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Abstract 

The phenotype of the intestinal smooth muscle cell (ISMC) is typically contractile and non-

proliferative, but this can be modulated to allow for proliferation as a wound repair mechanism. While 

phenotypic modulation of ISMC is normal, chronic inflammation causes excessive proliferation of ISMC, 

which can contribute to the pathophysiology of inflammatory bowel diseases (IBD). Particularly, in Crohn’s 

disease (CD), as a consequence of ISMC hyperplasia and extracellular matrix (ECM) collagen deposition, 

intestinal strictures may arise, ultimately leading to obstruction. Since there are minimal effective treatment 

options for intestinal strictures, we explored the effects of a multimodal tyrosine kinase inhibitor, nintedanib 

(NIND), which was recently approved for idiopathic pulmonary fibrosis (IPF), a chronic and fatal lung 

condition resembling CD.  

High-passage adult rat ISMC were used in vitro as a model system to study the growth and 

phenotypic changes that occur in the inflamed intestine. NIND successfully suppressed growth of ISMC 

but was ineffective against intestinal epithelial cells (IEC), showing selectivity towards cells of the 

mesenchymal origin. Interestingly, NIND showed protracted inhibition of growth, and pretreated cells grew 

at a slower rate after subculturing, suggesting heritable effects. Additionally, NIND induced collagen 

secretion in ISMC, showing that its multimodal capabilities can contribute to wound repair. Further, NIND 

treatment upregulated smooth muscle contractile marker expression in high-passage ISMC. Finally, and 

importantly, we showed that the proinflammatory cytokines, IL1β/TNFα, stimulate cytokine production in 

ISMC, causing a positive feedback loop, and this can be controlled with NIND treatment.  

Overall, these findings provide evidence that NIND controls the phenotype of ISMC, and because 

these changes are heritable, the effects of NIND may be associated with epigenetic changes. The effect of 

NIND on ISMC elucidates its role as a therapy for intestinal strictures, through restoring contractility, and 

improving intestinal motility.  
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Chapter 1 

Introduction 

1.1 Motor Function of the GI Tract  

1.1.1 Organ level 

The gastrointestinal tract is a continuous series of hollow, muscular tubes that extend from the 

mouth to the anus. There are specific regions, separated by sphincters, which carry out different digestive 

functions, but there is a consistent general architecture. The mucosa, the innermost layer facing the luminal 

surface, is lined with epithelial cells to provide a physical barrier to separate the gastrointestinal tract from 

the external environment. Immediately below the epithelium is the lamina propria, a layer of loose 

connective tissue, comprised of extracellular matrix (ECM) proteins, immune cells, mesenchymal cells. 

Underneath the lamina propria is the muscularis mucosa, a thin layer of smooth cells extending into the 

cores of the intestinal villi along the central axis. The submucosa, connective tissue enriched with blood 

vessels, lymphatic vessels, and nerves, separates the mucosa from the outer muscle layers, named the 

muscularis externa. The muscularis externa, consisting of inner circular and outer longitudinal muscular 

layers, is responsible for all propulsive or mixing contractions that generate luminal pressure (Barrett et al., 

2006). 

  Specifically, involuntary sequential smooth muscle contraction and relaxation create peristaltic 

waves that typically cause directional propulsion of luminal contents. There are two types of peristaltic 

contractions: primary peristalsis, induced by swallowing, and secondary peristalsis, induced by distension. 

During contraction, circumferentially orientated circular smooth muscle cells decrease the diameter of the 

lumen and parallel positioned longitudinal smooth muscle cells shorten the length of the intestine. During 

peristalsis, circular smooth muscle creates a ring of contraction above the bolus and longitudinal smooth 

muscle relaxes to propel the bolus towards the stomach. Simultaneously, the circular smooth muscle layer 

beneath the bolus relaxes and the longitudinal muscle layer contracts to allow the bolus to pass through.  
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These peristaltic activities are controlled by the enteric nervous system (ENS), an intrinsic neural network 

central to normal gut function.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic illustration of the layers of the gastrointestinal tract. This image displays the 
organization of the layers of the intestine, revealing the circular smooth muscle layers of the muscularis 
externa, and the myenteric and submucosal plexus of the ENS (Modified from Furness, Nat. Rev. 
Gastroenterol. Hepatol., 2012). 

 

1.1.2 Tissue level  

The enteric nervous system (ENS) consists of two complex ganglionated plexuses that are present 

along the entire length of the intestine. There is the submucosal plexus, which lies above the circular smooth 

muscle layer, and the myenteric plexus, found between the longitudinal and circular layer. The submucosal 

plexus is primarily responsible for mucosal absorption, secretion, and muscularis mucosae contractility. 

Conversely, the myenteric plexus is largely responsible for innervating the muscularis externa, thus 

regulating motor function of the surrounding smooth muscle layers.  

Non-neural rhythmic electrical and mechanical activities of ISMC are stimulated by interstitial cells of 

Cajal (ICC). ICCs are referred to as pacemaker cells of the gut that generate slow waves, which propagate 
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to other cells and spread to adjacent ISMC (reviewed by Sanders et al., 2006). Since ISMC are 

interconnected by gap junctions, ICC are able to regulate electrical events in ISMC, causing rhythmic and 

synchronous smooth muscle contractions, which are the basis of peristalsis.  

Additionally, the myenteric plexus is also responsible for interacting with smooth muscle to cause 

directional propulsion of a food bolus (reviewed by Huizinga and Lammers, 2009). In general, bolus 

distention causes ascending sensory neurons to release excitatory neurotransmitters, such as acetylcholine 

(Ach) and substance P (SP), which are recognized by receptors on the surface of smooth muscle cells, 

causing contraction of the circular muscle behind the bolus. Simultaneously, descending neurons release 

inhibitory neurotransmitters, such as nitric oxide (NO) and vasoactive intestinal polypeptide (VIP), to the 

longitudinal muscles, causing muscle relaxation. This drives the bolus forward, from high pressure to low, 

and is the main motor activity in peristalsis.  

1.1.3 Cellular level 

Since Bayliss and Starling (1899) first described the pattern of motility in the digestive tract, it has 

been well established that intestinal smooth muscle cells (ISMC) are excitable and that they are subject to 

myogenic and neurogenic stimuli. Contractile ability of smooth muscle is ultimately initiated at the cellular 

level once excitatory neurotransmitters bind to receptors on ISMCs, such as the muscarinic acetylcholine 

receptor (M3) (He et al., 2008). In intestinal smooth muscle, the M3 receptor regulates Ca2+ mobilization 

through mediating phosphoinositide hydrolysis. When Ca2+ is released from the sarcoplasmic reticulum, 

intracellular Ca2+ concentrations increase as Ca2+ enters the cell (reviewed by Huizinga and Lammers, 

2009). Ca2+ binds to calmodulin, and in turn activates myosin light chain kinase (MLCK).  MLCK then 

phosphorylates light chains in myosin heads and increases myosin ATPase activity, causing active myosin 

cross bridges to slide along actin to create ISMC contraction. 

Coordinated activity at the cellular level is essential for normal contractile activity of the small intestine 

and is dependent on the appropriate receptors and intracellular contractile signaling proteins (He et al., 

2008). This is essential for regular gut function but is subject to disturbance in events such as inflammation. 
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1.2 Inflammatory Bowel Disease  

The inflammatory response is a critical nonspecific defence mechanism responsible for removing 

pathogens and providing protection (reviewed by Gajendran et al., 2018). Direct physical damage, allergic 

reactions, and invading pathogens can activate the immune system housed in the gut to trigger an 

inflammatory response. Usually, the underlying challenge is controlled and removed, and the system resets 

to normal. However, persistent inflammation can occur, with no clear cause, leading to chronic 

inflammation. Uncontrolled chronic inflammation is a key characteristic of inflammatory bowel diseases 

(IBD), which results in structural and functional alterations of the gastrointestinal tract (Lennard-jones, 

1989). IBD is incurable and Canada is among the countries with the highest prevalence of IBD in the world. 

Nearly 270, 000 Canadians live with the two main subtypes of IBD: 135, 000 individuals living with 

Crohn’s disease (CD) and 120, 000 living with ulcerative colitis (UC) (Kaplan et al., 2019). An additional 

15, 000 patients have IBD, however their diagnosis is not clearly defined as CD or UC (Kaplan et al., 2019). 

IBD affects all age groups with adolescents and young adults at highest risk of diagnosis. Treatment options 

aim to reduce underlying inflammation in IBD, but are generally non-specific, and have limited success in 

controlling disease progression. 

1.2.1 The Pathogenesis of IBD 

While the underlying causes of IBD are currently unknown, a combination of genetics, 

environmental and microbial factors is thought to underlie its etiology (Gaya et al., 2006; Fofanova et al., 

2016; Venema et al., 2017). The regions affected by inflammation differ in the two different forms of IBD. 

In UC, inflammation commences at the rectum and progresses proximally along the colon – the small 

intestine is rarely involved in UC (reviewed by Magro et al., 2017). Inflammation at the mucosa and 

submucosa causes ulcerations to form as the tissue becomes edematous and fragile, leading to interference 

with the absorption of fluid and electrolytes in the colon (reviewed by Magro et al., 2017). In contrast, 

inflammation in CD affects the full thickness of the intestine and could occur anywhere in the digestive 

tract, but occurs most frequently in the small intestine, particularly the terminal ileum and sometimes the 
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ascending colon (reviewed by Feuerstein and Cheifetz, 2017). Inflammation in CD occurs in “skip lesions,” 

where affected segments are clearly separated by areas of normal tissue. A consequence of chronic 

inflammation is intestinal wall thickening, which can progress locally to form intestinal strictures, which 

may cause bowel obstruction (Chen et al., 2016).  

1.2.2 Therapies for Crohn’s Disease and IBD 

With the growing prevalence of IBD and the unique pathophysiology behind stricture formation 

(described below), the development of more effective therapies is of increasing concern. Biologic 

medications such as infliximab block TNFa, a protein that contributes to chronic inflammation if expressed 

excessively (reviewed by Markham and Lamb, 2000). One-year clinical studies show nearly 4 out of 10 

patients achieved remission at week 30 compared to 3 out of 10 patients not given infliximab (Hanauer et 

al., 2002). These remission statistics are not promising, and infliximab is not effective for everyone as 

known adverse effects include lowered ability to fight infections, allergic reactions, and lupus-like 

syndrome (Hanauer et al., 2002). In addition, those receiving anti-TNFα therapies may lose response to its 

effects (Singh et al., 2018).  Other treatment options typically aim to reduce underlying inflammation in 

IBD, but these do not prevent the progression of CD to stricture formation.  

1.3 Stricture formation is a consequence of Crohn’s disease  

A unique consequence of chronic inflammation in CD is the development of intestinal strictures, 

resulting in a noncompliant and thickened region of the intestinal wall, ultimately leading to obstruction. 

While inflammation in CD has been extensively studied, the pathogenesis of stricture formation is still ill-

defined. Disturbed interactions among local inflammatory cells and improper activation of mesenchymal 

cells following inflammatory insults are reported to be contributing factors to stricture formation. These 

events may lead to stricture formation in three ways: proliferation and hypertrophy of ISMC layers and 

excessive deposition of ECM proteins, such as type I and III collagen (reviewed in Speca et al., 2012). 
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Although not exclusive, all three events contribute to stricture formation, elucidating the role of 

inflammation in stricture formation.  

Stricturing is present in 10-17% of children at diagnosis and can affect up to 40% of all patients by 

10 years after diagnosis (Shaoul et al., 2009). The cumulative risk of surgery for these patients is reported 

to be between 40% and 71% within 10 years after diagnosis, but the benefits of surgery are usually 

temporary (Louis et al., 2001). An overwhelming majority of patients will ultimately experience a 

postoperative recurrence, and a meta-analysis showed that one-quarter of CD patients who undergo surgery 

have a second surgery within 5 years of the first surgery (Frolkis et al., 2013). The cellular mechanisms 

behind stricture formation must be investigated in order to developing appropriate treatments and to prevent 

the need for repeated surgeries. 

ISMC migration, hyperplasia, and muscularis propria hypertrophy are the most prominent changes 

documented in the intestinal stricture (Chen et al., 2016). A study of 48 patients (male 22, female 26, ages 

17-67 years) with intestinal strictures displayed the space volume of submucosa to be expanded over one-

fold compared to normal (Chen et al., 2016). Within the thickened submucosa, smooth muscle bundles 

appeared to originate from both outward dissection of loosened muscularis mucosae and inward extension 

of the upper portion of the muscularis propria. With an average adjusted score of SMC hyperplasia being 

70.8%, it is noted that the majority of a-smooth muscle actin (a-SMA)-positive proliferating cells are 

desmin-positive. In comparison, the adjacent myofibroblasts were a-SMA-positive but desmin-negative, 

suggesting that mature and immature smooth muscle cells are the primary players in hyperplasia (Chen et 

al., 2016). In addition to the findings by Chen et al. (2016), the majority of our understanding of the effects 

of inflammation-induced alterations to smooth muscle structure have been derived from animal models of 

intestinal inflammation (Blennerhassett et al., 2017; Bonafiglia et al., 2018; Lourenssen and Blennerhassett, 

2020; Lourenssen et al., 2005). 

1.3.1 Animal Models of Inflammation 
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In recent years, animal models of inflammation have proven to be successful in studying critical 

aspects of IBD. The basis of these models includes chemical induction, immune cell transfer, or gene 

targeting to reproduce some aspects of human IBD (Waldner et al., 2009). Although there are alternative 

experimental models of colitis, such as bacterial induction, genetically modified animals, and adoptive cell 

transfer, the most commonly used models of colitis are dextran sulfate sodium (DSS) or 2, 4, 6-trinitrobenze 

sulfonic acid (TNBS) (Waldner et al., 2009).  

The DSS model of colitis elicits a Th1- and Th2-mediated inflammatory response, resembling UC. 

In contrast, TNBS elicits an excessive cell mediated immune response due to acute Th1 inflammation 

(reviewed by Antonious et al., 2016). Both models induce intestinal inflammation, but since TNBS-induced 

colitis results in severe transmural inflammation, it is an appropriate model of CD that allows study of 

changes to the neuromuscular wall layer (Waldner et al., 2009). 

Specifically, ethanol disrupts the intestinal barrier and allows for the interaction of TNBS with 

colon tissue proteins. TNBS is then coupled with proteins of higher molecular weights to elicit significant 

immunological responses (reviewed by Antonious et al., 2016). During TNBS-induced colitis, there is 

dense colonic tissue infiltration by CD4 T-cells and pro-inflammatory cytokines, such as TNFa, resembling 

aspects of CD (reviewed by Antonious et al., 2016).  

 Previously, our lab demonstrated that loss of ENS neurons in TNBS-induced colitis was a limited 

and early event, despite progression of inflammation (Venkataramana et al., 2015). Within hours of TNBS-

induced colitis, there is an influx of neutrophils and macrophages, leading to iNOS expression, and 

ultimately causing neuronal death through nitric oxide elevation (Venkataramana et al., 2015). Neuronal 

death can disturb the integrity of the intestine because evidence suggests that neurons effectively regulate 

ISMC growth and phenotype (Blennerhassett & Lourenssen, 2000) as well as regulate the functional 

requirements of motility. Therefore, the TNBS-induced model of colitis can appropriately be used to study 

the neuronal and structural changes that lead to intestinal strictures.  
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1.3.2 Stricture Formation in Animal Models of CD 

  Stricture formation is rarely observed in animal models, since there is eventual resolution of 

inflammation.  For example, smooth muscle hyperplasia and hypertrophy characterize TNBS-induced 

colitis in both rats and mice, but normal intestinal function typically resumes when inflammation is resolved 

(Lourenssen & Blennerhassett, 2020). In TNBS-induced colitis, peak inflammation is present on Days 4-6, 

but is resolved over subsequent days, and by Day 35, there is only persistent smooth muscle thickening and 

resolving adhesions at the site of previous inflammation (Fig. 2) (Lourenssen et al., 2005). However, after 

following Sprague-Dawley rats for 30 to 90 days post-TNBS colitis, it was noted that a subset of animals 

developed strictures at the site of previous inflammation (Marlow & Blennerhassett, 2006). Notably, 30% 

of animals post-TNBS displayed stenotic intestinal tissue, characterized by thickening and disorganization 

of the smooth muscle layer. This model has played a pivotal part in studying both the fibrotic and 

inflammatory processes that contribute to sporadic stricture formation seen in CD.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Histology of divergent responses after TNBS-induced colitis. Representative images at the 
same magnification showing normal histology with thickened smooth muscle at Day 35 post TNBS (A), 
whereas others showed stricture formation (B) (Modified from Lourenssen & Blennerhassett, Am. J. 
Pathol., 2020).  
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1.3.3 Excessive Deposition of Extracellular Matrix Proteins 

Although increasing evidence suggests that ISMC hypertrophy and hyperplasia are the 

predominant component of intestinal strictures (Chen et al., 2016), there are reports of increased collagen 

in human strictures and animal models (Li et al., 2019). In the presence of intestinal wounds, mesenchymal 

cells accumulate in the affected area and secrete ECM components to close the wound (Scharl et al., 2015). 

However, if the inflammation becomes chronic and severe, inflammatory mechanisms will drive the 

production of excess ECM proteins. The consequence of this is fibrosis; the permanent and abnormal 

deposition of ECM, primarily collagen, within tissues, resulting in a distortion of structure and impeding 

normal tissue and organ function. 

Collagen is a major component of the ECM, and is essential for structure, strength, and repair of 

tissue damage. Complications in the resolution phase of inflammation may result in excessive deposition 

of collagen-rich ECM, leading to stricture formation. Pioneer work by Graham et al. (1988) shows large 

amounts of type V collagen in the fibrotic, expanded submucosa of the strictured bowel, particularly in 

areas of ISMC proliferation. ISMCs isolated from the human jejunum show increased collagen synthesis 

the first 15 days in culture, at a time when the rate of cell proliferation was maximal. In more recent work, 

collagen content of intestinal tissue from CD patients shows up to a 3.5-fold increase compared to control. 

