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Abstract
Title of dissertation: Novel WNT/β-catenin Signaling Pathway Inhibitors for the Treatment
of Metabolic Disorders
Author: Obinna Obianom, Doctor of Philosophy, 2018
Dissertation directed by: Yan Shu, PhD
The WNT/β-catenin signaling (β-cat) pathway is critical for embryonic development and
tissue homeostasis. For this reason, alterations in the β-cat pathway are associated with
many ailments including metabolic disorders, which may result from defects in the energy
metabolism. The contribution of β-cat pathway to energy metabolism has become a subject
of many investigations following the identification of polymorphisms in β-cat pathway
components that predispose individuals to type-2-diabetes. Current evidence suggests that
downregulation of the β-cat pathway activity may help treat metabolic disorders. Given
these findings, the overarching goal of this thesis was to discover and develop novel β-cat
pathway inhibitors and to examine their efficacy on glucose and lipid metabolism. We
started with an FDA approved anthelmintic, pyrvinium, which is a potent inhibitor of the
β-cat pathway. Our results showed that pyrvinium improved glucose tolerance by
inhibiting glucose output, hepatic lipid accumulation and activating the AMPK pathway.
Despite these beneficial effects, pyrvinium is unsuitable for repurposing to use orally in
the treatment of metabolic disorders due to its almost zero bioavailability and other
unspecific toxic effects in mice at higher doses. Based on the structure of pyrvinium, we
decided to discover new potent β-cat pathway inhibitors with lower toxicity and improved
bioavailability. Our screening of more than 150 newly synthesized pyrvinium derivatives
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led to the discovery of YW1128 as such a candidate having the aforementioned properties.
Administration of YW1128 led to decreased lipid accumulation and improved glucose
tolerance in the mice fed with high fat diet. Previous studies had suggested a critical role
of hepatic β-cat pathway in determining the whole body metabolic homeostasis. So we next
sought to achieve a selective delivery of the new derivatives to the liver without having
significant disposition in other tissues. We performed a proof-of-concept study where we
took advantage of high expression of organic cation transporter 1 (OCT1) in the liver to
modify the compounds that were not specifically permeable to OCT1 expressing cells. We
inserted a biguanide, which is a major backbone of several OCT1 substrates, into these
compounds and showed that they became highly permeable to cells overexpressing OCT1.
This suggests that insertion of the biguanide moiety into YW1128 may be an approach to
improve its selective liver targeting. In conclusion, this thesis uncovered the efficacy by
small molecule inhibition of β-cat pathway in the treatment of metabolic disorders and
established that incorporating a biguanide moiety to the compounds may serve as a strategy
to achieve selective liver targeting.
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CHAPTER 1: Tissue dependent metabolic consequence of alteration of the WNT/βcatenin Signaling Pathway

Introduction
The WNT signaling pathway is involved in many mammalian processes especially in
growth and tissue maintenance.1In the last decade, WNT signaling has been implicated in
the development of metabolic disorders involving glucose and lipid metabolism, initially
with several genome-wide association study that identified polymorphism in WNT
signaling effectors such TCF7L2 as a strong risk factor for predisposition to type-2
diabetes2. Since then, other components of the canonical WNT signaling have been shown
to be directly or indirectly associated with obesity and type-2 diabetes.
Metabolic disorders are a group of complex diseases characterized by dysfunction in the
metabolic processes involved in the breakdown of proteins, carbohydrates and fats. They
affect more than one-third of adults in the Unites States alone3. Today, these disorders
comprise hyperglycemia, hyperlipidemia, hypercholesterolemia and continue to rise
leading to fatty liver disease, type-2 diabetes and 4. More than four hundred million
individuals are plagued with diabetes and the incidence is expected to significantly increase
in the upcoming years5. While obesity and diabetes mainly constitute the presence of
unusually high circulating blood glucose, other nutrient metabolism pathways are also
affected.
Several organs play key roles in the catabolism and anabolism of glucose in the body. Liver
is known as the primary site for glucose and glycogen production, although it is also
important in glycolysis and utilization. The kidney contributes significantly to the
1

production of glucose, especially during starvation. Muscle is another important organ as
it partakes strongly in glycolysis, breaking down glucose molecules to generate lactate and
alanine for further glucose synthesis in the liver. With high expression of glucose
transporters and high responsiveness to insulin levels, the muscle takes up and retains a
larger amount of glucose in the body than other organs. Adipose tissues serves as fat depots,
storing triglycerides produced from glucose and producing adipokines. The intestine and
brain also contribute in this regards to an extent. These organs work in concert to ensure
whole body glucose and lipid homeostasis.
The purpose of this review is to summarize the findings that support the role of WNT
signaling in the development and progression of metabolic syndrome especially relating to
fatty liver disease and type-2 diabetes. Until date, the results have been controversial
depending on the experimental designs and the model systems studied. The sum of the
findings suggests tissue-dependent effects of manipulation of the WNT signaling pathway
especially of the canonical pathway involving β-catenin on metabolic homeostasis. This is
because the canonical β-catenin pathway regulates the expression of many genes relating
to a plethora of metabolic pathways that may have different impacts on cellular function in
different tissues.

Glucose as an activator of WNT signaling
The availability of glucose is paramount to the functioning of the human cells. Upon food
consumption and subsequent generation of glucose by intestinal enzymatic reactions,
enterocytes secrete GLP1 by a mechanism involving β-catenin/Tcf transcriptional
regulation of the gcg gene, which triggers the release of insulin from the pancreatic beta

2

cells and the suppression of glucagon secretion6. Insulin increases the translocation of
glucose transporters to the plasma membrane in metabolic tissues such as muscle to
facilitate the uptake of glucose molecules. Glucose is metabolized, stored and used for
energy production. In diabetes, sustained elevation of serum glucose results from
insufficient secretion of insulin from the pancreas or decrease insulin sensitivity in
peripheral tissues. This increase in blood glucose may lead to glucotoxicity in many tissues
and secondary complications such as nephropathy and blindness.
Induction of insulin secretion by glucose is dependent on the WNT signaling activation7,8,
which may be through the effects of glucose on cAMP pathways and by modulating βcatenin levels9. Glucose promotes stabilizing phosphorylation of β-catenin, which in turn
causes its nuclear migration to induce WNT target genes. Additional effects of high glucose
on the activation of WNT signaling pathway is mediated through its inhibition of the
protein expression of DKK4, a negative regulator of WNT signaling10. Secondary
complications resulting from diabetes such as cardiovascular disorders and uncontrolled
growth of cancer cells may be attributed to elevated glucose levels acting through a WNT
mediated pathway11.
Fujino et al reported one of the initial evidence connecting glucose-mediated insulin
release and metabolic disorders to the expression of a critical component of the WNT
signaling pathway, low-density lipoprotein receptor-related protein 5 (LRP5)12. They
found that Lrp5-/- mice exhibited impaired glucose tolerance compared to their wild type
littermates as a result of a drastically decreased glucose-stimulated insulin release12. In in
vitro studies, they found that WNT3a treatment of islet phenocopied glucose-stimulated
insulin release. When they treated the islet isolated from the knockout mice with WNT3a,
3

this effect was abolished12. Additionally, Lrp5 knockout mice had increased levels of
serum cholesterol and triglycerides while treating with a high fat-diet12,13. These findings
indicated that the function of LRP5 in insulin release was mediated by the canonical WNT
signaling and that upregulation of this pathway in the islet may be efficacious in
ameliorating diet-induced metabolic syndrome. To strengthen these reports, another group
confirmed that the WNT pathway mediates the effect of glucose on the release of incretins
upon feeding that stimulates the release of insulin14.

Components and target genes of the WNT pathway
Since the initial discovery of the WNT family of proteins and their functions in embryonic
development, numerous effector proteins have been found that comprise the WNT
signaling pathway, allowing it to crosstalk with other pathways and directly affect the
transcription of over sixty target genes that regulate different physiological processes
(http://web.stanford.edu/group/nusselab/cgi-bin/WNT/target_genes_microarray).
Amongst these, activation of the WNT signaling increases osteogenesis, decreases
adipogenesis, increases insulin secretion, and increases incretin hormone production. The
WNT signaling cascade is known to fall into two categories, the non-canonical and
canonical pathways. For the purpose of this review, we will focus particularly on the
canonical pathway, which is also known as the β-cat pathway as it comprises of a key
multifunctional effector protein, β-catenin, whose nuclear accumulation mediates the
transcriptional activation of specific WNT target genes. As it is now clear that
dysregulation of this pathway is important in the etiology of various diseases aside from
cancer, for which it was initially discovered, it is important to elucidate the respective
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functions of individual components in the WNT signaling cascade as well in the overall
disposition to such ailments.
The cellular location of the components of the β-cat pathway spans from the outer
membrane to the nucleus, branching out into various organelles as well. The entire pathway
depends on a central effector, β-catenin, which is distributed in three major cellular
compartments. These compartments and their major proteins that tether β-catenin to this
location are as follows: (i) the plasma membrane contains a large pool of β-catenin held by
interaction with the cadherin forming the adherens junction15,16; (ii) the cytoplasmic pool
of β-catenin is sequestered by the scaffolding protein Axin to mediate its degradation 17;
and (iii) the nuclear pool of β-catenin is tethered by TCF/LEF family of proteins that
together initiate the transcription of target genes18. In normal unstimulated cells, the pool
of β-catenin is least in the nucleus, as this pool is highly dependent on the cytoplasmic pool
and the nuclear export and import proteins. In certain cancerous cells where WNT signaling
is activated, the cytoplasmic pool is least due to β-catenin nuclear migration.
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Figure 1.1 Illustration of the WNT/β-catenin signaling pathway in both unstimulated
state and WNT-stimulated state.

The physiological activation of the WNT signaling pathway is initiated by glycosylated
WNT proteins binding to the frizzled proteins and the subsequent interaction with lowdensity lipoprotein-related receptors 5 and 6 (LRP5/6). The WNT proteins are secreted and
undergo palmitoylation by the porcupine protein prior to extracellular release. WNT
proteins involved in the canonical pathway include WNT1, WNT3, and WNT5B amongst
the 19 proteins identified until date. The binding of these WNT proteins to various frizzled
proteins and LRP5/6 receptors promotes the recruitment of disheveled proteins, which then
increases β-catenin cytoplasmic pool by decreasing its proteasomal degradation. Aside
from axin, the cytoplasmic β-catenin is tightly regulated by numerous proteins, notably:
APC, a tumor suppressor protein; CK1α, the kinase responsible for initial N-terminal
phosphorylation of β-catenin; GSK3β, the kinase responsible for subsequent
phosphorylation of β-catenin; Tankyrase, the axin polyadenylation polymerase; PP2A, the
phosphatase responsible for dephosphorylating β-catenin; β-TrCP, the F-box protein
required for proteasomal degradation of β-catenin following phosphorylation19; and other
proteins such as AMER1 (APC membrane recruitment protein)
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, XOM (inducer of

GSK3β)21, and GBP (GSK3β binding protein)22. Together, these proteins form complexes
that dictate β-catenin availability and subsequent entry into the nucleus (Figure 1.1, left).
Upon stimulation by WNT proteins, CK1α, GSK3β, and Axin migrate to the plasma
membrane and associate with LRP family of proteins, thereby allowing β-catenin to bind
to CBP/p300 and nucleoporins to facilitate its nuclear transport23-25. CBP acylates β-catenin
6

on the lysine 49 site to stabilize it and strengthens its nuclear activation of gene
transcription26 (Figure 1.1, right) which it does by displacing co-repressors groucho and
HDAC proteins from TCF/LEF to increase the expression of TCF responsive genes, such
as CCND1, MYC, TCF-1, Axin2, GLP1, IRS1, PPARD, PPARG.
As a multifunctional protein, β-catenin also associates with other co-transcription factors
such as FOXO, SOX, AP2, POU/Oct-4, ZIC, and TBX to initiate the transcription of their
target genes27. For example, in a model of insulin regulation during oxidative stress,
dephosphorylation of FOXO on T32, S253 and S315 sites causes this transcription factor
to migrate into the nucleus, where it interacts with β-catenin to increase the transcription
of gluconeogenic genes such as Pepck and G6pase28,29 (Figure 1.2). Nuclear Receptor
Coactivator 2 also binds to β-catenin to initiate the transcriptional expression of steroid
hormone receptors30.

Figure 1.2 The role of β-catenin mediated transcription in both TCF/LEF and FOXO
signaling axis.
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Role of WNT/β-catenin pathway components in the etiology of metabolic diseases
The components of WNT signaling pathway are implicated in energy metabolism either
dependent or independent of their WNT signaling effects. This is as a result of their
involvement and crosstalk with multiple signaling pathways including the mTOR,
hedgehog and notch pathways (reviewed elsewhere31). WNT signaling components vary
in the expression and function in various tissues during metabolic disorders32 (Figure 1.3).

TCF7L2
The contribution of TCF7L2 as a risk factor for the development of metabolic disorders
stemmed from the initial genome-wide association study that reported single nucleotide
polymorphisms in the TCF7L2 gene that predisposed individuals from Danish and US
cohort to type-2 diabetes 2. The finding spurred further validation in various ethnic groups,
with results consistent across most groups tested33-35. It was clear from these studies that
TCF7L2 played a role in in metabolic disorders, but the underlying mechanism was
unknown. Further studies in animal models of diabetes and genetic alterations of Tcf7l2
expression in mice led to the findings that its expression was important in glucosestimulated pancreatic functions7,36,37. This role is most relevant in pancreatic islets, which
are primarily responsible for the secretion of insulin38. The findings led to the postulation
that an upregulation of WNT signaling may result in increase in glucose disposition and
improvement of insulin sensitivity. However, other studies found inconsistent results
against this idea. For example, Savic et al showed that an increase in the copy number of
Tcf7l2 in various tissues led to increase in insulin secretion, but worsened glucose tolerance
as a result of insulin insensitivity39. On the other hand, whole body deletion of Tcf7l2 in
the mice resulted in a decrease in serum insulin and an increase in glucose tolerance
8

especially in high fat diet mouse model. Due to many other similar and opposite findings,
a new postulation of a tissue-dependent effect of Tcf7l2 and WNT signaling in the etiology
of type-2 diabetes and other metabolic diseases was implied.

Figure 1.3 Tissue-dependent functions of the WNT/β-catenin signaling pathway during
normoglycemia

In support of a tissue-dependent role of TCF7L2 and the WNT signaling pathway,
Morrison et al reported an assessment of the expression of Tcf7l2 in ob/ob diabetic mouse
model and lean controls. They found that the differences in the expression of Tcf7l2
between the obese and the lean mice varied in a tissue-dependent fashion40. In the adipose
tissues of ob/ob mice, the gene expression of Tcf7l2 was significantly decreased whereas
9

in the islets it was increased, consistent with previous reports41. Tcf7l2 was only slightly
decreased (1.26 vs 1.95, p-value = 0.019) in ob/ob livers. Despite the pattern of Tcf7l2
changes at the mRNA level in these tissues, it is noteworthy to mention that this may or
may not correspond with the direction of change at the protein level41. Another study
examined the metabolic phenotypes by the depletion of Tcf7l2 post-weaning in mouse
whole body, pancreas and the liver42. The whole body depletion of Tcf7l2 resulted in
decreased body weight, fasting glucose and insulin. No noticeable effects were seen in
pancreas deletion with regards to glucose tolerance and insulin secretion, but liver-specific
deletion of Tcf7l2 led to improvement in glucose tolerance in the mice fed with a high fat
diet. A reason for no effect seen in the pancreatic deletion may be related to the fact that
there is undetectable WNT signaling activity in adult pancreatic islets both in normal and
diabetic mice43. To bolster this claim further, a recent work by Bailey et al found that there
were non-pancreatic beta cell-dependent roles of Tcf7l2 in the regulation of glucose
metabolism in mice
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. In this particular study, glucose intolerance was observed in the

humanized mouse model that overexpressed human TCF7L2 in all tissues. When they
preferentially decreased the levels of TCF7L2 in the pancreatic beta cells, they found
decreased insulin secretion and islet mass, which is consistent with many other studies.
Nonetheless, the overexpression of TCF7L2 in other non-pancreatic tissues still resulted in
glucose intolerance in the mice, suggesting that TCF7L2 expression in beta cells played
little or no role in the overall body glucose homeostasis44. However, a few studies have
disagreed with little or no effect from Tcf7l2 knockdown or deletion in the pancreas45. The
discrepancy may be attributed to the experimental design for these studies and the
additional functions perpetrated by WNT signaling pathway. For example, Tcf7l2 also
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plays a role in pancreatic glucagon secretion by alpha cells, the increase of which may
contribute to diabetic phenotypes46,47.
Constitutive deletion of Tcf7l2 in mice is embryonically lethal. Partial knockdown of
Tcf7l2 affects various tissue differently and the gene may not be depleted to the same level
across laboratories. Therefore, this variation may also contribute differently to the observed
phenotypes. Nonetheless, whole body knockdown of Tcf7l2 expression in mice has been
consistently shown by several groups to lead to decreased body weight, improved glucose
tolerance, and insulin sensitivity39,42,48.
The bulk of studies dispute the aforementioned work of Boj et al42 with regards to the role
of Tcf7l2 in the pancreas45,49,50. Tcf7l2 knockdown or the overexpression of dominant
negative Tcf7l2 in the pancreas have been reported to cause mice to become glucose
intolerant as a result of lower GLP1 production and glucose-stimulated insulin
secretion51,52. Following high fat diet feeding, pancreatic beta cells expand to accommodate
the excessive caloric intake, but this expansion is impaired in pancreatic Tcf7l2 knockdown
mice. In addition to lower GLP1 and insulin secretion, GIP-mediated AKT phosphorylation
of FOXO is halted41. Dephosphorylated FOXO proteins localize to the nucleus where they
may interact with β-catenin to initiate the transcription of gluconeogenic genes such as
Pepck, G6pase and Fbp1. Aside from the polymorphisms in Tcf7l2 gene that predispose
individuals to metabolic syndrome, methylation of the transcriptional start site of Tcf7l2
leads to its decreased expression in the beta cells of the mice fed with a high fat diet and in
vitro in MIN6 cells as well, leading to a decrease in glucose-stimulated insulin secretion,
BMP4 expression and an overall decreased beta cell function49,53.
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In the gut, Tcf7l2 pathway regulates the transcription of proglucagon gene (gcg) that
encodes GLP1 and glucagon47. GLP1 is widely known to stimulate insulin secretion while
repressing glucagon secretion. Knockdown of Tcf7l2 attenuates gut expression of gcg and
subsequently decreases food-enhanced insulin secretion54. The expression of GLP1 has
been linked to the repression of AMPK upon food consumption54,55. The signal pathway
from GLP1 helps to attenuate food intake54 and ensure glucose homeostasis in the brain.
The modulation of GLP1 by Tcf7l2 is therefore important in the brain to regulate food
intake and glucose homeostasis56.
Selective knockdown of hepatic Tcf7l2 has also produced inconclusive results. Unlike the
pancreas, WNT signaling is active in the pericentral hepatocytes of adult mice57. There are
three known isoforms of Tcf7l2 – medium, short and long forms. The protein and mRNA
expression of the medium and short forms, which reside primarily in the nucleus, are
significantly decreased in obesity mouse models compared to lean controls40,58. This
correlation of Tcf7l2 with insulin resistance in these mouse models raises the question of
whether Tcf7l2 decrease is causative or merely a result of insulin resistance. In a mouse
model of adenovirus-mediated Tcf7l2 knockdown where its depletion was exclusively in
the liver, Oh and colleagues reported that the absence of Tcf7l2 led to dramatic increase in
the expression of both Pepck and G6pase genes in fasted and feeding conditions58.
Overexpression of the medium isoform reversed these phenotypes with decreased fasting
and fed blood glucose concentrations, hepatic Pepck and G6pase expression, and an overall
improvement in the glucose tolerance. Overexpression of a dominant negative isoform of
Tcf7l2 in the liver of wild-type C57BL mice reproduces the finding of impaired glucose
tolerance and upregulation of expression of gluconeogenic genes by Tcf7l2 knockdown59.
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These studies agree with in vitro studies in mouse hepatocytes where insulin stimulated the
expression of Tcf7l2 and WNT activators such as WNT3A caused repression of
gluconeogenic genes and decreased glucose production57. In addition, in HUH7 and
hepG2, upregulation of Tcf7l2 has been associated with an increase in hepatic glucose
uptake as well as a decrease in glucose production by mechanisms that involve repression
of gluconeogenic gene expression, increase in GLUT2 expressions and increase in AKTmediated phosphorylation of FOXO family of proteins52. These studies debunk the work
of Boj et al, which depicts that Tcf7l2 mediates the transcription of gluconeogenic genes
and its upregulation causes impaired glucose tolerance. However, it is plausible that the
conclusions of Boj et al depend on the conditions in which the physiological expression of
Tcf7l2 is altered. The WNT effector β-catenin has multiple nuclear binding partners, and
depletion of Tcf7l2 may cause β-catenin to preferentially bind to others such as FOXO1 to
mediate the transcription of gluconeogenic genes. In addition, since Tcf7l2 expression
increases the phosphorylation of FOXO by AKT and nuclear exclusion, its absence may
cause nuclear accumulation of FOXO and subsequent transcriptional activation of
gluconeogenic genes41,58,59.
The effect of WNT signaling on adipose tissue and skeletal muscles are also vital in the
development of metabolic disorders as inhibition of the pathway propagates adipocyte
differentiation. In individuals with low insulin sensitivity, the expression of TCF7L2 and
other positive regulators of the WNT signaling pathway are decreased in adipose tissues
while being upregulated in the muscle tissue32. This allows for WNT-mediated increase in
the expression and mobilization of GLUT proteins to increase glucose uptake in the
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muscles, but also at the same time increase adipogenesis. This is probably a compensatory
attempt to manage excessive caloric intake and decrease serum glucose levels.
Β-CATENIN
The cellular level of β-catenin is central to WNT signaling pathway to control the
transcriptional activation of a plethora of genes directly or indirectly involved in the
metabolism of glucose and lipids. β-catenin has been associated with insulin--stimulated
membrane translocation of GLUT4 transporters and increased glucose uptake in adipocytes
in a manner that is dependent on its cytoplasmic pool60. Overexpression of E-cadherin
which serves as the plasma membrane retainer of β-catenin decreases its cytoplasmic pool
and the membrane expression of the GLUT family of transporters61.
β-catenin is essential for pancreatic β-cell expansion, functions and survival especially in
conditions where an increase in mass and insulin secretion is needed to meet enhanced
systemic demands such as in obesity and other metabolic disorders62. This is because βcatenin partners with nuclear co-transcription factors to direct the expression of genes such
as pitx2, gip, ccnd1, Mafa and ins2 that are responsible for carrying out key pancreatic
functions50,63. While genetic ablation of β-catenin in the pancreas beta cells is
embryonically lethal like that of TCF7L2, its partial knockdown produces the mouse model
that appears normal but is defective in insulin secretion and glucose metabolism64. GLP1and glucose-stimulated insulin secretion are significantly attenuated in these mice65. The
work of Gui et al also supports a β-catenin mediated WNT signaling activation as a
mechanism in β-cells for maintenance of glucose and insulin homeostasis, as the treatment
of NIT-1 cells with the physiological activator (WNT3A) of this pathway phenocopies the
effect of β-catenin overexpression on proliferation and the expression of insulin receptor
14

substrate66. Interestingly, despite decrease in these effects - glucose intolerance, insulin
secretion, beta cells mass and increased food intake – in pancreas specific β-catenin
knockdown mice, when challenged with a high fat diet, these mice become protected from
further glucose intolerance and insulin resistance67. This suggests a more complex role of
the β-cat pathway with potential benefits from its inhibition specifically in treatment of the
metabolic syndrome.
Hepatic glucose metabolism is subjected to the regulation by β-catenin. Genetic
knockdown of hepatic β-catenin has been shown to result in defects in liver development,
predisposing mice to hepatic injury when challenged with toxic chemicals and metabolic
stress68,69. However, knockdown of β-catenin in adult mice has been also shown to confer
metabolic benefits in mice70. These mice display a lower fasting glucose level, improved
tolerance to both glucose and pyruvate. Compared to the control mice, the expression of
gluconeogenic genes is significantly decreased in β-catenin knockdown mice and this is
even more pronounced in the fasting state. Beta-catenin interacts with FOXO1 which
regulates hepatic gene expression of Pepck and G6pase (Figure 2). In the oxidative stress
or fasting state, FOXO1 localizes to the nucleus where its transcriptional function is
activated upon association with β-catenin. Adenovirus-mediated hepatic overexpression of
β-catenin has the opposite effect in support of the notion that β-catenin positively regulates
gluconeogenesis. Knockdown of hepatic β-catenin protects mice from high fat diet-induced
weight gain and aids in the reversal of fatty liver70, suggesting a therapeutic role of
inhibiting β-catenin in alleviating and treating the metabolic diseases associated with
hepatic glucose and lipid metabolism dysregulation. Popov et al and Lemberger et al also
recently reported findings that agree with the aforementioned data71,72. In the work of
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Popov, they used 2'-O-methoxyethyl chimeric antisense oligonucleotide to specifically
knockdown β-catenin in the liver as well as in the adipose tissues of adult C57BL/6 mice.
Consistently, they found that knockdown of β-catenin significantly improved glucose
tolerance, increased insulin sensitivity, and decreased hepatic triglycerides in the mice fed
with a high fat diet. In essence, in high fat diet-induced metabolic disorders in mice, not
only did ablation of hepatic β-catenin improve glucose metabolism, it also corrected insulin
sensitivity and reversed defective lipid metabolism and hepatic handing of the energy
metabolism largely.

