1X3]-){Jewiarems 1Xa1-)ewla1ems

1X31-)lew1a1ems

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Curr Hypertens Rep. 2013 February ; 15(1): 17-24. doi:10.1007/s11906-012-0316-1.

Direct Activation of ENaC by Angiotensin Il: Recent Advances
and New Insights

Oleg Zaika, PhD,
Department of Integrative Biology and Pharmacology, University of Texas Health Science Center
at Houston, 6431 Fannin str., Houston, TX 77030 USA; Ph. (713) 500-6342; Fx. (713) 500-6342

Mykola Mamenko, PhD,
Department of Integrative Biology and Pharmacology, University of Texas Health Science Center
at Houston, 6431 Fannin str., Houston TX 77030, USA; Ph. (713) 500-6342; Fx. (713) 500-6342

Alexander Staruschenko, PhD, and
Department of Physiology, Medical College of Wisconsin, 8701 Watertown Plank Rd., Milwaukee,
WI 53226, USA; Ph. (414) 955-8475; Fx. (414) 955-6546

Oleh Pochynyuk, PhD
Department of Integrative Biology and Pharmacology, University of Texas Health Science Center
at Houston, 6431 Fannin str., Houston TX 77030, USA; Ph. (713) 500-7466; Fx. (713) 500-7455

Oleg Zaika: Oleg.L.Zaika@uth.tmc.edu; Mykola Mamenko: Mykola.Mamenko@uth.tmc.edu; Alexander Staruschenko:
staruschneko@mcw.edu; Oleh Pochynyuk: Oleh.M.Pochynyuk@uth.tmc.edu

Abstract

Angiotensin Il (Ang Il) is the principal effector of the renin-angiotensin-aldosterone system
(RAAS). It initiates myriad processes in multiple organs integrated to increase circulating volume
and elevate systemic blood pressure. In the kidney, Ang Il stimulates renal tubular water and salt
reabsorption causing antinatriuresis and antidiuresis. Activation of RAAS is known to enhance
activity of the epithelial Na* channel (ENaC) in the aldosterone-sensitive distal nephron. In
addition to its well described stimulatory actions on aldosterone secretion, Ang Il is also capable
to directly increase ENaC activity. In this brief review, we discuss recent findings about non-
classical Ang Il actions on ENaC and speculate about its relevance for renal sodium handling.
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Introduction

As the major contributor to extracellular osmolarity, total amount of Na* in the body
determines circulatory volume and sets chronic blood pressure. Sodium homeostasis is
under mastering control of the kidneys which adjust urinary sodium excretion to match with
dietary sodium intake [1]. Renin-angiotensin-aldosterone system (RAAS) and its principal
driving force Angiotensin Il (Ang Il) protect against decreases in systemic blood pressure
and circulatory collapse, in part, by stimulating sodium reabsorption in the kidney [2]. In
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fact, we are programmed genetically to effectively conserve salt and excrete virtually Na*-
free urine when faced dietary sodium restriction [3,4]. In contrast, drastic elevation of
sodium content in Western diets often overuses antinatriuretic power of incompletely
suppressed RAAS leading to expansion of the circulating volume and hypertension [5,6].
Multiple studies suggest positive correlation between habitual sodium intake and arterial
blood pressure in different ethnic populations (reviewed in [6])

Distal part of the renal nephron is the final site where sodium reabsorption occurs. “Distal
nephron” is a loose definition which is commonly used to describe tubular segments located
distally to the macula densa. For simplistic reasons, we use this term as a combined
reference to the connecting tubule (CNT) and the cortical collecting duct (CCD). Sodium
reabsorption in the distal convoluted tubule (DCT) will be also briefly discussed below.
Apically localized epithelial Na* channels (ENaC) in principal cells of the CNT and CCD
determine sodium reabsorption in the distal nephron [¢7-14]. Proper ENaC function is a
critical component of sodium handling by the kidney [12-16]. At the daily timescale, ENaC
processes the amount of sodium greater than that present in the circulation. The importance
of ENaC to blood pressure control in humans is carved by the fact that monogenic forms of
blood pressure disorders such as Liddle’s syndrome and Type | pseudohypoaldosteronism
(PHA) arise from gain-of-function and loss-of-function ENaC mutations, respectively
[14,17-22]. ENaC-mediated electrogenic sodium entry also provides driving force for
luminal potassium exit via renal outer medullary potassium (ROMK) and maxi-K (BK)
channels (reviewed in [¢7]). This is why distortions in ENaC-mediated sodium reabsorption
are often associated with altered renal potassium secretion [19].

