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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Tubulointerstitielle  Fibrose ist ein gemeinsames Kennzeichen der chronischen
Nierenerkrankung hervorgerufen durch Diabetes, Bluthochdruck, Ischamie, obstruktive
Uropathie und andere Nierenschéden. Die heterotrimere AMP-aktivierte Kinase (AMPK)
besteht aus drei Untereinheiten (o, B, y) und fungiert als zelluldrer Energiesensor. Die
Aktivierung der AMPK tragt zur Umwandlung von Monozyten zu Fibroblasten bei und
fordert die Ablagerung von extrazellularer Matrix. Dennoch kann die Aktivierung der AMPK
auch antifibrotische Effekte vermitteln. Diese Diskrepanz kénnte durch Isoform-spezifische
Effekte der AMPK zustande kommen. Diese Studie untersuchte daher die Rolle der
AMPKal1-Isoform bei renaler Fibrosierung. Zu diesem Zweck wurden genetisch verénderte
Mause mit einer AMPKa1-Defizienz (AMPKal™) und korrespondierende Wildtyp-Mause
(AMPKa1*"") einer unilateralen ureteralen Obstruktion (UUO) (iber 3 Tage, 7 Tage und 3
Wochen oder einer Angiotensin Il (ANG Il)-Infusion fiir 2 Wochen unterzogen. Quantitative
RT-PCR, Western-Blotting und Immunohistochemie wurden verwendet, um mRNA-
Transkriptionsspiegel bzw. Proteinmenge zu untersuchen. Sowohl UUO als auch ANG II-
Behandlung flhrten zur erhohten Proteinexpression von AMPKal im renalen Gewebe von
AMPKo1*"*-Mausen. Im Gegensatz wurde die AMPKo2-Protein expression in der Niere
dieser Tiere durch UUO, aber nicht durch ANG II herunterreguliert. Die a-smooth muscle
actin (a-SMA)-Expression wurde sowohl durch UUO als auch ANG I1-Behandlung erhoht,
ein Effekt, der durch die AMPKal-Defizienz signifikant reduziert wurde. Die
Phosphorylierung der TGF-B-aktivierten Kinase 1 (TAK1) wurde ebenso durch UUO und
ANG Il in den Nieren von AMPKal*"*-Mausen erhéht, was wiederum durch die AMPKal-
Defizienz gemindert wurde. Die UUO-induzierte erhohte mRNA-Expression von Collal und
Col3al war in AMPKal”-Mausen reduziert. Allerdings wurde keine Veranderung der
Kollagenablagerung festgestellt. Die erhéhte mRNA-Expression von proinflammatorischen
und profibrotischen Zytokinen war in AMPKal”-Mausen nach ANG Il oder UUO
vermindert. Eine reduzierte Expression von Cd206 und Cxcl16 in AMPKal™-Nieren nach
UUO lasst auf eine reduzierte Einwanderung inflammatorischer Zellen schlielen. Dennoch
zeigten AMPKa17"-Mause einen vermehrten tubularen Schaden und eine erhéhte Apoptose in
der Niere nach UUO. In Xenopus-Oozyten reduzierte die Koexpression einer Wildtyp und
einer konstitutiv aktiven AMPK, aber nicht einer inaktiverten AMPK den Kv1.5-vermittelten
Strom. Sowohl die konstitutiv aktive AMPK als auch Nedd4-2 reduzierten Kv1.5 K*-Kanal-
Membranbesatz der Zelle. Zusammenfassend, eine Isoform-Verschiebung bei renaler Fibrose
von AMPKa2 zu AMPKal kann die Bildung von Myofibroblasten verstirken und triagt zu
den Signalereignissen in der fibrotischen Niere bei. AMPK beeinflusst die TAKI1-
Phosphorylierung und reguliert den Zellmembranbesatz von Kv1.5, was die Effekte von
AMPK bei renaler Fibrose vermitteln konnte.



SUMMARY

SUMMARY

Tubulointerstitial fibrosis is a common hallmark of chronic kidney disease caused by diabetes,
hypertension, ischemia, renal injury and obstructive uropathy. The hetereotrimeric AMP-
activated protein kinase (AMPK) consists of three subunits (a, B, Y) and is a master sensor of
cellular energy status. Activation of AMPK contributes to monocyte-fibroblast transition and
production of matrix protein even though accumulating evidence suggests that activated
AMPK inhibits tissue fibrosis, which may be due to isoform specific effects of AMPK.
Therefore, the isoform specific function of AMPKal in renal fibrosis was investigated. To
this end, gene-targeted mice lacking functional AMPKal (AMPKal™) and corresponding
wild-type mice (AMPK «1*"*) were subjected to unilateral ureteral obstruction (UUO) for 3
days, 7 days and 3 weeks or angiotensin Il infusion (ANG II) for 2 weeks. Quantitative RT-
PCR, western blotting and immunostaining were used to determine transcript levels and
protein abundance respectively. Both, UUO and ANG Il treatment increased the protein
abundance of AMPKal in kidney tissues of AMPKa1** mice. In contrast, AMPKa2 protein
in UUO treated renal tissue of AMPKal™* mice was down-regulated, but not in ANG I
infused mice. Importantly, a-smooth muscle actin (a-SMA) was upregulated in renal tissue by
both UUO and ANG Il treatment, an effect significantly blunted by AMPKal deficiency.
TGF-B activated kinase 1 (TAK1) phosphorylation was increased by UUO and ANG 11
treatment in renal tissue of AMPKal1™" mice, an effect significantly blunted by AMPKal
deficiency. The UUO induced elevated transcript levels of Collal and Col3al was reduced in
AMPKal1”" mice, although collagen deposition remained unchanged following UUO. The
increased mRNA expression of pro-inflammatory and pro-fibrotic cytokines was attenuated in
AMPKa1” mice following both, UUO or ANG Il treatment. Furthermore, infiltration of
inflammatory cells was impaired in AMPKa 1™ mice indicated by lower mMRNA expression of
Cd206 and Cxcl16 after UUO. Nonetheless, AMPKal™ mice displayed aggravated tubular
injury and apoptosis induced by UUO. In Xenopus oocytes, co-expression of wild-type and a
mutated constitutively active AMPK, but not a mutated inactive AMPK reduced Kvl1.5-
mediated currents. Constitutively active AMPK and Nedd4-2 reduced Kv1.5 K" channel
protein abundance in the cell membrane. In conclusion, the isoform shift from AMPKa2
towards AMPKal potentiates myofibroblast formation and contributes to signaling involved
in renal fibrosis. AMPK affects TAK1 phosphorylation and regulates Kv1.5 abundance,
which may mediate the effects of AMPK during renal fibrosis.
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INTRODUCTION

1. INTRODUCTION

1.1 Fibrotic disease

Fibrosis is defined by excessive accumulation of fibrous connective tissues in response to
various pathological stimuli, which can lead to permanent scarring and distortion the normal
architecture of organs, and may ultimately lead to organ failure [1, 2]. Fibrosis is a common
pathologic feature of all chronic inflammatory diseases and shows features of an inadequate
wound healing response [3]. The deposition of collagen in response to tissue injury is part of
the host defensive mechanism, but chronic stimulation of this process can lead to fibrotic
disease [4]. Fibrotic organ remodelling is encountered in a variety of pathological conditions,
e.g. during repeated exposure to toxins, chronic autoimmune inflammation, chronic smoking,
myocardial infarction and cardiac remodelling, untreated diabetes and hypertension [5].
Although fibrotic disease has become a serious threat to human health and mortality, the
treatment option that specifically targets the pathogenesis of fibrosis are still very limited.
Irrespective of the aetiology of fibrotic organ remodelling, the accumulation and persistent
activation of myofibroblasts is a hallmark of fibrotic diseases [6]. Importantly, the origin of
the myofibroblast is a matter of extensive debate. Myofibroblasts may derive from resident
fibroblasts, infiltration of bone-marrow born cells or from epithelial to mesenchymal
transition (EMT) [3, 7]. However, irrespective of their origins, myofibroblasts are crucial

mediators of tissue fibrosis [3].

1.2 Renal tissue fibrosis

Renal tissue fibrosis is the hallmark of chronic kidney disease (CKD), regardless of its
aetiology [8, 9]. Chronic kidney disease is characterized by progressive renal impairment, loss
of glomerular and peritubular capillary architecture, proliferation of tubular and interstitial
cells, tubular epithelial to mesenchymal transition (EMT), infiltration of inflammatory cells,

apoptosis and deposition of extracellular matrix (ECM) [10].

Chronic kidney disease thereby ultimately leads to renal tissue fibrosis, which is characterized

by excessive accumulation of extracellular matrix (ECM) by activated fibroblasts [11]. Renal

1



INTRODUCTION

fibrosis is considered as a failed wound healing response that occurs after chronic or sustained
injurious insults. The renal tissue undergoes a series of attempts to repair and recover from
injurious damage as a part of wound-healing response to injury [12]. These events include
activation of resident cells to stimulate the production and secretion of pro-inflammatory
cytokines [13]. Glomerular or interstitial infiltrated inflammatory cells become activated and
produce several transmitter molecules such as reactive oxygen species, fibrogenic and
inflammatory cytokines [14, 15]. This in turn sets the stage to activate mesangial cells,
fibroblasts and tubular epithelial cells to undergo phenotypic conversion and eventually
produce a smooth muscle actin (a-SMA) and an excessive amount of ECM including collagen

type I, collagen type I11, and fibronectin [16].

1.3 Mechanisms of renal fibrosis

1.3.1 Interstitial inflammation

Inflammation is a physiological response to tissue injury caused by pathogens or trauma [17].
The inflammation needs to be resolved in a timely manner, otherwise sustained, non-resolving
inflammation can lead to fibrosis and tissue scarring which disrupts the tissue structure and
can cause organ dysfunction [18]. Inflammatory processes are promoted by the expression of
local chemokines, cytokines and membrane adhesion molecules [19]. These can be produced
by kidney parenchymal and endothelial cells which thereby provide a directional signal for
the recruitment of leukocytes towards the site of injury [19]. The recruited leukocytes are the
major source of soluble mediators that promote inflammation and tubular cell injury, and may
further amplify the secretion of other inflammatory and pro-fibrotic signaling molecules [20].
The inflammatory cells orchestrating the fibrotic processes include lymphocytes,
monocytes/macrophages and dendritic cells [9]. A crucial role in this process is attributed to
macrophages [9]. Chemokines (for instance macrophage chemoattractant protein MCP-1,
CXCL16) and adhesion molecules (such as intracellular and vascular cell adhesion molecules
ICAM-1, VCAM-1) aid in the recruitment of macrophages through chemotaxis (Fig. 1) [21,
22]. Macrophages exert a pivotal role in both the promotion and resolution of inflammation:

Inflammatory monocytes can differentiate into two different and distinct subsets of
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macrophages: inflammatory macrophages (M1) and anti-inflammatory macrophages (M2)
[23, 24]. Pro-inflammatory macrophages (M1) secrete pro-inflammatory compounds at the
onset of inflammation while anti-inflammatory macrophages (M2) contribute to the resolution

of inflammation [25].

Alternatively activated
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Figure 1. Schematic illustration of cellular interaction in the Kkidney subjected to

unilateral ureteral obstruction, taken from Robert L et al, Kidney Int. 2009. Infiltrated
monocytes are classically activated into macrophages and produce cytokines such as TGF-B1 and tumor necrosis
factora (TNFa). The secreted cytokines may either trigger the phenotypic conversion of tubular epithelial cells
into a mesenchymal phenotype (epithelial to mesenchymal transition (EMT)) or trigger apoptosis. ANG Il
further promotes activation of macrophages via NF-kB and affects renal tubular cell fate by increasing reactive
oxygen species (ROS). TGF-B1, either produced by macrophages or other cells, stimulates the formation of
myofibroblasts which are the effectors in the deposition of excessive ECM [26].
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However, M2 macrophages may promote fibrotic tissue remodeling [27]. Macrophages skew
from M1 to M2 stage during inflammation [28]. M2 macrophages induce the expression of
TGF-B1 [28]. A crucial role in this process is attributed to tumor necrosis factor alpha (TNFa)
whose pro-inflammatory and cytotoxic effects are exerted at least partly by activation of
NFkappaB (NF«B) to induce the production of cytokines, chemokines and growth factors
during renal inflammation (Fig. 1) [29]. NF«kB activity and inflammatory cell activity may be

further increased by angiotensin Il [29].

1.3.2 Fibroblast activation

The inflammatory processes and pro-fibrotic cytokines create a fibrogenic pressure in the
kidney resulting in the activation of matrix producing fibroblasts [30]. Many different types of
cells in the kidney, such as fibroblasts, tubular epithelial cells, vascular smooth muscle cells
and macrophages are capable of producing ECM protein [31]. Activated fibroblasts or
myofibroblasts are the major source of the production and deposition of ECM components

such as collagen type I, collagen type 11, and fibronectin (Fig. 2) [32].

activation

migration
proliferation
ECM deposition

Figure 2. Activation of fibroblast in chronic kidney disease, modified from Grgic | et al.

pediatr. Nephrol. 2012. Myofibroblasts are activated under the influence of persistent irritation and injury.
The chronic stimuli lead to the activation of fibroblasts into myofibroblasts along with migration, proliferation
and extracellular matrix accumulation. This ECM accumulation causes renal tissue scarring and results in a
progressive loss of renal function [3].
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The myofibroblasts are characterized by high expression of a smooth muscle actin (a-SMA),
which serves as a marker of fibrotic activity [9, 32]. Matrix accumulation and activation of
matrix-producing effector cells are generally considered as a central event in renal
fibrogenesis [9]. However, the origins of the myofibroblasts are still controversial, whether
they mostly originate from resident fibroblasts, infiltration of bone-marrow born cells or from

epithelial to mesenchymal transition (EMT) (Fig. 1) [3, 7].

