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A B S T R A C T   

Aquaporins (AQPs) are part of the family of the integral membrane proteins. Their function is dedicated to the 
transport of water, glycerol, ammonia, urea, H2O2, and other small molecules across the biological membranes. 
Although for many years they were scarcely considered, AQPs have a relevant role in the development of many 
diseases. Recent discoveries suggest, that AQPs may play an important role in the process of fat accumulation and 
regulation of oxidative stress, two crucial aspects of insulin resistance and type-2 diabetes (T2D). 

Insulin resistance (IR) and T2D are multi-faceted systemic diseases with multiple connections to obesity and 
other comorbidities such as hypertension, dyslipidemia and metabolic syndrome. Both IR and T2D transcends 
different tissues and organs, creating the maze of mutual relationships between adipose fat depots, skeletal 
muscle, liver and other insulin-sensitive organs. AQPs with their heterogenous properties, distinctive tissue 
distribution and documented involvement in both the lipid metabolism and regulation of the oxidative stress 
appear to be feasible candidates in the search for the explanation to this third-millennium plague. A lot of 
research has been assigned to adipose tissue AQP7 and liver tissue AQP9, clarifying their relationship and co-
ordinated work in the induction of hepatic insulin resistance. Novel research points also to other aquaporins, 
such as AQP11 which may be associated with the induction of insulin resistance and T2D through its involvement 
in hydrogen peroxide transport. 

In this review we collected recent discoveries in the field of AQP’s involvement in the insulin resistance and 
T2D. Novel paths which connect AQPs with metabolic disorders can give new fuel to the research on obesity, 
insulin resistance and T2D - one of the most worrying problems of the modern society.   

1. Aquaporins introduction and overview 

One of the most important aspects of the living cells is the ability to 
establish controlled interface with the external environment. The 
formulation of the biological membrane, which shields intracellular 
processes from the extracellular environment, is postulated as one of the 
milestones achieved by the early life. In multicellular organisms every 
single cell establishes connections with the environment through inte-
gral membrane proteins such as membrane channels, receptors, ion 
pumps and contact sites. Cells need to obtain the nutrients from the 
extracellular space to produce energy needed to sustain various 
biosynthetic mechanisms. In the same way, waste by-products of cellular 
metabolism need to be transported to the outside. Since just a few small, 
non-polar molecules can cross the lipid double layer on their own, cells 
need specialized proteins to efficiently transfer molecules through the 
biological membranes. 

1.1. AQP’s - integral membrane proteins involved in solute transport 

Integral membrane proteins are usually transmembrane proteins, 
whose role is to facilitate the movement of ions or polar/charged com-
pounds across the plasma membrane in a regulated way. In many cases 
they are passive transporters, facilitating the transport which follows the 
transmembrane concentration gradient. Yet often the transport needs to 
be carried out against the concentration or electrical gradient. In this 
case, the transport is an active process which requires energy from ATP 
to pump molecules or ions in and out of the cells [1]. The transporters 
use ATP directly or use energy generated by the electrochemical force of 
another solute which moves across the membrane following its own 
gradient [2]. 

There are 2 major categories of transporters: carriers and channels. 
Carriers can be active or passive, and they behave as described above. 
Channels allow the compounds to cross the membrane at a much higher 
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speed, getting close to the rate of free diffusion Aquaporins are part of 
the family of the transmembrane channels: they are integral membrane 
proteins, dedicated to the water transport, but some of them are selec-
tive also for other solutes, such as glycerol, ammonia, urea and hydrogen 
peroxide [3]. 

Aquaporin channel stereospecificity is lower compared to the 
membrane carrier proteins, yet in contrast to the latter ones their 
transport capacity is hard to saturate [2]. Solute channels are usually 

oligomers, forming multiunit complexes, with multiple similar subunits 
among α-helix segments or β-barrel structures. By various triggering 
mechanisms, they can cycle between open and closed state, thus regu-
lating the influx of water ions or other solutes [4]. 

1.2. Type of aquaporins and their functions 

Water homeostasis is an essential process in living cells. Water 

Fig. 1. General structure of AQPs on the 
basis of AQP10. Panel (a) shows the 
sequence of AQP10 monomer, highlighting 
the 6 transmembrane regions, loop regions 
and the N- and C- terms. Panel (b) shows a 
2D representation of AQP10 monomer 
sequence performed with Protter [16]. The 
transmembrane regions are numbered from 
1 to 6. The 2 NPAs, despite their position in 
the loops, are situated in the plasma mem-
brane. NPAs are essential components of the 
AQPs funnel, together with the ar/R 
constriction site. N-term and C-term are 
usually orientated intracellularly, on the 
same side of the membrane. In panels (a) 
and (b) NPAs residues are highlighted in 
green, ar/R residues are highlighted in light 
blue. The prediction of the transmembrane 
regions is based on sequence analysis per-
formed with MPEx tool [17]. Panel (c) is a 
3D representation of AQP10 tetramer. The 
red circles highlight the pore entry in each of 
the monomers. Panel (d) shows the confor-
mation of a AQP10 monomer located in the 
plasma membrane. The internal part of the 
funnel is the most important for the deter-
mination of AQPs selectivity. The NPA mo-
tifs central position in the pore narrow its 
diameter and it is believed to have role in 
the prevention of proton free flow through 
the channel. On the side of the funnel to-
wards the extracellular entrance there is a 
second conserved region, the aromatic/R 
site, which is considered the dimensional 
and selectivity filter. In the superaquaporins 
the arginine is substituted by a leucine, 
yielding NPL motif. Panels (c) and (d) are 
based on the RCSB PDB [18] crystal struc-
ture of AQP10 (PDB ID: 6F7H) published by 
Gotfryd et al. [19]; the images has been 
prepared with the use of mol* software [20]. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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balance can be obtained through standard diffusion, but faster through 
aquaporin channels. The osmotic/oncotic pressure first and the hydro-
static pressure second are the powers that lead the water movement 
[5–7]. Nowadays scientists identified 13 AQPs grouped in 3 different 
classes in mammals, compared to the decades of members grouped in 7 
subfamilies in plants, where their number is species-dependent [8–10]. 
The 3 typical classes of AQPs are classical AQPs, aquaglyceroporins and 
superAQPs. AQPs could be categorized also creating 3 functional sub-
groups based on their main functions: aquaporins, glyceroporins and 
peroxiporins. Aquaporins reside usually in the plasma membrane. 
Although some of them are situated in membranes of different cellular 
compartments such as endoplasmic reticulum in case of AQP11 [11]. 
Their hydrophobic nature makes protein crystallization troublesome, so 
the number of 3D structures of various AQP isoforms obtained with the 
use of X-ray diffraction crystallography is scarce and most of the 
research has to rely on the bioinformatic predictions [12]. Fully 
assembled AQP channels usually form tetramers, composed of 4 
monomers of approximately 30 kDa. Each of these are usually made of 6 
tilted α-helical domains connected by 5 loops, creating a structure 
similar to a barrel (Fig. 1). Key feature of almost all the aquaporins are 
the ar/R (aromatic/arginine) and the NPA (asparagine-proline-alanine) 
sites, essential for the filtering and selectivity properties of the pore 
(Fig. 1d) [13,14]. An exception to this rule is constituted by AQP11, 
whose motif is NPC (asparagine-proline-cysteine). NPC motif was shown 
to be essential for the full expression of the molecular function of 
AQP11, even before the discovery of its role in hydrogen peroxide flow 
[11,15]. 

