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Abstract: Type 2 diabetes mellitus (T2DM) is a complex metabolic disease often associated with
severe complications that may result in patient morbidity or death. One T2DM etiological agent is
chronic hyperglycemia, a condition that induces damaging biological processes, including impactful
extracellular matrix (ECM) modifications, such as matrix components accumulation. The latter alters
ECM stiffness, triggering fibrosis, inflammation, and pathological angiogenesis. Hence, studying
ECM biochemistry and biomechanics in the context of T2DM, or obesity, is highly relevant. With
this in mind, we examined both native and decellularized tissues of obese ]36.Cg-Lep°b /] (ob/ob)
and diabetic BKS.Cg-Dock7m+/ +Lepr?®] (db/db) mice models, and extensively investigated their
histological and biomechanical properties. The tissues analyzed herein were those strongly affected
by diabetes—skin, kidney, adipose tissue, liver, and heart. The referred organs and tissues were col-
lected from 8-week-old animals and submitted to classical histological staining, immunofluorescence,
scanning electron microscopy, rheology, and atomic force microscopy. Altogether, this systematic
characterization has identified significant differences in the architecture of both ob/ob and db/db
tissues, namely db/db skin presents loose epidermis and altered dermis structure, the kidneys have
clear glomerulopathy traits, and the liver exhibits severe steatosis. The distribution of ECM proteins
also pinpoints important differences, such as laminin accumulation in db/db kidneys and decreased
hyaluronic acid in hepatocyte cytoplasm in both obese and diabetic mice. In addition, we gathered
a significant set of data showing that ECM features are maintained after decellularization, making
these matrices excellent biomimetic scaffolds for 3D in vitro approaches. Importantly, mechanical
studies revealed striking differences between tissue ECM stiffness of control (C57BL/6]), obese, and
diabetic mice. Notably, we have unveiled that the intraperitoneal adipose tissue of diabetic animals
is significantly stiffer (G* ~ 10,000 Pa) than that of ob/ob or C57BL/6] mice (G* ~ 3000-5000 Pa).
Importantly, this study demonstrates that diabetes and obesity selectively potentiate severe histo-
logical and biomechanical alterations in different matrices that may impact vital processes, such as
angiogenesis, wound healing, and inflammation.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder that affects more
than 300 million individuals worldwide. This pathologic condition is associated with
multiple disabling complications that ultimately may lead to death. T2DM patients, often
obese, suffer from cardiovascular deficiencies, nephropathies, retinopathies, neuropathies,
and skin ulcers, such as diabetic foot. The etiology of this metabolic disease is insulin
resistance, a condition where cells fail to respond to normal insulin levels, initially leading
to hyperinsulinemia to maintain normal glucose levels. Yet, the sustained production of
elevated insulin levels results in the exhaustion of pancreatic 3 cells ability to produce
insulin and leads to chronic hyperglycemia [1]. It is accepted that obesity and the continuous
exposure to high glucose levels are two of the main factors leading to the development
of T2DM complications [2,3]. The persistence of elevated glucose levels in the organism
leads to the glycation of different molecules and mediates the formation of advanced
glycation end (AGE) products that may covalently crosslink and, biochemically, reshape
the structure and function of numerous proteins [4,5]. AGE-modified precursors also
inflict alterations to extracellular matrix (ECM) fibrous proteins, such as collagen, elastin,
fibronectin, and laminin, promoting matrix accumulation and changes in stiffness, thus
affecting tissue functions [6]. Furthermore, AGE products can bind to the receptor for
AGE (RAGE) triggering fibrosis, inflammation, and pathological angiogenesis [2,5-8].
As such, it is clear the existence of an intricate relationship between hyperglycemia and
ECM deposition and remodeling [9]. Nevertheless, little is known about the impact of
diabetes and, in particular, of high glucose levels in the ECM biomechanical properties, a
complex and dynamic fiber network that surrounds cells and modulates their activity. So
far, it was reported that plantar skin from diabetic patients, highly prone to ulcerations,
presents increased stiffness when compared to that of non-diabetic controls. In these
patients, the Young’s Modulus from the tissue bellow the calcaneus differs from those
of other plantar areas, having the lowest stiffness of the studied foot regions [10]. In
line with this, Boivin et al. used a diabetic mouse model to study the Achilles tendon, a
structure of the foot that is often injured when a diabetic foot ulcer develops. The Achilles
tendon biomechanical and histological evaluation unveiled that, although the diabetic
tendon had a higher diameter, it presented a significant decrease in stiffness, and elastic
modulus when compared to controls [11]. Other studies revealed alterations in the diabetic
heart biomechanical properties, such as increased diastolic stiffness, excessive diastolic
left ventricular rigidity, and myocyte increased Young’s Modulus, important contributors
to heart failure in T2DM patients [12,13]. Nevertheless, a common limitation of these
studies is the use of native tissues to address the biomechanical attributes of the diabetic
ECM. Such approach does not allow the exclusion of cell mechanics over the matrix.
To overcome this constraint and investigate both ECM histological and biomechanical
properties, we used decellularized tissues from animal models of obesity and of T2DM,
BKS.Cg-Dock7m+/+Lepr®] (db/db) mice, and compared them with the acellular tissues
from obese non-diabetic B6.Cg—LepOb /] (ob/ob) animals and with C57BL/6] controls.
We fully characterized the main T2DM affected organs and tissues, namely skin, kidney,
liver, heart, and adipose tissue from the referred db/db and ob/ob mice, detailing their
histology, architecture, and ECM component patterns. We identified important differences,
particularly in the skin, kidney, and liver of db/db animals when compared to C57BL/6]
controls. Immunofluorescence against ECM proteins is suggestive of differences between
diabetic and non-diabetic rodents and indicate that decellularized tissues maintain the ECM
components, although their patterns may differ from those of the native counterparts. Thus,
these scaffolds are undoubtedly valuable models to assess the biomechanical properties
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of obese T2DM bearing mice and of obese non-diabetic animals ECM. Importantly, we
show that diabetic matrices, when compared with normal (C57BL/6]) or obese (ob/ob),
exhibit significantly different stiffness and viscoelastic properties. Altogether, the results
gathered pinpoint relevant T2DM-associated alterations in matrix structural, biological,
and mechanical properties potentially impactful to the disease pathophysiology.