Aldosterone-Dependent and -Independent Regulation of ENaC

ENaC-mediated sodium reabsorption in the distal nephron is inversely related to dietary
sodium intake [7,23,24]. This is because ENaC, being a critical target of the RAAS, is
involved in final adjustments of sodium handling by the kidney. The long-standing classical
model of sodium balance regulation in the distal nephron postulates that decreases in
effective circulation volume or reduced dietary sodium intake lead to production of the
potent antinatriuretic hormone Ang Il from its inactive precursor Angiotensinogen (AGT)
via subsequent cleavages by renin and angiotensin converting enzyme (ACE) [2]. Ang I, in
turn, promotes secretion of the principal ENaC regulator, aldosterone from zona
glomerulosa in the adrenal gland. Aldosterone, through its binding to mineralocorticoid
receptors (MR) in principal cells, stimulates Na* reabsorption at the distal nephron by
increasing ENaC activity at both functional and transcriptional levels [10-14,16,25]. Indeed,
hyperaldosteronism is linked to enhanced sodium reabsorption in the distal nephron whereas
aldosterone insufficiency leads to reduced ENaC activity and urinary sodium wasting
[26,27]. In the literature, the distal part of renal nephron expressing MR is also often
referred as aldosterone-sensitive distal nephron (ASDN).

ENaC-mediated Na*-reabsorption creates a favorable driving force for K* secretion from
principal cells [7]. Historically, hypokalemia was thought to be a prerequisite of primary
hyperaldosteronism, but it is now recognized that most patients with primary
hyperaldosteronism might not manifest low serum K* levels [28]. This is likely related to
so-called “aldosterone paradox” where comparable elevations in circulating aldosterone
levels during volume depletion and hyperkalemia result in distinct physiological outcomes.
Specifically, volume contraction leads to effective Na* conservation with no prominent K*
wasting. In contrast, hyperkalemia causes primarily kaliuresis with little sodium retention
(reviewed in [29]). This argues that regulation of sodium handling and specifically ENaC
activity in the distal nephron by systemic physiological stimuli is not solely regulated by
aldosterone. Indeed, substantial experimental and clinical evidence suggest a role for
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aldosterone-independent mechanisms in regulation of ENaC in vivo. For instance, mice
lacking mineralocorticoid receptors possess significant (up to 30%) residual ENaC-mediated
Na* reabsorption in the ASDN [30]. Recent report demonstrates that mice with surgically
removed adrenal gland have no detectable circulating aldosterone but possess robust ENaC
activity in the distal nephron [#31]. Finally, ENaC blocker amiloride produces a significantly
higher drop in blood pressure compared to MR inhibition in hypertensive patients [32].

As discussed above, decreases in effective circulating volume and elevations of plasma [K*]
are potent physiological stimuli for aldosterone secretion. However, hyperkalemia, in
contrast to hypovolemia, does not lead to activation of the renin-angiotensin axis. This may
indicate that profound sodium retention in the distal nephron during hypovolemia is the
result of combined actions of the fully activated RAAS and more specifically Ang II,
whereas ENaC activation during hyperkalemia is mediated solely by aldosterone.

Direct Actions of Ang Il on ENaC

Ang Il is well recognized for its antinatriuretic actions in the kidney. Ang Il can act through
two different types of receptors: AT and AT, receptors. The majority of Ang Il actions on
the renal sodium transport is mediated by AT, receptors. Mice with global knockout of the
major subtype of ATy receptors, (ATq,) develop lifetime hypotension [33] and increased
urinary sodium excretion particularly during low sodium diet [34]. Using cross-
transplantation strategy, Crowley and colleagues [35] convincingly demonstrated that
genetic ablation of renal ATq receptors in the kidney abolishes Ang I1-induced hypertension
and urinary sodium retention. The follow-up recent study identifies that the antinatriuretic
effect of Ang Il in the kidney is mainly salt-dependent and attributed to the ATy receptor-
mediated increased sodium reabsorption [36].

