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Abstract

The pannexin-1 (Panx1) channel has been reported to mediate the release of ATP that is involved
in local tissue inflammation, obesity, and many chronic degenerative diseases. It remains unknown
whether Panx1 is present in podocytes and whether this channel in podocytes mediates ATP
release leading to glomerular inflammation or fibrosis. To answer these questions, we first
characterized the expression of Panx channels in podocytes. Among the three known pannexins,
Panx1 was the most enriched in podocytes, either cultured or native in mouse glomeruli. Using a
Port-a-Patch planar patch-clamp system, we recorded a large voltage-gated outward current
through podocyte membrane under the Cs*in/Na*out gradient. Substitution of gluconate or
aspartate for chloride in the bath solution blocked voltage-gated outward currents and shifted the
reversal potential of Panx1 currents to the right, indicating the anion permeability of this channel.
Pharmacologically, the recorded voltage-gated outward currents were substantially attenuated by
specific Panx1 channel inhibitors. Given the anti-inflammatory and intracellular ATP restorative
effects of adiponectin, we tested whether this adipokine inhibits Panx1 channel activity to block
ATP release. Adiponectin blocked Panx1 channel activity in podocytes. Mechanistically, inhibition
of acid ceramidase (AC) remarkably enhanced Panx1 channel activity under control conditions
and prevented the inhibition of Panx1 channel by adiponectin. Correspondingly, intracellular
addition of AC products, sphingosine or sphingosine-1-phosphate (S1P), blocked Panx1 channel
activity, while elevation of intracellular ceramide had no effect on Panx1 channel activity. These
results suggest that adiponectin inhibits Panx1 channel activity in podocytes through activation of
AC and associated elevation of intracellular S1P.
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1. Introduction

Experimental and clinical studies have revealed that adipose tissue, especially visceral fat,
generates bioactive substances that contribute to pathophysiologic renal hemodynamic and
structural changes leading to obesity-associated glomerular injury [1]. These bioactive
substances derived from adipose tissue include a number of adipokines such as leptin,
adiponectin, and visfatin as well as various cytokines such as resistin, tumor necrosis factor-
a (TNF-a), and interleukin-6 (1L-6) [1]. Recent studies have demonstrated that upregulation
of visfatin, a pro-inflammatory adipokine, contributes to the development of chronic kidney
disease (CKD) during obesity [2, 3] and diabetes [4, 5]. On the contrary, adiponectin as an
anti-inflammatory adipokine has been reported to display protective actions on the
development of various obesity-related diseases [6]. Low plasma adiponectin levels, known
as hypoadiponectinemia, are closely associated with obesity, type Il diabetes mellitus, and
different cardiovascular diseases [7, 8], indicating that adiponectin may have beneficial or
protective actions in obesity. These are proposed to include inhibition of pro-inflammatory
cytokine release, enhancement of anti-inflammatory cytokine release, and restoration of
intracellular ATP levels [6, 9, 10]. As a “find me” signal, ATP is released by apoptotic cells
to recruit phagocytes to clear up the dying cells [11], which may trigger the inflammatory
response to cell death or damage-associated molecular patterns (DAMPS). Indeed, activation
of P2X7 receptors by extracellular ATP has been shown to activate inflammasomes in
different cells [12, 13]. In the kidney, NLRP3 inflammasome activation was found to play a
pivotal role in obesity-induced podocyte injury, an initiating event leading to glomerular
damage [14, 15]. Given the fact that adiponectin attenuates obesity-induced podocyte injury
[16-18], its actions to inhibit ATP efflux and NLRP3 inflammasome activation may
represent an important mechanism in the protection of the kidney from obesity-associated
injury. In contrast, reduced adiponectin may promote glomerular injury and lead to
glomerular sclerosis during obesity.

In previous studies, pannexin-1 (Panx1) channel-dependent ATP release has been reported to
play a critical role in NLRP3 inflammasome activation in a variety of mammalian cells
under different physiological and pathological conditions [19-21]. The Panx family consists
of Panx1, Panx2, and Panx3, which are homologous to the invertebrate gap junction innexins
and have more distant similarities in their membrane topologies and pharmacological
sensitivities to the connexins [22-24]. Among pannexins, Panx1 is ubiquitously expressed in
animal and human tissues, which may work as a membrane channel to carry ions and
signaling molecules between the extracellular space and cytoplasm, regulating cell and
organ functions [25, 26]. Various pathogen-associated molecular patterns (PAMPS) and
DAMPs such as lipopolysaccharide, uric acid, silica, alum crystals, ATP, hyaluronan, and
heparin sulfate have been reported to activate Panx1 channels, which trigger the
inflammatory response via activation of inflammasomes [27, 28]. To our knowledge,
however, there are no reports about the expression and function of Panx1 in podocytes, and
little is known regarding whether Panx1 possesses a regulatory role in these kidney cells.
Since Panx1 expression increases in response to obesity and Panx1-dependent ATP release
exerts paracrine effects initiating inflammatory cross talk between obese or dying adipocytes
and tissue macrophages [29, 30], we wondered whether adiponectin as an anti-inflammatory
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adipokine exerts its action by targeting Panx1-mediated inflammasome activation and
thereby protects podocytes from obesity-induced injury. The present study attempted to
address this question.

