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Abstract: Vitamin A derivative, all-trans-retinoic acid (ATRA), is known to be a potent regulator
of the growth and differentiation of various types of cells. In the present study, the unidentified
effects of ATRA on superficial and vertical spreading conjunctival scarring were examined. The study
involved the use of two-dimensional (2D) and three-dimensional (3D) cultures of human conjunctival
fibroblast (HconF) cells in the presence or absence of TGF-β2. The effects of ATRA (1 µM) on
superficial or vertical spreading conjunctival scarring were evaluated by the barrier function by trans-
endothelial electrical resistance (TEER) and FITC dextran permeability measurements and real-time
metabolic analysis, as well as the physical properties, namely, the size and stiffness, of 3D spheroids,
respectively. In addition, the expressions of several related molecules, including extracellular matrix
(ECM) molecules, ECM modulators including a tissue inhibitor of metalloproteinases (TIMPs), matrix
metalloproteinases (MMPs), and ER stress-related factors, were examined. ATRA significantly
induced (1) an increase in TEER values and a decrease in FITC dextran permeability, respectively, in
the 2D monolayers, and (2) relatively and substantially increased the size and stiffness, respectively,
of the 3D spheroids. These ATRA-induced effects were further enhanced in the TGF-β2-treated cells,
whereas the TGF-β2-induced enhancement in glycolytic capacity was canceled by the presence of
ATRA. Consistent with these physical and morphological effects, the mRNA expressions of several
molecules were significantly but differently induced between 2D and 3D cultures by ATRA, although
the presence of TGF-β2 did not substantially affect these gene expression levels. The findings reported
in this study indicate that ATRA may exacerbate both superficial and vertical conjunctival fibrosis
spreading independently of TGF-β2-induced changes.

Keywords: three-dimensional spheroid cultures; human conjunctival fibroblast (HconF);
all-trans-retinoic acid (ATRA); TGF-β2

1. Introduction

Conjunctival scarring is a well-known and common complication of several ocular
surface-related diseases, including infections, traumatic injuries, and others in the wound
healing response after ocular surgery [1]. Such conjunctival wound healing responses
can be characterized by two different mechanisms, that is, (1) superficial changes such
as re-epithelialization and wound contraction and (2) vertical changes in the form of
subconjunctival fibrous scar formation [1]. Within these mechanisms, transforming growth
factor-β (TGF-β) is recognized as a critical causative factor [2,3].

A derivative of vitamin A, all-trans-retinoic acid (ATRA), is a potent regulator of
the growth and differentiation of various types of cells [4,5]. Pharmacologically, ATRA
possesses anti-inflammatory action by the suppression of nuclear factor–κB (NF-κB) sig-
naling [6], as well as exerting an antifibrotic effect by attenuating the action of TGF-β

Bioengineering 2022, 9, 463. https://doi.org/10.3390/bioengineering9090463 https://www.mdpi.com/journal/bioengineering

https://doi.org/10.3390/bioengineering9090463
https://doi.org/10.3390/bioengineering9090463
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com
https://orcid.org/0000-0002-9157-3562
https://orcid.org/0000-0001-7876-1772
https://orcid.org/0000-0002-8026-6532
https://orcid.org/0000-0002-0145-3541
https://orcid.org/0000-0002-5165-6507
https://orcid.org/0000-0002-0124-5494
https://doi.org/10.3390/bioengineering9090463
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com/article/10.3390/bioengineering9090463?type=check_update&version=1


Bioengineering 2022, 9, 463 2 of 14

action [7]. In fact, it has been reported that a derivative of ATRA inhibited TGF-β–induced
liver fibrosis by suppressing the expression of the collagen 1A2 gene [8], and an isomer
of ATRA, 9-Cis-retinoic acid, has been reported to attenuate the TGF-β–induced fibrotic
changes within the cultured human mesangial cells [7]. In addition, such ATRA-induced
anti-TGF-β effects have also been considered to be therapeutic candidates for modulating
TGF-β subconjunctival wound healing, which is often observed post-surgery [9,10]. How-
ever, our knowledge of the drug-induced effects of ATRA toward two different responses,
superficial and vertical conjunctival scarring formation as above, is currently limited. In
our recent study, we successfully established in vitro models of replicated superficial and
vertical scarring formation using a three-dimension (3D) spheroid culture, in addition to
the conventional two-dimension (2D) cell culture of human conjunctival fibroblasts (HconF)
cells [11]. This prompted us to examine the drug-induced effects of ATRA with respect to
these established models.

