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Abstract

Background: Following liver injury, mast cells (MCs) migrate into the liver and are activated in 

cholestatic patients. Inhibition of MC mediators decreases ductular reaction (DR) and liver 

fibrosis. TGF-β1 contributes to fibrosis and promotes liver disease.

Aim: To demonstrate that reintroduction of MCs induces cholestatic injury via TGF-β1.

Methods: Wild-type, KitW-sh (MC-deficient), and Mdr2−/− mice lacking l-histidine 

decarboxylase were injected with vehicle or PKH26-tagged murine MCs pretreated with 0.01% 

DMSO or the TGF-βR inhibitor, LY2109761 (TGF-βRi, 10 μM) three days prior to sac. Hepatic 

damage was assessed by H&E and serum chemistry. Injected MCs were detected in liver, spleen 

and lung by immunofluorescence (IF). DR was measured by CK-19 immunohistochemistry (IHC) 

and F4/80 staining coupled with qPCR for IL-1β, IL-33 and F4/80; biliary senescence evaluated 

by IF or qPCR for p16, p18 and p21. Fibrosis was evaluated by Sirius Red/Fast Green staining and 

IF for SYP-9, desmin and α-SMA. TGF-β1 secretion/expression was measured by EIA and qPCR. 

Angiogenesis was detected by IF for vonWillebrand Factor and VEGF-C qPCR. In vitro, MC 

TGF-β1 expression/secretion were measured after TGF-βRi treatment; conditioned medium was 

collected. Cholangiocytes and hepatic stellate cells (HSCs) were treated with MC conditioned 

medium and biliary proliferation/senescence was measured by MTS and qPCR; HSC activation 

evaluated for α-SMA, SYP-9 and collagen type-1a expression.

Results: MC injection recapitulates cholestatic liver injury characterized by increased DR; 

fibrosis/TGF-β1 secretion; and angiogenesis. Injection of MC-TGF-βRi reversed these parameters. 
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In vitro, MCs induce biliary proliferation/senescence and HSC activation that was reversed with 

MCs lacking TGF-β1.

Conclusion: Our novel study demonstrates that reintroduction of MCs mimics cholestatic liver 

injury and MC-derived TGF-β1 may be a target in chronic cholestatic liver disease.
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Cholestatic liver injury is characterized by ductular reaction which is depicted by increased 

intrahepatic bile duct mass (IBDM), inflammation and biliary senescence (1). A number of 

rodent models are utilized to recapitulate cholestatic liver injury including bile duct ligation 

(BDL), carbon tetrachloride (CCl4) treatment and genetic modifications, such as the multi-

drug resistant mouse model, Mdr2−/−, which mimics features of primary sclerosing 

cholangitis (PSC) (2–5). In Mdr2−/− mice or following BDL or CCl4 treatment, histamine 

(HA) levels increase and there is an upregulation of the hepatic expression of the 

synthesizing enzyme, l-histidine-decarboxylase (HDC) and the H1 and H2 HA receptors 

(HRs) (3, 6–8).

Our previous work has demonstrated that, in various models of cholestatic liver injury, mast 

cells (MCs) increase in number and are found surrounding damaged bile ducts, which likely 

accounts for the significant upregulation of HA serum levels (7, 9, 10). In MC deficient mice 

(KitW-sh), reintroduction of cultured MCs increases ductular reaction and hepatic fibrosis 

thus mimicking cholestatic liver injury (10). Further, we have shown that when MCs are 

stabilized using cromolyn sodium treatment or depleted using a MC deficient mouse model, 

cholestatic liver injury is reversed implicating MCs as drivers of liver disease progression (6, 

8, 10).

Along with increased MC infiltration, cholestatic liver injury is coupled with increased 

serum levels of TGF-β1, which is a master regulator of hepatic fibrosis and is also a 

senescence-associated secretory phenotype (SASP) factor (4). The cellular source of TGF-

β1 during cholestatic liver injury is variable and a number of studies have demonstrated that 

hepatic stellate cells (HSCs) are the prime source for TGF-β1 (11, 12), but studies have also 

shown that cholangiocytes secrete TGF-β1 in response to damage (4). Aside from hepatic 

fibrosis, TGF-β1 has been implicated in regulating biliary senescence and angiogenesis, 

both important features of cholestatic liver injury and ductular reaction (4, 13, 14). There is 

also a role for MCs in TGF-β1 signaling and disease progression. In cardiac fibrosis it was 

found that MCs release TGF-β1 upon activation and contribute to disease pathology and the 

differentiation of cardiac fibroblasts and macrophages, demonstrating the wide array of 

effects induced by MCs (15).

