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Background: Random skin flaps are commonly applied during plastic surgery, but distal flap
necrosis limits their clinical applications. Valproic acid (VPA), a histone deacetylase inhibitor
and a traditional antiepileptic agent, may promote flap survival.

Materials and methods: Sprague—Dawley rats were randomly divided into VPA-treated and
control groups. All rats received VPA or saline by intraperitoneal injections once daily for 7 days
after the modified McFarlane flap model was established. On postoperative day 7, flap survival,
laser Doppler blood flow, and water content were examined for flap viability, hematoxylin and
eosin staining (H&E), immunohistochemistry (IHC), and Western blot analysis, and the status
of angiogenesis, apoptosis, and oxidative stress were detected in the ischemic flaps.

Results: VPA increased the survival area, blood flow, and number of microvessels in skin flaps
on postoperative day 7 and reduced edema. VPA promoted angiogenesis by enhancing vascular
endothelial growth factor (VEGF) mRNA transcription and upregulating VEGF and cadherin
5 expression, inhibited apoptosis via reduction of caspase 3 cleavage, and relieved oxidative
stress by increasing superoxide dismutase (SOD) and glutathione (GSH) levels and reducing
the malondialdehyde (MDA) level.

Conclusion: VPA promoted random skin flap survival by enhancing angiogenesis and inhibit-
ing oxidative stress and apoptosis.

Keywords: valproic acid, random skin flap, angiogenesis, oxidative stress, apoptosis

Introduction
Random-pattern skin flaps are commonly used to cover superficial skin defects during
plastic surgery.! However, the length-to-width ratio of the flap cannot exceed 2:1;
otherwise, the distal areas are vulnerable to necrosis.? Previous studies suggested
that inadequate blood flow, ischemia—reperfusion (I/R) injury, oxidative stress, and
apoptosis contributed to distal flap necrosis.** Random skin flaps exhibit significant
ischemia when blood flow is inadequate. Vascular regeneration commences at the flap
pedicle; the blood supply then gradually increases. Flap ischemia and blood restoration
trigger I/R injury.’ Oxidative stress plays a key role in the progression of such injury,
which can cause extensive cell apoptosis if untreated.® Thus, pharmacological agents
promoting angiogenesis and alleviating oxidative stress and apoptosis would be
expected to improve random skin flap survival.

Valproic acid (VPA, 2-propylpentanoic acid), a histone deacetylase inhibitor, is
traditionally used to treat epilepsy and bipolar disorder.” VPA is also used to treat
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neurological and/or neurodegenerative diseases, including
stroke, traumatic brain injury, and Huntington’s disease,
affording neuroprotection, inhibiting oxidative stress, and
promoting neurovascular remodeling.® It is safe and effective,
enhancing angiogenesis and promoting functional recovery
by inhibiting histone deacetylase and upregulating hypoxia-
inducible factor (HIF)-1a and the downstream pro-angio-
genic factors vascular endothelial growth factor (VEGF)
and matrix metalloproteinase (MMP)-2/9 in a rat model of
ischemic stroke.”! Moreover, chronic lithium/VPA treatment
exerted neuroprotective effects, inhibiting excitotoxicity and
glutamate-induced cell death by reducing oxidative damage.!!
One study found that VPA protected endothelial cells from
stress-induced apoptosis by inducing endothelial cell ERK
1/2 phosphorylation.'? In addition, VPA exerted a beneficial
effect in an experimental Adriamycin®-induced model of
nephropathy through reducing glomerular apoptosis.'?

However, the effect of VPA on random-pattern skin
flaps remains poorly understood. Here, we explored whether
VPA promoted the survival of random rat skin flaps through
enhancing angiogenesis and inhibiting oxidative stress
and apoptosis.

Materials and methods

Ethics statement

All animal experiments were approved by the Animal
Research Committee of Wenzhou Medical University
(wydw2017-0022) and accorded with the Guide for the Care
and Use of Laboratory Animals of China National Institutes
of Health.