LRP5/6
LRP5 and LRP6 are transmembrane proteins required for the initiation of WNT proteinsmediated activation of the WNT signaling pathway. They are involved both in the
canonical and non-canonical WNT pathways. The two proteins have 64% and 73%
homology in their intracellular and extracellular domains73. However, LRP6 plays a more
dominant role in the activation of β-catenin/Tcf7l2-mediated transcription74-76, while the
effects by alteration in LRP5 was the first hint to a role of WNT signaling in glucose and
lipid metabolism12. Lrp5 and Lrp 6 associate with the Frizzled receptors upon WNT3A
binding to initiate the activation of WNT signaling pathway. It has been shown that the
stimulation of insulin secretion by WNT3A via β-catenin/Tcf7l2 is dependent on the
availability of these co-receptors. Glucose tolerance is worsened in vivo in whole body
Lrp5 knockdown mice which also exhibited decrease in islet-specific glucose-induced
insulin secretion as a result of decreased expression of IRS-1, insulin receptors and IGF-1
receptors77. Hepatic clearance of chylomicron remnants is impaired and plasma cholesterol
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is significantly increased in these genetic Lrp5 knockdown mice12,13. This establishes Lrp5
as a key player in beta cells in the maintenance of glucose and insulin homeostasis78.
Single nucleotide polymorphisms such as intronic variants rs4355801, rs4988300 and
rs634008 in the LRP5 gene are reported to be associated with an increased incidence of
obesity and diabetes in various cohorts but not Japanese populations

79-84

. Multiple SNPs

in LRP5 is associated with alteration in lipid metabolism as well as glucose homeostasis85.
The close homologous LRP6 protein also has implications in dyslipidemia and glucose
metabolism defects80,86. However, as a weaker activator of WNT signaling pathway, lrp5
may additionally mediate other pathways and involve in the glucose uptake and lactate
secretion in mammary epithelial cells dependent and independent of the β-catenin/Tcf7l2
signaling axis75. Lrp5 has been reported to interact with other membrane proteins such
glucagon receptors to mediate the stabilization of beta catenin and subsequent the induction
of WNT signaling87. Lrp5 may also contribute to the activation of the mTORC2 pathway
and

the glycolytic enzymes to affect overall cellular metabolism88. However, a recent

study by Foer et al assessing the effects of glucose and insulin signaling in the individuals
of high bone mass carrying gain of function mutation in Lrp5 disputes the aforementioned
findings89. They reported that the increased function of lrp5 did not affect glucose or lipid
metabolism, and the serum levels of triglycerides and total cholesterol were unchanged
despite a significant decrease in the level of LDL cholesterol as compared to the individuals
with normal Lrp5 alleles. The discrepancy may lie in the extent of the function gain by the
Lrp5 mutation, as they were unable to demonstrate a significant effect of this mutation on
WNT signaling activation89.
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In a model with the whole body knockdown of Lrp6, there was improvement in glucose
tolerance and the mice were protected from diet-induced obesity and hepatic insulin
resistance90. These effects by Lrp6 knockdown was attributed to the transcriptional
downregulation of Pepck and G6pase via FOXO1 activation as well as the upregulation of
the leptin gene. Lrp6-deficient mice are also protected from hepatic lipid accumulation
induced by fatty diet90. In skeletal muscles, the common Lrp6 mutation R611C has been
associated with decrease in the expression of insulin receptors and insulin sensitivity even
though the individuals tend to have hyperinsulinemia91. In the kidney, the stabilization of
Lrp6 via its interaction with PPARα could cause a WNT signaling-mediated renal
protection to reduce renal fibrosis and diabetic nephropathy92. Similar to lrp5, lrp6 is also
involved in the mTORC pathway in addition to the WNT signaling pathway in various
metabolic organs. As such, Lrp6 has been regarded as a novel therapeutic target for the
diseases involving atherosclerosis and dyslipidemia (reviewed in detail by Go et al 93).
Both Lrp5 and lrp6 are important in bone formation especially during embryonic growth
stages. Certain mutation of LRP5 lead to bone developmental defects in diseases such as
osteoporosis pseudoglioma, which is characterized by osteoporosis and craniotabes94. In
some cases, individuals with these diseases may have intellectual disability and increased
susceptibility to bone fractures. The roles by lrp5 and lrp6 in osteocytes have been
attributed to their involvement in WNT signaling which is implicated in energy metabolism
as well. Specific knockdown of Lrp5 in these cells lead to decrease in postnatal bone
mineral density, but also an alteration in energy metabolism as expected. The transgenic
mice with LRP5 overexpression have increased energy expenditure, reduced free fatty
acids and reduced triglyceride in the plasma, and are leaner than control mice95. On the

18

other hand, the depletion of lrp6 has insignificant effects on the plasma triglyceride and
free fatty acid levels even up to 24 weeks of age in mice. Mechanistically, lrp5 regulates
lipid oxidation in osteoblasts by affecting the genes involved in fatty acid oxidation such
as acaa1a, acadl and acat2. However, the overall glucose metabolism and insulin
sensitivity is not affected by depletion of lrp5 in mouse osteoblasts, possibly because these
cells do not contribute immensely to glucose metabolism. While treatment with lithium
chloride and adenovirus mediated overexpression of beta catenin also increase lipid
oxidation genes, these effects may be independent of glucose homeostasis function of the
WNT signaling pathway and due to the normal chow diet condition, because when
challenged with a high fat diet, lrp5 depletion cause decrease in glucose uptake, glucose
intolerance and insulin sensitivity via WNT signaling pathway96. More so, the expression
of lrp5 and lrp6 in osteoblasts may vary in such a way that lrp5 is the primary mediator of
WNT signaling in those cells.

AXIN
Axin is a scaffolding protein that has been shown to interact with several other pathways
aside from the WNT signaling pathway. For example, it binds to proteins such as HIPK2,
Daxx, LKB and AMPK97. The role of Axin in glucose homeostasis and lipid metabolism
has been mainly ascribed to its scaffolding of two important complexes that mediate
glucose uptake and metabolism in cells.
Axin cooperates with tankyrase and KIF3A to enhance the exocytosis and membrane
expression of GLUT4 transporters in adipocytes. At the basal state, all three proteins reside
in a ternary complex where tankyrase actively poly adenylates itself and Axin, leading to
subsequent degradation of both proteins by the ubiquitin proteasome pathway98. Upon
19

stimulation by insulin, the enzymatic degradation of Axin is inhibited as well as that of
tankyrase. This complex containing stabilized Axin, tankyrase and the kinesin protein
KIF3A allows for the shutting and membrane expression of GLUT4 to increase glucose
uptake and subsequent utilization. Both isoforms of tankyrase (1/2) may be involved in this
regulation as genetic knockdown of either of the enzymes lead to defects in energy
metabolism. The requirement of tankyrase in the scaffolding effects of Axin is also of
importance in the WNT signaling pathway, as the knockdown of tankyrases prevents the
formation of axin punctas indicative of the β-catenin destruction complex99.
The involvement of Axin in energy metabolism may be also through its assembly of the
LKB-AMPK complex that facilitates the phosphorylation and activation of AMPK, which
leads to alteration of gene expression pertinent to glucose and lipid metabolism100. In this
model, AMP binds to the gamma subunit of AMPK and facilitates its phosphorylation
through the action of Axin, which brings together both LKB and AMPK to initiate the
process. Without Axin, AMP-mediated AMPK phosphorylation is impaired. Defective
AMPK activation leads to excessive fatty acid and triglyceride accumulation, increased
expression of gluconeogenic genes and other undesirable effects on energy metabolism.
The sum of these effects is more pronounced in fasted state, leading to glucose intolerance,
dysregulation of lipid homeostasis, and insulin resistance. AMPK activation is highly
crucial in metabolic disorders and is attributed as a major route to the effectiveness of the
anti-diabetic drug metformin as well as other direct AMPK activators such as AICAR101.
The notion that Axin scaffolding effects may require the presence of tankyrase may be an
interesting principal to test in further studies such as the aforementioned model of AxinAMP-LKB-AMPK complex. More so, it is unknown whether these effects of Axin in
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different complexes to regulate glucose homeostasis are independent of its function in
WNT signaling pathway or not. In the first study that showed the involvement of Axin in
glucose metabolism, the binding of Axin to the Drosophila Axin (Daxin)-binding SH3
protein (DCAP), which is a major component of glucose transport system in insulin
signaling, affected the metabolism of glucose and glycogen. However, overexpression of
DCAP did not alter the activity of WNT signaling pathway, suggesting that the role of Axin
in energy metabolism may be independent of its function as a crucial WNT signaling
inhibitor.
There are a few studies which highlight the importance of Axin in metabolic homeostasis
in specific tissues. The upregulation of Axin in pancreatic cells leads to decrease in gene
expression of pitx and c-myc as well as in glucose-stimulated insulin production and
glucose tolerance62. In addition, loss of the Axin destabilizer RNF146 leads to increased
adipogenesis and hence increased fat storage. However, the loss of RNF146 in osteoblasts
cause mice to be severally glucose intolerant102.
GSK3β
Glycogen synthase kinase 3β was initially uncovered for its role in glycogen synthesis, as
it inhibits the activity of glycogen synthase (GS) via inactivating phosphorylation103.
GSK3α is also relevant in this respect (reviewed elsewhere104), but for the purpose of this
review we will focus on GSK3β. The inhibitory effect of GSK3β on GS is highly important
in insulin signaling and glucose homeostasis. The major metabolite of glucose is glycogen
and this conversion is mediated primarily by GS. The activity of Gsk3β thus causes a
decrease in glucose metabolism and may directly influence energy metabolism. Discovery
of GSK3β as an attractive target for metabolic disorders had initially spurred the
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development of the inhibitors toward this protein105,106. However, with further exploration
, many reports found that GSK3β plays a role in a plethora of pathways including the WNT
signaling pathway107. Inactivating this protein may cause unwanted side effects.
In the organs of metabolic importance such as adipose and skeletal muscles, insulin may
act via the PI3K/AKT pathway to inactivate GSK3β through the phosphorylation of serine
9, leading to the activation of WNT signaling pathway108. Since AKT is a major upstream
deactivator of GSK3, events that perturb the activity of AKT such as exercise may cause
changes in GSK3 activity and subsequently in the phosphorylation of the WNT effector βcatenin109,110. Aside from the effect on GSK3β activity, insulin affects the WNT signaling
pathway at multiple stages111, leading to increased glucose uptake and utilization112. WNT
signaling is known to regulate the expression of insulin receptor substrate and GLP1, where
inhibition of GS3Kβ propagates this effect113.
Knockin studies of constitutively active Gsk3β implies that its activity does not affect
glucose homeostasis and insulin signaling in non-diabetic mice because neither body
weight nor glucose and insulin sensitivity are significantly affected in the mice114.
Administration of insulin had little or no effect on glucose utilization by the skeletal
muscle, a confirmation that insulin effects on this tissue are not solely dependent on the
inactivation of GSK3β in mice with no metabolic defects115. But there is tissue-dependent
effects by GSK3β on various metabolic pathways in normal versus a state of metabolic
disorder116,117. For example, it is a crucial player in the glucose sensing signaling pathway
in the beta cells as it constitutively inactivate, by phosphorylation, the MafA protein, which
is a transcriptional activator to mediate the effects of glucose in these cells especially
crucial in metabolic disorders116. GSK3β also prevents the replication and survival of beta
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cells through its function as a negative regulator of both WNT signaling and mTORC
pathways118,119. In accordance with this function, GSK3β depletion in pancreatic beta cells
causes protection against high fat diet-induced diabetic phenotypes in mice120. Since the
skeletal muscle is a major site of glucose disposal following food consumption, Gsk3β is
also crucial as a regulator of insulin action in this tissue. The expression increase of Gsk3β
in the smooth muscle and adipose tissues of gestational diabetic mothers may contribute to
the etiology of the disease121. In the liver, GSK3β is important as a mediator of IRS1
degradation, which has been correlated with insulin resistance. A study by Leng et al found
that sustained elevation of glucose, which is common in the early stages of diabetes,
induced IRS1 degradation in hepatic cells that was propagated by GSK3β. Consistently,
overexpression of GSK3β mutants that are able to escape from inactivation led to
constitutive decrease in IRS1 expression and impairment of glucose tolerance122. GSK3β
may also directly bind to the transcriptional factors such as FOXO1 and hepatocyte nuclear
factor 4alpha (HNF4 α) to induce the expression of gluconeogenic genes such as Pepck
and G6pase in hepatocytes123,124. In the gastrointestinal tract and kidney, GSK3β is
involved in the regulation of glucose transporters. Upregulation of GSK3β in these tissues
enhances the membrane expression of glucose transporters and therefore increases uptake
of glucose125, which may reverse the impairment of glucose tolerance and insulin resistance
in diabetes and metabolic disorders. The increased expression of GSK3β in the brain has
been reported to worsen high fat diet-induced insulin resistance and cognitive disorders
that may further influence energy metabolism126. GSK3 activation is increased in the brain
of both ob/ob and high fat diet-induced obesity models where GSK3 has been implicated
as a negative regulator of hypothalamic energy homeostasis127.
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Small molecule activators and inhibitors of WNT/β-catenin signaling pathway
The implication of the canonical WNT signaling in many diseases especially cancers has
led to the surge in development of specific inhibitors for clinical use128. Despite the
considerable evidence for the role of this pathway in metabolic diseases, few or none of
the currently developed compounds are intended for this use. Nonetheless, it is important
to highlight some recent studies where the use of small molecules began to show benefits
in treatment of metabolic disorders. For example, WNT signaling propagates the
proliferation of preadipocytes but inhibits its differentiation to mature adipocytes.
Adipocytes maturation and fat storage are increased in obesity that results in secretion of
adipokines and induction of insulin resistance129. Selective inhibition of GSK3β has been
shown to improve insulin sensitivity and glucose metabolism as a result of its WNT
activation and subsequent downregulation of adipogenesis113. GSK3β selective inhibitors
I3O and LiCl have exhibited metabolic benefits in a recent study where the mice treated
with either of these compounds had elevated adipose β-catenin levels with a substantial
decrease in high fat diet-induced increase of plasma cholesterol and triglyceride levels130.
These inhibitors also decreased glucose levels. In addition, Dissanayake et al showed that
insulin-mediated enrichment of membrane pool of GLUT4 transporters in 3T3-L1 cells
was altered in the presence of WNT signaling modulators60 – the GSK3 inhibitor BIO
stimulated the uptake of glucose while Pyrvinium, a CK1α activator, thwarted the uptake.
These findings indicate that small molecule-mediated activation of the WNT signaling in
adipose tissues may confer metabolic benefits in patients at risk for metabolic diseases.
The DKK family of proteins have been largely characterized as potent WNT inhibitors as
a result of their potent inhibitory effect on WNT proteins131. Although their role in glucose
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metabolism is less studied, certain reports have shown that their ablation decreases fasting
insulin levels and increases glucose tolerance in mice127,132. This is attributed to the
increase in the conversion of glucose to glycogen in metabolic cells. Their deficiency
increases intestinal production of GLP1, despite the observed decrease in insulin levels.
These genetic phenotypes are replicated with selective DKK2 antagonists, IIIC3 and IIIC8,
which improved glucose tolerance and delayed insulin resistance in db/db mouse model of
diabetes132. While the aforementioned studies support a notion that small moleculemediated activation of WNT signaling pathway may improve insulin sensitivity and confer
tissue specific metabolic benefits, a recent study with an inhibitor of the WNT signaling
pathway suggests otherwise. An antagonist of CK2, which is a positive regulator of the
WNT signaling pathway, decreases insulin secretion in MIN6 beta cells133. However, in
diet-induced metabolic disorders in mice, CX-4945 treatment improved the glucose
tolerance and therefore insulin sensitivity. Although the authors have attributed these
benefits to the modulation of β-Cell M3 muscarinic receptors, it is plausible that the
resulting improvement they observed in glucose metabolism was due to modulation of the
β-catenin/Tcf7l2 signaling, which is in line with a characteristic response to insulin
secretion133. In addition, certain natural products such as flavonoid constituents of food
products like inotodiol exhibit antidiabetic properties that are correlated with the
downregulation of β-catenin, although the direct modulation of WNT signaling as the
underlying mechanism has yet to be determined134. The disagreement among these studies
necessitates that more selective small molecule modulators of the WNT signaling pathways
be studied in the context of metabolic disorders to better understand their therapeutic
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advantages or disadvantages as has been hinted through various genetic knockdown and
overexpression studies.

Concluding remarks
The β-cat pathway consists of several components that have been implicated in various
diseases including metabolic disorders. The overall results from different studies suggest
an inconclusive role of this pathway in the modulation of insulin sensitivity and glucose
homeostasis. However, when categorized into specific tissues, it is obvious that there is a
tissue dependence on the function of WNT signaling pathway in energy metabolic
pathways. Of note, because the pathway is indispensable for embryonic development and
proliferation, the ablation of its components in adult mice is expected to generate different
phenotypes as compared to genetic knockout at birth. Small molecule inhibitors, although
currently unspecific to metabolic tissues, have shown some favorable therapeutic benefits,
suggesting that further studies are needed to fully understand how they can be applied to
improving different aspects of the metabolic syndrome.
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CHAPTER 2: Inhibition of the WNT/β-Catenin Signaling Pathway by Pyrvinium
Confers Metabolic Benefits in the Liver

Introduction
The canonical WNT (WNT/β-catenin) signaling pathway is important in different diseases
because of its contribution to embryonic development, cell differentiation and
organogenesis, and tissue maintenance amongst others135. It cross talks with other
pathways involved in various physiological processes31. Aberrations in its regulation may
lead to malignant growth of cells and tissues. One of the disorders that may arise from
compromise in the normal function of the WNT/β-catenin signaling pathway is the
metabolic syndrome, especially alteration in insulin sensitivity as well as glucose and lipid
metabolism. Metabolic syndrome is increasingly affecting millions worldwide and it
comprises high risk factors for the development of diseases such as diabetes and
cardiovascular disorders. There is paucity of information on the exact mechanisms of how
WNT/β-catenin signaling activation or its components contribute to the development of
the metabolic complications.
The multifunctional armadillo repeats containing protein, β-catenin, is the major effector
of the canonical WNT signaling pathway, where its nuclear abundance results in
transcription of a plethora of WNT target genes following interaction with TCF/LEF
proteins136. Tight regulation of β-catenin is maintained in the cytoplasm by a destruction
complex containing kinases and scaffolding proteins that propagate its degradation.
GSK3β and CK1α constitute the primary kinases that phosphorylate β-catenin, while Axin
and APC act to scaffold the proteins137. Upon phosphorylation, β-TRCP is recruited to the
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destruction complex and β-catenin is further ubiquitinated and undergoes degradation19.
Regulators of WNT signaling pathway may act at multiple cellular sites, extracellularly
and intracellularly. Glycosylated WNT proteins activate this pathway by binding
extracellularly on the frizzled proteins and LRP5/6 receptors to initiate the disassembly of
the β-catenin destruction complex. Intracellular dephosphorylation of β-catenin by PP2A
or stabilizing phosphorylation by CK2 increase the abundance of active β-catenin and the
transcription of target genes138-140. In the past decade, alterations in several of these
components have been implicated in the regulation of glucose metabolism as well as lipid
metabolism. Polymorphisms in the TCF7L2 gene have been well shown to be an important
risk factor for the type-2 diabetes2,141,142, owing to its role in β-cell proliferation and
glucose-stimulated insulin secretion. Our work and that of other colleagues have further
elucidated the impact by TCF7L2 manipulations showing that decreased Tcf7l2 expression
leads to lower insulin release, but improved glucose tolerance39. More recently, others have
showed that Tcf7l2 expression may exhibit tissue-dependent effects on glucose
metabolism, although the data so far is inconclusive42,44,48,59. It has been somewhat
consistent, however, that alteration of certain components of the WNT signaling pathway
may lead to reversal of high fat diet-induced fatty liver status48,100. Genetic deletion of βcatenin in mice have been shown to lead to resistance to high fat diet-induced glucose
intolerance as result of decreased expression of lipogenic genes and glycolytic genes, and
improved insulin sensitivity67,143. Aside from β-catenin and TCF7L2, hepatic deletion of
Axin leads to impaired AMPK activation and lipid accumulation in the liver 100.
Another approach to elucidate the role of WNT signaling in glucose metabolism and insulin
sensitive is through the use of small molecule modulators of the WNT signaling pathway.
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Only a few studies have explored this angle. For example, CX4945 shows a potent effect
on insulin release by selectively inhibiting CK2, which is a positive regulator of the WNT
signaling pathway. Although Rossi et al did not reveal any effects of the compound on the
expression of gluconeogenic genes or the fatty liver status upon treatment, they showed
that knockdown of CK2 decreased glucose-stimulated insulin secretion and that its
inhibition by CX4945 significantly improved glucose tolerance in the mice fed with a high
fat diet133. Here, we attempt to elucidate further the role of WNT signaling in energy
metabolism using a small molecule inhibitor, pyrvinium, which was recently established
as a potent inhibitor of the WNT signaling pathway144.
Pyrvinium is an anthelminthic previously used for the treatment of pinworm infections145.
It targets and suppresses the mitochondrial respiration of the worms to elicit its efficacy.
In its newly found role as a WNT signaling pathway inhibitor, pyrvinium binds
allosterically and activates CK1α, thereby increasing phosphorylation and subsequent
degradation of β-catenin144. By activating CK1α, pyrvinium also increases cytoplasmic
Axin levels and decreases the recruitment of pygopus in the β-catenin/TCF complex.
Additionally, it has been shown to inhibit phosphorylation of Akt and hence increase
GSK3β activity146. Altogether, these effects lead to decreased β-catenin levels and less
association of β-catenin with nuclear TCF/LEF proteins. Thus, pyrvinium as a potent WNT
inhibitor elicits potent anticancer effects and wound repair147. However, the specificity of
pyrvinium in targeting the WNT signaling pathway has not been explored to assess the role
of WNT signaling inhibition in the treatment of metabolic disorders. In this work, we
investigated the effect of pyrvinium on glucose metabolism following its inhibition of
WNT signaling pathway in vitro and in vivo. This study also looked at the effects of
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pyrvinium on glucose metabolism that are independent of WNT signaling pathway in
various cell lines. We uncovered novel effects of pyrvinium on glucose tolerance, insulin
sensitivity, glucose production and consumption by acting in the AMPK pathway in
addition to the WNT signaling pathway.

Materials and method

Cell culture
Cells were purchased from American Type Culture Collection and cultured according to
the manufacturer’s guidelines. For growth of HEK293, hepG2 and HUH7 cells, Dulbecco's
Modified Eagle's Medium was supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin (P/S) (Sigma). AML12 (gift from Dr. Carole Sztalryd-Woodle,
University of Maryland School of Medicine) was grown with Dulbecco's Modified Eagle's
Medium/Nutrient F-12 Ham (Sigma) supplemented with 1X ITS Universal Culture
Supplement Premix (VWR International), 40 ng/ml dexamethasone, and 10 % FBS and 1
% P/S. The cells were seeded 24 hours prior to transfections and treatments. Transfections
were carried out with specified transfection reagents in Opti-MEM Reduced Serum Media
(ThermoFisher).

Dual-luciferase assay
Cells were transfected with TCF/LEF-based reporter plasmid, TOPFlash, along with renilla
luciferase as an internal control using Lipofectamine 2000. The M50 Super 8x TOPFlash
was a gift from Dr. Randall Moon (Addgene plasmid # 12456). Treatments with the
compounds were carried out 16 hours after transfection for additional 24 hours. Dual-
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Luciferase Reporter Assay System (Promega) was used to assess the luciferase activity on
POLARstar Omega plate reader (BMC Labtech).

Western blot analysis
Cells were lysed in RIPA lysis buffer supplemented with phenylmethylsulfonyl fluoride,
sodium orthovanadate and protease inhibitors (Santa Cruz Biotechnology) for 20 minutes.
The lysate was centrifuge at 14000 g for 15 minutes at 4°C. Bicinchoninic acid (BCA)
assay was used to normalize protein concentration across the samples, and the proteins
were resolved on a 4-20% SurePAGEᵀᴹ Bis-Tris gel (GenScript). Western blot was carried
out with primary antibodies specific to the proteins of interest as followed: β-catenin (Cell
signaling, #8480), AMPKα (Cell signaling, #2603), phospho-AMPKα (Cell signaling,
#2535), PCK1 (Cell signaling, #12940), β-actin (Abcam ab8227), LKB1 (Santa cruz
biotech, sc-374334). Chemiluminescence detection was carried out and image was
captured using Odyssey-Fc Imaging System (LI-COR Biosciences, NE).

Quantitative real-time PCR analysis
Total RNA were extracted from the cells using TRIzol reagent (QIAGEN) following the
manufacturer’s instructions. The RNA was reverse transcribed and real-time PCR were
carried out with SYBR green master mix (Thermofisher) using specific primers outlined
in

Table

2.1

and

others

obtained

(http://pga.mgh.harvard.edu/primerbank/).
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directly

from

PrimerBank

Table 2.1 Primer used for quantitative PCR
primer sequence (5' - 3')
Gene name
PCK1

G-6-Pase

CYCD1

Axin-2

forward

reverse

GTCAGCCTGATCACATCCACA

CCGTCTTGCTTTCGATCCTG

CTACTACAGCAACACTTCCGTG

GGTCGGCTTTATCTTTCCCTGA

CAATGACCCCGCACGATTTC

CATGGAGGGCGGATTGGAA

GAGTGGACTTGTGCCGACTTCA

GGTGGCTGGTGCAAAGACATAG

Knockdown and overexpression
RNAi transfections were performed with Lipofectamine 2000 for shRNA and
Lipofectamine

RNAi

max

for

siRNA

against

Axin

(sequence

5’-

CUUCCUUAAGUCUGAUAUU -3’). The pcDNA3 plasmid containing human betacatenin was a gift from Dr. Eric Fearon (Addgene plasmid # 16828), which was
overexpressed using Lipofectamine 2000. Following 48 hours of transfections, cells were
treated with pyrvinium for additional 24-48 hours unless otherwise stated. shRNA plasmids
were purchased from sigma mission shRNA bank and PLKO.1 plasmid was used as
control.

Animal studies
All animal experiments were approved by the University of Maryland at Baltimore
Institutional Animal Care and Use Committee (IACUC). Six weeks old male C57BL/6J
mice were purchase from the Jackson Laboratories and allowed to acclimate to our animal
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facility for a week prior to experiments. The mice were fed 45% high fat diet or normal
chow diet for 5weeks. Pyrvinium or vehicle (10% DMSO in saline) was intraperitoneally
administered every two days. It was weekly dose escalated from 0.2 mg/kg to 0.5 mg/kg
in both normal chow group and high fat diet group in a span of one month. Glucose
tolerance tests were performed on the mice with 2g/kg glucose following 6 hours fasting
as described148.

Glucose output assay
Primary hepatocytes were isolated from the livers of C57BL/6J mice of 8-12 weeks old.
After 24 hours post-isolation, the cells were overlaid with matri-gel. Cells were then treated
with pyrvinium at the noted concentrations for 24 hours. The cells were washed twice with
PBS and starved with starving medium (containing DMEM without glucose supplemented
with HEPES, 40 ng/ml dexamethasone) for 4 hours to deplete glucose reserves in the cells.
Glucose production medium (containing DMEM without glucose, 15 mM HEPES, 2 mM
sodium pyruvate, and 20 mM sodium lactate) was added to the cells for an additional 4
hours, after which the media was assayed for glucose content using a glucose kit (Sigma
Aldrich).

Glucose consumption assay
Cells were seeded on a collagen-coated plate and treated with compounds for 24 hours.
Glucose consumption medium (DMEM without phenol, containing 15 mM HEPES and
150 µg/ml D-Glucose) was incubated with the cells for 5 hours and glucose concentration
in the medium was measured using a glucose assay kit (Sigma Aldrich). The glucose
measurements were normalized by the total cell protein concentration.
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Hematoxylin and eosin staining
Liver tissues were excised from the mice and fixed in 10% formalin. The samples were
sent for embedding and staining by the University of Maryland School of Medicine
pathology core services.

