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Abstract

Hypertrophic scars (HS) limit movement, decrease quality of life, and remain a major impediment
to rehabilitation from burns. However, no effective pharmacologic therapies for HS exist. Here we
tested the /n vitro anti-fibrotic effects of the novel chemical N-(2-aminoethyl) ethanolamine
(AEEA) at non-toxic concentrations. Scanning electron microscopy showed that AEEA markedly
altered the structure of the extracellular matrix (ECM) produced by primary dermal fibroblasts
isolated from a HS of a burn patient (HTS). Compression atomic force microscopy revealed that
AEEA stiffened the 3D nanostructure of ECM formed by HTS fibroblasts. Western blot analysis in
three separate types of primary human dermal fibroblasts (including HTS) showed that AEEA
exposure increased the extractability of type I collagen in a dose-and time-dependent fashion,
while not increasing collagen synthesis. A comparison of the electrophoretic behavior of the same
set of samples under native and denaturing conditions suggested that AEEA alters the 3D structure
of type | collagen. The antagonization effect of AEEA to TGF-p1 on ECM formation was also
observed. Furthermore, analyses of the anti-fibrotic effects of analogs of AEEA (with modified
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pharmacophores) suggest the existence of a chemical structure—activity relationship. Thus, AEEA
and its analogs may inhibit HS development; further study and optimization of analogs may be a
promising strategy for the discovery for effective HS therapies.
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Introduction

Hypertrophic scar (HS) is a thick, raised scar arising from exuberant, pathological growth of
cutaneous tissue. HS is characterized by deposition of excessive amounts of collagen, which
results in a bulky, inelastic, and raised mass (Scott et al., 2000; Bombaro et al., 2003;
Gabriel, 2011; Butzelaar et al., 2016; Finnerty et al., 2016). HS is common after major burns
and is a critical determinant of outcomes after cutaneous trauma. Up to 90% of severely
burned patients have hypertrophic scarring (Deitch et al., 1983; Bombaro et al., 2003;
Finnerty et al., 2016). HS restricts movement, causes many morbidities including pain,
results in poor cosmesis, and greatly decreases quality of life (Gabriel, 2011; Tredget et al.,
2014; Finnerty et al., 2016; Wurzer et al., 2017). Over the course of many decades, effective
therapeutic strategies to counter HS formation have been sought. However, most therapeutic
approaches remain clinically unsatisfactory, with the exception of surgical revision or laser
treatment (Gauglitz et al., 2011). Because HS remains a major impediment to burn
rehabilitation (Sheridan and Tompkins, 2004; Rhett et al., 2008; Gauglitz et al., 2011,
Rabello et al., 2014), development of a therapeutic drug to attenuate or prevent HS
development is a key goal in the long-term treatment of severe burns.

Abnormal and excessive ECM deposition during wound healing contributes to the formation
of HS (Midwood et al., 2004; van der Veer et al., 2009; Reinke and Sorg, 2012; Carver and
Goldsmith, 2013; Xue and Jackson, 2015). Type | collagen is the predominant mature
collagen in most adult tissues, including mature normal scars and HS (Zgheib et al., 2014).
During the fibrosis associated with normal wound healing, as well as in keloid and HS
formation, the collagen content in the ECM (Zgheib et al., 2014) and the cross-linking of
collagen (Moriguchi and Fujimoto, 1979; Uzawa et al., 1998; van den Bogaerdt et al., 2009)
increases. Thus, hindering excess ECM accumulation by modifying the synthesis, assembly
or cross-linking of collagen (Cohen, 1985) during the remodeling phase of wound healing,
may reduce the formation of pathologic HS.

N-(2-aminoethyl) ethanolamine (AEEA, CAS RN 111-41-1), an aliphatic amine produced
by chemical companies such as BASF (Baden Aniline and Soda Factory, Ludwigshafen,
Germany) and Dow Chemical Company (Midland, Michigan, United States), has
widespread use in industry as a chemical intermediate in the production of fabric softeners,
chelating agents, surfactants, lubricating oil additives, fuel additives, hardeners, and
soldering fluxes (Moore et al., 2012; Schneider et al., 2012b). AEEA induces aortic
dissecting aneurysm in the offspring of rats exposed to the chemical during gestation (Moore
etal., 2012; Schneider et al., 2012b). During studies of this developmental model of

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 3

dissecting aortic aneurysm in the rat, our laboratory found that AEEA markedly alters the
development of the extracellular matrix (ECM) both /in vivo and in isolated rat aortic
vascular smooth muscle cells 7n vitro (Xu et al., 2014; Chen et al., 2015).

TGF-B1 is produced by immune cell lineages, including B, T, dendritic cells, macrophages
(Moustakas et al., 2002), and activated fibroblasts during the formation of HS, and plays a
key role in cutaneous wound healing and HS formation (Armour et al., 2007). TGF-p1
promotes recruitment of fibroblasts to the wound, encourages their proliferation, and induces
fibroblasts to undergo a phenotypic change to myofibroblasts (Leask and Abraham, 2004).
Thus, TGF-B1 stimulates synthesis of structural matrix proteins (e.g., collagen and
fibronectin) (Piek et al., 2001), and remodeling of ECM (Roberts et al., 1986; Roberts et al.,
1990; Nall et al., 1996; Blobe et al., 2000; Leask and Abraham, 2004; Xie et al., 2008; Penn
etal., 2012; Zhang et al., 2012; Boo and Dagnino, 2013; Finnson et al., 2013; Hinz, 2015;
Hinz, 2016). Nevertheless, efficient activation of latent TGF- requires appropriate
localization of latent complexes in the ECM (Taipale et al., 1996; Nunes et al., 1997; Annes
et al., 2003; Dallas et al., 2005).

