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Abstract

Metabolic disorders are a group of interrelated conditions which increases the risk of
developing heart diseases, stroke, and diabetes. These usually occur as a consequence of
deficiency of enzymes involved in biochemical reactions in the body. The dietary habits, lack of
physical exercise, stress, and genetic susceptibility leads to an increased risk of developing
metabolic disorders. A diet rich in processed food items containing high calories aggravates the
production of a purine metabolite, the uric acid (UA). UA functions as an antioxidant, protects
against inflammation, aging, and cancer. It exists as urate ions in the circulation and blood
level of UA is maintained by a balance between its production in the liver and its excretion by
the renal tubules. The regular excretion of UA through the kidneys is necessary to maintain
optimum blood levels of UA (3-7 mg/dl). There are various transporters of uric acid present
around the renal tubules, which help in reabsorption of UA into the blood. These urate
transporters (UT) are proteins coded in the genes. Mutations in these genes may prompt
disturbances in UA reabsorption, and could lead to the development of hyperuricaemia, insulin
resistance, endothelial dysfunction, diabetes and other metabolic diseases. This paper reviews
eight such genes coding for UTs and attempts to unravel the link between the activities of UA,
UTs, and the consequences during mutations in the genes coding for the UTs in the
development of metabolic disorders. The genes reviewed included SLC2A9, SLC17A1,
SLC22A12, SLC16A9, GCKR, LRRC16A, PDZK1, and ABCG2.

Categories: Endocrinology/Diabetes/Metabolism, Nephrology, Epidemiology/Public Health
Keywords: metabolic syndrome, heart diseases, stroke, diabetes, uric acid, urate transporters, genes,
insulin resistance, hyperurecaemia, urate transporter genes

Introduction And Background

Metabolic disorders are a cluster of conditions which may include abdominal obesity, high
blood pressure, high blood sugar, high serum triglycerides and low serum high-density
lipoprotein (HDL). Metabolic diseases are caused due to imbalances in energy utilization and
storage, and is associated with risk of developing chronic diseases like the cardiovascular
disease and type 2 diabetes mellitus (T2DM) [1]. Among the several factors which contribute to
the development of metabolic disorders, increased uric acid (UA) levels combined with a dietary
consumption of fructose was noted to be significant. It was observed that a high intake of
fructose in the diet leads not only to hyperuricemia (raised serum UA levels) but also to
metabolic disorders, kidney diseases, and cardiovascular diseases [2].

UA is a heterocyclic compound of carbon, nitrogen, hydrogen, and oxygen, and is an oxidation
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product of purine metabolism present in the blood circulation. UA acts as an antioxidant and
helps in defense against inflammation, aging, and cancer. UA exists as urate anion at
physiological pH, and these urate ions are impermeable to membrane and require a
transporter. UA levels in the body are maintained by a balance between its production and
excretion. The major site of urate formation is in the liver and it is excreted in the proximal
tubule of the kidneys, where 90% of it is reabsorbed into the blood, facilitated by various
transporters. Kidneys play a major role in regulating UA levels and are responsible for 60—70%
of UA excretion and the remaining 30-40% of UA is secreted into the intestine where it is acted
upon by bacteria and then eliminated from the body [3]. The excretion of UA in kidneys consists
of its secretion and absorption. It has been noted that 90% of UA filtered by the kidneys is
reabsorbed, and the reabsorption of UA is facilitated by various urate transporters (UT) present
around the renal tubules [4]. These UTs are all proteins coded by genes, and any genetic
variation in these genes can affect the concentrations of UA and is a risk factor for
hyperuricemia (HU) and subsequent complications that include lifestyle disorders like obesity,
chronic kidney disease (CKD), cardiovascular disease, gout, T2DM, etc. [5]. Elevated serum UA
is an independent predictor of vascular complications like peripheral neuropathy [6].

HU is strongly associated with insulin resistance, an established risk factor for T2DM. It was
estimated that for every mg/dl rise in blood UA, the risk of developing T2DM increases by 20%
in adults and 15% in children [7]. Hyperuricemia leads to endothelial dysfunction and nitric
oxide inhibition, which contributes to insulin resistance and diabetes. Insulin resistance
stimulates the urate transporters (URAT1) at renal tubules, promotes reabsorption of UA and
results in reduced renal excretion of UA causing HU [8]. Thus, Insulin can influence the actions
of UTs. The reabsorption of UA in renal tubules is performed by a set of urate transporters,
where some of them associate among themselves by forming a complex of UT. The UTs are
proteins coded by genes and help in the transport as well as reabsorption of UA into the renal
tubules. The UTs also facilitate the transport of molecules like sodium, chloride, organic acids,
glucose, and certain drugs, etc., across the renal tubules.