Although two receptors for adiponectin, namely, adiponectin receptor 1 (AdipoR1) and
adiponectin receptor 2 (AdipoR2), have been cloned and several signaling pathways may
mediate the actions of adiponectin through these receptors [31], the downstream signaling
pathways that mediate the action of this adipokine via its receptors remain poorly
understood. In particular, it is imperative to know how adiponectin acts on Panx1 channels
or other effector molecules to produce its anti-inflammatory effects in podocytes during
obesity. In this regard, there is evidence that adiponectin may bind to its receptors, either
AdipoR1 or AdipoR2, to stimulate the activity of ceramidase, the enzyme responsible for
catalyzing the breakdown of ceramide to sphingosine and fatty acids. Sphingosine can be
further converted into sphingosine-1-phosphate (S1P), which may produce potent anti-
inflammatory effects under different pathological conditions [32, 33]. These findings raised
the possibility that ceramidase-dependent catabolism of ceramide and associated
intracellular S1P production may contribute to the action of adiponectin on Panx1 activation,
thereby decreasing ATP release and inhibiting NLRP3 inflammasome activation in
podocytes.

In the present study, we first characterized the expression of Panx1 and its channel activity in
cultured and native murine podocytes. Then, we went on to determine the inhibitory effects
of adiponectin on Panx1 channel opening in these cells. We also explored the possible
mechanism by which adiponectin suppresses Panx1 channel activity via a signaling pathway
associated with ceramide metabolism by ceramidases. We demonstrate that adiponectin
indeed exerts its inhibitory effects on Panx1 channel activity in podocytes via activation of
acid ceramidase (AC) and increased production of intracellular S1P.

2. Materials and methods

2.1. Cell culture

Conditionally-immortalized mouse podocytes, kindly provided by Dr. Paul E. Klotman,
were cultured and maintained as described previously [34]. Briefly, they were grown at the
permissive temperature (33°C) on collagen I-coated flasks or plates in RPMI 1640 medium
supplemented with 10% fetal bovine serum and 10 U/mL recombinant mouse interferon--y.
The podocytes were then passaged and allowed to differentiate at 37°C for 10-14 days
without interferon-ry before use in the experiments described below.

2.2. Whole-cell patch clamp recording

Whole-cell planar patch-clamp recordings were performed using cultured murine podocytes.
The planar patch-clamp technology combined with a pressure control system (Port-a-Patch,
Nanion Technologies) was applied as previously described [35]. lon currents were recorded,
filtered, and analyzed using an Axopatch 200B amplifier, an Axon Digidata 1550B low-
noise data acquisition system and the pClamp10 software (Axon instruments). Seal
resistance was higher than 1 GQ. Internal solution contained 50 mM CsCl, 10 mM NaCl, 60
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mM CsF, 20 mM EGTA, and 10 mM HEPES/CsOH. External solution contained 140 mM
NaCl, 4 mM KCI, 1 mM MgCl,, 2 mM CaCl,, 5 mM D-glucose monohydrate, and 10 mM
HEPES/NaOH. Seal enhancing solution contained 80 mM NaCl, 3 mM KCI, 10 mM MgCly,
35 mM CacCly, and 10 mM HEPES/HCI. Podocytes were stimulated by administration of
compounds into the internal and external solutions. Carbenoxolone, probenecid, carmofur,
ceranib-1, and ceranib-2 were purchased from Sigma-Aldrich. D-erythro-MAPP, C-16
ceramide (dissolved in dimethylformamide to 0.5 mg/mL and diluted to 40 puM with internal
solution before addition), sphingosine, and sphingosine-1-phosphate (dissolved in methanol
to 1 mg/mL and diluted to 40 uM with internal solution before addition) were purchased
from Cayman. Recombinant mouse adiponectin protein was purchased from Abcam.