Serum analysis
The serum samples from mice were collected post mortem and sent for analysis by VRL MARYLAND LLC. Insulin measurement was carried out using insulin ELISA kit (Enzo
Life Sciences) according to the manufacturer’s instructions.

Statistical Analysis
Statistical analysis was carried out using GraphPad Prism. Data are presented as mean ±
standard error and are representative of three independent experiments. Analysis was
performed with student t-test for two groups or analysis of variance for more than two
groups, with statistical significance presented with p-value < 0.05.

Results

Pyrvinium decreases gluconeogenesis and increases glucose consumption in hepatocytes
and AML12 cells
WNT signaling components such as LRP5 has been associated with the regulation of
glucose uptake and metabolism in vivo96. In order to determine the effect of WNT
inhibition on the production of glucose, we treated mouse primary hepatocytes with
pyrvinium. In a concentration-dependent manner, pyrvinium decreased glucose output in
the hepatocytes (Figure 2.1a). Metformin was used as a positive control because of its well
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characterized effect on hepatic glucose production149. This result suggests that pyrvinium
may be affecting glucose metabolism to influence the rate of hepatic gluconeogenesis or
glucose uptake. We next sought to determine whether the decrease in glucose output by
pyrvinium is as a result of modulating glucose consumption. We performed glucose
consumption assay in AML12 mouse hepatocytes. As shown in Figure 1b, treatment with
increasing concentrations of pyrvinium led to an initial increase in glucose consumption,
but decrease at higher concentrations. In our cell viability assay, pyrvinium clearly causes
cytotoxicity in AML12 cells at the higher concentrations, which may affect the capability
of the cells to consume and utilize glucose in the cells. At the lower concentration,
pyrvinium significantly increased glucose consumption, without significant toxicity.

Figure 2.1. Pyrvinium inhibits glucose output and increases glucose consumption. A)
Inhibition of pyruvate mediated glucose output in primary mouse hepatocytes by
pyrvinium. Cells were treated with pyrvinium for 24 hours, then fasted for 1 hour prior to
glucose output assay. B) Time and concentration dependent increase of glucose
consumption by pyrvinium in AML12 cells. Cells were incubated with pyrvinium for 24
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hours and washed prior to glucose consumption assay in glucose containing medium. * p
< 0.05; ** p < 0.01.

Pyrvinium alters the expression of gluconeogenic genes
The effects of pyrvinium on glucose output and consumption may be the result of its effect
on the gene expression related to glucose metabolism. In other to test this hypothesis, we
assessed the mRNA expression of key gluconeogenic genes in two hepatic cell lines. Since
pyrvinium is known to target the phosphorylation of β-catenin particularly on the serine 45
amino acid by CK1α 144, we compared the expression in HUH7 cells, which have wild type
β-catenin protein, and HepG2 cells, which lack this phosphorylation site on the β-catenin
protein150. In figure 2.2, treatment with increasing concentrations of pyrvinium in these
cells led to a corresponding decrease in key gluconeogenic genes, G6pase and Pepck, for
HUH7 but not the HepG2 cells. The result from HUH7 cells is consistent with previous
reported findings of β-catenin interacting with FOXO proteins to increase the transcription
of gluconeogenic genes151. In contrast, insignificant effect of pyrvinium on gluconeogenic
gene expression in HepG2 cells indicates an indispensable role of the functional β-catenin
in regulation of glucose metabolism. Overall, these results suggest that pyrvinium effect
on WNT signaling pathway through its activation of CK1α may be responsible for its
downregulation of gluconeogenic gene expression in HUH7 cells.

36

Figure 2.2. Pyrvinium effect on gluconeogenic genes. The mRNA expression of
gluconeogenic genes PEPCK and G6Pase in hepG2 (A) and HUH7 (B) cells. Cells were
treated with indicated concentrations of pyrvinium pamoate for 48 hours. HepG2 cells
contain a mutation in β-catenin gene while HUH7 cells contain wild type β-catenin. *p <
0.05; **p < 0.01.

Pyrvinium inhibits WNT signaling and activates the AMPK pathway
To ascertain whether pyrvinium inactivity towards the gluconeogenic pathway of HepG2
was particularly due to a defect in the WNT signaling pathway, we carried out TCF/LEF
reporter gene assay in HEK293, HepG2 and HUH7 cells. Pyrvinium has been shown to
potently inhibit the WNT signaling activated by WNT3a in HEK293 cells144. Here, we
uncovered that pyrvinium lacked inhibitory activity toward HepG2 cells, but had the
activity in HUH7 or HEK293 cells. Interestingly, with the treatment of LiCl, which
activates WNT signaling by inhibiting GSK3β, pyrvinium effect is diminished in all three
cell lines (Fig 2.3a). This suggests that GSK3β mediated phosphorylation of β-catenin
required for pyrvinium inhibition of the WNT signaling pathway137. Treatment with
pyrvinium in AML12 cells led to inhibition of the expression of WNT target gene cycD1
(Ccnd1) as well as G6pase and Pepck (Figure 2.3b). But in HepG2 cells, pyrvinium was
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also unable to inhibit the expression of the WNT target gene in addition to little or no effect
on the two gluconegenic genes both in the absence and presence of LiCl (Figure 2.3d).
Nonetheless, LiCl itself was able to increase the expression of Ccnd1 and Pepck, while
decreasing the expression of G6pase. These results confirm that pyrvinium effect on the
WNT signaling pathway may lead to decreased gluconeogenesis in the hepatocytes with
intact Wnt signaling. Lack of inhibition towards WNT signaling by pyrvinium in HepG2
cells and in the presence of LiCl may explain its lack of efficacy on gluconeogenesis in
these scenarios. At the protein level, we confirmed that pyrvinium decreased β-catenin
level as part of its mechanism of inhibition of WNT signaling, but also increased AMPK
activation possibly due to its effect on Axin stabilization or previously reported effect on
suppression of mitochondrial function152. This may contribute to its effect in modulating
glucose output because activation of AMPK leads to downstream effect that include
translocation of glucose transporters and downregulation of gluconeogenic genes such as
Pepck and G6pase153.
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Figure 2.3. Pyrvinium inhibits WNT signaling and activates AMPK pathways. A)
TOPFlash reporter assay inhibition by pyrvinium in HUH7, HepG2 and HEK293 cells cotreated with LiCl (GSK3β) or WNT3a. B) Inhibition of WNT target gene Ccnd1 and
gluconeogenic genes and C) Protein expression of β-catenin and phosphorylated AMPK
by pyrvinium in mouse primary hepatocytes D) Inhibition of WNT target gene CCND1 in
hepG2 cells treated with pyrvinium in the presence or absence of LiCl (25 mM). * p<0.05;
** p<0.01.

Pyrvinium effect on WNT signaling and glucose metabolism is β-catenin, CK1a and
Axin dependent
To identify possible connection of WNT signaling inhibition with the effect of pyrvinium
on glucose metabolism, we further overexpressed the WNT effector, β-catenin, in HUH7
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cells. Overexpression of wild type β-catenin in this cell line led to a significant upregulation
of PEPCK, but not G6PASE. This increase in PEPCK was attenuated by pyrvinium, in
consistent with the fact that pyrvinium is able to suppress the expression of β-catenin. On
the other hand, pyrvinium decreased the expression of G6pase in the empty vector
overexpressed cells, but not in the β-catenin overexpressed cells. This may indicate that an
upregulation of WNT signaling pathway via β-catenin overexpression predominantly leads
to increase in the expression of PEPCK compared to that of G6pase. The effect by
pyrvinium on gluconeogenic gene expression in WNT activated cells is more pronounced
on PEPCK (Figure 2.4A). Since pyrvinium is a CK1α activator, we next sought to
determine the effect of a selective CK1 inhibitor on glucose output in hepatocytes.
Treatment with pyrvinium decreased glucose output both in the fed state and fasted state,
but not in the presence of CKI-7 (Figure 2.4B). This suggests that pyrvinium effect on
CK1α contributes to its effects on the WNT signaling pathway and consequently glucose
metabolism.
Aside from the activation of CK1α, pyrvinium also increases the levels of Axin to modulate
the WNT signaling. Therefore, we investigated the effects of knocking down CK1α and
Axin on pyrvinium’s effect. We downregulated the two genes in HUH7 cells using specific
short hairpin RNA (Figure 2.4c-e). Figure 4C shows that the shRNAs only elicited partial
knockdown of the gene expression for both Axin and CK1a1. The knockdown led to an
increase in the expression of PEPCK which was attenuated by pyrvinium. Unlike
overexpression of β-catenin, pyrvinium was still able to downregulate the expression of
G6pase. This may suggest that the effect by pyrvinium on glucose metabolism is not only
through CK1a1, but also Axin, which has been previously reported to play a key role in
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glucose metabolism by facilitating AMPK activation via Axin-AMPK-LKB1
complexation100. The activation of AMPK by pyrvinium-induced Axin stabilization may
also lead to decreased expression of G6pase. Together, these suggest that the effect of
pyrvinium on the expression of PEPCK and G6Pase is WNT signaling pathway dependent,
but may also involve other mechanism such as AMPK activation.

Figure 2.4. Pyrvinium effect is mediated by inhibition of WNT signaling pathway. A) Effect
of pyrvinium on glucose output in HUH7 cells in the presence or absence of β-catenin
overexpression. B) Glucose output by pyrvinium in the presence of CK1A1 inhibitor, CKI7, with or without glucose starvation. C) mRNA expression of Axin and CK1A1 in
knockdown HUH7 cells. D) mRNA expression of gluconeogenic genes with or without
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CK1A1 knockdown, and E) mRNA expression in Axin knockdown cells. * p < 0.05; ** p
< 0.01; ***p < 0.001.

Pyrvinium effect on activation of AMPK is independent of its effect on the WNT/βcatenin signaling pathway
To determine a possible role of WNT signaling in AMPK activation, we evaluated the
effect of increasing β-catenin levels on the activation of AMPK (Figure 2.5a-c). First, we
compared the protein expression of β-catenin and AMPK in L-cells versus L-Wnt3a cells.
L-Wnt3a cells produce increased amounts of WNT3a, thus with activated WNT signaling
pathway that is mediated by an increase in the level of β-catenin, as recapitulated in Figure
2.5a. However, the increase in the level of β-catenin did not affect the phosphorylation
levels of AMPK in the cells. We then overexpressed β-catenin in HEK293 cells and
assessed the effect of pyrvinium on both WNT and AMPK pathways. Figure 2.5b shows
that overexpression of wild type β-catenin and a mutant lead to difference levels of βcatenin, as expected. Pyrvinium treatment caused a decrease in β-catenin levels in the cells
overexpressing the wild type β-catenin, but not those with the mutant. Nonetheless, the
effect of pyrvinium on AMPK activation was consistently increased in the cells
overexpressing either β-catenin. These results indicated that pyrvinium was able to activate
AMPK independent of its effect on the level of β-catenin.
We also assessed the contribution of WNT signaling to AMPK activation by treating
HEK293 cells with WNT3a conditioned medium. The protein levels of β-catenin was
increased by WNT3a, but decreased by pyrvinium treatment. At the same time, pyrvinium
remained to activate AMPK in WNT3a conditioned medium. Consistent with previously
findings from others, pyrvinium increased the protein levels of Axin. Increase in Axin has
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been associated with activation of AMPK 100, in line with the dual effect by pyrvinium on
both the WNT signaling pathway as well as the AMPK pathway.
In MEF cells expressing wild type AMPK, pyrvinium decreases the mRNA expression of
WNT target genes as well as Pepck. However, it does not decrease the expression of
G6pase (Figure 2.5d). In AMPKα knockout MEF cells, the protein levels of β-catenin was
decreased, as well as the AMPK target gene Fasn. AMPK phosphorylates and stabilizes βcatenin levels in vitro, therefore its downregulation leads to β-catenin proteins more prone
to degradation via the destruction complex154. However, treatment with pyrvinium in the
MEF cells expressing either wild type AMPKα or the dominant negative mutant led to a
significant downregulation of β-catenin (Figure 5E), suggesting that pyrvinium effect on
WNT signaling is independent of its effect on AMPK activation. Additionally, pyrvinium
decreased the protein expression of Pepck as well Gck in the presence or absence of AMPK
downregulation. It is likely that pyrvinium effect on the expression of Pepck is WNT
dependent, while its effect on the expression of G6Pase is dependent on the activation of
AMPK pathway.
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Figure 2.5. Pyrvinium effect on WNT signaling is independent of its effect on the AMPK
pathway. A) β-catenin and AMPK activation in L-cells and L-Wnt3a cells. B)
Overexpression of wild type and mutant β-catenin on pyrvinium AMPK activation. C)
Effect of activation of WNT pathway on AMPK activation and pyrvinium effects D)
mRNA expression of WNT target genes and gluconeogenic genes in MEF AMPK wild
type cells. E) Knockdown of AMPK on the effect of pyrvinium in glucose metabolism
pathway. Data are representative of at least two independent studies.

Efficacy of pyrvinium in treatment of high fat diet-induced metabolic disorders in mice
The effect of pyrvinium on glucose metabolism was further assessed using a mouse model
of obesity induced by a high fat diet (HFD). Four groups of mice were used, two groups
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fed normal chow diet (NCD) and the other two fed HFD. Due to the extremely low
bioavailability of pyrvinium155, the mice received the drug through intraperitoneal
injections. The results show that pyrvinium significantly improved glucose tolerance in
HFD-fed mice, but not in the mice fed with NCD (Figure 2.6 A). The treatment of
pyrvinium was also observed to suppress body weight gain in HFD-fed mice while having
minimal effect in NCD-fed mice. The liver plays a critical role in glucose metabolism.
HFD feeding leads to excessive hepatic lipid accumulation, steatosis and impaired function
of the liver. The improvement of glucose tolerance by pyrvinium may be because of its
effect on hepatic energy metabolism. We examined the liver histology of the mice studied
by using haematoxylin and eosin staining. There was significant accumulation of lipids in
the liver of mice fed HFD compared to NCD. However, upon treatment with pyrvinium,
the HFD-induced lipid accumulation was remarkably reduced (Figure 2.6C), suggesting
that pyrvinium may alter the system glucose levels by improving the energy metabolism in
the liver.
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Figure 2.6. In vivo efficacy of pyrvinium on glucose tolerance, body weight and liver status.
A) Glucose tolerance test in mice treated with pyrvinium (n = 5 per group). C57BL/6J mice
were treated for 1-month and fasted for 6 hours prior to intraperitoneal injection of 1g/kg
glucose and blood glucose monitoring. B) body weight monitoring of mice in both high fat
and normal chow groups treated with pyrvinium. Injection arrow indicates the start of the
administration of pyrvinium to the mice. C) Haematoxylin and eosin staining of liver
tissues in the high fat diet group. Data are presented as mean ± SD

To understand whether the effect of pyrvinium in vivo was due to its effects on the
expression of gluconeogenic and lipogenic genes, we performed quantitative PCR analysis
using the liver tissues excised from the mice in the studies described above. Surprisingly,
our results show little or no differences in these genes (Figure 2.7). Overall, the WNT
signaling related genes and the glucose metabolism genes were not affected in the
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pyrvinium-treated mice. Uneffectiveness as the mRNA may be likely related to the study
design such as the time at which the mice were euthanized.

Figure 2.7. Effect of pyrvinium on mRNA expression in high fat diet mice. Quantitative
PCR analysis of relative mRNA expression in the liver tissue of mice treated with
pyrvinium or vehicle. Data are presented as mean ± SD, n = 5 per group.

We also analyzed several serum biochemical levels related to metabolism (Figure 2.8). We
found that pyrvinium treatment significantly decreased the level of cholesterol in both
HFD-and NCD-fed mice. However, there was no significant effect by pyrvinium treatment
on the level of triglycerides in either groups. HFD leads to insulin resistance and
hyperinsulinemia, reminiscent of metabolic syndromes in patients. Pyrvinium treatment
significantly decreased the level of insulin in the serum in mice (Figure 2.8c). However,
although these results suggests that pyrvinium treatment may have metabolic benefits by
47

decreasing the levels of serum cholesterol and insulin, these decreases were observed in
both HFD- and NCD-fed mice.

Figure 2.8. Effect of Pyrvinium on serum cholesterol, triglycerides and insulin levels.
Serum was collected postmortem and analyzed for the levles of cholesterol, triglycerides
and insulin. Data are presented as mean ± SD.
It seemed to be unlikely; however, the improvement on glucose tolerance and other
metabolic parameters by pyrvinium treatment could be associated with toxicity emanating
from its off-target effects. Therefore, we sought to assess if this was the case. The serum
levels of biochemical markers for the function of liver and kidney were assessed and the
results showed that the used treatment regimen of pyrvinium did not increase the levels of
these toxicity markers. Instead, as expected, pryvinium significantly decreased the serum
levels of ALT and AST, which are known as biomarkers of liver injury, in HFD-fed mice
(Figure 9) with no changes in NCD-fed mice.
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Figure 2.9. Pyrvinium effects on toxicity markers in mice. The serum concentration of
toxicity including A) ALT, B) AST, C) ALP, and D) BUN in mice fed high fat diet (HFD)
and normal chow (NC) diets. Data are presented as mean ± SD.

Discussion
The function of WNT signaling pathway in pancreatic β-cells has been explored quite
extensively by using genetic tools to manipulate a major co-effector protein TCF7L2156.
Fewer reports have studied its role in other tissues responsible for glucose homeostasis and
overall energy metabolism such as the liver. Nonetheless, in vitro explorations of this
pathway have yielded findings that suggest tissue-dependent effects of this pathway in
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glucose and lipid metabolism. Till date, the findings with genetic models are inconclusive
as to whether activation or deactivation of the WNT signaling pathways would lead to
metabolic benefits in humans. Thus, we sought to use the potent small molecule inhibitor
of WNT signaling, pyrvinium, to conduct a proof-of-concept study in exploration of
potential metabolic benefits via WNT signaling inhibition. Our results show that pyrvinium
treatment confers therapeutic benefits on the metabolism of glucose and lipids in treatment
of metabolic disorders through WNT signaling inhibition as well as AMPK activation.
In previous genetic studies of deletion of the key effectors, β-catenin and TCF7L2, null
mice show appreciable improvements in glucose tolerance when the mice are challenged
with HFD42,67. In these studies, the expression of key gluconeogenic genes, Pepck and
G6pase, was significantly downregulated in the null mice compared to their control
littermates. We reproduced this result in vitro in mouse primary hepatocytes treated with
pyrvinium. Increasing concentrations of pyrvinium decreased the expression of
gluconeogenic genes. Consequently, glucose output was inhibited and increase in glucose
consumption in the cells. However, this result in hepatocytes are in contradiction with those
by others that show WNT3a, an activator of WNT pathway, induces glucose consumption
in a mouse stromal cell line ST2 through a mechanisms involving LRP575,88. Therefore it
is possible that pyrvinium may be acting through other mechanisms to increase glucose
consumption. For example, as we observed, pyrvinium treatment could lead to the
activation of AMPK, a master protein regulator of glucose transporter mobilization.
Glucose production is tightly regulated by many key steps consisting of enzymes such as
G6P and PEPCK. These two enzymes are transcriptionally regulated by the forkhead box
group of transcriptional proteins, which have been shown to associate with nuclear β50

catenin during oxidative stress28. The association leads to the upregulation of both G6P and
PEPCK, and subsequently an increase in glucose production. Thus, alteration in WNT/βcatenin signaling may have a direct effect on glucose metabolism. Consistent with this
notion, pyrvinium treatment decreased the mRNA expression of gluconeogenic genes in
hepatic cells except HepG2, which carries a somatic mutation in the β-catenin (CTNNB1)
gene that deletes the exons 3-4150. Our findings via chemical inhibition are consistent with
the work of other groups that genetic downregulation of WNT signaling pathway leads to
decreased gene expression related to energy metabolism42. The mutation in HepG2 led to
abrogation of the inhibitory effect of pyrvinium on the WNT signaling pathway and
probably the gene expression of PEPCK and G6P.
Both GSK3β and CK1α phosphorylate the N-terminal region of β-catenin on serine 45,
threonine 41, serine 37 and serine 33137, all of which fall in the deleted region of the
truncated β-catenin in HepG2 cells. Thorne et al had characterized CK1α as the target of
pyrvinium underlying its inhibition on WNT/ β-catenin signaling pathway. In our studies,
we found that CK1α knockdown impaired pyrvinium effects on the expression of
gluconeogenic genes. CK1α knockdown led to a significant increase in the expression of
β-catenin/TCF target genes (not shown) as well as PEPCK. The increases were attenuated
by the treatment with pyrvinium. The effect by pyrvinium on glucose output was also
abrogated by the treatment with a potent CK1 inhibitor in hepatocytes. Overall, these
results support CK1α as an effector in WNT signaling pathway to modulate the metabolism
of glucose and possibly other nutrients. In the future, more CK1α agonists with better
physicochemical properties than pyrvinium may be developed to explore the therapeutic
potentials of CK1α in metabolic disorders157.
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Given the potential benefit of pyrvinium as a WNT inhibitor affecting metabolic pathways,
we further used it to evaluate the potential of WNT signaling inhibition as a strategy to
treat metabolic disorders. Our studies in HFD-fed mice indicated that pyrvinium treatment
led to improvement in the glucose tolerance and a corresponding decrease in HFD-induced
body weight gain. The data is consistent with various genetic studies showing that
deactivation of the WNT signaling pathway leads to decrease in body weight gain of mice.
Despite the decrease in insulin secretion, the improved glucose tolerance we observed
agrees with an increased insulin sensitivity in the treated mice. More so, altering cellular
Axin levels also has metabolic consequences. For instance, following its depletion in vitro
and in vivo, there are defects in glucose metabolism resulting from deactivation of the
AMPK pathway100. The deletion leads to fatty liver as a result of profound increase in the
expression of lipogenic genes such as FAS, SCD-1 and SREBP-1C in mice. We observed
that the aforementioned genes along with Pepck expression was upregulated in the cells of
Axin knockdown and pyrvinium treatment alleviated this effect and alleviated fatty liver
in vivo because of its alteration of gene expression pertinent to energy metabolism, which
provides further evidence as to its overall efficacy in the treatment of metabolic related
disorders.
In conclusion, our finding that small molecule inhibition of WNT signaling pathway may
confer a metabolic benefit is a significant step to resolving some inconsistencies in
previously reported genetic studies. As a prototypical potent WNT inhibitor, pyrvinium
selectively targets CK1α, increases Axin levels and subsequently decreases β-catenin
levels to affect glucose metabolism as well as other nutrient metabolism. In the recent
years, many WNT signaling inhibitors are being developed to treat various diseases
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associated with deregulation of this pathway158. Our study is one of the few so far that
provides evidence to support that these novel molecules may be useful in treating metabolic
disorders.
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CHAPTER 3: Inhibition of the WNT/β-Catenin Signaling Pathway by a Novel Class of
Small Molecules Improves Glucose and Lipid Metabolism in Diet Induced Metabolic
Disorders in Mice

Introduction
WNT/β-catenin signaling pathway is essential for organogenesis, differentiation and tissue
maintenance. For this reason, deletion of its major effector β-catenin or the cotranscriptional

factors,

T-cell

factor/lymphoid

enhancer

factor

(TCF/LEF)

is

embryonically lethal159-161. In the same manner, hyper-activation of the WNT signaling
pathway may contribute to the etiology of many diseases including metabolic disorders2.
The initial identification of a single nucleotide polymorphism (rs7903146) in the TCF7L2
gene as an important risk factor for the development of Type-2 diabetes established an
association of WNT signaling pathway to the development of metabolic disorders2. Some
of the follow-up studies that validates this finding uncovered that such polymorphism may
signify a gain-of-function activity in TCF7L239. For example, Savic et al showed that
partial knockout of Tcf7l2 caused a decrease in fasting glucose and an improved glucose
tolerance, in addition to a smaller body weight in mice despite of a significant decrease in
fasting insulin. Overexpression of Tcf7l2 with a bacterial artificial chromosome led to
worsened glucose tolerance. We have recently published similar observations from Tcf7l2
haploinsufficiency mice48. Our results suggest that hepatic changes in WNT signaling may
have played crucial roles in nutrient metabolism, as there was significant decrease in
hepatic triglycerides and related changes in gene expression in the Tcf7l2+/- mice.
Moreover, Thompson et al recently reported that the mice with knockdown of β-catenin
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were able to withstand fibrosis and liver injury162. In another study where hepatic β-catenin
levels were selectively downregulated in adult mice, insulin sensitive was improved along
with glucose tolerance71. The liver steatosis was reversed and the glucose uptake in adipose
tissues were improved in the knockdown mice. These findings suggest that WNT/β-catenin
signaling pathway may contribute to the regulation of glucose metabolism, with its
inhibition being a possible approach to treat metabolic disorders including fatty liver
diseases and diabetes.
Inhibition of WNT/β-catenin signaling pathway can be carried out by manipulating key
proteins that play a role in regulating the levels of β-catenin or by ensuring that β-catenin
does not associate with its nuclear binding partners. At the plasma membrane, an inhibition
of LRP5/6 phosphorylation and subsequent binding of WNT proteins with frizzled
receptors to recruit disheveled can curb the amount of active β-catenin163. In the
cytoplasmic compartment, fortifying the destruction complex containing Adenomatous
polyposis coli (APC), Axin, glycogen synthase kinase (GSK3β) and casein kinase (CK1α)
can also attenuate β-catenin levels. Other proteins involved in the regulation of β-catenin
include tankyrases and other isoforms of CK1. Many reports have independently assessed
the knockdown or overexpression of one or more of these proteins as it pertains to
metabolic disorders. For example, Mani et al found that a rare missense mutation in LRP6
leads to upregulation in fasting blood glucose, triglyceride, LDL as well as BMI in a genetic
screen of patient family with coronary artery diseases164. Another study found that the
presence of Axin allows for the binding of LKB1 to AMPK and the subsequent activation
of AMPK to elicit downstream effects in energy metabolism100. Knockdown of Axin in
mice led to upregulation in the expression of fatty acid synthesis genes especially Fasn and
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Scd-1 and therefore exacerbated fatty liver in the mice compared to control mice. However,
it was not clear whether the effect of Axin on AMPK activation was irrespective of its role
in the WNT/ β-catenin signaling pathway. Other studies have reached a similar conclusion
that inhibition of WNT signaling by attenuation of β-catenin may lead to beneficial effects
in the energy metabolism pathways especially in cases of metabolic disorders165. However,
despite the accumulating evidence for the role of WNT signaling in metabolic disorders,
the use of small molecule inhibitors to replicate the results of the genetic studies has been
under studied. A recent study with a novel CK2 small molecule inhibitor (CX-4945) has
been shown to cause mice to be resistant to high fat diet induced obesity and metabolic
disorders166,167. Despite their finding that inhibition of CK2, a positive regulator of WNT/
β-catenin signaling pathway, led to a significant decrease in glucose-stimulated insulin
release in vitro in MIN6 cells and in vivo in high fat diet-treated mice, CX-4945 treatment
resulted in improved insulin sensitivity, decreased body weight and decreased hepatic
triglyceride along with improvement in glucose tolerance. Another example is that of the
inhibition of tankyrases, which poly-ADP ribosylate Axin to augment its degradation, with
a small molecule inhibitor (G007-LK) that has resulted in profound improvement of
glucose tolerance and insulin sensitivity in mice168. These few findings are affirmative of
a positive role for inhibition of WNT signaling pathway in treatment of metabolic disorders
using small molecule inhibitors.
However, there are also findings suggesting otherwise – activating WNT/β-catenin
signaling pathway may cause improved glucose tolerance and insulin sensitivity54,57,59,156.
One such study found that transgenic mice carrying dominant negative mutant of Tcf7l2
exhibited defective glucose homeostasis as a result of decreased insulin secretion54. In
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subsequent studies, they found that aside from partnering with TCF/LEF transcriptional
factors in gene regulation, β-catenin can also bind to nuclear FOXO proteins to cause
transcriptional activation of gluconeogenic genes, preferentially during oxidative stress
151,169

. Nonetheless, while concluding that gluconeogenic genes were not subject to

regulation by TCF/LEF, they support the notion that if β-catenin levels are attenuated, the
expression of gluconeogenic genes can be decreased and hence energy metabolism
affected. The work of Boj and colleagues later found that WNT/β-catenin roles in glucose
metabolism may be tissue dependent
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. They studied overexpression and knockout of

Tcf7l2 in both liver and the pancreas. Ablation of this gene in the pancreas had no effect
on glucose homeostasis, while the liver knockout led to improved glucose tolerance when
mice were fed high fat diet as a result of decreased expression of Pck and G6pase. When
Tcf7l2 was overexpressed in the liver, the gluconeogenic genes were upregulated, which
suggests that inhibition of hepatic WNT/β-catenin signaling pathway may be beneficial to
treating metabolic disorders.
In this study, we discovered novel inhibitors and show with one of them (YW1128,
Compound 3b) that inhibition of the WNT/β-catenin pathway not only alters hepatic
glucose metabolism but also the overall energy metabolism, leading to metabolic benefits.
Our results support the overall conclusion that inhibition of WNT/β-catenin pathway with
the small molecule inhibitor by attenuating β-catenin level is a promising approach to treat
metabolic disorders that involve dysfunction in glucose metabolism and lipid metabolism.
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Materials and methods

Chemical Analysis
All chemicals were obtained from commercial suppliers and used without further
purification. Analytical thin layer chromatography was visualized by ultraviolet light at
256 nM. 1H NMR spectra were recorded on a Varian (400 MHz) spectrometer. Data are
presented as follows: chemical shift (in ppm on the δ scale relative to δ = 0.00 ppm for
the protons in tetramethylsilane (TMS)), integration, multiplicity (s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet, br = broad), coupling constant (J/Hz). 13C NMR
spectra were recorded at 100 MHz, and all chemical shifts values are reported in ppm on
the δ scale with an internal reference of δ 77.0 or 39.0 for CDCl3 or DMSO-d6,
respectively. The purities of title compounds were determined by analytic HPLC,
performed on an Agilent 1100 instrument and a reverse-phase column (Waters XTerrra
RP18, 5 μM, 4.6 × 250 mm). All compounds were eluted with 45% acetonitrile/55%
water (containing 0.1% TFA) over 20 min with a detection at 260 nm and a flow rate at
1.0 mL/min. All tested compounds were > 95% pure. Yields were not optimized. 1a-k
and potassium trifluoroborate derivatives were commercially available.

