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Abstract: The effect of collagen type 1 (Col I) oxidation on Adipose Tissue Derived
Mesenchymal Stem Cells (ADMSCs) remodeling is described as a model for acute oxidative
stress. Morphologically, remodelling was presented by a mechanical rearrangement of
adsorbed FITC-Col I and a trend for its organization in fibril-like pattern — a process strongly
abrogated in oxidized samples, but without visible changes in cell morphology. The cellular
proteolytic activity was quantified in multiple samples utilizing fluorescence de-quenching
(FRET effect). In the presence of ADMSCs a significant increase of native FITC-Col I
fluorescence was observed, almost absent in the oxidized samples. Parallel studies in cell-free
system confirmed the enzymatic de-quenching of native FITC-Col I by Clostridial
collagenase, again showing significant inhibition in oxidized samples. The structural changes
in the oxidized Col I was further studied by Differential Scanning Calorimetry: an additional
endotherm at 33.6°C along with the typical for native Col I at 40.5°C with sustained enthalpy
(AH) was observed in oxidized samples. Collectively, it has been evidenced that remodeling
of Col I by ADMSCs is altered upon oxidation due to the intrinsic changes in the protein
structure, thus presenting a novel mechanism for the control of stem cells behaviour toward
collagen.
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1. Introduction

Recent studies show that mesenchymal stem cells (MSCs) are strongly involved in the
process of extracellular matrix (ECM) remodeling apart from their principal role in the various
regenerative routes [1-2]. MSCs, often referred to as adult stem cells reside in most tissues
assuring their repair upon damage and ageing [3], thus attracting great interest for most cell-

based therapies [4]. Particularly Adipose Tissue Derived MSCs (ADMSCs) draw notable
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attention combining relatively easy availability, multi-potency, and immunomodulatory
activity [5]. ECM remodeling, comprising a tightly controlled balance between matrix protein
formation and degradation, is a highly dynamic process constantly involved in the tissue
reconstruction during development, cellular growth and differentiation, strongly affecting the
whole mechanism of homeostasis [6-8]. Abnormal ECM remodelling lead to connective tissue
disorders such as fibrosis, cancer[9], and over 200 genetic and autoimmune complaints [9,10].
Particularly, collagen remodeling has been extensively studied, shown to be cell-driven
process that is critical during development, wound healing and regeneration, but also
involved in various pathological conditions, such as inflammation, scar formation, aging, and
tumor progression [11]. Besides the extensive studies on cellular collagen type I (Col I)
processing by cells in 3D gel environment [12,13], substantially less attention was drawn to the
investigation of the planar (collagen-coated) substrata, e.g., in 2D system. Nevertheless, these
studies revealed that remodeling of substratum associated collagen is presented by three
distinct morphological events: (1) mechanical reorganization; (2) extracellular fibrils
deposition, and (3) proteolytic degradation of adsorbed collagen [2,14,15].

Collagen has been widely used as a naturally occurring biomaterial in tissue
engineering and regenerative medicine [16], as a substrate of excellent biocompatibility,
negligible immunogenicity, biodegradability and specific interaction with growth factors and
cell adhesion molecules. As of today, over 29 types of collagen have been identified and
classified into several groups according to the structures they form [17]. As a major protein
component of the ECM, collagens contain a triple-helical domain with a unique periodical
structure (Gly-X-Y)n X and Y being repeatedly proline and 4-hydroxyproline, respectively
[17]. Fibrillar type I collagen (Col I) is the most abundant type of collagen, comprising roughly
80-90% of the total collagen mass in the human body. It provides most tissues and organs with
shape, firmness, maturity, integrity and connectedness [16]. In addition, Col I is a ligand for
specific cell receptors like integrins, discoidin domain receptors, glycoprotein VI, and the
mannose receptor family, controlling various important cellular activities, including
extracellular matrix (ECM) formation and turnover [18]. The biosynthesis of collagen is a

complicated process involving the number of post-translational modifications (PTMs), chain
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association, folding, secretion, self-assembly, and progressive cross-linking [19]. The major
PTMs depends on the oxidation of lysine and proline residues, being critical factors for the
structural and biomechanical functions of Col I fibrils, strictly regulated by several sequential
processes inside and outside the cell. The oxidation of lysine and proline may occur upon
distinct environmental changes [19], for example as a part of the physiological collagen
processing like fibrillogenesis and osteocalcification. It might be also a component of the
oxidative stress [20,21], that is dependent on the production of reactive oxygen species (ROS)
including free radicals and peroxides [20]. The oxidation of collagen (also other ECM proteins)
caused by ROS further modulates the qualities of the ECM by altering its production,
turnover, and modifications, finally, having strong impact on the cell-ECM interaction [22].
Oxidative stress is suggested to be important in numerous pathological conditions such as
neurodegenerative diseases [23], various cardiovascular complications [24], atherosclerosis
[21], fibrosis [25] and ageing [26].