2.3. Western blot analysis

Western blot analysis was performed as described previously [36]. In brief, homogenates of
mouse kidneys and cultured murine podocytes were prepared using sucrose buffer
containing protease inhibitors. After boiling for 5 min at 95°C in a 5% loading buffer, total
proteins (20 ug) were subjected to SDS-PAGE, transferred onto a PVDF membrane and
blocked by solution with dry milk. Then, the membrane was probed with rabbit anti-
pannexin-1 (1:1000; Abcam, Cambridge, MA, USA), rabbit anti-pannexin-2 (1:1000;
Abcam, Cambridge, MA, USA), rabbit anti-pannexin-3 (1:1000; Abcam, Cambridge, MA,
USA), or anti-p-actin (1:5000; Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA)
overnight at 4°C followed by incubation with horseradish peroxidase-labeled 1gG (1:5000).
The immunoreactive bands were detected by chemiluminescence methods and visualized on
Kodak Omat X-ray films. Densitometric analysis of the images obtained from X-ray films
was performed using the Image J software (NIH, Bethesda, MD, USA).

2.4. Immunofluorescence microscopy

Double-immunofluorescence staining was performed using cultured podocytes grown on
collagen-coated glass cover slips and frozen mouse kidney sections as described previously
[37, 38]. Briefly, after fixation the cells were incubated with goat anti-nephrin (1:200; R&D,
Minneapolis, MN, USA) and rabbit anti-pannexin-1 (1:200) overnight at 4°C. Then, Alexa
488-labeled donkey anti-goat secondary antibody (1:200; Life Technologies, CA, USA) and
Alexa 555-labeled donkey anti-rabbit secondary antibody (1:200; Life Technologies, CA,
USA) were added to the cell slides and incubated for 1 hour at room temperature. Frozen
mouse kidney slides were fixed in acetone, blocked, and then incubated with goat anti-
nephrin and rabbit anti-pannexin-1 overnight at 4°C. Then, Alexa 488-labeled donkey anti-
goat secondary antibody and Alexa 555-labeled donkey anti-rabbit secondary antibody were
added to the cell slides and incubated for 1 hour at room temperature. Slides were then
washed, mounted, and observed using a confocal laser scanning microscope (Fluoview
FV1000, Olympus, Japan).

2.5. Immunohistochemistry
Kidneys were embedded with paraffin and 5 mm sections were cut from the embedded
blocks. After heat-induced antigen retrieval, washing with 3% H,0, and 30 min blocking
with fetal bovine serum, slides were incubated with primary antibody diluted in phosphate-
buffered saline (PBS) with 4% fetal bovine serum. Rabbit anti-pannexin-1 (1:200), rabbit
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anti-pannexin-2 (1:200), or rabbit anti-pannexin-3 (1:200) were used as primary antibody in
this study. After incubation with the primary antibody overnight at 4°C, the sections were
washed in PBS and incubated with biotinylated 1gG (1:200) for 1 hour and then with
streptavidin-HRP for 30 minutes at room temperature. 3,3’-Diaminobenzidine (DAB, 50 L)
was added to each kidney section and stained for 1 minute. After washing, the slides were
counterstained with hematoxylin for 5 minutes. The slides were then mounted, observed
under a microscope, and photomicrographed for later analysis [39].

2.6. Statistical analysis

All of the values are expressed as mean £ SEM. Significant differences among multiple
groups were examined using ANOVA followed by a Student-Newman-Keuls test. P<0.05
was considered statistically significant.

3. Results

3.1. Expression of Panx1 in cultured podocytes

We first characterized the expression of Panx1 in murine podocytes. By
immunohistochemistry, abundant expression of Panx1 was confirmed in renal glomeruli of
C57BL/6J WT mice, which was remarkably higher than Panx2 and Panx3 (Fig. 1A and 1B).
Western blot analysis demonstrated that Panx1 was highly expressed in both mouse kidneys
and cultured murine podocytes. The expression levels of Panx2 and Panx3 were markedly
higher in mouse kidneys compared with cultured murine podocytes (Figs. 1C and 1D).
Using confocal microscopy, it was found that red fluorescence of Panx1 (Alexa 555) was
highly colocalized with green fluorescence of nephrin (Alexa 488), a podocyte membrane
marker, in renal glomeruli of C57BL/6J WT mice (Fig. 1E). Furthermore, high
colocalization of Panx1 and nephrin was detected in cultured murine podocytes (Fig. 1F).
These experiments provided the first evidence showing the expression of Panx1 in cultured
and native podocytes.

