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ABSTRACT

Introduction Patients with diabetes have increased risk
of periodontal disease, with increased risk of weakening
of periodontal ligament and tooth loss. Periodontal
ligament is produced and maintained by periodontal
ligament fibroblasts (PDLFs). We hypothesized that
metabolic dysfunction of PDLFs in hyperglycemia
produces an accumulation of the reactive glycating
agent, methylglyoxal (MG), leading to increased
formation of the major advanced glycation endproduct,
MG-H1 and PDLF dysfunction. The aim of this study was
to assess if there is dicarbonyl stress and functional
impairment of human PDLFs in primary culture in high
glucose concentration—a model of hyperglycemia,

to characterize the metabolic drivers of it and explore
remedial intervention by the glyoxalase 1 inducer
dietary supplement, trans-resveratrol and hesperetin
combination (tRES-HESP).

Research design and methods Human PDLFs were
incubated in low and high glucose concentration in vitro.
Metabolic and enzymatic markers of MG and glucose
control were quantified and related changes in the
cytoplasmic proteome and cell function—nbinding to
collagen-I, assessed. Reversal of PDLF dysfunction by
tRES-HESP was explored.

Results In high glucose concentration cultures, there
was a ca. twofold increase in cellular MG, cellular protein
MG-H1 content and decreased attachment of PDLFs to
collagen-I. This was driven by increased hexokinase-2
linked glucose metabolism and related increased MG
formation. Proteomics analysis revealed increased
abundance of chaperonins, heat shock proteins (HSPs),
Golgi-to-endoplasmic reticulum transport and ubiquitin
E3 ligases involved in misfolded protein degradation in
high glucose concentration, consistent with activation
of the unfolded protein response by increased misfolded
MG-modified proteins. PDLF dysfunction was corrected
by tRES-HESP.

Conclusions Increased hexokinase-2 linked glucose
metabolism produces dicarbonyl stress, increased
MG-maodified protein, activation of the unfolded protein
response and functional impairment of PDLFs in high
glucose concentration. tRES-HESP resolves this at
source by correcting increased glucose metabolism and
may be of benefit in prevention of diabetic periodontal
disease.

2,3,4

Significance of this study

What is already known about this subject?

» In experimental and clinical diabetes, the periodon-
tal ligament is weakened with disordered collagen
fibrils and detachment of periodontal ligament fibro-
blasts (PDLFs).

» Increased formation of methylglyoxal (MG) occurs in
vascular endothelial cells incubated in high glucose
concentration associated with hexokinase-2 (HK2)-
linked glycolytic overload, leading to increased MG-
modified proteins, activation of the unfolded protein
response and cell detachment from the extracellular
matrix; with dysfunction expected in PDLFs.

What are the new findings?

» High glucose concentration imposed dicarbonyl
stress on human PDLFs in vitro, increasing the cel-
lular concentration of MG, leading to increased MG
modification and related misfolding of cell protein,
a proteomic response to cell stress and weakened
binding of PDLFs to collagen-I.

» The cytosolic proteome in dicarbonyl stress had in-
creased protein abundance focused on pathways of
chaperonins, cellular responses to stress, including
response to heat stress—involving heat shock pro-
tein and Golgi-to-endoplasmic reticulum retrograde
traffic of proteins.

» Dicarbonyl stress was driven by HK2-linked glyco-
Iytic overload and proteolytic decrease of glyoxalase
1; and it was prevented by treatment of PDLFs with
trans-resveratrol and hesperetin in combination
(tRES-HESP).

How might these results change the focus of

research or clinical practice?

» tRES-HESP resolves PDLF dysfunction in high
glucose concentration at source by correcting in-
creased glucose metabolism and is a candidate
dietary supplement for evaluation for prevention of
diabetic periodontal disease.

INTRODUCTION

Periodontitis is a common complication
of diabetes. It has threefold increased
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prevalence, earlier onset, rapid progression and increased
severity of symptoms in patients with diabetes compared
with subjects without diabetes. Periodontitis is a chronic
inflammatory disease of the supporting structures of the
teeth and major cause of tooth loss.' * Bacterial infec-
tion is the main etiological mediator of periodontitis but
studies of identical twins found that 50% of the variability
to periodontitis is associated with host factors.” Pathogen-
esis is considered to be driven by the host inflammatory
response to bacterial infection rather than the damaging
effects of bacterial pathogens directly.* In the setting of
diabetes, dysfunctional glucose metabolism, known to
contribute to the pathobiology of vascular complications
of diabetes,” may also exacerbate inflammatory mecha-
nisms promoting the development and progression of
periodontitis.

Teeth are held in the socket of the alveolar bone by
the periodontal ligament (PDL). PDL is a specialized
connective tissue between the root of the tooth and the
alveolar bone. The major cells of the PDF are periodontal
ligament fibroblasts (PDLFs). PDLFs secrete, remodel,
degrade and bind to bundles of collagen fibrils, mostly
collagen-I, which provide the tensile strength of the
PDL.°” Binding of PDLFs to collagen-I is mediated mainly
by interaction of cell surface integrins, o3, and ava
through GFOGER motif binding sites of collagen-1.” In
experimental and clinical diabetes, the periodontal liga-
ment is weakened with disordered collagen fibrils and
PDLF detachment from the extracellular matrix.” '’ The
recent finding of hexokinase-2 (HK2)-linked glycolytic
overload and activation of unfolded protein response
(UPR) and related increased expression of inflamma-
tory mediators, appear particularly timely to explore for
mechanistic association with PDLF dysfunction in the
pathobiology of periodontitis.'' '*

