detected in the number of elastic rings in anastomosed tunica media. The
PACAP treatment resulted in an elevation in the number of elastic lamellas in these vessels,
but HS application reduced the effect of PACAP addition in anastomosed arteries. We
also measured the orcein positivity of connective tissue around cannulas where PACAP
treatment may diffuse. Although the elastin positivity of tissues was low around the vessels,
a slight but not significant increase was determined after PACAP administration (Table 3).
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Figure 4. Representative orcein stained histological photos (original magnification: 20×) of the
intact Control artery (A); anastomosed arteries in Control (B); HS (C); PACAP (D); and PACAP + HS
(E) groups.

Table 3. Elastin content in freshly excised and tissue-cultured vessels.

Variable Group Control Side Anastomosis

Freshly excised arteries

Integrated green light density
[number of pixels]
median (Q1–Q3)

Control 13,501.88
(13,205.36–197,852.10)

14,731.83
(13,597.90–224,739.80)

HS 81,904.64
(13,576.89–168,056.55)

1587.68
(1117.11–14,289.80)

PACAP 15,613.63
(14,051.40–149,313.40)

13,520.22
(13,218.87–14,900.47)

PACAP + HS 13,912.72
(13,437.50–106,210.71)

13,516.40
(13,218.87–14,149.79)

Number of elastic membranes
[number/field]
means ± S.D.

Control 3.50 ± 0.58 4 ± 1.41
HS 4.20 ± 0.44 3 ± 1

PACAP 4.86 ± 1.21 5.40 ± 1.34
PACAP + HS 5.00 ± 1.58 3.33 ± 1.15

Western blot integrated pixel
density [number of pixels]

means ± S.D.

Control 1 ± 0 0.6 ± 0.0
HS 1 ± 0 1.05 ± 0.07

PACAP 1 ± 0 1.6 ± 0.0
PACAP + HS 1 ± 0 2.6 ± 0.0

Tissue cultured arteries

Integrated green light density
[number of pixels]
median (Q1–Q3)

Control 13,850.36
(13,566.50–48,305.46)

13,871.32
(13,486.03–166,405.70)

PACAP 13,912.72
(13,396.37–14,600.46)

14,511.32
(14,076.57–185,590.30)

Number of elastic membranes
[number/field]
means ± S.D.

Control 3.50 ± 0.55 3.75 ± 0.96

PACAP 4.80 ± 1.30 4.67 ± 0.58

The in vitro cultured vessels, without any intervention, did not show significant
alteration in orcein positivity after PACAP administration, but their orcein positivity was
significantly higher than in the torn vessels. In the torn vessels, PACAP administration
resulted in a small but not significant reduction. On the other hand, no alteration was
detected in the anastomosed vessels in the presence of PACAP. The number of elastic
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lamellas, similar to the in vivo experiments, was slightly increased by PACAP addition in
the in vitro tissue cultures (Table 3).

Total protein expression of elastin was also detected with Western blot analysis (Sup-
plementary Figure S3). The intact and anastomosed vessels showed low expression of
elastin in the Control groups. Treatments with PACAP or with HS increased the elastin
expression in intact arteries and anastomosed arteries. Moreover, the PACAP addition with
or without HS elevated the expression of elastin in anastomosed vessels compared with the
intact arteries. Similar expression elevation was detected in PACAP-treated in vitro tissue
cultures (Table 3).

Elastin immunopositivity was also detected with immunohistochemistry. In the intact
vessels of the Control and HS groups, diffuse signals were detected with the appearance of
some lamellated immunopositivity (Figure 5).
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Figure 5. Representative pictures for elastin immunohistochemistry (original magnification: 40×) of
intact Control artery (A); anastomosed arteries in Control (B); HS (C); PACAP (D); and PACAP + HS
(E) groups. Blue: DAPI; Red: elastin antibody-positivity.

In the PACAP-treated groups, elastin-positive lamellas were detectable. In the PACAP-
treated anastomosed vessels, diffuse and lamella-organized elastin positive signals became
more prominent compared to intact vessels. The HS treatment decreased the immunopos-
itive lamella signals of elastin in anastomosed vessels. Similar findings were detected
in cultured vessels where strong diffuse elastin signals were visualized in intact in vitro
cultures. The PACAP treatment increased the lamella organization compared with anasto-
mosed in vitro artery (Supplementary Figure S4).

2.5.3. Collagen Type I Expression

In the tunica media of arteries, collagen type I expression influences the integrity of
vessels. Therefore, the presence of collagen was investigated with picrosirius staining. In
polarized light collagen, positive fibers appeared in two different colors, as thick collagen
fibers show a red color and thin collagen fibers could be detected in green (Supplementary
Figures S5 and S6).

In intact vessels, treatment on the other side with PACAP or HS did not alter the thick
collagen fibers in tunica media. The thinner collagen was lower in the intact vessels and did
not alter after treatment on the anastomosed side with HS or PACAP treatment (Table 4).
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Table 4. Collagen type I content in freshly excised and tissue-cultured vessels.

Variable Group Control Side Anastomosis

Freshly excised arteries

Red light intensity
[number of pixels]
median (Q1–Q3)

Control 13,825.44
(9343.24–20,063.81)

9291.28
(7364.89–14,288.00)

HS 9322.30
(7509.55–22,460.15)

7120.21
(5930.57–7931.24)

PACAP 12,484.11
(8666.51–13,373.92)

10,621.18
(8903.27–11,105.26)

PACAP + HS 13,198.04
(11,975.60–13,240.30)

9597.01
(7794.21–10,650.40)

Green light intensity
[number of pixels]
median (Q1–Q3)

Control 1473.62
(1270.92–8565.78)

3799.73
(1564.56–6101.55)

HS 4389.07
(4042.19–9744.79)

3677.36
(2871.04–4479.74)

PACAP 2787.34
(2182.58–4455.78)

3223.48
(2049.68–3928.61)

PACAP + HS 4632.54
(1583.69–4829.60)

1979.14
(1846.70–2104.08)

Western blot integrated pixel
density [number/field]

means ± S.D.

Control 1 ± 0 0.4 ± 0
HS 1 ± 0 1 ± 0

PACAP 1 ± 0 0.2 ± 0
PACAP + HS 1 ± 0 0.5 ± 0

Tissue cultured arteries

Red light intensity
[number of pixels]
median (Q1–Q3)

Control 41,106.71
(22,098.34–43,538.714)

21,036.31
(8323.01–21,060.99)

PACAP 65,156.94
(6218.90–77,448.39)

12,360.17
(12,281.60–12,473.94)

Green light intensity
[number of pixels]

median (Q1-Q3)

Control 4767.25
(4491.69–5700.38)

5973.45
(2862.03–6410.84)

PACAP 3199.41
(1657.89–8563.06)

2092.74
(1686.29–5685.69)

In anastomosed vessels, the application of HS and PACAP significantly reduced the
presence of thick collagen fibers. Furthermore, a reduction of thin fibers was also detected
after PACAP and HS treatment. In contrast, the tissue’s thick and thin collagen fiber
content around the cannula was elevated after PACAP administration. In the in vitro tissue
cultures, we examined vessels that were torn before culturing. In this case, the PACAP
treatment slightly increased the presence of thick collagen fibers without altering thin
collagen fibers. In untorn benchmark arteries, similar thick collagen fibers were detected in
Control groups, but a decrease was detected in PACAP-treated vessels. Moreover, the thin
fibers further decreased in both Control and PACAP tissue cultures. In the anastomosed
torn vessels, reduced thick fibers were detected compared to the benchmark and torn
Control groups. Furthermore, a significant decrease was visible in thick and thin collagen
fibers in PACAP-treated in vitro anastomosed cultures (Table 4).

Specific expression of collagen type I was further analyzed with Western blot, and
similar findings were detected in vivo. The application of PACAP resulted in a reduced
expression in anastomosed vessels, but no alteration was detected in the presence of HS.
In the in vitro tissue cultures, the expression of collagen type I was barely detectable, but
a slight elevation was detected in anastomosed cultures (Table 4).

The localization of collagen type I was also followed with immunohistochemistry
(Figure 6).
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Figure 6. Representative pictures for collagen type I immunohistochemistry (original magnification
40×) of intact control artery (A); anastomosed arteries in Control (B); HS (C); PACAP (D); and PACAP
+ HS (E) groups. Blue: DAPI; Red: collagen type I antibody-positivity.

The tunica media of control and treated arteries showed immunopositivity with diffuse
and fiber-like structures. In the intact arteries, PACAP and HS application reduced the
diffuse collagen type I signals and reduced the collagen fibers similarly to the picrosirius
staining results. Moreover, the anastomosed vessels’ collagen type I immunopositivity
was further reduced, and fiber signals diminished in PACAP-treated and HS groups. In
the tissue cultures, diffuse and fiber signals were detected in intact vessels where the
administration of PACAP further elevated the fiber content of tunica media. In cultured
anastomosed vessels, collagen type I fibers were detected in tunica media. The PACAP
administration elevated the diffuse collagen signals but did not augment the fiber formation
(Supplementary Figure S7).

2.5.4. Granulomatosus Tissue around the Cannula

Pericannular granulomatous tissue was formed in all groups, but in PACAP-treated
cases, it was massive. On the picrosirius-stained sections after polarization, we noticed
a non-significant elevation in the PACAP-treated groups both in the red (Control and HS:
8030.26 ± 1224.92; PACAP and PACAP + HS: 17,954.93 ± 5270.92) and green (Control
and HS: 3575.05 ± 2248; PACAP and PACAP + HS: 9203.76 ± 3876.22) light density. In
the orcein-stained sections, there was no visible difference in the PACAP-treated groups’
(Control and HS: 1212.869± 183.353; PACAP and PACAP + HS: 1382.403± 93.97) integrated
light density.

