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Abstract

Fibrosis is the major determinant of morbidity and mortality in patients with nonalcoholic 

steatohepatitis (NASH) but has no approved pharmacotherapy in part because of incomplete 

understanding of its pathogenic mechanisms. Here, we report that hepatocyte Notch activity tracks 

with disease severity and treatment response in patients with NASH and is similarly increased in a 

mouse model of diet-induced NASH and liver fibrosis. Hepatocyte-specific Notch loss-of-function 

mouse models showed attenuated NASH-associated liver fibrosis, demonstrating causality to 

obesity-induced liver pathology. Conversely, forced activation of hepatocyte Notch induced 

fibrosis in both chow- and NASH diet–fed mice by increasing Sox9-dependent Osteopontin (Opn) 

expression and secretion from hepatocytes, which activate resident hepatic stellate cells. In a 

cross-sectional study, we found that OPN explains the positive correlation between liver Notch 

activity and fibrosis stage in patients. Further, we developed a Notch inhibitor [Nicastrin antisense 
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oligonucleotide (Ncst ASO)] that reduced fibrosis in NASH diet–fed mice. In summary, these 

studies demonstrate the pathological role and therapeutic accessibility of the maladaptive 

hepatocyte Notch response in NASH-associated liver fibrosis.

INTRODUCTION

Obesity and its metabolic consequences are among the most pressing public health 

challenges (1, 2). As the obese population at risk increases (3), the prevalence of obesity-

related comorbidities such as nonalcoholic fatty liver disease (NAFLD), already the most 

common chronic liver disease (4), grows in parallel. NAFLD ranges in severity from simple 

steatosis (SS) to hepatocellular injury and necroinflammatory changes that define 

nonalcoholic steatohepatitis (NASH), which predisposes patients to fibrosis and 

hepatocellular carcinoma (5). Whereas SS is considered a predisease state and NASH is 

potentially reversible (6), fibrosis severity is the main determinant of mortality in patients 

with NAFLD (7–10). Because organ availability for transplantation is already limited, new 

pharmaceutical targets to address NASH-associated fibrosis are a large unmet need for an 

increasingly obese population.

The Notch family of transmembrane receptors (Notch1–4) determines cell fate during 

development (11) through ligand binding and γ-secretase–mediated cleavage that generates 

Notch intracellular domain (NICD) (12), which binds Rbp-Jκ and Mastermind (MAM) to 

activate transcription of canonical Notch targets including the Hairy enhancer of split (Hes) 

and Hes-related (Hey) family genes (13). In the liver, Notch activation pushes hepatic 

progenitor cells’ differentiation to cholangiocytes and formation of the biliary tree, whereas 

Notch-inactive progenitors commit to hepatocyte lineage (14), which sets the quiescent 

baseline of Notch signaling in hepatocytes in normal liver. However, we found that liver 

Notch activity is increased in obese rodents (15) and in patients with SS or NASH (16), 

although the relative contributions of hepatocyte and nonparenchymal cell (NPC) Notch 

activity were unclear.

Here, we found that the number of HES1+ hepatocytes, but not of NPCs, is increased in 

patients with NASH. In longitudinal analysis using paired baseline and end-of-treatment 

biopsy specimens from the Pioglitazone versus Vitamin E versus Placebo for the Treatment 

of Nondiabetic Patients with Nonalcoholic Steatohepatitis (PIVENS) trial ( 17, 18), we 

found that Notch activity, specifically in hepatocytes, tracks with NASH severity. These data 

suggested that hepatocyte Notch activation may be a biomarker or a causal determinant of 

NASH severity. To distinguish these possibilities, we used a palmitate/cholesterol-rich diet 

coupled with fructose-containing drinking water (19) fed to wild-type (WT) mice to induce 

NASH/fibrosis, which increased hepatocyte but not NPC Notch activation. Two genetic 

hepatocyte-specific Notch loss-of-function mouse models showed lower hepatic stellate cell 

(HSC) activity and liver collagen deposition without changes in hepatocellular injury or 

inflammation, whereas forced activation of hepatocyte Notch induced fibrosis in chow-fed 

mice because of Sox9 (sex determining region Y-box 9)–dependent expression of Spp1 
(encoding the secreted fibrogenic factor Opn). Treating NASH diet–fed WT mice with a 

Notch antagonist [Nicastrin antisense oligonucleotide (Ncst ASO)] decreased liver fibrosis. 
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In sum, these data support the necessity and therapeutic tractability of hepatocyte Notch 

signaling for the development of NASH-associated liver fibrosis.

RESULTS

Hepatocyte Notch activity tracks with NASH severity in patients

Steady-state liver Notch activation is associated with higher serum alanine aminotransferase 

and a NAFLD activity score (NAS), which are biochemical and pathologic markers of 

NASH, independent of steatosis or insulin resistance (16). To test relative hepatocyte and 

NPC contribution, we stained liver biopsy specimens taken at the time of bariatric surgery 

from patients with pathologically normal livers, SS, or NASH/fibrosis. We observed 

detectable basal NPC expression of HES1, which, although modestly increased in SS, did 

not further change in NASH/fibrosis (Fig. 1A and fig. S1). Hepatocyte HES1, however, was 

nearly absent in normal livers, mildly elevated in SS, but highly increased in patients with 

NASH/fibrosis (Fig. 1A).

