Cellular and Molecular Life Sciences (2018) 75:1973-1988
https://doi.org/10.1007/500018-018-2781-4 Cellular and Molecular Life Sciences

@ CrossMark

REVIEW

Revisiting the metabolic syndrome: the emerging role
of aquaglyceroporins

Inés Vieira da Silva'? - Joana S. Rodrigues'3 - Irene Rebelo® - Joana P. G. Miranda'-? - Graca Soveral'?

Received: 2 November 2017 / Revised: 5 February 2018 / Accepted: 15 February 2018 / Published online: 20 February 2018
© Springer International Publishing AG, part of Springer Nature 2018

Abstract

The metabolic syndrome (MetS) includes a group of medical conditions such as insulin resistance (IR), dyslipidemia and
hypertension, all associated with an increased risk for cardiovascular disease. Increased visceral and ectopic fat deposi-
tion are also key features in the development of IR and MetS, with pathophysiological sequels on adipose tissue, liver and
muscle. The recent recognition of aquaporins (AQPs) involvement in adipose tissue homeostasis has opened new perspec-
tives for research in this field. The members of the aquaglyceroporin subfamily are specific glycerol channels implicated
in energy metabolism by facilitating glycerol outflow from adipose tissue and its systemic distribution and uptake by liver
and muscle, unveiling these membrane channels as key players in lipid balance and energy homeostasis. Being involved
in a variety of pathophysiological mechanisms including IR and obesity, AQPs are considered promising drug targets
that may prompt novel therapeutic approaches for metabolic disorders such as MetS. This review addresses the interplay
between adipose tissue, liver and muscle, which is the basis of the metabolic syndrome, and highlights the involvement of
aquaglyceroporins in obesity and related pathologies and how their regulation in different organs contributes to the features
of the metabolic syndrome.
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Abbreviations IR Insulin resistance
AQPs Aquaporins MetS Metabolic syndrome
ATP/ADP Adenosine triphosphate/adenosine PLIN1 Perilipin 1
diphosphate PKA Protein kinase A
BAT Brown adipose tissue RAAS Renin—angiotensin—aldosterone system
cAMP Cyclic adenosine monophosphate TAG Triacylglycerols
FFA Free fatty acids T2D Type 2 diabetes
GK Glycerol kinase VLDL Very-low-density lipoproteins
VRAC Volume-regulated anion channels
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drome) where liver, skeletal muscle and adipose tissue cells
become progressively less sensitive to insulin, and conse-
quently, pancreatic beta cells must secrete more insulin to
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maintain normoglycemia, which ultimately leads to their
progressive dysfunction and eventual loss of function [3, 4].

In normal physiological conditions, glucose homeostasis
is tightly controlled and the fasting plasma glucose con-
centration is maintained within a very narrow range. In the
postabsorptive state, the increase in plasma glucose stimu-
lates insulin secretion by pancreatic beta cells. Hyperglyce-
mic challenges are tightly regulated by a normal amount of
secreted insulin where hyperglycemia plus hyperinsulinemia
combine to suppress hepatic glucose production and stimu-
late glucose uptake by splanchnic and peripheral (primar-
ily muscle) tissues to restore normoglycemia [5]. However,
under some pathological conditions glucose homeostasis
may be disturbed. IR, implying depressed cellular sensi-
tivity to insulin, is a presumed state of insufficient insulin
production and insulin secretory dysfunction despite high
metabolic demand. A central feature of IR is the inability to
suppress free fatty acids (FFA) production and release from
adipocytes by the normal levels of insulin. Indeed, adipo-
cyte resistance to the antilipolytic effect of insulin and the
consequent elevated plasma free fatty acid levels (Fig. 1,
(1)) may play an important role in the development of IR in
muscle and other target tissues. Consequently, the ability of
insulin to augment glucose uptake in adipose tissue, liver
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Fig.1 MetS results from the interplay between adipose tissue, skel-
etal muscle, liver and pancreas. Obesity development and adipose tis-
sue dysfunction lead to high levels of circulating FFA (1). Decreased
insulin sensitivity in liver and muscle results in impaired glucose
uptake (2) and hyperglycemia (3). Over-stimulation of insulin release
by endocrine pancreas (4) ends in hyperinsulinemia (5) and conse-
quently IR. In the liver, glucose production, lipid storage in the form
of triacylglycerol and VLDL secretion are increased (6) contributing
to dyslipidemia (7). Lack of insulin action combined with high levels
of FFA activates the RAAS, leading to vasoconstriction and causing
hypertension (8). FFA free fatty acids, IR insulin resistance, RAAS
renin angiotensin aldosterone system, TAG triacylglycerols, VLDL
very-low-density lipoproteins
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and muscle (Fig. 1, (2)) is impaired. The resultant hyper-
glycemia (Fig. 1, (3)) presents a stimulus to pancreatic beta
cells (Fig. 1, (4)), which being demanded to secrete large
amounts of insulin as a compensatory mechanism eventually
become exhausted, resulting in deregulation in the pathways
of insulin action and hyperinsulinemia (Fig. 1, (5)). In the
liver, glucose production and lipid storage in the form of tri-
acylglycerol (TAG) are increased (Fig. 1, (6)). The enlarged
TAG accumulation results in increased secretion of very-
low-density lipoproteins (VLDLSs) into the systemic circula-
tion and consequent dyslipidemia (Fig. 1, (7)), an important
criterion for the diagnosis of the MetS [2, 6, 7].