The 2 major families of mammalian aquaporins are the classical 
AQPs and aquaglyceroporins. The partition of AQPs between these 2 
groups has been long debated, but nowadays following classification has 
been widely accepted (Table 1). AQP0, AQP1, AQP2, AQP4 and AQP5 
are part of the classical AQPs, whose role is mainly connected to water 
transport. The aquaglyceroporins family includes AQP3, AQP6, AQP7, 

AQP8, AQP9, and AQP10. These channels transport water, but are also 
essential for the movement of small uncharged molecules as glycerol, 
urea, ammonia and hydrogen peroxide [3,21–28]. Despite being 
included in the aquaglyceroporins family, AQP8 should be described 
separately, given its uniqueness from a phylogenetic point of view and 
its role in cell signaling [22,29]. AQP8 is involved in redox-related 
signaling with the ability of stopping the flow of hydrogen peroxide 
under a redox stress [30], with the multi-step mechanism behind the 
pore closure [12]. The third family – superAQPs – consists of AQP11 and 
AQP 12 whose sequence has low homology with the other AQPs groups 
[3]. Even the NPAs sites are modified to NPCs in this group [31]. The 
function of these aquaporins has been almost unknown until 2020 when 
it has been first discovered that AQP11 is an ER membrane protein 
involved in hydrogen peroxide transport [32]. 

1.3. Aquaporins and diseases 

Although research on the non-canonical functions of aquaporins is 
still in its early stages, the body of research underline the importance of 
AQPs in various pathological conditions and disorders. Beginning from 
the members of the classical AQPs family, it has been shown that mu-
tations in the AQP0 gene bring the onset of genetic cataracts in both the 
humans and mice [34]. AQP1 seems to be connected with metastasis and 
angiogenesis processes, since the water passage through AQP1 is asso-
ciated with cell migration. Maltaneri et al. showed that AQP1 partici-
pates in the migration of endothelial cells promoted by Epo [35]. It has 
also been shown a possible connection between AQP3 and AQP5 over-
expression and 5-year disease-free/overall survival in patients with he-
patocellular carcinoma [36]. There are also hints of AQP1 participation 
in polycystic kidney disease, AQP1 and AQP4 connection with Parkin-
son’s disease, AQP1 and AQP5 importance in the aggressiveness of soft 
tissue sarcoma [37–39]. Mutations in AQP2 are connected with the 
appearance of the nephrogenic diabetes insipidus [40,41], while the 

Table 1 
The table summarizes the aquaporins non-controversial information. Classical aquaporins transport mainly water, but some of them also ammonia. Aquaglyceroporins 
transport a higher variety of solutes. Selectivity of superaquaporins is still under research, yet AQP11 was proven to transport hydrogen peroxide. AQPs tissue 
localization is heterogeneous and they cover most of the tissues in the human body. Subcellular localization of aquaporins is still object of debate. Most of them are 
located in the plasma membrane, but AQPs can be found on the membranes of different intracellular compartments. The data regarding transported solutes are mainly 
taken from the book chapter by Medrano et al. [8,10], the data on the tissue and intracellular localization are taken from “The Human Protein Atlas” database [33].  

Transported solutes Tissue Localization Subcellular Localization 

Aquaporins AQP0 H2O Eye Plasma Membrane, 
Endoplasmic reticulum 

AQP1 H2O, Ammonia Brain, Lung, Gastrointestinal tract, Liver & gallbladder, 
Pancreas, Kidney & urinary bladder, Female reproductive 
tissues, Skin, Bone marrow & lymphoid tissues 

Plasma Membrane, 
Extracellular exosome, 
Nucleus 

AQP2 H2O Kidney & urinary bladder, Male reproductive tissues Plasma Membrane, 
Extracellular exsome, Golgi 
apparatus 

AQP4 H2O, Ammonia Brain, Endocrine tissues, Lung, Gastrointestinal tract, Plasma membrane, 
Extracellular exosome, 
Endosome 

AQP5 H2O Lung, Proximal digestive tract, Gastrointestinal tract, Male and 
female reproductive tissues, Pancreas 

Plasma membrane, 
Extracellular exosome 

Aquaglyceroporins AQP3 Glycerol, Urea, Ammonia, Hydrogen peroxide Lung, Proximal digestive tract, Gastrointestinal tract, Kidney & 
urinary bladder, Male and female reproductive tissues, Skin, 
Bone marrow & lymphoid tissues 

Plasma membrane, Nucleus 

AQP6 Urea, Glycerol, Anions, Nitrate/Halide Ions, 
Ammonia 

Kidney & urinary bladder Plasma membrane 

AQP7 Glycerol, Urea, Ammonia, Arsenite Adipose & soft tissues, Female reproductive tissues, Muscle 
tissues, Endocrine tissues 

Plasma membrane 

AQP8 Ammonia, Hydrogen peroxide Gastrointestinal tract, Pancreas Plasma membrane, 
endoplasmic reticulum 

AQP9 Glycerol, Urea, Small non-charged solutes, 
Hydrogen peroxide, Arsenite, 
Monocarboxylates, Ammonia 

Liver & gallbladder, Bone marrow & lymphoid tissues Plasma membrane 

AQP10 Glycerol Gastrointestinal tract Plasma membrane 
SuperAQPs AQP11 Glycerol, Hydrogen peroxide Gastrointestinal tract, Endocrine tissue, Liver & gallbladder Endoplasmic reticulum 

AQP12 
A/B 

– Pancreas, Male reproductive tissues Plasma membrane  
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lack of control on the regulation of AQP2 in the renal collecting duct 
seems to be linked to various water balance disorders in humans and 
animals [42]. AQP4 is a possible target in neurological disorders, as it 
has been proposed as a relevant factor in Parkinson’s disease and Alz-
heimer’s disease [43–45]. Regarding the metabolic disturbances and 
classical aquaporins, AQP5 expression is lower in submandibular gland 
from type-2 diabetes mellitus patients and mice due to excessive auto-
phagy [46]. Classical AQPs role in disease is considered as strictly 
connected with the water transport, as suggested by their category 
properties. 

