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BACKGROUND AND AIMS: Nonalcoholic fatty liver disease (NAFLD) is simple steatosis 

but can develop into nonalcoholic steatohepatitis (NASH), characterized by liver inflammation, 

fibrosis, and microvesicular steatosis. Mast cells (MCs) infiltrate the liver during cholestasis and 

promote ductular reaction (DR), biliary senescence, and liver fibrosis. We aimed to determine the 

effects of MC depletion during NAFLD/NASH.

APPROACH AND RESULTS: Wild-type (WT) and KitW-sh (MC-deficient) mice were fed 

a control diet (CD) or a Western diet (WD) for 16 weeks; select WT and KitW-sh WD mice 

received tail vein injections of MCs 2 times per week for 2 weeks prior to sacrifice. Human 

samples were collected from normal, NAFLD, or NASH mice. Cholangiocytes from WT WD 

mice and human NASH have increased insulin-like growth factor 1 expression that promotes MC 

migration/activation. Enhanced MC presence was noted in WT WD mice and human NASH, along 

with increased DR. WT WD mice had significantly increased steatosis, DR/biliary senescence, 

inflammation, liver fibrosis, and angiogenesis compared to WT CD mice, which was significantly 

reduced in KitW-sh WD mice. Loss of MCs prominently reduced microvesicular steatosis in zone 

1 hepatocytes. MC injection promoted WD-induced biliary and liver damage and specifically 

up-regulated microvesicular steatosis in zone 1 hepatocytes. Aldehyde dehydrogenase 1 family, 

member A3 (ALDH1A3) expression is reduced in WT WD mice and human NASH but increased 

in KitW-sh WD mice. MicroRNA 144-3 prime (miR-144-3p) expression was increased in WT WD 

mice and human NASH but reduced in KitW-sh WD mice and was found to target ALDH1A3.

CONCLUSIONS: MCs promote WD-induced biliary and liver damage and may promote 

microvesicular steatosis development during NAFLD progression to NASH through miR-144-3p/

ALDH1A3 signaling. Inhibition of MC activation may be a therapeutic option for NAFLD/NASH 

treatment. (HEPATOLOGY 2021;74:164–182).

Nonalcoholic fatty liver disease (NAFLD) can develop into nonalcoholic steatohepatitis 

(NASH).(1) High mortality rates are seen in patients with NAFLD, and NASH is the third 

most common indication for liver transplantation in the United States.(2,3) During NAFLD, 

macrovesicular steatosis is characterized as hepatocytes with a single, large vacuole of 

fat that displaces the nucleus and is considered benign.(4) Microvesicular steatosis, in 

NASH, is described as hepatocytes with numerous, small lipid vesicles that do not displace 

the nucleus, entailing a more severe prognosis.(4,5) Ductular reaction (DR) and biliary 

senescence are found in patients with NASH, and DR positively correlates with liver fibrosis 

during NASH.(6,7)

Mast cells (MCs) are key mediators of allergies and inflammation.(8) MC number increases 

in cholangiopathies, such as primary sclerosing cholangitis (PSC) and cholangiocarcinoma 

(CCA), and in the bile duct–ligated (BDL) and multidrug resistance 2-knockout (Mdr2−/−) 

mouse models of cholestasis.(9–11) We have demonstrated that (1) MCs reside near injured 

ducts, (2) MC infiltration is preceded by cholangiocyte proliferation following BDL,(10–12) 

and (3) inhibition or genetic loss of MCs reduces DR, biliary senescence, and liver fibrosis 

in BDL and Mdr2−/− mice.(9,10) Serum histamine (released by activated MCs) levels 

increase in patients with NAFLD or NASH(6); however, the direct role of MCs is unknown.

MicroRNAs (miRNAs) are dysregulated during NAFLD and can be diagnostic or prognostic 

markers during disease progression.(13) Hepatic miRNA 144-3 prime (miR-144-3p) 

Kennedy et al. Page 2

Hepatology. Author manuscript; available in PMC 2022 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression increases in patients with NASH(13); however, another group has found that 

miR-144-3p is reduced in Kupffer cells (KCs) from rats fed a high-fat diet (HFD).(13) The 

direct role of miR-144-3p during NAFLD/NASH is controversial.

Aldehyde dehydrogenase 1 family, member A3 (ALDH1A3) detoxifies aldehydes generated 

by lipid peroxidation.(14) Lipid peroxidation occurs when oxidants attack lipids containing 

carbon–carbon double bonds, leading to production of malondialdehyde (MDA).(15) Hepatic 

ALDH1A3 expression is reduced in human NAFLD and NASH,(16) and enhanced lipid 

peroxidation correlates with hepatic steatosis and liver fibrosis in NASH.(17) Additionally, 

lipid peroxidation increases microvesicular steatosis, which is accompanied by reduced 

β-oxidation.(18,19)

We evaluated the role of MCs in the progression of steatosis, DR, biliary senescence, 

inflammation, liver fibrosis, and angiogenesis in a mouse model of NAFLD using a Western 

diet (WD; high-fat, trans-fat with high cholesterol and high-fructose corn syrup equivalent) 

feeding model. Our data indicate a role for MCs in the induction of WD-induced phenotypes 

including microvesicular steatosis through miR-144-3p/ALDH1A3 signaling.

Materials and Methods

MATERIALS

Total RNA was isolated from liver tissues, selected cell lines, and isolated cholangiocytes 

and hepatocytes using TRI Reagent. miRNA was isolated from liver tissues and isolated 

hepatocytes using the mirVana miRNA Isolation Kit (Ambion, Mountain View, CA). mRNA 

was reverse-transcribed with the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). 