Hypertension is another symptom in MetS but its relation
to the syndrome is complex, although it is almost consen-
sual that increased blood pressure is one of the conditions
in diagnostic criteria [8]. The kidney plays a crucial role in
controlling blood pressure, particularly through the regula-
tion of sodium excretion [9] and through various vasoactive
systems such as the renin—angiotensin—aldosterone system
(RAAS). Adipocytes also produce angiotensin-converting
enzyme and cathepsins, affecting angiotensin conversion
and catabolism, respectively. By increasing angiotensino-
gen production in adipose tissue, an enlarged fat mass may
contribute to an increase in blood pressure [10]. In addi-
tion, insulin is a strong enhancer of sodium reabsorption
in the kidney, and simultaneously, causes a release of nitric
oxide and subsequent vasodilation. Instead, IR and con-
comitant hyperinsulinemia activate the RAAS and reduce
nitric oxide-mediated vasodilation resulting in vasoconstric-
tion and hypertension [11, 12] (Fig. 1, (8)). Moreover, the
increase of FFA in circulation can induce angiotensinogen
production and may promote oxidative stress in endothelial
cells, contributing to the pathogenesis of hypertension [10].

In sum, the MetS results from interplay between insulin-
targeted tissues such as adipose tissue, liver and skeletal
muscle (Fig. 1). The involvement of these tissues in energy
metabolism and metabolic dysfunction is illustrated in Fig. 2
and will be individually addressed in the next sections.

Adipose tissue stores energy and regulates
metabolism through the release of adipokines

Adipose tissue is a particularly flexible tissue capable of
reduction, expansion or alteration under appropriate stimu-
lations. According to its cellular and endocrine functions,
the adipose tissue is divided into two major types, the white
adipose tissue (WAT) and the brown adipose tissue (BAT).
While white fat stores energy, brown fat expends it [13]. The
current classification of adipose tissue includes a third cat-
egory, the beige adipose tissue. It shows thermogenic prop-
erties similar to BAT and has been detected in humans when
stimulated by cold stress or f3-adrenoceptor agonists that
mimic cold stress [14]. The three types of adipose tissues
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Fig.2 The most significant events associated with MetS. Summary of the most significant events in healthy (blue) and in disease (red) condi-
tions affecting the main tissues implicated in MetS (adipose tissue, liver, muscle, endocrine pancreas and vessels)

have different morphology, distribution, gene expression,
and metabolic functions [15]. Being the main function of
WAT the storage of energy in the form of TAG, its dysfunc-
tion is deeply implicated in obesity and related metabolic
disorders.

WAT is composed by adipocytes, vascular tissue and
immune cells, all enclosed in an extracellular matrix formed
by proteins such as collagen. Fully matured adipocytes
develop from preadipocytes after undergoing differentia-
tion [16]. In situations of reduced energy expenditure or
increased food intake, which are characterized as positive
energy balance, mature adipocytes experience hyperplasia
(increase in number) and hypertrophy (increase in size)

to store excess lipid in the form of TAG with consequent
change in their morphology [17-19]. Adipocyte enlargement
occurs in parallel with extracellular matrix adjustment, by
the action of proteases that hydrolyze collagen to allow cell
hypertrophy, and with the formation of new vessels (angio-
genesis) [20]. Adipocytes have origin in adipose stem cells
located in the vicinity of the adipose microvasculature [21]
that early in postnatal life or even prenatally, differentiate
into preadipocytes and adipocytes by adipose vasculature
stimuli [21]. Adipose tissue is an important endocrine
and paracrine organ that communicates with many other
organs in the body by secreting signaling proteins collec-
tively known as adipokines [22]. In addition, adipose tissue

@ Springer



1976

1.V. daSilva et al.

constitutes an important source of circulating exosomal
micro RNAs (miRNAs), which can regulate gene expression
in distant tissues, and thereby serve as a form of adipokine
[23]. Overall, adipose tissue contributes to the maintenance
of energy, lipid and glucose homeostasis, mediating multiple
biological processes such as inflammation, immunity and
metabolism [24-26].

Population studies have shown an association between
abdominal obesity and IR. However, the specific molecular
mechanisms that lead obesity to related metabolic patholo-
gies remain unclear. Several hypotheses have been proposed
to explain the development of adipose tissue dysfunction
and obesity. The adipose tissue expandability hypothesis
has been corroborated by both clinical and experimental
data and is based on the limitation of the adipose tissue to
expand above a given threshold for a specific individual [27].
When an individual increases in fat mass, the adipose tis-
sue expands until a certain point where it reaches its limit
of storage and is no longer able to accumulate more fat. At
this point, ectopic accumulation of bloodstream lipids in
non-adipose tissues, such as liver, skeletal muscle and pan-
creas occurs. Contrary to adipocytes, these tissues are poorly
adjustable to store lipids, triggering a lipid-induced toxicity
that culminates in failure of cellular function and results
in inflammation and IR [28, 29]. The maximal capacity of
the adipose tissue is dependent on the type of lipid depots
[25], subcutaneous or visceral, the first being more adipo-
genic and with greater expansion capacity (hyperplasia)
and the latter metabolically more active, expanding mainly
by hypertrophy with huge infiltration of macrophages and
regulated by a large number of glucocorticoid receptors and
a lower number of insulin receptors. It is well accepted that
in humans, peripheral subcutaneous adiposity is not harmful
and may even be protective, acting as lipid-buffering tis-
sue that helps in the maintenance of the daily lipid fluxes
homeostasis, whereas increased visceral fat is associated
with metabolic complications due to its proximity to the
liver through the portal vein together with its diminished
expansion capability [24, 27]. Therefore, the risk of MetS
progression is closely associated with visceral obesity [30].
Moreover, the evidence that the individual adipose expand-
ability threshold is determined by genetic and environmental
factors, may explain why both apparently lean and obese
people are prone to develop IR [31].

