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Abstract

Objective: To investigate the effects of social isolation on oral mucosal healing in rats, and to determine if wound-
associated genes and microRNAs (miRNAs) may contribute to this response.

Methods: Rats were group housed or socially isolated for 4 weeks before a 3.5 mm wound was placed on the hard
oral palate. Wound closure was assessed daily and tissues were collected for determination of gene expression
levels and miRNAs (i.e., miR-29a,b,c and miR-203). The predicted target of these microRNAs (i.e., vascular
endothelial growth factor A, VEGFA) was functionally validated.

Results: Social isolation stress delayed the healing process of oral palatal mucosal wounds in rats. Lower mRNA
levels of interleukin-1B (IL1B), macrophage inflammatory protein-1a (MIP1a), fibroblast growth factor 7 (FGF7), and
VEGFA were found in the biopsied tissues of isolated animals on days 1 and/or 3 post-wounding. Intriguingly, the
isolated rats persistently exhibited higher levels of miR-29 family members and miR-203. Our results confirmed that
VEGFA is a direct target of these miRNAs, as both miR-29a,c and miR-203 strongly and specifically suppressed
endogenous VEGFA expression in vitro.

Conclusions: This study in rats demonstrates for the first time that social isolation delays oral mucosal healing, and
suggests a potential role for healing-associated gene and miRNA interactions during this process via modulation of
VEGF expression.
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Introduction

Wound healing involves complex cellular and molecular
interactions that are influenced not only by physical health but
also by psychological state [1]. For example, restraint stress
has been reported to delay dermal wound healing in mice [2].
Recently, in an elegant review, it was shown that stress
moderately impairs human wound healing, with an effect size
of r = 0.42 [3]. Studies suggest that a dysregulation of pro-
inflammatory cytokines, chemokines, growth factors, and often
a high bacterial burden, play a role in stress-impaired dermal
healing [4-6].
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Mucosal repair is necessary in most non-aesthetic surgical
outcomes, and the vast majority (90-95%) of all infections start
at mucosal surfaces [7]. So extending the findings of isolation
stress to mucosal tissues is important. It is now generally
recognized that mucosal wounds heal much more rapidly, with
less inflammation and scarring, than skin [8-10]. While
anatomical differences in dermal and mucosal repair have
been described [8], the molecular basis of the healing process
of mucosal wounds is less well understood. In humans,
psychological stress has been shown to impair oral mucosal
healing [11]. Similar results were found in individuals reporting
higher depressive symptoms [12]. Despite such findings, the
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underlying mechanisms by which stress affects mucosal repair
remain unclear.

MicroRNAs (miRNAs) are endogenous short non-coding
RNAs, which play an important role in regulating normal
development and physiology, as well as disease pathologies.
MiRNAs have been recently shown to play pivotal roles in
cutaneous wound repair [13], and aberrant expression of
miRNAs may result in disorganized or poor healing. MiRNAs
such as miR-16, miR-21, miR-130a [14], and miR-200b [15]
have been identified as important in dermal wound healing
models. However, the underlying mechanisms by which
miRNAs act in the healing process remain poorly understood,
especially regarding their function in mucosal tissue repair.

Perceived social isolation (i.e., loneliness) is a known risk
factor for many ilinesses (e.g., cardiovascular disease) and has
been associated with increased morbidity and mortality in older
adults [16,17]. Similarly, social isolation in rodents has been
shown to reliably impair dermal wound healing [18-21, personal
observations in mice - unpublished data]. To address these
issues, we developed an oral palatal wound model in rats that
were either group housed (non-stress) or socially isolated for
four weeks (stress). Wound closure was monitored and gene
expression determined in tissue post-injury for pro-
inflammatory cytokines [interleukin-18 (IL1B), interleukin 6
(IL6), tumor necrosis factor-a (TNFa)l, chemokines
[macrophage inflammatory protein-1a (MIP1a), monocyte
chemotactic protein-1 (MCP1), CXCL1 (KC)], growth factors
[fibroblast growth factor 7 (FGF7), vascular endothelial growth
factor A (VEGFA)], and alpha smooth muscle actin (a-SMA)
(important for wound contraction). All of these genes are
important for wound healing and are highly expressed early in
the repair process. To date, the effect of social isolation on
mucosal repair has not been reported. In this study, we
hypothesized that social isolation delays oral mucosal wound
healing, and healing-associated genes and miRNAs (i.e.,
miR-29 and miR-203) play a role in this process.