3. Discussion

Vascular surgeries involve various clinical factors that can lead to complications
and delayed healing during anastomosis. These factors include uneven vessel diameters
causing turbulent flow, longer vessel clamping leading to more cellular damage due to
extended hypoxia, inadequate microcirculation and collateral blood flow. Comorbidities
like hypertension, diabetes, and cancer, along with medications, might further hinder vessel
healing. As a result, there is a critical need for improving the regeneration of microvascular
anastomosis in clinical settings [14,42–44].

The effect of PACAP and/or Spongostan application on the regeneration of vascular
anastomoses was investigated in this study comparatively. For the administration of
PACAP, we developed a local delivery method that proved suitable for PACAP with a short
half-life. Its advantages include low production cost, easy positioning and programming of



Int. J. Mol. Sci. 2023, 24, 16695 12 of 24

the quantity and timing of dispensing, and an “inexhaustible” reservoir. Disadvantages
include the environmental exposure of the dosing point, which may require animals to be
kept individually, and the need for surgery in the back area if damaged. We gave 0.2 µg of
PACAP to the relevant groups every second day while giving saline to the other groups.
A piece of hemostatic sponge was wrapped around the anastomosis in the HS groups.
The artery in the vicinity of the suture was completely encircled by the hemostatic sponge
made of gelatin. This may create a mechanical barrier between the connective tissue that
surrounds the anastomosis and its outermost adventitial layer. Additionally, the area may
become tamponated as a result of swelling with fluid. The interaction of these may prevent
various crosstalk mechanisms and fibroblast migration. In addition to aiding in suture
healing, macrophages are also involved in the absorption of collagen from the HS and can
cause foreign body granuloma [45–47].

To clarify the in vivo effects of the neuropeptide, in vitro tissue cultured vessel sam-
ples were also used to study the matrix alteration process in the presence of PACAP in
a controlled manner [48]. We investigated the response mechanisms of completely intact
(benchmark), freshly excised and torn intact) anastomosed vessels. Thus, the isolated
vessels were not affected by crosstalk mechanisms of the surrounding tissue, inflamma-
tory responses, or cell migration. Cultured vessels were equally exposed to PACAP, the
degradation of which and its clearance by microcirculation was inhibited.

Morphological and mechanical alterations seen in the HS group may be the result of
their combined involvement. In particular, PACAP can be released physiologically from
nerve endings, but administration of the neuropeptide could modify these effects. After
the follow-up, the HS was retained mostly in the PACAP-HS groups, where PACAP could
have an impact on macrophages, influencing the healing of the vascular suture [49,50].

Regardless of the route of administration, one of the challenges of using PACAP as
a therapeutic agent is its short half-life in peripheral blood due to the DPP4 enzyme. This
has led researchers to investigate various methods to improve its stability and prolong its
effects, including the use of PACAP analogs and delivery systems such as microspheres and
nanoparticles [51] or various local administration possibilities [52]. Systemic administration
of PACAP is disadvantageous due to the possible side effects and short half-life [39,53].
For animal ethical reasons and to achieve the most accurate dosing possible, repeated
needle administration was not used in our study, and we developed a cannulation method
similar to Larsen and Christensen [54]. As the local administration of PACAP showed
protective effects in a model of dry eye disease and in neurological animal models, local
use is a preferred mode of treatment [55]. For instance, local administration of PACAP-38
has neuroprotective effects in animal models of ischemic stroke, traumatic brain injury, and
Parkinson’s disease [56,57].

As the result of precisely positioned neuropeptide addition, the laboratory parameters
did not show specific alterations regarding the systemic effect of PACAP. However, in the
case of white blood cell count, the anti-inflammatory effect of PACAP was observed in
the first week, with an increase in the later days, which may be related to the absorption
disturbances following the formation of the tissue channel. Red blood cell aggregation
showed a deterioration in the postoperative weeks compared to the Control group. The
PACAP group showed the greatest deterioration on day 21. It is known that inflammatory
processes, acute phase reactions, free radical reactions and metabolic changes may alter
micro-rheological parameters, such as red blood cell deformability and aggregation [58–60].

The tensile strength of anastomoses was expressed in newtons in pair with the con-
tralateral intact arteries according to the different groups. An intact artery has a tensile
strength of 0.652 ± 0.094 N, whereas the single strand of suture material we used measured
0.522 ± 0.047 N. Since the tensile strength of the eight knots (16 threads of suture material)
used simultaneously was greater than the tensile strength of the intact artery, we did not
examine the tearing or unbinding of the suture material. In most cases, the material will rip
at its weakest point, which is the damaged, anastomosed and partially regenerated area
in our case. Our observations, in which the sutures failed in every instance close to the
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anastomoses, are consistent with this. Therefore, we can compare the data obtained that
are only affected by the actual regeneration of the anastomoses [61,62].

Tensile strength values of the anastomosed arteries were significantly lower on day
21 compared to intact arteries. PACAP group had the strongest anastomoses, while the
HS and Control anastomoses seemed the weakest compared to the anastomosed arteries.
The slope of the curves can refer to the elasticity of the arteries. More rigid tissues have
a higher slope, so they can reach the maximum point faster than the elastic tissues with
smaller slopes [63]. The results show that the vessel rupture pattern is similar to that of
elastomers [64,65]. In the first third of the curve, the slope is typically lower, followed by
a gradually parabolically rising curve. Because of the irregularity of the first third of the
slopes, we only analyzed the slope of the curve between 33–100% of the whole curve. It was
lower in every anastomosis compared to intact arteries. The discrepancy with the intact
arteries in the tensile strength and slopes reflects partial regeneration processes on the
21st day, which seemed the worst in the HS group, probably caused by the inappropriate
maturation [66–70].

We compared the general morphological differences and measured the thickness of
the tunica intima, media, and adventitia in H&E-stained vessels. In histological sections of
freshly excised and torn vessels, the thickness of the layers showed a relatively big standard
deviation. In the tensile strength test, the tissue layers were likely to have been disrupted
and stretched, which could have reacted differently to formalin. Tunica intima of arteries
did not alter in the groups. Tunica media also showed some similarities, but it significantly
increased in the PACAP + HS group. In Control anastomoses, tunica adventitia thickened,
while in the HS group, it significantly decreased. In the PACAP group, there was a non-
significant decrease, while the combined PACAP + HS treatment led to an antagonistic
effect. These alterations in vessel structure can be the result of multiple signaling activation
by PACAP, as it has been published that PACAP can inhibit angiogenesis and fibroblast
accumulation [71]. It is also able to decrease matrix-degrading enzyme functions such as
matrix metalloproteinase-2 and -9 [41,71], which can prevent degradation of the tunica
media and adventitia. Subsequently, the continuous presence of PACAP with HS resulted
in a better and slower signaling activation, keeping the vessel sublayer reconstruction
in balance during regeneration. A single application of HS can keep the sutures and the
vessels more intact [17]. However, it was not able to activate protecting signaling pathways,
which can induce vessel regeneration or extracellular matrix expression, as PACAP did in
callus formation [40] or in chondrogenesis [33].

In tissue-cultured arteries, the cells were able to survive the mechanical trauma after
tensile strength measurement, and there was time for the restoration of the wall structure,
so there were less apparent variations in the results. In the anastomosed and intact arteries,
the torn trauma was prevented by PACAP treatment, which was also visible in histological
images; in addition, an increase in the thickness of the layers in the anastomosed arteries
was identified. The effect of PACAP treatment on the extracellular matrix was also seen in
the un-ruptured benchmark arteries, but these differences were not significant. PACAP
administration in vitro elevated the thickness of the layer in the non-damaged benchmark
and, for the second time, damaged anastomosed arteries. This provides further evidence
that PACAP can induce the expression of extracellular matrix components such as collagen
type I in cultured conditions, as was shown in osteoblasts [30,72]. For the intact and freshly
damaged arteries, PACAP lowered the layer thickness, which also suggests that PACAP
can prevent the harmful effect of strong mechanical forces until a certain threshold and
in the lack of a complete system, it is not able to reverse the degrading processes [29,34].
Although this study proved the unquestionable effects of PACAP on vessel regeneration,
the controversial results between the in vivo and in vitro experiments may be due to the
presence and absence of PACAP degrading enzymes in vivo and in vitro, respectively,
leading to different local effects of the neuropeptide.

The arrangement of elastic fibers was examined by orcein and immunohistochemical
stainings. The control group had the strongest staining, and the HS group had the least
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staining. In the PACAP + HS group, we also could see some antagonistic effects. The
internal and external elastic laminas were well observed on the slides. In the tunica media,
there were more membrane-organized elastic lamellas observed in the PACAP group,
however, PACAP treatment could not protect against the HS-lowered number membranes.
PACAP also increased the elastin content of the pericannular connective tissue in vivo.
With immunohistochemistry, increased immunopositivity of elastic fibers was visualized
in the tunica media after PACAP treatment. A stronger diffuse positivity was also visible
due to newly formed elastic membranes. Spongostan gelatin-based biomaterials have
specific elasticity, maintaining the normal function of sutured vessels and triggering better
wound healing [17] without affecting extracellular matrix production and organization.
While PACAP can induce matrix formation until a well-balanced level, as it was shown in
collagen type IV expression in the kidney [73], we do not have data on its direct function
on elastin formation. This is the first study to show the role of neuropeptides in elastin
expression and organization in vessel regeneration. Furthermore, in vitro PACAP could
increase elastin expression in benchmark and anastomosed arteries while the number of
elastic membranes slightly increased in every group.