Another recognized mechanism linking obesity to IR is
the adipose tissue inflammation mediated by overproduc-
tion of proinflammatory and anti-adipogenic cytokines [32].
Hypertrophic adipocytes secrete high levels of proinflamma-
tory adipokines, such as leptin, and FFA that induce mac-
rophage infiltration into the adipose tissue and their activa-
tion. In turn, activated macrophages secrete anti-adipogenic
cytokines [tumor necrosis factor-a (TNF-a), interleukin-6
(IL-6) and interleukin-1p (IL-1p)] that inhibit insulin action
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[33]. Insulin-resistant adipocytes continue releasing FFA,
activating macrophages to destroy compromised adipocytes
that in turn secrete even more anti-adipogenic cytokines,
consequently increasing IR in mature adipocytes and block-
ing preadipocytes maturation [27].

Liver regulates systemic energy homeostasis

The liver plays a central and critical biochemical role in
metabolism. In addition to the main function of glucose
uptake, production and storage as glycogen, liver is also
involved in processes such as biotransformation and excre-
tion, through bile secretion, granting a protective role from
exogenous and potentially toxic substances [34]. Overall,
liver acts as a buffer, regulating blood glucose levels to pro-
vide this substrate to other tissues such as brain and skeletal
muscle.

In response to feeding, nutrients absorbed into the blood-
stream reach the liver through the portal vein. Glucose is
then converted into pyruvate, through glycolysis, in the
cytoplasm of hepatocytes, being oxidized through the tri-
carboxylic acid cycle (TCA) and oxidative phosphorylation
in the mitochondria to produce ATP. If energy is not needed,
glucose is stored as glycogen, through glycogenesis, or con-
verted into FFA and amino acids. By esterification of FFA
with glycerol, TAG are generated and stored in lipid droplets
or secreted into circulation as VLDL, while amino acids are
used to synthesize proteins, glucose or other biomolecules
[35]. These pathways are controlled by insulin, which stimu-
lates the uptake of glucose by peripheral tissues causing a
rapid removal of glucose from the blood. Insulin induces
energy storage and anabolic reactions, such as fatty acid
synthesis in liver and adipose tissue [36]. Moreover, insulin
stimulates glycolysis, and in the liver, it blocks glycogen-
olysis and gluconeogenesis and stimulates lipogenesis [35].

During fasting, fuel substrates are released from the
liver into the circulation to be metabolized in peripheral tis-
sues. Glucagon, produced by alpha cells of the pancreas,
induces an increase in hepatic intracellular cyclic adenosine
monophosphate (cAMP) that promotes glycogenolysis and
gluconeogenesis [37]. The net outcome of these pathways
leads to an increase in hepatic glucose production.

The state of hepatic IR refers to impaired insulin sup-
pression of gluconeogenesis. In fact, type 2 diabetics are
unable to decrease glucagon appropriately upon increase in
plasmatic glucose concentration [38]. Moreover, there are
reports that T2D is associated with defects in insulin signal-
ing pathway. Liver-specific insulin receptor knockout mice
exhibit dramatic insulin resistance and severe glucose intol-
erance [39] while muscle-specific insulin receptor knock-
out mice display elevated fat mass, serum TAG and FFA,
but blood glucose, serum insulin, and glucose tolerance are
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normal [40], suggesting a major role of liver in the develop-
ment of hyperglycemia, T2D and MetS.

Lipid metabolism in the liver is also affected in the setting
of IR. In IR condition, lipolysis in adipocytes is enhanced
and an excess of FFA released from adipose tissue is deliv-
ered to the liver and muscle. In the liver, FFA are primarily
used to form TAG that may accumulate causing steatosis,
also known as fatty liver [8]. Due to excess FFA in the blood
or inefficient FFA oxidation, TAG can also accumulate in the
muscle [8]. In addition, Insulin also stimulates lipogenesis
in the liver directly. There are two contrasting theories that
explain the role of IR in increasing VLDL production. It has
been suggested that VLDL overproduction is a response to
hyperinsulinaemia, inducing de novo hepatic synthesis of
fatty acids. In fact, it was shown in obese mice that chronic
hyperinsulinaemia downregulates insulin receptor sub-
strate-2 (IRS-2), a crucial receptor in insulin signaling path-
way. However, insulin continues to induce sterol regulatory
element-binding protein 1c (SREBP-1c), activating fatty
acid synthesis [41]. In this case, there is a combination of
IR, due to increased gluconeogenesis, and insulin sensitiv-
ity, represented by elevated lipogenesis, the natural insulin
response. Thus, an aggravated state of hyperinsulinaemia
and consequent IR are observed. On the other hand, other
study suggested that the major contributor is the increased
supply of FFA to the liver, released from adipose tissue,
correlating the augment in plasma FFA with the enhanced
production of VLDL [42].