Here, to study the drug-induced effects of ATRA on these 2D and 3D cultured HconF
cells, we performed the following measurements: (1) barrier functions of the TGF-β2
treated 2D cultured HconF monolayers by trans-endothelial electron resistance (TEER) and
FITC dextran permeability, (2) real-time mitochondrial and glycolytic cellular functions,
(3) measurements of the size and hardness of the TGF-β2-treated 3D HconF cell spheroids,
and (4) qPCR and/or immunocytochemistry of major extracellular matrix (ECM) molecules,
their modulators, and endoplasmic reticulum (ER) stress-related factors.

2. Materials and Methods
2.1. Preparations of the 2D and 3D Cultured Human Conjunctival Fibroblasts (HconF)

Two-dimensional cultures of HconF cells (ScienCell Research Laboratories, Carlsbad,
CA, USA) were cultured in 150 mm 2D culture dishes at 37 ◦C in Fibroblast Medium (FM,
Cat. #2301, ScienCell Research Laboratories, Carlsbad, CA, USA) [11]. They were further
maintained by changing the medium every other day or subjected to 3D spheroid cultures,
as described in our previous study [11]. In brief, 2D cultured HconF cells were washed
with phosphate-buffered saline (PBS), detached by treatment with 0.05% Trypsin/EDTA, re-
suspended in the Fibroblast Medium supplemented with 0.25% methylcellulose (Methocel
A4M) at a level of approximately 20,000 HconF cells in 28 µL, and each well was subjected
to hanging drop culture plates (# HDP1385, Sigma-Aldrich, St. Louis, MO, USA) (Day 0).
On each subsequent day until Day 6, half of the medium (14 µL) was exchanged with
fresh medium. During Days 1 through 6, TGF-β2 (5 ng/mL) and/or all-trans-retinoic acid
(ATRA, 1 µM) was added to the medium. These TGF-β2 and ATRA concentrations were
confirmed as the optimum conditions based on previous studies [9,12].

2.2. Analysis of Barrier Function of the HconF Cell Monolayer by TEER and FITC
Dextran Permeability

In the absence and presence of ATRA, HconF monolayers that had been treated with
TGF-β2 (5 ng/mL) and untreated HconF monolayers were placed in each well of the TEER
plate (0.4 µm pore size and 12 mm diameter; Corning Transwell, Sigma-Aldrich) and were
cultured as above. On Day 6, the TEER values were measured using an electrical resistance
system (KANTO CHEMICAL CO. INC., Tokyo, Japan), and FITC-dextran permeability was
evaluated by measuring the permeated fluorescence intensity through the membrane from
the basal compartment to the apical compartment during a period of 60 min as described
in our previous study [13].

2.3. Analysis of Real-Time Bio-Cellular Metabolic Functions

For the bio-cellular function of the 2D HconF cells, the oxygen consumption rate (OCR)
and the extracellular acidification (ECAR) of 2D HconF cells were evaluated by a Seahorse
XFe96 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), as described in our previ-
ous studies [14,15]. Briefly, 20 × 103 2D HconF cells were placed in wells of a 96-well assay
plate as follows: (1) non-treated control (NT), (2) treated with TGF-β2, (3) treated with
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ATRA, and (4) treated with TGF-β2 and ATRA. After replacing the culture medium with Sea-
horse XF DMEM assay medium (pH 7.4, Agilent Technologies, #103575-100) supplemented
with 5.5 mM glucose, 2.0 mM glutamine, and 1.0 mM sodium pyruvate, the basal OCR
and ECAR values were determined using a Seahorse XFe96 Bioanalyzer (San Francisco,
CA, USA), and thereafter, the samples were further analyzed after supplementation with
2.0 µM oligomycin, 5.0 µM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP),
1.0 µM rotenone and antimycin A, and 10 mM 2-deoxyglucose (2-DG). The OCR and ECAR
values were normalized to the amount of protein per well.

