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4-phenylbutyric Acid Regulates Collagen Synthesis and Secretion
Induced by High Concentrations of Glucose in Human Gingival

Fibroblasts
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High glucose leads to physio/pathological alterations in diabetes patients. We investigated collagen
production in human gingival cells that were cultured in high concentrations of glucose. Collagen
synthesis and secretion were increased when the cells were exposed to high concentrations of glucose.
We examined endoplasmic reticulum (ER) stress response because glucose metabolism is related to
ER functional status. An ER stress response including the expression of glucose regulated protein 78
(GRP78), C/EBP homologous protein (CHOP), inositol requiring enzyme alpha (IRE-1a) and phosphor-
eukaryotic initiation factor alpha (p-eIF-2 @) was activated in the presence of high glucose. Activating
transcription factor 4 (ATF-4), a downstream protein of p-eIF-2a as well as a transcription factor
for collagen, was also phosphorylated and translocalized into the nucleus. The chemical chaperone
4-PBA inhibited the ER stress response and ATF-4 phosphorylation as well as nuclear translocation.
Our results suggest that high concentrations of glucose-induced collagen are linked to ER stress and
the associated phosphorylation and nuclear translocation of ATF-4.
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INTRODUCTION

Type 2 diabetes is characterized by abnormally elevated
blood glucose levels. Prolonged or chronic hyperglycemia
causes or contributes to detrimental effects such as diabetic
complications and exacerbation in various tissues, such as
the kidney, eye, peripheral nerves, pancreatic £ -cells and
periodontal/gingival environments. Prolonged hyperglyce-
mia may have detrimental effects on protein secretion/bio-
synthesis [1,2] and induces endoplasmic reticulum (ER)
stress [3,4] which occurs when either the protein folding
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capacity of the ER is not sufficient to meet protein folding
demands or excess misfolded or aggregated proteins accu-
mulate. Such conditions activate the unfolded protein re-
sponse (UPR), which transiently reduces new protein syn-
thesis and increases folding capacity and degradation of
terminally misfolded proteins [5]. ER stress affects other
cells such as pancreatic £ -cells, which must regulate their
own chaperone capacity to meet normal insulin biosynthetic
demands. Insulin translation is regulated in £ -cells via eu-
karyotic translation initiation factor 2 alpha (eIF2 ) phos-
phorylation by the PKR-like kinase (PERK) pathway [6]
which is critical to B -cell function. In diabetes mellitus,
high glucose levels cause coordinated alterations in cyto-
kines, growth factors and hormones; this leads to excessive
deposition of extracellular matrix (ECM), resulting in tis-
sue injury [7]. While mesothelial cells have the capacity to
produce a variety of matrix proteins, including collagen in
the basal state [8], high glucose stimulates fibronectin
mRNA expression in mesothelial cells [9], suggesting the
involvement of fibrosis. Intense tissue remodeling and fib-
rosis also occur in the periodontal environment when ex-
posed to high glucose levels [10]. The fibrotic process is pro-
gressive and facilitates inflammation. The process of fib-
rosis can be severe in the periodontal environment when

ABBREVIATIONS: ER, endoplasmic reticulum; GRP78, glucose
regulated protein 78; CHOP, C/EBP homologous protein; IRE-1 @,
inositol requiring enzyme alpha; p-eIF-2«, phosphor-eukaryotic
initiation factor alpha; ATF-4, Activating transcription factor-4.
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diabetic complications occur [11]. The possible consequen-
ces and disease contributions of prolonged ER stress due
to chronic hyperglycemia are not well studied in the perio-
dontal field. Despite the key roles of gingival cells in perio-
dontal inflammation and other pathologies, there have not
been many studies of diabetes-associated gingival alter-
ations and other physio-pathologic changes, and the mecha-
nistic disease aspects are poorly understood.

Chemical chaperones are low molecular weight com-
pounds known to improve ER folding capacity. They also
serve as a type of ‘quality control system’, recognizing, re-
taining and targeting misfolded proteins for their eventual
degradation [12]. One chemical chaperone, 4-phenylbutyric
acid (4-PBA), is a nontoxic butyrate analog that was ap-
proved for clinical use as an ammonia scavenger in subjects
with urea cycle disorders [13]. Since a number of studies
have suggested a potential role of chemical chaperones in
the treatment of ER stress-related disease such as
Alzheimer’s disease, prion disease, fibrosis and diabetes
[14-16], the application of chemical chaperone into perio-
dontal inflammation and diabetes-associated pathological
system seems to be scientifically meaningful.