Western blot analysis showed increased expression of the elastic fibers in the PACAP
group compared to the Control anastomoses and intact arteries. These results further
support the direct effects of PACAP on elastin expression without systemic activation,
but elastin lamellar organization can be partly regulated by mechanical activation, such
as vasorelaxation or vasodilation. Therefore, HS application may reduce the mechanical
movement of vessels, which can be partially the reason for decreased elastin expression
and lamella formation.

With picrosirius red staining, we saw non-specific collagen labeling with red coloring.
By the rotation of polarized light with λ/4, we can evaluate the orientation of collagen
type I fibers and their thickness. The green light intensity belongs to the thinner fibers,
while the red color intensity belongs to the thicker fibers. There were no significant
differences between the anastomoses, but we could see a decrease in the thick fibers and an
increase in the thin fibers in the HS group. PACAP treatment resulted in fiber thickness
similar to that of the Control arteries. In bone formation and regeneration, PACAP was
demonstrated to increase collagen type I production to a certain threshold [30,40], and it
has also been published that the presence of the neuropeptide can inhibit the activation
of matrix-degrading enzymes such as hyaluronidases and matrix metalloproteinases [41].
Therefore, the protective effect of PACAP in vessel regeneration seems to be rather via
preventing collagen degradation than collagen production. On the other hand, collagen
type I immunohistochemistry yielded signals in the tunica media, suggesting that the
collagen production of the cells here is modified by the neuropeptide. Therefore, it is likely
that PACAP increased collagen production in the tunica media in an area-specific manner
but did not result in fibrotic accumulation in the outermost layer due to its antifibrotic
function [74,75]. On the contrary, in our experiment, the microsurgical preparation of
the PACAP-treated anastomoses was more difficult on the 21st postoperative day. We
found massive pericannular tissue in which the content of thick and thin collagen fibers
was elevated. This finding points out that the application of PACAP with foreign bodies,
like cannulas and/or implants, may alter the physiological process of PACAP-activated
signaling pathways. Similar results were shown in some pathologically altered tissue
formations, such as tumors where PACAP and its receptors were overexpressed and
triggered tumor progression [76].

In summary, PACAP treatments could facilitate the depletion and maturation of the
extracellular matrix. In the tensile strength test, the slope of the force-time curves decreased,
expressing better elasticity. The peak of the curves (tensile strength) was the highest in
PACAP-treated groups and the lowest in the HS group, supposedly due to the barrier effect
of the topical sponge. The presence of the HS could decrease cell migration and compress
the vasa vasorum. Moreover, PACAP primarily affected the media and resulted in elastin
expression and organization without modifying collagen expression.
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Limitations of the study include the relatively low case number, the possible inter-
species differences, and the supposed crosstalk between the externally administered PACAP
and the endogenous mechanisms. We have chosen gelatin HS, but it is also supposed that
other topical agents might have different effects. The PACAP dosage and administration
timing should also be investigated further.

4. Materials and Methods
4.1. Experimental Animals and Drugs Used

The experiment was registered and approved by the University of Debrecen Com-
mittee of Animal Welfare and by the National Food Chain Safety Office (registration Nr.
25/2016/UDCAW) following the national (Act XXVIII of 1998 on the Protection and Sparing
of Animals) and EU (Directive 2010/63/EU) regulations.

Thirty-four Wistar male rats (321.23 ± 37.1 g, Toxi-Coop Zrt., Budapest, Hungary) had
been subjected to this study. Animals arrived at the Department’s conventional animal
house at the age of six weeks, where they were acclimatized for one and a half weeks.
During the preparation, the animals were weighed and, depending on their body weight,
were given general anesthesia with a specific combination of Ketamine-Xylazine-Atropin
(100 mg/kg; 10 mg/kg; 0.05 mg/kg) [77]. As prophylaxis for thrombosis, heparin was
administered via the lateral tail vein (80 IU/kg). For postoperative analgesia, conven-
tional NSAIDs were excluded to evaluate the healing process, and therefore, Tramadol
(15 mg/bwkg/day) was administered intraperitoneally [78] at the end of surgery and on
the first 3 p.o. days.

4.2. Operative Techniques, Experimental Groups and Sampling Protocol

A blunt-tipped 22G 1× (Neoject, Dispomed GmbH&Co. KG, Gelnhausen, Germany)
needle was inserted into a 20-cm long polyethylene (Polyethylene Tubing, Clay Adams,
427411, BD Intramedic™, Sollentuna, Sweden) tube (0.965 mm outer diameters, approxi-
mately 0.05 mL volume). This was cut to the size of each animal during surgery, considering
that animals often rest curled up. To ensure fixation, we drilled through the stiffening
wings on both sides of the needle with a 2 mm drill bit. After preparation, we disin-
fected the inside and outside with betadine and washed them with physiological saline
before insertion.

The surgical sites (between the two scapulae and on the right thigh) were shaved and
disinfected with betadine, and an incision of about 4 cm was made in the right posterior
inner thigh, below the level of the inguinal ligament and parallel to it. The underlying
fatty tissue was cut parallel to the abdominal wall with scissors along the length of the
incision and then pulled distally using a small hemostatic clamp. The fatty connective
tissue around the artery was prepared, and the artery was isolated from the level of the
inguinal ligament to the origin of the saphenous and popliteal arteries, separated from
the femoral vein and nerves. A safety clip was placed on the artery under the inguinal
ligament, followed by one jaw of the approximator, pulled to the lateral position, and the
other jaw placed in front of the distal division of the femoral artery. Halfway between the
two, the vessel was transected in a standardized manner. Washing with heparin (~0.4 mL,
2500 IU/mL) followed, and to inhibit absorption from the surgical site, we used gauze to
absorb the excess and then washed the site of the invasion with physiological saline. The
minimal amount of adventitia required for stitches was removed. Sutures were prepared
using polyamide-6 monofilament (Daclon, SMI, Vith, Belgium) suture material containing
a 10/0 serosa needle, and eight single-knot sutures were prepared in each case (Figure 7A).
The patency of the anastomosis was checked in all cases with a “milking test” [79].
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Figure 7. Intraoperative photos of the finished end-to-end anastomosis on the femoral artery (A);
positioning the cannula for administration of drugs (B); and the applied Spongostan HS piece
wrapping the anastomosis line with the cannula placed next to it (C).

From the inguinal region, a channel was prepared with curved Kocher subcutaneously
through the back of the animal to the shaved area between the shoulder blades, where
an incision was done and the cannula was inserted. Above and below the needle, we
closed the wound with Donati stitches (4/0 polyglycolic acid, Surgicryl Rapid, SMI, Vith,
Belgium) and secured the needle with two single swing knots (3/0 Silk, braided, SMI, Vith,
Belgium). The other end of the cannula was passed over the vessel (~1 cm) and secured
at three points in the surrounding tissue (8/0 Polyamide-6, monofilament, Vitrex, Herlev,
Denmark) (Figure 7B). Finally, a hole (1.05 ± 0.034 mm) was cut in the cannula just above
the anastomosis for local treatment. Then, the wound edges were wiped with Betadine
gauze, and a horizontal mattress suture (4/0 polyglycolic acid, Surgicryl Rapid, SMI, Vith,
Belgium) was used to close the surgical site.

The animals were randomly subjected to Control (n = 8), HS (n = 8), PACAP (n = 8)
and PACAP + HS (n = 8) groups, according to the treatments.

The PACAP groups received 0.2 µg PACAP 1-38 (100 µg/vial, provided by Prof.
Gabor Toth from the University of Szeged) every two days (first treatment immediately
after surgery) dissolved in 0.2 mL physiological saline, to which was added a further 0.2 mL
physiological saline. The other groups also received 0.4 mL of physiological saline every
two days via the dosing point. During the formation of the HS groups, a 3 × 4 mm piece
of Spongostan Standard™ (Raritan, Franklin Township, NJ, USA) hemostatic sponge was
wrapped around the anastomosis (Figure 7C). For the PACAP + HS group, the first dose of
PACAP was injected directly into the sponge at the end of the surgery.

Pre-operatively, and on days 7, 14, and 21 postoperatively, a lateral tail vein was
cannulated (26 G) through which 0.6 mL of blood was drawn (K3-EDTA, Vacutainer®,
Becton Dickinson GmbH, Franklin Lakes, NJ, USA), followed by 1 mL of physiological
saline, and before removing the cannula at the end of the surgery, an additional 1 mL was
given as a fluid replacement.

During the follow-up period, regular wound care was taken. At the end of the 3-week
follow-up period, we took the specific samples, and the animals were exterminated. The
anastomosed and intact contralateral vessels were dissected from the internal iliac branch
to the popliteal branching. The vessels were clipped as proximal as possible immediately
before measurement. The blood vessels were tested as fresh as possible, so the animals were
sacrificed only after the blood vessels had been sampled. After both blood vessels were
removed, the animal was given an intravenous Ketamine-Xylazine solution (50 mg/bwkg;
5 mg/bwkg) for the termination. We gave it only at the very end to prevent the highly
concentrated solutions from affecting the vessels.

The vessel samples were prepared for the histological, cell culture and tensile-strength
measurements and analyses, the protocol of which is summarized in Figure 8.
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4.3. Laboratory Tests

The hematological measurements were performed by a Sysmex K-4500 automated
hematology analyzer (TOA Medicor Electronics Co., Ltd., Tokyo, Minato City, Japan). In
this study, red blood cell count (RBC [1012/L]), white blood cell count (WBC [109/L]),
hematocrit (Hct [%]), hemoglobin concentration (Hgb [g/L]), mean corpuscular volume
(MCV [fL]), and the platelet count (Plt [109/L]) were analyzed.

