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Abstract

Inflammatory bowel disease (IBD) continues to increase in prevalence in industrialized coun-
tries. Major complications of IBD include formation of fibrotic strictures, fistulas, reduced
absorptive function, cancer risk, and the need for surgery. In other chronic gastrointestinal
disease models, stiffness has been shown to precede fibrosis; therefore, stiffness may be a
reasonable indicator of progression toward stricture formation in IBD patients. Herein, we
seek to quantify tissue stiffness and characterize fibrosis in patients with IBD and to compare
mechanical properties of unaffected human tissue to common animal species used for IBD
studies. Inflamed and unaffected tissue from IBD patients and unaffected tissue from mice,
pigs, and cows were indented using a custom device to determine the effective stiffness. His-
tology was performed on matched tissues, and total RNA was isolated from IBD tissue sam-
ples and used for gene expression analysis of pro-fibrotic genes. We observed an increase in
the effective stiffness (steady-state modulus, SSM) (p < 0.0001) and increased expression of
the collagen type | gene (COL1A1, p =0.01) in inflamed tissue compared to unaffected areas
in our IBD patient cohort. We also found that increased staining of collagen fibers in submu-
cosa positively correlated with SSM (p = 0.093). We determined that unaffected animal
bowel stiffness is significantly greater than similar human tissues, suggesting additional limi-
tations on animal models for translational investigations regarding stiffness-related hypothe-
ses. Taken together, our data support development of tools for evaluation of bowel stiffness
in IBD patients for prognostic applications that may enable more accurate prediction of those
who will develop fibrosis and more precise prescription of aggressive therapies.
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1. Introduction

Inflammatory bowel diseases (IBD) are chronic autoinflammatory disorders that can result in
Crohn’s disease (CD) or ulcerative colitis (UC). In industrialized countries, the prevalence of
IBD continues to increase [1], and there are already approximately 1.6 million Americans liv-
ing with IBD according to the Crohn’s and Colitis Foundation of America. CD is associated
with transmural inflammation in regions throughout the gastrointestinal tract, and approxi-
mately 40% to 71% of all CD patients will develop complications requiring surgical resection
of the affected bowel segments within 10 years of diagnosis [2-5]. The incidence of bowel stric-
tures needing resection is considerably lower in UC patients, but regions of fibrosis remain a
risk factor for colorectal cancer [6-9], leading to surgical resection.

There is a growing interest in developing non-invasive methods to evaluate fibrosis in all
IBD patients because new therapies that target fibrosis could help to avoid or delay surgery
[10-13]. Clinical evaluation of fibrosis typically requires invasive procedures to isolate patient
tissue for histological staining and evaluation of gene expression. Non-invasive procedures
such as MRI enterography are beneficial for diagnosis, but only advanced fibrosis can be
detected [3,14,15]. Research from other gastrointestinal diseases indicates tissue stiffening may
precede fibrosis and act as an early indicator of disease progression [16-19]. Therefore, stiff-
ness monitoring could be used as a non-invasive method for early detection of disease acceler-
ation. Custom methods are needed to evaluate stiffness ex vivo, though, because elastography
methods yield relative values with poor spatial resolution that are hard to compare across
patients and research models [20]. Direct characterization of human bowel would establish
useful baseline values for clinical applications and enable comparisons to potential animal and
in vitro models of IBD.

Our goals with this work are (i) to establish baseline mechanical properties for human GI
tissue that may inform cell culture substrate design, tissue engineering, and development of
prognostic and diagnostic procedures, (ii) to correlate collagen transcription and production
with tissue stiffness, and (iii) to directly compare mechanical properties of human tissue to
control animal tissue. Animal models of IBD could be a reasonable approach to identifying
correlations between fibrosis, stiffness, and clinical symptoms in a controlled manner, and
numerous animal models of colitis exist, such as DSS-induced colitis in mice and Johne’s in
cattle (see example reviews [21-23]). The porcine gastrointestinal tract is similar to that of
humans in terms of architecture, cell type, cell function, and microbiome content, and there
are many porcine models of human GI diseases [24,25]. However, these models do not mimic
the precise development and progression of fibrosis, strictures, and cancer often associated
with IBD, so animal models may not mimic the biomechanics of human disease [26]. Few
studies exist to quantify porcine whole-bowel mechanics [27,28] or to compare porcine bowel
mechanics to that of human bowel [29]. Similarly, while symptoms of Johne’s Disease in cattle
are similar to Crohn’s Disease in humans, the tissue mechanics of bovine small intestine have
not been investigated.