In our previous study, we demonstrated that injection of MCs into KitW-sh mice induced 

hepatic fibrosis and TGF-β1 expression and secretion (10); however, we have not yet 

elucidated the direct effect of modulating TGF-β1 in MCs during cholestatic liver injury. 

The aims of this study were to determine if (i) introduction of MCs into mice recapitulates 

cholestatic liver injury and (ii) MC-induced damage is regulated by MC-TGF-β1 signaling.
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Materials and Methods

Animal Models

Male wild-type C57BL/6J mice (WT) and KitW-sh (MC-deficient, C57BL/6J background) 

mice (10) were obtained from The Jackson Laboratory and colonies generated and 

maintained under approved current IACUC protocols at Indiana University, Indianapolis, IN 

and past protocols at Baylor Scott & White Healthcare, Temple, Texas. We used WT mice, 

which have very few to no resident MCs and KitW-sh mice, which are devoid of MCs and 

display normal morphological liver phenotypes (10). To evaluate if reintroduction of MCs 

induces liver damage, cultured MCs (5×106 cells/0.1 ml sterile 1X PBS) derived from fetal 

mouse liver (MC/9 (ATCC® CRL-8306™)) were tagged with the fluorescent linker, PKH26 

prior to injection via tail vein as described by us (10). Male WT or KitW-sh mice (~10–12 

weeks of age) were injected with either cultured MCs or 0.1ml sterile 1X PBS (control) 

three days prior to euthanasia. To demonstrate that MC-derived TGF-β1 regulates liver 

damage, cultured MCs were treated with the specific TGF-β1 receptor inhibitor, LY2109761 

(TGF-βRi, 10μM) (4), for up to 48 hrs prior to injection into KitW-sh mice. MCs were 

evaluated for TGF-β1 expression and secretion following treatment with the TGF-βRi prior 

to injection to confirm knockdown of TGF-β1.

To evaluate our findings in an established cholestatic mouse model, we used male (12 wk of 

age) FVB/NJ (WT), Mdr2−/− mice and a genetically modified double knockout mouse 

(DKO) generated by breeding Mdr2−/− mice with l-histidine-decarboxylase knockout mice 

(HDC−/−). We have recently demonstrated that DKO mice have decreased biliary damage, 

inflammation and hepatic fibrosis (16). In our current study, DKO mice were subjected to 

MC injections (control or lacking TGF-β1, as described above) prior to euthanasia.

Liver Damage

In treated mice, liver damage was assessed by standard H&E staining (in paraffin-embedded 

liver sections, 4–5 μm thick) along with serum chemistry for ALT, AST and ALP using 

IDEXX Catalyst One Chemistry Analyzer (IDEXX, Westbrook, ME) (17). H&E images 

were evaluated by a board-certified pathologist and were examined for lobular damage, 

necrosis, and inflammation.

Ductular Reaction, Biliary Proliferation/Damage and Inflammation

Cholestatic liver damage is characterized by increased ductular reaction and inflammation 

(1, 5); to demonstrate that the introduction of MCs into WT or KitW-sh mice (devoid of 

ductular reaction and inflammation (10)) recapitulates this damage, we performed CK-19 (to 

mark bile ducts) and F4/80 (Kupffer cell marker) immunohistochemistry in all groups of 

mice, and used a light microscope and VisioPharm® software to perform semi-

quantification of staining (5, 7). Gene expression of inflammatory markers, interleukin 

(IL)-1β, IL-33 and F4/80 were determined by qPCR in total liver mRNA.

Hepatic Fibrosis and Hepatic Stellate Cell Activation

Another hallmark feature of cholestatic liver damage is exacerbated hepatic fibrosis coupled 

with activation of hepatic stellate cells (HSCs) (17–19); therefore, we evaluated this in all 
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groups of mice by Sirius Red/Fast Green staining and semi-quantified using a light 

microscope and ImageJ software. To evaluate HSC activation, we performed 

immunofluorescence (co-stained with CK-19) for desmin, synaptophysin-9 (SYP-9) or α-

SMA in frozen sections from all groups of mice. The gene expression of collagen type-1a 

and fibronectin-1 (FN-1) was determined in total liver by qPCR (6, 18).

TGF-β1 expression and serum levels are increased in models of cholestatic liver injury, 

including Mdr2−/− mice and following BDL, and are indicative of hepatic fibrosis (4, 7, 10). 