Primers were purchased from Qiagen (Valencia, CA) and are described in Supporting Table 

S1. Quantitative PCR was performed using the RT2 SYBR Green/ROX quantitative PCR 

master mix for the Applied Biosystems ViiA7 quantitative PCR system (Life Technologies, 

Carlsbad, CA). For mouse and human staining, formalin-fixed, paraffin-embedded samples 

were sectioned at 4–6 μm; optimal cutting temperature–embedded sections were sectioned 

at 6–8 μm; at least 10 fields were analyzed. Antibodies are described in Supporting Table 

S2. All other reagents, chemicals, and cell culture details are provided in the Supporting 

Information.

ANIMAL MODELS

Animal procedures were performed according to protocols approved by the Baylor Scott & 

White Health and Indiana University School of Medicine (IUSM) institutional animal care 

and use committees. MC-deficient mice (B6.Cg-KitW-sh/HNihrJaeBsmJ, i.e., KitW-sh) and 

background-matched wild-type (WT; C57BL/6J) were purchased from Jackson Laboratory 

(Bar Harbor, ME). Animals were housed in microisolator cages in a temperature-controlled 

environment with 12:12 hour light–dark cycles. Studies were performed in 4-week-old 

male WT and KitW-sh mice fed a control diet (CD) consisting of standard chow and 

reverse-osmosis water or the WD consisting of a high-fat trans-fat diet (45% calories from 

fat and 0.2% cholesterol; Envigo, Indianapolis, IN) coupled with 55% fructose and 45% 

glucose w/w dissolved in reverse-osmosis water for 16 weeks, which induces steatosis, 
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inflammation, and fibrosis in normal mice.(6) Selected WT WD and KitW-sh WD mice 

received tail vein injections of 5 × 106 tagged (PKH26 Red Fluorescent Cell Linker), 

cultured MCs (MC/9; ATCC, CRL-8306) suspended in 0.1 mL of 1× phosphate-buffered 

saline (PBS) or 0.1 mL 1× PBS 2 times per week for 2 weeks following 14 weeks of 

feeding. Animal numbers for each group were as follows: WT CD, n = 15 mice; WT WD, n 

= 10 mice; KitW-sh CD, n = 8 mice; KitW-sh WD, n = 13 mice; WT WD+MC, n = 13 mice; 

and KitW-sh WD+MC, n = 11 mice. Liver tissues, serum, hepatocytes, and cholangiocytes 

were collected.(6,9) Cholangiocytes were isolated using a monoclonal antibody (IgM; a gift 

from Dr. Ronald A. Faris, Brown University, Providence, RI).(10)

HUMAN SAMPLES

Human liver tissues were collected from patients diagnosed with NAFLD or NASH and 

nondiseased controls by Dr. Wasim Dar at the University of Texas Health Science Center 

and Dr. Burcin Ekser at IUSM or purchased from Sekisui XenoTech, LLC (Kansas City, 

KS); these samples were used for RNA extraction, protein extraction, and liver sections for 

staining. Explant tissues were obtained from transplant, and the diagnosis of NAFLD or 

NASH was determined by clinical, imaging, and pathological analyses. Written informed 

consent was obtained from each patient, and the study protocol conformed to the ethical 

guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the 

University of Texas Health Science Center and Indiana University institutional review 

boards (no donor organs were obtained from executed prisoners or other institutionalized 

persons). Samples were deidentified, and patient information is provided in Supporting 

Table S3. All other experimental procedures are detailed in the Supporting Information.

STATISTICAL ANALYSIS

Data are expressed as the mean ± SEM. Differences between groups were analyzed by the 

Student unpaired t test when two groups were analyzed and by two-way ANOVA when more 

than two groups were analyzed.

Results

BILIARY INSULIN-LIKE GROWTH FACTOR-1 DRIVES MC MIGRATION, AND MC 
INFILTRATION/ACTIVATION INCREASES DURING NAFLD/NASH

We first evaluated changes in cytokine release from cholangiocytes isolated from WT 

CD and WT WD mice to determine potential MC chemoattractant candidates. We found 

that several interleukins and growth factors along with leptin and resistin increased in 

cholangiocyte supernatants from WT WD mice compared to WT CD mice (Fig. 1A), and 

the fold change of insulin-like growth factor-1 (IGF-1) secretion had the highest change 

(Fig. 1B). Hepatic IgE levels, a key mediator of MC histamine release, increased in WT 

WD mice compared to WT CD mice (Fig. 1C); however, IgE release from cholangiocytes 

was not detected (data not shown). To evaluate cholangiocyte-derived factors, we verified 

our multiELISA findings by increased IGF-1 secretion in cholangiocyte supernatants and 

serum (Fig. 1D) and expression in liver sections (Fig. 1E) in WT WD mice compared to 

WT CD mice. We found no change in hepatocyte IGF-1 secretion between WT CD and 

WT WD mice (data not shown). Notably, MCs have been shown to express and be activated 
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by IGF-1.(20) In human samples, we found an increase in biliary IGF-1 immunoreactivity 

in those with NASH compared to controls (Fig. 1F). Lastly, in vitro, we verified that 

inhibition of IGF-1 receptor (IGF-1R) blocks MC migration. We found that free fatty acid 

(FFA)–treated cholangiocyte supernatants induce MC migration, which is blocked following 

treatment with the IGF-1R inhibitors AG 583, linsitinib, and picropodophyllin (Supporting 

Fig. S1)

In WT WD mice, MC (red arrows) numbers increased compared to WT CD mice and 

were found primarily surrounding bile ducts(10–12) as shown by mouse MC protease 1 

(mMCP-1) staining (Fig. 2A). Furthermore, hepatic expression of chymase, tryptase, and 

KIT proto-oncogene receptor tyrosine kinase (c-Kit; MC-specific markers; Fig. 2B) and 

serum histamine levels (Fig. 2C) increased in WT WD mice compared to WT CD mice.

MC presence (tryptase, red) slightly increased in NAFLD and increased in NASH compared 

to control samples; increased MC presence corresponded with enhanced DR (cytokeratin 19 

[CK-19], brown), and MCs were found surrounding bile ducts (Fig. 2D). These findings 

were supported by increased MC marker expression in NASH, with a trend toward 

increasing in NAFLD, compared to control (Fig. 2E).

