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Abstract

Background: Random-pattern skin flaps are often utilized to cover numerous skin defects that can occur for a variety of
causes, although tissue ischemia is the most prevalent consequence that leads to surgery failure. Protein Kinase D1 (PKD1), a
calcium/calmodulin-dependent serine/threonine kinase, has been linked to angiogenesis and has been shown to protect against
ischemic cardiovascular disease in several studies. However, no relevant studies on skin flaps have been recorded. Methods: Sixty
male Sprague-Dawley rats were randomly separated into control, PKD1, and CID755673 group. We observed postoperative
survival, laser Doppler and lead oxide/gelatin angiography were used to assess blood flow, HE (hematoxylin and eosin) staining
was used to observe neovascularization, and determined the level of related protein expression through Immunoblotting and
immunohistochemistry. Results: The PKD1 group has the largest survival area and the most abundant blood supply. The
level of angiogenesis and oxidative stress is the highest, and the level of apoptosis is the lowest. The CID755673 group is the
opposite. Conclusion: The findings show that PKD1 increases the flap’s survival rate and is linked to increased angiogenesis,

reduced oxidative stress, and apoptosis inhibition.

Introduction

Due to its convenience and flexibility, skin flap has become an ideal material for the repair of all tissue defects
in plastic and reconstructive surgery 3. Although the blood circulation of the random pattern flap is not
specific, and distal flap necrosis is the most common postoperative complication®. it is mostly utilized to
rebuild skin defects related to congenital disorders, trauma, diabetes, and cancer-associated abnormalities.
If the flap length-to-width ratio exceeds 2:1, the distal portions become liable to necrosis, thus limiting its
clinical use®. Angiogenesis is a critical factor in skin flaps survival; hence, adequate angiogenesis is a guarantee
of flap survival following reconstructive surgery®. Oxidative stress and apoptosis are key contributors in
skin flap necrosis in previous studies”. Suppressing necrosis of skin flaps requires lowering oxidative stress,
inhibiting apoptosis, and preventing ischemia-reperfusion (I/R) injury® . To improve random skin flap
survival, medical treatments that reduce oxidative stress and apoptosis and stimulate angiogenesis might be
a suitable choice.

PKD1, also known as PKC-y, is a serine/threonine kinase that is a PKD family member, which is a
calcium/calmodulin-dependent kinase (CaMK) family subgroup!'®. It can function on various pathways
and is involved in controlling a variety of biological processes'' 2. PKD1 is a critical regulator of tumor
angiogenesis, promoting the development of new blood vessels effectively'. PKD1 has been shown in some
studies to protect cardiomyocytes from damage caused by regional myocardial ischemia and hypoxia'*16.
However, the effects of PKD1 on flaps are unknown.



CID755673 is a PKD1-specific inhibitor that was employed in the current study. Unlike many other ki-
nase inhibitors, CID755673 has a high degree of selectivity due to the presence of the kinase ATP binding
domain'7. It has been utilized to suppress the growth and motility of prostate cancer by inhibiting the pro-
cess of PKD regulation, including class IIa HDAC phosphorylation'® 19, As a result, we hypothesize that
PRKD1 (an exogenous recombinant PKD1) may reduce oxidative stress, increase angiogenesis, and prevent
cellular apoptosis, leading to the enhancement of random flap survival.

Materials and Methods
Animals and ethics statement

Wenzhou Medical University provided us with 250-300 g sixty male Sprague-Dawley (SD) rats. All exper-
iments and animal care were done following the Guide for the Care and Use of Laboratory Animals of the
China National Institutes of Health and approved by the Animal Care and Use Committee of Wenzhou
Medical University (wydw2019-0954). SD rats were placed within a suitable environment with a twelve-hour
light /dark cycle and sufficient water and food. Sixty rats were assigned in a random fashion to one group of
the following: Control (n= 20), PKD1 (n= 20), or CID755673 (n= 20).