The aim of this article is to systematically review various genes coding for the UTs, their
functions and consequences of loss/mutation/polymorphism of the genes. We also focussed on
finding the probable link between raised UA and the development of metabolic disorders.

Review
Solute carrier family 2 member 9 (SLC2A9)

SLC2A09 is a high-affinity urate transporter present in the apical and basolateral membrane of
the proximal convoluted tubule (PCT) of the kidneys. It carries information regarding

the synthesis of a protein, glucose transporter 9 (GLUT9). Hence, this gene is also commonly
called as GLUT9. GLUT9 is involved in reabsorption of hexoses, but pH variations can make this
transporter to carry negatively charged purine derivatives such as urate instead of hexoses [9].
Its affinity to reabsorb and transport UA is similar to the activity of URATv1 gene located in the
epithelial cells of PCT. Once UA is absorbed, it gets transported from the tubular region into the
peritubular spaces, and the uptake from luminal spaces is facilitated by solute carrier family 22
member 12 (SLC22A12) UT gene. GLUT9 reabsorbs and carries UA based on concentration
gradient or with the help of voltage driven transporter 1 (URATvV1). Pancreatic beta cells sense
the blood glucose concentrations and regulate the secretion of insulin. This is done in two
phases, the first rapid phase and the second prolonged phase of insulin secretion [10]. GLUT9 is
responsible for glucose uptake by the cells in the second phase of insulin secretion. Loss of
GLUT9 activity or a mutation leads to raised serum UA levels, increased postprandial glucose
levels in blood, and raised insulin secretion. The urate efflux is mediated only by basolateral
SLC2A9, and a loss in its function leads to total reabsorption defect [11].

The experimental evidence indicates that SLC2A9 is a direct target gene for p53 (apoptotic
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gene) and plays a key role in reducing reactive oxygen species (ROS) through uric acid
transport. Thus, its expression is regulated by p53 gene and is mediated by oxidative stress [12].
The role of oxidative stress in the development of type 2 diabetes is a known fact. Altered redox
potential of the membrane in turn alters protein folding, increases protein degradation and
raises serum UA levels in T2DM and other metabolic diseases.

Mutation in this gene or loss of its activity leads to hyperuricaemia, gout, Alzheimer, and T2DM
as shown in Figure 1.

BETA CELLS OF PANCREAS

Via uptake of glucose by glucose transporters
v

Senses glucose levels in blood

v
GLUT?9 is expressed on beta cells of pancreas

—— LOSS OF THIS GENE ACTIVITY

v
Decreases GLUT9 activity in PCT

v
Increases serum UA levels

v
Decreases glucose sensing capacity of beta cells of pancreas

' .
Increases blood glucose levels due to increased uptake of glucose by glucose transporters

v
Increases post prandial glucose levels

v
Increases Insulin secretion

v
INSULIN RESISTANCE » TYPE 2 DIABETES

FIGURE 1: Flow chart showing the role of SLC2A9/GLUT9 gene
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and consequences of its mutation.

GLUTO9: Glucose transporter 9; PCT: Proximal convoluted tubule of Kidney; UA: Uric acid.

Solute carrier family 17 member 1 (SLC17A1)

SLC17A1 is a family of nine transporters majorly involved in phosphate transport and organic
anion transport. SLC17A1 transporter facilitates the transport of phosphate into the cells via
sodium co-transport present in the renal brush border membrane [13]. This gene is expressed
on apical membrane of proximal convoluted tubules (PCT) and hepatocytes. It helps in
phosphate homeostasis by altering membrane potential (sodium). By creating a voltage flux
using the chloride ions it pumps organic anions like urate ions into the urine side of tubules. It
not only helps in urate excretion through the urine side of the tubules but also aids in inorganic
phosphate reabsorption [14]. Hence, it is also called as type 1 sodium-dependent phosphate
cotransporter (NPT1).