In this study, we examined the effects of prolonged high
glucose levels on activation of the ER stress pathway, as
well as fibrosis-associated in vitro collagen production and
secretion in human gingival cells. In addition, the chemical
chaperone, 4-PBA was used in the in vitro model in order
to show the role of ER stress in high concentration of glu-
cose-exposed collagen synthesis and secretion.

METHODS
Reagents

Antibodies against pro-collagen, collagen, GRP78, CHOP
and actin were purchased from Cell Signaling Technologies
(Beverly, MA, USA). Antibodies against p-elF2 ¢, elF-2«,
IRE-1a, p-ATF-4, ATF-4, PARP and pro-collagen I were
obtained from Santacruz (St. Louis, MO, USA). Antibody
against collagen I was obtained from Abcam (Cambridge,
MA, USA). Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), trypsin, and other tissue culture
reagents were supplied by Life Technologies, Inc. (Grand
Island, NY, USA). Bicinchoninic acid protein assay re-
agents were obtained from Pierce Biotechnology (Rockford,
CA, USA). All other chemicals were at least of analytical
grade and were purchased from Sigma Chemical Company
(St. Louis, MO, USA).

Cell culture

Human gingival fibroblasts from ScienCell Research
Laboratories were isolated from human gingiva and were
cultured in DMEM supplemented with 10% FBS, 20 mM
4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid, 100
mg/ml streptomycin, and 100 units/ml penicillin.

Nuclear extraction

For nucleus extraction, we followed a modified protocol
from a previously reported study [17]. After harvesting
cells, they were lysed with lysis buffer (1 M HEPES, 3 M
KCl, 0.25 M EDTA, 10% NP40, H.O, 1 M DTT containing
protease inhibitors (aprotinin, leupeptin, pepstatin A, anti-

pain, phenylmethylsulfonyl fluoride)). The cells were pel-
leted by centrifugation at 14 K rpm for 10 min at 4C. Then,
we collected the pellet as a nucleus fraction. For the ex-
traction of nuclear protein, the extraction buffer (1 M
HEPES, 3 M NaCl, 0.25 M EDTA, H:0, 1 M DTT contain-
ing protease inhibitors (aprotinin, leupeptin, pepstatin A,
antipain, phenylmethylsulfonyl fluoride)) was added to the
nucleus fraction. After incubation for 10 min at 4C, super-
natant was separated from pellet containing nuclear
protein.

Immunoblotting

Cells were treated with drugs for the indicated times and
harvested by washing twice with ice-cold PBS on ice. For
preparation of whole-cell lysates, cells were lysed on ice by
adding RIPA lysis buffer [50 mM Tris-HC1 (pH 7.4), 150
mM NaCl, 0.25% sodium deoxycholate, 1% NP40, 1 mM
ethylenediaminetetraacetic acid, 0.1% sodium dodecyl sul-
fate] plus protease inhibitor cocktail set III and phospha-
tase inhibitor cocktail set II (EMD Biosciences, La Jolla,
CA, USA) directly onto the cells. Cell lysates were then
transferred to microtubes and incubated for 30 min on ice,
followed by centrifugation at 12,000 rpm for 10 min at 4°C,
and supernatants were collected to obtain protein extracts.
Protein extracts were then added to the sample buffer,
boiled in a water bath for 5 min and stored at 20°C until
use. Ten micrograms of extracted proteins were run on a
polyacrylamide gel and transferred to a nitrocellulose mem-
brane, which was then blocked with Tris-buffered saline
solution containing 0.05% Tween-20 for 30 min at room
temperature. The blots were probed overnight at 4°C with
the relevant antibodies, washed, and probed again with
species-specific secondary antibodies coupled to horseradish
peroxidase (GE Healthcare, Piscataway, NJ, USA). After
washing, the immunoreactive proteins were detected by
chemiluminescence (GE Healthcare) and exposure of the
membranes to Hyperfilm ECL. The intensities of bands
were quantified using Scion-Image for Windows (Scion
Corporation, Frederick, MA, USA).

Collagen assay

The levels of collagen in the media from gingival cells
were determined by a SIRCOL collagen assay (Biocolor
Ltd., UK) according to manufacturer’s instructions. Briefly,
medium was incubated with Sirius red dye and absorbance
was determined at 555 nm with a spectrophotometer
(Infinite M200, Tecan, Austria). The amount of soluble col-
lagen was expressed in mg/g of protein in the medium.