A LoRRca MaxSis Osmoscan ektacytometer (RR Mechatronics International BV, Zwaag,
The Netherlands) was used to assess erythrocyte deformability [80,81]. Polyvinyl-pyrrolidone
(PVP) and the phosphate-buffered saline (PBS) solution (viscosity: 28 mPas, osmolarity:
294 mOsm/kg, pH: 7.3) were diluted with 10 µL of blood. The red blood cell deformability
was expressed by the elongation index (EI) in the function of shear stress (SS [Pa]). The
Lineweaver–Burk equation was used to calculate the maximal elongation index (EImax) and
the shear stress at half EImax (SS1/2 [Pa]) from the individual EI-SS curves [82].

Red blood cell aggregation was tested using the method based on light transmission
(Myrenne MA-1 aggregometer, Myrenne GmbH, Roetgen, Germany). Four aggregation
parameters were determined using 20 µL blood/measurement: aggregation M index values
under stasis (M 5s, M 10s) and M1 values at 3 s−1 shear rate (M1 5s, M1 10s) [80,81].

4.4. Microcirculatory Measurements

Microcirculatory measurements were performed before surgery, 3 min after arterial
occlusion, at the end of the surgery, on days 7, 14, and 21 on the lower base of the distal
footpad on the lateral side of the feet of the rats. We used an LD-01 laser Doppler flowmeter
(Experimetria Co., Budapest, Hungary) with a standard pencil probe (MNP100XP, Oxford
Optronix Ltd., Adderbury, UK). This machine provides a relative parameter (blood flux
unit, BFU [au]) about the microcirculatory of the investigated tissue area (cca. 1 mm3),
which is integral over the velocity and number of moving red blood cells [83].

A 20-second BFU recording part was averaged in all the measurements. We also
checked the skin temperature (ri-thermo® N professional Clinical Thermometer, Riester,
Phoenix, AZ, USA) at the microcirculatory measurement sites.

4.5. Tensile Strength Measurement of the Anastomoses

To measure the tensile strength, we used an upgraded version of a custom-made device
in cooperation with the Department of Information Technology, Faculty of Informatics
and the Department of Operative Techniques and Surgical Research, Faculty of Medicine,
University of Debrecen, Hungary [9,84]. This developed version contains a new aluminum
frame, an Arduino Mega 2560 Rev3 microcontroller board, and a 72 W power supply
module (RS-75-12, MEAN WELL Enterprises Co., Ltd., New Taipei City, Taiwan).
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A DRV882 integrated motor driver guides the NEMA17 stepper motor (42BYGHW811M,
Kuongshun Electronic Ltd., Shenzhen, China) attached to an HPV7 C-Beam Linear Actuator
(Guangzhou Hanpose 3D Technology Co., Ltd., Guangzhou, China). One of the holding
clamps (HJJ-001, Baoshishan, Liaoning Sheng, China) is attached to the Z axle sliding table,
while the other clamp is fixed to a weight sensor (TAL220, max. 5 kg, Deecom Technology,
Kuala Lumpur, Malaysia). The analog signal from the load cell is digitalized with a weighing
sensor 24-bit A/D conversion adapter (HX711, Avia Semiconductor (HX711, Avia Semicon-
ductor Xiamen Ltd., Xiamen, China). The machine is connected to a computer via a USB 2.0
port and communicates with a universal serial monitor (QtSerialMonitor 1.5 by Michal W.,
open-source software on GitHub Inc., San Francisco, CA, USA).

The removed arteries were always fixed between the same place in the clamping jaws,
1 cm apart, and the anastomosis point was centered. The pulling force made by the motor
(48.66 steps/s; 1.95 mm/s) was registered in grams, and data was exported into a CSV file.
For the data management, we also made the gram/newton conversion (9.81 m/s2), and the
maximum (rupture point) and slope of the force-time curves were analyzed (Figure 9).
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Figure 9. Representative tensile strength measurements force-time curve and the analyzed parameters.
The first one-third of the curve (red) was not included in the slope calculation due to its irregularity.

The analysis was performed on the range of curves above 0.0098 N, which, according
to the accuracy of the instrument, no longer contained any irregular parts. Since the
curves had a similar rupture pattern to elastomers, the initial more irregular one-third was
ignored, and only the slope of the ascending section (33–100% of the whole tensile strength
curve) was analyzed (tgα), which provides information on the integrity and elasticity of
the collagen that primarily provides mechanical stability to the blood vessels [64,65].

4.6. Tissue Cultures

Based on the culture procedure finalized during the pre-experiment in the tissue
culture room, a portion of the severed blood vessels was cultured in HG-DMEM medium
(Dulbecco’s modified eagle medium (Sigma-Aldrich, St. Louis, MO, USA) and 10% FCS
(fetal calf serum; Gibco, Gaithersburg, MD, USA) supplemented with antimicrobial agents
(penicillin, streptomycin, ampicillin, fungizone, + ascorbic acid) are placed in Petri dishes
(Eppendorf, Hamburg, Germany), incubated at 37 ◦C in a 5% CO2 and 95% humidity and
cultured for 14 days. During culturing, some samples were treated with PACAP (10 µL
PACAP, 10 nmol/L concentration) every 48 h according to the time of medium exchange
according to the groups. These arteries removed from animals were originally from the
control or treated groups in vivo.

Besides the intact and anastomosed arteries, we also tested PACAP on a group (intact
as benchmark arteries) of intact, freshly prepared arteries without any mechanical trauma.
From the two remaining rats, we prepared four femoral arteries and then cut them in half
with a microsurgical scissor. These artery pieces were similar in size to the arteries torn into
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two pieces (approximately 1 cm). For the experiments, equally proximal and distal parts of
vessels were used. During the in vitro experiments, we continued the same treatments on
certain vessels as in vivo, except for the benchmark group, which was not torn and treated
in vivo.

4.7. Light Microscopical Morphology

Vessels were washed in PBS three times and fixed in a 4:1 mixture of absolute ethanol
and 40% formaldehyde, then embedded in paraffin. Serial sections were made, and
haematoxylin-eosin staining (H&E, Sigma-Aldrich, St. Louis, MO, USA) for morphological
analysis and orcein staining (Sigma-Aldrich, St. Louis, MO, USA) for elastin visualization
were performed. Staining protocols were carried out according to the manufacturer’s
instructions. Photomicrographs were taken using a DP74 camera (Olympus Corporation,
Tokyo, Japan) on an Olympus Bx53 microscope (Olympus Corporation, Tokyo, Japan).
For the examination of the orientation of collagen fibers in vessels Picrosirius red (Sigma-
Aldrich, St. Louis, MO, USA) staining was used. In polarized light, turning the light plane
with λ/4 samples was investigated in an Olympus Bx53 polarization microscope (Olympus
Corporation, Tokyo, Japan).

For the measurement of tunica intima, media, and adventitia thickness, 20×magnifi-
cation photomicrographs of H&E staining were investigated with ImageJ 1.40 g freeware.
We drew a perpendicular line from the internal elastic membrane to the tunica adventitia,
and the pixel numbers were determined. Results are shown as a percentage of control
pixel numbers. Twenty independent measurements were made in one slide, and four
independent arteries were used per experimental group. In orcein staining, the normal
color is inverted to green and black to increase the contrast of the pixels. The green pixel
number was determined by ImageJ software. An equal area of the vessel wall of 20×
objective magnification was used to determine orcein (green) positivity and was shown
in graphs.

4.8. Immunohistochemistry

In vessels, localization of collagen type I and elastin were visualized. Vessels were fixed
in a 4:1 mixture of absolute ethanol and 40% formaldehyde and washed in 70% ethanol.
After embedding serial sections were made, deparaffination was then followed by rinsing
in PBS (pH 7.4). Non-specific binding sites were blocked with PBS supplemented with
1% bovine serum albumin (Amresco LLC, Solon, OH, USA), then samples were incubated
with monoclonal collagen type I (Sigma-Aldrich, St. Louis, MO, USA) at a dilution of
1:500 and polyclonal elastin (Sigma-Aldrich, St. Louis, MO, USA) at a dilution of 1:1500 at
4 ◦C overnight. For visualization of the primary antibodies, the anti-rabbit Alexa Fluor 555
secondary antibody (Life Technologies Corporation, Carlsbad, CA, USA) was used at a
dilution of 1:1000.

Samples were mounted in Vectashield mounting medium (Vector Laboratories, Peter-
borough, UK) containing DAPI for nuclear DNA staining. For negative controls, anti-rabbit
Alexa Fluor 555 was used without the primary antibodies. Photomicrographs were taken
using a DP74 camera (Olympus Corporation, Tokyo, Japan) on an Olympus Bx53 mi-
croscope (Olympus Corporation, Tokyo, Japan). Images were acquired using Cell Sense
Entry 1.5 software (Olympus, Shinjuku, Tokyo, Japan) with constant camera settings to
allow the comparison of fluorescent signal intensities. Images of Alexa555 and DAPI were
overlaid using Adobe Photoshop version 10.0 software. The contrast of images was equally
increased without changing constant settings.