Glucose-induced metabolic dysfunction is a causative
factor in development of vascular complications of
diabetes. One aspect of this is increased concentration
of the reactive glucose-derived dicarbonyl metabolite,
methylglyoxal (MG)—also called dicarbonyl stress."
MG is formed mainly by low level degradation of glyco-
Iytic intermediates, glyceraldehyde-3-phosphate and
dihydroxyacetonephosphate.'* The formation of MG is
increased proportionate with increased glucose metab-
olism at peripheral sites associated with HK2-linked
glycolytic overload."" Abnormal accumulation of MG
leads to increased protein glycation by MG, mainly on
arginine residues, forming the major advanced glycation
endproduct, hydroimidazolone MG-H1 (figure 1A). Argi-
nine modification produces inactivation and misfolding
of proteins,” activation of the UPR and downstream
inflammatory signaling'® and cell detachment from the
extracellular matrix.'® In collagen of the extracellular
matrix, the arginine residues of GFOGER and RGD motif
binding sites of integrins, are hotspots for MG modifica-
tion.'° Binding of PDLFs to collagen-I is profoundly weak-
ened by MG modification, decreasing binding affinity by
ca. 100-fold."* "

MG is mainly metabolized by glyoxalase 1 (Glol)
of the cellular glyoxalase system. Glol catalyses the
reduced glutathione (GSH)-dependent metabolism of
MG to S-D-lactoylglutathione (SLG). The second enzyme
of the glyoxalase pathway, glyoxalase 2 (Glo2), catal-
yses the hydrolysis of SLG to D-lactate, reforming GSH
consumed in the Glol-catalyzed step (figure 1B). There
is often limited onward metabolism of D-lactate. In such
instances, the flux of formation of D-lactate is a surro-
gate measure for flux of formation of MG."? An effective
strategy to counter accumulation of MG is to increase
the expression of Glo1."® This may be achieved through
a combination of transresveratrol and hesperetin (tRES-
HESP)—also called a ‘Glol inducer.' (RES-HESP
increases the expression of Glol through activation of
transcription factor, nuclear factor erythroid 2-related
factor 2 (Nrf2) and binding of Nrf2 to a functional anti-
oxidant response element (ARE) in the GLO1 gene."®

An experimental model of PDF dysfunction in diabetes
is incubation of PDLFs in primary culture with high
glucose (HG) concentration.” *! Typically, PDLFs divide
and proliferate to confluence over 3—4 days.”” Herein, we
propose and test the hypothesis that PDLFs incubated in
HG concentration develop dicarbonyl stress associated
with HK2-linked glycolytic overload and MG-mediated
weakened attachment to collagen-I. We also explore if
this may be prevented by treatment with tRES-HESP.

RESEARCH DESIGN AND METHODS

Materials

Primary human PDLFs (cat. no. 2630) and Modified
Eagles Medium (MEM) (cat. no. M8042) were purchased
from ScienCell (Carlsbad, USA). L-Glutamine (200 mM
solution; cat. no. 25 030-024) and trypsin/EDTA (cat.
no. 25 200-072) were purchased from Invitrogen Life
Technologies (Paisley, UK). Tissue culture grade plastic
polystyrene T75 flasks was purchased from Fisher Scien-
tific (Nunclone, Loughborough, UK). Aminoguani-
dine (AG) hydrochloride, 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB), fetal bovine serum (FBS; cat. no. F7524),
D-glucose, GSH, oxidized glutathione (GSSG), [glycine-
"C,,""NIGSH (98% "N and 99% '°C), HESP, D-lactate,
L-lactate, D-lactic dehydrogenase (cat.no.1.9636), L-lactic
dehydrogenase (cat. no. L.2625), leucine aminopepti-
dase (cat. no. L6007), pepsin (cat. no. 516360), prolidase
(cat. no. P6675), pronase E (cat. no. P5147), penicillin-
streptomycin (cat. no. P0781), tRES, trypan blue dye was
from Sigma-Aldrich. ["C 15N2]GSSG was synthesized
in-house from [glycz'ne—BCQ, 5N]GSH as described.'! MG
for cell culture was prepared and purified as previously
described.” Methanol, acetonitrile and tetrahydrofuran
(all HPLC grade) were purchased from Fisher Scientific.
Trifluoroacetic acid (299.0% HPLC grade) and trichlo-
roacetic acid (BioUltra, 299.5 %) were purchased from
Sigma-Aldrich. All other reagents, salts, acids and bases
for buffers were analytical grade reagents and purchased
from Sigma-Aldrich and Fisher Scientific.

BMJ Open Diab Res Care 2020;8:€001458. doi:10.1136/bmjdrc-2020-001458



8 Pathophysiology/complications

A B

l CH,COCHO

0 NH@— Oy CHs Methylglyoxal

Hd—(CHz),-NH-{
f NH

el o)

Arginine

-H0 Methylglyoxal
residue

}:} Glyoxalase 1 I@

CH,CH(OH)CO-SG

Viable cell number (x 105 ()