Materials and Methods

Ethics statement

This study was conducted in accordance with institutional
guidelines and approved by the Ethical Review Committee,
Guanghua School of Stomatology, Sun Yat-sen University
(Approval number ERC2012-16). All surgery was performed
under chloral hydrate anesthesia, and all efforts were made to
minimize suffering.

Animals

Adult Sprague-Dawley male rats (6-8 weeks of age, 260-300
g) were obtained from the Experimental Animal Center of Sun
Yat-sen University and randomly assigned to group (5/cage) or
individual housing for 4 weeks prior to, and throughout this
study. All rats were given free access to food and water. The
facility was maintained on a 12/12-h light/dark cycle (lights on
at 7 AM).
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Body Weights, Wounding, Tissue Biopsies

Rats were weighed every 3 days from the beginning of the
study until sacrificed. At wounding, each rat was
intraperitoneally anesthetized with 10% chloral hydrate (0.3
ml/100 g), and one full-thickness wound was placed on the oral
hard palate using a sterile 3.5-mm biopsy punch (Miltex
Instrument Company, York, PA, USA). On a daily basis,
wounds were visually inspected under a 10x magnifier by the
same investigator until considered healed. During these
assessments, rats were briefly anesthetized by inhaling ether.
The investigator was kept blind to the housing condition when
wounds were inspected. Wounds were considered fully healed
when they were completely closed, and there were no signs of
erosions or ulcers. To determine intra-rater reliability for wound
closure, the rater visually assessed all subjects at two different
time points at day 7 and these data were evaluated using
weighted Kappa statistics. The Kw value was 0.82, suggesting
there was a high intra-rater reliability.

Blood samples were obtained at 10: 00 AM before isolation
(baseline), on the second day of isolation, and on days 1, 3, 5,
8 and 10 post-wounding. Rats were briefly restrained (less than
2 min) in polystyrene tubes and blood was taken from the tail
vein. Approximately 80 ul of whole blood was collected from
each rat and serum samples were stored at -80° C for
corticosterone analysis by ELISA.

In separate animals, the entire wound was harvested using a
sterile 6.0-mm biopsy punch (Miltex Instrument Company) on
day 1, 3, or 5 post-wounding. The excised tissue was
immediately placed in 1 ml of Trizol (Invitrogen, Carlsbad, CA,
USA), flash frozen in liquid nitrogen, and stored at -80° C for
gRT-PCR analysis. Animals were euthanized afterwards.

Cell Culture and Transfection

HEK293 cells were maintained in DMEM/F12 supplemented
with 10% FBS, 100 U/mL penicilin and 100 pg/mL
streptomycin (GIBCO, Carlsbad, CA, USA) at 37° C in a
humidified incubator containing 5% CO2. For functional
analysis, miR-29 (a, b, ¢) mimics, miR-203 mimics and non-
targeting miRNA mimics (Dharmacon, Lafayette, CO, USA)
were transfected into cells using DharmaFECT Transfection
Reagent 1 (Dharmacon) per the manufacturer’s instructions.