Specifically, type I collagen and type III collagen increased 4.8 and 6.2-fold, respectively (Alexakis et al., 

2004). 

Recent work in our lab examined the progression of collagen deposition during stricture formation 

in the TNBS model of colitis. Using the Sirius Red/Fast Green method to analyze proportions of collagen 

vs. noncollagen proteins on smooth muscle tissue, it was noted that Day 6 strictured tissue showed a 

disorganized and diffused staining pattern compared to control (Lourenssen & Blennerhassett, 2020). The 

proportion of collagen was further increased in Day 35 strictures to about a twofold increase over control, 

and immunochemical staining showed type I collagen increased by 1.7-fold to control (Lourenssen & 

Blennerhassett, 2020). Nonetheless, the cellular proportion of the total cross-sectional area was 
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approximately 70%, indicating a predominantly cellular pathogenesis. Overall, these findings support the 

conclusion that there is an increase in ECM collagen in both human strictures and animal models, but all 

available evidence shows that intestinal strictures are essentially a cellular phenomenon (Chen et al., 2016). 

1.3.4 Excessive Smooth Muscle Cell Proliferation 

Disturbed interactions among local inflammatory cells and improper activation of mesenchymal 

cells following inflammatory insults lead to ISMC hyperplasia, a key characteristic of intestinal strictures. 

Although the factors that drive this proliferation are unclear, the responsiveness of ISMC to inflammatory 

mitogens, such as platelet-derived growth factor (PDGF-BB) and insulin-like growth factor (IGF)-1, cause 

increased ISMC proliferation, with PDGF-BB substantially more effective than IGF-1 (Stanzel et al., 2010). 

It was reported that freshly isolated ISMC in primary culture initially lacked expression of PDGF receptor-

b (PDGF-Rb) upon isolation, but after 4 days in vitro, ISMC gained expression of PDGF-Rb after 4 days 

in vitro. This is supportive of PDGF-BB driving ISMC proliferation because PDGF-BB caused PDGF-Rb 

phosphorylation and mobilization from the surface membrane, leading to the activation of Akt and ERK, 

signaling pathways essential to proliferation (Stanzel et al., 2010). Expression of PDGF-Rb is also shown 

in rat stricture at Day 16, 35, and 90 post-TNBS, suggesting its key role in ISMC growth, where chronic 

inflammation ceases by Day 6, but must continue in some cases for strictures to occur at Day 16. 

(Lourenssen & Blennerhassett, 2020). 

A complicated interaction among local inflammatory cytokine-producing cells also contributes to 

ISMC hyperplasia through modulation of the growth response to PDGF-BB. Surprisingly, neither 

conditioned media nor cytokines caused proliferation of low-passage ISMC, however conditioned media 

from the inflamed colon increased the effect of PDGF-BB (Nair et al., 2014). Specifically, interleukin (IL)-

1b, tumor necrosis factor (TNFa), and IL-17A increased the effect of PDGF-BB through upregulation of 

mRNA and protein for PDGF-Rb, without change in receptor phosphorylation (Nair et al., 2014). These 

findings suggest pro-inflammatory cytokines mediate growth response in ISMC through PDGF-Rb and 

PDGF-BB. The role of PDGF-BB as a local mitogen in vivo was further confirmed using imatinib, a known 
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multiple tyrosine kinase inhibitor with selectivity for PDGF-Rb. Imatinib successfully caused a 

concentration-dependent inhibition of ISMC growth, elucidating the importance of PDGF-BB and PDGF-

Rb to ISMC growth (Nair et al., 2014).  

In addition to mitogen induced ISMC growth, it has also been reported that innervation by enteric 

neurons decrease the rate of proliferation of ISMC, suggesting impaired innervation of the neuromuscular 

layer may contribute to a proliferative ISMC phenotype (Blennerhassett & Lourenssen, 2000). With the 

presence of atropine, growth was enhanced, suggesting that neural stimulation of cholinergic receptors may 

contribute to growth response.  In further experiments, while total axonal profiles in the circular smooth 

muscle layer were reduced by nearly 50%, on Day 4 of TNBS colitis, ISMC numbers nearly tripled, 

supporting the conclusion that neuronal loss may promote hyperplasia (Lourenssen et al., 2005). Although 

known mitogens and neuronal loss are contributors to ISMC hyperplasia, the mechanisms of inflammation-

induced smooth muscle growth remain largely unknown.  

Typically, the SMC phenotype is characterized as quiescent and non-proliferative, but it is evident 

that SMC can modulate their phenotype to a synthetic and proliferative one when there is an inflammatory 

insult (reviewed by Owens et al., 2004). Increasing evidence suggests that ISMCs from strictures go through 

a phenotypic change that is characterized by decreased expression of contractile proteins (Marlow & 

Blennerhassett, 2006; Lourenssen & Blennerhassett, 2020). Since the underlying mechanisms of ISMC 

phenotypic change are ill-defined, it is worthwhile investigating inflammatory diseases such as 

atherosclerosis and asthma to gain insight into how SMC growth and phenotype can be regulated.  

1.4 Phenotypic modulation of the smooth muscle cell  

The smooth muscle cell retains the ability to dedifferentiate or modulate its phenotype and undergo 

cell division in response to diverse stimuli. This can include direct physical damage to smooth muscle tissue 

but is typically correlated with inflammation and the impact of its associated diffusible signals. Early in this 

process, differentiation entails a switch to protein synthesis, mitosis and matrix remodelling, instead of 

contractile activity (reviewed by Owens et al., 2004). SMCs that undergo dedifferentiation may reverse this 
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upon cessation of the causal event, but protracted stimulus can lead to increasing differentiation and a 

reduced ability to re-differentiate. The phenotypic change ultimately contributes to the pathogenesis of 

diseases such as atherosclerosis (reviewed by Lim and Park, 2014) or intestinal inflammation (Marlow & 

Blennerhassett, 2006; Nair et al., 2011). 

1.4.1 Vascular smooth muscle 

Vascular smooth muscle cells (VSMC) display typical smooth muscle activity; the ability to 

contract the vascular wall to regulate the size of the blood vessel lumen, ultimately affecting blood pressure 

(Hirst et al., 2000). In the airway, mature SMCs resemble smooth muscle characteristics; maintaining a 

non-proliferative phenotype and expression of contractile markers such as calponin, SM-MHC, and SM22 

(Hirst et al., 2000). Phenotypic modulation of SMCs plays a key role in cardiovascular diseases such as 

atherosclerosis and hypertension, where SMCs become proliferative and synthesize excessive ECM 

proteins.  

Dedifferentiated VSMCs display a decrease in SMA, SM22, and calponin, providing evidence that 

phenotypic modulation in SMCs can lead to a pathogenic response (reviewed by Dekkers et al., 2007). 

Aortic and vascular SMC protein expression can be altered by mitogenic factors, such as PDGF-BB, 

ultimately leading to phenotypic change in SMCs. In PDGF-BB treated rat aortic SMCs, synthesis of SM-

MHC and SM-a tropomyosin was decreased by 50-70% (Holycross et al., 1992). Additionally, the mRNA 

expression of both SM-MHC and SM-a were decreased by 80% at 24 hours in PDGF-BB, whereas 

treatment with 10% FBS did not decrease the expression of SM-a tropomyosin but did inhibit SM-MHC 

expression by 36%. These findings confirm that mitogenic factors have the ability to regulate the expression 

of cell-specific proteins that are characteristic of differentiated SMCs. 

Change in SMC phenotype is also seen in other chronic inflammatory disorders, where airway 

smooth muscle remodelling has been recognized as one of the most prominent changes that contribute to 

severe asthma. Increased mass of airway smooth muscle, due to smooth muscle hypertrophy and 

hyperplasia, contribute to the increased force generated during airway contraction (reviewed by Mitsuru 



 

13 

 

Munakata, 2006). Pro-inflammatory cytokines, such as TGF-b, increase SMC size, expression of a-SMA, 

and SM-MHC, ultimately inducing smooth muscle hypertrophy and hyperplasia (reviewed by Munakata, 

2006).  

It is important to note that these phenotypic changes in SMCs are not permanent and can be 

reversed. Sun et al. (2018) report that there is an increase in miR-29b in PDGF-BB stimulated VSMC, but 

if miR-29b is suppressed, it reverses the activation of NF-kB induced by PDGF-BB in VSMC. Previous 

research focused on airway and VSMC modulation has provided insight into the cellular and molecular 

mechanisms regulating smooth muscle phenotype. Key findings from airway and VSMC research can be 

relevant when investigating the mechanisms behind ISMC phenotypic change.  

1.4.2 Intestinal smooth muscle 

 As mentioned earlier, the general SMC phenotype is well established to be in the intestine as 

quiescent, contractile, and non-proliferative, but ISMC develop an altered phenotype in human strictures 

and strictured regions of TNBS-treated rats. Our understanding of the mechanisms that drive this 

phenotypic change are limited, however recent work by our lab has provided some insights.  

 An established primary culture model (Stanzel et al., 2010) was used to study the characteristics of 

ISMC on adaptation to tissue culture. It was reported that ISMC cultured for 4 days showed an overall 

decrease in markers of contractile phenotype compared to freshly isolated cells. Specifically, qPCR analysis 

showed a significant decrease in mRNA for a-SM actin, desmin, and SM22, but an increase of over 250% 

for cyclin D1, a key regulator of cell proliferation. Immunocytochemistry was used to detect smooth muscle 

markers at Day 4, and it was shown that strong expression of phenotypic markers was indicative of a 

quiescent cell, and a weaker expression was due to the initiation of the cell cycle (Nair et al., 2011). 

Additionally, it was reported that ISMC from the colons of rats at 35 days post-TNBS colitis were 

significantly larger compared to those of control. When Day 35 ISMC were maintained in vitro, both qPCR 

and immunocytochemistry showed a general decrease in smooth muscle markers compared to control. 
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These findings not only confirm that phenotypic alterations are present in freshly isolated cells but are also 

detectible in their response to proliferation in vitro.  

 In more recent work, it was demonstrated that protracted inflammation leads to ISMC proliferation 

and phenotypic change, typical of an intestinal stricture. Staining for SM22 was markedly reduced 

following colitis, with no significant reversal among either Day 16 recovered animals or nonstrictured Day 

35 animals (Lourenssen and Blennerhassett, 2020). To test for phenotypic change among ISMC that had 

undergone protracted growth, cells that were passaged over 10 times were compared to low-passage cells 

that were either exposed to serum-free medium or standard growth medium (5% FCS) (Bonafiglia et al. 

2018). It was reported that low-passage ISMC grown in serum-free medium displayed intense staining for 

SM-22 and a-SMA, but high-passage cells showed a constant lower level of expression (Bonafiglia et al. 

2018). Earlier work identified PDGF-BB as a mitogen, with proliferative properties, to be found in FCS, 

suggesting its role in modulating ISMC phenotype (Stanzel et al., 2010). Since high-passage cells cultured 

in both serum free medium and 5% FCS showed similar expression smooth muscle markers, it can be 

concluded that the altered phenotype is independent of growth status (Bonafiglia et al., 2018). 

 Interestingly, ISMC in the inflamed colon undergo proliferation early in colitis, but can revert back 

to a contractile, non-proliferative phenotype by day 6 post-TNBS. This was demonstrated in vitro using 

cultured cells in 5% FCS for 4 days, then in 0.25% serum for a further 7 days to remove the proliferative 

stimulus. In cells exposed to low-serum conditions, qPCR analysis showed mRNA levels for a-SM actin 

were nearly 14-fold higher than control (Nair et al., 2011).  In further experiments, it was reported that the 

phenotype of high-passage ISMC can be restored through inhibiting key epigenetic mediator enzymes, such 

as DNMT and HDAC (Bonafiglia et al., 2018). Although recent work has increased our knowledge on SMC 

phenotype, the exact molecular events that lead stricture formation remain ill-defined. Investigation into 

similar diseases will be beneficial to understand how to regulate SMC phenotype, and ultimately develop 

therapies for intestinal strictures.  

 



 

15 

 

1.5 Idiopathic Pulmonary Fibrosis  

Idiopathic pulmonary fibrosis is a chronic, progressive disease that is characterized, like Crohn’s 

disease, by the aberrant accumulation of fibrotic tissue in the lung’s parenchyma and is associated with 

significant morbidity and a poor prognosis (Collard et al., 2007). Without therapy, the median survival from 

time of diagnosis is approximately 3 years and there is steady worsening of symptoms, lung function, and 

gas exchange (Collard et al., 2007). Although the complete etiology of IPF is unclear, further study is 

warranted as fibrosis plays a vital role in the prognosis of the disease. 

1.5.1 The Pathogenesis of Idiopathic Pulmonary Fibrosis  

Despite the unclear etiology of IPF, recent studies have described the disease to be associated with 

several environmental and microbial exposures. Like Crohn’s, progression of IPF is hypothesized to be due 

to an altered repair process, where synthetic cellular and molecular processes lead to the development of 

fibrotic processes. Repetitive microscopic alveolar epithelial cell injury disturbs the epithelial and 

mesenchymal interactions, the ability to regenerate tissue, and the homeostasis of profibrotic and 

antifibrotic mediators (Collard et al., 2007). This disturbance creates an ideal environment for fibrosis, a 

key factor in IPF pathophysiology.  

Various factors that interfere with the process of wound healing, cause the progression to multiple 

fibroblastic foci, which underlie the injured epithelium. Typical histopathological patterns of IPF consist of 

fibrosis, abnormal activation of fibroblasts of mesenchymal origin, excessive cell proliferation, and 

extensive deposition of collagen and various ECM proteins (reviewed by Betensley et al., 2016). Although 

the nature of the disease is idiopathic, molecules produced during inflammatory processes may indirectly 

contribute to fibrosis progression. Specifically, immunohistochemistry confirms TGF-b and IL-10 mRNA 

expression is increased in lung biopsies from patients with IPF compared with those of controls (Bergeron 

et al., 2003). PDGF-BB and keratinocyte growth factor (KGF) were expressed in equal amounts in lungs 

of patients with IPF and controls, but localised accumulation of both growth factors was observed in IPF. 

Specifically, IL-10, PDGF-BB, and KGF were expressed in hyperplastic alveolar epithelial cells, although 
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there was also an accumulation of PDGF-BB and TGF-b in fibroblasts, SMC and matrix components 

(Bergeron et al., 2003). Both PDGF-BB and TGF-b are known to activate p38 MAPK, a key signaling 

pathway for SMC regulation, in human lung fibroblasts (Deng et al., 2015; Taniyama et al., 2004). An 

overexpression of these growth factors may contribute to abnormal fibroblast proliferation and improper 

activation of mesenchymal cells, creating a pathogenic fibrotic environment.  

Fibroblasts have the ability to transform into myofibroblasts, where an abundance of myofibroblasts in 

injured tissues results in secretion of excess amounts of ECM proteins. PDGF isoforms are potent mitogens 

for lung fibroblasts, however they do not directly stimulate procollagen expression or synthesis in vitro 

(Clark et al., 1993). Conversely, recent studies have shown overexpression of WNT10A, a fibroblast 

secreted glycoprotein, increases expression of fibronectin at sites of lesions, suggesting WNT may be one 

of the key players involved in regulating fibrosis (Oda et al., 2016). In bleomycin (BLM)-induced murine 

pulmonary fibrosis models of mice, there is an increase in WNT10A and TGF-b expression. There is an 

increase in the levels of WNT10A and collagen in fibroblasts after TGF-b administration, suggesting TGF-

b plays a significant role in collagen production in a pathogenic environment (Oda et al., 2016). Considering 

the multiple factors that drive fibrosis in IPF, it is valuable to compare cellular and molecular processes 

between IPF and CD to gain a stronger understanding of the pathophysiology behind intestinal strictures.  

1.5.2 Similarities to Crohn’s Disease  

Although the pathogenesis of CD and IPF may be distinct, similarities exist in certain mechanisms 

of disease progression, which should be addressed to gain a deeper understanding of stricture formation in 

CD. The fibrotic process involved in stricture formation in CD strikingly resembles fibrosis in IPF. 

Repetitive damage to the epithelium of the intestine and lungs leads to alterations in the process of 

inflammation, specifically the resolution phase. Due to a proinflammatory environment, consisting of 

similar inflammatory cytokines, chemokines, and growth factors, there will be excessive cell proliferation. 

Additionally, the abundance of ECM mediators such as TGF-b, creates synthetic crosslinks and abnormal 
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amounts of ECM protein deposition. The resemblance between disease progression of CD and IPF provides 

compelling evidence that anti-fibrotic IPF therapies may be able to regulate fibrosis in the intestine.  

 

1.6 Multimodal Therapies  

Despite recent advances in the pathophysiological understanding of CD, single-targeted clinical 

therapy for stricturing in CD is inadequate. Due to the multifactorial pathogenesis of CD and the complex 

cytokine environment, development of therapies that have multimodal affects is essential. Multimodal 

therapies are able to target several cytokines, growth factors, and overlapping intracellular signaling 

pathways at once. Vedolizumab, a humanized monoclonal antibody that specifically recognizes the a4b7 

heterodimer and selectively blocks gut lymphocyte trafficking without interfering with trafficking to the 

central nervous system (CNS) has shown recent promise as a treatment option for IBD (Feagan et al., 2013). 