Reagents and antibodies

PKD1 (PRKDI; purity [?]98%) was provided by Carna Biosciences, Inc(USA). The CID755673 was pur-
chased from MedChemExpress LLC (USA). Pentobarbital sodium, hematoxylin and eosin staining kit,
lead oxide-gelatin, and diaminobenzidine (DAB) were procured from Solarbio life Science (China). Wuhan
Boster Biological Technology, Ltd. and Bioget Technology provided anti-cadherin 5 and anti-GAPDH mono-
clonal antibodies, respectively. The Proteintech Group (Chicago, USA) provided primary antibodies against
GAPDH, HO1, SOD1, MMP9, VEGF, and CASP3. Cell Signaling Technologies (Beverly, Massachusetts)
provided antibodies against CYC, eNOS, cadherin 5, and Bax. Santa Cruz Biotechnology Inc. antibody
(Dallas, Texas, USA) provided the second goat anti-rabbit IgG. The ECL Plus Reagent kits and the BCA
Kits were obtained from PerkinElmer Life Sciences and Beyotime Biotechnology accordingly.

Drug Administration

In physiological saline, PKD1 was dissolved in 2% DMSO. The PKD1 group received daily intraperitoneal
injections of PKD1 (10ug/kg) for seven days following flap surgery. The control group got the same DMSO
saline volume. The CID755673 group was in the same injection mode (5mg/kg of body weight).

Random-Pattern Skin Flap Model

The back hair was removed, and all rats were intraperitoneally anesthetized with 40 mg/kg of 2% (w/v)
sodium pentobarbital. By cutting the skin along a specified line (3cm x 9cm), random skin flaps were
created. The skin was cut along the design line, and the skin flap underwent entire separation from the deep
fascia. The bilateral sacral arteries were cut off and finally sutured in situ intermittently with 4-0 sutures.
Each flap had three equal zones: zone I (proximal), zone II (intermediate), and zone III (distal) (Figure 1

).
Flap Survival Assessment

We assessed the color, appearance, texture, hair condition, and necrosis of the skin flap on the third and
seventh days post-surgery. Survival status was determined using photographs, and, using ImageJ software,
the survival area range/total areax100% was considered as the survival area percentage.

Tissue edema evaluation

To determine tissue edema degree, we measured the water content of the tissue. On the seventh day after
surgery and from each group, six skin flaps were weighed, deposited at 50°C in an autoclave for dehydration,
and re-weighed until a constant weight was maintained for 48 hours at least. ([wet weight - dry weight]/wet
weight) x100% = water content percentage (%).



Laser Doppler Blood Flow Imaging

Six rats from each group were anesthetized and, on the third and seventh postoperative days, the flap blood
flow was assessed utilizing laser Doppler blood flow imaging. For quantification of flap blood flow and the
indicators, the moor LDI Review software was employed.

Lead Oxide Angiography

The rats (n=6) were injected with lead oxide gelatin (80mL/kg) through the carotid artery on the seventh
POD until the limbs became orange. The perfused rats were then refrigerated at -80°C overnight. The skin
flaps were totally removed, and the blood vessels were seen using an X-ray machine (54kVp, 40mA, 100s
exposure) following thawing in the next day.

Hematoxylin and Eosin Staining

At the 7th POD, six tissue specimens from the flap II region (central tissue) measuring lem X lem were
collected after the rats were sacrificed with an excess sodium pentobarbital dose. After 24 hours of fixation
in 4% (v/m) paraformaldehyde, these specimens were embedded in paraffin wax and transversely sectioned
(4 mm thickness). We randomly selected the number of blood vessel cross-sections per unit area in different
fields of view (/mm?) under the microscope (Olympus Corp, Japan) to compute the mean blood vessel
density of the flap tissue in order to evaluate the microcirculation level.

Immunohistochemistry

From each group, six randomly selected samples underwent deparaffinization using xylene and were rehydra-
ted with a graded ethanol series. Endogenous peroxidase was blocked with a 3% hydrogen peroxide solution
after washing. It was then buffered with sodium citrate to facilitate antigen retrieval (10.2 mM, 20 min,
95°C). Using PBS containing 10% (w/v) bovine serum albumin, the sample was blocked for 10 minutes, and
then at 4°C with a target of cadherin 5 (1: 200), SOD1 (1: 100), CD34 (1: 100), CASP3 (1: 200), or VEGF (1:
200). After that, the slide underwent incubation at room temperature for two hours with the corresponding
HRP-conjugated secondary antibody (1:1000). Following washing, DAB dyeing, and counterstaining with
hematoxylin was accomplished. A microscope was utilized to collect images for further analysis from at least
six random fields of view (Olympus Corp., Japan).