Next, to determine whether liver Notch activity may covary with NASH severity and 

treatment response, we performed parallel cross-sectional and longitudinal analyses in 

samples derived from the PIVENS trial. PIVENS investigators randomized adult, 

nondiabetic patients with NASH to placebo, vitamin E (800 IU daily), or pioglitazone (30 

mg daily) arms, taking liver biopsies at enrollment and end-of-treatment (96 weeks) visits 

(20). A “responder” was defined as an NAS response of at least 2 points or resolution of 

NASH. In a cross-sectional analysis of 118 samples (table S1), responders showed lower 

liver Notch activity than nonresponders at the end of the trial (Fig. 1B). Next, in a 

longitudinal analysis from a subset of PIVENS subjects that had paired baseline and end-of-

treatment complementary DNA (table S1), we found a reduction from baseline HES1 and 

HEYL expression in responders but not in nonresponders (Fig. 1, C and D). Last, we found 

reduced hepatocyte, but not NPC, HES1 staining in liver sections from PIVENS responders 

from baseline and as compared to nonresponders (Fig. 1E). In sum, these data suggest that 

liver Notch activity, specifically in hepatocytes, tracks with NASH disease severity.

Hepatocyte Notch activity is increased in a mouse model of diet-induced NASH

As a first step toward determining whether a causal relationship exists between Notch 

activity and NASH, we fed WT C57BL/6J mice a NASH-provoking diet for 16 weeks, 

which induced hepatic steatosis, inflammation, and fibrosis as compared to chow-fed mice 

(fig. S2) (19). As in patients with NASH/fibrosis, we found higher liver and hepatocyte, but 

not NPC, Hes1 in NASH diet–fed mice (Fig. 1F), reflecting an increased number of Hes1+ 

hepatocytes and increased Hes1 staining intensity per cell (Fig. 1G), consistent with 

increased expression and activation of Notch1 and Notch2 (Fig. 1, H and I). In parallel, 

using a Notch reporter mouse that expresses the fluorescent protein Venus under the control 

of four Rbp-jκ binding sites (21), we found a large increase in Venus+ hepatocytes in NASH 

diet–fed mice (Fig. 1J).
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Hepatocyte Notch mediates NASH diet–induced liver fibrosis

The positive correlations between hepatocyte Notch activation and NASH severity provided 

the impetus to generate hepatocyte-specific Notch loss-of-function mice to test causality to 

the phenotype. Because the MAM transcriptional coactivator is downstream of all four 

Notch receptors, we transduced mice with a dominant-negative MAM (DNMAM) allele (22) 

in the Rosa26 locus (RosaDNMAM) with AAV8-Tbg-Cre to take advantage of liver tropism of 

AAV8 and the hepatocyte-specific thyroxine-binding globulin (Tbg) promoter (23, 24). This 

approach generated mice with postdevelopment hepatocyte-specific expression of DNMAM 

(L-DNMAM mice; Fig. 2A). After 16 weeks of NASH diet, L-DNMAM mice showed 

similar body weight and adiposity (fig. S3, A and B) as compared with control RosaDNMAM 

mice transduced with AAV8-TBG-LacZ but lower liver Hes1 expression (Fig. 2B), fewer 

Hes1+ hepatocytes, and weaker Hes1 staining intensity per cell (Fig. 2C and fig. S3C). 

Despite unchanged liver lipid accumulation, terminal deoxynucleotidyl transferase–mediated 

deoxyuridine triphosphate nick end labeling (TUNEL) staining, inflammatory gene 

expression, CD45+ immune cell infiltrate, and serum transaminases (Fig. 2D and fig. S3, D 

to I), markers of HSC activation (Col1a1 , Acta2, and Timp1) were decreased (Fig. 2E), 

which translated to less collagen deposition in L-DNMAM livers (Fig. 2F).

Next, to ensure reproducibility of these results, we ablated hepatocyte Nicastrin (25), the γ-

secretase targeting subunit necessary for ligand-dependent Notch activation (L-Ncst mice) 

(26). Similar to L-DNMAM mice, NASH diet–fed L-Ncst mice showed normal body weight 

and adiposity (fig. S4, A and B), but reduced hepatic Hes1 (fig. S4C) and fibrogenic gene 

expression (fig. S4D), and a tendency toward less fibrosis (fig. S4E) as compared to Cre− 

controls, despite unchanged hepatic TUNEL staining or serum transaminases, liver 

inflammation, and only minor changes in liver lipid content (fig. S4, F to L).

These data suggest that hepatocyte Notch signaling is necessary for the full development of 

NASH diet–induced fibrosis. To test whether a late inhibition of Notch in hepatocytes may 

ameliorate NASH-associated fibrosis, we fed adult RosaDNMAM mice the NASH diet for 16 

weeks before AAV8-Tbg-Cre transduction (Fig. 2G). In this experimental paradigm, we 

again observed decreased liver Hes1 (Fig. 2H) and a parallel reduction in HSC-mediated 

liver fibrosis (Fig. 2, I and J) despite unchanged body weight, adiposity, liver steatosis, 

inflammation, TUNEL staining, or serum transaminases (fig. S5, A to I). These data indicate 

that inhibition of hepatocyte Notch signaling can interrupt NASH-associated fibrosis even 

after fibrosis has begun to develop.