4.9. Western Blot Analysis

Vessel samples were washed in physiological saline and stored at −70 ◦C. Samples
were mechanically disintegrated with a tissue grinder in liquid nitrogen. Then they were
collected in 100 µL of homogenization RIPA (Radio Immuno Precipitation Assay)-buffer
(150 mM sodium chloride; 1.0% NP40, 0.5% sodium deoxycholate; 50 mM Tris, pH 8.0)
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containing protease inhibitors (Aprotinin (10 µg/mL), 5 mM Benzamidine, Leupeptin
(10 µg/mL), Trypsin inhibitor (10 µg/mL), 1 mM PMSF, 5 mM EDTA, 1 mM EGTA, 8 mM
Na-Fluoride, and 1 mM Na-orthovanadate). The suspensions were sonicated by pulsing
burst for 30 s at 40 A (Cole-Parmer, Vernon Hills, IL, USA). Total cell lysates for Western
blot analyses were prepared. An amount of 20 µg protein was separated in 7.5% SDS–
polyacrylamide gels for the detection of collagen type I, elastin, and actin. Proteins were
transferred electrophoretically to nitrocellulose membranes and exposed to the primary
antibodies overnight at 4 ◦C in the dilution given above. After washing for 30 minutes
with PBST, membranes were incubated with the peroxidase-conjugated secondary antibody
anti-rabbit IgG in a 1:1500 (Bio-Rad Laboratories, Hercules, CA, USA) or anti-mouse IgG
in 1:1500 (Bio-Rad Laboratories, Hercules, CA, USA) dilution. Signals were detected
with enhanced chemiluminescence (Advansta Inc., Menlo Park, CA, USA) according to
the instructions of the manufacturer. We used actin as a housekeeping protein (internal
control), and the results of elastin and collagen type I expression were normalized on the
expression of actin. Signals were developed with a gel documentary system (Fluorchem
E, ProteinSimple, San Jose, CA, USA). Optical densities of signals were measured by
using ImageJ 1.40 g freeware. Statistical analysis between the experimental groups was
determined based on the result of the data normality test.

4.10. Statistical Analysis

Mead’s resource equation method was used to estimate the necessary sample size
(animals per group) [85]. GraphPad Prism 9.1.2 (226) software was used for statistical
analysis. Normality was checked for all data distributions, and accordingly, Student t-test or
non-parametric tests (Wilcoxon or Mann-Whitney rank sum tests) and two-way/repeated
measures ANOVA tests were used. The significance level was set at p < 0.05.

5. Conclusions

Both the administration of PACAP and the application of HS had a beneficial effect
on the vascular regeneration process. The in vitro and in vivo patterns were not always
consistent for vessels of different conditions (intact or anastomosed), which suggests the
importance of different local factors, hormones, mechanical activation, and prior inter-
ventions like the extent of tissue traumatization. HS primarily impaired the mechanical
properties of the vessels, while administration of PACAP seems to be a promising agent in
vascular regeneration that requires further investigation. Hematological and hemorheo-
logical alterations were non-specific for groups; however, an uncertain anti-inflammatory
effect was seen, suggesting a systemic influence of the PACAP.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms242316695/s1.

Author Contributions: Conceptualization and methodology, L.A.F., T.J. and N.N.; microsurgical
operations, L.A.F. and B.S.; investigation and data analysis, L.A.F., V.S., A.V., Z.A.G. and N.N.;
histological investigations, L.A.F., C.F. and T.J.; writing—original draft, L.A.F., T.J., D.R. and N.N.;
writing—review and editing, G.T., D.R. and N.N.; supervision and funding acquisition, N.N. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research, Development and Innovation Office
(NKFI-1 “OTKA” K-139184 and K-139396, K135457), NAP3.0, TKP2021-EGA-16, HUN-REG-TKI14016
and by the UNKP-20-2-I-DE-58 and UNKP-22-3-I-DE-344, New National Excellence Program of the
Ministry for Innovation and Technology, from the source of the National Research, Development and
Innovation Fund.

Institutional Review Board Statement: The animal experiments were registered and approved by
the University of Debrecen Committee of Animal Welfare and by the National Food Chain Safety
Office (registration Nr. 25/2016/UDCAW) in accordance with national (Act XXVIII of 1998 on the
Protection and Sparing of Animals) and EU (Directive 2010/63/EU) regulations.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms242316695/s1
https://www.mdpi.com/article/10.3390/ijms242316695/s1


Int. J. Mol. Sci. 2023, 24, 16695 21 of 24

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical permission.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BFU blood flux unit
CNS central nervous system
DAPI 4′,6-diamidino-2-phenylindole
DPP4 dipeptidyl peptidase-4 inhibitor
EImax maximal elongation index
GHRH growth hormone-releasing hormone
H&E hematoxilin eosin
Hct hematocrit
Hgb hemoglobin concentration
HS hemostatic sponge
M 10s erythrocyte aggregation index values at the 10th second of the process at 0 s−1 shear rate
M 5s erythrocyte aggregation index values at the 5th second of the process at 0 s−1 shear rate
M1 10s erythrocyte aggregation index values at the 10th second of the process at 3 s−1 shear rate
M1 5s erythrocyte aggregation index values at the 5th second of the process at 3 s−1 shear rate
MCV mean corpuscular volume
N newton
PACAP pituitary adenylate cyclase-activating polypeptide
Plt platelet count
RBC red blood cell
SD standard deviation
SS1/2 shear stress at half EImax
VIP vasoactive intestinal polypeptide
WBC white blood cell count

References
1. Lizana, J.; Montemurro, N.; Aliaga, N.; Marani, W.; Tanikawa, R. From textbook to patient: A practical guide to train the

end-to-side microvascular anastomosis. Br. J. Neurosurg. 2023, 37, 116–120. [CrossRef]
2. Burton, H.; Pafitanis, G. The tale of the “unlucky” 13 errors in the “journey” towards an outstanding end-product in microvascular

anastomosis training. J. Plast. Reconstr. Aesthet. Surg. 2023, 76, 1–3. [CrossRef]
3. Moritz, W.R.; Raman, S.; Pessin, S.; Martin, C.; Li, X.; Westman, A.; Sacks, J.M. The history and innovations of blood vessel

anastomosis. Bioengineering 2022, 9, 75. [CrossRef] [PubMed]
4. Huber, T.S.; Berceli, S.A.; Scali, S.T.; Neal, D.; Anderson, E.M.; Allon, M.; Cheung, A.K.; Dember, L.M.; Himmelfarb, J.; Roy-

Chaudhury, P.; et al. Arteriovenous fistula maturation, functional patency, and intervention rates. JAMA Surg. 2021, 156,
1111–1118. [CrossRef] [PubMed]

5. Yoshida, W.B.; Naresse, L.E.; Angeleli, A.Y.O.; Lastoria, S.; Defaveri, J.; Curi, P.R.; Rodrigues, A. The relationship between suture
number and the healing process of end-to-end arterial anastomosis. Acta Cir. Bras. 1997, 12, 89–93. [CrossRef]

6. Wilkinson, H.N.; Hardman, M.J. Wound healing: Cellular mechanisms and pathological outcomes. Open Biol. 2020, 10, 200223.
[CrossRef] [PubMed]

7. D’Arcy, M.S. Cell death: A review of the major forms of apoptosis, necrosis and autophagy. Cell Biol. Int. 2019, 43, 582–592.
[CrossRef]

8. Miyamoto, S.; Kayano, S.; Fujiki, M.; Chuman, H.; Kawai, A.; Sakuraba, M. Early mobilization after free-flap transfer to the lower
extremities. Plast. Reconstr. Surg. Glob. Open 2014, 2, e127. [CrossRef]

9. Szabo, B.; Fazekas, L.; Ghanem, S.; Godo, Z.A.; Madar, J.; Apro, A.; Nemeth, N. Biomechanical comparison of microvascular
anastomoses prepared by various suturing techniques. Injury 2020, 51, 2866–2873. [CrossRef]

10. Rossi, L.F.; Ramos, R.R.; de Medeiros Kestering, D.; da Silveira Soldi, M.; Ely, J.B.; d’Acampora, A.J. Tensile strength study of the
abdominal wall following laparotomy synthesis using three types of surgical wires in Wistar rats. Acta Cir. Bras. 2008, 23, 73–77.
[CrossRef]

11. Duraes, L.C.; Duraes, E.F.; Lobato, L.F.; Oliveira, P.G.; Sousa, J.B. Correlation between bursting pressure and breaking strength in
colonic anastomosis. Acta Cir. Bras. 2013, 28, 447–452. [CrossRef] [PubMed]

12. Dos Santos, C.H.M.; Santos Filho, K.G. dos; Cassino, P.C.; Chiquetti, C.V.; Mello, A.P. de; Dourado, D.M. Differences between
polydioxanone and poliglactin in intestinal anastomoses—A comparative study of intestinal anastomoses. J. Coloproctol. 2017, 37,
263–267. [CrossRef]

https://doi.org/10.1080/02688697.2021.1935732
https://doi.org/10.1016/j.bjps.2022.11.033
https://doi.org/10.3390/bioengineering9020075
https://www.ncbi.nlm.nih.gov/pubmed/35200428
https://doi.org/10.1001/jamasurg.2021.4527
https://www.ncbi.nlm.nih.gov/pubmed/34550312
https://doi.org/10.1590/S0102-86501997000200003
https://doi.org/10.1098/rsob.200223
https://www.ncbi.nlm.nih.gov/pubmed/32993416
https://doi.org/10.1002/cbin.11137
https://doi.org/10.1097/GOX.0000000000000080
https://doi.org/10.1016/j.injury.2020.02.104
https://doi.org/10.1590/S0102-86502008000100012
https://doi.org/10.1590/S0102-86502013000600008
https://www.ncbi.nlm.nih.gov/pubmed/23743683
https://doi.org/10.1016/j.jcol.2017.05.004


Int. J. Mol. Sci. 2023, 24, 16695 22 of 24

13. Jeon, A.; Nagappan, L. Postoperative complications and disposition for vascular surgery. Anaesth. Intensive Care 2023, 51, 193–198.
[CrossRef] [PubMed]

14. Bennett, K.M.; Kent, K.C.; Schumacher, J.; Greenberg, C.C.; Scarborough, J.E. Targeting the most important complications in
vascular surgery. J. Vasc. Surg. 2017, 65, 793–803. [CrossRef]

15. Janvikul, W.; Uppanan, P.; Thavornyutikarn, B.; Krewraing, J.; Prateepasen, R. In vitro comparative hemostatic studies of chitin,
chitosan, and their derivatives. J. Appl. Polym. Sci. 2006, 102, 445–451. [CrossRef]

16. Zhong, Y.; Hu, H.; Min, N.; Wei, Y.; Li, X.; Li, X. Application and outlook of topical hemostatic materials: A narrative review. Ann.
Transl. Med. 2021, 9, 577. [CrossRef]

17. Kang, B.S.; Na, Y.C.; Jin, Y.W. Comparison of the wound healing effect of cellulose and gelatin: An in vivo study. Arch. Plast. Surg.
2012, 39, 317–321. [CrossRef]

18. Lei, T.; Liu, X.; Cao, J.; Sun, Y.; Li, G.; Huang, H. Intracranial foreign body granuloma caused by gelatin sponge: A case report and
literature review. Int. J. Clin. Exp. Med. 2017, 10, 3996–4000.