Ang Il receptors are abundantly expressed at both apical and basolateral sides of epithelial
cells along the whole length of the renal nephron from the proximal tubule to the collecting
duct [37-39]. Unlike the case in the proximal tubule, where AT, receptor deletion disturbs
pressure-natriuresis and decreases blood pressure [40], much less is known about
contribution of the distal nephron AT, receptors to renal sodium reabsorption. An important
advance in our understanding of the direct role of Ang Il in the distal nephron was provided
upon development of mice lacking ATy, receptor. These mice exhibit a marked reduction in
aENaC abundance in the kidney despite normal or even slightly elevated aldosterone levels
[41]. This suggests that AT1,R-mediated signaling is a critical component of regulation of
ENaC levels in the distal nephron that cannot be substituted by aldosterone-MR axis.
Surprisingly, collecting duct-specific deletion of AT, receptor (driven by Hoxb7 promoter)
does not change abundance of ENaC subunits (a, B, and -y) upon normal conditions whereas
it compromises urinary concentrating ability by reducing AQP-2 levels [¢#42]. This, though,
does not disqualify Ang Il from being a direct regulator of ENaC abundance. One possible
explanation is that putative decreases in ENaC expression in the CCD might be masked by a
respective upregulation of ENaC levels in the CNT. Alternatively, global deletion of AT,
receptor also alters release of other hormones, such as insulin and vasopressin via AT;-
dependent pathways [43,44]. Both hormones were reported to stimulate ENaC activity in the
distal nephron [45,46]. It does not seem that mice with AT, receptor deletion in the
collecting duct are volume depleted under normal salt intake and, thus, there is little need to
stimulate ENaC-mediated sodium reabsorption in the distal nephron. Stressing these mice
with low sodium diet would be useful with this regard. Furthermore, conventional Western
blotting used to assess ENaC abundance has no precision to detect changes in subcellular
ENacC distribution. Using physiologically relevant tissue, freshly isolated split-opened distal
nephrons, we did observe prominent ENaC translocation from cytosolic compartments to the
apical plasma membrane in response to direct application of Ang Il [*+47]. At the functional
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level, prolonged Ang Il treatment increases the number of active ENaC in split-opened distal
nephrons [++47]. Future studies are necessary to test if Ang ll-facilitated ENaC trafficking
does occur during hypovolemic states. Alternatively, such mechanism might contribute to
the excessive renal sodium retention in pathological states, including diabetes, associated
with strong upregulation of intrarenal RAS in the distal nephron (see below).

While the mechanism and importance of Ang Il regulation of ENaC expression and
trafficking remains largely obscure, our understanding of the functional consequences of the
direct Ang Il actions on ENaC in the distal nephron is much more advanced. The first
observation of the acute Ang Il effect on the sodium handling in the distal nephron was
provided by Peti-Peterdi and colleagues [48]. They found that application of Ang Il to
perfused rabbit CCDs increased luminal sodium transport and this effect was prevented by
AT receptor antagonist losartan. Such acute action indicates direct regulation of ENaC
activity by Ang Il. Indeed, using patch clamp electrophysiology in split-opened murine
distal nephron [++47], our group directly demonstrated that Ang 1l via AT, receptors
stimulates ENaC activity by affecting channel gating (open probability, ~,). Similar
observation was also made in rat cortical collecting ducts [+#49]. Figure 1A summarizes
indirect and direct Ang Il actions on ENaC. In contrast to its common action in vasculature
cells [50,51], Ang Il does not seem to stimulate qull—PLC—[Ca2+]i pathway in principal
cells. In contrast, a critical role of NADPH oxidase, possibly NOX2 [52], and subsequent
generation of reactive oxygen species, possibly superoxide and peroxide, as a downstream
of Ang Il signaling cascade was identified in rat and mouse distal nephrons [¢#47, +*49]. Ang
I1-induced generation of H,O, may, in part, stimulate ENaC by diminishing inhibitory
actions of the arachidonic acid (AA) [++49]. Indeed, several AA metabolites, including
11,12-EET,; 8,9-EET and 14,15-EET, were demonstrated to inhibit ENaC in the cortical
collecting duct and cultured mpkCCDc14 cells [53-55]. Alternatively, peroxide can also
affect ENaC via AA-independent mechanisms that involve activation of c-Src — P13-kinase
—PI1(3,4,5)P3 cascade in Xenopus A6 distal nephron cells [+56]. However, inhibition of
either PLA, or P13-kinase does not abolish stimulatory actions of Ang Il on ENaC [¢#47]. It
is possible that the mechanism of Ang Il activation of ENaC is complex and involves several
synergistic components. This may explain why pharmacological ablation of a single
pathway fails to preclude stimulation of ENaC by Ang I1.