Research on aquaglyceroporins shows that they are also connected 
with disease states. AQP3 is present in basal layer keratinocytes of the 
epidermis having a relevant function in its biology, especially prolifer-
ation. It has been lately addressed as a factor involved in skin tumor 
development and, consequently, as a possible drug target [47], since 
mice lacking AQP3 are resistant to the development of skin tumors 
induced by a tumor initiator and phorbol ester promoter. It is also 
involved in non-small cell lung cancer (NSCLC) tumor development 
since the knockdown of this protein inhibits NSCLC proliferation and 
angiogenesis [48]. Moreover, AQP1, AQP3, and AQP5 overexpression 
correlates with a lower development of lymph node metastasis in pa-
tients with colon cancer [49]. AQP6 has been suggested as a possible 
protective gene against the infection from Crimean-Congo hemorrhagic 
fever virus [50]. AQP8 is upregulated in the colon of patients with ul-
cerative colitis opening the chance that it is involved in the processes of 
chronic inflammation and ulceration [51]. It is also suggested as a po-
tential drug target for the treatment of diarrheal disorders [52]. From 
the recent discoveries about its role in cell signaling and oxidative stress 
homeostasis, AQP8 seems to be involved in tumor cell migration, tumor 
invasion tumor metastasis, and anti-apoptotic signaling [30,53–56]. 
AQP9 shows many links with hepatic insulin resistance and type-2 
diabetes due to its involvement in adipose tissue triacylglycerol meta-
bolism, but this connection will be explored deeply later on in this re-
view. There are also hints of the involvement of AQP9 involvement in 
Alzheimer’s disease, prion diseases, and Parkinson’s disease [57] [–] 
[59]. Lastly, it has been shown that AQP9 is relevant to the hepatocel-
lular carcinoma proliferation and migration inhibition [60,61]. AQP10 
and AQP3 are overexpressed in keratinocytes of people with pompholyx 
disease [62]. Aquaglyceroporins are emerging as relevant targets in 
many different diseases: their ability of transporting many solutes 
involve them in a higher number of processes compared to the classical 
ones. The connection of hydrogen peroxide transporters with tumors 
and metastasis development appears as a very interesting study subject. 

AQP11, expressed in the kidney proximal tubule, is deeply involved 
in polycystic kidney disease. Its deletion in mice brings vacuolization, 
cyst formation, and noteworthy expansion of the endoplasmic reticulum 
and finally the premature death for renal failure [63,64]. Polycystic 
kidneys in AQP11− /− mice show enhanced autophagy with NOX2 as a 
major factor involved in the accumulation of renal oxidative stress [65, 
66]. AQP12 needs to be further studied, nowadays we know that is 
involved with pancreatic damage since AQP12− /− mice show severe 
pancreatitis [31,67]. Despite the partial knowledge on the functions of 
the AQPs in this group, they already show their relevance in some dis-
eases studied for a long time, such as polycystic kidney disease. New 
emerging data together with the particularity of this family of aqua-
porins suggest that more studies on the superAQPs group are needed to 
fully decipher their molecular role. 

2. Type 2 diabetes and insulin resistance - introduction and 
overview 

2.1. Obesity is involved in the onset of liver insulin resistance 

Obesity and metabolic disturbances associated with it are a growing 
health problem at a global level. The ever-increasing percentage of 
overweight and obese people in 2016 reached 39% in adults and 18% in 

children and adolescents, as estimated by the WHO [68]. The complex 
relationship between genetic predisposition, lifestyle, socioeconomic 
conditions, and even cultural influences lay at the foundation of this 
third-millennium plague. Obesity usually is not coming alone: obese 
people have usually a higher comorbidities risk, which can go from 
hypertension and associated cardiovascular diseases to dyslipidemia, 
from insulin resistance to type 2 diabetes, and many others [69]. Insulin 
is an essential hormone in the glucose, lipids, amino acids and energy 
homeostasis, acting on the insulin-sensitive tissues such as adipose tis-
sue, liver and skeletal muscle. When the response to insulin stimulation 
decrease in these organs, they develop a metabolic state named insulin 
resistance [70]. This state of systemic insulin resistance usually stays 
silent for several years thanks to the increase in the compensating 
release of insulin by β-cells. To keep insulin-controlled aspects of 
metabolism in balance, β-cells continuously increase insulin secretion 
according to blood glucose levels to keep the metabolic homeostasis 
[71]. 

Accumulation of adipose tissue in obese people makes them prone to 
the development of insulin resistance. Due to low-grade inflammation of 
adipose tissue in IR, fat depots release excess of pro-inflammatory cy-
tokines, increase lipolysis of TAG stores and decrease release of bene-
ficial adipokines. The consequence is an evident increase in plasma free 
fatty acids (FFA) and free glycerol [72,73] which stimulates induction of 
insulin resistance in other insulin -sensitive organs such as skeletal 
muscle and liver. This “rich plasma” brings to the accumulation of 
ectopic fat in form of TAG and bioactive lipids such as diacylglycerols 
and ceramides in both the skeletal muscles and liver [74,75]. A high 
diacylglycerol content in the liver is associated with a PKC isoform 
activation that brings to diminished phosphorylation of the insulin re-
ceptor substrate inhibiting the hepatic insulin signaling [76]. The major 
role of insulin in the liver regarding carbohydrate metabolism is to 
inhibit the gluconeogenesis pathway in response to a high glucose 
concentration in plasma. Insulin also promotes hepatic glycogen stor-
age, so in a hepatic insulin-resistant state, the diminished insulin 
signaling does not inhibit hepatic gluconeogenesis and glycogenolysis 
augmenting glucose release in the bloodstream [76]. The final conse-
quence of all these concatenated events is that the insulin concentration 
to keep the physiological glucose levels will be higher. On the other side, 
insulin is known also to promote lipogenesis in the liver [77]. The effects 
of hyperinsulinemia bring to a dysregulation of the lipogenesis, which 
increases the production of VLDL and reduces the one of the HDL. This 
brings to an accumulation of plasma triglycerides and to a lower con-
centration of HDL-cholesterol [78,79]. 

Liver metabolic disturbances are connected with the excessive flux of 
lipid-related metabolites. Specific solute channels are responsible for 
both fatty acids and glycerol import in the hepatocytes. The role of fatty 
acids transporters (FATPs) and fatty acids binding proteins (FABPs) in 
the accumulation of bioactive lipids and the induction of insulin resis-
tance in liver has been extensively studied [80,81]. The discovery of 
aquaporin-mediated glycerol transport in both adipose tissue (mainly 
AQP7) and liver (mainly AQP9) points to aquaporin 9 as a new candi-
date to better understand the induction of hepatic insulin resistance 
[82–85]. The following chapter gathers recent discoveries regarding the 
AQPs involvement in the induction of insulin resistance or the onset of 
type-2 diabetes. 

3. Possible role of AQPs “metabolic network” in obesity-induced 
systemic insulin resistance 

Nowadays the scientific world understood that concentrating just on 
one protein or on one cell or tissue in the description of a given disease is 
outdated. A systemic view is needed to find an answer to complex 
interconnected diseases as diabetes, obesity, and insulin resistance. The 
period which is beginning can be considered a “golden era” of science 
where a wealth of data is collected and analyzed. The most important 
and difficult side is to keep the pace with the data and find connections 
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that can stimulate new hypothesis and researches. Here we are pro-
posing the concept of aquaporin network as a contributor to the regu-
lation of the cellular energy metabolism at the systemic scale. 