19. Wachol-Drewek, Z.; Pfeiffer, M.; Scholl, E. Comparative investigation of drug delivery of collagen implants saturated in antibiotic
solutions and a sponge containing gentamicin. Biomaterials 1996, 17, 1733–1738. [CrossRef]

20. Anisha, B.S.; Biswas, R.; Chennazhi, K.P.; Jayakumar, R. Chitosan–hyaluronic acid/nano silver composite sponges for drug
resistant bacteria infected diabetic wounds. Int. J. Biol. Macromol. 2013, 62, 310–320. [CrossRef]

21. Szabo, B.; Gasz, B.; Fazekas, L.A.; Varga, A.; Kiss-Papai, L.; Matolay, O.; Rezsabek, Z.; Al-Smadi, M.W.; Nemeth, N. Heterogeneous
maturation of arterio-venous fistulas and loop-shaped venous interposition grafts: A histological and 3D flow simulation
comparison. Biomedicines 2022, 10, 1508. [CrossRef] [PubMed]

22. Cooke, J.P.; Meng, S. Vascular regeneration in peripheral artery disease. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 1627–1634.
[CrossRef] [PubMed]

23. Ahmad, A.; Nawaz, M.I. Molecular mechanism of VEGF and its role in pathological angiogenesis. J. Cell Biochem. 2022, 123,
1938–1965. [CrossRef] [PubMed]

24. Dudley, A.C.; Griffioen, A.W. The modes of angiogenesis: An updated perspective. Angiogenesis 2023, 26, 477–480. [CrossRef]
[PubMed]

25. Wautier, J.L.; Wautier, M.P. Vascular permeability in diseases. Int. J. Mol. Sci. 2022, 23, 3645. [CrossRef] [PubMed]
26. Wolf, K.; Hu, H.; Isaji, T.; Dardik, A. Molecular identity of arteries, veins, and lymphatics. J. Vasc. Surg. 2019, 69, 253–262.

[CrossRef] [PubMed]
27. Miyata, A.; Arimura, A.; Dahl, R.R.; Minamino, N.; Uehara, A.; Jiang, L.; Culler, M.D.; Coy, D.H. Isolation of a novel 38

residue-hypothalamic polypeptide which stimulates adenylate cyclase in pituitary cells. Biochem. Biophys. Res. Commun. 1989,
164, 567–574. [CrossRef] [PubMed]

28. Vaudry, D.; Falluel-Morel, A.; Bourgault, S.; Basille, M.; Burel, D.; Wurtz, O.; Fournier, A.; Chow, B.K.C.; Hashimoto, H.; Galas, L.;
et al. Pituitary adenylate cyclase-activating polypeptide and its receptors: 20 years after the discovery. Pharmacol. Rev. 2009, 61,
283–357. [CrossRef]

29. Juhasz, T.; Szentleleky, E.; Somogyi, C.; Takacs, R.; Dobrosi, N.; Engler, M.; Tamas, A.; Reglodi, D.; Zakany, R. Pituitary adenylate
cyclase activating polypeptide (PACAP) pathway is induced by mechanical load and reduces the activity of hedgehog signaling
in chondrogenic micromass cell cultures. Int. J. Mol. Sci. 2015, 16, 17344–17367. [CrossRef]

30. Jozsa, G.; Szegeczki, V.; Palfi, A.; Kiss, T.; Helyes, Z.; Fulop, B.; Cserhati, C.; Daroczi, L.; Tamas, A.; Zakany, R.; et al. Signalling
alterations in bones of pituitary adenylate cyclase activating polypeptide (PACAP) gene deficient mice. Int. J. Mol. Sci. 2018, 19,
2538. [CrossRef]

31. Ivic, I.; Balasko, M.; Fulop, B.D.; Hashimoto, H.; Toth, G.; Tamas, A.; Juhasz, T.; Koller, A.; Reglodi, D.; Solymar, M. VPAC1
receptors play a dominant role in PACAP-induced vasorelaxation in female mice. PLoS ONE 2019, 14, e0211433. [CrossRef]
[PubMed]

32. Ivic, I.; Fulop, B.D.; Juhasz, T.; Reglodi, D.; Toth, G.; Hashimoto, H.; Tamas, A.; Koller, A. Backup mechanisms maintain
PACAP/VIP-induced arterial relaxations in pituitary adenylate cyclase-activating polypeptide-deficient mice. J. Vasc. Res. 2017,
54, 180–192. [CrossRef]

33. Juhasz, T.; Matta, C.; Katona, E.; Somogyi, C.; Takacs, R.; Gergely, P.; Csernoch, L.; Panyi, G.; Toth, G.; Reglodi, D.; et al. Pituitary
adenylate cyclase activating polypeptide (PACAP) signalling exerts chondrogenesis promoting and protecting effects: Implication
of calcineurin as a downstream target. PLoS ONE 2014, 9, e91541. [CrossRef] [PubMed]

34. Shioda, S.; Nakamachi, T. PACAP as a neuroprotective factor in ischemic neuronal injuries. Peptides 2015, 72, 202–207. [CrossRef]
[PubMed]

35. Dejda, A.; Jolivel, V.; Bourgault, S.; Seaborn, T.; Fournier, A.; Vaudry, H.; Vaudry, D. Inhibitory effect of PACAP on caspase activity
in neuronal apoptosis: A better understanding towards therapeutic applications in neurodegenerative diseases. J. Mol. Neurosci.
2008, 36, 26–37. [CrossRef] [PubMed]

36. Roth, E.; Weber, G.; Kiss, P.; Horvath, G.; Toth, G.; Gasz, B.; Ferencz, A.; Gallyas, F.; Reglodi, D.; Racz, B. Effects of PACAP and
preconditioning against ischemia/reperfusion-induced cardiomyocyte apoptosis in vitro. Ann. N. Y. Acad. Sci. 2009, 1163, 26–37.
[CrossRef] [PubMed]

37. Seaborn, T.; Masmoudi-Kouli, O.; Fournier, A.; Vaudry, H.; Vaudry, D. Protective effects of pituitary adenylate cyclase-activating
polypeptide (PACAP) against apoptosis. Curr. Pharm. Des. 2011, 17, 204–214. [CrossRef]

https://doi.org/10.1177/0310057X221138114
https://www.ncbi.nlm.nih.gov/pubmed/36988184
https://doi.org/10.1016/j.jvs.2016.08.107
https://doi.org/10.1002/app.24192
https://doi.org/10.21037/atm-20-7160
https://doi.org/10.5999/aps.2012.39.4.317
https://doi.org/10.1016/0142-9612(96)87654-X
https://doi.org/10.1016/j.ijbiomac.2013.09.011
https://doi.org/10.3390/biomedicines10071508
https://www.ncbi.nlm.nih.gov/pubmed/35884813
https://doi.org/10.1161/ATVBAHA.120.312862
https://www.ncbi.nlm.nih.gov/pubmed/32434408
https://doi.org/10.1002/jcb.30344
https://www.ncbi.nlm.nih.gov/pubmed/36288574
https://doi.org/10.1007/s10456-023-09895-4
https://www.ncbi.nlm.nih.gov/pubmed/37640982
https://doi.org/10.3390/ijms23073645
https://www.ncbi.nlm.nih.gov/pubmed/35409010
https://doi.org/10.1016/j.jvs.2018.06.195
https://www.ncbi.nlm.nih.gov/pubmed/30154011
https://doi.org/10.1016/0006-291X(89)91757-9
https://www.ncbi.nlm.nih.gov/pubmed/2803320
https://doi.org/10.1124/pr.109.001370
https://doi.org/10.3390/ijms160817344
https://doi.org/10.3390/ijms19092538
https://doi.org/10.1371/journal.pone.0211433
https://www.ncbi.nlm.nih.gov/pubmed/30682157
https://doi.org/10.1159/000457798
https://doi.org/10.1371/journal.pone.0091541
https://www.ncbi.nlm.nih.gov/pubmed/24643018
https://doi.org/10.1016/j.peptides.2015.08.006
https://www.ncbi.nlm.nih.gov/pubmed/26275482
https://doi.org/10.1007/s12031-008-9087-1
https://www.ncbi.nlm.nih.gov/pubmed/18506634
https://doi.org/10.1111/j.1749-6632.2008.03635.x
https://www.ncbi.nlm.nih.gov/pubmed/19456402
https://doi.org/10.2174/138161211795049679


Int. J. Mol. Sci. 2023, 24, 16695 23 of 24

38. Ye, D.; Shi, Y.; Xu, Y.; Huang, J. PACAP attenuates optic nerve crush-induced retinal ganglion cell apoptosis via activation of the
CREB-Bcl-2 pathway. J. Mol. Neurosci. 2019, 68, 475–484. [CrossRef]