1.3.3 Tubular injury and apoptosis

In renal disease, renal tubular injury may lead to cellular activation, dedifferentiation, cell
cycle entry, abnormal cell cycle progression or cell death [20]. Injured tubular cells may
undergo necrosis, apoptosis or necro-apoptosis [33]. Necrosis is not frequently observed in
chronic kidney disease but may also happen following intense stimulation of the cells [20].
Apoptosis is the most frequently encountered cell death in the progressive form of CKD [34].
Apoptosis may be triggered by activation of intracellular lethal molecules and suppression of
pro-survival factors [35]. Under normal conditions, the cells maintain homeostasis by keeping
a fine balance between cell death and proliferation. An imbalance of an excessive rate of
tubular cell death over the rate of tubular proliferation contributes to the development of
tubular cell depletion and tubular atrophy in the course of CKD. EMT may contribute to
reduce the epithelial cell numbers although this concept is still controversial [36]. In injured
cells the cell cycle arrests in the G2/M phase, which precedes apoptotic cell death and may
also contribute to reduce number of epithelial cells. In addition G2/M phase arrest promotes
fibrosis through the secretion of TGF-1, which is a strong activator of fibroblasts [37]. ANG
I, TGF-B1, TNFa, oxidative stress as well as mechanical stress are the main driving forces to

stimulate the tubular cells to undergo apoptosis [38].

1.3.4 Deposition of ECM

Irrespective of their origin, activated fibroblasts ultimately produce an excessive amount of
ECM. Deposition of ECM and its decreased degradation then cause renal fibrosis [39]. The
normal architecture of kidney is disturbed by the excessive accumulation of ECM, which may

eventually lead to the loss of normal kidney function [40]. This process may also be triggered
5
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in acute injury or transient renal injury. The tissue damage is eventually repaired via tubular
regeneration and matrix remodeling and the normal renal structure restored after an acute
renal injury [41]. Conversely, prolonged injury causes the tissue to react with overproduction
of ECM and renal fibrosis [17]. The fibrosis of the kidney is frequently encountered in renal
disease, leads to progressive loss of renal function and has been recognized as a serious health

concern [40].

1.4 Signaling pathways involved in renal fibrosis

1.4.1 Smad signaling in renal fibrosis

Increasing evidence suggests that TGF-B and its downstream receptor-regulated Smad
transcriptional effectors molecule is a key pathway leading to fibrogenic cell activation in
various organs [42]. Studies from both human and experimental models reported that TGF-3
is up-regulated in virtually every type of chronic renal injury [43]. The activation of
mesangial cells, fibroblasts and phenotypic conversion of epithelial to mesenchymal cells,
driving these cells to become matrix-producing fibrogenic cells is crucially mediated by TGF-
B [44]. EMT mediated formation of mesenchymal cells from trans-differentiation of epithelial
cells is associated with loss of E-cadherin expression (a marker of epithelial cells) [45]. The
down-regulation of E-cadherin expression is at least in part mediated by the transcription
factor Snail [46]. Snail is required for TGF-p induced EMT conversion [47]. Furthermore,
TNFa dependent NF-xB activation protects Snail from ubiquitin mediated degradation [48].
Therefore, Snail is regarded as an important transcription factor that is required for EMT,
fibroblast migration and renal fibrosis and links renal inflammation and fibrosis [49]. Up-
regulation of TGF-P appears to be a convergent pathway that integrates many other fibrogenic
factors such as angiotensin Il or glucose overload [50]. TGF-B transmits its signal through
type | and type Il receptor serine/threonine kinase membrane receptors [51]. Upon binding of
TGF-p to its receptor the phosphorylation of its downstream effectors Smad2/3 is triggered
(Fig 3) [51]. Phosphorylated Smad2/3 recruits Smad4 and subsequently translocate into the
nucleus where they recognize regulatory Smad binding elements and transcriptionally activate

or repress TGF-B dependent target genes (Fig 3) [52].
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Figure 3. Schematic diagram of SMAD signaling, modified from Choi ME et al, Semin

nephrol. 2012. Upon binding of TGF-B to its receptor Smad2/3 is phosphorylated. Phosphorylated Smad2/3
binds with Smad4 and translocates to the nucleus to bind with specific DNA regions of target genes to effect on
proliferation, migration, differentiation, stress response and apoptosis [53] .

In various renal diseases, TGF-B/Smad signaling is hyper-activated [54]. Induction of TGF-$
and its effectors is also observed in the fibrotic kidney [54]. Smad transcriptional corepressors
limit Smad-signaling in healthy kidneys and protects the tissue from an unwanted TGF-$
response [55]. The long term inhibition of TGF-p might not be a feasible therapeutic option
for renal fibrosis, as TGF-f may also act as an anti-inflammatory cytokine [56]. This

suggests that TGF-B1 may play a dual role in the tissue response to injury. However several
7
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studies have demonstrated that the Smad signaling pathway is not able to solely explain the
diverse functions of TGF-B1. In addition to Smad signaling, TGF-B1 exerts effects via Smad
independent pathways with or without crosstalk with Smad [57].

1.4.2 Non-Smad signaling in renal fibrosis

Accumulating evidence suggests that other pathways besides Smad are important in the
effects of TGF-B. The TGF-p activated kinase 1 (TAKL1) is a key signaling molecule through
which TGF-p may exert its fibrotic action independent of Smad. A variety of triggers besides
TGF-B may also activate TAK1, including environmental stimuli, pro-inflammatory cytokines
such as tumor necrosis factor (TNF) a, interleukin 1 (IL)-1, and lipopolysaccharides (LPS)
[58-60]. The upstream effects of TAKL1 activation are however still insufficiently defined [58-
60]. Activation of TAK1 can transduce signals towards several downstream targets including
p38, JNK and the transcription factor AP-1, as well as NF«B (Fig. 4) [60]. TAK1 activation
is therefore a key event in the signaling pathways leading to tissue fibrosis [60]. In cultured
mesangial cells, TAKL is required for the TGF-B-induced expression of collagen type | and

IV as well as fibronectin [61].
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Figure 4. TGF-p activates TAKI1 signaling in fibrosis, modified from Choi ME et al,

Semin nephrol. 2012, TGF-p1-induced TAK1 activation facilitates activation of downstream signaling
pathways including JNK-AP-1, p38-ATF2, and NF-kB. Activated transcription factors modulate the fibrotic
response. TAK1 signaling may show also a crosstalk with Smad signaling [53].

TAK1 has therefore been widely recognized as a key factor promoting tissue fibrosis [62].
However, hepatocyte specific deletion of TAK1 causes spontaneous hepatocyte death,
inflammation, fibrosis and carcinogenesis in mice [63]. This seemingly opposite effect
indicates that TAK1 may inherit a complex role, which may be dependent on tissue/cell type
and type of activation. Nonetheless, compelling evidence supports a critical role of TAK1 as a
major factor of TGF-B induced pro-fibrotic signaling [62, 64, 65].
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1.5 Angiotensin |1

The renin-angiotensin-aldosterone system (RAAS) is involved in the regulation of sodium
balance, body fluid volume and arterial pressure [66]. Angiotensinogen, a glycoprotein,
released from the liver, is cleaved by the plasma enzyme renin, secreted by juxtaglomerular
cells in the kidney, to form the decapeptide angiotensinogen | (ANG 1) (Fig. 5) [67].

Angiotensinogen -e—

Renin -e——

Angiotensin |
ACE
Y

Angiotensin |l

j——— Losartan

AT, receptor

Cardiac and Renal Na* and
vascular hypertrophy fluid retention
Thirst
Systemic Increased
vasoconstriction blood volume

Figure 5. Classical view of Renin-Angiotensin system, modified from Parsons KK and

Coffman TM, J clin. Invest, 2007. The liver releases angiotensinogen which is converted into the major
effector angiotensin Il through sequential enzymatic cleavage by renin and angiotensinogen converting enzyme.
Circulating angiotensin Il binds with the AT1 receptor to induce water and sodium reabsorption, an increase of
blood pressure and can directly stimulate cardiac hypertrophy [68].
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Angiotensin | is subsequently converted into its active form angiotensin 1l (ANG I1I) by the
angiotensin converting enzyme (ACE), which is predominantly expressed on the surface of
the pulmonary endothelial cells [69, 70]. Angiotensin Il is a powerful vasoconstrictor and
causes an increase of blood pressure [39]. Furthermore, it stimulates the secretion of
aldosterone in the adrenal glands, which increases the reabsorption of sodium and water by
the kidney and thereby causes an increased blood pressure (Fig. 5) [71]. Besides its classical
role as vasoconstrictor, ANG Il has various other important effects [72-74].

1.5.1 Angiotensin Il in inflammation

ANG Il modulates inflammatory processes [75]. ANG Il can stimulate the recruitment of
inflammatory cells into renal parenchymal issue. ANG Il contributes to the adhesion of
circulating cells to endothelial cells in renal disease and can thus induce structural change of
the kidney [76-78]. This entire process is mediated by the up-regulation of certain
chemokines, cytokines and adhesion molecules. ANG Il up-regulates several pro-
inflammatory genes such as vascular cell adhesion molecule-1 (VCAM-1), intercellular
adhesion molecule-1 (ICAM-1), interleukin-6 (IL-6), cyclooxygenases (COX2) and monocyte
chemoattractant factor protein -1 (MCP-1), through activation of various intracellular
signaling pathways, including NFkB, MAPK as well as Rho and redox signaling cascades
(Fig. 6) [79]. ANG Il may therefore facilitate progressive inflammation, further enhance the
migration of mononuclear cells into the interstitium and the progression of fibrosis (Fig. 1)

[80, 81]. ANG Il was therefore attributed a role in the events leading to renal fibrosis [82].

1.5.2 Angiotensin Il in fibrosis

ANG Il participates in the pathogenesis of chronic diseases such as hypertension,
atherosclerosis, cardiac hypertrophy and renal injury at least in part through regulation of
inflammation and fibrosis [78]. ANG Il is considered as a common pathogenic stimulus in
end stage renal disease, glomerulosclerosis and interstitial fibrosis [83]. ANG Il mediates
pathologic phenomena partly by stimulating the release of transforming growth factor (TGF-
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B) and plasminogen activator inhibitor type 1 (PAI-1) [79]. ANG Il promotes fibrogenesis
furthermore by upregulation of monocyte chemoattractant factor protein -1 (MCP-1) (Fig. 6)
[84]. In several models of renal disease, ACE inhibitors or AT1 receptor antagonists confer
protective effects against disease progression, and thus ameliorate proteinuria, infiltration of
inflammatory cells and fibrosis in the mouse kidney [79, 85]. Systemic infusion of TGF-f in
turn causes elevated tissue levels of ANG 11, hypoxia and renal fibrosis, indicating a complex
and close relationship between TGF-p and ANG Il [86]. ANG Il induces fibronectin, CTGF
and collagen 1 upregulation via Smad2/3/4 dependent pathways (Fig. 1), which can be
attenuated by transient transfection of Smad7 [87]. Unilateral ureteral obstruction induced
renal injury, myocardial infraction and ANG Il-infused mediated Smad activation is
diminished by Smad7 overexpression [88, 89]. Therefore, suppression of Smad activation in

cardiac and renal fibrosis could be an important anti-fibrotic target.

Activation and recruitment of
inflammatory cells

Renal Cells
(mesangial, tubuloepithelial

interstitial fibroblasts) Chemokines
- MCP-1, RANTES
. Adhesion molecules
/ Growth factors: TGFB, PDGF,CTGF -VCAM-1
! Cytokines: IL-6, TNFo Citokines, growth factors
. Chemokines: MCP-1, RANTES,OPN
1 Other: PAI-1, Metalloproteinases
/
] l * ECM production and * degradation |

| 4

IProteinuri_a | = _ mulati I el proliferatic A

RENAL FIBROSIS

Figure 6. Cellular events involved in ANG Il-induced renal fibrosis, modified from
Mezzano SA et al, hypertension. 2001. ANG 11 activates inflammatory cells by increasing chemokines
and adhesion molecules both in resident and infiltrating cells. This response at least partly relies on chemotaxis
and production of MCP-1 and TGF-B or indirectly activating resident cells which eventually contributes to the
progression of fibrosis. Several proteins are increased by ANG Il through which it regulates cell growth and
matrix regulation in renal cells [39].
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Nevertheless, as previously discussed, TGF-B can also transduce fibrogenic signals by Smad
independent pathways (Fig. 4). Effects of ANG Il are intracellularly transmitted via TAK-1
[90]. ANG Il promotes cardiac hypertrophy in a TAK1 dependent and Smad2/3 independent
manner [91]. Angiotensin has therefore a crucial role in fibrotic diseases, which are mediated

by various intracellular pathways.