&o CH, S-D-Lactoylglutathione
PK! HN.
C H
'5: Hals=N -'&N:\t: Glyoxalase 2 &T
Msl-m H,0
I CH,CH(OH)CO," + H*
resicue ”"”&'2";}:,“" one 3D-Lactate : Incubation time (days)
D 12; E coo - F os
- *kk 5 *%
3 @ *edek g 0.6 A
& 81 S 400 £ o
= £ °
g £ T E 0.4 1
= 3 E
5 41 & 200 é I o,
3 o = g
g =
o 0 . 0.0
LG HG LG HG LG HG
G H I 1500 -
) $ * 4 gﬁ =
= >
$83 z = 3
0% Z 31 g % 1000 4 *
=2 5 2
S%2 £ o
= Py
52 g2 S
g e} £ S 500 - $
g1 - 11 © §. $ ©
T =
-
w
0 T J 0 ] 0 T
LG HG LG HG LG HG

Figure 1

Dicarbonyl stress in human periodontal ligament cells in high glucose concentration cultures in vitro. (A) Protein

glycation by methylglyoxal (MG) forming arginine-derived MG-H1 adduct. (B) Metabolism of MG by the glyoxalase system. (C-l)
Culture of periodontal ligament fibroblasts (PDLFs) for 3 days and effect of glucose concentration. (C) Viable cell number and
effect of initial glucose concentration. Key: x—— x, 5 mM glucose; o—o, 8 mM glucose and @—@®, 25 mM glucose. (D) Cellular
MG content (n=4). (E) MG concentration of the culture medium (n=4). (F) MG-H1 content of cell protein. (G) Flux of release of
MG-H1 free adduct into the culture medium. (H) FL content of cell protein. (I) Flux of release of FL free adduct into the culture
medium. Data are mean=SD (C) n=3; (D-G) n=4; (H and I) n=5). *P<0.05; **p<0.01; **p<0.001; Student’s t-test. FL, N _-fructosyl-

lysine; HG, high glucose; LG, low glucose.

Culture of human periodontal ligament fibroblasts

Human PDLFs were cultured in MEM supplemented
with 2 mM L-alanyl-L-glutamine, 10% FBS, 100 units/
mL penicillin, 100 pg/mL streptomycin at 37°C under
aseptic conditions and 5% carbon dioxide/air with 100%
humidity. PDLFs were passaged every 3 days and with a
seeding density of ca. 5000 cells/cm®. For experiments
performed in low glucose (LG) and high glucose (HG)
conditions, culture media was supplemented with 8 and
25 mM glucose, respectively, for 3 days (unless otherwise
stated) using cells between passages 3 and 5. Cell viability
was assessed by the Trypan blue exclusion method. For
metabolic flux measurements, analytes were determined
at baseline and day 3 and the mean rate of change
deduced. The effect of Glol inducer, tRES-HESP (10
pM), on metabolic dysfunction of PDLFs in HG concen-
tration cultures was investigated.

Biochemical measurements
Glucose concentration was assayed by the hexokinase
method. I-actate and D-lactate concentrations were

assayed by end point enzymatic assay. Activities of Glol1,
MG reductase and MG dehydrogenase were assayed as
described.”” The following analytes were determined by
stable isotopic dilution analysis liquid chromatography-
tandem mass spectrometry (LC-MS/MS): MG content of
PDLFs and culture medium24; MG-H1, glucose-derived
glycation adduct, N_Afructosyl-lysine (FL) and oxidative
damage markers, methionine sulfoxide (MetSO), dity-
rosine, N-formylkynurenine (NFK) and 3-nitrotyrosine
(3-NT) in cytosolic protein extracts and related free
adducts in culture medium® and the cellular contents
of GSH, GSSG and SLG." Cellular protein thiols were
deduced by determining total cellular thiols, derivat-
ized with DTNB® and subtracting the cellular content
of GSH. For assay of determining total cellular thiols,
PDLFs (1x10¢°cells) were sonicated (110 W, 30 s) on
ice in 10 mM sodium phosphate buffer, pH 7.0. Cell
membranes were sedimented by centrifugation (20
000 g, 30 min, 4°C) and the supernatant cell extract
retained. DTNB solution (125 pL,, 1 mM DTNB in 100
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mM sodium phosphate buffer, pH 7.4, with 0.2 mM
DETAPAC (diethylenetriaminepenta-acetic acid)) was
added to water (100 pL) and cell extract (25 pL). The
absorbance increase at 405 nm after 20 min was recorded
and used to deduce thiol content, calibrated by assay of
0-30 nmol GSH. Real-time PCR and Western blot analysis
was performed as previously described,' '® normalized to
housekeeping protein, B-actin.

Proteomics and bioinformatics analysis

Cytosolic protein extracts were analyzed by high-
resolution Orbitrap mass spectrometry of tryptic digests,
as described.”” Protein extracts were prepared from
PDLFs incubated for 3 days with LG and HG concentra-
tion; and also cytosolic protein extract incubated with
500 pM MG for 24 hours at 37°C, increasing the MG-H1
residue content by 10-fold. Reduced and alkylated
protein extracts were digested with Lys-C and TPCK-
treated trypsin. Mean sequence coverage for proteins
identified in PDLF extracts was 16.7%. Label-{free quan-
titation of protein abundances were determined in three
independent biological replicate samples using Progen-
esis QI for proteomics 2.0 software (Nonlinear Dynamics,
Newcastle, UK). Protein ontology was evaluated using the
Database for Annotation, Visualization and Integrated
Discovery V.6.8 (https://david.ncifcrf.gov/).*® REAC-
TOME analysis® was used for pathway enrichment anal-
ysis. MG modification occurring in protein functional
domains was identified by receptor binding domain
(RBD) analysis, as described.'??®

Statistical analysis

Data are mean+SD of 23 independent biological repli-
cates and responses were validated for PDLFs from three
different donors. Test and control samples were analyzed
randomly. Significance of difference of two groups by
Student’s t-test and of >2 groups by one-way analysis of
variance.