3.2. Characterization of Panx1 channel activity in cultured podocytes

Using a Port-a-Patch automatic patch clamp system, we next confirmed the activity of Panx1
as a large transmembrane channel in podocytes. Fig. 2A shows representative recordings of
large voltage-gated outward current at holding potentials from —70 to 80 mV under the Cs
*in/Na*out gradient. Fig. 2B summarizes the relationship of holding potential and channel
current amplitude. It is clear that the channel current increased with the elevation of holding
potential, and the whole-cell current was 283.9+10.9 pA/pF at +80 mV. Pharmacologically,
the currents were reversibly blocked by carbenoxolone (CBX) and probenecid (PBNC) to
19.0+2.6% and 26.2+2.1% of control, respectively. The sensitivity of whole-cell currents to
CBX and PBNC was detected at negative voltage, which signifies the voltage-gated property
of these currents and confirms the contribution of Panx1 to these currents. To further confirm
the recorded whole-cell currents were mediated by Panx1 channel, Panx1 CRISPR/cas9
knockout (KO) plasmid was transfected into podocytes before whole-cell patch clamp
recording. Western blot analysis demonstrated that Panx1 CRISPR/cas9 KO plasmid
markedly reduced Panx1 channel expression in podocytes (supplementary figure 1). As
shown in Fig. 4E and 4F, the whole-cell currents of podocytes transfected with Panx1
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CRISPR/cas9 KO plasmid were remarkably lower than normal podocytes under control
condition. The inhibition of Panx1 channel activity by CBX was insignificant. These results
further confirmed the contribution of Panx1 channel to these recorded whole-cell currents.

As another known characteristic of Panx1, anion permeability was also determined by the
substitution of extracellular chloride for a larger anion [40]. During whole-cell current
recording, 140 mM NaCl, 4 mM KCI, 1 mM MgCl,, and 2 mM CaCl, were substituted with
140 mM Naaspartate, 4 mM K-aspartate, 1 mM Mg-aspartate,, 2 mM Ca-aspartate,. As
shown in Fig. 3A, the replacement of chloride with aspartate (131 Da) remarkably decreased
the outward currents and shifted the reversal potential of Panx1 channel to the right. Similar
data was obtained when we replaced chloride with gluconate (195 Da) in the external
solution (Fig. 3C). Restoration of extracellular chloride totally recovered the whole-cell
currents and the reversal potential of Panx1 channel. Summarized data demonstrated that the
down-regulation of whole-cell currents by chloride replacement was significant (Figs. 3B
and 3D). Altogether, these observations indicate that Panx1 is a voltage-gated
transmembrane channel with anion permeability in podocytes.

3.3. Concentration-dependent inhibition of Panx1 channel activity by adiponectin

Further experiments were designed to determine whether these channels can be inhibited by
adiponectin because the major goal of the present study was to explore the mechanism by
which this protective adipokine increases intracellular ATP content. As shown in Fig. 4A,
addition of adiponectin (Adip) into the extracellular solution remarkably decreased Panx1
channel activity. Fig. 4B summarizes the results showing that adiponectin at 2.5 pg/mL, 5
ug/mL, and 10 ug/mL significantly inhibited the whole-cell currents in a dose-dependent
manner. When the dose of adiponectin reached 10 ug/mL, the activity of Panx1 channel
decreased to 29.4+5.3% of control, a level similar to that achieved by addition of CBX and
PBNC. As a well-known selective agonist of adiponectin receptor 1, the effect of AdipoRon
on Panx1 channel activity was also tested. As shown in Fig. 4C and 4D, AdipoRon (AR)
produced remarkable inhibitory effects on Panx1 channel activity in a dose-dependent
manner, which was similar to adiponectin. To further confirm the Panx1 specificity of
whole-cell current reduction by adiponectin, the effect of adiponectin on podocytes
transfected with Panx1 CRISPR/cas9 KO plasmid was detected. As shown in Fig. 4E and 4F,
whole-cell currents of Panx1 CRISPR/cas9 KO plasmid-transfected cells was remarkably
lower than normal cells under control condition. The inhibition of Panx1 channel activity by
adiponectin was insignificant. These results further confirmed that adiponectin reversibly
inhibited Panx1 channel activity in a dose-dependent manner.

3.4. Enhancement of Panx1 channel activity by AC inhibitors

To explore the mechanisms by which adiponectin exerts its inhibitory effect on Panx1, we
tested whether activation of either acid or neutral ceramidase contributes to inhibition of
Panx1 by adiponectin, given that previous studies showed the regulation of acid and neutral
ceramidase activity by adiponectin [41-43]. We first determined the effects of acid
ceramidase (AC) inhibitors on Panx1 currents. In Fig. 5A, representative patch clamp
recordings showed that blockade of AC activity by carmofur, a specific AC inhibitor,
markedly enhanced Panx1 channel activity in podocytes. Summarized data demonstrated

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 7

that carmofur significantly enhanced Panx1 channel activity in a dose-dependent manner
(Fig. 5B). We also obtained similar when D-e-MAPP, another selective AC inhibitor, was
added into the external solution during whole-cell current recording. Panx1 channel activity
was significantly elevated by D-e-MAPP in a dose-dependent manner (Fig. 5C and 5D). At
the highest concentration used, AC inhibitors increased Panx1 channel activity by more than
3-fold.