In this study, we investigated the potential /n vitro anti-fibrotic effects of AEEA on ECM
morphology using scanning electron microscopy (SEM), on biophysical property by atomic
force microscopy (AFM) analysis, and on biochemical changes analyzed by Western blot.
We also investigated the effects of AEEA on TGF-pl-mediated responses, which are
thought to play a pivotal role in HS formation (Penn et al., 2012). Further, we tested several
chemical analogs of AEEA and identified four with effects similar to those of AEAA,
suggesting that a chemical structure—activity relationship (SAR) could be explored to
develop novel HS therapies.

Materials and methods

Materials

AEEA was supplied by BASF SE, Ludwigshafen, Germany (lot number: AE4AQ790H0;
purity 99.8%). We purchased the following from Sigma-Aldrich (St. Louis, MO): the AEEA
analogs diethylenetriamine (catalog # D93856), diethanolamine (catalog # D8885), 2-(2-
(methylamino)-ethylamino)-ethanol (catalog # S522449), triethanolamine (catalog # 90279),
2-(2-aminoethoxy)ethanol (catalog # A54059), 2-(2-aminoethoxy)ethylamine (catalog #
CDS000024); digitonin (catalog # 260746 Aldrich), sodium deoxycholate (catalog #
D6750); (+)-sodium L-ascorbate (catalog # A4034); sodium phosphate dibasic (catalog #
S0876); sodium phosphate mono basic (catalog # S0751); Trizma base (catalog # T-8524);
Tween 20 (catalog # P9416); and urea (catalog # U5128), and chloramine T (catalog #
857319). Sodium chloride (catalog # 7581) was from Mallinckrodt Chemicals (Phillipsburg,
NJ). Hydrochloric Acid (catalog # A144) and Ehrlich’s solution (catalog # LC140802) were
purchased from Fisher Scientific (Tampa, FL). Recombinant human TGF-p1 protein
(catalog# GF111) was purchased from EMD Millipore. Protease inhibitor cocktail
(cOmplete, EDTA-free Protease Inhibitor Cocktail Tablets, catalog # 05056489001) was
from Roche Diagnostics (Indianapolis, IN). Novex NUPAGE SDS-PAGE gels (4-12% Bis-
Tris pre-cast gels, catalog # NP0321), NUPAGE™ LDS sample buffer (4X) (catalog #
NP0007), PageRuler™ plus prestained protein ladder (catalog # 26619), Invitrogen™
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Novex™ 10X Bolt™ sample reducing agent (catalog # B0009), NUPAGE™ antioxidant
(catalog # NP0005), NUPAGE MOPS SDS running buffer (catalog# NP0001), NUPAGE 7%
Tris-Acetate native gel (catalog # EA0355), NativePAGE™ Novex™ 3-12% Bis-Tris protein
gels (catalog # BN1001), Novex® Tris-Glycine native running buffer (catalog #LC2672),
Novex® Tris-Glycine native sample buffer (2X) (catalog # LC2673) were obtained from
Invitrogen Life Technologies Corporation, Thermo Fisher Scientific (Waltham, MA).
Immobilon-P (PVDF) transfer membrane (catalog # IPVH00010) was from EMD Millipore
(Billerica, MA). Antibody against type | collagen (catalog # ab34710) and secondary
antibodies including anti-rabbit and anti-mouse 1gG antibodies conjugated to horseradish
peroxidase (catalog # ab6721 and ab6728, respectively) were from Abeam (Cambridge,
MA). Antibody against GAPDH (catalog # sc-365062) was obtained from Santa Cruz
Biotechnology, Inc. (Dallas, TX). Blue X-ray films (catalog # F-BX810) were from Phenix
Research Products (Candler, NC), and Amersham ECL Western blotting detection reagent
(catalog # RPN2106) was from GE Healthcare Bio-Sciences (Pittsburgh, PA). The MTT cell
proliferation assay kit (catalog # ATCC® 30-1010K) was from American Type Culture
Collection (Manassas, VA).

Human skin fibroblast culture and AEEA treatment

HTS fibroblasts utilized were primary dermal fibroblasts isolated from a HS of a burn
patient, and NBS fibroblasts were isolated from non-burned skin; both cell lines were
obtained from the same patient (Zhang et al., 2012). PCS are commercially available human
primary dermal fibroblasts obtained from normal neonatal foreskin (catalog # ATCC®
PCS-201-010™), and were purchased from American Type Culture Collection (Manassas,
VA). Cells were cultured in Dulbecco's Modified Eagle’s Medium containing 4.5 g/L
glucose, L-glutamine, and sodium pyruvate (catalog number 10-013-CV, Coming Life
Sciences, Manassas, VVA) and supplemented with 15% fetal calf serum (catalog # 10437028)
and 1% 100 x Antibiotic-Antimycotic (catalog # 15240062) obtained from Gibco, Thermo
Fisher Scientific (Waltham, MA). Cells were treated with AEEA as described previously
(Chen et al., 2015). Sodium ascorbate (50 pg/ml), which is a crucial cofactor for lysyl
oxidase, lysyl hydroxylase, and proline hydroxylase, was added daily for 5 days a week to
stimulate ECM assembly (Pinnell, 1985; Pinnel et al., 1987; Davidson et al., 1997).

Cytotoxicity assays in dermal fibroblasts

The cytotoxicity of AEEA in the three primary human dermal fibroblast cell lines (HTS,
NBS and PCS) was measured using a MTT cell proliferation assay Kit, as described
previously (He et al., 1998; Yang et al., 2004; Chen et al., 2015). The cells were incubated
with varying concentrations of AEEA (0.0 to 40.0 mM). Absorbance was read at 570 nm
with a microplate reader (FLUOStar Optima, BMG Lab tech, Cary, NC).