Skeletal muscle consumes most of the systemic
glucose in an insulin-dependent manner

Skeletal muscle is a key insulin-targeted tissue, constitut-
ing up to 50% of total body mass. In resting conditions,
it requires small amount of glucose, while 80% of blood
glucose is metabolized by brain, gut and red blood cells in
an insulin-independent manner [43]. However, after insulin
stimulation, skeletal muscle accounts for 85% of glucose
utilization [44-46].

Energy for muscle contraction in the form of ATP is
mostly used by myosin heads and ion pumps, especially Ca**
pumps in the sarcoplasmic reticulum [47]. Insulin induces
the uptake of glucose and has an antilipolytic function. In
the feeding state, insulin suppresses lipolysis in the adipose
tissue, declining the concentration of FFA in plasma. Under
such circumstances, muscle uses mostly glucose, which
uptake is stimulated, entering the cell through the glucose
transporter GLUT4, whose translocation from intracellular
vesicles to the plasma membrane is induced by insulin [48].

On the other hand, under fasting conditions, muscle uses
mostly FFA for energy production, as these are in high con-
centrations in plasma due to adipose tissue lipolysis, increas-
ing muscle fatty acid oxidation [49]. High-fat diets play a

role in the development of IR in muscle. In fact, a study
performed in rats showed that an increased plasma con-
centration of fatty acids leads to an increased intracellular
concentration of fatty acyl-coA which in turn blocks insulin
activation of insulin receptor substrate-1 (IRS-1) [50]. As a
final result, this will cause a decrease in insulin sensitivity.
IR is characterized by a decreased but also delayed muscle
glucose uptake [51]. Moreover, it was reported that in IR
states such as obesity, the rate of FFA oxidation is reduced
during fasting despite similar plasmatic concentrations [52].
Impaired fat oxidation can be associated to mitochondrial
defects since it occurs in this organelle. In fact, patients with
controlled T2D show reduced muscular ATP synthesis [53]
and decreased activity of several mitochondrial enzymes
[54], reflecting problems in oxidative phosphorylation.
The increased FFA influx and decreased mitochondrial fat
oxidation occurring in IR alters the dynamic equilibrium
between fatty acid intake and oxidation and may be reflected
in elevated muscular lipid content.

Aquaporins: new players in the development
of MetS

Aquaporins (AQPs) are a family of membrane protein chan-
nels, present in all kinds of organisms [55] that facilitate
the transport of water and small molecules such as glycerol
and urea through the plasma membrane driven by osmotic
or solute gradients [56, 57]. The members of the aquaporin
family present high homology in protein sequence [58] and
so far, 13 isoforms (AQPO-12) were described in mammals
with tissue- and subcellular-specific localization [59] sug-
gesting a link between site of expression and function [60].
According to their primary sequence and channel selectivity,
AQPs are divided into three subfamilies: orthodox AQPs
(AQPO, 1,2, 4,5, 6, 8) are mainly selective for water, aqua-
glyceroporins (AQP3, 7, 9, 10) facilitate the permeation of
other small-uncharged solutes such as glycerol in addition
to water, and S-aquaporins (AQP11, 12) found mostly intra-
cellularly, with lower sequence homology and permeability
still unclear [61].

AQPs are architected in membranes as tetramers formed
by four identical monomers (Fig. 3a, b), each behaving as
a channel and sharing a conserved typical hourglass fold
(Fig. 3d). Each monomer is composed by around 320 amino
acid residues with approximately 28 kDa, characterized by a
topology of six highly hydrophobic transmembrane domains
(1-6) connected by five loops (A-E) with the N- and C-ter-
minal sequences facing the cytosol, and two half-helixes
containing highly conserved asparagine—proline—alanine
(NPA) motifs that are part of the protein family signature
[55] (Fig. 3c). To achieve the channel selectivity, the pore
region contains two selective filters with size constrictions
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Fig.3 General structure of
aquaporins. a Side and b intra-
cellular views of the homote-
trameric representation of the
glycerol channel GIpF based on
its X-ray structure (PDB code:
1FX8). Figures were generated
with UCSF Chimera software.
¢ Representation of AQP
membrane topography, showing
the monomer comprising six
membrane-spanning o-helices
(H1-6) connected by five loops
(A-E), the conserved aspara-
gine—proline—alanine (NPA)
motifs embed in the membrane.
In the functional monomer, the
hydrophilic loops B and E are C
bent back into the cavity formed
by the helices. The two loops
meet in the middle to form

the water-selective gate that
contains two consensus NPA
motifs (Asn—Pro—Ala). The
hydrogen bonding properties

of the polar side groups of the
two Asn residues are thought to
constitute the permeation bar-
rier. d Illustration of water and
glycerol molecules permeating
the aquaporin pore, with the two
selectivity filters ar/R and NPA
represented

extracellular

cytosol

N-terminal
C-terminal

and charge characteristics that enable water or glycerol to
permeate, while preventing the passage of charged mol-
ecules such as protons or any solute above the pore size
[62]. Starting from the periplasmic side of the channel,
the first selectivity filter is a constriction site formed by
aromatic/arginine residues (ar/R) near the extracellular
entrance [63] that determines the size of molecules allowed
to pass through (pore size of ~ 2.8 A in orthodox aquaporins
and ~3.4 A, in aquaglyceroporins). The second constriction
site is formed by the two highly preserved NPA motifs that
behave as dipoles, preventing ions to permeate the channel
[64, 65] (Fig. 3d).