Currently, there is no direct experimental evidence that Ang Il also facilitates the basolateral
Na* extrusion via Na*/K* pump in the distal nephron. However, this is a highly probable
scenario since Ang Il is known to stimulate activity of the Na*/K* pump in the proximal
tubule [57].

Non-Redundancy of Ang Il Actions in the Distal Nephron

Sufficient experimental evidence suggests that direct stimulatory actions of Ang Il on ENaC
occur in an aldosterone-independent manner. Thus, the effect of Ang Il on ENaC persists
upon saturation [*+47] and inhibition [++49] of MR signaling. The time courses of ENaC
activation by aldosterone and Ang Il are also remarkably different. Ang Il is able to
stimulate ENaC within several minutes whereas aldosterone is ineffective at this timeframe
[++47]. Indeed, aldosterone operates at the timescale of hours to affect ENaC [58] and the
earliest detectable ENaC activation is approximately 30-60 min [59]. In addition, the
primary and the most defined actions of aldosterone on ENaC are related to regulation of
channel transcription and ENaC residency on the apical plasma membrane via stimulation of
SGK-1 and release of Nedd4-2-mediated ENaC ubiquitination (for more details see
excellent recent reviews [60-62]). Such separation in the mechanisms of actions (expression
vs. gating) and time-dependencies (hours vs. minutes) between aldosterone and Ang Il
indicates that these two physiologically relevant antinatriuretic hormones are perfectly
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positioned to complementary stimulate ENaC in the distal nephron during volume depleted
conditions.

Role of Ang Il in Uncoupling Na* and K* Transport in the Distal Nephron

Recent experimental evidence favors the scenario in which coordinated actions of
aldosterone and Ang Il are able to separately tune interconnected sodium and potassium
transport in the distal nephron to achieve appropriate physiological outcome. In this regard,
a rare inherited salt-sensitive hypertension known as pseudohypoaldosteronism type Il (PHA
I1; also known as familial hyperkalemic hypertension or Gordon syndrome) recently
received a lot of attention. At the systemic levels this disease is characterized by the
simultaneous retention of sodium and potassium leading to arterial hypertension,
hyperkalemia, and metabolic acidosis [63,64]. Seminal discovery of the genetic basis of
PHA type Il revealed an important role of atypical with-no-Lysine kinases, WNKs
(specifically WNK1 and WNK4) acting as a molecular switches to regulate sodium and
potassium transporting systems depending on physiological demands [64]. Importantly, both
Ang Il and aldosterone utilize WNKSs in their signal transduction pathways (reviewed in
[29]). Since regulation of sodium and potassium handling in the distal nephron by WNKs
was recently highlighted by several excellent reviews [65-68], we will not cover this aspect
in the current manuscript.

