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Abstract

BACKGROUND & AIMS—Augmenter of liver regeneration (ALR, encoded by GFER) is a 

widely distributed pleiotropic protein originally identified as a hepatic growth factor. However, 

little is known about its roles in hepatic physiology and pathology. We created mice with liver-

specific deletion of ALR to study its function.

METHODS—We developed mice with liver-specific deletion of ALR (ALR-L-KO) using the 

albumin-Cre/LoxP system. Liver tissues were collected from ALR-L-KO mice and ALRfloxed/floxed 

mice (controls) and analyzed by histology, reverse-transcription PCR, immunohistochemistry, 

electron microscopy, and techniques to measure fibrosis and lipids. Liver tissues from patients 

with and without advanced liver disease were determined by immunoblot analysis.

RESULTS—Two weeks after birth, livers of ALR-L-KO mice contained low levels of ALR and 

ATP; they had reduced mitochondrial respiratory function and increased oxidative stress, 

compared with livers from control mice, and had excessive steatosis, and hepatocyte apoptosis. 

Levels of carbamyl-palmitoyl transferase 1a and ATP synthase subunit ATP5G1 were reduced in 

livers of ALR-L-KO mice, indicating defects in mitochondrial fatty acid transport and ATP 

synthesis. Electron microscopy showed mitochondrial swelling with abnormalities in shapes and 

numbers of cristae. From weeks 2–4 after birth, levels of steatosis and apoptosis decreased in 

ALR-L-KO mice, whereas numbers of ALR-expressing cells increased, along with ATP levels. 

However, at weeks 4–8 after birth, livers became inflamed, with hepatocellular necrosis, ductular 

proliferation, and fibrosis; hepatocellular carcinoma developed by 1 year after birth in nearly 60% 

of the mice. Hepatic levels of ALR were also low in ob/ob mice and alcohol-fed mice with liver 

steatosis, compared with controls. Levels of ALR were lower in liver tissues from patients with 

advanced alcoholic liver disease and nonalcoholic steatohepatitis than in control liver tissues.

CONCLUSIONS—We developed mice with liver-specific deletion of ALR, and showed that it is 

required for mitochondrial function and lipid homeostasis in the liver. ALR-L-KO mice provide a 

useful model for investigating the pathogenesis of steatohepatitis and its complications.

Keywords

Augmenter of liver regeneration; mouse model; NASH; ALD

INTRODUCTION

Augmenter of liver regeneration (ALR) (encoded by Gfer, Growth Factor ERV1 homolog of 

Saccharomyces cerevisiae) protein was originally identified and purified from weanling and 
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regenerating rat livers, and its gene cloned (1–4). Expression of ALR in unmodified adult rat 

liver (5) suggested that it might also be functionally significant in this setting. ALR is 

known to function as a sulfhydryl oxidase (6), cytochrome c reductase (7,8), and inducer of 

cytosolic protein Fe/S maturation (9) and has additional effects such as suppression of 

hepatic NK cell cytotoxicity (10) and Kupffer cell activation (11). Inhibition of ALR 

synthesis in cultured hepatocytes leads to mitochondrial dysfunction/damage and cell death 

(12).

In order to dissect the roles that ALR plays in normal hepatocyte physiology, we generated 

liver-specific conditional ALR knockout (ALR-L-KO) mice. The data indicate that ALR is 

critical for mitochondrial function, lipid homeostasis and cell survival, and abnormality in 

ALR gene function may be an important determinant in the development of steatohepatitis 

and its complications.

MATERIALS AND METHODS

Animal protocols were approved by Institutional Animal Care and Use Committees 

according to NIH guidelines.

Generation of ALR-L-KO mouse

Details are described in Supplemental Material and Supplemental Figure 1. Briefly, ALR-

targeting vector with LoxP sites placed between exons 1 and 2 and after exon 3 of the Gfer 

gene was constructed, and standard molecular techniques were employed to generate 

ALRfloxed/floxed mouse. To generate liver-specific ALR-knockout mouse (ALR-L-KO), 

hemizygous Alb-Cre transgenic mice were first crossed with ALRfloxed/floxed mice. F1 Alb-

Cre;ALRfloxed/+ offsprings were then crossed with ALRfloxed/floxed mice to generate mice 

with following genotypes: Alb-Cre; ALRfloxed/floxed (homozygous ALR-L-KO); Alb-Cre; 

ALRfloxed/+ ; ALRfloxed/floxed; and ALRfloxed/null. The mice were maintained on a mixed 

B6.SV129 background. No difference between characteristics of the wild type ALR+/+ and 

ALRfloxed/floxed mice was observed from birth till over 1 year.