SLC17A1 also interacts with hepatic nuclear factor 1-alpha (HNF1q) as it is expressed in
hepatocytes. The electrogenic nature of this transporter facilitates the clearance of organic
anions like urate both from liver and kidneys. It interacts with HNF-1a, which acts as a
transcriptional regulator of insulin secretion, bile acid and HDL metabolism, and mutation in
SLC17A1 may lead to hypercholesterolemia and hyperglycemia. It was found in experimental

studies that this gene activity is regulated by Na*/H* exchanger regulatory factor 1 (NHERF1) by
inhibiting phosphate uptake by PCT cells, which in turn inhibits NPT1 gene activity. NHERF1
present in kidney regulates NPT1 activity by stimulating phospholipase-C (PLC) and protein
kinase C (PKC) signaling molecules. We know that membrane potential changes lead to
sequential events in the signaling molecules to release hormone thus, NHERF1 may cause a
change in membrane flux which influences insulin secretion via these PLC and PKA [15]. Thus,
NPT1 indirectly has a role in insulin secretion during its regulatory process.

It was also found that single nucleotide polymorphism (SNP) on SLC17A1 gene or a mutation in
this gene not only leads to decreased UA excretion but raises the blood levels of UA leading to
hyperuricemia [16]. Hyperuricemia leads to hyper homocystenemia (because UA acts on
endothelial function), hypercholesterolemia and raised 2-hour glucose levels. SLC17A1 effects
slow phase release of insulin secretion from beta cells of pancreas as shown in Figure 2.
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SL(F17A1

(Activity regul%ted by NHERF-1)

v

Phosphate reabsorption in PCT with UA secretion into renal tubules

Interact with HNF 1o of liver and clears organic acid like urate from liver

|
i

LOSS OF ACTIVITY OR MUTATION OF THIS GENE
\

v

Regulation by NHERF-1 is lost and its interaction with HNF 1a
Change in membrane potential of membrane

Signaling molecules like PLC and PKA inhibition

l

More insulin releases

Raised 2-hour glucose levels
Raised triglyceride levels
Raised cholesterol levels

Raised homocysteine levels

Hyperuricemia

Hypouricosuria (decreased excretion of UA)

FIGURE 2: Flow chart showing functions of SLC17A1 gene and
consequences of its mutation.

NHERF1: Na*/H* - exchanger regulatory factor 1; PCT: Proximal convoluted tubule of kidney;
HNF1a: Hepatic Nuclear Factor 1 alpha; PLC: Phospholipase-C; PKA: Protein Kinase C.

Solute carrier family 22 member 12 (SLC22A12)

Solute carrier family 22 belongs to an organic anion transporter (OAT) family. There are about
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10 members of OAT family transporters located at various regions of renal tubules, and these
are involved in the transport of various metabolites, drugs, and toxins [17]. Of these 10 OAT
family transporters, OAT3 and OAT4 help in reabsorption of UA from urine. SLC22A12 codes for
a protein, urate transporter 1 (URAT1), which is a renal urate — anion exchanger found across
the apical membrane of PCT. Hence, SLC22A12 is also called as urate anion exchanger 1
(URAT1). It helps in the reabsorption of uric acid from the urine to the PCT in exchange with
organic anions like lactate, nicotinic acid, etc. to maintain electrical neutrality. Therefore, it is
also called as organic anion transporter 4 like protein (OAT4) [18].

The structural analysis of URAT1 revealed an N-glycosylation site as well as phosphorylation
sites which helps in its regulation. The phosphorylation of URAT1 by phosphokinase-C (PKC)
stimulates uptake of UA by OAT3 and OAT4, which then is reabsorbed with the help of URAT1
across the PCT of kidney. The PKC phosphorylation can also activate phospho inositol-3-
kinase (PI3K) pathway which has a role in insulin secretion (via various signaling molecules)
and aids in glucose uptake by glucose transporters. The release of insulin from beta cells of
pancreas also increases the reabsorption of UA in PCT. Hence mutation in the gene may alter
beta-cell function and raised two-hour glucose levels like SLC2A9 gene. So, it can be concluded
that URAT1 and GLUT9 together efficiently help in UA reabsorption in PCT [19]. URAT1 protein
interacts with PDZK1 gene in the formation of multimolecular complex ‘transportsome’ that
involves co-operation of multiple transporters [20].