ELISA

Corticosterone levels in serum were measured using ELISA
kits (IB79175, IBL-America, Minneapolis, MN, USA) according
to the manufacturer’s instructions. OD values were determined
at 450 nm on an ELISA plate reader. Corticosterone
concentrations were quantified by comparison to the standard
curves. Samples were analyzed in triplicate.

qRT-PCR

For gene expression, total RNA was extracted using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany) and reverse
transcribed using a Transcriptor First Strand cDNA Synthesis
kit (Roche, Mannheim, Germany) according to the
manufacturer’'s instructions. Real-time PCR was performed
using a Roche 480 System (Roche) with 2 pl of 1:5 diluted
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Table 1. Primer and probe sequences used for real-time
PCR.

Primer/probe Sequence

IL1B forward GGATGATGACGACCTGCTAGTGT
reverse TGGAGAGCTTTCAGCTCACATG
probe CAGCTGCACTGCAGGCTTCGAG

TNFa forward AACTTCGGGGTGATTGGTCC
reverse CTGAGTGTGAGGGTCTGGGC
probe AGTTCCCAAATGGGCTCCCTCTCA

IL6 forward GTTGCCTTCTTGGGACTGATG
reverse CTGTTGTGGGTGGTATCCTCTG
probe TGTTGACAGCCACTGCCTTCCC

MCP1 forward CTCTCTTCCTCCACCACTATGC
reverse GTGGGGCATTAACTGCATCTG
probe CACGCTTCTGGGCCTGTTGTTCA

MIP1a forward TCCACCACTGCCCTTGCT
reverse CGTCCATAGGAGAAGCAGCA
probe TCTGCACCATGGCGCTCTGGA

KC forward GATTCACTTCAAGAACATCCAGAGT
reverse GTGGCTATGACTTCGGTTTGG
probe TGATGCCGCCAGGACCCCA

a-SMA forward AGCATCCGACCTTGCTAACG
reverse CATACATGGCAGGGACATTGAA
probe CGCCGCTGAACCCTAAGGCC

FGF7 forward TCTATAATGCGCAAATGGATACTGA
reverse CGAGGTGGAAGCACGGTCT
probe CGGATCCTGCCGACTCCGCTC

VEGFA forward GGGCTGCTGCAATGATGAA
reverse TCCGCATGATCTGCATAGTGA
probe CCTGGAGTGCGTGCCCACGT

GAPDH forward TCCTACCCCCAATGTATCCG
reverse CCTTTAGTGGGCCCTCGG
probe CGCCTGGAGAAACCTGCCAAGTATG

cDNA, which was mixed with a TagMan Universal PCR Master
Mix, No AmpErase (Applied Biosystems, Foster City, CA,
USA), primers and probe for GAPDH and the target gene, and
RNase-free water to yield a 20-ul reaction volume. All of the
real-time primers and probes (Table 1) were designed and
produced by Bioperfectus Technologies (Jiangsu, China). The
suppressor of cytokine signaling 3 (SOCS3) Tagman gene
expression assay (cat. # 4331182) was purchased from
Applied Biosystems. Amplification was performed in duplicate
under the following conditions: 50°C (2 min), 95°C (10 min), 40
alternating cycles of 95°C (15 s) and 60°C (1 min). Relative
mRNA levels of target genes were assessed by normalizing
transcript Ct values to those for ftranscription of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (ACT)
and comparing the results (2%€T) directly. For miRNA
expression, a quantitative 2-step RT-PCR assay using
mirVanaTM gRT-PCR microRNA Detection Kit was used as
per the manufacturer's protocol (Ambion, Austin, TX, USA).
Specific primer sets for miR-29a, miR-29b, miR-29c, miR-203
and U6 were obtained from Ambion. The relative expression
level of miRs was determined using the 2-22CT analysis method,
where U6 was used as an internal reference.
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Luciferase Reporter Assay

