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Abstract 
Cirrhosis is the scarring that occurs as the common final stage of chronic liver diseases. 
Although our understanding of the disease has improved substantially over the past 
several decades, there has been li le progress in the treatment of cirrhosis. Drug 
development has been unsuccessful largely because it is difficult to reverse profound 
structural changes with a pharmaceutical approach. Consequently, there is a need for 
innovative new approaches to the treatment of cirrhosis that can exert greater influence 
on tissue architecture. This thesis explores three innovative treatment strategies, each 
aimed at directly perturbing tissue structure through a distinct mechanism. 
First, we investigate microinjury perturbation using a fractional laser. This work revealed 
an exacerbated injury response in the cirrhotic liver. Through investigating the 
mechanism of this response, we revealed a novel ischemic susceptibility related to the 
microvascular architecture.  
We then investigate lytic perturbation through interstitial infusion of collagenase 
clostridium histolyticum and mechanical perturbation through shockwave disruption. 
With both techniques we were able to show significant reductions in fibrosis with 
minimal toxicity.  
Direct perturbation methods have been underexplored in the search for a treatment for 
cirrhosis and fibrosis of internal organs in general. Our findings highlight the potential 
of such an approach and may pave the way for new therapeutic options. 
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Chapter 1  

 

 

 

Introduction 

 

1.1 Cirrhosis 

Cirrhosis refers to the structural abnormalities that arise as the common final stage of 

chronic liver diseases such as viral hepatitis, alcoholic liver disease, and metabolic 

associated fa y liver disease (formerly non-alcoholic steatohepatitis, NASH). It is an often 

underappreciated global health concern. Cirrhosis ranks 13th in disability-adjusted life 

years (a common measure of disease burden) – ahead of malaria, lung cancer, breast 

cancer, drug use, and dementia1 (Figure 1-1) – and accounts for over 1 million deaths per 

year, more than 2% of the global total2. The only current treatment option is liver 

transplant, which is severely limited by short supply of donors and stringent exclusion 

criteria – in the US, the annual number of liver transplants across all indications would 
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account for only 5% of patients with decompensated cirrhosis based on 2014 data3 – as 

well as the need for potentially lifelong immunosuppression. 

Cirrhosis develops as a result of persistent injury over many years. The injury can take a 

variety of forms, such as an immune response to a virus or ingesting a hepatotoxin. 

Frequent injury causes death of hepatocytes (the cell responsible for the bulk of the liver’s 

synthetic and metabolic functions) and collapse of the extracellular matrix they had 

occupied4. This causes hepatic stellate cells to adopt a myofibroblast phenotype4. These 

cells remodel the collapsed matrix into dense bands of collagen called fibrous septa that 

segment the liver into nodules up to several millimeters in diameter4. This process causes 

gradual increase in tissue stiffness, a metric which is often used clinically to estimate 

disease stage5. New blood vessels also form within the septa that shunt blood past the 

liver capillaries, causing poor oxygenation of hepatocytes6, 7. This is accompanied and 

exacerbated by defenestration of the specialized liver capillaries called sinusoids6, 8. 

Advanced cirrhosis can result in liver failure as well as a wide range of other 

complications, including ascites, jaundice, coagulopathy, portal hypertension, variceal 

bleeding, and hepatocellular carcinoma7, 9. 

It is well established that the liver is capable of spontaneous recovery if the underlying 

injury is resolved early enough10, 11. For this reason, many researchers and pharmaceutical 

companies are developing drugs to cure specific diseases or halt progression before 

substantial damage has occurred. While this is clearly important work, 40% of cases are 

asymptomatic until cirrhosis has developed4 so many patients will not be identified early 

enough for these treatments to be effective. As such, there is also a significant need for 

treatments targeted to patients with established cirrhosis. 

The exact cause of the functional deficiencies associated with cirrhosis is difficult to 

identify, but there is evidence suggesting a direct link to the abnormal structure. Many 
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Figure 1-1: Global Disease Burden of Cirrhosis. Select list of diseases ranked by 
disability-adjusted life years (DALYs), a common measure of disease burden. Cirrhosis is 
13th overall. Data from World Health Organization Global Health Estimates 2020: Disease 
burden by Cause, Age, Sex by Country and by Region, 2000-20191. 
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liver fibrosis patients will not experience any symptoms until a late stage of the disease4, 

after severe structural alterations have accrued. Hepatocytes in a stiff environment 

exhibit suppressed albumin production12, downregulation of cytochrome p45013 and 

HNF4α14 (two markers of hepatocyte differentiation and liver-specific function), as well 

as changes in a range of genes associated with normal epithelial function15. Hepatocyte 

senescence is also thought to contribute to liver dysfunction in cirrhosis16. The cause of 

this senescence is typically a ributed to repetitive injury17; however, there is some 

evidence in age-associated senescence research demonstrating a link with tissue 

stiffness18, 19, suggesting the mechanical environment may also play a role in hepatocyte 

senescence. 

Although our understanding of the disease has improved substantially over the past 

several decades, there has been li le progress in the treatment of cirrhosis. Overall 

mortality has improved slightly relative to the total population but this has been 

a ributed to be er management of key risk factors, such as alcohol use, rather than any 

substantial improvements in treatment3. Drug development for fully established cirrhosis 

has thus far been unsuccessful in large part because it is difficult to significantly change 

tissue architecture with a pharmaceutical approach. Consequently, there is a need for 

innovative new approaches to the treatment of cirrhosis capable of exerting greater 

influence on tissue architecture. 

1.2 Thesis Approach 

Fibrotic disorders can occur anywhere in the body, but skin scars have the unique 

property of being easily accessible. As a result, the history of development of skin scar 

therapies has focused on more direct intervention rather than drugs, as is the case for 

fibrosis of other organs. Examples of this include z-plasty20, where incisions are made 

along tension lines in the scar, and complete excision of the wound for replacement with 
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an autograft21. This philosophy of directly perturbing the scar has been applied to the 

development of a variety of treatments for skin scars that directly and immediately alter 

tissue structure. This is a fundamentally different approach from the typical drug 

development philosophy that dominates research into therapies for internal organs.  

The approach of this thesis was based on the idea that the direct perturbation approach 

favoured in dermatology has been under-investigated in the search for treatments for 

cirrhosis. Indeed, it has been under-investigated for fibrosis throughout the body and 

demonstrating efficacy in cirrhosis – a disease with massive burden and limited 

pharmaceutical progress – may open the door for similar applications in other organs.  

Three novel methods are discussed in this thesis, each aimed at directly perturbing tissue 

structure through a different mechanism. 

First, we investigate microinjury perturbation. This approach uses a fractional laser to 

create an array of very small injuries in the tissue that stimulate remodeling. Microinjury 

treatment has shown great success for inducing remodeling of skin scars and is now 

commonplace in dermatology clinics. We will discuss differences in how this treatment 

is tolerated in the healthy and cirrhotic liver, with a particular focus on the influence of 

the cirrhotic microvasculature.  

Next, we investigate lytic perturbation using interstitial infusion of purified collagenase 

clostridium histolyticum (CCH). This mixture of enzymes has been used as a potent tool 

for tissue degradation for many years. Recently however, it was shown that direct 

injection of a purified version can effectively and rapidly degrade a dense, highly 

crosslinked collagen cord that causes a fibrotic condition called Dupuytren’s Contracture. 

We will discuss the distribution of a macromolecule delivered via interstitial infusion, 

toxicity from the enzyme, and efficacy as a treatment for cirrhosis. 
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Finally, we investigate mechanical perturbation from extracorporeal shockwave 

treatment. Shockwaves have been used to cause non-invasive mechanical disruption for 

many years, most notably in the destruction of kidney stones. Research has also shown 

that shockwave disruption possesses a mechanical selectivity, whereby more stiff 

substrates are more susceptible to disruption. This is a very a ractive property in a 

prospective cirrhosis treatment, as the stiff fibrous septa encircle the remaining functional 

tissue. Because of this property, shockwave treatment may be able to disrupt the septa 

while leaving the parenchyma unharmed. As part of this study, we also worked on 

validating an ex vivo tissue culture model that will support higher throughput testing of 

structural perturbation therapies like the ones presented here. We will discuss toxicity 

and efficacy of shockwave treatment along with the potential clinical implications of our 

findings.  

The research presented in this thesis has yielded promising results; nonetheless, we 

acknowledge that these treatments are still in an evolving phase and are far from 

providing a definitive solution. The following chapters will discuss the next steps in 

development that will be necessary to eventually translate into meaningful clinical 

advancements. However, one of the main goals of this work is to showcase the viability 

of a more direct approach in addressing liver cirrhosis. We hope that our findings will 

encourage more researchers to consider similar avenues of investigation as we continue 

the search for a treatment. 

Parts of this thesis have been adapted from the following publications: 

 Leaker BD, Fuchs C, Tam J. When Wounds Are Good for You: The Regenerative 

Capacity of Fractional Resurfacing and Potential Utility in Chronic Wound 

Prevention. Adv Wound Care (New Rochelle). 2019 Dec 1;8(12):679-691. 
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 Leaker BD, Sojoodi M, Tanabe KK, Popov YV, Tam J, Anderson RR. Increased 

susceptibility to ischemia causes exacerbated response to microinjuries in the 

cirrhotic liver. FASEBJ. (In revision).  

h ps://www.biorxiv.org/content/10.1101/ 2023.07.18.549420v1 

 Leaker BD, Fuchs C, Wise E, Tam J, Anderson RR. Interstitial infusion of purified 

collagenase clostridium histolyticum in the cirrhotic liver causes rapid reduction 

in fibrosis with minimal liver injury. (In preparation) 

 Leaker BD*, Wang Y*, Tam J, Anderson RR. Analysis of culture and RNA isolation 

methods for precision-cut liver slices from cirrhotic rats. Sci Rep. (Under review) 

Related publications not included in this thesis: 

 Wang Y*, Leaker BD*, Qiao G*, Sojoodi M, Eissa IR, Epstein ET, Eddy J, Dimowo 

O, Mullen AC, Lauer GM, Chung RT, Qadan M, Lanuti M, Fuchs BC, Tanabe KK. 

Precision-cut liver slices as an ex vivo model to evaluate antifibrotic therapies for 

liver fibrosis and cirrhosis. (In preparation) 
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Chapter 2  

 

 

 

Microinjury Perturbation via Fractional Laser 

Ablation 

 

2.1 Introduction 

One of the most recent and effective methods of scar treatment in Dermatology is based 

on microinjury regeneration. While large injuries cause skin to heal by scarring, 

sufficiently small injuries (nominally <500µm in diameter) induce a wound healing 

response that leads to healing with normal tissue22, 23. This property is maintained even in 

fibrotic skin, and it was found that creating dense pa erns of microinjuries in a skin scar 

using a tool called a fractional laser leads to dramatic improvements and normalization 

of tissue structure and function. This includes a few clinical reports of the return of 
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complex structures such as hair follicles and sweat glands, which are typically 

permanently lost in skin scars 22, 24, 25. Microinjury ablation has shown remarkable clinical 

efficacy, with particularly dramatic results for scars over joints where the stiff, contracted 

tissue had restricted movement. Tissue stiffness decreases within days of treatment, as 

shown by substantial improvements in range of motion26. There is then continued tissue 

remodeling lasting several months that results in significant improvements in 

appearance, texture, pliability, pain, and pruritis22, 26-29. Histology shows 

neovascularization, reduced density of collagen, and a more organized fibril arrangement 

29. 

In the skin, the fractional laser enables macrophages and neutrophils to infiltrate the 

densely packed, highly cross-linked collagen fibrils that make scar tissue resistant to 

degradation30, 31. This induces expression of a range of MMPs that cause a potent, short-

term matrix remodeling phase32-34, leading to a significant reduction in scar stiffness within 

a few days of treatment35. As a result, the critical positive feedback loop between fibrosis 

and tissue stiffness is disrupted31, enabling long-term remodeling towards normal tissue. 

This will be discussed in greater detail in section 2.2 Mechanisms of Laser Resurfacing & 

Microinjury Regeneration. 

Microinjury ablation is a unique concept that relies on the creation of finely controlled 

injuries to treat a condition caused by uncontrolled injury. It is unknown how other 

tissues respond to microinjury ablation. If the treatment can stimulate remodeling of the 

cirrhotic septa, it may be a powerful new tool in the management of chronic liver disease. 

It is first necessary to understand how the liver responds to microinjuries. In this study, 

we aimed to characterize the tissue response to microinjury ablation in the healthy and 

cirrhotic liver. We then investigated the underlying cause for the differences in response 

to ablation, with a particular focus on the influence of the liver microvascular architecture. 
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2.1.1 Microinjuries in Dermatology 

Outside of early gestation, human skin wounds mostly heal by scarring, which is 

characterized by disorganized microanatomy, absence of dermal appendages, and 

myriad other structural and functional defects36. There is one notable exception to this 

generalization: small (nominally 500 m or less in diameter) wounds can regenerate 

completely, without scarring, even when total tissue loss is substantial – up to 50% of skin 

tissue within a treatment area can be removed in the form of microinjuries, and the 

subsequent remodeling process can not only replace the tissue normally but in some cases 

actually lead to be er quality skin (Figure 2-1)37-39. Various clinical modalities have been 

developed to take advantage of this phenomenon (outlined in Figure 2-2), whereby 

arrays of microinjuries are produced by thermal (lasers and radiofrequency) or 

mechanical (microneedling) means, to induce tissue remodeling via a process known as 

fractional resurfacing. Two types of laser treatments are commonly used. Ablative 

fractional laser (AFL) treatment vaporizes a small column of tissue (Figure 2-2 A), while 

non-ablative fractional laser (NAFL) treatment thermally denatures a column of tissue 

without vaporizing (Figure 2-2 B). The significance of this difference in the mechanism 

of fractional resurfacing remains unclear. 

Fractional resurfacing is a popular procedure to “rejuvenate” skin by reducing the visible 

signs of photoaging, such as rhytids and dyschromia39, but beyond cosmetic 

enhancements, the treatment also leads to broad improvements in skin quality, including 

increased dermal thickness, synthesis and remodeling of extracellular matrix (ECM) 

components, reduced atypical keratinocytes, increased vascularity, improved rete ridge 

formation, reduced senescent fibroblast population, and restoration of proper response 

to ultraviolet light40-42. Of greatest interest for this work, fractional resurfacing also has a 

unique ability to induce dramatic and lasting functional improvements in skin scars, 

including normalizing scar thickness, reducing pain and pruritus (suggesting resolution 
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Figure 2-1: Size-dependent dichotomy in healing response of skin. Untreated skin 
tissue is depicted in (A), with keratinocytes shown in brown, dermal collagen fibers 
shown in pink, and elastin fibers in purple. When skin is injured by a series of 
nonconnecting small wounds (B), the tissue heals by completely regenerating the 
composition and architecture of normal tissue and can even bring about improvements 
in tissue quality (C). In contrast, when the wound is large in any one dimension (even if 
there is equal or less total tissue loss-(D) depicts a wound that is the exact combination of 
the two small wounds in (B), with the do ed line denoting where the edges of the two 
small wounds would be if they remained discrete injuries), the wound heals by scarring 
(E). 
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Figure 2-2: Current clinical options for producing microinjuries. (A) Untreated skin 
tissue. (B) Ablative fractional laser: laser microbeam vaporizes a thin column of tissue, 
and also leaves behind a zone of thermal damage in the adjacent tissue (depicted in 
purple). (C) Nonablative fractional laser: tissue is heated and denatured in a fractional 
pa ern, but not vaporized. (D) Microneedling: piercing injury made by small needles, no 
tissue is removed. (E) Radiofrequency microneedling: in addition to piercing injury, 
radiofrequency heating is used to cause thermal damage in the surrounding tissue. (F) 
Fractional tissue harvesting: small harvesting needles are used to extract tissue, causing 
tissue loss without thermal damage. 
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of underlying inflammation), increasing tissue pliability and range of motion, and 

improving overall quality of life27-29, 43, 44. There have even been anecdotal reports of 

functional hair follicles and sweat glands regenerating in scars that had been devoid of 

these structures25, 45.  

Fractional resurfacing seems to stimulate different remodeling responses in different 

defects. In hypertrophic scars consisting of dense, thick, disorganized collagen bundles, 

AFL induces looser but more organized collagen29, 46, 47. Conversely, atrophic scars – 

characterized by a paucity of collagen leading to depressions in the skin – respond to AFL 

by thickening of the epidermis and increasing dermal collagen deposition48. These 

findings suggest that, rather than inducing a constant set of effects, fractional resurfacing 

elicits a homeostatic response that induces remodeling towards a more normal state. 

Consistent with this view, healthy skin showed no histological evidence of fractional 

resurfacing after 3 months37, 49 (whereas beneficial effects on scar remodeling persist for 

years28), and pretreatment of normal skin in a large animal model provided no benefit 

towards the subsequent surgical scarring response50.  

2.2 Mechanisms of Microinjury Regeneration 

Of the treatment modalities proposed in this thesis, microinjury perturbation has by far 

the most complex and least understood mechanism. This section provides a detailed 

review of the reported and putative mechanisms involved. Subsections 2.2.1 to 2.2.6 

provide a literature survey for important components of the response to microinjuries in 

skin. Subsection 2.2.7 synthesizes this information and describes a general mechanism for 

the reduction of fibrosis through microinjury regeneration. 
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2.2.1 TGFβ 

TGFβ is important for normal wound healing, and  a key regulator of fibrosis and scarring 

as it promotes expression of type I collagen and tissue inhibitors of metalloproteinases 

(TIMPs)51. TGFβ is secreted by immune cells during wound healing to stimulate fibroblast 

differentiation and collagenesis52. Latent TGFβ is stored in the ECM and can later be 

activated by matrix turnover, thereby coupling collagenesis to the mechanical properties 

of the ECM52. There are three TGFβ isoforms with distinct functions. TGFβ1 and TGFβ2 

promote both wound healing and scar formation, while TGFβ3 inhibits scar formation 

and is considered particularly important for scarless healing of the fetus53. TGFβ  

signaling is often suppressed in chronic wounds54. TGFβ is also an important chemokine 

for macrophages and neutrophils following acute injury51.  

In photodamaged skin, TGFβ is upregulated 3 days post-AFL and expression decreases 

over 30 days55. Studies in burn scars using more frequent timepoints found biphasic TGFβ 

expression after fractional resurfacing. TGFβ1 and TGFβ3 are transiently upregulated 1hr 

post-op56. TGFβ1 returns to baseline at 24-48hrs while TGFβ3 and TGFβ2 are 

downregulated compared to baseline56, 57.  TGFβ1 and TGFβ3 expression increases again 

96 and 168hrs post-op56. One study on long-term TGFβ expression, using 

immunohistochemistry at baseline and 6 months post-op, found that staining intensity 

for TGFβ1 is reduced at 6 months post-op compared to pre-treatment, and that TGFβ1 is 

primarily found in fibroblasts and in the ECM47. 