Similarly, ustekinumab, a human monoclonal antibody, blocks the biologic activity of IL-12 and IL-23 

through their common p40 subunit by inhibiting receptors on T cells, natural killer cells, and antigen 

presenting cells, providing evidence that multimodal therapies have promising effects of patients with CD 

(Sandborn et al., 2012). These multimodal therapies for IBD opened doors for researchers to explore 

recently approved therapies, nintedanib (NIND) and pirfenidone (PIRF), that can combat 

1.6.1 Nintedanib  

Nintedanib (BIBF 1120) is an anti-fibrotic drug approved in 2014 for the treatment of IPF (Richeldi 

et al., 2014).  The precise mechanism of action is ill-defined however, it is an intracellular inhibitor that 

targets multiple tyrosine kinases (Richeldi et al., 2014). In phase 3 trials, IPF patients treated with 150 mg 

of NIND twice a day successfully displayed reduced lung-function decline and acute exacerbations 

(Richeldi et al., 2014).  Biochemical testing showed that NIND inhibits kinases such as all three VEGFR 

subtypes, PDGF-Ra and PDGF-Rb, and FGFR types 1, 2, and 3. In contrast, EGFR, IGF-IR, or the cell 

cycle kinases CDK1, CDK2, and CDK4 were not inhibited with concentrations below 1000 nmol/L 
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(Hilberg et al., 2008). These results provide compelling evidence that NIND may be effective in reducing 

the extent of intestinal strictures as the proliferation of SMC is driven by PDGF-BB (Stanzel et al., 2010). 

Inhibition was seen in both human and rodent kinases, making nintedanib an ideal candidate to study in 

TNBS-induced colitis in rodents. Additionally, NIND inhibits PDGF-BB stimulated proliferation of human 

vascular SMC with an EC50 of 69 nmol/L, providing promising evidence that NIND may be translated into 

intestinal SMC. Western blot analysis of SMC lysates after immunoprecipitation shows inhibition of 

receptor phosphorylation is sustained for 32 hours, proving nintedanib has lasting effects on SMC.   

Additional studies show nintedanib is able to reduce TGF-b-stimulated collagen secretion and 

deposition in primary human lung fibroblasts from patients with IPF cultured for 48 hours (Wollin et al., 

2015). Taken together, these results suggest nintedanib is able to control both cell proliferation and ECM 

protein deposition, key processes in stricture formation.  

1.6.2 Pirfenidone  

Pirfenidone is an antifibrotic drug approved in 2015 for the treatment of IPF. Like NIND, the exact 

mechanisms of action of PIRF are ill-defined, however PIRF is known to show anti-inflammatory 

properties. In a multicentre, double-blind, placebo-controlled, randomised phase III trial, PIRF was 

successful in decreasing the rate of decline in vital capacity and increasing progression-free survival of 

patients with IPF (Taniguchi et al., 2010).  

In studies investigating the treatment of PIRF on BLM-induced hamsters, PIRF significantly 

suppressed the influx of inflammatory cells and macrophages in groups treated with PIRF. However, it 

should be noted that BLM-induced lung fibrosis is reversible with steroids, whereas the progression of IPF 

is only partly influenced by steroids and immunosuppressive agents (Liu et al., 2017). Specifically, PIRF 

significantly reduced TGF-b in bronchoalveolar fluid from hamsters at day 14 and 21, suggesting PIRF 

may have a role in regulating ECM proteins such as collagen (Iyer et al., 1999). In hepatic stellate cells, 

PIRF significantly inhibited PDGF-induced HSC proliferation without inducing apoptosis, starting at 

concentrations of 1 µM, with maximal effects at 1000 µM, suggesting PDGF may be a target of pirfenidone 
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(Di Sario et al., 2002). Additionally, pirfenidone at 100 and 1000 µM inhibited type I collagen accumulation 

in culture medium induced by TGF-b, providing evidence that PIRF may play a role in ECM protein 

control.  

Recent work suggests that activation of transient receptor potential canonical (TRCP)4 and TRCP6 

are linked to the progression of intestinal fibrotic stenosis. TRPA1 is expressed abundantly at the messenger 

level in intestinal myofibroblasts and its activation is associated with inhibiting gut motility and protecting 

against gut inflammation. When treated with PIRF, Ca2+ influx is induced in intestinal myofibroblasts, 

which is antagonized by TRPA1 channel blocker HC-030031 (Kurahara et al., 2018). Additionally, PIRF 

counteracted TGF-b1-induced expression of heat shock protein (HSP)47, type I collagen, and a-SMA in 

intestinal myofibroblasts. This novel work provides compelling evidence that pirfenidone is able to regulate 

both cell proliferation and ECM collagen deposition, key processes in the development of intestinal 

strictures.  
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1.7 Hypothesis and Goals 

The limited effective treatment options for intestinal strictures and a parallel between the 

pathogenesis of Crohn’s disease (CD) and idiopathic pulmonary fibrosis (IPF) warrant further study into 

the effect of nintedanib (NIND) on ISMCs. ISMC hyperplasia, excessive ECM collagen deposition, and 

ISMC phenotypic changes are known principal contributors to stricture formation in CD. However, the 

mechanisms that regulate these phenotypic changes are unclear and need to be elucidated to develop 

appropriate therapies. Similar processes occur in the pathogenesis of IPF and are targeted using NIND. I 

hypothesize that the application of nintedanib promotes an antifibrotic environment through limiting ISMC 

growth and modulating ISMCs to a contractile and non-proliferative phenotype. 

Objectives 

• Establish an appropriate in vitro model system to study growth and phenotype of ISMC 

o High passage ISMC lines from the circular smooth muscle layer of adult rats 

• Determine the effect of NIND on ISMC proliferation  

o Test the effect of NIND against serum-induced high passage ISMC 

o Assess the effects of NIND on protracted growth  

• Elucidate the selectivity of NIND towards intestinal cell types  

• Understand if NIND plays a role in ECM protein deposition  

o Determine the effect of NIND on both intracellular and extracellular collagen protein levels 

o Understand the effect of NIND on ECM protein messenger levels 

• Determine if NIND can restore contractile phenotype of high passage ISMC 

o Test NIND against high passage ISMC to establish if there is a change in contractile 

markers at the protein and messenger level  

• Determine the effect of NIND on cytokine-induced cytokine release in ISMC 
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Chapter 2 

Methods 

2.1 Animals   

 Sprague-Dawley rats were obtained from Charles River Laboratories (Montreal, QC) and housed 

in pairs in microfilter isolated cages. Animals had free access to water and food (Purina #5008). Adult male 

rats were used for isolation of the muscularis externa and skeletal muscle for protein detection. A course in 

animal care (QACS 799) was completed at the start of the project, and all experiments were approved by 

the Queen’s University Animal Care Committee and adhered to the Canadian Council of Animal Care’s 

policies.  

2.2 Isolation of Rat Circular Smooth Muscle  

 The following dissection and dissociation procedures were previously performed by Kurtis Miller 

(lab technician). Primary intestinal smooth muscle cultures were generated by isolating the colons of adult 

male rats in Hank’s balanced salt solutions (1mM CaCl2, 0.25 mM EDTA, 10 mM HEPES, 1 mM MgCl2, 

10 mM glucose, 4 mM KCl, 125 mM NaCl, 10 mM Taurine, pH 7.8). The circular smooth muscle layer 

was isolated with forceps and strips were placed into Hank’s balanced salt solutions with 5 mg papain, 50 

µM of CaCl2, 10 mg of bovine albumin serum (Sigma) for 2 hr. at 4°C. The tissue was warmed at room 

temperature for 1 hr., and then at 37°C for 1 hr. with light agitation. Pellets were removed from Hank’s 

balanced salt solutions, washed in Dulbecco’s modified eagle medium (DMEM, GIBCO), and plated into 

60 mm culture dishes with 5% fetal calf serum (FCS; Invitrogen) containing DMEM.  

 To generate low and high passage cells, primary cultures of ISMC were washed and replenished 

with fresh 5% FCS every 3-4 days, until they reached 80-95% confluency. Cells were then removed from 

their plates with a 1:1 mix of 0.25% trypsin II (Sigma) and 2 mM EDTA (Sigma) in Hank’s balanced salt 

solutions/HEPES (H/H) and passed into 2 new 60 mm dishes in 5% FCS at sub-confluency. This process 

was repeated 1-3 times to generate low passage cultures, or 10 or more times to achieve high passage 
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cultures. Cell cultures meant for immunocytochemistry experiments were passaged onto collagen-coated 

glass cover slips in 24-well plates. Cell cultures meant for collagen detection were treated with 0.05 mM 

ascorbic acid-2-phosphate (A2P).  

2.3 Treatment of Cell Cultures   

To assess cell density and viability in response to drug treatment, cultured high passage rat ISMC 

were plated at 8000-10 000 cells/well in a 96-well plate. Cells were grown in DMEM with serum or growth 

factors. Pirfenidone (SIGMA) and nintedanib (LC Labs) were diluted in fresh 5% FCS, applied to cells, 

and incubated at 37°C for 48hrs. Drug concentrations ranged from 0.01 mM – 8 mM for PIRF and 0.001 

µM - 800 µM for NIND. Cells were incubated with drugs for 30min prior to addition of PDGF-BB. 

2.4 Wst-8 Cell Proliferation Assay  

The WST-8 Cell Proliferation Assay was used to determine cell number post-treatment with growth 

factors and/or inhibitors. After 48 hours of treatment, cells were washed in phenol red-free (clear) DMEM 

(Invitrogen). 3.2 µL of WST-8 solution was diluted in 80 µL of clear DMEM and applied to the cells in 

each well. Cells were then incubated for 2 hours with measurements at the 1- and 2-hour mark. The 

absorbance of a colorimetric dye produced from the WST-8 reaction was measured at 450 nm using the 

Spectra Max M3 plate reader (Molecular Devices). All experiments were conducted in triplicates.  

2.5 Sircol Red  

2.5.1 Sircol Red Assay 

The Sircol Collagen Assay was used to detect changes in total intracellular and extracellular 

collagen in rat ISMC. 50 µL of acetic acid (0.5M CH3COOH) was added to a 50 µL aliquot of lysate or 

supernatant. To reduce non-collagen proteins, 1 µL of pepsin was added. Next, 700 µL of Sirius Red was 

added to the solution and was rotated for 30 min. at room temperature. The solution was centrifuged at 14 

000 RPM for 10 min and the supernatant was discarded. Next, 500 µL of 0.5M NaOH was added, and the 
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mixture was inverted for 10min. Total collagen was quantified using the absorbance of a colorimetric dye 

from the Sirius Red assay. Samples were measured at 550 nm using the Spectra Max M3 plate reader 

(Molecular Devices). All experiments were conducted in triplicates. 

2.5.2 Sirius Red Histochemistry 

To get a visual representation of intracellular collagen on ISMC, Sirius Red histochemistry was 

used on cell cultures. At the end of each treatment, cells were washed in DMEM and fixed with neutral 

buffered formalin for 10 min. at room temperature. Cover slips were washed with phosphate buffered saline 

(PBS) three times over a 5 min. period, then dried in at 37°C for 1 hr. Then, the cover slips were incubated 

in 1 mL of Sirius Red for 1 hr. at room temperature and rotated. The slips were then washed with 0.01N 

HCl for 10-15 min. and placed in 70% EtOH, then 100% EtOH. To visualize, the cover slips were mounted 

on glass slides using approximately 10  µL of Permount Mounting Medium (Fisher Chemical). 

Representative images were captured at 40x magnification with an Olympus BX60 microscope.  

2.6 Western Blot Analysis  

2.6.1 Coomassie Blue Analysis 

To confirm that the precipitate formed from the Sirius Red assay was collagen protein, Coomassie 

Blue stain was used. The precipitate formed from the Sirius Red assay was dissolved in 50 µL ddH2O or 

50 µL acetic acid (0.5M CH3COOH). Next, 30 µL of the solution was loaded into wells of a 1.0 mm 6% 

SDS-PAGE gel. Samples were electrophoresed (200 V for 10 min., 120 V for 1 hr.). Next, the SDS-PAGE 

gel was incubated for 4 hrs in Coomassie Blue staining solution (1 g Coomassie Brilliant Blue (Bio-Rad) 

in 1 L of 50% methanol, 10% glacial acetic acid, and 40% H2O). The gel was then washed in ddH2O until 

bands were visible.   
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SMA and SM22 protein expression 

High passage rat ISMC were cultured in a 24-well plate at 15 000 cells/well in 5% FCS, then 

exposed to treatment conditions for 48hrs. Cells were dissolved in sample buffer (Tris/HCl pH 6.8, glycerol, 

SDS, 2-B mercaptoEtOH, bromophenol blue, and dd H2O) and stored at -80°C.  

At the time of immunoblotting, samples were thawed on ice, heated at 95°C for 5 min, and cells were loaded 

at 30 µL into wells of a 1.0 mm 12% SDS-PAGE gel. Samples were electrophoresed (200 V for 10 min., 

120 V for 1 hr), then transferred onto a polyvinylidene fluoride membrane (15 V for 1.5 hr; Biorad semi-

dry transfer apparatus).  

Post transfer, membranes were washed in dd H2O, blocked in Tris-buffered saline containing 0.1% Tween-

20 (TBS-T; Bioshop) and 5% fat-free milk for 1 hour, and then placed in primary antibodies overnight at 

4°C with agitation. Anti-SMA antibody (1:1000; mouse; Novus) and anti-SM22 (1:5000; rabbit; Abcam) 

antibody were prepared in TBS-T with 5% milk and 0.005% azide.  

Membranes were washed 3x for 10 min. at room temperature with agitation, then placed in appropriate 

horseradish peroxidase (1:20 000, PI-31430, Thermo Scientific), or goat anti-rabbit horseradish peroxidase 

(1:4000, 7074S, Millipore). Membranes were washed 3x over 30 min. at room temperature with agitation, 

then exposed to 300 µL chemiluminescent substrate (Millipore). Membranes were imaged using a 

ChemiDoc MP System (Bio-Rad), exposed until just below band saturation, and the integrated optical 

densities (IOD) were quantified using the Image Lab software (Bio-Rad).  

2.7 Quantitative PCR Analysis   

RNA was extracted from cell cultures using the E.Z.N.A Total RNA Kit I (OMEGA bio-tek) 

according to the manufacturer’s instructions. An iScript cDNA Synthesis Kit (BIO-RAD) was used to 

convert RNA to cDNA, and the complete reaction mix was incubated in a thermal cycler: priming for 5 

min at 25°C, reverse transcription for 20 min at 46°C, and RT inactivation for 1 min at 95°C. Quantitative 

PCR (qPCR) was used to measure changes in the smooth muscle markers; a-smooth muscle actin (a-SMA), 
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transgelin (SM22). Primers used to measure changes in ECM protein mRNA levels include type I collagen 

(COL1), type III collagen (COL3), type V collagen (COL5), fibronectin, MMP1, and MMP13. To assess 

cytokine-induced cytokine release, the mRNA levels of IL1β, IL6, IL8, IL17, TNFa, and TGFB were 

investigated (primer sequences, Table 1). These values were normalized to HPRT mRNA levels, after its 

PCR amplification efficiency was confirmed. Reactions were carried out in a Step One Plus real-time PCR 

system (Applied Biosystems), held for 10 min at 95°C, and cycled for 15 s at 95°C and 60 s at 60°C for 40 

cycles. Relative changes in mRNA expression were determined by comparative threshold (Ct) analysis 

using DDCt method of relative quantification and are presented as the average independent outcomes. 
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Table 1. qPCR primer sequences  

Gene 
(species) 

Forward Primer Sequence  
(5' --> 3') 

Reverse Primer Sequence  
(5' --> 3') 

Product 
Length 

(bp) 
COL1A1 
(Rat) CAGTCGATTCACCTACAGCACG GGGATGGAGGGAGTTTACACG 

201 

COL3A1 
(Rat) AGGCCAATGGCAATGTAAAG TGTCTTGCTCCATTCACCAG 

140 

COL5A1 
(Rat) GTCCGATGGCAAGTGGCAC GCCGCGGTTGAGGAACTT 

103 

Fibronecti
n (Rat) GGATCCCCTCCCAGAGAAGT GGGTGTGGAAGGGTAACCAG 

188 

SMA 
(Rat) CGGGCTTTGCTGGTGATG  CCCTCGATGGATGGGAAA  

97 

SM22 
(Rat) ATCCAAGCCAGTGAAGGTGC  CCTCTGTTGCTGCCCATTTG  

133 

MMP1 
(Rat) TGCTTCTCTTGGCTACCAGC      GCTGCATTTGCCTCAGCTTT 

174 

MMP13 
(Rat) TGGTCCCTGCCCCTTCCCTA 

CCGCAAGAGTCACAGGATGGTA
GTA 

112 

IL1β (Rat) AGCTTCAGGAAGGCAGTGTC TCAGACAGCACGAGGCATTT 
239 

IL6 (Rat) ACTTCACAAGTCGGAGGCTT AGTGCATCATCGCTGTTCAT 
107 

IL8 (Rat) ACATCCAGAGCTTGACGGTG CAGGTACGATCCAGGCTTCC 
251 

IL17a 
(Rat)  ACAGTGAAGGCAGCGGTACT GAGTCCAGGGTGAAGTGGAA 

172 

TNFα 
(Rat) CTGTGCCTCAGCCTCTTCTC GTGAGGAGCACATAGTCGGG 

374 

TGF-β 
(Rat) 

TGGCTGAACCAAGGAGACGGA
ATA 

CACCTCGACGTTTGGGACTGAT
C 

118 

β-actin 
(Rat)  CAGCTGAGAGGGAAATCGTG  CCCAGGAAGGAAGGCTGG  

140 

HPRT 
(Rat) 

AGGACCTCTCGAAGTGTTGGAT
AC  TGTAGATTCAACTTGCCGCTGTC  

184 
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2.8 Immunocytochemistry 

Immunocytochemistry was used to detect changes in SMA and SM22 expression in high passage 

rat ISMC following NIND treatment. At the end of each treatment, cells were fixed with neutral buffered 

formalin (NBF) for 10 min at room temperature and washed with EtOH for 1 min. Cover slips were then 

washed with phosphate buffered saline (PBS) three times over a 30 min period, then incubated in 

appropriate primary antibodies diluted in PBS containing 0.2% Tween-20 (PBS-T) and 0.005% azide. 