RESULTS

Effect of glucose concentration on growth and viability of
human periodontal ligament fibroblasts in vitro

Initial investigations of the effect of glucose concen-
tration on the growth of PDLFs in primary culture
revealed there was similar rapid growth of PDLFs in
culture medium containing 8 and 25 mM glucose over
3 days whereas there was partial growth arrest without
decrease in viability in medium containing 5.5 mM
glucose (figure 1C). In the latter case, the final glucose
concentration was ca. 3 mM—typical of hypoglycemia. In
subsequent experiments, we employed culture medium
containing 8 and 25 mM glucose as models of normo-
glycemia or LG concentration conditions and hypergly-
cemia or HG concentration conditions. In support of
this, the mean salivary glucose concentration in healthy
human subjects is ca. 7-8 mM and increases to over 23-25
mM in patients with diabetes.”” PDLFs cultured under
these conditions gave reproducible cell growth kinetics

over the passage range studied. The population doubling
time was ca. 0.6 days in medium containing 8 and 25 mM
glucose. There was no decrease in cell viability under
these culture conditions.

Dicarbonyl stress in human periodontal ligament fibroblasts
in high glucose concentration cultures in vitro

When PDLFs were incubated in HG concentration for 3
days there was an increase in cellular concentration of MG,
compared with LG concentration control: 10.36+0.60 vs
3.98+1.00 pmol/10° cells, p<0.001 (figure 1D). PDLF cell
volume is ca. 2.5 pL per cell,” indicating that the concen-
tration of MG in PDLFs is ca. 1.6 pM in LG concentra-
tion, increased to 4.2 pM in HG concentration. This is
keeping with the concentration of MG in other human
cell types of 2-4 pM.** Incubation of PDLFs with HG
concentration also produced an increased MG concen-
tration in the culture medium: 449+38 nM vs 279+82 nM,
p<0.05 (figure 1E). This increased cellular concentration
of MG was associated with an increased steady-state level
of MG-H1-modified cellular protein and increased flux of
excretion of MG-H1 free adduct in the culture medium—
the latter formed mainly by proteolysis of MG-HI-
modified cellular protein (figure 1F and G). There was
a similar increase in glucose-derived glycation adduct,
FL, content of cell protein—reflecting increased cellular
glucose concentration and increased excretion of related
FL free adduct (figure 1H and I). The cellular protein
content of oxidative damage markers was unchanged in
HG concentration: MetSO, 0.89+0.07 vs 1.14+0.43 mol/
mol met; dityrosine 0.080+0.055 vs 0.058+0.031 mmol/
mol tyr; NFK, 0.109+£0.042 vs 0.091+0.030 mmol/mol
trp and 3-NT, 0.0030+0.0013 vs 0.0019+0.0009 mmol/
mol tyr. We also measured the cellular contents of GSH,
GSSG and protein thiols. The cellular contents of GSH,
GSSG and total GSH were decreased by 25% in PDLFs
incubated in HG concentration. Decreased cellular GSH
concentration is expected to contribute to increased
MG concentration of PDLFs in HG concentration condi-
tions by decreasing in situ activity of Glo1."” Surprisingly,
there was a 25% increase of cell protein thiols and 13%
increase in total cellular thiols (GSH+protein thiols) in
the HG concentration culture (figure 2A-2E).

PDLFs were relatively resistant to toxicity induced by
exogenous MG: incubation of PLDFs with 25-1000 pM
for 2 days produced growth arrest and toxicity at 2200
PM MG—a concentration profoundly greater than physi-
ological extracellular concentrations of MG. The median
growth inhibitory concentration GC,; of MG was 250+3
pM (n=18).

A metabolic driver of increased cellular concentra-
tion of MG in the HG concentration culture is increased
formation of MG, as judged by increase in formation of
D-lactate—a surrogate indicator of flux of formation of
MG'" (figure 2F). The flux of D-lactate in PDLFs in LG
concentration was ca. 6 nmol/ 10° cells/day, equivalent
to ca. 0.06% flux of glucotriose. The increase in flux of
formation of D-lactate was concomitant with increased
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Cellular glutathione and protein thiol status and metabolic drivers of dicarbonyl stress in human periodontal ligament
cells in high glucose concentration cultures in vitro. (A), (B) and C), Cellular glutathione (GSH), oxidized glutathione (GSSG) and
total GSH, respectively. (D) Cell protein thiols. (E) Total cell thiols. (F) Flux of formation of D-lactate. (G) Glucose consumption.
(H) Net formate of L-lactate. (l) Relative abundance of hexokinase isozyme proteins in periodontal ligament fibroblasts (PDLFs)
determined by label-free, high mass resolution Orbitrap proteomics. (J) Hexokinase-2 protein abundance by western blot
analysis (gel image used in densitometric quantitation is given below). (K) Activity of glyoxalase 1 (Glo1). (L) Glo1 protein
abundance by western blot analysis (gel image used in densitometric quantitation is given below). Data are mean+SD (A-H),

(K) and (L), n=4; () and (J), n=3. *P<0.05; **p<0.01; **p<0.001; Student’s t-test. HG, high glucose; HK, hexokinase; LG, low
glucose.
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flux of glucose consumption by PDLFs (figure 2G). There
was no net increase in formation of L-lactate (figure 2H).
The flux of D-lactate formation expressed as a proportion
of flux of glucotriose metabolism (2xglucose consump-
tion) was ca. 0.06%+0.01% and was not increased in HG
concentration. Seeking evidence for an explanation for
increased glucose consumption in HG conditions, we
analyzed abundances of hexokinases of PDLFs, hexoki-
nase-1 (HK1) and HK2 by quantitative proteomics. The
relative abundance of HK1 was unchanged in HG condi-
tions whereas the relative abundance of HK2 increased
twofold (figure 2I). This was corroborated by Western
blot analysis with quantitative densitometry (figure 2]).

