
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Upregulation of non-canonical Wnt ligands and oxidative 
glucose metabolism in NASH induced by methionine-choline-
deficient diet  

ABSTRACT 
Wnt ligands regulate metabolic pathways, and 
dysregulation of Wnt signaling contributes to 
chronic inflammatory disease. A knowledge gap 
exists concerning the role of aberrant Wnt 
signaling in non-alcoholic steatohepatitis (NASH), 
which exhibits metabolic syndrome and 
inflammation. Using a mouse model of 
methionine-choline-deficient diet (MCDD)-induced 
NASH, we investigated the Wnt signaling 
pathways in relation to hepatic glucose oxidation. 
Mice fed the MCD diet for 6 weeks developed 
prominent NASH marked by macrovesicular 
steatosis, inflammation and lipid peroxidation. 
qPCR analysis reveals differential hepatic 
expression of canonical and non-canonical Wnt 
ligands. While expression of Wnt3a was 
decreased in NASH vs chow diet control, 
expression of Wnt5a and Wnt11 were increased 3 
fold and 15 fold, respectively. Consistent with 
activation of non-canonical Wnt signaling, 
expression of the alternative Wnt receptor ROR2 
was increased 5 fold with no change in LRP6 
expression. Activities of the metabolic enzymes 
glucokinase, phosphoglucoisomerase, glyceraldehyde- 
3-phosphate dehydrogenase, pyruvate kinase, and 
pyruvate dehydrogenase were all elevated by 
MCDD. NASH-driven glucose oxidation was 
 

accompanied by a 6-fold increase in lactate 
dehydrogenase (LDH)-B with no change in LDH-A. 
In addition, glucose-6-phosphate dehydrogenase, 
the regulatory and NADPH-producing enzyme of 
the pentose phosphate pathway, was elevated in 
NASH. These data support a role of accelerated 
glucose oxidation in the development of NASH, 
which may be driven by non-canonical Wnt 
signaling. 
 
KEYWORDS: Wnt signaling, glucose, metabolism, 
fatty liver, NASH. 
 
ABBREVIATIONS 
G6PDH : glucose-6-phosphate  
                           dehydrogenase 
GAPDH : glyceraldehyde-3-phosphate  
                           dehydrogenase 
GK : glucokinase 
LDH : lactate dehydrogenase 
LRP6 : low-density lipoprotein receptor-
                            related protein 6 
MCDD : methionine-choline-deficient diet
MDA : malondialdehyde 
NADPH : nicotinamide adenine  
                           dinucleotide phosphate 
NAFLD : non-alcoholic fatty liver disease 
NASH : non-alcoholic steatohepatitis 
qPCR : quantitative polymerase chain  
                            reaction 
PDH : pyruvate dehydrogenase 
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PGI : phosphoglucoisomerase 
PK : pyruvate kinase 
ROR2 : receptor tyrosine kinase like  
                           orphan receptor 2 
 