Smooth muscle cultures were exposed to anti-SMA (1:500; mouse; Bonafiglia et al., 2018), and anti-SM22 

(1:2000; rabbit; Bonafiglia et al., 2018). Cover slips were incubated in primary antibodies overnight at 4°C.  

The next day, cover slips were washed in PBS 3x for 10 min, then placed in appropriate ALEXA-

linked secondary antibodies: 488 goat anti-mouse (1:1000; Invitrogen; Bonafiglia et al., 2018), and 555 

goat anti-rabbit (1:5000 Invitrogen; Bonafiglia et al., 2018). Cover slips were washed in PBS-T, treated 

with Hoechst 333258 (0.1 µL/mL; Sigma) for 1 min to stain all nuclei, then washed again in PBS-T. To 

visualized protein expression, cover slips were mounted on glass slides using approximately 5 µL of 60% 

glycerol in water.  

To examine PDGF-R mobilization, PDGF-BB was added 30 min before fixation and processed as 

indicated above. Smooth muscle cultures were incubated in antibody for PDGF-Rβ (1:250; Cell Signaling 

Technology Ab28E1; Stanzel et al., 2010) overnight at 4°C, and then incubated with ALEXA-linked 

secondary antibody the next day for 2 hr (555 goat anti-rabbit; 1:5000 Invitrogen; Stanzel et al., 2010). 

Outcomes were imaged using 40x and 60x objectives for wide-field and higher magnification images.  The 

latter were analyzed using ImagePro to determine average image intensity along a 10 µm line placed at 

right angle to a cell margin. Outcomes were averaged from 6 such analyses/cell and 6-8 cells per 

experiment, with each experiment replicated 3 times for each independent cell line. 

To study the activation of the NFκB pathway in response to cytokine addition, ISMC were treated 

with TNFα (0.001-50 ng/mL) for 15, 30, or 60 min, and were fixed and processed as indicated above. 

Smooth muscle cultures were labelled with rabbit anti-p65NFκB (1:200; Santa Cruz Biotechnology; 
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Gougeon et al., 2013), incubated overnight at 4°C, and then incubated with ALEXA-linked secondary 

antibody the next day for 2 hr (488 goat anti-mouse; 1:2000; Invitrogen; Gougeon et al., 2013). 

Representative images were captured at 40x magnification with Retiga 2000R CCD camera (QImaging) at 

1600x1200 pixels, using appropriate filters adjusted for antibody visualization.  

2.9 Scrape Wounding 

A scrape wounding model was used to assess the effect of NIND on ISMC migration. For this, a 

cross-shaped wound was scraped on confluent cultures of ISMC using a P200 pipette tip and photographed 

at low magnification using a 4x phase contrast objective.  The cultures treated with appropriate conditions 

and re-imaged 18 hr later.  Image analysis was used to measure the distance travelled by the advancing 

edge of the cell sheet. This entailed determining the wound width at 4 sites 200 µm apart, on each arm of 

the initial cross-shaped wound.  Average cell migration was then calculated for that culture and averaged 

among 3 cohort cultures (n=1), and the experiment was replicated entirely 3 times per cell line.  

2.10 Statistical Analysis 

Data analysis was performed using Microsoft Excel. All values are expressed as the average ± 

standard error of n independent cell lines. Differences between control andmultiple treatment groups were 

statistically significant for *p≤0.05 or **p≤0.01, using one-way analysis of variance (ANOVA) with Holm 

Sidak or Tukey Test as post-tests.  
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Chapter 3 

Results 

3.1 Appropriate growth factors for ISMC growth  

It has been well-established that inflammatory factors lead to proliferation of the ISMC and an 

altered cellular phenotype, changes that exemplify intestinal strictures caused by chronic inflammation in 

CD (Nair et al., 2011). It is important to note that both increased ISMC number and altered phenotype are 

a permanent effect of intestinal inflammation in vivo, both in humans and animals (Lourenssen and 

Blennerhassett, 2020; Bonafiglia et al., 2018; Nair et al., 2011). In earlier work, it was shown that cultured 

ISMCs passaged ≥10 times (i.e., high passage) displayed a consistently lower, but reversible, expression of 

smooth muscle markers, aSMA and SM22, due to epigenetic changes (Bonafiglia et al., 2018). Further, it 

has been demonstrated that the proliferation of ISMCs in the inflamed intestine, and in primary cultures in 

vitro, is initiated by the expression of PDGF-Rb in response to proinflammatory cytokines (Nair et al., 

2014; Stanzel et al. 2010). Therefore, we used an in vitro model system to study the growth and phenotypic 

changes that occur in the inflamed intestine.  

This model was developed using ISMCs from the circular smooth muscle layer of adult rats, with 

each rat generating a single cell line (Fig. 3A). These cell lines were subcultured to yield high passage cell 

lines, to reflect dedifferentiated nature and growth characteristics of smooth muscle cells in the inflamed 

intestine, and in Crohn’s strictures (Lourenssen and Blennerhassett, 2020; Nair et al., 2010). Since each cell 

line is brought up from a different animal, it is reasonable to expect variability in their response to stimulus. 

Nonetheless, the appearance of these high passage cell lines is similar to that of low passage cell lines, 

displaying characteristic signs of cultured smooth muscle, showing multilayering and retraction at sites of 

high density (Fig. 3B). Thus, we used high passage cell lines to model intestinal strictures caused by chronic 

inflammation in CD.  
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3.1.1 Effect of FCS and RS on high passage ISMC proliferation 

High passage ISMC were stimulated with fetal calf serum (FCS), a traditional growth stimulus 

containing growth factors essential for the maintenance and growth of cultured cells. The positive control 

of 5% FCS, found maximal for stimulating ISMC growth (Stanzel et al., 2010), was used for the 

maintenance and growth of cultured ISMC and its outcome on proliferation was assessed using the WST-

8 assay. This showed that 5% FCS caused a 2.35 ± 0.31 increase in cell number after 48 hr compared to 

serum-free control (**p<0.01; n=4 cell lines; Fig. 3C). Although 5% FCS is efficient in maintaining cell 

cultures, we assessed the effect of rat serum (RS) in parallel studies, because RS on adult rat ISMC is more 

representative of experiments that can be translated in vivo. There was a 2 ± 0.39-fold increase in cell 

number with 2.5% RS stimulus for 48 hrs compared to serum-free controls, proving that RS can also 

effectively maintain and stimulate cell growth (*p<0.05; n=4; Fig. 3C). While both 5% FCS and 2.5% RS 

were similarly effective in maintaining and stimulating ISMC growth, the lower concentration of RS 

extended the use of adult rat-derived serum.      

3.1.2 Effect of PDGF-BB on high passage ISMC proliferation 

Previous work in our lab showed that mitogens were capable of promoting ISMC proliferation in 

serum-free medium (Nair et al., 2011). Although there is a presence of multiple growth factors, cytokines, 

and binding proteins in events of inflammation, growing evidence suggests that PDGF-BB could be the 

main driving factor for ISMC hyperplasia (Stanzel et al., 2010). As mentioned earlier, freshly isolated ISMC 

in primary culture initially lacked expression of PDGF-Rb upon isolation, but after 4 days in vitro, ISMC 

gained expression of PDGF-Rb, suggesting that ISMC can acquire mitogen receptors after protracted 

proliferation (Stanzel et al., 2010). Therefore, we investigated the effect of EGF (50 ng/mL), FGF (50 

ng/mL), IGF (50 ng/mL), and PDGF-BB (50 ng/mL) to confirm the dominant mitogen behind ISMC 

proliferation in our culture model. There was a 1.8 ± 0.24-fold increase in cell number when ISMC were 

stimulated with PDGF-BB (50 ng/mL) for 48 hr compared to serum-free control (*p<0.05; n=3; Fig. 3D). 
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In parallel studies, addition of EGF (50 ng/mL), FGF (50 ng/mL), or IGF (50 ng/mL) to serum-free DMEM 

did not show a significant increase in cell number (n=3; Fig. 3D).  

Overall, these findings demonstrated that both FCS and RS are capable of promoting ISMC growth 

in high passage cell lines, establishing the basis of subsequent studies. PDGF-BB was able to promote 

ISMC growth, confirming that it is one of the dominant mitogens driving ISMC growth, and should be 

further studied to determine if it solely responsible for the mitogenic actions of FCS and RS, as suggested 

in earlier work (Stanzel et al., 2010; Nair et al., 2014). Since FCS, RS, and PDGF-BB successfully promote 

ISMC proliferation, it is reasonable to study the effect of tyrosine kinase inhibitors and anti-inflammatory 

drugs, such as NIND and PIRF, on FCS-, RS-, or PDGF-BB-stimulated ISMC.   
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Figure 3. Culture model showing appropriate growth factors for ISMC growth – PDGF-BB is the 
dominant growth factor. (A) Phase contrast image showing typical appearance of ISMC at passage 3 in 
vitro. (B) Typical appearance of high passage cell lines, showing multilayering and retraction at sites of 
high density. (C) Experimental outcome of ISMC growth after 48 hr in DMEM, 5% FCS (n=4 ± sem), 2.5% 
RS (n=4 ± sem). (C) Experimental outcome of ISMC growth after 48 hr in EGF (50 ng/mL; n=3 ± sem), 
FGF (50 ng/mL; n=3 ± sem), IGF (50 ng/mL; n=3 ± sem), and PDGF-BB (50 ng/mL; n=4 ± sem). PDGF-
BB (50 ng/mL) is the dominant growth factor (n=3). The relative amount of living cells was assessed was 
assessed with the Wst-8 proliferation assay, normalized to untreated cells, and averaged across cell lines. 
*p<0.05 and **p<0.001 for one-way ANOVA (Holm-Sidak method) compared with control.  

Figure 1. Culture model showing appropriate growth factors for ISMC growth – PDGF-BB is the dominant growth factor.
(A) Phase contrast image showing typical appearance of ISMC at passage 3 in vitro. (B) Typical appearance of high passage
cell lines, showing multilayering and retraction at sites of high density. (C) Experimental outcome of ISMC growth after 48
hr in DMEM, 5% FCS (n=4 ± sem), 2.5% RS (n=4 ± sem). (C) Experimental outcome of ISMC growth after 48 hr in EGF (50
ng/mL; n=3 ± sem), FGF (50 ng/mL; n=3 ± sem), IGF (50 ng/mL; n=3 ± sem), and PDGF-BB (50 ng/mL; n=4 ± sem). PDGF-BB
(50 ng/mL) is the dominant growth factor (n=3). The relative amount of living cells was assessed was assessed with the
Wst-8 proliferation assay, normalized to untreated cells, and averaged across cell lines. *p<0.05 and **p<0.001 for one-
way ANOVA (Holm-Sidak method) compared with control.
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3.2  NIND controls proliferation of cells of mesenchymal origin   

Nintedanib (NIND) is an anti-fibrotic drug used for the treatment of IPF and known for its actions 

as a multiple tyrosine kinase inhibitor. Similarly, pirfenidone (PIRF) is an antifibrotic drug with anti-

inflammatory properties, approved for the treatment of IPF. Although the exact mechanisms of action of 

NIND and PIRF are unknown, their anti-inflammatory properties make it a promising candidate for the 

treatment of intestinal strictures caused by ISMC hyperplasia and excessive ECM deposition. Since their 

effect on ISMC is unknown, this was explored in our in vitro model.  

First, we tested the effect of NIND and PIRF on fibroblasts, a cell type well represented in the lung, 

by using cultured 3T3 fibroblasts.  These were cultured in a 96-well plate and treated with a range of NIND 

concentrations (0.1 µM – 100 µM) or PIRF concentrations (10 µM – 1000 µM) for 48 hr in 5% FCS. PIRF 

brought a 2.86 ± 0.41-fold FCS-stimulated increase in 3T3 fibroblast number down in a concentration-

dependent manner, with 1000 µM reducing cell growth to serum-free levels (n=3; Fig. 4A). In comparison, 

a 2.55 ± 0.62-fold FCS-stimulated increase in 3T3 fibroblast number was suppressed in a concentration-

dependent manner by NIND and brought down to serum-free levels with 10 µM NIND (*p<0.05; n=3; Fig. 

4B). These experiments verify NIND and PIRF’s ability to limit cell growth in a noncytotoxic manner, 

supporting further testing against other cell types, such as ISMC.  
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Figure 4. NIND and PIRF inhibit growth of serum-induced murine fibroblasts. (A-B) Experimental 
outcome showing concentration response of (A) PIRF (n=4 ± sem; p<0.05) and (B) NIND (n=3 ± sem; 
p<0.05) on 3T3 fibroblasts growth in 5% FCS. NIND shows greater potency, completely inhibiting cell 
growth with a concentration of 10 μM. The relative amount of living cells was assessed was assessed with 
the Wst-8 proliferation assay, normalized to untreated cells, and averaged across cell lines. *p<0.05 and 
**p<0.01 for one-way ANOVA compared with control.  
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Figure 2. NIND and PIRF inhibit growth of serum-induced murine fibroblasts.
(A-B) Experimental outcome showing dose response of (A) PIRF (n=4 ± sem; p<0.05) and (B) NIND (n=3 ± sem; p<0.05) on

3T3 fibroblasts growth in 5% FCS. NIND shows greater potency, completely inhibiting cell growth with a concentration of

10 μM. The relative amount of living cells was assessed was assessed with the Wst-8 proliferation assay, normalized to

untreated cells, and averaged across cell lines. *p<0.05 and **p<0.01 for one-way ANOVA compared with control.
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3.2.1 NIND inhibits serum- and PDGF-BB-induced growth of ISMC 

  High passage ISMC lines were cultured in 96-well plates and treated with a range of NIND 

concentrations for 48 hr in either FCS, RS, or PDGF-BB. The effect of NIND or PIRF on ISMC 

proliferation was assessed using a WST-8 assay and cell viability was assessed by comparing growth to 

that of a serum-free negative control. When NIND (4-5 µM) is applied to ISMC against 5% FCS or 2.5% 

RS, the relative cell density drops below that of serum-free negative controls, and cells visibly detach from 

the culture plate. Comparatively, PIRF (2000 – 4000 µM) brings relative cell density of ISMC below that 

of serum-free negative control, and cells visibly detach from the culture plate. Therefore, we concluded 

concentrations greater than 4-5 µM NIND and 2000-4000 µM PIRF to have a cytotoxic effect on ISMC 

cultures. NIND showed greater potency compared to PIRF, we therefore used NIND for subsequent 

experiments since lower concentrations achieved equivalent inhibition of growth.  

The testing of NIND against 5% FCS showed inhibition of ISMC proliferation in a concentration-

dependent manner, with treatment of 2-3 µM NIND preventing cell growth sufficiently, where cell number 

remained similar to the serum-free control (**p<0.01; n=4-5; Fig. 5A). In parallel studies, NIND tested 

against 2.5% RS showed inhibition of ISMC proliferation in a concentration-dependent manner, with 

treatment of 2-3 µM NIND reducing cell growth down to serum-free control (*p<0.05; n=4; Fig. 5B). These 

results conclude that NIND is able to work without cytotoxic effect, through inhibiting growth but not 

reducing cell number below initial values.  

Since platelet derived growth factor-BB (PDGF-BB) drives ISMC proliferation (Nair et al., 2014) and 

NIND is known to inhibit PDGF-BB stimulated proliferation of human vascular SMC (Hilberg et al., 2008), 

we investigated the effect of NIND on PDGF-BB stimulated ISMC. A 1.8 ± 0.21-fold PDGF-BB-stimulated 

increase in ISMC number was suppressed in a concentration-dependent manner by NIND and brought down 

to control (DMEM alone) levels with 1 µM NIND (*p<0.05; n=3; Fig. 5C), proving its ability to limit 

growth in a noncytotoxic manner. Interestingly, ISMC stimulated with PDGF-BB were more sensitive to 

the effects of NIND than ISMC stimulated with FCS or RS. Since NIND (1 µM) was able to completely 
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block PDGF-BB-induced proliferation, this suggests that NIND may be targeting PDGF-Rb on ISMC. 

NIND required higher concentrations to completely inhibit serum-induced proliferation, suggesting there 

may be separate contribution of unknown mitogenic factors in the serum. Further work will test whether 

PDGF-BB is solely responsible for the mitogenic actions of RS, as suggested in earlier work (Stanzel et al., 

2010; Nair et al., 2014). Overall, the ability of NIND to limit PDGF-BB stimulation of ISMC growth is 

particularly encouraging because PDGF-BB is a vital player in stricture formation (Stanzel et al., 2010; 

Nair et al., 2014). 
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Figure 5. NIND limits proliferation of mesenchymal cells. (A-C) Experimental outcome showing 
concentration response of NIND on high-passage ISMC growth in (A) 5% FCS (n=4–5 ± sem), (B) 2.5% 
RS (n=4 ± sem), and (C) PDGF-BB (50 ng/mL; n=3 ± sem). The relative amount of living cells was assessed 
with the Wst-8 proliferation assay, normalized to untreated cells, and averaged across cell lines. *p<0.05 
and **p<0.01 for one-way ANOVA compared with control.  