MC DEPLETION DECREASES WD-INDUCED LIVER DAMAGE AND STEATOSIS

We determined the role of MCs in WD-induced damage by feeding WT or KitW-sh mice 

the CD or WD for 16 weeks (Supporting Fig. S2A). Macroscopic images showed that 

livers of WT WD mice were pale compared to those of WT CD mice; no significant 

color changes were noted in KitW-sh CD or WD mice (Supporting Fig. S2B). Overall, WT 

WD mice had increased liver weight (LW) and LW/body weight (BW) ratio compared to 

WT CD mice, which was reduced in KitW-sh WD mice compared to WT CD mice; no 

changes were noted in BW between all groups (Supporting Fig. S2C). Hematoxylin and 

eosin (H&E) staining showed that WT WD mice have >95% of hepatocyte involvement in 

macrovesicular and microvesicular steatosis in zone 1 and zone 2, with small lymphocytic 

aggregates, and were diagnosed with severe steatosis (Fig. 3A). KitW-sh WD mice presented 

with 50%−70% hepatocytes involved in steatosis, with macrovesicular steatosis found in 

zone 1 and microvesicular steatosis found in zone 2, with no increase in inflammation, and 

were diagnosed with moderate steatosis (Fig. 3A). Serum levels of alanine aminotransferase 

(ALT) increased in WT WD mice compared to WT CD mice but were reduced in KitW-sh 

WD mice compared to WT WD mice (Fig. 3B). Importantly, MC depletion decreased 

microvesicular steatosis in zone 1, which lies adjacent to the portal triad, in WT WD mice.

Oil red O staining and semiquantification showed increased hepatic steatosis in WT WD 

mice compared to WT CD mice; however, KitW-sh WD mice had reduced hepatic steatosis 

compared to WT WD mice (Fig. 3C). Similarly, hepatic triglyceride (TG) levels increased in 

WT WD mice compared to WT CD mice but decreased in KitW-sh WD mice compared to 

WT WD mice (Fig. 3C). Hepatocyte expression of lipogenesis markers increased in WT WD 

mice compared to WT CD mice but decreased in KitW-sh WD mice compared to WT CD 

mice (Fig. 3D). Conversely, β-oxidation markers decreased in WT WD mice compared to 

WT CD mice, whereas KitW-sh WD mice had increased expression of β-oxidation markers 

compared to WT WD mice (Fig. 3D).
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WD-INDUCED DR AND BILIARY SENESCENCE DECREASED IN MC-DEFICIENT MICE

We found increased DR (Fig. 4A) and biliary proliferation (Fig. 4B) in WT WD mice 

compared to WT CD mice, which were reduced in KitW-sh WD mice compared to WT 

WD mice. Aside from DR, biliary senescence is enhanced in patients with NAFLD or 

NASH,(6) and we found increased biliary senescence in WT WD mice compared to WT CD 

mice shown by p16, senescence-associated β-galactosidase (SA-β-Gal) staining, and mRNA 

expression of senescence markers in isolated cholangiocytes; however, KitW-sh WD mice 

had decreased biliary senescence compared to WT WD mice (Fig. 4C–E). MCs promote 

DR and mediate biliary senescence during NAFLD, which is also supported by our previous 

work.(6)

WD-INDUCED INFLAMMATION, HEPATIC FIBROSIS, AND HEPATIC STELLATE CELL 
NUMBER ARE REDUCED IN MC-DEFICIENT MICE

Inflammation is key for NAFLD–NASH transition, and we found increased KC presence in 

WT WD mice compared to WT CD mice; however, KitW-sh WD mice had decreased KC 

presence compared to WT WD mice (Fig. 5A). Similar findings were shown for C-C motif 

ligand 3 (CCL3), CCL4, and CCL5 expression (Fig. 5B) and IL-6 immunostaining (Fig. 

5C).

MC activation promotes liver fibrosis during cholestasis,(10,11) and WT WD mice had 

increased collagen deposition, collagen type 1 α1 (Col1a1) expression, and hydroxyproline 

content compared to WT CD mice; however, these findings were reduced in KitW-sh WD 

mice compared to WT WD mice (Fig. 5D,E). Similarly, hepatic stellate cell (HSC) presence 

increased in WT WD mice compared to WT CD mice, as shown by desmin staining, but was 

markedly reduced in KitW-sh WD mice compared to WT WD mice (Fig. 5F)

WD-INDUCED VASCULAR ENDOTHELIAL GROWTH FACTOR A EXPRESSION AND 
ANGIOGENESIS ARE DECREASED IN MC-DEFICIENT MICE

Previous work has shown that MC activation promotes angiogenesis and vascular 

endothelial growth factor A (VEGF-A) levels during cholestasis.(9,21) We found that hepatic 

VEGF-A expression increased in total liver and isolated cholangiocytes in WT WD mice 

compared to WT CD mice; however, VEGF-A gene expression (Supporting Fig. S3A) and 

immunoreactivity (Supporting Fig. S3B) decreased in KitW-sh WD mice compared to WT 

WD mice. Additionally, patients with NAFLD or NASH had increased expression of VEGF-

A (brown), along with increased MC presence (red), compared to controls (Supporting Fig. 

S3C).