Interestingly, neutralization of TGFβ1 and TGFβ2 reduces scarring but inhibition of just 

one of these has no effect58, highlighting the need to understand changes in each TGFβ 

isoform. However, the three TGFβ isoforms are frequently not distinguished in the 

literature, and TGFβ2 is often neglected even when individual isoforms are investigated. 
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A be er understanding of how each isoform is affected by fractional resurfacing, 

especially in the long term, is needed. 

2.2.2 Heat Shock Proteins (HSPs) 

HSPs can be activated by many forms of stress, including heat, trauma, toxins, and 

hypoxia59. Classically, HSPs act as chaperones and promote cell survival by correcting 

stress-induced protein misconformations59, 60. More recently, HSPs have been recognized 

as regulators of the wound healing response61. Dysregulation of HSPs is involved in a 

number of fibrotic conditions and different HSPs can either promote or inhibit TGFβ 

signaling62-66. HSPs have also been investigated as potential therapeutic targets for 

fibrosis, either through inhibition (e.g. HSP90 inhibition reduces hepatic67 and renal 

fibrosis68) or induction (e.g. HSP70 induction reduces hepatic69 and pulmonary fibrosis70). 

These findings indicate competing roles for HSPs, and the relative importance of HSPs in 

fibrosis and wound healing is an area of ongoing research.  

HSP47 is a chaperone involved in collagen processing and its expression correlates with 

collagen synthesis and fibrosis progression in many organs62, 71. The HSP70 family, 

primarily consisting of the constitutively expressed HSP73 and inducible HSP72, has also 

been studied in some detail. In photodamaged skin, AFL causes HSP70 upregulation 

from 1hr post-op through day 1472. NAFL showed similar results73. The pa ern of HSP 

expression has been further studied in healthy skin. NAFL caused upregulation of HSP47 

and HSP70 in tissue immediately surrounding the microinjury at 1 day post-op74, 75. At 

day 7, HSP47 and HSP70 are expressed inside the treatment zone as well as more 

diffusely throughout the dermis75. NAFL and fractional radiofrequency microneedling 

have both been reported to induce HSP70 expression76, 77, which is severely a enuated in 

diabetic skin78, with an expression time course that correlates with delayed healing79. 

Long-term upregulation of HSPs has been reported after large-area ablative laser 
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resurfacing49. If a similar response occurs after fractional resurfacing it could account for 

the ongoing remodeling of scars for months after treatment, though experimental 

confirmation is needed. 

2.2.3 Collagen Synthesis and Degradation 

In healthy tissue there is a balance between collagen synthesis and degradation80. Tipping 

that balance either way is pathologic – excessive collagen synthesis leads to hypertrophic 

scarring, while excessive degradation is characteristic of both skin aging and chronic 

wounds.  Collagen degradation is commonly estimated through MMP expression, but 

many factors influence MMP activity – most notably TIMPs and synthesis in an inactive 

proenzyme form – and the more accurate method for determining collagen degrading 

activity is zymography81; however, such studies have yet to be performed for laser 

resurfacing techniques. MMPs are a large group of enzymes with varying activities for 

the many components of the ECM (collagens, fibronectin, laminin, etc.).  In photoaged 

skin, MMP-1, MMP-3, MMP-9, MMP-10, MMP-11, and MMP-13 are upregulated between 

day 7 and 14 post-AFL.  MMP-1, MMP-3, and MMP-13 expression drops off after day 14 

while MMP-9, MMP-10, and MMP-11 expression continues to increase through day 2182. 

Similar effects have been reported for other modalities. NAFL caused upregulation of 

MMP-1, MMP-3, and MMP-9 at day 1 post-op, with significant decay at day 773. It was 

also found that MMP-1 and MMP-3 were localized to the treatment zone, while MMP-9 

was dispersed throughout the dermis73. It is likely that there are similar pa erns of MMP 

expression across the modalities, though with varying magnitudes. Far fewer MMPs have 

been investigated for AFL in scar tissue. One study reported MMP-1 upregulation at 

48hrs post-op and no significant change in MMP-1357.   

Collagen synthesis is typically approximated by collagen mRNA levels. In scars, collagen 

mRNA exhibits a biphasic response to AFL in line with TGFβ expression. Both COL1A1 
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(type I collagen) and COL3A1 (type III collagen) are upregulated at 1hr post-op, fall 

below or near baseline at 24-48hrs, then are again upregulated at 168hrs56, 57. NAFL in 

photodamaged skin reduced COL1A1 and COL3A1 at 1 day post-op, followed by 

upregulation from day 14 through 28, with procollagen I protein levels following the 

same trend83. Immunohistochemical investigation of NAFL in healthy skin showed 

gradual increase in type III collagen staining inside the treatment zone until 1 week post-

op74. In a healthy mouse model, AFL caused increased protein levels of type III collagen 

from day 3 through 56 post-op and type I collagen from day 28 through 5684.  

These findings are not altogether surprising – as with any acute injury, laser resurfacing 

promotes matrix turnover in the short-term. While the remodeling phase of wound 

healing can continue for over a year after injury85, this on its own does not fully explain 

why there is continued scar regression in the months following treatment. Long-term 

measurements are required to determine how fractional resurfacing changes the balance 

between collagen synthesis and degradation. 

2.2.4 Apoptosis 

Fractional resurfacing causes tissue damage through thermal and/or mechanical injury. 

Apoptosis is an essential component of the biological responses to tissue damage. Once 

viewed as a largely cell-autonomous process, there is now increasing understanding that 

apoptosis has significant impact on the local milieu, inducing proliferation and 

remodeling of adjacent cells and tissue, at least in part via ectopic expression of Wnt and 

induction of p5386. Apoptosis plays a key role in wound healing by inducing mitogenic 

signals that drive regeneration87, 88, but there is currently li le data on how apoptosis may 

be involved in the regenerative effects of fractional resurfacing. Apoptosis was observed 

within 24h of AFL and steadily declined over 7 days. The authors concluded that 

apoptosis induces a paracrine cascade that leads to cell proliferation and stimulates stem 
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or progenitor cells to participate in tissue regeneration89. Another study compared five 

different laser devices using TUNEL assay. Thermal tissue damage and penetration 

depth differed widely, as did the extent of apoptosis and necrosis90, and it is unclear 

whether clinical outcomes correlate with the extent, location, or distribution of apoptosis. 

It has been proposed that apoptosis can alter local tissue tension, induce remodeling in 

nearby tissue, and influence the behavior of neighboring cells through paracrine 

signaling86. Given that scars are characterized by increased stiffness that can be 

substantially improved by fractional resurfacing, apoptosis could play a role in 

treatment-induced tension relief in fibrotic tissues. Wnt proteins, which are often secreted 

by apoptotic cells, can regulate the cytoskeleton91 and are also important signaling 

molecules in epidermal skin stem cells92. Whether those two mechanisms merely co-exist 

or act in concert is unclear86.  

2.2.5 Other Findings 

Where overlap exists in the literature, cytokine expression between the different laser 

resurfacing modalities is generally similar. The pro-inflammatory cytokines IL-1β, IL-6, 

TNFα, and MCP-1 are all upregulated shortly after treatment. IL-6 and MCP-1 return to 

baseline in 96hrs and 24hrs, respectively56. TNFα expression significantly decays within 

1 week73. IL-1β upregulation is longer-lived, with expression sustained up to 14 days 

post-op73. One study reported bFGF expression decreased at 48hrs57, while another found 

increased expression at 3 and 30 days post-op55.   

VEGF is a key regulator of angiogenesis and vascular permeability in the early stages of 

the response to injury. AFL caused significant upregulation of VEGF at day 1 and 3 post-

op in a murine model, with no significant difference from controls after day 784, while 

mild upregulation of VEGF up to 30 days post-op was reported in photodamaged human 

skin55. These findings are consistent with reports of increased vascularity after fractional 



- 45 - 
 

resurfacing42, 93. It has also been reported that VEGF can influence MMP activity and 

collagen deposition94 and there is some evidence that it may promote scar formation in 

later stages of wound healing95. Further investigation of VEGF is required to be er 

understand its role in scar remodeling. 

Qu et al showed that miR-18a and miR-19a expression is increased after AFL in scars57. 

These miRNAs belong to the miR-17/92 cluster which has been shown to suppress TGFβ 

signaling96. Most research to date has focused on the role of miR-17/92 in cancer, but a 

few studies have also indicated a potential protective role in fibrosis97, 98. 

Kim et al performed the only transcriptome level study to date for fractional laser 

resurfacing, although their analysis of the dataset was limited to a handful of genes99. This 

study looked at AFL in healthy skin and emphasized Wnt5a, an anti-apoptotic gene and 

fibroblast mitogen, and CYR61, which has been shown to inhibit type I collagen synthesis 

and promote degradation. It was also shown that CYR61 expression was upregulated 

throughout the dermis, rather than isolated to the injury sites.   

2.2.6 Findings in Other Modalities used for Fractional Resurfacing 

Microneedling is another common method for producing microinjuries. It is generally 

not as effective as laser resurfacing but also has lower risk of negative outcomes, so it has 

achieved some popularity as a treatment for individuals seeking minor improvements.  

Microneedling involves a drum covered in fine needles (usually 0.5-1.5mm in length) 

repeatedly rolled over the skin to create hundreds of punctures per square centimeter100, 

101. It is most commonly used for treatment of atrophic scars from acne, as it has shown 

limited success for hypertrophic scars102.   

The mechanism of microneedling has received even less a ention than that of laser 

resurfacing. At one point a theory for microneedling was proposed based on the needles 

creating electrical field perturbations to stimulate proliferation and release of growth 
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factors102. However, recent publications suggest that microneedling functions similarly to 

fractional laser resurfacing. Microinjuries induce a minor acute immune response, with 

associated release of inflammatory cytokines. TGFβ and FGF promote fibroblast 

proliferation and differentiation, increased matrix turnover, and angiogenesis. The result 

is normalization of the matrix architecture with increased deposition of collagen and 

elastin101, 103.  

Fractional radiofrequency irradiation is another common microinjury method. Similar to 

NAFL, this technique creates small, isolated columns of thermal injury. The main benefits 

of radiofrequency over laser resurfacing are less disruption of the epidermis, lower risk 

of dyspigmentation, and avoidance of side effects caused by light absorption by melanin 

in darker skin types104. Broadly speaking, fractional radiofrequency causes similar effects 

to laser resurfacing, with upregulation of HSPs, MMPs, TGFβ, and pro-inflammatory 

cytokines leading to increased collagen type I, collagen type III, and elastin in the 

dermis105, 106. 

2.2.7 General Mechanism of Microinjury Regeneration 

A summary of the putative mechanisms involved is depicted in Figure 2-3. 

There remains a crucial missing link between the short-term response and long-term 

results of fractional resurfacing. The sequence of events immediately following treatment 

and the eventual histological changes are both well described, but the mechanism by 

which one leads to the other is poorly understood. Through speculation and bringing in 

elements from general fibrosis research, the pieces can be connected to formulate a 

general mechanism of microinjury regeneration. For scar remodeling, mechanical 

changes in the ECM likely play a crucial role. Microinjuries enable infiltration of the 

densely packed, highly cross-linked collagen fibrils which are resistant to degradation107, 

108. The acute inflammatory response recruits a population of cells (macrophages and 
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Figure 2-3: Putative mechanisms involved in fractional resurfacing-induced 
remodeling. Solid arrows denote direct involvement in specific processes, do ed arrows 
denote regulatory roles. The TGFβ pathway regulates fibroblast function both directly 
and indirectly through effects on immune cells. Both fibroblasts and immune cells also 
produce TGFβ. Paracrine signaling from apoptotic cells stimulates proliferation and 
differentiation of neighboring cells, and modulates the inflammatory response. HSPs 
interact with TGFβ signaling and also serve as chaperones for the production of ECM 
components. Tissue biomechanics may be altered by both the microinjuries from 
fractional resurfacing and the ECM remodeling process, resulting in feedback regulation 
of fibroblast functions through mechanotransduction pathways.  
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neutrophils) that strongly promote matrix turnover as a part of the normal wound 

healing process. This short but potent response is sufficient to significantly reduce scar 

stiffness, as shown by immediate clinical improvements (e.g. patient showing improved 

range of motion in 3 days44). But improvements continue long after resolution of 

inflammation. The long-term response could be initiated by the precipitous drop in tissue 

stiffness provided by the short-term activity. Collagen deposition and degradation is a 

dynamic process, even in long-healed scars109-111. Furthermore, tissue stiffness forms a 

crucial positive feedback loop with fibrosis; greater stiffness promotes collagen 

deposition and inhibits degradation, therefore promoting further increases in tissue 

stiffness31. A reduction in stiffness could tip the balance to be less in favor of collagen 

deposition, enabling long term remodeling towards normal ECM. The importance of 

other factors discussed above, such as HSPs, Wnt, and CYR61, and how they may fit into 

a potential mechanism needs to be addressed by future research. 

2.3 Methods 

2.3.1 Animals 

All animal work was approved by the Massachuse s General Hospital Institutional 

Animal Care and Use Commi ee and performed in compliance with the US National 

Research Council’s Guide for the Care and Use of Laboratory Animals and US Public 

Health Service’s Policy on Humane Care and Use of Laboratory Animals. Our 

experiments used male Wistar rats purchased from Charles River Laboratories. Animals 

were housed in a controlled environment with food and water ad libitum. For cirrhosis 

experiments, rats received biweekly injections of thioacetamide at 200mg/kg for 12 weeks 

followed by a 1 week wash out period. 
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2.3.2 Surgery protocol 

Animals were anesthetized with isoflurane and prepared for surgery by clipping fur on 

the abdomen and disinfecting with 10% povidone-iodine. A laparotomy was performed 

with a 1-2 inch midline incision beginning from the xyphoid. The left lobe of the liver was 

exposed using sterile swabs. The UltraPulse fractional CO2 laser (Lumenis, Yokneam, 

Israel) with sterile spacer was brought to the liver surface. The laser ablates a 9x9 array of 

microinjuries in an approximately 50mm2 area, with each microinjury receiving two 

pulses of 15mJ. The majority of animals were treated with the laser in 4 areas, but 2-3 

areas were occasionally used depending on the size of the liver. Once bleeding stopped, 

the muscle and skin were closed with absorbable sutures. Animals were euthanized via 

cardiac puncture at 0hr, 2hr, 4hr, 6hr, 3d, 7d, and 14d after surgery. 

2.3.3 Histology  

Tissue for histological analysis was collected at the time of euthanasia. Samples for 

hematoxylin & eosin (H&E) and terminal deoxynucleotidyl transferase dUTP nick-end 

labeling (TUNEL) staining were fixed in 4% formaldehyde, embedded in paraffin blocks, 

and cut into 5µm sections. TUNEL staining was performed using the DeadEnd 

Fluorometric TUNEL kit (ProMega, Madison, USA), according to the manufacturer’s 

instructions. Samples for nitro blue tetrazolium chloride (NBTC; Thermo Fisher Scientific, 

Waltham, USA) and immunofluorescence staining were embedded in OCT and snap-

frozen on dry ice. 10µm (for NBTC) or 5µm (for immunofluorescence) sections were cut 

in a cryostat at -20oC. NBTC viability staining was performed by incubating the sections 

with NBTC for 15 min, followed by counterstaining with eosin. For immunostaining, 

primary antibodies against alpha-smooth muscle actin (SMA, marker of activated hepatic 

stellate cells; diluted 1:500; Abcam, Cambridge, UK, Cat# ab124964, RRID:AB_11129103), 

hepatic nuclear factor 4 alpha (HNF4a, hepatocyte marker; 1:100; Abcam Cat# ab41898, 
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RRID:AB_732976), and phosphorylated c-Jun (pcJun, immediate early liver regeneration 

marker112; 1:400; Abcam Cat# ab30620, RRID:AB_726902) were used. The sections were 

then stained with Alexa Fluor 488 or 594 conjugated secondary antibody (Thermo Fisher 

Scientific) and DAPI (Thermo Fisher Scientific). Slides were imaged with a Nanozoomer 

2.0 HT slide scanner (Hamamatsu, Hamamatsu City, Japan). 

2.3.4 RNAseq 

Tissue for RNAseq analysis was collected at the 4hr euthanasia timepoint from healthy 

and cirrhotic rats. Two roughly 25mg samples were collected from each animal – one 

from an ablated region, and one from an untreated region in the same lobe to be used as 

a control – and placed in RNAlater (Thermo Fisher Scientific). Samples were stored at 4°C 

overnight and then at -20°C until use. RNA extraction was performed using the RNeasy 

midi kit with proteinase K digestion and on-column DNase digestion according to the 

manufacturer’s instructions (Qiagen, Hilden, Germany). The samples were then sent to 

Admera Health for quality control, library preparation, and sequencing. Libraries were 

prepared using NEBNext Ultra II (New England Biolabs, Ipswich, USA) with poly(A) 

selection and sequenced on a NovaSeq 6000 (Illumina, San Diego, USA) with 40M 150bp 

paired-end reads per sample.  

Sequencing data quality was assessed with FastQC113 and trimmed with Cutadapt114. 

Transcript abundance was quantified with the Salmon quasi-mapping tool115. Differential 

expression analysis was performed using DESeq2 (RRID:SCR_015687) in R116. We used a 

difference-in-differences model to identify genes that responded differently between the 

ablated cirrhotic and ablated non-cirrhotic liver, while controlling for the differences 

between the unablated samples. The model also accounted for sample pairing (i.e., 

ablated and control samples taken from the same animal). Over-representation analysis 

(ORA) and gene set enrichment analysis (GSEA) for gene ontology gene sets were 
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performed with the clusterProfiler (RRID:SCR_016884) package117. ORA was run on the 

list of differentially expressed genes (DEGs) with FDR<0.05. GSEA was performed on the 

list of all genes ranked by log2(fold change). Fold change was calculated using the apeglm 

method for log fold change shrinkage118.  Gene sets were enriched if FDR<0.05 with 

Benjamini-Hochberg correction. ORA and GSEA figures were generated with the 

enrichplot package119. 

2.3.5 Hyperspectral imaging 

Hyperspectral imaging is a technique for measuring the spectra of a pixel over a range of 

wavelengths by dividing it into many contiguous spectral bands. It can be used with 

reflectance spectroscopy to non-invasively measure concentrations of oxy- and 

deoxyhemoglobin and generate a 2D spatial map of tissue oxygen saturation120.  

Hyperspectral images were acquired with the HyperView Imaging System (HyperMed 

Imaging, Memphis, USA). The camera was held at a fixed distance from the surface of the 

exposed left lobe, as marked by a laser distance gauge incorporated in the device. Images 

were acquired immediately before ablation to establish baseline and again at the time of 

euthanasia. Image acquisition took approximately 1 second. Oxygen saturation maps 

were generated using the software included on the device.  