 
 

 

Figure 3. NIND controls proliferation of cells of mesenchymal origin.
(A-C) Experimental outcome showing dose response of NIND on high-passage ISMC growth in (A) 5% FCS (n=4–5 ± sem),
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3.2.2 NIND causes protracted inhibition of growth 

After determining that NIND is successfully able to limit growth of ISCM without causing 

cytotoxicity, we investigated the effects of treating ISMC with NIND for a long-term period. To determine 

what effect NIND has on protracted inhibition of growth, we added NIND (1 µM) on Day 1 and tracked 

ISMC growth for 5 days. ISMC stimulated with 5% FCS showed a gradual increase in growth with Day 1 

showing a 1.82 ± 0.28-fold increase to Day 5 showing an 8.04 ± 1.42-fold increase compared to control 

(DMEM alone). Interestingly, ISMC stimulated on Day 01 with 5% FCS and NIND (1 µM) did not show 

a gradual increase in growth, with Day 01 showing a 1.82 ± 0.33-fold increase and Day 05 showing a 2.89 

± 0.75-fold increase (n=3; Fig. 6A). These results suggest that NIND may have lasting effects on ISMC 

proliferation, and more specifically, contribute to reverting the altered ISMC proliferative phenotype.  

Before moving to subsequent experiments to further investigate if NIND alters ISMC phenotype, 

we tested if NIND remained active in the media for a 5-day period. To determine if these effects were due 

to NIND remaining active in media, we investigated if cultured supernatant with NIND has any effect on 

ISMC proliferation. After 48 hr growth in 5% FCS and NIND (1 µM), we transferred the media to cells 

without NIND treatment and tracked ISMC growth for 72 hr. ISMC with the transferred NIND supernatant 

showed continued growth for 48 hr and showed a sharp decline in growth after 72 hr (n=1; Fig. 6B). Since 

there was not continued inhibition of growth after NIND supernatant was added to cell culture, we can 

conclude that NIND was not active in the media after 72 hr. Further, since NIND was able to cause 

protracted inhibition of growth but did not limit growth when transferred to cell culture after 48 hr, the cells 

did not secrete anti-proliferative factors. These findings suggest that the effects of NIND occur 

intracellularly, contributing to a phenotype switch.  

To further confirm if the effects of NIND contribute to phenotypic change, we assessed the growth 

ISMC following a period of exposure to NIND.  For this, ISMC were treated with 1.25% FCS or RS, each 

with 1 µM NIND for 20 hr, and then washed and subcultured, followed by a WST-8 assay of growth over 

a 2-day period. The prior NIND exposure reduced the subsequent growth response to FCS by 28% decrease 
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in growth (n=3; Fig. 6C). NIND treated ISMC did not show any significant change in growth against RS 

or PDGF-BB. In addition to causing protracted inhibition of growth, NIND has lasting effects on cell 

proliferation after culture passaging, proving its ability to alter ISMC phenotype.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

40 

 

 

Figure 6. NIND causes protracted inhibition of growth. (A) NIND (1 µM) added on Day 1 suppresses 
ISMC growth for 5 days, showing protracted inhibition of growth (n=3 ± sem). (B) Typical experiment 
showing NIND media transferred after Day 2 to untreated cells does not limit growth, suggesting drug 
content is lost from media (n=1). (C) Serum-stimulated ISMC treated with NIND (1 µM) before 
subculturing show decreased rate of growth in FCS compared to those without NIND treatment, showing 
signs of epigenetic change (n=2-3). The relative amount of living cells was assessed was assessed with the 
Wst-8 proliferation assay, normalized to untreated cells, and averaged across cell lines. *p<0.05 and 
**p<0.01 for one-way ANOVA compared with control. 
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Figure 4. NIND causes protracted inhibition of growth.
(A) NIND (1 µM) added on Day 1 suppresses ISMC growth for 5 days, showing protracted inhibition of growth (n=3 ± sem).
(B) Typical experiment showing NIND media transferred after Day 2 to untreated cells does not limit growth, suggesting
drug content is lost from media (n=1). (C) Serum-stimulated ISMC treated with NIND (1 µM) before subculturing show

decreased rate of growth in FCS compared to those without NIND treatment, showing signs of epigenetic change (n=2-3).
The relative amount of living cells was assessed was assessed with the Wst-8 proliferation assay, normalized to untreated

cells, and averaged across cell lines. *p<0.05 and **p<0.01 for one-way ANOVA compared with control.
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3.2.3 NIND is selective towards cells of the mesenchymal origin  

To understand the selectivity of NIND towards intestinal cell types, we tested the effects of NIND 

against intestinal epithelial cells (IEC) of rat or human origin. Assessment of cell proliferation showed that 

5% FCS caused up to a 3.5-fold increase in cell number after 48 hr of stimulation compared to serum-free 

control (Fig. 7A). Interestingly, NIND was far less effective against serum-stimulated growth of epithelial 

cells. For example, NIND (3 µM) was completely effective in blocking ISMC proliferation, but essentially 

had no effect in reducing the growth of IEC, with higher concentrations of NIND causing cytotoxic effects 

without concentration-dependency (experiment done three times, in triplicates; Fig. 7A). Additionally, we 

tested the effect of NIND against serum stimulated HT29 (human colorectal cancer cell, female) and Caco 

(human colorectal cancer cell, male) cells. Although NIND (3 µM) was partially effective against HT29, 

42% reduced cell growth (Fig. 7B), and Caco, 25% reduced cell growth (Fig. 7C), NIND (3 µM) showed 

complete inhibition of ISMC. Since NIND can successfully inhibit fibroblast, vascular SMC, and ISMC 

proliferation, its effects are indicative of its selectivity towards cells of mesenchymal origin. The selectivity 

of NIND for cells of mesenchymal origin is important in the intestine, since inhibition of ISMC growth can 

occur without effect on adjacent epithelial cells where proliferation is essential to the maintenance and 

function of the epithelial barrier.  
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Figure 7. NIND is ineffective against typical rat epithelial cells. (A-C) Typical experiment showing 
concentration response of NIND against FCS-stimulated (A) rat epithelial cells, (B) female human 
colorectal cancer cells, and (C) male human colorectal cancer cells. NIND is ineffective in limiting growth 
against IEC18, however NIND shows a concentration-dependent decrease in HT29 and Caco cell lines. The 
relative amount of living cells was assessed was assessed with the Wst-8 proliferation assay and normalized 
to untreated cells. Each experiment was completed twice in triplicates. 

 

1.0

1.5

2.0

2.5

3.0

3.5

4.0

DMEM FCS 0.1 1 2 3

 NIND (µM)

Ce
ll 

Pr
ol

ife
ra

tio
n 

(F
ol

d 
Co

nt
ro

l)

IEC18

Figure 5. NIND is ineffective against typical rat epithelial cells.
(A-C) Typical experiment showing dose response of NIND against FCS-stimulated (A) rat epithelial cells, (B) female human
colorectal cancer cells, and (C) male human colorectal cancer cells. NIND is ineffective in limiting growth against IEC18,
however NIND shows a dose-dependent decrease in HT29 and Caco cell lines. The relative amount of living cells was
assessed was assessed with the Wst-8 proliferation assay and normalized to untreated cells. Each experiment was
completed twice in triplicates.
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3.3 NIND prevents serum-stimulated migration of ISMCs 

 Intestinal strictures often occur due to complications in both wound healing processes and in the 

resolution phase of inflammation. Using time lapse microscopy, Hostettler et al. (2014) showed that NIND 

inhibits migration of PDGF- and FGF-induced primary human lung fibroblast isolated from IPF patients in 

a concentration-dependent manner. Since ISMC migration may contribute to the pathophysiology of 

intestinal strictures and NIND is able to control migration of fibroblast, we used scrape-wounding of ISMC 

cultures to investigate NIND’s role in controlling ISMC migration. For this, ISMC were grown to full 

confluency, and a cross was scraped across the dish (Fig. 8A). Using microscopy, images of the cross were 

captured at t=0 hr and at t=18 hr with either 5% FCS or 5% FCS and NIND. Post-18 hr treatment, ISMC with 

NIND (0.1 – 1 µM) showed a concentration-dependent decrease in cell migration, with ISMC (0.1 µM 

NIND) migrating 65% of FCS control and ISMC (1 µM NIND) migrating 25% of FCS control (Fig. 8C; n=3-4). 

In parallel studies, ISMC (1 µM NIND) migrated 65% of RS control and 18% of PDGF-BB control (Fig. 6C; 

n=3-4).  

To further understand the ability of NIND on ISMC migration, cells were treated with thymidine, 

a precursor for DNA synthesis that at high levels can arrest cells throughout the S phase and thus prevent 

cell number increase. Thymidine treatment (2 mM; 18 hr) did not cause any significant changes to 

migration compared to PDGF-BB control, suggesting that mitosis of ISMC does not fill in the scrape wound 

gaps (*p<0.05; n=3-4; Fig. 8C). Our results confirm that NIND is successfully able to block both serum- and 

PDGF-BB-induced ISMC migration, elucidating its ability to contribute to the wound healing process.  
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Figure 8. NIND inhibits a PDGF-mediated component of serum-induced smooth muscle cell 
migration. (A) Representative images of cell migration following wounding in vitro. Top, initial 
appearance after wounding; lower, appearance 18 hr later. Scale bars, 125 µm. (B) Concentration-
dependent inhibition of migration by NIND. Distance migrated was measured using ImagePro, compared 
to untreated cells in FCS, and averaged across cell lines. (n=3 ± sem; * p<0.05) (C) Left: both NIND (1 
µM) and the PDGF-receptor blocker imatinib (INIB; 2 µM) reduced migration caused by adult RS. Right: 
NIND inhibited migration stimulated by PDGF-BB (50 ng/mL) while thymidine (2 mM) had no effect.  
(n=3 ± sem; *p<0.05) 

Nintedanib (µM)
0.0 0.5 1.0

Di
st

an
ce

 (%
 co

nt
ro

l)
10

20

30

40

50

60

70
DMEM + 5% FCS

 - INIB NIND   - THD  NIND

Di
st

an
ce

 m
igr

at
ed

 (%
 co

nt
ro

l)

0

50

100

150

200

250

300

RS 2.5% PDGF-BB

C

StartA

+18 hr

Figure 6. NIND inhibits a PDGF-mediated component of serum-induced smooth muscle cell migration.
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3.4 NIND regulates secretion of extracellular proteins  

Intestinal strictures are predominantly a cellular phenomenon, but there are reports of increased 

collagen in human strictures and animal models (Lourenssen & Blennerhassett, 2020; Chen et al., 2016). 

Previous studies established the role of NIND in primary human fibroblast from IPF patients (Knüppel et 

al., 2017), however the effects of NIND on ECM proteins in ISMC is largely unknown. We first investigated 

the role of TGF-b, a cytokine known to typically suppress ISMC growth (Lourenssen & Blennerhassett, 

2020) and contribute to the production of several ECM proteins in VSMC (Kubota et al., 2003), in ISMC 

collagen production. Next, we assessed the effect of NIND on both serum-stimulated intracellular and 

extracellular collagen production and ECM protein message levels. 

3.4.1 Effect of TGF-b on intracellular and extracellular collagen  

 To understand the effect of TGF-b on total collagen protein production in ISMC, we used the Sircol 

assay on TGF-b-stimulated ISMC. ISMC stimulated with 2.5% RS produced 7.4 ± 3.0 µg in total secreted 

collagen, whereas DMEM alone produced 0.6 ± 0.2 µg collagen (n=4; Fig. 9A). When TGF-b was added 

to 2.5% RS, there was an increase in total secreted collagen, with ISMC treated with 1 ng/mL TGF-b 

secreting 8.8 ± 1.9 µg, 25 ng/mL TGF-b secreting 11.7 ± 2.5 µg, and 50 ng/mL TGF-b secreting 9.6 ± 2.7 

µg of collagen protein (n=4; Fig. 9A).  

 Interestingly, 2.5% RS caused a decrease in intracellular collagen, with RS-stimulated ISMC 

producing 1.03 µg collagen, whereas ISMC in DMEM alone produced 1.66 ± 0.23 µg collagen (n=4; Fig. 

9B). With the addition of TGF-b to DMEM alone, ISMC stimulated with 1 ng/mL TGF-b produced 3.34 ± 

0.92 µg, 25 ng/mL produced 4.24 ± µg, and 50 ng/mL produced 3.52 ± 0.65 µg of intracellular collagen 

(n=4; Fig. 9C). These results show that TGF-b promotes secretion of collagen, reversing the decrease in 

intracellular collagen caused by RS, causing a significant increase above RS alone. Furthermore, since 

TGF-b increased collagen content when added to DMEM alone, this suggests the actions of TGFB on 

collagen production are independent of RS.  
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 Alongside our studies investigating the effect of TGF-b on ISMC collagen production, we assessed 

the effect of TGF-b on high-passage ISMC proliferation. Using a concentration response assay, 2.5% RS 

increased ISMC number by 1.84-fold compared to DMEM alone (n=2). TGF-b inhibited RS-stimulated 

proliferation in a concentration-dependent manner, with 50 ng/mL bringing ISMC number down by 16% 

of positive RS control (n=2). When assessing the collagen content in the lysate of TGF-b-stimulated ISMC, 

we based this off total cell counts. These results showed 2.5% RS increased cell number by 2.75-fold, but 

50 ng/mL TGF-b was only able to bring cell number down by 20%, showing high-passage cells are not 

sensitive to TGF-b (n=4). High concentrations of TGF-b were needed to limit growth response, however 

this corresponds with earlier work in our lab showing that low-passage ISMC show significant inhibition 

of growth response with TGF-b, whereas high-passage cell lines are nonresponsive (Lourenssen & 

Blennerhassett, 2020). Together, our findings propose that TGF-b is able to increase collagen production 

in high-passage ISMC but does not significantly reduce RS-stimulated ISMC proliferation.  
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Figure 9. TGFβ controls intracellular and extracellular collagen in ISMC. (A) RS stimulates collagen 
secretion in ISMC. TGFβ added to RS further increases secreted collagen in ISMC. (B) RS downregulates 
intracellular collagen in ISMC, but intracellular collagen levels are brought up with TGFβ treatment. (C-
D) TGFβ increases (C) extracellular and (D) intracellular collagen in untreated ISMC, showing the increase 
in collagen is due to TGFβ, not serum. (E) TGFβ is ineffective in controlling growth of RS-stimulated high-
passage ISMC. All experiments completed in triplicates, n=3 mean ± sem. *p<0.05 for one-way ANOVA 
(Holm-Sidak method) compared with control.  
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Figure 7. TGFβ controls intracellular and extracellular collagen in ISMC.
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3.4.2 NIND increases collagen protein, but decreases collagen at the mRNA level 

Next, we examined the effect of NIND on both intracellular and extracellular collagen deposition 

using the Sircol Red Collagen assay (Fig. 10C-E). Assessment of extracellular collagen in ISMC showed 

5% FCS showed collagen content of 9.53 ± 3.17 µg and 2.5% RS showed collagen content of 9.87 ± 1.33 

µg, whereas DMEM alone showed 0.46 ± 0.16 µg in collagen content (n=3; Fig. 10A; Fig. 10B). NIND 

was tested against both FCS and RS to understand its effect on total collagen deposition in our rat model of 

ISMC. Surprisingly, NIND increased total secreted collagen in a concentration dependent manner with 2.5 

µM NIND showing 41.87 ± 16.60 µg collagen content, a 4-fold increase against FCS (n=3; Fig. 10A). 

Similarly, NIND increased total secreted collagen in a concentration dependent manner with 2.5 µM NIND 

showing 25.61 ± 3.37 µg collagen content, a 2.6-fold increase against RS (n=3; Fig. 10B). NIND did not 

show any significant change in total intracellular collagen level against FCS or RS. To further validate our 

Sircol assay, we stained for collagen bands using Coomassie blue. For this, we ran our precipitated 

supernatant pellet down an SDS-PAGE gel using electrophoresis, and then stained the gel using Coomassie 

blue solution. Bands obtained from ISMC samples aligned with our control rat tail collagen bands, 

confirming that the precipitate formed is collagen protein (n=2; Fig. 10D).   

Before examining collagen levels using the Sircol assay and Coomassie blue staining techniques, 

we used western blot analysis to assess the effect of NIND on type I and type III collagen levels in ISMC. 

For this, we used rat tail collagen, rat smooth muscle myenteric plexus tissue (SM MP), and rat soleus 

skeletal muscle as our positive control samples. For our treated conditions, we incubated ISMC with NIND 

(1 µM or 2.5 µM) for 48 hr and collected the supernatant or lysed cells. Next, we ran electrophoresis on an 

SDS-PAGE gel or a native gel and transferred using both semi-dry and wet transfer techniques. Finally, we 

incubated our membrane using both the Novus and Sigma primary antibodies overnight and their respective 

secondary antibodies the next day. Using both the SDS-PAGE and native gels, we were successfully able 

to detect protein bands for all of our positive controls. For our ISMC samples, we were able to get bands 

using the cell lysates, though the outcomes for our western blots were inconsistent. Therefore, we used the 
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Sircol assay to detect total collagen levels in our samples, however further work must be done to understand 

the effect of NIND on specific collagen types.  

To further understand the effect of NIND on collagen expression, we used qPCR to assess the 

changes in specific types of collagens on a message level. Interestingly, NIND (1 µM) caused a decrease 

in mRNA for type I collagen, type III collagen, and fibronectin when normalized to the expression of 

hypoxanthine-guanine phosphoribosyltransferase (HPRT) (Fig. 10G). High passage ISMC treated with 1 

µM NIND for 4, and 48 hr showed a 3-fold decrease, and 8 hr showed a 10-fold decrease in type I collagen 

expression compared to that of FCS-alone (*p<0.05; n=3; Fig. 10F). In parallel studies, 1 µM NIND (4 hr) 

showed a 44% decrease, 8 hr showed a 55% decrease, and 48 hr showed a 65% decrease in type III collagen 

expression (*p<0.05; n=3; Fig. 8G). For type V collagen, there was a 13% increase at 4 hr, 25% decrease 

at 8 hr, and 58% increase at 48 hr (n=3; Fig. 10F). Additionally, we assessed fibronectin expression, 

showing a 37% decrease at 4 hr (*p<0.05; n=3), 70% decrease at 8 hr, and 64% decrease at 48 hr (*p<0.05; 

n=3) with NIND 1 µM (n=3; Fig. 10G). Together, our results show a trend in decreased ECM protein 

message level at 4, 8, and 48 hr NIND (1 µM) treatment, with the exception of type v collagen expression, 

showing an increase at 4 hr and 48 hr. 