Preparation of decellularized matrix produced by human scar fibroblasts

The decellularized matrix samples were prepared using a previously described method
(Chen et al., 2015). Briefly, cells were cultured as described above on 13-mm diameter
coverslips (Nunc™ Thermanox™ coverslips, catalog #174950, Thermo Fisher Scientific,
Waltham, MA) in 24-well cell culture plates. After AEEA treatments (0.0 to 100.0 uM), the
resulting tissue sheets were gently rinsed twice with PBS and incubated in sterile deionized
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water for 20 minutes at 4°C to lyse the cells under hypotonic conditions for
decellularization. The water was then changed, and ECM samples were kept overnight at
4°C. The next day, the water was replaced with PBS. The ECM samples were used either for
AFM without fixation or fixed for SEM with standard procedures (Chen et al., 2015).

Scanning electron microscopy

The SEM samples prepared on slides as described above were washed twice with PBS and
processed as previously described (Chen et al., 2015). Specimens were scanned using a
Nova NanoSEM 230 scanning electron microscope (FEI, Hillsboro, OR). All imaging
(working distance of 5 mm, acceleration 5 to 8 kV) was performed at room temperature and
under high vacuum (5E-6 Torr), and the images were obtained at a spot size of 2.5.

Atomic force microscopy

The mechanical properties of ECM samples were studied as described previously
(Oberhauser et al., 1998; Chen et al., 2015). The rms force noise (1-kHz bandwidth) was
~10 pN. Unless noted, the compression and pulling speed of the different force—distance
curves was in the range of 0.1 to 0.5 nm/ms. For estimation of Young’s modulus using AFM,
a controlled deformation was applied to the sample and the compressive forces were
measured through the cantilever deflection (Fig. 3A). The force—displacement (F-x) curves
were produced by converting cantilever deflection (d) into force (F) by means of F = kd,
where k is the cantilever spring constant. The Young modulus (E) was estimated as
described previously (Chen et al., 2015). To obtain accurate elasticity measurements in every
sample, a 100 x 100 nm? region was probed by running 100 force-displacement curves. The
contact stiffness has the dimension of force per unit length and is calculated as the derivative
of the upper ~30% of the unloading part of the compression curve. Agarose gel films served
as a reference, since their Young’s modulus is well known (Stolz et al., 2004; Loparic et al.,
2010); the films were prepared using 2.5% (w/w) agarose (Sigma) in water as previously
described (Stolz et al., 2004).

Protein detection via Western blot

Fibroblasts were cultured in 6-well plates (Corning™ Costar™, Catalog # 07-200-83) from
Fisher Scientific (Tampa, FL), treated with varying concentrations of AEEA, and gently
washed with 4°C pre-chilled PBS when harvested. Cross-linked collagens are not soluble;
however, non-cross-linked collagens can be extracted depending on the strength of the
extracting solution. Therefore, the samples were serially extracted, first with native lysis
buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, and 1% digitonin (Demoliou-
Mason and Barnard, 1984; Mooney, 1988). Supernatants were saved. For the second
extraction of the serial extraction, pellets were carefully re-suspended in urea lysis buffer,
incubated on ice for 15 minutes, and centrifuged as above. The resulting supernatants were
collected and saved. Urea lysis buffer was modified based on the 4X LOX buffer previously
described (Bertram and Hass, 2009), which contains 4.8 M urea and 200 mM sodium
phosphate buffer [pH 7.4]. Western blots were performed as described previously (Chen et
al., 2015). Densitometry of bands was analyzed with ImageJ (Schneider et al., 2012a).
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Hydroxyproline Assay

Results

The hydroxyproline contents in pellets obtained after the serial extraction described above
were determined based on a modification of previously described protocols (Wells et al.,
2009; Sousse et al., 2011; Cissell et al., 2017). Briefly, each pellet from the cells in a well of
6-well plate was resuspended in 100 ul 12 N HCI and vortexed. After hydrolysis, the
samples were incubated at room temperature with 625 pl chloramine-T solution for 20
minutes, combined with 625 pl Ehrlich’s solution at 65°C for 20 min, and cooled to room
temperature. 200 pul from each tube was transferred to a 96-well plate in triplicate and optical
density was measured at 550 nm, and the concentration of hydroxyproline was calculated
against a standard curve (Wells et al., 2009; Sousse et al., 2011; Cissell et al., 2017).

AEEA at micro molar concentration lacks in vitro cytotoxicity

MTT assays were performed in HTS fibroblasts as well as primary dermal fibroblasts
isolated from non-burned skin of the same burn patient (NBS fibroblasts) and commercially
available primary dermal fibroblasts from neonatal foreskin (PCS fibroblasts). The viability
of the cells was calculated based on the optical density values that were normalized to that of
the control (untreated) cells and expressed as a percentage of the control (Fig. 1), and the
LCsp was determined using adjusted optical absorbance values (Table 1). These results are
similar to those previously obtained in primary cultured rat aortic smooth muscle cells (Chen
et al., 2015). Thus, AEEA concentrations used in subsequent experiments were far below the
LCsp.