As URAT1 is also involved in the transport of drugs and pharmacological agents, use of anti-
inflammatory, hypertensive drugs could increase the excretion of UA, thereby decreasing its
levels in the blood [21]. Mutation in this gene leads to idiopathic renal hypouricemia, increased
urate excretion, kidney stones, and diabetes as shown in Figure 5.
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SLC22A12

Reabsorbs UA from urine at apical region of PCT
v

Possess phosphorylation & N-glycosylation sites
v

Phosphorylates PKC
v
Increases uptake of UA by URATI

v

Helps in PI3K signal of insulin hormone

A4

Efficient urate reabsorption together with GLUT9

LOSS OF ITS ACTIVITY OR MUTATION OF

THE SLC22A12 GENE

Increases UA excretion
Decreases blood UA levels
Increases the formation of kidney stones
Decreases beta cell function

Increases 2-hour glucose levels

FIGURE 3: Flow chart showing the functions of SLC22A12
gene and the consequences of its mutation.

SLC22A12: Solute carrier family 22; UA: Uric acid; PCT: Proximal convoluted tubules of kidney;
PKC: Protein kinase C; URAT1: Urate anion exchanger1; GLUT9: Glucose transporter 9; P13K:
Phospho inositol- 3- kinase.

Solute carrier family 16 member 9 (SLC16A9)
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This gene codes for a protein which helps in the transport of monocarboxylic acids like pyruvic
acid, lactic acid, etc. Hence, this gene belongs to the family of monocarboxylates which
specifically codes for monocarboxylate transporter 9 (MCT9). MCT9 helps in the transport of
monocarboxylic acids together with proton-linked transport. The monocarboxylates play a vital
role in the cellular and metabolic communications between tissues [22]. MCT9 is expressed in
various tissues and in the kidneys. In kidneys, it functions as a sodium-dependent
monocarboxylate transporter. It has been observed in experimental studies that MCT9 has a
role in carnitine transport. Carnitine is a transporter of lipid molecules across the
mitochondrial membrane, which helps in the transport of long-chain fatty acids. Kidneys
absorb 95% of carnitine from glomerular filtrate via active sodium-dependent transport
mechanism. Carnitine is mostly excreted by glomerulus of kidney and any defect in the re-
absorptive function of kidney decreases carnitine excretion. When carnitine is not excreted
regularly, it competes with UA for its excretion leading to hyperuricemia [23].

A study by Kolz et al. had noted that there is a triangular association between serum UA, MCT9
and metabolites like carnitine, acylcarnitine, and propionyl carnitine [24]. Therefore, it
indicates that MCT9 may be regulating UA levels by creating a balance between its excretion in
the intestine and the kidneys. MCT?9 is indirectly linked with UA excretion via carnitine. Thus,
it helps in the transport of extra renal UA, mostly from the intestine. So, a defective function of
kidneys will allow carnitine to compete for UA in the intestinal epithelial cells, leading to renal
overload gout. Thus, a block in intestinal excretion of UA raises its level in blood, causing HU.
MCT9 acts along with the adenosine triphosphate-binding cassette sub-family G member 2
protein (ABCG2) gene that also has a role in excretion of UA from the intestine [25]. Kidney
dysfunction not only leads to gout but also to cardiovascular diseases as carnitine levels are
decreased, which causes increased low-density lipoprotein (LDL) activities. Carnitine-related
products like acetyl carnitine have a role in improving insulin-mediated glucose disposal in
healthy individuals and in T2DM patients. Acetyl carnitine has a role in compensating energy
demands by regulating the availability of acetyl and acyl derivatives, which in turn control the
synthesis of key glycolytic and gluconeogenic enzymes [25].

Mutation or loss of this gene activity leads to gout of extra renal origin, obesity, cardiovascular
complications, kidney disorders, T2DM, and cancer as shown in Figure 4.
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SLC16A9

Codes for protein monocarboxylic acid transport 9 (MCT9)
v

Helps in the transport of pyruvic acid, lactic acid, and others linked with the proton gradient
v
Has a role in carnitine transport and absorption across the membrane, together with ABCG2
gene helps in UA excretion from intestine

v
Intestinal UA excretion and regulates UA levels in blood

LOSS OF ITS FUNCTION/MUTATION
OF THIS GENE

Kidney dysfunction

Decreases carnitine absorption

Carnitine competes with UA for reabsorption
Hyperuricemia
Renal over Load
Cardiovascular disorders

Cancer

Type 2 diabetes

FIGURE 4: Flow chart showing SLC16A9 gene function and the
consequences of its mutation.

SLC16A9: Solute carrier family 16 member 9; ABCG2: Adenosine triphosphate binding cassette
sub-family G member 2 protein; UA: Uric acid.