2. Materials and Methods
2.1. Ethics Statement

All experimental animal procedures were approved by the Animal Ethics Committee
of the Institute for Research & Innovation in Health (i3S), University of Porto, Portugal,
and licensed by DGAV (General Directory of Food and Veterinary, Ministry of Agriculture,
Rural Development and Fishing, Government of Portugal). All animals were handled in
strict accordance with good animal practice as defined by national authorities (DGAV, Law
nul005/92 from 23 October 1992) and European Parliament Directive 2010/63/EU.

2.2. Animals and Organ Collection

Heterozygous obese, B6.Cg-Lep® /] (ob/ob), and diabetic, BKS.Cg-Dock7™+/+LeprdP]
(db/db), animals were purchased from Charles River, Madrid, Spain, and bred at the i3S
animal house under specific pathogen-free conditions. All animals were kept in an ad
libitum standard diet (2014S Teklad Diets) and with free access to sterilized tap water. Each
litter was closely monitored and genotyped when a new mating had been required. Ho-
mozygous —/— C57BL/6] (wild type) mice from the same litters of either ob/ob or db/db
transgenic strains were used as respective controls. Six-week-old animals were weighted
periodically and monitored for blood glucose levels (non-fasting). Eight-week-old obese
(ob/ob), diabetic (db/db), and C57BL/6] (control) male mice were euthanized with carbon
dioxide followed by necropsy to collect skin, adipose tissue, kidneys, liver, and heart. The
organs and the intraperitoneal adipose tissue were cleaned with HBSS (Gibco, Waltham,
MA, USA), embedded in OCT (Thermo Scientific, Waltham, MA, USA), cryopreserved in
liquid nitrogen cooled isopentane (Sigma-Aldrich, St. Louis, MO, USA), and immediately
stored at —80 °C. For body fat quantification, all adipose tissue depots were carefully
removed, washed with saline, blotted-dried, and weighted.

2.3. Decellularization

Murine samples, previously frozen, were washed in PBS, sliced with the help of a
4 x 4 mm? grid (thickness of approximately 2 to 4 mm), and placed in a 24-well plate.
Decellularization was achieved through a sequence of incubation steps as described else-
where [14,15]. Briefly, tissue fragments were incubated in a hypotonic buffer (10 mM
Tris-HC], 0.1% EDTA, pH 7.8) for 18 h, washed with PBS, and further incubated in a
buffered solution containing sodium dodecyl sulfate (SDS) at 0.1% for liver and adipose tis-
sue, 0.2% for skin and kidney, or 0.3% for heart samples. After 24 h, fragments were washed
in 10 mM Tris-HCI pH 7.8, treated with 50 U/mL DNase I (AppliChem GmbH, Darmstadt,
Germany) for 3 h at 37 °C, and washed in PBS. Decellularized matrices were stored at 4 °C
in PBS supplemented with 10 mg/mL gentamicin (Gibco) and 1% fungizone (Alfagene,
Lisbon, Portugal), for a maximum period of four weeks. Of note, a small fragment of each
tissue, from each animal, was kept as a “Native” sample for further comparison.

2.4. DNA Quantification

Total DNA content was assessed in native and decellularized tissues from ob/ob,
db/db, and C57BL/6] control animals. For that, DNA was extracted using PureLink
Genomic DNA Mini Kit (Invitrogen, Waltham, MO, USA), according to the manufacturer’s
instructions, and quantified in a NanoDrop 1000, as ng of DNA per mg of tissue.
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2.5. Histology and Immunofluorescence Assays

Native and decellularized tissues from ob/ob, db/db, and C57BL /6] controls were
formalin-fixed, paraffin-embedded, and sliced into 3 pm-thick sections. For histology,
each sample was stained with Hematoxylin and Eosin (H&E) and Masson’s Trichrome.
A light microscope Olympus CX31 coupled with a DP-25 Camera was used to acquire
all histology images. For immunofluorescence, the sections were dewaxed in xylene,
rehydrated with a graded ethanol-water series, and subjected to antigen retrieval by heat-
induced epitope retrieval. Tissue sections were then incubated with 1% bovine serum
albumin (Sigma-Aldrich) at room temperature (RT) for 2 h, followed by incubation with
the primary antibody overnight at 4 °C. Antibodies directed to major structural ECM
components such as fibronectin (1:400 rabbit polyclonal, F3648, Sigma-Aldrich), laminin
(1:100 rabbit polyclonal, L9393, Sigma-Aldrich), collagen IV (1:10 rabbit polyclonal, AB769,
Millipore, Burlington, MA, USA), and hyaluronic acid binding protein (1:200, 385911,
Millipore) were used. The incubation with secondary antibodies was performed at RT
for 1 h, using goat anti-rabbit Alexa Fluor 594 (Life Technologies, Carlsbad, CA, USA),
donkey anti-goat Alexa Fluor 488 (Life Technologies), or Streptavidin Alexa Fluor 555 (Life
Technologies), at 1:500 dilutions. DAPI (4’,6-diamidine-2’-phenylindole dihydrochloride;
Sigma-Aldrich) at 5 pg/mL was used to counterstain DNA and ensure nuclei visualization.
Slides were mounted onto Vectashield (Vector Laboratories Inc., Burlingame, CA, USA),
and images were acquired using a Laser Scanning Confocal Microscope Leica SP5II.