AQPs have been associated with a variety of important
physiological roles including transepithelial fluid transport,
brain water homeostasis, osmoregulation, cell migration and
proliferation [57, 66] and have been suggested as potential
targets for drug development [67-70]. In particular, due to
their ability to transport glycerol through the plasma mem-
brane regulating cellular glycerol content, aquaglyceropor-
ins are involved in skin hydration [71] and fat metabolism
[72], and are emerging as important players in adipose tissue
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homeostasis and insulin response with possible implications
in metabolic disorders such as obesity and MetS [69, 70].

Aquaglyceroporins in glycerol metabolism
and energy homeostasis

Glycerol is the carbon backbone for the de novo synthesis of
TAG and phospholipids and it is also an important interme-
diate in both carbohydrate and lipid metabolism. Intracel-
lular glycerol accumulation activates glycerol kinase (GK)
promoting the synthesis of glycerol-3-phosphate (G3P), a
by-product from glycolysis and a key molecule in the regen-
eration of NAD™ from NADH [73, 74]. In the liver, G3P is
used in glycolysis and gluconeogenesis, and in muscle, it
is an energy substrate via the G3P shuttle, which has a key
role in oxidizing glucose rapidly and generating adenosine
triphosphate (ATP) in the mitochondria through the oxidation
of G3P [75]. Under negative energy balance conditions (fast-
ing or exercise), TAG stored in WAT are hydrolyzed releasing
FFA and glycerol into the bloodstream, that can be used by
other tissues as an energy source [76, 77]. Being a highly
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hydrophilic molecule, glycerol diffusion across tissues’ mem-
branes is facilitated through protein channels that allow its
rapid transfer and promote its availability for intracellular
metabolism. In this regard, the members of the aquaglyc-
eroporin subfamily have been recognized as the main mem-
brane channels involved in glycerol permeation. Regulation
of glycerol fluxes via aquaglyceroporins plays a key role in
the control of metabolic processes and energy homeostasis
[74, 78, 79]. A list of the aquaglyceroporins expressed in
organs and tissues involved in energy homeostasis and their
implication in glycerol fluxes is presented in Table 1.

AQP7 is the main glycerol gateway in adipocytes

Adipose tissue constitutes the most important source of glyc-
erol in the body. AQP7 is the most representative glycerol
channel and the first identified in human and rodents adipose
tissue [91-93], adipocytes [80, 81] and adipose endothelial
cells [82, 94-96]. Nevertheless, alternative glycerol path-
ways have also been detected in human adipocytes, such as
AQP3 [74, 81, 97], AQP9 [98], AQP10 [82] and AQP11
[84].

The fundamental role of AQP7 in facilitating glycerol
efflux from the adipocyte into the bloodstream was achieved
after its characterization as a glycerol channel [80]. Obese
insulin-resistant db+/db+ mice showed higher AQP7
expression [80], and similarly, an increase in AQP7 mRNA
was also observed in adipose tissue of a rodent model of
T2D with obesity [99]. This suggests that AQP7 dysregula-
tion may lead to an augmented input of glycerol for hepatic
gluconeogenesis, and consequently, to increased glucose in
the bloodstream, in T2D [91].

Furthermore, AQP7 knockout mice showed adipocyte
hypertrophy and early obesity onset due to the accumula-
tion of glycerol, which stimulates GK, leading to TAG accu-
mulation [72, 83]. Controversially, susceptibility for obesity
was not observed in other AQP7 knockout mice [96, 100].
Despite the different phenotypes described in distinct AQP7
knockout mice, all confirmed the involvement of AQP7 in

glycerol metabolism. Moreover, although no obvious corre-
lation was found between adipose AQP7 expression/glycerol
metabolism and related metabolic complications in humans
[101], genome-wide analysis found AQP7 gene linked to
T2D [102], MetS [103] and obesity, the latter just for female
participants [104]. Gender differences concerning the role of
AQP7 in adipose tissue metabolism have also been reported,
where higher fasting circulating levels of glycerol have been
found in women comparing to men. Obese women showed
higher AQP7 expression than men in both subcutaneous and
visceral adipose tissue, suggesting an association between
impaired AQP7 expression and obesity, at least in women
[95, 105].

AQP7 gene expression is upregulated in mice and human
in the fasting state or during exercise, whereas during the
feeding state it is downregulated and its abundance is
inversely related with plasma insulin levels [80]. Transcrip-
tion of AQP7 gene is inhibited by the increase of plasma
insulin levels through a negative insulin response element
(IRE) located in the promoter region of AQP7 gene [106,
107] and by blockage of the phosphatidylinositol-3 kinase
(PI3K) pathway [98, 107]. On the other hand, peroxisome
proliferator-activated receptor gamma (PPARY) was demon-
strated to upregulate AQP7 [79, 101, 107]. PPARYy is also
essential for adipocyte differentiation by regulating the tran-
scription of several adipose genes, including AQP7, and, in
differentiating adipocytes, an increase in AQP7 expression
along with adipocyte differentiation was observed, suggest-
ing a cell differentiation-dependent regulation [80, 108].
Indeed, thiazolidinediones (synthetic PPARY) and insulin
sensitizers were reported to upregulate AQP7 [99, 106,
107], whereas insulin resistance inducers such as leptin [98,
105], TNF-a, adrenergic agonists and steroids, downregulate
AQP7 expression [109]. Lipogenic hormones, such as ghre-
lin, also control AQP7 regulation, decreasing its expression
while promoting TAG accumulation [110].