2.3.6 Tomato lectin vascular perfusion 

Tomato lectin is a common tool for staining perfused vessels. It is most commonly used 

in mice and delivered via tail vein injection to circulate throughout the body. We found 

it was not feasible to intravascularly inject enough compound in rats to sufficiently stain 

the liver. Consequently, we used retrograde perfusion of the left lobe after euthanasia. 

The hepatic artery and splenic portal vein were clamped shut. 4-0 sutures were used to 

tie the portal vein shut as well as the branches of the portal vein leading to the medial 
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lobe, right lobe, and caudate lobe. The branch of the hepatic vein coming from the left 

lobe was cannulated with a 19G needle connected to a short length of silicone tubing, and 

sutures were tied around the vessel and needle to limit backflow. Fluorescently labelled 

tomato lectin (Vector Labs, Newark, USA) was diluted to 50µg/mL in PBS immediately 

prior to injection. 15mL of the tomato lectin solution was injected over approximately 2 

minutes. After a further 2 minute incubation period, swabs were gently rolled over the 

left lobe to help distribute the solution. The portal vein was then cut to allow efflux and 

another 15mL was injected. Tissue samples were collected for formalin fixation and 

TUNEL staining.  

2.4 Results 

2.4.1 Parameter sweep of fractional laser treatment intensity 

As the fractional laser has not previously been used in the liver, we performed a 

parameter sweep with healthy rats to determine the appropriate treatment se ings. The 

laser variables are pulse energy, number of pulses per microinjury, and density of 

microinjuries. Our objective was to identify a combination of se ings that produced 

distinct microinjuries, each less than 500µm in diameter and at least 2mm in depth. These 

results are shown in Appendix Figure A-1. Excessive pulse energy or density of 

microinjuries causes collateral damage to the tissue between ablation sites. Treatment 

with 15mJx2, 5% density produced microinjuries approximately 300µm in diameter and 

2mm deep. This treatment intensity was used for all subsequent experiments. 
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2.4.2 Microinjuries are well tolerated in the healthy liver but cause 

large zones of cell death in the cirrhotic liver 

We first investigated the tissue response to fractional laser ablation from 3 days post-

ablation up to 14 days. At the 3 day timepoint in the healthy liver, the microinjuries were 

faintly visible on the surface of the liver (Figure 2-4 A). Both grossly and histologically, 

the injuries appeared uniform in size and spacing, and there was no evidence of 

additional damage beyond the microinjuries (Figure 2-4 A, C, E). By 7 days, we were no 

longer able to find any gross or histological evidence of the microinjuries. The cirrhotic 

liver showed a vastly different response. At 3 days post-ablation, the ablated regions were 

clearly visible (Figure 2-4 B). In addition, the injuries were enlarged and distorted. On 

histology, it was difficult to discern any pa ern of the injuries or identify where the 

individual microinjuries initially were (Figure 2-4 D, F). There are enlarged and 

heterogeneous zones of injury that vary greatly in size and shape, with some measuring 

several millimeters across. HNF4a staining shows there were no hepatocytes within these 

zones (Figure 2-4 F). The ablation sites and associated tissue damage were still apparent 

through 14 days post-ablation. Unablated immunofluorescence reference images are 

provided in Appendix Figure A-2.  

To be er understand the time course of this response, we looked at earlier timepoints 

from immediately after ablation up to 6hrs. TUNEL staining immediately after ablation 

showed a small circle of TUNEL positive cells at each microinjury site where the laser 

coagulated tissue (Figure 2-5 A). Li le change was observed at 2hrs (Figure 2-5 B). After 

4hrs, cell death was observed beyond the initial ablation sites (Figure 2-5 C). At 6hrs the 

enlarged and heterogeneous injury pa ern observed at the 3 day timepoint was fully 

established (Figure 2-5 D). At this timepoint, the laser injury appears as a bright and 

dense region of coagulation on TUNEL staining and is easily distinguished from 
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Figure 2-4: Representative images comparing response to fractional laser ablation in 
the healthy (A, C, E) and cirrhotic (B, D, F) liver 3 days after treatment. (A, B) Gross
images. Treated regions are outlined with black boxes. The microinjuries in the healthy 
liver (A) are faintly visible and appear uniform and regular. Injuries in the cirrhotic liver 
are clearly visible and appear enlarged and misshapen. (C, D) SMA stain showing 
activated stellate cells recruited to the injuries. Similar to the gross images, the injuries in 
the healthy liver are small, regular, and uniformly spaced. The injuries in the cirrhotic 
liver are enlarged and heterogeneous, and the original laser ablation pa ern is no longer 
discernible. (E, F) HNF4a stain for hepatocytes. Hepatocytes are absent from the zones of 
injury. (n=4 healthy, n=6 cirrhotic) 
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subsequent cell death. These results show that the laser initially produces the expected 

uniform size and spacing of microinjuries, and the heterogeneous injury zones develop 

as a response in the hours after ablation. 

2.4.3 Zones of cell death are heterogenous and influenced by local 

vasculature 

There was heterogeneity in the tissue damage pa ern, even between adjacent 

microinjuries. For the majority of injuries, the zone of cell death spreads throughout the 

cirrhotic nodule containing the microinjury (Figure 2-6 A). The injury did not spread to 

adjacent nodules, i.e., there was no cell death in nodules that did not contain a 

microinjury. This was observed in both small and large nodules. Importantly, we also 

observed that there was almost always a band of cells next to the septa that survived 

(Figure 2-6 A). The band of surviving cells may be more easily seen on the NBTC viability 

stain (Appendix Figure A-3). This was the case even when the microinjury occurred close 

to the septa and the zone of cell death spread throughout the rest of the nodule (Figure 

2-6 B). Less frequently, we observed injuries that did not spread – even when there were 

multiple microinjuries within the nodule (Figure 2-6 C) – or that would only spread out 

in one direction from the microinjury (Figure 2-6 D). These pa erns of injury were 

uncommon and were found within the same sections as the more typical injury pa ern 

described above. In the healthy liver, cell death was limited to the region immediately 

surrounding the laser ablation site, and there was no change from 2 to 6hrs after treatment 

(Appendix Figure A-4).  

In one section we observed a unique injury pa ern of a small island of viable cells 

surrounded by TUNEL positive cells (Figure 2-6 E). By comparing this to H&E staining 

of a serial section (Figure 2-6 F), we found that the viable cells bordered a larger vessel 
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Figure 2-5: Development of the zones of cell death over the first 6hrs after fractional 
laser ablation. (A-D) Representative TUNEL stain of the cirrhotic liver at 0hr, 2hr, 4hr, 
and 6hr after fractional laser ablation, respectively. At 0hr and 2hr, there is li le cell death 
beyond the initial injury from the laser. At 4hr, some zones of cell death begin to develop. 
The initial injury appears as bright, TUNEL positive coagulated nuclei (cluster of bright 
green elongated and distorted ribbons). Subsequent cell death is shown by TUNEL 
positive nuclei with the normal spherical morphology. By 6hr, the exacerbated and 
heterogeneous injury pa ern observed at 3 days is established. (n=3 per timepoint) 
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Figure 2-6: Heterogeneity of response to microinjuries at 6hrs after fractional laser 
ablation in the cirrhotic liver. (A) The most common nodule injury pa ern. The zone of 
cell death encompasses the entire nodule, except for a band of surviving cells near the 
septa. (B) Even injuries far to one side of a nodule can cause cell death throughout the 
majority of the nodule, while cells close to the microinjury but near the septa still survive. 
(C) Some nodules can contain multiple microinjuries but have very li le cell death. (D) 
Some zones of cell death appear to spread in only one direction from the microinjury. (E) 
Observation of an island of surviving cells surrounded by TUNEL positive cells. (F) H&E 
staining of a serial section showed that these surviving cells are near a blood vessel 
running through the middle of the nodule. 
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running through the middle of the nodule – an uncommon anatomical feature at this 

stage of cirrhosis due to the way the septa form. Although few cases of this were 

observed, when considered in addition to the observation of the band of viable cells next 

to the septa – which contain many perinodular vessels – it raised the suspicion that cells 

are spared by proximity to blood vessels.   

2.4.4 Gene sets related to ischemia, hypoxia, and angiogenesis are 

enriched after microinjury ablation in the cirrhotic liver 

To further characterize the short-term response, we performed RNAseq differential 

expression analysis with samples from the 4hr timepoint. For our analysis we used a 

difference-in-differences model to identify genes that responded differently between the 

ablated cirrhotic and ablated non-cirrhotic liver, while controlling for the differences 

between the unablated samples. Direct comparison of the ablated cirrhotic and ablated 

healthy liver would return a list of DEGs dominated by expression differences between 

healthy and cirrhotic liver unrelated to the microinjury response. The difference-in-

differences model allowed us to focus specifically on DEGs underlying the different 

response to microinjuries between the two tissue states. We identified 520 DEGs with 

FDR<0.05. ORA of this list of DEGs returned enrichment of gene sets related to ischemia, 

hypoxia, and angiogenesis, including: response to hypoxia, cellular response to 

decreased oxygen levels, response to starvation, and regulation of vasculature 

development (Figure 2-7 A, B).  The DEGs contributing to the enrichment of these gene 

sets included well-known ischemia related genes such as HIF1a and VEGFA (Figure 2-7 

C). GSEA, which identified enriched gene sets on a ranked list of all genes rather than 

specifically the DEGs, returned similar results (Appendix Figure A-5).   
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Figure 2-7: Over-representation analysis (ORA) of RNAseq results comparing healthy 
and cirrhotic liver at 4hrs after fractional laser ablation. (A) Dotplot of selected enriched 
gene sets related to ischemia and hypoxia. (B) Dotplot of selected enriched gene sets 
related to angiogenesis. (C) Concept network plot showing the DEGs contributing to 
enrichment of select ischemia and hypoxia related gene sets. (n=4 healthy, n=4 cirrhotic) 
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2.4.5 Microinjury ablation reduces tissue oxygen saturation and 

disrupts perfusion in the cirrhotic liver but not the healthy liver 

The RNAseq analysis supported our hypothesis that the exacerbated response to 

microinjury ablation in the cirrhotic liver was a result of ischemia. To further examine 

this, we directly investigated the two components of ischemic injury – reduced tissue 

oxygenation and disrupted blood supply.  

Spatial maps of oxygen saturation were acquired with hyperspectral imaging. At the 2hr 

timepoint in the cirrhotic liver, there was clearly visible decreased tissue oxygen 

saturation in the areas subjected to microinjury ablation (Figure 2-8 A). By 6hrs, the 

ablated regions still had lower oxygen saturation, but it was less apparent (Figure 2-8 B). 

This is likely due to rebalancing of supply and demand. We have shown that a large 

percentage of cells in these areas are undergoing apoptosis at the 6hr timepoint (Figure 

2-5 D), so the oxygen demand would be significantly decreased. There was no apparent 

decrease in tissue oxygen saturation at 2hrs or 6hrs in the ablated areas of the healthy 

liver (Figure 2-8 C, D). 

The integrity of the blood supply was investigated using tomato lectin perfusion. At the 

2hr timepoint in the cirrhotic liver, prior to the development of the zones of cell death on 

TUNEL staining, large regions of tissue in the ablated areas were not perfused (Figure 

2-9 A; Figure 2-10 A). We can also identify similar features to the injuries that later 

develop: many nodules are not perfused at all, some are entirely perfused except around 

the immediate vicinity of the injury, and some are partially perfused. By 6hrs the tomato 

lectin stain had the same features as at the 2hr timepoint, but the zones of cell death had 

now developed on TUNEL staining (Figure 2-9 B; Figure 2-10 B). There was no overlap 

between the tomato lectin and TUNEL staining, i.e., the unperfused regions matched the 
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Figure 2-8: Relative tissue oxygen saturation measured via hyperspectral imaging. (A, 
B) Representative images of the cirrhotic liver at (A) 2hrs and (B) 6hrs after fractional laser 
ablation. At both timepoints, there is clearly reduced oxygen saturation in the regions 
treated with the laser (indicated with black arrows). This is most distinct at the 2hr 
timepoint. Representative images of the healthy liver at (C) 2hrs and (D) 6hrs after 
fractional laser ablation. Neither timepoint shows a noticeable change in oxygen 
saturation in the laser treated regions. (n=4 per timepoint) 
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Figure 2-9: TUNEL and tomato lectin perfusion staining. Representative images of the 
cirrhotic liver at (A) 2hrs and (B) 6hrs after fractional laser ablation. At 2hrs, the injuries 
are still small and uniform, but many nodules are either partially or entirely not perfused. 
At 6hrs, the enlarged and heterogenous injuries have developed. The injuries align with 
the unperfused regions of tissue. Representative images of the healthy liver at (C) 2hrs 
and (D) 6hrs after fractional laser ablation. At both timepoints, the tissue surrounding the 
microinjuries remains perfused. (n=4 per timepoint) 
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Figure 2-10: Higher magnification TUNEL and tomato lectin perfusion staining at (A) 
2hrs and (B) 6hrs after fractional laser ablation with DAPI counterstain. (A) Small 
regions of the nodule are perfused, but the majority is not. Cell death is limited to the 
regions directly ablated by the laser. (B) At 6hrs, the zone of cell death fills the unperfused 
region of the nodule. The perfused region has no TUNEL positive cells. 
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regions of cell death. The healthy liver maintained perfusion between the individual laser 

injuries (Figure 2-10 C, D). An unablated reference image is provided in Appendix Figure 

A-6.  

A summary of the timeline of the response to microinjuries in the healthy and cirrhotic 

liver is provided in Figure 2-11. 

2.5 Discussion 

In this chapter, we aimed to characterize the tissue response to fractional laser-induced 

microinjuries in the healthy and cirrhotic liver to determine whether microinjury ablation 

can be used to induce scar remodeling in the liver. This technique relies on creating small, 

finely controlled microinjuries to stimulate remodeling; however, our results showed that 

the cirrhotic liver instead developed enlarged and heterogeneous injuries. Using 

RNAseq, hypoxia imaging, and perfusion studies, we have shown that this unexpected 

pa ern of injury is the result of increased susceptibility to ischemia from microvascular 

damage in the cirrhotic liver. 

2.5.1 Ischemic Susceptibility and the Microvasculature 

The liver microvasculature is an essential component of cirrhosis. Liver fibrosis develops 

through repeated microvascular injuries that cause large regions of hepatocytes to die and 

be replaced by scar tissue in a process termed parenchymal extinction7, 121. This progresses 

over time to the characteristic nodular architecture with the formation of an extensive 

network of perinodular vessels within the septa122, 123. These vessels include intrahepatic 

shunts that allow blood to bypass the parenchyma124, 125. Capillarization of sinusoids and 

perisinusoidal fibrosis impair oxygen delivery to hepatocytes, while vascular remodeling 

and endothelial dysfunction increase intrahepatic resistance and further limit perfusion6, 

126-129. All these factors combine to create a hypoxic environment that makes the cirrhotic 
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Figure 2-11: Summary timeline of the response to microinjuries in the healthy and 
cirrhotic liver. 
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liver more susceptible to ischemic injury in the event of reduced blood flow (e.g., ischemic 

hepatitis130). It is important to note that this is distinct from the ischemic susceptibility 

demonstrated here. Our results show that a nodule is susceptible to an obstruction at the 

microvascular level (i.e., a laser microinjury) broadly disrupting perfusion. 

The ability of a vascular network to maintain perfusion after an obstruction is determined 

by the extent of collateralization and intra-tree anastomoses131. These are anastomoses 

between arterioles that normally have li le to no flow across them.  Obstruction causes 

pressure to drop in the affected arteriole, allowing blood to flow through the anastomosis 

and maintain perfusion131, 132. These connections can occur between arterial trees 

(collaterals) or within the same tree (intra-tree anastomoses), though they serve the same 

role in the event of obstruction131, 133. In this study, vascular perfusion was maintained 

post-injury in the healthy liver, indicating sufficient connections to compensate for the 

damage to the vascular network. In the cirrhotic liver, the changes in the vasculature that 

occur during the progression of cirrhosis – potentially including changes in 

collateralization – appear to have significantly reduced the ability to maintain perfusion 

after a disruption. 

In addition, the pa ern of injury observed in the cirrhotic liver after laser treatment 

matches some of the features of the nodule microvasculature. Cells at the edges of the 

nodule survive even when all sinusoids are not perfused because of the perinodular 

vasculature, and injuries spreading only within a nodule is consistent with the 

microvascular network being separate from neighboring nodules134. The heterogeneity of 

the injury pa ern may reflect differing placement of the microinjury within the 

microvascular network. If the microinjury hits a critical branching point then perfusion 

throughout the nodule may be impacted (e.g., Figure 2-6 A), but if it hits a part of the 

network with few downstream branches – or where downstream tissue can be fed by a 

collateral pathway – then the impact would be less severe (e.g., Figure 2-6 C, D). 
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2.5.2 Compartment Syndrome 

Compartment syndrome could also play a role in these ischemic injuries. Compartment 

syndrome is most commonly seen in muscle, where the parenchyma is divided into 

compartments by inelastic fascia. Increased pressure within a compartment, e.g. due to 

hemorrhage, can collapse the microvasculature to prevent perfusion and cause ischemic 

injury135. Under this hypothesis, hemorrhage from the microinjury increases the pressure 

within the compartment formed by the septa. In compartment syndrome, capillaries 

collapse when the compartment pressure exceeds the perfusion pressure. It is unlikely 

that either perfusion pressure or compartment pressure to one side of a microinjury 

would be significantly different from the other, so this explanation alone does not account 

for cases where perfusion was restricted in one direction extending from the microinjury 

(e.g., Figure 2-6 D), which can be more easily explained by a disruption to the 

microvascular network obstructing flow to downstream branches. However, in some 

nodules the ischemic injury may result from a combination of direct disruption of the 

microvascular network and compression of the remaining microvasculature by 

subsequent hemorrhage. This effect would not be seen in the healthy liver because the 

parenchyma is not compartmentalized, so excess fluid is more free to flow interstitially. 

Interestingly, a compartment syndrome-like effect has been proposed as a mechanism for 

cirrhosis pathogenesis136. This model involves a feedback loop of congestion, ischemia, 

and parenchymal extinction, leading to further congestion. It was suggested that the 

compartmentalization in this case arises from a nested cone angioarchitecture, where 

each cone is drained by a branch of the hepatic vein, and there is li le collateral circulation 

between cones. However, they speculated that this effect would not be observed in animal 

models of cirrhosis because of differences in the hepatic venous tree.  
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2.5.3 Relevance of Ischemic Susceptibility Findings Beyond 

Microinjury Treatment 

Hypoxic injury is an important topic in cirrhosis. The cirrhotic liver is more susceptible 

to a number of ischemic conditions than the healthy liver, such as ischemia-reperfusion 

injury during transplantation 137 or ischemic hepatitis from congestive heart failure130. 