Tissues react to the environmental changes (obesity, insulin resis-
tance, type-2 diabetes), trying to balance the energy metabolism. AQPs 
intracellular and intercellular/intertissue coordination could have an 
essential role in this adaptation process. AQP could serve as instruments 
of communication of the cells and tissues, able to coordinately react to 
the organism’s stimuli depending on the situation or on the insurgence 
of a disease. The multiple roles covered by the different aquaporins in 
both adipocytes and hepatocytes highlights their relevance in insulin 
resistance and type-2 diabetes. It has been shown that AQP7 is a relevant 
glycerol transporter in adipocytes and AQP9 transports glycerol in he-
patocytes [85]. AQP7 allows the glycerol derived from lipolysis of TG 
stores to reach the bloodstream, which can be assimilated by hepato-
cytes through its hepatic counterpart, AQP9 (Fig. 2). Both these AQPs 
are modulated at the level of expression by insulin and leptin. In the 
physiological state AQP7 and AQP9 are inversely regulated by insulin, 
leading to an increased AQP7 and AQP9 expression during fasting and a 
decreased expression during feeding [86,87]. The upregulation of AQP7 
and AQP9 was detected also in streptozotocin-induced T1D [83,88]. On 
the contrary, AQP7 and AQP9 are upregulated by insulin and down-
regulated by leptin in omental adipocytes and HepG2 hepatocytes [89]. 
In other words, their modulation in both hepatocytes and adipocytes is 
driven by the lipogenic or lipolytic state, processes governed by insulin 

and leptin [90]. As glycerol transporters, aquaporins take part in glyc-
erol efflux from adipocytes and glycerol import into hepatic cells. The 
previous listed scientific clues are supporting a cooperative role of those 
AQPs in limiting the accumulation of lipids in the liver, in the hyper-
glycemic state, diabetes, and obesity, even if strong experimental evi-
dence is still missing [82,90]. The idea of AQPs coordinative action is 
quite consolidated, and the disturbance of their mutual relationship 
could bring to faster development of insulin resistance and type-2 dia-
betes. Other AQPs are also relevant in insulin resistance. Obesity leads to 
mitochondrial dysfunction in adipocytes and hepatocytes [91–93]. The 
oxidative stress in form of H2O2 release, triggered by mitochondrial 
dysfunction, is expected to flow into the ER through AQP11 in both 
adipocytes and hepatocytes. The further accumulation of oxidative 
stress in an ER already stressed by obesity is known to lead to an exac-
erbation of the inflammatory process, promoting mitochondrial 
dysfunction and increase in ER stress [91–93]. On the other side, in 
adipocytes from obese patients AQP11 overexpression alleviates ER 
stress through the compensatory mechanism which allows H2O2 efflux 
from the ER [94]. It is likely, that similar mechanism could be mimicked 
in hepatocytes, where an overexpression of AQP11 could lead to a 
decrease of obesity-induced ER stress. The proposed double function of 
AQP11 is compatible with its role as H2O2 transporter, and with the 
physiological adaptations of the cells to the environment in the attempt 
to balance the redox homeostasis. AQP3 isoform seems to be also 
involved in the hepatic regulation of redox state, since it is expressed in 

Fig. 2. Aquaporins network in the induction of metabolic disease. Schematic representation of the likely interaction of AQPs between adipocytes and hepatocytes in 
the context of insulin resistance and type-2 diabetes. The black arrows highlight the major interaction between adipocytes and hepatocytes during lipolysis of TG 
stores. Glycerol is trafficked between adipocytes and hepatocytes with the help of AQP7 and AQP9, respectively. Hepatic glycerol of adipose tissue origin can enter 
gluconeogenesis or de novo lipogenesis together with FFA to yield hepatic MAG, DAG and TAG. Obesity leads to mitochondrial dysfunction with the subsequent 
oxidative stress accumulation in form of H2O2. This is likely driven into the ER through AQP11, promoting the creation of a stress-promoting-stress circle (Red 
arrows). Conversely, AQP11 displays beneficial effects in adipocytes, where its overexpression leads to a decrease of the ER stress caused by lipid overload by 
promoting the efflux of H2O2 from the ER itself. We hypothesize that a similar protective mechanism could be mirrored in hepatocytes (Green arrow). The light blue 
arrows denote the novel branch of the insulin signaling pathway in hepatocytes, which involves AQP3 for its modulation. The insulin signaling from the PI3K/AKT 
branch brings to the inhibition of the gluconeogenesis in physiologic conditions. Accumulation of DAG in the cytoplasm of hepatocytes due to increased uptake of 
glycerol and FFA inhibits the signaling cascade at the level of PI3K/AKT with the subsequent up-regulation of the gluconeogenesis, increasing blood glucose levels. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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primary hepatocytes isolated from mice and it is plausibly involved in 
oxidative stress response in a mouse model of CCL4 acute liver injury 
[95]. Moreover, it has been shown that AQP3 is involved in the regu-
lation of insulin signaling in McArdle 7777 rat hepatoma cells and pri-
mary rat hepatocytes. The hydrogen peroxide channeled by AQP3 
contributes to the modulation of the PI3K/AKT side of the insulin 
cascade [96]. 