INTRODUCTION 
The Wnt signal transduction pathway has 
traditionally been characterized in the context of 
embryonic development, cell fate decision, and 
stem cell renewal [1]. Postnatal roles of Wnt 
signaling have since been recognized from the 
findings that organ fibrosis, tumor formation, 
chronic inflammation, and tissue aging are 
associated with aberrant Wnt signaling [2-5]. 
Emerging evidence indicates that Wnt signaling 
may be involved in metabolic derangement in the 
context of disease initiation and progression [6-8]. 
Since chronic diseases account for ~45% of all 
deaths in developed countries [8] and are difficult 
to treat, a better understanding of the role of Wnt 
signaling can help identify treatment targets for 
chronic disease. 
Non-alcoholic fatty liver disease (NAFLD), the 
most common chronic liver disease and one of the 
top causes for liver transplantation, is among the 
many chronic metabolic diseases, which include 
obesity, diabetes, chronic kidney disease, and 
cardiovascular disease [9]. In addition, a diagnosis 
of NAFLD is associated with increased risks of 
other chronic diseases [10]. One common finding 
in NAFLD is increased lipid species such as 
triglycerides and free fatty acids in the liver and 
plasma, which reflects increased de novo lipid 
biosynthesis and a breakdown in lipid homeostasis. 
Frequent findings of insulin resistance in NAFLD 
[9] suggest that altered glucose metabolism has a 
causative role in the development of fatty liver. 
Given the central role of liver in coordinating 
intermediary metabolism, NAFLD is not simply 
considered a deposition of excessive fats in the 
liver but rather a hepatic component of an entire 
body affliction displaying metabolic syndrome.  
Nonalcoholic steatohepatitis (NASH) is a severe 
form of NAFLD with a major inflammatory 
component, and presents a significant risk factor 
for cirrhosis and hepatocellular carcinoma [9]. 
It has been estimated that ~11% NASH progress 
toward cirrhosis over 15 years and ~7% develop 
hepatocellular carcinoma over 6.5 years [10]. 
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Although the pathways involved in disease 
progression are not completely understood, oxidative 
stress and hepatocyte injury are characteristic 
features of NASH. Since the progression of the 
human fatty liver disease can display several 
pathologic stages over a long period of time, 
multiple signaling pathways have been implicated 
in NAFLD and NASH, such as those mediated 
by mTOR, JAK/STAT3, Notch, and Hedgehog 
[11-14]. Recent studies have further revealed a 
possible involvement of the Wnt signaling pathway 
[15-17]. Using a mouse model of methionine-
choline-deficient diet (MCDD)-induced NASH, 
we investigated the Wnt signaling pathways in 
relation to hepatic glucose metabolism.  
 
MATERIALS AND METHODS 

Animals 
Two-month old male C57BL/6 mice were fed 
either chow diet or methionine-choline-deficient 
diet (MCDD; #518828 Dyets, Bethlehem, PA, 
USA). All procedures and protocols conformed to 
institutional guidelines for the care and use of 
animals in research.  

RNA isolation and qRT-PCR 
RNA extraction was performed using the Total 
RNA isolation kits from Biomedical Research 
Service (Buffalo, NY, USA). Quantitative reverse 
transcription-polymerase chain reaction (qRT-
PCR) was used to analyze gene expression as 
previously described [18]. Bio-Rad SYBR green 
kit was used for PCR reactions. β2-microglobulin 
was used as the reference gene. Data were 
analyzed by the 2∆∆CT method. Oligonucleotides 
were synthesized by Midland Oligo. Primer 
sequences are: CCCCAAAGGGATGAGAAGTT 
and GGTCTGGGCCATAGAACTGA for TNF-α, 
TCGTGCCCAAACAAATTACA and TAGGCT 
TAGGCGTTTCTGGA for CD45, GGGACCCC 
AGTACTCCTCTC and GGGCATGATCTCCAC 
GTAGT for Wnt3a, CTGGCTCCTGTAGCCTC 
AAG and GAGTTGAAGCGGCTGTTGAC for 
Wnt5a, GGATCCCAGGCCAATAAACT and 
AGACACCCCATGGCACTTAC for Wnt11, TT 
CACTGGGGACATTGACTG and CTGGCACA 
CTGGAACTGAGA for LRP6, GGGGAGATT 
GAAAACCGAAT and AAGACGAAGTGGCA 
GAAGGA for ROR2, ATAGCCCAGCCAAT 
CAACTG and TGGAACTCTGTGAGGCACTG 
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Cayman Chemical (Ann Arbor, MI, USA). Liver 
protein homogenates (2 mg/ml) prepared as 
described above were used for the assay following 
the manufacturer’s instruction.  

Lipid peroxidation assay 
The lipid peroxidation product malondialdehyde 
(MDA) was measured using a kit from Biomedical 
Research Service (Buffalo, NY, USA) as described 
previously [19, 20]. In brief, 0.1 ml of 10% 
trichloroacetic acid-treated tissue homogenates 
was incubated with freshly prepared 6.5 mg/ml 
thiobarbituric acid at 95 °C for 30 min. Reaction 
products were extracted with n-butanol and 
measured at 532 nm. MDA concentrations were 
calculated using a molar extinction coefficient of 
1.56 x 105 cm-1M-1.  