2.6. Histology Analysis

The length of the skin adipose tissue layer and the adipocyte diameter were determined
using micrographs taken with a 4x magnification, “blindly”, under a light microscope
Olympus CX31 coupled with a DP-25 Camera and Cell B software. For determination of
the adipose layer length, two random regions of each image were measured from each of
the three strains (n = 6). The adipocytes diameter was obtained by measuring 20 randomly
chosen cells in three fields from three adipose tissue samples (1 = 3 per group). All the
analyses were performed using Fiji Software.

2.7. Scanning Electron Microscopy (SEM)

To assess tissue architecture, native and decellularized samples were fixed in 2.5%
glutaraldehyde, in 0.1 M sodium cacodylate, for 30 min at RT, washed with cacodylate
buffer, and dehydrated in a graded ethanol-water series. Carbon dioxide critical point
drying was used to eliminate all humidity prior mounting each fragment onto sticky carbon
tape. Samples were then coated with an Au/Pd thin film, by sputtering, using the SPI
Module Sputter Coater equipment, and examined with a high-resolution scanning electron
microscope with X-Ray Microanalysis JEOL JSM 6301F /Oxford INCA Energy 350.

2.8. Rheology Analysis

Viscoelastic properties of decellularized skin, kidney, and adipose tissue were assessed
by rheological analysis using a Kinexus Pro rheometer (Malvern, Great Malvern, UK). All
measurements were performed inside the equipment hood at 25 °C, using 4 mm upper
and 8 mm sandblasted parallel plates. Linear viscoelastic regions (LVR) of samples were
determined by performing frequency and amplitude strain sweeps. The complex shear
modulus (G*) values were obtained at different frequency sweeps, with 0.03%, 0.39%, and
0.04% of shear strain for skin, kidney, and adipose tissue, respectively. Five animals of each
strain, C57BL/6], ob/ob, and db/db, were analyzed, with three to four matrices from each
mouse being evaluated.

2.9. Atomic Force Microscopy (AFM)

Decellularized skin, kidney, adipose tissue, heart, and liver samples were fixed with
formaldehyde before being embedded in optimal cutting temperature (OCT) medium, then
frozen by means of liquid nitrogen, and kept at —80 °C. With the support of the Histology
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and Comparative Pathology Laboratory at Instituto de Medicina Molecular (iMM, Lisbon,
Portugal), 30 um-thick adjacent transversal slices were obtained. These tissue slices were
used for indentation studies by AFM. All samples were mounted on super frost glass slides
and stored at —80 °C until being analyzed on a NanoWizard 4 atomic force microscope
(JPK Instruments, Berlin, Germany), mounted on top of an Axiovert 200 fluorescence
inverted optical microscope (Zeiss, Jena, Germany). The elasticity differences throughout
the decellularized matrices of each mice model (C57BL/6], ob/ob, and db/db) were
evaluated by using non-functionalized OMCL TR-400-type silicon nitride tips (Olympus,
Tokyo, Japan), softest triangular cantilevers with a tip radius of approximately 15 nm, and
a resonance frequency of 11 kHz. The thermal fluctuation method was used to calibrate
the spring constant of the tips by assuming a value of 0.02 N/m. Before retraction, the
maximum applied force was 2 nN. The elasticity for each distinct acellular tissue was
measured using a 10 x 10-point grid (in a 100 x 100 um square image) for a total of 100
points measured for each area and seven curves for each point. Of note, at least two
different areas of the tissue were measured. Data collection for each force-distance cycle
was performed at 3 Hz with a z-displacement range of 5 um. All the experiments were
performed at RT in phosphate buffered saline solution. Force spectroscopy data were
analyzed to obtain the Young’s Modulus and the indentation depth of the different tissues
from each mice model, using JPK Image Processing software v. 6.0.55 (JPK Instruments), by
application of the Hertzian model.

2.10. Statistical Analysis

GraphPad Prism Software V8 was used to design all graphs and perform the statistical
analysis. The non-parametric Kruskal-Wallis test was used to assess the statistical signifi-
cance of mice weight and glycemia levels. The parametric Student’s t-test (paired t-test)
or the one-way univariate analysis of variance (ANOVA) with the Bonferroni Correction
test were employed to assess the significance of all other comparisons. Globally, a 5%
significance was used.

3. Results
3.1. Mouse Monitoring Reveals That Only db/db Animals Display Sustained Hyperglycemia

As a starting point to extensively characterize ob/ob and db/db mouse models, the
weight and glycemia of all animals, from 6 to 9 weeks of age, was monitored. For control
purposes, homozygous C57BL/6] animals from the respective transgenic litters were
also analyzed. As expected, the weight of both ob/ob and db/db animals progressively
increased with age, while that of their wild type counterparts remained almost unchanged
(Figure 1A). The excessive weight of the genetically engineered strains was evident when
evaluating in vivo microtomography images, which revealed a similar high degree of
adipose tissue accumulation in both ob/ob and db/db animals (in red, Figure 1B). Moreover,
the quantification of body fat indicated that the percentage of adipose tissue in ob/ob and
db/db mice was comparable (27 &= 0.79% and 33 & 0.47%), and substantially higher than
that of background controls (11 = 0.50%). Despite the obesity phenotype presented by both
transgenic models, only the db/db animals displayed a pronounced and gradual glycemia
increase (Figure 1C). Instead, ob/ob mice exhibited a non-significant raise of glycemia
around 6 weeks of age, which returned to normal levels thereafter. These results highlight
that db/db animals, presenting hyperglycemia, intimately mimic diabetes hallmarks, while
ob/ob mice featured more an obesity model.
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Figure 1. Only db/db animals presented sustained hyperglycemia despite both transgenic models
developed the same levels of obesity. Follow up of the animal phenotype from 6 to 9 weeks of age.
(A) Body weight comparison between C57BL/6], ob/ob, and db/db animals, along time, maintained
on a standard ad libitum diet. (B) Micron-scale computed tomography of 8-week-old C57BL/6],
ob/ob, and db/db animals. Representative images of coronal (upper panels) and sagittal (lower
panels) orientations. Adipose tissue is highlighted in red, and the table depicts the percentage of
body fat for the three animal strains. The grayscale indicates areas of density between 0 and 255 HU
on the micro-CT slices shown. Coloring grids displayed are guides for anatomical comparison.
(C) Time-dependent non-fasting blood glucose levels of C57BL/6], ob/ob, and db/db models. Shown
are the values of 18 age-matched control (white), ob/ob (light gray), and db/db (dark gray) animals,
per time-point. Box-and-whisker plot represented by 25th and 75th quartiles, line within the box
denotes the median, and the whiskers extend from minimum to maximum values. Statistical analyses
of the weight and glycemia, across categories, were conducted using the median in the nonparametric
Kruskal-Wallis test (a: C57BL/6] vs. ob/ob, p < 0.0001; b: C57BL/6] vs. ob/ob, p < 0.001; c: C57BL/6]
vs. ob/ob, p < 0.05; d: C57BL/6] vs. db/db, p < 0.0001; e: ob/ob vs. db/db, p < 0.01; f: ob/ob vs.
db/db, p < 0.0001).