Mitochondria are the key organelle involved in the development of 
insulin resistance and type 2 diabetes, especially when fat-driven over-
load of mitochondrial oxidative capacity leads to mitochondrial 
dysfunction and accumulation of oxidative stress. Despite the still 
ongoing discussion regarding the presence of functional AQPs in mito-
chondrial membranes, we can find a connection between peroxiporins 
and mitochondria, supporting the relevance of both the mitos and AQPs 
in the development of insulin resistance. The work by Kruger et al. un-
derlines the essential role of AQP8 in RINm5F rat pancreatic insulinoma 
cell survival, where the knockdown of AQP8 is lethal to the cells within 
10 days. Above work had shown that AQP8 is localized in mitochondria 
and plasma membrane and is involved in the transport of hydrogen 
peroxide. More in detail, they show AQP8 participation in the transport 
of hydrogen peroxide endogenously generated in the mitochondria. This 
leads to the possibility of AQP8 serving protective role through facili-
tation of the H2O2 efflux from mitochondria following cytokine attack in 
T1D, postponing or reducing the mitochondrial dysfunction [97]. Pre-
viously, Ikaga et al. proposed a similar role for AQP8 in mitochondrial 
dysfunction. In their work on the 3T3-L1 preadipocytes cell line, they 
observed co-localization of AQP8 and mitochondria in mouse adipose 
tissue and 3T3-L1 preadipocytes. Silencing of AQP8 expression using 
shRNA, decreased its levels by approx. 75%. Partial AQP8 silencing was 
not lethal to the cells, yet it impaired mitochondrial functionality 
through decreasing maximum respiratory capacity. Since the effect of 
AQP8 silencing is particularly focused on the respiratory chain proteins 
which release water as a byproduct, Ikaga et al. propose that AQP8 
silencing affects the physiological mitochondrial water flux, reducing 
the electron transport activity and ATP synthesis [98]. Considering that 
the inhibition of mitochondrial respiration is connected with insulin 
resistance development, the link between decreased mitochondrial 
performance and AQPs seems plausible [99]. Another paper from 
Takashi and colleagues links mitochondrial dysfunction to AQPs in SAS 
P0 cells. Studying the ferroptosis mechanism they showed that mito-
chondrial dysfunction is promoting AQPs expression [100]. On the other 
side, the Verkman group published convincing evidence against func-
tional AQPs presence in mitochondrial membrane from rat brain, liver 
and kidney, measuring water and glycerol transport. The same mea-
surements repeated on mitochondrial membrane preparations from wild 
type and knock out cells (lacking AQP1, 4 or 8) suggest that mito-
chondria are lacking functional aquaporins [101]. Confronting data 
underlines the importance of further research in the effort to clarify the 
role of AQPs in mitochondrial physiology and pathology. On the con-
trary, the involvement of the NFkB signaling pathway in insulin resis-
tance is already well understood, and the connection between NFkB and 
AQPs was reported several times [102], yet the studies relevant to in-
sulin resistance and T2D are scarce. Chiadak and colleagues performed 
study on the involvement of JNK and NFkB signaling pathway on AQP3, 
AQP7 and AQP11 expression in differentiated 3T3-L1 adipocytes. The 
inflammation observed in the obese state was mimicked through LPS 
stimulation. The LPS treatment of 3T3-L1 preadipocytes up-regulated 
AQP3 and AQP7 at the level of mRNA by both JNK and 
NFkB-dependent manner, while AQP11 was downregulated by the NFkB 
pathway in the same conditions. The authors propose that the down-
regulation of AQP7 and AQP11 is likely promoting lipid accumulation, 
while the upregulation of AQP3 is likely promoting the glycerol efflux 
[103]. 

Considering all the above, there is a growing body of evidence sup-
porting the presence of coordinated “AQP network”. Such a network 
would govern on one side the lipid trafficking between adipose tissue 

and liver and on the other the modulation of oxidative stress (Fig. 2). 
The imbalance in the coordination of the AQPs modulation and crosstalk 
could be one of the important constituents of metabolic diseases. Further 
studies are needed on this promising subject, but here below are the 
latest researches on it. 

3.1. Aquaporin 7 

Aquaporin 7, also known as AQPap, is the main glycerol transporter 
in adipocytes. Glycerol role in TAG accumulation and stimulation of 
gluconeogenesis in liver makes the adipose tissue AQP7 important in the 
development of obesity and comorbidities such as IR and diabetes [90, 
104]. In support of this consideration, AQP7 knockout mice display 
higher free fatty acids and lower glycerol levels in plasma as a result of 
decreased glycerol efflux from adipose tissue. AQP7 KO mice develop 
also a general insulin resistance. IRS-1-associated PI3K signal is lower in 
WAT and muscle, whereas IRS-2 associated PI3K signal is lower in liver 
and muscles of AQP7KO mice. Insulin stimulated pAKT is lower in WAT, 
liver and muscles. Moreover, upon the β3-adrenergic stimulation the 
glycerol release from fat tissue is impaired in the AQP7 KO mice as 
compared to WT. It has also been noted that the AQP7 KO mice develop 
obesity at the adult stage when housed on standard diet. While until 10 
weeks of age the weight was comparable with WT mice, after 12 weeks 
AQP7 KO mice growth curve is significantly higher [24,105]. This 
suggests that the inhibition of glycerol efflux due to AQP7 ablation 
promotes TAG accumulation in adipose tissue. Due to its involvement in 
the regulation of nutrients flux AQP7 expression is modulated and 
linked to the organism nutritional status. Fasting and feeding are two of 
the variables influencing AQP7 expression: it is upregulated by fasting 
and downregulated by refeeding in both the adipocytes and hepatocytes 
[89,106]. This suggest that at physiological conditions AQP7 partici-
pates in glycerol transport from adipose tissue to liver, supporting he-
patic gluconeogenesis in the fasting state. The upregulation of AQP7 in 
WAT is promoted by the peroxisome proliferator-activated receptor γ 
(PPARγ), a nuclear receptor acting as a transcription factor and modu-
lating gene expression [107]. On the other side, the downregulation is 
pushed also by insulin, isoproterenol, dexamethasone, and tumor ne-
crosis factor-α (TNFα), but not by angiotensin 2 or growth hormone. 
Above data indicate, that the AQP7 expression in 3T3-L1 preadipocytes 
is selectively regulated by hormones that are connected with insulin 
resistance and dyslipidemia [108]. AQP7 downregulation by isoproter-
enol is shown for the first time here and goes against the proposed idea 
for AQP7 modulation. Inhibition of AQP7 by an adrenergic stimulator 
would inhibit the glycerol efflux and the lipolytic process in adipocytes. 
Further studies are needed to understand the particular cases in which 
this modulation could be valid. 

The excess accumulation of white adipose tissue (WAT) is relevant to 
insulin resistance and type-2 diabetes development [109]. Dysfunctional 
WAT develops hypertrophy through increase in the size of adipocytes, 
which is positively correlated with the incidence of the metabolic dis-
ease [110,111]. The exact mechanism that drives the WAT hypertrophy 
is still not well understood. To obtain a clearer image of the mechanisms 
involved in hypertrophy of WAT, an epigenetic regulation study was 
performed by Kerr et al. in WAT samples from 126 women. Tran-
scriptome profiling revealed 11 of 638 targeted genes with high degree 
of differentially methylated CpG sites, which were chosen for the func-
tional evaluation in human mesenchymal stem cells (hMSCs cells) and 
silenced with siRNA. The functional evaluation revealed that one of the 
genes selected for the further study – AQP7 – has significant impact on 
lipid accumulation. AQP7 down-regulation increased the size of lipid 
droplets per cell and decreased the content of ADIPOQ in hMSCs. 
Interestingly, despite increased lipogenesis under insulin stimulation – 
presumably due to decreased efflux of glycerol - the AQP7− /− cells 
display decreased insulin responsiveness, which mimics obesity-related 
dysfunctional state of adipose tissue. The authors finally underline the 
importance of AQP7 regulation in WAT hypertrophy, noting that AQP7 
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was the only gene whose silencing triggers increase in lipid storage, 
which is in line with its role as glycerol transporter involved in glycerol 
efflux from adipocytes [112]. 