Our work has demonstrated that MCs may influence TGF-β1 levels (6, 16); therefore, we 

measured the mRNA expression of TGF-β1 in total liver from all groups of mice, as well as 

serum TGF-β1 levels by EIA. Biliary expression of TGF-β1 and TGF-β 1R was detected in 

WT, Mdr2−/−, DKO and DKO mice injected with MCs (control and lacking TGF-β1) by 

immunohistochemistry.

Biliary Senescence and Angiogenesis

Recent studies have focused on the role of biliary senescence during cholestatic liver injury, 

and a number of groups have demonstrated that, during PSC, there is increased biliary 

senescence, both in animal models and human disease (13, 14, 17). Biliary senescence was 

evaluated in WT, Mdr2−/−, DKO and DKO mice injected with MCs (control and lacking 

TGF-β1) by immunofluorescence for p16 and p18 (co-stained with CK-19) and by qPCR for 

p18 and p21 in total liver.

The role of angiogenesis during cholestatic liver injury has not been fully evaluated and it is 

not clear if TGF-β1 regulates angiogenesis; however, a number of studies have demonstrated 

that there is an increase in angiogenic activity during PSC and it has been shown that VEGF-

A and VEGF-C expression increases following BDL and in Mdr2−/− mice (6, 7, 10). We 

have demonstrated that MCs regulate angiogenesis in PSC and cholangiocarcinoma (7); 

therefore, we measured these parameters in WT and KitW-sh mice injected with MCs. Liver 

sections were stained for vonWillebrand Factor (vWF, co-stained with CK-19) and qPCR 

was used to measure gene expression of VEGF-C (7).

In Vitro Studies

To demonstrate a direct interaction between MC-derived TGF-β1 and cholangiocyte 

proliferation and senescence, we performed in vitro studies using mouse MCs (described 

above) and cholangiocytes (SV-40 immortalized cholangiocyte line (2, 10)). In addition, 

human HSCs (hHSCs, LX-2, ScienCell, Carlsbad, CA) (13) were used to evaluate activation 

and fibrotic markers. MCs (serum starved for 24 hrs) were treated with 0.01% DMSO 

(vehicle) or the TGF-βRi (10μM) for up to 48 hours and pellets and conditioned medium 

were collected. Cholangiocytes (serum starved for 24 hrs) were stimulated with pretreated 

MCs (vehicle and TGF-βRi) and proliferation was determined by MTS assay and 

senescence by qPCR for p16 and p18. hHSCs (serum starved for 24 hrs) were similarly 

treated with MC conditioned medium and we measured α-SMA and SYP-9 by 

immunofluorescence in cell smears (co-stained with DAPI) and collagen type-1a and SYP-9 

by qPCR.
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Statistical Analysis

All data is expressed as mean ± SEM. Groups were analyzed by the Student unpaired t-test 

when two groups are analyzed or a two-way ANOVA when more than two groups are 

analyzed, followed by an appropriate post hoc test. p<0.05 was considered significant.

Results

Validation of MC-TGF-β1 Levels and MC Injection/Migration

Prior to injection of MCs into WT or KitW-sh mice, we evaluated the level of TGF-β1 

expression and secretion in our MC line. We found that MCs express and secrete TGF-β1, 

both of which are decreased when MCs are treated with the TGF-βRi (Figure 1A – 1B). 

Next, we assessed MC migration after tail vein injection in both WT and KitW-sh mice using 

immunofluorescence in liver, spleen and lung sections. We found that PKH26 labeled MCs 

(marked by white arrows) migrate to the liver and reside near bile ducts (stained with 

CK-19) (Figure 1C). No tagged MCs were identified in the spleen or lung in WT or KitW-sh 

mice (Figure 1D). DKO mice injected with MCs (treated with or without the TGF-βRi) also 

resulted in migration to the liver (Figure 1E), but not spleen or lung (data not shown).

MCs Induce Liver Damage that is Ameliorated when MC-TGF-β1 is Inhibited

The introduction of MCs into WT and KitW-sh mice induced lobular damage, necrosis and 

inflammation as shown by H&E (Figure 2A). Specifically, MC injection induced chronic 

inflammation around the periportal area (marked by black arrows and higher magnification 

images) and scattered necrotic hepatocytes were visualized. When KitW-sh mice were 

injected with MCs lacking TGF-β1 signaling, liver damage was not noted (Figure 2A). 