All of the other procedures are established standard techniques and described in the 

Supplemental Material Section.

Statistical analysis

All data are presented as mean ± S.D. Statistical significance was determined by Student's t-

test using GraphPad Prism. A p-value of <.05 was considered significant.

RESULTS

General characteristics, hepatic histopathology and ALR expression in ALR-L-KO mice

Relative to paired WT mice, the body weights of ALR-L-KO mice were similar at 1 and 2 

weeks, lower at 4 and 6 weeks, and again similar at 8 weeks (Figure 1A). Liver weights 

were not different between genotypes, leading to a significantly higher liver/body weight 

ratio in ALR-L-KO mice at 4–6 weeks (Figure 1A).
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Macroscopically, ALR-L-KO livers appeared normal at one day (not shown) and one week 

(Figure 1B) after birth, but became milky white by 2 weeks. They regained normal color by 

4 weeks, but became progressively coarsened and granular by 8 weeks (Figure 1B).

Histologically, ALR-L-KO livers had normal architecture up to 2 weeks postpartum. Lipid 

accumulation began at week one and progressed to profound mixed macro- and 

microvesicular steatosis, with hepatocyte swelling and minimal inflammation at 2 weeks 

(Figure 1C; Supplemental Figure 2). Steatosis was markedly reduced at 4 weeks but the 

livers developed scattered lobular mixed inflammation with focal hepatocyte necrosis and 

prominent bile ductular proliferation accompanied by accumulation of A6-positive cells 

(hepatic progenitor cells: HPCs or oval cells) (Figure 1C, inset). Ductular proliferation was 

still apparent at 8 weeks together with increasing portal/periportal and lobular mixed 

inflammation, hepatocyte necrosis and mitotic activity (Figure 1C). Isolated and clustered 

A6-positive cells, found only in the bile ducts of WT liver (not shown), were persistently 

present in and around the portal areas of the ALR-L-KO livers (Figure 1C inset). Atypical 

ductular proliferation was confirmed by keratin19 staining of biliary epithelial cells, and α-

fetoprotein mRNA expression also increased strongly at 2 and 4 weeks (Supplemental 

Figures 3A and 3B). A6- as well as keratin19-positive cells were persistently present in the 

bililary areas even at 6 months and decreased somewhat at 1 year in the ALR-L-KO mice 

(Supplemental Figure 3C).

Hepatic ALR mRNA and protein in ALR-L-KO mice decreased strongly at 1–2 weeks, and 

although amounts increased from 4 weeks onward, they remained lower compared to WT 

mice (Figure 1D, E). In contrast, ALR in WT livers increased progressively until 6 weeks 

when levels stabilized. The native ALR is post-translationally modified from 22-kDa protein 

to 3 species with approximate mw of 36-, 38- and 40-kDa (5). Interestingly, while 38- and 

40-kDa ALR was predominantly observed at 2 and 4 weeks and all 3 ALR species at 8 

weeks in WT liver, only 40-kDa ALR appeared in ALR-L-KO liver at 4 weeks and 38- but 

not 36-kDa ALR at 8 weeks (Figure 1E). Strong immunohistochemical expression of ALR 

protein at 2 weeks in WT hepatocytes contrasted with almost undetectable ALR in ALR-L-

KO hepatocytes; by 8 weeks, patchy ALR immunostaining in ALR-L-KO livers still was 

less intense than in WT liver (Figure 1F).

Cell death, regeneration, inflammation and fibrosis in ALR-L-KO mouse

Livers from WT mice showed no detectable apoptosis (TUNEL staining) between 2 and 8 

weeks, and the robust proliferation (Ki67 staining) at 2 weeks was muted by 4 weeks 

(Figure 2A, B). In contrast, ALR-L-KO livers showed profound hepatocyte apoptosis at 2 

weeks which decreased progressively, while substantial cell proliferation was seen at 4 and 

8 weeks; this proliferation occurred in oval/biliary cells as well as the parenchyma (Figure 

2B inset).

Expression of both pro-apoptotic Bax and anti-apoptotic Bcl2 was stable in WT liver (Figure 

2C), while at 2 weeks ALR-L-KO livers showed robust increases in Bax and moderate 

decreases in Bcl2. Expression of both proteins reverted first partly (4 weeks) then 

completely (8 weeks) to WT levels, as did the ratio of their encoding mRNAs (Figure 2D). 