These types of ischemic injuries are related to pre-existing hypoxia and hepatocellular 

dysfunction rather than obstruction at the microvascular level. However, there are other 

ischemic conditions that do involve liver microvascular obstruction, such as sinusoidal 

obstruction syndrome (SOS). SOS has various causes, including hematopoietic stem cell 

transplantation and chemotherapy toxicity. It involves damage to the sinusoid 

endothelium, which causes randomly dispersed plugs of erythrocytes that obstruct blood 

flow138. Our findings suggest that SOS would cause much greater tissue damage in the 

se ing of cirrhosis, not only due to pre-existing hypoxia but also because the obstructions 

would disrupt perfusion to a larger tissue volume.  A similar effect would be seen with 

microinfarctions in the liver, which can be caused by cirrhotic coagulopathy139. 

2.5.4 Fractional Laser Causes Negligible Bulk Heating 

It is worth noting that the exacerbated injuries were not a result of heat. It is relatively 

straightforward to mathematically model the temperature change around a microinjury. 

The equation for thermal diffusion from a pulsed laser is140:  

 

where r is distance from the center of the laser pulse, t is time, t0 is the laser pulse width, 

D is thermal diffusivity, and Tmax is the maximum initial temperature increase induced by 

the laser. Using this model, the peak temperature increase 100µm from the edge of the 

𝑇(𝑟, 𝑡) = 𝑇
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coagulated tissue is 2.20°C, and at 200µm the peak temperature increase is just 0.57°C. A 

precise threshold for thermal damage is difficult to determine due to the influence of both 

intensity and duration, varying tissue sensitivities, and heat stress processes activated 

over a range of temperatures141. One method for quantifying thermal damage is 

cumulative equivalent minutes at 43°C (CEM43), where any heat dose is converted to an 

equivalent number of minutes at a tissue temperature of 43°C142. 9 CEM43 (i.e., 9 minutes 

at a temperature of 43°C, a temperature increase of approximately 6°C) has been 

suggested as a general threshold for safe thermal exposure, and the lowest reported 

CEM43 value for thermal damage in the liver is 9.9142-144. Given the peak temperature 

increase 100µm from the coagulated tissue is estimated to be just 2.20°C for a duration 

measured in milliseconds, the bulk heating effect of the laser is negligible.  

2.5.5 Future Directions 

The exacerbated injuries limit the applicability of the current fractional laser tool for 

inducing scar remodeling in cirrhosis. Alterations to the fractional laser tool could help 

avoid this issue. Femtosecond lasers can create extremely small injuries, potentially on 

the size of a single cell. Such a laser would have limited treatment depth, but repetitive 

pulse stacking with precise targeting may provide sufficient treatment volume. A similar 

effect could be achieved by focusing the laser to a smaller spot size. A balance would have 

to be struck between creating small enough injuries to avoid significantly disrupting the 

microvascular network while still eliciting a sufficiently strong response to drive scar 

remodeling.   

There are numerous fibrotic conditions occurring throughout the body that would not 

have the same limitations we discovered in the liver. For example, a fractional laser tool 

combined with an endoscope may be a promising option for the treatment of 

gastrointestinal strictures – fibrous bands that can progressively contract over time and 
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cause blockages. Another potential use case is pulmonary fibrosis. Similar to cirrhosis, 

transplantation is the only curative treatment option for pulmonary fibrosis. It may be 

possible to combine a fractional laser with a bronchoscope to perform minimally invasive 

microinjury treatment. There is a multitude of fibrotic conditions occurring throughout 

the body, many of which have high morbidity and limited treatment options. The 

remarkable results of microinjury treatment in the skin warrant further investigation for 

other applications.  

Our study also introduces a novel controlled method for creating microvascular injuries 

which can be used to examine functional consequences of the cirrhotic vasculature that 

would be difficult to obtain through imaging studies or vascular casts alone. Future 

studies could investigate the response to microinjury at various stages of fibrosis. 

Shunting vessels have been shown to develop as early as 4 weeks after CCl4 exposure125, 

when fibrosis is minimal. Investigating how the injury response to the laser changes over 

the various liver fibrosis states and at which point the ischemic susceptibility first appears 

could provide useful information about the time course of vascular derangement. It 

would also be interesting to investigate the response to fractional laser ablation during 

the regression of fibrosis. Certain animal models of cirrhosis exhibit reversible fibrosis, 

even after cirrhosis is established. However, the vascular changes are not reversible. 

Studying the response to microinjuries during regression of the septa may provide 

information about how perfusion changes over time and whether the ischemic 

susceptibility remains permanently.  

2.5.6 Summary 

We have demonstrated that fractional laser ablation is well tolerated in the healthy liver 

but causes enlarged and heterogeneous zones of cell death in the cirrhotic liver. These 

exacerbated injuries result from disrupted perfusion of the cirrhotic nodule. The 
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increased susceptibility to ischemia from microvascular damage is likely related to the 

vascular derangements that occur during the progression of liver fibrosis to cirrhosis. 

Modifications to the fractional laser tool, such as using a femtosecond laser or reducing 

the spot size, may prevent large disruptions of perfusion and enable further development 

of a laser-induced microinjury treatment for cirrhosis. 
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Chapter 3  

 

 

 

Lytic Perturbation via Interstitial Infusion of 

Purified Collagenase Clostridium Histolyticum 

 

3.1 Introduction 

Another scar treatment method commonly used in dermatology is direct injection. 

Compared to other drug delivery methods, direct injection has the benefit of mostly 

confining the drug to the desired site of activity, allowing the use of higher doses without 

incurring systemic side effects. It also bypasses the challenge of ge ing the treatment to 

reach the desired location. Dermatologists routinely use injections of corticosteroids145 to 

treat skin scars, but a number of other therapeutics are delivered with this method as 

well, including fat146, 147, stem cells148, and collagenase. Direct injection of collagenase 
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(specifically a purified collagenase clostridium histolyticum, CCH) has been successfully 

developed as a treatment for Dupuytren’s Contracture (DC)149, a localized fibrotic 

condition in the palmar fascia that causes forced flexion of one or more finger. DC shares 

a number of features with liver fibrosis, including excess collagen production, increased 

crosslinking, hypoxia, vascularization, and myofibroblast differentiation, proliferation 

and contraction7, 9, 31, 150. This disease progresses from a nodule – characterized by 

inflammation, myofibroblast proliferation, and matrix deposition – to a cord – which is 

hypocellular, crosslinked, and more similar histologically to mature scar tissue151, 152. It 

has also been shown that the stiffness and tension in the contracture cause reduced MMP 

and increased TIMP expression153, again demonstrating the feedback loop between 

stiffness and fibrosis. The treatment typically involves an injection of CCH followed by 

manipulation of the affected fingers 1 day later to rupture the cord149, 154. Although the 

histologic features of DC would make the affected tissue resistant to enzymatic 

degradation – much like the septa in cirrhosis – these results show that a single 

concentrated dose can overcome that obstacle. There is a 35% 3 year recurrence rate155, 

but for the majority of patients, rupturing the cord (and therefore removing the 

mechanical stimulus) leads to resolution. Purified CCH injection has also been 

successfully used in Peyronie’s disease, a similar fibrotic condition occurring in the 

penis156, 157. 

3.1.1 Collagenase Clostridium Histolyticum (CCH) 

CCH is a mixture of enzymes secreted by the clostridium histolyticum species of bacteria. 

Crude and partially purified preparations of CCH are routinely used for tissue digestion 

during isolation of primary cells. Crude CCH is a poorly defined mixture of enzymes 

including potent collagenases and a variety of other enzymes, such as clostripain and 

neutral proteases, which broadly digest non-collagenous proteins as well.   
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The commercial version of CCH used for DC is purified for two collagenase enzymes158. 

This purified mixture was reported to have strong activity against collagen types I and 

III158, the two primary excess matrix components in both DC151, 159 and cirrhosis160. 

Furthermore, the histologic features of the DC cord – namely densely packed and highly 

crosslinked collagen – should make it resistant to enzymatic degradation, similar to the 

fibrous septa in cirrhosis108, 161. The success of CCH treatment in DC shows that these 

potent enzymes can overcome this obstacle. 

3.1.2 Prior Work with CCH for Liver Fibrosis 

Expression of matrix degrading enzymes is a common preclinical metric for new drugs 

for liver fibrosis, and there are also a number of papers describing gene therapies for 

various MMPs162-165. However, the delivery of an exogenous matrix-degrading enzyme 

has not been thoroughly investigated. Jin et al, 2005166 used a rabbit model of cirrhosis to 

perform biweekly injections of crude CCH through a portal vein catheter for 6-12 weeks. 

This study reported only 45% survival, which the authors a ributed primarily to 

infection and surgical complications. However, it seems plausible that the presence of 

broad proteases in the infused enzyme mixture may have also contributed to the high 

mortality. Despite these complications, they were able to demonstrate significant 

histological improvements in the liver. El-Safy et al, 2020167 used a mouse model of 

moderate liver fibrosis to compare triweekly intravenous injection of crude CCH either 

free or coupled to chitosan nanoparticles that bind collagen. 100% of animals receiving 

free CCH died before the second dose, albeit with a sample size of 2, while 100% of 

animals receiving the optimal nanoparticle formulation completed the 3-week schedule. 

The authors reported moderate histological improvements in the CCH nanoparticle mice 

compared to controls. In both cases, a crude CCH mixture was used, and it was injected 

directly into the bloodstream. To our knowledge, ours is the first study to investigate 

interstitial infusion of collagenase in the liver. 
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3.2 Methods 

3.2.1 Crude and Purified CCH Analysis 

Molecular weight analysis of the crude (Sigma Aldrich #C1639) and purified CCH 

(VitaCyte #001-1050) was performed using the capillary Western total protein assay168 

(Jess, ProteinSimple). Sample preparation was done as follows: in brief, protein was 

diluted to appropriate concentrations (0.5mg/mL for crude CCH, 0.03125mg/mL for 

purified CCH), mixed with a fluorescent standard (EZ Standard Pack # PS-ST01EZ), and 

boiled for 5 minutes at 95oC. Samples were loaded onto respective wells in the cartridge.  

Loading of capillary cartridges with 12-230 kDa separation (ProteinSimple SM-W004-1) 

was performed according to the manufacturer’s protocol (Total protein detection module 

for Chemiluminescence #DM-TP01). Run was set up using the instrument software 

(Compass for SW). Jess Total Protein data were analyzed using the Compass for SW 

software, Version 6.1.0, Build ID: 0111, Revision ID 7214faa from ProteinSimple. Total 

protein is depicted in graph form and lane view, which resembles a traditional western 

blot staining for total protein. 

To assess substrate specificity, enzyme activity was measured against type I collagen and 

casein. Degradation of type I collagen was measured with the EnzChek Collagenase 

Assay kit (Thermofisher #E12055) with quenched fluorescent type I collagen 

(Thermofisher #D12060) according to manufacturer instructions. Degradation of casein 

was measured with the Pierce Colorimetric Protease Assay kit (ThermoFisher #23263) 

according to manufacturer instructions.  

3.2.2 Animals 

All animal work was approved by the Massachuse s General Hospital Institutional 

Animal Care and Use Commi ee and performed in accordance with all relevant 
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guidelines. Male C57BL/6 mice were purchased from Charles River Laboratories. 

Animals were housed in a controlled environment with food and water ad libitum. To 

induce cirrhosis, mice received intraperitoneal injections of thioacetamide three times per 

week for 15 weeks. The dose escalated from 50mg/kg for the first 2 doses, 100mg/kg for 

doses 3-5, 200mg/kg for doses 6-10, 300mg/kg for doses 11-15, then 400mg/kg until the 

end of the dosing schedule as established previously169. Animals underwent the infusion 

procedure 1 week after the final dose to allow washout of the chemical.  

3.2.3 Ex vivo collagen degradation 

Liver samples from cirrhotic mice were embedded in OCT, snap frozen on dry ice, and 

cut to 12µm sections in a cryostat. Sections were then incubated with 0.5µg/mL purified 

CCH in normal saline supplemented with 0.3mg/mL calcium chloride dihydrate (Sigma 

Aldrich #C7902). Control sections were incubated with normal saline supplemented with 

0.3mg/mL calcium chloride dihydrate. After 1hr, 2hr, 3hr, 4hr, or 5hr, sections were rinsed 

with normal saline, fixed with fresh formaldehyde, and stained with picrosirius red as 

described below. 

3.2.4 Surgical Protocol & Intrahepatic Infusion 

Animals were anesthetized with isoflurane and prepared for surgery by clipping fur on 

the abdomen and disinfecting with 10% povidone-iodine. A laparotomy was performed 

with a short midline incision beginning from the xyphoid. The medial lobe of the liver 

was exposed using sterile swabs. The abdomen was then covered with a sterile Tegaderm 

film to protect the liver and limit water loss. 

For the infusion, a 28G needle was connected to a 1mL syringe with a sterile silicone tube. 

For biodistribution experiments the syringe was filled with sterile-filtered fluorescent 

dextran tracer (ThermoFisher, #D1864 and #D1830) in normal saline at a concentration of 
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2mg/mL. For efficacy experiments, the syringe was filled with sterile-filtered purified 

CCH at varying concentration in normal saline supplemented with 0.3mg/mL calcium 

chloride dihydrate. Control animals for biodistribution experiments received sterile-

filtered normal saline, and control animals for efficacy experiments received sterile-

filtered normal saline supplemented with 0.3mg/mL calcium chloride dihydrate. The 

needle was inserted several millimeters into the medial lobe. Using a syringe pump, 

interstitial infusion was performed at a rate of 100µL/hr for 1 hour. 

After the infusion, the muscle layer was closed with 5-0 absorbable sutures and the skin 

was closed with wound clips. For biodistribution experiments, animals were euthanized 

via cardiac puncture 1hr, 6hr, 1d, 2d, and 3d after the infusion. For efficacy experiments, 

animals were euthanized 1d and 5d after the infusion. 

Blood collected at the time of euthanasia was left to coagulate at room temp for 30min-

1hr, then centrifuged at 2000g for 15min to separate the serum. Serum samples were then 

stored at -20C until sent for analysis of AST, ALT, and creatinine levels.  

3.2.5 Biodistribution 

70kDa dextran conjugated to Texas Red (ThermoFisher, #D1864) was used to characterize 

the distribution of a macromolecule delivered via interstitial infusion in the liver. 

Distribution through the liver during infusion was measured with an IVIS Lumina Series 

III in vivo fluorescent imaging system (Caliper Life Sciences) at 10-minute intervals. The 

IVIS was also used to image fluorescence of the liver, kidneys, lungs, heart, and spleen 

after 1hr of infusion.  

Lysine-fixable 70kDa dextran conjugated to Texas Red (ThermoFisher, #D1830) was used 

for histological assessment of the tracer distribution. After euthanasia, the medial and left 

lobes of the liver, as well as the kidneys and lungs, were embedded in OCT and snap 

frozen on dry ice. 10µm sections were cut in a cryostat and fixed with formalin. Slides 
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were imaged with an epifluorescence microscope and mean fluorescence intensity was 

quantified in ImageJ. Tissue from mice infused with saline was used to establish baseline 

fluorescence intensity in each organ. 

3.2.6 Histology & Immunostaining 

Tissue for histology was collected at the time of euthanasia. Samples of the medial and 

left lobes of the liver were embedded in OCT and snap frozen on dry ice. For picrosirius 

red staining, 12µm sections were cut in a cryostat and air dried for 30min. Sections were 

then rehydrated in an ethanol series and fixed with fresh formaldehyde. The slides were 

stained with picrosirius red for 30min, washed twice with acidified water, then 

dehydrated in an ethanol series, cleared in xylene, and coverslipped with Permount 

mounting medium (Fisher Scientific). For immunofluorescence staining, 5µm sections 

were cut in a cryostat. We used primary antibodies against alpha-smooth muscle actin 

(SMA, diluted 1:500; Abcam, #ab124964), phosphorylated YAP (diluted 1:400; Cell 

Signaling, #13008S), TAZ (diluted 1:100; MyBioSource, #MBS9613324), Ki-67 (diluted 

1:400; Abcam, #ab15580), and HNF4a (diluted 1:100; Abcam, #ab41898). For staining with 

the HNF4a antibody from a mouse host, sections were additionally blocked with Anti-

Mouse IgG (diluted 1:10; Abcam, # ab6668). Sections were then stained with Alexa Fluor 

594 conjugated secondary antibody (Thermo Fisher Scientific) and DAPI (Thermo Fisher 

Scientific). Picrosirius red slides were imaged with a Nanozoomer 2.0 HT slide scanner 

(Hamamatsu, Hamamatsu City, Japan). Immunofluorescence slides were imaged with an 

epifluorescence microscope.  

3.2.7 Image Quantification 

For fibrosis assessment, 5x magnification images across the entire section were exported 

from the whole-slide scans captured with the Nanozoomer. All image names were then 
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masked and randomly ordered with the Blind Analysis tool in ImageJ. Collagen 

proportionate area (CPA) was calculated in ImageJ170, 171. 

3.3 Results 

3.3.1 Characterization of Purified and Crude CCH 

To ensure purity of the enzyme, molecular weight analysis was performed for both crude 

CCH and purified CCH with the capillary Western total protein assay (Figure 3-1). As 

expected, the crude CCH preparation demonstrated multiple peaks at a variety of 

molecular weights. The purified CCH showed one strong, distinct peak around 116 kDa, 

indicating high purity. A small peak was also observed around 230 kDa, however this 

peak was present at a similar level across a serial dilution of the purified CCH (Error! 

Reference source not found.), likely indicating this is an artifact rather than impurity in 

the CCH preparation. 

To further assess purity as well as substrate specificity, enzyme activity was measured 

against type I collagen and casein, a protein easily degraded by the mixture of proteases 

in crude CCH (Figure 3-2). Crude CCH showed high casein degradation, while no casein 

degradation was observed with purified CCH at any concentration. Both mixtures 

efficiently degraded type I collagen, although the purified CCH exerted a greater rate of 

degradation. 

The enzyme mixtures were then tested on frozen sections of cirrhotic mice livers to 

quantify collagen degradation ex vivo. Incubating sections with crude CCH led to severe 
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Figure 3-1: Molecular weight analysis of crude and purified CCH. (A,B) Molecular 
weight analysis of crude and purified CCH, respectively. Crude CCH has components at 
a variety of molecular weights, while the purified CCH only has one distinct peak at 116
kDa. (C) Western blot representation of the same data presented in A & B.  
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Figure 3-2: Substrate specificity of crude and purified CCH. (A) Enzyme activity against 
casein substrate. Crude CCH degrades casein rapidly due to the many proteases it 
contains. Purified CCH shows no degradation of casein. (B) Enzyme activity against type 
I collagen. Both crude and purified CCH efficiently degrade type I collagen, though 
purified CCH is more potent. 
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tissue dissociation, causing sections to fall apart during staining. Sections incubated with 

purified CCH showed no signs of tissue dissociation and had significantly reduced 

collagen proportionate area within 3hrs (Figure 3-3).  