Statistical analysis
Results are presented as the means+S.E.M. of n number
of experiments. Paired and unpaired Student’s t-tests were
applied where appropriate. Microcal Origin software (Nor-
thampton, MA, USA) was used for statistical calculations.
RESULTS

Effect of high glucose on type I collagen in human
gingival cells

To investigate the role of glucose in gingival fibroblast
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Fig. 1. Glucose increases the secretion of soluble collagen. Cells
were exposed to the indicated concentrations of glucose for 1, 2,
3 or 4 days. (A) Cells were exposed to the indicated concentrations
of glucose for 3 days. Soluble collagen was then analyzed in the
media. (B) Cell lysates were used for immunoblotting with anti-
pro-collagen 1 or collagen 1 antibody. (C) Immunoblotting using
the medium from cells cultured with 40 mM glucose for the
indicated periods. Anti-collagen 1 antibody immunoblot (upper) and
a separate Coomassie blue-stained gel (lower) are shown. Data
represent means+S.E. (n=3). *p<0.05, significantly different from
5 mM glucose-treated cells; NS, non-specific.

physiology, secreted collagen was measured in the medium
from cells cultured with 5, 10, 20, 30, or 40 mM glucose.
Cells were pre-cultured in media with low concentrations
of glucose (5 mM). We found that secreted soluble collagen
increased in a glucose concentration-dependent manner in
human gingival cells (Fig. 1A). Cell lysates from the same
conditions were used for immunoblotting. Pro-collagen was
highly expressed at high concentrations of glucose (20, 30
or 40 mM; Fig. 1B), suggesting that high glucose activated
synthesis of pro-collagen. Active collagen and collagen 1
showed similar increases in expression (Fig. 1B, lower). The
level of collagen 1 in the medium also increased in a glucose
concentration-dependent manner (Fig. 1C).

When the cells were cultured in 5 or 40 mM glucose-con-
tained medium, soluble collagen was increased in the me-
dium as the incubation period increased (Fig. 2A). Inside,
the expressions of pro-collagen 1 and collagen 1 were also
increased in an incubation time-dependent manner (Fig.
2B). Secreted collagen 1 was increased in a time-dependent
manner (Fig. 2C).

High glucose induces an ER stress response in human
gingival cells

Recent studies have examined the effects of Type II dia-
betes and ER stress [3,4,18]. Pancreatic beta cells and liver
cells have frequently been studied to understand the role
of glucose on ER stress responses. Here, we aimed to also
examine how high glucose could regulate collagen ex-
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Fig. 2. High concentrations of glucose increased secretion of soluble
collagen in a time-dependent manner. Cells were exposed to the
indicated concentrations of glucose for 1, 2, 3 or 4 days. Soluble
collagen was analyzed in the media (A). Cells were exposed to a
concentration of 40 mM glucose for the same period. Cell lysates
were then used for immunoblotting with anti-pro-collagen 1 or
collagen 1 antibody (B). Immunoblotting using the medium from
cells cultured with 40 mM glucose for the indicated periods with
anti-collagen I antibody (C) and separate Coomassie blue staining
(C, lower). Data represent means+S.E. (n=4). *p<0.05, significantly
different from 5 mM glucose-exposed cells during each same period;
NS, non-specific.

pression. We first analyzed the ER stress response includ-
ing induction of elF-2 @ and its downstream transcription
factor, ATF-4 in cells cultured in 5, 10, 20, 30 or 40 mM
glucose. As expected, the expression of GRP78, CHOP,
p-elF2 @, p-ATF-4 and IRE-1 ¢ increased with increasing
glucose concentrations (Fig. 3A). The quantification ratio
is shown at the right panel of Fig. 3A. Phospho-eIF-2 @ and
phospho-ATF-4 levels were compared to total elF-2 2 and
ATF-4 expression, respectively. Other proteins including
GRP78 were compared to £ -actin. Similarly, GRP78, CHOP,
p-elF2 @, p-ATF-4 and IRE-1a were also highly expressed
with increased incubation periods as glucose increased (Fig.
3B), suggesting that high glucose can induce ER stress in
gingival fibroblasts. The quantification ratio is shown at the
right panel of Fig. 3B. Then, the nuclear translocation of
ATF4, a transcription factor for collagen as well as a down-
stream target of elF-2 @, was examined using isolated nu-
clear fractions. The nuclear expression of ATF-4 was in-
creased in a glucose concentration-dependent and a time-
dependent manner (Fig. 3C). The expression of PARP was
shown as a loading control.