Further, ALT levels (indicative of hepatocyte damage) increased in WT mice injected with 

MCs compared to controls; however, similar to our previous work (10), injection of MCs 

into KitW-sh mice did not alter ALT levels; injection of MC-TGF-β1 did not alter ALT levels 

in KitW-sh mice (Figure 2B). ALP levels (indicative of biliary damage) were increased in 

both WT and KitW-sh mice injected with MCs and when KitW-sh mice were injected with 

MCs lacking TGF-β1, ALP levels decreased (Figure 2C). These results demonstrate that (i) 

injection of MCs can induce liver damage, specifically targeting cholangiocytes (but not 

hepatocytes), that is typical of cholestatic liver injury and (ii) MC-TGF-β1 is a key regulator 

of cholangiocyte damage.

Ductular Reaction and Inflammation Increase Following MC Injection Via MC-TGF-β1

Similar to cholestatic liver injury found in Mdr2−/− mice or after BDL (1), we found that 

ductular reaction and inflammation increase in mice injected with MCs. Specifically, by 

CK-19 immunohistochemistry and semi-quantification, there is a significant increase in 

intrahepatic bile duct mass (IBDM) in both WT and KitW-sh mice injected with MCs 

compared to controls. Further, IBDM was significantly decreased in KitW-sh mice injected 

with MCs lacking TGF-β1 (Figure 3). The number of F4/80-positive Kupffer cells increased 

following MC injection in both WT and KitW-sh mice compared to controls; KitW-sh mice 

injected with MC-TGF-β1 had a reduced number of inflammatory Kupffer cells 

(Supplemental Figure 1A). The mRNA expression of IL-1β, IL-33 and F4/80 increased in 
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total liver samples from WT and KitW-sh mice injected with MCs compared to controls, but 

when KitW-sh mice were injected with MCs lacking TGF-β1 these markers decreased 

(Supplemental Figure 1B). Our data show that MCs alone can drive biliary damage and 

inflammation in normal mice via MC-specific TGF-β1 signaling.

Hepatic Fibrosis and HSC Activation/TGF-β1 Signaling Increases Following MC Injection

Mdr2−/− mice and mice subjected to BDL display aggravated hepatic fibrosis, whereas WT 

and KitW-sh mice have little to no collagen deposition (6, 7). In both WT and KitW-sh mice 

injected with MCs there was a gross accumulation of collagen surround the portal area, 

which is indicative of cholestatic liver injury as shown by Sirius Red/Fast Green staining and 

semi-quantification (Figure 4A–4B). Further, the gene expression of collagen type-1a and 

FN-1 followed a similar trend (Figure 4C) demonstrating that MC-derived TGF-β1 regulates 

hepatic fibrosis.

SYP-9 and desmin protein expression was upregulated following MC injection in both WT 

and KitW-sh mice injected with MCs compared to controls demonstrating an activation of 

HSCs (Figure 5A–5B). When KitW-sh mice were injected with MC-TGF-β1 (to block MC 

TGF-β1 signaling), both hepatic fibrosis and HSC activation were decreased (Figures 4 and 

5). Finally, staining for α-SMA demonstrated a similar trend showing that MC injection 

increased HSC activation that was reduced when mice were injected with MCs lacking TGF-

β1 (Supplemental Figure 2A).

TGF-β1 expression and serum levels increase in WT and KitW-sh mice injected with MCs as 

shown by qPCR and EIA (Figure 6A – 6B). When KitW-sh mice were injected with MCs 

lacking TGF-β1, there was decreased TGF-β1 expression and secretion (Figure 6A – 6B). 

Taken together, these data suggest that injection of MCs into normal mice induces a 

cholestatic liver injury phenotype, which can be regulated by modulation of MC-TGF-β1.

Liver Angiogenesis is Exacerbated in WT and KitW-sh Mice Injected with MCs

By immunofluorescence and qPCR, when WT or KitW-sh mice were injected with MCs, 

there was an increase in vWF protein expression (Supplemental Figure 3A) and VEGF-C 

gene expression (Supplemental Figure 3B), markers that are indicative of increased 

angiogenesis. This also supports previous work demonstrating that MCs regulate 

angiogenesis and vascular regrowth during liver injury. Again, when KitW-sh mice were 

injected with MCs lacking TGF-β1, angiogenic markers decreased demonstrating a link 

between TGF-β1 and angiogenesis via MC interaction (Supplemental Figure 3A–3B).

