Role of calcitriol and autophagy in experimental pattern flap

Figure 3. Inhibition of autophagy reduced vascularisation in calcitriol-treated skin flap. A. Neovascularization in
the control, the calcitriol and the calcitriol+3MA groups by H&E staining. (Original magnification x 200). C. The
histogram of percentages of MVDs in the control group and the calcitriol group were 18.60 + 2.61/mm? and 31.60
+ 4.67/mm?, and 24.01 + 3.54/mm? in the calcitriol+3MA group respectively. B. Inmunohistochemistry for CD34
positive vessels in these three groups. D. The number of CD34 positive vessels/mm? in the control group was 13.20
+ 3.89/mm?, in the calcitriol group was 24.67 + 3.89/mm? and 17.60 + 2.30/mm? in the calcitriol+3MA group,
respectively. Values are expressed as the mean + SEM, n = 6 per group. *P < 0.05 versus the control group; “P <

0.05 versus the calcitriol group.

Down-regulation of autophagy reduced the ef-
fect of calcitriol on the flap survival area and
tissue edema

The random skin flaps in all groups become
pale and swollen on the first day after the oper-
ation, and were gray or purple in color (without
obvious necrosis) in Area lll of these groups.
However, 3 days postoperatively, the flaps were
darker, and showed some evidence of necrosis
associated with a brown nidus at Areas Il and IlI
in all groups. On the 7" day after the operation,
Area | of each group had survived, whereas
Area lll had become darker with necrosis
spreading to Area ll, along with scabbing and
hardening. The boundaries between the necro-
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sis and areas of survival were clear (Figure 2A).
As shown in Figure 2A, the survival area in the
calcitriol group was larger than that in the con-
trol group. However, the calcitriol+3MA group
showed a significantly decreased survival area
relative to the calcitriol-only group. The per-
centage of skin flap surviving 7 days after the
operation was 46.80 + 7.19% and 67.60 %
9.24%, in the control group and calcitriol group
(Figure 2B, P < 0.05), respectively. In the
calcitriol+3MA group, the percentage (56.40 +
6.07%) was significantly lower than that in the
calcitriol group. Moreover, as shown in Figure
2C and 2D, the percentage of tissue water con-
tent in the control and calcitriol groups was
63.20 + 7.89% and 46.60 + 6.95%, respective-
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Figure 4. The suppression of autophagy down-regulated the levels of VEGF mRNA/protein in calcitriol-treated skin
flap. A. In situ hybridization for VEGF mRNA in all groups (original magnification x 200). B. VEGF expression in all
groups through Immunohistochemistry (original magnification x 200). C. The integral absorbance (IA) value VEGF
mRNA in the control, the calcitriol and the calcitrol+3MA groups was 49056.80 + 8673.32, 96172.20 + 20242.82
and 62606.40 + 5883.64, respectively. D. The integral absorbance (lA) value of VEGF protein in the control group
was 49833.06 + 6258.63, in the calcitriol group was 75796.20 + 6333.97, and 53823.80 + 4076.39 in the
calcitriol+3MA group. E. Protein expression of VEGF in these three groups by western blot analysis. F. Densitometry
results of VEGF protein expression in all groups. Values are expressed as the mean + SEM, n = 6 per group. *P <
0.05 versus the control group; 2P < 0.05 versus the calcitriol group.

ly (P < 0.05). In the calcitriol+3MA group, the Inhibition of autophagy reduced vasculariza-
value of 56.80 * 2.05% was significantly higher tion in calcitriol-treated flap

than that in the calcitriol group (P < 0.05). This

indicated that calcitriol decreased tissue On day 7 after the operation, the histology of
edema in the skin flap and that this function Area |l of all flaps in the control, calcitriol, and
was restrained after the addition of 3MA. calcitriol+3MA groups were observed via H&E
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Figure 5. Down-regulation of autophagy abolished the effect of calcitriol on oxidative stress status in flap. A. The
level of SOD activity was 40.20 + 3.19 u mg* protein™ in the control group, 59.20 + 5.72 u mg* protein™ in the cal-
citriol group and 49.00 + 9.35 u mg? protein? in the calcitriol+3MA group. B. The level of GSH content was 2.14 +
0.59 nmol mg* protein? in the control group, 1.71 + 0.08 nmol mg* protein™ in the calcitriol group and 1.90 + 0.12
nmol mg? protein™ in the calcitriol+3MA group. C. Treatment with calcitriol demonstrated level of MAD was 49.40 +
7.12 nmol mg* protein’; the content in the control group and the calcitriol+3MA group was 61.60 + 5.94 nmol mg?
proteint and 41.01 + 3.87 nmol mg* protein™, respectively. Values are expressed as the mean + SEM, n = 6 per
group. *P < 0.05 versus Control group; 2P < 0.05 versus Calcitriol group.