These results verify that the purified CCH is not significantly contaminated with non-

collagenase enzymes, which may cause non-collagenous tissue damage and cell toxicity 

in vivo, and that it is capable of rapid degradation of type I collagen without broadly 

disrupting tissue integrity. 

3.3.2 Biodistribution after Interstitial Infusion in the Liver 

We next used a fluorescently labelled dextran to design an appropriate infusion protocol 

and determine how the enzyme will spread after infusion. 

Using live imaging, we found that the entire liver was fluorescent after 60min at an 

infusion rate of 0.1mL/hr (Figure 3-4). We also used this system to image key organs after 

1hr infusion (Figure 3-5). We observed strong fluorescence throughout the liver as well 

as the kidneys, with no significant signal in the lungs, heart, or spleen. These results show 

that the entire liver receives the infused material, but a significant amount also enters the 

bloodstream before being cleared out by the kidneys. It should be noted that clearance of 

CCH through the kidneys likely differs significantly from dextran, as will be discussed 

in section 3.4.1. Despite entering the blood, no detectible amount of dextran infiltrated 

the other organs. 1hr was determined to be the optimal infusion time as it minimizes off 

target exposure while still covering the entire liver.  

Biodistribution after interstitial infusion in the liver was further characterized in mice up 

to 3 days after the infusion surgery. Fluorescence remained elevated and relatively stable 

in both the medial lobe of the liver, where the needle had been inserted, as well as the left 

lobe through 2 days after infusion (Figure 3-6 A, B). Similar results were seen in the renal 

cortex of the kidneys, though with weaker fluorescence intensity (Figure 3-6 C). By day 
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Figure 3-3: ex vivo collagen degradation in cirrhotic liver sections. (A) Sections 
incubated with saline show distinct fibrous bands. (B) After 3 hrs with 0.5µg/mL purified 
CCH, the fibrous bands are nearly completely dissolved, but there is no bulk tissue 
dissociation as found with crude CCH. (C) Quantified reduction in collagen over time 
with purified CCH shows rapid degradation. (n=3 per timepoint) 
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Figure 3-4: Live imaging of fluorescent dextran delivered via interstitial infusion of the 
liver. Fluorescent dextran is detected throughout the liver around 60mins of infusion. 
Beyond this time, the fluorescent signal in the liver is fairly consistent, while fluorescence 
of surrounding tissues gradually increases. 
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Figure 3-5: Whole organ imaging after interstitial infusion of fluorescent dextran in the 
liver for 60min. All lobes of the liver have a strong fluorescent signal, as well as both 
kidneys. The lungs, heart, and spleen show no significant signal. 
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3, fluorescence of both organs returned to background level. Fluorescence of the lungs 

remained near background at all timepoints, although a slight but statistically significant 

increase over background was observed at 2 days. 

3.3.3 Purified CCH in vivo Toxicity & Efficacy 

Preliminary in vivo tests were performed on mice maintained under anesthesia for up to 

5hrs after infusion to determine an appropriate concentration of the purified CCH. 

Through these experiments we found that concentrations greater than 1.25mg/mL were 

lethal. However, in our first experiments where anesthesia was ended after the 1hr 

infusion period we found that mice that received concentrations of 0.25mg/mL or greater 

died shortly after withdrawal of anesthesia – despite these doses being viable in animals 

maintained under anesthesia for 5hrs after infusion until euthanasia. A concentration of 

0.1mg/mL was chosen for the remaining experiments. 

Based on the biodistribution data, potential risk targets for toxicity were the liver and 

kidneys. Serum markers of liver injury (AST, ALT) and kidney injury (creatinine) were 

measured at 1d and 5d after infusion (Figure 3-7). AST and ALT were mildly elevated at 

1d but fell to within normal range by 5d172. However, both markers showed similar 

Figure 3-6: Quantified fluorescence after 60min interstitial infusion of fluorescent 
dextran in the liver. (A) Fluorescence in the medial lobe of the liver (the lobe where the 
needle was inserted) showed consistently elevated fluorescence through 2 days after 
infusion. By 3 days, fluorescence returned to the background level. (B) The left lobe of the 
liver, which was not directly infused, showed similar results. (C) Fluorescence was also 
detected in the renal cortex of the kidneys. This signal followed a similar trend to the liver 
at lower intensity, with stable elevation through 2 days and returning to the background 
level by day 3. (D) Fluorescence of the lungs remained near background at all timepoints, 
though a slight but statistically significant increase was noted at day 2. (E) Representative 
images of dextran fluorescence. (n=3 per timepoint) 

 



- 88 - 
 

Figure 3-7: Serum injury markers at 1d and 5d after interstitial infusion of the cirrhotic 
liver with saline or purified CCH. Liver injury markers ALT and AST are elevated at 1d 
then return to within normal range by 5d. There is no significant difference between 
infusion with saline and purified CCH, suggesting these markers are not increased due 
to enzyme toxicity. Kidney injury marker creatinine is not elevated at any timepoint. 
Samples with creatinine below the 0.2mg/dL level of detection are not represented in this 
graph. (n=3 CCH and saline controls at 1d; n=4 saline controls at 5d; n=6 CCH treated 
mice at 5d) 
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elevations in mice infused with saline, suggesting this is related to liver injury from the 

procedure rather than the activity of the enzyme. There was no elevation in creatinine at 

any timepoint, indicating the enzyme does not cause acute kidney injury.  

Treatment efficacy was assessed primarily by changes in fibrosis. Mice treated with 

purified CCH had significant reduction in hepatic collagen at the 5d timepoint (Figure 

3-8 A-C). The same results were observed for the directly infused lobe (medial; Figure 

3-8) and a non-infused lobe (left; Appendix Figure B-2) Mean CPA was reduced by 33% 

in CCH treated mice compared to saline controls. There was no change in SMA positive 

area at 5d (Figure 3-8 D).  

Immunofluorescence staining was used to assess the cellular response to structural 

change in the infused lobe. There was a marginal increase in hepatocyte proliferation after 

CCH treatment (Figure 3-9 A), though it did not reach the threshold for statistical 

significance. No difference was observed in the mechanoregulated transcriptional co-

activators YAP and TAZ (Figure 3-9 B, C), key effectors in the hippo pathway. These 

markers would be expected to decrease if tissue stiffness is reduced, however they are 

influenced by a variety of factors, including liver regeneration and response to injury, 

which may obscure stiffness-related changes at this timepoint.  

3.4 Discussion 

3.4.1 Biodistribution after Interstitial Infusion 

Direct intrahepatic injection is a relatively common preclinical research tool used to seed 

cancer cells173 and stem cells174 in the liver. However, there is li le prior work on the 

biodistribution of a macromolecule infused interstitially in the liver. Berraondo et al, 2006 

tested intrahepatic injection for the delivery of an adeno-associated virus with a 50µL 

bolus injection175. They reported partial distribution within the injected lobe but not 
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Figure 3-8: Changes in fibrosis in the infused (medial) lobe 5d after interstitial infusion 
of purified CCH in the cirrhotic liver. (A,B) Representative picrosirius red staining for 
liver samples 5d after infusion with saline or purified CCH, respectively. Fibrous bands 
in samples that received CCH are thinner and more disconnected. (C) Quantification of 
collagen in saline and CCH infused samples. Purified CCH caused a significant decrease 
in collagen proportionate area. (D) There was no significant change in SMA positive area 
between saline and CCH infused samples. (n=4 saline controls; n=6 CCH treated; p-value 
calculated with t-test) 
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Figure 3-9: Quantified immunofluorescence markers in the infused (medial) lobe 5d 
after interstitial infusion with saline or purified CCH. (A) Hepatocyte proliferation 
measured by Ki67+/HNF4a+ nuclei. There is a marginal but not statistically significant 
increase after CCH infusion. (B, C) Phosphorylated YAP+ nuclei and TAZ+ nuclei, 
respectively. No significant difference was observed in either marker. YAP and TAZ are 
both effectors in the hippo signaling pathway. Nuclear localization of these markers is 
driven by a complex regulatory network influenced by a variety of factors, liver 
regeneration and local tissue stiffness. (n=4 saline controls; n=6 CCH treated; p-value 
calculated with t-test) 
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throughout the liver. Our results show that gradual infusion of 100µL reaches the entire 

liver, despite only directly infusing the medial lobe. This may simply be due to the 

difference in volume administered, but it is also likely that the gradual infusion improves 

interstitial distribution. Interstitial fluid drains through terminal lymphatics in response 

to small changes in interstitial pressure176, 177. A bolus injection would cause a brief spike 

in local interstitial pressure around the injection site, allowing more of the injected 

material to drain away. An analogous effect has been reported in tumescent anesthesia, 

where gradual subcutaneous infusion of lidocaine dramatically reduces the plasma 

concentration178. The infusion protocol could further be refined in the future to be 

performed non-invasively under ultrasound guidance, rather than via laparotomy, to 

minimize impact on the recipient as well as enable investigation of multiple low-dose 

infusions over time. Repeated low-dose infusions may be clinically preferable so that the 

treatment can be titrated while monitoring liver function tests.    

It is likely that there is also some distribution between lobes through the vasculature. The 

liver has a unique connection between intravascular and interstitial compartments due 

the fenestrated sinusoidal endothelium. This connection deteriorates in advanced disease 

through capillarization of sinusoids, where fenestrations are lost and matrix accumulates 

in the space of Disse126. It is unclear how much of the connection remains in this model, 

and whether the more severe liver scarring seen in human disease and rat models may 

affect the biodistribution. While in circulation, the structural collagen of the blood vessels 

would not typically be exposed to the CCH in the bloodstream due to the endothelial cell 

lining. In addition, early work with CCH demonstrated it is inhibited and cleared by 

alpha-2-macroglobulin, a large plasma protein that functions as a broad-spectrum 

protease inhibitor179-181. It is worth noting that alpha-2-macroglobulin is also produced by 

macrophages and hepatocytes, which may limit the activity of CCH within the liver179, 182, 

183.  
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There are several notable limitations of our dextran experiments. First, there is a relatively 

small difference in size between the fluorescent dextran (70kDa) and purified CCH 

(116kDa). Both of these sizes are large enough that the primary distribution mechanism 

is convection184, so the short-term spread of these molecules is likely similar. The size 

differential is most relevant for the clearance through the kidneys. The fluorescent 

dextran is near the size threshold for glomerular filtration, though there is high variability 

based on shape and flexibility of the macromolecule185, 186. The increased size of CCH 

likely reduces elimination through the kidneys compared to the fluorescent dextran. 

Pharmacokinetics is a complicated field and there are many factors that can significantly 

influence clearance, e.g., charge of dextran derivatives alters rate of clearance in the 

liver187. In addition, the dextran experiments do not account for specific removal 

processes for proteases or bacterial proteins. Overall, the dextran experiments primarily 

provide useful data for the short-term biodistribution of a macromolecule delivered via 

interstitial infusion in the liver, rather than an indication of their clearance and how long 

they persist in the tissue. 

Interstitial delivery offers several advantages over intravenous routes previously 

investigated. Direct intrahepatic delivery ensures the highest concentration of the 

enzyme is at the desired site of action rather than in the plasma. Furthermore, as 

described above, the capillarization of sinusoids in advanced disease would impair 

infiltration of an enzyme injected in the bloodstream; with interstitial delivery, this would 

serve to maintain the enzyme concentration within the liver and limit systemic spread. 

Recent work has also suggested rethinking many interstitial structures previously 

believed to be densely-packed matrix, including the extrahepatic and intrahepatic biliary 

tree, as open fluid-filled spaces, which may have important implications for the spread 

of a macromolecule delivered via interstitial infusion188.  
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3.4.2 Toxicity  

The results of our biodistribution and in vivo CCH experiments do not indicate any 

toxicity from the direct activity of the enzyme. The mild elevations in AST and ALT at 

0.1mg/mL (matching elevations in saline controls), and the survival at concentrations as 

high as 1.25mg/mL when maintained under anesthesia suggest that the primary dose-

limiting factor is not liver injury. Interestingly, it has been reported that certain anesthetic 

agents, including isoflurane, can be protective against sepsis and endotoxic shock. The 

mechanisms are not well understood, but isoflurane has been shown to enhance survival 

and delay systemic inflammation in murine models189-193. As we have shown a significant 

amount of the infused material enters the bloodstream, it is possible that the bacterial 

CCH initiates a shock response which is inhibited until the animals are taken off 

anesthesia. If systemic shock is occurring, it could be managed in the appropriate se ing, 

e.g., through monitoring blood pressure and administering vasopressors. As there 

appears to be no liver or kidney injury from the action of the enzyme, identifying and 

managing this reaction could enable higher doses and further improve treatment efficacy.   

3.4.3 Potential for Functional Improvement 

The functional deficiencies associated with cirrhosis can be a ributed to several factors. 

Vascular changes leading to reduced perfusion are an important component124, 126-129. 

However, there is also evidence to suggest scarring directly influences liver function. 

Hepatocytes in a stiff environment exhibit suppressed albumin production12, 

downregulation of cytochrome p45013 and HNF4α14 (two markers of hepatocyte 

differentiation and liver-specific function), as well as changes in a range of genes 

associated with normal epithelial function15. Hepatocyte senescence is also thought to 

contribute to liver dysfunction in cirrhosis16. The cause of this senescence is typically 

a ributed to repetitive injury17; however, there is some evidence in age-associated 
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senescence research demonstrating a link with tissue stiffness18, 194, suggesting the local 

mechanical environment may also play a role in hepatocyte senescence. Therefore, 

improving the structural and mechanical aspects of cirrhosis may also be able to offer 

significant functional improvements. In addition, our work discussed in section 2.5.2 

proposed a compartment syndrome like effect occurs in the cirrhotic liver. Compartment 

syndrome exerts a significant mechanical stress from the pressure within the 

compartment, leading to reduced perfusion135. Degradation of the septa can release this 

pressure, potentially improving circulation. 

The two functional metrics investigated in this work were hepatocyte proliferation, 

indicative of liver regeneration, and nuclear localization of the transcriptional co-

activators YAP and TAZ. Hepatocyte proliferation has previously been linked to matrix 

degrading enzymes, either directly through cell-matrix mechanotransduction or through 

the release of growth factors bound to the matrix 165, 195-197. YAP and TAZ are key effectors 

in the hippo pathway. Prior work has demonstrated that this pathway is a key component 

of mechanoregulation, and reductions in stiffness result in reduced nuclear localization 

of YAP/TAZ 198, 199. However, this master regulatory network has been implicated in a 

wide variety of liver processes, including fibrosis, response to acute injury and 

regeneration200-202.  It is likely that at the 5d timepoint there are a variety of conflicting 

factors regulating these proteins. 

3.4.4 Future Directions 

Experimental models with moderate fibrosis (such as the mouse model used here) will 

naturally remodel and degrade the septa in the weeks after cessation of injury203. Longer 

term studies are needed to determine the functional consequences of the fibrosis reversal 

we have demonstrated; however, this is complicated by this spontaneous reversal. Rat 

models may be the more appropriate platform for the next stage of development. The rat 



- 96 - 
 

liver develops thicker collagen septa more similar to the human disease, and studies have 

shown long-term persistence of the septa after cessation of injury108, 204.  

Cirrhosis in humans consists of much thicker and more stable fibrous septa than is 

present in this mouse model. In addition, research with the bile duct ligation model of 

fibrosis in rats showed that while spontaneous recovery was possible, it required at least 

three times longer than it took to establish fibrosis205. This, coupled with the rat model 

findings described above, suggests that highly aggressive collagen degradation will likely 

be required for successful treatment of cirrhosis in humans. Confirmation of efficacy in 

the rat model of cirrhosis is an important next step. 

The shock hypothesis will also be investigated in future work. Experiments will 

determine changes in inflammatory markers of systemic shock (such as TNFα and IL-6190, 

206) and hypoperfusion (such as blood lactate207, 208) after varying doses of CCH infusion. 

Rheometry for measurements of liver stiffness are not reliable with mouse tissue due to 

the small size of the tissue and low stiffness. These measurements can however be 

performed with the rat model209, which has a much larger liver and higher stiffness due 

to the greater degree of scarring. Performing this analysis will provide a be er 

understanding of the effect of CCH infusion on the mechanical properties of the tissue. 

3.4.5 Summary 

We have described the biodistribution of a macromolecule delivered via interstitial 

infusion in the liver, and used these results to design an infusion protocol that covers the 

entire liver with minimal off-target exposure. We also used a mouse model of cirrhosis to 

show that purified CCH can rapidly reduce collagen content in the cirrhotic liver with 

only mild liver injury of the same level as saline infusion. Future work will investigate 

the long-term functional consequences of this treatment and investigate the mechanism 

of toxicity with a view to determining whether higher doses are feasible and beneficial. 
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Development of a minimally invasive interstitial infusion procedure, potentially under 

ultrasound guidance, will also be investigated to determine the effect of multiple low-

dose infusions over time.  
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Chapter 4  

 

 

 

Mechanical Perturbation via Extracorporeal 

Shockwave Treatment 

 

4.1 Introduction 

Many years ago, it was observed that pulsed-dye lasers could be used to induce 

vasodilation210. While investigating this as a potential treatment for cerebral vasospasm, 

it was shown that constricted vessels do not re-constrict after treatment211 and become 

insensitive to vasoconstricting agents212. Kaou anis et al, 1995213 concluded that the 

mechanism is based on laser-generated shockwaves that mechanically disrupt the 

contracted cytoskeleton of smooth muscle cells in the vessel wall. Importantly, it was also 

shown that dilated vessels are seemingly unaffected by the laser – there was no significant 
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change in diameter and they remained sensitive to vasoconstricting agents after 

treatment212, indicating that a relaxed cytoskeleton is not disrupted. These results show 

that the shockwave disruption possesses a selectivity by stiffness. This feature is very 

appealing in a prospective treatment for cirrhosis, where stiff scar is distributed amongst 

liver parenchyma. These results suggest that a shockwave could be used to disrupt the 

fibrous septa while leaving the functional tissue unharmed. 

Acoustic energy has been used clinically to cause mechanical perturbations for many 

years, most notably for lithotripsy where shockwaves are used to break apart kidney 

stones214. Low-energy shockwave treatment has also a racted interest for it’s more subtle 

effects in tissue. This approach uses shockwaves at a much lower energy than in 

lithotripsy so that there is no mechanical disruption. Low-energy shockwaves have been 

reported to induce angiogenesis215,  induce stem cell proliferation216, 217, and suppress 

inflammation218. Low-energy shockwave treatment has even been investigated as a 

therapy for cirrhosis. Ujiie et al, 2020219 investigated the use of shockwaves as a treatment 

for cirrhosis based on the findings that shockwaves can induce VEGF expression220 and 

suppress TGFβ221. The only timepoint presented in this study was 4 days after shockwave 

treatment. They reported significant histological improvements, reduced serum AST, and 

downregulation of TGFβ. The authors proposed that the primary mechanism for these 

effects was shockwave-induced angiogenesis.   