Direct comparison of animal tissue to patient tissue also requires specialized equipment.
Testing of tissue mechanics in large animals is often performed similar to cadaveric human tis-
sue on standard equipment; however, centimeter-sized samples obtained from human patient
surgeries are incompatible with standard testing equipment. Excised GI tissue from mouse
models of IBD are also sub-centimeter and incompatible with standard testing equipment.
Nano-indentation and atomic force microscopy are useful at characterizing microscale
mechanics, but they capture too much heterogeneity to provide distinction across species. To
overcome this challenge, we utilized a custom-built multi-scale indenter designed specifically
for small excised tissue samples to quantify steady-state modulus [30,31]. In addition to direct
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comparison across species, this indentation system is compatible with synthetic biomaterials.
Biomaterials are often used to mimic diseased tissue, but models of the mechanical microenvi-
ronment of IBD are severely limited compared to other well-studied diseases like breast cancer
[32-35]. The mechanical microenvironment is an important element of complex diseases
[36,37], and in vitro and animal models that mimic the mechanical and biochemical cues of
patient bowel could provide new directions for managing and treating IBD.

2. Materials and methods
2.1 Specimen preparation

All human procedures were approved by the Institutional Review Board of the University of
Florida (IRB201500440 approved 6/29/2015) which included patient consent, though data was
access anonymously for this specific study. Surgically resected portions of bowel were collected
from ten CD and UC patients undergoing surgery between February 2016 and November
2016 (S1 Table). Resections yielded sufficient tissue volume for characterization in addition to
clinical needs from the ileum only in seven CD patients (3 female and 4 male patients, ages
23-46), colon only in one UC patient (female, age 55), and both the ileum and colon in one
UC patient (male, age 33) and one CD patient (male, age 65). Samples were designated “unaf-
fected” or “inflamed” by gross inspection by the pathologist on duty during the given surgery.
Sectioned tissue was placed in a cold media solution consisting of Dulbecco’s Modified Eagle
Medium (DMEM) and 10% Fetal Bovine Serum (FBS) for subsequent analysis, and samples
for mechanical characterization were stored on ice and tested within 4 hours of isolation, simi-
lar to previous work characterizing gastrointestinal tissue [30]. Briefly, samples were cut open,
rinsed in phosphate buffer saline solution, and placed within a Petri dish. Each sample was
positioned so that the mucosa was exposed upward to be indented (Fig 1B). Excised colon
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Fig 1. Inflammation affects the behavior of the small and large intestine. (a) Schematic of GI tract in human and representative locations of tissue resected
in ileum (left) and colon (right). Normal tissue should be similar in the two regions, though the ileum has long villi extending into the lumen and the colon can
have thicker muscular regions for compacting and moving stool. (b) Endoscope images show unaffected ileum (i) and inflamed ileum (ii) regions and
unaffected colon (iii) and inflamed colon (iv) are clearly visible by optical inspection.

https://doi.org/10.1371/journal.pone.0200377.g001
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samples had 3-10 times more area than ileal samples, which enabled more indentations of
both inflamed and unaffected regions. Sections (3-3.5 cm) of colonic tissue from normal
3-month-old C57BL/6 mice were generously donated by Dr. Christian Jobin after euthanasia
consistent with American Veterinary Medical Association guidelines. Bovine and porcine tis-
sue was generously donated by Nettle’s Beef and Nettle’s Sausage (Lake City, FL), respectively,
harvested under USDA procedures. Sample thickness was approximately 3 mm for human,
bovine, and porcine samples and 450 um for mouse samples. All tissue was prepared and tested
at room temperature and kept hydrated with small amounts of DMEM (Fig 2).