staining. As shown in Figure 3A, treatment with
calcitriol significantly increased the rate of vas-
cularization and reduced necrosis in Area Il of
the random skin flap, whereas these were
inhibited by the administration of 3MA. The
respective microvascular density (MVD) value
for Area Il in the control and calcitriol groups
was 18.60 + 2.61/mm? and 31.60 + 4.67/mm?
(P < 0.05), whereas the value (24.01 + 3.54/
mm?) inthe calcitriol+3MA group was decreased
compared with that of the calcitriol group
(Figure 3C; P < 0.05). CD34 is a common mark-
er for endothelial cells. Therefore, the MVDs of
Area Il in the three groups were also directly
reflected in the number of CD34-positive ves-
sels/mm? (Figure 3B). The administration of
calcitriol significantly increased the number of
CD34-positive vessels (24.67 + 3.89/mm?3) in
the calcitriol group compared with the number
(13.20 + 3.89/mm?) in the control group (P <
0.05). However, the number of vessels in the
calcitriol+3MA group (17.60 + 2.30/mm?2) was
decreased compared with that in the calcitriol
group (Figure 3D; P < 0.05).

Suppression of autophagy down-regulated
the level of vascular endothelial growth factor
(VEGF) mRNA/protein in calcitriol-treated flap

In situ hybridization was performed to assess
the VEGF mRNA level in Area Il of all groups. As
shown in Figure 4A, a greater amount of VEGF
MRNA was synthesized by vessels and stromal
cells in the dermis of flap in the calcitriol group
compared with the control group. However, the
level of VEGF mRNA in the calcitriol+3MA group
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was lower than that in the calcitriol group.
Based on calculations of the IA (Figure 4C), the
levels of VEGF mRNA in the control and calcitri-
ol groups were 49,056.80 + 8,673.32 and
96,172.20 + 20,242.82, respectively (P <
0.05), whereas the value in the calcitriol+3MA
group (62606.40 + 5883.64) was significantly
lower than that of the calcitriol group (P < 0.05).
Immunohistochemistry was performed to dis-
tinguish the VEGF protein-expressing cells (Fig-
ure 4B). This protein was expressed in vessels
and stromal cells in the dermis of the random
skin flaps of these groups. Greater expression
of VEGF was observed in the calcitriol group
compared with the control group. However,
3MA down-regulated the level of VEGF protein
in calcitriol-treated skin flap. The IA values of
the VEGF protein in the control and calcitriol
groups were 49,833.06 + 6,258.63 and
75,796.20 + 6,333.97, respectively (P < 0.05),
whereas the value in the calcitriol+3MA group
(53,823.80 + 4,076.39) was significantly lower
than that of the calcitriol group (Figure 4D; P <
0.05). Western blot analysis also indicated that
the calcitriol group expressed more VEGF than
the control group, but 3MA down-regulated the
level of VEGF protein in the calcitriol-treated
group (Figure 4E and 4F; P < 0.05).

Down-regulation of autophagy abolished the
effect of calcitriol on the oxidative stress sta-
tus in flap

Mean SOD activity and mean contents of MDA

and GSH in each group (n = 6 per group) were
compared. As shown in Figure 5A, the level of
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SOD activity was 40.20 + 3.19 U mg? protein?
in the control group and 59.20 + 5.72 U mg?
protein? in the calcitriol group (P < 0.05).
Moreover, the value (49.00 + 9.35 U mg? pro-
tein?) in calcitriol+3MA group was significantly
higher than that in calcitriol group (P < 0.05). In
Figure 5B, the content of GSH was 2.14 + 0.59
nmol mg? protein? in control group and 1.71 +
0.08 nmol mg* protein™ in calcitriol group (P <
0.05); in calcitriol+3MA group, the value (1.90
+ 0.12 nmol mg?* protein?) was significantly
higher than that in calcitriol group (P < 0.05). As
shown in Figure 5C, treatment with calcitriol
was associated with a lower MDA level (49.40 +
7.12 nmol mg? protein™) compared with that of
the control group (P < 0.05), whereas the value
in the calcitriol+3MA group (41.01 + 3.87 nmol
mg? protein?) was significantly lower than that
of the calcitriol group (P < 0.05).