Consistent with these data, caspase-3 activity was significantly increased in ALR-L-KO 
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liver at 2 weeks and declined at later times (Supplemental Figure 4). Increased serum ALT 

levels in ALR-L-KO mice corresponded temporally to histologic evidence of hepatocyte 

injury (Figure 2E).

Increased CD45 staining indicated persistent portal and parenchymal inflammation in ALR-

L-KO mice (Figure 3A). Hepatic mRNAs encoding the inflammatory cytokines IL1β and 

TNFα were significantly higher in ALR-L-KO than WT mice at 4 and 8 weeks (Figure 3B); 

for IL6, IFNγ and IL33 these increases were significant only at 8 weeks. NKG2D and CD8 

mRNA, indicative of NKT and CD8+ T cells respectively, also were increased at 8 weeks in 

ALR-L-KO liver (Figure 3C). In contrast there was no significant increase in CD4 mRNA.

Sirius Red staining (Figure 3D) showed mild pericellular fibrosis at 2 weeks in ALR-L-KO 

livers, with focal portal fibrosis in a background of portal mixed inflammation and bile 

ductular proliferation by 4 weeks. This was accompanied by accumulation of α-smooth 

muscle actin (α-sma)-positive cells (activated stellate cells or portal myofibroblasts) in 

fibrous areas (Supplemental Figure 5A). It is possible that epithelialmesenchymal transition 

may also contribute to fibrosis development in ALR-L-KO mice. By 8 weeks, there was 

focal early bridging fibrosis (Figure 3D) and a decrease in numbers of α-sma-positive cells 

(Supplemental Figure 5A). Results of morphometric analysis of the Sirius Red-stained 

sections were consistent with the above findings (Supplemental Figure 5B). Moreover, 

expression of the molecules associated with activation of HSCs (TIMP1, MMP13 and 

Collagen 1) also increased in the ALR-L-KO livers (Supplemental Figure 5C).

ALR deficiency causes mitochondrial dysfunction and injury

Ultrastructural examination at 2 weeks showed markedly fewer mitochondria per hepatocyte 

in ALR-L-KO mice, with the majority swollen, abnormally shaped and with increased 

spacing or loss of cristae (Figure 4A). There was also significant endoplasmic reticulum 

dilatation and robust lipid deposition. These changes persisted with lesser magnitude at later 

times (e.g., 8 weeks; Figure 4A).

ATP content was greater in the WT liver at 2 weeks compared to 4–8 weeks (Figure 4B). In 

contrast, ALR-L-KO livers at 2 weeks had extremely low ATP, which may be due its 

consumption during apoptosis and mitochondrial dysfunction. Although ATP then increased 

by 4 weeks (Figure 4B) and remained constant at 8 weeks, it was significantly lower than in 

WT mice. Because of the observed mitochondrial abnormalities in ALR-L-KO mice, we 

analyzed expression of Atp5g1 that encodes a subunit of mitochondrial ATP synthase 

(13,14) and TFAM (mtTFA) that encodes mitochondrial transcription factor A, a key 

activator of mitochondrial transcription and genome replication (15). Expression of both 

Atp5g1 and TFAM was significantly lower in ALR-L-KO liver at 2 weeks relative to WT 

liver; expression levels of these transcripts then increased at 4 and 8 weeks without reaching 

the WT levels (Figure 4C).

Upon assessing further the role of ALR in mitochondrial function, as expected, 

mitochondria from the 2-week old ALR-L-KO liver showed reduced respiration (Figure 

4D). Since the isolation procedure discards the majority of damaged mitochondria, the 

strongly reduced respiration rate seen in remaining mitochondria reflects the critical role of 
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ALR in their survival and function. Further, to ensure fair comparison between functional 

WT and ALR-L-KO mitochondria, mitochondrial respiration was normalized to the 

maximal respiratory capacity, as quantified following carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP) stimulation. Interestingly, the respiratory 

activity of ALR-L-KO mitochondria at 4 and 8 weeks was similar to the corresponding WT 

mitochondria (Figure 4D). These data imply that early-stage ALR deficiency significantly 

inhibits mitochondrial respiratory capacity (week 2); its reversal at week 4, with increase in 

ALR, most likely indicates a compensatory mechanism with recovery in Atp5g1 and TFAM 

expression and robust proliferation of hepatocytes and HPCs. It can be postulated that the 

40-kDa ALR may be responsible for mitochondrial function as indicated by its 

predominance at 2 weeks in WT mice and appearance at 4 weeks in ALR-L-KO liver 

(Figure 1E).