2.4. Evaluation of the Size and Hardness of HconF Cell 3D Spheroids

The physical properties, size, and hardness of the HconF 3D spheroids were character-
ized as reported in our previous studies [16,17]. In Brief, the mean sizes of the 3D spheroids
were measured using an inverted microscope (Nikon ECLIPSE TS2; Tokyo, Japan). Al-
ternatively, for the hardness measurement, a single living 3D spheroid was placed on a
3 mm × 3 mm plate and compressed until 50% deformation was achieved during 20 s
using a micro-compressor (MicroSquisher, CellScale, Waterloo, ON, Canada). The force
required (µN) was determined, and force/displacement (µN/µm) was calculated.

2.5. Immunocytechemictry of HconF Cells

The immunocytochemistry of the 2D and 3D cultured HconF cells was evaluated
as described in our previous studies [18,19]. In brief, individual cells were fixed in 4%
paraformaldehyde in PBS overnight, blocked in 3% BSA in PBS for 3 h, and washed twice
with PBS for 30 min. They were then sequentially treated with (1) 1:200 dilutions of primary
antibodies; an anti-human COL1 (#600-401-103-0.1, ROCKLAND Antibodies & Assays,
Limerick, PA, USA), COL4 (#600-401-106S, ROCKLAND Antibodies & Assays, Limerick,
PA, USA), COL6 (#009-001-108, ROCKLAND Antibodies & Assays, Limerick, PA, USA),
or FN (#A-11, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) rabbit antibody at 4 ◦C
overnight, (2) washed 3 times with PBS for 1 h each, (3) 1:1000 dilutions of a secondary
antibody; a goat anti-rabbit IgG (488 nm, #A27034, Invitrogen, Waltham, MA, USA) with
phalloidin (594 nm, 1:1000 dilutions, # 17466-45-4, Cayman Chemical, Ann Arbor, MI, USA)
and DAPI (1:1000 dilutions, # D523-10, DOJINDO, Osaka, Japan) for 3 hrs, and (4) mounting
ProLong Gold Antifade Mountant with a cover glass. Immunofluorescent labeling images
were obtained by means of a Nikon A1 confocal microscope (Nikon, Melville, NY, USA)
using a ×20 air objective with a resolution of 1024 × 1024 pixels.

2.6. Other Analytical Methods

As previously reported [18,19], total RNA was extracted from 2D or 3D HconF cells
using an RNeasy mini kit (Qiagen, Valencia, CA, USA) and was then subjected to reverse
transcription using the SuperScript IV kit (Invitrogen) as per the manufacturer’s instruc-
tions. Each respective gene expression was quantified by real-time PCR with the Universal
Taqman Master mix using a StepOnePlus machine (Applied Biosystems/Thermo Fisher
Scientific) using specific primers and probes (Supplementary Table S1). cDNA quantities
were normalized to the expression of 36B4 (Rplp0) and are shown as fold-change relative
to that for the control.

All statistical analyses were performed using Graph Pad Prism 8 (GraphPad Software,
San Diego, CA, USA), as described in a recent report [18,19]. A significant difference of
less than 0.05 between experimental groups by ANOVA followed by Tukey’s multiple
comparison test was determined to be statistically significant.