Luciferase-expressing vectors were constructed as follows. A
Bglll-to-Nhel fragment containing the HSV thymidine kinase
(TK) promoter was inserted between Bglll and Hindlll sites of
pGL3-Basic (Promega, Madison, WI, USA) to create pGL-TK,
in which luciferase cDNA, followed by a SV40-derived
polyadenylation signal, is expressed from the TK promoter.
Regions covering the entire rat VEGFA 3° UTR were amplified
by PCR and inserted between Xbal and BamHI sites of pGL3-
TK to replace the SV40 polyadenylation signal and create pGL-
VEGFA. The constructs containing mutated microRNA binding
sites were established by amplifying the whole vector excluding
the 8-bp seed region from a pair of primers containing an
additional restriction enzyme site. Thereafter, the product was
digested using that restriction enzyme and ligated to
recircularize the plasmid such that the seed region was
replaced with the restriction enzyme site. Using lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA), cells were transfected
with the reporter constructs containing either the targeting
sequence from the VEGFA 3’ UTR (named WT) or its mutant.
The pRL-TK vector (Promega) was co-transfected as a control
for transfection efficiency. The luciferase activities were then
determined using a Lumat LB 9507 Luminometer (Berthold
Technologies, Bad Wildbad, Germany).

Western Blots

Western blots were performed as standard protocol using
antibodies specific to VEGFA (Novus Biologicals, Littleton, CO,
USA) and B-actin (Sigma, St. Louis, MO, USA). For semi-
quantification, the western blot bands were quantified using a
ChemiDoc XRS System (Bio-Rad, Laboratories, Hercules, CA)
equipped with Quantity One software (version 4.6.3).

Statistical Analysis

Statistical comparisons  of differences in  serum
corticosterone levels were analyzed using repeated measures,
treating Day (eight time points) as a within-subjects measure
and Group (control, isolation) as a between-subjects measure.
Analyses of mRNA levels were performed by analyte using
ANOVA, treating both Day (1,3,5) and Group as between-
subject measures. Post-hoc tests were performed only when
significant main effects or interactions were evident that
involved Group. Chi-square tests were used to assess
differences in the healing rates between groups (i.e., healed vs.
not healed). All hypothesis tests were 2-tailed, and the data
were determined to be statistically significant when p < 0.05.
Error bars represent the standard error of the mean (SEM).
SPSS 18.0 (Chicago, IL, USA) was used for all analyses.

Results

Oral Palatal Wound Closure

The overall rate of wound closure was markedly slower in
isolated rats than in controls (p < 0.01). It took the isolated rats
31.2% longer than controls to be considered healed (6.4 vs. 8.4
days). As a result, on days 7 and 8 a significantly lower
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Figure 2. Expression levels of healing-associated genes in isolated (ISO) and group-housed (GRO) rats on Days 1, 3 and 5
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Figure 1. Oral palatal wound closure and serum
corticosterone levels. (A) Closure of palatal wounds was
significantly slower in isolated rats (ISO) than in group-housed
rats (GRO). Compared with group-housed rats, a lower
proportion of wounds were closed on days 7 and 8 in isolated
rats (n=10/group; * p<0.05, ** p<0.01). (B) Serum
corticosterone levels were significantly higher in isolated rats
on days 1, 3 and 5 as compared to controls (n=5/group; *
p<0.05). BL: baseline.

doi: 10.1371/journal.pone.0072359.g001
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proportion of isolated animals were considered healed
compared to non-stressed controls (Figure 1A).

Body Weight and Serum Corticosterone Levels

There was no significant effect of isolation on body weight
compared to controls over the 6-week experimental period
(data not shown). When examining serum corticosterone
levels, a significant Day x Group interaction was apparent
[F(7,56)=3.50, p<0.01)]. Post-hoc analysis revealed that
corticosterone levels were significantly higher in isolated rats
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as compared to controls for the first five days post-wounding
(Figure 1B).