The ER stress regulator 4-PBA inhibits collagen secre-
tion in human gingival cells

We hypothesized that relieving ER stress in the cells
would inhibit collagen accumulation in the medium.
4-Phenylbutyric acid (4-PBA), a small chemical chaperone,
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has been shown to reduce ER stress both in vivo and in
vitro [19]. When the cells were treated with 4-PBA, the ex-
pression levels of ER stress response-associated proteins,
GRP78, CHOP, p-elE-22 and IRE-1a@ as well as pro-colla-
gen 1 and collagen 1 were significantly reduced (Fig. 4A).
A quantification analysis was also performed (right panel,
Fig. 4A). The phosphorylation of ATF-4, a transcription fac-
tor for collagen as well as a downstream target of elF-2 @,
was inhibited by 4-PBA. Fig. 4B also shows that the nuclear
translocation of ATF-4 was reduced in the presence of
4-PBA. Collagen secreted into the medium was also reduced
in the presence of 4-PBA (Fig. 4C), and 4-PBA blocked the
presence of collagen 1 in the medium (Fig. 4D). These re-
sults suggest that the action of 4-PBA may be linked to
collagen synthesis or secretion. Thus, the ER stress re-
sponse and its related transcription factor ATF-4 may be
involved in glucose-dependent regulation of collagen syn-
thesis or secretion.
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Fig. 3. Glucose induces the ER stress
response. Cells were exposed to the
indicated concentrations of glucose
for 3 days. Immunoblotting was per-
formed with anti-GRP78, CHOP, p-
elF-2a, elF-2¢a, IRE-1@ or B-actin
antibodies (A). Quantification analy-
sis was performed (right). Cells were
exposed to 40 mM glucose for the
indicated periods. Immunoblotting
was performed with anti-GRP7S,
CHOP, p-elF-2¢a, elF-2a, IRE-1«a
or [B-actin antibodies (B). Quanti-
fication was performed (right). After
cells were exposed to the indicated
concentrations of glucose for 3 days
(C, upper) and separately cells were
exposed to 40 mM glucose for the
indicated periods (C, lower), nuclear
fractions were obtained and immu-
noblotting was performed with anti-
# ATF-4 or PARP antibodies. Quanti-
fication was performed (right). Data
represent means+S.E. (n=3). *p<
0.05, significantly different from 5
mM glucose-exposed cells during
each same period. *p<0.05, signifi-
cantly different from 40 mM glucose-
treated condition during O day.
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DISCUSSION

Periodontal disease is highly prevalent and under-
standing its causative and progression factors are im-
portant issues in public health [11]. The aim of this study
was to characterize gingival fibrosis as a phenomenon ob-
served in diabetes-associated periodontal disease. Collagen
synthesis and secretion were enhanced when gingival cells
were cultured in the presence of high glucose. We hypothe-
sized that the main organelle involved in protein folding
and secretion, the ER, may be involved in collagen syn-
thesis and secretion. We investigated the effect of the ER
stress regulator 4-PBA on collagen regulation in gingival
cells and confirmed that the ER stress response is involved
in this system. 4-PBA reversed the collagen accumulation
in extracellular medium suggesting that 4-PBA was a regu-
lator of collagen accumulation in gingival fibroblasts.

Accumulation of ECM components is not only a charac-
teristic pathological finding in these diseases [20], but can
also result from imbalances of synthesis and degradation
of ECM components, including collagen, fibronectin and
laminin. Although cell growth was slow in media with high



ER Stress and Collagen 349

4

25

Pro-collagen | Collagen |
" 20
15 . !
2 . * = *
A o .
4-PBA LI ‘ 05 -
GlumM) 5 20 40 "5 20 40 oll 0.0
= e Glu(mM) 5 20 40 . S 20 40
S o - . < pro-collagen | N ] cwoe
v b |« collagen | 3 i | Rk
2
L e D a— < GRP 78 1 I 1 l
S — G —
— e —~— ==(< CHOP Glu (mn}.’) 5 20 40 0
- z' — — e < P-elF2a 47. P-elF2a/elF2a
3]
- a» a» a» e < elF2a ]
— . ee v s| <« P-ATF-4 1
e Glu (mM)
2 [« IRE-1a 4
B-actin 3 Fig. 4. The chemical chaperone, 4-
2 PBA inhibits the ER stress response
! as well as collagen synthesis and
Glu (mM‘; secretion. Cells were exposed to the
indicated concentrations of glucose
with or without 4-PBA for 3 days.
4-PBA 20 Immunoblotting was performed with
B GlumM) 5 20 40 5 20 40 .5 ;I;“'%EPZ% CHOPhP'eIFI'Z o
= 3 , -1a, pro-collagen I, collagen
N |---- b |< ATF-4 1.0 I or §-actin antibodies (A). Quanti-
|- - < PARP 05 fication was performed (right). Se-
00 parately, cells were exposed to the
GlumM) 5 20 40 indicated concentrations of glucose
with or without 4-PBA for 3 days
C 2.0 and nuclear fractions were obtained
0O smm and immunoblotting was performed
W 40mm with either anti-ATF-4 or PARP
1.5 . antibodies (B). Quantification was