WT WD mice had increased angiogenesis compared to WT CD mice, as demonstrated by 

von Willebrand factor (vWF) staining; however, KitW-sh WD mice had reduced angiogenesis 

compared to WT WD mice (Supporting Fig. S3D). Importantly, vWF expression increased 

in patients with NAFLD and NASH compared to controls (Supporting Fig. S3E), 

demonstrating that angiogenesis contributes to NAFLD/NASH.
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LOSS OF MCS REVERSES miR-144-3P TARGETING OF ALDH1A3 AND SUBSEQUENT 
LIPID PEROXIDATION

We found that MC loss primarily reduces zone 1 microvesicular steatosis (Fig. 3A). The 

presence of microvesicular steatosis indicates a worsening phenotype and is generally 

associated with impaired β-oxidation, oxidative stress, and toxin clearance.(5) Suppression 

of ALDH1A3 has been noted in patients with NAFLD(16); therefore, we postulated that 

MCs mediate microvesicular steatosis through ALDH1A3 dysregulation. We found that, in 

WT WD mice, there is increased MC presence (white arrows) corresponding with reduced 

ALDH1A3 expression when compared to WT CD mice; however, ALDH1A3 expression 

is restored in KitW-sh WD mice compared to WT WD mice, shown by immunostaining 

and western blotting in isolated hepatocytes (Fig. 6A). In human NASH samples there is 

reduced ALDH1A3 expression compared to controls, determined by immunostaining and 

western blotting in total liver (Fig. 6B). No changes in the mRNA expression of ALDH1A3 

were found in our mouse models or human samples (Supporting Fig. S4A,B), indicating 

posttranscriptional regulation.

Because we hypothesize that posttranscriptional modifications mediate ALDH1A3 

suppression, we used TargetScan software to screen for various miRNA targets and found 

that miR-144-3P was a highly conserved target for both mouse and human ALDH1A3 

sequence (Fig. 6C). miR-144-3P targeting of ALDH1A3 was verified by Ingenuity Pathway 

Analysis (IPA; Fig. 6C). We found that miR-144-3P expression significantly increased 

in total liver and isolated hepatocytes from WT WD mice compared to WT CD mice; 

however, miR-144-3P expression decreased in KitW-sh WD mice compared to WT WD 

mice (Fig. 6D). In human samples, miR-144-3P levels were significantly increased in total 

liver from patients with NASH compared to controls (Fig. 6E). Lastly, by luciferase assay 

we determined that miR-144-3P targets and decreases the expression of Aldh1a3, but no 

targeting occurred in the mutated form of Aldh1a3 (Fig. 6F).

ALDH1A3 down-regulation is associated with lipid peroxidation,(22) which can be a driver 

of microvesicular steatosis(23); and we found that hepatic MDA levels significantly increased 

in WT WD mice compared to WT CD mice but significantly decreased in KitW-sh WD mice 

compared to WT WD mice (Supporting Fig. S4C).

MC INJECTION PROMOTES LIVER DAMAGE AND MICROVESICULAR STEATOSIS DURING 
WD FEEDING

To demonstrate that MCs mediate WD-induced changes, we reintroduced MCs during the 

last 2 weeks of feeding (Supporting Fig. S5A). Macroscopic liver images and LW/BW ratios 

are provided (Supporting Fig. S5B,C), and injected MCs (red) are found surrounding bile 

ducts (Supporting Fig. S5D).

H&E staining demonstrated that WT WD+MC mice presented with 30%−90% steatosis, 

predominantly microvesicular steatosis, ranging from zone 1 to zone 2. Interestingly, there 

was more microvesicular, and less macrovesicular, steatosis in WT WD+MC mice compared 

to WD alone (Fig. 7A), indicating a switch in steatotic phenotype. WT WD+MC mice had 

rare foci of inflammation and increased duct profiles in portal areas (not seen in WD alone) 
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and were diagnosed with mild steatohepatitis (Fig. 7A). MC injection into KitW-sh WD mice 

(which presented with macrovesicular steatosis in zone 1 and microvesicular steatosis in 

zone 2 in mice without MC injection) demonstrated microvesicular steatosis in zones 1 and 

2 (Fig. 7A). KitW-sh WD+MC mice had mild DR and few foci of lobular inflammation, 

which was not present in WD alone, and were diagnosed with mild steatohepatitis (Fig. 

7A). MC injection promotes microvesicular steatosis development, particularly in zone 1 

hepatocytes, which may be due to MC honing to portal areas.

MC injection into WT WD and KitW-sh WD mice increased ALT levels compared to WD 

alone (Fig. 7B). We have previously found that MC injection into normal KitW-sh mice 

does not increase serum aspartate aminotransferase (AST) and ALT(9); therefore, MCs may 

exacerbate damage when an insult has already occurred.

Unexpectedly, lipid deposition was reduced in WT WD+MC mice compared to WT WD 

alone, which may indicate a worsening phenotype considering a loss of steatosis quantity 

in lieu of inflammation and fibrosis can be seen in the NAFLD to NASH transition(5); 

however, MC injections increased lipid deposition in KitW-sh WD mice compared to WD 

alone (Fig. 7C). Increased lipid droplet area may occur in KitW-sh WD mice but not WT WD 

mice because they previously did not have the same degree of WD-induced macrovesicular 

steatosis (Fig. 3A,C). Therefore, H&E staining demonstrates a switch from primarily 

macrovesicular to microvesicular steatosis, which may explain less lipid deposition in WT 

WD+MC mice. Similarly, hepatic TG levels were unchanged in WT WD+MC mice but 

significantly increased in KitW-sh WD+MC mice compared to WD alone (Fig. 7C).

MC INJECTION PROMOTES WD-INDUCED BILIARY AND LIVER DAMAGE VIA THE 
MIR-144-3P/ALDH1A3 AXIS

DR (Supporting Fig. S6A), biliary senescence (Supporting Fig. S6B), and inflammation 

(Supporting Fig. S6C) increased in both WT WD and KitW-sh WD mice following MC 

injection compared to WD alone. Similarly, MC injection increased liver fibrosis and HSC 

presence in WT WD and KitW-sh WD mice compared to WD alone (Supporting Fig. S7A,B). 

There was a larger degree of liver fibrosis in WT WD mice injected with MCs than KitW-sh 

WD mice, which may be due to preexisting liver damage.