Immunoblotting

At POD7, the rats were sacrificed. From area II, six 0.5x0.5 cm samples were collected for western blot
analysis. To extract the flap tissue protein, lysis buffer was utilized, and using the BCA assay, concentration
was determined. PAGE (12%) was used to separate the protein, which was then transferred to the PVDF
membrane. At room temperature and after 2 hours and using 5% (w/v) nonfat milk, the membrane was
blocked, then underwent incubation with the primary antibody VEGF (1: 1000), eNOS (1: 1000), MMP9 (1:
1000), HO1 (1: 1000), cadherin 5 (1: 500), Bax (1: 500), SOD1 (1: 1000), CYC (1: 1000), caspase 3 (CASP3)
(1: 1000), and GAPDH (1: 1000)) at 4°C overnight, then at room temperature, it underwent re-incubation
with HRP-conjugated IgG secondary antibody for two hours. To visualize the membrane, the ECL reagent
kit was employed. To assess the blots intensity, the Image Lab 3.0 software was utilized.

Statistical analyses

Using SPSS software (version 22.0; Chicago, Illinois, USA), data analysis was done. Means + standard error
of the mean was used to summarize all data. Using the independent-sample t-test, the two groups means
were compared. A p-value <0.05 was statistically significant.

Result
3.1PKD1 significantly enhanced random skin flap survival

On day three postoperative, the skin flaps in area III began to become necrotic, turn black, dry, wrinkled,
and rigid. Among the three groups, the flap survival area showed significant differences. Significant changes



became apparent on the seventh POD. In the PKD1 group, the survival area was larger compared to the
control group (58.40+2.28% VS 76.11+0.74%, P < 0.01). Compared to the control group, the flap survival
rate was significantly lower in the CID755673 group (58.40+2.28% VS 40.56+1.01%, P< 0.01) (Figure 2
A, B).

To determine the degree of edema, the inner side of flap tissues of three groups were observed. The
control group had a considerably greater water content in the flap than the PKD1 group (48.67+1.31%
VS 37.83+1.33%, p<0.01), and the CID755673 group had the greatest water content (48.67+1.31% VS
58.93+1.24%, p<0.05)(Figure 2 C, D) .

The intensity of the blood flow signal was significantly stronger in the PKD1 group than in the con-
trol group on the 3'4(224.40+7.70PU VS 289.50+14.92PU, P < 0.01) and 7*" PODs (346.60+10.02PU
VS 431.50+21.97PU, P < 0.01). The CID755673 group is the worst on the 3'@ (224.40+7.70PU VS
172.80+8.07PU, p<0.05) and 7*" PODs (346.60+10.02PU VS 279.40+2.78PU, p<0.05) (Figure 2 F, G) .
New blood vessels number was significantly larger in the PKD1 group than in the control group as regards
the lead oxide gelatin angiography. (Figure 2 E) . Compared to the control group, all the above results
were significantly worse in the CID group. Overall, the findings demonstrate that PKD1 can improve random
flaps survival.

3.2PKD1 improves angiogenesis in random skin flap

The vessel density was assessed by H&E staining, and CD34-positive vessels were calculated under THC. The
results of HE were significantly higher in the PKD1 group (128.5043.60/mm?) compared to the control group
(76.83+4.40/mm?) (p<0.01). In contrast, the CID755673 group (43.1742.75/mm?) showed lower results (P
< 0.01). (Figure 3 A, B) .

The number of CD34-positive vessels was 68.6344.54/mm?in the control group, 125.004£5.51/mm? in the
PKD1 group, and 35.50+2.09/mm? in the CID755673 group. The experimental and control groups demons-
trated significant differences (p<0.01), as well as the control and CID755673 groups (p<0.05) (Figure 3 C,
D).