3.2. Histology Exposed Important Differences in Obese and Diabetic Tissues and Illustrated
Decellularization Efficiency

To compare the histological structures of ob/ob and db/db animals, paraffin embed-
ded samples of skin, kidney, adipose tissue, liver, and heart, before and after decellulariza-
tion, were sliced and stained with H&E and Masson’s Trichrome. As control, C57BL /6]
animal organs and tissues were also processed for histological analysis. When analyzing the
skin of the transgenic models, the most obvious difference was the expansion of the dermal
adipose layer, with signs of adipocyte hyperplasia and hypertrophy (Figure 2A, arrow).
In fact, ob/ob mice displayed the highest adipose layer size (7.12 & 1.67 A.U.), when com-
pared with db/db mice (5.50 & 0.72 A.U.) or C57BL/6] (3.08 £ 0.56 A.U.) (Figure S1A,C).
In addition, the muscle layer (asterisk) present in the skin of C57BL/6] mice seems to
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be vestigial in ob/ob, and totally absent in db/db animals. The dermis also appeared
to be altered, possibly more compact (dashed line), in both obese and diabetic animals.
Regarding the epidermis, the major alteration seems to occur in diabetic mice, where a
loose architecture was observed (arrowhead). In decellularized skin matrices, the character-
istics of the native tissues from each strain were maintained and the skin layers preserved.
This indicates that the obtained scaffolds closely mimic native samples, regardless of their
histological differences (Figure 2A). In addition, the DNA quantification clearly attested
the effectiveness of the decellularization protocol, as almost no DNA was quantified in
the matrices in comparison to the native skin samples (Figure S1D). Regarding the kidney
histology, both ob/ob and db/db tissues exhibit signs of nephropathy (Figures 2B and S1E)
with extensive mesangial expansion (Figure S1E, asterisk) in both transgenic strains, due to
increased ECM production, and diffuse thickening of the glomerular basement membrane
in db/db animals (Figure S1E, arrow). Moreover, tubulointerstitial changes, corresponding
to the thickening of tubular basement membranes and to the interstitial widening, were
also observed, particularly in diabetic kidneys (Figure 2B, inset). In decellularized kidney
samples, intact cells and cell debris were absent, as evidenced by H&E staining. Scaffolds
displayed an exclusive blue staining in Masson’s Trichrome, indicating total loss of cellular
constituents with collagen ECM preservation (Figure 2B). As previously mentioned, both
transgenic animal strains suffered from a gradual weight increase, becoming obese at 5
weeks of age, although, only db/db presented sustained hyperglycemia. When analyzing
the intraperitoneal adipose tissue of both obese and diabetic animals, adipocyte hypertro-
phy can be identified (Figure 2C, arrows), as supported by similar averages in adipocyte
diameters in ob/ob and db/db (0.76 &+ 0.011A.U. and 0.89 & 0.18 A.U., respectively), when
compared with wild type controls (0.38 £ 0.06 A.U.) (Figure S1B,C). This is a feature of
a clear obese phenotype in both genetically engineered rodent strains. In decellularized
matrices, adipocyte alterations were also evident, as their number and size in C57BL/6]
animals were clearly distinct from those in transgenic animals (Figure 2C). Of note, adipose
tissue of the three animal strains presented a gelatin-like texture and low cellularity, yet
both the Masson’s Trichrome staining and the DNA quantification reveal that its ECM
was successfully decellularized (Figures 2C and S1D). In contrast, the analysis of animals’
heart tissue histology did not reveal major differences between the three murine strains
(Figure 2D). As for the decellularized structures, the red staining in Masson’s Trichrome
indicates that some heart muscle fibers were maintained, highlighting the density of the
organ (Figure 2D). Yet, DNA presence in scaffolds was vestigial, confirming that this is
indeed an acellular structure (Figure S1D). In the liver of both transgenic strains, evident
steatosis (score 3 in the NAFLD Activity Score) with a low degree of hepatocyte ballooning
and mild intralobular inflammation (Figure 2E) was observed. Upon decellularization, liver
scaffolds retained their ECM fibrous proteins without an organized histological structure.
Nevertheless, both ob/ob and db/db matrices appeared to be looser than those of their
wild type controls (Figure 2E). Altogether, the data extracted provide a detailed histopatho-
logical characterization of ob/ob and db/db mice models, illustrating major differences
in organs and tissues such as skin, kidney, adipose tissue, heart, and liver from obese and
diabetic animals. Interestingly, db/db organs were those that revealed the most prominent
structural alterations, suggesting that diabetic factors are more associated with pathology
worsening than obesity.
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Figure 2. Native tissues of transgenic mice strains present evident histological alterations; however,
ECM scaffolds are equally maintained after decellularization. Optical microscopy micrographs of
native (upper panels) and decellularized (lower panels) tissue sections. Representative images of
skin (A); kidney (B); adipose tissue (C); heart (D) and liver (E) samples obtained from C57BL/6],
ob/ob, and db/db animals. Depicted are histology H&E (left panels) and Masson’s Trichrome (right
panels) stainings, with scale bars included in each image (200 or 500 um as indicated, and 100 pm
in the inset). Asterisk, skin muscle layer; thin arrow, skin adipose layer; dashed line, skin dermis;
arrowhead, epidermis; bold arrow, adipocyte hypertrophy.
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3.3. Scanning-Electron Microscopy Revealed Native and Decellularized Mouse Tissues
Architecture Features