AEEA disrupted ECM structure in vitro

The effects of AEEA on ECM morphology were investigated in cultures of primary dermal
fibroblasts (HTS fibroblasts) isolated from HS tissue from a burn patient. HTS fibroblasts
were treated with AEEA (0.0, 25.0, 50.0, or 100.0 uM) for 14 days, and decellularized
matrix scaffolds were prepared and analyzed via SEM. Cells treated with varying
concentrations of AEEA appeared viable when observed under an optical microscope. Only
rarely were dead cells seen (Fig. 2, top panel). Low-magnification (x 6000) SEM showed
that the decellularized matrix scaffolds prepared from control (untreated) cells were
integrated and relatively solid and compact, with a thin layer of discontinuous cell
membrane being present at the surface of the ECM. At high magnification (x 60,000), the
scaffolds appeared relatively flat, and some fibers could be clearly seen. In contrast, low
magnification views of decellularized matrix scaffolds from AEEA-exposed cells revealed
irregularities, the size and occurrence of which appeared to increase with increasing AEEA
concentration (Fig. 2, middle panel, pointed out by arrowheads). The thin membrane present
at the surface of ECM prepared from control cells was absent in ECM from AEEA-treated
cells. High magnification views showed ECM fibers were considerably less abundant in cells
exposed to 25.0 uM AEEA than in control cells, and fibers were not observed in ECM
prepared from cells exposed to 50.0 to 100.0 uM AEEA (Fig. 2, lower panel). At high
magnification, these increases in irregularities of ECM in a concentration dependent manner
were also confirmed (Fig. 2, lower panel, pointed out by arrowheads). These results indicate
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that AEEA alters the microstructure of ECM formed by HTS cells in vitroin a
concentration-dependent manner.

AEEA increased the contact stiffness of ECM in vitro

To further quantify and better understand the effects of AEEA on ECM structure, we
performed compression AFM (Fig. 3A) as described previously (Chen et al., 2015) to
analyze the mechanical properties of ECM. Elastic deformation of ECM samples was
determined using force-displacement curves for 2.5% agarose and glass as references (Fig.
3B). Glass is non-deformable, while 2.5% agarose has tissue-like elasticity, with a reported
elastic (Young's) modulus of ~25 kPa as determined by AFM (Stolz et al., 2004; Loparic et
al., 2010) and as confirmed here by fitting the contact region of the force-displacement
curves using the Hertz model (25 + 8 kPa). Fig. 3C shows force-displacement curves of
ECM from HTS cells exposed to increasing concentrations of AEEA (0.0, 50.0, and 100.0
uM). We found that AEEA remarkably affected the nano-mechanics of the ECM. In
untreated cells, ECM had a contact stiffness of 0.7 pN/nm, whereas a contact stiffness of 0.9
and 3.1 pN/nm in cells treated with 50.0 or 100.0 uM AEEA, respectively. These results
suggest that AEEA causes a stiffening of the 3D nano-structure of the ECM.

AEEA increased the extractability of type | collagen protein

Type | collagen is a major component of skin and scar tissue, particularly HS tissue
(Prockop and Kivirikko, 1995; Shoulders and Raines, 2009). To better understand the
biochemical mechanisms underlying biophysical and micro-morphological aberrations in
HTS fibroblast ECM, we performed Western blots to analyze the expression and
extractability of type I collagen in HTS fibroblasts. This analysis was repeated in NBS and
PCS fibroblasts to determine if AEEA causes similar alterations in human primary dermal
fibroblasts from non-scar tissue. Fibroblasts were treated with varying concentrations of
AEEA (0.0, 12.5, 25.0, 50.0, 100.0, or 250.0 uM) for 10 days and subjected to serial
extractions. Proteins were then detected with antibody against type | collagen. Up to three
bands were routinely detected. The intensities of the type | collagen bands increased in a
dose-dependent manner in all three human primary dermal fibroblasts cell lines treated with
AEEA (Fig. 4A). Next, we investigated time-dependent effects of AEEA on type | collagen
extractability up to 14 days after 50.0 UM AEEA exposure. The intensities of the type |
collagen bands increased in a time-dependent manner in the three cell lines treated with
AEEA (Fig. 4B). These findings indicate that AEEA profoundly affects collagen
extractability.

Effects of AEEA and TGF-p1 on the extractability and 3D structure of type | collagen

To investigate the effects of TGF-B1 and TGF-B1-AEEA interplay on collagen type |
extractability, we performed Western blot analysis of serially extracted proteins from HTS
fibroblasts treated with AEEA and/or TGF-p1. HTS fibroblasts were treated with AEEA
(0.0 or 50.0 uM) and 4 days later, retreated with AEEA (0.0 or 50.0 uM) and/or TGF-B1 (0.0
or 2.5 ng/ml). At 7 days after AEEA treatment, native samples were prepared in digitonin
lysis buffer, separated in denaturing gels, and probed with type I collagen antibody. In TGF-
Bl-treated cells, the extractability of type | collagen decreased slightly. In AEEA-treated
cells, the intensity of the upper band increased slightly, that of the middle band was similar
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to intensity of the control, and the intensity of the lower band decreased. In cells treated with
both AEEA and TGF-B1, the intensities of the three bands were slightly greater than seen
with TGF-B1 alone but slightly weaker than seen with AEEA alone, suggesting that AEEA
countered the effects of TGF-p1 in the formation of ECM (Fig. 5 A, top panel).