During fasting, low plasma insulin levels and catechola-
mine induce AQP7 gene transcription and AQP7 transloca-
tion to the plasma membrane, promoting glycerol release

Table 1 Expression of aquaglyceroporins involved in energy homeostasis by organ/tissue

Organ/tissue Aquaglyceroporin Role References
Adipose tissue AQP3 Glycerol metabolism [74]
AQP7 Main glycerol transporter; control glycerol uptake and release [72, 80-83]
AQP9 Glycerol influx [74]
AQP10 Maintain normal glycerol levels in blood [82]
AQP11 Mediate intracellular glycerol movements [84]
Muscle AQP3 Glycerol transport for energy production in skeletal muscle [75, 85, 86]
AQP7 Glycerol transport for energy production mainly in cardiac muscle [75, 85-87]
Liver AQP9 Glycerol uptake for glucose production [88]
Endocrine pancreas AQP7 Involvement in insulin exocytosis [89, 90]
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from adipocytes [80]. A recent study in human primary adi-
pocytes proposes a molecular mechanism explaining how
glycerol release is controlled in adipocytes by interaction of
AQP7 with perilipin 1 (PLIN1) and protein kinase A (PKA).
In lipogenic conditions, AQP7 and PLIN1 physically interact
in the adipocyte, whereas in the lipolytic state, catechola-
mine-activated PKA phosphorylation of the N terminus of
AQP7 reduces the complexation favoring AQP7 transloca-
tion to the plasma membrane [111].

Studies with obese individuals showed a differential
regulation of AQP7 depending on the type of adipose
depot, subcutaneous or visceral; low AQP7 expression was
detected in subcutaneous fat leading to fat accumulation and
adipocyte hypertrophy. In contrast, increased AQP7 levels
were observed in visceral fat, which can be correlated with
increased lipolysis [74, 79]. Knowing that subcutaneous adi-
pose tissue is more insulin sensitive than visceral adipose
tissue, AQP7 downregulation might represent a mechanism
of protection attempting to prevent lipid depletion and con-
sequent lipotoxicity to peripheral organs [79].

AQP9 facilitates glycerol uptake in the liver
for gluconeogenesis and TAG synthesis

Glycerol has a central role in the equilibrium of hepatic
gluconeogenesis and lipid accumulation in adipose tissue.
In the liver, AQP9 is the channel responsible for glycerol
influx both in the fed or fasting states [74, 88, 112] where it
is converted to G3P used for gluconeogenesis and synthesis
of TAG [98].

In addition to AQP9 expressed in the basolateral sinusoi-
dal membrane and AQP11 in the endoplasmic reticulum,
aquaglyceroporins AQP3 and AQP7 were also found, but
their exact location and physiological roles are still unclear
[74,98, 113, 114].

The role of AQP9 as the major glycerol channel in the
liver and its implication in glycerol metabolism was elu-
cidated through experiments with AQP9-knockout mice
[88] that showed increased plasma glycerol and TAG
due to impaired glycerol metabolism. In healthy condi-
tions, during the feeding state, insulin leads to a reduc-
tion in lipolysis and AQP7 downregulation that results in
impaired glycerol release from adipose tissue, and parallel
liver AQP9 downregulation and impaired glycerol uptake,
a coordinated regulation mechanism able to prevent liver
gluconeogenesis [115, 116]. Liver AQP9 appears to be
downregulated only in male rodents, whereas in female,
downregulation is prevented by estrogen [117]. Gender-
specific differences in glycerol metabolism were also
reported in healthy humans probably due to hormonal
regulation of adipose and liver aquaglyceroporins, which
may impact on the relative risk of metabolic diseases in
men and women [105].

@ Springer

The role of AQP9 in fat accumulation liver disorders was
investigated [116, 118—120]. Using a non-alcoholic fatty
liver disease (NAFLD) cell model, expression of AQP9 led
to steatosis due to increase of intracellular TAG, FFA and
glycerol contents and importantly, steatosis was reversed
by AQP9 suppression [120]. Although correlation between
hepatic AQP9 expression and steatosis in obese patients
could not be found [121], downregulation of hepatic AQP9
along with NAFLD or non-alcoholic steatohepatitis was
reported in obese patients with IR or diabetes, suggesting a
compensatory mechanism to avoid TAG, FFAs and glycerol
accumulation and gluconeogenesis [119]. Further investiga-
tion is needed to clarify the role of AQP9 in liver metabolic
homeostasis and fat liver disease.

AQP3 and AQP7 transport glycerol for energy
production in muscle

In mammalian cardiac and skeletal muscle, aquaglycerop-
orins facilitate glycerol uptake for energy production [75,
87]. As an energetic substrate, glycerol is dispensable under
physiological conditions but becomes important in the
stressed heart [75]. Expression of AQP1, 3, 4 and 7 was
found in cardiac muscle [75, 85, 86], where AQP1 and 4 are
involved in water permeation and AQP3 and 7 have a role
in glycerol transport particularly for energy production [85].
While AQP3 mRNA was identified in human and rat heart
tissues, AQP3 protein was weakly expressed or absent in
human cardiomyocytes [75, 86, 122].

So far, AQP7 is the only aquaglyceroporin known to be
involved in glycerol permeation in mammalian heart mus-
cle, confined to myocytes and fibroblasts [75, 86, 96, 123].
AQP7-knockout mice showed lower glycerol and ATP con-
tents in cardiomyocytes and cardiac muscle along with lower
glycerol uptake, and in pressure overload condition, devel-
oped excessive cardiac hypertrophy with higher mortality
[75]. These results supported AQP7 involvement in cardiac
muscle glycerol uptake as well as glycerol relevance as a
source for cardiac energy [75, 87].