3. Results

In order to investigate the effects of all-trans retinoic acid (ATRA) on conjunctival
scarring, we employed our recently established in vitro model using 2D and 3D cultures
of TGF-β2-treated HconF cells, which replicate the horizontal and vertical spreading of
conjunctival scarring, respectively [11]. First, the ATRA-induced effects on the horizontal
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scaring direction of the conjunctiva were evaluated by trans-endothelial electron resistance
(TEER) and FITC dextran permeability measurements of TGF-β2-treated and untreated
HconF cell monolayers. As shown in Figure 1, upon exposure to a 5 ng/mL solution of TGF-
β2, TEER values and FITC dextran permeability were found to be significantly increased
or relatively decreased, respectively, as was observed in a previous study (Figure 1) [11].
Interestingly, 1 nM ATRA not only induced similar but more potent effects on TEER
and FITC dextran permeability as TGF-β2 but also enhanced the TGF-β2-induced effects
(Figure 1). To study this further, the effects of TGF-β2 and/or ATRA on real-time cellular
metabolism was measured using a Seahorse Bioanalyzer. As shown in Figure 2, although
neither TGF-β2 nor ATRA induced significant changes in the basal levels of OCR and
ECAR, which represent mitochondrial respiration and glycolysis activities, respectively,
glycolytic capacity was substantially increased by the mono-treatment of TGF-β2. These
results indicate that the TGF-β2 and/or ATRA-induced effects on the TEER and FITC
dextran permeability as above were independent of the mitochondrial respiration and
glycolysis activities within HconF cells. Secondly, in terms of the effects of ATRA on the
vertical spreading of conjunctival scarring, as shown in Figure 3, a mono-treatment of ATRA
caused the formation of relatively larger and substantially stiffer 3D HconF spheroids, and
those were further stimulated by TGF-β2. Therefore, these physical and functional analyses
indicate that ATRA stimulated both TGF-β2-related and unrelated horizontal and vertical
conjunctival scarring spreading with no significant effects on cellular metabolism.
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Figure 1. Effects of barrier functions of TGF-β2 untreated or treated HconF 2D monolayers. HconF
cell 2D monolayers treated with TGF-β2 (TGFβ, 5 ng/mL) and untreated monolayers were subjected
to analyses of TEER and FITC dextran permeability as their barrier functions in the absence or
presence of 1 µM ATRA. Plots of the electric resistance (Ωcm2) by TEER and the absorbance of
the permeated fluorescein are shown in panels (A,B), respectively. Experiments were repeated in
triplicate (n = 5 each). All data are expressed as the mean ± the standard error of the mean (SEM).
*** p < 0.005 and **** p < 0.001; ANOVA followed by a Tukey’s multiple comparison test.