Discussion

It is well known that calcitriol (C44HSOO4Si2, also
known as 1,25-dihydroxyvitamin D,), has bio-
logical functions in bone and calcium metabo-
lism and plays an important role in osteoporo-
sis [14]. Recently, however, an increasing num-
ber of studies have focused on additional bio-
activities, including promotion of angiogenesis
[6], reduction of oxidative stress [15], and up-
regulation of autophagy [16]. In our previous
study, calcitriol was primarily used to increase
the area of survival in the distal section of flap.
It was found that calcitriol could enhance ran-
dom skin flap viability by promoting vasculariza-
tion and reducing oxidative stress. Furthermore,
autophagy was increased in skin flap treated
with calcitriol. To our knowledge, the role of
calcitriol-mediated activation of autophagy in
random skin flap has not been defined.
Moreover, any role played by autophagy in the
skin flap model was unclear. Therefore, it was
necessary to define the function of autophagy
in random pattern flap after the administration
of calcitriol.

In our present study, to exploit the defined bio-
function of stimulated autophagy in flap treated
with calcitriol, the compound 3MA was used to
inhibit the level of autophagy. 3MA has a wide-
ly-known biochemical mechanism that blocks
Class lll PI3K, inhibits the formation of autopha-
gosomes, and reduces autophagic flux [17].
After intervention with 3MA in our research,
autophagic responses were monitored by the
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exploitation of biochemical reactions, which
included the expressions of LC3, Beclinl, and
p62 [18]. The autophagy formation process
requires many autophagy-related genes. LC3,
known as microtubule-associated protein 1
light chain 3, is essential for autophagy [19].
LC3 is lipidated upon the activation of autopha-
gy (LC3-l, unlipidated; LC3-Il, lipidated) [20].
LC3-Il is involved in the expansion stage of
autophagosome formation and is considered
the most promising autophagosomal marker in
mammals [21]. In addition, one of the other
autophagic vacuoles markers is Beclinl pro-
tein. The Beclin1-Vps34-Vps15 core complex is
required in the pre-autophagosomal structure,
and hence the expression of Beclinl correlates
closely to autophgosome activity [22]. Since
autophagy is a dynamic mechanism which de-
grades damaged cellular organelles and unwa-
nted proteins, it is useful to develop and test
degradation markers. For example, p62 (also
known as SQSTM1/sequestomel) is incorpo-
rated into autophagosomes by binding to LC3
and subsequently degraded through autopha-
gy, hence p62 protein levels can be used to
assess autophagic degradation [23]. In our
present study, immunohistochemistry showed
that LC3-Il punctate dots generated in the cyto-
plasm of flap cells in calcitriol group were inhib-
ited after treatment with 3MA. Furthermore,
Western blotting showed that LC3-1I/LC3-1 and
Beclinl decreased, indicating that autophagy
vesicles were reduced in calcitriol+3MA group
compared with the calcitriol group. The level of
p62 was also detected by Western blotting.
Compared to the calcitriol group, p62 was sig-
nificantly increased, indicating that autophagy
flux was inhibited in the calcitriol+3MA group.
Thus, 3MA appears to down-regulate the level
of autophagy in random skin flap after treat-
ment with calcitriol.

In our current research, the survival area in the
calcitriol group was larger than that in the con-
trol group. However, the calcitriol+3MA group
showed a significantly decreased survival area
relative to the calcitriol-only group. Meanwhile,
it was found that calcitriol decreased tissue
edema in skin flap and that this function was
restrained after treatment with 3MA. In other
words, the inhibition of autophagy significantly
decreases the therapeutic effect of calcitriol on
random skin flap. In our previous study, the
mechanism of calcitriol in the promotion of ran-
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dom pattern skin flap survival was involved in
promoting vascularization and attenuating oxi-
dative stress [9]. However, it remained to be
determined whether the up-regulation of au-
tophagy by calcitriol promotes the survival of
experimental random pattern flap by increasing
angiogenesis and reducing oxidative stress. To
answer this question, angiogenesis and oxida-
tive stress were evaluated in calcitriol-treated
skin flap after autophagy inhibition.