ALR deficiency causes ROS generation, mitochondrial DNA damage and hepatocyte death 
in vivo and in vitro

The ALR deficiency-induced liver damage associated with increased oxidative stress is 

shown by marked decrease in hepatic and mitochondrial glutathione and a concomitant 

increase in hepatic malondialdehyde (lipid oxidation product) in 2 week old ALR-L-KO 

mice compared with WT mice; both these differences disappear by 8 weeks (Supplemental 

Figure 6).

To recapitulate in vitro the in vivo mitochondrial damage and oxidative stress, we infected 

ALRfloxed/floxed hepatocytes with adenovirus containing Cre recombinase (Adeno-Cre). ALR 

mRNA expression decreased time-dependently after Adeno-Cre transfection (Figure 5A). 

The DCFDA-based measurements showed significantly increased ROS production during 

ALR depletion (Figure 5B). Adeno-Cre-mediated ALR deletion caused a time-dependent 

decrease in mitochondrial mitotracker uptake and increase in the nuclear and mitochondrial 

8-oxoguanine content (Figure 5C), consistent with involvement of increased mitochondrial 

reactive oxygen species (ROS) production in cell death (16,17). 8-Oxoguanine, a common 

DNA damaging lesion resulting from ROS (18), causes mismatched pairing with adenine 

resulting in G→T and A→C substitutions (19), and fosters abnormal gene expression/

function. Even at the earliest time point (9h after Adeno-Cre infection) there was 

mitochondrial DNA damage indicating a crucial role for ALR in redox regulation.

ALR deficiency induces steatosis and abnormal expression of enzymes involved in lipid 
metabolism

The basal triglyceride content was high at 1 week in both WT and ALR-L-KO mice. Higher 

triglycerides at 1 week are most likely due to the transition from a previously glucose-based 

energy source in the fetus to fatty acids as a major source of energy in the neonate (20). A 

further robust increase in triglycerides occurred at 2 weeks in ALR-L-KO livers, which 

decreased to WT levels by 8 weeks (Figure 6A). Cholesterol content also increased at 2 

weeks in ALR-L-KO liver (Figure 6B), but this was relatively modest as compared to the 

increase in triglycerides.
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Oil red-O staining showed greater lipid distribution in WT and ALR-L-KO livers at 1 week 

as compared to the WT livers at 2, 4 and 8 weeks (Figure 6C). At 2 weeks, Oil Red-O 

staining was much more intense and evenly distributed in ALR-L-KO compared to WT 

livers. By 4 weeks, ALR-L-KO livers showed increased Oil Red-O staining only in focal 

areas, which reduced further at 8 weeks (Figure 6C).

Levels of mRNAs encoding acetyl-CoA carboxylase (ACACA) and sterol regulatory 

element-binding protein 1c (SREBP-1c) were decreased in ALR-L-KO livers at 2 weeks. 

Interestingly, expression of the SREBP-1c target gene fatty acid synthase (FAS) was similar 

in both ALR-L-KO and WT livers at 2 and 8 weeks (Figure 6D). However, expression 

(Figure 6D) and activity (Supplemental Figure 7) of carbamyl palmitoyl transferase 1a 

(CPT1a), which is responsible for fatty acid transport into mitochondria, were strongly 

reduced in ALR-L-KO livers at 2 weeks. Moreover, expression of peroxisome proliferator-

activated receptor (PPAR)α, which regulates peroxisomal and mitochondrial fatty acid β-

oxidation (21), was also reduced significantly at 2 weeks in ALR-L-KO livers (Figure 6D).

ALRfloxed/floxed hepatocytes depleted of ALR by Adeno-Cre infection showed increased 

lipid accumulation that did not increase markedly in the presence of exogenous oleic or 

palmitic acids (Supplemental Figure 8A). Exogenously added fatty acids increased lipid 

accumulation but did not cause marked lipotoxicity in control hepatocytes till 15 hours 

(Supplemental Figures 8A, 8B) indicating that the effects on mitochondrial damage (Figure 

6) and lipid accumulation (Supplemental Figure 8A) are due to ALR depletion in Adeno-

Cre-treated ALRfloxed/floxed hepatocytes. Adeno-Cre infection did not affect fatty acid 

synthase (FAS) mRNA expression but increased ACACA mRNA at 9h that declined to 

basal values by 12h and 15h, whereas expression of CPT1a decreased time-dependently 

(Supplemental Figure 8C).