Metalloproteinases (MMP) 1 and 13, also known as interstitial collagenase, are enzymes known to 

participate in ECM breakdown. Therefore, using qPCR, we assessed the effect of NIND on MMP1 and 

MMP13 gene level in ISMC. We showed that NIND (4 hr, 8 hr; 1 µM) decreases MMP1, by 25% and 47% 

(n=3; Fig. 10H), and MMP13, by 48% and 55% (*p<0.05; n=3; Fig. 10H). Interestingly, MMP1 was 

brought back to control levels with NIND (48 hr; 1 µM; n=3) treatment, and MMP13 showed similar effect 

to NIND (4 hr; 1 µM; *p<0.05; n=3). Since NIND increases total collagen on a protein level, but decreases 

collagen mRNA expression, the effects of NIND may occur post-transcription.  
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Figure 10. NIND regulates secretion of extracellular proteins. (A-B) NIND increases total secreted 
collagen in (A) FCS-stimulated and (B) RS-stimulated ISMC in a concentration-dependent manner (n=3; 
mean ± sem). The difference in mean values among the treatment groups are statistically different, p<0.05, 
one-way ANOVA. (C) Histochemical staining with Sirius Red visualizing ECM collagens in SMCs treated 
with 5% FCS (D) Representative image of a Coomassie blue gel, verifying Sirius Red samples are collagen 
protein, with results showing (i) PP, (ii) ISMC supernatant collagen precipitate, and (iii) rat tail collagen 
control. (E) Representative image showing Sircol red precipitate on a PVDF membrane after 
electrophoresis.  All experiments completed in triplicates, *p<0.05 for one-way ANOVA (Tukey test) 
compared with control.  
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Figure 8. NIND regulates expression of extracellular proteins. (E) Representative image of typical SDS-
PAGE western blot experiment showing type I collagen expression in (i) rat tail collagen, (ii) rat tail 
collagen (boiled), (iii) ISMC, and (iv) ISMC (boiled). (F) Quantitative PCR analysis displays a decrease in 
collagen I, III, and fibronectin, and an increase in collagen v mRNA expression with NIND (4, 8, 48 hr; 1 
µM) treatment (n=3; mean ± sem). (G) Quantitative PCR analysis displays a decrease in MMP1 and 
MMP13 mRNA expression with NIND (4, 8, 48 hr; 1 µM) treatment (n=3; mean ± sem). All experiments 
done in triplicates and normalized to HPRT, *p<0.05 for one-way ANOVA compared with control. 
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Figure 8. NIND regulates secretion of extracellular proteins.
(F) Representative image of typical SDS-PAGE western blot experiment showing type I collagen expression in (i) rat tail
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3.5 NIND promotes expression of contractile phenotype 

 In addition to changes in ECM protein levels, SMC from intestinal strictures and high-passage 

ISMC show a decreased expression of contractile markers (Bonafiglia et al., 2018; Lourenssen & 

Blennerhassett, 2020; Nair et al., 2011). Previous work in our lab has proven that phenotypic loss due to 

extended growth of ISMC is reversible using trichostatin (TSA) or 5-azacytidine (AZA), molecular agents 

that inhibit epigenetic mediator enzymes (Bonafiglia et al., 2018). Since the phenotypic switch in ISMC is 

reversible, we hypothesized that NIND might also restore contractile protein expression in high passage 

ISMC.  To determine if NIND treatment could restore expression of markers SMA and SM22, we cultured 

high passage cell lines in either 35mm or 6-well plates and treated them with 5% FCS or 5% FCS and NIND 

(1 µM) for 48 hr. Cells were collected and assessed for changes in protein expression through 

immunocytochemistry and western blotting. To assess changes in gene expression, we treated cells with 

NIND in 5% FCS for 4, 8, and 48 hr, and examined changes in gene level using qPCR.  

3.5.1 NIND increases smooth muscle contractile protein levels 

We first examined changes to SMA and SM-22 protein level using immunocytochemistry with 

ISMC treated with 5% FCS and NIND (48 hr; 1 µM; Fig. 11A). ISMC treated with NIND caused more 

intense staining of SMA, showing a 53 ± 19% increase compared to that of FCS alone (n=3-4; Fig. 11A-

B). In parallel studies, ISMC treated with NIND caused more intense staining of SM22 (*p<0.05; n=3-4; 

Fig. 11A-B), showing a 34 ± 7% increase compared to that of FCS alone.   

Western blotting was used to further confirm the change in smooth muscle protein level in high 

passage ISMC treated with 1 µM NIND. Western blots were repeated for multiple cell lines and bands 

representing SMA and SM22 protein were quantified and averaged. ISMC treated with NIND (1 µM) 

displayed more intense bands compared to untreated cells (Fig. 11D; n=4-6). Compared to untreated cells, 

NIND (1 µM) increase expression of SMA by 1.95 ± 0.57-fold (*p<0.05; n=4) and SM22 by 3.72 ± 1.23-

fold (*p<0.05; n=6; Fig. 11E). Interestingly, there appeared to be one distinct cell population which showed 
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a decrease in SM22 expression with NIND treatment and showed minimal SMA expression, nonetheless, 

each subsequent cell line showed an increase in both SMA and SM22 expression. Equal cell numbers were 

loaded into each well and this was further confirmed by comparing to protein levels of glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), our housekeeping protein. These findings confirm that the loss of 

contractile marker expression in high passage cells is reversible and NIND is successfully able to reverse 

altered ISMC phenotype.  

In addition to assessing the changes to protein levels with the addition of NIND, we investigated 

the effect of NIND in SMA and SM22 gene expression. To test whether NIND affected SMA and SM22 

expression in high passage ISMC, we used qPCR to quantify mRNA levels in ISMC treated with NIND for 

4, 8, and 48 hr. Quantitative PCR analysis displays no significant change in SMA and SM22 gene 

expression with 4 hr NIND treatment, but there was a decrease after 8 hr treatment (n=3; Fig. 11F). 

Interestingly SMA and SM22 gene expression returns to that of control after 48 hr NIND treatment, 

displaying a transient decrease in SMA and SM22 gene expression (n=3; Fig. 11F). To further verify the 

actions of NIND at the gene level, it would be beneficial to do a time-course NIND treatment for future 

work. Overall, these results support the conclusion that NIND is able to reverse the loss of contractile 

markers and ultimately revert ISMC phenotype.  
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Figure 11. Nintedanib increases expression of SMC phenotypic contractile markers. (A-B) 
Immunofluorescent images of high passage ISMC showing staining for (A) SM22 in 5% FCS ± NIND (1 
µM) and (B) SMA in 5% FCS +/- NIND (1 µM) (C) Quantification of the average line density for SMA 
and SM22 protein expression in ISMC treated with NIND (1 µM) Average line density normalized to black 
background (n=4 mean ± sem; 10-30 cells quantified per cell line). (D) Representative western blot showing 
increased SMA and SM22 protein expression in ISMC treated with NIND (1 µM). (E) Quantification of 
the average band density for SMA and SM22 protein expression in ISMC treated with NIND (1 µM) Protein 
expression normalized to GAPDH levels and equal number of cells loaded per well (n=5 mean ± sem). (F) 
Quantitative PCR analysis displays no significant change in SMA and SM22 mRNA expression with NIND 
(4, 48 hr; 1 µM) treatment, but shows a transient decrease at NIND (8 hr; 1 µM). All experiments done in 
triplicates and normalized to HPRT, *p<0.05 for one-way ANOVA compared with  control. 
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3.6 NIND decreases cytokine-induced release of proinflammatory cytokines  

After verifying that NIND can both inhibit ISMC proliferation and regulate ISMC contractile 

marker expression, we investigated its mechanism of actions. Previous studies show that PDGF-RB is 

associated with proliferation of ISMC in the circular smooth muscle layer of the colon, and that PDGF-

driven proliferation of ISMC reduced the expression of markers of the differentiated smooth muscle 

phenotype (Nair et al., 2011; Stanzel et al., 2010). Further work has shown PDGF-BB causes PDGF-Rβ 

phosphorylation and mobilization from the surface membrane to the cytoplasm in ISMC lines, leading to 

the activation of Akt and ERK, key pathways for subsequent proliferation (Stanzel et al. 2010). Since NIND 

controls serum- and PDGF-induced proliferation of ISMC, we hypothesized that NIND contributes to the 

inhibition of activation of the PDGF-Rβ, and thus limits its signaling. For this, we looked at quantitative 

image analysis of immunocytochemistry outcomes for PDGF-Rβ at 30 min after addition of PDGF-BB 

(n=3; Fig. 12A-D). As expected, addition of PDGF-BB caused PDGF-Rβ mobilization from the surface 

membrane to the cytoplasm, verifying previous results. However, pretreatment with NIND (1.0 µM) did 

not affect PDGF-BB induced mobilization of PDGF-Rβ from the membrane to the cytoplasm in ISMC 

(n=3; Fig. 12A-D; 12E). Therefore, NIND does not directly block the PDGF-Rβ, however it may exhibit 

its effect downstream of this pathway, particularly at the gene level.  
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Figure 12. NIND does not affect mobilization of the PDGF-Rβ by its ligand, PDGF-BB. (A) Control 
appearance of staining for PDGF-Rβ showing membrane localization outlining cell edges (eg, arrows) with 
absence from nuclear regions.  (B) Higher magnification showing PDGF-Rβ staining (green) of cell 
membrane (arrows) with red nuclear counterstain. (C-D) Representative images showing peri-nuclear 
location of PDGF-Rβ (eg, arrows) in cells exposed to (C) PDGF-BB (50 ng/mL) or (D) PDGF-BB + NIND 
(1 µM). Scale bars, A, C, D, 50 µm; B, 15 µm. (E) Outcome of image analysis of staining for PDGF-Rβ at 
cell margins of smooth muscle cell lines, showing decrease in edge brightness with PDGF treatment, that 
was not affected by NIND treatment. Data, mean ± sem of 3 cell lines, 15 cells/line, *p<0.05 for the Tukey 
test compared with control. 
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Fig 10. NIND does not affect mobilization of the PDGF-Rβ by its ligand, PDGF-BB.
(A) Control appearance of staining for PDGF-Rβ showing membrane localization outlining cell edges (eg, arrows) with
absence from nuclear regions. (B) Higher magnification showing PDGF-Rβ staining (green) of cell membrane (arrows) with
red nuclear counterstain. (C-D) Representative images showing peri-nuclear location of PDGF-Rβ (eg, arrows) in cells
exposed to (C) PDGF-BB (50 ng/mL) or (D) PDGF-BB + NIND (1 µM). Scale bars, A,C,D, 50 µm; B, 15 µm. (E) Outcome of
image analysis of staining for PDGF-Rβ at cell margins of smooth muscle cell lines, showing decrease in edge brightness
with PDGF treatment, that was not affected by NIND treatment. Data, mean ± sem of 3 cell lines, 15 cells/line.
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 Additionally, our lab has shown mobilization of p65-NFκB, a mediator of inflammatory responses, 

from the cytoplasm to the nucleus following stimulation with TNFα (Gougeon et al., 2013). We therefore 

used quantitative image analysis of ISMC (n=3) by immunocytochemistry for p65 at 30 min post 

stimulation with TNFα (0.5-50 ng/mL) to investigate if NIND plays a role in inhibiting the translocation of 

p65-NFκB, as an early first step in signaling. Addition of TNFα showed mobilization of p65-NFκB from 

the cytoplasm to the nucleus, as shown in previous studies, in a concentration- and time-dependent response 

(n=3; Fig. 13A; 13B; 13C). However, addition of NIND (0.5-1.0 µM) with TNFα did not affect mobilization 

of p65-NFκB (n=3; Fig. 13D-E).  Therefore, NIND does not inhibit activation of the PDGF-Rβ receptor, 

nor influence the subsequent nuclear translocation of p65.   

Overall, these observations show that NIND does not act by direct inhibition of the receptors that 

mediate the actions of PDGF-BB or TNFα, since NIND did not inhibit mobilization of PDGF-Rβ or TNFα-

mediated translocation of p65-NFκB. This suggests that its mechanism of action could involve subsequent 

intracellular events, which is suggested to involve transcriptional alteration.    
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Figure 13. Nintedanib does not affect initiation of NFκB signaling by TNFα in ISMC. (A) 
Representative images showing localization of p65 to the nucleus following TNFα (50 ng/mL; 30 min). 
Scale bars, 30 µm.  (B) Concentration dependence of nuclear p65 in response to TNFα (30 min). (C) Time 
dependency of nuclear p65 post stimulation with TNFα (50 ng/mL).  (D) NIND (1 µM) did not affect 
nuclear p65 localization following TNFα (50 ng/mL; 30 min; n=3 cell lines). (E) Pretreatment with NIND 
(48 hr; 1 µM) did not affect subsequent response to TNFα (5 ng/mL; 30 min; n=3 cell lines). *p<0.05 for 
one-way ANOVA (Holm-Sidak method) compared with control. 
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Fig 11. Nintedanib does not affect initiation of NFκB signaling by TNFα in ISMC.
(A) Representative images showing localization of p65 to the nucleus following TNFα (50 ng/mL; 30 min). Scale bars, 30
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3.6.1 IL-1b/TNFa induce cytokine release in ISMC  

Previous studies showed the combination of PDGF with prototypic proinflammatory cytokines, 

such as IL-1b, TNFα or IL17A caused an increase in ISMC growth over PDGF-BB alone (Nair et al., 2014). 

We therefore investigated how these prototypic cytokines upregulate ISMC proliferation, examining if IL-

1b and TNFα have an effect on cytokine production in ISMC. For this, we serum-deprived high-passage 

ISMC after they reached 70-80% confluency for 30 min and then stimulated them for using a combination 

of IL-1b and TNFα (6 hr; 50 ng/mL). These samples were then collected to analyze the outcome in cytokine 

production using qPCR analysis. After 6 hr stimulation with IL-1b/TNFα, there was a further increase in 

cytokine gene expression showing an increase in IL-1b by 1.6-fold, IL-6 by 5.6-fold, IL-8 by 19-fold, and 

TNFα by 3.7-fold compared to that of 5% FCS alone (n=5; Fig. 14A). In parallel studies, there was a 

decrease in IL-17 expression by 22% and no significant change in TGFb expression with 6 hr IL-1b/TNFα 

stimulation. These results confirm that stimulation with prototypic proinflammatory cytokines IL-1b/TNFα 

induce cytokine release in ISMC, causing a positive feedback loop.    

3.6.2 NIND controls proinflammatory cytokine release at the gene level 

 After assessing the role of NIND in receptor activation and inflammatory signaling, we investigated 

the effect of NIND on cytokine-induced cytokine release. First, we looked at the outcome of cytokine 

expression in ISMC treated with 48 hr NIND (1 µM) compared to 5% FCS control. With NIND (1 µM) 

treated cells, there was an increase in IL1β expression by 1.45-fold and TNFα expression by 3.3-fold (n=3; 

Fig. 14D). Additionally, we saw a decrease in IL6 by 62% and IL8 by 47% compared to 5% FCS control 

(n=3; Fig. 14D). 

Next, we treated FCS-stimulated ISMC with NIND (1 µM) for 48 hr, and then stimulated both 

control (5% FCS) and treated cells with IL-1b/TNFα for 6 hr. Interestingly, ISMC treated with NIND (1 

µM) showed an increase in IL-1 by 6.4-fold, IL6 by 2.6-fold, and IL8 by 1.7-fold (n=3; Fig. 14C). In parallel 
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studies, there was no significant change in TNFα and TGFb gene expression compared to that of FCS alone 

(n=3; Sup Fig. 1).  

In subsequent studies, we examined the response of ISMC cytokine release to acute treatments of 

NIND. For this, we treated FCS-stimulated ISMC with NIND (1 µM) for 6 hr, and then stimulated cells 

with IL-1b/TNFα for 6 hr. NIND (1 µM) treatment for 6 hr increase IL-1b/TNFα-stimulated expression of 

IL-6 by 20%, and decreased IL-8 expression by 63% (n=4-5; Fig. 14B). There was a decrease in TNFα by 

28%, IL-17 by 29%, and TGFb by 20%, however these results showed a lot of variability between cell lines 

(n=4-5; Sup Fig. 1). In parallel studies, there was no significant change in IL1β expression with the addition 

of NIND (n=5). These findings confirm that the action of NIND occurs at the gene level, with NIND 

decreasing expression of proinflammatory cytokines in IL-1b/TNFα-induced ISMC.  

 

 

 

 

 

 



 

61 

 

 

Figure 14. NIND decreases cytokine-induced release of proinflammatory cytokines. (A) Pro-
inflammatory cytokines, IL1β/TNFα (6 hr; 50 ng/mL), stimulate IL1β, IL6, IL8, and TNFα production in 
ISMC (n=5; mean ± sem). (B) NIND (6 hr; 1 µM) pre-treatment in IL1β/TNFα (6 hr; 50 ng/mL)-stimulated 
ISMC causes a decrease in IL8 and an increase in IL6 (n=4-5; mean ± sem). (C) NIND (48 hr; 1 µM) pre-
treatment causes an increase in IL1β, IL6, IL8, and TNFα in IL1β/TNFα (6 hr; 50 ng/mL)-stimulated ISMC 
(n=3; mean ± sem). (D) NIND (48 hr; 1 µM) treatment causes an increase in IL1β and TNFα, and a decrease 
in IL6 and IL8 (n=3). All experiments completed in triplicates and normalized to HPRT.  