2.2 Mechanical characterization of freshly-isolated samples

Human and animal bowel samples were mechanically characterized using a custom-built
multi-scale indenter designed for characterizing gastrointestinal tissues and other soft matter
(Fig 2) [30,31]. Samples were indented at a rate of 10 um/s to a depth of 10% of the total thick-
ness of the sample and allowed to relax to a steady-state (Fig 3). An optically polished 4 mm
ruby tip was used for indentation of human, porcine, and bovine tissue and a 1 mm glass tip
was utilized for murine tissue indentation. Force-displacement data was used to determine a
transient modulus based on Hertzian contact mechanics:

L 3.F(t) - (1-v?)
B 4-VR-6(t)

Ey(t) (1)

where Ep(t) = transient Hertz modulus; t = time; F(t) = force as a function of time; v is Pois-
son’s ratio; R is the radius of the indentation tip; and () is the displacement as a function of
time. The relaxation portion of the indentation (Fig 3, blue line) was fit to the standard-linear
solid model of viscoelasticity to determine a steady-state modulus (SSM):

E,(t) =E, + Es‘f% (2)

where Eg(t) = transient Hertz modulus; Ep = SSM; Eg = strain-rate dependent modulus; ¢ =
time; and 7 is the characteristic time, a representation of viscous relaxation, equal to n/Es,
where 1 is the viscosity. The limitations of these equations and analyses and additional details
on Hertz contact models for soft matter are thoroughly discussed elsewhere [30,31,38].
Human, bovine, and porcine tissue samples were consistently ~3 mm thick, but thin
murine tissue required a different indenter tip and deep indentations that were likely affected
by the surface below the tissue. To compare murine tissue to others, we performed a separate

Fig 2. Multi-scale indentation system characterizes mechanical properties of soft tissues. (A) Custom indentation
device with sensor positioned with the cantilever in position to test inflamed ileum. (B) Bovine small bowel positioned
under the sensor probe with the mucosa exposed. Hydration was maintained by pooling small volumes of saline
solution on and around samples (not seen here to improve visualization of tissue).

https://doi.org/10.1371/journal.pone.0200377.g002
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Fig 3. Tissues with time-dependent mechanical properties reach a quasi-steady-state after stress relaxation during
indentation. Normal force (top, green line) as a function of relaxation time is used in computing the transient
modulus (bottom, blue line) based on a modified Hertz contact model (Equation 1). The Steady-State Modulus (SSM)
seen at the end of relaxation is reported throughout this work since SSM reduces strain-rate dependencies in
determining the properties of a viscoelastic material.

https://doi.org/10.1371/journal.pone.0200377.g003

analysis using the Winkler (elastic foundation) contact model, which is used to model contact
of a sphere and a space consisting of a series of elastic columns [39-41]:

_ nE, -R-(t)°

F) =4 h (3)

where F(t) = force as a function of time; ¢ = time; Ey, = Winkler elastic modulus; R is the radius
of the indentation tip; 8(¢) is the displacement as a function of time; v is Poisson’s ratio; and h
is the thickness of the sample [39]. To determine Eyy, force-displacement data during loading
was fitted to Equation 3 using the ‘fit’ function in MATLAB (Mathworks) assuming R and v to
be constant for all samples and & to be constant as measured for each sample.

Though other groups have used v = 0.5 for intestines [42,43], lower values have been used
for many other soft tissues [44-47]. We assumed v = 0.4 since uncertainty calculations remain
dominated by force and displacement measurements.

2.3 Histochemical staining and imaging

Tissue sections were fixed in formalin for 24 hours at 4°C followed by submersion in phos-
phate buffer solution. Samples were embedded in paraffin, sectioned, and stained by the
Molecular Pathology Core at the University of Florida for H&E and Masson’s Trichrome.
Images were acquired on a Leica DM 5500B upright microscope under transmitted light. Col-
lagen content of submucosa labeled by Masson’s Trichrome was quantified using Image], and
ANOVA was used to assess correlations of age, sex, and collagen content with SSM using JMP
Pro 13 (SAS).
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2.4 RNA isolation, reverse transcription, and quantitative PCR