A further factor influential on the cellular concen-
tration of MG are activities of enzymes of MG metabo-
lism: Glol, MG reductase and MG dehydrogenase. The
activity of Glol in PDLFs in LG concentration cultures
was 985+148 mU/mg protein. This is intermediate
between that of human aortal endothelial cells (HAECs)
(1862+178 mU/mg protein) and red blood cells (RBCs)
(110£14 mU/mg protein).”” * Glol was the major
pathway of MG metabolism as activities of other MG
metabolizing enzymes were much lower than of Glo1: the
activity of MG reductase was 0.09+0.02 units/mg protein
and was not changed in HG concentration cultures, and
the activity of MG dehydrogenase was below the limit
of detection (<0.0005 mU/mg protein) in all culture
conditions. The activity of Glol was decreased 45% in
HG concentration cultures, with respect to LG concen-
tration (figure 2K). A similar decrease was not produced
when PDLFs were incubated with LG concentration and
17 mM mannitol, indicating the HG response was not
produced by increased osmolarity (figure 2K). There
was no decrease of Glol mRNA in HG concentration
cultures (ratio of Glol/B-actin mRNA: LG, 0.792+0.002,
HG, 0.791+0.003) but there was with a similar decrease
in Glol protein (figure 2L). We studied the half-life of
Glol protein by following the decrease of Glol protein
following block of Glol synthesis with cycloheximide.
The half-life of Glol was decreased in cultures with HG
concentration, with respect to LG concentration control
(1.31£0.15 vs 2.30+0.37 days, n=3, p<0.01). Therefore, in
HG concentration cultures, Glol activity and protein are
decreased by increased proteolysis.

The activity of Glo2 in PDLFs in LG concentration was
2.22+0.65 mU per mg protein; cf. 64 mU/mg protein in
RBCs.™ The relative activities of Glo1l and Glo2 in situ
with physiological concentrations of substrate, deduced
applying related K|, and k_ values, are such that the
cellular concentration of SLG is very low—usually <0.1%
of total cell GSH.” This was the case for PDLFs where the
concentration of SLG was below the limit of detection
(<1.1 pmol/10° cells).

Cytosolic proteome of human periodontal ligand fibroblasts in
high glucose concentration cultures in vitro

We detected and quantified proteins in cytosolic
extracts of PDLFs by high-resolution Orbitrap mass

spectrometry proteomics. A total of 1105 cytosolic
protein were identified and quantified in PDLFs. The
abundance of 144 proteins was increased in HG concen-
tration conditions (online supplemental table S1). The
five proteins of highest abundance change were: ATP-
binding cassette subfamily E member 1, +9-fold; Axin
interactor, dorsalization-associated protein, +8-fold; E3
ubiquitin-protein ligase HUWEI, +6-fold; isoform 2 of
electron transfer flavoprotein subunit beta, +6-fold and
HK2, +3-fold. Pathways enrichment analysis of protein
abundance changes showed increase in chaperonin
folding pathway of chaperonin containing T-complex
protein 1 (CCT)—also known as T-complex protein-1
Ring Complex (TRiC), heat shock protein 90 (HSP90)
chaperone cycle for steroid hormone receptors, Golgi-
to-endoplasmic reticulum (ER) retrograde traffic and
cellular responses to stress, including response to heat
stress and glucose metabolism. Mean abundance changes
were increases of 49%—-61% (table 1). Only one protein
was of decreased abundance: platelet-activating factor
acetyl-hydrolase IB subunit alpha—an initiation factor
for dynein-driven organelle transport along microtu-
bules; -24%.

To gain insight into which proteins have endogenous
MG modification, we interrogated proteomics data for
evidence of proteins with MG-H1 (+54.01 Da mass incre-
ment on arginine residues). MG-H1 modification was
detected on five proteins (with arginine modification
site): B-actin (R116), y-actin (R206), filamin-A (R1959),
glutamine-rich protein-1 (R669) and U6 Sm-like protein
LSm3 (R80). MG modification of B-actin and U6 Sm-like
protein LSm3 (LSM3) was in a predicted functional
domain and thereby likely produces functional impair-
ment. Further proteins at risk of modification by MG were
identified by incubating cytosolic protein with exogenous
MG to increase mean modification by MG-HI1 10-fold—
the maximum upper limit of the MG increase in blood
samples of patients with diabetes.” We then detected
MG-H1 modification on 172 proteins in 353 unique
modification sites (online supplemental table S2). An
example of detection of MG-H1 modification is given
for modified R206 on y-actin (figure 3A) with the related
RBD plot (figure 3B). Pathways analysis showed that MG
modification was enriched in protein processing in ER—
including modification of several HSPs, carbon metab-
olism—including glycolytic, pentosephosphate pathway
and mitochondrial enzymes (online supplemental table
S3). From RBD analysis, 115 of the 353 (33%) modifica-
tions were in predicted function domains and 74 of the
172 proteins (43%) had one or more MG modifications
in a functional domain.