The preferred metabolic substrate for heart muscle energy
in diabetes mellitus is glucose instead of FFA and glycerol,
due to activation of the genes responsible for glucose oxida-
tion and downregulation of genes related with FFA oxida-
tion [124, 125]. The increased levels of blood glycerol and
its continuous removal, mainly via AQP7, as well as the
fact that it is not being used for oxidative phosphorylation,
may explain the high TAG accumulation and storage inside
myocytes.

A few AQPs were identified in mammalian skeletal mus-
cle. AQP3 was first described in rat skeletal muscle [126]
and its expression was confirmed in human [122, 127].
Along with AQP4, AQP3 was suggested to participate in the
maintenance of water homeostasis in myofibers of skeletal
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tissue [128]. AQP9 was found weakly expressed in mice
skeletal muscle but its role has not been defined [129]. AQP7
was found expressed in human and mice skeletal muscle
[127, 130]; however, a later study described its location in
capillaries instead of in sarcolemma of skeletal muscle fibers
[96]. Although the functional role of AQP7 in human skel-
etal muscle is still not clear, the fact that insulin decreases its
expression in mice adipose tissue in parallel with TAG con-
tent in muscle [131] supports AQP7 glycerol channeling as a
mechanism involved in skeletal muscle metabolic processes.

AQP7 is implicated in the signaling cascade
for insulin exocytosis

Pancreatic p-cells are responsible for synthesizing, storing
and secreting insulin in response to an increase in blood
nutrients such as glucose, amino acids and FFAs. It was
demonstrated that a raise in blood glucose induces pancre-
atic p-cell swelling, activates volume-regulated anion chan-
nels (VRAC) [132]. The subsequent chloride efflux and cell
membrane depolarization opens voltage-sensitive calcium
channels allowing calcium influx and triggering a signali-
zation cascade that results in insulin secretion [89, 90, 133,
134].

Due to the basal low intracellular GK concentration,
glycerol is not likely to directly induce insulin secretion.
However, similar to the effect of glucose, pancreatic islets
confronted to an isosmotic or hyperosmotic solution of glyc-
erol undergo cell swelling, activation of VRAC and depo-
larization with subsequent insulin release [89].

The putative role of glycerol and aquaporin expression
in regulation of insulin secretion was intensively studied.
AQP7 is the main glycerol channel in the endocrine pan-
creas and mediates the rapid entry of extracellular glycerol
into B-cells [100, 135]. Insulin secretion was impaired in
pancreatic islets from AQP7 knockout mice by the addition
of glycerol or increasing p-glucose concentrations. Expo-
sure of p-cells to hypotonic or hypertonic medium caused a
similar degree of swelling and comparable pattern of elec-
trical activity in cells from wild type and AQP7 knockout
mice. However, when glycerol was added to the extracellular
medium these events were only reduced in AQP7 knockout
cells [90]. On the other hand, AQP7 knockout mice exhibit
increased intra-islet glycerol and TG content with a concom-
itant increase of GK activity, increased pancreatic insulin
mRNA levels and hyperinsulinemia [100], suggesting that
AQP7 reduction favors intracellular glycerol accumulation
for TAG biosynthesis, insulin biosynthesis and secretion and
may play an important role in the exocytosis pathway of
insulin [134].

Recently, AQP12 was also found expressed in p-cells of
the Langerhans islets, both in samples of rat pancreas and in
RIN-mS5F f-cells, a widely used cell line based on its high

insulin secretion rate [136]. However, AQP12 expression
was not correlated with TAG accumulation or with insulin
release [136].

Endothelial aquaporins: the gateway
between bloodstream and adjacent tissues

The endothelium, a confluent layer of endothelial cells, is the
biological gateway between the blood and organs, and is the
source of many factors that are critical to health and disease.
In particular, glycerol obtained from dietary fat or from adi-
pocyte TAG hydrolysis must cross endothelial membranes
to reach the tissues where it will be processed. It has been
proposed that aquaglyceroporins expressed in endothelia
might be involved in glycerol transmembrane flow. AQP7
was found in mice capillary endothelia of adipose tissue (and
cardiac and striated muscle) and was upregulated in strep-
tozotocin-induced diabetes mellitus [96], suggesting that
insulin effect on adipose tissue also involves the control of
glycerol efflux out of endothelial microvessels. Accordingly,
human AQP7 was found localized at the plasma membrane
of capillary endothelial cells and adjacent adipocytes [97],
and may represent the main route for endothelial transmem-
brane glycerol fluxes. However, our recent study in human
endothelial primary cells (HUVEC) revealed AQP3 as the
predominant aquaglyceroporin accounting for glycerol
fluxes in these cells, suggesting that AQP3 is also an impor-
tant glycerol gateway between bloodstream and adjacent
tissues [137].