Western blotting 
Proteins were fractionated by 12% SDS–PAGE 
and electrotransferred to Immobilon-P membrane, 
which was probed with a LDH-B antibody (Santa 
Cruz #sc-100775) at 4 °C overnight. Washed 
membrane was probed with a horse radish peroxidase- 
conjugated secondary antibody. Signals were 
developed using the SuperSignal chemiluminescent 
substrate from Pierce Biotechnology (Waltham, 
MA, USA) and digitally imaged. Protein bands 
were quantified by densitometry. 

Statistical analysis       
Comparisons between two and multiple experimental 
groups were made with Student’s T-test and one 
way analysis of variance (ANOVA), respectively. 
A value of p < 0.05 is considered significant. Data 
are expressed as means ± standard deviation.   
 
RESULTS 

NASH induced by MCDD 
We adopted the MCDD, which is among the most 
widely used animal model of NASH [21, 22], to 
investigate Wnt signaling and glucose metabolism 
in NASH pathogenesis. Feeding mice MCDD for 
6 weeks led to hepatic macrovesicular steatosis 
(H&E staining in Figure 1A) caused by increased 
triglycerides (Figure 1B) as documented previously 
[21, 22]. Hepatic inflammation and oxidative 
stress are two major hallmarks of NASH [9]. 
We used qPCR to quantify expression of the 
 

for RYK, CCCAGAAGGCTCAGAAGTTG and 
AGTTGGTTCCTCCCAGGTCT for glucokinase 
(GK), CCATACGGAAAGGTCTGCAT and TC 
AGTCTGGGCCAAGAAGTT for phosphor-
glucoisomerase (PGI), AACTTTGGCATTGTGG 
AAGG and GGATGCAGGGATGATGTTCT for 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
TCGAAAGTGGAAAGCTTCGT and CCTGTC 
ACCACAATCACCAG for pyruvate kinase (PK), 
GTTACACATCCTGGGCCATT and ACCCGC 
CTAAGGTTCTTCAT for lactate dehydrogenase-A 
(LDH-A), AGGAGTCTCCCTCCAGGAAC and 
TTCATAGGCACTGTCCACCA for LDH-B, TTA 
CCGCTACCATGGACACA and CTTCTCGA 
GTGCGGTAGCTT for E1α of pyruvate 
dehydrogenase (PDH), ACCTTCATTGTGGGCT 
ATGC and TGGCTTTAAAGAAGGGCTCA for 
glucose-6-phosphate dehydrogenase (G6PDH), 
and AGAATGGGAAGCCGAACATA and CCG 
TTCTTCAGCATTTGGAT for β2-microglobulin. 

Liver protein homogenates 
Liver tissue samples were minced and homogenized 
in an ice-cold lysis solution (phosphate-buffered 
saline supplemented with 0.1% Triton X-100) as 
described previously [19]. Homogenates were 
clarified by a 5-min spin in a refrigerated microfuge. 
Supernatants were used for all enzyme assays. 
Protein concentrations were determined using the 
Protein Assay Kit/DC from Biomedical Research 
Service (Buffalo, NY, USA). Samples were 
frozen in small aliquots at -80 °C.   

Enzyme activity assays 
Enzyme activities were measured using liver 
protein lysates (2 mg/ml each). Enzyme assay kits 
were obtained from Biomedical Research (Buffalo, 
NY, USA). Assays for GK, PGI, GAPDH, PK, 
PDH, and G6PDH are each based on coupled 
substrate-specific and diaphorase reactions, converting 
the chromogenic substrate p-iodonitrotetrazolium 
violet to formazan, which exhibits an absorption 
maximum at 492 nm. The assay for PK is based 
on measurement of luciferase activity in the 
presence of luciferin, which is driven by PK 
reaction-derived ATP.  

