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Abstract

Acute kidney injury (AKI) is highly prevalent among hospitalized patients and is associated with
serious consequences with limited pharmacological treatment options. Pannexin 1 (Panx1) channel
is a ubiquitously expressed non-selective membrane transport channel that efficiently effluxes ATP
and plays a central role in the progression of inflammatory diseases. Animal models that target
Panx1 through pharmacological inhibition or genetic deficiency have better outcomes in
minimizing inflammation and associated pathology. Given the involvement of Panx1 at multiple
steps of inflammatory pathology, Panx1 could be a potential therapeutic target in the treatment of
AKI. Further research is needed in elaborating the mechanisms and identifying Panx1 specific
inhibitor molecules to better understand the role of Panx1 in AKI pathology arising due to diverse
insults.

Introduction

Acute kidney injury (AKI) results as a secondary complication to various renal and non-
renal pathologies including diabetes, hypertension, surgeries, viral and bacterial infections,
cardiovascular diseases, and nephrotoxic drugs. In 2014, the number of hospitalizations due
to AKI were nearly 5 million[1]. AKI cases that do not resolve may progress to chronic
kidney diseases, renal failure requiring dialysis, or death in some case. AKI could also leads
to other organ dysfunctions including lungs, heart, or liver causing further pathology and
increased financial burden to the patients[2]. Despite the high incidence rate, huge economic
burden, and significant deterioration in quality of life, there are no specific pharmacological
or therapeutic regimen for prevention and/or treatment of AKI other than supportive therapy
or dialysis in severe cases. The complexity of initiation and progression of AKI pathology
due to renal microenvironment, type of insult, and physiological/immunological status of the
individual further hinder the efforts to identify a common therapy for AKI. Pannexin (Panx)
channels have emerged as a “pan-" player in progression of inflammation by regulating
multiple steps in inflammatory pathway. Targeting Panx channel could be one potential
pharmaceutical approach in management of AKI.
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Pannexins:

Pannexins were first identified in invertebrates as a family of proteins referred to as innexins.
The first mammalian isoforms of pannexins were cloned from brain tissues of mice[3]. Due
to widespread expression across various phyla, these molecules were named pannexins
incorporating “Pan” “innexins”[3]. Pannexins share structure and sequence homology to gap
junction connexin family proteins, but their role in forming gap junction intercellular
channels is still controversial. Three proteins of mammalian Panx family have been
described so far; Panxl- 3. The expression of Panx proteins in various tissues and cell types
have been already reviewed in details in [4]. Panx1 is ubiquitously expressed in epithelial
cells, stromal cells, neurons as well as immune cells, while Panx2 is exclusive to neurons
and Panx3 to cartilages, bones, skin, brain, and kidneys. Only Panx1 and Panx3 are
expressed in the kidneys[5]. Since their first identification in 2000, Pannexin proteins were
extensively studied in regard to their function in nervous system development and neuron
differentiation. The contribution of Panx1 channels in inflammation was first reported by
Pelegrin and Surprenant by showing that macrophages express Panx1 and that inhibition of
Panx1 channels in macrophages blocks caspase-1 cleavage and IL1p-inflammasome
formation[6]. Since then multiple groups have investigated the pro-inflammatory role of
Panx1 channels. Genetic knockdown of PanxI and or pharmacological inhibition of Panx1
have established distinct roles of Panx1-mediated ATP release in calcium signaling,
tumorigenesis, immune cell activation and migration, ischemic injury, and apoptosis[4].

Panx| channels in AKI pathophysiology

Structurally, Panx1 forms homo-oligomers and/or heteromers with P2X7 purinergic
receptors to form non-selective transport channel in the cell membranes through which
nucleotides, ions, and biomolecules smaller than 1.5KDa pass[7]. Panx1 is also present in
the endoplasmic reticulum membrane where it is believed to act as a leaky CaZ* channel[8].
Panx1 channel is activated in apoptotic cells during inflammation/injury via mechanical
stimulation and/or posttranslational modifications; for example, phosphorylation of C-
terminal cytoplasmic domain or irreversible activation by various caspase-mediated cleavage
(previously reviewed in [9]). Activation of Panxl channel causes ATP efflux and increases
extracellular ATP, a DAMP molecule, and initiates inflammation by recruiting inflammatory
cells to the site of injury [7]. Moreover, the released ATP molecules act in an auto- and/or
paracrine fashion to rapidly activate purinergic signaling, inflammasome formation, and
hence, further enhance inflammation. In addition, activation of Panx1 channel in other cell
types during inflammatory settings further aggravates the pathology. In the vascular
endothelium, activation of endothelial Panx1 channels facilitate leukocyte tethering and
emigration into the injury site[10]. Activation of Panx1 channels in immune cells facilitate
their migration capacity[11]. In AKI the cell types that release ATP via Panx1 channels are
not known, however the observation that we observe protection in proximal tubule cell and
endothelial cell specific knockout of Panx 1 suggests that at least these two cell are
important [14].