Hepatocyte Notch is not required for MCD diet–induced fibrosis

Acute toxin exposure increases Notch activity in HSCs and immune cells (27–29), contrary 

to what we find in fluorescence-activated cell sorter (FACS)–purified HSCs and myeloid 

cells isolated from NASH diet–fed mice (fig. S6A). Similarly, we observed that a 

methionine-choline deficient (MCD) diet, which induces severe liver injury, inflammation, 

and fibrosis in addition to anorexia and rapid weight loss (30, 31), led to increased liver 

Hes1 expression relative to chow-fed controls (fig. S6B). This increased Hes1 expression 

was predominantly seen in NPCs (fig. S6C), unlike in NASH diet feeding (fig. S6D). These 

data are consistent with a recent study showing un-changed expression of Notch targets in 
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hepatocytes in MCD diet-fed mice (32) and with our finding that MCD diet–fed L-DNMAM 
mice show no difference in liver Hes1 and fibrogenic gene expression or collagen deposition 

(fig. S6, E to H), suggesting specificity of the hepatocyte Notch response in NASH.

Forced hepatocyte Notch activation exacerbates diet-induced NASH and fibrosis

We next evaluated whether forced hepatocyte Notch activation by AAV8-TBG-Cre 
transduction of mice that carry a Cre-inducible constitutively active (RosaNICD) Notch1 (33) 

may exacerbate NASH/fibrosis (L-NICD-16wks, Fig. 3A). In parallel, because 8 weeks of 

NASH diet provoke steatosis but no apparent fibrosis (19), we transduced RosaNICD mice 

with AAV8-TBG-Cre halfway through the diet study (L-NICD-8wks, Fig. 3A) to determine 

whether hepatocyte Notch activity promotes the transition from steatosis to NASH/fibrosis. 

As compared to AAV8-TBG-LacZ–transduced RosaNICD controls, both L-NICD groups 

showed a mild (~2-fold) increase in liver Hes1 due to increased Hes1+ hepatocyte number 

and cellular Hes1 content (Fig. 3, B and C, and fig. S7A), as well as increased HSC 

activation and pericellular collagen deposition (Fig. 3, D and E), even with a mild decrease 

of liver triglyceride (fig. S7, B and C). Hepatocyte Notch gain of function also did not 

change hepatocellular death (Fig. 3F), underscoring the predominant effects of hepatocyte 

Notch activation on liver fibrosis development but did show enhanced liver inflammation 

and CD45+ immune cell infiltration (fig. S7, D and E).

Although NASH is prevalent in both male and female humans (34), female mice tend to be 

protected from diet-induced obesity and consequent metabolic complications. Consistent 

with their male counterparts, despite unchanged body weight and adiposity (fig. S7, F and 

G), female L-NICD mice showed increased liver Hes1, inflammatory and fibrogenic gene 

expression (fig. S7, H to J), and exacerbated liver inflammation and fibrosis as compared to 

AAV8-TBG-LacZ–transduced controls (fig. S7, K and L).

Hepatocyte Notch activation causes liver fibrosis in the absence of steatohepatitis

NASH is associated with simultaneous pathologic insults: lipotoxicity, hepatocellular injury, 

inflammation, and fibrosis. Each hit may affect development and/or progression of the others 

(35, 36); for example, lipotoxicity-induced hepatocellular injury contributes to HSC 

activation (37, 38). Although we observed unchanged hepato-cellular death in Notch loss- or 

gain-of-function mice, it is difficult to disentangle the effects of hepatocyte Notch on liver 

fibrosis from other changes associated with an obesogenic diet. However, even lean, chow-

fed L-NICD male mice (Fig. 4A and fig. S8, A to C), without apparent hepatocellular injury 

(Fig. 4B and fig. S8, D and E), showed increased liver inflammation (fig. S8, F and G), 

fibrogenic gene expression (Fig. 4C), and greater collagen deposition (Fig. 4D) than Cre− 

controls. This phenotype was recapitulated in L-NICD female mice (fig. S9). These data 

suggest that hepatocyte Notch activation is sufficient to trigger HSC activation and liver 

fibrosis even in the absence of liver steatosis or hepatocyte injury.

Loss of hepatocyte Notch activity does not affect DRs

Notch activation in hepatocytes may promote transdifferentiation to a cholangiocyte lineage 

(23, 39), contributing to ductular reaction (DR). Because DR and liver fibrosis frequently 

coexist (40–43), we hypothesized that Notch-induced liver fibrosis may depend on Notch-
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induced DR. NASH diet induced ductular proliferation, as evidenced by increased liver 

Krt19 expression and number of cytokeratin 19-positive (CK19+) cells (fig. S10, A and B), 

which was exacerbated in L-NICD mice (fig. S10, C and D). Further, as previously observed 

(23), a subset of L-NICD hepatocytes adopted a biliary fate (fig. S10E). However, NASH 

diet–fed Notch loss-of-function mice showed comparable DR to controls (fig. S10, F and G). 

