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Long before Peter Agre et al. discovered the first aquaporin,
AQP1, then called CHIP281 it was understood that proteinaceous
water channels were involved in rapid, osmotically-driven wa-
ter movement across biological membranes. Almost 30 years
later, I suspect that even he did not anticipate the exponential
growth in aquaporin research that has led to the discovery of 13
aquaporins in mammals, and dozens more in species lower on
the evolutionary scale, in procaryotes, and in the plant king-
dom. More than their sheer number, I wonder if he also foresaw
the involvement of these apparently simple water channels in
such a vast array of cellular processes, and in the transmem-
brane movement of a seemingly endless list of small molecules
and ions (eg, urea, glycerol, mannitol, sorbitol, NHþ4 , H2O2, Cl�,
NO�3 , arsenite), and even gases2 (eg, CO2, NH3, H2S, O2, NO). Early
studies quickly established a role for some family members (the
aquaglyceroporins) in the transport of glycerol and urea in addi-
tion to water. But there has been such an expansion of perme-
ability properties of various aquaporins reported over the years
that one is left to ask what is the most critical and important
physiological role(s) of many of these proteins in the multitude
of cell types in which they are expressed. Indeed, some
“aqua”porins have a relatively low water permeability, indicat-
ing that their principal function lies elsewhere: AQP0, AQP3,
AQP6, AQP7, for example, as well as the most divergent
members of the mammalian family, AQP11 and 12. The list of
aquaporins with “moonlighting” functions—in some cases not
obviously related to water permeability—is growing rapidly,
leading to still more questions regarding their primary physio-
logical roles. Some cell types even express multiple aquaporin
family members in the same membrane. For example, principal
cells in some regions of the kidney collecting duct coexpress
AQP2, AQP3, and AQP4 in their basolateral plasma membrane—
clearly this is not necessary for water permeability alone.
Indeed AQP4 knockout has little effect on overall urine concen-
tration, and desert rats—famous for having the most highly de-
veloped concentrating mechanism in the mammalian

kingdom—do not express AQP4 at all in their kidneys3! In con-
trast, many studies have confirmed the critical role of AQP2 in
water reabsorption by the kidney4; loss of function mutations in
AQP2 causes autosomal nephrogenic diabetes insipidus—a loss
of urinary concentrating capacity.

In many cases, the elusive role of many aquaporins in nor-
mal tissue and organ physiology has not been specifically deter-
mined, even by the use of AQP knockout mice, which often (but
not always) show no or minor phenotypes. However, an in-
creasing number of studies both in vivo and in vitro implicate
aquaporins in normal physiology and disease states that have
often not been experimentally correlated with their channel ac-
tivity. For example, aquaporins are involved in events such as
cell migration, epithelial, and organ development, obesity, in-
flammation, cancer progression, and various neurodegenerative
diseases, including Alzheimer’s disease. Facilitating water and
solute movement across membranes might indeed be involved
in these processes, but other features of the aquaporin proteins
could also play an important role—such as their participation in
protein–protein interactions with components of the cytoskele-
ton, as well as with various signal transduction mechanisms
and other intracellular pathways.5 Understanding the physio-
logical importance of aquaporin function is, therefore, an ongo-
ing quest; the enormity of the task is highlighted by just a few
disparate examples selected from the most recent literature:

Aquaporin 1 and Neural Crest Cell Migration

AQP1 was the first aquaporin to be implicated in cell migration
and angiogenesis. Knockout of AQP1 in mice not only leads to
slower tumor development and lower mortality, but also can re-
sult in slower wound healing.6 This migratory role extends to
chick neural crest cells as they progress through the extracellu-
lar matrix to perform their critical function in development.7

AQP1 stabilizes cell processes (filopodia) and stimulates their
extension and migration via interaction with focal adhesion
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kinases, EphB guidance receptors, and by stimulating metallo-
proteases in the matrix. While suspected, the role of water
transport by AQP1 in these events was not directly examined,
but these data certainly highlight the involvement of AQP1 in a
process that would not be immediately predicted based on
channel activity alone.