We also tested whether inhibition of neutral ceramidase (NC) alters Panx1 channel activity.
was found that inhibition of NC activity by its selective NC inhibitor, ceranib-1, had
significant effect on Panx1 activity in podocytes. Similarly, another NC selective inhibitor,
ceranib-2, also failed to affect Panx1 channel activity in podocytes (supplementary figure 2).
Together, these data suggest that NC is not involved in the regulation of Panx1 channel
activity in podocytes.

3.5. Dependence of adiponectin-induced inhibition of Panx1 channel activity upon AC

To determine the role of AC in adiponectin-induced inhibition of Panx1 activity, we
examined whether pretreatment of podocytes with acid or neutral ceramidase inhibitor
prevents reduction of Panx1 channel activity induced by adiponectin. Fig. 6A shows
representative recordings, which depict a remarkable increase in Panx1 activity after
addition of carmofur. In the presence of carmofur, adiponectin failed to produce any
inhibitory effect on Panx1 channel activity. Fig. 6B presents summarized data showing that
carmofur significantly increased current intensity and blocked adiponectin-induced
inhibition of this channel activity. However, the inhibition of NC by ceranib-1 had no effect
on the Panx1 channel activity in podocytes regardless of the presence or absence of
adiponectin (supplementary figure 3).

To determine the effect of long-term adiponectin treatment on Panx1 expression in
podocytes, we treated podocytes with adiponectin and/or carmofur for 24 hours. The western
blot analysis showed that adiponectin remarkably decreased Panx1 expression in podocytes.
On the other hand, co-treatment with carmofur, the AC inhibitor, significantly attenuated the
inhibiting effect of adiponectin on Panx1 expression (supplementary figure 4). These results
demonstrated that adiponectin negatively regulated Panx1 through both acute and chronic
mechanisms.

3.6. Effects of AC products on Panx1 activity

To assess which sphingolipids associated with AC may inhibit the activity of the Panx1
channel, the AC substrate, ceramide, and its metabolite, sphingosine, as well as a further
downstream bioactive product formed by sphingosine kinase, S1P, were used to treat
podocytes during patch clamp recordings. As depicted in Fig. 7A, intracellular addition
(internal solution) of sphingosine remarkably decreased the Panx1 activity. Summarized
results showed that inhibition of Panx1 channel activity by intracellular elevation of
sphingosine was significant (Fig. 7B). Fig. 7C shows that Panx1 activity was also markedly
suppressed by intracellular increases in S1P. In Fig. 7D, summarized data show that
intracellular addition of S1P significantly reduced the current intensity of Panx1 channel in
podocytes. However, intracellular addition of ceramide had no effect on Panx1 channel
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activity (supplementary figure 5). These results suggest that AC products within podocytes
have inhibitory effects on the Panx1 channel activity.

Effects of adiponectin on ATP release through Panx1 channel

To confirm the effects of adiponectin on Panx1 channel activity, we measured the amount of
ATP released from podocytes treated with adiponectin, carmofur, and ceranib-1. The Panx1
inhibitors, CBX (25 uM) and PBNC (1 mM), were used as positive controls of ATP release
inhibition. As shown in Fig. 8, it was found that adiponectin (10 ug/mL) reduced the amount
of ATP released from podocytes to the similar level of CBX and PBNC treatments. On the
contrary, inhibition of AC activity by carmofur (50 nM) remarkably enhanced ATP release
from podocytes and totally reversed the inhibition of ATP release by adiponectin. Although,
inhibitions of ATP release by CBX and PBNC were not influenced by carmofur. Consistent
with whole-cell patch clamp results, inhibition of NC by ceranib-1 (50 uM) had no
significant effects on ATP release from podocytes. These results further confirmed that
adiponectin inhibited ATP release through Panx1 channel in an AC-dependent manner.