These data suggest that constitutive Notch overexpression can induce hepatocyte trans-

differentiation, but hepatocyte Notch activation is not necessary for NASH diet–induced DR 

that likely derives from cholangiocytes.

Notch-induced Sox9 activates hepatocyte Spp1 expression

We next considered alternative explanations for the robust effect of hepatocyte Notch on 

liver fibrosis and hypothesized that Notch-active hepatocytes may secrete fibrogenic factors 

that activate HSCs (44). CM collected from primary hepatocytes transduced with Ad-NICD 

stimulated greater activation of primary HSCs as compared to Ad-GFP (green fluorescent 

protein)–transduced hepatocyte CM (Fig. 4E). Notch activation did not globally affect the 

secretome but elevated secretion of the fibrogenic factor Opn (fig. S11A), likely because of 

increased Spp1 expression (Fig. 4F). Although Opn is known to activate HSCs (45–48), 

hepatocyte-derived Opn has not been well described. We found that Spp1 was increased in 

hepatocytes derived from NASH diet–fed WT mice (Fig. 4G), with a preferential increase in 

Venus+ hepatocytes in Notch reporter mice (Fig. 4H). Thus, NASH diet–fed L-DNMAM 
mice showed lower Spp1 as compared to Cre− controls (Fig. 4I), whereas Spp1 expression 

was markedly increased in chow- or NASH diet–fed L-NICD mice (Fig. 4J and fig. S11, B 

and C). This regulation appeared fairly specific: Similar to results from the cytokine array, 

expression of other secreted fibrogenic factors (Hedgehog, transforming growth factor–β , 

and platelet-derived growth factors) was not Notch-activated in hepatocytes (fig. S11D) 

and/or does not show reciprocal reduction with Notch loss of function (fig. S11E).

These data suggest a cell-autonomous effect of hepatocyte Notch activation on Spp1 
transcription. Because the Spp1 promoter does not have a consensus Rbp-Jk binding 

sequence, we identified additional candidates—Sox9, a direct Notch transcriptional target 

(49), which we observed to track with genetic manipulations of Notch signaling (fig. S11, F 

to I), and Hes1, which has been suggested to regulate Spp1 expression in osteoblasts (50). 

To distinguish between these candidate mechanisms, we used small interfering RNA 

(siRNA) to knock down Hes1 or Sox9 expression and found that only siRNA directed to 

Sox9 blunted NICD-induced Spp1 (Fig. 4K), suggesting that Sox9 is the transcriptional 

mediator of Notch-induced Spp1 ex-pression in hepatocytes.

Notch-mediated Opn secretion from hepatocytes activates HSCs to induce liver fibrosis

To determine whether increased Opn secretion may explain HSC activation induced by 

hepatocyte Notch activation, we transfected hepatocytes with siRNA to Spp1 (Fig. 5, A and 

B, and fig. S11J), which abrogated HSC activation induced by Ad-NICD hepatocyte CM 

(Fig. 5C). In a parallel approach, we pretreated CM with an Opn-neutralizing antibody 

before addition to HSCs, which similarly negated Notch-induced fibrogenic gene expression 

(Fig. 5D).
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Next, we generated AAV8-H1-shSpp1 to silence hepatocyte Spp1 and transduced adult 

NASH diet–fed RosaNICD mice with AAV8-TBG-Gfp or AAV8-TBG-Cre, with or without 

simultaneous Spp1 knockdown (Fig. 5E). AAV8-H1-shSpp1 transduction did not affect 

body weight, adiposity, Hes1 expression, liver injury, or inflammatory gene expression (fig. 

S12, A to F) but successfully attenuated Notch-induced hepatocyte Spp1 without affecting 

cholangiocyte Opn (Fig. 5F and fig. S12, G and H). Consistent with in vitro experiments, 

preventing Notch-induced hepatocyte Spp1 expression nearly normalized increased 

fibrogenic gene expression (Fig. 5G) and excess collagen deposition seen in NASH diet–fed 

L-NICD mice (Fig. 5H).

To test the clinical SPP1 and HES1 in 159 patients undergoing percutaneous liver biopsy for 

suspected NASH (table S2). We observed a strong concordance between HES1 and SPP1 
(Fig. 5I). Moreover, when we performed multivariate regression analysis to adjust for 

potential demographic, metabolic, and genetic confounders, HES1 was significantly (P = 

0.016) and positively correlated with fibrosis stage, but not when SPP1 was added into the 

regression model (Fig. 5J). In combination with our mechanistic experiments in vitro and 

associated mouse modeling, these data suggest that Notch-induced HSC activation and liver 

fibrosis are likely Opn dependent.

Pharmacologic Notch inhibition ameliorates NASH-associated liver fibrosis

Notch inhibitors are in clinical trials for cancer (51)—the most commonly studied of these 

are γ-secretase inhibitors (GSIs) (52) that block endogenous production of NICD. We have 

previously shown that dibenzazepine, a well-characterized and bioavailable GSI (53), can 

potently inhibit Notch signaling in vivo (15, 54). To test whether acute Notch inhibition can 

ameliorate NASH-associated liver fibrosis, we treated WT mice with GSI or vehicle once 

daily for 1 week, initiating treatment after nearly 4 months of NASH diet. Acute GSI 

treatment did not alter body weight, adiposity, or liver inflammation (fig. S13, A to E) but, 

as expected from our genetic models, lowered liver Notch activity, Spp1 (fig. S13F), and 

fibrogenic gene expression (fig. S13G), with only a trend toward less fibrosis (fig. S13H). 