While the initial release of extracellular ATP initiates rapid inflammation via purinergic
signaling, cell surface ectonucleotidase CD39 and CD73 expressed by infiltrating immune
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cells convert extracellular ATP into ADP, AMP, and subsequently into adenosine, which
binds with A, and Aog adenosine receptors to execute immunosuppressive function (Fig
1). Adenosine has been known to inhibit functions of inflammatory immune cells including
CDA4+ T cells, dendritic cells, NK cells, and macrophages [12] as well as enhance function
of regulatory T cells[13] to collectively attenuate inflammation and permit initiation of
reparative processes. Thus, during AKI, Panx1 channel-mediated ATP release initiates pro-
inflammatory effects during early stages, but also inhibits inflammation that allows for
repair processes at later stage.

In addition to ATP efflux, intracellular ATP pool is reduced due to irreversible activation of
Panx1 channels [14]. During AKI, the reduced intracellular ATP pool in conjunction with
reduced substrate availability and increased energy demands for maintaining basic cellular
functions, mitigating inflammation and initiating reparative process, all in combination,
exert metabolic stress in the kidneys, especially proximal tubule epithelium that are highly
metabolically active. Metabolic stress results in mitochondrial dysfunction, increased ROS
production, apoptosis, and necrosis, all of which are key determinants of severity of AKI.
While depletion of ATP can initiate the survival pathways; severe ATP depletion is
detrimental to the cells and results in apoptosis and/or necrosis. We have shown that genetic
deletion of Panx1 in murine proximal tubule derived TKPTS cells, a proximal tubule cell
line, results in consistently higher intracellular ATP during normal physiology as well as
hypoxia-reperfusion injury[14]. Panx1 channels could therefore be a central player in the
development of AKI not only by exacerbating inflammation via the release of ATP to the
extracellular space but also by depleting intracellular ATP and altering cellular energetics
leading to irreversible cellular damage (Fig 1). Inhibition of Panx1 channels could therefore
serve the dual purpose of reducing inflammation as well as maintaining tubular cell survival
during AKI.

Pharmacological targeting of Panxl channels during AKI:

Pharmacological inhibition or genetic knockout of Panx has been shown to improve disease
outcomes in various murine models. We have recently shown that pharmacological
inhibition using carbenoxolone as well as genetic deletion of Panx globally, in proximal
tubule or in vascular endothelium in mouse are protective against ischemic AKI[14]. We
have also shown that transplantation of bone marrow derived myeloid cells from Panx1~~
mice did not protect wildtype mice from AKI. These findings suggest that the protection is
primarily rendered by absence of Panxl in the endothelium and proximal tubule epithelial
cells[14]. The mechanismsbehind the protection are still under investigation.

A list of pharmacological compounds that can inhibit or activate Panx1 channel have been
reviewed [15]. The mechanism of action of most of these molecules are not well understood
and the specificity has not been studied rigorously. There are FDA approved drugs for
treatment of various diseases that do have activity against Panx 1 channels but their
nonselective activity precludes their use as Panx1 inhibitors. Carbenoxolone is FDA
approved for inflammation and gastrointestinal ulcers, probenecid for gout, spironolactone
for hypertension, trovafloxacin for bacterial infections. However due to the high sequence
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homology, Panx1 inhibitors also have affinity towards connexin channels, albeit low.
Formulation of more selective Panx1 compounds is needed for safe therapeutic use.

The time point of treatment during AKI is another key factor that determines outcomes. We
have established that pretreatment of mice with Panx1 inhibitor is protective against IRI, but
could Panx1 inhibition be beneficial in patients after onset of AKI is not known yet. Also
whether Panx1 inhibition can protect from other models of AKI, for example: nephrotoxins,
hypertension, sepsis needs further investigation.

Conclusions.

Panx1 channels regulate multiple steps during AKI and inhibiting Panx1 channels is
beneficial in attenuating damage during experimental AKI in mouse. Numerous
pharmacological agents that are already FDA approved for other conditions have been
shown to inhibit Panx1 channels; some of them have shown promising results in minimizing
inflammation and other diseases.

Panx1 inhibition could be a novel therapeutic strategy to attenuate AKI. Further research is
needed to investigate physiological role of Panx1, formulate/identify more Panx1 selective
inhibitors, and test potential of Panx1 inhibitors as a therapy in different models of AKI as
well as for therapy in established AKI.
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Figure 1: Panx1 and ATP contribute to inflammation:
Panx1 and ATP play central roles in the inflammatory pathway. During injury, activation of

Panx1 channel causes efflux of extracellular ATP, which activates the purinergic P2X and
P2Y signaling pathway and initiates inflammation. Extracellular ATP can also be cleaved by
CD39 to from ADP, AMP, which is then converted into adenosine by CD73. Adenosine
binds with to A2A adenosine receptors that leads to an anti-inflammatory effect.
Cytoplasmic calcium influx due to purinergic signaling can alter mitochondrial function.
Intracellular ATP is necessary for maintenance of mitochondrial function, autophagy and
cell survival. Activation of Panx1 channel causes reduced intracellular ATP pool which
negatively affects cell survival. Panx1 channel in endoplasmic reticulum acts as leaky
calcium channel and aids in intracellular calcium influx.
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