4. Discussion

The major goal of the present study was to determine whether adiponectin inhibits Panx1
channel activity via acid ceramidase (AC)-mediated signaling pathway in podocytes. After
characterization of Panx1 in cultured and native podocytes, we demonstrated that
recombinant adiponectin significantly blocked Panx1 channel opening in these kidney cells
to similar levels induced by known Panx1 channel inhibitors. It was also confirmed that the
inhibitory effect of adiponectin on Panx1 channel activity was attributed to the activation of
AC and consequent production of sphingosine and S1P. These results together provide the
first evidence that inhibition of Panx1 channel activity is an important mechanism that
mediates the action of adiponectin to release ATP in podocytes.

We first characterized the expression and activity of the Panx1 channel in murine podocytes,
which is considered as a large transmembrane channel responsible for ATP release [44]. By
various approaches such as Western blot analysis, immunohistochemistry, and confocal
microscopy, it was found that, among Panxs, only Panx1 was abundantly expressed in
murine podocytes. Using a Port-a-Patch planar patch-clamp system, we recorded a large
voltage-gated outward current through podocyte membranes, which was almost completely
blocked by carbenoxolone (CBX) and probenecid (PBNC), two specific Panx1 channel
inhibitors. It was also confirmed that this Panx1 channel in podocytes was anionic, because
replacement of anions in the bath solution shifted their reversal potential to right, a much
higher holding potential in the patch. These biophysical and pharmacological characteristics
indeed define the recorded channels as Panx1, because this anion permeability of Panx1
channels was confirmed in previous studies [45-48]. To our knowledge, these results for the
first time demonstrated the presence of Panx1 in podocytes and its functional activity as a
channel in plasma membrane of these kidney cells. In previous studies, these features of
Panx1 channels have also been shown in many other cell types such as endothelial cells,
smooth muscle cells, erythrocytes, leukocytes and platelets [11, 46, 49-51].
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Next, we tested whether adiponectin activates Panx1 channel activity in podocytes, which
may contribute to ATP release shown in previous studies [52]. Our results showed that both
adiponectin and AdipoRon, an adiponectin receptor agonist, reversibly inhibited Panx1
channel activity in podocytes in a dose-dependent manner, suggesting that a normal level of
adiponectin in the extracellular space or outside of podocytes may importantly inhibit Panx1
channel activity, controlling ATP release from these cells. As an adipocyte-derived hormone,
adiponectin is essential for maintenance of podocyte function and prevention of albuminuria
under normal condition [16, 17]. During obesity, reduced adiponectin may lead to
enhancement of Panx1 channel activity and thereby participate in the development of
obesity-associated glomerular inflammatory response. In this regard, previous studies have
indeed demonstrated that the activation of Panx1 channels can trigger the inflammatory
response via activation of inflammasomes [27, 28] and that Panx1-dependent ATP release
initiates inflammatory cross talk between obese or dying adipocytes and tissue macrophages
[29, 30]. It has also been reported that knockout of the adiponectin gene induced podocyte
dysfunction and albuminuria in mice and treatment with adiponectin could recover podocyte
function and attenuate albuminuria [16], while overexpression of adiponectin prevented
caspase-8-mediated apoptosis in podocytes and consequent albuminuria and interstitial
fibrosis [53]. These pathological changes in podocytes and glomeruli associated with altered
adiponectin levels may be related to its effects on Panx1 activity and consequent ATP
retention within or release from podocytes, because the latter is critical in triggering NRLP3
inflammasome activation [19-21]. In this regard, a previous study by Qu et al has used
Panx1 knockout mice to demonstrate that Panx1 channel-mediated ATP release is not
required for inflammasome activation [54]. However, the expression level of Panx1 channel
in bone marrow-derived macrophages (BMDMs) on which their study focused was
remarkably lower than other Panx1-detected tissues, such as kidney, lung, spleen, and brain,
which indicates that the activity of Panx1 may not be the most important mechanism
mediating inflammasome activation in BMDMs. Also, their study focused on whether
cleavage of procaspase-1 and release of pro-inflammatory cytokines are dependent on Panx1
channel, which are downstream activities of extracellular ATP-induced inflammasome
activation. Therefore, their findings made no conclusions on whether Panx1 channel is
essential for ATP release from BMDMs [54].