Liver triglyceride assay 
Liver triglyceride levels were determined using 
the Triglyceride Colorimetric Assay Kit from 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wnt pathway. qPCR anaysis (Figure 2) shows that 
the canonical and non-canonical Wnt ligand genes 
are differentially regulated in the mouse model of 
NASH. While expression of Wnt1 is unchanged, 
that of Wnt3a is significantly reduced in NASH. 
In contrast, expression of Wnt5a and Wnt11 are 
increased 3 fold and 20 fold, respectively. We 
also examined serveral coreceptors involved in 
canonical and non-canonical Wnt signaling. 
Expression of LRP6, a coreceptor mediating 
canonical Wnt signaling, is not altered (Figure 2). 
ROR2 and RYK are two coreceptors for non-
canonical Wnt signaling. While expression of 
RYK is unchanged, that of ROR2 is increased 
5 fold by MCDD (Figure 2). These results 
demonstrate that MCDD-induced NASH exhibits
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

inflammatory cytokine TNFα and the leukocyte 
common antigen CD45, both of which are found 
to be significantly increased by MCDD (Figure 1C). 
Oxidative stress was quantified by measuring 
the lipid peroxidation product malondialdehyde 
(MDA), which is significantly elevated by MCDD 
(Figure 1D). These data thus confirm the disease 
phenotype of NASH induced by MCDD. 

Wnt signaling in the development of NASH 
To determine whether Wnt signaling may be 
involved in MCDD-induced NASH, we analyzed 
hepatic expression of several major Wnt ligand 
genes, including Wnt1 and Wnt3a, which are 
ligands of the canonical Wnt pathway, and Wnt5a 
and Wnt11, which are ligands of the non-canonical
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Figure 1. MCDD-induced NASH. Mice were fed chow diet (Control) or MCD diet (MCDD) for 6 weeks. 
(A) H&E staining of liver sections. (B) Hepatic triglycerides (ng/μg proteins) were measured using liver homogenates. 
(C) qPCR analysis of expression of TNFα and CD45 genes. (D) The lipid peroxidation product MDA was measured 
(μmol/mg tissue) following TCA extraction of liver tissue. Statistical significance is indicated where applicable. 
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producion phase of glycolysis. The gene expression 
analysis reveals that transcription of PGI, GAPDH, 
and PK are significantly elevated in NASH 
(Figure 3A). However, expression of GK is not 
affected by the disease. 
Glycolysis metabolizes glucose to pyruvate, and 
the enzymes involved in pyruvate metabolism 
include LDH, which anaerobically converts 
pyruvate to lactate in the cytosol, and PDH, which 
aerobically converts pyruvate to acetyl-CoA in the 
mitochondria. LDH-A is the dominant isoform in 
the liver and fast-twitch muscle fiber, whereas 
LDH-B is the dominant isoform in the heart and 
slow-twitch muscle fiber. The two LDH subunits 
are regulated differently during development and 
in response to hypoxia and exercise [24-26]. 
qPCR analysis shows that LDH-B, the minor

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
transcriptional induction of Wnt5a, Wnt11, and 
ROR2, which culminates in activation of non-
canonical Wnt signaling. 

Induction of genes involved in oxidative 
glucose metabolism 
Since there is some evidence that the Wnt 
signaling pathway regulates nutrient-sensitive 
metabolism in the liver [6], we next investigated 
a possible role of Wnt signaling in glucose 
metabolism. Development of steatosis is largely 
attributable to de novo lipogenesis [23], which is 
fueled by oxidative glucose metabolism supplying 
acetyl-CoA and NADPH for reductive biosynthesis 
of fatty acids. Using qPCR we analyzed hepatic 
expression of several genes encoding enzymes 
involved in the investment phase or energy
 
 