Reagents and antibodies

VPA (C,H,O,, purity >99%) was purchased from TCI
chemicals (Shanghai, China). Hematoxylin and eosin (H&E)
staining kit and pentobarbital sodium were purchased from
Solarbio Science & Technology (Beijing, China). The
primary antibody against CD34 was obtained from Abcam
(Cambridge, UK). Primary antibodies against VEGF, super-
oxide dismutase (SOD), and B-actin were obtained from
Beijing Bioss Biotechnology (Beijing, China). SOD, glutathi-
one (GSH), and malondialdehyde (MDA ) assay kits were pur-
chased from the Nanjing Jiancheng Bioengineering Institute
(Jiangsu, China). Primary antibody against cleaved caspase 3
(CASP3) was purchased from Cell Signaling Technology
(Beverly, MA, USA). A VEGF mRNA in situ hybridization
kit and the primary antibody against cadherin 5 were pur-
chased from Boster Biological Technology (Wuhan, China).
Horseradish peroxidase (HRP)-conjugated goat-anti-rabbit

IgG was obtained from Boyun Biotechnology (Nanjing,
China). A bicinchoninic acid test kit was purchased from
Beijing ComWin Biotech Company (Beijing, China). An
electrochemiluminescence-plus immunodetection kit was
obtained from Merck Millipore (Billerica, MA, USA).

Animals and groups

Sixty male Sprague—Dawley rats were purchased from
Experimental Animal Center of Wenzhou Medical University
(License no SCXK 2005-0019). All rats were randomly
divided into two groups: a control group (n=30, control
group) and a VPA group (n=30, VPA group). Each rat was
housed separately in a cage and allowed free access to food
and water in an environmentally controlled animal house.

The modified McFarlane flap model

After anesthesia with 2% (w/v) pentobarbital sodium
(40 mg/kg intraperitoneally) for each rat, the dorsal fur
was removed with an electric shaver and depilatory cream.
Then caudal-based 3x9 cm areas were outlined in the rat
dorsum and elevated beneath the panniculus carnosus as
previously reported.> All known vessels were completely
sectioned, and each flap was immediately sutured with 4-0
non-absorbable suture in the original position. Each flap was
separated into three equal zones: proximal (area I), intermedi-
ate (area II), and distal (area III) zones.

Drug administration

Each rat in the VPA group received 200 mg/kg VPA by
intraperitoneal injections after the modified McFarlane
flap model was established, 12 hours later, and then once
daily until euthanasia. Rats in the control group received
equal volumes of saline in accordance with the principles
of administration in the VPA group.

Flap survival evaluation

After establishment of the flap model, appearance, color,
texture, and hair condition of flaps were noted for 7 consecu-
tive days. On postoperative days 3 and 7, high-quality photo-
graphs of the random flap were acquired to evaluate the flap
viability via grid counting. Percentages of viable area were cal-
culated as follows: survival area/total area of flap x100%.

Tissue edema assessment

Tissue edema was reflected by the water content of flaps.
On postoperative day 7, the flaps were weighed, then dehy-
drated in an autoclave at 50°C and weighed again until
the weight was stabilized for 2 days. Percentage of water
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content was determined as: ([wet weight — dry weight]/wet
weight)x100%.

Laser Doppler blood flow imaging

On postoperative day 7, a laser Doppler instrument (Moor
Instruments, Axminster, UK) was used to measure blood flow
of flap in a warm and quiet environment under anesthesia.
Perfusion units were used as indicators of blood flow. The
blood flow of skin flap was quantified with moor LDI Review
software (ver.6.1; Moor Instruments).

H&E staining

On postoperative day 7, specimens (n=6, 0.5x0.5 cm) of cen-
tral tissue from each flap area II were obtained and executed
after sacrifice. Then the samples were first fixed in 4% para-
formaldehyde for 24 hours and embedded in paraffin wax for
transverse sectioning. Sections with 4 Lm of thickness were
prepared and mounted on poly-L-lysine-coated slides for H&E
staining. The number of microvessels per unit area (/mm?)
was calculated under a light microscope (X200 magnification;
Olympus Corporation, Tokyo, Japan), which indicated mean
microvascular density. Six random fields of three random
sections from each tissue specimen were measured.