Despite the extensive investigations on the role of oxidative stress in collagen genes
expression and collagen turnover related to various chronic diseases, the studies in vitro
utilizing direct cellular models are rather sparse [27-29]. Though it is clear native collagen
undergoes intensive remodeling by cells, and particularly by fibroblasts, the specific role of
MSCs was rather poorly investigated [16]. The effects of oxidative stress caused by ROS and
accompanying regeneration of the injured tissues are also sparsely studied [30].

In this study, we aimed to learn more about the effect of Col I oxidation (as an in vitro
model for the acute oxidative stress) on its remodeling by stem cells. For that purpose, we
visualized morphologically the adsorbed Col I with the adhering ADMSCs and further
developed a system for the quantification of observed cellular proteolysis using specially

designed fluorescent probes.

Results

In this study we aimed to compare the biological response of ADMSCs adhering onto

native and pre-oxidized Col I attempting to mimic the conditions of acute (short term)
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oxidative stress that occur in vivo, assuming that it might have a significant effect on the stem
cells behavior. For that purpose native Col I was labelled with FITC to easily follow it's
processing. For the preparation of oxidized FITC-Col I (FITC-Col I OXI) we used a previously
described protocol [31]. The remodeling of adsorbed FITC-Col I was investigated employing
two approaches, morphological and quantitative. For the morphological approach, ADMSCs
were cultured on glass coverslips pre-coated with either native FITC-Col I or FITC-Col I OXI
for 24 h. Then the samples were stained with Rhodamine-phalloidin and Hoechst to view
simultaneously the substratum (green), the actin cytoskeleton (red) and the intact nuclei
(blue), using the respective channels of the microscope. The second, quantitative approach was
based on the de-quenching of FITC-Col I caused by the cellular proteolytic activity giving a
proportional rise of the fluorescent signal (FRED effect) [32]. To confirm the de-quenching
effect and for the comparison of native and oxidized Col I susceptibility to proteolysis, a

separate experiment with collagenase from Clostridium Histolyticum (CH) were conducted.

2.1 Owerall design of the experiments
A basic scheme of the study is presented on Figure 1. Substrates were coated with FITC-
Col I or FITC-Col I-OXI (A). Cell adhesion was the next step (B), performed for 2 h in serum-
free medium (to assure the attachment of ADMSCs to Col I only). Afterwards, 10% serum was

added to each sample and cells were further cultured up to 24 h (C).
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Figure 1. Overall design of the experiments of Col I remodeling by stem cells.

The subsequent steps were different for the morphological estimation and for the

quantitative evaluations of ADMSCs proteolytic activity, as detailed below.

2.2 Morphology of ADMSCs adhering on native or oxidized FITC collagen

Figure 2. Morphology of ADSCS adhering on native (A-C) and oxidized (E-G) FITC-Col I viewed together with the
underlining substratum (green). A and E present the overall morphology of cells adhering on native and oxidized collagen,
respectively. B and D present the underlining substrates only of the same samples with artificially superimposed cell
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contours, while on C and G cell shapes are omitted. D and H show the plane substrates of both native and oxidized collagen,
respectively, where no cell were added. The yellow arrows point the typical fibrillary collagen arrangements beneath the cells.
The white arrows show the arrangements outside the cells along the cell’s periphery. Bar 20 um.

Figure 2 presents typical images of native (left row) and oxidized (right row) FITC-Col I
substrata to which ADMSCs have adhered. The cells spread equally well on both substrata
showing similar polarized morphology and spreading (compare 2A and E). However, as
shown on the left panel (A - C) when adhering to regular Col I, ADMSCs tend to rearrange
mechanically the underlining fluorescent layer forming typical fibrillary assemblies located
mostly beneath the cells (yellow arrows) and sparsely at the cell’s periphery outside the cells
(white arrows). Note, on the oxidized samples such structures are missing (2E-G). For clarity
on the lower panels (B, C) for the native and (F, G) for the oxidized samples are viewed the
underlining substrates only, with artificially superimposed cell contours (B and F) or without
them (C, G). Relatively homogenous accumulation of the labeled protein beneath the cells was
observed on both native and oxidized samples. D and H represent the typical views of the
plane substrata, native or oxidized respectively, where no cells were added. No significant
difference in the morphology of the adsorbed proteins was found in this magnification. In the
presence of cells, however, some discrete patterning of the adsorbed protein layer was
observed, particularly stronger on native FITC Col I samples (C vs. G), suggesting a distinct
proteolytic activity. On oxidized Col I samples only a homogenous accumulation of the
protein beneath the cells was a typical find suggesting a rather missing proteolytic activity (C,
D). Collectively these morphological data suggest that oxidized Col I substrates are barely
remodelled by ADMSCs.

2.3 Quantitative measurement of Col I degradation
Col I was labeled with FITC according to Doyle ¥ with some modifications (see
Methods section), basically directed to strictly adjusting the pH of samples to pH 9 assuring
maximal FITC binding. In these conditions part of the fluorophore become day-quenched
(possessing lowered fluorescence because of the FRET effect) [32] and putatively de-quench

(increasing the fluorescence) upon proteolytic degradation of the carrying protein.
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Figure 3. De-quenching of FITC-Col I in the presence of CH collagenase for 1h at 37°C.