When characterizing tissues and extracellular matrices, architecture is often dismissed.
Nonetheless, it is a relevant feature complementary to histological analysis. Thus, scanning
electron microscopy was performed to understand whether native and decellularized
tissues from wild type, ob/ob, and db/db animals exhibit ultrastructural differences. The
architecture of the native skin revealed that keratinocytes are organized in a honeycomb-like
structure visible in the three mice strains. Yet, in obese, and particularly in diabetic animals,
keratinocytes are larger in size and smaller in number, when compared with wild type
controls (Figure 3). Additionally, in db/db mice the skin structure seems to be less compact
and more disorganized than in the other models, in line with histology data. The fibers that
constitute the skin can be observed in more detail at the surface of the tissue. It is clear that,
in C57BL/6] mice, fibers are thinner than in the transgenic strains. Upon decellularization,
the main architecture is kept, but these fibers are slightly more aggregated. Still, the
overall morphology of the skin ECM resembles that of native conditions (Figure 3A). The
kidney tubular architecture was evident in the three animal strains, both in native and in
decellularized tissues. The glomeruli are noticeable structures wrapped in the renal tubes
observed in the native tissue but not in decellularized kidney samples. The meshwork
structure of the kidney composed of strands and pores was evident in acellular tissues,
indicating that kidney main structural elements were preserved after decellularization
(Figure 3B). Native heart surface analysis revealed that the parallel fibers of the contractile
muscle were readily detected and similar in the three animal models. Nevertheless, at
higher magnifications, the fibrous architecture appeared thicker in wild type than in
obese and diabetic mice, indicating mild structural differences in transgenic strains. In
heart-decellularized matrices, the fibrous architecture was maintained, but slightly more
disorganized, with noticeable holes resulting from nuclei rupture. No major differences
were observed among control C57BL/6], ob/ob, and db/db heart samples (Figure 3C). In
the liver, a marked steatotic parenchyma, in both obese and diabetic mice, was observed
(Figure 3D). The fat pockets previously identified in native tissues are illustrated by holes
in the liver of both ob/ob and db/db mice. This cavernous-like surface was more evident
upon decellularization. In transgenic models, nuclei absence together with the holes
left from the fat depots, created an organized pore-containing matrix. Strikingly, db/db
liver ECM presented larger pores than that of ob/ob matrices, suggesting that the liver
parenchyma of these animals accumulates higher levels of fat. It should be noticed that,
due to the liquid-like nature of the intraperitoneal adipose tissue, it was not possible, in our
conditions, to obtain reliable SEM data for adipose tissue samples of the three mice strains.
Overall, the analysis of tissue architecture pinpointed interesting differences in obese and
diabetic tissues and, more importantly, confirmed that decellularization does not alter the
main ECM structure of C57BL/6], ob/ob, and db/db skin, kidney, heart, and liver.
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Figure 3. Decellularized mice tissues maintain their native architecture. Scanning electron microscopy
images of native (upper panels) and decellularized (lower panels) mice tissue sections. Representative
micrographs of skin (A); kidney (B); heart (C), and liver (D) from C57BL/6], ob/ob, and db/db
animals. Scale bars are indicated in the micrographs (magnification ranging from 150x to 25,000 x,
spatial resolution of 4 to 500 um).

3.4. Decellularized Matrices from ob/ob and db/db Animals Retained Major ECM Components

To further characterize the native and decellularized tissues, we examined, by im-
munofluorescence, the composition, and distribution of four major ECM components:
hyaluronic acid, laminin, fibronectin, and collagen type IV. In the skin of C57BL/6], ob/ob,
and db/db animals, hyaluronic acid was present at the basement membrane, though
mainly in the papillary and reticular dermis, as well as the subcutaneous fat layer, where
it surrounds adipocytes. This distribution was maintained in the decellularized matrices
(Figure 4). Laminin, which presented decreased expression in obese non-diabetic and dia-
betic mice (Figure 4A), located at the hair follicles, where it is known to regulate the dermal
papilla function. The hair follicle localization of laminin is especially noticeable in the
decellularized skin (Figure 4B). This ECM protein was also found in sebaceous glands and,
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to a less extent, in the interfollicular epidermis. Fibronectin presented a scattered pattern
throughout all skin layers, with no noticeable differences among strains, either in native or
decellularized tissues. As for collagen IV, it was observed to be the major constituent of the
basement membrane, hair follicles, and subcutaneous fat layer (Figure 4A) [16].

A. NATIVE

DECELLULARIZED

Hyaluronic acid Laminin Fibronectin Collagen IV

Figure 4. ECM components of the skin before and after decellularization. Visualization of native (A)
and decellularized (B) skin sections from C57BL/6], ob/ob, and db/db mice. The representative
results compare confocal microscopy images of hyaluronic acid (first column), laminin (second
columns), fibronectin (third column), and collagen IV (forth column) immunostained skin samples.
Nuclei are shown in blue after DAPI counterstaining. Mouse hair may also be observed in blue as
it emits light in the blue spectral range. IFD, interfollicular dermis; SG, sebaceous gland; HF, hair
follicle; BM, basement membrane; SCF, subcutaneous fat layer. Scale bar: 50 um.
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In the kidney, the most striking difference was the accumulation of laminin in the
mesangial matrix of db/db animals. Apart from laminin, the mesangial ECM is composed
of collagen type IV and fibronectin (Figure 5A). The glomerular basement membrane
is constituted by laminin and collagen IV that entangle to maintain the integrity of the
structure. The presence of hyaluronic acid is mainly restricted to renal tubules and appears
to be thicker in diabetic mice. Upon decellularization, the obtained scaffolds maintained all
ECM components studied (Figure 5B); however, their physiological location was difficult to
identify, with the exception of fibronectin that was clearly kept within the mesangial matrix.