1.6 Kv1.5

Recent evidence indicates a role for ion channels in fibroblast activation [92, 93]. The
voltage-gated potassium K* channel Kv1.5, encoded by KCNA5 gene, contributes to the
regulation of cell membrane potential and cell volume [94]. The Kv1.5 channel is considered
as a delayed rectifier potassium channel and is involved in the regulation of cell membrane
potential in a wide variety of tissues including pancreatic B-cells, brain, macrophages,
dendritic cells, and heart [95, 96]. Kv1.5 causes the repolarization of cardiac action potential
in the heart [97]. Kv1.5 channel is abundantly expressed at uniform level in atrial myocytes
[98]. The Kv1.5 channel is expressed in immune system, kidney, skeletal, smooth muscle and
brain [99-101]. Mutation induced loss of function of Kv1.5 channel is implicated in several
human diseases such as atrial fibrillation [102]. Several studies indicate that Kv1.5 has a
putative functional pathophysiological role [103-105]. Kv1.5 is expressed in several human
tumor cells and the expression of this channel is altered in prostate cancer, colon cancer,
breast cancer and lung cancer [106-109]. Kv1.5 channels appear to contribute to the
development of cancer through their involvement in proliferation, adhesion, migration and

invasion [110].
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1.6.1 Fibrosis regulated by Kv1.5

Angiotensin Il upregulates Kv1.5 channel expression through ROS dependent TGF-B1 -
ERK1/2 signaling cascade in rat atrial myocytes, which contributes to the development of
atrial fibrillation [105]. The activity and expression of Kv1.5 is suppressed in response to
ischemia, an effect, at least partially explained by 15-hydroxyeicosatetraenoate (15-HETE)
formation [111]. The suppression or inhibition of Kv1.5 leads to impairment of cellular
apoptosis and thus may exacerbate the progression of cancer [112]. KV1.5 is expressed in
fibroblasts and may modulate the activity of these cells [113]. Thus, dysregulation of Kv1.5
might impact on cardiac fibrosis [113]. Along those lines, Kv1.5 might be involved in
fibroblast activations in other organs. Down-regulation of Kv1.5 may theoretically affect renal

fibrosis.

1.7 Models of fibrotic disease

The molecular events and ECM deposition in renal fibrosis may be simulated by preclinical
animal models [114]. The hallmarks of renal fibrosis as an end-stage of various kidney
disease may be mimicked by unilateral ureteral obstruction (UUQ) [114]. UUO induced renal
tissue changes resembles human-ureteral-tract-obstruction induced kidney injury but the
fibrogenic processes involve also several key cellular events in the course of CKD including
kidney fibrosis [20]. Furthermore, angiotensin Il exposure triggers renal fibrosis [115]. The
angiotensin 11 induced renal fibrosis relies on TGF-p dependent and independent effects and
resembles human pathophysiology [115]. These animals allow the study of mechanisms
contributing to and resulting in fibrosis [114, 115].
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1.8 AMPK as a master sensor of energy balance

The AMP-activated protein kinase (AMPK) is an evolutionary conserved Ser/Thr protein
kinase and acts as a master sensor of cellular energy balance. AMPK is activated by changes
in the cytosolic AMP/ATP concentration ratio and therefore is activated following hypoxia,
starvation, glucose deprivation and muscle contraction. AMPK is a heterotrimeric complex
consisting of a catalytic alpha (o)) subunit (63 KDa), regulatory beta (B) (30 KDa) and gamma
(y) subunits (38-63 KDa) [116]. AMPK contains a conventional kinase domain at the N
terminal region and auto inhibitory domain (AID) which is immediately followed by a linker

(Fig. 7).

LKB1/ CaMKKB/ITAK1 PKA Akt/PKA
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AMP/ATP binding domains

Figure 7. Structural organization of AMPK, obtained from Viollet B et al, Crit Rev

Biochem Mol Biol, 2010. AMPK is a heterotrimeric protein consists of an « catalytic, f and y subunit.
[117].

Each subunit has multiple isoforms (al, o2, B1, B2, v1, y2, y3), which are encoded by
different genes. Different expression patterns and tissue distribution of the isoforms have been
reported, but the isoform specific functions remain insufficiently defined [118]. AMPKal and
AMPKa2 subunits are expressed almost by all cell types, although the ratio may vary [119].
The ubiquitously expressed AMPKal is mostly found in the non-nuclear fraction while

AMPKa2 may be localized in both non-nuclear fraction as well as the nucleus [117, 120]. The
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two catalytic AMPKa isoforms may modulate different downstream targets and facilitate
thereby different effects [121]. Cardiac muscle and skeletal muscle express the AMPKa2
subunit at a higher abundance than the AMPKal subunit [122]. AMPKal phosphorylates
cytosolic and plasma membrane proteins while AMPKa2 has been more associated with

transcriptional effects induced by metabolic signals [123, 124].

Hormonal and nutritional signals targeted to maintain cellular energy balance and metabolic
functions can activate AMPK [125]. Furthermore, AMPK is activated by an increased
AMP/ATP ratio, which then results in a shutdown of energy consuming pathways and
stimulation of energy producing pathways [126]. AMPK effects on lipid metabolism by
phosphorylating Acetyl-CoA carboxylase (ACC) at Thr-79 which controls the limiting step
for lipid biosynthesis [127]. AMPK also governs transcription of some specific genes
involved in metabolic regulation through which long term metabolic regulation can be
maintained [123]. Control over food intake and energy expenditure can also be regulated by
AMPK in response to hormonal signals, including leptin, ghrelin and adiponectin (Fig. 8)
[128].

1.8.1 lon channels and transporters regulated by AMPK

AMPK fosters cell survival during energy depletion by regulating a wide variety of ion
channels, carriers and transporters [129]. Cellular depolarization by inhibition of K* channels
may reduce the electrical driving force for the electrogenic Na* coupled HCOj3 transport,
which causes alkalinization of cell [129]. An alkalinization of the cell would further promote
glycolytic flux and thereby generate ATP from glucose without the requirement of an energy
consuming transport in the cell [129]. AMPK foster the degradation of plasma membrane
proteins at least partly by activating Nedd4-2 and promote ubiquitination of plasma
membrane proteins [129]. AMPK is a powerful regulator of several channels and carriers, as
described in table 1, to initiate their removal from the plasma membrane by ubiquitination
(Table 1) [130].
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Table 1 A short list of channels or transporter regulated by AMPK.

Channels and Effects of AMPK Mechanism of Action References
Transporters
BKCa down-regulation Direct-channel
. [131]

phosphorylation

ENaC down-regulation Nedd4-2-me§j|ated [132]
Degradation

KCa3.1 down-regulation [133]
KCNQ1 down-regulation Nedd4-2 [134]
Kv7.1 down-regulation Nedd4-2 [135]
Nav1.5 up-regulation [136]
NHE up-regulation [137]

1.8.2 Regulation of AMPK by different kinases

AMPK is activated allosterically by AMP [138]. However, in addition to its allosteric
regulation, AMPK can also be regulated by reversible phosphorylation [139]. The
phosphorylation of the subunit at Thr-172 site is crucial for AMPK activation [140]. There are
three different upstream AMPK kinases identified until now. The liver kinase, LKBL1 is a
primary AMPK kinase which is constitutively active and is not regulated by AMP (Fig. 8)
[141]. Upon binding of AMP to AMPK, AMPK may be phosphorylated by LKB1 at Thr-172
(Fig. 8) [142]. Another AMPK kinase is the Ca®*/calmodulin-dependent protein kinase
kinase B (CaMKKJ), which phosphorylates and activates AMPK in response to elevated
levels of intracellular Ca?*, independent of the cellular AMP/ATP ratio (Fig. 8) [143]. The
third putative upstream AMPK kinase is the TGF-B activated kinase 1 (TAK1) which is
implicated in the regulation of AMPK in different physiological and pathophysiological
conditions (Fig. 8) [144].
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Figure 8. Regulation of AMPK activity through different kinases, modified from Wang

S et al., Clin Sci (Lond), 2012. AMPK is activated by phosphorylation at Thr-172 through different
upstream kinases: CaMKK, LKB1 and TAKL1. Phosphorylation of AMPK by CaMKK and LKB1 depends upon
the concentration of intracellular Ca®* and the AMP/ATP ratio respectively. The mechanism and relevance of
TAK1 dependent phosphorylation of AMPK is still insufficiently defined [145].

1.8.3 Regulation of AMPK in the kidney

The activation and functions of the AMPK signaling pathway have been extensively studied
over the last decade in various organs including liver, skeletal muscle and heart. The role of
AMPK in renal physiology and disease is still ill defined, although AMPK is abundantly
expressed in kidney. Both catalytic subunits al and a2 are expressed in kidney [146]. The
AMPK upstream kinase LKB1 is abundantly expressed in the kidney whereas CaMKK} is
not detectable in physiological conditions [147]. AMPK may play an important role in ion
transport, may regulate Na* and electrolyte balance [148-150]. AMPK may be especially
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important during pathological processes in the kidney. Adiponectin, a hormone produced by
adipocytes, activates AMPK thereby mediates reduction of oxidative stress by reducing
NADPH oxidase 4 (Nox4) expression in podocytes [151]. AMPK activation is reduced in the
diabetic kidney [152]. AICAR and metformin, two pharmacological activators of AMPK,
inhibit EMT and fibrogenic processes in obstructive renal injury [153, 154]. However, the
effects of AICAR and metformin may be via pathways independent of AMPK [155].
Accordingly, activation of AMPK in the heart during ischemic conditions is considered to be
beneficial [156]. Along these lines, AMPK has been implied in renoprotection following
ischemic injury [157, 158]. Nonetheless, the exact role of AMPK and the isoform specific
effects of AMPK in renal tissue remain to be elucidated.

1.8.4 Role of AMPK in inflammation

In the case of injury, activated fibroblasts produce ECM and cause apoptosis [16]. An
increasing body of evidence indicates that AMPK plays a pivotal role in the transduction of
inflammatory signals [159-162]. AMPK activity is reduced by pro-inflammatory stimuli such
as lipopolysaccharides (LPS) and increased by several anti-inflammatory cytokines [163].
Upon a pro-inflammatory stimulus, AMPK inhibition may enhance the production and
secretion of TNFa, IL-6 and IL-1 while overexpression of AMPK can stimulate the
production of IL-10 [163]. LPS induced lung injury can be attenuated by activation of AMPK
[164]. Isoform specific effects of AMPK may be of crucial importance during inflammatory
processes: Other than AMPKo2, the AMPKal isoform plays a key role in pro-inflammatory
signals triggered by the toll-like receptor 4 (TLR4) through molecular interaction with TAK1
[162]. TAKL has therein been described as a downstream effector of AMPKal, which
mediates the pro-inflammatory effects of AMPK [162]. Constitutive activation of AMPKal in
endothelial cells causes inflammation by abnormal expression of COX2, E-selectin,
intercellular adhesion molecule (ICAM), the chemokine CCL2, and TNFa [161]. Elevated
levels of COX2 may be associated with obesity related renal damage, cardiac abnormalities
and fatty liver injuries [165, 166]. Therefore, AMPK may mediate either pro-inflammatory or
anti-inflammatory signals, and these may depend on isoform specific effects.
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1.8.5 Role of AMPK in fibrosis

AMPK activity is modified in different metabolic stress condition such as diabetes and
obesity [159, 167]. Several studies therefore investigated the effects of AMPK on renal
fibrosis: AMPK activation with AICAR blunts the fibrotic response following obstructive
injury [154]. Similarly Metformin reduces the renal fibrosis after unilateral ureteral
obstruction [168]. TGF-B, high glucose, angiotensin II and aldosterone induced EMT is
reduced by AMPK activation in human proximal tubular cells (HK-2 cells) [153].

Paradoxically, genetic deletion of adiponectin inhibits the bone-marrow derived fibroblast
accumulation in the kidney, which is crucial in the induction of renal fibrosis following
obstructive injury [32]. Adiponectin is a multifunctional cytokine that plays an important role
in inflammation and metabolic processes, and mediates its effects at least partly via AMPK
activation [169]. Accordingly, AMPK inhibition or dominant negative AMPKal transfection
suppressed the adiponectin induced a-SMA expression and ECM accumulation [32]. These
findings may be further supported by the observation, that ANG Il induced fibroblast
proliferation and collagen accumulation is enhanced by AMPKal activation [170]. Therefore,
the role of AMPK during fibrosis is rather controversial. In theory, AMPK might promote the
survival of energy depleted cells by the replacement of less energy demanding fibrous tissue
in response to metabolic or other stressors. The effects of AMPK may however be dependent

on its isoform.
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2. AIM OF THE STUDY

AMPK might promote the replacement of functional tissue by fibrous tissue to support the
survival of energy depleted cells in ischemic condition. Based on this hypothesis, this study
investigated the isoform specific functional significance of AMPKal in renal inflammation
and fibrosis following unilateral ureteral obstruction and angiotensin Il infusion. TAK1 and
Kv1.5 were investigated as possible mechanisms of AMPKal downstream effects.
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3. MATERIALS AND METHODS

3.1 Animal experiments

All animal experiments were carried out according to the German law and the
recommendation of the guide for care and use of laboratory animals of the National Institutes
of Health for the Welfare of Animals. Animal surgery was approved by the respective
government authority of the state Baden-Wirttemberg (Regierungsprasidium). Experiments
were performed in gene-targeted mice lacking functional AMPKol (AMPKal™) and in
corresponding wild-type mice (AMPKa1**) [171, 172]. The AMPKal1™ mice were described
in detail by Viollet et. al [173].