ALR-L-KO mice develop hepatocellular carcinoma

ALR-L-KO mice did not show significant differences from WT mice in the appearance or 

histopathology of the liver between 8 weeks and 6 months, but developed nodular foci of 

high grade dysplasia after 6 months (Supplemental Figure 2). At 1 year the mice showed 

varying degrees of increased liver mass relative to body mass, with more than 70% 

developing tumors and approximately 60% demonstrated HCC (Figure 7A). Perhaps 

notably, ALR mRNA and protein expression were similar in WT and ALR-L-KO livers at 1 

year (Figure 7B). Histologically, a clear distinction between tumor and non-tumor regions 

was apparent. Tumor cells were pleomorphic and often steatotic, with frequent mitotic 

figures and variably anaplastic nuclei (Figure 7C). Ultrastructural examination showed 

cytosolic and autophagosomal lipid accumulation and dilated ER (ER stress) (typical of 

solid organ tumors including HCC) in the neoplastic hepatocytes (Figure 7D).

Association of decreased ALR with hepatic steatosis and human diseases

Significant resolution of hepatic steatosis with re-emergence of ALR in the ALR-L-KO 

mouse suggested a relationship between hepatic ALR deficiency and fatty liver disease. 

Therefore, we measured hepatic ALR in (a) alcohol-treated mice with fatty livers, (b) Ob/Ob 

mice that develop fatty livers spontaneously (kindly provided by Dr. Marsha Cole, 
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Department of Pharmacology, University of Pittsburgh) and (c) humans with advanced 

alcoholic liver disease, nonalcoholic steatohepatitis (NASH) and HCV-induced liver disease 

or control livers (de-identified samples from the Health Sciences Tissue Bank, University of 

Pittsburgh Medical Center). The livers of Ob/Ob and alcohol-treated mice had significantly 

lower ALR as compared to controls (Figure 7E). More interestingly, hepatic ALR 

expression was also lower than the average value for control livers in humans with ALD 

(4/5) and NASH (4/4) (Figure 7F), but not with HCV-infection and comparable fibrosis 

(Supplemental Figure 9).

DISCUSSION

We report for the first time that ALR is critical for both mammalian embryonic development 

(failure to obtain homozygous ALRnull/null mouse) and for the postnatal survival and 

physiologic functions of hepatocytes in vivo. Depletion of hepatic ALR shortly after birth 

led to profound steatosis, mitochondrial degeneration and apoptosis of hepatocytes by 2 

weeks, followed by continued cell death and regeneration, persistent inflammation, ductular 

proliferation, and eventually HCC. Hepatocyte loss at 2 weeks is consistent with our 

previous in vitro finding showing progressive loss of ALR leading to ATP depletion, release 

of cytochrome c and hepatocyte death (12). In this study (12), we found that hepatocyte 

death via apoptosis ensues with >30–40% cellular and mitochondrial ALR depletion. This 

calculation may not be extended to whole ALR-L-KO livers, in vivo, due to variable 

depletion of ALR from individual cells at any given point.

ALR plays a critical role as a component of the mitochondrial disulfide relay system that 

facilitates disulfide bond formation and transport of newly synthesized proteins across the 

outer mitochondrial membrane (22). In this system, Mia40 (mitochondrial IMS and 

assembly pathway 40 kDa) oxidizes incoming proteins and is reoxidized by ALR, which in 

turn transfers its electrons to cytochrome c which is then acted upon by cytochrome c 

oxidase to convert oxygen to water (23–25). The central role of ALR in this respiratory 

chain prevents the generation of pathological levels of ROS, shown for example by the 

deletion of ALR gene in ALRfloxed/floxed hepatocytes causing oxidative stress and 

mitochondrial damage. The critical importance of ALR in hepatic mitochondrial survival 

and function is also underscored by the recovery of ALR-L-KO mice upon regaining ALR. 

This functional in vivo role of ALR is reminiscent of an analogous situation in 

Saccharomyces cerevisiae, in which disruption of ERV-1, the yeast ortholog of ALR, leads 

to complete loss of the mitochondrial genome with subsequent cell death (26,27).