Specific post-translational modifications to type | collagen are essential for the formation of
functional fibrils (Kaku et al., 2007). TGF-p may induce expression of prolyl hydroxylase
(Tsuji-Naito et al., 2010) and lysyl oxidase (Feres-Filho et al., 1995; Voloshenyuk et al.,
2011), consequently alters the collagen post-translational modification and accelerates
procollagen processing in cultured cells (Varga and Jimenez, 1986). These may result in
changes in 3D structure, which may be identified by comparing the electrophoretic behavior
of the protein (/. ¢ type | collagen) in denaturing gels and native gels. To this end, the native
samples examined above were electrophoresed in native gels. When the native samples were
separated in NUPAGE 7% Tris-Acetate native gel with the electrophoresis buffer in control
sample, the upper band was more intense than the middle band, whereas the lower band was
very faint. The two uppermost bands appeared as doublets or triplets (Fig. 5, middle panel,
upper row). TGF-B1 exposure increased the intensity of the upper and lower band but
decreased that of the middle band. An additional band was observed between the top and
middle band that was not detected in the control, AEEA (50 uM), or AEEA (50 uM) + TGF-
B1 (2.5 ng/ml) samples. In AEEA-treated cells, the intensity of the upper bands was lower
than that of controls, but the middle and lower bands became slightly more intense. In cells
co-treated with AEEA and TGF-B1, the intensities of the three bands were slightly lower
than those seen with TGF-B1 alone but slightly greater than those seen with AEEA alone.
When the native samples were separated in Native PAGE™ Novex™ 3-12% Bis-Tris protein
gels with the electrophoresis buffer in the cathode tank contained 1.0% DOC, only one
major band was detected with the type I collagen antibody and the GAPDH band was not
detected. The overall changes of the intensity of the bands for type | collagen were similar to
those seen with 0.2% DOC (Fig. 5 A, middle panel, lower row).

In summary, band intensities in samples extracted with digitonin were not consistent
between the denaturing gel and native gel analyses. In TGF-p1-treated cells, the intensities
of the three major bands decreased in the denaturing gels, but those of the upper and lower
bands increased in the native gels. Whereas in AEEA-treated cells, the intensities of the
upper band increased in the denaturing gels, but the band decreased in the native gels. This
suggests that TGF-p1 and AEEA treatment affects the 3D structure of type | collagen
protein molecules, possibly by altering post-translational modifications.

In urea buffer fraction, the extractability of the two lower type I collagen bands was
decreased by TGF-B1 but increased by AEEA (Fig. 5A), indicating that both treatments
altered the extractability of type | collagen. The antagonization effect of AEEA to TGF-p1
on ECM formation was also observed in this fraction, when compared the band intensities in
the samples of cells treated with both AEEA and TGF-1 to that of TGF-B1 or AEEA alone,
which were consistent with that of the digitonin fraction described above.
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Effects of AEEA and TGF-B1 on the collagen deposition in vitro

To test the effects of AEEA and TGF-p1 on the collagen deposition (Wells et al., 2009) in
the Jin vitro formed ECM, the hydroxyproline in the pellets obtained after the serial
extraction was quantified. Treatment with AEEA slightly increased the content of
hydroxyproline, from 0.173 £+ 0.006 mg/ml to 0.187 + 0.015 mg/ml, which was
approximately 7% increase when compared with that of the control samples. Treatment of
TGF-B1 or the combination of TGF-B1 and AEEA did not change the content of
hydroxyproline in the pellets (Fig. 5C).

Analysis of chemical structure—activity relationship

To search for agents chemically related to AEEA with more robust anti-fibrotic and anti-
scarring properties, as well as to further investigate the molecular mechanisms underlying
the effects of AEEA on ECM formation, we conducted studies of analogs of AEEA
regarding a possible chemical structure—activity relationship (SAR). Such analyses enable
identification of the chemical group, or key pharmacophore, responsible for eliciting any
given biological effect (Perkins et al., 2003; Taylor et al., 2003; Carotenuto et al., 2006;
Nantasenamat et al., 2010). We tested 12 commercially available chemical analogs of
AEEA, all were modified at the hydroxyl or two amino functional groups. Extractability of
type | collagen was analyzed in HTS fibroblasts exposed to 50 pM of analog for 10 days.
Western blot data are shown for six analogs in Fig. 6A: diethylenetriamine (Al),
diethanolamine (A2), 2-(2-(methylamino)-ethylamino)-ethanol (A3), triethanolamine (A4),
2-(2-aminoethoxy) ethanol (A5), and 2-(2-aminoethoxy) ethylamine (A6). Analysis of the
native lysis buffer-extracted samples revealed that A1, A2, A4, and A5 slightly increased the
intensity of the bands, particularly the lower bands, relative to the control. In samples re-
extracted with urea lysis buffer, the intensities of the lower bands increased substantially in
the samples from AEEA-, Al- and A6-treated cells (approximately 2.9-, 3.1- and 3.2- fold
of that on the control, respectively) and drastically increased in samples from the cells
treated with A5 (approximately 5.3-fold of that on the control). These data clearly show that
altering the hydroxyl or amino pharmacophores affects activity and thus may guide rational
drug design using such chemotypes as lead molecules.

The hydroxyproline contents in the pellets obtained after the serial extraction were
quantified to test the effects of AEEA and its analogues on collagen deposition in the ECM
formed /n vitro. A4 and A6 slightly increased the contents of hydroxyproline 10 days post
treatment, from 0.163 + 0.008 mg/ml (Control) to 0.195 + 0.034 mg/ml (A4) and 0.172

+ 0.008 mg/ml (A6), respectively (Fig. 6 C). Treatment of AEEA, Al, A2, A3 and A5 did
not change the contents of hydroxyproline.

Discussion

Developing innovative effective pharmacologic therapies for the prevention and treatment of
HS in burn rehabilitation is essential, since none is currently available other than surgical
resection. The cutaneous ECM not only serves as a structural scaffold, but also has multiple
physiological roles, including storage and delivery of growth factors and cytokines and
tissue repair. Wound healing and the progression of fibrosis are tightly controlled by the

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 10

assembly, composition, and hierarchical architecture of the ECM. Abnormal reconstruction
of the ECM and increased deposition of ECM proteins, particularly collagen (Midwood et
al., 2004; Myllyharju and Kivirikko, 2004; van der Veer et al., 2009; Reinke and Sorg, 2012;
Carver and Goldsmith, 2013; Mouw et al., 2014; Zgheib et al., 2014; Xue and Jackson,
2015), and increase of the cross-linking of collagen (Moriguchi and Fujimoto, 1979; Cohen,
1985; Uzawa et al., 1998; van den Bogaerdt et al., 2009) contribute to HS formation. Thus,
blocking excessive formation of ECM and the cross-linking of collagen during the
remodeling phase of wound healing may reduce the abnormal scarring that results in HS.