Injection of MCs into DKO Mice Increased Liver Damage, IBDM, Inflammation, Biliary 
Senescence and Hepatic Fibrosis via MC-TGF-β1

Similar to our recently published study in DKO mice, we found that liver damage 

(Supplemental Figure 4A – 4B), IBDM and inflammation (Figure 7A – 7B), and biliary 

senescence (Supplemental Figure 5A–5C) were reduced in DKO mice compared to Mdr2−/− 

mice. Further, hepatic fibrosis and HSC activation (Figure 8A – 8C and Supplemental Figure 

2B) are decreased in DKO mice compared to Mdr2−/− mice. When DKO mice are injected 

with control MCs, all of these parameters increased; however, when MCs are pretreated with 
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the TGF-βRi and injected into DKO mice, liver damage, IBDM and inflammation, biliary 

senescence and hepatic fibrosis are all ameliorated.

By immunohistochemistry, we found that biliary TGF-β1 and TGF-β1R expression 

increases in Mdr2−/− mice compared to WT that is depleted in DKO mice (Supplemental 

Figure 6A – 6B). When DKO mice are injected with control MCs, biliary TGF-β1/TGF-β1R 

expression is upregulated and in DKO mice injected with MCs lacking, expression decreases 

(Supplemental Figure 6A – 6B). Serum levels of TGF-β1 followed a similar trend and were 

upregulated in Mdr2−/− mice and in DKO mice injected with control MCs compared to WT; 

however, injection with MCs lacking TGF-β1 decreased the level of TGF-β1 in DKO mice 

(Supplemental Figure 6C). This data further confirms the role of MC-TGF-β1 during 

cholestatic liver injury.

Inhibition of MC-TGF-β1 Decreases Biliary Proliferation and HSC Activation, In Vitro

There was increased biliary proliferation shown by MTS (Supplemental Figure 7A) and 

senescence shown by qPCR (Supplemental Figure 7B) following treatment with MC control 

conditioned medium compared to no treatment; however, when MCs were pretreated with 

the TGF-βRi and placed on cholangiocytes, proliferation and senescence decreased 

(Supplemental Figure 7A – 7B). Similarly, HSC activation increased following treatment 

with MC control conditioned medium that was decreased when MCs were pretreated with 

the TGF-βRi as shown by immunofluorescence (Supplemental Figure 8A) and qPCR assay 

(Supplemental Figure 8B).

Discussion

In our current study we demonstrate that reintroduction of MCs into mice that have either a 

normal hepatic phenotype or are devoid of MCs induces cholestatic-like liver injury 

characterized by ductular reaction, inflammation, biliary senescence and hepatic fibrosis. 

Our study further reveals that MC-derived TGF-β1 is a potent driver of this phenotype and 

may be a target for cholestatic liver disease therapy. Additionally, we found that MC 

injection targets biliary injury, but does not promote hepatocyte damage thus demonstrating 

a preference for MC-cholangiocyte interaction, which is supported by our previous work that 

shows infiltrating MCs reside near damaged human and mouse bile ducts and contribute to 

increased cholestatic liver damage (2, 6, 7, 10).

There are a number of cholestatic liver injury models that are currently used to study the 

progression of disease including the Mdr2−/− mouse model of PSC and BDL, an obstructive 

cholestasis model (16, 20, 21). Our novel findings demonstrate that a single tail vein 

injection of cultured MCs into mice that have a normal liver phenotype induces a 

recapitulation of hepatic damage similar to that of established cholestatic models. Our study 

also pinpoints MCs as a critical component of hepatic injury exacerbation. In a model of 

hepatotoxicity induced from a chemotherapy drug, cyclophosphamide, stabilization of MCs 

using ketotifen ameliorated liver damage by lowering serum enzymes, reducing 

inflammation and inhibiting oxidative stress (22), thereby supporting our studies that MCs 

contribute to the pathophysiology of liver damage. In human non-alcoholic steatohepatitis 

(NASH), MC number was found to be correlated to the degree of liver damage and fibrosis 
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in patients (23). The authors found an increase in MC number as the stage of fibrosis 

worsened, which is indicative of the detrimental role that MCs play during disease. Aside 

from cholestatic liver injury, during NAFLD TGF-β1 promotes liver fibrosis via IL-13 and 

levels of circulating TGF-β1 are also increased in NAFLD and NASH patients (24, 25).