1.0

0.5

Soluble collagen(ng/ml)

0.0

3 4-PBA

4-PBA
D 5 20 &
GlumM) 0 5 20 40 5 20 40

CBB < NS

concentrations of glucose (data not shown), the pro-form of
collagen 1 was highly expressed along with the active form,
collagen 1 (Fig. 1C). In addition to the synthesis of ECM
components, the degradation of ECM by key proteolytic en-
zymes including matrix metalloproteinases (MMPs) and tis-
sue inhibitors of metalloproteinases (TIMPs) is also im-
portant. Among these, gelatinases (MMP-2 and -9) and
TIMPs (TIMP-1 and -2) have been widely studied [21,22].
In this study, MMP-2 activity was decreased in the pres-
ence of high concentrations of glucose (data not shown). The
reduced proteinase activity may also have affected the ex-
pression of secreted soluble collagen 1, contributing to the
significantly increased overall expression pattern of colla-
gen 1 (2C). A similar decrease in MMP-2 or MMP-9 gene
expression has also been observed in human and animal
models of diabetes [23,24]. This study suggests that high

S e see e =< collagen |

performed (right). Soluble collagen
was analyzed in media from the cells
cultured with 5 or 40 mM glucose for
3 days (C). Immunoblotting was
performed with the medium from
the cells cultured with 40 mM glu-
cose for 3 days, using anti-collagen
I antibody (D) and separately stain-
ed with Coomassive blue dye (lower).
Data represent means+S.E. (n=5). *p
<0.05, significantly different from
each indicated concentration of glu-
cose-treated cells without 4-PBA.
CBB; Coomassive blue staining.

glucose, a representative characteristic of diabetes, in-
creases extracellular collagen accumulation, presumably in-
volving an imbalance of collagen synthesis and degradation.

ER stress responses were observed in human gingival
cells when they were exposed to high levels of glucose (Fig.
3A, B). The ER stress protein PERK is a transmembrane
serine/threonine protein kinase that contains an N-termi-
nal ER luminal domain and a cytoplasmic C-terminal pro-
tein kinase domain [25,26]. PERK phosphorylates elF2 «
[25] and phosphorylation of eIF2 ¢ attenuates initiation of
translation of most transcripts while concurrently increas-
ing translation of select mRNAs such as ATF4 transcription
factor [27,28]. ATF4-dependent collagen synthesis has been
documented in various cells [29,30]. In the presence of high
glucose, ATF4 was highly phosphorylated (Fig. 3A, B) as
well as the nuclear translocation of ATF4 was also in-
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creased in human gingival cells (Fig. 3C), suggesting that
elF-2 a -linked ATF4-dependent collagen synthesis in-
creased in cells cultured with high glucose concentrations.
Although ATF4 expression was also known to be involved
in cell death mechanisms linking the CHOP signal trans-
duction pathway, the human gingival cells did not show
any cell death pattern during culture periods longer than
5 days. In this study, the eIF2 « -linked ATF4 phosphor-
ylation and nuclear translocation are the physiological ER
stress signaling factors linked to collagen synthesis and se-
cretion, but not cell death.

A number of studies previously demonstrated that the
low molecular weight fatty acid, 4-PBA, can act as a chem-
ical chaperone, assisting with protein folding and thus re-
lieving the cell of ER stress [31-33]. In this study, we
showed that 4-PBA can attenuate the ER stress response
as well as ATF-4 phosphorylation and nuclear translocation
in addition to the resulting collagen synthesis and secretion
(Fig. 4). We suggest that the 4-PBA-induced regulation of
extracellular collagen accumulation includes ER stress reg-
ulation and inhibition of ATF-4 that leads to reduced colla-
gen synthesis and secretion.

In conclusion, high glucose increased collagen synthesis
and secretion, and involves the ER stress response and the
associated activation of ATF-4 in human gingival cells. This
study also suggests the possibility of using 4-PBA as a ther-
apeutic/preventive agent for collagen accumulation in gin-
gival fibrosis.
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