MC injection into WT and KitW-sh WD mice increased VEGF-A expression (Supporting 

Fig. S8A) and angiogenesis (Supporting Fig. S8B) compared to WD alone. Hepatic 

miR-144-3p expression increased, while ALDH1A3 expression decreased, and MDA levels 

increased in WT WD and KitW-sh WD mice following MC injections (Supporting Fig. S8C–

E). These findings confirm that MCs promote WD-induced biliary and liver damage and 

may correspond with worsening phenotypes.

IN VITRO, FFAS PROMOTE BILIARY SENESCENCE, AND INJURED CHOLANGIOCYTES, 
BUT NOT HEPATOCYTES, DRIVE MC MIGRATION

FFAs increase senescence and angiogenesis markers in cultured cholangiocytes compared 

to basal (BS) (Supporting Fig. S9A). Pooled cultured cholangiocytes, but not hepatocytes, 

pretreated with FFAs increased MC migration compared to BS (Supporting Fig. S9B), which 

corresponds with our hypothesis that cholangiocyte-derived IGF-1 promotes MC migration. 
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Furthermore, these in vitro findings confirm that MCs are drawn to injured cholangiocytes, 

but not hepatocytes, explaining why MCs are found near portal triads.

IN VITRO, MC-DERIVED HISTAMINE PROMOTES BILIARY SENESCENCE, HEPATOCYTE 
STEATOSIS, AND ACTIVATION OF KCS AND HSCS

In vitro, we treated MCs with compound 48/80 (to induce MC release of histamine) 

and found that histamine release significantly increased compared to MC BS (Supporting 

Fig. S10A). In vitro, Pool+MC treatments increased SA-β-Gal activity compared to BS 

treatment, and Pool+MC-48/80 treatments (containing increased histamine levels) had a 

further increase in SA-β-Gal activity compared to Pool+MC (Supporting Fig. S10B). 

Cultured mouse hepatocytes were treated with FFAs, along with MC or MC-48/80 

supernatants, to evaluate lipogenesis. Following FFA treatments, mouse hepatocytes had 

increased lipid droplet area, which was further enhanced when FFA treatment was combined 

with MC supernatants (Supporting Fig. S10C). Interestingly, mouse hepatocytes treated with 

FFAs and MC-48/80 supernatants had further increased lipid droplet deposition compared 

with FFA+MC treatments (Supporting Fig. S10C), highlighting the potential role for MC-

derived histamine in the promotion of hepatocyte lipogenesis. Lastly, cultured mouse KCs 

(mKC) and mouse HSCs (mHSC) were treated with supernatants from MC or MC-48/80. 

mKC+MC had increased TNF-α immunoreactivity compared to BS, which was further 

increased in mKC+MC-48/80 treatments (Supporting Fig. S10D). Similarly, mHSC+MC 

showed increased α-smooth muscle actin immunoreactivity compared to BS, which was 

further enhanced in mHSC+MC-48/80 treatments (Supporting Fig. S10E).

Discussion

MCs contribute to microvesicular steatosis, DR, biliary senescence, inflammation, 

angiogenesis, and hepatic fibrosis during NAFLD/NASH. MC deficiency reduces WD-

induced injuries, and MC injection into WT and MC-deficient mice exacerbates damage. 

We propose that MCs drive worsening phenotypes, including microvesicular steatosis 

development, through miR-144-3p/ALDH1A3 signaling. Additionally, we found that 

following WD, biliary IGF-1 expression/secretion enhances and may induce MC infiltration 

near injured bile ducts. Our overall working model is presented in Fig. 8.

DR (1) correlates with fibrosis staging in patients with NAFLD,(7) (2) promotes oxidative 

stress in pediatric patients with NAFLD, and (3) correlates with liver fibrosis in patients 

with NASH.(24) In our model, loss of MCs reduced WD-induced DR, which is promoted 

following MC injection. To support this finding, mice lacking histamine signaling have 

reduced DR following WD feeding; however, the impact of MCs or MC-derived histamine 

was not evaluated in this study.(6) In other reports, MC presence increases in patients and 

murine models of PSC, and inhibition of MC activation/histamine signaling or genetic 

loss of MCs reduces DR in these models.(9,21,25) Furthermore, infiltrating MCs are found 

surrounding bile ducts,(10,11,21) which mirrors the findings in this paper. Both parenchymal 

and periportal MC concentrations increase in NASH, but total number of MCs and changes 

in MC infiltration are more prominent in the periportal region.(26) We found that MCs were 

adjacent to damaged ducts in our mouse model and human samples of NAFLD and NASH, 
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and in vitro FFAs promote MC migration toward cholangiocytes, but not hepatocytes, 

through IGF-1. Others have found that MCs reside near portal areas in chronic liver diseases 

and are predominantly found in cholestatic liver injuries.(27) Additionally, it has been 

shown that IGF-1 promotes MC activation.(20) This supports our hypothesis that injured 

cholangiocytes interact with MCs to promote migration during NAFLD/NASH. Hepatic IgE 

levels increased in WT WD mice, which may allude to the role of hepatic plasma cells or B 

cells in the promotion of MC infiltration and activation; however, cellular crosstalk between 

MCs and other immune cells requires further investigation.

Previous work found that mice lacking histamine signaling (and that have fewer and 

morphologically altered MCs) have reduced WD-induced inflammation compared to WT 

WD mice.(6) In our model, hepatic inflammation decreased in MC-deficient WD mice, 

which was reactivated following MC injection. Apolipoprotein E–deficient (ApoE−/−) mice 

that were crossed with KitW-sh/W-sh (MC-deficient model) and subjected to HFD feeding 

had reduced IL-6 and IL-10 serum levels compared to ApoE−/− HFD mice,(28) which is 

important considering that patients with simple steatosis have increased IL-6 serum levels.
(29) Furthermore, we found in vitro that MC-derived histamine promotes KC activation. One 

study found that endogenous histamine synthesis in KCs protects from lipopolysaccharide 

(LPS)–induced hepatitis through activation of the H2 histamine receptor (HR),(30) but 

others have found that H4HR activation promotes TNF-α synthesis in a rat model of 

LPS-induced inflammation.(31) Our work has shown that histamine treatment increases KC 

number and liver inflammation in mice.(32) Overall, the MC and histamine impact on KCs is 

controversial and may depend on HR expression.