To study these issues further and the expressions of major ECM molecules, their
modulators, including TIMP, MMP, and ER stress-related factors, were analyzed by qPCR
and/or immunocytochemistry. Regarding the mRNA expressions of ECM molecules,
TGF-β2 was found to only induce the upregulation of COL4 (2D) (Figure 4). In contrast,
ATRA caused significant but different changes; that is, for 2D (upregulation: COL4 and
αSMA, and downregulation: COL6) and 3D (significant upregulation: COL1, COL6, FN,
and αSMA, relative upregulation: COL4) (Figure 4). Such TGF-β2 and or ATRA-induced
changes were consistent with immunocytochemistry findings, except for COL6 and FN (3D)
(Figure 5). Regarding this difference between mRNA expressions and the immunolabeling
within the 3D spheroids, this was also reported in our previous study using cells from
several sources [17–21]. As a possible reason for this, we speculate that immunolabeling
may be representative of the expression of target molecules that are located on the surface
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of the 3D spheroids rather than the total expressions detected by qPCR analysis. Similar to
these effects observed in ECM molecules, the gene expression of their modulators, TIMPs,
MMPs, and ER-stress-related factors, were not significantly affected by TGF-β2, except
for the upregulation of MMP2 (2D). In the case of 2D and 3D cultures, ATRA significantly
modulated the expressions of these molecules but in different manners (Figures 6 and 7).
That is, in the case of 2D HconF cells, MMP 14 was upregulated, but in the case of 3D
HconF spheroids, TIMP1 and 2, MMP14, and CHOP were upregulated, and TIMP3 and
4, MMP2 and 9, and sXBP were downregulated. Thus, these collective results suggest
that ATRA exerts unfavorable effects on human conjunctival scarring itself by stimulating
TGF-β2-induced effects, especially in the case of spreading in the vertical direction.
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Figure 2. Effects of ATRA toward the mitochondrial glycolytic cellular functions of HconF 2D cells
treated with TGF-β2 on untreated 2D HconF cells. Two-dimensional HconF cells untreated and
treated with TGF-β2 (TGFβ, 5 ng/mL) were subjected to a seahorse real-time metabolic function
analysis in the absence or presence of 1 µM ATRA. Panels (A,B): Basal OCR and ECAR were measured
and then further measured by subsequent supplementation with a complex V inhibitor, oligomycin,
a protonphore, FCCP, complex I/III inhibitors, rotenone/antimycin A, and a hexokinase inhibitor,
2DG. Panels (C,E): basal respiration of OCR and ECAR. Panel (D): maximal respiration calculated by
subtraction of OCR with rotenone/antimycin A from OCR with FCCP. Panel (F): glycolytic capacity
calculated by subtraction of ECAR with 2-DG from the baseline. Experiments were repeated in
triplicate using fresh preparations (n = 5). Data are expressed as the mean ± the standard error of the
mean (SEM). * p < 0.05; ANOVA followed by a Tukey’s multiple comparison test.
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Figure 3. Effects of ATRA on the sizes and hardness of the TGF-β2 untreated or treated HconF 3D
spheroids. Three-dimensional HconF spheroids untreated and treated with TGF-β2 (TGFβ, 5 ng/mL)
were analyzed for their size and hardness measurements in the presence or absence of 1 µM ATRA.
Mean sizes (µm2) and the force required to compress to the semidiameter (µN/µm) of a single
3D spheroid within 20 s were plotted in panels (A,B), respectively. Experiments were repeated in
triplicate using fresh preparations (n = 16 spheroids each). Data are expressed as the mean ± standard
error of the mean (SEM). * p < 0.05, ** p < 0.01 and **** p < 0.001; ANOVA followed by a Tukey’s
multiple comparison test.
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Figure 4. Effects of ATRA toward the gene expression of ECMs of the TGF-β2 untreated or treated
HconF cells. Two-dimensional and three-dimensional HconF cells untreated and treated with TGF-
β2 (TGFβ, 5 ng/mL) were subjected to qPCR analysis in the presence or absence of 1 µM ATRA
and the mRNA expressions in ECMs, including COL1, COL4, COL6, FN, and aSMA, were evalu-
ated. All experiments were performed in triplicate using 3 different confluent 6-well dishes (2D) or
15 freshly prepared 3D HconF spheroids (3D) in each experimental condition. Data are expressed
as the mean ± standard error of the mean (SEM). * p < 0.05, ** p < 0.01 and *** p < 0.005; ANOVA
followed by a Tukey’s multiple comparison test.
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Figure 5. Effects of ATRA on the immunolabeling of ECM proteins of the TGF-β2 untreated or treated
HconF cells. Two-dimensional and three-dimensional HconF cells untreated and treated with TGF-β2
(TGFβ, 5 ng/mL) were subjected to immunolabeling for COL 1, COL 4, COL 6, FN, and aSMA in
the presence or absence of 1 µM ATRA. Experiments were repeated in duplicate (n = 5 in each).
Representative images of ECM staining (lower) and the merged images with DAPI (upper) are shown
in panels (A) (2D) and (B) (3D).
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Figure 6. Effects of ATRA toward the gene expression of TIMPs and MMPs of the TGF-β2 treated 
and untreated HconF cells. Two-dimensional and three-dimensional HconF cells untreated and 
treated with TGF-β2 (TGFβ, 5 ng/mL) were subjected to qPCR analysis to evaluate the expression 
of mRNA in TIMP1-4 (A) and MMP2, 9, and 14 (B), in the presence or absence of 1 μM ATRA. All 
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Figure 6. Effects of ATRA toward the gene expression of TIMPs and MMPs of the TGF-β2 treated and
untreated HconF cells. Two-dimensional and three-dimensional HconF cells untreated and treated
with TGF-β2 (TGFβ, 5 ng/mL) were subjected to qPCR analysis to evaluate the expression of mRNA
in TIMP1-4 (A) and MMP2, 9, and 14 (B), in the presence or absence of 1 µM ATRA. All experiments
were performed in triplicate using 3 different confluent 6-well dishes (2D) or 15 freshly prepared 3D
HconF spheroids (3D) in each experimental condition. Data are expressed as the mean ± standard
error of the mean (SEM). * p < 0.05, ** p < 0.01 and *** p < 0.005; ANOVA followed by a Tukey’s
multiple comparison test.
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Figure 7. Effects of ATRA toward the gene expression of ER-stress related factors of the TGF-β2
untreated or treated HconF cells. Two-dimensional and three-dimensional HconF cells untreated and
treated with TGF-β2 (TGFβ, 5 ng/mL) were subjected to qPCR analysis to evaluate the expression of
mRNA of ER stress-related genes, the glucose regulator protein (GRP)78, GRP94, the X-box binding
protein-1 (XBP1), spliced XBP1 (sXBP1), and CCAAT/enhancer-binding protein homologous protein
(CHOP), in the presence or absence of 1 µM ATRA. All experiments were performed in triplicate
using 3 different confluent 6-well dishes (2D) or 15 freshly prepared 3D HconF spheroids (3D) in
each experimental condition. Data are expressed as the mean ± standard error of the mean (SEM).
* p < 0.05; ANOVA followed by a Tukey’s multiple comparison test.