Immunohistochemistry (IHC)

Six sections of the central part of area II in each group were
dewaxed in xylene and rehydrated in graded ethanol baths
on day 7. After washing, the sections were blocked with 3%
(v/v) H,0, and placed in 10.2 mM sodium citrate buffer for
30 minutes at 95°C. Then the sections were blocked with
10% (w/v) bovine serum albumin and phosphate buffered
saline for 10 minutes and incubated with primary antibody
against CD34 (1:100), VEGF (1:200), cadherin 5 (1:100),
CASP3 (1:200), and SOD (1:100) overnight at 4°C. Finally,
the sections were incubated with HRP-conjugated secondary
antibody (1:1,000), stained with 3,3’-diaminobenzidine,
and counterstained with hematoxylin. Tissue sections were
imaged at X200 magnification under a light microscope
(Olympus Corporation). The images were analyzed with
Image-Pro Plus software (Media Cybernetics, Rockville,
MD, USA) for integral absorbance quantitation of VEGF-,
CASP3-, SOD-, and CD34-positive blood vessel counting.
Six random fields of three random sections from each tissue
sample were counted.

In situ hybridization
Anin situ hybridization kit was used to examine VEGF mRNA
in the flap tissue. The probes for VEGF mRNA were 5’-GCTCT

ACCTCCAC CA TGCCA AGTGG TCCCA-3', 5-GACCC
TGGTGGACAT CTTCCAGGAGTACCC-3’,and 5-GCAGC
TTGAG TTAAA CGAAC GTACT TGCAG-3'. In situ
hybridization was performed as described previously.'* After
staining with 3,3’-diaminobenzidine, the sections were coun-
terstained with hematoxylin and sealed. Under a light micro-
scope (X400 magnification; Olympus Corporation), six random
fields of three random sections from each flap tissue sample
were counted. Integral absorbance quantitation of VEGF
transcription was counted using Image-Pro Plus software.

Western blot analysis

On postoperative day 7, specimens (n=6, 0.5%0.5 cm) from
the center of area Il were dissected and stored at —80°C before
Western blot analysis. Proteins were extracted from flap sam-
ples with a lysis buffer and calculated by the BCA assay. They
were separated by 10% polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride (PVDF) membranes
(Merck Millipore). After blocking with 5% (w/v) non-fat milk
for 2 hours at room temperature, the membranes were incu-
bated with the following primary antibodies at 4°C overnight:
VEGF (1:1,000), SOD (1:1,000), cleaved-CASP3 (1:1,000),
and B-actin (1:1,000), and then incubated with goat-anti-rabbit
secondary antibody for 1.5 hours at room temperature. The
immunoreactive proteins were visualized using the ECL Plus
Reagent Kit (Merck Millipore, Billerica, MA, USA). Finally,
the band intensity was quantified using Gel Image system
ver.4.00 (Tanon, Shanghai, China).

SOD activity, GSH level,and MDA content

On postoperative day 7, tissue specimens from the center
of area II (n=6, 0.5x0.5 cm?) were obtained and used to
evaluate SOD activity, GSH level, and MDA content using
commercial kits as described previously.'* SOD activity,
GSH level, and MDA content were determined using
the xanthine oxidase method, 5,5’-dithiobis method, and
thiobarbituric acid test, respectively.

Statistical analyses

Alldatawere expressed as mean + standard error of mean (SEM).
Statistical analyses were conducted using SPSS software
version 19.0 (IBM Corporation, Armonk, NY, USA). The
data of the two groups were compared using an independent-
sample 7-test. P<<0.05 indicates statistical significance.