Indeed, as we found in a preliminary study (Fig 3) our FITC-collagen was day-
quenched, increased its fluorescence in the presence of collagenase CH, thus providing
opportunity for the quantitative studies on collagen proteolysis. It has to be noted here that
upon adsorption both FITC-Col I and FITC-Col I-OXI presented a sufficiently bright
fluorescent background supporting the morphological investigations shown above.

On the other hand, in a parallel experiment aiming to compare the degradation profiles
of native and oxidized FITC-collagen using the same collagenase CH degradation system, we
found that while the native FITC-Col I significantly de-quenches upon proteolytic digestion
for 60 and 120 min (compared to time 0 min) in collagenase CH solution (Figure 3). As shown
on the next Figure 4, comparing ARPU for native (blue line) and oxidized samples (green line).

at 60 and 120 min, this effect was much less pronounced for the oxidized FITC-Col I probe.
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Figure 4. Relative changes in the fluorescence intensity presented as ARPU upon addition of FITC-Col (blue) or
oxidized FITC-Col I-OXI (green) to a solution of Collagenase CH as substrates for proteolytic digestion at time 0, 60 and 120
min at 37°C. (B) Friedman test, presenting a statistically significant change of fluorescence in the native FITC-Col samples, but
not in FITC-Col I OXI one.

Table 1. Chi-Square and significance of the relative changes in the fluorescence intensity (ARPU) upon collagenolytic action of

Collagenase CH on FITC-Col and oxidized FITC-Col I-OXI calculated by Friedman Test Statistics.

Samples FITC-ColI  FITC-Col I-OXI
Chi-Square 12.000 4.000
Sig. (p) 0.002 0.135

Applied Friedman test (Table 1.) to further confirm the significant increase of the fluorescence in
the group of native FITC-Col I samples, but not in the oxidized ones, meaning that FITC-Col I-
OXI is less susceptible to collagenases treatment. These data approve that our FITC-Col I

preparations might be used for the quantification of ADMSCs proteolytic activity.

2.4 De-quenching of FITC-Col 1 by ADMSCs — effect of oxidation
According to the initial diagram (Fig 1), multiple samples (quadruplicates) of native
FITC-Col I and oxidized FITC-Col I substrata (applied as coatings on the glass bottomed 24
well TC plates) were cultured for 24 h in the presence or absence of ADMSCs. The changes in

the fluorescent signal measured for the substratum associated (adsorbed) and spontaneously
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released FITC-Col I were further analysed. Indeed, given as rough data, the native FITC-Col I
samples (-cells) show that distinct amounts of protein desorb spontaneously from the
substratum after 24 h of incubation giving rise to a signal of about (41858 + 3368 RPU). In the
presence of cells (+ cells) the fluorescence increases to 44496 +13685 RPU (i.e. with about 7 %)
basically confirming the de-quenching effect of ADMSCs. The same trend was observed for
the substratum associated FITC-Col I: it increases from 11682 + 508 RPU for controls (- cells) to
13253 + 5312 RPU for the samples (+ cells), again confirming the proteolytic de-quenching of
ADMSCs (in approximately 911%) but with values that are in the range of the scattering of
signal obtained for the supernatants. The same situation was valid also for the oxidized Col I
samples.

Figure 5A presents the ARPU for substratum associated FITC-Col I (measured from the
bottom of the wells) and Panel B - those released in the medium. The left columns on both
panels show the data for native FITC-Col I while the right columns — for the oxidized samples.
A significant trend for increase of ARPU was observed for the substratum associated native
FITC-Col (p<0.05) vs. almost absent de-quenching for the oxidized samples. The same effect
was detected for the released collagen (Figure 5B) showing again a significant de-quenching
(p<0.05) for the native FITC-Col I samples compared to a relatively small and nonsignificant

increase (p>0.05) in the oxidized ones.
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Figure 5. Relative changes in the fluorescence values of substratum associated (A) and spontaneously released (B) FITC-Col I
after 24 h of incubation of samples with cells versus without cells. The data are presented as A RPU characterizing the
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proteolytic de-quenching caused by the cells. The dramatic effect of oxidation is evident comparing the ARPU for
native FITC-Col I (left columns blue) and oxidized FITC-Col I (right columns, green).

2.5 DSC analysis of FITC-Col 1 — effect of oxidation

To evaluate the level of structural changes in the oxidized Col I molecules we
investigated the effects of oxidation on the thermal stability of FITC-Col I by DSC analysis.
DSC measures the heat capacity of samples as a function of temperature and provides
information about the thermal stability and putative structural changes in the molecule. DSC
curves were used also to calculate the thermodynamic parameters, such as melting
temperature (Tm), the total transition enthalpy (AH total) and half-widths of transition (AT ¥2).