3.1.1 Unilateral Ureteral Obstruction

Renal fibrosis was triggered by the unilateral ureteral obstruction (UUQO) procedure [174-
176]. UUO treatment was performed for three days, seven days and three weeks respectively.
Following anesthesia of the mouse, the skin and the abdominal wall was opened by surgical
incision. The left ureter was identified followed by and dual ligation with a non-resorbable 7-
0 filament. The surgical opening was closed by suturing. Metamizole treatment was used for
analgesia (200 mg/kg BW) after the procedure and was maintained by metamizole addition to
the drinking water for the duration of the UUO experiment. Mice were sacrificed three days,
seven days and three weeks after the UUO procedure. The obstructed as well as non-
obstructed kidneys were immediately removed. One kidney portion was fixed by 4%
paraformaldehyde/PBS for subsequent immunostaining. Another kidney portion was snap-
frozen in liquid nitrogen and stored at —80°C for RNA and protein isolation, respectively
[176]. Blood was collected after 7 days of UUO treatment. Blood was analysed by using a

pocH-100iv automatic hematology analyzer (Sysmex) to measure the blood count.
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3.1.2 Angiotensin Il infusion

Angiotensin Il was infused in mice by surgical subcutaneous implantation of osmotic
minipumps (Alzet) at a dosage of 1.46mg/kgBW/day or saline for two weeks. After two
weeks of treatment, mice were then sacrificed, and the kidneys were rapidly removed and
snap frozen in liquid nitrogen and stored at —80°C for RNA and protein isolation,

respectively.

3.2 Analysis of protein expression in renal tissue

3.2.1 Protein isolation from murine renal tissues

After weighing of the kidney tissue samples, ice-cold lysis buffer (Thermo Fisher Scientific)
supplemented with complete protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific, USA) was added to the renal tissue (20ul lysis buffer/mg kidney tissue). Tissues
were homogenized with IKA T10 basic homogenizer (IKA —Werke, GmbH) for 5 seconds.
The homogenized samples were kept on the ice for 20 minutes for the complete lysis of the
tissues. Next, the samples were centrifuged at 10.000 rpm for 5 minutes and the supernatant
was transferred into a new tube. Protein concentrations were estimated with Bradford protein

assay reagent (Biorad, Munchen, Germany).
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3.2.2 SDS-PAGE electrophoresis

The proteins were separated using 8%, 10% or 12 % SDS-polyacrylamide gels (Table 2, 3)

depending on the molecular weight of the target proteins.

Table 2. 5% stacking gel for Tris-Glycine SDS polyacrylamide gel electrophoresis

Chemicals Total volume (8 ml)
dH20 5.5 ml
Acrylamide mix (30%) 1.3 ml
Tris-HCI (1.0 M, pH 6.8) 1.3 ml
SDS (10%) 80 pl
Ammonium persulphate (10%) 80 pul
TEMED 8 ul

Table 3. Resolving gels for Tris-Glycine SDS polyacrylamide gel electrophoresis

Chemicals 8% Gel (20 ml)  10% Gel (20 ml)  12% Gel (20 ml)
dH20 9.3ml 7.9ml 6.6 ml
Acrylamide mix 5.3 ml 6.7 mi 8.0 ml
(30%)

Tris-HCI (1.5 M, 5.0ml 5.0 mi 5.0ml

pH 8.8)

SDS (10%) 200 pl 200 pl 200 pl
Ammonium 200 pl 200 pl 200 pl

persulphate (10%)
TEMED 12 pl 8 ul 8 ul
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The proteins (30 pg/ sample) were boiled in Roti-Loadl Buffer (Carl Roth, GmbH) at 100°C
for 5 min. Before and after heating, the samples were vortexed and centrifuged for best
dissolving. The peqGOLD Protein-Marker V (Peglab, Erlangen, Germany) was used as a
molecular weight marker. Murine tendon tissues were used as positive control for Collagen |
Western blot. Prepared protein samples were loaded into the gel wells by using special gel
loading tips (VWR, international). Electrophoresis was performed for about 2.5 hours, at
80/120 mV, at room temperature by using electrophoresis power supply (Pharmacia Biotech)
(Table 4).

Table 4. 10X Running Buffer

Tris base 250 mM
Glycine 19M
SDS 1%

3.2.3 Immunobloting

After separation on SDS-PAGE gels, proteins were transferred to PVDF membranes (Roche,

Germany). The protein transfer was made for 1 hour at 100 mV using ice blocks (Table 5, 6).

Table 5. 10X Transfer Buffer

Tris base 198 mM
Glycine 15M

Table 6. 1X Transfer Buffer

10X Transfer buffer 100 ml
Methanol 100 ml
dH20 800 ml
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The PVDF membranes containing the transferred proteins were blocked with 5% non-fat dry
milk in Tris-buffered saline / 0.1 % Tween 20 (TBST) (Table 7, 8) for one hour at room
temperature to avoid any unspecific binding of the antibodies to the membranes.

Table 7. 10X TBS

Tris base 200 mM
NaCl 13 M
Adjust pH 7.6

Table 8. 1X TBS

10X TBS 100 ml
dH20 900 ml
Tween-20 1 ml

After blocking, the membranes were incubated overnight at 4°C with the following primary
antibodies: rabbit anti-pAMPK Thr'"?, rabbit anti-AMPKa, rabbit anti- pTAK1 Ser*'?, rabbit
anti- TAKZ, rabbit anti- pSmad2 Ser*®®*¢" rabbit anti- Smad2, rabbit anti- pACC Ser’®, rabbit
anti-ACC, rabbit anti-TGF-p, rabbit anti-GAPDH (Cell Signaling, Danvers, MA, USA) (used
at a 1:1000 dilution), rabbit anti-Collagen 1 (Abcam, Germany) (used at a 1:1000 dilution),
goat anti-AMPKa2 (Santa Cruz, USA) (used at a 1:2000 dilution), rabbit anti-AMPKal
(Novus Biology, Germany) (used at a 1:1000 dilution) or rabbit anti-a-smooth muscle actin
(Abcam, Germany) (used at a 1:2000 dilution). The antibodies were diluted in 5% BSA/TBST
or in 5% non-fat dry milk/TBST (for Collagen 1 Western blotting).

The following day, the membranes were washed three times for 10 minutes with TBST and

then incubated with secondary goat anti-rabbit HRP-conjugated antibody (diluted 1:1000, Cell

Signaling) or donkey anti-goat HRP-conjugated antibody (diluted 1:2000, Santa Cruz, USA)
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for 1 hour at room temperature. Secondary antibodies were diluted in 5% non-fat dry

milk/TBST. Next, the membranes were washed three times for 10 minutes with TBST.

Antibody binding was detected with the ECL detection reagent (Thermo Fisher Scientific,
USA) or homemade ECL solution (Table 9-11). Membranes were exposed to X-ray film (GE
Healthcare, Europe, GmbH) and developed with developing and fixing solution (Sigma
Aldrich, Germany) in the dark room. For loading controls, the membranes were stripped with
stripping buffer (Carl Roth, GmbH) at 60°C for 5 min. Bands were quantified with Quantity
One Software (Bio-Rad Laboratories) and results were normalized to the protein expression in
the obstructed kidney tissues of wild-type mice for the UUO experiments. For the results
following angiotensin 11 infusion, protein expression in the kidney tissues of control treated

wild-type mice was used for the normalization of data.

Table 9. Solution A for ECL (200 ml)

Tris-HCI (0.1 M) 2.42 ¢
Luminol 50 mg
dH20 200 ml
Adjust pH 8.6

Table 10. Solution B for ECL (10 ml)

P-hydroxy cumaric acid 11 mg

DMSO 10 ml

Table 11. Working Solution for ECL

Solution A 1ml
Solution B 100 pl
Hydrogen peroxide 0.3 ul

27



MATERIALS AND METHODS

3.2.4 Histology and immunostaining

For immunohistochemistry, paraffin-embedded kidney tissue samples were sectioned at 3 um
thickness. Sections were incubated with rabbit anti-Collagen I/111 (1:20, Biotrend, Kdln,
Germany), mouse monoclonal a-smooth muscle actin (a-SMA) primary antibody (1:200,
Sigma, Schnelldorf, Germany), followed by biotinylated anti-rabbit secondary antibody
(1:150, Dianova, Hamburg, Germany) and biotinylated anti-mouse Ig secondary antibody
(1:200, Dianova, Hamburg, Germany). For negative controls, sections were incubated without
primary antibody. Signals were visualized by using substrate AEC kit (BioGenex, Milmont
Drive Fremont, CA, United States) according to the manufacturer protocol. The evaluation of
the Collagenl/Ill staining has been performed as follows:

0- no staining detectable,
1- mild staining detectable,
2-moderate staining detectable,

3- intense staining detectable.

A degree-specific staining index has been defined as the percentage of fields with the
respective degree of injury. The total staining score index has been calculated as the sum of
specific damage indices (the index with degree 1 was multiplied by 1, the index with degree 2

was multiplied by 2, the index with degree 3 was multiplied by 3).

PAS staining sections were used for morphometric analysis performed by using a
semiautomatic image analyzing system (Leica Q600 Qwin; Leica Microsystems, Cambridge,
UK). Examination of at least 15 fields of cortex and inner medulla obtained after exclusion of
glomeruli (20X magnification) was made for evaluation of the percentage of differentiated

proximal tubules.

3.3 Analysis of apoptosis in renal tissue

To visualize the apoptotic cells in paraffin-embedded 3 um kidney tissue sections, In Situ Cell
Death Detection kit, POD (Tunel technology) (Roche, Mannheim, Germany) has been used
according to the manufacturer’s protocol. The number of Tunel-positive cells has been

counted in 10 random fields (40X magnification).
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3.4 Analysis of gene expression in renal tissue
3.4.1 RNA isolation

Total RNA was extracted from mouse kidney tissues using Trifast Reagent (Peqglab, GmbH)
according to the manufacturer’s instructions. Using IKA T10 basic homogenizer (IKA —
Werke GmbH), tissue samples were lysed in Trifast reagent. Chloroform is added after
homogenising the samples and centrifuged at 12000 rpm for 15 minutes at 4°C. The RNA
containing aqueous phase was precipitated by mixing isopropanol followed by centrifugation
at 12000 rpm for 10 minutes at 4°C. After washing with 75% ethanol, the RNA pellets were
allowed to dry at room temperature. RNA is re-suspended by addition of RNase free water
and concentration of RNA was measured by optical density measurement using

Biophotometer Plus (Eppendorf, Germany).

3.4.2 cDNA synthesis

Reverse transcription of 2 ug RNA was performed using oligo(dT)12-1s primers (Invitrogen)
and SuperScript 11l Reverse Transcriptase (Invitrogen). First strand cDNA synthesis was
performed at 50°C for 1 hour, using a thermal heat-block PCR machine (Peglab, GmbH). The
reaction was stopped by heating to 70°C for 10 minutes.

3.4.3 Quantitative RT-PCR

In order to amplify the target genes in quantitative real-time PCR, reactions were set up in a
total volume of 20 ul using 2 ug of cDNA, 100 nM forward and reverse primers (Invitrogen,
Table 12) and iQ™ Sybr Green Supermix (Bio-Rad Laboratories) according to the
manufacturer’s protocols. Quantitative real-time PCR was performed with the CFX96 iCycler
iQ™ Real-Time PCR Detection System (Bio-Rad Laboratories) according to the

manufacturer’s instructions. The cycling conditions were as follows:
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95°C -2 min
95°C — 15 sec
55-60°C — 45 sec (40 cycles)

The melt curve analysis: 55-95°C (0.5°C increment) — 2 sec/step.

Table 12. Primers sequences (5’—3’ orientation) (Invitrogen, Darmstadt, Germany)

fw: CCCAGACATCAGGGAGTAATGG

a-Sma
rev: CTATCGGATACTTCAGCGTCA
fw: CGGCATCATCTAGGCCCAG
c-Fos
rev: TCTGCTGCATAGAAGGAACCG
fw: ACCCGAGGTATGCTTGATCTG
Collal
rev: CATTGCACGTCATCGCACAC
fw: ACCCGAGGTATGCTTGATCTG
Col3al
rev: GGACATGATTCACAGATTCCAGG
fw: TCTATACCACTTCACAAGTCGGA
116
rev: GAATTGCCATTGCACAACTCTTT
Gapdh fw: AGGTCGGTGTGAACGGATTTG
rev: TGTAGACCATGTAGTTGAGGTCA
fw: TTCAGCCCTTGCTTGCCTC
Pai-1
rev: ACACTTTTACTCCGAAGTCGGT
fw: CACACGCTGCCTTGTGTCT
Snail

rev. GGTCAGCAAAAGCACGGTT
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fw: ATACCGCAGGGTACTTTGGAT

Cxcl16
rev: CTGCAACTGGAACCTGATAAAGA
fw: GAGGGAAGCGAGAGATTATGGA
Cd206
rev: GCCTGATGCCAGGTTAAAGCA
fw: TGCACTATGGTTACAAAAGCTGG
Cox2

rev: TCAGGAAGCTCCTTATTTCCCTT

The specificity of the PCR product was verified by analysis of the melting curves. All PCRs

2-AACt

were performed in duplicate, and mRNA fold changes were calculated by the method.