Chemical Synthesis
The synthesis of compounds 3a-y are detailed in Scheme 1. Starting with the
diazotization of the appropriate aniline 1a-k, followed by the addition of sodium azide
and cyclization with β-ketone ester in the EtONa/EtOH medium gave the key
intermediate trizaole-3-carboxylic acid 2a-m. Next, the PyCIU-mediated coupling
reaction of 2a-m with various aromatic amines in dichloroethane solvent allowed access
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to target compounds 3a-n in moderate to good yields. Finally, palladium-catalyzed crosscoupling of compound 3n with potassium trifluoroborate derivatives to get the
compounds 3o-y.
Scheme 1. Synthesis of compounds 3a-ya

a

Reagents and conditions: (a) (i) NaNO2, HCl, NaN3, H2O, 0 oC; (ii) ethyl 3-

oxobutanoate for 2a-k, ethyl 3-oxopentanoate for 2l, ethyl 4-methyl-3-oxopentanoate for
2m, EtONa, EtOH, 80 oC; (b) ArNH2, PyCIU, DIPEA, DCE, 80 oC; (c) potassium
trifluoroborate derivatives, Pd(OAc)2, XPhos, Cs2CO3, THF/H2O, 80 oC, 24-48 h.

General Procedure A: Synthesis of Compounds 2a-m
To a mixture of substituted aniline (20 mmol) in concentrated HCl (8.0 mL) was added a
solution of NaNO2 (1.4 g, 21 mmol) in H2O (6.0 mL) dropwise at 0 oC. The mixture was
stirred at 0 oC for 1 h followed by the addition of a solution of NaN3 (1.3 g, 20 mmol) in
H2O (6.0 mL) at 0 oC. The resulting mixture was stirred for another 1 h, extracted with
diethyl ether for three times. The combined organic layers were washed with brine, dried
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over Na2SO4, and concentrated to give the residue. To the residue was added ethyl 3oxobutanoate, or ethyl 3-oxopentanoate, or ethyl 4-methyl-3-oxopentanoate (22 mmol)
and a solution of NaOEt (2.04 g, 30 mmol) in EtOH (120 mL) at room temperature. The
mixture was stirred at 80 oC overnight. After cooling to room temperature, the solvent
was removed under vacuum, and 1M HCl (250 mL) was added to generate the
precipitate. The solid was collected and washed with water to offer the crude product
which was recrystallized from ethanol to give 2a-m (25-80%).
5-Methyl-1-(p-tolyl)-1H-1,2,3-triazole-4-carboxylic acid (2a). The title compound was
synthesized according to General Procedure A (46%). 1H-NMR (400 MHz, DMSO-d6) δ
13.08 (s, 1H), 7.42-7.38 (m, 4H), 2.41 (s, 3H), 2.36 (s, 3H); 13C-NMR (100 MHz,
DMSO-d6) δ 163.1, 140.3, 136.8, 133.3, 130.5, 125.7, 123.2, 21.2, 10.1.
5-Methyl-1-(o-tolyl)-1H-1,2,3-triazole-4-carboxylic acid (2b). The title compound was
synthesized according to General Procedure A (55%). 1H-NMR (400 MHz, DMSO-d6) δ
13.16 (s, 1H), 7.57-7.52 (m, 2H), 7.46-7.44 (m, 2H), 2.32 (s, 3H), 2.00 (s, 3H); 13C-NMR
(100 MHz, DMSO-d6) δ 163.0, 140.1, 136.5, 135.5, 134.6, 131.7, 131.2, 127.8, 127.6,
17.1, 9.6.
1-(2,4-Dimethylphenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2c). The title
compound was synthesized according to General Procedure A (73%). 1H-NMR (400
MHz, DMSO-d6) δ 13.01 (s, 1H), 7.28-7.24 (m, 2H), 7.20-7.18 (m, 1H), 2.34 (s, 3H),
2.26 (s, 3H), 1.88 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 163.0, 140.9, 140.1, 136.4,
135.1, 132.2, 132.1, 128.0, 127.5, 21.1, 17.0, 9.6.
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1-(2,3-Dimethylphenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2d). The title
compound was synthesized according to General Procedure A (70%). 1H-NMR (400
MHz, DMSO-d6) δ 13.14 (s, 1H), 7.46-7.45 (m, 1H), 7.36-7.32 (m, 1H), 7.26-7.25 (m,
1H), 2.36 (s, 3H), 2.30 (s, 3H), 1.81 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 167.8,
144.9, 143.9, 141.2, 139.3, 138.9, 137.0, 131.6, 130.1, 24.9, 18.7, 14.3.
1-(2-Methoxyphenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2e). The title
compound was synthesized according to General Procedure A (80%). 1H-NMR (400
MHz, DMSO-d6) δ 13.14 (s, 1H), 7.66-7.62 (t, J = 8.0 Hz, 1H), 7.49-7.47 (d, J = 8.0 Hz,
1H), 7.35-7.33 (d, J = 8.0 Hz, 1H), 7.20-7.16 (t, J = 8.0 Hz, 1H), 3.80 (s, 3H), 2.31 (s,
3H); 13C-NMR (100 MHz, DMSO-d6) δ 163.0, 154.1, 140.8, 136.3, 132.7, 128.9, 123.9,
121.3, 113.3, 56.4, 9.5.
1-(2-Acetylphenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2f). The title
compound was synthesized according to General Procedure A (40%). 1H-NMR (400
MHz, DMSO-d6) δ 8.02-7.99 (m, 1H), 7.77-7.73 (m, 2H), 7.61-7.59 (m, 1H), 2.32 (s,
3H), 2.26 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 199.0, 163.0, 140.7, 136.5, 136.3,
133.3, 132.6, 131.5, 130.4, 128.8, 29.3, 9.8.
1-(2-Carbamoylphenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2g). The title
compound was synthesized according to General Procedure A (65%). 1H-NMR (400
MHz, DMSO-d6) δ 13.10 (s, 1H), 7.93 (s, 1H), 7.70-7.68 (m, 1H), 7.67-7.62 (m, 2H),
7.55-7.52 (m, 1H), 7.38 (s, 1H), 2.38 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 167.6,
163.2, 140.8, 136.0, 135.9, 131.4, 131.0, 129.1, 128.5, 129.1, 128.5, 128.3, 9.9.
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1-(2-Cyanophenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2h). The title
compound was synthesized according to General Procedure A (71%). 1H-NMR (400
MHz, DMSO-d6) δ 13.37 (s, 1H), 8.23-8.21 (d, J = 6.8 Hz, 1H), 8.05-8.01 (t, J = 7.2 Hz),
7.92-7.87 (m, 2H), 2.47 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 162.7, 140.6, 136.9,
136.8, 135.3, 134.9, 132.0, 128.8, 115.6, 110.5, 9.8.
1-(2-Fluorophenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2i). The title
compound was synthesized according to General Procedure A (60%). 1H-NMR (400
MHz, DMSO-d6) δ 13.24 (s, 1H), 7.74-7.68 (m, 2H), 7.64-7.56 (m, 1H), 7.52-7.45 (m,
1H), 2.40 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 162.8, 157.5, 155.0, 140.8, 136.7,
133.5, 133.5, 129.5, 126.1, 123.2, 123.0, 117.6, 117.4, 9.5.
1-(2-Bromophenyl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2j). The title
compound was synthesized according to General Procedure A (80%). 1H-NMR (400
MHz, DMSO-d6) δ 13.26 (s, 1H), 7.98-7.96 (m, 1H), 7.73-7.62 (m, 3H), 2.34 (s, 3H);
C-NMR (100 MHz, DMSO-d6) δ 167.6, 145.3, 141.3, 139.3, 138.8, 138.1, 134.9, 134.4,
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125.9, 14.4.
1-([1,1'-biphenyl]-2-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylic acid (2k). The title
compound was synthesized according to General Procedure A (65%). 1H-NMR (400
MHz, DMSO-d6) δ 7.72-7.68 (m, 1H), 7.63-7.61 (m, 2H), 7.53-7.51 (m, 1H), 7.26-7.21
(m, 3H), 7.02-6.96 (m, 2H), 1.97 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 164.2,
140.1, 138.9, 137.9, 137.5, 133.5, 131.5, 131.4, 129.3, 129.0, 128.8, 128.4, 128.3, 9.5.
5-Ethyl-1-(2-fluorophenyl)-1H-1,2,3-triazole-4-carboxylic acid (2l). The title
compound was synthesized according to General Procedure A (80%). 1H-NMR (400
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MHz, DMSO-d6) δ 13.31 (s, 1H), 7.77-7.74 (m, 2H), 7.64-7.59 (t, J = 8.8 Hz, 1H), 7.527.48 (t, J = 8.0 Hz, 1H), 2.84-2.78 (q, J = 7.2 Hz, 2H), 1.02-0.98 (t, J = 7.2 Hz, 3H); 13CNMR (100 MHz, DMSO-d6) δ 167.4, 162.6, 160.1, 150.5, 140.9, 138.6, 138.5, 134.6,
130.9, 130.8, 122.3, 122.1, 21.6, 17.6.
1-(2-Fluorophenyl)-5-isopropyl-1H-1,2,3-triazole-4-carboxylic acid (2m). The title
compound was synthesized according to General Procedure A (25%). 1H-NMR (400
MHz, DMSO-d6) δ 13.01 (s, 1H), 7.77-7.74 (m, 2H), 7.64-7.60 (t, J = 8.0 Hz, 1H), 7.527.48 (t, J = 8.0 Hz, 1H), 3.24-3.20 (m, 1H), 1.23-1.21 (d, J = 6.8 Hz, 6H); 13C-NMR (100
MHz, DMSO-d6) δ 167.6, 162.8, 160.3, 153.5, 140.6, 138.7, 138.6, 135.0. 130.8, 122.2,
122.0, 29.5, 24.6.
General Procedure B: Synthesis of Compounds 3a-n. To a solution of 2Aminoquinoline or 6-bromoquinolin-2-amine (0.5 mmol) and 2a-m (0.675 mmol) in
DCE (2 mL) was added PyCIU (0.775 mmol) and DIPEA (2.325 mmol). The mixture
was stirred at 80 oC overnight. After cooling to room temperature, the solvent was
removed under vacuum. To the residue was added ethyl acetate (30 mL), and the
resulting mixture was washed with brine, dried over Na2SO4 and concentrated. The crude
material was purified by column chromatography (Hexane/AcOEt, v/v = 4/1-2/1) to give
compounds 3a-n (48-69%).
5-Methyl-N-(quinolin-2-yl)-1-(p-tolyl)-1H-1,2,3-triazole-4-carboxamide (3a). The title
compound was synthesized according to General Procedure B (49%, a white solid): 1HNMR (400 MHz, DMSO-d6) δ 10.19 (s, 1H), 8.49-8.47 (d, J = 8.8 Hz, 1H), 8.42-8.40 (d,
J = 8.8 Hz, 1H), 8.00-7.98 (d, J = 8.0 Hz, 1H), 7.91-7.89 (d, J = 8.0 Hz, 1H), 7.79-7.75 (t,
J = 8.0 Hz, 1H), 7.59-7.57 (d, J = 8.0 Hz, 2H), 7.50-7.48 (d, J = 8.0 Hz, 2H), 2.60 (s,
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3H), 2.40 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 160.0, 150.8, 146.8, 140.5, 139.2,
138.6, 137.9, 133.1, 130.6, 130.6, 128.3, 127.7, 126.4, 125.7, 125.7, 114.6, 21.2, 9.9.
HRMS (ESI): m/z [M + H]+ calcd for C20H18N5O, 344.1511; found, 344.1511. HPLC: tR
= 8.82 min, 99.6%.
5-Methyl-N-(quinolin-2-yl)-1-(o-tolyl)-1H-1,2,3-triazole-4-carboxamide (3b). The
title compound was synthesized according to General Procedure B (60%, a white solid):
1

H-NMR (400 MHz, DMSO-d6) δ 10.22 (s, 1H), 8.49-8.47 (d, J = 8.8 Hz, 1H), 8.42-8.40

(d, J = 8.8 Hz, 1H), 8.00-7.98 (d, J = 8.0 Hz, 1H), 7.91-7.89 (d, J = 8.0 Hz, 1H), 7.69 (t, J
= 8.0 Hz, 1H), 7.61-7.56 (m, 3H), 7.51-7.50 (m, 2H), 2.45 (s, 3H), 2.04 (s, 3H); 13CNMR (100 MHz, DMSO-d6) δ 160.0, 150.8, 146.8, 139.5, 139.1, 137.6, 135.5, 134.4,
131.8, 131.4, 130.7, 128.3, 127.8, 127.7, 127.7, 126.4, 125.8, 114.7, 17.2, 9.4. HRMS
(ESI): m/z [M + H]+ calcd for C20H18N5O, 344.1511, found, 344.1510. HPLC: tR = 8.75
min, 98.2%.
1-(2,4-Dimethylphenyl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide
(3c). The title compound was synthesized according to General Procedure B (69%, a
white solid): 1H-NMR (400 MHz, CDCl3) δ 9.94 (s, 1H), 8.57-8.55 (d, J = 8.8 Hz, 1H),
8.23-8.21 (d, J = 8.8 Hz, 1H), 7.93-7.91 (d, J = 8.0 Hz, 1H), 7.82-7.80 (d, J = 8.0 Hz,
1H), 7.71-7.67 (t, J = 8.0 Hz, 1H), 7.49-7.45 (t, J = 8.0 Hz, 1H), 7.26-7.24 (d, J = 8.0 Hz,
1H), 7.20-7.18 (d, J = 8.0 Hz, 1H), 7.15-7.13 (d, J = 8.0 Hz, 1H), 2.51 (s, 3H), 2.44 (s,
3H), 2.03 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 160.1, 150.6, 141.1, 138.9, 138.4,
137.7, 135.1, 132.1, 131.7, 129.9, 127.8, 127.7, 127.5, 126.9, 126.4, 125.1, 114.2, 21.5,
17.1, 9.3. HRMS (ESI): m/z [M + H]+ calcd for C21H20N5O 358.1668, found 358.1661.
HPLC: tR = 17.12 min, 99.9%.
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1-(2,3-Dimethylphenyl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide
(3d). The title compound was synthesized according to General Procedure B (67%, a
white solid): 1H-NMR (400 MHz, CDCl3) δ 9.95 (s, 1H), 8.57-8.55 (d, J = 8.4 Hz, 1H),
8.23-8.21 (d, J = 8.4 Hz, 1H), 7.93-7.91 (d, J = 8.8 Hz, 1H), 7.81-7.79 (d, J = 8.4 Hz,
1H), 7.71-7.67 (t, J = 8.0 Hz, 1H), 7.49-7.45 (t, J = 7.2 Hz, 1H), 7.40-7.38 (d, J = 7.2 Hz,
1H), 7.31-7.27 (t, J = 8.0 Hz, 1H), 7.12-7.10 (d, J = 8.0 Hz, 1H), 2.50 (s, 3H), 2.39 (s,
3H), 1.91 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 160.1, 150.6, 146.9, 139.1, 139.0,
138.4, 137.7, 134.3, 134.0, 132.2, 129.9, 127.8, 127.5, 126.5, 126.4, 125.1, 124.8, 114.2,
20.3, 14.0, 9.3. HRMS (ESI): m/z [M + H]+ calcd for C21H20N5O, 358.1668; found,
358.1670. HPLC: tR = 11.23 min, 99.9%.
1-(2-Methoxyphenyl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide
(3e). The title compound was synthesized according to General Procedure B (48%, a
white solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.28 (s, 1H), 8.61-8.51 (m, 2H), 8.09
(m, 1H), 8.01 (m, 1H), 7.88 (m, 1H), 7.78 (m, 1H), 7.66 (m, 2H), 7.52-7.47 (m, 1H),
7.35-7.32 (m, 1H), 3.97-3.94 (q, J = 4 Hz, 3H), 2.56-2.53 (q, J = 4 Hz, 3H); 13C-NMR
(100 MHz, DMSO-d6) δ 160.0, 154.1, 150.9, 146.2, 140.2, 139.1, 137.3, 132.9, 130.6,
128.9, 128.2, 127.7, 126.4, 125.7, 123.7, 121.4, 114.7, 113.4, 56.5, 9.4. HRMS (ESI):
m/z [M + H]+ calcd for C20H18N5O2, 360.1460; found, 360.1460. HPLC: tR = 8.88 min,
99.8%.
1-(2-Acetylphenyl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide (3f).
The title compound was synthesized according to General Procedure B (48%, a brown
solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.37 (s, 1H), 8.65-8.63 (d, J = 8.8 Hz, 1H),
8.58-8.56 (d, J = 8.8 Hz, 1H), 8.30-8.28 (d, J = 7.2 Hz, 1H), 8.16-8.14 (d, J = 8.0 Hz,
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1H), 8.07-8.01 (m, 3H), 7.95-7.89 (m, 2H), 7.74-7.70 (t, J = 7.2 Hz, 1H), 2.67 (s, 6H);
C-NMR (100 MHz, DMSO-d6) δ 203.7, 164.7, 155.6, 151.6, 144.9, 143.9, 142.3, 140.9,
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138.2, 137.1, 136.4, 135.4, 133.6, 133.0, 132.5, 131.2, 130.5, 119.5, 34.1, 14.3. HRMS
(ESI): m/z [M + H]+ calcd for C21H18N5O2, 372.1460; found, 372.1455. HPLC: tR = 7.39
min, 99.2%.
1-(2-Carbamoylphenyl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide
(3g). The title compound was synthesized according to General Procedure B (49%, a pale
yellow solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.13 (s, 1H), 8.48-8.46 (d, J = 8.8 Hz,
1H), 8.42-8.39 (d, J = 8.8 Hz, 1H), 8.06 (s, 1H), 7.99-7.97 (d, J = 8.0 Hz, 1H), 7.90-7.88
(d, J = 8.0 Hz, 1H), 7.80-7.74 (m, 4H), 7.68-7.66 (m, 1H), 7.57-7.53 (t, J = 8.0 Hz, 1H),
7.49 (s, 1H), 2.50 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 172.3, 164.8, 155.6, 151.6,
145.1, 143.9, 141.7, 139.7, 137.6, 136.2, 135.9, 135.4, 133.9, 133.3, 133.0, 132.5, 131.2,
130.5, 119.4, 14.4. HRMS (ESI): m/z [M + H]+ calcd for C20H17N6O2, 373.1413; found,
373.1413. HPLC: tR = 2.72 min, 95.0%.
1-(2-Cyanophenyl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide
(3h). The title compound was synthesized according to General Procedure B (57%, a
white solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.35 (s, 1H), 8.49-8.46 (d, J = 8.8 Hz,
1H), 8.40-8.38 (d, J = 8.8 Hz, 1H), 8.27-8.25 (d, J = 8.0 Hz, 1H), 8.08-8.04 (t, J = 8.0 Hz,
1H), 7.99-7.96 (t, 2H), 7.94-7.90 (t, J =8.0 Hz, 2H), 7.79-7.75 (t, J = 8.0 Hz, 1H), 7.577.53 (t, J = 8.0 Hz, 1H), 2.60 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 159.7, 150.8,
146.8, 140.1, 139.1, 138.0, 136.6, 135.4, 135.1, 132.1, 130.7, 128.8, 128.3, 127.8, 126.4,
125.8, 115.6, 114.9, 110.5, 9.6. HRMS (ESI): m/z [M + H]+ calcd for C20H15N6O,
355.1307; found 355.1304. HPLC: tR = 7.45 min, 99.8%.
66