The AQP7 involvement in the regulation of adipose tissue lipogenesis 
was also noted in the study by Kulyte et al. The microarray-based 
transcriptome profiling of subcutaneous WAT samples from insulin- 
sensitive and insulin-resistant obese women revealed 432 differen-
tially expressed genes involved in the possible control of adipose tissue 
insulin sensitivity. Two insulin resistance associated genes were selected 
for further functional analysis: KLF15 (Krüppel-like factor 15) and 
SLC25A10 (mitochondrial dicarboxylate carrier). Silencing of KLF15 
gene in the in-vitro model of differentiated adipocytes inhibited insulin- 
stimulated lipogenesis. Subsequent transcriptome profiling of the 
KLF15-silenced cells candidates KLF15 to the role of insulin sensitivity 
controller given its ability to modulate the expression of PPAR γ and its 
target AQP7 [113]. 

AQP7 is one of the three targets - together with PKBβ and GLUT4 – 
selected in the study by Mourelatou et al. aimed at the elucidation of the 
molecular mechanisms at the basis of insulin resistance and type 2-dia-
betes development in adipocytes of obese subjects. The in-vitro study 
was performed on primary adipocytes, derived from different fat depot 
biopsies from 20 lean and 36 morbidly obese patients (20 without dia-
betes and 16 with T2D). The study identified AQP7 as one of the genes 
down-regulated in insulin-resistant adipocytes. Interestingly, down- 
regulation was observed for typical 34 kDa isoform of AQP7 and also 
for novel 37kDA variant identified by the authors. Both variants were 
down-regulated together with GLUT4 glucose transporter in both 
visceral and subcutaneous adipocytes from insulin-resistant subjects, 
and up-regulated in lean subjects. Interestingly, AQP7 expression in 
obese is positively correlated with pAKT phosphorylation which suggest 
that high AQP7 level is one of the features of adipose tissue insulin 
sensitivity. Authors propose that the downregulation of 34 and 37 kDa 
isoforms of AQP7 as responsible for reduced lipolysis, enhancement of 
adipocyte hypertrophy, and the impairment of insulin signaling. Finally, 
authors propose that the downregulation of the subcutaneous WAT 34 
kDa isoform of AQP7 could be an early marker of insulin resistance 
[114]. 

The same group performed another interesting study focused on the 
role of AQP7 in childhood and adolescence obesity and its comorbid-
ities. The work focused on the AQP7 expression in adipocytes coming 
from lean and obese children. The adipocytes from healthy young, obese 
prepubertal children have increased levels of AQP7 mRNA and signifi-
cant expression of 41 kDa isoform of AQP7 compared to the lean group. 
Obese adolescents show decreased AQP7 mRNA levels and increased 
HOMA-IR. Interestingly the obese adolescents expressing the 34 kDa 
AQP7 isoform had lower triglyceride levels in plasma compared to those 
who did not express it. Authors suggest that predisposition to metabolic 
dysfunction in obese adolescents is connected with lower expression of 
AQP7 mRNA and that the overexpression of 41 kDa AQP7 in young 
obese prepubertal children acts as protective mechanism against adi-
pocytes hypertrophy [115]. 

Above studies confirm the participation of AQP7 in modulating ad-
ipocytes metabolism, especially lipogenesis and lipolysis. Down- 
regulation of AQP7 seems to coincidence with increased adipose tissue 
accumulation and lipogenesis, promoting obesity. The next step in the 
research is to identify factors which are able to affect AQP7 expression in 
adipose tissue to modulate its lipogenic response. The recent study by 
Mehanna et al. identified raspberry ketones (RKs) as the group of 
compounds able to alter AQP7 expression in WAT of high-fat diet fed 
rats. Authors divided rats into groups: wild type, high fat diet control, 
and RKs-treated (250/500 mg/kg). RKs treatment decreased the 
hyperlipidemia and fat accumulation in both the adipocytes and hepa-
tocytes and the plasma oxidative stress markers. The changes observed 
in RK-treated animals were connected with improved insulin sensitivity 
and reduced adipocytes diameter in HFD-fed rats. RK treatment 
decreased the ratio between fat tissue weight and body weight and 

improved overall liver function, estimated by the serum levels of ALT 
and AST enzymes. This again underlines the importance of AQP7- 
mediated crosstalk between adipose tissue ad liver in the induction of 
metabolic disorders. Both doses of RKs downregulated leptin and 
upregulated AQP7 expression, while just the lower dose brought to an 
upregulation of adiponectin expression. Authors conclude, that benefi-
cial effects of RKs treatment is due -at least in part-to its effect on AQP7 
[116]. 

In recent years, another gene expression analysis study lists AQP7 as 
one of the signature genes upregulated in obese healthy patients. The 
study by de Luis et al. compared obese healthy patients with non-obese 
control ones, analyzing the gene expression profile of PBMCs (peripheral 
blood mononuclear cells). AQP7 was revealed as one of the overex-
pressed metabolism-related genes (together with IGF1, ApoA 5, Foxo 4, 
ADIPOR1) in the obese healthy patients as compared to non-obese 
healthy ones [117]. 

AQP7 relevance in insulin resistance goes beyond adipocytes and it 
seems to be important also in pancreatic β-cells. Da Silva et al. used the 
in-vitro RIN-m5F β-cell model to understand AQP7 involvement in 
cellular and obesity-induced inflammatory processes. Tumor necrosis 
factor-alpha induced inflammation, down-regulated AQP7 expression in 
RIN-m5F β-cells, with the subsequent marked reduction in insulin 
secretion. Conversely, induction of inflammation by LPS treatment led 
to overexpression of AQP7, concluding that inflammation also affects 
aquaporin expression. Authors suggest, that AQP7 is relevant for the 
biological functions of pancreatic β cells and that is strictly connected 
with insulin secretion [118]. 

Above data can confirm AQP7 relevance in adipocytes glycerol 
transport and insulin resistance. In detail, we can confirm that AQP7 
expression is a constituent of “healthy” insulin-sensitive adipocytes, 
having an essential role in the efflux of glycerol derived from lipolysis. 
The downregulation of AQP7 in adipocytes with obesity and adipose 
tissue insulin resistance shows the key role of AQP7 in the cycle of 
obesity promoting further obesity through inhibition of the efflux of 
lipogenic glycerol. 