Consent for publication
We declare that our institutes are aware of the work and
declare consent for publication of the manuscript.
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Results
VPA affected the viability of random
skin flaps

On day 3 after the surgery, the flaps in both the groups were
pale and swollen in area III and the distal portion of the
flaps became dark (Figure 1A). The VPA group showed a
greater survival area relative to the control group on day 3
(82.33%12.82% and 64.90%+4.83%, respectively; P=0.011;
Figure 1B). By day 7, each group exhibited survival in
area I, whereas area III had become darker along with
scabbing and hardening, indicating necrosis (Figure 1A).
The mean survival area of the group treated with VPA was

significantly larger than that of the control group on day 7
(64.34%14.30% and 44.02%12.61%, respectively; P=0.002;
Figure 1B). Furthermore, the signal intensity of blood flow
within the flap detected by laser Doppler instrument was
much larger in the VPA group than that in the control group
(541.93+£26.00 and 418.92431.23 PU, respectively; P=0.013;
Figure 1C and D). Finally, the distal part of the flaps in the
control group was significantly edematous with subcutaneous
venous blood congestion (Figure 1E). The water content of
tissue was lower in the VPA group than that in the control
group (44.39%13.54% and 59.40%*4.21%, respectively;
P=0.021; Figure 1F).
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Figure | Effects of VPA on the viability of random skin flaps.

Notes: (A) Digital photographs show the postoperative flaps on days 3 and 7 (scale bar, | cm). (B) Histogram of percentages of survival area on days 3 and 7. (C) Full-field
laser Doppler blood flow images of flaps on day 7 (scale bar, | cm). (D) Histogram of blood flow on day 7. (E) Digital photographs show the tissue edema of postoperative
flaps of each group on day 7 (scale bar, | cm). (F) Histogram of percentage of water content in the tissue. Values are expressed as mean + SEM, n=6 per group. *P<<0.05

and **P<0.01 vs control group.

Abbreviations: LDBF, laser Doppler blood flow; SEM, standard error of mean; VPA, valproic acid.
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VPA increased the number of microvessel

in random skin flaps

On day 7, specimens of central tissue from each flap in
area II were stained with H&E and THC. The VPA group
generated a greater number of microvessels relative to the
control group (Figure 2A). The mean vessel density of
area Il was greater in the VPA group (262.10£21.34/mm?)
than in the control group (128.27+15.36/mm?; P<<0.001;
Figure 2B). In addition, the number of CD34-positive
vessels was greater in the VPA group than in the control
group (293.18439.28/ and 145.69+14.35/mm?, respectively;
P=0.005; Figure 2C and D).

VPA promoted angiogenesis in random
skin flaps

On postoperative day 7, in situ hybridization for VEGF
mRNA in area II of all flaps was performed to evaluate
the level of angiogenesis. As shown in Figure 3A, more
VEGF mRNA was synthesized in the vascular structures of
the cutis and dermis in the VPA group compared with the
control group. There was a statistical difference in VEGF
mRNA transcription between the VPA group and the control
group (P=0.016; Figure 3B). We also detected VEGF and
cadherin 5 to confirm the level of angiogenesis. VEGF was
detected in vessels and stromal cells in area IT and at a higher

Figure 2 VPA increased the number of microvessels in random skin flaps.

level in the VPA group than in the control group (P=0.002;
Figure 3C and D), which was the same as cadherin 5 expres-
sion in vessels and stromal cells (P=0.011; Figure 3E and F).
Western blot analysis revealed that VEGF was significantly
upregulated in the VPA group compared with the control
group (P<<0.001; Figure 3G and H).

VPA inhibited oxidative stress in random

skin flaps

To examine the effects of VPA on oxidative stress in ran-
dom skin flaps, SOD levels were analyzed by Western blot
analysis and THC. IHC and integral absorbance analyses
showed higher levels of SOD in the dermis of the VPA
group, relative to the control group (P=0.001; Figure 4A
and B), which was in accordance with that seen in Western
blot analysis (P<<0.001; Figure 4C and D). SOD activity,
GSH level, and MDA content were also measured using kits.
The SOD activity was greater in the VPA group than that in
the control group (56.42+4.37 and 38.54+5.41 wmg/protein,
respectively; P=0.028; Figure 4E). Moreover, GSH level was
increased in the VPA group (3.34+0.40 nmol/mg/protein)
compared with the control group (2.2510.23 nmol/mg/protein;
P=0.040; Figure 4F), whereas MDA content was decreased
(40.66%4.12 and 63.50%+5.54 nmol/mg/protein P=0.008;
Figure 4G).
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Notes: (A) Neovascularization in control and VPA groups by H&E staining (original magnification x200). (B) Histogram of MVDs on day 7. (C) CD34-positive vessels
as assessed by IHC (original magnification x200). (D) Histogram of the number of CD34-positive vessels on day 7. Values are expressed as mean * SEM, n=6 per group.