Recently, a shockwave device was successfully developed as a treatment for cellulite222, 

223. Cellulite is a skin condition consisting of fibrous septa surrounded by adipose tissue 

which produces a dimpled appearance. The shockwave treatment was shown to 

selectively break apart the fibrous septa and significantly improve the appearance of the 

skin.  A follow-up pilot study also demonstrated success for inducing the remodeling of 

hypertrophic skin scars224. 
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In this study we aimed to determine whether this device could induce a similar 

mechanical perturbation in the cirrhotic liver. The experiments were performed in 

collaboration with AbbVie, the company that developed the RAP shockwave device. 

To support higher throughput toxicity testing of the shockwave device than could be 

achieved with animal models, we looked to the precision-cut liver slice (PCLS) model. 

There are many well established in vitro models for rapid testing of pharmaceuticals, but 

these techniques are not applicable to treatments aimed at influencing tissue structure. 

The PCLS model addresses these issues by using thin slices of liver tissue, which 

maintains cells in their in vivo matrix. However, there is no consensus on appropriate 

culture conditions for cirrhotic PCLS. Therefore, we first compared various culture 

conditions to determine an optimal methodology to be used in the shockwave 

experiments. 

4.1.1 Ex Vivo Models of Cirrhosis for Therapeutic Development 

Conventional cell culture systems lack the complexity of tissues, particularly the 

interactions between cells and the matrix which are a crucial component of cirrhosis. 

Organ or tissue culture methods preserve complexity while allowing assays similar to 

those performed in cell cultures. PCLS is an ex vivo tissue culture model that is gaining 

popularity for the study of liver fibrosis. In this model, thin slices of liver tissue are 

maintained in standard culture incubators. This preserves the extracellular matrix and 

resident liver cell populations, providing a more accurate representation of the in vivo 

interactions between different cell types, and between cells and the matrix. PCLS enable 

more easily controlled experiments than in vivo models as well as higher throughput as 

dozens of slices can be obtained from each animal. The primary drawbacks of PCLS are 

the limited time they can be cultured – typically a few days – as well as changes in 

expression that occur during culture.  
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PCLS have particularly a racted interest as a platform to test anti-fibrotic therapies. 

Many previous experiments have used healthy PCLS treated with pro-fibrotic stimuli, 

such as TGFβ and PDGF, to induce fibrosis ex vivo225-233, or have relied on the spontaneous 

fibrosis activated in PCLS in culture234-240. Such experiments are useful to study the earliest 

onset of liver fibrosis but do not capture many of the effects of chronic liver disease in 

clinically relevant liver fibrosis. Chronic liver injury induces senescence of a variety of 

liver cell populations16, 17, and the long-term deposition of collagen and associated 

increase in tissue stiffness can suppress hepatocellular function through HNF4a and 

cytochrome P45012-14. There is also a critical positive feedback loop between fibrosis and 

matrix stiffness31, 241-243, which could significantly influence the effects of prospective anti-

fibrotic therapies. 

For a more clinically relevant model, PCLS can be collected from patient biopsies or from 

animal models after liver fibrosis or cirrhosis is induced in vivo. A variety of fibrosis 

etiologies have been investigated with this approach, including alcohol244, hepatitis 

infection245, non-alcoholic steatohepatitis (NASH)244, 246, cholestasis247-251, and chemical 

hepatotoxins244, 252, 253.  

The performance of PCLS from cirrhotic animals in culture has not been well 

characterized. Consequently, prior work with fibrotic and cirrhotic slices often references 

the methods of experiments performed with slices from healthy animals, which may not 

be applicable given the significant differences between the healthy and cirrhotic liver. 

There is also no consensus on appropriate culture conditions, most notably whether to 

include insulin and dexamethasone in the culture media. A direct comparison of the effect 

of culture conditions on viability, function, and gene expression has not previously been 

performed.  

To validate the use of this model in our shockwave experiments, we determined the 

optimal methods for collection and culture of PCLS from cirrhotic rats.  We compare the 
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effect of culture media and rocking on PCLS viability and albumin production, as well as 

characterize changes in expression of key genes over time and when cultured with and 

without insulin and dexamethasone. We also compare three methods for the isolation of 

RNA from cirrhotic PCLS and report a method capable of obtaining RNA with higher 

yield and purity than the standard RNeasy and TRIzol protocols. 

4.1.2 Mechanical Disruption of Tissue with High Frequency 

Shockwave Treatment 

A shockwave is an acoustic wave propagating faster than the speed of sound in the 

medium. It is characterized by a very short rise time (on the order of nanoseconds) to a 

high peak compressive pressure, followed by a longer, shallow tensile component.  

The Rapid Acoustic Pulse (RAP) device was developed by AbbVie as a treatment for 

cellulite. It consists of an electrohydraulic shockwave generator with a reflector to 

produce a planar wave. The reflector uses a freeform design to reduce shadow from the 

electrode in the path of the shockwave. The device also incorporates rapid cutoff of the 

electrode voltage after discharge to minimize the tensile component of the wave. This 

helps prevent cavitation bubbles from forming in the tissue. The RAP device produces a 

shockwave with very short pulse duration (~1.2µs) and is run at a frequency of 50-100Hz.  

The RAP device achieves mechanical disruption through shear. This mechanism relies on 

the acoustic heterogeneity of the tissue. As the shockwave propagates through the tissue, 

differences in local tissue properties (e.g., stiffness) cause changes in the shape and speed 

of the wave front. This creates a gradient in the shock front which results in a shearing 

effect, as different regions are deforming at a different rate254-256. The faster the rise time 

and the shorter the pulse duration, the finer the resolution of tissue deformation and 

therefore the greater the shear caused by local heterogeneity. Delivering repeated pulses 

at a rate such that the tissue does not recover from the previous wave before the next 
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arrives results in shear accumulation257. Rapid pulsing also induces stiffening due to the 

dependency of stiffness on loading rate in viscoelastic materials. This contributes to 

disruption because of the greater susceptibility of stiff materials.  

This mechanism works well in cellulite because the stiff septa are surrounded by soft 

adipose tissue222, 223. The cirrhotic liver is in a similar state, where stiff fibrous septa 

encircle the parenchyma. The septa in cirrhosis are substantially tougher than in cellulite, 

which should make them more difficult to disrupt. However, the RAP device has also 

been tested in a pilot study with hypertrophic scarring, which revealed significant 

reductions in scar height and volume 12 weeks after treatment224. This suggests 

shockwave treatment can successfully disrupt thick, highly crosslinked scar. 

4.2 Methods 

4.2.1 Animals 

All animal work was approved by the Massachuse s General Hospital Institutional 

Animal Care and Use Commi ee. All experiments were performed in accordance with 

relevant guidelines and regulations. For the cirrhotic experiments, 2 month old male 

Wistar rats were purchased from Charles River Laboratories. After a 1 week 

acclimatization period, cirrhosis was induced with biweekly intraperitoneal injections of 

thioacetamide at 200mg/kg for 12 weeks followed by a 1 week wash out period. 5 month 

old male Wistar rats were used for healthy comparisons. Animals were housed in a 

controlled environment with food and water ad libitum.  

4.2.2 PCLS Collection 

Animals were euthanized via cardiac puncture under sterile conditions. The whole liver 

was harvested and 8mm biopsy punches were used to obtain tissue columns. Columns 
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were collected from the thickest portions of the medial and left lobe. The columns were 

immediately placed in chilled sterile Krebs Henseleit buffer (KHB; Sigma Aldrich, USA). 

Columns were cut in half with a scalpel to obtain 2 shorter columns (Figure 4-1 A). These 

columns were mounted to the platform of a 7000smz-2 vibratome (Campden Instruments 

Limited, UK) with cyanoacrylate glue and the cu ing tray of the vibratome was filled 

with chilled sterile KHB (Figure 4-1 B). The vibratome was fi ed with a ceramic blade 

(Campden Instruments Limited) and run at 50Hz frequency, 2.5mm amplitude, 0.15cm/s 

advance speed, 250µm slice thickness (Figure 4-1 C). The first few slices were discarded 

to ensure a flat tissue surface. After cu ing, slices were transferred to a sterile dish with 

chilled sterile KHB. A 6mm biopsy punch was used to trim the final PCLS. This step 

ensures all PCLS are uniform in size, as the initial columns are often irregularly shaped 

(Figure 4-1 D). With such small samples, these irregular edges can result in significant 

differences in the total amount of tissue. This step also removes any tissue that may have 

come into contact with glue. The trimmed PCLS were then transferred to a 24 well plate 

with chilled sterile KHB. The total time from harvesting of the liver to the end of collecting 

PCLS was around 1 hour. Approximately 20 uniform, viable slices were obtained per 

animal. 

4.2.3 PCLS Culture 

PCLS were placed on an 8µm-pore Transwell insert (Corning, USA) in a 12 well plate. All 

slices were cultured in 1mL Williams’ Medium E (Sigma Aldrich) with 2% FBS, 1% pen-

strep, and 1% L-glutamine (ThermoFisher, USA). Some slices were additionally cultured 

with 100nM dexamethasone (Sigma Aldrich) and 1X insulin-transferrin-selenium-
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Figure 4-1: PCLS collection. (A) Tissue columns were harvested with an 8mm biopsy 
punch then cut into 2 shorter columns. (B) Columns were mounted to the vibratome 
platform with cyanoacrylate glue. (C) 250µm thick PCLS were cut at 50Hz, 2.5mm 
amplitude, 0.15cm/s. (D) PCLS were trimmed with a 6mm biopsy punch to ensure 
uniform slices. 
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ethanolamine (ThermoFisher). Plates were incubated under standard cell culture 

conditions either stationary or on a rocking platform. Media was changed every 24hrs. 

4.2.4 PCLS Viability Assay 

PCLS were placed in a 48 well plate with 400µL culture media and 80µL MTS reagent 

(Abcam, USA). The plates were incubated on a rocking platform under standard cell 

culture conditions for 1hr then the media was collected and absorbance was measured at 

490nm. Measurements were normalized to the viability of fresh slices. 

4.2.5 PCLS Albumin ELISA 

Media collected from the culture plate was centrifuged at 4oC, 400g for 10min. The 

supernatant was then stored at -20oC until ready to use. Albumin concentration was 

measured with a rat albumin ELISA kit (Abcam) according to manufacturer instructions.  

4.2.6 PCLS RNA Isolation & qPCR 

3 methods of RNA isolation were compared. The first method used the RNeasy micro kit 

(Qiagen, Germany) according to manufacturer instructions. The second method used 

TRIzol (Invitrogen, USA) according to the manufacturer instructions. The final method 

was a protocol reported by Ziros et al. 258 for the isolation of RNA from mouse thyroid, a 

very small organ which requires high yield RNA extraction. Briefly, PCLS were 

homogenized in TRIzol and frozen at -80oC for at least 30min. Phase separation was 

performed with 1-bromo-3-chloropropane (Sigma Aldrich) and the aqueous phase was 

purified using RNeasy micro spin columns. For all methods, PCLS were homogenized 

with TissueLyser II (Qiagen). 
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RNA concentration and purity were measured with NanoDrop (ThermoFisher). RNA 

integrity was confirmed by gel electrophoresis on E-gel EX 2% agarose gels 

(Thermofisher).  

cDNA was prepared from 1µg total RNA using the SuperScript VILO IV kit 

(Thermofisher) according to manufacturer instructions. qPCR was then performed with 

TaqMan Fast Advanced Master Mix (Thermofisher) and TaqMan fluorescent probes for 

HNF4A (Thermofisher; assay ID: Rn04339144_m1), CYP1A2 (Rn00561082_m1), LYVE1 

(Rn01510421_m1), TGFB1 (Rn00572010_m1), COL1A1 (Rn01463848_m1), ACTA2 

(Rn01759928_m1), CDKN1A (Rn00589996_m1), and MKI67 (Rn01451446_m1). 

Stability analysis was performed with NormFinder259 to determine appropriate reference 

genes. Fresh slices and PCLS after 4 days in culture were compared with TaqMan probes 

for B2M (Rn00560865_m1), YWHAZ (Rn00755072_m1), HPRT1 (Rn01527840_m1), HMBS 

(Rn01421873_g1), 18S (Hs99999901_s1), SDHA (Rn00590475_m1), and UBC 

(Rn01789812_g1). HPRT1 and HMBS were found to be the best combination of reference 

genes, with a stability value of 0.063. 

Student’s t-test was performed to assess statistical significance with a p-value threshold 

of 0.05. The Benjamini-Hochberg procedure was used to correct for multiple 

comparisons. Yield and purity metrics are expressed as mean ± standard deviation. 

4.2.7 PCLS Shockwave Treatment 

PCLS were treated 1 day after collection. PCLS were placed in a small petri dish filled 

with PBS. The dish was placed on top of the shockwave transducer and held in place. 

Treatment se ings tested were two voltage levels (2400V, 3000V), two frequencies (50Hz, 

100Hz), and 3 durations (0.5min, 1min, 3min). This set up caused some cavitation during 

treatment due to proximity of the tissue to the device. The RAP device has a known issue 

of hot spots at the surface of the transducer. These even out over a short distance, so are 
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not a concern for in vivo treatment. Samples that were affected by cavitation are marked 

on the figures. 

After treatment, PCLS were placed in fresh media and returned to the incubator. After 6 

hours, viability was measured with the MTS assay and culture media was collected for 

albumin ELISA, as described above. 

4.2.8 In vivo Shockwave Treatment 

Animals were anesthetized with isoflurane and prepared for surgery by clipping fur on 

the abdomen and disinfecting with 10% povidone-iodine. The animal was placed on an 

adjustable platform which was set at an appropriate height to ensure the shockwave 

transducer was in full contact with the skin (Figure 4-2). Ultrasound gel was applied to 

the skin over the treatment area, followed by an acoustic coupling gel pad, then another 

layer of ultrasound gel.  The shockwave transducer was positioned to be directly over the 

left lobe of the liver. The RAP device was run at 2400V, 50Hz for two periods of 4 minutes, 

with a brief break in between to monitor the animal for any signs of adverse effects.  

After treatment, the ultrasound gel was removed and the abdomen was disinfected with 

10% povidone-iodine. A laparotomy was performed under sterile conditions to confirm 

cirrhosis and check for any gross signs of liver damage. The muscle and skin were then 

closed with absorbable sutures. Animals were euthanized at 1 day, 30 days, and 60 days 

after treatment via cardiac puncture.   

4.2.9 Histology  

Tissue for histological analysis was collected at the time of euthanasia. Samples were 

fixed in 4% formaldehyde, embedded in paraffin blocks, and cut into 5µm sections. Slides 

were stained with picrosirius red (PSR) according to standard protocols. Slides were 
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Figure 4-2: RAP Shockwave Experimental Set-up. (A) Model of set-up. The bed for the 
animal is mounted on an adjustable platform. The heigh is set so that the shockwave 
transducer rests in full contact with the skin over the treatment site. (B) Set-up in use. 
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imaged with a Nanozoomer 2.0 HT slide scanner  (Hamamatsu, Hamamatsu City, Japan).  

4.2.10 Image Quantification 

Septum thickness was measured from the PSR stain in the Nanozoomer software. 20 

randomly selected septa were selected from each slide, and the thickness was taken at the 

midpoint204.  

For collagen proportionate area (CPA) assessment, 5x magnification images across the 

entire section were exported from the PSR whole-slide scans captured with the 

Nanozoomer. All image names were then masked and randomly ordered with the Blind 

Analysis tool in ImageJ. CPA was calculated in ImageJ170, 171. 

4.2.11 RNAseq 

At the time of euthanasia, two roughly 25mg samples were collected from each animal – 

one from the left lobe which had been under the shockwave transducer and one from the 

medial lobe to be used as a paired untreated control – and placed in RNAlater (Thermo 

Fisher Scientific). Samples were stored at 4°C overnight and then at -20°C until use. RNA 

extraction was performed using the RNeasy midi kit with proteinase K digestion and on-

column DNase digestion according to the manufacturer’s instructions (Qiagen). The 

samples were then sent to Admera Health for quality control, library preparation, and 

sequencing. Libraries were prepared using NEBNext Ultra II (New England Biolabs) with 

poly(A) selection and sequenced on a NovaSeq 6000 (Illumina) with 40M 150bp paired-

end reads per sample.  

Sequencing data quality was assessed with FastQC113 and trimmed with Cutadapt114. 

Transcript abundance was quantified with the Salmon quasi-mapping tool115. Differential 

expression analysis was performed using DESeq2 in R116. The differential expression 

model accounted for sample pairing (i.e., treated and untreated control samples taken 
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from the same animal). Fold change was calculated using the apeglm method for log fold 

change shrinkage118.  Over-representation analysis (ORA) for gene ontology gene sets was 

performed with the clusterProfiler package117. Gene sets were enriched if FDR<0.05 with 

Benjamini-Hochberg correction. ORA figures were generated with the enrichplot 

package119. 

4.3 Results 

Subsections 4.3.1 through 4.3.4 cover the cirrhotic PCLS model development and 

comparison of culture techniques. Subsections 4.3.5 through 4.3.8 cover the results of the 

shockwave treatment study. 

4.3.1 Effect of Culture Conditions on Cirrhotic PCLS Viability and 

Function 

Two parameters were evaluated for their effect on cirrhotic PCLS viability and function: 

media supplements (insulin-transferrin-selenium-ethanolamine and dexamethasone) 

and incubation on a rocking platform. PCLS cultured with these supplements had no 

significant difference in overall viability after 4 days in culture (Figure 4-3 A) but the 

supplemented media significantly increased PCLS function at all timepoints (Figure 4-3 

B). Similarly, incubation on a rocking platform did not have an effect on the overall 

viability (Figure 4-3 C) but preserved PCLS function at later timepoints (Figure 4-3 D). 