As expected, the maximum of the heat absorption of native FITC-Col I was observed at
40.5°C (Twm-main) (Figure 6, Table 2). As a result of the oxidation, however, the thermogram
results into splitting of two well-resolved transitions with melting temperatures at 33.6°C (Tm-
pre) and 40.1°C (Twm-main), respectively (Table 2)., which confirms our previous investigation on
calf skin collagen Type I suggesting certain changes in collagen structure upon oxidation [31].

To further analyse this observation, we compared the enthalpy and the half width of
transition of native and oxidized samples (Table 2). It should be noted that the value of total
enthalpy (AHwtwi) after oxidation was very close to that of native collagen sample indicating
only a discrete structural change in the collagen molecule upon oxidation. This was further
confirmed by slightly higher half-width of transitions in oxidised sample as compared to

native one.
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Figure 6. DSC thermograms of native FITC-Col I (blue line) and oxidized FITC-Col I-OXI (red line).

Table 2. Thermodynamic parameters: transition temperature (Tm), total calorimetric enthalpy (AH total),
transition half-widths (A Tm %2) obtained from DSC profiles of FITC-Col I and FITC-Col I-OXI.

Collagen Tmpre Tvmain  AHiotal ATmpre V2 A TMmain¥2
°C) °O) (cal/g) °O) °O)

FITC-Col-I - 40.5 5.58 1.72

FITC-Col I-OXI  33.6 40.1 5.50 2.58 2.09

* Tv-main — temperature of the main transition; Tw-pre — temperature of the additional pre-
transition event; AHtwt —total transition enthalpy; ATwmmainY2 —half-width of the main
transition; ATvpre ¥2 ~half-width of pre-transition.

3. Discussion
In vivo, cellular microenvironments are constructed of ECM proteins and proteoglycans
where Col I play a major role, being under constant turnover to maintain tissue homeostasis
[2, 9, 14-16]. In most forms of cellular activity, the cells tend to remodel their adjacent
microenvironment via mechanical reorganization and proteolytic degradation [34, 35]. Here

we anticipate that it reflects also the behavior of stem cells. Indeed, both morphological and
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quantitative studies demonstrated that Col I undergo significant remodelling by stem cells.
Morphologically it is presented by a mechanical translocation of the adsorbed protein and a
tendency for its assembly in a fibril-like pattern. This phenomenon found to work for several
cell types (endothelial cells, fibroblasts, hepatocytes, cancer cells, etc.) [14,35,36] is now
demonstrated for ADMSCs. Likewise, other matrix proteins are also subjected to cellular
remodelling, as shown for fibronectin, fibrinogen, vitronectin and type IV collagen, [14,15, 37-
39] reflecting the constitutive property of cells to arrange their own ECM on the foreign
material’s interface [35,36]. Relatively little is known, however, on how stem cells behave in
the acute oxidative environment known to affect the ECM turnover [40,41]. ROS have been
long considered as pathological agents causing apoptosis under adverse conditions [23].
However, recent findings have challenged this dogma. Physiological levels of ROS are now
considered as secondary messengers, mediating numerous cellular functions, including the
behaviour of adult stem cells [42]. On the other hand, MSCs represent an important tool for
tissue engineering, drug screening, and disease modeling [3,4,43], but their safe use, including
clinical applications, still requires improvements to obtain functional stem cells with
controlled behavior [43]. In this respect, the implication of native collagen matrices is a
challenging approach as collagen is a natural ECM protein with easy tuneable properties
[40,44]. However, in vitro stem cells easily lose their self-renewal and multi-lineage
differentiation potential during cell doubling. The current strategies for maintaining MSCs
stemness (self-renewal and differentiation) are largely focused on distinct ligand-receptor
combinations, cell-cell adhesion (through N-cadherin) and adding soluble growth factors that
stimulate differentiation [45-47]. However, the implication of additional measures that may
support the maintenance of stem cells would increase the likelihood of success [48,49[. Our
data unequivocally show that the oxidative environment alters the ADMSCs Col I
remodelling, therefore we anticipate that one such measure is the modulation of the cell’s
oxidative environment. The potential of ROS for the regulation of physiological processes, for
instance, chondrogenesis, is indicated by a chondrogenic cell line (ATDC5), which experienced
an increase of ROS with time in culture [41,47]. Recent data suggest that the control of cellular

redox status affecting their local microenvironment might be critical for MSCs survival,
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expansion, and differentiation [41,42[. Nonetheless, ROS may lead to the generation of
pathological environments triggering, for example, a perverse cycle of fibrosis involved in the
pathogenesis of numerous diseases [42, 50]. Oxidative stress is generated when living cells are
unable to neutralize excessive ROS, or are incapable to recycle the oxidized biomolecules.
Particularly the (over) oxidation of proline (enzymatic and non-enzymatic) was shown to
contribute to fibrotic processes in heart and amyloid formation [51-53].