Total RNA was isolated from surgical small bowel tissues of IBD patients using QIAzol Lysis
reagent (Qiagen, Valencia, CA), following the manufacturer’s instructions. The Super-
Script® VILO ¢cDNA Synthesis Kit (Thermo Fisher Scientific) was used for cDNA synthesis.
PCR was performed using an ABI PRISM StepOnePlus Real time PCR System (Thermo
Fisher Scientific) in a 20ul volume containing the cDNA, 2xTagMan® Gene Expression
Master Mix, Nuclease-free water, and 1x Tagman Gene Expression Assay for target genes
including CTNNB1, COL4A2, COL1AlL, FN, CDH1, MMP1 and TIMP1 (Thermo Fisher Sci-
entific). Reactions were run in triplicate in three independent experiments. The mean of
housekeeping gene GAPDH was used as an internal control to normalize target gene expres-
sion levels.

2.5 Statistical methods

To explore the relationship between steady-state modulus with region and pathology (Section
3.1), we used generalized linear regression with the link of identity and generalized estimating
equation (GEE). The link of identity indicates the simple linear relationship between SSM and
region/pathology, and GEE is used to account for clustering effect within patients because
each patient sample provides unequal numbers of indentations depending on size. For gene
expression data (Section 3.2), an unpaired t-test with Welch’s correction was used and graphed
in GraphPad Prism 6. For comparison of the total effective modulus and SSM (Section 3.3),
statistical significance was determined using a non-parametric Wilcoxon Sum Rank Test with
multiple comparisons. Wilcoxon analysis was performed in JMP Pro 13 (SAS software).
ANOVA was used to assess correlations of age, sex, and collagen content with SSM, and result-
ing F-ratios and p-values from analyses are reported. Summary statistics for SSM are reported
as mean * standard deviation in kPa throughout the manuscript.

3. Results
3.1 Bowel stiffness correlates with inflammation and collagen content

The difference in stiffness between colon and ileum was not significant (Fig 4A, p = 0.30) but,
collectively, inflamed tissue was significantly stiffer than unaffected tissue (Fig 4B, p < 0.0001).
Both inflamed colon and inflamed ileum were significantly stiffer than their unaffected coun-
terparts (Fig 4C, p = 0.0024 and p < 0.045, respectively). The inflamed ileum (SSM + SD =
0.991 £ 0.379 kPa) is stiffer than unaffected regions of the ileum (0.641 + 0.342 kPa), and
inflamed colon (1.143 + 0.488 kPa) is also stiffer than unaffected regions of the colon (0.698 +
0.463 kPa). Effective stiffness of bowel did not significantly correlate with age (F Ratio = 1.07,
p = 0.32) or sex (F Ratio = 0.0015, p = 0.97) of patients. Mean SSM for each patient was used to
determine correlations to avoid weighting analysis in favor of patients with larger tissue resec-
tions and thus more indentations.

Collagen content positively correlated with SSM (F Ratio = 3.53, p = 0.093). Calculations
utilized mean SSM for each sample and mean collagen content assessed from multiple submu-
cosal regions on a single histological slide. Additional samples would be expected to increase
the F ratio and decrease the p value, e.g. including all indentations reduces p-value to <0.0001.
Collagen content was not significantly affected by age (F Ratio = 1.34, p = 0.28) but may be
influenced marginally by sex (F Ratio = 3.12, p = 0.11). However, consideration of individual
indentations (rather than mean per sample) eliminated correlation with sex (F Ratio = 0.004,

p =0.95).
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Fig 4. The steady-state modulus of human colon and ileum vary with inflammation state. (A) The difference in stiffness between colon and ileum was not significant
(p = 0.30, n = 44 colon measurements on 4 samples from 3 patients and n = 33 ileum measurements on 9 samples from 9 patients). (B) Inflamed regions are stiffer than
unaffected regions (p < 0.0001, n = 43 inflamed indentations from 7 patients and n = 34 unaffected indentations from 6 patients). Following this trend, inflamed colonic
tissue (n = 31 indentations from 3 patients) is stiffer than unaffected colon regions (n = 13 from 1 patient) and the inflamed ileum (n = 12 from 4 patients) is stiffer than
unaffected ileal tissue (n = 21 from 5 patients). Mean stiffness values are represented as a solid black bar.

https://doi.org/10.1371/journal.pone.0200377.9004

3.2 Histology and gene expression are associated with observed mechanical
properties

Within inflamed tissue regions, HE staining demonstrates distorted mucosal structure (black
stars, Fig 5C and 5G); increased thickness of the mucosa; increased density of infiltrating lym-
phocytes in the lamina propria; and disorientation of crypt compared to unaffected tissue. Tri-
chrome staining shows increased blue-staining collagen in the inflamed tissue compared to
unaffected tissue (black arrows, Fig 5D and 5H).