To support our findings that reintroduction of MCs into mice results in alterations of tissue 

or organ homeostasis, a study evaluating the role of MCs during irritable bowel syndrome 

(IBS) found that MC-deficient (W/WV) mice given injections of MCs derived from wild-

type or Ptgs2Y385F mice had exacerbated visceral hypersensitivity that was absent in mice 

lacking MCs (26). In addition, the authors found that patients with IBS had COX2 positive 

MCs within their colonic mucosa (26) further supporting that MCs are implicated in tissue 

damage and disease phenotype. In contrast to this study, another group demonstrated that 

reintroduction of bone marrow-derived MCs into KitW-sh mice crossed with IL-10−/− mice 

resulted in amelioration of intestinal colitis and intestinal barrier injury suggesting an 

alternative role for MCs during IBS (27). Our current study found that a single injection of 

MCs drastically exacerbates ductular reaction including increasing IBDM and biliary 

senescence, in WT, KitW-sh and DKO mice, which was reversed when MC-TGF-β1 was 

inhibited.

We have looked extensively at the role of MC-derived histamine and have used a number of 

models and targets to demonstrate the importance of this mediator during liver disease and 

damage. In our study we focused on the growth factor, TGF-β1 since this factor has 

repeatedly been shown to contribute to biliary damage and hepatic fibrosis (4, 7, 14, 16). 

MCs are known to have both preformed mediators (like histamine) and other growth factors 

within their granules. In addition, MCs express a wide array of receptors and ligands on their 

surface which, upon stimulation, can be activated to release mediators into the tissue 

microenvironment (28, 29). A recent study from our group demonstrated that histamine 

interacts with TGF-β1 via H1HR to contribute to inflammation and liver damage (16). Our 

study shows that MCs express and secrete TGF-β1 and when MC-TGF-β1 is blocked prior 

to injection into mice, there is a reversal of biliary damage, inflammation and hepatic 

fibrosis. In support of this, it has been found that MCs treated with TGF-β1 release an 

increased amount of pro-inflammatory cytokines and IL-13 (30). Another study found that 

inhibition of mouse MC protease-4 (MC protease implicated in cardiovascular disease) 

decreased TGF-β1 expression and downstream Smad signaling (31) and it was demonstrated 

that MC chymase induces hypertrophic scarring of skin and fibrosis via TGF-β1 signaling 

pathways (32). In this latter study, the authors found that both type I and type II collagen 

synthesis increased with chymase treatment and this was coupled with enhanced TGF-β1/

Smad phosphorylation. Since, during cholestatic liver damage, the level of TGF-β1 is 

elevated, there is a possibility that increased TGF-β1 (secreted from both cholangiocytes and 

HSCs) may activate MCs, thus promoting damage. Our hypothesis is that MCs also 

contribute to increased TGF-β1 levels and blocking this growth factor ameliorates MC-

induced liver damage.

While targeting MC activation has been extensively studied during allergic and asthmatic 

related diseases (33), the potential for targeting MCs has been evaluated in other chronic 

human disease models (34). Aside from our studies demonstrating that MC stabilization 
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decreases cholestatic liver injury (6, 8), other work has identified targets such as stem cell 

factor (SCF) as described in a study focused on pulmonary remodeling. Here the authors 

found that inhibition of SCF using anti-SCF248 significantly reduced fibrosis associated 

with lung remodeling and there was a reported downregulation of c-Kit positive MCs found 

in treated mice (35). These studies are also supported by a recent study from our group 

demonstrating that blocking SCF decreases infiltrated MC number, hepatic fibrosis and 

inflammation in Mdr2−/− mice again showing the critical role of MCs during disease 

progression (17). Further, in patients with biliary atresia (BA), there is increased MC number 

that had elevated levels of ST-2 receptor coupled with increased IL-13 levels, which 

positively correlated to patients with a worse prognosis (36).

TGF-β1 has been repeatedly found to play a role in driving liver fibrosis in a number of 

models and it has been demonstrated by Wu, et al. that both TGF-β1 and TGF-β1R are 

upregulated in patients with PSC (4), thus marking this growth factor as a detrimental 

regulator of disease progression. The level of circulating TGF-β1 is upregulated in a number 

of models, including Mdr2−/− mice and following BDL, and the prime source of TGF-β1 

during fibrosis has been assumed and demonstrated to be HSCs (37); however, more studies 

are also implicating cholangiocytes and other residential liver cells. The level of TGF-β1 

held inside MCs is difficult to ascertain since MCs are immature during migration and do 

not fully mature and activate until they have reached their destination (28). Further, many of 

the mediators released by MCs are regulated by the proteases contained within granules, 

including chymase and/or tryptase. A study found that peritoneal MCs from rats synthesize 

and store copious amounts of TGF-β1 that was released when MCs were activated with a 

single injection of compound 48/80 (MC activator). The increase in TGF-β1 was also 

associated with increased chymase 1 expression, thus implicating this protease in the 

regulation of TGF-β1 (38). In our study, cultured MCs were stimulated with T-STIM prior to 

introduction into mice and we have also found that the addition of cultured MCs conditioned 

medium to either cholangiocytes or HSCs causes an upregulation of TGF-β1 expression and 

secretion, thus suggesting that MCs are an additional source of TGF-β1.