Cell-substratum interaction is a complex process that is bi-directional and dynamic,
mimicking to a certain extent the physiological interaction of cells with the ECM.
Consequently, the adhering cells tend to rearrange adsorbed ECM components [15, 35-38]. To
assure that cells attach exactly to collagen, as they may use also other adhesive proteins (like
fibronectin, vitronectin, fibrinogen, etc.) [35,36-38], we used collagen pre-coating followed by 2
h cell adhesion in a serum-free medium (Figure 1) before the serum was added (step B). Thus,
we avoided the competitive effect of other serum proteins. In addition, the collagen was
fluorescently labelled that made easier its morphological visualization as detailed above and
the subsequent quantifications of cellular proteolytic activity. Related to our experimental
conditions ADMSCs visibly recognize the native and oxidized Col I equally well, as evidenced
by the lack of difference in both adhesion and overall cell morphology (Figure 2A and E).
However, a significant alteration in their ability to reorganize the oxidized FITC-Col I was
observed (Figure 2 F and G), which is basically a novel observation presumably reflecting an
intricate stem cell behaviour in an oxidizing environment. As the reorganization is known to
require cellular proteolytic activity, [15,36,54 ]a similar effect might explain the restoring
capacity of protease inhibitors on the extracellular collagen fibril deposition in human MSCs 2.

The ECM however undergoes also proteolytic remodelling, which is a mechanism for
the removal of the excess ECM, a process often approximated with remodelling [15]. It has to
be noted, however, that cell-dependent ECM remodeling includes likewise the process of ECM
organization and fibrils formation, which is critical for their functionality and for the
interaction with other cells [35,36]. It is generally agreed that oxidative stress in vivo is
characterized by an impaired ratio between lowered collagen synthesis and accelerated

degradation [54]. The direct data on the degradability of oxidized collagen, however, are
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rather controversial. Chronic exposure to ROS causes an accumulation of damaged collagen
and its fragmentation, which are more susceptible for proteolytic enzymes. Collagen cross-
linking however, inhibits its degradation [55]. The disproportional collagen metabolism itself
impairs cell-matrix interactions, which stimulates MMPs production [55- 56]. Therefore,
considered in a broader sense, the capacity of cells to repair or to replace ECM proteins
following acute oxidation is likely to be an important predictor of how well cells are able to
respond to oxidative stressors [54].

The quantitative aspects of the in-vitro cellular proteolysis are still insufficiently settled.
One approach to quantify such activity that we employed here was to measure the increasing
fluorescent signal as a result of proteolytic de-quenching of an initially day-quenched protein
(FRET effect) [32[. Originally the day-quenched substrates were developed as non-selective,
broad-spectrum substrates for the analysis of protease activity in solution 57. Consequently
Jadezko et al 32 established a protocol for ECM proteins imaging in the presence of cells,
adapted for confocal microscopy. Studies on the use of FRET effect for the quantification of
cellular proteolysis in planar (2D) samples however are rather sparse and might be attributed
mostly to a line of our previous investigations [15, 36-38].

An important observation concerning the proteolytic de-quenching of FITC-Col I is that
it works well upon collagenase CH treatment giving significant rise of the total fluorescence.
However, this de-quenching was substantially inhibited in oxidized FITC-Col I samples,
meaning that oxidized collagen is more resistant to enzymatic degradation. We hypothesize
that the effect of bacterial collagenase CH is connected with the specific binding in the active
site and strong preference for glycine in P3 and P1’, proline at P2 and P2' (according to
proteases classification) in the cleavage site 58. It is notable that the proline is particularly
vulnerable to oxidation by metal ion generated ROS and can be disproportionally modified by
oxidation [59-62]. Thus, the specific cleavage site could be lost.

Unequivocally also sound the data for ADMSCs induced enzymatic remodelling of
FITC-Col I, characterized by a significantly higher de-quenching of samples (+cells) compared
to the samples (-cells). Interestingly, the fluorescence of native FITC-Col I increased with about

11 %, which is higher than the effect of CH collagenase (about 5%) suggesting an involvement
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of more active MMPs secreted by ADMSCs. On the other hand, the ability of ADMSCs to de-
quench the substratum associated FITC-Col I suggests that adsorbed collagen is sensitive to
the peri-cellular proteolysis. The same tendency, however, was observed in the supernatants
meaning that the proteolysis continued also in the medium, in fact targeting the
spontaneously released collagen. It has to be noted, however, that the fluorescent signal in the
medium is approx. 4 times higher than the signal measured from the substratum, meaning
that only about 25 % of Col I remains there after 24 h of incubation, valid for both native and
oxidized samples. The reason for this unexpectedly high spontaneous desorption of FITC-Col I
might be attributed to the withdrawal of equilibrium between adsorbed and released Col I due
to its initially low concentration in the medium (after washing) [63]. The competitive Vroman
effect [64] of serum proteins also cannot be excluded assuming that 10% of serum was added
to the system after ADMSCs adhesion (see Fig 1). The Vroman effect dictates that the protein
of highest mobility adsorbs first on the substratum but later are replaced by less mobile
proteins that have a higher affinity for the surface 64. The later might come from the serum,
but also secreted by the cells. The competitive effect of some small amino acids like glycine is
also an acceptable mechanism [65]. Nevertheless, this result leads to the assumption that the
“noise” from spontaneously released FITC Col I in the medium cannot screen the effect of
ADMSCs induced FITC-Col I de-quenching confirming that the proteolysis continued in the
supernatants and is driven by soluble proteases.