 

 

 

 

 

 

 

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

IL1β IL6 IL8 TNFα TGF IL17

m
RN

A 
(F

ol
d 

Co
nt

ro
l)

0

50

100

150

200

250

IL1β IL6 IL8 TNFα

m
RN

A 
(F

ol
d 

Co
nt

ro
l)

FCS (IL1β/TNFα)

NIND 48 hr (IL1β/TNFα)

Figure 12. NIND decreases cytokine-induced release of proinflammatory cytokines.
(A) Pro-inflammatory cytokines, IL1/TNFα (6 hr; 50 ng/mL), stimulate IL1, IL6, IL8, and TNFα production in ISMC (n=5;
mean ± sem). (B) NIND (6 hr; 1 µM) pre-treatment in IL1/TNFα (6 hr; 50 ng/mL)-stimulated ISMC causes a decrease in IL8
and an increase in IL6 (n=4-5; mean ± sem). (C) NIND (48 hr; 1 µM) pre-treatment causes an increase in IL1, IL6, IL8, and
TNFα in IL1/TNFα (6 hr; 50 ng/mL)-stimulated ISMC (n=3; mean ± sem). (D) NIND (48 hr; 1 µM) treatment causes and
increase in IL1 and TNFα, and a decrease in IL6 and IL8 (n=3). All experiments completed in triplicates and normalized to
HPRT.
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Chapter 4 

Discussion 

 
The phenotype of the intestinal smooth muscle cell is typically contractile and non-proliferative, 

but this can be modulated to allow proliferation as a wound repair mechanism in response to injury. 

However, this normal and reversible modulation of phenotype can contribute to disease pathogenesis, when 

inflammation leads to excessive proliferation (hyperplasia). Particularly in CD, recent evidence shows that 

hypertrophy of the muscular propria and smooth muscle hyperplasia of the submucosa are positively 

associated with the degree of inflammation in the intestine (Chen et al., 2016). Indeed, intestinal strictures 

form primarily from ISMC hyperplasia and increased ECM collagen deposition as a consequence of 

unresolved chronic inflammation (Chen et al., 2016). To understand this process better, and to test the 

potential for a novel anti-fibrotic drug in controlling it, high-passage ISMC were used as an in vitro model 

of intestinal inflammation, since high-passage ISMC have shown to mimic phenotypic changes that occur 

in intestinal strictures (Bonafiglia et al., 2018; Marlow and Blennerhassett, 2006; Nair et al., 2011). Since 

NIND, an anti-fibrotic drug, has shown promising effects in controlling IPF, a fatal lung disease showing 

similar pathophysiology to intestinal strictures, we assessed its effect on high-passage ISMC. Principally, 

we found that NIND successfully inhibits serum- and PDGF-BB-induced proliferation of high-passage 

ISMC. Further, we found that NIND decreases collagen expression at the gene level but shows a 

concentration-dependent increase in total collagen protein. Moreover, we concluded that NIND restores 

high-passage ISMC contractile marker loss and shows a transient decrease in smooth muscle marker gene 

expression. Finally, we showed that NIND decreases IL-1b/TNFα-induced cytokine release of IL-8, TNFα, 

IL-17, and TGF. Our results showed that NIND is successfully able to control ISMC growth and promote 

the contractile phenotype of typical ISMC.  
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4.1 Pulmonary fibrosis: Potential source of antifibrotic drugs for treatment of intestinal strictures 

4.1.1 Similarities between IPF and CD 

In recent years, NIND has been established as the gold standard treatment for IPF, a fatal disease of the 

lungs, characterized by worsening dyspnea and progressive loss of lung function (Hilberg et al., 2008). In 

IPF, increased alveolar epithelial cell injury leads to abnormal tissue remodelling, characterized by the 

differentiation of fibroblasts to myofibroblasts, which express features of smooth muscle (Ramos et al., 

2001) and by expansion of the smooth muscle cell population (Alkhouri et al., 2014; Cao et al., 2021).  

Mesenchymal cell proliferation and ECM accumulation occur as a result of disturbance in the activation of 

cell-signaling pathways through tyrosine-kinases such as VEGF, FGF, and PDGF (Richeldi et al., 2014). 

Recent clinical studies have shown that 12 months of treatment with NIND was associated with reduced 

decline in forced vital capacity, fewer acute exacerbations, and increased health-related quality of life 

(Richeldi et al., 2014). Although the exact mechanism of action of NIND has not been fully elucidated, a 

preclinical profile of NIND describes it as an antifibrotic drug which inhibits VEGFR, FGFR and PDGFR 

(Richeldi et al., 2014). The multimodal actions of NIND are exhibited through inhibiting mitogen-activated 

protein kinases and Akt signaling pathways in endothelial cells, pericytes, and smooth muscle cells. Since 

NIND is effective against multiple cell types and shows multimodal capabilities, we explored the possibility 

to extend the therapeutic options of NIND to other diseases such as stricture formation in CD.  

While intestinal strictures were commonly believed to be a fibrotic condition, increasing evidence 

shows that hypertrophy of the muscular propria and smooth muscle hyperplasia of the submucosa are the 

most prevalent histological changes in both humans and animal models of strictures (Bonafiglia et al., 2018; 

Chen et al., 2016; Lourenssen & Blennerhassett, 2020). Animal models have been valuable in illustrating 

the inflammatory processes behind CD, allowing researchers to identify cellular and molecular systems to 

target for therapies. Specifically, our lab has used the TNBS-induced model of colitis in rodents, causing 

TH-1 dominant transmural inflammation that resembles aspects of CD (Lourenssen & Blennerhassett, 

2020). Primarily, this model demonstrates that inflammation causes proliferation of ISMC and a modulated 
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cellular phenotype. In a subset of animals, these changes lead to the development of strictures, described as 

lasting thickening of the intestinal wall, ultimately disturbing motility and causing obstruction (Lourenssen 

and Blennerhassett, 2020; Marlow and Blennerhassett, 2006). Since the pathophysiology of IPF and CD 

shows many similarities, investigation into therapies for IPF would provide valuable information to treat 

complications of CD, such as intestinal strictures.  

4.2 NIND causes phenotypic change to suppress SMC growth  

4.2.1 Phenotypic change in SMC leads to protracted inhibition of growth 

Previous work in our lab has shown ISMC gain PDGF-Rb expression at the onset of inflammation, 

which is induced by proinflammatory cytokines such as IL-1b and TNFα (Nair et al., 2014; Stanzel et al., 

2010). Identifying this change provides a potential target for intervention since an increase in PDGF-Rb 

expression leads to increased sensitivity to the major mesenchymal mitogen PDGF-BB (Nair et al., 2014; 

Stanzel et al., 2010). First, we found that each high-passage ISMC line had different sensitivity to either 

serum or PDGF-BB, but ultimately resulted in growth. Since stricture formation is sporadic in animal 

models (Lourenssen and Blennerhassett, 2020), different cellular responses are expected, allowing our in 

vitro model to be more representative of intestinal strictures. NIND successfully blocked both serum- and 

PDGF-induced growth, suggesting that NIND may target the PDGF-Rb pathway. Since higher 

concentrations of NIND were required to completely block serum-induced proliferation, there may be 

separate contribution of unknown mitogenic factors in serum content. Nonetheless, these results were 

encouraging because blocking serum-induced growth closely resembles an in vivo environment, where 

various mitogenic factors are often present during inflammation. Further, blocking ISMC growth is 

encouraging because NIND may be able to prevent progression of stricture formation, and therefore prevent 

further loss of intestinal motility.  

Previous studies show that PDGF-Rb is associated with proliferation of ISMC in the circular smooth 

muscle layer of the colon, and that PDGF-driven proliferation of ISMC reduced the expression of markers 
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of the differentiated smooth muscle phenotype (Nair et al., 2011; Stanzel et al., 2010). Our lab showed that 

high-passage ISMC express higher levels of PDGF-BB, and that blocking PDGF-Rb decreases their growth 

response (unpublished work, Stanzel). Therefore, it is possible that NIND controls ISMC proliferation by 

decreasing PDGF-BB or PDGF-Rb expression in high-passage ISMC. This can be further explored through 

assessing PDGF-BB and PDGF-Rb both at the message and protein level in ISMC treated with NIND.  

Further work has shown PDGF-BB causes PDGF-Rβ phosphorylation and mobilization from the 

surface membrane to the cytoplasm in ISMC lines, leading to the activation of Akt and ERK, key pathways 

for subsequent proliferation (Stanzel et al. 2010). Since NIND controls serum- and PDGF-induced 

proliferation of ISMC, we hypothesized that NIND contributes to the controlling of PDGF-Rβ mobilization. 

Using immunocytochemistry, we showed addition of PDGF-BB causes PDGF-Rβ mobilization from the 

surface membrane to the cytoplasm, verifying previous results. However, the NIND did not affect PDGF-

BB induced mobilization of PDGF-Rβ from the membrane to the cytoplasm in ISMC, suggesting the effects 

of NIND may occur at a gene level. In subsequent studies, we showed that an initial concentration of NIND 

causes protracted inhibition of growth through suppressing ISMC growth for extended periods of time. 

More importantly, we found that ISMC treated with NIND before subculturing grew at a lower rate 

compared to those without NIND. These findings signify that NIND has lasting changes on ISMC 

phenotype that result in inhibition of growth. Since NIND treated ISMC maintained slow growth after 

subculturing, NIND may be inducing epigenetic changes, described as heritable patterns of gene expression 

without changes to the DNA sequence (Berger et al., 2009). Although the results presented show that NIND 

supresses ISMC proliferation, it is important to note that there is sustained proliferation of ISMC in stricture 

development, suggesting that there may be epigenetic alteration of gene expression (Bonafiglia et al., 2018). 

Elsewhere, epigenetic changes have been shown to be critical mechanisms behind SMC differentiation and 

phenotypic plasticity (reviewed by Alexander and Owens, 2012).  

Earlier, Bonafiglia et al. (2018) showed that proliferation poses an intrinsic risk of heritable alteration 

in gene expression and that epigenetic changes arise with extended growth. However, it was also shown 
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that this change was experimentally reversible through using trichostatin A (TSA) and 5-azacytidine 

(AZA), agents that supress enzymes involved in epigenetic change (Bonafiglia et al., 2018). Therefore, it 

is possible that since NIND inhibited ISMC growth, it reduced the opportunity of epigenetic changes to 

occur, and in turn lowering the rate of proliferation. Further experiments should explore whether NIND 

alters the expression of enzymes involved in epigenetic change, such as DNMT1 and HDAC2 by using 

qPCR to quantify mRNA levels or western blotting to assess protein levels.  

4.2.2 NIND shows selectivity towards cells of the mesenchymal origin  

Although NIND regulates epithelial injury and inhibits fibroblast proliferation in the lungs, we have 

shown that NIND may also be effective elsewhere in the body, such as the intestine. Our results showed 

that NIND has no effect in controlling IEC18 (rat epithelial cell) growth, suggesting that NIND can 

effectively control ISMC growth without jeopardizing the integrity of the epithelium in vivo. The epithelium 

is an integral part of the intestine, providing protection and contributing to normal digestive physiology, 

and there has been no evidence in respect to major damage to the epithelium during stricture formation. 

Therefore, it is important that therapeutic agents for intestinal strictures specifically target smooth muscle 

growth, noted as the greatest contributor to intestinal strictures, without effecting the epithelium. Work with 

human epithelial cell lines did not clearly show selectivity, since NIND showed only a minor effect in 

inhibiting growth of Caco cells (human colorectal cancer cell, male) but did inhibit growth of HT29 cells 

(human colorectal cancer cell, female).  However, the origins of these cell lines in human cancers suggesting 

that they may not fully represent normal human epithelial cells. HT29 cells are atypical because under 

standard culture conditions, they are known to grow as a nonpolarized, undifferentiated multilayer (Cohen 

et al., 1999), whereas epithelial cells are polarized and form as a monolayer. Therefore, HT29 and Caco 

cells may not appropriately represent normal epithelial physiology in the intestine. We have shown that 

NIND has no effect on epithelial cell growth, however it would be beneficial to understand if NIND 

regulates other aspects of epithelial physiology. Previous work in our lab has shown that nerve growth 

factor (NGF) is a neurotrophin implicated in intestinal physiology in both the normal and inflamed rat 
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colon, therefore it would be worthwhile to see if NIND has an effect in controlling such neurotrophic factors 

in the strictured intestine (Stanzel et al., 2008).   

4.2.3 NIND inhibits SMC migration  

In addition to suppressing ISMC growth and migration, we also found that application of NIND 

blocks ISMC migration induced by serum or PDGF-BB. Evidence surrounding the participation of ISMC 

migration in stricture development is limited, while it is well known that SMC migration occurs during 

vascular development, in response to vascular injury, and during atherogenesis (reviewed by Gerthoffer, 

2007). Elsewhere, it has been proven that airway remodelling is an important feature of asthma 

pathogenesis, where airway SMC migrate to contribute to increased smooth muscle mass (Salter et al., 

2017). Therefore, migration of SMC may contribute to stricture formation in the intestine by adding to 

smooth muscle mass, and this process may be regulated since NIND inhibits SMC migration. To further 

explore this, it would be beneficial to assess proteins that stimulate SMC migration. Of interest, PDGF 

plays an important role in activating smooth muscle progenitor cells to migrate and form blood vessels 

(Hellstrom et al., 1999). Therefore, NIND may be able to regulate ISMC migration through downregulating 

PDGFR, and in turn inhibit the progression of stricture formation. 

In earlier work, Kenagy and Clowes (2000) showed that IL-1b and TNFa inhibited migration of 

SMC and synthesis of DNA by SMC, suggesting that IL-1b and TNFa may act directly to limit injury-

induced hyperplasia by decreasing SMC migration. Interestingly, we noted that there is an increase in both 

IL1b and TNFa at the message level in ISMC treated with NIND. NIND may play a role in inhibiting 

ISMC migration through upregulating both IL1b and TNFa cytokines, however this must be explored 

further at the protein level using techniques such as an ELISA assay.  

4.3 NIND contributes to tissue repair through increasing total collagen 

While intestinal strictures have largely been described as a cellular phenomenon, there are reports 

of increased collagen in both human strictures and animal models (Graham et al., 1988; Lourenssen and 



 

68 

 

Blennerhassett, 2020; Mourelle et al., 1998). Conversely, in human and animal models of IPF, ECM 

collagen deposition significantly contributes to disease pathology. Reports have shown that NIND 

effectively inhibits collagen gene expression, collagen secretion, and fibril formation, in IPF and animal 

models of IPF, in turn preventing further progression of the disease (Wollin et al., 2014). Considering NIND 

is able to regulate collagen expression in IPF, and collagen contributes to intestinal stricture 

pathophysiology (Wollin et al., 2014), we examined the effect of NIND on collagen in ISMC.  

We showed that NIND downregulates collagen and fibronectin gene expression in ISMC, which is 

consistent with the role of NIND on collagen in other systems. Surprisingly, we discovered that NIND 

increases secreted collagen at the protein level in ISMC, suggesting the possibility of post-transcriptional 

changes in vivo. These changes are typically executed by RNA binding proteins and regulated through 

processing, transportation, stabilization and translation of mRNAs. Specifically, in type I collagen, aCP 

stabilizes collagen a1(I) mRNA by interacting with cytosine-rich sequence in the 3’ untranslated region 

and prolonging the half-life of collagen mRNA (reviewed by Zhang and Stefanovic, 2016). Moreover, 

LARP6 regulates stability, subcellular localization, and translation of collagen mRNAs by binding a 

secondary structure found in the 5’ untranslated region of collagen a1(I) and a2(I) mRNAs (reviewed by 

Zhang and Stefanovic, 2016). Future studies should examine if the increased collagen protein content with 

NIND treatment is due to an upregulation in aCP or LARP6. 

In addition to regulation of collagen and fibronectin gene expression, we found that NIND also 

downregulates gene expression of MMP1 and MMP13, proteins involved in the process of interstitial 

collagen breakdown. A decrease in MMP expression could contribute to increased collagen expression, 

however this must be confirmed at the protein level. Further, although we found NIND increases collagen 

expression in ISMC, it would be beneficial to understand the type(s) of collagen that NIND increases, as 

type I and III collagen are typically expressed in intestinal strictures. Finding the change in specific types 

of collagen by NIND can be done by techniques such as western blotting or immunocytochemistry. 
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Moreover, the time at which NIND alters gene expression is poorly understood, therefore it would be 

worthwhile to explore the effect of NIND on collagen at different timepoints. 

Interestingly, Koohestani et al. (2013) conducted a study looking at leiomyoma SMC (LSMC) 

growth in the presence of polymerized fibrillar collagen, monomeric collagen, or plastic. They noted that 

LSMC exposed to fibrillar collagen grew at a significantly lower rate than SMC that were grown on 

monomeric collagen or plastic. These findings bring up the possibility that mechanical stimuli may regulate 

molecular pathways that stimulate cell proliferation. Therefore, it is possible that increased collagen 

secretion caused by NIND contributes to the suppression of ISMC proliferation. This can be further studied 

by visualizing cellular collagen using a polarized microscope to see if NIND alters the structure of collagen 

expressed by ISMC.  

TGFb plays an important role in inflammation, transitioning the inflammatory response from acute 

damage to tissue healing (Sanjabi et al., 2017). Typically, TGFb works in part by inducing the appearance 

of the M2 macrophage and by directly influencing extracellular matrix expression (Ando et al., 2019; 

Lourenssen and Blennerhassett, 2020; Sanjabi et al., 2017). TGFb may only exert partial benefits in the 

case of a stricture as our lab previously showed that high-passage cells are not responsive to TGFb whereas 

TGFb effectively suppresses low-passage cell growth (Lourenssen and Blennerhassett, 2020). To further 

understand if NIND restores SMC phenotype to that of low-passage cells, it would be worthwhile to test if 

SMC subcultured in NIND show a greater response to TGFb compared to high-passage cells without NIND 

treatment. 