1-(2-Fluorophenyl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide (3i).
The title compound was synthesized according to General Procedure B (50%, a white
solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.25 (s, 1H), 8.46-8.44 (m, 2H), 7.97-7.54 (m,
9H), 2.52 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 159.8, 157.5, 155.0, 150.8, 146.8,
140.2, 139.1, 137.7, 133.7, 130.6, 129.5, 128.2, 127.7, 126.4, 126.2, 125.8, 123.0, 117.7,
117.5, 114.7, 9.3. HRMS (ESI): m/z [M + H]+ calcd for C19H15FN5O, 348.1261; found,
348.1252. HPLC: tR = 9.53 min, 99.9%.
1-(2-Bromophenyl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide
(3j). The title compound was synthesized according to General Procedure B (68%, a
white solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.26 (s, 1H), 8.48-8.46 (d, J = 8.0 Hz,
1H), 8.41-8.39 (d, J = 8.0 Hz, 1H), 8.02-8.99 (t, J = 8.8 Hz, 2H), 7.91-7.89 (d, J = 8.0 Hz,
1H), 7.77-7.67 (m, 4H), 7.57-7.53 (d, J = 8.0 Hz, 1H), 2.46 (s, 3H); 13C-NMR (100 MHz,
DMSO-d6) δ 164.6, 155.5, 151.6, 144.7, 143.9, 142.3, 139.2, 138.9, 138.3, 135.4, 135.0,
134.5, 133.0, 132.5, 131.2, 130.6, 125.9, 119.6, 14.2. HRMS (ESI): m/z [M + H]+ calcd
for C19H15BrN5O2, 408.0460; found, 408.0458. HPLC: tR = 8.21 min, 99.9%.
1-([1,1'-biphenyl]-2-yl)-5-methyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide
(3k). The title compound was synthesized according to General Procedure B (58%, a
white solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.11 (s, 1H), 8.45-8.43 (d, J = 8.0 Hz,
1H), 8.33-8.31 (d, J = 8.0 Hz, 1H), 7.98-7.96 (d, J = 8.0 Hz, 1H), 7.89-7.87 (d, J = 8.0
Hz, 1H), 7.81-7.69 (m, 5H), 7.56-7.52 (t, J = 7.2 Hz, 1H), 7.34-7.32 (m, 3H), 7.09-7.07
(m, 2H), 2.16 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 159.7, 150.7, 146.8, 139.6,
139.1, 137.4, 137.2, 132.8, 131.9, 131.5, 130.6, 129.5, 129.2, 128.7, 128.5, 128.2, 127.7,
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126.4, 125.8, 114.7, 9.28. HRMS (ESI): m/z [M + H]+ calcd for C25H20N5O, 406.1668;
found, 406.1665. HPLC: tR = 11.17 min, 99.9%.
5-Ethyl-1-(2-fluorophenyl)-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide (3l).
The title compound was synthesized according to General Procedure B (60%, a white
solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.28 (s, 1H), 8.49-8.46 (d, J = 8.8 Hz, 1H),
8.42-8.40 (d, J = 8.8 Hz, 1H), 8.00-7.98 (d, J = 8.8 Hz, 1H), 7.91-7.89 (d, J = 8.8 Hz,
1H), 7.84-7.75 (m, 3H), 7.69-7.65 (t, J = 8.0 Hz, 1H), 7.57-7.53 (m, 2H), 2.96-2.91 (q, J
= 7.2 Hz, 2H), 1.11-1.08 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 164.4,
162.6, 160.1, 155.6, 151.6, 149.9, 143.9, 142.1, 138.8, 138.7, 135.4, 134.6, 133.0, 132.5,
131.2, 131.0, 130.9, 130.5, 122.4, 122.2, 119.5, 21.6, 17.5. HRMS (ESI): m/z [M + H]+
calcd for C20H17FN5O, 362.1417; found, 362.1415. HPLC: tR = 14.04 min, 99.7%.
1-(2-Fluorophenyl)-5-isopropyl-N-(quinolin-2-yl)-1H-1,2,3-triazole-4-carboxamide
(3m). The title compound was synthesized according to General Procedure B (69%, a
white solid): 1H-NMR (400 MHz, DMSO-d6) δ 10.34 (s, 1H), 8.49-8.47 (d, J = 8.8 Hz,
1H), 8.43-8.41 (d, J = 8.8 Hz, 1H), 8.00-7.98 (d, J = 8.8 Hz, 1H), 7.91-7.89 (d, J = 8.8
Hz, 1H), 7.84-7.75 (m, 3H), 7.69-7.65 (t, J = 8.0 Hz, 1H), 7.57-7.53 (m, 2H), 3.24-3.20
(m, 1H), 1.34-1.32 (d, J = 7.2 Hz, 6H); 13C-NMR (100 MHz, DMSO-d6) δ 164.3, 162.8,
160.3, 155.6, 153.1, 151.6, 143.9, 142.1, 138.9, 138.8, 135.4, 134.9, 133.0, 132.5, 131.2,
131.0, 130.5, 128.4, 128.3, 122.3, 122.1, 119.5, 29.7, 24.8. HRMS (ESI): m/z [M + H]+
calcd for C21H19FN5O, 376.1574; found, 376.1581. HPLC: tR = 10.69 min, 99.0%.
HPLC analytic data
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N-(6-Bromoquinolin-2-yl)-5-methyl-1-(o-tolyl)-1H-1,2,3-triazole-4-carboxamide
(3n). The title compound was synthesized according to General Procedure B (60%, a
white solid): 1H-NMR (400 MHz, CDCl3) δ 9.98 (s, 1H), 8.59 (d, J = 8.4 Hz, 1H), 8.13
(d, J = 8.0 Hz, 1H), 7.95 (s, 1H), 7.80-7.75 (m, 2H), 7.51-7.49 (m,1H), 7.45-7.40 (m,
2H), 7.26 (s, 1H), 2.51 (s, 3H), 2.08 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 160.0, 150.8,
139.0, 137.8, 135.5, 134.2, 133.4, 131.5, 130.9, 129.5, 129.3, 127.1, 118.7, 115.0, 17.2,
9.3; HRMS (ESI): m/z [M + H]+ calcd for C20H17BrN5O, 422.0616; found, 422.0621.
General Procedure C: Synthesis of Compounds 3o-y. In a conical shaped microwave
vial was added 3n (0.169 mmol), potassium trifluoroborate derivatives (0.338 mmol), 2Dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (XPhos, 0.034 mmol), cesium
carbonate (0.507 mmol), and palladium (II) acetate (0.017 mmol), THF (0.5 mL) and
water (0.05 mL). The microwave vial was capped and the solids were stirred at rt for 10
min to aid in dissolution. Once a clear solution was observed, the vial was heated to 80
°C for 15 min followed by heating to 145 °C for 45 min. After cooling, the solution was
diluted with dichloromethane and dried over Na2SO4. The solution was filtered,
concentrated and purified by column chromatography (5 % to 15% MeOH in
dichloromethane) to give compounds 3o-y (55-77%).
5-Methyl-N-(6-(morpholinomethyl)quinolin-2-yl)-1-(o-tolyl)-1H-1,2,3-triazole-4carboxamide (3o). The title compound was synthesized according to General Procedure
C (73%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.91 (s, 1H), 8.54 (d, J = 8.8 Hz,
1H), 8.17 (d, J = 8.8 Hz, 1H), 7.86 (d, J = 7.6 Hz, 1H), 7.71-7.69 (m, 2H), 7.49-7.47 (m,
1H), 7.43-7.39 (m, 2H), 7.25 (d, J = 7.2 H, 1H), 3.74-3.67 (m, 6H), 2.50-2.51 (m, 7H),
2.06 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 160.0, 150.5, 146.4, 138.8, 138.2, 137.7,
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135.5, 134.2, 131.5, 131.4, 130.9, 127.8, 127.4, 127.1, 126.1, 114.3, 66.8, 63.1, 53.6,
17.2, 9.3; HRMS (ESI): m/z [M + H]+ calcd for C25H27N6O2, 443.2195; found, 443.2189.
5-Methyl-N-(6-((4-methylpiperazin-1-yl)methyl)quinolin-2-yl)-1-(o-tolyl)-1H-1,2,3triazole-4-carboxamide (3p). The title compound was synthesized according to General
Procedure C (75%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.90 (s, 1H), 8.52 (d, J
= 8.8 Hz, 1H), 8.15 (d, J = 8.8 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H), 7.68-7.67 (m, 2H), 7.507.46 (m, 1H), 7.42-7.36 (m, 2H), 7.24 (d, J = 8.0 Hz, 1H), 3.66 (s, 2H), 2.54-2.50 (m,
11H), 2.33 (s, 3H), 2.06 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 159.9, 150.4, 146.4,
138.8, 138.1, 137.7, 135.4, 135.2, 134.2, 131.5, 131.4, 130.8, 127.7, 127.1, 126.1, 114.2,
62.6, 55.0, 52.8, 45.8, 17.2, 9.3; HRMS (ESI): m/z [M + H]+ calcd for C26H30N7O,
456.2512; found, 456.2504.
5-Methyl-N-(6-(pyrrolidin-1-ylmethyl)quinolin-2-yl)-1-(o-tolyl)-1H-1,2,3-triazole-4carboxamide (3q). The title compound was synthesized according to General Procedure
C (62%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.92 (s, 1H), 8.54 (d, J = 8.8 Hz,
1H), 8.18 (d, J = 8.8 Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.76 (s, 1H), 7.71 (d, J = 8.4 Hz,
1H), 7.50-7.48 (m, 1H), 7.44-7.38 (m, 2H), 7.26 (d, J = 8.0 Hz, 1H), 3.83 (s, 2H), 2.622.60 (m, 4H), 2.52 (s, 3H), 2.08 (s, 3H), 1.84-1.83 (m, 4H); 13C-NMR (100 MHz, CDCl3)
δ 160.0, 150.4, 146.3, 138.8, 138.2, 137.8, 135.8, 135.5, 134.2, 131.5, 131.4, 130.8,
127.7, 127.2, 127.1, 127.0, 126.2, 114.2, 60.3, 54.2, 23.4, 17.2, 9.3;
HRMS (ESI): m/z [M + H]+ calcd for C25H27N6O, 427.2246; found, 427.2243.
N-(6-((Diethylamino)methyl)quinolin-2-yl)-5-methyl-1-(o-tolyl)-1H-1,2,3-triazole-4carboxamide (3r). The title compound was synthesized according to General Procedure
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C (59%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.90 (s, 1H), 8.53 (d, J = 8.8 Hz,
1H), 8.17 (d, J = 8.0 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.75-7.70 (m, 2H), 7.49-7.47 (m,
1H), 7.43-7.39 (m, 2H), 7.25-7.24 (m, 1H), 3.76 (s, 2H), 2.62 (d, J = 6.0 Hz, 4H), 2.50 (s,
3H), 2.06 (s, 3H), 1.10 (t, J = 6.4 Hz, 6H); 13C-NMR (100 MHz, CDCl3) δ 160.0, 150.4,
146.3, 138.8, 138.2, 137.8, 135.5, 134.3, 131.5, 130.9, 127.6, 127.2, 127.1, 126.2, 114.2,
57.2, 46.7, 17.2, 11.5, 9.3; HRMS (ESI): m/z [M + H]+ calcd for C25H29N6O, 429.2403;
found, 429.2401.
5-Methyl-N-(6-(piperidin-1-ylmethyl)quinolin-2-yl)-1-(o-tolyl)-1H-1,2,3-triazole-4carboxamide (3s). The title compound was synthesized according to General Procedure
C (55%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.89 (s, 1H), 8.51 (d, J = 8.0 Hz,
1H), 8.15 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 8.4 Hz, 1H), 7.68-7.66 (m, 2H), 7.47-7.46 (m,
1H), 7.42-7.36 (m, 2H), 7.24 (d, J = 7.6 Hz, 1H), 3.61 (s, 2H), 2.49 (s, 3H), 2.41-2.40 (m,
4H), 2.05 (s, 3H), 1.58-1.57 (m, 4H), 1.43-1.41 (m, 2H); 13C-NMR (100 MHz, CDCl3) δ
159.9, 150.3, 146.3, 138.8, 138.2, 137.8, 135.8, 135.5, 134.3, 131.7, 131.5, 130.8, 127.5,
127.2, 127.1, 126.1, 114.1, 63.6, 54.6, 25.9, 24.3, 17.2, 9.3;
HRMS (ESI): m/z [M + H]+ calcd for C26H29N6O, 441.2403; found, 441.2417.
tert-Butyl 4-((2-(5-methyl-1-(o-tolyl)-1H-1,2,3-triazole-4-carboxamido)quinolin-6yl)methyl)piperazine-1-carboxylate (3t). The title compound was synthesized
according to General Procedure C (70%, a white solid): 1H-NMR (400 MHz, CDCl3) δ
9.91 (s, 1H), 8.54 (d, J = 8.8 Hz, 1H), 8.16 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.4 Hz, 1H),
7.69-7.68 (m, 2H), 7.51-7.47 (m, 1H), 7.43-7.37 (m, 2H), 7.25 (d, J = 8.0 Hz, 1H), 3.66
(s, 2H), 3.45-3.43 (m, 4H), 2.52 (s, 3H), 2.44-2.42 (m, 4H), 2.06 (s, 3H), 1.45 (s, 9H);
C-NMR (100 MHz, CDCl3) δ 159.9, 154.7, 150.5, 146.4, 138.8, 138.1, 137.7, 135.4,
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135.0, 134.2, 131.5, 131.4, 130.9, 127.8, 127.1, 126.1, 114.3, 79.6, 62.8, 52.9, 44.1, 43.2,
28.4, 17.2, 9.3; HRMS (ESI): m/z [M + H]+ calcd for C30H36N7O3, 542.2880; found,
542.2895.
N-(6-((Dimethylamino)methyl)quinolin-2-yl)-5-methyl-1-(o-tolyl)-1H-1,2,3-triazole4-carboxamide (3u). The title compound was synthesized according to General
Procedure C (65%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.91 (s, 1H), 8.53 (d, J
= 8.8 Hz, 1H), 8.16 (d, J = 8.0 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.70-7.65 (m, 2H), 7.487.47 (m, 1H), 7.43-7.38 (m, 2H), 7.25 (d, J = 8.8 Hz, 1H), 3.59 (s, 2H), 2.50 (s, 3H), 2.29
(s, 6H), 2.06 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 159.9, 150.4, 146.4, 138.8, 138.2,
137.8, 135.7, 135.5, 134.2, 131.5, 131.4, 130.8, 127.7, 127.1, 126.1, 114.2, 64.0, 45.4,
17.2, 9.3; HRMS (ESI): m/z [M + H]+ calcd for C23H25N6O, 401.2090; found, 401.2078.
5-Methyl-N-(6-(thiomorpholinomethyl)quinolin-2-yl)-1-(o-tolyl)-1H-1,2,3-triazole-4carboxamide (3v). The title compound was synthesized according to General Procedure
C (70%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.90 (s, 1H), 8.53 (d, J = 8.4 Hz,
1H), 8.16 (d, J = 8.8 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.68-7.66 (m, 2H), 7.50-7.47 (m,
1H), 7.43-7.37 (m, 2H), 7.25 (d, J = 7.6 Hz, 1H), 3.66 (s, 2H), 2.74-2.69 (m, 8H), 2.50 (s,
3H), 2.06 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 159.9, 150.4, 146.4, 138.8, 138.1,
137.8, 135.5, 135.1, 134.2, 131.5, 131.3, 130.9, 127.8, 127.1, 127.1, 126.1, 114.2, 63.4,
55.0, 28.0, 17.2, 9.3; HRMS (ESI): m/z [M + H]+ calcd for C25H27N6OS, 459.1967;
found, 459.1955.
5-Methyl-N-(6-((4-morpholinopiperidin-1-yl)methyl)quinolin-2-yl)-1-(o-tolyl)-1H1,2,3-triazole-4-carboxamide (3w). The title compound was synthesized according to
General Procedure C (72%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.91 (s, 1H),
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8.53 (d, J = 8.0 Hz, 1H), 8.15 (d, J = 8.8 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.68-7.66 (m,
2H), 7.48-7.46 (m, 1H), 7.42-7.36 (m, 2H), 7.25 (d, J = 7.2 Hz, 1H), 3.70-3.63 (m, 6H),
2.98-2.96 (m, 2H), 2.54-2.50 (m, 7H), 2.24-2.18 (m, 1H), 2.06-2.00 (m, 5H), 1.81-1.79
(m, 2H), 1.62-1.54 (m, 2H); 13C-NMR (100 MHz, CDCl3) δ 159.9, 150.4, 146.3, 138.8,
138.1, 137.7, 135.5, 135.4, 134.2, 131.5, 131.4, 130.8, 127.6, 127.1, 127.0, 126.1, 114.2,
67.2, 62.6, 62.1, 53.0, 49.7, 28.0, 17.2, 9.2; HRMS (ESI): m/z [M + H]+ calcd for
C30H36N7O2, 526.2930; found, 526.2917.
5-Methyl-N-(6-((4-(4-methylpiperazin-1-yl)piperidin-1-yl)methyl)quinolin-2-yl)-1(o-tolyl)-1H-1,2,3-triazole-4-carboxamide (3x). The title compound was synthesized
according to General Procedure C (60%, a white solid): 1H-NMR (400 MHz, CDCl3) δ
9.91 (s, 1H), 8.53 (d, J = 8.0 Hz, 1H), 8.16 (d, J = 8.8 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H),
7.68-7.66 (m, 2H), 7.51-7.47 (m, 1H), 7.43-7.37 (m, 2H), 7.28-7.24 (m, 1H), 3.63 (s,
2H), 2.99-2.96 (m, 2H), 2.62-2.51 (m, 10H), 2.29-2.28 (m, 5H), 2.07-2.00 (m, 5H), 1.821.79 (m, 2H), 1.65-1.56 (m, 2H); 13C-NMR (100 MHz, CDCl3) δ 159.9, 150.3, 146.3,
138.8, 138.1, 137.8, 135.7, 135.4, 134.2, 131.5, 131.4, 130.8, 127.6, 127.1, 127.0, 126.9,
126.1, 114.1, 62.7, 61.9, 55.3, 53.2, 48.8, 45.9, 28.1, 17.2, 9.3; HRMS (ESI): m/z [M +
H]+ calcd for C31H39N8O, 539.3247; found, 539.3244.
N-(6-([1,4'-Bipiperidin]-1'-ylmethyl)quinolin-2-yl)-5-methyl-1-(o-tolyl)-1H-1,2,3triazole-4-carboxamide (3y). The title compound was synthesized according to General
Procedure C (77%, a white solid): 1H-NMR (400 MHz, CDCl3) δ 9.89 (s, 1H), 8.52 (d, J
= 8.4 Hz, 1H), 8.15 (d, J = 8.0 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.66-7.64 (m, 2H), 7.49
(t, J = 7.2 Hz, 1H), 7.43-7.36 (m, 2H), 7.24 (s, 1H), 3.63 (s, 2H), 3.01-2.98 (m, 2H), 2.612.50 (m, 7H), 2.06-2.02 (m, 5H), 1.90-1.47 (m, 9H), 1.25-1.22 (m, 2H); 13C-NMR (100
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MHz, CDCl3) δ 159.9, 150.0, 146.3, 138.8, 138.1, 137.8, 135.7, 135.4, 134.2, 131.5,
130.8, 127.8, 127.1, 127.0, 126.1, 114.2, 62.9, 62.7, 53.4, 50.1, 27.5, 26.0, 24.5, 17.2,
9.3; HRMS (ESI): m/z [M + H]+ calcd for C31H38N7O, 524.3138; found, 524.3133.

Animals
The animal experiments received prior approval and followed the guidelines of the
Institutional Animal Care and Use Committee (IACUC) of the University of Maryland
Baltimore. All the mice were housed in 12- hour light/ 12-hour dark cycle with food and
water provided ad libitum. For the efficacy studies, mice were either fed a standard normal
chow diet or a high fat diet (45% kcal fat) purchased from Harlan Laboratories
(Indianapolis, IN), except otherwise stated. All experiments utilized the C57BL/6J mice
purchased from Jackson laboratories (Bar Harbor, ME)

Glucose output assay
Mouse primary hepatocytes were isolated from the liver of 8-10 weeks old male mice. The
cells were seeded in William’s E medium supplemented with insulin, transferrin, selenium
and dexamethasone. In the following day, Matri gel was used to overlay the hepatocytes
and 12 hours later the hepatocytes were treated with compounds. After 36 hours of
treatment with the compounds, glucose concentration in the medium was determined using
a glucose measurement kit from Sigma.

Nile Red assay
Huh7 cells were seeded on coverslips coated with rat Collagen I overnight. The cells were
then treated with varying concentrations of the compounds for 36 hours and together with
200 µM sodium oleate for an additional 12 hours. Hanks’ Balanced Salt solution (HBSS)
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was used to wash the cells once and incubated with the cells along with 1 µM Nile red for
10 minutes at 37oC, protected from light. Excess nile red was washed off the cells with
HBSS buffer and the cells were imaged with a fluorescence microscope using 552/636 nm
(excitation/emission) lamp settings.

Cellular fractionation and western blot analysis
The lysis of the whole cells was carried out using RIPA Lysis Buffer System (Santa Cruz
Biotechnology, # sc-24948) supplemented with phosphatase inhibitor cocktail 3 (Sigma).
Cells were lysed for 20 minutes and centrifuged at 13,000 x g for 15 minutes. The
supernatant was used for immunoblotting. For cell fractionation, we prepared cytoplasmic
and nuclear portions as previously described170. Briefly, we lysed cells for 20 minutes in
cytoplasmic lysis buffer (10mM HEPES, 100 uM EDTA, 10mM KCl, 0.5 % NP40,
protease and phosphatase inhibitor cocktails). The mixture was vortexed and centrifuged
at 13,000 x g for 10 minutes. The supernatant was used as the cytoplasmic fraction. The
pellet was washed further with the cytoplasmic lysis buffer and supernatant was discarded.
Nuclear extraction buffer (20 mM HEPES, 1 mM EDTA, 400 mM NaCl, protease and
phosphatase inhibitor cocktails) was added to the pellet and with intermitted shaking for
30 minutes. The mixture was centrifuged at 13,000 x g for 10 minutes and this was used as
the nuclear fraction. Tissue fractionation was carried out strictly as published by
Wieckowski et al171.
Proteins were quantitated with bicinchoninic acid assay. The concentration of the proteins
was adjusted and they were resolved on 10% SDS-PAGE gel. The proteins were then
transferred to nitrocellulose membrane and western blot was carried out using antibodies
specific for the proteins as followed: β-actin (Abcam), β-catenin (#8480), p-catenin
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(#9561), AMPK(#5831), AKT(#4691), p-AKT(#4060), Axin(#2087) were purchased from
Cell signaling, TAB182 (sc-514517), TANK1/2 (sc-365897), LKB1(sc-32245), and c-Myc
(sc-40), FASN(sc-48357), GCK (sc-17819) were purchased from Santa Cruz
Biotechnology.
Flag tagged human beta-catenin pcDNA3 and pcDNA3-S33Y beta-catenin was a gift from
Dr. Eric Fearon (Addgene plasmid # 19286)172. PLKO plasmid backbone, shRNA for Axin,
siRNA for Axin was purchased from Sigma-Adrich.

Quantitative PCR
Total RNA was extracted from cells or tissues using Trizol reagent (Thermo Fisher)
following the manufacturer’s instructions. Reverse transcription was carried out to obtain
the complementary DNA, which was further used to determine the gene expression by
quantitative PCR. The primers used in our studies are outline in table 3.1 and others
obtained from PrimerBank.
Table 3.1: human primers and antibodies used for experiments

Name

Forward

Reverse

PEPCK

AGGCAGTGAGGGAGTTTCTC

CGTCTTGCTTTCGATCCTGG

G6P

CTACTACAGCAACACTTCCGTG GGTCGGCTTTATCTTTCCCTGA

FASN

CCGAGACACTCGTGGGCTA

CTTCAGCAGGACATTGATGCC

CYCD1

CAATGACCCCGCACGATTTC

CATGGAGGGCGGATTGGAA

76

Table 3.1

Continued

Axin2

GAGTGGACTTGTGCCGACTTCA GGTGGCTGGTGCAAAGACATAG

GSK3Β

TCGAGAGCTCCAGATCATGAGAA CGGAACATAGTCCAGCACCAGA

Triglyceride assay
Serum triglyceride and liver triglyceride were quantitated using Triglyceride Quantitation
Assay Kit (Abcam, #ab65336) following specific instructions from the manufacturer.

In vivo efficacy study design
Four groups of 8 weeks old male mice weighing 24-27 g were used for the experiment.
High fat diet group of mice were fed a high fat diet obtained from Harlan Laboratories
(#TD.08811) containing 45% kcal fat initially for 6 weeks, then in combination with
intraperitoneal injection of 40 mg/kg YW1128 or vehicle (corn oil) every two days until
the end of the experiment. The normal chow group received normal diet throughout the
study with or without 40 mg/kg YW1128. Intraperitoneal glucose tolerance test was
performed every 4 weeks. Mice were sacrificed one week after the last glucose tolerance
test and about 24 hours following the final dose.

Glucose tolerance test
Mice were fasted for 6-8 hours. Following this, the mice were injected intraperitoneal
glucose solution (2g/kg) in saline. Glucometer was used to measure serum glucose levels
from tail vein at 15, 30, 45, 60, 90 and 120 minutes.
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Immunohistochemistry analysis
HEK293 cells were seeded on slides coated with poly-d-lysine at 1 x 104. At the following
day, the cells were treated with compounds with or without WNT activation by 20 mM
LiCl or Wnt3a conditioned medium for 16 hours. Then cells were washed once with PBS
and fixed with 10% formalin (Sigma) at room temperature for 20 minutes. The cells were
permeablized with methanol for 5 minutes and wash three times with PBS. Blocking
solution containing 5% bovine serum albumin in PBS added to the slides for 1 hour.
Primary antibodies were incubated with the slide overnight and then secondary antibodies
were added for additional 2 hours. Wash step was carried out and DAPI was incubated
with the slide for 30 minutes. The slides were washed twice and mounted prior to
microscopy analysis.

Reporter gene assay
Plasmids M50 Super 8x TOPFlash and FOPflash were gifts from Dr. Randall Moon
(Addgene plasmid # 12456 and 12457)173. Renilla luciferase was used as an internal control
for the transfection efficiency. HEK293 cells were transfected with the plasmids for 16
hours using lipofectamine 2000 (Qiagen). Compounds were incubated with the transfected
cells for additional 24 hours and luciferase was measured using Promega’s Dual-Luciferase
Reporter Assay System according to the manufacturer’s instructions. The WNT signaling
activity was determined by using the ratio of the TOPFlash or FOPFlash luciferase adjusted
by the Renilla luciferase.
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Cytotoxicity assay
Cell Counting Kit-8 (WST-8) was purchased from Dojingo and used to carry out the
cytotoxicity evaluation of the compounds. Seeded HEK293 cells were treated with varying
concentrations of the compounds for 72 hours and the CCK8 kit was used to measure the
cytotoxicity.

Immunoprecipitation
Flag tagged Axin was purchased from GenScript. Human pcDNA3-wild type and
pcDNA3-S33Y β-catenin were gifts from Dr. Eric Fearon (Addgene plasmid # 19286 and
16828)172. These plasmids were used to transfect HEK293 cells for protein overexpression
and then immunoprecipitation (IP). Following transfection and culture, cells were washed
in PBS and scraped into Eppendorf tubes. The cells were lysed with IP lysis buffer (0.025
M Tris, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40, 5% glycerol; pH 7.4) for 20 minutes.
The lysates were centrifuged at 13000 x g for 15 minutes and the supernatant was collected
and pellet discarded. Protein A/G plus beads (Santa Cruz biotechnology) were added to
pre-clear the lysate for 1 hour. The lysate was centrifuge at 1000 x g for 1 minute and the
supernatant was transferred to an Eppendorf tube. Protein concentration was determined
with the BCA assay and 2 mg was used for the IP using the indicated antibodies overnight.
The protein beads were then added to the lysates and incubated for 12 hours, centrifuged
at 1000 x g for 1 minute, and further washed with lysis buffer three times. A sample buffer
was added to the final pelleted beads. The sample was heated at 95°C for 5 minutes, then
vortexed and centrifuged for additional 1 minute. The supernatant was immunoblotted for
the indicated proteins.
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RNAi mediated knockdown
All transfections for RNAi-mediated knockdown were carried out with lipofectamine
RNAimax (Thermofisher) according to manufacturer’s instructions. siRNAs were
purchased from Sigma-Aldrich.

Results

Identification and structure-activity relationship of a new class of WNT/β-catenin
pathway inhibitors
To discover novel WNT/β-catenin signaling pathway inhibitors, we used a β-catenin
responsive reporter assay to screen a small library of compounds synthesized with
semblance to an already known WNT inhibitor, pyrvinium pamoate144. This initial screen
yielded some novel inhibitors with distinct scaffolds that exhibited similar or better
inhibitory effect on the reporter luciferase activity than pyrvinium (Figure 3.1). We chose
the most potent scaffold and further synthesized 25 compounds to characterize the
structure-activity relationship with respect to the inhibition of the reporter luciferase
activity, i.e. WNT signaling activity. Further screening of this new class of compounds led
to the discovery of more potent analogues such as YW1128 (Compound 3b) and less potent
analogues such as YW1127 (Compound 3a) (Figure 3.2c, Table 3.2). In the structureactivity relationship, we found that substitution of less bulky groups on the R1 position led
to improved inhibitory potency. The R3 position generally accepted little or no
substitutions in order to retain the activity, similar to R2 position. This suggests that the
most amenable position on the scaffold for substitution that improved potency was the R1
position.
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Figure 3.1. Screening of novel derivatives of pyrvinium. HEK293 cells were transfected
with TCF/LEF responsive gene reporter constructs and treated with compounds at 1 µM
concentrations for 24 hours. Data is presented as mean ± standard deviation, n =3.