Alteration of Healing-associated Genes in Early Healing

Using quantitative real-time PCR to examine mRNA levels,
we found Day x Group interactions for IL1B8 [F(2,59)=3.36,
p<0.05], TNFa [F(2,59)=4.04, p<0.05], MIP1a [F(2,59)=10.88,
p<0.001], and FGF7 [F(2,59)=9.47, p<0.001]. In addition, there
was a main effect of Group for VEGF [F(1,59)=16.47, p<0.001].
Post-hoc analyses revealed markedly lower mRNA level of
IL1B in the wounded mucosa of isolated rats (Figure 2A) on
day 1. A reduced level of MIP1a mRNA was observed on day 1
in isolated rats; conversely, MIP1a levels on days 3 and 5 were
higher in isolated animals. mRNA levels of FGF7 were
markedly lower in isolated rats on day 1 and day 3, and by day
5 an increased expression of FGF7 was observed in the
isolated rats (Figure 2C). In particular, elevated gene
expression for FGF7 and MIP1a appeared to be delayed in
isolated rats compared with controls. mRNA levels for VEGFA
was lower in the stress condition on all days (1 through 5)
(Figure 2E). We also measured IL6, aSMA, KC and MCP1
mRNA levels in the wounded mucosa. These analytes did not
differ between controls and isolated rats (not shown).

Isolation Stress and Levels of miR-29 and miR-203
Compared to group housed controls, isolated rats
persistently exhibited higher levels of miR-29a and miR-29c on
all days in wounded mucosa (Figure 3A). Overexpression of
miR-29b was detected on days 3 and 5. Expression level of
miR-203 was also markedly higher on days 3 and 5 (4.2-fold
and 2.6-fold, respectively) (Figure 3B). Corresponding to the
higher miR-203 levels, mRNA levels of SOCS3, which is a
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known direct target of miR-203, were found to be lower in
isolated rats on days 3 and 5 (0.32 £ 0.04 and 0.75 £ 0.09,
respectively) compared to control rats.

miR-29a,c and miR-203 Target VEGFA

Based on bioinformatics analysis, a highly conserved miR-29
isoform-targeting sequence and a miR-203-targeting sequence
were identified in the VEGFA mRNA 3’ UTR (Figure 4A). To
identify miRNAs capable of directly targeting these sequences,
a dual-luciferase reporter assay was performed. This assay
quantified the ability of overexpressed miRNAs to reduce firefly
luciferase activity from an mRNA bearing the VEGFA 3' UTR.
The whole 3' UTR of rat VEGFA was cloned downstream of the
firefly luciferase coding sequence. miR-29a, miR-29c (Figure
4B) and miR-203 (Figure 4C) significantly reduced activity of
firefly luciferase by directly targeting the rat VEGFA 3' UTR.
MiR-29c exerted the largest effect, decreasing luciferase
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activity by at least 60% (p<0.001) (Figure 4B). Both miR-29a
and miR-203 reduced luciferase activity by = 40% (p<0.001)
(Figure 4B, C). To provide further confirmation of the specificity
of the direct interactions between the miRNAs and VEGFA 3’
UTR, we mutated the predicted binding sites and repeated the
luciferase assays. In both the putative miR-29 and miR-203
binding sites, the 6 to 8 nucleotides of the “seed region” were
replaced with a restricion enzyme site with minimal
complementarity to the miRNA sequence (see Materials and
Methods). As expected, mutation of the putative miR-203
binding site abolished the effect of miR-203 while leaving the
action of all three miR-29 isoforms unaffected (Figure 4B).
Similarly, mutation of the putative miR-29 site led to abolishing
the action of the miR-29 isoforms (Figure 4C).
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miR-29a,c and miR-203 Suppress Endogenous VEGFA

We further evaluated the ability of each of the above miRNAs
to target endogenous VEGFA. The miRNA-induced change in
VEGFA mRNA expression was confirmed by qRT-PCR. As
shown in Figure 4D, ectopic transfection of miR-29a, miR-29¢c
and miR-203 in HEK293 cells led to a significant decrease in
VEGFA protein expression. Furthermore, co-transfection of
miR-29¢ and miR-203 mimics produced an additive effect on
reducing VEGFA expression in vitro.