These data imply that 1 week of GSI exposure is insufficient to reverse liver fibrosis, so 

next, we used a chronic, intermittent dosing strategy at a lower GSI dose to mitigate 

potential toxicity (Fig. 6A). As previously observed (55), chronic GSI treatment lowered 

body weight, adiposity, and liver Notch activity (fig. S14, A and B, and Fig. 6B) and was 

sufficient to reduce HSC activation and liver fibrosis (Fig. 6, C and D), without effects on 

inflammation (fig. S14, C and D).

Unfortunately, chronic GSI treatment induces goblet cell metaplasia (53), even at the lower 

dose we used here (fig. S14E). Resultant intestinal toxicity likely precludes repurposing 

GSIs for NASH. Thus, we developed a liver-selective γ-secretase antagonist to bypass 

intestinal distribution—Ncst ASO (26). On the basis of preclinical data with ASOs of similar 

chemistry (56–58), we predicted that weekly administration of Ncst ASO would be well 

tolerated and would effectively block liver Notch signaling as compared to control ASO. 

Weekly Ncst ASO dosing of NASH diet–fed WT mice (Fig. 6E) reduced liver Ncst, Notch 

activity, and Spp1 expression (Fig. 6F) as compared to control ASO-treated mice. Ncst ASO 

did not affect liver TUNEL staining (Fig. 6G), serum transaminases, or liver inflammation 
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(fig. S14, F to I) but effectively reduced expression of HSC markers and collagen deposition 

(Fig. 6, H and I). Ncst ASO lowered body weight and adiposity (fig. S14, J and K), likely 

because of adipose ASO up-take (59), but showed no intestinal toxicity (fig. S14L), in 

contrast to chronic GSI dosing. Control ASO had no effect (fig. S15). These proof-of-

principle studies echo data from Notch loss-of-function mice, suggesting that hepatocyte 

Notch activation is central to the development of obesity-induced liver fibrosis and may be 

therapeutically targeted in NASH (fig. S16).

DISCUSSION

Fibrosis, although not a diagnostic determinant of NASH, predisposes to cirrhosis and liver 

malignancy and is the major determinant of long-term mortality of patients with NASH (8–

10). NASH is projected to be the leading cause of liver transplantation because of the lack of 

approved therapeutics (60, 61), underscoring the urgency to uncover mechanisms of NASH-

induced fibrosis to find targetable pathways. Our study demonstrates that hepatocyte Notch 

signaling is virtually absent in normal liver, but tracks with NASH severity in mouse and 

human, and is maladaptive, leading ultimately to Opn secretion and liver fibrosis. Opn is a 

known regulator of HSC activation, but the contribution of hepatocyte-derived Opn in NASH 

suggests that Notch-activated hepatocytes are not simple bystanders but rather alter the liver 

microenvironment to potentiate fibrosis.

To place our work in context, although several studies have suggested increased Notch 

activity in NPCs with CCl4-induced acute liver injury (27, 29), none has linked hepatocyte 

Notch to fibrosis in the setting of NASH. We hypothesize that CCl4 treatment or MCD diet 

feeding provokes rapid hepatocellular death (27, 32), which induces Notch activation in 

inflammatory cells and HSCs as part of a proliferative injury response. However, these 

stimuli provoke minimal and/or nonsustained hepatocyte Notch activation; thus, hepatocyte-

specific Notch inhibition has no impact on liver fibrosis in MCD diet–fed mice. In contrast, 

in the low-grade but long-term injuries associated with obesity/insulin resistance seen in 

NASH diet–fed mice (and in human NASH), hepatocyte Notch activity is specifically 

increased to cope with the chronic insult. Our proof-of-principle experiments with Ncst ASO 

highlight the potential of Notch-directed therapeutics to address NASH-associated fibrosis 

without the intestinal toxicity associated with systemic Notch inhibition (GSIs). However, 

because liver-targeted Notch antagonism may be fraught with side effects including 

disruption of hepatic vascular integrity (62), N-acetylgalactosamine–modified siRNA (63, 

64) or nanoparticle strategies (65) retain great potential to address the inappropriate 

hepatocyte Notch activity in patients with NASH without affecting normal Notch activity in 

liver NPCs and other tissues.

Our data show that hepatocyte Notch–mediated Opn secretion can directly activate HSCs, 

independent of hepatocellular injury, leading to excessive collagen deposition. However, our 

data also point to other possible paths of increased fibrosis with hepatocyte Notch activity. 