**P<0.01, vs control group.

Abbreviations: H&E, hematoxylin and eosin; IHC, immunohistochemistry; MVD, microvascular density; SEM, standard error of mean; VPA, valproic acid.
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Figure 3 VPA promoted angiogenesis in random skin flaps.

Control VPA

Notes: (A) In situ hybridization of VEGF mRNA on day 7 (original magnification x400). (B) The optical density values of VEGF mRNA. (C and E) VEGF and cadherin 5
expressions in each group as assessed by IHC (original magnification x200). (D and F) The optical density values of VEGF and cadherin 5. (G) Protein expression of VEGF
in each group, as assessed by Western blot analysis. The gels have been run under the same experimental conditions, and cropped blots are used here. (H) Densitometry
results of VEGF protein expression in the two groups. Values are expressed as mean + SEM, n=6 per group. *P<<0.05 and **P<<0.01, vs control group.

Abbreviations: IHC, immunohistochemistry; SEM, standard error of mean; VEGF, vascular endothelial growth factor; VPA, valproic acid.

VPA reduced apoptosis in random skin flaps
Cleaved CASP3 expression was used to evaluate the
level of apoptosis. IHC and integral absorbance analyses
of the dermis demonstrated that cleaved CASP3 levels

were remarkably decreased in comparison with the
control group (P=0.028; Figure 5A and C). In addition,
Western blot analysis also revealed that the expression of
cleaved CASP3 was significantly downregulated in the
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Figure 4 VPA inhibited oxidative stress in random skin flaps.

Notes: (A) SOD expression in each group as assessed by IHC (original magnification x200). (B) The optical density values of SOD. (C) Protein expression of SOD in each
group as assessed by Western blot analysis. The gels have been run under the same experimental conditions, and cropped blots are used here. (D) Densitometry result of
SOD protein expression in the two groups. (E-G) The levels of SOD, GSH, and MDA in random skin flaps were determined using the xanthine oxidase method, 5,5’-dithiobis
method, and thiobarbituric acid test, respectively. Values are expressed as mean + SEM, n=6 per group. *P<<0.05 and **P<<0.01, vs control group.

Abbreviations: GSH, glutathione; IHC, immunohistochemistry; MDA, malondialdehyde; SEM, standard error of mean; SOD, superoxide dismutase; VPA, valproic acid.

VPA group compared with the control group (P=0.001;
Figure 5B and D).

Discussion

VPA is traditionally used to treat epilepsy and bipolar
disorder.'® Previous studies showed that VPA might use-
fully treat neurological and/or neurodegenerative diseases,
including stroke, traumatic brain injury, and Huntington’s
disease, affording neuroprotection, minimizing oxidative
stress, and preventing neurovascular remodeling.®*'3? In
clinical practice, distal flap necrosis caused by I/R injury
and apoptosis limit clinical flap applications.'” No study
has explored whether VPA reduces ischemia in random
skin flaps. We found that VPA improved random skin flap
survival by enhancing neovascularization of affected areas
and inhibiting oxidative stress and apoptosis.

In several studies, VPA was proangiogenic in models
of ischemic stroke and hemorrhagic shock.!®!* VPA
enhances postischemic angiogenesis via upregulation of
HIF-1o and the downstream pro-angiogenic factors VEGF