To determine whether AEEA possesses potential anti-scar properties, we first investigated
the effects of AEEA on the morphology of the ECM formed by human HTS fibroblasts /n
vitro. Cultured dermal fibroblasts can produce ECM, and an ECM sheet can be observed
when cells are scraped with a cell lifter or scraper. In our studies, cultured human dermal
fibroblasts usually produced a thin ECM sheet approximately 7 days after cell seeding. The
ECM sheet then became thicker gradually by up to approximately 2 weeks (the longest time
examined in this study) and could be examined via scanning electron microscopy and atomic
force microscopy. Therefore, cultured dermal fibroblasts provide a convenient system for
studying aberrations in collagen metabolism (Booth et al., 1980; Uitto et al., 1980; Booth
and Uitto, 1981) and ECM formation under a variety of conditions /in7 vitro, as illustrated by
our previous study of /n vivoand in vitro vascular ECM formation (Chen et al., 2015).
While animal models provide a useful approach for studying the mechanisms underlying HS
formation, /n vitro models offer many advantages, such as providing a simpler system for
investigation of a small number of issues. Studying human cell lines also eliminates species
bias. Furthermore, cell models can be adapted for high-throughput screening of molecules
with pharmacological or toxicological activity.

Similar to our previous studies on rat aorta smooth muscle cells (Chen et al., 2015), this
study relied on micromolar concentrations of AEEA which were far below the LCgg
determined by MTT assay (e.g., in the range of 18.26 to 25.25 mM). Visual inspection under
an optical microscope showed that, for all three human dermal fibroblast types, most cells
treated with micromolar AEEA concentrations appeared unchanged in morphology or
growth for up to 2 weeks.

SEM revealed that treatment with AEEA markedly altered the structure of the ECM
produced /n vitro. More irregularities were present, and AEEA decreased the number of
fibers in a dose-dependent manner, suggesting that AEEA hinders ECM formation. In
addition, a thin layer of what appeared to be a possible cell membrane was observed at the
surface of the ECM prepared from control cells but not AEEA-treated cells, suggesting that
AEEA decreases the binding of cell membrane to the ECM, which remains to be further
determined.

Next, AFM indentation studies were performed to determine the effect of AEEA on the
biophysical properties of ECM formed by HTS fibroblasts /n7 vitro. These studies revealed
that AEEA had a considerable effect on the mechanical properties of ECM produced by
cultured HTS fibroblasts. Specifically, they suggested that AEEA induces marked stiffening
of the ECM. Since the AFM tip is smaller than the diameter of a collagen fiber, the reduction
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in the deformability suggests that the ECM nano-structure was altered, perhaps as a result of
a change in the 3D organization of collagen-elastin network. Understanding how such a
decrease in deformability is associated with changes in the interstitial matrix of the ECM in
HS should be a goal of future studies.

Collagens are the most abundant macromolecules in the ECM and have versatile physiologic
roles ranging from providing structural support to mediating cell signaling. Collagen is
involved in all 3 phases of the wound-healing cascade (Fleck and Simman, 2010). Type |
collagen is the major component of skin and scar tissue, including HS (Prockop and
Kivirikko, 1984; Prockop and Kivirikko, 1995; Shoulders and Raines, 2009). Deposition of
excess collagen results in a pathological scar (Tredget et al., 2014; Zgheib et al., 2014).
Western blot analysis of type | collagen was performed in HTS fibroblasts and two other
human primary dermal fibroblasts cell lines (NBS and PCS fibroblasts) to investigate the
biochemical mechanisms underlying biophysical and micro-morphological aberrations in
HS ECM. Type | collagen extractability may depend on the strength of detergents in the
lysis buffers and intermolecular protein interactions, which are associated with post-
translational modification (Kivirikko and Myllyla, 1982; Kivirikko and Myllyla, 1987;
Koivu, 1987; Prockop and Kivirikko, 1995; Kivirikko and Pihlajaniemi, 1998; Jurgensen et
al., 2011; Yamauchi and Sricholpech, 2012; Perdivara et al., 2013; Terajima et al., 2014;
Gjaltema and Bank, 2017). The results showed that AEEA increased the extractability of
type | collagen in a dose- and time-dependent fashion, particularly in urea (Pace, 1986;
Bennion and Daggett, 2003; Hua et al., 2008; Li et al., 2012) fractions, perhaps by
interfering with intermolecular interactions and/or crosslinking within the collagen
molecule.