The appearance of ALR-expressing hepatocytes following excessive apoptosis and almost 

complete loss of ALR in ALR-L-KO mice by 2 weeks is interesting and likely reflects the 

complexity of the in vivo condition. Deletion of target gene expression using AlbCre-LoxP 

technology occurs progressively beginning at about one week post-birth and is nearly 

complete by 2–12 months (28–30). Liver regeneration following profound loss as seen 

during fulminant liver failure (in contrast to replication of existing hepatocytes after partial 

hepatectomy) depends upon HPCs in bile ductules and canals of Hering (31–33). The 

existence of robust ductular proliferation and presence of Ki67-positive hepatocytes 

emerging from these sites in ALR-L-KO mice are most consistent with HPC-associated 
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regeneration. This interpretation is supported by strongly increased α-fetoprotein expression 

at 2 and 4 weeks in ALR-L-KO livers, whereas this protein normally declines rapidly after 

birth (34). It may be that the profound loss of hepatocytes due to ALR depletion is followed 

by preferential regeneration of progenitor cells that either lack Cre recombinase or have an 

inactive enzyme. We note that ALR in ALR-L-KO mice did not reach WT levels till almost 

1 year, which could suggest the continued death of hepatocytes with replacement by ALR 

expressing cells.

Excessive accumulation of triglycerides in ALR-L-KO livers at 2 weeks could be related to 

mitochondrial damage, reduced ATP content, decreased mitochondrial metabolic capacity 

and/or impaired fatty acid β-oxidation (35,36). Hepatic expression and activity of CPT1a, 

that regulates free fatty acid transport into mitochondria for β-oxidation, was strongly 

decreased in the ALR-L-KO mice. Reduced expression of PPARα, which regulates both 

peroxisomal and mitochondrial fatty acid β-oxidation, provides additional support to our 

contention that ALR deficiency has a strong negative effect on fatty acid β-oxidation. 

Unaltered FAS expression and lower ACACA expression in ALR-L-KO mice than in WT 

mice at 2 weeks likely exclude accumulation of fatty acids due to increased synthesis. 

Inhibition of CPT1a activity by high levels of malonyl CoA can also be ruled out since 

expression of ACACA that catalyzes malonyl CoA synthesis was reduced. These results and 

the decrease in Atp5g1 and TFAM expression in ALR-L-KO liver suggest an interesting 

possibility that ALR, which is also present in the nucleus (6,37), may influence expression 

of genes involved in lipid and energy metabolism at the transcriptional level. It is worth 

noting that an ontological survey showed that the CPT1a, TFAM and ACACA gene 

expression is targeted by microRNAs-370, -122, and -33 raising the speculation that ALR 

might modulate the expression of these and/or other functional miRNAs.

Despite the incremental increase in ALR that did not reach WT levels, hepatic steatosis was 

reversed by 4 weeks and only a few cells with lipid accumulation were seen at 8 weeks in 

ALR-L-KO livers. This observation suggests that a threshold concentration of ALR, 

especially in mitochondria, is required for hepatocyte function. Based on the Western 

analysis, we predict that the high mw ALR (40 kDa) might be required for this function.

Despite reversal of steatosis and regeneration with ALR-expressing cells, there was a strong 

inflammatory response with neutrophil infiltration and increased expression of pro-

inflammatory cytokines. Continued death of hepatocytes due to mediators released by 

infiltrating cells (notably neutrophils, NKT and CD8+ T cells) likely sustained the 

inflammatory environment throughout the life of the ALR-L-KO mice. Thus continued 

inflammation, hepatocyte death and regeneration (from oval cells/HPCs) precede dysplasia 

and tumor development in the ALR-L-KO mouse. In this regard, oval cells have been 

detected in human livers in conditions associated with increased risk of neoplastic 

development (38–40). Indeed, A6- and keratin19-positive cells continued to be found in 

ALR-L-KO liver till 1 year (Supplemental Figure 3C), suggesting that detrimental/

carcinogenic progenitors might persist and give rise to the tumors. However, the possibility 

that individual ALR-deficient hepatocytes persisted in this environment and contributed to 

neoplasia cannot be excluded. Our results may therefore have direct implications for 

analysis of the complications of advanced alcoholic (ASH) and nonalcoholic steatohepatitis 
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(NASH), as both diseases involve severe mitochondrial dysfunction and can progress to 

inflammation, fibrosis/cirrhosis, and liver cancer (41–43). Although hepatic ALR levels 

were lower in subjects with ASH and NASH, ALR levels were similar in the ALR-L-KO 

and WT mice at 1 year when they developed HCC. Another study reported greater levels of 

hepatic ALR in patients with liver cirrhosis, HCC and cholangiocarcinoma (44), and hepatic 

ALR expression was similar in normal and HCV livers (Supplemental Figure 9). Thus, it is 

also plausible that increased ALR might support survival and replication of neoplastic 

hepatocytes. Although a definitive conclusion cannot be drawn from the human data due to 

limited sample size, we found 48 sequence variants, 17 of which were novel (not in SNPdb), 

in a preliminary study in which the ALR gene from 100 human samples was sequenced (not 

shown). This raises the speculation that some of these variants may be present among the 

population vulnerable to ASH and/or NASH.