4. Discussion

It is known that vitamin A is required not only for the development of the eyes but
also has several biological roles through an enzymatic derivative, retinoic acid (RA), which
is produced in an autocrine or paracrine manner by binding to the nuclear retinoic acid
receptors (RAR) α, β, and γ, and the retinoid X receptors (RXR) α, β, and γ [22]. It is
known that RAR or RXR proteins are converted into biologically active forms by binding
with ATRA and 9-cis-RA, or only 9-cis-RA [22]. Both RAR and RXR proteins, which
form the functional unit of a RAR/RXR heterodimer, are expressed in the developing
eye [23,24], and severe congenital eye defects have been reported in vitamin A deficient
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(VAD) and/or RA-deficient fetuses [25–28]. Alternatively, RA is also known to regulate
the homeostasis of the blood–brain barrier (BBB) [29] as well as the blood–retinal barrier
(BRB) [30] by the maintenance of tight junctions (TJs) in addition to the RA that is related
to the normal development of the eyes. In fact, in a previous study, we reported that RAR
alpha caused beneficial effects on vascular leakage in diabetic retinopathy (DR) by inhibiting
the DR-induced deterioration of TJ [31]. These collective observations suggest that RA
may also exert significant effects on both healthy and photogenic ocular surface barriers,
including conjunctival tissues, as has been suggested in a previous review article [32].
In the current study, to elucidate possible unidentified RA-induced effects on fibrogenic
changes in conjunctival tissues, we employed our recently developed in vitro models that
replicate planer and subepithelial fibrogenesis using TGF-β2-treated or untreated 2D and
3D cultures of HconF cells and the following observations were obtained: ATRA caused
(1) a significant increase and decrease in TEER values and FITC dextran permeability,
respectively, of the 2D monolayers, (2) a substantial suppression of the TGF-β2-induced
glycolytic capacity of 2D cells, (3) relative enlargement and significantly stiffer of the 3D
spheroids, and (4) significant and different modulations of the mRNA expression of ECM
proteins and their modulators between 2D and 3D cells. In addition, most of these ATRA-
induced effects were additive to the TGF-β2-induced effects, except for glycolytic capacity.
Therefore, based on these collective results, we conclude that ATRA may play a role in the
deterioration associated with both planer and subepithelial conjunctival fibrosis and that
this deterioration is independent of TGF-β2.

Consistent with this observation, an RA-induced increase in TEER values was also re-
ported in intestinal epithelial cell monolayers [33] and capillary endothelial monolayers [31].
As possible underlying mechanisms for causing such an RA-induced TEER enhancement,
both studies suggested that RA upregulated tight junction (TJ)-related molecules, such as
claudin, occludin, and ZO-1, resulted in a mechanically stronger biological barrier. Indeed,
such RA-induced upregulations of TJ-related molecules were reported in various non-
cancerous [34] and cancerous epithelia. [35] However, since it was shown that a TJ complex
is essentially not present within fibroblasts [36], an alternate mechanism is likely involved
in the current observation of an ATRA-induced increase in TEER values. To support this
possibility, such ATRA-induced changes in the TEER values of HconF cells (less than 10)
were much less than those in the epithelial cells (80–150) [36]. Unfortunately, as of this
writing, our knowledge of which mechanisms are involved is very limited. However, since
our cellular metabolic analysis showed no significant changes in both OCR and ECAR,
except that glycolytic capacity was inhibited in the presence of TGF-β2, we speculate that
such unidentified mechanisms would require the minimum consumption of energy that
may be enhanced by TGF-β2. In fact, in addition to the present observation that most of
the effects of ATRA were enhanced by the presence of TGF-β2, as described above, RA
signaling was associated with TGF signaling [5,37].