Prevention of dicarbonyl stress and dysfunction of

human periodontal ligament fibroblasts in high glucose
concentration by Glo1 inducer

In previous studies, tRES-HESP corrected dicarbonyl
stress in HEACs in HG concentration'® and dicarbonyl
stress of overweight and obese human subjects in a
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Table 1 Pathways enrichment analysis of proteins increased in high glucose cultures

Abundance

ratio
Pathway name Count P value* Mean+SD Proteins (Uniprot ID)
Folding of actin by CCT/TRiC 5 1.37E-06 1.61+£0.17 TCPA, TCPB, TCPD, TCPH, TCPZ
Cooperation of prefoldin and 6 3.50E-05 1.60+0.15 PFD4, TCPA, TCPB, TCPD, TCPH, TCPZ
TRIC/CCT in actin and tubulin
folding
HSP90 chaperone cycle for 7 8.54E-05 1.53+0.08 CAZA1, CAZA2, DC112, DC1L2, DCTN2, DNJA2,
steroid hormone receptors HS71A,
COPI-independent Golgi-to- 6 4.85E-04 1.50+0.10 CAZA1, CAZA2, DC112, DC1L2, DCTN2, RBGPR
ER retrograde traffic
Golgi-to-ER retrograde 9 8.43E-04 1.58+0.21 ARF4, CAZA1, CAZA2, DCL112, DCL1L2, DCTN2,
transport GBF1, KINH, RBGPR.
Cellular responses to stress 17 2.09E-03 1.54+0.13 CAZA1, CAZA2, DC112, DC1L2, DCTN2, DNAJ2,

GBF1, HS71A, PRDX2, MK03, NU214, PSDE,
PSMD1, PSMD3, SEC13, TERA, TPR

Cellular response to heat 7 2.02E-03 1.57+0.16 GBF1, HS71A, HS105, MKO03, SEC13, TERA, TPR.
stress
Glucose metabolism 7 2.43E-03 1.49+0.11 2AAA, AATC, GNPI2, NU214, PFKAP, SEC13, TPR
Intra-Golgi and retrograde 10 4.33E-03 1.61+0.24 ARF4, CAZA1, CAZA2, DC112, DC1L2, DCTN2,
Golgi-to-ER traffic GBF1, GOGA4, KINH, RBGPR,
COPI-mediated anterograde 7 3.08E-03 1.61+0.23 ARF4, CAZA1, CAZA2, DC112, DC1L2, DCTN2,

transport

GBF1

*P value is Bonferroni corrected and false discovery rate is <0.05.

CCT, chaperonin containing T-complex protein 1; COPI, coat protein complex I; ER, endoplasmic reticulum; HSP, heat shock protein; TRiC,

T-complex protein-1 ring complex.

double-blind, randomized placebo-controlled clinical
trial.' Incubation of PDLFs with 10 pM tRES-HESP for
3 days increased Glol activity of PDLFs in cultures with
LG concentration and prevented the decrease of Glol
activity of PDLFs in cultures with HG concentration
(figure 4A). This was associated with the correction of
increased cellular MG concentration in HG concen-
tration cultures (figure 4B). Remarkably, treatment
with tRES-HESP produced a small decrease in flux of
formation of D-lactate in LG concentration cultures
and correction of increased flux of formation of D-lac-
tate in HG concentration cultures, suggesting that the
flux of formation of MG was decreased in both condi-
tions (figure 4C). A similar effect was found for glucose
consumption (figure 4D), indicating that flux of forma-
tion of MG was decreased by limiting glucose metabolism
in LG concentration cultures and correcting increased
glucose consumption in HG concentration cultures.
There was an associated correction of increased steady-
state level of MG-modified cell protein and increased
flux of protein modification by MG in HG concentration
cultures by treatment with tRES-HESP (figure 4E and F).
Treatment of PDLFs with tRES-HESP also increased the
cellular concentration of GSH in LG and HG concentra-
tion cultures (figure 4G) and increased the attachment
of PDLFs to collagen-I in LG and HG concentration
(figure 4H). Decreased attachment to collagen-I of PDLFs

incubated in HG concentration was also prevented by
incubation with the MG scavenging agent, (500 pM),”*
as judged by absorbance increase reflecting light scat-
tering of collagen-I sequestered cells (absorbance at 595
nm: LG, 0.062+0.008; LG+AG, 0.081+0.005, p<0.05; HG,
0.035+0.003, p<0.01 and HG+AG, 0.082+0.003, p<0.05
and p’<0.001).

DISCUSSION

Herein, we found HG concentration imposed dicarbonyl
stress on human PDLFs in vitro. The cellular concen-
tration of MG was increased, leading to increased MG
modification and related misfolding of cell protein, a
proteomic response to cell stress and weakened binding
of PDLFs to collagen-I. Dicarbonyl stress and these
related responses were prevented by treatment of PDLF
cultures with tRES-HESP.