Adequate blood supply, as determined by angiogenesis, can increase flap survival. As a result, immunohisto-
chemistry and western blot were utilized for determining the expression levels of neovascularization markers.
THC analysis of VEGF and cadherinb expression revealed that, compared to the control group, PKD1 group
results were significantly higher; whereas results in the CID755673 group were significantly lower (Figure 3 F,
H) (VEGF and cadherin5: control vs. PKD1, p<0.01; control vs. CID755673, p<0.01). Additionally, VEGF
and cadherind protein expression levels were increased in PKD1, as showed by western blot analysis, while
MMP9 and CID755673 protein expression levels were decreased (VEGF, MMP9, and cadherin 5: control vs.
PKD1, p<0.05; control vs. CID755673, p<0.01) (Figure 3 I, J ).

3.3 PKD1 Attenuates Apoptosis in random skin flap

Skin flap necrosis is associated with apoptosis. Thus, we used immunohistochemistry to determine the level
of CASP3 and found that CASP3 staining was significantly reduced in the dermis of PKD1-treated rats than
the control group. A significantly higher prevalence was noted in the CID755673 group (control vs PKDI,
p <0.01; control vs CID755673, p <0.01) (Figure 4 A, B) . The underlying results were consistent with
the western blot findings. Additionally, immunoblotting for Bax and CYC revealed that the PKD1 group
showed significantly lower levels of CYC and Bax than the control group. Similarly, the CID75567e3 were
higher (CYC and CASP3: control vs PKD1, p<0.01; control vs CID755673, p<0.05; Bax: control vs PKD1,
p<0.05; control vs CID755673, p<0.01)

(Figure 5 C, D).
3.4PKD1 Attenuates Oxidative Stress in random skin flap

In skin flap necrosis development, oxidative stress is a critical factor. We used THC and Western blot to
determine oxidative stress-related proteins. According to IHC results, the PKD1 group showed a significantly



higher SOD1 level in the dermis compared to the control group (control vs. PKD1, p<0.01; control vs.
CID755673, p<0.01) (Figure 5 A, B ). We also measured eNOS, SOD1, and HO1 expression levels in the
flaps by western blot. In the PKD1 group, these proteins expression was significantly upregulated than the
control group, while all the above lowest results were observed in the CID755673 group (SOD1, HO1, and
eNOS: control vs. PKD1, p<0.01; control vs. CID755673, p<0.01)

(Figure 5 C, D).
Discussion

As a stress-activated serine/threonine kinase, protein kinase D1 is crucial in various fundamental physiological
and biological functions, including cell growth, apoptosis, adhesion, motility, and angiogenesis'® 2% 21, Be-
cause of the low axial blood flow and IR, distal skin flap necrosis is a frequent postoperative complication® 22
As a result, the axial vascular distribution must be carefully considered. The perfusion pressure of the flap
blood and the nascent capillaries is critical for flap survival?3. As a result, PKD1 may be able to increase the
random flaps survival rate. Our findings indicate that PKD1 can enhance random skin flap survival through
inhibiting oxidative stress and apoptosis and increasing distal flap neovascularization.

According to some studies, angiogenesis is crucial for random skin flaps survival” 24, Angiogenesis entails a
number of complex processes, including preexisting cell connections destruction, endothelial cell sprouting,
mitosis, and maturation of new capillaries?®. According to some studies, VEGF is required for endothelial cell
mitosis and can increase microvascular permeability2® 27. By integrating VEGF-A signaling and interacting
with the extracellular matrix, PKD1-regulated alphavbeta3 transport promotes angiogenesis®®. Increasing
evidence indicates that the PKD1-mediated signaling pathway is vital for endothelial cells, particularly in
VEGF-induced angiogenesis regulation?®3!. It is a critical signal for angiogenesis®?. MMP9 is involved in
the angiogenic switch and can aid in VEGF release?. Cadherin 5 prevents the formation of disorganized
endothelial aggregates in new blood vessels and forms intercellular junctions®*. According to IHC and western
blotting analysis, PKD1 treatment increased Cadherin 5 and VEGF expression in stromal cells and blood
vessels in the dermis. The present study demonstrated that PKD1 stimulates new blood vessels formation
and increases microvessels number in ischemic skin flaps, thereby increasing the regenerated blood vessels
number and quality. Thus, we hypothesize that PKD1 promotes neovascularization in the flap’s dermis by
increasing VEGF, cadherin 5, and MMP9 levels.