Glucokinase regulatory protein (GCKR)

This gene codes for a protein glucokinase (GK), which is produced in hepatocytes. The
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glucokinase is an enzyme which helps in phosphorylation of glucose at C6 position and its
activity is dependent on blood glucose levels. It acts as a glucose sensor in response to raised
blood glucose levels. GK enzyme moves between nucleus and cytosol, i.e., at high blood glucose
levels the GK enzyme moves to cytosol, and forms a complex with microfilaments of
hepatocytes and then phosphorylates available glucose molecules in conjugation with the
insulin hormone function [26]. The glucose sensor activity of GK enzyme is due to its low
affinity for glucose, positive co-operativity (once glucose molecules are phosphorylated the
formed product glucose 6 phosphate makes the rest of the glucose molecules to get
phosphorylated by GK) and lack of product inhibition (i.e., glucose 6 phosphate will not inhibit
the action of the enzyme GK) [27].

Depending on the ATP (adenosine triphosphate) levels of the cell, the glucose 6 phosphate
enters a glucose oxidative pathway (hexose monophosphate shunt (HMP) pathway) to produce
pentoses, and nicotinamide adenine dinucleotide phosphate (NADPH). Pentoses are utilized in
nucleic acid metabolism, and the availability of ribose-5-phosphate increases UA levels.
NADPH is used for the biosynthesis of fat (fatty acid synthesis, cholesterol synthesis).
Alternatively, during fasting or energy-deprived state, GK is inactive and thus metabolic
pathway proceeds for gluconeogenesis and inactivation of GK during gluconeogenesis prevents
a futile cycle (energy of the cell is dissipated as heat) [28]. Its expression in beta cells of
pancreas regulates insulin-dependent glucose secretion by modulating ATP/ADP ratio. In the
hepatocytes, GK helps in the disposal of glucose by converting it into glycogen [29].

Mutation in this gene leads to hypoglycemia, hypertriglyceridemia, obesity, and cardiovascular
risk. Loss of its activity leads to the development of hyperglycemia and maturity-onset diabetes
of the young 2 (MODY2). Enhanced activity of HMP pathway increases the availability of
pentoses, which in turn leads to gout and kidney diseases as shown in Figure 5 [30].
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GCKR

Codes for glucokinase (GK) enzyme present in liver, beta cells of pancreas

Hepatocytes Pancreas

Regulates blood glucose levels Helps in Insulin dependent glucose secretion
Acts as a glucose sensor

Disposal of glucose as glycogen

Acts together with Insulin hormone

Glucokinase enzyme moves from cytosol to nucleus

corresponding to the energy variations of a cell

Decreased energy levels of the cell Increased energy levels of the cell

Inactivates GK enzyme by fructose 1 phosphate  Activated by fructose 6 phosphate
GK is seen in nuclear region of the cell GK enzyme is seen in cytosol
Increased glucose oxidative pathway

Increased HMP shunt pathway

Increased pentose formation

Increased UA levels

MUTATION OR ].‘,OSS OF GENE ACTIVITY

v
MODY2, Hypoglycemia, Obesity, Gout, Hypertriglyceridemia
Cardiovascular disorders, Kidney disorders

FIGURE 5: Flow chart showing GCKR gene function and the
consequences of its mutation.

GCKR: Glucokinase regulatory protein; HMP: Hexose monophosphate shunt; MODY2: Maturity
onset diabetes of the young2; UA: Uric acid.

Leucine-rich repeat-containing protein 16 A (LRRC16A)
This gene encodes a protein called capping protein ARP2/3 and myosin-I linker (CARMIL),
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which is an inhibitor of actin capping protein (CP). The CP is an essential element of actin
cytoskeleton, which binds to the actin filaments and prevents its polymerization (process of
converting monomer to polymer). The CP inhibits polymerization of actin filaments by binding
to its barbed ends. CARMIL protein is expressed by various tissues, but predominantly in
kidneys. In the apical membrane of proximal tubules, urate transportsome (UTS) is formed.
UTS is formed by several UA transporter proteins like URAT1, OAT4L, NPT1, and ABCG2 which

have a role in the absorption of UA in exchange with sodium ions (Na*). The UTS also interacts
with scaffolding proteins like PDZK1, NHERF1, and cytoskeletal filaments like actin [31].