During the tissue remodeling processes, the metabolic balance between ECM proteins,
i.e., degradation and synthesis, in addition to inter-cellular adhesion, is perturbed [38,39],
and these mechanisms are also known to be affected by TGF-β2 [40] and ATRA [41,42] in
several tissues. Among TGF-β-mediated signaling, it is well known that two different path-
ways, namely, smad-dependent [43] or smad-independent pathways, including the MAPK
and PI3K/AKT pathways [44], are involved in fibroblast proliferation, migration, and ECM
deposition. Furthermore, a previous study reported that ATRA suppresses TGF-β–induced
contraction of the collagen gel sheet in human tenon fibroblasts by inhibiting MAPK,
c-Jun, and SMAD signaling, suggesting that ATRA may beneficially inhibit conjunctival
scarring [9,12]. However, in contrast, opposite effects of ATRA have been reported. That
is, it has been reported that the administration of ATRA to corneal stromal keratinocytes
induced an increase in the production of ECM components such as COL1 and reduced the
production of MMP1, 3, and 9 [45]. Interestingly, it has been suggested that MMP9 plays
a critical role in the wound healing processes by regulating re-epithelialization and cell
migration [46,47], as indicated by the fact that an abnormal elevation of MMP9 is correlated



Bioengineering 2022, 9, 463 11 of 14

with abnormal re-epithelialization [48]. Furthermore, the treatment of MCF-7 human breast
cancer cells with ATRA, resulted in substantial inhibition of the expression and activity of
the pro-MMP2 enzyme as well as a significant induction in TIMP2 protein expression [49].
Since the activity of MMPs in the extracellular space is specifically inhibited by TIMPs, it
would be expected that the overexpression of TIMP2 would rationally inhibit the activity
of MMP2 [50]. In addition, such retinoic acid-induced upregulation of TIMP2 expression
was reported in the case of endothelial cells [51]. In the current study, the gene expressions
of MMPs (2 and 9) of 3D HconF spheroids were also significantly downregulated, and,
in turn, TIMP1 and 2 were substantially upregulated. Based upon these ATRA-induced
changes in MMPs/TIMPs, our current observation of the significant upregulation of COL1
and other ECM proteins, especially in 3D HconF spheroids, provides reasonable support
for the latter possibility that ATRA stimulates ECM production [45].

In recent decades, to replicate pathophysiological conditions closer to in vivo states,
several 3D models of various tissues, including ocular tissues, have been developed [52–54].
Since the eye and periocular tissues are comprised of a large variety of heterogeneous
tissues, most of which are spatially distributed within the 3D ocular cone area, 3D culture
models would be expected to be more desirable for collecting more valid information in
related research fields [52–54]. Quite recently, our group independently established in vitro
3D models using human orbital fibroblasts (HOFs), human corneal stromal fibroblasts
(HCSFs) [16,19,21,55], human trabecular meshwork (HTM) cells [17,20,56–58], and human
retinal pigment epithelium (HRPE) cells [59], in addition to HconF cells [11], and found that
the biological natures of those 3D cell culture models were all quite different from those of
their 2D culture cells. In the current study, such diversity between 2D and 3D cell cultures
was also observed within the TGF-β2 treated and untreated HconF cells. However, in
addition to the unidentified underlying mechanisms responsible for causing such diversity
between 2D and 3D cultures, the findings indicated that TGF-β isoforms and retinoids,
including ATRA, each exert complicated and multifunctional effects in development, phys-
iology, and disease and also interact with each other in numerous biological settings [5]. In
fact, retinoids both suppress and amplify TGF-β signaling dependent upon the tissue that
is being considered, as well as in cellular and molecular settings [5]. Therefore, to develop
a better understanding in terms of the ATRA-induced effects on conjunctiva and their
scarring, as well as to elucidate unidentified issues that might be related to the effects on
TEER and crosslinking with TGF-β2, additional studies using several genetically modified
animals, RNA sequencing, and others will be required.
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