Previous studies have shown that calcitriol
exerts a proangiogenic effect by stimulating
VEGF expression. For an example, calcitriol was
shown to promote the angiogenic process by
up-regulating VEGF expression in breast cancer
and skeletal muscle cells [24, 25]. In addition,
the therapeutic treatment of anti-VEGF can
reduce angiopoiesis in lung carcinoma cells
[26]. Autophagy also plays an important role
in angiogenesis, with studies reporting that
its induction promotes angiogenesis, and its
inhibition suppresses angiogenesis, including
VEGF-induced angiogenesis [27]. Therefore, we
hypothesized that calcitriol would increase
angiogenesis in random skin flap by stimulating
autophagy. In our research, the levels of VEGF
mRNA/protein, in vessels and stromal cells in
the dermis of the calcitriol group, were both
down-regulated after autophagy inhibition.
Western blotting also revealed lower levels of
the expression in the calcitriol+3MA group com-
pared to the calcitriol group. Furthermore, the
mean microvascular density results from the
H&E staining and CD34 staining both showed
reduced neovascularization in the calcitriol+
3MA group compared to the calcitriol group.
Thus, we conclude that up-regulation of autoph-
agy by calcitriol promotes the survival of experi-
mental random pattern flap by increasing
angiogenesis.

In our previous study, calcitriol significantly pro-
moted the survival of distal random skin flap
by attenuating oxidative stress. Moreover, the
drug stimulated autophagy activity. These imply
the potential relationship between autophagy
and oxidative stress in the treatment of calcitri-
ol for ischemic flaps. Recently, there has been
growing evidence of a close connection be-
tween autophagy and oxidative stress. It is
widely accepted that autophagy plays a crucial
role in maintenance of healthy mitochondria
and subsequent reduction of oxidative stress
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[28, 29]. Under conditions of oxidative stress,
the damaged mitochondria generate reactive
oxygen species (ROS), where excess ROS oxida-
tively damage other cellular components and
result in cell death [30]. Damaged mitochon-
dria can be sequestered and degraded through
the process of autophagy, subsequently help-
ing cells escape oxidative stress induced death
[31].

In our previous study, SOD activity and the lev-
els of GSH and MDA were used to evaluate oxi-
dative stress status. MDA is the end product of
lipid peroxidation, and the content of MDA is an
indicator of free radical levels [32]. GSH is a
major intracellular antioxidant that evades free
radicals and catalyzes the dis-mutation of
superoxide anions [33], and can reflect the
cell’'s ability to scavenge toxic free radicals [34].
SOD is an extreme defense against oxygen free
radicals, and is an indicator of antioxidant activ-
ity with the function of clearing 0,- and prevent-
ing tissue injury by toxic oxygen free radicals
[35]. In our current research, we found that cal-
citriol markedly increased SOD activity and
GSH, and decreased MDA level. Furthermore,
3MA, an autophagy inhibitor, inhibited these
effects. This indicates that the down-regulation
of autophagy abolishes the effect of calcitriol
on oxidative stress in flap. Thus, we conclude
that calcitriol increases the survival area in the
distal part of flap and increases its angiogene-
sis by stimulation of autophagy.

In conclusion, calcitriol increased angiogene-
sis, reduced oxidative stress, and up-regulated
autophagy, contributing to a significant increase
in random skin flap survival. Additionally, the
suppression of autophagy could reduce VEGF-
induced vascularization and increase oxidative
stress. Finally, we suggest that calcitriol in-
creased angiogenesis and reduced oxidative
stress via activation of autophagy, contributing
to a significant increase in random skin flap
survival. However, whether calcitriol also has
therapeutic functions for the ischemia and
necrosis of clinical random skin flap is unknown.
Further experimental and clinical studies on
calcitriol are needed to fully understand its
effects.
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