Our present understanding of the precise mechanisms of advanced ASH and NASH, which 

occur in only a subset of the population exposed to associated risk factors, is inadequate. 

Based on the results of these studies, we propose that the ALR-L-KO mouse may be an 

important model to investigate mechanisms relevant not only to the clinical development of 

ALD or NASH, but also to the fibroinflammatory and neoplastic consequences that arise 

from these diseases. The full role of this ubiquitous protein in human physiology remains to 

be elucidated.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACACA acetyl-CoA carboxylase

ALR augmenter of liver regeneration

CPT carbamyl palmitoyl transferase

DCFDA dichlorofluorescin diacetate

FAS fatty acid synthase

FCCP carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone

KO knockout

PPAR peroxisome proliferator-activated receptor
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ROS reactive oxygen species

SREBP sterol regulatory element-binding protein

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling

WT wild type
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Figure 1. General characteristics of ALR-L-KO mouse
(A) Liver and body weight of the ALR-L-KO mice and their WT littermates. (B) The ALR-

L-KO liver turned almost white at 2 weeks, regained normal color at 4 weeks, but developed 

granularity that increased further at 8 weeks. (C) H/E-stained sections of ALR-L-KO liver 

show development of steatosis at one week that becames excessive at 2 weeks. At 4 weeks, 

strong inflammation and ductular proliferation are apparent. Inset shows A6-immunostained 

oval/biliary epithelial cells. Persistence of inflammation, ductular proliferation with oval/

biliary cell expansion (inset) continued at 8 weeks; several necrotic foci are also seen. 

Hepatic ALR mRNA (D) and protein (E) in ALR-L-KO mice at indicated ages. (F) 
Immunolabeling show almost no ALR in ALR-L-KO liver at 2 weeks and lower patchy 

expression at 8 weeks, while all of the hepatocytes in WT liver show strong expression. Fold 

change of the specific mRNA/GAPDH mRNA ratio in relation to control or WT mRNA/

GAPDH ratio normalized to 1 is shown in all figures. (A,D) P*<.05, ** <.01 and *** 

<0.001 vs WT.
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Figure 2. Apoptosis and proliferation of hepatocytes in ALR-L-KO mice
(A) TUNEL staining at 2 weeks shows profound apoptosis of hepatocytes in ALR-L-KO 

mice that reduces at 4 and 8 weeks. (B) Ki67 labeling of the same sections show no 

proliferation of hepatocytes at 2 weeks in ALR-L-KO liver in contrast to strong proliferation 

in the WT liver. At 4 weeks, ALR-L-KO liver shows significant Ki67 labeling in the 

parenchyma as well as portal area (inset), which reduces significantly at 8 weeks. (C) 
Western blot (representative of least 4 independent samples) shows increased expression of 

Bax and reduced expression of Bcl2 at 2 weeks in ALR-L-KO liver. Bax expression 

decreased and Bcl2 expression increased subsequently in the ALR-L-KO liver and was 

similar to WT levels at 8 weeks. (D) Bax/Bcl2 mRNA ratio increased strongly in ALR-L-

KO liver as compared to WT liver at 2 weeks. (E) Serum ALT in ALR-L-KO mice. Bar 

graphs show averages of 4 independent values ± S.D. *P<.05 and **P<.01 vs corresponding 

values in WT liver.
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Figure 3. Hepatic inflammation and fibrosis in ALR-L-KO mice
(A) CD45 staining indicates progressively increased inflammatory cells in the ALR-L-KO 

liver. (B) Hepatic mRNA expression of inflammatory cytokines (IL1β, TNFα, IL6, IFNγ 

and IL33) increased strongly at 8 weeks in ALR-L-KO relative to WT mice. Anti-

inflammatory IL10 increased at 2 weeks and declines to the WT level at 4 and 8 weeks. (C) 
Hepatic mRNA expression of NKG2D and CD8, but not CD4, increased at 8 weeks. *P<.05, 