39. Tamas, A.; Reglodi, D.; Farkas, O.; Kovesdi, E.; Pal, J.; Povlishock, J.T.; Schwarcz, A.; Czeiter, E.; Szanto, Z.; Doczi, T.; et al. Effect
of PACAP in central and peripheral nerve injuries. Int. J. Mol. Sci. 2012, 13, 8430–8448. [CrossRef]

40. Lerner, U.H.; Lundberg, P.; Persson, P.; Ransjö, M.; Håkanson, R. Helodermin, helospectin, and PACAP stimulate cyclic AMP
formation in intact bone, isolated osteoblasts, and osteoblastic cell lines. Calcif Tissue Int. 1994, 54, 284–289. [CrossRef]

41. Szentleleky, E.; Szegeczki, V.; Karanyicz, E.; Hajdu, T.; Tamas, A.; Toth, G.; Zakany, R.; Reglodi, D.; Juhasz, T. Pituitary adenylate
cyclase activating polypeptide (PACAP) reduces oxidative and mechanical stress-evoked matrix degradation in chondrifying cell
cultures. Int. J. Mol. Sci. 2019, 20, 168. [CrossRef] [PubMed]

42. Sharifpour, M.; Bittner, E.A. Critical care of the vascular surgery patient. Anesthesiol. Clin. 2022, 40, 775–790. [CrossRef] [PubMed]
43. Stojanovic, M.D.; Markovic, D.Z.; Vukovic, A.Z.; Dinic, V.D.; Nikolic, A.N.; Maricic, T.G.; Jankovic, R.J. Enhanced recovery after

vascular surgery. Front. Med. 2018, 5, 2. [CrossRef] [PubMed]
44. Khanh, L.N.; Helenowski, I.B.; Hoel, A.W.; Ho, K.J. The comorbidity-polypharmacy score is an objective and practical predictor

of outcomes and mortality after vascular surgery. Ann. Vasc. Surg. 2020, 69, 206–216. [CrossRef] [PubMed]
45. Feldman, R.P.; Marcovici, A.; Suarez, M.; Goodrich, J.T. Foreign body granuloma mimicking intracranial meningioma: Case

report and review of the literature. Neurosurgery 1999, 44, 855–858. [CrossRef] [PubMed]
46. Tanghe, K.K.; Chalmers, B.P.; Blevins, J.L.; Figgie, M.P.; Carli, A.V.; Agrusa, C.J.; Sculco, P.K.; Gausden, E.B. Hemostatic agents in

orthopedic surgery. HSS J. 2023, 19, 247–253. [CrossRef] [PubMed]
47. Charlesworth, T.M.; Agthe, P.; Moores, A.; Anderson, D.M. The use of haemostatic gelatin sponges in veterinary surgery. J. Small

Anim. Pract. 2012, 53, 51–56. [CrossRef]
48. Raunio, H.; Taavitsainen, P.; Honkakoski, P.; Juvonen, R.; Pelkonen, O. In vitro methods in the prediction of kinetics of drugs:

Focus on drug metabolism. Altern. Lab. Anim. 2004, 32, 425–430. [CrossRef]
49. Martinez, C.; Delgado, M.; Pozo, D.; Leceta, J.; Calvo, J.R.; Ganea, D.; Gomariz, R.P. Vasoactive intestinal peptide and pituitary

adenylate cyclase-activating polypeptide modulate endotoxin-induced IL-6 production by murine peritoneal macrophages. J.
Leukoc. Biol. 1998, 63, 591–601. [CrossRef]

50. Delgado, M.; Ganea, D. Inhibition of endotoxin-induced macrophage chemokine production by vasoactive intestinal peptide and
pituitary adenylate cyclase-activating polypeptide in vitro and in vivo. J. Immunol. 2001, 167, 966–975. [CrossRef]

51. Lamine, A.; Letourneau, M.; Doan, N.D.; Maucotel, J.; Couvineau, A.; Vaudry, H.; Chatenet, D.; Vaudry, D.; Fournier, A.
Characterizations of a synthetic pituitary adenylate cyclase-activating polypeptide analog displaying potent neuroprotective
activity and reduced in vivo cardiovascular side effects in a Parkinson’s disease model. Neuropharmacology 2016, 108, 440–450.
[CrossRef]

52. Reglodi, D.; Atlasz, T.; Jungling, A.; Szabo, E.; Kovari, P.; Manavalan, S.; Tamas, A. Alternative routes of administration of the
neuroprotective pituitary adenylate cyclase activating polypeptide. Curr. Pharm. Des. 2018, 24, 3892–3904. [CrossRef] [PubMed]

53. Zhu, L.; Tamvakopoulos, C.; Xie, D.; Dragovic, J.; Shen, X.; Fenyk-Melody, J.E.; Schmidt, K.; Bagchi, A.; Griffin, P.R.; Thornberry,
N.A.; et al. The role of dipeptidyl peptidase IV in the cleavage of glucagon family peptides: In vivo metabolism of pituitary
adenylate cyclase activating polypeptide-(1-38). J. Biol. Chem. 2003, 278, 22418–22423. [CrossRef] [PubMed]

54. Larsen, J.J.; Christensen, A.V. Subarachnoidal administration of the 5-HT uptake inhibitor citalopram points to the spinal role of
5-HT in morphine antinociception. Pain 1982, 14, 339–345. [CrossRef] [PubMed]

55. Hirabayashi, T.; Shibato, J.; Kimura, A.; Yamashita, M.; Takenoya, F.; Shioda, S. Potential therapeutic role of pituitary adenylate
cyclase-activating polypeptide for dry eye disease. Int. J. Mol. Sci. 2022, 23, 664. [CrossRef] [PubMed]

56. Fang, Y.; Ren, R.; Shi, H.; Huang, L.; Lenahan, C.; Lu, Q.; Tang, L.; Huang, Y.; Tang, J.; Zhang, J.; et al. Pituitary adenylate
cyclase-activating polypeptide: A promising neuroprotective peptide in stroke. Aging Dis. 2020, 11, 1496–1512. [CrossRef]

57. Horvath, G.; Reglodi, D.; Fabian, E.; Opper, B. Effects of pituitary adenylate cyclase activating polypeptide on cell death. Int. J.
Mol. Sci. 2022, 23, 4953. [CrossRef]

58. Baskurt, O.K. Mechanisms of blood rheology alterations. In Handbook of Hemorheology and Hemodynamics; Baskurt, O.K., Hardeman,
M.R., Rampling, M.W., Meiselman, H.J., Eds.; IOS Press: Amsterdam, The Netherlands, 2007; pp. 170–190.

59. Nemeth, N.; Deak, A.; Szentkereszty, Z.; Peto, K. Effects and influencing factors on hemorheological variables taken into
consideration in surgical pathophysiology research. Clin. Hemorheol. Microcirc. 2018, 69, 133–140. [CrossRef]

60. Nemeth, N.; Peto, K.; Magyar, Z.; Klarik, Z.; Varga, G.; Oltean, M.; Mantas, A.; Czigany, Z.; Tolba, R.H. Hemorheological
and microcirculatory factors in liver ischemia-reperfusion injury—An update on pathophysiology, molecular mechanisms and
protective strategies. Int. J. Mol. Sci. 2021, 22, 1864. [CrossRef]

61. Abellan, D.; Nart, J.; Pascual, A.; Cohen, R.E.; Sanz-Moliner, J.D. Physical and mechanical evaluation of five suture materials on
three knot configurations: An in vitro study. Polymers 2016, 8, 147. [CrossRef]

62. Anushya, P.; Ganesh, S.B.; Jayalakshmi, S. Evaluation of tensile strength of surgical absorbable and nonabsorbable suture materials
after immersion in different fruit juices: An in vitro study. J. Adv. Pharm. Technol. Res. 2022, 13 (Suppl. 1), S108–S111. [CrossRef]
[PubMed]

63. Yun, X.; Gardner, L. Stress-strain curves for hot-rolled steels. J. Construct. Steel Res. 2017, 133, 36–46. [CrossRef]
64. Ebrahimi, A.P. Mechanical properties of normal and diseased cerebrovascular system. J. Vasc. Interv. Neurol. 2009, 2, 155–162.