Consistent with histological findings, expression of collagen type I was upregulated in the
inflamed cases compared to the unaffected cases (p = 0.011, Fig 6) and increased collagen con-
tent in inflamed samples compared to unaffected was confirmed by analysis of collagen con-
tent by image processing (p = 0.044). We observe no significant changes in the expression
levels of collagen IV, the primary component of the basement membrane for intestinal epithe-
lial cells. The expression level of the matrix-remodeling matrix metalloproteinase 1 (MMP1) is
upregulated in the inflamed cases compared to the unaffected cases (p = 0.0032, Fig 6). There
is not an observable change in the expression levels of tissue inhibitor of metalloproteinase 1
(TIMP-1) nor fibronectin. E-cadherin is down-regulated in inflamed tissue (p = 0.0288,

Fig 6), and we observe no significant change in the expression of B-catenin within our cohort
(S1 Fig).

3.3 Bowel histology and stiffness in control animals does not mimic
unaffected regions of human tissue

The SSM of some unaffected animal models is different than that of the unaffected areas of our
human patients (Fig 7A). For example, bovine small bowel segments (1.299 + 0.615 kPa) are
nearly twice as stiff as unaffected human small bowel (0.641 + 0.342, p < 0.0001), though por-
cine small bowel tissue (0.743 + 0.525 kPa) is similar to human small bowel samples (p =
0.611); porcine small bowel is also softer than bovine small bowel (p = 0.0004). In addition,
porcine colonic tissue (0.5583 + 0.2404 kPa) also has a similar SSM to human colonic tissue
(0.698 + 0.463, p = 0.7200).
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Fig 5. Fibrotic markers are less prevalent in representative staining of the unaffected regions of bowel than
inflamed regions. Adjacent regions of Ileum (A-D) and colon (E-H) have been labeled with H&E (A,C,E,G) and
Trichrome (B,D,F,H) as indicated. Black arrows highlight collagen clustering while black stars illustrate disrupted
mucosal layer in inflamed tissue compared to unaffected tissue segments. Scale bar is 100 pm.

https://doi.org/10.1371/journal.pone.0200377.9005
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Fig 8. Representative H&E and Masson’s Trichrome of the cow small bowel (A,B), pig small bowel (C,D), pig
colon (E,F), and mouse colon (G,H). The mouse colon has a very distinct muscle layer highlighted by the black arrow
(G), while the cow small bowel has a very large area of collagen deposition (B, black star) that is absent in the pig small
bowel and colon (black stars, D and F). Scale bar is 100 pm.

https://doi.org/10.1371/journal.pone.0200377.9008

Because of the thin nature of murine colon samples, force-displacement data from unaf-
fected human and animal samples were fitted to the Winkler contact model (see Materials and
Methods section). Similar trends to SSM (Fig 7A) were observed in the effective total modulus
values from the Winkler model (Fig 7B). However, murine colon samples (8.493 + 5.365 kPa,
Fig 7B) were significantly stiffer than the unaffected human (3.985 + 2.656 kPa, p = 0.0043)
and normal porcine large intestine (2.221 + 0.700 kPa, p < 0.0001) samples.

Histology staining shows distinct intestinal mucosa architecture and differential collagen
deposition pattern among bovine, porcine and murine tissue (Fig 8A, 8C, 8E and 8G). Consis-
tent with modulus data, bovine small bowel tissue contains relatively more collagen fiber com-
pared to porcine gut and murine colon (Fig 8B, 8D, 8F and 8H).
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4. Discussion

Our direct characterization has established that inflamed regions of human bowel are signifi-
cantly stiffer than uninflamed regions and has confirmed the general trends observed previ-
ously via compression [48] and ultrasound elastography [15,49-52]. Clinical elastography
measurements may prove useful for diagnostic, prognostic, and surgical planning applications;
however, because of the large variation in absolute values and nomenclature in mechanical
characterization of IBD, our methods for direct comparison and analysis are essential.