Table 3.2. Inhibition of WNT/β-Catenin Signaling Pathway by Compounds 3a-y

Cmpds

R1

R2

R3

IC50 (nM)

3a

4-Me

Me

H

ND
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3b

2-Me

Me

H

7.01

3c

2,4-diCH3

Me

H

268

3d

2,3-diCH3

Me

H

138

3e

2-OCH3

Me

H

18.25

3f

2-COCH3

Me

H

>1000

3g

2-CONH2

Me

H

>1000

3h

2-CN

Me

H

33.93

3i

2-F

Me

H

1.21

3j

2-Br

Me

H

7.57

3k

2-Ph

Me

H

391

3l

2-F

Et

H

4.66

3m

2-F

i-Pr

H

24.88

3n

2-Me

Me

Br

825

3o

2-Me

Me

>1000

3p

2-Me

Me

>1000

3q

2-Me

Me

>1000

82

Table 3.2 Continued

3r

2-Me

Me

>1000

3s

2-Me

Me

>1000

3t

2-Me

Me

279

3u

2-Me

Me

875

3v

2-Me

Me

233

3w

2-Me

Me

450

3x

2-Me

Me

456

3y

2-Me

Me

606
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Validation of YW1128 as an inhibitor of the WNT signaling pathway
One of the compounds, YW1128, showed superior inhibitory potency in the reporter gene
assay with an IC50 of 7 and 8 nM in our system using WNT activators lithium chloride
(LiCl) and WNT3a, respectively, and a low cytotoxicity (Figure 3.2). In western blot
analysis, YW1128 produced effects on the WNT pathway by increasing Axin stabilization
as well as phosphorylation of β-catenin (Figure 3.3) and its subsequent degradation.
Stabilization of Axin level is shown by increased cytoplasmic punctas as has been
previously reported99. The target genes of the WNT/β-catenin pathway, including CycD1
and Axin2, were also repressed at the messenger RNA level. These data confirm that
YW1128 is an inhibitor of the WNT/β-catenin signaling pathway and suggests that the
chemical scaffold may in fact be manipulated based our structure-activity relationship to
yield even better inhibitors of this pathway for future drug development. In addition, in the
presence of LiCl, which is an inhibitor of GSK3β, YW1128 decreased β-catenin while
YW1127 had little effect. This is consistent with the reporter assay that showed YW1127
with no WNT inhibitory efficacy.
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Figure 3.2 Characterization of YW1128 in the inhibition of WNT/β-catenin signaling
pathway. A: Chemical structure of YW1128 and YW1127. B: TCF/LEF responsive
luciferase reporter assay in HEK293 cells with varying concentration of YW1128 and C:
YW1127 in WNT3a or LiCl conditioned medium. The data were fitted to determine the
IC50 of inhibition of LiCl and WNT3a mediated increased in WNT/β-catenin signaling
pathway (mean ± S.D, n =4). D: confocal microscope images of YW1128 treated MEC1
cells. Cells were incubated with 1 µM YW1128 for 14 hours. E: western blot analysis of
YW1128 showing effect on WNT/β-catenin pathway proteins in HEK293. Cells were
treated with the compound for 24 hours and cytoplasmic fraction was immunoblotted. F:
mRNA expression of target genes of WNT/ β-catenin signaling pathway. G: Western blot
analysis of HEK293 cells treated with YW1128 and YW1127 in the presence of lithium
chloride. * p < 0.05.
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YW1128 targets multiple steps in the WNT signaling cascade
The sequential phosphorylation of β-catenin on the Serine 33, 37 and threonine 41 amino
acids by GSK3β marks a pivotal step in the degradation of β-catenin. By affecting this step,
many well characterized WNT/β-catenin pathway inhibitors facilitate the degradation of
β-catenin and subsequent decrease in the transcription of WNT target genes. To ascertain
if our novel analogue requires the presence of these GSK3β phosphorylation sites in βcatenin, we overexpressed wild-type and mutant (S33Y, a serine to tyrosine substitution at
amino acid 33) β-catenin and performed the reporter gene assay (Figure 3.4a).
Overexpression of both exogenous β-catenin plasmids led to a significant increase in WNT
signaling, with the S33Y mutant having a higher increase than the wild type. YW1128
decreased WNT signaling with the same efficacy irrespective of overexpression of either
β-catenin, suggesting that the inhibitory effect of YW1128 may be independent of the
GSK3β phosphorylation of serine 33 on β-catenin. In immunoprecipitation assay, treatment
with YW1128 led to increased co-precipitation of β-catenin with Axin and GSK3β (Figure
3.4b). Thus, the binding of YW1128 on a primary target may lead to fortification of the
destruction complex to propagate the degradation of β-catenin (Figure 3.5). In order to
determine the effect of YW1128 on WNT signaling in other cells already known to bear
activating mutations in the WNT signaling pathway, we overexpressed the reporter
constructs in SW480 and HepG2 cell lines. The former cell line has mutations in APC,
leading to ineffective tethering of β-catenin to the destruction complex and subsequent
increase in cytoplasmic and nuclear levels of β-catenin174. HepG2 cells contain a deletion
of the amino acids 25-140 of the CTNNB1 (β-catenin) gene, which includes the binding
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sites of GSK3β and CK1α150. Inhibition of the reporter gene activity by YW1128 was
reproduced in SW480 cells, but to a much lesser extent in HepG2 cells (Figure 3.4d). This
suggests the necessity of the full length β-catenin having the binding sites of GSK3β as
well as CK1α intact in order for YW1128 to elicit its inhibitory effect. We also performed
SPR analysis with purified recombinant CK1α, GSK3β, and Axin proteins to determine
the binding affinity of YW1128 to these proteins. Our results showed little binding of
YW1128 to CK1α and Axin, but a binding (Kd: 4.3 µM) to GSK3β. However, this binding
affinity is much higher than the IC50 obtained from the reporter assay, suggesting that
GSK3β is unlikely the main target of YW1128 (Figure 3.6). Therefore, the primary target
of YW1128 is still unknown, but the results suggest that β-catenin, GSK3β and Axin are
involved in its inhibitory effect on the WNT signaling pathway.
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Figure 3.3. Time and concentration dependent effect of YW1128. A: Time dependent effect
of YW1128 on cytoplasmic levels of WNT/β-catenin pathway proteins in the presence of
WNT3a. C: Concentration dependent efficacy of YW1128 in the WNT pathway in
HEK293 cells treated for 2 hours. C: Reporter assay of YW1128 in cells overexpressing
TCF/LEF response elements (TOPFlash) or scrambled non-function TCF/LEF response
element (FOPFlash). D: Varying concentration of LiCl effect on the efficacy of YW1128.
Data are presented as mean ± standard deviation, n =3.

Figure 3.4 YW1128 effect on the WNT signaling pathway is dependent on βcatenin. A: Western blot analysis and reporter assay showing overexpression of β-catenin
wild-type and S33Y mutant (GSK3β phosphorylation site) with 100 nM YW1128
treatment. B: Immunoprecipitation of β-catenin in the presence of YW1128 treated for 12
hours. C: Reporter assay of YW1128 in the presence of knockdown of GSK3β, Axin1 and
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CK2α1. The cells were treated with or without 20 nM YW1128 for 24 hours. D: Reporter
assay and western analysis of SW480 and hepG2 cells treated with YW1128. Data are
represented as mean ± S.D, n =3.

Figure 3.5. Effect of YW1128 on the localization of β-catenin. Immunofluorescence of βcatenin localization in the presence of YW1128. SW480 cells were treated with 1 µM
YW1128 for 24 hours.
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Figure 3.6. Binding analysis of YW1128 to GSK3β. A: SPR analysis of YW1128 binding
to recombinant GSK3. B, C: Concentration dependent binding of YW1128 to GSK3B. D:
WNT reporter assay for YW1128 in the presence and absence of GSK3β knockdown. E:
Protein analysis of GSK3β in HEK293 cells.

YW1128 affects glucose metabolism and lipid metabolism through Axin stabilization
Axin mediates the assembly of the LKB-AMPK complex to allow phosphorylation and
activation of AMPK100. Deficiency in Axin expression leads to lipid accumulation in the
liver. Because YW1128 stabilized the cellular level of Axin, we performed Nile red
staining to examine lipid accumulation in HUH7 cells (Figure 3.7a). Treatment of these
cells with YW1128 dramatically decreased oleate mediated increase in lipid accumulation
in both fed and glucose-starved conditions. A less potent of Axin stabilizer, YW1127, also
decreased the lipid accumulation, albeit to a lesser extent than YW1128. Another well-
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studied Axin stabilizer, XAV939, also showed a similar effect in decreasing the lipid
accumulation. Since Axin deficiency results in lipid accumulation in mouse liver due to a
defect in AMPK activation, we assessed the phosphorylation status and gene expression of
the AMPK pathway following YW1128 treatment in the cells. In immunoblot analysis, we
found that YW1128 increased AMPK activation in a dose-dependent manner, without any
significant effects on AKT phosphorylation (Figure 3.7b). The status of AKT
phosphorylation is important in this regards, as its activation may serve as a negative
regulator of AMPK activation175. In accordance with increasing AMPK activation,
YW1128 downregulated the levels of messenger RNA for gluconeogenic (PEPCK and
G6PASE) and lipogenic genes (FASN, ACAA1A, ACOT4, SCD1) (Figure 3.7c) as well
as the protein levels of FASN (Figure 3.7d) in HUH7 cells. Upon knockdown of Axin, we
found that the effect of YW1128 on AMPK activation was abrogated similarly to another
reported Axin stabilizer pyrvinium (Figure 3.7e). These results suggest that YW1128
decreases the accumulation of lipids by downregulating gluconeogenic and lipogenic
pathways as a consequence of its stabilization of Axin levels.
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Figure 3.7 YW1128 downregulates glucose metabolic and lipid metabolic pathway genes.
A: Nile red assay of the HUH7 cells treated with XAV939, YW1128 and YW1121 for 36 hours
and together with 200 µM oleate for 16 hours. B: Western blot analysis of YW1128 effect in
AKT and AMPK activation. C: mRNA expression of various energy metabolic genes in AML12
cells. D: analysis of protein expression of FASN in HEK293 cells treated with WNT3a
conditioned medium along with YW1128. E: Knockdown of Axin effect on YW1128 mediated
activation of AMPK. Data represents mean ± S.D, n =3.
In vivo efficacy of YW1128 against metabolic disorders in a mouse model

Our results and those of others have recently shown that downregulation of WNT/β-catenin
signaling pathway by genetic knockdown of Tcf7l2 in mice leads to improvement in
glucose tolerance as well as reversal of high fat diet-induced fatty liver48. Because our in
vitro findings suggest favorable effects of YW1128 on glucose and lipid metabolic
pathways, we next studied the in vivo efficacy of the compound. For this study, wild type
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C57BL/6J mice were fed high fat diet or normal chow for 6 weeks prior to the treatment.
There were four groups of mice, two groups fed normal chow and two groups fed high fat
diet. YW1128 or vehicle was administered intraperitoneally every 2 days at 40 mg/kg for
11 weeks in each of the major groups. Glucose tolerance test was carried out after 4-5
weeks, based on a prior pilot study we performed (Figure 3.8). The results after 11 weeks
of treatment show that YW1128 significantly improved glucose tolerance in the high fat
diet group without affecting that in the normal chow group at the dose administered and
also not affecting fasting glucose output (Figure 3.9).

Figure 3.8. YW1128 improves glucose tolerance in high fat diet fed C57BL/6J mice. A:
Intraperitoneal glucose tolerance test was carried out on high fat (HFD) and normal chow
(NC) diet fed mice given 40 mg/kg YW1128 or vehicle (corn oil) at the start of treatment
(WK0) and after 11 weeks (WK11) with 1g/L glucose and monitored over a period of 2
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hours. B: Area under the curve (AUC) for the intraperitoneal glucose tolerance test. Data
represents mean ± SEM, n =4-7 per group.

Figure 3.9. Effect of YW1128 and YW1121 on in vitro glucose output. The inhibition of
glucose output in mice primary hepatocytes treated with XAV939 (10 µM) and varying
concentrations of YW1128 and YW1127. Hepatocytes with treated with compounds for 24
hours. Starving medium was added for 4 hours and then glucose production medium
containing pyruvate and lactate were added for 5 hours prior and glucose concentration in
the medium was analyzed. Then Data is presented as mean ± standard deviation, n =3.
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Area under the curve was appreciably decreased in the high fat diet-fed mice treated with
YW1128 as compared to vehicle treatment, while again showing no change between the
two groups fed with the normal chow (Figure 3.8b). Consistent with the effect on glucose
tolerance, YW1128 treatment caused significant downregulation of messenger RNA of
genes belonging to the β-catenin pathway, gluconeogenic and lipogenesis pathways in the
high fat diet group (Figure 3.10a). Specifically, for glucose metabolism, Pepck and Gck
were significantly downregulated while G6pase followed a similar trend but was not
significant. Knockdown of β-catenin has been shown to be more associated with a
consistent decrease in Pepck compared to G6Pase71. In consistence with the in vitro results
and in agreement with other recent reports, YW1128 treatment caused significant decrease
in the expression of Fasn possibly as a consequence of its inhibition of the WNT signaling
pathway. The effects of YW1128 were not observed in the normal chow group, suggesting
a selectivity of this class of compound towards the status of metabolic disorders (Figure
3.10b). At the protein level, YW1128 treatment increased the phosphorylation of AMPK
in the high fat diet-fed mice and this may contribute to the observed efficacy by this
compound (Figure 3.10c, d).
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Figure 3.10. YW1128 activates AMPK and decreases the expression of gluconeogenic and
lipogenic pathway genes. A: mRNA expression of WNT pathway and energy metabolic
pathway genes in mice treated with 40 mg/kg YW1128 in high diet group. B: mRNA
expression of WNT pathway and energy metabolic pathway genes in mice treated with 40
mg/kg YW1128 in normal chow group. D: protein expression of β-catenin and AMPK in
high fat diet treated group. D: densitometry of protein expression showing relative
activation of AMPK in the liver tissues. * p < 0.05, ** p < 0.01

In addition to glucose tolerance, the metabolic disorders induced by a high fat diet include
changes in the levels of cholesterol and triglycerides in the blood. Both body weight and
the ratio of liver weight to body weight also increased in our mice fed with high fat diet as
compared to those with normal chow diet. As shown below in figure 3.11, while YW1128
treatment decreased the body weight gain in high fat diet group, it had little or no effect in
the mice fed with normal chow. This is in accordance with the hematoxylin and eosin
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staining of the liver tissue, which showed that YW1128 treatment reduced the hepatic lipid
accumulation of mice fed high fat diet. More so, liver weight, hepatic triglycerides and
serum cholesterol also decreased in the high fat diet-fed mice. Further chemical analysis of
the serum indicated that YW1128 at the dose administered was not toxic to the mice (Table
3.2, Figure 3.12, and Figure 3.13). Together these results suggest that YW1128 is
efficacious to improve fatty liver and treat metabolic disorders due to its inhibition of
WNT/β-catenin signaling, activation of AMPK, and subsequent gene expression changes
in metabolic programs.

Figure 3.11. YW1128 decreases body weight and reverses high fat diet induced fatty liver
in C57BL/6J mice. A: Body weight monitoring in high fat diet and normal chow group
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mice fed 40 mg/kg or vehicle (corn oil). C: Serum cholesterol analysis. D: Serum
tryglyceride analysis. E: Hepatic tryglyceride analysis. F: Liver weight analysis in high fat
diet group mice. V= vehicle, D = YW1128. * p < 0.05.

Figure 3.12. YW1128 has no noticeable effect on the kidney function. Haematoxylin and
eosin staining images of normal chow and high fat diet mice groups with treatment of 40
mg/kg YW1128 or vehicle.

Figure 3.13. Cytotoxicity assay of new WNT inhibitors. The cell proliferation unstimulated
HEK293 cells in the presence of varying concentrations of the new WNT inhibitors. Data
is presented as mean ± standard deviation, n =3.
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Table 3.2: Serum analysis of physiological parameters following six hours fasting

High fat diet

Physiologic

Normal chow

Unit
parameter

vehicle

YW1128

p-value vehicle

63.3 ± 53.7

21.0 ± 3.7

NS

20.0 ± 10.2 12.8 ± 3.1

NS

Alkaline Phosphatase U/L

58.3 ± 7.5

51.0 ± 9.1

NS

66.5 ± 3.5

<0.01

AST

U/L

130.8 ± 31.2 94.8 ± 34.4 NS

118.5 ± 56.6 74.5 +12.5 NS

Total bilirubin

mg/dL

0.2 ± 0.0

0.2 ± 0.0

Cholesterol

mg/dL

316.3 ± 49.9 223.3 ± 36.1 <0.05

183.0 ± 33.2 194.0 ± 27.3 NS

Creatinine Jaffe

mg/dL

0.3 ± 0.04

0.2 ± 0.02

LDH

U/L

469.3 ± 134.4 313.0 ± 81.5

ALT

U/L

0.2 ± 0.05

0.2 ± 0.04

NS

NS

324.0

YW1128

57.5 ± 2.1

0.2 ± 0.0

0.2 ± 0.01

p-value

NS

NS

±
190.0 ± 40.3

NS

126.6

NS

Triglycerides

mg/dL

93.5 ± 24.1

85.3 ± 15.3 NS

69.0 ± 5.0

55.0 ± 9.6

<0.05

BUN

mg/dL

17.3 ± 1.0

14.8 ± 0.5

<0.01

19.0 ± 3.5

21.8 ± 1.0

NS

Uric Acid

mg/dL

6.3 ± 1.0

4.8 ± 1.1

NS

4.0 ± 0.3

3.8 ± 0.5

NS

Discussion
WNT/β-catenin signaling pathway contributes to embryonic development as well as tissue
homeostasis in adults. Genetic knockdown and knock-ins of various components of this
pathway have helped unveil the roles of WNT/β-catenin in the development and
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progression of many diseases including metabolic disorders136. However, reports on the
specific role of WNT signaling in the development of metabolic disorders have been
inconclusive. One postulation is that selective inhibition of WNT signaling pathway in
metabolic tissues in adults may be a strategy to attenuate the progression of such disorders.
This is consistent with previous findings of our group and others42,48,71. In this report, we
sought to further demonstrate the efficacy of WNT inhibition in treatment of metabolic
disorders by employing a new class of quinoline derivatives that are potent WNT
inhibitors. Characterization of this new class of compounds led to the key finding that
stabilization of Axin results in the inhibition of WNT signaling pathway and AMPK
activation, subsequent improvement in glucose tolerance and reversal of fatty liver disease
in the mice fed with a high fat diet.
In our novel series of WNT signaling inhibitors, we identified YW1128 as a non-toxic
inhibitor of the pathway with sub-nanomolar inhibitory potency in the reporter assay.
YW1128 inhibited the WNT signaling by increasing the levels of Axin and subsequently
β-catenin degradation. Like recently identified Axin stabilizers, YW1128 increased the
cytoplasmic and nuclear punctas known to reflect the β-catenin destruction complex. The
downregulation of β-catenin levels and the consistent efficacy of YW1128 in both WNT3a
and LiCl conditioned medium suggest a mechanism independent of certain kinase
phosphorylation sites on β-catenin. Perhaps YW1128 effects involved its binding to
GSK3β, displacing LiCl and inhibiting the WNT3a-mediated recruitment of GSK3β to the
membrane. We did find that varying concentrations of LiCl did not alter the inhibitory
potency against the WNT/β-catenin pathway by YW1128.
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Although the exact target of YW1128 is unclear from our studies, overexpression of the
wild type β-catenin or the S33Y mutant did not affect the inhibitory potency observed by
YW1128. Known CK1α activators such as pyrvinium require non-mutated β-catenin in the
sites pertinent to CK1α and GSK3β phosphorylation in order to elicit their effect. This may
rule out the two kinases as major targets of YW1128. However, aside from phosphorylation
of the serine 33, GSK3β also carries out phosphorylation on the serine 37 and threonine
41. In our assay, the mutant β-catenin only harbored serine 33 alteration and this is was not
sufficient to impair binding of GSK3β as the immunoprecipitation assay showed that
YW1128 strengthened the binding of GSK3β and AXIN to either β-catenin constructs.
Knockdown of GSK3β attenuated the effects by YW1128 in HEK293 cells and there were
no inhibitory effects by YW1128 in HepG2 cells which contain mutated β-catenin lacking
of phosphorylation sites for CK1α and GSK3β. YW1128 was able to bind to GSK3β, but
the estimated binding affinity (Kd = 4.3 µM) was much higher than the low nanomolar IC50
of YW1128 in the reporter gene assay. Thus, GSK3β unlikely serves as the major direct
target of YW1128, accounting for the efficacy by this compound. It is plausible that the
actual target of YW1128 causes the improved binding of β-catenin to the destruction
complex and limits its transcriptional activation of WNT target genes.
The inhibition of WNT signaling pathway has been associated with alterations in metabolic
pathways and effect on the AMPK pathway. In fact, AMPK has also been linked to
phosphorylation (serine 552) of β-catenin154.

In our study, YW1128 showed very

promising results in affecting both AMPK activation as well as different metabolic
pathways. Like the known Axin stabilizer, XAV939, our new compounds showed efficacy
in decreasing cytoplasmic lipid accumulation as measured by Nile red assay. This is
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consistent with a recent report of Axin roles in mediating AMPK activation as well as
affecting the lipogenesis100. On the other hand, additive effects from modulation of AKT
and GSK3β cannot be ruled out, as they have been shown to selectively decrease the
phosphorylation of AMPK on the threonine 172, which is essential for activation175,176. We
found that YW1128 does not alter the AKT phosphorylation in the same range of
concentrations that have significant effects on the AMPK and other energy metabolism
pathways. More so, another possible mechanism by which YW1128 affects these pathways
may be via its suppression of mitochondria respiration at higher concentrations.
The effects of YW1128 are pronounced in the mice with metabolic disorders induced by a
high fat diet. The compound improved the glucose tolerance and attenuated the fatty liver
in these mice. As was observed in the in vitro results at the gene expression level so was
the effect by YW1128 treatment on the mRNA obtained from the liver tissues of the mice
postmortem, with significant decrease in key genes involved in gluconeogenesis and
lipogenesis. Inhibition of the WNT signaling appears to mediate, at least partially, the
effect of YW1128 on these energy metabolism pathways as the results phenocopied that
seen in genetic knockdown of Axin, Ctnnb1 (β-catenin) and Tcf7l2 in mice fed a high fat
diet. In addition to affecting triglycerides and body weight, cholesterol levels were
significantly decreased. Interesting, cholesterol also has activating effects on the WNT
signaling pathway and a reduced level may contribute to further inhibition of the WNT
signaling pathway and overall improvement of the energy metabolism177.
In conclusion, we have discovered and characterized YW1128 as a lead compound from a
novel class of compounds capable of potent WNT inhibition and eliciting favorable effects
by the improvement of glucose tolerance and the reversal of fatty liver induced by a high
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fat diet. Although the precise target of this class of compounds is still unknown, our results
have indicated that they fortify the β-catenin destruction complex to attenuate its
cytoplasmic level and inhibit the transcription of WNT target genes. Based on the parent
scaffold for these new compounds, further modification may be made to generate more
potent analogues of improved drug properties that may be applied to the treatment of
metabolic disorders and other diseases.
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CHAPTER 4: Incorporation of a Biguanide Scaffold Enhances Drug Uptake by Organic
Cation Transporters 1 and 21

Introduction
Membrane transporters, such as those of the solute carrier superfamily including
organic cation transporters (OCT, SLC22), organic cation/carnitine transporters (OCTN,
SLC22), multidrug and toxin extrusion (MATE, SLC47), and peptide transporters (PEPT,
SLC15), play a crucial role in the absorption, distribution, elimination and toxicity of many
drugs178-181. These drug transporters are widely distributed in the body and are particularly
expressed in organs of drug disposition, such as intestine, liver, kidney and brain, where
they facilitate the entry or exit of xenobiotics and endogenous substrates182-184. Drug
development has been directed to take advantage of these transporters to improve drug
bioavailability especially through the intestine185. For instance, incorporation of the Lcarnitine moiety into drug compounds valproyl, ketoprofen and naproxen has been shown
to dramatically improve their uptake by OCTN2 186. Valacyclovir, a prodrug of acyclovir,
is another successful application of membrane transporter knowledge to improve
bioavailability187. Acyclovir has an oral bioavailability of 20% while valacyclovir has
incorporated in it an ester that aids its uptake via PEPT1 and PEPT2, enhancing the
bioavailability to 50%. In the same way, the tissue expression pattern of a transporter may
be utilized to achieve targeted therapy in order to improve drug exposure while decreasing
off-target toxicity188-190.

1

Obianom ON, Coutinho AL, Yang W, Yang H, Xue F, Shu Y. Incorporation of a
Biguanide Scaffold Enhances Drug Uptake by Organic Cation Transporters 1 and 2. Mol
Pharm. 2017 Aug 7;14(8):2726-2739.
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The OCTs have been implicated in the transport of endogenous and exogenous
cationic compounds, including biguanides, tetraethylammonium, catecholamines,
cisplatin, and histamine 191,192. This class of transporter proteins are present in humans in
three isoforms: OCT1 (SLC22A1), OCT2 (SLC22A2) and OCT3 (SLC22A3). OCT1 is
predominantly expressed on the sinusoidal basolateral membrane of liver epithelial cells193
and OCT2 in the basolateral membrane of renal proximal tubule epithelium cells192. OCT3
is expressed in various tissues including brain, testis and with relatively low levels in the
liver and kidney191,194. Known to be polyspecific in nature, this class of membrane
transporters have many overlapping substrates (reviewed in detail elsewhere

194-196

).