Only scant information is available on the mode by which matrix proteases degrade
ECM substrates. The members of the Matrix metalloproteinases (MMPs) family of zinc- and
calcium-dependent endopeptidases, cooperatively degrade variety of extracellular proteins of
which collagen is being particularly resistant to other proteases due to its tightly packed
structure [66]. The mammalian cells secrete MMPs that play pivotal roles in various
physiological processes, and are among the key molecules that regulate the ECM development
and remodelling [67]. ADMSCs express various MMPs, including the membrane-type (MT)
MMPs (MMP-1, -2, -3, -7, -8, -9, -14, -15, -28) of which MMP-1, MMP-8 and MMP-14/ MT-1
degrade fibrillary collagens [68,69]. We haven’t investigated which exactly proteases are

involved in the observed de-quenching effect but considering that enzyme works on both the
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substratum bound and released collagen suggests that possibly all three types are involved.
We have to consider however that morphological studies show that the space under the cells is
not significantly affected and even some accumulation of FITC-Col I beneath the cells was
observed (Figure 2). Why FITC-Col I accumulate there, moreover in both native and oxidized
samples, remains unclear. One possible explanation is that the higher amount of FITC-Col I in
the medium activate its transcytosis across the adhering cells. Transcytosis, the vesicular
transport of macromolecules from one side of a cell to the other, is a strategy used by
multicellular organisms to selectively move material between two environments without
altering the unique compositions of those environments [70]. We could not find however data
for the transcytosis of collagen by MSCs, though the link between protein transcytosis and
reactive oxygen species is demonstrated in other cell systems [71].

Nevertheless, our results raise the question: why oxidized collagen is less sensitive to
remodeling, both mechanical and enzymatic? We anticipate that the process of collagenolysis
depends on multiple interactions of mammalian collagenases with different exosites, serving
to align the active site of collagenase which possesses a strong preference for the cleavage site
perfectly matching the repetitive amino acid sequence of the native Col I molecules [72]. They
are located near the peptide bond that will be cleaved, along with the local unwinding of the
triple helix [72, 73]. Any changes in the structure of collagen, as a result of oxidation, could
prevent the proper aligning of collagenase and subsequently the degradation of type I
collagen. Moreover, it was shown that the proline and hydroxyproline abundance in certain
positions impacts the conformation of collagen molecule even its affinity to integrin receptors
[74]. It may be a hint to understand the morphological observations for absent ADMSCs
collagen reorganization in oxidized samples known to require integrin activity 18 The
missing difference in the overall cell morphology however suggests that such altered integrin
activity is unlikely, which endorsed the view that some intrinsic structural changes in the
collagen molecule upon oxidation are responsible for the effect.

In order to confirm the putative structural changes in Col I molecule, we performed
DSC analysis comparing the native and oxidized samples (Figure 6). In fact, this was a follow

up study from our previous investigation on calf skin collagen denaturation profile [75] and
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the effect of oxidation [31]. Here we confirm that the native FITC collagen type I undergoes
similar change in the thermal transition under heating, i.e. a single cooperative peak at 40.5°C.
Thermal denaturation of oxidised collagen however resulted in a splitting of the main
transition into two well-resolved transitions, i.e. along with the above typical collagen
endotherm, a new transition at 33.6 °C appears. Interestingly, the enthalpy (AH), which reflects
the energetically aspect of the transition, was found to be similar to those of native FITC-Col I.
AH is basically dependent on the fraction of native protein in the solution. [76] Consequently,
if this fraction is less in the total protein, AH would drop down correspondingly [77], which is
obviously not the case as we did not find such a significant change. To be noted that the
transition half-widths (Figure 6 B) were still close to the native sample, which is an indication
that the observed pretransition is caused by a rather discrete kind of damage to the collagen
molecule. This allows us to speculate that upon oxidation in acute conditions collagen
molecule undergoes mostly intrinsic reorganization causing a lowered transitional
temperature and does not go into the denatured state [75,76]. This again points to the
possibility that the low digestibility of collagen in an oxidizing environment depends on the
distinct changes in the collagen structure, but not because of its denaturation.

Collectively, all these data lead us to believe that we have encountered a novel
mechanism for the control of MSCs behaviour via subtle changes in their oxidative

environment, presumably valid also for other cell systems.

4. Material And Methods

4.1 Collagen preparation

Collagen type I (Col I) was isolated from rat tail by standard procedure combining
acetic acid extraction and salting out with NaCl as described elsewhere [78-79]. Rat tails were
obtained from control animals of other experiments performed in Medical University Pleven,
tendons were gently removed from the tails, cleaned from tail debris, rinsed with distilled
water and PBS. The fatty waste was removed by pouring the tails for 5 min in acetone and 70%

isopropanol consequently. Col I was solubilized in 0.5 M acetic acid on magnetic stirrer at 4°C
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for at least 48 h. After centrifugation at 4000 rpm at 4°C, the supernatant was dialyzed
extensively against 0.056M acetic acid before collagen was salted out by 1/5 volume of 4.5M
NaCl. After centrifugation at 8000 rpm at 4°C, the pellets were re-dissolved in 0.05 M acetic
acid and dialyzed against 0.05M acetic acid overnight. All procedures were run at 4°C. Such
collagen preparations are strongly enriched of type I collagen [78,79]. The collagen
concentration in the solutions was measured by modified Lowry assay [80] and by the optical

absorbance at 230 nm [81].