Thus, CARMIL activity in UTS is essential. Mutation or loss of gene activity or polymorphism
leads to operative defect in UTS activity, spindle fiber formation, and cell migratory defect.
During UTS formation NHERF1 interacts with actin filaments and can inhibit NPT1 activity, by
aggravating phospholipase C (PLC) and protein kinase C (PKC) signaling molecules.
Considering the fact that Insulin hormone is regulated mainly by these signaling molecules, a
defect in the gene coding for CARMIL could be associated with gout as shown in Figure 6 [32,
33].
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LRRCI6A

Codes for CARMIL

A
IS Urate transportsome formation

Platelet formation b4

Cell migration Inhibits actin capping protein (CP) l

Together with other transporters (URATI, OAT4,
NPT1, ABCG2, NHERFI, PDZKIl) NHERF1
interacts with actin, which is a component of UT

formation, helping LRRCI6A indirectly in UA

s reabsorption

CP binds to actin filaments

MUTATION/ LOSS OF GENE ACTIVITY/ POLYMORPHISM

v
Failure of UTS formation

Defect’in UA reabsorption

v

NHERF]1 interacts indirectly with actin filaments and due to defect in
actin function due to LRRC16A gene loss the function of NHERF1 is

disturbed
UA re-absorptive defect NHERF]1 also lack signaling pathway
v v
Gout Type 2 diabetes

FIGURE 6: Flow chart showing LRRC16A gene function and the
consequences of its mutation.

LRRC16A: Leucine rich repeat containing protein 16 A; CARMIL: Capping protein ARP2/3 and
myosin-| linker; URAT1: Urate transporter 1; OAT4: Organic anion transporter 4; NPT1: Sodium
dependent phosphate cotransporter 1; ABCG2: Adenosine triphosphate binding cassette sub-family
G member 2 protein; NHERF1: Na*/H* - exchanger regulatory factor 1; PDZK1: Protein domain
containing 1; UT: Urate transporter; UTS: Urate transportsome.
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Protein domain containing 1 (PDZK1)

This gene codes for a scaffolding protein. A scaffolding protein connects membrane proteins
and regulatory components, and also regulates its expression on the surface of epithelial cells.
PDZK1 protein is expressed on the epithelial cells of kidneys, liver, pancreas, gastrointestinal
tract, and adrenal cortex. It acts as a scaffolding protein by interacting with membrane-
associated proteins like the MAP-17, and with other cytoplasmic proteins. Hence, PDZKI1 has a
role in cell proliferation, differentiation and ion transport [34].

It was found in experimental studies that PDZK1 increases the expression of the Na */H*
exchange regulatory factor 3 (NHERF-3) in the brush border cells of renal tubules. PDZK1 and
NHERF 3 together act as scaffolding protein [35-36]. Along with Na/Pi solute carrier, NHERF3
helps in the transport of phosphate, chloride, different organic anions like UA, and drugs like
probenecid [37]. Another scaffolding protein NHERF1 interacts with PDZK1, and activates
NHERF3 and CFEX transporters, which play a crucial role in renal handling of bicarbonate and
NaCl homeostasis [38]. PDZK1 also potentiates chloride channel activity of cystic fibrosis
conductance regulator (CFTR), and compartmentalizes signaling protein kinase A (PKA) [39-
40].

PDZK1 organizes a transportsome and regulates several transporter functions like urate and
drug transport. A urate transportsome is formed by linking several UA transporters like ABCG2,
SLC22A12, NPT1, which in turn relate to each other by scaffolding proteins like PDZK1,
NHERF1 at the apical surface of renal tubules. Mutations in these UA transporters (ABCG2,
SLC22A12, NPT1) also leads to hyperuricemia and gout. So, loss of activity of PDZK1 indirectly
causes gout [41].

PDZK 1 also stabilizes and prevents the degradation of scavenger receptor class B type 1 (SRB-
1) protein on the surface of hepatocytes and endothelial cells. SRB 1 is a cell surface
glycoprotein that binds to HDL with high affinity. It also plays an important role in reverse
cholesterol transfer function of HDL, and has a role in atheroprotection [42]. PDZK1 and
NHERF1 together act as a scaffolding protein in urate transportsome formation. NHERF1 along
with adaptor protein ezrin functions as signal transducers between cell membrane and actin
cytoskeleton. Actin and associated cytoskeletal protein, together with scaffolding proteins,
regulate receptor signaling to maintain cellular homeostasis. PDZK 1 interacts indirectly with
LRCC16A gene due to cooperative function of cytoskeletal proteins as shown in Figure 7 [43].
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v
Hyperuricemia, Gout
Hypertriglyceridemia
Obesity & Insulin resistance

T2DM

FIGURE 7: Flow chart showing function of the gene PDZK1 and
the consequences of its mutation.