For instance, a subset of L-NICD hepatocytes adopted a biliary fate, consistent with Notch’s 

role in bile duct development (14) and ability to promote transdifferentiation to a biliary fate 

(23). Although DR arises primarily from cholangiocytes in liver injury (66), because DR is 

associated with liver fibrosis ( 40–43), Notch-induced hepatocyte cell fate change may 
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augment fibrosis in L-NICD mice. Hepatocyte secretion of Opn, normally a biliary marker, 

in response to Notch activation may suggest an incomplete transition of hepatocytes toward 

biliary fate. Notch loss-of-function mice, however, show unchanged DR as assessed by the 

CK19+ cell number but still less fibrosis than controls; further, a specific knockdown of 

hepatocyte Opn reduces fibrosis in L-NICD mice. Thus, our data support the conclusion that 

hepatocyte Notch activity facilitates liver fibrosis in NASH by both direct (Opn-mediated 

HSC activation) and possibly indirect (inflammation and DR) pathways.

There are several limitations to our study. For instance, our conclusions were derived 

primarily with the use of a NASH-provoking diet. Although we saw robust and reproducible 

diet-induced obesity, liver inflammation, and fibrosis across cohorts, additional studies are 

necessary to determine whether this diet accurately models NASH pathogenesis. Further, 

there may be additional Notch-regulated factors involved in the pathogenesis of NASH/

fibrosis yet to be identified, and future work is necessary to isolate the upstream signal 

leading to hepatocyte Notch activation in NASH. Last, although we find an association 

between hepatocyte Notch activation and NASH severity and therapeutic outcome in 

patients, it is important to recognize that all intervention studies were performed in mouse 

models, and the potential translational relevance of Notch inhibitors in human NASH and 

fibrosis requires formal testing. Nevertheless, we believe that these data provide strong 

impetus to develop hepatocyte-specific Notch inhibitors to treat the burgeoning health crisis 

of NASH-associated fibrosis.

MATERIALS AND METHODS

Study design

The objectives of this study were to (i) determine what cell type in liver is responsible for 

increased Notch activation seen in patients with NASH, (ii) define what role Notch 

activation plays in NASH-associated fibrosis development by combining a dietary mouse 

model of NASH with Notch loss- (L-DNMAM and L-Ncst) and gain-of-function (L-NICD) 

transgenic mice, (iii) define the fibrogenic machinery downstream of hepatocyte Notch 

activation by coculture of primary hepatocytes and stellate cells in vitro and the AAV-

mediated knockdown approach in vivo with validation from translational studies in patients 

with NASH, and (iv) determine whether pharmacologic Notch inhibition can ameliorate 

NASH-induced fibrosis in mice.

All data presented here have been replicated in independent cohorts of mice or in at least 

three biological replicates for in vitro experiments, with all staining data quantitatively 

analyzed by Zen software. Statistical significance was performed by Student’s t test or 

ANOVA, followed by post hoc t tests for multiple comparisons. On the basis of predicted 

effects of Notch activation on various pathologic metrics in mice, with a power of 0.8 and P 
< 0.05, we calculated a sample size necessary of between 6 and 11 mice per group. Animals 

were randomly allocated into control and experimental groups, with the group assignment 

recorded in a master spreadsheet and only unmasked when all samples of the respective 

experiments were analyzed. Human samples were obtained from a completed random-ized, 

controlled trial (PIVENS) or a cross-sectional study for which randomization was not 

applicable—group assignments and other demographic information were blinded to the 
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investigators until after all data were obtained. Data collection of each experiment was 

detailed in the respective figures, figure legends, and methods. No data were excluded from 

studies in this manuscript.

Human liver biopsies

Cross-sectional HES1 staining—Normal (n = 3), SS (n = 3), and NASH liver (n = 4) 

sections were obtained from morbidly obese individuals who underwent liver biopsy at the 

time of bariatric surgery to assess liver histopathology. The protocol was approved by the 

Ethical Committee of the Fonda-zione Institute for Research, Hospitalization and Health 

Care of Milan, and each patient signed a written informed consent.

PIVENS trial—We analyzed liver gene expression of HES1 and HEYL and performed 

immunostaining of HES1 and HNF4α using liver biopsy samples from PIVENS trial. 

PIVENS is a NASH treatment trial sponsored by the National Institute of Diabetes and 

Digestive and Kidney Diseases and conducted by the NASH Clinical Research Network 

(CRN). The PIVENS trial study design has been described, and the ClinicalTrials.gov 

identifier is NCT00063622.

Cross-sectional gene expression analysis in patients with suspected NASH—
We analyzed liver gene expression of HES1 and SPP1 in individuals who underwent liver 

biopsy for suspected NASH because of the presence of persistent elevations in liver enzymes 

or because of severe obesity (67). The protocol was approved by the Ethical Committee of 

the Fondazione IRCCS of Milan, and each patient signed a written informed consent. For 

statistical analysis, comparisons were made by fitting data to generalized linear models, 

unadjusted (univariate analyses), or considering the following as independent variables: age, 

gender, body mass index, presence of impaired fasting glucose, or type 2 diabetes. Hepatic 

HES1 and SPP1 mRNA expression was normalized to ACTB expression and natural log 

transformed before analyses to ensure a normal distribution.