We found that collagen content correlates with increased stiffness in bowel, as suggested by
other qualitative data [49], but there are many contributors to increased tissue stiffness. We
find that expression of collagen I subunit ColAl is in fact upregulated, but collagen fibril for-
mation and assembly involves numerous additional genes that we did not examine here [50].
In addition, individual ECM gene and protein expression do not necessarily correlate with
stiffness because of the wide range of contributing genes [51]. We found upregulation of
matrix metalloproteinase 1 (MMP-1) but no significant change in collagen IV, tissue inhibitor
of metalloproteinase 1 (TIMP-1), nor fibronectin. The balance between MMP and TIMP activ-
ity is critical in regulating ECM remodeling [52], and a change in MMP with no change in
TIMP could reflect the imbalance in matrix deposition seen in histology.

We also observed changes in cell-cell contacts associated with the inner mucosal layer of
the gut, and the disrupted mucosal layer may contribute to dysregulation of matrix remodeling
and affect stiffness through alterations in the cells themselves. We found E-cadherin to be sig-
nificantly downregulated in the inflamed bowel, which may be affecting enzymatic remodeling
of ECM [53]. Our gene expression data suggest, as in other GI diseases, global imbalances in
matrix production are related to changes in stiffness, but the contribution of specific subtypes
of matrix proteins and modifiers demands further investigation.

Increased cross-linking of matrix could also be contributing to increased stiffness seen in
inflamed patient tissue[19,54,55]. Cross-linking, e.g. lysyl oxidase-mediated, was not examined
in our initial characterization of gene expression in patient tissue, but animal data suggest col-
lagen cross-linking plays an important role in GI tissue stiffness [16,56]. Future investigations
interested in biophysical aspects of IBD and comparisons of patient tissue to animal models
should consider collagen crosslinking and ensure similarities across species and etiologies.

By using our custom equipment compatible with excised patient samples and animal tissue,
we have also determined that effective stiffness of normal bovine bowel does not match effec-
tive stiffness of normal human or porcine bowel tested. Because it is possible that substrate
effects from silicone underneath the thin samples affect measurements, we used a separate
analysis (Winkler elastic foundation contact model) to compare murine intestines to other
species.

Though mice are often used to model IBD [21,57], we found that murine colon is signifi-
cantly stiffer than human colon tested, which could limit the translatability of findings with a
significant mechanobiology component. Epithelial cell behavior is heavily influenced by the
mechanical microenvironment, for example in epithelial-to-mesenchymal transition
[33,58,59], ECM deposition[60], and cell division and migration [61-64], so stiffer submucosal
layers in animals may contribute to epithelial (dys)function differently than softer regions in
humans. Since porcine bowel is similar to that of human in physiology, architecture, and stiff-
ness, GI tissue mechanics and mechanobiology studies in pigs may translate more readily to
humans.

We have demonstrated a strong relationship between intestinal stiffness and human dis-
ease, but the effect of stiffness on progression of IBD warrants further study. Investigating the
impact of mechanical properties of the gut on resident cells, immune cells, and microbiota will
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require models of disease progression that mimic human tissue mechanics. While this may be
possible in certain animal models, it is worth careful consideration of the mechanical microen-
vironment and its potential effect on outcomes once translated to humans, given the dissimilar
stiffness articulated by our findings. Stiffness-mimicking in vitro models that accommodate
human cells in biomimetic configurations will likely prove valuable complements to animal
models in mechanistic studies of fibrosis in IBD. In vitro models have already been used to
demonstrate that substrate stiffness affects GI cell stromal cell activation [48], epithelial func-
tion [65-67], and epithelial-to-mesenchymal transition and cancer-like progression [68-71].
A wide range of in vitro and in vivo models should be leveraged to explore stiffness-related
mechanisms of human IBD in the future.
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