Interestingly, we also found that cirrhotic PCLS maintained higher viability in culture 

than PCLS from healthy animals until day 4 (Figure 4-3 E). This may be related to the 

poor perfusion and hypoxic environment of the cirrhotic liver in vivo 124-127. Survival in 

culture is heavily dependent on oxygen delivery to the tissue, so it is possible that 

adaptation to hypoxia in vivo enables be er survival ex vivo.  
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4.3.2 Comparison of RNA isolation methods for cirrhotic PCLS 

RNA yield and purity for three isolation methods – Qiagen RNeasy kit, standard TRIzol 

protocol, and the small tissue RNA isolation protocol described by Ziros et al. for the 

isolation of high-quality RNA from mouse thyroid – were compared with cirrhotic PCLS 

after 4 days in culture (Table 4-1). The RNeasy protocol produced high purity RNA, but 

with very low yield. Conversely, the TRIzol protocol gave higher yield but with poor 

purity.  The protocol described by Ziros et al. gave the highest yield and purity of all 3 

protocols. To determine whether the difference in purity would significantly alter 

expression measurements, RNA isolated by the TRIzol and Ziros et al. protocols were 

compared with qPCR. Of the 8 genes measured, 1 was found to have a statistically 

significant difference in expression after multiple hypothesis correction (Appendix 

Figure 4-3: Comparison of culture conditions for cirrhotic PCLS viability and function.
(A&B) Cirrhotic PCLS viability and function when cultured with and without insulin-
transferrin-selenium-ethanolamine and dexamethasone. Both groups were incubated on 
a rocking platform. (A) Viability measured by MTS assay after 4 days in culture 
normalized to the viability of fresh PCLS. There is no significant difference in slice 
viability. (B) ELISA for albumin secreted into the media over 4 days in culture. Culturing 
with insulin-transferrin-selenium-ethanolamine and dexamethasone significantly 
increases PCLS function at all timepoints. (C&D) Cirrhotic PCLS viability and function 
when incubated on a rocking platform or static. Both groups were cultured with insulin-
transferrin-selenium-ethanolamine and dexamethasone. (C) Viability measured by MTS 
assay after 4 days in culture. There is no significant difference in slice viability. (D) ELISA 
for albumin secreted into the media over 4 days in culture. Culturing on a rocking 
platform significantly increased PCLS function at the 4 day timepoint. (E) Viability of 
healthy and cirrhotic PCLS measured by MTS assay over 4 days in culture normalized to 
viability of fresh healthy and cirrhotic PCLS, respectively. The cirrhotic slices maintain 
higher viability until day 4. (n=3 per timepoint; p-value calculated with t-test; *p<0.05, 
**p<0.01) 
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Figure C-1). We also found that there is a significant decrease in RNA yield from PCLS 

in culture compared to fresh slices in addition to a small but statistically significant 

decrease in A260
280 (Table C-1). 

4.3.3 Effect of Culture Media on Expression in Cirrhotic PCLS 

Expression of 8 key genes related to liver function and fibrosis were evaluated by qPCR 

for cirrhotic slices cultured for 4 days with and without insulin-transferrin-selenium-

ethanolamine and dexamethasone (Figure 4-4). In all cases with statistically significant 

differences, culturing with these supplements resulted in expression more similar to fresh 

slices. HNF4A and CYP1A2, markers of hepatocyte function and differentiation, were 

increased with the supplemented media. TGFB1, a key gene associated with the 

spontaneous ex vivo fibrosis response, was reduced with the supplemented media, as 

well as MKI67, a marker of proliferation. There were no statistically significant differences 

in expression of LYVE1, a marker of liver sinusoidal endothelium, COL1A1 and ACTA2, 

markers of fibrosis, or CDKN1A (p21), a marker of senescence.  

4.3.4 Time Course of Expression Changes in Cirrhotic PCLS 

Expression of these 8 genes were measured at the 2 day and 4 day timepoints to 

characterize how expression changes over time in culture (Figure 4-5).  For these results, 

all slices were cultured with insulin-transferrin-selenium-ethanolamine and 

dexamethasone, and were incubated on a rocking platform.  We found that despite stable 

viability and function, there are already significant differences in many genes by the 2 

day timepoint. HNF4A and CYP1A2 are significantly downregulated compared to fresh 

slices by day 2, and expression further decreases by day 4. LYVE1 expression is only 

significantly decreased at the 4 day timepoint. Significantly elevated expression of 

TGFB1, COL1A1, and ACTA2 is not observed until the 4 day timepoint, indicating that 

the ex vivo spontaneous pro-fibrotic stimuli induce a relatively slow process in cirrhotic 
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RNA Isolation 
Protocol 

Yield 
(µg/mg tissue) 

A260
280 A260

230 

Qiagen RNeasy 0.2±0.1 2.01±0.03 1.7±0.4 
TRIzol 1.5±0.1 1.89±0.03 0.6±0.1 

Ziros et al. 2.3±0.9* 2.03±0.03† 1.9±0.4† 
 

Table 4-1: Yield and purity metrics for three methods of RNA isolation from cirrhotic 
PCLS after 4 days in culture. The protocol described by Ziros et al. gives the highest yield 
and RNA purity. (n=13 Qiagen RNeasy, n=6 TRIzol, n=27 Ziros et al.; p-value calculated 
with t-test; *p<0.05 comparing Ziros et al. and Qiagen RNeasy protocols, †p<0.05 
comparing Ziros et al. and Trizol) 
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Figure 4-4: Expression changes in cirrhotic PCLS after 4 days in culture with and 
without insulin-transferrin-selenium-ethanolamine and dexamethasone. Both groups 
were incubated on a rocking platform. ΔΔCt values were calculated relative to fresh 
slices. For all genes with statistically significant differences, culturing with insulin-
transferrin-selenium-ethanolamine and dexamethasone maintained expression closer to 
fresh slices. Statistical tests were performed on the ΔCt values. (n=3; p-value calculated 
with t-test and corrected with the Benjamini-Hochberg procedure; *p<0.05, **p<0.01) 
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Figure 4-5: Expression changes in cirrhotic PCLS at 2 days and 4 days in culture. Slices 
were cultured with insulin-transferrin-selenium-ethanolamine and dexamethasone, and 
were incubated on a rocking platform. ΔΔCt values were calculated relative to fresh 
slices. Statistical tests were performed on the ΔCt values. (n=3; p-value calculated with t-
test and corrected with the Benjamini-Hochberg procedure; *p<0.05, **p<0.01; †p<0.05 
compared to fresh slices, ††p<0.01 compared to fresh slices.) 
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PCLS. CDKN1A expression is significantly elevated by day 2 and there is no significant 

difference in expression between the 2 day and 4 day timepoints. Interestingly, MKI67 

expression is decreased at the 2 day timepoint but increased by day 4. 

4.3.5 PCLS Shockwave Treatment 

The work described in sections 4.3.1 to 4.3.4 was performed to develop a cirrhotic PCLS 

culture methodology that would support the future development of therapies for 

cirrhosis. A model that maintains the resident liver cell populations in their in vivo matrix 

is particularly important for the direct structural perturbation approach under 

investigation in this thesis. Using this methodology, we next performed an ex vivo 

toxicity analysis for the shockwave treatment using cirrhotic PCLS.  

PCLS were treated at 2 voltage levels (2400V and 3000V, increasing voltage increases peak 

pressure), 2 frequencies (50Hz and 100Hz), and 3 durations (0.5min, 1min, and 3min). 

PCLS viability 6hrs after treatment was compared to untreated control slices. 

The results of this parameter sweep showed the shockwave treatment is well tolerated 

(Figure 4-6). During PCLS treatment some slices experienced cavitation tearing (marked 

in red on). This is an artifact caused by proximity to the shockwave transducer and would 

not be expected to be an issue during in vivo experiments. These slices tended to have 

lower viability than slices that were not affected by the cavitation. Despite this, there was 

no significant difference between viability of control slices and treatment slices at any of 

the tested intensities.  

Since the treatment had minimal toxicity at all tested intensities, we elected to run the 

RAP device at 2400V, 50Hz for two sets of 4min during the in vivo tests. This decision 

was also based on treatment parameters used in prior experiments with the device for 

cellulite223, hypertrophic scars224, and unpublished data collected by AbbVie. 
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Figure 4-6: Viability of cirrhotic PCLS 6hr after shockwave treatment across a range of 
treatment intensities. Voltage correlates to the peak pressure of the shockwave. Samples 
marked in red experienced cavitation tearing due to the experimental set-up. As would 
be expected, these samples tended to have lower viability. Despite this, no treatment had 
a significant difference in viability compared to control PCLS. (p-value calculated with t-
test) 

 

 



- 120 - 
 

 

 

Figure 4-7: Serum markers of liver injury and function after in vivo shockwave 
treatment. Mild elevations in ALT and AST were observed 1d after treatment. As 
expected, ALT and AST are within normal range at the 30d timepoint. Shockwave 
treatment had no effect on serum albumin levels. (n=3 at 1d, n=4 at 30d) 
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4.3.6 In vivo Shockwave Toxicity 

In vivo toxicity was assessed by serum liver enzymes (Figure 4-7). Mild elevations in ALT 

and AST were observed 1d after shockwave treatment, suggesting minor liver injury. The 

normal reference range for male Wistar rats is 24-49 U/L ALT and 50-96 U/L AST260. Some 

component of this can also be a ributed to the anesthesia and laparotomy.  Regardless, 

these small elevations in AST and ALT are not a major concern (for reference, AST/ALT 

elevations in humas are considered mild if <5 fold upper limit of normal, moderate 5-10, 

marked >10261). As would be expected so far after the procedure, AST and ALT were 

within normal range at 30d. 

Serum albumin was measured as a marker of liver synthetic function. There was no 

change in albumin production after treatment. 

4.3.7 In vivo Shockwave Efficacy 

Efficacy of shockwave treatment was assessed by histology 30d and 60d after treatment. 

On analysis, we observed a difference in the response to treatment based on septum 

thickness. Figure 4-8 shows the percent change in septum thickness %∆𝑡 =

𝑡 − 𝑡
𝑡  plo ed against the septum thickness in the untreated lobe. 

There appears to be a significant distinction in the response to treatment above and below 

a septum thickness around 60µm. All animals below this threshold showed a marked 

reduction in septum thickness in the treated lobe compared to the paired untreated 

control, while all animals above had no difference. This may reflect a mechanical 

limitation of the shockwave treatment. Thick septa would be expected to be much 

tougher and therefore more resistant to disruption than thinner septa. This data suggests 

around 60µm the shockwave may be unable to affect the septa, at least at the intensity 
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Figure 4-8: Percent difference in septa thickness between the treated and untreated lobe 
vs septa thickness in the untreated lobe.  This was calculated using the formula: 

%∆𝑡 =
𝑡 − 𝑡

𝑡 . There is a marked difference in the response to 

treatment for samples with septa less than 60µm thick and those with septa greater than 
60µm. This may indicate a mechanical limitation of shockwave treatment, where thick 
septa are resistant to disruption. 
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used in this experiment. This interpretation is not strongly supported given the limited 

number of animals, but the difference in response of these two groups is striking.  

Figure 4-9 summarizes the results for the 30d timepoint. 3 out of the 4 animals at this 

timepoint showed reduced septa thickness in the treated lobe. The 4th animal had a mean 

septa thickness of 78µm in the untreated lobe and 79µm in the treated lobe. Excluding 

this animal, there was a statistically significant reduction in septum thickness and 

collagen proportionate area in the treated lobe compared to the paired untreated controls. 

The results for the 60d timepoint are consistent with the findings at 30d, though 2 out of 

the 4 animals were above the 60µm septa thickness threshold (Figure 4-10).  

4.3.8 Shockwave RNAseq Analysis 

RNAseq analysis was performed with samples from the 30d timepoint, excluding animal 

30d-4 due to the septa thickness discussed above. The analysis returned a short list of 

only 42 differentially expressed genes (DEGs) with adjusted p-value < 0.05. However, 

there was a clear trend in the genes identified. 30 of the 42 DEGs (71%) are associated 

with matrix remodeling. A heatmap of these genes showing the log2(fold change) 

between the treated lobe and paired untreated control lobe is shown in Figure 4-11 A. 

Over-representation analysis similarly returned many gene sets related to matrix 

remodeling, including ‘extracellular matrix organization’, ‘collagen fibril organization’, 

Figure 4-9:  Histological results 30d after shockwave treatment. (A) Picrosirius red 
staining for the treated and untreated lobe. (B) Quantification of septa thickness. (C, D) 
Septa thickness and collagen proportionate area, respectively, in the treated and 
untreated lobes. The specimen highlighted in red was excluded from these graphs due to 
the hypothesized effect of septa thickness on the response to treatment. There was a 
statistically significant reduction in both these metrics in the treated lobe compared to the 
paired untreated control lobe. (p-value calculated with t-test) 
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Figure 4-10: Histological results 60d after shockwave treatment. (A) Picrosirius red 
staining for the treated and untreated lobe. (B) Quantification of septa thickness. (C, D) 
Septa thickness and collagen proportionate area, respectively, in the treated and 
untreated lobes. The specimens highlighted in red were excluded from these graphs due 
to the hypothesized effect of septa thickness on the response to treatment. (p-value 
calculated with t-test) 
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‘collagen metabolic process’, ‘response to transforming growth factor beta’, ‘integrin-

mediated signaling pathway’, and ‘extracellular matrix assembly’ (Figure 4-11 B). These 

gene sets are highly interconnected (Figure 4-11 C) and overall point to an ongoing broad 

matrix remodeling process.  

The only liver function related gene in the list of DEGs was Alb (albumin), which had a 

1.25-fold downregulation in the treated lobe. This result is difficult to interpret, as we 

would expect albumin expression to increase with the observed reduction in fibrosis262, 

263. However, the serum albumin concentration was unaffected (Figure 4-7).  

4.4 Discussion 

4.4.1 Performance of Cirrhotic PCLS in Culture 

In this work we characterized the performance of cirrhotic PCLS in culture and clarified 

the effect of different commonly used culture conditions. We describe a method for the 

collection and culture of cirrhotic PCLS that are viable with stable function for up to 4 

days. Our results show that there is a clear benefit to culturing with insulin and 

dexamethasone as well as incubating on a rocking platform. This method significantly 

improved albumin production and maintained expression of HNF4A, CYP1A2, TGFB1, 

and MKI67 closer to the level in fresh slices. We would recommend using these methods 

unless they are contraindicated by the specific hypothesis under investigation (e.g., 

insulin interfering with a signaling pathway of interest). 

Figure 4-11: RNAseq analysis 30d after shockwave treatment. (A) Heatmap of 
differentially expressed genes (DEGs) associated with matrix remodeling. (B) Dotplot of 
selected enriched gene sets related to matrix remodeling. (C) Concept network plot 
showing the DEGs contributing to enrichment of matrix remodeling gene sets and the 
interconnectedness of these sets. (n=3) 
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Viability and albumin production are the most commonly used methods in prior work to 

characterize the performance of PCLS in culture. However, we also investigated changes 

in expression of key liver genes and found several important changes that are not 

reflected by these assays. Despite high albumin production throughout the time in 

culture, there was progressive decline in expression of HNF4A and CYP1A2, two key 

regulators of hepatocellular function. This is possibly due to the same process of 

dedifferentiation that is commonly observed with primary hepatocytes in culture264-268. 

We also found that the senescence marker CDKN1A is upregulated at both day 2 and 4. 

Hepatocyte senescence is associated with a pro-inflammatory secretory state, declining 

function, and suppressed proliferation17, 269. Interestingly, we observed that the 

proliferation marker MKI67 is downregulated at the 2 day timepoint, but becomes 

upregulated by day 4. This biphasic response may indicate differing proliferative states 

for different cell populations. It is possible that hepatocyte senescence drives MKI67 

expression down at day 2, while a delayed fibrotic response – demonstrated by 

upregulation of TGFB1, COL1A1, and ACTA2 – activates proliferation of stellate cells at 

the 4 day timepoint. We also found that LYVE1 is downregulated at day 4. LYVE1 is a 

marker of liver sinusoidal endothelial cells, and its downregulation is associated with 

capillarization of sinusoids270, 271. This may indicate some damage or dedifferentiation is 

occurring to the sinusoidal endothelium in culture.  

These results demonstrate that different metrics provide different results for the stability 

of PCLS in culture. Viability and albumin production remain high up to 4 days in culture. 

However, when compared to fresh slices there are significant changes in expression of 

key genes as early as day 2. It is difficult to reconcile these data to produce a single 

number for the time cirrhotic PCLS can be cultured. An appropriate timeline needs to be 

determined on a case-by-case basis depending on the specific hypothesis and metrics 

under investigation. 
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4.4.2 RNA Isolation from PCLS 

We have also reported a protocol for RNA isolation with higher yield and purity than the 

standard RNeasy and TRIzol protocols. High yield is necessary to extract sufficient RNA 

for quality control and downstream assays from small tissue samples, while high purity 

is required to prevent contaminants from interfering in expression measurements. The 

general guideline for pure RNA is A260/280 around 2.0  and A260/230 between 1.8-2.2272. With 

the protocol described by Ziros et al., we were able to obtain RNA with A260/280 of 2.03±0.03 

and A260/230 of 1.9±0.4 (Table 1). It should be noted that these ratios depend on the 

concentration of both RNA and contaminants – so trace amounts of a contaminant could 

significantly skew the purity ratio if the RNA concentration is also low. Typical 

contaminants that absorb at 230nm are phenol and guanidine thiocyanate found in lysis 

buffers. In high quantities these contaminants can inhibit PCR and give misleading 

expression results. 

4.4.3 PCLS from Cirrhotic vs Healthy Animals 

We also showed that cirrhotic slices remain viable in culture longer than slices from 

healthy animals. This may be due to adaptation in vivo to the hypoxic and poorly 

perfused cirrhotic liver124-127. This enhanced survival ex vivo adds to the benefits of PCLS 

from cirrhotic or fibrotic animals as a more appropriate model to test anti-fibrotic 

therapies than PCLS from healthy animals. Though some previous studies have used 

healthy PCLS to test antifibrotic therapies, this approach likely has limited application to 

clinically relevant liver fibrosis. The collagen deposition and increasing tissue stiffness in 

chronic liver fibrosis have a variety of effects on the liver. There is a crucial positive 

feedback loop between matrix stiffness and collagen deposition – increasing stiffness 

causes pro-fibrotic signaling, leading to collagen deposition and further increasing 

stiffness31, 241-243 – which would not be established in PCLS from healthy animals. For this 
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reason, treatments that can suppress fibrosis in soft tissues may be less effective in stiff 

tissues. Matrix stiffness also influences hepatocyte phenotype, with a stiffer matrix 

leading to loss of hepatocyte-specific functions 12-14. This would be important for 

functional outcome metrics and toxicology. These aspects are unlikely to sufficiently 

develop in healthy slices over just a few days in culture but can be captured with fibrosis 

induced in vivo.   

4.4.4 PCLS Summary 

PCLS are a promising platform for the future of antifibrotic therapy development. The 

interactions between different cell populations as well as interactions with their 

microenvironment is a crucial part of the response to disease, injury, and treatment. 

Especially in the se ing of fibrosis, cell-matrix biomechanics plays an important 

regulatory role. Other methods that a empt to address this include organoids and 3D co-

culture platforms that mimic parts of the in vivo liver273-275. PCLS is a relatively simple 

technique that directly captures all liver cell populations in their native architecture. 

PCLS also has the benefit of being able to be used with human liver biopsies – enabling 

new compounds to be tested on human tissue and potentially opening the possibility of 

personalized medicine applications. 

Cirrhotic PCLS also offer several advantages over in vivo models. Cirrhosis takes several 

months to develop in mice and rats. With the PCLS model, each cirrhotic animal can 

provide dozens of PCLS which can be divided between many different experimental 

groups. This enables higher throughput testing of new therapies, while also reducing the 

number of required animals. Where appropriate, PCLS also provide the opportunity for 

highly controlled experiments as nearly identical serial slices can be tested under multiple 

conditions. Ultimately PCLS are not a replacement for in vivo testing – given the lack of 

circulating immune cells and inability to identify potential toxicity outside the liver, 
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among other drawbacks – but they enable faster and easier screening of compounds in a 

realistic and meaningful ex vivo platform which can substantially reduce the number of 

animals required for therapeutic development. This model is particularly useful for rapid 

testing of treatments that aim to exert a direct effect on tissue structure.  