A. NATIVE

KIDNEY
RT

B. DECELLULARIZED

Hyaluronic acid Laminin Fibronectin Collagen IV

Figure 5. Kidney ECM components prior to and after decellularization. Representative confocal
microscopy images of native (A) and decellularized (B) kidney sections from C57BL/6], ob/ob, and
db/db mice. Confocal microscopy images of immunostaining for hyaluronic acid (first column),
laminin (second column), fibronectin (third column), and collagen IV (forth column). Nuclei are
stained in blue (with DAPI). RT, renal tubules; MM, mesangial matrix; GBM, glomerular basement
membrane. Scale bar: 100 um.
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Concerning the adipose tissue, the ECM surrounding each adipocyte, designated
as basal lamina, contained hyaluronic acid, laminin, fibronectin, and collagen type IV
(Figure 6), although differently distributed in C57BL/6], ob/ob, and db/db animals. While
in native samples wild type mice presented less collagen IV than transgenic animals, in
obese non-diabetic individuals, a reduction of hyaluronic acid and fibronectin was observed
in comparison with C57BL/6] controls and db/db mice. This suggests the existence of clear
differences among the intraperitoneal fat depots of each animal strain. In acellular adipose
tissue, the presence of the four matrices components analyzed was maintained, with the
native cues being kept in each scaffold (Figure 6B).

The evaluation of heart ECM traits revealed that hyaluronic acid and laminin are
evenly distributed throughout the myocardium, while fibronectin exhibited a lower and
heterogeneous expression restricted to the vicinity of endothelial cells (Figure S2). Collagen
type IV surrounded the cardiomyocytes that compose the native tissue and the vessels
found in C57BL/6], ob/ob, and db/db samples. Heart scaffolds presented an abundant
hyaluronic acid and collagen IV content but had a mild presence of laminin and fibronectin.
Nevertheless, the ECM component profile in heart matrices resembled that of native tissues
(Figure S2B). Finally, the staining of the ECM components in native liver sections exposed
the location of each constituent (Figure 7). Hyaluronic acid was clearly restricted to the
hepatocyte cytoplasm, even in obese and diabetic steatotic parenchyma. Laminin displayed
an expression restricted to the interlobular space and interlobular veins, while fibronectin
seemed to surround the cells that locate at the sinusoids. Collagen type IV was expressed
in the sinusoid compartment and around vessel walls. The increased levels of collagen
type IV present in the liver were easily observed in decellularized matrices (Figure 7B).
The latter retained the ECM molecules composing the native tissue, albeit with a more
diffuse distribution.

Of note, the absence of tissue auto-fluorescence and secondary antibody non-specific
binding (Figure S3) indicated that each ECM component was specifically detected. Collec-
tively, the results gathered here show that decellularized matrices from all animal strains
preserve the native tissue ECM components and resemble the original morphology. Impor-
tantly, although protein location is maintained upon decellularization in obese and diabetic
tissues, the levels of each matrix constituent may be altered when compared to C57BL/6]
controls. Exemplifying this is the evident decrease of laminin in the skin of ob/ob and
db/db animals versus wild type, the laminin accumulation in db/db kidney structures,
and the apparent decrease of hyaluronic acid in hepatocyte cytoplasm of both obese and
diabetic mice.
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Hyaluronic acid Laminin Fibronectin Collagen IV

Figure 6. Acellular intraperitoneal adipose tissue retains its ECM components. Confocal microscopy
images of native (A) and decellularized (B) adipose tissue sections from C57BL/6], ob/ob, and db/db
mice. Shown are immunofluorescence results for hyaluronic acid (first column), laminin (second
column), fibronectin (third column), and collagen IV (forth column). DAPI staining indicates cell

nuclei. Scale bar: 100 um.
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3.5. ECM from Obese and Diabetic Animals Exhibit Distinct Viscoelastic Properties