We showed that there is no significant change in TGFb gene expression with the treatment of 

NIND, however this should be further verified at the protein level. We also explored the effect of TGFb on 

collagen level, showing that TGFb causes a concentration-dependent increase of total collagen in ISMC. 

Our findings support the conclusion that TGFb contributes to tissue healing by influencing ECM 

expression, but future studies should assess the effect of NIND on the protein level of TGFb to gain a better 

understanding of how NIND contributes to the ECM.  
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While NIND suppresses excessive deposition of ECM proteins formed by an accumulation of 

myofibroblasts in alveolar regions of the lungs, the effect of NIND on ISMC has not been studied. Collagen 

is a major component of the ECM, it is essential for the structure and strength of tissue, and collagen 

expression can be modulated by proliferative state of the cells (Graham et al., 1987). We therefore propose 

that in response to injury, NIND supresses ISMC growth and increases collagen deposition, thereby 

contributing to tissue repair.  

4.4 NIND promotes a contractile phenotype in high-passage ISMC  

 Previous work in our lab has shown TNBS-induced colitis in rats causes significant growth in the 

smooth muscle/myenteric plexus region, contributing to characteristically altered motility. Principally, it 

was shown that prolonged proliferation reduced smooth muscle marker expression of a-SM actin, desmin, 

and SM22 (Nair et al., 2011). As mentioned earlier, Bonafiglia et al., (2018) showed that decrease in smooth 

muscle marker expression due to prolonged proliferation can be reversed through using enzyme inhibitors 

such as AZA and TSA. In our study, we showed that NIND promotes smooth muscle marker expression of 

a-SMA and SM22 in high-passage ISMC, using both western blotting and immunocytochemistry. Previous 

studies, along with our current findings, make it clear that loss in smooth muscle marker expression can be 

restored using therapeutics, and that these findings should be further explored in vivo. In particular, it would 

be beneficial to explore if NIND treatment alters DNMT or HDAC, to gain an understanding of if DNA 

methylation and histone acetylation regulate the phenotype of ISMC (Bonafiglia et al., 2020). It is important 

to note that NIND both increases smooth muscle phenotype and decreases ISMC growth, while a decrease 

in growth alone does not result in an increase in SMC phenotype. Bonafiglia et al., (2018) showed that 

phenotypic changes are not a result of serum deprivation because there was smooth muscle phenotypic loss 

only when ISMC were grown from low to high passage. Therefore, NIND is not altering ISMC through 

limiting growth alone, but rather through epigenetic changes.  

The use of cell lines from different animals validates our study and confirms that our results are highly 

significant and reproducible. In future studies, the effect of NIND on smooth muscle marker expression can 
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be explored by treating mice or rats that have gone through TNBS-induced colitis with daily doses of NIND. 

After treatment, the smooth muscle region of their colon can be harvested for in vitro studies looking at 

smooth muscle marker expression using techniques such as western blotting or qPCR. 

Elsewhere, it has been shown that vascular smooth muscle cells (VSMC) can switch between 

differentiated and dedifferentiated phenotypes, and that this switch is essential for repair of vascular injury. 

Dong et al., (2010) found that SM22 downregulates signaling pathways in VSMC exposed to PDGF-BB, 

and in turn arrests cell cycle progression. Additionally, authors showed that SM22 expression prevented 

VSMC proliferation in vivo, which inhibited further neointimal thickening in a model of atherosclerosis. In 

similar studies, it was shown that SM22 restricts plaque growth by inhibiting the phenotypic modulation of 

SMC from contractile to proliferative cells (Feil et al., 2004). Blocking the actions of SM22 using siRNA 

in NIND treated high-passage ISMC or transfecting non-treated ISMC with an SM22-expressing plasmid 

would further confirm if SM22 directly regulates growth. These findings, along with our results showing 

NIND upregulates SMC marker expression, provide evidence that NIND contributes to phenotypic 

modulation of ISMC. To further confirm if NIND leads to cell cycle arrest, it would be worthwhile to assess 

changes in key cell cycle regulators such as cyclin-dependent kinases (CDKs) through qPCR or flow 

cytometry.  

Interestingly, when we investigated the changes in SMA and SM22 at the gene level, we saw a transient 

decrease, with 48 hr NIND treatment showing no change in mRNA expression. These results suggest that 

the actions of NIND may occur at different time points, and this can be largely dependent on the cell line 

being used. Since there is no change in SMA and SM22 gene expression at the 48 hr mark, post-

transcriptional changes may occur early on to promote protein expression. To get a clearer picture of the 

effect of NIND on SMA and SM22 gene expression, it would be worthwhile to explore treatment at different 

time points. To further verify these results, it would be valuable to compare gene expression to a different 

housekeeping gene, such as b-actin or GAPDH. Verifying results with multiple housekeeping genes would 

be beneficial both at the protein level and message level.  
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Unpublished work in our lab has shown that there is downregulation in b-actin and upregulation in 

GAPDH in high-passage cells compared to low-passage cells. Although both b-actin and GAPDH are 

adequate housekeeping genes, GAPDH is known to play a metabolic role in the body, including regulation 

of glycolysis (reviewed by Sirover, 1997), whereas b-actin is a cytoskeletal actin, involved in cell structure 

and integrity. Since there is a possibility of NIND altering housekeeping protein or gene expression, it is 

necessary to use multiple housekeeping genes. Nonetheless, equal number of cells were used for our 

western blotting technique, we took advantage of using immunocytochemistry to confirm our results, and 

we used ISMC from multiple animals to verify our results.  

4.4.1 Phenotypic modulation of ISMC has neurotrophic effects  

The contractile markers SMA and SM22 have been extensively studied, but it would be beneficial 

to understand how these markers contribute to other physiological processes. Earlier, our lab explored the 

association of proliferation with the expression of GDNF, showing that the expression of GDNF supports 

myenteric neurons (Lourenssen et al., 2005). While it has been shown that GDNF is readily detectible in 

the neonatal intestine (Rodrigues et al., 2011), GDNF is virtually undetectable in the adult smooth muscle 

myenteric plexus (Gougeon et al. 2013). More recently, Han et al., (2015) showed that SMC proliferation 

promotes re-innervation through the expression of GDNF, and in-turn re-innervation will inhibit growth 

and restore contractility. If this system is compromised, due to events such as chronic inflammation, 

excessive proliferation will cause failure in expression of GDNF (Han et al., 2015), and in turn impair re-

innervation.  

Further, the possibility of promoting GDNF or SM22 expression by suppressing growth of high passage 

ISMC was investigated, however there was not a significant change in SM22 or GDNF (Han et al., 2015). 

Although the expression of GDNF or SM22 cannot be altered through suppression of growth, our current 

study showed that NIND restores contractile protein expression in high-passage ISMC, similar to that of 

low-passage cells. Therefore, it would be worthwhile to investigate the effect of NIND on GDNF through 

the upregulation of SM22. First, one should test the effect of NIND on GDNF expression in high-passage 
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ISMC. If NIND upregulates GDNF expression, further work should attempt to block the actions of SM22 

using siRNA in NIND treated cells to see if upregulation of GDNF is through SM22 expression. These 

results would elucidate the mechanism of action behind inhibiting cell growth, and ultimately show if NIND 

can contribute to restoring contractility through reinnervation of the intestine.  

Overall, we have shown that NIND promotes appropriate SMC phenotype in rat ISMC, though we must 

investigate the effects of NIND on human ISMC to provide compelling evidence for translational use of 

NIND.  Bonafiglia et al. (2018) showed cultured human ISMC from strictures had decreased SMA and 

SM22 protein expression compared to ISMC from normal margin tissue. These findings validate our high-

passage rat model, and therefore suggest that NIND may be able to promote a contractile phenotype in 

strictured human ISMC.  

 

4.5 Cytokine-induced cytokine release regulated with NIND treatment  

4.5.1 Involvement of immune system in stricture formation  

Although the exact cause of CD remains unknown, numerous studies indicate the involvement of 

the immune system in the pathogenesis of the disease. Recently, our lab showed the presence of M2 

macrophages distributed in graded fashion in the submucosa and smooth muscle of Day 16 and 35 strictures 

in TNBS-induced rats. Moreover, it was shown that developing and established strictures were distinct from 

their recovered counterparts as they showed large numbers of immune cells and a continued presence of 

inflammation (Lourenssen and Blennerhassett, 2020). Interestingly, Huang et al. (2016) showed treatment 

with NIND in the fos-related antigen-2 mouse model of systemic sclerosis completely prevented the 

increase in M2 macrophages, with the suppression of markers such as CD163 or CD206. These results 

provide compelling evidence that NIND may contribute to suppression of M2 macrophages in TNBS-

induced models of colitis, and therefore reduce inflammation to restore contractility of the intestine.  Further 
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experiments should explore what effect NIND has on M2 macrophages in the colon of TNBS-induced mice 

by staining for CD163-positive, CD206-positive, and arginase-positive cells.  

Moreover, the presence of proinflammatory cytokines, such as TNFα, IL-1b, and IL-6 have been 

reported to be upregulated in the supernatants of mucosal tissue from CD patients (Reimund et al., 1996). 

Elsewhere, studies have shown that inhibiting TNFα or IL-1b expression reduces the severity of 

neurodegenerative diseases, suggesting that the inflammatory processes initiated by these cytokines is 

generally harmful (Soiampornkul et al., 2008). Contradictorily, previous work in our lab has described the 

role of TNFα and IL-1b as neurotrophic, showing TNFα and IL-1b promote neurite growth through 

upregulating expression of GDNF by SMC (Gougeon et al., 2013). Furthermore, the authors showed that 

although myenteric neurons express receptors for both TNFα and IL-1b, neither cytokine stimulated nuclear 

translocation of NFκB in these cells, implying an indirect effect via adjacent SMC. Interestingly, TNFα and 

IL-1b did stimulate nuclear translocation in ISMC, suggesting the presence of SMC was required for 

cytokine-induced neurite outgrowth from myenteric neurons (Gougeon et al., 2013). Based on these 

findings, we explored if NIND treatment in ISMC would inhibit the nuclear translocation of NFκB, and in 

turn inhibit cell proliferation. Our study showed that NIND did not affect the mobilization of p65-NFκB 

from the cytoplasm to the nucleus, suggesting the effects of NIND occur as a result of epigenetic change.  

4.5.2 ISMC contribute to inflammation through cytokine-induced cytokine release  

Since TNFα and IL-1b stimulate nuclear translocation in ISMC and M1 macrophages are not 

apparent in intestinal strictures (Gougeon et al., 2013; Lourenssen and Blennerhassett, 2020), we 

investigated the role of IL-1b/TNFα in cytokine-induced cytokine release in ISMC. We showed that the 

presence of IL-1b/TNFα upregulated IL-1b and TNFα production in ISMC, creating a positive-feedback 

loop. Our findings are supportive of the hypothesis that SMC not only contribute to intestinal strictures 

through excessive proliferation, but they are also involved in cytokine production. Further, this validates 

our in vitro model of high-passage ISMC because TNFα and IL-1b are upregulated in both the in vivo 
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model of TNBS-induced colitis and CD in humans. Additionally, we noticed a significant increase in IL-6 

and IL-8 in ISMC stimulated with TNFα and IL-1b. These findings are consistent with the findings of 

others, where it was shown that IL-1b induced both a time- and concentration-dependent increase in the 

expression of IL-6 messenger RNA and protein expression (Khan et al., 1995). Additionally, De et al. 

(1995) showed that the proinflammatory cytokines, IL-1 and IL-6, increased proliferation of airway SMC 

as well as their overall size, and therefore contribute to an increase muscle mass. Elsewhere, TNFα and IL-

1b stimulated IL-8 mRNA expression in human airway SMC in a time- and concentration-dependent 

manner (John et al., 1998). IL-6 contributes to the pathophysiology of several inflammatory diseases, 

through inducing B-lymphocyte maturation and immunoglobulin production, as well as T-lymphocyte 

activation and differentiation. Similarly, IL-8 also contributes to inflammation by acting as a T-lymphocyte 

chemotaxin and neutrophil chemoattractant. Taken together, these findings promote the idea that SMC 

actively participate in inflammatory processes through cytokine signaling and expression.  

Our findings show that ISMC contribute to cytokine production, and therefore warrant further study 

of the effect of NIND on cytokine-induced cytokine production. Initially, we noticed that long-term 

treatment with NIND upregulated IL-1b and TNFα, and downregulated IL-6 and IL-8 in high-passage 

ISMC. This is interesting because it has been reported that IL-1b and TNFα generally stimulate IL-6 and 

IL-8 production. A change in cytokine production after 48 hr of NIND treatment signifies phenotypic 

change but must be explored further at the protein level. Importantly, to understand the direct effect of 

NIND on the acute phase of inflammation, we assessed the effect of 6 hr NIND treatment. In IL-1b/TNFα 

stimulated high-passage ISMC, a 6 hr NIND treatment showed significant downregulation in IL-8, and 

minor to no change in other cytokines. Typically, IL-8 is a potent cytokine responsible for the recruitment 

and activation of neutrophils and it produced by several cell types, including blood monocytes, fibroblast, 

endothelial cells, and pulmonary epithelial cells (Mazzucchelli et al., 1994). To date, the role of SMC in 

intestinal inflammation is not fully understood and there is yet to be a therapy that specifically targets SMC 

in the pathology of inflammatory diseases. Our current study has shown that not only can ISMC express 
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cytokines at the message level, but NIND can specifically regulate cytokine-induced cytokine release from 

ISMC. Our results are valid and hold conviction as our qPCR experiments were done in triplicates with 4-

5 different cell lines, each representing an independent animal. In future studies, the role of NIND in 

controlling cytokine expression must be investigated in vivo through the TNBS-induced model of colitis. 

There is a possibility of variable results in vivo due to unique microbial and environmental interactions in 

live animals. In vivo experiments can be done so by assessing the changes at the message level in the 

inflamed part of the colon both during the acute phase and the resolution phase of inflammation. More 

specifically, the smooth muscle myenteric plexus layer of the colon must be isolated for qPCR to ensure 

NIND regulates cytokine release from smooth muscle cells rather than from immune cells.  

Finally, we explored the long-term effect of NIND on cytokine-induced cytokine release in ISMC. 

After IL-1b/TNFα -stimulated ISMC were treated with NIND for 48 hr, we saw a slight increase in IL-1b, 

TNFα, and IL-6, and a significant increase in IL-8 compared to cells treated with IL-1b/TNFα alone. 

Importantly, these findings represent a phenotypic change caused by NIND since the changes at the 

message level are different in long-term treated conditions compared to short-term. The effect of IL8 

upregulation can be twofold; in an already inflamed physiological state, upregulation in IL8 may contribute 

to chronic inflammation, however in normal intestinal physiology, inflammation may be beneficial. 

Importantly, our findings suggest that if NIND were to be used in vivo, it must be applied on a daily basis 

since acute NIND treatment showed downregulation in proinflammatory cytokines produced by ISMC. 

Further, we used the maximal concentration of IL1β and TNFα to stimulate our ISMC, however it is 

unknown what concentration best represents a strictured state. Further experiments should explore the effect 

of NIND on different concentrations of IL1β/TNFα and assess the effect of NIND on a protein level. 

Nonetheless, to best understand the effect of NIND on intestinal strictures, these experiments must be 

conducted in vivo, where multiple biological and physiological factors are present.  
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4.6 Summary 

This thesis used high-passage ISMC as an in vitro model to show that NIND suppresses ISMC 

growth, the primary contributor to intestinal stricture formation. Although NIND did not affect PDGF-Rb  

mobilization or p65-NFκB translocation, NIND did restore the loss of smooth muscle contractile markers 

in high-passage ISMC, suggesting epigenetic modulation of ISMC as the major mechanism of NIND. 

Additionally, NIND increased secreted collagen in high-passage ISMC in a concentration-dependent 

manner, which can be associated with tissue restoration. Importantly, we showed that ISMC express 

proinflammatory cytokines, and this expression can be regulated with the treatment of NIND. Overall, the 

use of high-passage ISMC in vitro revealed a novel aspect of stricture pathophysiology, involving not only 

cell proliferation, but also the expression of proinflammatory cytokines. NIND can specifically target the 

pathophysiological processes exhibited by ISMC, by suppressing ISMC growth and restoring ISMC 

contractile phenotype.   
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Supplementary Figure 1. Cytokine expression of IL1β/TNFα-stimulated ISMC with NIND treatment. 
(A-D) Typical qPCR experiment showing mRNA expression of (A) IL1β, (B) TNFα, (C) TGFβ, and (D) 
IL17 in IL1β/TNFα (6hr; 50 ng/mL) treated ISMC +/- NIND (6 hr; 1 µM; n=5). (E-F) Typical qPCR 
experiment showing mRNA expression of (E) TGFβ and (F) IL17 in IL1β/TNFα (6hr; 50 ng/mL) treated 
ISMC +/- NIND (48 hr; 1 µM; n=3). All experiments completed in triplicates and normalized to HPRT. 

Supplementary Figure 1.
(A-D) Typical qPCR experiment showing mRNA expression of (A) TNF!, (B) TGFβ, (C) IL17, and (D) TGF in IL1/TNF (6hr; 50
ng/mL) treated ISMC +/- NIND (6 hr; 1 µM; n=5). (E-F) Typical qPCR experiment showing mRNA expression of (E) TGF and
(F) IL17 in IL1/TNF (6hr; 50 ng/mL) treated ISMC +/- NIND (48 hr; 1 µM; n=3). All experiments completed in triplicates and
normalized to HPRT.
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