4.4.5 Clinical Implications of Histological Findings after 

Shockwave Treatment 

The most commonly used staging systems for clinical liver fibrosis, such as METAVIR 

and Ishak, group all cirrhosis patients into a single category (e.g., in the METAVIR system, 

F0 = no fibrosis, F1 = portal fibrosis without septa, F2 = portal fibrosis with rare septa, F3 

= numerous septa without cirrhosis, F4 = cirrhosis276). However, this does not accurately 

reflect the clinical reality of cirrhosis, which can vary greatly in severity and prognosis. 

To address this, the Laennec system for subclassifying cirrhosis was introduced277. This is 

a qualitative grading system that stratifies cirrhosis into 3 subcategories based primarily 

on septa thickness: 4A = thin septa, 4B = broad septa, 4C = very broad septa or at least half 

of the biopsy is composed of micronodules. Several studies have reported differences in 

clinical metrics and outcomes across these subcategories. Krawczyk et al, 2017 and Kim 

et al 2012 reported liver stiffness measured by transient elastography increases with 

Laennec stage278, 279. Kim et al, 2012 also found greater risk of liver-related events (defined 

as hepatic decompensation, hepatocellular carcinoma, and liver-related death) as 

Laennec stage increased279. Kim et al, 2011 found hepatic venous pressure gradient (a 

quantitative measure of portal hypertension severity) significantly increased with 

Laennec stage: 8.1±2.6mmHg in 4A, 12.4±3.3mmHg in 4B, and 16.3±4.0mmHg in 4C280. 

They also reported increasing severity and extent of varices, and frequency of esophageal 

variceal bleeding. Nagula et al, 2005 looked specifically at the effect of septa thickness 
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and reported a significant correlation between septa thickness and hepatic venous 

pressure gradient281. 

These data point to a correlation between septa thickness and disease severity, rather than 

a causal relationship. The septa will thicken with increasing severity and duration of 

chronic liver injury, which has other effects in the liver (and beyond) besides scar 

accumulation such as vascular remodeling and hepatocyte senescence. This also does not 

address whether reversing stages will lower risk, or if the risk remains once that stage 

has been reached regardless of the current state. However, it is reasonable to believe that 

the scar itself has some contribution to these findings of increased severity with higher 

Laennec stages. Hepatocytes in a stiff environment exhibit suppressed albumin 

production12, downregulation of cytochrome p45013 and HNF4α14 (two markers of 

hepatocyte differentiation and liver-specific function), as well as changes in a range of 

genes associated with normal epithelial function15. Portal hypertension is the result of 

both intrahepatic and extrahepatic vascular changes, though increased intrahepatic 

vascular resistance is the primary cause282. Fibrosis and tissue stiffness are believed to 

directly contribute to the increased resistance by distorting the microvasculature283, 284. 

Activated hepatic stellates cells also increase vascular resistance by contracting around 

sinusoids282. Hepatic stellate cell activation is also influenced by tissue stiffness, due to 

the fibrosis-stiffness mechanotransduction feedback loop285, 286. Taken together, these 

findings suggest reducing septa thickness likely does have some clinical benefit. 

4.4.6 Expression After Shockwave Treatment Suggests Ongoing 

Remodeling Process 

5 of the DEGs correspond to collagen types I (COL1A1, COL1A2), III (COL3A1), and VI 

(COL6A1, COL6A2). There were also several well known genes that have been studied 

extensively in the se ing of fibrosis and tissue remodeling: MMP2 is a key factor in matrix 
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degradation287, LOXL1 regulates matrix crosslinking288, and PDGFRA encodes a receptor 

in the PDGF pathway which is broadly involved in fibrosis and repair289. Two of the DEGs 

were related to integrins (ITGA8, ITGBL1), which are key mediators of cell-matrix 

signaling involved in matrix remodeling290, 291. 20 of the remaining 31 DEGs have also been 

associated with matrix production (AEBP1292, SMOC2293, SERPINE2294, SPARCL1295, 

FBLN5296), matrix degradation (DPEP1297, 298, MRC2299, 300, CDH17301), or matrix remodeling 

more broadly (ADAMTSL2302, 303, CPZ304, TCF21305, OGN306, MGP307, ANXA1308, TGLN309, 310, 

CYGP311, FSTL1312, IGFBP7313, PZP181, BGN314). All of these DEGs were upregulated in the 

treated tissue except for CDH17 and PZP, demonstrating activation of both matrix 

production and degradation processes. Overall, although the RNAseq analysis returned 

a short list of DEGs, there is a clear theme of ongoing matrix remodeling.  

Downregulating expression of collagen genes is a common preclinical metric for anti-

fibrotic drugs for liver fibrosis. The progression of liver fibrosis is driven by activation of 

hepatic stellate cells to a phenotype characterized by high expression of fibrogenic genes, 

such as COL1A1. Studies of innate regression of liver fibrosis have shown that activated 

hepatic stellate cells either undergo apoptosis or downregulate fibrogenic genes to adopt 

a phenotype similar to the quiescent state315.   Therefore, many therapies aim to  exert a 

protective effect and facilitate innate regression by inducing this expression profile316. 

However, collagens are an essential component of normal tissue as well, and their 

expression is necessary for normal tissue remodeling, repair, and morphogenesis. 

Research into the stimulated remodeling of skin scars after structural perturbation, such 

as with the fractional laser, report long-term upregulation of collagen expression after 

treatment56, 57, 83, 84. These expression changes enable the gradual but long-lasting 

remodeling of scars towards a more normal architecture. The results of the RNAseq 

analysis coupled with the observed reduction in septa thickness suggest that shockwave 

treatment stimulates a similar remodeling process. 
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4.4.7 Shockwave Summary & Future Directions 

This data comprises a pilot study demonstrating that shockwave treatment is well 

tolerated and induces a remodeling response that significantly reduces thickness of the 

septa. The primary limitation of this study is the small number of animals, particularly 

with the proposed exclusion of animals based on septa thickness.  Our recommendation 

to AbbVie, the company that developed the RAP device and collaborated with us on this 

study, was that the next step should be to confirm these results with a much larger cohort.  

Multiple treatments could also be investigated to improve efficacy. In this pilot study we 

investigated a single treatment session due to practical considerations. However, 

multiple treatments over time would likely achieve a greater effect. The procedure is non-

invasive and would not require general anesthesia in humans, so it would be 

straightforward to perform the treatment at regular intervals and monitor the patient 

response with liver function panels and elastography.   

The current RAP device would likely need to be altered to be effective as a treatment for 

cirrhosis in humans. The planar wave produced by the device a enuates significantly 

over a relatively short distance in tissue. This is not a major concern with the small size 

of rats, but would need to be addressed to achieve sufficient depth in humans. Changing 

the reflector geometry to focus the shockwave can easily reach any portion of the human 

liver. The redesigned device would involve scanning the shockwave focus throughout 

the liver to cover a sufficient treatment volume.  
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Chapter 5  

 

 

 

Conclusions  

 

5.1 Summary of Findings 

This thesis was centered around the idea that methods of directly perturbing tissue 

structure had been under-explored in the search for a treatment for cirrhosis. Our goal 

was to demonstrate that such approaches are viable and encourage future research to 

consider similar direct approaches capable of exerting a brief but potent impact on tissue 

architecture. 
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In Chapter 2 we discussed microinjury perturbation using the fractional laser, a technique 

that has shown dramatic success for inducing remodeling of skin scars. This approach 

was the least successful treatment of the three described here, but it revealed a novel 

finding about the cirrhotic liver and its susceptibility to injury. We first showed that the 

healthy liver tolerates the treatment well, but microinjuries in the cirrhotic liver devolve 

into enlarged and heterogeneous zones of cell death. Using RNAseq analysis, 

hyperspectral imaging, and tomato lectin perfusion we demonstrated that these 

exacerbated injuries result from disrupted perfusion of the cirrhotic nodule 

microvasculature. This is a novel ischemic susceptibility related to the microvascular 

network architecture and compartmentalization, distinct from the previously described 

susceptibility due to capillarization and hypoperfusion.  

In Chapter 3 we reported that interstitial infusion of purified collagenase clostridium 

histolyticum (CCH) can rapidly achieve significant histological improvements with 

minimal toxicity from the activity of the enzyme. This approach was based on the success 

of direct injection of purified CCH into the dense, highly crosslinked collagenous cord 

that causes Dupuytren’s Contracture. We first described the biodistribution of a 

macromolecule delivered via interstitial infusion in the liver, and used these results to 

design an infusion protocol that covers the entire liver with minimal off-target exposure. 

We then showed that purified CCH reduces collagen proportionate area by 33% while 

metrics of liver injury were maintained at the same level as infusion of saline.  

Finally, in chapter 4 we demonstrated the efficacy of mechanical perturbation from 

shockwave treatment. We showed that the shockwave had no effect on ex vivo tissue 

viability and caused only mild liver enzyme elevations in vivo. We then showed the 

response to the shockwave appeared to have two distinct groups. When the mean septa 

thickness was below 60µm in the paired untreated lobe, the treated lobe had a significant 

decrease in septum thickness and collagen proportionate area. Above this threshold, 
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there was no difference between the treated and untreated lobes. We hypothesized that 

this represented a ceiling for shockwave efficacy, whereby very thick septa were resistant 

to shockwave disruption. As part of this study, we also investigated optimal culture 

methods for cirrhotic precision-cut liver slices, an ex vivo model that maintains resident 

liver cell populations in their in vivo matrix. This model will be an important tool to 

support the future development of therapies aimed at exerting structural changes.  

5.2 Future Directions 

In this thesis we’ve presented several promising candidate treatments for cirrhosis. 

However, there is still much work to be done to translate these findings into a treatment 

that can make a meaningful clinical impact.   

The exacerbated injuries limit the applicability of the current fractional laser tool for 

inducing scar remodeling in cirrhosis. However, alterations to the fractional laser tool 

could help avoid this issue. Femtosecond lasers can create extremely small injuries, 

potentially on the size of a single cell. Such a laser would have limited treatment depth, 

but repetitive pulse stacking with precise targeting may provide sufficient treatment 

volume. A similar effect could be achieved by focusing the laser to a smaller spot size. A 

balance would have to be struck between creating small enough injuries to avoid 

significantly disrupting the microvascular network while still eliciting a sufficiently 

strong response to drive scar remodeling.  

The greatest potential for microinjury perturbation may exist outside of the liver. There 

are numerous fibrotic conditions occurring throughout the body that would not have the 

same limitations we discovered here. For example, a fractional laser tool combined with 

an endoscope may be a promising option for the treatment of gastrointestinal strictures – 

fibrous bands that can progressively contract over time and cause blockages. Another 

potential use case is pulmonary fibrosis. Similar to cirrhosis, transplantation is the only 
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curative treatment option for pulmonary fibrosis. It may be possible to combine a 

fractional laser with a bronchoscope to perform minimally invasive microinjury 

treatment. There is a multitude of fibrotic conditions occurring throughout the body, 

many of which have high morbidity and limited treatment options. The remarkable 

results of microinjury treatment in the skin warrant further investigation for other 

applications.  

For CCH infusion, the next stage of development will be to confirm efficacy in a rat model 

of cirrhosis. The rat model develops thicker and more stable fibrous septa, more similar 

to the disease in humans. Successfully degrading the septa in a rat model would be an 

encouraging sign that CCH can meaningfully improve scarring in the human liver as 

well. Future work will also investigate the hypothesis that the dose is currently limited 

by a shock response. Experiments will be performed to determine changes in 

inflammatory markers of systemic shock and hypoperfusion after varying doses of CCH 

infusion. If this hypothesis is confirmed then higher doses may be feasible, as shock can 

be monitored and mitigated with vasopressors.  

The CCH infusion procedure will also need to be refined to be more practical for clinical 

use. In this work we performed a laparotomy to insert the needle in the liver, but the 

procedure can be made minimally invasive with ultrasound guidance. Reducing the 

invasiveness of the procedure will also support experiments to determine whether 

multiple infusions over time can further improve efficacy. 

For the shockwave, the necessary next step is to confirm our findings in a larger cohort. 

The results we have demonstrated are very promising but limited by the small number 

of animals, particularly with the proposed exclusion based on septa thickness. This was 

our primary recommendation to AbbVie, the company that developed the RAP device 

and collaborated with us on this study. As with CCH infusion, future experiments will 

also determine whether multiple doses over time be used to improve efficacy. 
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The clinical application of shockwave treatment is relatively straightforward. The 

procedure is non-invasive and would not require general anesthesia in humans. 

Treatment could be performed at regular intervals while monitoring the patient response 

with liver function panels and elastography.   

Throughout this work we focused primarily on achieving structural improvements. As 

has been discussed in detail in the preceding chapters, there is reason to believe that 

improving structure will confer significant functional benefits, but this question will need 

to be directly addressed in future work for these treatments to make it to the clinic. 

Great research is being done for the development of antifibrotic drugs that may be 

effective for earlier stages of liver fibrosis. There is the potential for combining a 

pharmaceutical treatment with a direct perturbation approach to yield a synergistic 

effect. For example, drugs aimed at suppressing matrix production and upregulating 

degradation (e.g., PPAR agonists317, 318) may have reduced efficacy against the dense, 

crosslinked fibrous septa in cirrhosis that are resistant to degradation. However, a high 

dose CCH infusion or mechanical disruption of the septa via shockwaves may lower the 

resistance to such a treatment. Similarly, fractional laser treatment could be used to 

facilitate infiltration of engineered macrophages319 into the septa. In this way, a one-time 

or infrequent potent perturbation treatment can synergize with a drug eliciting a more 

subtle but constant effect. It is also likely that there is some synergy between the 

treatments discussed in this work. Given the observed limited effect of shockwave 

treatment against very thick septa, mechanically weakening the scar tissue via CCH 

infusion may raise the ceiling for efficacy. 

5.3 Concluding Remarks 

The fundamental mechanisms of fibrosis are consistent wherever it occurs in the body. A 

treatment that is proven to be capable of inducing remodeling of scar in the skin warrants 
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investigation for other organs, especially when few current treatment options exist. 

Drugs are commonly tested across indications with similar mechanisms, but this has not 

extended to the type of treatments described in this thesis. Overall, the work presented 

here makes a strong case that direct perturbation approaches are viable for cirrhosis, and 

we believe that similar approaches should be investigated for other fibrotic conditions 

throughout the body.  
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Appendix A: Microinjury Perturbation 

Supplement 

 

Appendix Figure A-1: Injury pa ern at 2hrs after fractional laser ablation in the healthy 
liver for various treatment intensities. TUNEL stains DNA damage and shows cells 
directly injured by the laser. Phospho-cJun is an early marker of liver regeneration and 
should be expressed in hepatocytes surrounding an injury. The ideal pa ern would have 
positive phospo-cJun staining bordering every individual microinjury (A,E) Untreated 
tissue has no positive TUNEL staining and homogenous phospho-cJun staining. (B,F) 2 
pulses of 50mJ at 10% density. A few injury sites are isolated (clearly surrounded by 
positive phospho-cJun staining), but most are not, indicating coalescence of the 
microinjuries into a larger injury. (C,G) 2 pulses of 30mJ at 10% density. Most injuries are 
isolated but there is one region where several adjacent microinjuries coalesced into a 
larger injury. (D,H) 2 pulses of 30mJ at 5% density. Reducing the density of injury sites 
created a clear pa ern of isolated microinjuries. 15mJx2, 5% density was then chosen for 
the remaining experiments to be comfortably below this threshold while still maintaining 
the desired minimum treatment depth. (n=3 per group) 
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Appendix Figure A-2: Representative untreated immunofluorescence reference images 
for the healthy and cirrhotic liver. (A) SMA stain of healthy liver. (B) SMA stain of 
cirrhotic liver. (C) HNF4a stain of healthy liver. (D) HNF4a stain of cirrhotic liver. 
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Appendix Figure A-3: Representative NBTC viability stain in the cirrhotic liver (A) 
immediately and (B) 6hrs after fractional laser treatment. Viable cells are stained purple. 
Regions without viable cells are stained pink by the eosin counterstain. (A) Immediately 
after treatment only the few cells directly ablated by the laser are dead. (B) By 6hr, 
enlarged and heterogeneous zones of cell death have developed with few viable cells.
There is a band of viable cells around the edge of the nodule near the septa. (n=3) 
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Appendix Figure A-4: Representative TUNEL stain in the healthy liver (A) 2hr and (B) 
6hrs after fractional laser treatment. Cell death is limited to the region immediately 
surrounding the laser ablation site and there is no change in the injury pa ern from 2 to 
6hrs. (n=3 per timepoint) 
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Appendix Figure A-5: Gene Set Enrichment Analysis (GSEA) of RNAseq results 
comparing healthy and cirrhotic liver at 4hrs after fractional laser ablation. 4 healthy 
and 4 cirrhotic animals were used for this analysis, with a laser-treated and untreated 
control sample taken from each animal. The running enrichment score and adjusted p-
value are shown for selected gene sets related to hypoxia and angiogenesis. (n=4) 
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Appendix Figure A-6: Representative tomato lectin reference stain of untreated 
cirrhotic liver. The inset image is also stained with DAPI. (n=3) 
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Appendix B: Lytic Perturbation Supplement 

 

Appendix Figure B-1: Molecular Weight Analysis for Serial Dilution of Purified CCH. 
The small peak at 230kDa remains relatively consistent across the dilutions, indicating it 
is a loading artifact rather than a component of the CCH. 
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Appendix Figure B-2: Changes in fibrosis in the non-infused (left) lobe 5d after 
interstitial infusion of purified CCH in the cirrhotic liver. Quantification of collagen in 
saline and CCH infused samples. Purified CCH caused a significant decrease in collagen 
proportionate area. (n=4 saline control; n=6 CCH treated) 
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Appendix C: Mechanical Perturbation 

Supplement 

 

 

Appendix Figure C-1: PCR results for RNA isolated with TRIzol protocol or Ziros et 

al. protocol from cirrhotic PCLS after 4 days in culture. (n=3; p-value calculated with t-

test and corrected with the Benjamini-Hochberg procedure; *p<0.05) 
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Time in Culture 
Yield 

(µg/mg tissue) 
A260

280 A260
230 

Fresh Slices 6.3±1.8 2.08±0.02 2.1±0.1 
4d 2.3±0.9* 2.03±0.03* 1.9±0.4 

 

Table C-1: Yield and purity metrics for RNA isolated from fresh cirrhotic PCLS and 
after 4 days in culture. RNA was isolated with the protocol described by Ziros et al. (n=6; 
p-value calculated with t-test, *p<0.05) 
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