In conclusion, we demonstrate the novel findings that introduction of MCs into 

phenotypically normal mice induces biliary damage/senescence, ductular reaction, 

inflammation, angiogenesis and hepatic fibrosis which are all indicative of cholestatic liver 

injury. Our results further demonstrate that MC-derived TGF-β1 is a critical regulator of 

hepatobiliary damage and blocking this growth factor ameliorated all features of cholestatic 

liver injury. While we recognize that our study is descriptive by nature, future studies are 

currently being performed to understand the signaling mechanisms that coordinate MC-

derived TGF-β1-induced ductular reaction including evaluating the role of IL-13 during liver 

inflammation and fibrosis since this interleukin has been implicated in other diseases; 

however, our findings reveal a significant role for MC TGF-β1 during liver injury that 

should be fully evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ALP alkaline phosphatase

ALT alanine aminotransferase

AST aspartate aminotransferase

α-SMA alpha smooth muscle actin

BDL bile duct ligation

CCl4 carbon tetrachloride

CK-19 cytokeratin 19

c-kit KIT proto-oncogene receptor tyrosine kinase

DKO double knockout

EIA enzyme immunoassay

H&E hematoxylin and eosin

HSC hepatic stellate cell

hHSC human hepatic stellate cell

IBDM intrahepatic bile duct mass

IL-1β interleukin 1 beta

IL-33 interleukin 33

KitW-sh mast cell deficient mice

MC mast cell

Mdr2−/− multidrug resistance transporter 2/ ABC transporter B family 

member 2 knock out

p16 cyclin-dependent kinase inhibitor 2A

p18 Cyclin-dependent kinase 4 inhibitor C
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PSC primary sclerosing cholangitis

qPCR quantitative PCR

SCF stem cell factor

SYP-9 synaptophysin 9

TGF-β1 transforming growth factor beta 1

TGF-βRi TGF-β1 receptor inhibitor

TVI tail vein injection

VEGF-C vascular endothelial growth factor C

vWF vonWillebrand Factor

WT wild type
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Figure 1. 
Model verification. Prior to injection of MCs into WT or KitW-sh mice, we found that MCs 

express and secrete TGF-β1, both of which are decreased when MCs are treated with the 

TGF-βRi as shown by qPCR and EIA, respectively (A – B). MC migration was evaluated 

after tail vein injection in both WT and KitW-sh mice using immunofluorescence in liver, 

spleen and lung sections. PKH26 labeled MCs (marked with white arrows) migrate to the 

liver and reside near bile ducts (stained with CK-19) (C). No tagged MCs were identified in 

the lung or spleen in WT or KitW-sh mice (D). DKO mice injected with MCs (treated with or 

without the TGF-βRi) also resulted in migration to the liver (E). White arrows mark PKH26 

positive MCs. Data are mean ± SEM of 9 experiments for qPCR and 12 for EIA. *p<0.05 

vs. 0.01% DMSO-treated MCs. Images are 20x.
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Figure 2. 
Hepatic damage was evaluated by H&E staining and serum chemistry. The introduction of 

MCs into WT and KitW-sh mice induced lobular damage, necrosis and inflammation as 

shown by H&E (marked by black arrows) and when KitW-sh mice were injected with MCs 

lacking TGF-β1 signaling, liver damage was ameliorated (A). ALT levels (indicative of 

hepatocyte damage) increased in WT mice injected with MCs compared to controls; 

however, injection of MCs into KitW-sh mice did not alter ALT levels and injection of MC-

TGF-β1 did not alter ALT levels in KitW-sh mice (B). ALP levels (indicative of biliary 

damage) were increased in both WT and KitW-sh mice injected with MCs and when KitW-sh 

mice were injected with MCs lacking TGF-β1, ALP levels decreased (C). Data are mean ± 

SEM of 6 experiments for ALT and ALP levels. *p<0.05 vs. WT mice; #p<0.05 vs. KitW-sh 

mice; or @p<0.05 vs. KitW-sh mice injected with MCs. Images are 10x, inset boxes 60x.
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Figure 3. 
Evaluation of Intrahepatic Bile Duct Mass (IBDM). Biliary mass was measured by CK-19 

immunohistochemistry and semi-quantification. There was a significant increase in IBDM in 

both WT and KitW-sh mice injected with MCs compared to controls (no changes were found 

between control groups). IBDM was significantly decreased in KitW-sh mice injected with 