3.2. Aquaporin 9 

AQP9 is the major isoform of AQPs expressed in the liver. AQP9 is 
regarded as the main mediator for glycerol influx in hepatocytes. The 
liver metabolizes between 70% and 90% of plasma-borne glycerol [90, 
104]. Unlike adipocytes which in physiological state express glycerol 
kinase (GK) in small quantities solely for the purpose of TG synthesis, 
hepatocytes trap glycerol intracellularly through converting glycerol to 
glycerol-3-phosphate (Gro3P). Gro3P serves as a backbone substrate in 
hepatic triacylglycerol synthesis or after conversion to 
dihydroxyacetone-phosphate (DHAP) enters hepatic gluconeogenesis 
pathway. AQP9 expression appears to be reduced in patients with 
NAFLD and NASH, and even more reduced in insulin-resistant state. This 
intriguing down-regulation of AQP9 under lipid overload was suggested 
as a protective measure to reduce the influx of the glycerol and slow 
down the hepatic triacylglycerol accumulation [119–121]. Interest-
ingly, despite a similar expression of hepatic AQP9 in both the women 
and men, women have a lower hepatic glycerol permeability, potentially 
explaining the lower incidence of NAFLD in women [122]. As aquaporin 
channel regulation was already confirmed in the case of AQP8 [12], a 
possible post-transcriptional modification -driven modulation of AQP9 
glycerol permeability cannot be excluded. A recent study on the effects 
of silybin (a compound known for its beneficial lipid-lowering effects) in 
NAFLD, has once again shown the link between AQP9 and hepatic lipid 
accumulation. Baldini et al. used a rat hepatoma NAFLD cell model to 
understand the molecular mechanisms behind the silybin effect. An 
improvement of both the lipid droplets fatty acids profile and the 
mitochondrial oxidation was observed under silybin treatment. Most 
importantly, it is shown that silybin restores the levels of AQP9 and 
accordingly, also the glycerol permeability [123]. 
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AQP9 is also modulated during fasting, re-feeding and fat accumu-
lation. The changes in the nutritional state and adiposity regulate the 
plasma levels of insulin and leptin, which have previously been 
described as aquaporin 9 negative modulators. Fasting and refeeding 
upregulate and downregulate AQP9 both at the level of mRNA and 
protein in mice hepatocytes [124,125]. In the context of insulin resis-
tance and obesity-induced NAFLD, the overexpression of AQP3 and 
AQP7 in adipocytes increases the flux of glycerol available to the he-
patocytes through AQP9-dependent mechanism. As glycerol backbones 
can be used for both the lipid synthesis and gluconeogenesis, 
down-regulation of AQP9 expression is a likely protective mechanism, 
which aims to not worsen the metabolic disturbances [88,120,124,126]. 
On the other hand, the upregulation of AQP9 in the liver of obese and 
insulin resistant mice has been also observed [88], which could be the 
outcome of hepatic insulin resistance and lack of inhibitory control of 
insulin over AQP9 expression. This underlines the difficulties behind 
understanding the function of AQPs, and confirms that more research is 
needed to outline the polyhedric face of this channel. 

It has been also shown by Portois et al. that AQP9 expression is 
decreased in n3-PUFA-depleted rats. Surprisingly, AQP9 down- 
regulation is coupled to an increase of labeled glycerol uptake in rat 
hepatocytes. The anomaly has been justified proposing the intracellular 
metabolism as responsible of the glycerol accumulation, since they saw 
an increase of the glycerol kinase activity [127]. 

The coordination between AQP7 in adipocytes and AQP9 in hepa-
tocytes could be a possible key element in the explanation of systemic 
insulin resistance also in men. This in case of human was first shown by 
Miranda and colleagues in 2009, who studied samples of adipose tissue 
(subcutaneous –SAT- and visceral –VAT-) and liver taken during bar-
iatric surgery performed on morbidly obese people. The results 
confirmed a strong positive correlation between SAT AQP7 and liver 
AQP9, which was more evident in insulin-resistant and type-2 diabetes 
mellitus subjects [128]. 

Previously the coordinated regulation of these two channels was 
shown in mice. In the study by Kuriyama et al. the authors observed up 
and down -regulation of hepatic AQP9 mRNA after fasting and refeed-
ing, respectively. Plasma glycerol levels were following the same trend. 
This suggests that the expression of hepatic AQP9 is negatively regulated 
by insulin in mice. The authors remark how crucial is the coordination of 
AQP7 and AQP9 regulation for the study of the glucose metabolism 
[88]. 

The study by Méndez-Giménez et al. also supports the AQPs coop-
erative network thesis: AQP9 and AQP7 coordination is deeply involved 
in hepatic steatosis and the development of insulin resistance. To un-
derstand the mechanism behind the success of the sleeve gastrectomy in 
reducing hepatic steatosis in obese subjects, Méndez-Giménez and col-
leagues performed bariatric surgery on diet-induced obese mice (DIO 
rats) and analyzed AQP3, AQP7 and AQP9 levels in the different fat 
depots and the liver. DIO rats showed an increase in the levels of AQP3 
and AQP7 respectively in epididymal and subcutaneous WAT and a 
decrease in the levels of hepatic AQP9, which suggests that upregulation 
of adipose tissue glyceroporins and downregulation of hepatic ones is 
connected with insulin resistance. The protective effects of sleeve gas-
trectomy such as decrease of body weight, fat mass and hepatic steatosis 
were accompanied by decrease in AQP7 expression in all of the analyzed 
fat depots, up-regulation of AQP3 in epididymal WAT and stable AQP9 
expression in liver. The interpretation of the results supports the idea 
that behind the beneficial effects of sleeve gastrectomy there is a better 
coordination in the aquaporins modulation in the liver and adipose 
tissue [129]. 

Despite the multiple reports regarding coordinated regulation of 
adipose and hepatic aquaporins, it is possible to find countercurrent 
works. Iena et al. treated mice with a HFD for 12 or 24 weeks and 
showed a gender-specific effect of HFD on adipose tissue AQPs. After 12 
weeks females displayed overexpression of AQP7 in adipocytes 
compared to the control. Males showed an overexpression of glycerol 

kinase in adipocytes, a higher weight increment and an increased 
adipocyte size. Moreover, no effect of HFD on the liver AQP9 and no 
association between the increasing hepatic steatosis and AQP9 levels 
were visible. Finally, there was no evidence of coordinated regulation of 
adipose tissue AQP7 and hepatic AQP9 [122]. Hopefully, this contro-
versy will stimulate the scientific community to deepen the study of 
AQP7 and AQP9 relationship, also deploying the newest approaches. An 
omics approach was used by Wang and colleagues for the study of AQP7 
and AQP9 gene polymorphisms and T2D in the Chinese population. In 
the samples collected from 400 T2D patients and 400 controls 5 SNPs 
were genotyped in each of the AQPs. The results show an association 
between AQP7 SNP rs2989924 and rs3758269 and T2D risk in Chinese 
Han population. Any association between the tested AQP9 SNPs and 
T2D has been found [130]. 

In the attempt of explaining the insulin sensitivity loss correlation 
with integrin-linked kinase (ILK), Hatem-Vaquero et al. created trans-
genic mice with downregulated ILK. Both the control (CTRL) and ILK- 
low animals were subjected to a low-fat diet (LFD) or high fat diet 
(HFD) for 6 weeks. The circulating glycerol and the liver AQP9 levels 
were checked after 2 weeks and at the end of the treatment. The HFD 
brings to an increase of the circulating glycerol both after 2 and 6 weeks. 
Similarly, AQP9 overexpression in HFD treated CTRL and ILK-low mice 
is visible already after 2 weeks and increases even more after 6 weeks. In 
conclusion they state that ILK could be used to predict metabolic dis-
orders establishment [131]. 