When the flap’s blood supply is restored, the tissue may experience I/R damage and produce an abnormal
amount of reactive oxygen species (ROS)®, finally resulting in necrosis in the flap’s distal region®>. PKD1
protects cells from oxidative stress and minimizes hypoxia-induced damage6. Additionally, PKD1 regulates
the detoxification of reactive oxygen and nitrogen species in the mitochondria, leading to cells protection
against oxidative stress®” 38, Cell survival and cell death in dopaminergic neuronal cells are regulated by
the PKD1-mediated protective mechanism®®. SOD is a well-known antioxidant enzyme that converts super-
oxide radicals to hydrogen peroxide3. The PKD1-induced protective signaling pathways are hypothesized
to be involved in the manipulation of mROS effects and age-related diseases associated with mitochondrial
dysfunction?® 41, HO1 and eNOS are both involved in the process of oxidative stress and have antioxidant
properties*?. As a result, we predicted that PKD1 could help improve flap survival by inhibiting oxidative
stress. IHC and WB analysis revealed that PKD1 enhanced eNOS, SOD1, and HO1 expression, all of which
are considered to reduce oxidative stresses. Thus, our findings indicated that PKD1 inhibited oxidative stress
and subsequently alleviated IRI in random skin flaps.

During flap I/R injury, the primary mode of cell death is apoptosis?®. PKD1 acts as a critical anti-apoptotic
kinase, protecting neuronal cells from oxidative stress throughout the early phases. Dopaminergic neuronal
cells subjected to HoOy or 6-OHDA caused phosphorylation of the PKD1 activation loop (PKD1S744E /748E)
long before neuronal cell death was induced®®. Numerous cellular stressors stimulate the apoptotic pathway
(mitochondria-mediated), causing a mitochondrial release of CYC, which in turn leads to activation of
the caspase cascade and ultimately CASP3%*. Bax considerably increases the outer mitochondrial membrane
permeability during cell death, resulting in mitochondrial swelling®®. We investigated CASP3, CYC, and Bax



expression levels in response to various treatments to assess apoptosis extent. The PKD1 group suppressed
the expression of CASP3, Bax, and CYC, according to western blotting analysis. A significantly lower CASP3
expression was noted in the PKD1 group than the control group, showing that PKD1 attenuated apoptosis
levels in ischemic skin flaps.

The worst results were reported in the CID755673 group, which may indicate that PKD1 improves the
prognosis and survival rate of skin flaps.

Conclusion

The PKD1 inhibits oxidative stress and apoptosis and promotes angiogenesis, hence increasing random flaps
survival rate. Further research is required to determine whether PKD1 has a beneficial effect on clinical
flap surgery patients. Also, the underlying mechanism differences between endogenous and exogenous PKD1
should be validated.
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Abbreviations

6-OHDA 6-hydroxydopamine

ATP Adenosine triphosphate

BCA Bicinchoninic acid

CASP Caspase

CYC Cytochrome C

DAB Diaminobenzidine

DMSO Dimethyl sulfoxide

eNOS endothelial nitric oxide synthase
H&E Hematoxylin and eosin

HDAC Histone deacetylase

HO Heme oxygenase

THC Immunohistochemical

Ip Intraperitoneal

IRI Ischemia-reperfusion injury

LDF Laser Doppler flowmeter

MMP Matrix metalloproteinase

MVD Mean vessel density

PBS Phosphate-buffered saline

PKC Protein kinase C

PKD1 Protein kinase D1

POD Post-operation day

PRKD1 Protein recombinant kinase D1
PU Perfusion units

ROS Reactive oxygen species

SEM Standard Error of Mean

SOD Superoxide dismutase

VEGF Vascular endothelial growth factor
WB Western blotting
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Figure legends