[PubMed]

https://doi.org/10.1007/s12031-019-01309-9
https://doi.org/10.3390/ijms13078430
https://doi.org/10.1007/BF00295952
https://doi.org/10.3390/ijms20010168
https://www.ncbi.nlm.nih.gov/pubmed/30621194
https://doi.org/10.1016/j.anclin.2022.08.017
https://www.ncbi.nlm.nih.gov/pubmed/36328628
https://doi.org/10.3389/fmed.2018.00002
https://www.ncbi.nlm.nih.gov/pubmed/29404329
https://doi.org/10.1016/j.avsg.2020.05.055
https://www.ncbi.nlm.nih.gov/pubmed/32502672
https://doi.org/10.1097/00006123-199904000-00091
https://www.ncbi.nlm.nih.gov/pubmed/10201311
https://doi.org/10.1177/15563316221134270
https://www.ncbi.nlm.nih.gov/pubmed/37065097
https://doi.org/10.1111/j.1748-5827.2011.01162.x
https://doi.org/10.1177/026119290403200415
https://doi.org/10.1002/jlb.63.5.591
https://doi.org/10.4049/jimmunol.167.2.966
https://doi.org/10.1016/j.neuropharm.2015.05.014
https://doi.org/10.2174/1381612824666181112110934
https://www.ncbi.nlm.nih.gov/pubmed/30417775
https://doi.org/10.1074/jbc.M212355200
https://www.ncbi.nlm.nih.gov/pubmed/12690116
https://doi.org/10.1016/0304-3959(82)90142-7
https://www.ncbi.nlm.nih.gov/pubmed/6962420
https://doi.org/10.3390/ijms23020664
https://www.ncbi.nlm.nih.gov/pubmed/35054857
https://doi.org/10.14336/AD.2020.0626
https://doi.org/10.3390/ijms23094953
https://doi.org/10.3233/CH-189105
https://doi.org/10.3390/ijms22041864
https://doi.org/10.3390/polym8040147
https://doi.org/10.4103/japtr.japtr_267_22
https://www.ncbi.nlm.nih.gov/pubmed/36643124
https://doi.org/10.1016/j.jcsr.2017.01.024
https://www.ncbi.nlm.nih.gov/pubmed/22518247


Int. J. Mol. Sci. 2023, 24, 16695 24 of 24

65. Millereau, P.; Ducrot, E.; Clough, J.M.; Wiseman, M.E.; Brown, H.R.; Sijbesma, R.P.; Creton, C. Mechanics of elastomeric molecular
composites. Proc. Natl. Acad. Sci. USA. 2018, 115, 9110–9115. [CrossRef] [PubMed]

66. Handorf, A.M.; Zhou, Y.; Halanski, M.A.; Li, W.J. Tissue stiffness dictates development, homeostasis, and disease progression.
Organogenesis 2015, 11, 1–15. [CrossRef]

67. Svensson, R.B.; Smith, S.T.; Moyer, P.J.; Magnusson, S.P. Effects of maturation and advanced glycation on tensile mechanics of
collagen fibrils from rat tail and Achilles tendons. Acta Biomater. 2018, 70, 270–280. [CrossRef] [PubMed]

68. Martinez-Vidal, L.; Murdica, V.; Venegoni, C.; Pederzoli, F.; Bandini, M.; Necchi, A.; Salonia, A.; Alfano, M. Causal contributors to
tissue stiffness and clinical relevance in urology. Commun. Biol. 2021, 4, 1011. [CrossRef]

69. Park, J.H.; Jo, S.B.; Lee, J.H.; Lee, H.H.; Knowles, J.C.; Kim, H.W. Materials and extracellular matrix rigidity highlighted in tissue
damages and diseases: Implication for biomaterials design and therapeutic targets. Bioact. Mater. 2022, 20, 381–403. [CrossRef]

70. Gauthier, V.; Kyriazi, M.; Nefla, M.; Pucino, V.; Raza, K.; Buckley, C.D.; Alsaleh, G. Fibroblast heterogeneity: Keystone of tissue
homeostasis and pathology in inflammation and ageing. Front. Immunol. 2023, 14, 1137659. [CrossRef]

71. Maugeri, G.; D’Amico, A.G.; Saccone, S.; Federico, C.; Rasa, D.M.; Caltabiano, R.; Broggi, G.; Giunta, S.; Musumeci, G.; D’Agata,
V. Effect of PACAP on hypoxia-induced angiogenesis and epithelial-mesenchymal transition in glioblastoma. Biomedicines 2021, 9,
965. [CrossRef]

72. Lauretta, G.; Ravalli, S.; Szychlinska, M.A.; Castorina, A.; Maugeri, G.; D’Amico, A.G.; D’Agata, V.; Musumeci, G. Current
knowledge of pituitary adenylate cyclase activating polypeptide (PACAP) in articular cartilage. Histol Histopathol. 2020, 35,
1251–1262. [CrossRef] [PubMed]

73. Li, M.; Balamuthusamy, S.; Khan, A.M.; Maderdrut, J.L.; Simon, E.E.; Batuman, V. Pituitary adenylate cyclase-activating
polypeptide prevents cisplatin-induced renal failure. J. Mol. Neurosci. 2011, 43, 58–66. [CrossRef] [PubMed]

74. Mori, H.; Nakamachi, T.; Ohtaki, H.; Yofu, S.; Sato, A.; Endo, K.; Iso, Y.; Suzuki, H.; Takeyama, Y.; Shintani, N.; et al. Cardioprotec-
tive effect of endogenous pituitary adenylate cyclase-activating polypeptide on Doxorubicin-induced cardiomyopathy in mice.
Circ. J. 2010, 74, 1183–1190. [CrossRef] [PubMed]

75. Li, H.; Cao, L.; Yi, P.Q.; Xu, C.; Su, J.; Chen, P.Z.; Li, M.; Chen, J.Y. Pituitary adenylate cyclase-activating polypeptide ameliorates
radiation-induced cardiac injury. Am. J. Transl. Res. 2019, 11, 6585–6599. [CrossRef] [PubMed]

76. Moody, T.W.; Nuche-Berenguer, B.; Jensen, R.T. Vasoactive intestinal peptide/pituitary adenylate cyclase activating polypeptide,
and their receptors and cancer. Curr. Opin. Endocrinol. Diabetes Obes. 2016, 23, 38–47. [CrossRef]

77. Green, C.J.; Knight, J.; Precious, S.; Simpkin, S. Ketamine alone and combined with diazepam or xylazine in laboratory animals:
A 10-year experience. Lab. Anim. 1981, 15, 163–170. [CrossRef]

78. Cannon, C.Z.; Kissling, G.E.; Hoenerhoff, M.J.; King-Herbert, A.P.; Blankenship-Paris, T. Evaluation of dosages and routes of
administration of tramadol analgesia in rats using hot-plate and tail-flick tests. Lab. Anim. 2010, 39, 342–351. [CrossRef]

79. Pandya, A.N.; Vaingankar, N.; Grant, I.; James, N.K. End-to-side venous anastomoses.... a patency test. Br. J. Plast. Surg. 2003, 56,
810–811. [CrossRef]

80. Hardeman, M.; Goedhart, P.; Shin, S. Methods in hemorheology. In Handbook of Hemorheology and Hemodynamics; Baskurt, O.K.,
Hardeman, M.R., Rampling, M.W., Meiselman, H.J., Eds.; IOS Press: Amsterdam, The Netherlands, 2007; pp. 242–266.

81. Leahy, M.J. Microcirculation Imaging; John Wiley & Sons: Hoboken, NJ, USA, 2012; ISBN 978-3-527-32894-9.
82. Baskurt, O.K.; Boynard, M.; Cokelet, G.C.; Connes, P.; Cooke, B.M.; Forconi, S.; Liao, F.; Hardeman, M.R.; Jung, F.; Meiselman,

H.J.; et al. New guidelines for hemorheological laboratory techniques. Clin. Hemorheol. Microcirc. 2009, 42, 75–97. [CrossRef]
83. Baskurt, O.K.; Hardeman, M.R.; Uyuklu, M.; Ulker, P.; Cengiz, M.; Nemeth, N.; Shin, S.; Alexy, T.; Meiselman, H.J. Parameteri-

zation of red blood cell elongation index–shear stress curves obtained by ektacytometry. Scand. J. Clin. Lab. Investig. 2009, 69,
777–788. [CrossRef]

84. Godo, Z.A.; Apro, A.; Madar, J.; Szabo, B.; Nemeth, N. Microcontroller-based vein testing system. In Proceedings of the 2017 9th
International Conference on Electronics, Computers and Artificial Intelligence (ECAI), Targoviste, Romania, 9 June–1 July 2017;
IEEE: Piscataway, NJ, USA, 2017; pp. 1–6. [CrossRef]

85. Mead, R. The Design of Experiments: Statistical Principles for Practical Applications; Cambridge University Press: New York, NY,
USA, 1988.

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/10.1073/pnas.1807750115
https://www.ncbi.nlm.nih.gov/pubmed/30154166
https://doi.org/10.1080/15476278.2015.1019687
https://doi.org/10.1016/j.actbio.2018.02.005
https://www.ncbi.nlm.nih.gov/pubmed/29447959
https://doi.org/10.1038/s42003-021-02539-7
https://doi.org/10.1016/j.bioactmat.2022.06.003
https://doi.org/10.3389/fimmu.2023.1137659
https://doi.org/10.3390/biomedicines9080965
https://doi.org/10.14670/HH-18-233
https://www.ncbi.nlm.nih.gov/pubmed/32542641
https://doi.org/10.1007/s12031-010-9394-1
https://www.ncbi.nlm.nih.gov/pubmed/20514524
https://doi.org/10.1253/circj.CJ-09-1024
https://www.ncbi.nlm.nih.gov/pubmed/20378996
https://doi.org/10.1016/j.ijrobp.2019.06.1051
https://www.ncbi.nlm.nih.gov/pubmed/31737210
https://doi.org/10.1097/MED.0000000000000218
https://doi.org/10.1258/002367781780959107
https://doi.org/10.1038/laban1110-342
https://doi.org/10.1016/j.bjps.2003.08.007
https://doi.org/10.3233/CH-2009-1202
https://doi.org/10.3109/00365510903266069
https://doi.org/10.1109/ECAI.2017.8166417

	Introduction 
	Results 
	General Observations 
	Microcirculation 
	Hematological and Hemorheological Changes 
	Tensile Strength 
	Histology, Molecular Biology 
	Thickness of Vessel Wall Layer 
	Elastin Expression 
	Collagen Type I Expression 
	Granulomatosus Tissue around the Cannula 


	Discussion 
	Materials and Methods 
	Experimental Animals and Drugs Used 
	Operative Techniques, Experimental Groups and Sampling Protocol 
	Laboratory Tests 
	Microcirculatory Measurements 
	Tensile Strength Measurement of the Anastomoses 
	Tissue Cultures 
	Light Microscopical Morphology 
	Immunohistochemistry 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