Discussion

The current study was designed to investigate the role of
social isolation stress on oral mucosal wound healing. We
show here that mucosal wound closure was markedly delayed
in socially isolated rats compared with non-isolated controls.
We also found that serum corticosterone levels were higher in
isolated rats as compared to controls for the first five days post-
wounding. This indicates that isolation dysregulated the stress
response which occurred following wounding. University
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examination stress has been shown to negatively affect a
similar model of wound repair in humans, delaying healing by
40% [11]. Social isolation as a stressor has been shown to
impair dermal wound healing in hamsters [18], rats [19,21], and
mice ([20], unpublished observations). The present results
support the concept that social isolation delays wound healing
(in this study by 31%), and extend these findings for the first
time to mucosal tissues.

Profiling studies have described significant gene expression
alterations in different dermal wound models [22-24]. A
comparison of the transcriptomes of oral mucosa and skin
wounds showed evidence of tissue-specific differences in the
genetic response to injury [25]. Oral mucosal wounds contain
less infiltrating inflammatory cells and exhibit lower levels of
pro-inflammatory cytokines (e.g., IL1B, TNFa) and chemokines
(e.g., MIP1a) than skin [8,22]. As expected, we found that
isolated rats exhibited a reduced early increase in the
expression of these genes, and thus a delay in peak
expression. In addition, decreased VEGFA mRNA levels and a
delayed increase in gene expression for FGF7 were evident in
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isolated rats. Similar mechanistic delays in dermal wound
healing have been reported in restraint-stressed mice (2,6).

Compared to skin, oral mucosal wounds are characterized
by an altered expression of healing-associated genes, and a
distinct healing pattern [26,27]. For instance, mucosal wounds
heal faster than dermal wounds, with less inflammation and
little or no scarring [8,28]. These variations between tissues
potentially reflect a different expression of specific miRNAs. To
test this, we selected and determined the levels of two miRNAs
in wounds: miR-29 and miR-203. MiR-29 is a typical
multifunctional miRNA which is involved in regulating the
epithelial-mesenchymal transition, cellular differentiation,
extracellular matrix remodeling, and angiogenesis [29,30].
Reduced expression of miR-29 family members was recently
reported in different fibrotic organs [31-33]. MiR-203 is the first
identified skin- and keratinocyte-specific miRNA. This miRNA is
upregulated in inflammatory and immune-mediated diseases
[34-38]. Intriguingly, both miR-29 and miR-203 are important
regulators of wound-specific cell functions and the cytokine
network [38,39]. In accordance with these findings, our results
demonstrate that miR-29 family members and miR-203 were
persistently overexpressed across healing in isolated rats. This
suggests there are novel roles of miR-29 and miR-203 in
isolation-impaired healing. It should be pointed out that we
could not exclude other VEGF-targeted miRNAs from playing a
role in the delayed healing process, as we did not perform
miRNA microarray analysis to screen the up-regulated miRNAs
between isolated and control rats.

Interestingly, in this study, we identified a negative
correlation between levels of VEGFA and the expression of
miR-29a,c and miR-203 in wounds. VEGFA is a pivotal
mediator of inflammation and angiogenesis, processes
intimately involved in tissue repair. Recent studies indicate that
VEGFA is a target of proteases that are present in the
microenvironment of human chronic non-healing wounds [40].
In this study, VEGFA was the only healing-associated mRNA
targeted by miR-29 and miR-203 (out of the nine that were
tested). In addition, the conserved sites of VEGFA were
predicted by multiple miRNA target prediction algorithms (e.g.,
Targetscan, miRanda, RNA22, etc), and these miRNA-mRNA
target pairs have potential high binding ability and thermal
stability. Our in vitro experiments confirmed that these miRNAs
suppress the expression of endogenous VEGFA. Such
suppression was most apparent in isolated rats, as lower
expression of VEGFA was evident in these animals from days
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