Animal studies

Homozygous RosaDNMAM (22), RosaNICD (33), and Notch-Venus (21) male mice were 

crossed with female C57BL/6J (strain no. 000664, The Jackson Laboratory) mice to 

generate heterozygous trans-genic mice for experiments. Ncstflox/flox mice (25) were crossed 

with albumin-Cre mice (68) to generate L-Ncst mice. All strains were maintained on 

C57BL/6J genetic background. Mice were weaned to standard chow (PicoLab rodent diet 

20, no. 5053) for all experiments and then started on NASH diet (TD.160785, Teklad) with 

fructose-containing drinking water (23.1 g of fructose and 18.9 g of glucose dissolved in 1 

liter of water and then filter sterilized) or MCD diet (no. 518810GI, Dyets) at 8 weeks of 

age, unless otherwise noted. Animals were housed in standard cages at 22°C in a 12-hour 

light/12-hour dark cycle and monitored for overall well-being and signs of distress with 

body weight measured weekly. Upon completion of each study, all mice were weighed and 

euthanized. Blood was collected via cardiac puncture. Perigonadal adipose tissues were 

removed and weighed. Livers were weighed, excised, and split for fixation, RNA, and 

protein isolation and were frozen for future analyses. The Columbia University Institutional 

Animal Care and Use Committee approved all animal procedures.
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Statistical analysis

Results are shown as means ± SEM unless indicated otherwise. Statistical analysis was 

performed using Prism software (version 6, GraphPad Software). Differences between two 

groups were calculated using a two-tailed Student’s t test. Analysis involving multiple 

groups was performed using one-way ANOVA, followed by post hoc t tests. Risk factors for 

fibrosis severity (stages 0 to 4) in patients were evaluated by multivariate ordinal regression 

analysis. HES1 and SPP1 expression in the cross-sectional study was log transformed to 

ensure the assumption of normal distribution. P < 0.05 was considered statistically 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Hepatocyte Notch activation in NASH.
(A) Representative images of HES1 (red) and hepatocyte nuclear factor 4α (HNF4α; green) 

immunofluorescence in liver biopsies from patients with histologically normal liver, SS, or 

NASH/fibrosis and quantification of the percentage of HES1+ cells among HNF4α+ 

hepatocytes and HNF4α− nonhepatocytes (n = 3 to 4 per group). (B) Expression of Notch 

target genes HES1 and HEYL after 96 weeks of treatment in nonresponders (n = 49) or 

responders (n = 69) from the PIVENS trial. (C) Liver HES1 and (D) HEYL expression in 

paired baseline and 96-week end-of-treatment liver biopsy specimens from PIVENS subjects 

(n = 10 to 11 per group) and (E) percentage change of HES1+/HNF4α+ hepatocytes and 

HES1+/HNF4− NPCs in nonresponders (NR) and responders (R) from baseline to end of 
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treatment (n = 7 per group). (F) Hes1 expression in liver, fractionated hepatocytes, and 

NPCs. (G) Representative images of Hes1 and HNF4α immunofluorescence in chow- and 

NASH diet–fed WT mouse livers and quantification of the percentage of hepatocytes with 

nuclear Hes1 staining (n = 9 per group). (H) Expression of Notch receptors in hepatocytes 

and (I) Western blots of Notch1 and Notch2 intracellular domains (ICDs) in livers from 

chow- and NASH diet–fed WT mice. (J) Quantification of Venus+ hepatocytes in livers from 

chow- and NASH diet–fed Notch reporter mice (n = 5 per group). *P < 0.05, **P < 0.01, 

and ***P < 0.001 as compared to the indicated controls by two-tailed t tests (two groups) or 

one-way analysis of variance (ANOVA), followed by post hoc t tests (three groups). All data 

are shown as the means ± SEM. NS, not significant; AU, arbitrary units.
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Fig. 2. Hepatocyte Notch blockade ameliorates NASH-associated fibrosis.
(A) RosaDNMAM mice (8 weeks old) were transduced with AAV8-TBG-LacZ (control) or 

AAV8-TBG-Cre to generate L-DNMAM mice and then fed for 16 weeks with NASH diet (n 
= 9 to 10 per group). (B) Hes1 expression and (C) representative images of Hes1 (red) and 

HFN4α (green) staining, (D) TUNEL (red) staining and quantification, (E) expression of 

fibrogenic genes, and (F) liver collagen staining and quantification in livers from Cre− 

control and L-DNMAM mice. DAPI, 4′,6-diamidino-2-phenylindole. (G) RosaDNMAM mice 

(8 weeks old) were fed with NASH diet for 32 weeks with AAV8-TBG-LacZ or AAV8-
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TBG-Cre transduction in the 16th week (n = 9 per group). (H) Hes1 and (I) fibrogenic gene 

expression, and (J) collagen staining and quantification in livers from Cre− controls and 

mice with delayed expression of DNMAM. *P < 0.05, **P < 0.01, and ***P < 0.001 as 

compared to the indicated controls by two-tailed t tests (two groups). All data are shown as 

the means ± SEM.
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Fig. 3. Hepatocyte Notch activation exacerbates NASH and fibrosis.
(A) RosaNICD mice (8 weeks old) were transduced with AAV8-TBG-LacZ (control) or 