There is a strong link between MC activation and liver fibrosis during cholestasis,(9–11) and 

hepatic MC concentration correlates with fibrosis in patients with NASH.(26) Previous work 

found that loss of histamine signaling reduces liver fibrosis during WD feeding,(6) and we 

found that liver fibrosis and HSC activation were reduced in MC-deficient WD mice but that 

MC injection exacerbates these parameters. Others have shown that inhibition of chymase 

(secreted by activated MCs) reduced liver fibrosis in hamsters fed a methionine-deficient 

and choline-deficient diet,(33) showing that MC inhibition reduces liver fibrosis. We have 

previously shown that HSCs express H1HR,(10) and inhibition of MC activation blocks HSC 

activation and liver fibrosis in cholestatic models.(9,21) Furthermore, histamine treatment 

promotes liver fibrosis and HSC presence(32); however, the direct impact of histamine on 

HSCs is undefined and requires further work.

Patients with NAFLD have increased hepatic angiogenesis,(34) and hepatic VEGF-A levels 

are increased in patients with NASH.(29) Increased angiogenesis and VEGF-A expression 

are noted in patients with PSC,(35) and, furthermore, MC number corresponds with hepatic 

VEGF levels and angiogenesis in mouse models of PSC and CCA.(9,10) In MCs isolated 

from BDL rats, there is increased VEGF-A expression and secretion,(12) showing that 

hepatic MCs have a proangiogenic phenotype. We found that loss of MCs ameliorates 

VEGF-A levels and reduces angiogenesis in our NAFLD model. Similarly, previous work 

has found that loss of histamine synthesis reduces VEGF-A expression and subsequent 

angiogenesis in a mouse model of PSC.(32)
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One key finding of our research was that MCs predominantly modulate microvesicular 

steatosis development following WD feeding. Microvesicular steatosis is a separate entity 

from macrovesicular steatosis and correlates with higher grades of steatosis, NAFLD 

activity scores, fibrosis, and diagnosis of NASH.(5) Patients receiving allografts with >15% 

microvesicular steatosis have reduced graft survival and higher AST peaks immediately 

posttransplant.(36) While increased microvesicular steatosis has been identified as a 

prognostic marker for NAFLD outcomes, the pathogenesis of this development is unknown. 

We found that MCs promote microvesicular steatosis development, suggesting that MC 

presence indicates a poor outcome; and others have found that MC density correlates with 

steatosis, inflammation, and fibrosis in patients with hepatitis C virus.(37) It is unknown 

if MCs mediate macrovesicular and/or microvesicular steatosis. Interestingly, loss of MCs 

significantly reduced LW and LW/BW ratios but had no effect on BW following WD. 

Previous work using heterozygous KitW-sh/KitW-sh (WBB6F1/J) mice found that these mice 

were protected from HFD-induced obesity.(38) Our studies potentially diverge from these 

because we used a different model of MC deficiency (B6.Cg-KitW-sh/HNihrJaeBsmGlliJ). 

Another group found that MC depletion using Mcpt5-Cre R-DTA mice is not associated 

with attenuated weight gain and hepatic steatosis following HFD feeding.(39) Again, this 

is a different model of MC deficiency, and the mice were fed for 21 weeks, which is 

significantly longer than our 16 weeks of feeding. Lastly, the authors failed to evaluate DR, 

inflammation, and hepatic fibrosis, which are key features of NAFLD/NASH.

Loss of MCs significantly reduces miR-144-3P levels, and to support this, miR-144-3P 

expression is significantly increased in patients with NASH versus non-NASH controls.
(40) Further, hepatic miR-144-3P levels are increased in obese insulin-resistant humans 

and mouse models.(41) We propose that miR-144-3P targets ALDH1A3 to promote 

microvesicular steatosis, which is supported by bioinformatic analyses and luciferase 

assay. ALDH1A3 is key for clearing toxins and metabolizing aldehydes in cells and can 

modulate lipid peroxidation.(22) Interestingly, others have found that patients with NASH 

have decreased hepatic ALDH1A3 levels,(16) which we noted in our mouse model and 

human NASH samples. Butyrate, a short chain fatty acid, increases ALDH1A3 expression 

in intestinal epithelial cells(42); but no other studies have identified ALDH1A3 in steatosis 

development.

Loss of ALDH1A3 promotes lipid peroxidation,(22) and it has been reported that peroxisome 

proliferator–activated receptor gamma (PPAR-γ) suppresses ALDH1A3 expression in lung 

cancer, which exerts antiproliferative effects through increased lipid peroxidation.(22) We 

found that WD feeding induced lipid peroxidation, which was further enhanced with 

MC injections; therefore, we hypothesize that suppressed ALDH1A3 promotes lipid 

peroxidation during NASH. This hypothesis is relevant considering that lipid peroxidation is 

key for steatohepatitis development in WD-fed mice,(23,43) and humans with NAFLD have 

increased lipid peroxidation.(13) Similarly, in mouse models of microvesicular steatosis there 

is enhanced lipid peroxidation,(19) and it has been reported that MC activation promotes 

lipid peroxidation in neonatal rat colon.(44)

In conclusion, MCs promote WD-induced steatosis, DR, inflammation, liver fibrosis, 

and angiogenesis. MC number increases in patients with NAFLD or NASH but more 
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prominently in NASH, where microvesicular steatosis is noted; therefore, we suggest 

that MCs promote NAFLD progression to NASH with worsening phenotypes (Fig. 