To appreciate a role of Ang Il in distinct regulation of renal sodium and potassium handling,
both electrogenic sodium transport in the CNT/CCD and electroneutral sodium reabsorption
in the distal convoluted tubule (DCT) need to be considered in tandem. DCT is the shortest
tubular segment that reabsorbs 8-10% of total amount of filtered sodium. DCT is divided by
the early (DCT1) and late (DCT2) segments. Activity of the luminal thiazide-sensitive
sodium chloride cotransporter (NCC) is mainly responsible for the electroneutral sodium
transport in this part of the nephron [69-71]. NCC expression gradually decays in DCT2
whereas ENaC expression becomes detectable in DCT2 [69]. MR and AT, receptors are
abundantly expressed at the both apical and basolateral sides although DCT1 is considered
to be insensitive to aldosterone due to the lack of expression of 11p-hydroxysteroid
dehydrogenase type 2 (11p-HSD2) which protects MR from activation by more abundant
glucocorticosteroids. Similarly to the CNT/CCD, DCT expresses ROMK and BK that are
responsible for potassium secretion at this site (reviewed in [*7]).

Elevated dietary potassium intake is known to be a physiological stimulus, whilst not as a
potent as volume depletion, for aldosterone secretion from the adrenal gland [72]. Despite
the fact that aldosterone stimulates both NCC- [73-75] and ENaC-mediated [60] sodium
reabsorption via SGK-1 mediated pathways, increased renal secretion of potassium in
response to hyperkalemia is not accompanied with renal sodium retention. Unexpectedly,
NCC abundance and phosphorylation are greatly diminished during high potassium diet
[75,76] suggesting that functional status of NCC is no longer regulated by aldosterone
during this condition. The mechanism of this dissociation remains poorly understood.
Furthermore, moderately increased aldosterone levels during high K* intake in the absence
of the activation of renin-Ang Il axis do not cause robust ENaC activation resulting in a
limited renal capacity to retain sodium. Increased delivery of Na* to the ENaC-containing
nephron segments creates favorable conditions for potassium exit via aldosterone-inducible
potassium channel ROMK (discussed in [29]). In addition, elevations in tubular flow during
high potassium intake stimulate flow-dependent K* secretion by activating luminal BK
channels in both principal and intercalated cells [77], though the mechanism of augmented
basolateral K* influx particularly in intercalated cells, which possess very low expression
levels of Na*-K*-pump, remains elusive.
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Low salt intake obligates the kidney to conserve virtually all filtered amount of sodium
avoiding life-threatening hypovolemia. This requires maximal activation of the complete
renin-angiotensin-aldosterone cascade which, in turn, increases the expression and activity
of NCC and ENaC. Importantly, antinatriuretic actions of aldosterone and Ang Il do not
seem to duplicate each other. Indeed, recent studies [78,79] provide compelling evidence of
the stimulatory Ang Il actions on the sodium-chloride cotransporter in the DCT and this
effect occurs additively to aldosterone-induced phosphorylation of NCC [80,81]. Similarly,
activation of ENaC by Ang Il does not depend on the status of aldosterone signaling [¢+47,
++49]. It is reasonable to speculate that Ang I is necessary for aldosterone-independent
stimulation of the major sodium transporting proteins in the distal nephron, ENaC and NCC,
to achieve maximally efficient renal sodium conservation specifically during volume
depletion. Strikingly, antinatriuresis during low Na* intake does not lead to appreciable
potassium loses. It is proposed that augmented NCC activity results in decreased delivery of
sodium to the ENaC-containing CNT/CCD which, in turn, reduces the driving force for
ROMK-mediated potassium secretion. However, when hypotonic protourine exits from the
water-impermeable DCT to the water permeable CNT/CCD the concentration of sodium
will increase substantially due to AQP2-mediated water uptake. Avid sodium reabsorption
in the CNT/CCD via maximally stimulated ENaC could create a sufficient electrochemical
gradient for augmented potassium secretion via ROMK. Indeed, infusion of the ENaC
blocker, amiloride produces robust natriuresis when rats placed on low sodium regimen
[82]. This argues for involvement of additional mechanisms uncoupling sodium and
potassium transport in the distal nephron. Importantly, recent evidence from Wang’s
laboratory demonstrated that Ang Il inhibits activity of ROMK1 during conditions of
volume depletion [#83] and potassium restriction [84] and the signaling pathway likely
involves activation of NADPH oxidase [84]. Recall, Ang Il also stimulates ENaC activity in
NADPH oxidase-dependent manner [#+47, ««49]. Common signaling mechanism of Ang Il
regulation of sodium and potassium transport argues for an important role of Ang Il in
uncoupling sodium reabsorption by stimulating ENaC from potassium secretion by
inhibiting ROMK in ASDN.