Amongst the substrates, of particular interest is the biguanide class, which includes three
previously and currently used anti-diabetics – metformin, buformin, and phenformin. This
class of compounds are also transported by the MATE transporters194, which have high
expression in the liver and kidney cells to aid the extrusion of endogenous substrates and
xenobiotics197. In many cases, these MATE transporters work in conjunction with OCTs
to mediate the uptake and elimination of substrates194,198. For instance, phenformin and
metformin exhibit enhanced bioavailability through their uptake by enterocytes and
accumulation in the liver, while being excreted by the kidney through OCTs/MATEs
transporters199,200. Thus, the biguanide moiety may allow for efficient uptake of compounds
into the liver and kidney, which is mediated by OCTs, and subsequent MATE-mediated
biliary and renal excretion. We propose that inclusion of the biguanide moiety to other
classes of compounds would allow proper understanding of the structural scope of
biguanides tolerated by OCTs.
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Although the function and clinical implication emanating from use of OCTs as
propagators of uptake into tissues have been well appreciated, there is not much
information associated with leveraging this knowledge in further modifying available
compounds to attain targeted delivery to certain tissues. This is especially important in
cases where the site of action of the compound in question is either liver or kidney201,202.
As an excellent OCT substrate, the biguanide-based drug metformin tend to undergo
distribution to organs predominantly expressing OCTs 203. For many liver diseases such as
hepatitis, liver cysts, cirrhosis, steatohepatitis and hepatocellular carcinoma, targeted
delivery of drugs to liver is especially important to reduce drug toxicity. On the other hand,
efficient elimination from the liver and kidney is also critical to drug detoxification. If our
concept could be proved, new therapeutic agents may be further designed and developed
to either target the liver via highly expressed OCT1 or have improved elimination because
of the efficient organic cation transport system in the liver and kidney.
In this study, we sought to determine whether incorporation of the biguanide group
in structurally diverse compounds would improve their uptake by OCT1 and/or OCT2.
Metformin, eighteen parent amines (including 2-phenylethylamine that is the parent
compound of phenformin) and their biguanide analogues were tested in HEK293 cells
overexpressing the two uptake transporters. The chosen pairs of compounds were within a
molecular volume of 300 Å3, having polar surface area (PSA) ranging from 81-173 Å2 and
consisting largely of compounds with more lipophilic side chains due to increased number
of drugs which are very lipophilic. We also investigated if the addition of the biguanide
scaffold would alter the inhibitory effects of these compounds on OCT1 and OCT2.
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Experimental section

Chemical Reagents and Cell Culture
Trypsin, penicillin-streptomycin solution, Dulbecco’s modified eagle medium
(DMEM), fetal bovine serum (FBS), HEPES, sodium chloride, potassium chloride, Dglucose, potassium phosphate, calcium chloride, magnesium sulfate and all chemicals used
for synthesis (purity >98%) were purchased from Sigma-Aldrich (St. Louis, MO). Poly-Dlysine coated plates and T-175 cell culture flasks were purchased from Corning (Lowell,
MA). Acetonitrile and methanol (HPLC grade) was obtained from Sigma Aldrich.
HEK293 cells obtained from ATCC were stably transfected with OCT2 or empty
vector and selected with hygromycin B as was previously described204. For OCT1
experiments, HEK293 cells were transiently transfected with a functional EGFP-hOCT1
plasmid as previously described205 about 48 hours prior to uptake studies. OCT3-, MATE1, and MATE2K-overexpressing HEK293 cells have been previously described204,206. The
cells were grown in DMEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin-streptomycin solution at 37 °C in a humidified 5% CO2. Cells at 70−80%
confluence were washed with phosphate buffered saline (pH 6.8), and trypsin/EDTA
(0.05%) was added for 3 minutes. The cell suspension was collected in 5 mL of growth
medium, and seeded into wells for uptake studies.
Cells seeded in poly-D-lysine coated 24-well plates at a density of 2 × 105 cells/well
were used for uptake studies. Cell monolayers were allowed to reach total confluency prior
to experiments, about 24 hours after seeding. Before each experiment, the Krebs RingerHepes (KRH) uptake buffer (containing 25 mM HEPES, 125 mM Sodium chloride, 4.8
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mM potassium chloride, 5.6 mM D-glucose, 1.2 mM potassium phosphate, 1.2 mM
calcium chloride, 1.2 mM magnesium sulfate) was prepared.

Immunoblot analysis
Lysates of HEK293 cells were mixed 1:1 with 2x Laemmli Sample Buffer (BioRad) and resolved on a 4–15% gradient Mini-PROTEAN TGX™ Gel (Bio-rad). Western
blots were then performed on a nitrocellulose membrane, blocked with 5% milk in TBST
(0.1% Tween 20 in 1X Tris-buffered saline). The membranes were incubated with antiSLC22A1 or anti-SLC22A2 antibodies (MA5-15730 and PA5-37290, Thermo Fisher
Scientific) at 1:1000 or anti-β-actin at 1:5000 (AB8227, Abcam Plc). Chemiluminescence
was used to visualize the proteins using Odyssey Fc Imaging System (LI-COR
Biosciences).

Real-time PCR
Total RNA was isolated from HEK293 cells stably or transiently expressing either
empty vector or vectors containing OCT transporters using the trizol reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions. The RNA was reverse
transcribed to complementary DNA, and real-time polymerase chain reaction was
performed using primers designed with Oligo 5.0 and synthesized by Integrated DNA
Technologies. The delta ct method was used to analyze the gene expression and normalized
to that of GAPDH 207.

Uptake Studies
The OCT1, OCT2, OCT3 and empty vector cells were washed twice with prewarmed KRH uptake buffer to remove any floating cells. Compounds diluted in uptake
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buffer were replaced in the wells and incubated for the respective study conditions. For
time dependent uptake of metformin and MPP+, we incubated the cells with uptake buffer
containing 50 µM metformin or 5 µM MPP (containing 2.5% 14C-metformin or 3H-MPP+,
respectively) for 1, 2, 5, 10 and 30 minutes. At each time point, cells were washed with
cold uptake buffer three times and lysed in 1% Triton X-100 in phosphate-buffered saline
for 1 hour on a shaker. The lysates were mixed 1:10 with scintillation cocktail (Ultima
Gold, PerkinElmer) and the radioactivity was analyzed with a Packard Tri-Carb 2500 TR
liquid scintillation counter (PerkinElmer). For screening of compounds at one
concentration and one-time point, the cells were incubated with 100 µM of test compounds
to allow detection across the panel of compounds studied. In each experiment, metformin
was used as reference positive control. The incubation was stopped by removing the
solution and adding 500 µL of ice-cold uptake buffer (without compounds). The uptake
studies with MATE1 and MATE2K overexpressing cell lines were performed as previously
described 31. Potassium-based buffer (KBB) (containing 10 mM HEPES, 140 mM KCl,
0.4 mM KH2PO4, 1.0 mM CaCl2, 25 mM glucose, 0.8 mM MgSO4, and 30 mM NH4Cl) at
pH 7.4 was incubated with the cells for 15 minutes at 37 °C. Subsequently, we washed the
cells once with KBB uptake buffer without NH4Cl and then incubated with 100 µM of 2f
or 2j in KBB buffer without NH4Cl for 10 minutes. The cells were subsequently washed
thrice and after washing, 200 µL of lysing solution (1:1 methanol in water) containing
internal standard (compound k as described below or metformin) was added. The cell plates
were shaken with the lysing solution for at least 10 min at room temperature. The cell
lysates were then centrifuged at 12,000 rpm for 15 min. Aliquots of the supernatant were
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transferred to new tubes and drug concentration was quantified by LC-MS/MS as described
below.

Inhibition Studies
Similar to the uptake studies, cells were seeded 24 hrs before the experiments. For
inhibition studies, the compounds were incubated at 50 µM with or without 5 µM MPP+ or
50 µM metformin containing 2.5% 3H-MPP+ or

14

C-metformin, respectively (Moravek

Biochemicals, Brea, CA), in KRH uptake buffer. Following the incubation period, the cells
were washed with uptake buffer three times and lysed with 1% Triton X-100. Cell lysates
were mixed with scintillation cocktail at 1:10 ratio and the radioactivity was analyzed with
a Packard Tri-Carb 2500 TR liquid scintillation counter.

Liquid Chromatography–Mass Spectrometry (LC/MS/MS) Analysis
The analysis of compound in the supernatant was carried out on Agilent 1200 series
UPLC equipment (Agilent Technologies, California) equipped with a hybrid triple
quadrupole 4000 QTRAP system (AB SCIEX, Massachusetts). The biguanide samples
were quantified using a Cortecs HILIC 2.7 𝛍m 2.1 x 100 mm column and that of the parent
compounds were quantified using a Cortecs C18+ 2.7𝛍m 2.1 x 75mm column. A 5 min
gradient elution with 0.4 mL/min flow rate was used for all samples. The gradient is as
follows: for biguanides – 99% to 1% mobile phase B over 1.5 min, 99% to 1% A over 2
min, and 99% B over 1.5 min; for the parent compounds – 99% to 1% A over 1.5min, 99%
to 1% B over 2 min, and 99% A over 1.5 min. Mobile phase A was made up of 0.1% formic
acid and 10 mM ammonium acetate in water while B was made up of 0.1% formic acid in
acetonitrile. The ion transitions for each of the compound were monitored in the positive
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ion electrospray ionization mode and annotated (Table 4.1). The peak areas obtained for
each of the compound was adjusted by the peak area of the internal standard and protein
concentration, estimated using the bicinchoninic acid assay.
Table 4.1. LC/MS parameters used in detecting and quantifying the biguanides and their
corresponding parent compounds. MRM - multiple reaction monitoring; CV – cone
voltage; CE - collision energy.
ID

LC/MS/MS/ Parameters
Biguanide

Parent

Metf

MRM Ch1 129.89>70.94 ES+, CV=25 CE=20

N/A

Phenf

MRM Ch2 205.90>104.92 ES+, CV=30 CE=25

MRM Ch3 121.83>104.93 ES+, CV=20 CE=11

a

MRM Ch1 172.02>84.93 ES+, CV=35 CE=23

MRM Ch1 87.89>42.94 ES+, CV=25 CE=11

b

MRM Ch2 234.03>192.05 ES+, CV=35 CE=27

MRM Ch2 149.90>90.91 ES+, CV=20 CE=21

c

MRM Ch2 220.03>178.04 ES+, CV=30 CE=21

MRM Ch2 149.90>90.91 ES+, CV=20 CE=19

d

MRM Ch3 240.03>138.96 ES+, CV=35 CE=27

MRM Ch3 155.90>138.97 ES+, CV=25 CE=11

e

MRM Ch1 274.03>59.92 ES+, CV=30 CE=27

MRM Ch3 189.84>172.94 ES+, CV=25 CE=13

f

MRM Ch3 282.16>181.06 ES+, CV=40 CE=27

MRM Ch3 197.96>181.01 ES+, CV=25 CE=11

g

MRM Ch3 282.10>181.07 ES+, CV=40 CE=29

MRM Ch3 197.96>181.07 ES+, CV=25 CE=13

h

MRM Ch1 180.03>43.97 ES+, CV=30 CE=21

MRM Ch3 137.89>126.27 ES+, CV=25 CE=27

i

MRM Ch2 221.97>120.94 ES+, CV=25 CE=20

MRM Ch3 137.89>120.89 ES+, CV=20 CE=19

j

MRM Ch2 217.97>116.89 ES+, CV=32 CE=31

MRM Ch3 133.89>116.97 ES+, CV=30 CE=15

k

MRM Ch1 191.90>132.90 ES+, CV=25 CE=28

MRM Ch1 107.85>92.90 ES+, CV=40 CE=15

l

MRM Ch2 211.90>152.85 ES+, CV=30 CE=33

MRM Ch2 127.76>92.90 ES+, CV=25 CE=19

m

MRM Ch2 221.97>162.87 ES+, CV=30 CE=33

MRM Ch2 137.91>120.00 ES+, CV=45 CE=19

n

MRM Ch2 260.03>200.95 ES+, CV=35 CE=33

MRM Ch1 175.90>109.89 ES+, CV=50 CE=23

o

MRM Ch2 269.97>210.91 ES+, CV=30 CE=32

MRM Ch2 185.90>92.95 ES+, CV=45 CE=22

p

MRM Ch2 303.91>244.87 ES+, CV=40 CE=32

MRM Ch1 219.84>92.88 ES+, CV=50 CE=32

q

MRM Ch1 276.16>90.98 ES+, CV=40 CE=47

MRM Ch2 192.04>93.98 ES+, CV=50 CE=27
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Computational Analysis and Compound Physicochemical Properties
All calculations were done using molecular operating environment (MOE)
(Chemical Computing Group Inc., Montreal). First, all 2D structures were converted into
3D structures in mol2 format files and then all possible conformations were generated using
the “Conformation Import” application in MOE with default calculation settings. Potential
energies were evaluated using the MMFF94x force field208. Three shape descriptors were
considered here to describe the shapes of all the biguanide derivatives. This includes
Accessible Surface Area (ASA), Van der Waals Surface Area and Van der Waals
Molecular Volume using Boltzmann weighted average. LogD and molecular weight were
calculated using ACD/PhysChem Suite (Advanced Chemistry Development, Inc., Toronto,
ON, Canada).

Data and Statistical Analysis
Statistical analysis for each sample set were carried out using the Student’s paired
t-test and a p-value less than 0.05 was considered statistically significant. Data presented
are an average of three determinations and error bars presented in each figure denotes the
standard deviation of triplicate samples except otherwise noted.
Total uptake by OCT1-, OCT2-, or empty vector-transfected cells was calculated
by dividing the amount of compound quantified in the cell lysate by the amount of total
protein present in the well. The standard deviations were calculated using error
propagation. Then the Uptake Fold Increase was calculated as noted below:

113

Uptake Fold Increase =

𝑀𝑒𝑡𝑓𝑜𝑟𝑚𝑖𝑛/𝑀𝑃𝑃+ Uptake Fold =

𝑈𝑝𝑡𝑎𝑘𝑒𝐻𝐸𝐾−𝑂𝐶𝑇
𝑈𝑝𝑡𝑎𝑘𝑒𝐸𝑚𝑝𝑡𝑦 𝑣𝑒𝑐𝑡𝑜𝑟

𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 𝐻𝐸𝐾−𝑂𝐶𝑇 𝑤𝑖𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟
𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 𝐻𝐸𝐾−𝑂𝐶𝑇 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟

Where 𝑈𝑝𝑡𝑎𝑘𝑒𝐻𝐸𝐾−𝑂𝐶𝑇 is the uptake in cells overexpressing the transporter,
𝑈𝑝𝑡𝑎𝑘𝑒𝐸𝑚𝑝𝑡𝑦−𝑣𝑒𝑐𝑡𝑜𝑟 is the uptake in cells overexpressing the empty vector,
𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 𝐻𝐸𝐾−𝑂𝐶𝑇 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 is the uptake of metformin or MPP+
alone and 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 𝐻𝐸𝐾−𝑂𝐶𝑇 𝑤𝑖𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 is the uptake of metformin or
MPP+ with each compound acting as an inhibitor. Concentration dependent uptake data
were fitted to the Michaelis-Menten equation and a non-saturable uptake component
described by the equation below:

𝑉=

𝑉𝑚𝑎𝑥 ∗ 𝑆
+𝑃∗𝑆
𝐾𝑚 + 𝑆

In the equation above, V is the uptake rate, Vmax represents the maximum uptake
rate, Km is the Michaelis-Menten constant, S is the substrate concentration used, and P is
the non-saturable clearance parameter. For the correlation analysis, Pearson comparison
was performed between uptake fold increase values and physicochemical parameters
(molecular weight, molecular volume, accessible surface area, and Log D at pH 7.4) to
determine their strength of association with the fold increase. Person correlation coefficient
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(r) values were assessed on the basis of low (± 0.3 to 0.5), moderate (± 0.5 to 0.7), or strong
(± 0.7 to 1).

General Experimental Methods for Compound Synthesis.
Starting materials were purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification. All 1H NMR and

13

C NMR spectra were recorded on

spectrometers operating at 400 MHz and 100 MHz, respectively. Chemical shifts (δ) are
expressed in ppm, and coupling constants J are given in hertz. Proton chemical shifts are
reported relative to residual solvent peak (CDCl3 at 7.26 ppm, CD3OD at 3.31 ppm, and
DMSO-d6 at 2.50 ppm). The following abbreviations are used for signal multiplicity: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, quin = quintet, sept
= septet, dt = doublet of triplets. Carbon chemical shifts are reported relative to solvent
peaks (CDCl3 at 77.0 ppm and DMSO-d6 at 39.51 ppm). Mass spectra were recorded using
electrospray as the ionization technique.

Synthesis and Characterization of the final products
To a solution of 1a-q (1.5 mmol) and 3 (84 mg, 1.0 mmol) in CH3CN (1.0 mL) was
added TMSCl (1.5 mmol, 190.4 μL). The mixture was allowed to stir at 120 oC overnight.
After cooling to room temperature, the resulting precipitate was filtered and washed with
acetone, or acetone and DCM (2e and 2b) or cold CH3CN (2c) (Fig. 1).

115

Figure 4.1. Chemical synthetic scheme and compounds assayed. a) Structure of metformin,
phenformin and MPP+. b) General scheme for synthesis of biguanides. TMSCl –
Trimethylsilyl chloride; CH3CN – acetonitrile. The compounds are classified as having
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lipophilic
(a-h, j-l, o-q, phenformin) or hydrophilic (i, m, n) constituents.

The final products consist of pairs of compounds, an amine and a biguanide
analogue. The R groups used were made of lipophilic (a-h, j-l, o-q, phenformin) and
hydrophilic (i, m, n) chains. As for their physicochemical properties, molecular volume
were within 300 Å3; the PSA of for the lipophilic chains ranged from 81-96 Å2, and that of
the hydrophilic chains ranged from 121-173 Å2. Chemical characterizations of the obtained
final products are as followed.
1-n-Pentylbiguanide HCl (2a). White solid. Yield: 21%, 43.5 mg. 1H NMR (400 MHz,
DMSO-d6) δ 7.56 (br, 1H), 6.97 (br, 6H), 3.10-3.04 (m, 2H), 1.44-1.41 (m, 2H), 1.26-1.25
(m, 4H), 0.87-0.84 (m, 3H).
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C NMR (100 MHz, DMSO-d6) δ 159.1, 41.2, 28.9, 22.3,

14.3, 2.3. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C7H17N5: 172.1557, found: 172.1559.
1-(4-Phenyl-butyl)-biguanide HCl (2b). Yellow solid. Yield: 21%, 57.4 mg. 1H NMR (400
MHz, DMSO-d6) δ 7.59 (br, 1H), 7.29-7.25 (m, 2H), 7.20-7.14 (m, 3H), 6.95 (br, 5H), 3.11
(br, 2H), 2.59-2.55 (m, 2H), 1.60-1.56 (m, 2H), 1.47-1.45 (m, 2H).
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C NMR (100 MHz,

DMSO-d6) δ 159.1, 157.4, 142.4, 128.7, 126.1, 41.0, 35.2, 28.9, 28.6. HRMS (ESI-TOF)
m/z: [M + H]+ Calcd for C12H19N5: 233.3190, found: 234.1722.
1-(3-Phenylpropyl)-biguanide HCl (2c). White solid. Yield: 22%, 56.7 mg. 1H NMR (400
MHz, DMSO-d6) δ 7.68 (br, 1H), 7.28-7.25 (t, J = 6.8 Hz, 2H), 7.22-7.20 (d, J = 6.8 Hz,
2H), 7.18-7.15 (t, J = 7 Hz, 1H), 6.95 (br, 6H), 3.10-3.07 (m, 2H), 2.62-2.58 (t, J = 7.4 Hz,
2H), 1.75-1.71 (m, 2H).

C NMR (100 MHz, DMSO-d6) δ 159.2, 142.0, 128.8, 128.7,
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126.2, 32.8. 31.2, 2.3. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C11H17N5: 220.1557,
found: 220.1557.
1-(p-Chlorophenethyl)-biguanide HCl (2d). White solid. Yield: 31%, 74.1 mg.1H NMR
(400 MHz, DMSO-d6) δ 7.46 (br, 1H), 7.35-7.33 (d, J = 8 Hz, 2H), 7.28-7.26 (d, J = 8.4
Hz, 2H), 6.98-6.94 (br, 4H), 6.72 (s, 2H), 3.33-3.28 (m, 2H), 2.77-2.73 (t, J = 7 Hz, 2H).
C NMR (100 MHz, DMSO-d6) δ 163.4, 158.9, 138.5, 131.3, 131.1, 128.7, 118.9, 42.6,
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34.6. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H14ClN5: 240.1010, found 240.1023.
2-(2,4-Dichlorophenyl)ethyl-biguanide (2e). White solid. Yield: 1%, 4.0 mg. 1H NMR
(400 MHz, DMSO-d6) δ 7.59 (s, 1H), 7.43-7.37 (m, 2H), 6.91 (br, 6H), 3.31-3.29 (m, 2H),
2.89-2.86 (t, J = 7 Hz , 2H). 13C NMR (100 MHz, DMSO-d6) δ 158.9, 136.0, 134.5, 132.9,
132.2, 129.0, 127.8, 40.7, 32.7. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H13Cl2N5:
274.0621, found: 274.0624.
2,2-Diphenylethyl-biguanide (2f). White solid. Yield: 64%, 180.3 mg. 1H NMR (400 MHz,
DMSO-d6) δ 7.30-7.29 (d, J = 3.6 Hz, 8H), 7.21-7.17 (m, 2H), 7.09-6.71 (br, 6H), 4.254.22 (t, J = 7.6 Hz, 1H), 3.79-3.75 (t, J = 6.4 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ
142.9, 129.0, 128.3, 126.9, 50.4, 45.6. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for
C16H19N5: 282.1713, found: 282.1718.
2-(4-Biphenyl)ethyl-biguanide (2g). White solid. Yield: 15%, 40.9 mg. 1H NMR (400
MHz, DMSO-d6) δ 7.64-7.62 (d, J = 8 Hz, 2H), 7.60-7.58 (d, J = 8 Hz, 2H), 7.46-7.43 (t,
J = 7.6 Hz, 2H), 7.35-7.33 (m, 3H), 6.95-6.91 (br, 6H), 3.38-3.36 (m, 2H), 2.83-2.79 (t, J
= 7.2 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ 159.0, 140.4, 138.8, 138.6, 129.8, 129.4,
127.7, 127.1, 127.0, 42.8, 35.0. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C16H19N5:
282.1713, 282.1722.
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1-(2-Phenoxyethyl)-biguanide (2h). White solid. Yield: 72%, 160.1 mg. 1H NMR (400
MHz, DMSO-d6) δ 7.92 (s, 1H), 7.8-7.6.85 (br, 6H), 7.31-7.27 (t, J = 7.8 Hz, 3H), 6.956.92 (d, J = 8.8 Hz, 2 H), 4.06-4.03 (t, J = 5.2 Hz, 2H), 3.56-3.52 (m, 2H). 13C NMR (100
MHz, DMSO-d6) δ 158.5, 157.8, 130.0, 121.4, 115.0, 66.3, 40.8. HRMS (ESI-TOF) m/z:
[M + H]+ Calcd for C10H15N5O: 222.1349, found: 180.1250.
1-(p-methoxybenzyl)-biguanide HCl (2i). White solid. Yield: 16%, 40.3 mg. 1H NMR (400
MHz, DMSO-d6) δ 7.73 (br, 1H), 7.24-7.22 (d, J = 8.8 Hz, 2H), 6.97 (br, 6H), 6.90-6.88
(d, J = 8 Hz, 2H), 4.26-4.25 (d, J = 5.2 Hz, 2H), 3.73 (s, 3H). 13C NMR (100 MHz, DMSOd6) δ 160.5, 158.8, 131.0, 129.1, 114.2, 55.5, 44.0. HRMS (ESI-TOF) m/z: [M + H]+ Calcd
for C10H15N5O: 222.1349, found: 222.1358.
2,3-Dihydro-1H-inden-2-yl-biguanide HCl (2j). White solid. Yield: 9%, 23.2 mg.1H NMR
(400 MHz, DMSO-d6) δ 7.64 (br, 1H), 7.22-7.21 (m, 2H), 7.16-7.13 (m, 2H), 7.0 (br, 6H),
4.38 (br, 1H), 3.22-3.16, (dd, J1 = 7.2 Hz, J2 = 15.6 Hz, 2H), 2.84-2.79 (dd, J1 = 4.6 Hz, J2
= 15.8 Hz, 2H).

C NMR (100 MHz, DMSO-d6) δ 141.3, 127.0, 124.9, 52.45. HRMS
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(ESI-TOF) m/z: [M + H]+ Calcd for C11H15N5: 218.1400, found: 218.1404.
1-(p-Methyl)-biguanide HCl (2k). White solid. Yield: 5%, 12.3 mg. 1H NMR (400 MHz,
DMSO-d6) δ 9.60 (s, 1H), 7.22-7.21 (m, 6H), 7.10-7.08 (d, J = 7.6 Hz, 2H), 7.02 (br, 2H),
2.24 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 166.1, 160.7, 141.1, 137.7, 134.3, 126.4,
25.6. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C9H13N5: 192.1244, found: 192.1252.
1-(p-Chlorophenyl)-biguanide HCl (2l). White solid. Yield: 30%, 74.2 mg. 1H NMR (400
MHz, DMSO-d6) δ 9.93 (s, 1H), 7.42-7.39 (m, 6H), 7.35-7.33 (m, 2H), 7.09 (br, 2H). 13C
NMR (100 MHz, DMSO-d6) δ 166.6, 160.0, 143.0, 133.7, 132.0, 127.3. HRMS (ESI-TOF)
m/z: [M + H]+ Calcd for C8H10ClN5: 212.0697, found: 212.0707.
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p-(3-Aminoguanidino)-benzoic acid (2m). Brown solid. Yield: 47%, 104.4 mg. 1H NMR
(400 MHz, DMSO-d6) δ 10.22 (br, 1H), 7.86-7.84 (d, J = 8 Hz, 2H), 7.51 (br, 6H), 7.20
(br, 2H).
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C NMR (100 MHz, DMSO-d6) δ 167.8, 161.9, 1540.8, 130.6, 119.6. HRMS

(ESI-TOF) m/z: [M + H]+ Calcd for C9H11N5O2: 221.0913, found: 222.0991.
4H-1-Benzopyran-4-one-biguanide HCl (2n). Brown solid. Yield: 38%, 111.7 mg. 1H
NMR (400 MHz, DMSO-d6) δ 7.89-7.87 (d, J = 8.8 Hz, 1H), 7.84-7.83 (d, J = 1.6 Hz, 1H),
7.62 (br, 4H), 7.31-7.29 (m, 1H), 7.21 (br, 2H), 2.35 (s, 3H). 13C NMR (100 MHz, DMSOd6) δ 176.5, 166.8, 162.2, 157.0, 154.3, 144.6, 125.8, 118.1, 177.4, 110.2, 106.8, 20.4.
HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C7H17N5: 160.1142, found: 260.1149.
1-(m-Phenoxyphenyl)-biguanide HCl (2o). White solid. Yield 27%, 80.9 mg. 1H NMR
(400 MHz, DMSO-d6) δ 9.89 (s, 1H), 7.39-7.34 (m, 8H), 7.12-7.08 (m, 3H), 6.98-6.95 (m,
4H). 13C NMR (100 MHz, DMSO-d6) δ 161.6, 157.7, 155.9, 152.5, 134.8, 130.4, 123.4,
123.3, 119.8, 118.3. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C14H15N5O: 270.1349,
found: 270.1351.
1-[p-(p-Phenoxy)phenyl]-biguanide HCl (2p). White solid. Yield: 56%, 189.8 mg. 1H
NMR (400 MHz, DMSO-d6) δ 9.85 (s, 1H), 7.42-7.38 (m, 4H), 7.33 (br, 4H), 7.09 (br,
2H), 7.02-6.99 (d, J = 8.8 Hz, 2H), 6.98-6.96 (d, J = 8.4 Hz, 2H). 13C NMR (100 MHz,
DMSO-d6) δ 166.4, 161.5, 160.6, 156.8, 140.0, 135.0, 131.8, 128.1, 124.8, 124.6. HRMS
(ESI-TOF) m/z: [M + H]+ Calcd for C14H14ClN5O: 304.0960, found: 304.0956.
3-Heptylbenzyl-biguanide HCl (2q). White solid. Yield: 71%, 221.8 mg. 1H NMR (400
MHz, DMSO-d6) δ 9.39 (s, 1H), 7.30-7.28 (d, J = 7.6 Hz, 2H), 7.24 (s, 4H), 7.20-7.18 (d,
J = 8 Hz, 2H), 7.03 (s, 2H), 1.61-1.58 (m, 2H), 1.34-1.32 (m, 8H), 0.94-0.91 (t, J = 7.2 Hz,
3H);
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C NMR (100 MHz, DMSO-d6) δ 161.4, 155.9, 137.9, 136.6, 125.8, 121.6, 34.9,
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31.7, 31.5, 29.0, 29.0, 22.5, 14.4. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C15H25N5:
276.2183, found: 276.2182..
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Results

Validation of the overexpression of OCT1 and OCT2 in HEK293 cells
Immunoblotting and real-time PCR were used to validate the overexpression of
human isoforms of OCT1 (HEK-OCT1) and OCT2 (HEK-OCT2) transgenes in HEK293
(Fig. 4.2). The uptake of prototypical substrates, MPP+ and metformin, was used to assess
the function of these transporters as described previously 205. The uptake was higher in the
HEK-OCT1 and HEK-OCT2 cells than the empty vector controls (HEK-P5) and was linear
up to 10 minutes prior to plateau (Fig. 4.3). Subsequent uptake experiments were then
carried out for 10 minutes, all in room temperature.
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Figure 4.2. Overexpression of OCT1 and OCT2 in HEK293 cells. a) Protein expression
and b) mRNA expression of HEK293 cells overexpressing OCT1, OCT2 and empty
vectors. Data are presented as mean ± standard deviation (n=3). *** p < 0.001.
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Figure 4.3. Functional validation of OCT1 and OCT2 in HEK293. Time dependent uptake
of MPP+ in a) OCT1 and b) OCT2 cells and metformin in c) OCT1 and d) OCT2 cells.
The experiments were carried out with 5 µM MPP+ containing 2.5% [3H]-MPP+ or 50 µM
Metformin containing 2.5% [14C]metformin. Data are presented as mean ± standard
deviation (n=3).