8). Additionally, worsening changes may be mediated by (1) miR-144-3P targeting of 

ALDH1A3 (promoting microvesicular steatosis) or (2) MC-derived histamine driving biliary 

senesce, hepatocyte lipogenesis, KC activation, and HSC fibrogenesis. Cromolyn sodium 

(an MC stabilizer) and over-the-counter HR antagonists (e.g., mepyramine) reduce DR and 

liver fibrosis in cholestatic models(10,11,21); therefore, future work is necessary to understand 

if these therapeutics will benefit patients with NAFLD or NASH. We propose that MC 

presence indicates worsening phenotypes in NAFLD/NASH, and blocking MC migration or 

activation may prove therapeutic for this subset of patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Supported by the Hickam Endowed Chair, Gastroenterology, Medicine, Indiana University, and the Indiana 
University Health–Indiana University School of Medicine Strategic Research Initiative, the SRCS Award, and 
VA Merit awards (5I01BX000574, to G.A.; 1I01BX003031, to H.F.) from the US Department of Veteran’s Affairs, 
Biomedical Laboratory Research and Development Service, and the National Institutes of Health (DK108959 and 
DK119421, to H.F.; DK054811, to G.A. and S.G.). This material is the result of work supported by resources at 
the Central Texas Veterans Health Care System (Temple, TX) and the Richard L. Roudebush VA Medical Center 
(Indianapolis, IN)

Abbreviations:

ALDH1A3 aldehyde dehydrogenase 1 family, member A3
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BDL bile duct ligation
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CK-19 cytokeratin-19

c-Kit KIT proto-oncogene receptor tyrosine kinase
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Cpt carnitine palmitoyltransferase
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H&E hematoxylin and eosin

HFD high-fat diet

HR histamine receptor

HSC hepatic stellate cell

IGF-1 insulin-like growth factor-1

KC Kupffer cell

KitW-sh B6. Cg-KitW-sh/HNihrJaeBsmJ

LW liver weight

m- mouse

MC mast cell

MDA malondialdehyde

miR-144-3p microRNA 144–3 prime

miRNA microRNA

mMCP-1 mouse MC protease-1

NAFLD nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

PPAR peroxisome proliferator–activated receptor

PSC primary sclerosing cholangitis

SA-β-Gal senescence-associated β-galactosidase

TG triglycerides

VEGF-A vascular endothelial growth factor-A

WD Western diet

WT wild type
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FIG. 1. 
Biliary IGF-1 secretion and expression. (A) Cytokine multiELISA showed increased release 

of IGF-1, IL-6, FGF-β, IFN-γ, EGF, leptin, IL-17A, resistin, and IL-10 in WT WD mice 

compared to WT CD mice. (B) Fold change of the increased cytokines. (C) IgE levels in 

liver lysates increased in WT WD mice compared to WT CD mice. (D) IGF-1 secretion is 

increased in cholangiocyte supernatants and serum from WT WD mice compared to WT 

CD mice. (E) IGF-1 immunoreactivity is enhanced in WT WD mice compared to WT CD 

mice. (F) IGF-1 immunoreactivity is enhanced in human NASH compared to normal. n = 
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3 reactions from n = 10–15 mice for multiELISA, n = 4 reactions from n = 4 mice for 

IgE ELISA, n = 4 reactions from n = 8–10 mice for IGF-1 enzyme immunoassay (EIA). 

Data are mean ± SEM. *P < 0.05 versus WT CD mice. IGF-1 immunostaining shown 

at ×20 and ×60. Abbreviations: G-CSF, granulocyte colony-stimulating factor; GM-CSF, 

granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon gamma; MIP-1α, 

macrophage inflammatory protein 1 alpha; NGF, nerve growth factor; OD, optical density; 

PDGF, platelet-derived growth factor; RANTES, regulated upon activation, normal T cell 

expressed, and secreted; SCF, stem cell factor.
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FIG. 2. 
MC presence and activation. WT WD mice had increased (A) mMCP-1 (MC marker, red 

arrows) expression; (B) chymase, tryptase, and c-Kit mRNA expression; and (C) serum 

histamine levels. (D) MCs (tryptase) and DR (CK-19) increased in patients with NAFLD or 

NASH. (E) Chymase, tryptase, and c-Kit mRNA expression increased in human NASH. n = 

4 reactions from n = 10–15 mice for quantitative PCR; n = 2–4 reactions per sample from n 

= 9 normal, n = 9 NAFLD, and n = 17 NASH human samples for quantitative PCR; n = 4 

reactions from n = 10–15 mice for EIA. Data are mean ± SEM. *P < 0.05 versus WT CD 
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mice or human normal. mMCP-1 immunostaining shown at ×20 and ×40, tryptase/CK-19 

coimmunostaining shown at ×20.
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FIG. 3. 
Liver steatosis and hepatocyte lipogenesis. (A) H&E showed increased steatosis, 

inflammation, and DR in WT WD mice, which was reduced in KitW-sh WD mice. (B) 

Serum ALT increased in WT WD mice compared to WT CD mice but decreased in KitW-sh 

WD mice compared to WT WD mice. (C) By oil red O staining, percentage lipid droplet 

area increased in WT WD mice, which was reduced in KitW-sh WD mice. Similar findings 

were noted for hepatic TG content. (D) Lipogenesis markers FASN, Acaca, and PPAR-γ 
were increased in hepatocytes from WT WD mice compared to WT CD mice but reduced 
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in KitW-sh WD mice compared to WT WD mice. mRNA expression of β-oxidation markers 

carnitine palmitoyltransferase 1a (Cpt1a), Cpt2, and PPAR-α decreased in hepatocytes from 

WT WD mice compared to WT CD mice but increased in KitW-sh WD mice compared to 

WT WD mice. n = 4 reactions from n = 8–15 mice for ALT, n = 10 images from n = 8–15 

mice for oil red O, n = 4 reactions from n = 8–15 mice for TG EIA, n = 4 reactions from n 