Since adiponectin has been reported to activate ceramidase to produce a regulatory role on
cell functions [41] [42, 43], we tested whether any specific ceramidases activated by
adiponectin are regulators of Panx1 channel activity in podocytes. It was found that AC
inhibition by its selective inhibitors remarkably enhanced Panx1 channel activity in murine
podocytes. In the presence of AC inhibitors, adiponectin failed to decrease Panx1 channel
activity. However, NC inhibition by its selective inhibitors neither changed basal Panx1
activity nor affected adiponectin-induced suppression of Panx1 openings. Based on these
results, it appears that the AC activation may mediate the inhibitory action of adiponectin on
Panx1 channel activity. It has been reported that adiponectin-induced activation of
ceramidase may enhance ceramide catabolism to form sphingosine and S1P within cells. To
determine which sphingolipids associated with AC are attributed to the action of
adiponectin-induced activation of Panx1 channels, we tested the effects of ceramide (an AC
substrate), sphingosine (an AC product), and S1P (phosphorylated sphingosine via
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sphingosine kinase 1) by administrating them into the internal solution of the patches. Both
sphingosine and S1P, but not ceramide, were found to inhibit Panx1 channel activity. These
findings suggest that AC activation by adiponectin may produce sphingosine and S1P and
thereby inhibit Panx1 channel activity. Since sphingosine is relatively short-lived in the
cytoplasm and easily converted into S1P [55] even under normal physiological conditions, it
is believed that S1P is the major messenger mediating the action of AC activation. Based on
these observations and our data in the podocyte model, it is proposed that the inhibitory
effect of adiponectin on Panx1 channel activity is mediated by activation of AC and
subsequent increases in S1P. The present study did not attempt to define the mechanism by
which S1P inhibits Panx1 channel activity. However, previous studies have shown that S1P
is a multifunctional signaling molecule [56], which may act either at an intracellular site or
be transported outside of cells to exert its action via S1P receptors on the plasma membrane
[56-58]. Since we administrated S1P in the intracellular site, it is possible that in our
preparation S1P acts on the intracellular regulatory domains of Panx1 to produce inhibitory
effects. This idea will be further tested in more detail in our ongoing projects. Furthermore,
it has been found that long-term treatment with adiponectin significantly decreased Panx1
channel expression in podocytes and this inhibitory effect was totally blocked by Carmofur.
In this regard, a previous study has demonstrated that the expression of AC may be regulated
by activation of adiponectin receptors (AdipoRs) [59]. In diabetic mice, expressions of both
AdipoRs and AC have been remarkably reduced. However, treatment with AdipoRon
significantly attenuated these reductions in the diabetic mice [59]. These results indicate that
activation of AdipoRs up-regulates AC expression, which may explain the chronic
mechanism by which adiponectin inhibited Panx1 channel expression in podocytes.
Consistent with our findings, it has been reported that AdipoRs can be antagonized by a
ceramidase inhibitor [60]. More recently, both AdipoR1 and AdipoR2 have been
demonstrated to possess intrinsic basal ceramidase activity which is enhanced by
adiponectin, although the ceramidase activity detected is low [61]. However, most previous
studies support the hypothesis that adiponectin enhances acid ceramidase and/or neutral
ceramidase in an AdipoR-dependent manner [41-43, 62]. To further confirm the role of
AdipoRs in the inhibition of Panx1 channel by adiponectin, more studies will be performed
in the future.

In summary, the present study demonstrated that Panx1 was an abundant form of pannexins
in podocytes, and it could mediate anion conductance across plasma membrane to transport
ATP. This Panx1 channel was found to be inhibited by adiponectin via AC activation and
consequent production of S1P. These findings indicate that a tonic inhibition of Panx1
channel activity by adiponectin may be attenuated during obesity due to
hypoadiponectinemia, which will lead to ATP release, inflammasome activation and
consequent inflammatory response in local tissues such as glomeruli.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. The pannexin-1 (Panx1) channel is highly enriched in murine podocytes and
it conducts anion currents.
2. Adiponectin inhibits Panx1 channel activity.
3. Inhibition of the Panx1 channel by adiponectin is dependent on activation of

acid ceramidase (AC).

4, Enhanced production of sphingosine-1-phosphate (S1P) due to activation of
AC contributes to inhibition of Panx1 channel by adiponectin.
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Fig. 1.

Expression of Panxs in cultured and native podocytes. A. Immunohistochemical staining of
Panx1, Panx2, and Panx3 in mouse glomeruli. B. Summarized data showing the expressions
of Panx1, Panx2, and Panx3 in mouse glomeruli (n=4-5). C. Representative Western blot
images showing the expressions of Panx1, Panx2, and Panx3 in mouse kidneys and cultured
murine podocytes. D. Summarized data showing the expressions of Panx1, Panx2, and
Panx3 in mouse kidneys and cultured murine podocytes (n=5). E. Representative image of
confocal microscopy showing the colocalization of nephrin and Panx1 in mouse glomerulus
(n=6). F. Representative image of confocal microscopy showing the colocalization of
nephrin and Panx1 in cultured murine podocytes (n=4). * p<0.05 vs. Panx1 (panel B) or
mouse kidneys (panel D). Panx, pannexins; Neg, negative; OL, overlay.
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Fig. 2.
Recording and pharmacological inhibition of Panx1 channel activity in podocytes. Podocyte