AAV8-TBG-Cre to generate hepatocyte-specific Notch gain-of-function (L-NICD-16wks) 

mice before 16 weeks of NASH diet feeding or halfway through NASH diet feeding (L-
NICD-8wks) (n = 9 to 11 per group). (B) Hes1 expression and (C) representative images of 

Hes1 (red) and HFN4α (green) staining, (D) expression of fibrogenic genes, (E) collagen 

staining and quantification, and (F) TUNEL (red) staining in livers from control and L-
NICD mice. *P < 0.05, **P < 0.01, and ***P < 0.001 as compared to Cre− control mice by 
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one-way ANOVA, followed by post hoc t tests (three groups). All data are shown as the 

means ± SEM.
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Fig. 4. Hepatocyte Notch activation in chow-fed mice induces Sox9-dependent Spp1 expression 
and liver fibrosis.
(A) Male normal chow-fed RosaNICD mice (8 weeks old) were transduced with AAV8-TBG-

LacZ (control) or AAV-TBG-Cre (L-NICD ) and maintained on normal chow diet for 16 

more weeks (n = 6 to 8 per group). (B) Quantification of TUNEL staining, (C) fibrogenic 

gene expression, and (D) collagen staining and quantification in livers from control and L-
NICD mice. (E) Fibrogenic gene expression in plated HSCs isolated form WT mice, 

exposed to control or Ad-NICD–transduced hepatocyte conditioned medium (CM; n = 3 per 
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group). (F) Hes1 and Spp1 in control and Notch-activated primary hepatocytes (n = 6 per 

group). (G to J) Spp1 expression in (G) livers and isolated hepatocytes of NASH diet–fed 

mice (n = 9 per group), (H) hepatocytes sorted on the basis of Notch activity from Notch 

reporter mice (n = 13 per group), (I) livers and FACS-separated hepatocytes from NASH 

diet–fed L-DNMAM mice (n = 8 per group), and (J) NASH diet–fed L-NICD mice (n = 7 

per group). (K) Spp1 expression in siSox9- or siHes1-transfected primary hepatocytes (n = 3 

per group). *P < 0.05, **P < 0.01, and ***P < 0.001 as compared to the indicated controls 

by two-tailed t tests (two groups) or one-way ANOVA, followed by post hoc t tests (more 

than two groups). All data are shown as the means ± SEM.
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Fig. 5. Notch-induced hepatocyte Opn activates HSCs and induces liver fibrosis.
(A) Hepatocyte Spp1 expression (n = 4 per group) and (B) Opn secreted in hepatocyte CM 

from control or Notch-activated hepatocytes transfected with siRNA directed against Spp1 
(siSpp1) or scrambled control. Expression of fibrogenic genes in HSCs exposed to CM (C) 

from control or Notch-activated siSpp1-transfected hepatocytes (n = 3 per group) or (D) CM 

pretreated with an Opn-neutralizing antibody (Opn Ab; n = 3 per group). (E) RosaNICD mice 

(8 weeks old) were fed with NASH diet for 8 weeks and then transduced with AAV8-TBG-

Gfp or AAV8-TBG-Cre (to generate control and L-NICD mice, respectively) and 
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simultaneously with AAV8-H1-Gfp or AAV8-H1-shSpp1 (n = 7 to 9 per group). (F) Spp1 
and (G) fibrogenic gene expression and (H) collagen staining and quantification in livers 

from control and L-NICD mice transduced with shSpp1 (short hairpin–mediated RNA–

transfected Spp1). *P < 0.05, **P < 0.01, and ***P < 0.001 as compared to the indicated 

controls by one-way ANOVA, followed by post hoc t tests (more than two groups). All data 

are shown as the means ± SEM. (I) Correlation between HES1 and SPP1 expression in liver 

biopsies from patients at risk of NASH (n = 159). (J) Table of association between HES1 
expression and liver fibrosis stage after adjustment for key demographic variables (left 

column) or when additionally adjusted for SPP1 expression (right column). Expression of 

HES1 and SPP1 was log transformed to ensure the assumption of normal distribution. All 

data in the table are shown as the regression estimates ± SD and P values, which were 

generated by multivariate ordinal regression analyses. BMI, body mass index; IFG, impaired 

fasting glucose; T2DM, type 2 diabetes mellitus.
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Fig. 6. Pharmacologic Notch inhibitors ameliorate NASH diet–induced fibrosis.
(A) WT mice received vehicle or GSI (5μmol/kg of body weight) every other day for the last 

3 weeks of NASH diet feeding (n = 8 to 9 per group). (B) Expression of Notch targets and 

(C) fibrogenic genes and (D) collagen staining and quantification in livers from vehicle or 

GSI-treated mice. (E) WT mice received weekly injections of control or Ncst ASO (25 

mg/kg of body weight) for the last 8 weeks of NASH diet feeding (n = 9 to 10 per group). 

(F) Ncst and Notch target gene expression, (G) quantification of TUNEL staining, (H) 

expression of fibrogenic genes, and (I) collagen staining and quantification in livers from 

Control ASO– and Ncst ASO–treated mice. *P < 0.05, **P < 0.01, and ***P < 0.001 as 

compared to the indicated controls by two-tailed t tests (two groups). All data are shown as 

the means ± SEM.
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