To evaluate the effect of diabetes on the ECM viscoelastic properties, skin, kidney,
and adipose tissue matrices from C57BL/6], ob/ob, and db/db animals were analyzed
by rheology. First, we determined the linear viscoelastic region (LVR) by performing both
frequency and amplitude sweeps on three independent samples from skin, kidney, and
adipose tissue matrices. Such evaluation revealed that frequency sweeps ranged from
0.01 Hz to 3 Hz, and the shear strain was 0.03%, 0.39%, and 0.04% for skin, kidney, and
adipose tissue, respectively (Figure 8). In addition, we observed that the viscous component
(G”, imaginary part) is smaller than the elastic component (G/, real part) of the complex
shear modulus in approximately one order of magnitude in the three tissues analyzed
(Figure S4). Secondly, the amplitude of the complex shear modulus (G*) was determined
along each frequency range and, from the LVR, the value of each matrix G* was retrieved
and compared among mice strains (Figure 8A,B). Interestingly, the skin ECM G* amplitude
was significantly higher in diabetic animals than in obese or wild type mice. This may
relate with the alterations found through histology, i.e., we expect that the muscle layer loss
together with the compact dermis, observed in the skin of db/db murine model, results
in the increase of ECM rigidity (Figure 8B). The comparison between kidney matrices
revealed no statistically significant differences. Yet, there was a tendency for lower G* on
the db/db ECM, opposed to a higher complex shear modulus amplitude on the C57BL/6]
matrices (Figure 8B). Importantly, when analyzing the intraperitoneal adipose tissue of
each animal strain, striking differences were found between obese and diabetic mice. The
adipose depots in db/db animals presented higher G* amplitude than those in ob/ob,
although both strains present the same weight levels and fat accumulation (Figure 1).
To our best knowledge, this data demonstrates for the first time that obese and diabetic
intraperitoneal adipose tissue display important biomechanical differences regarding their
ECM. Thus, the morphological alterations observed in ob/ob and db/db matrices are
sufficiently dramatic to produce biomechanical alterations, as observed above [17-19].
However, to further explore the differences on the mechanical properties of scaffolds at a
smaller scale, decellularized matrices from each organ and tissue were evaluated by atomic
force microscopy (AFM). For that, formaldehyde-fixed samples were embedded in OCT
and transversal slices with 30 um were analyzed for their Young’s Modulus values (stiffness
parameter), as well as indentation depth (Figure 8C,D, respectively). Interestingly, when
comparing the Young’s Modulus values of C57BL/6], obese, and diabetic mice samples,
statistically significant differences were identified in all matrices. The db/db acellular
tissues, with the exception of the skin, presented the lowest value of Young’s Modulus,
indicating that diabetic ECM presents the lowest stiffness (highest tissue elasticity) when
compared with obese or wild type controls (Figure 8C). Obese kidney and adipose tissue
ECM displayed higher stiffness than the same tissues of diabetic and C57BL/6] mice. These
results point out, once again, relevant differences between the ob/ob and db/db animal
models. As for the skin, AFM measurements were restricted to the epidermis as this was
the region with the most profound histological alterations. Collected data indicated that
C57BL/ 6] matrices were those with the highest Young’s Modulus, contrary to rheometry
measurements. However, the stiffness of the skin determined by AFM was significantly
higher in diabetic mice than in obese mice, as shown before in rheology studies by the G*
amplitude values. As for the indentation depth (Figure 8D), the values obtained are in line
with those of the Young’s Modulus: higher indentation depth associates with lower Young's
Modulus values (i.e., higher elasticity of the sample). In summary, the data obtained herein
on the mechanical properties of the evaluated matrices strongly highlight substantial
differences between C57BL/ 6], obese, and diabetic ECMs. Knowing that biomechanical
features have an important role in cell organization, profile, and function, it is thus essential
to further investigate the biological impact of these biomechanical contrasts.
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C57BL/6

ob/ob

db/db

Hyaluronic acid Laminin Fibronectin Collagen IV

Figure 7. ECM components of native and decellularized liver. Immunohistochemical staining of
ECM components from native (A) and decellularized (B) liver sections of C57BL/6], ob/ob, and
db/db mice. Confocal microscopy images of hyaluronic acid (first column), laminin (second column),
fibronectin (third column), and collagen IV (forth column) immunostained liver samples. Nuclei are
stained in blue (with DAPI). Scale bar: 100 um.
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Figure 8. Obese and diabetic mouse tissues present distinct viscoelastic properties. (A) Complex shear
modulus amplitude (G*) values of the skin, kidney, and adipose tissue matrices obtained at different
frequency sweeps, with 0.03%, 0.39%, and 0.04% of shear strain, respectively. Represented are the
results from C57BL/6] (circles), ob/ob (squares), and db/db (triangles) animal strains. (B) Complex
shear modulus of skin, kidney, and adipose tissue scaffolds assessed from the linear viscoelastic
region (LVR, gray area) of the performed frequency sweeps (dotted line) represented in a scatter dot
plot. Each reading is the average from five animals: C57BL/6] (circles), ob/ob (squares), and db/db
(triangles) strains (3 to 4 matrices each) == SEM. Statistical analyses were assessed using one-way
ANOVA * p < 0.05; *** p < 0.001; *** p < 0.0001. (C) Atomic force microscopy of skin, kidney,
fat, heart, and liver matrices from C57BL/6]J, ob/ob, and db/db mice. Represented is the Young's
modulus and (D) indentation depth extracted from acquired AFM force indentation curves, after
applying the Hertzian model. Statistical evaluation was performed using one-way ANOVA with the
Bonferroni Correction Test, ** p < 0.001 and *** p < 0.0001.