Figure 2. qPCR analysis of expression of Wnt ligand and co-receptor genes. Total RNA was isolated from 
6-week liver tissues and processed for qPCR analysis. Statistical significance is indicated where applicable. 
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regulation, we went on to measure enzyme activity 
or abundance using liver protein homogenates 
prepared from the control and NASH liver samples. 
Enzyme activity assays reveal that the activities of 
PGI, GAPDH, PK, and G6PDH are all significantly 
induced by MCDD (Figure 4), as expected from 
the qPCR analysis shown in Figure 3. Although 
neither the GK gene nor the PDH E1α gene is 
induced at the transcriptional level (Figure 3), 
activities of GK and PDH are both significantly 
increased by MCDD (Figure 4), suggesting post-
translational mechanisms of enzyme regulation 
are responsible for the observed increases in GK 
and PDH enzyme activities. Induction of LDH-B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

isoform in the liver, is prominently induced in 
NASH with little change in LDH-A expression 
(Figure 3B). Expression of the E1α subunit of 
PDH is also unchanged (Figure 3B). Another 
enzyme involved in oxidative glucose metabolism 
is G6PDH, which couples oxidation of glucose-6-
phosphate to NADPH production. Figure 3B 
shows that expression of G6PDH is induced 
3 fold by MCDD.     

Upregulation of enzyme activities responsible 
for glucose oxidation 
Since many enzymes involved in intermediary 
metabolism are also subject to post-translational 
 
 

Figure 3. qPCR analysis of expression of genes involved in oxidative glucose metabolism. Total RNA was 
isolated from 6-week liver tissues and processed for qPCR analysis. (A) Analysis of genes involved in the 
investment or energy production phase of glycolysis. (B) Analysis of genes involved in anaerobic and aerobic 
metabolism of pyruvate and NADPH production. Statistical significance is indicated where applicable.   
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in hepatocytes, which are potent inducers of 
inflammation [27]. The current study demonstrates 
elevated non-canonical Wnt signaling in the 
context of accelerated glucose oxidation in 
MCDD-induced NASH. Our data are consistent 
with previous documentation of non-canonical 
Wnt signaling contributing to local and systemic 
inflammation [28, 29], a hallmark of NASH. 
Along this line, we note that celecoxib was found 
to ameliorate NASH in type 2 diabetic rats via 
suppression of non-canonical Wnt signaling 
[16], highlighting the critical role of the non-
canonical Wnt signaling pathway in the chronic 
liver disease.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
at the protein level was further verified by 
Western blotting (Figure 5), which shows a 
similar induction of LDH-B as demonstrated with 
qPCR above. Thus, based on the data derived 
from RNA quantification and protein assays, we 
conclude that oxidative glucose metabolism is 
accelerated during the development of NASH, 
which is likely mediated by activation of non-
canonical Wnt signaling. 
 
DISCUSSION 
Hepatic lipotoxicity associated with NASH is 
known to be caused by an increased burden of 
fatty acids, oxidative stress and lipid peroxidation
  