Intrarenal RAS in Controlling of Sodium Handling in the Distal Nephron

In experimental animal models of Ang Il-induced hypertension [85,86], intrarenal Ang 11
levels become much higher than plasma Ang Il levels. This suggests that the hormone can
be synthesized in the kidney (reviewed in [87]). Indeed, all components of the functional
local RAS are present in the distal nephron. Principal cells in the CNT and CCD abundantly
express renin [88,89] which, in turn, cleaves Angiotensinogen (AGT) synthesized by the
proximal tubule to Ang I [90]. ACE is present at the apical membrane of distal nephron cells
allowing paracrine generation of Ang Il from Ang | [89,91,92]. Luminal perfusion of
isolated rabbit CCD with Ang | stimulates apical sodium transport in ACE-dependent
manner [92]. Since principal cells express angiotensin receptors at both apical and
basolateral sides, it is possible that circulating and tubular Ang 11 can separately regulate
ENaC-mediated sodium reabsorption during different physiological conditions. In contrast
to the systemic RAS where elevations in circulating Ang Il inhibit renin secretion from the
granular cells in the juxtaglomerular apparatus, augmented distal nephron Ang Il further
increases renin MRNA and protein levels [93]. It is proposed that this positive feedback
leads to inappropriate elevation of the sodium reabsorption in the distal nephron playing a
major role in the development and maintenance of high blood pressure [93,94]. While
elevated dietary salt intake causes suppression of the systemic RAS, the intrarenal RAS is
greatly upregulated in Dahl salt-sensitive (SS) rats leading to increased abundance of ROS-
generating and proinflammatory/profibrosis proteins and an inability to raise antioxidant
enzymes [95,96]. Consistently, both g and yENaC mRNA expression and protein
abundance were significantly increased despite low plasma and kidney aldosterone content
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in Dahl SS rats on high-salt diet [97]. Substantial experimental evidence suggest that similar
paradoxical upregulation of the intrarenal RAS also occurs during Diabetes mellitus likely
contributing to hypertension and renal tissue injury (reviewed in [98]). The critical role of a
succinate receptor, GPR91 in stimulating of (pro)renin production in CNT/CCD was
recently proposed [99]. This will lead, in turn, to activation of the intrarenal RAS.

Conclusions

During past several years our understanding of the mechanisms and physiological relevance
of the direct Ang Il actions on water and electrolyte transport in the distal nephron is greatly
advanced (Figure 1B). Cumulative evidence demonstrates that Ang Il possesses multiple
stimulatory actions on ENaC involving the effect on channel gating, trafficking and possibly
expression. Combined stimulatory actions of aldosterone and Ang Il on ENaC allow
maximizing sodium reabsorption in the distal nephron under conditions of volume depletion
to minimize sodium loss with urine. Ang Il appears to be a critical factor that allows
separate control of distal nephron sodium and potassium transport in response to
physiological clues. In contrast, regulation of ENaC by Ang Il might also have detrimental
consequences on sodium balance under pathological conditions that cause overstimulation
of the intrarenal RAS, such as salt-sensitive hypertension and Diabetes mellitus.
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Figure 1. (A) Principal scheme of direct stimulatory effect of Ang 11 and aldosterone on ENaC in
the distal nephron

MR — mineralocorticoid receptors; AT1r — Angiotensin Il type 1 receptors, PKC — protein
kinase C; NOX — NADPH oxidase complex; ROS — reactive oxygen species; AA —
arachidonic acid; EETs — Epoxyeicosatrienoic acids. 1/~,— increased ENaC open
probability; N — increased ENaC expression at the apical plasma membrane. This scheme is
modified from Mamenko M, Zaika O, llaftovskaya DV, et al. (2012) Angiotensin Il Increases
Activity of the Epithelial Na* Channel (ENaC) in Distal Nephron Additively to Aldosterone.
J Biol Chem 287: 660-671. © the American Society for Biochemistry and Molecular
Biology. (B) Ang Il actionson major transport proteinsin thedistal nephron.
Physiological consequences of these actions are outlined on the right.
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