Amplification of the house-keeping gene Gapdh was employed to normalize the amplification

of targeted genes.

3.5 Xenopus laevis oocyte expression system

3.5.1 Constructs

The constructs which were used for generation of CRNA are presented in the Table 13. The

methodology for cRNA generation was described previously [177].
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Table 13. List of constructs

Name of constructs References
wild-type human Kv1.5 [178]
Kv1.5-HA containing an extracellular hemagglutinin epitope [104]
wild-type human AMPKal-HA [179]
AMPKp1-Flag [179]
AMPKy1-HA [179]
constitutively active AMPK" R0 HA [180]
kinase dead mutant AMPKa1"“*R-HA [181]
wild-type human Nedd4-2 [182]

3.5.2 Voltage clamp in Xenopus oocytes

Xenopus oocytes were isolated from adult Xenopus laevis females. Xenopus laevis frogs were
anesthesized by bathing in a solution containing 3- aminobenzoic acid ethyl ester (0.1%,
Sigma, Aldrich, Germany). A small abdominal incision was made and oocytes were removed,
followed by closure of the skin by sutures. cRNA encoding Kv1.5 (2.5 ng) was injected with
or without 4.6 ng of cRNA encoding either AMPKal-HA + AMPKp1-Flag + AMPKy1-HA
(AMPKYT), or AMPKal-HA + AMPKp1-Flag + AMPKy1R70Q-HA (AMPK ™'%Q) or
AMPKo1K45R-HA + AMPKB1- Flag +AMPKy1-HA (AMPK*““R) and with or without 10
ng cRNA encoding Nedd4-2 on the day of preparation of the Xenopus oocytes. The oocytes
were incubated at 18°C in ND96 solution supplemented with antibiotics (Table 14).
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Table 14. Recipes for ND96 solution

Chemicals Concentration
NaCl 88.5 mM
KCI 2mM
MqgCl, 1mM
CaCl, 1.8 mM
NaOH 2.5 mM
HEPES 5mM (pH 7.4)
sodium pyruvate 100 mg/i
Gentamycin 100 mg/I
Tetracycline 50 mg/l
Ciprofloxacin 1.6 mg/l
Theophiline 90 mg/l

Three/four days after the injection, two electrode voltage-clamp measurements were
performed at room temperature. In two electrode voltage-clamp experiments, the Kv1.5
channel currents were elicited every 20 s with 2 s pulses from -80 mV to +50 mV applied
from a holding potential of -100 mV. Pulses were applied in 10 mV increments. The data
were filtered at 1 kHz and recorded with a Digidata 1322A A/D-D/A converter and Chart
V.4.2 software for data acquisition and analysis (Axon Instruments). The analysis of the data

was performed with Clampfit 9.01 (Axon Instruments) software.

3.5.3 Detection of Kv1.5 cell surface expression by chemiluminescence

To determine Kv1.5-HA cell surface expression, oocytes were injected with 15 ng of cRNA
encoding HA-tagged Kv1.5 with or without 4.6 ng of cRNA encoding either AMPKal-HA +
AMPKp1-Flag + AMPKyl-HA (AMPKY"), or AMPKal-HA + AMPKp1-Flag +
AMPKy1R70Q-HA (AMPK "9 or AMPKo1K45R-HA + AMPKp1- Flag +AMPKyl1-HA

(AMPK®™ Ry After the incubation period of 3 days, the oocytes were blocked in 5%
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BSA/ND96 solution on ice on a shaker for 1 hour. Next, the oocytes were incubated with 1
pg/ml primary rat monoclonal anti-HA antibody (clone 3 F10; Boehringer, Biberach,
Germany) for 1 hour on ice, on a shaker. After washing the oocytes for 3 times 10 minutes
with ND96 solution, the Xenopus oocytes were further incubated in 2 pg/ml secondary HRP-
conjugated goat anti-rat antibody (Cell Signaling, Danvers, MA, USA). The oocytes were
washed for five times 10 minutes in ND96 solution. Individual oocytes were put in 96-well
plates with 20 pl of SuperSignal ELISA Femto Maximum Sensitivity Substrate (Pierce,
Rockford, IL) and chemiluminescence of single oocytes was quantified in a luminometer
(WalterWallac2 plate reader; Perkin Elmer, Jigesheim, Germany) by integrating the signal
over a period of 1s. Results show normalized arbitrary light units which are proportional to

the detector voltage.

3.5.4 Immunocytochemistry and confocal microscopy

The Xenopus oocytes were fixed in 4% paraformaldehyde/PBS for 12 hours followed by
cryoprotection in 30% sucrose for another 12 hours and frozen in mounting medium. For
immunostaining, 8 pm sections were dehydrated at room temperature and fixed in
acetone/methanol (1:1) for 15 minutes at room temperature. The sections were blocked for 1
hour in 1% BSA/PBS at room temperature followed by overnight incubation with primary rat
monoclonal anti-HA antibody (diluted 1:100; clone3 F10; Boehringer, Biberach, Germany) in
a moist chamber at 4°C. The binding of primary antibody was visualized by incubation with
secondary anti-rat Alexa 488-conjugated antibody (diluted 1: 200; Invitrogen) for 1 hour at
room temperature, in the dark. Next, oocytes were analyzed by a fluorescence laser scanning
microscope (LSM 510; carlzeiss Microlmaging, Gottingen, Germany) with a plan
40x/1.2WDICIII. Brightness and contrast settings were kept constant during imaging of all

oocytes in each injection series.
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3.6 Statistical analysis

Results are presented as arithmetic means £ SEM, where n shows the number of independent
experiments. For the UUO model, data were tested for significance between genotypes using
Student t-test (normal distributed data) or Mann-Whitney test (non-normal distributed data)
according to Shapiro-Wilk test. Paired t-test or Wilcoxon test were applied for statistical
testing between non-obstructed control kidneys and obstructed kidneys. Bonferoni correction
was used for multiple comparisons. For the results in the angiotensin Il infusion model and
the Xenopus oocytes expression system, statistical testing was performed by one-way Anova
followed by posthoc analysis. Only results with p<0.05 were considered statistically

significant.
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4. RESULTS

4.1 Renal AMPKal1 and Unilateral Ureteral Obstruction

The experiments were performed in gene-targeted mice lacking functional AMPKal
(AMPKal1™7) and corresponding wild-type mice (AMPKal**) to explore the impact of
AMPKal isoform in the development of renal tissue fibrosis induced by unilateral ureteral
obstruction (UUQO). The obstructive nephropathy was induced for 3 days, 7 days and 3 weeks
respectively.

As a result, the Ampkal™ mice had significantly lower red blood cell count and significantly
increased spleen weight to body weight ratio as compared to AMPKal1™* mice (Table 15).

Accordingly, the AMPKal-deficient mice develop anemia and splenomegaly.

Table 15. Anemia and splenomegaly in AMPKa1™ mice

Arithmetic means + SEM (n=6-7) of blood parameters (red blood cell count (RBC), white blood cell count
(WBC), hemoglobin concentration (HGB), hematocrit (HCT), mean corpuscular volume, (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC) and platelet count
(PLT)) and spleen weight to body weight ratio of AMPKal knockout mice (AMPKal1™) and respective wild-
type mice (AMPKa1"") following 7 days of UUO. *(p<0.05), **(p<0.01), ***(p<0.001) indicates statistically
significant differences from respective wild-type mice.

AMPKal™ AMPKal™
RBC* 10° /ul 8.80 + 0.20 6.93 + 0.21 ***
WBC *10° /ul 11.71+1.59 9.65+1.17
HGB [g/dI] 15.30 + 0.26 11.30 + 0.26 ***
HCT [%] 49.07 £1.20 37.70 £ 0.89 ***
MCV [fL] 55.76 + 0.25 54,52 + 0.65
MCH [pg] 17.39+0.19 16.33 +0.16 **
MCHC [g/dI] 31.21+£0.36 29.98 £0.17 *
PLT*10° /ul 1038.9 +38.3 1090.7 £ 74.0
Spleen w./ bw. [mg/g] 5.27+0.44 11.99 + 0.81 **
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4.1.1 Renal AMPKal and AMPKa2 isoform expression

The expression of the AMPKa isoforms AMPKal and AMPKG2 at different time points after

UUO was investigated, and expression levels were analyzed by using Western Blotting.

As shown in Figure 9 (A for 3 days, B for 7 days, and C for 3 weeks), AMPKal protein was

+/+

expressed in kidney tissue of AMPKal™* mice but not in kidney tissue of AMPKal” mice.

The protein abundance of AMPKal isoform was significantly increased in the obstructed

kidney tissues as compared to non-obstructed control kidney tissues of AMPKal** mice
following 3 days, 7 days and 3 weeks of UUO (Fig. 9). Thus, AMPKal protein expression

was up-regulated at early, middle and late time points of UUO.
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Figure 9: Renal AMPKal protein expression in AMPKa1*™ and AMPKal™ mice

following unilateral ureteral obstruction. Representative original Western blots of expression of
AMPKal and GAPDH as loading control in renal tissue of non-obstructed control kidney (CTR) and obstructed

+/+

kidney (UUO) of AMPKal knockout mice (Aal™) and their corresponding wild-type mice (Aal**) after 3 days
(A), 7 days (B) and 3 weeks (C) of UUO. Arithmetic means £ SEM (n=7-9) of normalized AMPKal to GAPDH
protein ratio in renal tissue of non-obstructed control kidney (CTR) and obstructed kidney (UUO) of wild-type
mice (Aa1™*, AMPKal"") after 3 days, 7 days and 3 weeks of UUO. *(p<0.05), **(p<0.01), ***(p<0.001)

indicates statistically significant differences from control kidney tissues of wild-type mice.

In both, the non-obstructed control kidney tissues and the obstructed kidney tissues of

AMPKal™ mice, the AMPKo2 isoform expression tended to be higher than in respective
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kidney tissues of AMPKal™* mice. The up-regulation reached statistical significance in the
non-obstructed control kidney tissues at 3 days of UUO and in the obstructed kidney tissues at
7 days of UUO respectively (Fig. 10A and B).

In contrast to the regulation of the AMPKal isoform, AMPKoa2 isoform protein expression
was not significantly modified in the obstructed kidney tissues as compared to non-obstructed
control kidney tissues of both AMPKal** mice and AMPKal” mice following 3 days of
UUO (Fig. 10A), but was significantly down-regulated following 7 days (Fig. 10B) and 3
weeks (Fig. 10C) of UUO. Thus, AMPKa2 protein expression was down-regulated at middle
and late time points of UUO. Taken together, UUO caused an isoform shift in renal tissue, up-

regulating the AMPKal isoform and down-regulating the AMPKa2 isoform.
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Figure 10: Renal AMPKa2 protein expression in AMPKa1** and AMPKal™ mice

following unilateral ureteral obstruction. Representative original Western blots and arithmetic means
+ SEM (n=7-9) of normalized AMPKa2 to GAPDH protein ratio in renal tissue of non-obstructed control kidney
(CTR) and obstructed kidney (UUO) of AMPKal knockout mice (Aal™, AMPKal”, black bars) and their
corresponding wild-type mice (Aal™*, AMPKal™", white bars) after 3 days (A), 7 days (B) and 3 weeks (C) of
UUO. *(p<0.05), **(p<0.01) indicates statistically significant difference from control kidney tissues of
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respective mice; #(p<0.05), ##(p<0.01), indicates statistically significant differences from respective kidney

tissues of wild-type mice.

4.1.2 Activity of AMPK following obstructive injury

The next experiments determined whether the changes in the catalytic AMPKa isoforms
expression affected the total activity of AMPK following UUO. As shown by Western

172 "an activation site of AMPK, was

blotting, the abundance of phosphorylated AMPKa at Thr
low in the non-obstructed control kidney tissues of both genotypes. After 3 days and 7 days of
UUO, the phosphorylated AMPKa at Thr'’® was significantly up-regulated in the obstructed

+/+

kidney tissues as compared to the non-obstructed control kidney tissues of AMPKal™" mice
(Fig. 11A and B). The UUO-induced phosphorylation of AMPKa at Thr'’® was significantly
inhibited in the AMPKal™ mice (Fig. 11A and B). After 3 weeks of UUO, the
phosphorylation of AMPKa was not significantly modified in the obstructed kidney tissue as

+/+

compared to the non-obstructed kidney tissue of AMPKal™" mice, despite a strong tendency

towards down-regulation of the phosphorylation status (Fig. 11C).