Figure 4. Biochemical assays of enzyme activities responsible for oxidative glucose metabolism. Liver protein 
homogenates were prepared from 6-week liver tissues, and enzyme activity assays were performed. Statistical 
significance is indicated where applicable. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wnt signals are thought to be transduced through 
a complex interplay among Wnt ligands, Wnt 
antagonists, frizzled receptors, and co-receptors 
[30]. Wnt1, 3a and 7 activate the canonical pathway, 
whereas Wnt5a, 5b, and 11 activate non-canonical 
signaling [31]. Our data showing decreased 
expression of Wnt3a and increased expression of 
Wnt5a and Wnt11 along with upregulation of 
ROR2 are evidence for attenuated canonical 
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Wnt signaling and elevated non-canonical Wnt 
signaling during the development of NASH. 
Although Wnt3a and Wnt5a are both known to act 
as ligands for ROR2 in the activation of canonical 
or non-canonical Wnt signaling [32], the 
reciprocal expression of Wnt3a and Wnt5a 
observed in the NASH model would argue for a 
ternary complex formed by Wnt5a/Wnt11, frizzled 
receptor, and ROR2 as shown previously [33]. 
Given that the phenotypes of Wnt5a knockout 
mice are similar to those of mice lacking ROR2 
[34], Wnt5a instead of Wnt11 may play a 
dominant role in the onset of steatohepatitis. 
Notably, LRP6 mutant mice, which manifest 
impaired canonical Wnt signaling, exhibit liver 
inflammation in the absence of fatty liver on chow 
diet, and the disease phenotype can be rescued by 
Wnt3a [15]. These findings along with our data 
support the notion that an increased activity of 
non-canonical Wnts plays a causal role in NASH, 
and suggest that hepatic inflammation may be an 
independent process that can be uncoupled from 
environmental factors such as diet. 
Oxidative glucose metabolism promotes de novo 
lipogenesis by generating acetyl-CoA and 
NADPH, which are mediated by PDH and 
G6PDH, respectively. Indeed, both PDH and 
G6PDH are induced by MCDD. Glucose 
oxidation is thus central to the development of 
steatosis. Glycolysis metabolizes glucose to 
pyruvate, which can be anaerobically converted to 
lactate or aerobically converted to acetyl-CoA. 
Although the PDH reaction represents the rate-
limiting step in glucose oxidation, lactate, which 
is abundantly present in the systemic circulation, 
can contribute to more acetyl-CoA than glucose 
under some metabolic conditions [35]. In this 
scenario, lactate must be reabsorbed by tissue 
using monocarboxylate transporters and converted 
back to pyruvate before it can be oxidized by 
PDH for production of acetyl-CoA. Interestingly, 
we observed that LDH-B, the minor LDH isoform 
in the liver, is upregulated in the fatty liver with 
no change in LDH-A expression. Since LDH-B 
is well suited for conversion of lactate back to 
pyruvate, the coordinated upregulation of LDH-B 
and PDH is expected to facilitate the production 
of acetyl-CoA from lactate, and ultimately hepatic 
lipogenesis. This finding appears to explain the 
 
 

Figure 5. Western blot quantification of hepatic 
LDH-B isozyme. Liver protein homogenates were 
prepared from 6-week liver tissues and fractionated by 
12% SDS-PAGE (50 μg protein per lane). (A) - Top 
panel: protein bands detected by LDH-B antibody. 
Two relevant molecular weight markers are illustrated. 
(A) - Bottom panel: total proteins were stained by 
Coomassie Blue. (B) The 200-kDa band marked by an 
asterisk is used as reference protein band for LDH-B 
quantification by densitometry. Statistical significance 
is indicated. 
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absence of lactic acidosis in MCDD-induced 
NASH despite accelerated glycolysis as evidenced 
by induction of glycolytic enzymes.  
The operation of the Cori cycle between tissues 
releasing lactate and those possessing 
gluconeogenesis is a vital function of liver in 
maintaining blood glucose homeostasis [36]. 
Along this line, we observe that the NASH mice 
exhibit fasting hypoglycemia (blood glucose ~70 
mg/dL vs. ~100 mg/dL in control mice). Our data 
suggest that hepatic lactate in NASH is primarily 
diverted toward production of acetyl-CoA for 
lipogenesis rather than production of glucose. 
This metabolic remodeling in the fatty liver stands 
in contrast to the well-known Warburg effect in 
tumor cell expansion, which relies on anaerobic 
glycolysis largely mediated by LDH-A even when 
oxygen is abundant [37]. Given that increased 
glucose uptake and metabolism often correlate 
with poor prognosis of many cancer cells [37, 38], 
the current work indicates that the hepatic 
metabolic derangement, which is likely mediated 
by excessive non-canonical Wnt signaling, may 
contribute to the development of NASH. 
 
CONCLUSION 
The work supports a role of accelerated glucose 
oxidation in the development of NASH, which 
may be driven by non-canonical Wnt signaling. 
Characterization of Wnt signaling and metabolic 
remodeling during NASH development may 
provide insight for NASH intervention. 
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