MCs lacking TGF-β1. Red arrows indicate bile ducts. Data are mean ± SEM of 10 

experiments from 4–6 different mice. *p<0.05 vs. WT mice; #p<0.05 vs. KitW-sh mice; or 

@p<0.05 vs. KitW-sh mice injected with MCs. Images are 40x.
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Figure 4. 
Hepatic Fibrosis Evaluation. In both WT and KitW-sh mice injected with MCs, there was a 

gross accumulation of collagen surround the portal area, which is indicative of cholestatic 

liver injury as shown by (A) Sirius Red/Fast Green staining and (B) semi-quantification. (A–
B) When KitW-sh mice were injected with MCs lacking TGF-β1, collagen deposition was 

significantly reduced. By qPCR, gene expression of collagen type-1a and FN-1 increase in 

both WT and KitW-sh injected with MCs that was reduced when mice were injected with 

MCs lacking TGF-β1 (C). Data are mean ± SEM of 10 experiments from 4–6 different mice 

for staining and 12 experiments for qPCR. *p<0.05 vs. WT mice; #p<0.05 vs. KitW-sh mice; 

or @p<0.05 vs. KitW-sh mice injected with MCs. Images are 20x.
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Figure 5. 
HSC Activation. (A) SYP-9 and (B) desmin protein expression shown by 

immunofluorescence (co-stained with CK-19) was upregulated following MC injection in 

both WT and KitW-sh mice compared to controls demonstrating an activation of HSCs. 

When KitW-sh mice were injected with MC-TGF-βRi (to block MC TGF-β1 signaling), HSC 

activation decreased. Images are 40x and 20x, respectively.
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Figure 6. 
TGF-β1 Signaling. (A) TGF-β1 expression and (B) serum levels increase in WT and KitW-sh 

mice injected with MCs as shown by qPCR and EIA, respectively. (A-B) When KitW-sh mice 

injected were injected with MCs lacking TGF-β1, there was decreased TGF-β1 expression 

and secretion. Data are mean ± SEM of 6 experiments for qPCR and 12 experiments for 

EIA.*p<0.05 vs. WT mice; #p<0.05 vs. KitW-sh mice; or @p<0.05 vs. KitW-sh mice injected 

with MCs.
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Figure 7. 
Evaluation of IBDM and Inflammation in DKO Mice. Biliary mass was measured by CK-19 

immunohistochemistry and semi-quantification (A). In Mdr2−/− mice, IBDM significantly 

increased that was downregulated in DKO mice. Further, IBDM increased in DKO mice 

injected with MCs compared to controls. IBDM was significantly decreased in DKO mice 

injected with MCs lacking TGF-β1. Red arrows indicate bile ducts. By F4/80 staining, the 

number of Kupffer cells increase in Mdr2−/− mice compared to WT that are significantly 

downregulated in DKO mice. When DKO mice are injected with MCs, Kupffer cell number 

increases, which is decreased when DKO mice are injected with MCs lacking TGF-β1 (B). 

Data are mean ± SEM of 10 experiments from 6–8 different mice. *p<0.05 vs. WT mice; 

#p<0.05 vs. Mdr2−/− mice; @p<0.05 vs. DKO mice and &p<0.05 vs. DKO mice injected 

with MCs. Images are 40x.
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Figure 8. 
Hepatic Fibrosis and HSC Activation in DKO Mice. In DKO mice, collagen deposition is 

decreased compared to Mdr2−/− mice shown by (A) Sirius Red/Fast Green and (B) semi-

quantification (A–B). When DKO mice are injected with MCs, there was an accumulation of 

collagen surrounding the portal area that is significantly reduced in DKO mice injected with 

MCs lacking TGF-β1. Similarly, by immunofluorescent staining, there is a downregulation 

of desmin positive HSCs in DKO mice compared to Mdr2−/− mice and when DKO mice are 

injected with MCs, desmin staining is intensified (C). DKO mice injected with MCs lacking 

TGF-β1 have lower levels of desmin positive staining. Data are mean ± SEM of 10 

experiments from 4–6 different mice. *p<0.05 vs. WT mice; #p<0.05 vs. Mdr2−/− mice; 

@p<0.05 vs. DKO mice and &p<0.05 vs. DKO mice injected with MCs. Images are 40x.
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