Impaired glycerol fluxes in the onset of MetS

The involvement of aquaglyceroporins in adipose tissue dys-
function and consequent lipotoxicity-induced complications
has been in debate in the last years. Putative mechanisms
for the role of aquaglyceroporins in the onset of the meta-
bolic syndrome include their altered expression and coor-
dinated regulation in the tissues involved, such as adipose
tissue, liver and muscle. A possible mechanism in which
impaired glycerol fluxes and metabolism are key factors
to the development of MetS is illustrated in Fig. 4. In the
adipose tissue, during fasting, glucagon promotes lipolysis
with glycerol release into the bloodstream via AQP7, 3 and
10, and in response to feeding insulin promotes lipogenesis
with storage of glycerol as TAG. The balance of lipolysis
and lipogenesis is crucial to maintain a healthy adipose res-
ervoir. However, in case of high food intake and sedentary
lifestyle when body energetic demands are largely overcome,
adipose tissue TAG storage reaches its limit of expandabil-
ity and lipotoxicity occurs. Overproduction of proinflam-
matory adipokines such as TNFa, IL-6, IL-1f and leptin,
and reduced production of anti-inflammatory and insulin
sensitizing adipokines lead to adipose tissue dysfunction
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«Fig.4 Involvement of aquaglyceroporins in adipose tissue dysfunc-
tion and lipotoxicity in liver and muscle. a In healthy conditions,
during fasting when blood nutrient levels are low, TAG hydrolysis in
the adipocytes yields FFA and glycerol that is released to the blood
stream mainly via AQP7. In the feeding state, when plasma glyc-
erol reaches high concentrations, glycerol is taken up by adipocytes
possibly via AQP9, and is converted to TAG that is stored in lipid
droplets. When adipose tissue expandability reaches its limits, mac-
rophage infiltration and activation by secretion of proinflammatory
molecules (TNFa, IL-1p, IL-6, FFA, leptin) prompt inflammation,
loss of insulin sensitivity and adipose tissue dysfunction. In disease,
AQP7 downregulation in the subcutaneous adipose tissue results in
increase in intracellular glycerol supply for TAG synthesis, which
accumulates in lipid droplets with consequent adipocyte hypertro-
phy. When adipocytes reach their limit of fat accumulation, upregula-
tion of AQP3 and AQP7 in the visceral adipose tissue facilitates the
efflux of glycerol into the bloodstream that together with high levels
of FFA trigger lipotoxicity in peripheral organs. b In healthy condi-
tions, blood glycerol is taken up by AQP9 in the liver (and possibly
by AQP3 and 7) expressed in the basolateral sinusoidal membrane of
hepatocytes, and is converted in G3P to be used in gluconeogenesis.
In cardiac and skeletal muscle, glycerol is taken up by AQP7 and it
is used to generate reductive powder in oxidative phosphorylation for
ATP production. ¢ In disease, higher blood glycerol levels stimulate
a rise in intracellular G3P in the liver and muscle that can be used
for de novo lipogenesis with resultant intracellular TAG accumulation
and lipotoxicity. FFA free fatty acids, G3P glycerol-3-phosphate, GK
glycerol kinase, TAG triacylglycerols

[26, 138], affecting aquaglyceroporin regulation differently
in subcutaneous and visceral fat. In subcutaneous adipose
tissue, AQP7 downregulation and impairment of glycerol
release leads to fat accumulation. In visceral adipose tis-
sue, AQP7 and AQP3 are upregulated allowing increased
effluxes of glycerol and FFA, hormones and proinflamma-
tory cytokines to the portal vein to be delivered to the liver,
where they interact with hepatocytes and various immune
cells such as Kupffer cells [139]. In the liver, excessive glyc-
erol levels imported via AQP9 will be used for de novo lipo-
genesis in addition to gluconeogenesis. High glycerol in the
blood has also a lipotoxic effect in muscle. In the myocyte,
glycerol imported via AQP7 is an energy source through
oxidative phosphorylation but in case glycerol is increased
in the blood, it is also used for TAG synthesis. Accumulation
of TAG in liver and muscle, which are not appropriate fat
storage depots, leads to cell dysfunction and failure of their
tissue-specific functions.

Final remarks

MetS is a complex disorder associated with obesity, IR and
hypertension with strong risk factor for cardiovascular dis-
ease. The pathophysiological mechanisms of the disease
involve glucose and lipid metabolism, insulin action, and
several proinflammatory and anti-adipogenic cytokines.
Although highly prevalent, MetS remains under-diagnosed

and undertreated. Besides dramatic changes in lifestyle and
eating habits, therapeutic approaches to MetS treatment
are targeted to individual components of the syndrome
rather than to the complex disease pathogenesis [140]. New
advanced therapeutic strategies and drug targets should be
paramount.

Interestingly, glycerol is a key molecule for metabolic
reactions in cells that are involved in energy balance and
fat metabolism. By facilitating glycerol permeation through
cell membranes and establishing a glycerol network between
different tissues and organs, aquaglyceroporins are emerg-
ing as key players in lipid balance and energy homeostasis.
In fact, these membrane channels represent routes for glyc-
erol absorption and reabsorption in the intestine and kidney,
for glycerol efflux in adipose tissue during fasting, and for
glycerol uptake in the liver for gluconeogenesis. Circulating
plasma glycerol is also channeled by aquaglyceroporins to be
used as fuel by the heart and skeletal muscle. Aquaglycerop-
orins in the capillaries may function as channels modulating
glycerol delivery to the whole organism.

Broad range of evidence indicates that AQPs can be
important therapeutic targets and that their modulation can
be used for treatment of several pathologies [69, 70]. Due to
their crucial role in maintaining the control of fat accumula-
tion in adipose tissue and liver, as well as whole-body glu-
cose homeostasis, aquaglyceroporins may indeed represent
potential therapeutic targets in the management of obesity,
T2D and associated metabolic disorders such as MetS.
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