PDLFs express glucose transporters, GLUT1, GLUT3
and GLUT4.%® In HG concentration cultures, there is
increased uptake of glucose by GLUT1 and GLUT3 and
increased cytoplasmic glucose concentration. The latter
was evidenced by the ca. twofold increase in the steady-
state level of FL residue adduct content of cell protein
found herein (figure 1H). PDLFs express HK1 and HK2
which limit the rate of glucose metabolism; both hexoki-
nases are operating under glucose saturation kinetics in
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Figure 3 Mass spectrometric detection of methylglyoxal
(MG)-modified proteins and prediction of functional impact
by receptor binding domain (RBD) analysis. (A) MG-modified
peptide identification. y-Actin, R206. Peptide fragmentation
ion mass scan of peptide 197-210 with MG-H modification
on R206 (+54.01): GYSFTTTAER,,,,EIVR; with fragment ion
assignment table. lons detected are color coded in the mass
spectrum assignments with color shading in the table. m/z
ion values unshaded were not detected and black spaces in
the table indicate ions are not expected chemically. Unique
peptide with: peptide identity probability 98.6, mascot ion
score 55.3, observed mass (m/z) 561.95 (3+), actual peptide
mass 1682.82 amu, calculated +1 hour peptide mass
1683.83 amu. ‘Parent mass error’ indicates error on the
peptide mass. (B) RBD plot for human y-actin. Line-linked
filled circles represent the primary sequence. The RBD is the
area bound by the trapezium in the upper left-side region

of the chart. Key: blue and red filled circles, MG-H1 residue
inside (R196, R312, R372) and outside (R206) the RBD,
respectively; black filled circle, unmodified arginine residues
in the RBD; yellow-filled circle, other amino acid residues in
the RBD other amino acid residues in the RBD and gray filled
circle, amino acid residues outside the RBD.

both LG and HG concentration conditions.”® Increased
glucose consumption by fibroblasts was observed herein,
with onward metabolism through glycolysis and tricar-
boxylic acid cycle.”” This occurs by HK2-linked glycolytic
overload.”™ HK2, unlike HK1, is degraded by chaperone-
mediated autophagy through motif, ,QRFEK .. This
motif, in the glucose binding site of the C-terminal

domain, is masked in HG concentration, stabilizing
HK2 to proteolysis.”* * Herein, we found HK2 but not
HKI1 protein of PDLFs increased in HG concentration
(figure 2I and online supplemental table S1). The flux
of glucose metabolism is very sensitive to change in level
of HK2 protein, compared with change in level of HKI
protein, because the high turnover number k_ of HKZ2;
| Sp—4 kcat’mﬂzi% Increase of HK2 protein explains the
overall increase in glucose consumption by PDLFs in
cultures with HG concentration; cf. HAECs cultured in
HG concentration.” Increased glucose metabolism by
HK2 produces increased flux through glycolysis without
increased abundance of other glycolytic enzymes, except
for ATP-dependent 6-phosphofructokinase (PFKAP)
(table 1)—conditions for glycolytic overload." Steady-
state concentrations of triosephosphate glycolytic inter-
mediates are thereby increased proportionate to increase
in glycolytic flux, with consequent increase in formation
of MG. Increased flux of MG formation—as indicated
by increased flux of D-lactate, decreased of cellular GSH
and decreased activity of Glol synergize to increase the
cellular concentration of MG in HG concentration.

The concentration of GSH and GSSG in PDLFs was
ca. 7 and 0.012 nmol per 10° cells, respectively, under
LG concentration conditions, indicating 0.3% GSH is
oxidized, that is, PDLFs have a strongly reduced cytosol.
The GSH estimate is similar to that found previously for
PDLFs.*” The GSH/GSSG ratio did not change in HG
concentration but the cellular concentration of both
GSH and GSSG were decreased by 25%. This suggests
GSH synthesis of PDLFs may be modestly impaired in HG
concentration cultures. In contrast, the cellular concen-
tration of protein thiols (cysteinyl thiols) was increased.
Since cellular GSH concentration was decreased, this is
likely due to increased activity of glutaredoxin which is
involved in maintaining the reduced status of protein
thiols in cells.*! Interestingly, increased glutaredoxin was
found previously in Muller cells cultured in HG concen-
tration and streptozotocin-diabetic rats, which was linked
to activation of inflammatory signaling through cytosolic
glutaredoxin-1 induction by the nuclear factor kappa B
system.**

Analysis of the cytosolic proteome showed a remark-
able increased protein abundance focused on pathways
of chaperonins, cellular responses to stress, including
response to heat stress—involving HSPs, and Golgi-to-ER
retrograde traffic of proteins. Increased chaperonin
TRiC/CCT and HSPs are directly related to the activa-
tion of heat shock factor-1 (HSF-1)—part of the UPR.#%
This is likely due to release of HSF-1 from complexation
with HSP70 and HSP40 by increased MG-modified
misfolded proteins, migration of HSF-1 to the nucleus
and increased transcriptional activity for HSPs and
chaperonins.'” MG-modified proteins are thereby likely
funneled through the HSP pathway for degradation by
proteasomal proteolysis and chaperone-mediated auto-
phagy.*” Interestingly, increased Golgi-to-ER retrograde
traffic of proteins is part of the cell response to increased
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Figure 4 Prevention of dicarbonyl stress and dysfunction of human periodontal ligament fibroblasts in high glucose
concentration by glyoxalase 1 (Glo1) inducer. (A) Glo1 activity. (B) Cellular content of methylglyoxal (MG). (C) Flux of formation
of D-lactate. (D) Glucose consumption. (E) MG-H1 content of cell protein. (F) Flux of excretion of MG-H1 free adduct. (G)
Cellular glutathione (GSH). (H) Binding of periodontal ligament fibroblasts (PDLFs) to collagen-I in vitro. Significance: p value
for one-way analysis of variance (ANOVA) is given in the top right-hand corner of each panel. Data are mean+SD (n=4 except
n=3 for D). Significance: p values for one-way ANOVA are given in the top right-hand corner of each panel. *P<0.05; **p<0.01;
***p<0.001 and °p<0.05; *°p<0.01; °*°p<0.001; Student’s t-test. HESP, hesperetin; HG, high glucose; LG, low glucose; trans-

resveratrol.