**P<.01 and ***P<.001 vs expression in WT liver. (D) Sirius Red staining shows mostly 

pericellular fibrosis at 2 weeks and periportal fibrosis at 4 weeks, whereas at 8 weeks there 

is bridging fibrosis.
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Figure 4. Mitochondrial degeneration and reduced respiration in ALR-L-KO liver
(A) TEM showing relatively few mitochondria at 2 weeks in ALR-L-KO hepatocytes, most 

of which are abnormally shaped with loss or abnormal spacing of cristae. Profound lipid 

accumulation is also apparent. Bar=500 nm. At 8 weeks, ALR-L-KO liver regains 

mitochondria, majority of which demonstrating normal structure. (B) ATP was strongly 

reduced in ALR-L-KO liver at 2 weeks and despite recovery of mitochondria, was still 

significantly lower in ALR-L-KO liver than in WT liver at 4 and 8 weeks. (C) mRNA 

expression of Atp5g1 and TFAM was significantly lower (p<0.05) in ALR-L-KO liver than 

WT values. *p=0.009; **p=0.006; ***p=0.002 Vs. 2 weeks ALR-L-KO. (D) ALR 

deficiency significantly reduces mitochondrial respiration at 2 week of age. Mitochondrial 

respiration, as a measure of oxygen consumption rate (OCR), was quantified in both WT 

and ALR-L-KO mice using Seahorse technology. *P<.05, **P<.01 and ***P<.001 vs WT 

values.
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Figure 5. ALR deficiency causes increased oxidative stress, mitochondrial injury and DNA 
damage
(A) Infection of ALRfloxed/floxed hepatocytes with Adeno-Cre causes time-dependent 

decrease in ALR mRNA expression. *P<.05 and **P<0.01 vs expression at “0” time. (B) 
DCFDA fluorescence assay shows increasing oxidative stress in Adeno-Cre infected 

ALRfloxed/floxed hepatocytes. (C) Analysis of mitochondrial and DNA damage at indicated 

times after Adeno-Cre infection in ALRfloxed/floxed hepatocytes using mitotracker (red) and 8 

Oxoguanine (green).
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Figure 6. Neutral lipid accumulation and changes in genes associated with lipid metabolism in 
ALR-L-KO mice
(A,B) Triglyceride accumulation increased strongly at 2 weeks in ALR-L-KO mice and 

declined to the basal value by 8 weeks; increase in cholesterol was modest at 2 weeks 

compared to WT liver. *P<.05 and **P<.001 vs WT. (C) Intense lipid (Oil Red-O) staining, 

seen at 2 weeks in ALR-L-KO liver, decreased at 4 and 8 weeks. (D) mRNA expressions of 

ACACA, SREBP1, CPT1a and PPARα all decreased at 2 weeks and recovered to the WT 

values by 8 weeks. FAS expression was similar to WT level at 2 weeks but reduced 

significantly at 4 weeks, and recovered by 8 weeks. *P<.05, **P<0.01 and ***P<.001 vs 

WT.
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Figure 7. Liver tumor development in ALR-L-KO mice and ALR in murine and human fatty 
liver disease
(A) Macroscopically, there were multiple tumors in ALR-L-KO livers at 1 year. Bar graph 

shows liver/body weight ratio in ALR-L-KO and WT mice (*P<.01). (B) ALR mRNA and 

protein expressions as determined by semi-quantitative RT-PCR and Western blot analysis, 

respectively, were similar in WT and ALR-L-KO livers. (C) The tumor (HCC) and non-

tumor regions of the ALR-L-KO liver are shown. HCC is characterized by the loss of liver 

structure with mitotic figures and anaplastic nuclei. (D) TEM shows lipid accumulation and 

autophagosomes (arrows) as well as ER dilation (arrowheads) in ALR-L-KO liver at 1 year. 

Bar=500nm. (E) Western analysis shows hepatic ALR expression in Ob/Ob mice (8 weeks 

of age), mice fed Lieber-De Carlie isocaloric (IC) or alcoholic (EtOH) diet for 5 weeks that 

resulted in fatty liver, and (F) humans with advanced ALD or NASH. Bar graphs in (E) 
show ratio of ALR vs β-actin expression (n=5 each) ± SD. In the graph for (F), ALR vs β-

actin ratio was plotted individually.
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