4.2 Fluorescent labeling of collagen

FITC labelled collagen was prepared according to the modified protocol of Doyle [33].
Briefly, 4 ml of Col I solution in 0.05M acetic acid (2.5 mg/ml) was titrated with 0.1M M borate
buffer-pH (9.0) and mixed with 50uL FITC dissolved in DMSO at a concentration of 1 mg/ml,
then incubated at room temperature for 90 min in dark. The reaction was stopped by 0.056M
Tris buffer (pH 7.4) and the excess of FITC was removed by intensive dialysis versus 0.05M

acetic acid. Aliquots of FITC labelled Col I was stored at +4°C for up to 3 months.

4.3 Collagen oxidation procedure

FITC-Col I oxidation was performed according to the previously described protocol by
incubating collagen solution (2 mg/ml) in 0.05M acetic acid, pH 4.3, with freshly prepared
50uM FeCl2 and 5mM H:O: for 18 hours at room temperature [31]. The reaction was stopped
with EDTA at a final concentration of 10mM. The excess of oxidants was removed by intensive

dialysis against 0.05 M acetic acid.

44  Cells

Human ADMSCs of passage 1 were obtained from Tissue Bank BulGen using healthy
volunteers undergoing liposuction with written consent. The cells were maintained in
DMEM/F12 medium containing 1% GlutaMAX™, 1% Antibiotic-Antimycotic solution and
10% Fetal Bovine Serum (FBS) all purchased from (Thermo Fisher Scientific, USA), The
medium was replaced each 2" day until the cells reach approximately 90% confluence to be

used for the experiments up to 4" passage.
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4.5  Morphological studies

For the morphological studies, standard (22x22 mm) glass coverslips (ISOLAB
Laborgerate GmbH) were coated with FITC-Col I, either native or oxidized, dissolved in 0.05M
acetic acid (100 pg/ml, 60 min, 37°C). The glass samples were placed on 6-well TC plates
(Nunc, Denmark) and seeded with 5 x 10* ADMSCs at final volume of 2 mL in serum-free
medium (to assure the attachment to Col I only). To control the initial cell attachment at the 2
hour of incubation the samples were monitored under phase contrast using inverted
microscope (Leica DM 2900). At the end of the second hour 10% serum was added to each
sample and the cells were further cultivated up to 24 h, then fixed with 4% paraformaldehyde
and permeabilized with 0.5% Triton X-100 before fluorescence staining. To visualize actin
cytoskeleton, red fluorescent Rhodamine-Phalloidin (Invitrogen) was used (dilution 1:100 in
PBS), while cell nuclei were stained by Hoechst 33342 (Sigma-Aldrich) in dilution 1:2000 from
a 10 mg/ml stock solution. Finally, the samples were mounted upside down on standard glass
slides with Mowiol (Sigma-Aldrich) and viewed using the green (FITC collagen), red (actin
cytoskeleton) and blue (nuclei) channels of an upright fluorescent microscope (Olympus BX53)
with objectives UPlan FLN at low (10x/0.50) and high (40x/0.50) magnification. The different
colors were merged by Adobe Photoshop image processing software. At least three

representative images were acquired for each sample.

4.6 Assay of collagen degradation in vitro

FITC-Collagen was labeled (see above) under conditions assuring a maximum of lysine
g-amino group exposure resulting in partial quenching of the fluorophore. In a preliminary
study we found that the FITC-Col I sample was sensitive to proteolytic degradation: upon
bacterial collagenase treatment, the sample de-quenches, resulting in an increase of the
fluorescent signal emission due to the Resonance Energy Transfer (FRET effect) [32]. To
standardize the de-quenching effect and evaluate the proteolytic degradation in the native and
oxidized samples, a basic solution of Collagenase type I from Clostridium histolyticum
(Genaxxon bioscience) at a concentration of 3.7 mg/ml in TC medium was used to which

natural FITC-Col I or oxidized (FITC-Col I-OXI) were added (10 ug/ml) followed by 1.0- and
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2.0- hours incubation (as indicated) at 37°C. Fluorescence of the quadruplicated samples was
measured in 24 well glass bottomed plate (Greiner, Sensoplate black, Germany) using
Multimode Microplate Reader (Mithras? LB 943, Berthold Technologies GmbH & Co. KG,
Germany) set to adsorption/emission rate of 495/530 nm. Fluorescence intensity is presented
either directly as Relative Photometric Units (RPU) or as a calculated difference in the
fluorescent signal between samples with collagenase versus controls (TC medium only),

reflecting better the proteolytic de-quenching of FITC-Col I.