misfolded proteins, returning misfolded proteins to the
ER for refolding.*® In the cytosol, misfolded proteins are
targeted for degradation by specific ubiquitin-E3-ligases:
CHIP (C terminus of heat shock cognate 71 kDa protein-
interacting protein) with cognate chaperone HSP90 and
E6-AP domain containing protein, HUWE], with cognate
chaperone HSP70.” *® These proteins had abundance
increases of 2-fold, 2.5-fold, 5.6-fold and 1.6-fold, respec-
tively, in HG cultures. HUWEI targets proteins with
‘unshielded’ surface hydrophobic regions which the argi-
nine to MG-H1 modification produces, consistent with
increased MG modified and misfolded proteins being
targeted for degradation. Interestingly, there is a sugges-
tion from bioinformatics protein-protein interaction
studies aggregated in the Harmonizome database that
Glol interacts with HUWEI but not with other E3 ubiqg-
uitin ligases increased in HG concentration cultures in
this study—CHIP and ring finger protein-31.* Increased
HUWEI may, therefore, mediate increased ubiquitina-
tion, proteolysis and downregulation of Glol protein in

HG concentration cultures and thereby exacerbate dicar-
bonyl stress. This remains to be experimentally validated
in future studies.

There is increasing evidence that Glol inducer, tRES-
HESP, is an effective treatment to correct dicarbonyl
stress in vitro and clinically.'* ' Herein, tRES-HESP
increased the activity of Glol in LG concentration
cultures and corrected the decrease of Glol activity
in HG concentration cultures. tRES-HESP increases
Glol expression by activation and binding of Nrf2
to a regulatory ARE in the GLOI gene.”® ' It also
decreased the flux of formation of D-lactate and
consumption of glucose in LG concentration cultures
and corrected the increased flux of formation of D-lac-
tate and glucose consumption in HG concentration
cultures. With tRES-HESP treatment, therefore, PDLFs
exposed to HG concentration maintain normal glucose
metabolism. This is expected to correct all dysfunc-
tion and disturbance of the cytosolic proteome. We
have previously identified how this occurs: tRES-HESP
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increases expression of glucose-6-phosphate dehy-
drogenase (G6PD) through ARE-linked gene expres-
sion; this decreases the cellular concentration of
glucose-6-phosphate (G6P) and impairs functionality
of Mondo A/MlIx/G6P complex, decreasing carbohy-
drate response element-linked expression of HK2."* No
effects of tRES-HESP was found on activity of Glo2 and
MG reductase and MG dehydrogenase.

Interestingly, in previous studies, tRES-HESP also
corrected metabolic dysfunction of bone marrow
progenitor cell in experimental diabetes, improving
wound closure and angiogenesis in diabetic mice. This
involved correction of the UPR stress sensor of the ER,
inositol requiring enzyme 1o..”

tRES-HESP was optimized for induction of expres-
sion of Glol by activation of Nrf2 with median effective
concentration EC, of 1.46 pM." Other Nrf2-regulated
genes are implicated in the prevention of metabolic
dysfunction induced by HG concentration in PDLFs
in culture: increased expression of G6PD (see above)
and 7y-glutamylcysteine ligase, catalytic and modifier
subunits (y-glutamylcysteine ligase and y-glutamylcys-
teineligase, modifier subunit)—likely mediating the
increase in cellular GSH in both LG and HG concen-
tration cultures.'? In the activation of Nrf2 by tRES and
HESP in combination, we implicated upstream activa-
tion of AMP kinase and sirtuin-1—through inhibition
of cAMP phosphodiesterase by tRES and activation of
protein kinase A by HESP”'—which are also expected
to improve dysglycemia in vivo, as reviewed.”® *® Never-
theless, by decreasing expression of HK2 and correcting
increased glucose metabolism in PDLFs in HG concen-
tration cultures, tRES-HESP cuts off the driver for
metabolic function at source.'' '* Other effects may be
dependent or of secondary importance to this.

To assess functional effects of Glol inducers on
PDLFs, we measured binding of PDLFs to collagen-I.
Increased physiological levels of MG may drive PDLF
dysfunction and detachment from the extracellular
matrix—as found for vascular endothelial cells in HG
cultures.'® This is particularly damaging for sustaining
the PDL. Surprisingly, tRES-HESP increased the
binding of PDLFs to collagen in cultures with both LG
and HG concentration, correcting the decreased colla-
gen-I binding of PDLFs in HG concentrations cultures.
Previous studies have shown that MG targets functional
RGD and GFOGER integrin binding sites in the extra-
cellular matrix and stimulates cell detachment'®—the
latter mediating binding of PDLFs to collagen-1.* Also,
overexpression of Glol in endothelial cells in HG
concentration cultures improved extracellular matrix
binding,”* suggesting that there are likely both benefits
of decreased extracellular matrix target modification
and improved cell function by correcting dicarbonyl
stress—such as maintaining integrin function medi-
ating this response. Impaired PDLF-extracellular matrix
interaction in dicarbonyl stress may explain tissue
breakdown of periodontium in periodontal diseases in

hyperglycemia. Administration of tRES to a rat model
of periodontitis produced inhibition of periodontitis-
mediated loss of alveolar bone and tissue breakdown in
the periodontium.” tRES-HESP combination has bene-
fits over tRES alone in vivo through synergism at the
pharmacological target, Nrf2, and also likely improved
bioavailability of tRES through HESP-mediated inhi-
bition of intestinal glucuronosyl-transferases.51 It is a
candidate for investigational treatment for periodon-
titis in diabetes.
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