UUO did not significantly change the expression of total AMPKa protein in the obstructed
kidney tissue than in the non-obstructed kidney tissue of AMPKal™* mice (Fig. 11).
However, the total AMPKa protein expression was significantly decreased in the obstructed

kidney tissue of AMPKa1”" mice as compared to AMPKa1** mice.
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Figure 11: Effects of UUO on the phosphorylation status of AMPKa at Thr'™
Representative original Western blots and arithmetic means + SEM (n=7-9) of normalized phospho-AMPKa.
(Thr'"?) to GAPDH and total AMPKo to GAPDH protein ratio in renal tissue of non-obstructed control kidney
(CTR) and obstructed kidney (UUO) of AMPKal knockout mice (Aal”, AMPKal™, black bars) and their
corresponding wild-type mice (Aal™*, AMPKal*, white bars) after 3 days (A), 7 days (B) and 3 weeks (C) of
UUO. *(p<0.05), **(p<0.01), ***(p<0.001) indicates statistically significant differences from control kidney
tissues of respective mice; #(p<0.05), ##(p<0.01), ###(p<0.001) indicates statistically significant differences
from respective kidney tissues of wild-type mice.
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Figure 12: Renal ACC phosphorylation in AMPKa1"" and AMPKa1™ mice following

unilateral ureteral obstruction. Representative original western blots and arithmetic means + SEM
(n=9) of normalized phospho-ACC (Ser”) to GAPDH and total ACC to GAPDH protein ratio in renal tissue of
non-obstructed control kidney (CTR) and obstructed kidney (UUO) of AMPKal knockout mice (Aal”,
AMPKal7, black bars) and their corresponding wild-type mice (Aal**, AMPKal™", white bars,) after 7 days of
Uuo.

To further explore whether UUO up-regulates AMPKa activity, Western blotting was carried
out to verify the phosphorylation status of Acetyl-CoA carboxylase (ACC), a downstream
target protein of AMPK. As described in Figure. 12, the abundance of phosphorylated ACC
and total ACC protein was not significantly changed after 7 days of UUO in the obstructed
kidney tissue than in the non-obstructed kidney tissue of both genotypes. Both,
phosphorylated and total ACC protein tended to be down-regulated in the AMPKa1™ kidney
tissues than in AMPKal1™"* kidney tissues, but not statistical significance. These data together
indicate that UUO increased the phosphorylation of AMPKa without having profound effects
on ACC protein phosphorylation.
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4.1.3 AMPKal promotes myofibroblast activation

A further series of experiments were employed to elucidate whether AMPKal isoform
regulates the myofibroblast formation following obstructive injury. After UUO, the
expression of a-smooth muscle actin (a-SMA) was measured by using quantitative RT-PCR,
immunohistochemistry and Western blotting.

As determined by quantitative RT-PCR, the mRNA levels of a-smooth muscle actin (a-Sma)
at 7 days post-UUO were significantly up-regulated in obstructed kidney tissue as compared
to non-obstructed kidney tissue of AMPKal™" mice, effects abolished by AMPKal
deficiency (Fig. 13).

20.2 A O AMPKa1**

0.0 — B AMPKa1--
CTR Uuo

Figure 13: AMPKal up-regulates transcript levels of a-smooth muscle actin following
unilateral ureteral obstruction. Arithmetic means + SEM (n=9) of mRNA expression level encoding a-

Sma in renal tissue of non-obstructed control kidney (CTR) and obstructed kidney (UUO) of AMPKal knockout
mice (black bars) and their corresponding wild-type mice (white bars) after 7 days of UUO. **(p<0.01),
***(p<0.001) indicates statistically significant differences from control kidney tissues of respective mice;

##(p<0.01) indicates statistically significant differences from respective kidney tissues of wild-type mice.

Moreover, immunohistochemical staining showed that the deposition of a-SMA is markedly
lower in the obstructed kidneys of AMPKal™ mice than of AMPKal** mice following 7
days of UUO (Fig. 14).
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Figure 14: Effects of AMPKal deficiency on a-SMA deposition. Representative original

histological images of a-smooth muscle actin protein abundance on kidney sections from AMPKal knockout
mice (AMPKal™) and respective wild-type mice (AMPKa1**) after 7 days of UUO (magnification 200x).

As shown by Western Blotting, UUO induced a significant increase of a-smooth muscle actin

(a-SMA) protein expression in the obstructed kidneys than in the non-obstructed control

kidneys of the AMPKal** mice. No significant differences on a-SMA protein expression in

the obstructed kidney tissues between the AMPKal™ mice and the AMPKal™* mice were
observed following 3 days of UUO (Fig. 15A). As illustrated in Figure.15B and C, the
increased protein expression of a-SMA in the obstructed kidney tissues was significantly
blunted by AMPKal deficiency following 7 days and 3 weeks of UUO. Taken together, these
data suggest that AMPKal is responsible for fibroblast activation in response to obstructed

injury.
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Figure 15: AMPKaol deficiency inhibits a-smooth muscle actin expression following

unilateral ureteral obstruction. Representative original Western blots and arithmetic means = SEM
(n=7-9) of normalized a-smooth muscle actin (a-SMA) to GAPDH protein ratio in renal tissue of non-obstructed
control kidney (CTR) and obstructed kidney (UUO) of AMPKal knockout mice (Aal™, AMPKal™, black bars)
and their corresponding wild-type mice (Aal™", AMPKal™*, white bars) after 3 days (A), 7 days (B) and 3
weeks (C) of UUO.*(p<0.05), **(p<0.01), ***(p<0.001) indicates statistically significant differences from
control kidney tissues of respective mice; #(p<0.05), ##(p<0.01) indicates statistically significant differences

from respective kidney tissues of wild-type mice.

4.1.4 Effects of AMPKal deficiency on collagen expression

In the following steps, was examined whether AMPKal modifies collagen synthesis. As
illustrated in Figure 16, following 7 days of UUOQ, the transcript levels of Collal and Col3al
were significantly increased in obstructed kidney tissues as compared to non-obstructed
control kidney tissue of both AMPKal1™ mice and AMPKal** mice, an effect significantly
blunted by AMPKal1 deficiency (Fig. 16B and C).

As shown by Western Blotting, Collagen type | protein was significantly less increased in the
obstructed kidneys of AMPKal”™ mice than of AMPKal™* mice (Fig. 16A). As revealed by
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histological analysis, no differences in Collagen type | deposition score were observed in
obstructed kidney tissues between AMPKal” mice and AMPKal** mice (Fig. 17). These
observations suggest that AMPKal has moderate effects on collagen deposition following

obstructive injury.
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Figure 16: AMPKal deficiency impairs collagen expression following unilateral ureteral

obstruction. (A) Representative original Western blots and arithmetic means + SEM (n=9) of normalized
Collagen type 1 to GAPDH protein ratio in renal tissue of obstructed kidney of AMPKal knockout mice (Aal™,
AMPKal”, black bar) and their corresponding wild-type mice (Aal™*, AMPKal™, white bar) after 7 days
UUO. Harvested murine tendon tissues were used as positive controls. Arithmetic means + SEM (n=9) of
mRNA expression level encoding collagen type | (Collal, B) and collagen type 111 (Col3al, C) in renal tissue of
non-obstructed control kidney (CTR) and obstructed kidney (UUO) of AMPKal knockout mice (black bars) and
their corresponding wild-type mice (white bars) after 7 days of UUO. **(p<0.01), ***(p<0.001) indicates
statistically significant differences from control kidney tissues of respective mice; #(p<0.05), ##(p<0.01),

indicates statistically significant differences from respective kidney tissues of wild-type mice.
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Figure 17. Effects of AMPKal deficiency on collagen deposition. Semi-qualitative analysis of
kidney sections for Collagen type I/IIl deposition of obstructed kidneys from AMPKal knockout mice
(AMPKa1™) and respective wild-type mice (AMPKal1*"*) after 7 days of UUO.

4.1.5 Inhibition of TAK1 expression in AMPKal deficiency

A further series of experiments were made to identify downstream mediators of AMPKal in
the effects following UUO. To this end, the TGF-B expression was examined by Western
blotting. The protein abundance of TGF-B precursor was significantly up-regulated in
obstructed kidney tissue as compared to non-obstructed kidney tissues of both genotypes (Fig.
18). No significant effects of AMPKal deficiency were observed.

Furthermore, 7 days of UUO significantly increased the protein abundance of phosphorylated
and total Smad2 in the obstructed kidney tissue as compared to non-obstructed kidney tissues
of both AMPKa 1™ mice and AMPKa1** mice, effects not significantly different between the
genotypes (Fig. 19).
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Figure 18: AMPKal deficiency does not have profound effect on TGF-B expression

following unilateral ureteral obstruction. Representative original Western blots and arithmetic means
+ SEM (n=9) of normalized TGF-p precursor to GAPDH protein ratio in renal tissue of non-obstructed control
kidney (CTR) and obstructed kidney (UUO) of AMPKal knockout mice (Aal™, AMPKal™, black bars) and
their corresponding wild-type mice (Aal**, AMPKal™", white bars) after 7 days of UUO. *(p<0.05) indicates

statistically significant differences from control kidney tissues of respective mice.
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Figure 19: AMPKal deficiency does not have profound effect on pSmad2 expression

following unilateral ureteral obstruction. Representative original western blots and arithmetic means
+ SEM (n= 9) of normalized phospho-Smad2 (Ser***¢") to GAPDH protein ratio and total Smad2 to GAPDH
protein ratio in renal tissue of non-obstructed control kidney (CTR) and obstructed kidney (UUO) of AMPKal
knockout mice (Aal”, AMPKal™, black bars) and their corresponding wild-type mice (Aal™", AMPKal"",
white bars) after 7 days of UUO. *(p<0.05), ***(p<0.001) indicates statistically significant differences from

control kidney tissues of respective mice.

Next, the expression and phosphorylation of TGF-R-activated kinase 1 (TAK1) protein was
analysed. As shown by Western Blotting, the protein abundance of both phosphorylated and
total TAKL1 were significantly up-regulated in the obstructed kidney tissues than in non-
obstructed control kidney of both AMPKa1”™ mice and AMPKa1** mice following 7 days of
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UUO, effects significantly blunted by AMPKal deficiency (Fig. 20). Thus, the results
indicate that AMPKa1 regulates renal TAK1 protein in obstructive injury induced by UUO.
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Figure 20: AMPKaol deficiency inhibits TGF-B-activated protein kinase 1 (TAK1)

activation following unilateral ureteral obstruction. Representative original Western blots and

arithmetic means + SEM (n= 9) of normalized phospho-TAKZ1 (Ser*'?) to GAPDH protein ratio and total TAK1

to GAPDH protein ratio in renal tissue of non-obstructed control kidney (CTR) and obstructed kidney (UUQ) of
AMPKal knockout mice (Aal”, AMPKal™, black bars) and their corresponding wild-type mice (Aal*",
AMPKal™*, white bars) after 7 days of UUO. *(p<0.05), **(p<0.01), ***(p<0.001) indicates statistically
significant differences from control Kkidney tissues of respective mice; ###(p<0.001) i

significant differences from respective kidney tissues of wild-type mice.
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4.1.6 AMPKal deficiency inhibits TAKL1 target gene expression after UUO

TAK1-downstream target genes are: cytokine interleukin 6 (116), the transcription factor c-
Fos, Snail and plasminogen activator inhibitor 1 (Pai-1). Therefore the renal mRNA
expression of these target genes following 7 days of UUO was analysed by quantitative RT-
PCR. As a result, UUO increased significantly the mRNA expression of 116, c-Fos, Pail and
Snail in the obstructed renal tissue than in non-obstructed renal tissue from both genotypes,
effects significantly blunted in the AMPKa1” mice than in AMPKal** mice (Fig. 21A-D).
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Figure 21: AMPKal stimulates TAK1 target genes expression following unilateral

ureteral obstruction. Arithmetic means + SEM (n= 9) of mRNA expression level encoding interleukin 6
(116, A), c-Fos (B), Snail (C) Pail (D) and) in renal tissue of non-obstructed control kidney (CTR) and
obstructed kidney (UUO) of AMPKal knockout mice (black bars) and their corresponding wild-type mice
(white bars) after 7 days of UUO. *(p<0.05), ***(p<0.001) indicates statistically significant differences from
control kidney tissues of respective mice; #(p<0.05), ##(p<0.01) indicates statistically significant differences

from respective kidney tissues of wild-type mice.
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4.1.7 AMPKal-sensitive macrophage polarization and pro-fibrotic chemokine

production

In the next experiments, it was tested whether AMPKal deficiency has any significant role on
macrophages polarization and fibrotic chemokine production during obstructive injury. The
MRNA expression of Cd206 (marker for M2 macrophages) and of Cxcl16 (chemokine
associated with myeloid fibroblast formation) was determined by quantitative RT-PCR. As
shown in Figure 22 A and B, the mRNA levels of Cd206 and Cxcl16 were significantly
increased in the obstructed kidney tissues as compared to non-obstructed kidney tissues from
both AMPKal** mice or AMPKal™ mice. The effects were significantly attenuated by
AMPKal deficiency.
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Figure 22: Deficiency of AMPKal attenuates M2 macrophage polarization and pro-

fibrotic chemokine production following unilateral ureteral obstruction. Arithmetic means +
SEM (n= 9) of mRNA expression level encoding Cd206 (A) and Cxcl16 (B) in renal tissue of non-obstructed
control kidney (CTR) and obstructed kidney (UUO) of AMPKal knockout mice (black bars) and their
corresponding wild-type mice (white bars) after 7 days of UUO. *(p<0.05), **(p<0.01), ***(p<0.001) indicates
statistically significant differences from control kidney tissues of respective mice; ##(p<0.01), ###(p<0.001)

indicates statistically significant differences from respective kidney tissues of wild-type mice.
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4.1.8 AMPKal deficiency augments apoptosis and tubular dilation after UUO

As shown by PAS staining and morphometric analysis, following 7 days of obstructive injury,
the percentage of damaged tubuli was increased in the obstructed kidney tissue of AMPKa1”"

+/+

mice as compared to AMPKal™" mice (Fig. 23A). Moreover, as shown by TUNEL assay,
there was a tendency towards higher number of TUNEL positive cells in the obstructed

kidney tissue of AMPKa1™ mice than of AMPKa1"* mice (Fig. 23B).