PDZK1: Protein domain containing 1; NHERF1: Na*/H* - exchanger regulatory factor 1; UTS: Urate
transportsome; URAT1: Urate transporter 1; OAT4: Organic anion transporter 4; SLC22A12: Solute
carrier family 22A12; NPT1: Sodium dependent phosphate cotransporter 1; UA: Uric acid; SRB-1:
Scavenger receptor class B type 1; NaPi: Sodium phosphate; NaCl: Sodium chloride; CFTR: Cystic
fibrosis conductance regulator; PKA: Protein kinase A; T2DM: Type 2 diabetes mellitus.
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Adenosine triphosphate-binding cassette sub-family G
member 2 protein (ABCG2)

ABCG2 gene codes for ATP binding cassette (ABC) transporter. ABC transporters utilize energy
by hydrolyzing ATP and transports substrates across cell membrane [44]. ABCG2 was initially
found to be a xenobiotic transporter in a multi-drug resistant human breast cancer cell types
[45]. As it was identified in breast tissue it is also called as breast cancer resistance protein
(BCRP). It also protects the cell against the actions of chemotherapeutic drugs like
anthracycline and mitoxantrone exposure (cellular defense). ABCG2 found in placenta protects
the fetus against the xenobiotic substances present in the maternal circulation. The drug
blocking action of this gene is due to its ability to inhibit the absorption of drugs at the
intestinal surface, blood-brain barrier, and blood-testis barrier [46]. It also has a role in

the secretion of vitamins like riboflavin and biotin into the breast milk.

ABCG2 is an efflux urate transporter seen on the proximal renal tubules. It is a high capacity
secretory urate transporter (i.e., secretes UA into renal tubules) whose activity is completely
dependent on intracellular levels of UA. ABCG2 is also expressed in liver and intestinal cells.
Experimental studies on mice have confirmed that dysfunction or loss of activity of ABCG2
increases the urinary excretion of UA due to the action of URAT1 on intestine. This concludes
that decreased urate excretion could be via extra-renal pathway. Thus, ABCG2 regulates UA
levels via the extra-renal UA excretion, which is the major cause of extra-renal underexcretion,
and gout [47]. Later it was confirmed that ABCG2 dysfunction in renal tubules may lead to early
onset gout which has a familial background. An enzymatic defect in purine metabolism like
hypoxanthine-guanine phosphoribosyltransferase (HGPRTase) leading to Lesch-Nyhan
syndrome, super activity of phosphoribosyl pyrophosphate synthetase enzyme (PRPP
synthetase), familial juvenile hypouricemic nephropathy may also contribute to a defective
function of ABCG2 gene or protein [48-50]. The role of this gene in T2DM may be associated
with its regulation by PIP (PI3K)/AKT pathway (phospho inositol phosphate/protein kinase
pathway) as shown in Figure 8.
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ABCG2

v

¢ (Codes for ABCG2 protein expressed on liver, kidney, and
intestine

¢ Helps in the transport of chemotherapeutic drugs

e Secretes vitamins like Riboflavin, Biotin into milk, and
secretory type of UT especially along intestinal lining

v

LOSS OF ACTIVITY/MUTATION/POLYMORPHISM OF
ABCG2 GENE

v

Early onset Gout/Extra renal under excretion Gout

Familial incidence together with enzyme defect in purine metabolism

FIGURE 8: Flow chart showing ABCG2 functions and the
consequences of its mutation.

ABCG2: Adenosine triphosphate binding cassette sub-family G member 2 protein; UT: Urate
transporter.

Conclusions

Uric acid is a product of purine metabolism and its reabsorption majorly happens in the renal
tubules. There are about eight genes coding for urate transporters involved in its reabsorption
process present in various parts of renal tubules. These transporters are arranged in a pocket-
like or a scaffolding-type structure around the renal tubules, and the genes coding for them acts
in combination to transport the urate and other molecules. Mutation or polymorphism or loss
of genes coding for transport causes hyperuricemia, which increases the glycation of proteins,
and later could be responsible for the development of metabolic disorders like T2DM. Hence,
identification of mutations in the genes encoding urate transporters will play a crucial role in
the control and prevention of metabolic disorders.
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