4.7 Assay of collagen degradation by living ADMSC

To measure the cell-dependent proteolytic activity the same approach of FITC-Col I de-
quenching was used. Glass bottomed 24 well TC plates (see above) were pre-coated with 100
ug/ml native or oxidized FITC-Col I in 0.05 M acetic acid then washed 3 times with PBS before
ADMSCs (1x10* per well) were added in a final volume of 1 ml serum-free medium. After 2 h
of incubation in serum-free medium (assuring single protein adhesion of cells to Col I), 10%
serum was added to each sample and the cells were further cultured up to 24 h in a
humidified CO: incubator. Then the supernatants were collected for the fluorescence
measurement of released FITC-Col, while the adsorbed (substratum associated) FITC-Col I
was measured directly from the bottom of the plate (in 1ml PBS) using Microplate Reader (see
above) set at 495/530 nm. Symmetric samples without cells (-cells) were processed in the same
way. All experiments were quadruplicated. The measured fluorescence intensity is presented
directly in RPU or ARPU (calculating the difference between samples (+cells) versus (-cells)),
thus characterising quantitatively the ADMSCs dependent proteolytic de-quenching of
FITVC-Col L.

4.8.  DSC measurements

DSC measurements were performed using DASM4 (Privalov, BioPribor) built-in high-
sensitive calorimeter with a cell volume of 0.47 ml. The samples were diluted in 0.05 M acetic
acid prior to DSC running. Protein concentration was adjusted to 2 mg/ml. To prevent possible
degassing of the solution under study, constant pressure of 2 atm was applied in the cells. The

samples were heated at a scanning rate of 1.0 °C/min from 20°C to 65°C and were preceded by
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a baseline run with buffer-filled cells. Each collagen solution was reheated after the cooling
from the first scan to evaluate the reversibility of the thermally induced transitions. The
calorimetric curve corresponding to the second (reheating) scan was used as an instrumental
baseline and was subtracted from the first scans, as the collagen thermal denaturation is
irreversible. The obtained excess heat capacity profiles were normalized to the protein
concentration. The calorimetric data were analyzed using Origin Pro 2018 software package
assuring the calculation of the total enthalpy (AH) of the transitions in the DSC scan among

other thermodynamic parameters.

4.9 Statistical analysis

Data was analyzed by using SPSS Statistics for Windows, Version 23.0 (Armonk, NY:
IBM Corp). All quantitative results were obtained from at least four samples for analyses.
Descriptive data was compared using Chi-Square and Mann-Whitney U tests. Comparison of
differences between groups was performed by non-parametric test of Friedman; pair wise
comparison was performed using post-hock analyses by Dunn-Bonferroni. Data were
expressed as mean +* standard deviation (SD). Difference with p < 0.05 was considered to be

statistically significant.

Conclusions

Both morphological and quantitative approaches demonstrate that the native Col I
undergo significant remodelling by stem cells. A completely novel observation, however, is
that the oxidized collagen in acute conditions cannot be remodelled by ADMSCs, both
mechanically and enzymatically, confirmed quantitatively by the absent proteolytic de-
quenching of FITC-Col I. Parallel studies in the cell-free system show that the oxidative
environment generally alters the enzymatic de-quenching of FITC-Col I. DSC analysis confirm
that all these effects depend rather on the intrinsic structural changes of the oxidized Col I

molecules than on the altered functionality of ADMSCs.
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Figures

Figure 1. Overall design of the experiments on Col I remodeling by stem cells.

Figure 2. Morphology of ADSCS adhering on native (A-C) and oxidized (E-G) FITC-Col I viewed together with the
underlining substratum (green). A and E present the overall morphology of cells adhering on native and oxidized
collagen, respectively. B and D present the underlining substrates only of the same samples with artificially
superimposed cell contours, while on C and G cell shapes are omitted. D and H show the plane substrates of both
native and oxidized collagen, respectively, where no cell were added. The yellow arrows point the typical fibrillary
collagen arrangements beneath the cells. The white arrows show the arrangements outside the cells along the cell’s
periphery. Bar 20 pm.

Figure 3 De-quenching of FITC-Col I in the presence of CH collagenase for 1h at 37° C.

Figure 4. Relative changes in the fluorescence intensity presented as ARPU upon addition of FITC-Col (blue) or
oxidized FITC-Col I-OXI (green) to a solution of Collagenase CH as substrates for proteolytic digestion at time 0, 60
and 120 min at 37° C.

Figure 5. Relative changes in the fluorescence values of substratum associated (A) and spontaneously released (B)
FITC-Col I after 24 h of incubation of samples with cells versus without cells. The data are presented as A RPU
characterizing the proteolytic de-quenching caused by the cells. The effect of oxidation is evident comparing the A

RPU for native FITC-Col I (left columns blue) and oxidized FITC-Col I (right columns, green).

Figure 6. DSC thermograms of native FITC-Col I (blue line) and oxidized FITC-Col I-OXI (red line).
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