= 8–15 mice for quantitative PCR. Data are mean ± SEM. *P < 0.05 versus WT CD mice; 
#P < 0.05 versus WT WD mice. H&E shown at ×10, oil red O shown at ×20. Abbreviations: 

Acaca, acetyl-CoA carboxylase 1; FASN, fatty acid synthase.
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FIG. 4. 
DR and biliary senescence. Immunostaining for (A) CK-19 and (B) Ki67 indicated increased 

DR and biliary proliferation (red arrows) in WT WD mice compared to WT CD mice, which 

decreased in KitW-sh WD mice compared to WT WD mice. Immunofluorescence for (C) p16 

and (D) SA-β-Gal (both costained with CK-19) showed enhanced biliary senescence in WT 

WD mice compared to WT CD mice, which decreased in KitW-sh WD mice compared to 

WT WD mice. (E) Expression of senescence markers increased in isolated cholangiocytes 

from WT WD mice compared to WT CD mice but decreased in KitW-sh WD mice compared 
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to WT WD mice. n = 10 images from n = 8 mice for CK-19 and Ki67, n = 4 reactions from 

n = 8–15 mice for quantitative PCR. Data are mean ± SEM. *P < 0.05 versus WT CD mice; 
#P < 0.05 versus WT WD mice. CK-19 and Ki67 staining shown at ×20, p16/CK-19 staining 

shown at ×160, SA-β-Gal/CK-19 staining shown at ×80.
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FIG. 5. 
KC presence, liver inflammation, and liver fibrosis. WT WD mice had increased (A) 

KC presence; (B) CCL3, CCL4, and CCL5 mRNA expression; and (C) IL-6 expression 

compared to WT CD mice, which decreased in KitW-sh WD mice. WT WD mice had 

increased (D) collagen deposition (fast green/sirius red); (E) Col1a1 mRNA expression and 

hydroxyproline levels; and (F) desmin expression (HSC marker) compared with WT CD 

mice; but these parameters were decreased in KitW-sh WD mice compared to WT WD mice. 

n = 4 reactions from n = 8–10 mice for quantitative PCR, n = 10 images from n = 8–10 mice 
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for staining, n = 6 reactions from n = 8–10 mice for hydroxyproline assay. Data are mean 

± SEM. *P < 0.05 versus WT CD mice; #P < 0.05 versus WT WD mice. Immunostaining 

shown at ×10 for F4/80 and ×20 for IL-6, sirius red/fast green shown at ×10, desmin staining 

shown at ×20.
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FIG. 6. 
miR-144-3p/ALDH1A3 signaling mechanism. (A) ALDH1A3 expression is reduced in 

WT WD mice, concomitant with increased MC presence (white arrows), compared to 

WT CD mice; but this is reversed in KitW-sh WD mice compared to WT WD mice, as 

indicated by immunostaining and western blotting. (B) ALDH1A3 expression is unchanged 

in human NAFLD compared to normal but reduced in human NASH, as determined by 

immunostaining and western blotting. (C) TargetScan software identified miR-144-3p as a 

highly conserved miRNA targeting ALDH1A3, and miR-144-3p targeting of ALDH1A3 
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was confirmed by IPA. (D) miR-144-3P expression is increased in total liver and isolated 

hepatocytes from WT WD mice compared to WT CD mice but decreased in KitW-sh WD 

mice compared to WT WD mice. (E) Similarly, miR-144-3P expression is increased in 

human NASH compared to normal; there is no change between NAFLD and normal. (F) 

By luciferase assay, miR-144-3P significantly decreases Aldh1a3-WT expression, but this 

down-regulation is ablated by the Aldh1a3 mutant form. n = 6 bands from n = 10–15 mice 

for western blotting, n = 1 band per sample from n = 4 normal, n = 9 NAFLD and n = 

7 NASH total liver samples for western blotting, n = 9–12 reactions for total liver and n 

= 3 reactions for isolated hepatocytes from n = 10–15 mice for quantitative PCR, n = 3 

reactions per sample from n = 4 normal, n = 12 NAFLD and n = 14 NASH for human 

total liver quantitative PCR, n = 5 reactions for luciferase assay. Data are mean ± SEM. *P 
< 0.05 versus WT CD mice, miRNA normal control, or normal human patient; #P < 0.05 

versus WT WD mice. Mouse staining shown at ×80, and human staining shown at ×40. 

Abbreviations: NC, normal control; UTR, untranslated region.
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FIG. 7. 
Changes in liver damage and steatosis following MC injections. (A) Microvesicular 

steatosis, inflammation, and DR increased in WT WD+MC mice compared to WT WD 

mice. KitW-sh WD+MC mice had increased microvesicular steatosis, inflammation, and DR 

compared to KitW-sh WD mice. (B) Serum levels of ALT are significantly increased in 

WT WD and KitW-sh WD mice following MC injections compared to controls. (C) Oil red 

O staining showed a reduction in lipid droplet area (indicative of microvesicular steatosis 

development) in WT WD+MC mice compared to WT WD mice; however, KitW-sh WD+MC 

mice had an increase in lipid droplet area compared to KitW-sh WD mice. Hepatic TGs 

are unchanged in WT WD+MC mice compared to WT WD mice but increased in KitW-sh 

WD+MC mice compared to KitW-sh WD mice. n = 5 reactions for serum chemistry from n 

= 10–13 mice, n = 10 images from n = 10–13 mice for oil red O staining, n = 4 reactions 
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from n = 10–13 mice for TG EIA. Data are mean ± SEM. *P < 0.05 versus WT WD mice or 

KitW-sh WD mice. H&E staining shown at ×10, oil red O staining shown at ×20.
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FIG. 8. 
Working model. During NAFLD progression to NASH, bile ducts are injured and increase 

secretion of IGF-1, which promotes MC migration to the portal areas. Enhanced MC 

migration and activation increase miR-144-3P expression in hepatocytes, which inhibits and 

down-regulates ALDH1A3 expression. Image made with Bio Render.
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