Figure 1: Making a random flap model process A. Design a random 3 x 9 cm flap in the middle of
the back of each rat. B. Separate the sacral arteries. C. Cut both sacral arteries. D. The flap is sutured in
situ. E-F. Related vascular network
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Figure 2: PKD1 promoted the survival of flaps. (A) Flap digital photographs were taken on the third
& seventh PODs in the studied groups. (B) Histogram of survival area percentages in each group. (C) POD
7 digital photographs of tissue edema (inner face) in the studied groups. (D) Histogram of the percentage
of water content in the skin flap tissue on the seventh PODs. (E) Flap angiography was performed on the
seventh PODs in all three groups. (F) LDBF imaging of blood flow in the flap on the third and seventh
PODs in the studied groups. (G) Histogram of the quantified blood flow signal intensity on the 3rd and 7th
PODs. *p < 0.05 and **p < 0.01, vs control group. Mean + SEM was used for data presentation, n = 6
per group.

10



control PKD1 CID755673

Mean vessel density
(MVD)/mm?

control PKD1 CID755673

(A) @)
control PKD1 CID755673 "E 150 ok
. . £
& 5 S
E g 100
CD34 : I g §
§ 5 | £ g. 50: *
] ; 3
o o
(C) control  PKD1 CID755673
3 D
control PKDI CIDT55673 £ )
s ¢ . - 3 2.04
€5 1.5
_— g
Cadherin 5 9 £ 1.0
R
® g ok
2
s iy fe g,: 0.54
EE
5 0.0
(E) § control PKD1 CID755673
= (F)
control PKD1 CID755673 5
o s AT G, 2 20 .
Z q i 7 S A : s
5 [} > 25 154
e o s ' Sa
VEGF Wi ; 58 1
[ 2 < 1.0
®e
55 o
% 5o 0.5+
- ik -~ B
. Eu
(G) @ o004
E control PKD1 CID755673
control ~ PKD1  (CID755673 ()
VEGF I “ : ] 46kDa Angiogenesis related protein expressions
2.0
=3 control
MMP9 92kDa 15 x . mm PKD1
’ x =3 CID755673

Cadherin 5

folds of control
-
o

b
o

— |
GAPDH m 37kDa o
VEGF MMP9 Cadherin5

(D (@))

Figure 3:Effect of PKD1 on angiogenesis in the random-pattern skin flaps . (A) Images of H&E
staining in each group (original magnification: 200x; scale bar: 50 um). (B) Histogram of H&E-stained
MVD. (C) CD34-positive vessels THC staining in the studied groups (original magnification: 200x; scale bar:
50 ym). (D) CD34-positive vessel density in all groups. (E, G) IHC staining of VEGF and Cadherin 5
expressions in the flap in the studied groups (original magnification:200x; scale bar: 50 ym). (F, H) VEGF
and Cadherin 5 optical density values in each group. (I) Western blotting analysis of Cadherin 5, MMP9,
and VEGF expressions in the studied groups, with GAPDH as an internal control. (J) The optical density
values of MMP9, VEGF, and Cadherin 5 in each group. *p < 0.05 and **p < 0.01, vs control group. Mean
+ SEM was used for data presentation, n = 6 per group.
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Figure 4: Effect of PKD1 on apoptosis in the random-pattern skin flaps . (A) IHC staining of
CASP3 expression in the flap in the studied groups (original magnification: 200x; scale bar: 50 pm). (B)
The optical density value of CASP3 in each group. (C) Western blotting analysis of Bax, CYC, and CASP3
expressions in the studied groups, with GAPDH as an internal control. (D) CASP3, CYC, and Bax optical
density values in each group. *p< 0.05 and **p< 0.01, vs control group. Mean + SEM was used for data
presentation, n = 6 per group.
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Figure 5: Effect of PKD1 on oxidative stress in the random-pattern skin flaps . (A) IHC staining
of SOD1 expression in the flap in the studied groups (original magnification: 200x; scale bar: 50 um). (B)
The optical density values of SOD1 in the studied groups. (C) Western blotting analysis of SOD1, eNOS,
and HO1 expressions in the studied groups, with GAPDH as an internal control. (D) HO1, SOD1, and
eNOS optical density values in all groups. **p< 0.01, vs control group. Mean + SEM was used for data
presentation, n = 6 per group.
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