and MMP-2/9.' However, in other studies, VPA was antian-
giogenic in models of several cancers.!”?° Thus, the effect of
VPA on angiogenesis remains controversial, perhaps attribut-
able to differential regulation of key genes and proteins in
various disease microenvironments. The effect of VPA on
random skin flap angiogenesis remains poorly understood. In
the present study, H&E and IHC staining for CD34 revealed
significantly increased number of microvessels in the dermis
of flaps treated with VPA. Also, LBDF imaging showed that
flap blood flow increased in the VPA group. Thus, VPA
promoted flap survival by increasing the number of microves-
sels and restoring the blood supply. Angiogenesis involves
the destruction of pre-existing cell connections, followed by
mitosis, endothelial cell sprouting, and maturation of new
capillaries; VEGF initiates signal cell sprouting.? In addition,
cadherin 5 plays an important role in migration and positional
changes of angiogenic endothelial cells.”> We found that VPA
upregulated VEGF mRNA and protein levels in both vessels
and stromal cells. Moreover, increased expression of VEGF
in dermal flaps, as demonstrated by Western blot analysis,
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Notes: (A) Cleaved CASP3 expression in each group as assessed by IHC (original magnification x200). (B) Protein expression of cleaved CASP3 in each group as assessed
by Western blot analysis. The gels have been run under the same experimental conditions, and cropped blots are used here. (C) The optical density values of cleaved CASP3.
(D) Densitometry result of cleaved CASP3 protein expression in the two groups. Values are expressed as mean * SEM, n=6 per group. *P<<0.05 and **P<<0.01, vs control group.
Abbreviations: IHC, immunohistochemistry; SEM, standard error of mean; VPA, valproic acid.

was validated via IHC. We also found that VPA increased
cadherin 5 expression in dermal flaps as determined by
IHC. Together, these data indicated that VPA enhanced flap
viability by upregulating VEGF-induced angiogenesis and
cadherin 5 expression.

Previous studies suggested that I/R injury contributed to
necrosis of the distal regions of random skin flaps.?*2° Pre-
vention of I/R injury may improve random skin flap survival.
I/R injury is a complex process, involving energy metabo-
lism, apoptosis, oxidative stress, platelet aggregation, and
leukocyte/endothelium interactions.””-*® Of these processes,
oxidative stress generates the highest levels of deleterious
ROS and can trigger extensive cell apoptosis if untreated.®®
VPA significantly reduced MDA levels and increased SOD
activity and GSH levels, in lipopolysaccharide-treated rats.*

SOD and GSH are believed to be essential scavengers allevi-
ating tissue injury caused by peroxidase reactions.’! MDA, a
toxic final product of lipid peroxidation, serves as an indicator
of the severity of lipid peroxidation.*® In the present study,
SOD activity and the GSH level were increased, and the
MDA level was decreased, in the VPA group. Thus, VPA
prevented I/R injury by alleviating oxidative stress.
Apoptosis is the primary form of cell death during skin
flap I/R injury.>* Apoptosis exacerbates the distal necrosis
of random skin flaps. VPA protects against apoptosis both
in vitro and in vivo.'>"33 VPA induced ERK 1/2 phos-
phorylation in endothelial cells, thereby protecting them
against apoptosis.'> Moreover, VPA inhibited CASP3
activation and motor neuron death by reducing mitochon-
drial cytochrome c release and oxidative stress after spinal
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cord injury.’® In general, apoptosis is associated with an
intracellular caspase cleavage cascade.’” CASP3 is one of
the essential effectors of apoptosis, contributing to the pro-
teolytic cleavage of many key proteins.*® CASP3 cleavage/
activation is the convergence point of two apoptotic pathways
and the final step in cell death initiation.?” Thus, we measured
cleaved CASP3 levels to assess the extent of apoptosis in
response to VPA treatment. The level of cleaved CASP3
was remarkably lower in the VPA than in the control group.
Thus, VPA attenuated apoptosis in ischemic flaps.

However, there is no doubt that the limitations of VPA
in random skin flap therapy still need to be further investi-
gated. For example, the treatment of a single concentration
of VPA was performed daily after the flap establishment; the
optimal concentration postoperation administration should
be identified in further study. In addition, the study would be
strengthened by detecting the serum concentration of VPA at
time points after the drug treatment when steady state levels
are expected to be reached to confirm that physiologically
relevant levels were administered. Moreover, for further
translational research, application in large animal model
(proof of concept as a preclinical study) will be beneficial;
therefore, rabbit or pig will be used to verify the beneficial
effect of VPA on the flaps survival in the future.

Conclusion
VPA improved random skin flap survival by promoting
angiogenesis and inhibiting oxidative stress and apoptosis.
Further experimental and clinical studies are required to
confirm that VPA is of clinical utility in patients receiving
random skin flaps.
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