Collagen is post-translationally modified in several ways (Prockop and Kivirikko, 1995;
Myllyharju and Kivirikko, 2004; Gjaltema and Bank, 2017): 1) Signal peptides that direct
the pre-pro-peptide into the endoplasmic reticulum are cleaved. 2) Lysyl hydroxylase
hydroxylates lysine residues (Kivirikko and Pihlajaniemi, 1998); and 3) prolyl hydroxylase
hydroxylates proline residues (Smith and Talbot, 2010). 4) Some hydroxylysine residues
undergo glycosylation to form galactosylhydroxylysine and
glucosylgalactosylhydroxylysine, and certain asparagine residues in the C propeptides or
some in both the N and C propeptides undergo glycosylation (Butler and Cunningham,
1966; Kivirikko and Myllyla, 1982; Kivirikko and Myllyla, 1987; Myllyharju and Kivirikko,
2001; Yamauchi and Sricholpech, 2012; Perdivara et al., 2013; Terajima et al., 2014). 5)
Intermolecular disulphide bonds also form (Bernard et al., 1983; Koivu, 1987; Pace et al.,
2001; Pawelec et al., 2016). Glycosylation is a very important post-translational
modification of collagen (Perdivara et al., 2013). Collagen glycosylation is thought to play a
key role in regulating its crosslinking. Glycosylation may facilitate interactions between
collagen and other molecules, increase collagen resistance to proteolytic degradation, and
regulate lateral growth of collagen fibrils (Vogel et al., 1997; Bhadriraju et al., 2009;
Jurgensen et al., 2011; Xu et al., 2011; Yamauchi and Sricholpech, 2012). Glycan in fibrillar
collagen also serves as a ligand for collagen-specific cell-surface receptors, such as discoidin
domain receptors 1 and 2 (Mogel et al., 1997; Bhadriraju et al., 2009; Jurgensen et al., 2011;
Xu et al., 2011; Que et al., 2015); in this way, glycan regulates certain signaling pathways.
In denaturing gels, the presence of anionic detergents such as SDS may linearize proteins
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and impart a negative charge (Shapiro et al., 1967; Reynolds and Tanford, 1970). In addition,
reducing agents may disrupt the disulfide bonds of protein and then further linearize the
proteins. On the other hand, in clear-native PAGE, proteins are folded or assembled so that
the physical size of the 3D protein, individual molecule, or protein complex as well as the
electric charge at the surface of protein affects its mobility (Wittig and Schagger, 2005;
Wittig and Schagger, 2008). Therefore, the electrophoretic behavior of a native protein may
differ from that of a denatured protein. The presence of DOC in the cathode buffer may be
advantageous for detecting proteins in clear-native PAGE (Ladig et al., 2011). In our
experience, the concentration of DOC in the electrophoresis buffer markedly affects the
electrophoretic behavior of native collagen. In the absence of DOC, no type | collagen bands
were detected, but only smears. At 0.2% DOC, three major bands of type I collagen were
easily detected, and a GAPDH band was evident, whereas at a higher DOC concentration
(1%), only one major band of collagen type | was detected, and the GAPDH band became
undetectable. Different DOC concentrations, particularly those below the critical micelle
concentration, e.g., less than 5 mM (Matsuoka et al., 2013), may affect the intramolecular
and intermolecular interactions of the collagen protein to a different extent, resulting in
differing 3D structures and electrophoretic behaviors of native collagen protein.

In our experiments, cells were seed at higher densities, i.e., were confluent on the next day.
After extractions, wet weight of each pellet obtained when cells were harvested 10 to 14
days post treatment was approximately 12~16 mg/well, and the size of pellets among the
different treated cells in the same batch of experiments looked quite similar. The digitonin
and urea fraction usually contain approximately 400~600 pg and 80~100 ug total protein/
well, respectively. In the denaturing gels, treatment with TGFp1 caused a decrease of
intensity of collagen type | bands. This decrease could be due to less extractability of
collagen type I. Treatment with TGFB1 did not increase the collagen deposition, which
suggests that the extractable collagen in the two fractions (digitonin and urea) could be only
a small portion of the total collagen. Also, most of the collagen could be in the cross-linked
form, and thus would remain in the pellets after extraction.

SAR analysis enables identification of the chemical group underlying any given biological
effect in an organism or cells. This allows one to optimize the biological effect by changing
the chemical structure. For example, one can increase the potency and reduce the toxicity
and/or side-effects of a bioactive compound by replacing the chemical groups or inserting
new ones (Taylor et al., 2003; Carotenuto et al., 2006; Nantasenamat et al., 2010). AEEA
was not found to be genotoxic in tests for gene mutation, chromosomal aberrations, sister
chromatid exchange, or unscheduled DNA synthesis in bacteria and mammalian cells in
vitro (Leung, 1994). Although it is extensively used in industry as a chemical intermediate
(Moore et al., 2012; Schneider et al., 2012b), the potential toxicity of AEEA to human
remains to be investigated. However, AEEA induced dissecting aortic aneurysm in the
offspring of rats during gestation and early lactation (Moore et al., 2012; Schneider et al.,
2012b; Xu et al., 2014; Chen et al., 2015). In addition, at higher concentration, /.e., 1%
(approximately 96 mM, which is much higher than the UM concentration used in this study),
AEEA may be a skin sensitizer (Foti et al., 2001). This study shows that altering the
hydroxyl or amino pharmacophores affects activity and thus, that a SAR exists. Future
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investigation of specifically designed analogs may guide rational chemical design and lead
to the discovery of drugs that effectively reduce hypertrophic scarring.

AEEA did not increase collagen deposition when cells were treated for 10 days, although it
slightly increased the hydroxyproline content when cells were treated for 7 days. The
mechanisms of these paradoxical phenomena remains to be further studied. Among the 6
AEEA analogues, 4 did not change collagen deposition, whereas 2 of them (A4 and A6)
slightly increased the collagen deposition. These data suggest that these chemicals may
cause changes of post-translational modifications of collagen, but not collagen synthesis /in
vitro. The detail changes of post-translational modifications of collagen and how they would
affect HTS formation remain to be further investigated.