An interesting manuscript analyzes the expression profiles of AQP9 
and MAPK in T1D and T2D rat liver to find the mechanism of AQP9 
regulation in gluconeogenesis. AQP9 was overexpressed in both T1D 
and T2D, together with JNK phosphorylation, while p38 phosphoryla-
tion was inhibited and ERK did not change compared to healthy control. 
The insulin treatment lowered AQP9, probably through the inhibition of 
p-JNK and activation of phospho-p38. In conclusion, AQP9 and MAPK 
pathways analysis makes plausible a possible AQP9 regulation through 
MAPK signaling pathways [132]. 

AQP9 connections with diabetes are not limited to the liver. Fan and 
colleagues analyzed the effects of T1D on the recovery of rats from brain 
injury induced by intracranial hemorrhage (ICH). Interestingly, AQP9 
displayed higher expression in diabetic rat hippocampus as compared to 
non-diabetic ones. AQP9 up-regulation in the hippocampus of diabetic 
animals was associated with weaker brain angiogenesis, higher neuronal 
loss in the hippocampus and diminished integrity of the blood-brain 
barrier after ICH. This discovery suggests that AQP9 overexpression in 
T1D brain is impairing the recovery from the ICH [133]. 

Finally, a study about tissue uptake of trivalent inorganic arsenic in 
mice with T1D involves AQPs, transporters of this compound. Arsenic 
levels in liver, kidney, and heart of T1D mice were higher than in con-
trol, while in the lung not. Tissue arsenic content followed AQP 
expression, as AQP9 was overexpressed in the and AQP7 was overex-
pressed in the kidney and heart of T1D mice. AQP9 levels in lungs 
instead were similar in both CTRL and T1D. The authors propose that 
T1D alters the expression of transporters of trivalent inorganic arsenic, 
increasing its uptake [134]. 

In conclusion AQP9 is a relevant molecule in both the insulin resis-
tance onset and T2D in hepatocytes. Its double regulation by the insulin/ 
leptin and fasting/refeeding show importance of this channel for the 
metabolic function of hepatocytes. The glycerol transport through AQP9 
can influence the accumulation of bioactive lipids, and the recently 
discovered role of AQP9 as hydrogen peroxide channel expands its in-
fluence to the redox homeostasis of the hepatocytes [135]. 

3.3. Other aquaporins 

After having extensively dissected the aquaporins most studied in 
diabetes, it is important to consider also the novel candidates. Recently 
published article points at AQP3 as a new member of insulin signaling 
pathway. It has been shown that insulin stimulates NADPH oxidase 4 
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(NOX4) to produce O2•– extracellularly in McArdle hepatocytes. NOX4 
forms a complex with superoxide dismutase 3 (SOD3) to produce H2O2. 
AQP3 allows H2O2 to cross the plasma membrane and deactivate PTEN/ 
PTPases phosphatases amplifying insulin receptor signaling (Fig. 2). Wu 
and colleagues called this pathway NSAPP from the 5 major proteins 
part of it - NOX4-SOD3-AQP3-PTEN/PTPases – and considering it 
essential in the modulation of the balanced insulin action through ERK 
and PI3K-AKT signaling cascade [96]. 

Recently AQP5 has been connected to diabetes, as it is proposed as a 
new prognostic biomarker of diabetic nephropathy. It is hard and 
important to identify diabetic patients who will develop a decline in 
kidney functions and nowadays it is not possible to predict it. AQP5 is a 
possible marker of tubular dysfunction and its basal levels were 
analyzed in two studies: one with a limited number of samples from T2D 
and T2D with diabetic nephropathy patients and the second with almost 
1000 urine samples from patients with T2D with diabetic nephropathy. 
Both the studies candidate AQP5 as a prognostic marker for diabetic 
nephropathy progression and suggest an association between AQP5 
baseline expression and the estimated glomerular filtration rate (eGFR) 
[136,137]. 

AQP5 is also downregulated in the parotid salivary gland of T2D rats 
that showed decreased salivary flow rate [138]. Rats treatment with 
bone marrow-derived stem cells improves the salivary flow rate and 
alters AQP5 levels in the parotid gland [139]. It was also shown that 
autophagy degrades AQP5 in the submandibular salivary gland [46]. 

AQP11 variant rs2276415 has been indicated as a potential genetic 
factor that gives to T2D patients the predisposition of developing 
chronic kidney disease [140,141]. 

A new study on AQP11 role in human adipocytes from non-diabetic 
or T2D patients, candidates it to a future as main character in obesity 
and T2D. Obesity leads to lipotoxicity and inflammation and subse-
quently to ER stress, so Frühbeck and colleagues analyzed the possible 
involvement of AQP11. It has been shown that AQP11 increases in 
visceral adipose tissue (VAT) from obese and obese-T2D subjects. 
Reversely, TNF-α and TGF-β1 decrease AQP11 levels in VAT and drive 
its pooling around the lipid droplets. Finally, the knockdown of AQP11 
in visceral adipocytes brings to an increase in ER stress. Data interpre-
tation elevates AQP11 to a double role in adipose tissue. In normal 
conditions, it allows the movement of glycerol for TAG synthesis in early 
lipid droplets. In obese conditions, it is overexpressed in VAT to alleviate 
the ER stress, being a hydrogen peroxide transporter. In conclusion 
AQP11 is candidate to be a novel target for the therapy of obesity [94]. 

4. Conclusions 

The deep involvement of AQPs in obesity, insulin resistance, and 
type-2 diabetes is progressively unfolded through continuous research 
and novel data. Aquaporins have significant influence on human 
adiposity through AQP7 in adipose tissue. On the other hand, they serve 
crucial function in the liver, where AQP9 gives its contribution to the 
gluconeogenesis and lipogenesis processes. Significant is the fact, that 
both of them are affected by insulin resistance in fat and liver tissue. As 
AQPs are involved in two most significant aspects of insulin resistance – 
e.g., tissue lipid accumulation and oxidative stress – they emerge as key 
players in the obesity-induced IR. The question if AQP imbalance can be 
a major factor which drives insulin resistance, or is a mere outcome of 
this state deserves more attention in the future studies. The original 
concept of aquaporin network has been introduced, emphasizing the 
relevance of AQP7 and AQP9 inter-tissue coordination. Other aqua-
porins can be added to the backbone of the network - AQP11 and AQP3 - 
both known to be hydrogen peroxide transporters. In this way the AQPs 
located in majority of insulin-sensitive tissues are involved in all the 
main points connected to the insulin resistance development, from 
glycerol to gluconeogenesis and bioactive lipids, from hydrogen 
peroxide to oxidative stress accumulation. Additional space has been 
reserved to promising novel candidates such as AQP11, with a novel role 

of intracellular ROS carrier involved in adipocyte mitochondria – 
mediated ER stress accumulation in obesity and inflammation. Its po-
tential role in hepatocytes should be investigated and clarified. The 
comprehensive critical analysis of the recent discoveries will contribute 
to the future findings in insulin resistance and type-2 diabetes. 
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