Incorporation of the biguanide moiety leads to improved uptake by OCT1 and OCT2
To ascertain if addition of the biguanide moiety led to improvement in transport by
OCT1 and OCT2, the uptake of amine parent and their corresponding biguanides was
assessed in the transporter overexpressing cells and compared to that of uptake in empty
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vector overexpressing cells to attain an uptake fold increase ratio (as indicated in the
methods). In this study, a fold uptake increase of 1.5 and greater over HEK-P5 (control)
was used as the cutoff for defining OCT substrates for both parents and biguanides (Fig.
4.4). Most of the biguanides, sixteen (phenformin, 2a-2p) and fourteen (phenformin, 2a-l,
2o-p) out of eighteen biguanides tested were substrates for OCT1 and OCT2, respectively.
For the parent compounds, only 1q, and three others (1m, 1n, and 1q) surpassed the
substrate threshold in OCT1 and OCT2 cells, respectively. 2m was the only compound to
have a decrease in OCT2-mediated transport when compared to its amino parent. In
comparison to the parent compound, addition of the biguanides moiety lead to increase in
all, but one compound (q) in OCT1 (Fig. 4.4a). For OCT2 cells, only four compounds
(m,n,p,q) had no improvement upon addition of the biguanides moiety (Fig. 4.4b). While
there is little or no correlation between OCT1 and OCT2 uptake observed for the
compounds assayed in this uptake experiment (Fig. 4.5), the results suggest that the
addition of a biguanide moiety improved transporter-mediated uptake of the majority of
the compounds over the parent compounds.
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Figure 4.4. Uptake of biguanides and their parent compounds in HEK293 cells expressing
OCT1 and OCT2. Uptake of 100 µM biguanides or their parent compounds in HEK293
cells expressing a) OCT1 and b) OCT2 for 10 minutes. Metrics for the calculation are
outlined in the method section. The data are uptake fold increase adjusted by protein
concentration, presented as mean ± standard deviation (n= 6). Dotted lines denote the 1.5
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cutoff line we used as a threshold for substrates; # denotes compounds that did not have
any significantly improved uptake upon addition of the biguanide scaffold. Metmetformin; Phen – Phenformin.

Figure 4.5. Correlation analysis between OCT1- and OCT2- mediated uptake for various
biguanide compounds. The uptake of biguanide compounds mediated by OCT1 and OCT2
in HEK293 cells is shown in Figure 3.
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Inhibitory effects of parent and biguanide analogs on the activities of OCT1 and OCT2
Another aspect of our experiment was to determine whether the addition of
biguanide moiety would enhance the inhibitory effect of the compounds on prototypical
OCT substrates. Parent amines were assayed against MPP+ uptake while the biguanides
were tested against both MPP+ and metformin uptake. Uptake assays were firstly
performed with 5 µM MPP+ in the presence or absence of 50 µM of the biguanides or their
parent compounds (Fig. 4.6a and b). Half of the compounds (phenformin, 2e-f, 2h, 2k-l,
and 2n-q), upon addition of the biguanide moiety, had increased inhibition of OCT1mediated uptake of MPP+. However, the inhibition of OCT2-mediated uptake of MPP+ was
not enhanced for most of the compounds upon addition of the biguanide moiety. In many
cases (phenformin, 2b-e, 2g, 2i-j), this addition instead resulted in less inhibition of OCT2
activity at the concentration tested. Taken together, there seem to be increased inhibition
of MPP+ by swapping amines for biguanide moieties in some cases, however, there were
more than a few instances where biguanides had lower or similar inhibition than the amine
parents, opposing a conclusion that biguanide addition cause enhanced inhibition of either
OCT1 or OCT2.
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Figure 4.6. Inhibition of [3H]-MPP+ and [14C]-Metformin uptake by biguanides and their
parent compounds. Uptake of 5 µM MPP+(a & b) and 50 µM metformin (c & d)
(containing 2.5% 3H-MPP+ or 14C-metformin) in the absence (control) or presence of 50
µM biguanides or their parent compounds in HEK293 cells expressing OCT1 and OCT2.
Each data represent substrate accumulation fold over control (dotted line) adjusted by total
protein concentration, and presented as mean ± standard deviation (n= 6). Met- metformin;
Phen – Phenformin.
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We further performed similar inhibition studies with metformin, another
prototypical substrate but also a biguanide (Fig. 4.6c and d). All the biguanides, except 2m,
inhibited both OCT1 and OCT2 mediated metformin uptake. 2m only inhibited OCT1
mediated metformin uptake. In HEK-OCT2 cells, inhibition of metformin uptake was more
potent for most of the compounds than for their inhibition of MPP+ uptake. In addition, we
found that six biguanides (2c, 2g-h, 2j, and 2p-q) inhibited metformin transport by 50% or
more in HEK-OCT1 cells and thirteen biguanides (2a-f, 2h, 2j, 2n-q and phenformin) in
HEK-OCT2 cells at the concentration of 50 µM of metformin. Consistent with the uptake
results (Fig. 4.4), these inhibition data overall confirmed that addition of the biguanide
scaffold led to an interaction between the compound and OCT transporters.

Uptake and inhibition kinetics of 2f and 2j
To determine if incorporation of the biguanide scaffold enhanced uptake by the
transporters, we performed a concentration-dependent studies with two of the biguanides
with relatively good uptake fold increase ratios, 2f and 2j (Fig. 4.7a). The transport profile
of 0.1-1000 μM of each of the compounds showed a concentration-dependent increase in
uptake, which was fitted to the Michaelis-Menten equation with a non-saturable component
(described in methods). The uptake in OCT-overexpressed cells was significantly higher
than that of the mock cells. For OCT2, 2f exhibited a moderately higher transporter affinity
(Km = 12.4 μM; Vmax = 1.8 pmoles/min/mg protein; P = 0.6 fl/min/mg protein) than 2j (Km
= 31.7 μM; Vmax = 1.1 pmoles/min/mg protein; P = 0.1 fl/min/mg protein) (Table 4.2),
albeit there seemed to be a significant non-saturable uptake process occurring for the
former compound (Fig. 4.7a). The same trend was seen for OCT1-mediated uptake kinetics
with the two compounds. For OCT1, however, the two compounds had a similar transporter
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affinity (2f: Km = 14.2 μM, Vmax = 2.0 pmoles/min/mg protein, P = 1.7 fl/min/mg protein;
2j: Km = 16.9 μM, Vmax = 0.3 pmoles/min/mg protein, P = 0.6 fl/min/mg protein). The trend
in the above-described uptake ratios of 2f compared with 2j (Fig. 4.4) was somewhat
dissimilar to their calculated kinetic parameters here, which suggests that the uptake ratios
for the various compounds at a single concentration may not necessarily be indicative of
their affinity to the transporters due to possible influence of passive transport and other
unknown mechanisms that may play a role in overall uptake.
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Figure 4.7. Uptake kinetic and inhibition analysis of 2f and 2j in HEK293 cells expressing
OCT1 and OCT2. Concentration dependent a) uptake rate (V) of 2f and 2j and their b)
inhibition of metformin uptake were assayed in HEK293 cells expressing OCT1 and
OCT2. The cells were incubated for 10 minutes. b: A fixed concentration of 50 µM
metformin was used for the inhibition assays; control, uptake without 2f or 2j. Data are
presented as mean ± standard deviation (n=6).

Table 4.2 Estimates of kinetic parameters for the uptake of 2f and 2j mediated by OCT1
and OCT2. The parameter estimates are derived from fitting kinetics data in Graphpad
prism 5 with the equation provided in the data analysis section. Data are presented as
estimates ± standard error (n = 6). Vmax is the maximum uptake rate, Km is the MichaelisMenten constant, P is the non-saturable clearance parameter and IC50 is the half-inhibitory
concentration of the compound towards metformin uptake.
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Table 4.2 Continued
Compound

2f

2j

Parameters

Units

OCT2

OCT1

Vmax

pmol/mg/min

1.8 ± 0.2

2.0 ± 0.1

Km

µM

12.4 ± 4.0

14.2 ± 2.8

P

fl/min/mg

0.6 ± 0.3

1.7 ± 0.2

IC50

µM

52.7 ± 3.9

85.5 ± 14.1

Vmax

pmol/mg/min

1.1 ± 0.04

0.3 ± 0.05

Km

µM

31.7 ± 3.2

16.9 ± 6.6

P

fl/min/mg

0.1 ± 0.05

0.6 ± 0.08

IC50

µM

53.4 ± 4.5

22.1 ± 4.9
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Inhibition kinetics was further carried out for both 2f and 2j using similar range of
concentrations as in the above uptake kinetic studies in the presence of metformin (50 μM),
for both OCT1 and OCT2 (Fig. 4.7b). The inhibition data were fitted to the Log [inhibitor]
vs metformin uptake to determine IC50. The obtained values noted in Table 1 show that 2j
(IC50 =53.4 μM) presented a relatively similar inhibitory potency towards OCT2-mediated
metformin uptake as 2f (IC50 =52.7 μM). However, 2j (IC50 =22.1 μM) was a more potent
inhibitor than 2f (IC50 = 85.5 μM) in OCT1 cells. In consideration of the uptake kinetics
above (Fig. 4.7a), the data indicate that IC50 may not be an accurate predictor of affinity to
the transporter for a substrate compound, attesting to the complexity of interaction that may
exist between compounds and the membrane transporters either as their substrates or as
inhibitors.

Effect of incorporation of the biguanide moiety on uptake of 2f and 2j in OCT3,
MATE2K and MATE1 overexpressing cells
Because the OCT and MATE transporters have overlap in substrate selectivity 194,
we made another attempt to assess the uptake of the selected compounds from our study,
2f and 2j, in HEK293 cells stably overexpressing OCT3, MATE2K, and MATE1
transporters. We have previously validated the functions of these cells in our recent
articles204,206. Similar to the design of the uptake studies for OCT1 and OCT2, we
performed the experiment with a single concentration of 100 μM for each of the
compounds. There was significant increase in uptake fold ratio for 2j, but not 2f, in OCT3
cells (Fig. 4.8a). For both compounds, we found that addition of the biguanide moiety
significantly improved their uptake more than the parent compounds for both MATE2K
and MATE1 (Fig. 4.8b and c). The data suggest that addition of the biguanide moiety may
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also improve uptake by OCT3, MATE1 and MATE2k; albeit, further comprehensive
experiments need to be done with other biguanides.

Figure 4.8. Uptake of compounds f and j in HEK293 cells overexpressing OCT3,
MATE2K and MATE1. Dotted lines denote the 1.5 cutoff line we used as a threshold for
substrates; # denotes compounds that did not have significantly enhanced uptake upon
addition of the biguanide scaffold. The data are uptake fold increase over uptake in the
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cells expressing the empty vector (control cells) adjusted by protein concentration, and
presented as mean ± standard deviation (n=6).

Physicochemical properties drive the uptake kinetics for biguanides
Physicochemical parameters are important descriptors of certain processes in drug
disposition. A number of these parameters have been correlated with the uptake properties
and inhibitory capabilities of many OCT substrates and inhibitors198,209. Here, we assessed
the correlation between uptake fold increase and molecular weight, molecular volume,
polar surface area, accessible surface area, and calculated LogD of the tested compounds.
We found no significant correlation between the uptakes by OCT1 for the biguanides with
their physicochemical parameters (Fig.4.9). The lack of a rich dataset may explain the
absence of significant correlation, contrary to previous reports generally for OCT1
substrates210,211. The uptake mediated by OCT2 was moderately correlated with molecular
volume, which has been characterized as a key descriptor of uptake by OCT2

211

, as

increase in this parameter appears to have an inverse effect on OCT2-mediated uptake.
This trend was similarly observed for molecular weight, LogD and accessible surface area
in our study.
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Figure 4.9. Physicochemical descriptors of OCT1- and OCT2-mediated uptake of
biguanides. Parameters including a) molecular weight, b) molecular volume, c) accessible
surface area, and d) Log D (pH 7.4) were estimated and plotted against the uptake mediated
by OCT1 and OCT2 for biguanides in HEK293 cells as shown in Figure 4.4.

In the inhibition studies, molecular volume, molecular weight and surface
accessible area of the compounds examined moderately correlated with the biguanides
inhibition of OCT1-mediated uptake of metformin and MPP+ (Figure 4.10 and 4.11). This
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was not the case for their inhibition of uptake mediated by OCT2, as the correlation
coefficient was very low and insignificant (p > 0.05). The data suggest that multiple
mechanisms may be involved in the inhibition of OCT2 by biguanides. In addition, Hacker
and colleagues
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have recently reported a moderate correlation between inhibition of

MPP+ uptake and that of metformin mediated by OCT2. We find consistency in this
correlation with our OCT2 inhibition data for both substrates (r = 0.70; p = 0.00040), where
increase in the inhibition of metformin uptake was correlated well with the increase in the
inhibition of MPP+ uptake by the biguanides (Figure 4.12). We also found a moderate but
significant correlation (r = 0.58; p = 0.0055) for OCT1. Therefore, both reference substrates
may be employed interchangeably in inhibition studies to screen compounds, as had been
previously concluded. Together, these results suggest that certain physicochemical
properties including molecular volume, molecular weight, LogD and accessible surface
area are moderate descriptors for the uptake of biguanides mediated by OCT2 (but not
OCT1). Rather, these intrinsic properties of the biguanides were moderate descriptors for
their inhibition against OCT1 (but not OCT2) activity.
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Figure 4.10. Correlation analysis of metformin uptake mediated by OCT1 and OCT2 in
the presence of various biguanides versus a) molecular weight, b) molecular volume
(Boltzman average), c) accessible surface area, and d) Log D (pH 7.4). The metformin
uptake mediated by OCT1 and OCT2 in HEK293 cells in the presence of different
biguanides are shown in Figure 4.6c & d.
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Figure 4.11. Correlation analysis of MPP+ uptake in the presence of the biguanides for
OCT1 and OCT2 versus a) molecular weight, b) molecular volume (Boltzman average),
c) accessible surface area, and d) Log D (pH 7.4). The uptake of MPP+ mediated by OCT1
and OCT2 in HEK293 cells in the presence of different biguanides are shown in Figure
4.6a & b.
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Figure 4.12. Correlation analysis of metformin uptake versus MPP+ uptake in the
presence of the biguanides for OCT1 and OCT2. The uptake of metformin and MPP+
mediated by OCT1 and OCT2 in HEK293 cells in the presence of different biguanides are
shown in Figure 4.6.

Discussion
Biguanides have been majorly studied for their beneficial effects as anti-diabetics
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. The model biguanide, metformin, which is still the first line treatment for diabetes, has

been shown to elicit its effect through its functions in the liver201. It has been shown that in
order to permeate the liver and accumulate at the site of action, OCT1 is expected to shuttle
this cationic compound from the extracellular space into hepatocytes. Absence of OCT1 in
mice may abrogate the glucose-lowering effect of the compounds in the biguanides class –
metformin, phenformin and buformin214. Thus, it is likely that the accumulation of
biguanides in the liver depends on OCT1 function. We reasoned that since the already
known biguanides have been shown in vivo and in vitro to be efficiently transported by
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OCTs, attaching the biguanide scaffold to some compounds may cause them to become
OCT substrates. Thus, by introducing the biguanide moiety in compounds that are not
OCT1 or OCT2 substrate, we demonstrate that this handle can be utilized to improve
cellular uptake mediated by OCT1 and OCT2.
We focused on whether incorporating the biguanide moiety into amines would
improve their uptake by organic cation transporters. These parent amine compounds were
chosen based on size and polarity so the impact of these two variable could be studied. It
has been described that uptake by OCT1 and OCT2 drastically decreases for compounds
over 500 Å3 211. Therefore, small side chains (R groups) were chosen so the molecular
volume of the amine and biguanide forms would not exceed 300 Å3. The R groups were
composed of lipophilic (a-h, j-l, o-q, phenformin) and hydrophilic (i, m, n) chains. The
PSA of biguanides with lipophilic chains ranged from 81-96 Å2, and the hydrophilic chains
ranged from 121-173 Å2. A greater number of lipophilic chains than hydrophilic chains
were chosen due to our interest in investigating the addition of the biguanide moiety to
lipophilic drugs in order to increase their uptake by OCT. With these structurally diverse
amines and their biguanide analogues, we also investigated the correlation between the
biguanide physicochemical properties and their interaction with the two OCTs.
Consistent with already existing biguanides reported in the literature214, we found
that incorporation of the biguanide scaffold in the parent compounds in this study led to an
overall increase in uptake by OCT1 and OCT2. In contrast, the uptake between the empty
vector transfected and the transporter overexpressed cells was no different for most of the
parent compounds in our study. In a particular case, the addition of the biguanide group
did not improved uptake for 1m/2m in OCT2 cells. For this pair of compounds, the PSA
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was the highest amongst the studied compounds, which may have played a role in the lower
uptake observed. Besides, because the transport assays were carried out for all compounds
using the incubation conditions optimized according to metformin uptake, it is possible
that some of the biguanides might actually exhibit different and/or more complex kinetics.
We observed that 1 pair (1/2q) and 4 pairs (1/2m, 1/2n, 1/2p, and 1/2q) had only a meager,
but significant increase in transport by OCT1 and OCT2, respectively. While the exact
reason remains unclear, this may be due to their structural constituents, relatively higher
passive uptake, or the site of addition of the biguanide moiety that causes them to have a
lower uptake ratio against the control cells. Overall, this study strongly suggests that having
a biguanide included in impermeable compounds will lead to improved OCT-mediated
uptake (Figure 4.8).

Figure 4.8. Mechanistic illustration for the use of biguanide moiety as a handle for
OCT-mediated transport of compounds.
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The uptake ratios for OCT2 were relatively higher than those for OCT1 but more
compounds had an increase in uptake by OCT1 than OCT2 when the biguanide was added
to the structure. It is noteworthy to mention that we used different systems to assess the
uptakes by the two transporters – transient transfection for OCT1 and stable expression for
OCT2. Besides, we did not quantitatively measure the relative expression of OCT2
compared to that of OCT1 in the cells. Nonetheless, it has been reported that the biguanide
antidiabetic drugs are more efficiently transported by OCT2 as compared to OCT1 215.
In the case where transporter-mediated uptake is the major route of targeted tissue
delivery of compounds, deletion of the specific transporters may lead to drastic decrease
in the accumulation of their substrates in the tissues191,216. For compounds whose target site
is in the specific tissue expressing OCTs transporters, ablation of this entry point may also
result in inaction of key substrate drugs201. This has become especially important in many
disease states that alter the expression of these drug carriers, including cancer and diabetes
217,218

. As such, the concept established in this study allows for direct delivery of

compounds to specific tissues expressing OCT1/2 and lessening side effect in other tissues,
with knowledge of the transporter expressions in the tissues either in healthy individuals
or in a disease state.
Tissue targeting is amongst the benefits that incorporating a biguanide moiety
confers for certain compounds. However, it is foreseeable that not all addition of the
biguanide moiety may be beneficial. Depending on the chemical site of addition, this may
alter the effect of a drug positively or negatively. The cytotoxicity of the compounds were
not tested in the current study, but this may vary from compound to compound. In the past,
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biguanides such as phenformin and buformin were discontinued due to their effect of lactic
acidosis219. Nevertheless, metformin has been shown to be safe and well tolerated even at
very high doses. As a future drug development, compounds may be designed such that are
cleaved to their parent compounds and metformin upon entry into the specific tissues. This
allows for maintenance of drug potency, allowing for lower dosage administration and
without much concern of toxicity resulting from metformin. When given at lower doses,
metformin has little or no effect so uncoupling the compound should only maintains the
effect of the parent compound.
Despite sequence similarities between OCT1 and OCT2 and an extensive list of
overlapping

substrates,

some

specific

drivers

for

being

substrates/inhibitors for OCT1 or OCT2 have been identified

relatively

211,220

specific

. The substrates of

OCT1 usually are less than 500 Å3 and an increase in molecular weight and volume have
a negative effect on transport. On the other hand, OCT2-mediated transport is affected
positively by an increase in polar surface area (PSA), lipophilicity, and number of hydrogen
bonds198. OCT2 has a higher preference for hydrophilic compounds than OCT1. In our
study, we further uncover some key drivers for the uptake of biguanides as well as their
inhibitory capability for OCT transporters. Molecular weight, molecular volume,
accessible surface area and Log D (pH 7.4) presented significant correlation with OCT2mediated uptake. For OCT1, however, we found no strong correlation with any of these
physicochemical parameters. We found the optimal size of biguanides for OCT2-mediated
uptake to be around 200 and 250 Å3. Log P and Log D values were significant correlated
with OCT2-meidated transport; and hydrophilic biguanides (negative Log P and Log D)
were greatly transported compared to more hydrophobic compounds. An accessible surface
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area (ASA) of around 450 Å2 was also correlated to a higher OCT2-meidated transport.
ASA is the area available for solvent binding on a molecule surface. We concluded that
increased ASA would decrease the likelihood of interaction between the molecule
functional groups and the amino acid residues in the transporter. This, in turn, would
decrease the likelihood of molecule being transported as observed in Figure 6.
OCT1 inhibitors tend to have high molecular weight, positive net charge and high
lipophilicity. For example, n-alkylammonium compounds with long chains and
hydrophobicity tend to be OCT1 inhibitors209. Inhibitors of OCT2 usually have high
molecular volume. OCT1 and OCT2 substrates have a positive charged functional group,
but some neutral compounds can also be transported. Zwitterion compounds do not tend to
be OCT1 or OCT2 substrates211. These structure-transporter-activity relationships for
OCT1 and OCT2 have been reported using inhibition data as well as substrate uptake
data211,221,222. Molecular weight, accessible surface area and molecular volume were
moderate descriptors for OCT1 inhibition in our study, but not OCT2. The reason for no
correlation for OCT2 is unknown and may be due to difference in interaction of the
compounds with the two transporters.
We found that some of the parent compounds and most of the biguanides assayed
in this study were inhibitors of the uptake of MPP+ mediated by OCT1 and OCT2 at the
concentration tested, consistent with other reports

220

. However, our hypothesis that the

biguanides might exhibit as more potent inhibitors, as compared to those parent compounds
with an inhibition potency, was not consistently observed either in OCT1 or OCT2 cells.
We further analyzed the uptake kinetics and that of inhibition against a typical substrate
for two (2j and 2f) of the novel biguanide substrates of OCT1 and OCT2 synthesized in
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this study. The results were somewhat contradictory with our uptake fold increase ratios
estimated at the concentration of 100 µM for the two compounds. 2j had a higher uptake
fold increase in OCT2 cells compared to 2f, but the reverse was the case for their OCT1mediated uptake as well as their Km values in the concentration-dependent studies. These
findings suggest that the uptake rate obtained from single concentration incubation may
not be the best indicator for how good a substrate the compounds are in this study. In
addition, the estimation of their affinity (IC50) by inhibition kinetics for both 2f and 2j did
not accurately reflect the affinity (Km) observed in the uptake kinetic studies. Overall, while
addition of the biguanide scaffold certainly conferred some inhibitory effects along with
being transported by the transporter proteins, further studies need to be carried out to fully
understand specific interactions of OCT transporters with the biguanide class.
Current biguanide drugs have been characterized as substrates for additional
transporters such as OCT3, MATE1, and MATE2K202,223. Interestingly, for the two
compounds 2f and 2j that were further examined in this regard, they were either none or
very weak substrates for OCT3, suggesting a possible transporter selectivity and thus tissue
targeting for new biguanide compounds. MATE1 and MATE2k, which are expressed
primarily in the liver and kidney, work in concert with OCTs to eliminate xenobiotics. Both
2f and 2j were substrates of MATE1 and MATE2K in this study. Therefore, while further
studies are warranted, we speculate that for other compounds and those tested here,
addition of biguanide functionality may be able to provide an efficient excretion route in
vivo via the MATE expressed in the kidney and liver, as has been shown for other OCT
substrates and biguanides224-226.
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To conclude, we have demonstrated that addition of a biguanide functional group
to structurally diverse transporter-impermeable compounds enhances their OCT-mediated
transport (Figure 4.8). Physicochemical properties especially accessible surface area,
molecular weight and volume correlate with the uptake of biguanides by OCT2, but not
OCT1. Targeting may be attained in delivery of such compounds to the tissues with
significant expression of these OCT transporters including liver and kidney.
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