patches were held at =50 mV and polarized by 100 ms voltage pulses between —70 and 80
mV. A. Representative whole-cell currents of podocytes with or without CBX. B. I-V curves
of steady-state currents recorded in podocytes with or without CBX (25 uM) (n=10 batches
of experiments). C. Representative whole-cell currents of podocytes in the presence or the
absence of PBNC. D. I-V curves of steady-state currents in podocytes in the absence or
presence of PBNC (1 mM) (n=12 batches of experiments). E. I-V curves of steady-state
currents in podocytes transfected with Panx1 CRISPR/cas9 KO plasmid in the absence or
presence of CBX (25 uM) (n=5 batches of experiments). F. Summarized data showing the
steady-state currents at 80 mV in podocytes under different conditions. * p<0.05 vs. control
(panel B and D) or Ctrl-Vehl (panel F). CBX, carbenoxolone; PBNC, probenecid; CRISPR
KO, Panx1 CRISPR/cas9 KO plasmid.
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Anion permeability of Panx1 channels. Panx1 currents in podocytes were recorded with
different anions in the external solution. A. Representative whole-cell currents of podocytes
with chloride (control) or aspartate in the external solution. B. I-V curves illustrating shifts
of Panx1 current reversal potentials upon replacement of extracellular chloride with
aspartate (n=5 batches of experiments). C. Representative whole-cell currents of podocytes
with chloride or gluconate in the external solution. D. I-V curves illustrating shifts of Panx1
current reversal potentials upon replacement of extracellular chloride with gluconate (n=8
batches of experiments). * p<0.05 vs. chloride.
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Fig. 4.
Concentration-dependent inhibition of Panx1 channel activity by adiponectin. A.

Representative whole-cell currents of podocytes with or without adiponectin. B. 1-V curves
of steady-state currents of podocytes with or without adiponectin (n=9 batches of
experiments). C. Representative whole-cell currents of podocytes with or without AdipoRon.
D. I-V curves of steady-state currents of podocytes with or without AdipoRon (n=9 batches
of experiments). E. IV curves of steady-state currents in podocytes transfected with Panx1
CRISPR/cas9 KO plasmid in the absence or presence of adiponectin (n=5 batches of
experiments). F. Summarized data showing the steady-state currents at 80 mV in podocytes
under different conditions. * p<0.05 vs. control (panel B and D) or Ctrl-Vehl (panel F).
Adip, adiponectin; AR, AdipoRon; CRISPR KO, Panx1 CRISPR/cas9 KO plasmid.
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Enhancement of Panx1 channel activity by AC inhibitors. A. Representative whole-cell
currents of podocytes with or without carmofur. B. I-V curves of steady-state currents of
podocytes with or without carmofur (n=8 batches of experiments). C. Representative whole-
cell currents of podocytes in the presence or the absence of D-e-MAPP. D. I-V curves of
steady-state currents of podocytes in the presence or the absence of D-e-MAPP (n=6 batches

of experiments). * p<0.05 vs. control.
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Fig. 6.

Dgpendence of adiponectin-induced inhibition of Panx1 channel activity upon AC activity.
A. Representative whole-cell currents of podocytes before and after addition of adiponectin
to the external solution in the presence of carmofur. B. 1-V curves of steady-state currents of
podocytes before and after addition of adiponectin (10 pug/mL) to the external solution in the
presence of carmofur (50 nM) (n=6 batches of experiments). * p<0.05 vs. control. Adip,
adiponectin.
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Fig. 7.

Effects of AC products on Panx1 activity. A. Representative Panx1 channel currents in
podocytes with or without sphingosine. B. I-V curves of steady-state Panx1 channel current
density in podocytes with or without sphingosine (4 uM) in the internal solution (n=8
batches of experiments). C. Representative Panx1 channel currents in podocytes with or
without S1P in the internal solution. D. I-V curves of steady-state Panx1 channel current
density in podocytes with or without S1P (4 uM) in the internal solution (n=6 batches of
experiments). * p<0.05 vs. control. Sph, sphingosine; S1P, sphingosine-1-phosphate.
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Fig. 8.
Effects of adiponectin on ATP release through Panx1 channel. Summarized data of ATP

released from podocyte under different treatments. * p<0.05 vs. Ctrl-Vehl. # p<0.05 vs.
Adip-Vehl. Ctrl, control; Vehl, vehicle; Adip, adiponectin; CBX, carbenoxolone; PBNC,
probenecid.
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