To conclude, these /n vitro studies showed that non-toxic micromolar concentrations of
AEEA may alter the micro-3D structure of the ECM produced by cultured HTS fibroblasts
as observed by SEM. AEEA also made the ECM stiffer, and less deformable, as seen by
AFM. Western blot analyses showed that AEEA increased the extractability of type |
collagen in a dose- and time-dependent fashion. The difference of the electrophoretic
behavior of the same set of samples under native and denaturing conditions suggested that
AEEA alters the 3D structure of type I collagen. These findings indicate that AEEA has a
profound effect on collagen metabolism, perhaps owing to its ability to alter the
intramolecular and intermolecular interactions of the collagen molecule. Data obtained here
from SAR analyses suggest that further search and design of AEEA analogs are promising
strategies for developing new therapies for hypertrophic scarring. Future studies of AEEA
will focus on potential therapeutic effects of this or similar agents.
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. Up to 90% of severely burned patients develop hypertrophic scarring.

. Most pharmacologic therapies are unsatisfactory.

. AEEA alters the structure of dermal extracellular matrix formed in vitro.

. Chemical structure—activity relationship of possible anti-fibrotic effects exists.

. Altering the hydroxyl or amino structure may increase AEEA's anti-fibrotic
effects.
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Figure 1. Cytotoxicity of AEEA in three human primary dermal fibroblast cell lines.
MTT assays were performed to determine cell viability. HTS, NBS or PCS cells were

exposed to varying concentrations of AEEA (0.0, 0.5, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0,
or 40.0 mM) for 24 h or 48 h. Absorbance values were read at 570 nm with a microplate
reader, adjusted by subtracting the optical density of the media control, which is the media
contained each corresponding concentration of AEEA in those wells without cells on the
same plate, and normalized to the reading in the untreated control well. Four replicate wells
were used for each assay. Values were the mean and SD of three separate experiments.
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Figure 2. AEEA markedly altered the structure of the extracellular matrix produced in vitro.
Upper panel: Cells treated with AEEA (0.0, 25.0, 50.0, or 100 uM) for 14 days were

observed under an optical microscope (OM) before decellularization. Middle and lower
panels: ECM was examined with scanning electron microscopy (SEM) under low power (x
6,000 magnifications, middle panel) or high power (x 60,000 magnifications, lower panel).
(See Results for detailed description).
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Figure 3. AFM compression analysis of ECM formed in vitro.
(A) Example of an AFM compression experiment. Elastic deformation is calculated by

subtracting the force—displacement curve on glass, which served as a reference, from that on
elastin film. (B) Force—displacement curves obtained on a glass coverslip and 2.5% agarose
film. Agarose served as calibration reference, as it has a well-known elastic modulus of~
0.02 MPa. The dotted line corresponds to the force-displacement curve on the glass
coverslip. (C) Effect of AEEA (0.0, 50.0, or 100.0 uM) on force versus displacement during
compression cycles. The average slope obtained for ECM samples with increasing
concentrations of AEEA were as follows: 0.7 pN/nm (0.0 uM), 0.9 pN/nm (50.0 uM), and
3.1 pN/nm (100.0 uM).
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Figure 4. Effects of AEEA on extractability of type | collagen, and collagen deposition in three
human fibroblast cell lines.

(A) Cells were treated with varying concentrations of AEEA for 10 days. (B) Time course of
the effects of AEEA on the amount of extractable type | collagen protein. Cells were treated
with 50 UM AEEA and harvested at the indicated time. Digitonin: samples extracted with
native lysis buffer containing 1% digitonin. Urea: samples extracted with urea lysis buffer
after native lysis buffer extraction. Densitometry analysis: relative abundances were
normalized to the top band of the control sample of the digitonin fraction of each cell line,

respectively. These results were representative of at least three independent biological

replicates.
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FIGURE 5. Effects of AEEA and TGF-B1 on extractability, electrophoretic behaviors of type |

collagen, and collagen deposition.

A. Western blot analysis was performed on extracts under denaturing and native conditions

to determine whether the extractability and the 3D structure of type I collagen may be

altered by AEEA and TGF-B1. HTS fibroblasts were treated with AEEA (0 or 50 uM). 4
days after AEEA treatment, both AEEA and TGF-B1 (2.5 ng/ml) were added to the cells for
3 days, which were harvested later. DOC: sodium deoxycholate. B. Densitometry analysis:
relative abundances were normalized to the top band of the control sample of the digitonin
fraction. C. Quantitation of hydroxyproline in the pellets. (C: control; T: TGF-B1; A: AEEA,;
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T+ A: TGF-B1 + AEEA). These results were representative of at least three independent
biological replicates.
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Figure 6. Chemical structure—activity relationship analysis of AEEA analogs.
HTS fibroblasts were treated with 50 uM of the indicated analog. A. The chemical structure

of each is shown to the right. Western blots were performed to detect type | collagen.
Digitonin: samples were extracted with native lysis buffer containing 1% digitonin. Urea:
samples were extracted with urea lysis buffer after the extraction with native lysis buffer. B.
Densitometry analysis: relative abundances were normalized to the top band of the control
sample of the digitonin fraction. C. Quantitation of hydroxyproline in the pellets. (C:
control; A: AEEA). These results were representative of at least three independent biological
replicates.
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The median lethal concentration (LCsg), or the AEEA concentration producing 50% reduction in MTT
absorbance, was determined by linear regression statistical analysis. Each corresponding linear regression

LCx for all three cell lines.

Table 1.

equation and R-squared value is also shown. PT: post treatment.

Hours PT | Cells | LCsq (MM) Regresion Equation R-squared value
HTS 20.62 | y=-0.0241x + 0.9969 R2=0.9414
24 NBS 19.14 | y=-0.023 8x + 0.9848 R2=0.9132
PCS 23.48 | y=-0.0222x + 1.0213 R? = 0.9657
HTS 14.75 | y=-0.0246x + 0.8628 R2 = 0.9085
48 NBS 14.22 | y=-0.0260x + 0.8697 R?=0.8780
PCS 16.70 | y=-0.0267x + 0.9459 R? = 0.9363
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