Aquaporin 4 and Central Nervous System
Edema

The predominant aquaporin expressed in the brain is AQP4,
normally polarized on the foot processes of astrocytes that
wrap around capillaries, where it is engaged in fluid exchange,
as well as Kþ buffering and calcium signaling. There has been
considerable interest in AQP4 in the clearance from the brain of
proteins including b-amyloid and tau as part of the so-called
glymphatic system, a name derived from the combined role of
glial cells and the lymphatic system in brain fluid management.
While AQP4 function in the brain is most often linked to its wa-
ter permeability, its predisposition and capacity for self-
assembly and adhesion in the pathophysiology of neurodegen-
erative diseases remains controversial. However, a recent study
implicates increased AQP4 expression at the plasma membrane
of astrocytes in the central nervous system (CNS) in hypoxia-
induced edema.8 Importantly, this translocation process
depends on phosphorylation of AQP4 by calmodulin. Critically,
inhibition of calmodulin with trifluoperazine significantly re-
duced plasma membrane AQP4 expression and CNS edema, and
enhanced recovery in this rat model of CNS damage. Thus, the
authors suggest that calmodulin inhibitors may be a therapeu-
tic strategy for the millions of individuals who suffer from
trauma-induced CNS edema, by preventing increased water
flow into the CNS through AQP4.

Aquaporin 3 Inhibition Reduces Inflammatory
Liver Injury

AQP3 is permeable to H2O2, and has been implicated in promot-
ing tissue inflammation by increasing reactive oxygen species
in expressing cells, such as macrophages, and stimulating dam-
age processes such as fibrosis.9 Searching for therapeutically
useful specific aquaporin inhibitors has been an ongoing (and
not particularly successful) process for many years, but now a
new monoclonal antibody that blocks AQP3 permeability to
H2O2 in liver macrophages is reported to reduce CCl4-induced
liver injury: it does this by inhibiting NF-jB-mediated signaling
and macrophage activation in the liver.10 The hope is that
blocking AQP3 permeability to H2O2 may be more generally ap-
plicable to other inflammatory processes involving AQP3-
expressing macrophages.

From just this small sampling of the recent literature on
aquaporins, it is apparent that their involvement in (patho)-
physiological processes is widespread and often unexpected. In
addition to their broad range of permeability properties, their
capacity to interact with a host of other cellular proteins—from

structural and cytoskeletal elements, through signaling and
trafficking components, to other membrane channels and
transporters—indicates that we have not yet discovered the full
extent to which they affect our physiological well-being. How
much more do we have to learn about this remarkable and ver-
satile family of proteins? Only time and effort will tell. The sub-
title of this opinion piece “seek and you shall find” is intended
to encourage yet more researchers in different fields to contrib-
ute to this exciting endeavor.

Conflict of Interest Statement

The author has no conflicts of interest to declare.

Funding

The author acknowledges support from the National
Institutes of Health for his own work on aquaporins, cur-
rently through grant number 5RO1 DK096586-09.

References

1. Agre P, Preston GM, Smith BL, et al. Aquaporin CHIP: the ar-
chetypal molecular water channel. Am J Physiol 1993;265:
F463–F476.

2. Geyer RR, Musa-Aziz R, Qin X, Boron WF. Relative CO2/NH3

selectivities of mammalian aquaporins 0-9. Am J Physiol Cell
Physiol 2013;304:C985–C994.

3. Huang Y, Tracy R, Walsberg GE, et al. Absence of aquaporin-4
water channels from kidneys of the desert rodent Dipodomys
merriami merriami. Am J Physiol Renal Physiol 2001;280:
F794–F802.

4. Cheung PW, Bouley R, Brown D. Targeting the trafficking of
kidney water channels for therapeutic benefit. Annu Rev
Pharmacol Toxicol 2020;60:175–194.

5. Roche JV, Tornroth-Horsefield S. Aquaporin protein-protein
interactions. Int J Mol Sci 2017;18:pii: ijms18112255. doi:
10.3390/ijms18112255.

6. Hua Y, Ying X, Qian Y, et al. Physiological and pathological
impact of AQP1 knockout in mice. Biosci Rep 2019;39:pii:
BSR20182303. doi:10.1042/BSR20182303.

7. McLennan R, McKinney MC, Teddy JM, et al. Neural crest cells
bulldoze through the microenvironment using Aquaporin 1
to stabilize filopodia. Development 2020;147:pii: dev.185231.
doi:10.1242/dev.185231.

8. Kitchen P, Salman MM, Halsey AM, et al. Targeting aqua-
porin-4 subcellular localization to treat central nervous sys-
tem edema. Cell 2020;181:784–799.

9. Sisto M, Ribatti D, Lisi S. Aquaporin water channels: new per-
spectives on the potential role in inflammation. Adv Protein
Chem Struct Biol 2019;116:311–45.

10.Hara-Chikuma M, Tanaka M, Verkman AS, Yasui M.
Inhibition of aquaporin-3 in macrophages by a monoclonal
antibody as potential therapy for liver injury. Nat Commun
2020;11:5666. doi:10.1038/s41467-020-19491-5.

2 | FUNCTION, 2021, Vol. 2, No. 1