4. Discussion

In the current study, we have extensively characterized the diabetic db/db and the
obese ob/ob animal models, detailing the histological and biomechanical features of the
skin, kidney, liver, heart, and adipose tissue ECMs. Our analysis not only evidenced
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significant differences in the two transgenic mice strains in comparison with C57BL/6]
controls, but also, and more importantly, it disclosed striking modifications specific of
diabetic organs and tissues. Such data highlights the critical role of diabetes-associated
features (e.g., sustained hyperglycemia) in ECM remodeling and points to a straight associ-
ation of ECM properties with T2DM pathophysiology. The ob/ob (LeptinR™"*) and db/db
(Leptin™"*) mice strains have mutations in leptin signaling resulting in uncontrolled satiety
and reduced energy expenditure [20,21]. As described in the literature, and confirmed
by us, such abnormalities render these rodents into an acute and early-onset obese condi-
tion [22]. Accordingly, we observed that intraperitoneal adipose tissue of both transgenic
strains exhibited increased adipocyte size. Moreover, ob/ob and db/db liver examina-
tion revealed histological alterations similar to those of nonalcoholic fatty liver disease, a
pathology associated with overt obesity and also present in diabetes [23,24]. Although both
genetically engineered murine strains develop similar obese features, only db/db animals
exhibit diabetes features, such as severe hyperglycemia. The levels of circulating glucose
are known to be associated with alterations in ECM components leading, for example,
to protein glycation. Subsequently, such modifications may result in changes of biome-
chanical properties of the tissue matrices [2,3,5], which in turn may modulate cell function.
Nevertheless, the effect of diabetes on tissue matrices biomechanical features has mainly
been assessed in native tissues [10-12]. Our data, using both native and decellularized
samples, pinpointed important structural and biomechanical alterations in the diabetic
skin, kidney, adipose tissue, heart, and liver. The epidermis of db/db displayed a loose
structure that occurs, most likely, due to the irregular basal layer alignment, a feature
already observed in streptozotocin-induced diabetic mouse models [25]. In addition, SEM
analysis revealed that diabetic mice skin has a less compact architecture with decreased
keratinocyte numbers than that of wild type mice, as previously reported [25]. The dermis
and adipose layer of the db/db skin also hold clear structural differences when compared
with C57BL/6] tissues. However, changes might be associated with overt obesity, as they
were observed in both transgenic rodent models. In fact, it was already reported that the
thickness of the different dermis layers’ changes when animals are subjected to a high-fat
diet [26]. Apart from the skin, db/db kidneys also exhibit clear signs of diabetic renal
disease, particularly in glomeruli and tubulointerstitial structures, abnormalities ascribed
to diabetic nephropathy [27,28]. Of note, although in ob/ob the lack of hyperglycemia has
been associated with the absence of diabetic nephropathy [22], we detected mild signs of
kidney mesangial expansion, suggesting a degree of renal illness in this model. Another
common complication of diabetes is the development of liver chronic disease, characterized
by excessive accumulation of hepatic fat [23,24], as patent on the db/db steatotic liver
parenchyma. The diabetic hepatic sinusoids, unlike other tissues, do not display typical
fibrotic features, such as basement membrane thickening [29]. This is corroborated by our
results showing no evident alterations in the levels of ECM components among wild type,
obese, and diabetic tissues. As mentioned above, both transgenic mouse models feature
overt obesity. Therefore, we performed a detailed analysis of intraperitoneal adipose tissue
that revealed evident differences between the fat depots of db/db and ob/ob in compari-
son with C57BL/6]. Our data highlight adipocyte hypertrophy and higher expression of
collagen type IV in obese and diabetic tissues, as well as decreased levels of hyaluronic acid
restricted to ob/ob fat depots [30,31]. Of note, we were unable to address the architecture
of intraperitoneal adipose tissue scaffolds by SEM [31]. When studying the heart, it was
expected to detect signs of diabetes-associated cardiomyopathy in diabetic animals [2]. Yet,
in our experimental setup, no major differences were found in the heart structure or in its
ECM components. This probably occurs because the profibrotic signaling cascades that
lead to myocardial fibrosis are activated later in life. In fact, the molecular mechanisms
associated with diabetic cardiomyopathy were described only in 16-week-old animals,
a stage where the disease is already chronic [2], instead of the 8-week-old mice used in
this study. Of note, one should not exclude that obese and diabetic tissue histological
differences selectively impact the decellularization efficiency. Nevertheless, our meticulous
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characterization of skin, kidney, intraperitoneal adipose tissue, heart, and liver decellu-
larized matrices from wild type, obese, and diabetic animals strongly suggests that the
main ECM structure, architecture, and composition present in native tissues is maintained
in decellularized scaffolds. Therefore, we took advantage of such matrices and evaluated
the impact of diabetes condition on ECM biomechanical properties. Our results unveiled
significant differences among the complex shear modulus, Young’s Modulus, elasticity,
and rigidity of wild type, obese, and diabetic acellular tissues. The diabetic intraperitoneal
adipose tissue scaffolds presented the highest complex shear modulus amplitude and
the lowest Young’s Modulus when compared with obese or wild type controls. To our
knowledge, this is the first time that the diabetic intraperitoneal adipose tissue ECM is
shown to display critical biomechanical differences. Importantly, db/db kidney, heart,
and liver matrices exhibited the lowest Young’s Modulus values, showing that diabetic
scaffolds possess decreased stiffness and high tissue elasticity than obese or wild type
matrices. Interestingly, the changes in the stiffness of heart ECM are the opposite of what
was reported by Michaelson et al. when analyzing the native diastolic stiffness, diastolic
left ventricular rigidity, and myocyte Young’s Modulus [12], underlining the relevance
of evaluating the viscoelastic properties of the decellularized tissue. The evaluation of
the skin biomechanical properties by both rheology and AFM revealed conflicting results.
The diabetic ECM showed high complex shear modulus but also low Young’s Modulus
when compared with both obese and, particularly, wild type samples. These contradictory
data on the skin stiffness might be explained by the fact that in rheology all skin layers,
namely epidermis, dermis, and hypodermis, were analyzed as a whole, while in AFM
only the epidermis layer was considered. Moreover, there are intrinsic differences between
the employed techniques (rheology vs. AFM). Rheology relies on the deformability of the
whole skin matrices at a given shear stress, while AFM is dependent on a sharp probe
tip (or cantilever) that scans over a surface and senses the viscoelastic shear forces at the
nanometer scale. As such, the impact of the skin complex histology and the areas of the
skin tissue where the AFM probing was performed could be highly relevant for the AFM
data obtained, resulting in a stiffness readout different from that of rheometry. Moreover,
the fact that all tissues for AFM analyses were fixed in formaldehyde, prior to embedment
in OCT, might have affected tissue stiffness. Nevertheless, one may argue that our rheology
results are in line with the increased stiffness encountered in the native plantar skin from
diabetic patients in comparison with that of non-diabetic individuals [10]. Importantly, the
biomechanical studies clearly show that the most noticeable differences in the analyzed
matrices were detected in diabetic tissues, suggesting that T2DM-associated features pro-
mote impactful ECM alterations. In summary, diabetic and obese animal models present
significant differences in their skin, kidney, intraperitoneal adipose tissue, heart, and liver
morphology, and composition. Moreover, rheology and AFM analysis of the referred
tissues ECM revealed important biomechanical differences, being more pronounced in the
diabetic animals, which exhibit significantly different stiffness and viscoelastic properties
when compared with normal (C57BL/6]) or obese (ob/ob) matrices. Such results reinforce
the fact that changes in ECM structure and biomechanical properties may be involved in
the pathophysiological process of diabetic complications [4,9,10,13].
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of each matrix.
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