This increased apoptosis on day 7 after UUO was further confirmed by determining the ratio
of renal Bax and Bcl2 transcript levels, as indicator of apoptosis. Accordingly, the ratio of
renal Bax/Bcl2 mRNA levels was significantly higher in the obstructed kidney tissue of
AMPKal” mice as compared to AMPKa1*™* mice (Fig. 24). In conclusion, the AMPKal

deficient mice have higher apoptosis in renal tissue following obstructive injury.
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Figure 23: AMPKal deficiency aggravates renal tubulointerstitial injury and apoptosis

following unilateral ureteral obstruction. (A) Percentage of undamaged tubules in sections of
obstructed kidneys from AMPKal knockout mice (AMPKal™) and respective wild-type mice (AMPKal*")
after 7 days of UUO. (B) TUNEL positive cells number/40x HPF in sections of obstructed kidneys from
AMPKal knockout mice (AMPKal™) and respective wild-type mice (AMPKa1""") after 7 days of UUO.
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Figure 24. AMPKaol deficiency increased Bax/Bcl2 relative mRNA expression ratio

following unilateral ureteral obstruction. Arithmetic means + SEM (n= 9) of mRNA expression level
encoding Bax and Bcl2 in renal tissue of non-obstructed control kidney (CTR) and obstructed kidney (UUO) of
AMPKal knockout mice (black bars) and their corresponding wild-type mice (white bars) after 7 days of UUO.
Arithmetic means + SEM (n= 9) of mMRNA expression Bax/Bcl2 ratio in renal tissue of obstructed kidney (UUO)
of AMPKal knockout mice (AMPKal”, black bar) and their corresponding wild-type mice (AMPKal**, white
bar) after 7 days of UUO. *(p<0.05), **(p<0.01), ***(p<0.001) indicates statistically significant differences
from control kidney tissues of respective mice; #(p<0.05), ##(p<0.01) indicates statistically significant
differences from respective kidney tissues of wild-type mice.

4.2. AMPKal-sensitive renal effects of angiotensin Il

Angiotensin 11 (ANG 1) regulates inflammatory processes during renal injury. The present
study was performed to elucidate the role of AMPKal isoform in the pro-inflammatory and
pro-fibrotic renal effects of angiotensin Il. To this end, ANG Il was infused for 2 weeks by

+/+

subcutaneous implantation of osmotic minipumps in AMPKal” mice and AMPKal** mice.

After 2 weeks of treatment, animals were sacrificed for further experiments.
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4.2.1 Renal AMPKaua isoform expression after angiotensin Il treatment

+/+

As shown in Figure 25A, AMPKal isoform was expressed in renal tissue of AMPKal
mice but not of AMPKal” mice. AMPKal protein abundance was slightly but significantly
increased in kidney tissues of ANG II treated AMPKal"* mice as compared to control treated
AMPKal1** mice (Fig. 25A).

Furthermore, following ANG II treatment, the protein expression of AMPKa2 isoform was
not significantly modified in renal tissues of both AMPKal1** mice and AMPKal™ mice (Fig
25B). However, the protein expression of AMPKa2 tended to be higher in renal tissue of
AMPKo1™” mice as compared to AMPKa1"* mice in both ANG Il treated and control treated

mice, an effect reaching statistical significance following ANG Il treatment.
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Figure 25: Expression of AMPKol and AMPKe2 isoform following angiotensin 11

infusion. Representative original Western blots and arithmetic means + SEM (n = 10-12) of normalized
AMPKal to GAPDH (A), AMPKo2 to GAPDH (B) protein ratio in renal tissue of AMPKal knockout mice
(Aal”, AMPKal™, black bars) and their corresponding wild-type mice (Aal**, AMPKal**, white bars)
following control (CTR) or angiotensin Il (ANGII) infusion. *(p<0.05) indicates statistically significant
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differences from control kidney tissues (CTR) of wild-type mice, # (p<0.05) indicates statistically significant

differences from respective wild-type mice.

4.2.2 Phosphorylation of AMPKa after angiotensin Il infusion

172 in renal tissues was not

The protein abundance of phosphorylated AMPKa at Thr
significantly modified following ANG Il treatment in neither AMPKal” mice and
AMPKal1*™* mice (Fig. 26). The expression of phosphorylated AMPKa was significantly

+/+

lower in renal tissues from AMPKal”" mice than from AMPKal** mice, in both the control
treated and the ANG 11 treated mice. Similarly, ANG Il treatment did not significantly modify
total AMPKa protein abundance in renal tissues of both genotypes. A tendency towards
reduced total AMPKa, protein expression in AMPKal™ mice than in AMPKal™* mice was

observed, an effect not reaching statistical significance (Fig. 26).
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Figure 26: Angiotensin Il does not alter the phosphorylation of AMPK. Representative
original Western blots and arithmetic means £ SEM (n = 10-12) of normalized pAMPKa to GAPDH, AMPKa to
GAPDH protein ratio in renal tissue of AMPKal knockout mice (Aal”™, AMPKal™, black bars) and their
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corresponding wild-type mice (Aal™, AMPKal*, white bars) following control (CTR) or angiotensin Il

(ANGII) infusion. ### (p<0.001) indicates statistically significant differences from respective wild-type mice.

4.2.3 Impact of AMPKal deficiency on a-SMA expression following angiotensin
I

A further series of experiments were performed to elucidate the effects of AMPKal isoform
deficiency on myofibroblast formation following ANG Il treatment. Therefore, the mRNA
and protein expression of a-smooth muscle actin (a-SMA) were measured by using
quantitative RT-PCR and Western blotting, respectively.

The abundance of mMRNA encoding a-Sma in renal tissues was not significantly different
between control treated AMPKa 1" mice and AMPKal”™ mice (Fig 27B). ANG Il infusion
increased significantly the renal a-Sma mRNA levels in the AMPKal1** mice. This effect was
significantly blunted in the AMPKal™ mice (Fig 27B).

Similar observations were made for a-SMA protein abundance in kidney tissues (Fig. 27A).
Following angiotensin 11 treatment, the a-SMA protein abundance was significantly increased

in kidney tissues of AMPKa1""* mice, an effect significantly reduced in the AMPKa1” mice.
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Figure 27: AMPKal-sensitive up-regulation of transcript levels and protein abundance

of a-smooth muscle actin following angiotensin Il infusion. (A) Representative original Western
blots and arithmetic means £ SEM (n = 12) of normalized a-SMA to GAPDH protein ratio in renal tissue of
AMPKal knockout mice (Aal™, AMPKal™, black bars) and their corresponding wild-type mice (Aal*",
AMPKal™, white bars) following control (CTR) or angiotensin Il (ANGII) infusion. (B) Arithmetic means +
SEM (n = 12) of mRNA expression level encoding a-smooth muscle actin (a«-Sma) in renal tissue of AMPKal
knockout mice (black bars) and their corresponding wild-type mice (white bars) following control (CTR) or
angiotensin Il (ANGII) infusion. ** (p<0.01), ***(p<0.001) indicates statistically significant differences from

control, # (p<0.05) indicates statistically significant differences from respective wild-type mice.

4.2.4 Lack of AMPKa1 ameliorates TAK1 activation following angiotensin |1

In the previous experiments, UUO treatment caused the activation of TGF-R-activated kinase
1 (TAK1) in an AMPKal-dependent manner. Therefore, phosphorylated and total TAK1
protein levels were determined in Kidney tissues after ANG Il treatment. As shown by
immunoblotting experiments, the protein abundance of phosphorylated TAK1 at Ser*? was
not significantly changed between the control treated AMPKal** mice and AMPKal”" mice
(Fig. 28). ANG II treatment caused a significant increase of phosphorylated TAK1 protein in
kidney tissues of AMPKal** mice, an effect again significantly blunted in the AMPKal”
mice. Accordingly, the protein abundance of phosphorylated TAK1 at Ser412 was
significantly higher in AMPKa1** mice than in AMPKal” mice following angiotensin 11

treatment (Fig. 28).
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Figure 28: AMPKal deficiency inhibits the activation of TGF-R-activated kinase 1

(TAK1) following angiotensin Il infusion. Representative original Western blots and arithmetic means
+ SEM (n = 12) of normalized phospho-TAK1 to GAPDH protein ratio and total-TAK1 to GAPDH protein ratio
in renal tissue of AMPKal knockout mice (Aal™, AMPKal™, black bars) and their corresponding wild-type
mice (Aal**, AMPKal™, white bars) following control (CTR) or angiotensin Il (ANGII) infusion. *(p<0.05)

indicates statistically significant differences from respective control; #(p<0.05) indicates significant differences

from respective wild-type mice.

In kidney tissues of control treated from both AMPKal"* mice and AMPKal™ mice, the

protein abundance of total TAK1 was not significantly different. Angiotensin Il treatment

tended to increase total TAK1 protein abundance in renal tissues of both AMPKal1** mice

and AMPKa1”" mice, an effect, however, not reaching statistical significant (Fig. 28).
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4.2.5 AMPKal-sensitive TAK1 target gene expression following angiotensin 11

TAK1 target gene expression is sensitive to AMPKa1 deficiency following obstructive injury.
Furthermore, ANG Il has a profound role in inflammatory diseases. Therefore, quantitative
RT-PCR was performed to evaluate the mRNA levels of TAK1 target genes: 116, Cox2 and
Pai-1 in renal tissues of AMPKal1™* mice and AMPKal™" mice after 2 weeks of angiotensin
Il infusion. As a result, the mRNA expression of 116, Cox2 and Pai-1 were similar in kidney
tissues of control treated AMPKal1™* mice and AMPKal” mice (Fig. 29A-C). As expected,
angiotensin Il treatment significantly increased 116, Cox2 and Pai-1 mRNA expression in
AMPKa1** mice, but not in AMPKa 1™ mice. Accordingly, the transcript levels of 116, Cox2
and Pai-1 were significantly lower in AMPKal” mice than in AMPKal™* mice following

angiotensin Il infusion.
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Figure 29: AMPKal stimulates TAK1 target genes expression following angiotensin II

infusion. Arithmetic means = SEM (n = 9) of mRNA expression level encoding (A) interleukin 6 (11-6), (B)
cyclooxygenase 2 (Cox2) and (C) plasminogen activator inhibitor 1 (Pai-1) in renal tissue of AMPKa1 knockout

mice (Aal”, AMPKal”, black bars) and their corresponding wild-type mice (Aal**, AMPKal**, white bars)
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following control (CTR) or angiotensin Il (ANGII) infusion. **(p<0.01), ***(p<0.001) indicates statistically
significant differences from respective control; #(p<0.05), ##(p<0.01) indicates statistically significant

differences from respective wild-type mice.

4.3. Regulation of Kv1.5 K* channels by AMPK

The present study explored the effects of AMPK on voltage-gated Kv1.5 K* channels by
using the heterologous Xenopus laevis expression system.

In Xenopus oocytes, cRNA encoding Kv1.5 was injected with or without additional
coexpression of wild-type AMPKal-HA + AMPKB1-Flag + AMPKy1-HA (AMPK"YT), of
constitutively active AMPKal-HA + AMPKp1-Flag + AMPKy1R70Q-HA (AMPK "R"%9) or
of inactive AMPKo1K45R-HA + AMPKB1- Flag +AMPKy1-HA (AMPK®*R),

4.3.1 AMPK decreased K* current in Kv1.5-expressing oocytes

In a first series of experiments, the voltage-gated current was determined by two-electrode
voltage-clamp in Xenopus oocytes. As shown in Figure 30A-B, depolarization triggered an
outwardly directed current (lxy) in Kv1.5-expressing Xenopus oocytes, but not in water
injected oocytes, as control. The K" current was significantly down-regulated by co-

expression of wild-type AMPK"T in the Xenopus oocytes expressing Kv1.5.
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Figure 30. Co-expression of AMPK reduced K* current in Kv1.5-expressing oocytes. A.
Original tracings of the K* current following depolarization from -80 to +50 mV in Xenopus oocytes injected
with water (a), with cRNA encoding Kv1.5 without (b) or with additional cRNA encoding wild-type AMPK (c).
B. Arithmetic means + SEM (n = 12-15) of K* current at +50 mV in Xenopus oocytes injected with water, with
cRNA encoding Kv1.5 without or with additional cRNA encoding wild-type AMPK. *** (p<0.001) indicates
statistically significant differences from Xenopus oocytes expressing Kv1.5 alone.

The IV curve illustrated in Figure 31, shows that at each holding voltage, the K* current in
Xenopus oocytes expressing Kv1.5 together with wild-type AMPK was lower than the K*
current in Xenopus oocytes expressing Kv1.5 alone. No K" current was observed in water

injected Xenopus oocytes at any holding voltage.
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Figure 31. Co-expression of AMPK reduced K+ current in Kv1.5-expressing oocytes at

each holding voltage. Current as a function of voltage in Xenopus oocytes injected with water, with cRNA
encoding Kv1.5 without or with additional cRNA encoding wild-type AMPK.
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4.3.2 AMPK activity is necessary for the effects on K" current in Kv1.5-

expressing oocytes

The test whether AMPK activity is required for the effects on Kv1.5 K channels activity,
Kv1.5 was expressed in Xenopus oocytes with or without additional coexpression of
constitutively active AMPK™"*? and of inactive mutant AMPK*““*R. As shown in Figure
32A and B, coexpression of constitutively active AMPK™°? but not of inactive mutant

AMPK®“R " significantly down-regulated the K* current in Kv1.5-expressing Xenopus

oocytes.
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Figure 32: Effects of constitutively active AMPK™®? and inactive mutant AMPK®<45®R

on K' current in Kvl.5-expressing oocytes. A. Original tracings of the current following
depolarization from -80 to +50 mV in Xenopus oocytes injected with water (a), with cRNA encoding Kv1.5
without (b) or with additional cRNA encoding inactive mutant AMPK®™*® (c) or constitutively active
AMPK™® (d). B. Arithmetic means + SEM (n = 12-19) of the normalized outwardly rectifying K* current at
+50 mV in Xenopus oocytes injected with water, with cRNA encoding Kv1.5 without or with additional cRNA
encoding inactive mutant AMPK®“*® or constitutively active AMPK™R"°?, ***(n<0.001) indicates statistically

significant differences to Xenopus oocytes expressing Kv1.5 alone.

As shown in the IV curve, similar effects of coexpression of constitutively active AMPKYR'®?

and of inactive mutant AMPK*K45R

were observed at each holding voltage on the K* current
in Kv-1.5-expressing Xenopus oocytes (Fig. 33). Therefore, AMPK kinase activity was

necessary for the down-regulation of Kv1.5 K™ currents.
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Figure 33. IV curve showing the effects of constitutively active AMPK?"°? and inactive
mutant AMPK®**® on K* current in Kv1.5-expressing oocytes. Current as a function of voltage

in Xenopus oocytes injected with water, with cRNA encoding Kv1.5 without or with additional cRNA encoding
inactive mutant AMPK““**® or constitutively active AMPK'?"<,

4.3.3 The ubiquitin ligase Nedd4-2 reduced K" current in Kv1.5-expressing
oocytes

AMPK down-regulates several ion channels by stimulation of the ubiquitin ligase Nedd4-2.
To this end, additional experiments were carried out to investigate whether Kv1.5 is regulated
by the AMPK-sensitive ubiquitin ligase Nedd4-2. Therefore, Kv1.5 was expressed together
with or without wild-type Nedd4-2 in Xenopus oocytes. As illustrated in Figure 34,
coexpression of Nedd4-2 significantly down-regulated K* currents in Kv1.5-expressing
Xenopus oocytes. Thus Kv1.5 activity is sensitive to Nedd4-2.
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Figure 34: The ubiquitin ligase Nedd4-2 reduced K* current in Kvl.5-expressing

oocytes. A. Original tracings of the current following depolarization from -80 to +50 mV in Xenopus oocytes
injected with water (a), with cRNA encoding Kv1.5 without (b) or with additional cRNA encoding Nedd4-2 (c).
B. Arithmetic means + SEM (n = 12-19) of the normalized K* current at +50 mV in Xenopus oocytes injected
with water, with cRNA encoding Kv1.5 without or with additional cRNA encoding Nedd4-2. *** (p<0.001)

indicates statistically significant differences from Xenopus oocytes expressing Kv1.5 alone.

4.3.4 AMPK decreased Kv1.5-HA plasma membrane protein abundance in
Kv1.5-HA-expressing oocytes

The observed inhibitory effect of AMPK on Kv1.5 K" currents could be due to reduced K*
channel activity or down-regulation of the Kv1.5 channel protein abundance in the cell
membrane. To answer this question, the protein abundance of Kv1.5 in the plasma membrane
of Xenopus oocytes was analysed by chemiluminescence experiments by using a HA-tagged
Kv1.5 construct. As illustrated in Figure 35, Xenopus oocytes were injected with water, with
cRNA encoding Kv1.5-HA without or with cRNA encoding wild-type AMPK"T, inactive
mutant AMPK and constitutively active AMPK.
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Figure 35: AMPK reduced Kv1.5-HA protein abundance in the plasma membrane of

Xenopus oocytes. Arithmetic means + SEM (n = 48-60) of Kv1.5-HA protein abundance in the plasma
membrane of Xenopus oocytes injected with water, with cRNA encoding Kv1.5-HA without or with additional
cRNA encoding wild-type AMPK"T, inactive mutant AMPK™“*® or constitutively active AMPK'0Q, **x

(p<0.001) indicates statistically significant differences from Xenopus oocytes expressing Kv1.5-HA alone.

As shown in Figure 35, co-expression of constitutively active AMPK'®°? but not of inactive
mutant AMPK®“*R reduced the plasma membrane expression of the Kv1.5-HA channel
protein in Kv1.5-HA expressing Xenopus oocytes. The Kv1.5-HA protein abundance tended
to be reduced following co-expression of wild-type AMPK"Y' an effect, however, not

reaching statistical significance (Fig. 35).

Kv1.5-HA

AMPKWT AMPKCK4ER AMPKYR70Q

Figure 36. AMPK reduced cell surface Kv1.5-HA protein abundance in Kv1.5-HA-

expressing Xenopus oocytes. Confocal images showing Kv1.5-HA protein abundance in the Xenopus
oocytes injected with water, with cRNA encoding Kv1.5-HA without or with additional cRNA encoding wild-
type AMPK™T, inactive mutant AMPK®**® or constitutively active AMPKR"%?,
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To further test the effect of AMPK on the protein abundance of Kv1.5-HA in the plasma
membrane of Xenopus oocytes, immunostaining with subsequent confocal microscopy were
performed. Similarly as the results in chemiluminescence experiments, coexpression of wild-
type AMPK™T and of constitutively active AMPK"?"®?but not of inactive mutant AMPK*<4*R
reduced the cell surface expression of Kv1.5-HA protein in Kv1.5-HA expressing Xenopus
oocytes (Fig. 36). These results suggest that AMPK down-regulates Kv1.5 K* currents at least
partly by down-regulation of Kv1.5 protein abundance in the plasma membrane.
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5. DISCUSSION

The present study demonstrates that unilateral ureteral obstruction and chronic angiotensin Il
exposure induces an isoform shift in renal tissue. Both stimuli upregulate the expression of
the AMPKal isoform. AMPKal may act as a pro-fibrotic signalling molecule which contributes
to myofibroblast formation and renal pro-fibrotic signalling following unilateral ureteral
obstruction (UUOQ) and angiotensin Il infusion. AMPKa1 deficient mice ameliorate expression
of markers of inflammation and fibrosis and blunt TAK1 activation. Furthermore, Kv1.5 is
downregulated by AMPKal.

5.1 Role of AMPKal in renal fibrosis signaling

AMPKal was upregulated in wild-type mice after induction of renal fibrosis by unilateral
obstruction or angiotensin Il overload. AMPKal was strongly upregulated after 3 days of
UUO and remains elevated up until 3 weeks of UUO. AMPKa2 levels though declined after 7
days of UUO and were virtually absent in kidneys after 3 weeks of obstructive injury. This
demonstrates an isoform shift of AMPKaoa expression in the injured kidney. A similar isoform
shift is observed in the failing heart: heart failure shifts cardiac AMPK activity towards an
increased AMPKal activity was reported [183]. The isoform shift may however have other
causes than changed expression in resident cells: Infiltrating cells in the injured kidney may
express high levels of AMPKal and therefore account for the increased AMPKal protein.
The activity of AMPK indicated by phosphorylation of AMPKa Thr'’? was increased after 3
days and 7 days but not after 3 weeks of UUO. However, after 3 weeks of UUO, AMPKa2
was virtually absent and the remaining activated AMPK may therefore be solely the AMPKal
isoform. The phosphorylation of ACC, a downstream target of AMPK, was not altered by 7
days of UUO treatment. This may due to a maintained activity of AMPK despite the isoform

shift. ANG Il treatment did not have any effects on phosphorylation of AMPKa Thr'’2,

Nonetheless, the isoform shift as indicated by increased AMPKa1 expression appears to have
a functional effect: Kidneys from gene targeted mice lacking functional AMPKal (AMPKal”

"), but not their wild type littermates (AMPKa1*"*) showed a blunted increase of a-smooth
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muscle actin expression induced by ureteral obstruction and ANG Il infusion. These effects
appear to be time course dependent: The expression of a-SMA was not modified at an early
time point of UUO by AMPKal deficiency, but seems to be important at later stages of UUO.
This data nevertheless suggest that AMPKal is required for the full effect of unilateral ureteral
obstruction and angiotensin Il infusion on myofibroblast activation and a-SMA expression.
Similarly, two weeks of ANG II treatment also causes o-SMA expression in AMPKal**
mice, an effect blunted in AMPKal™ mice. However, histological analysis revealed no
profound effect of AMPKal deficiency on collagen deposition after obstructive renal injury,
despite reduced collagen mRNA expression. This finding is in accordance with previous
observations: After myocardial infarction, AMPKal” mice show impaired myofibroblast
activation but no difference of collagen deposition [184]. According to our observations,
AMPKoalmay play a permissive role rather than an active role in the activation of fibroblast

and a-SMA expression. This indicates a rather complex role in tissue fibrosis as a modulator

of pro-fibrotic signaling.

5.2 Possible mediators of the AMPKal effects during renal fibrosis

5.21 TAK1

The initiation and perpetuation of fibrosis are mediated by effector cells from activated
fibroblasts [185]. After UUO treatment, the blunted response of a-smooth muscle actin
expression in the AMPKal™ mice was paralleled with blunted phosphorylation and
expression of TGF-R-activated kinase 1 (TAK1L). Regardless of its origin, TGF-§ is a key
mediator of fibrotic renal disease [186]. This study revealed elevated TGF-f3 expression in
AMPKa1”" mice after UUO treatment, which was not significantly different from wild-type
mice. Despite a tendency towards a blunted Smad activation in AMPKal deficient kidneys
after UUOQ, no significant differences were found between the genotypes. However, previous
observations indicate that TGF-R induced fibrosis could occur independently of Smad [57].
This could be mediated via TAK1, which is a powerful stimulator of the renal fibrotic
response [53]. Accordingly, both UUO and angiotensin Il induced TAK1 phosphorylation and
protein abundance was blunted by AMPKal deficiency. Inhibition of TAK1 ameliorates renal
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fibrotic response and pro-inflammatory cytokine expression following obstructive injury
[187]. Previously it was reported that TAK1-binding protein TABL physically binds with
AMPK in order to phosphorylate AMPKo Thr'’? [188]. Therefore, TAK1 is a potential
AMPK kinase candidate and may amplify AMPK-dependent functions [144]. On the other
hand, AMPKal may itself be able to phosphorylate and activate TAKL, and thereby stimulate
the expression of pro-inflammatory cytokines [162]. TAK1 up-regulates the expression of c-
Fos [189], 116 [190], Pail [191] and Snail [191], all of which in turn are important factors in
the renal fibrotic response [114, 192-194]. In accordance with the results from this study,
AMPK has previously been suggested as a factor in myofibroblast maturation and may be
able to augment TGF-B-induced a-SMA expression via TAK1 [195]. Therefore, AMPKal

may promote pro-inflammatory and pro-fibrotic changes in the kidney via TAKL.

5.2.2 Inflammatory cells

A variety of cells are recruited following injury to facilitate the wound healing process [196].
Fibrosis has been considered as an abnormal and dysregulated wound healing process, which
results in excessive ECM deposition to replace the normal parenchymal structure [197]. IL-6,
a downstream target gene of TAK1 [190], acts as a pro-inflammatory and pro-fibrotic
mediator in unresolved inflammation [198]. Moreover, IL-6 may compromise tissue repair by
shifting acute injury towards a chronic fibrotic remodeling [198]. It may be effective by
enhancing macrophage polarization from an M1 to an M2 phenotype [199]. We found the up-
regulation of the M2 macrophage marker Cd206 blunted in AMPKa1-deficient obstructed
kidney tissues. This observation is consistent with the report that AMPKal promotes
macrophage skewing from M1to M2 phase during resolution of inflammation [28]. In renal
fibrosis, M2 macrophages contribute to enhanced expression of a-SMA [200]. The chemokine
CXCL16 contributes to accumulation of myeloid fibroblasts and macrophages during renal
fibrosis [32]. Also UUO induced Cxcl16 mRNA expression was blunted in renal tissue of
AMPKal deficient mice. AMPKal may therefore stimulate renal myofibroblast activation by
enhancing macrophage M2 polarization and infiltration.

Recent observations indicate that UUO is followed by upregulation of adiponectin, which is an

activator of AMPK [32]. Genetic ablation of adiponectin is associated reduced fibrotic response
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following obstructive injury and with the reduced expression of Cd206 and Cxcl16 [32]. The
profibrotic effects of adiponectin are mediated by AMPK [32]. Patients suffering from end
stage renal disease also show elevated adiponectin levels [201]. The pro-fibrotic action of
adiponectin-AMPK axis may thus contribute to increased fibrotic response in end stage renal
disease [32, 202]. Consistent with these findings, these studies support the concept that up-
regulation of TAK1 contributes to AMPKal sensitive pro-inflammatory and pro-fibrotic
signaling following UUO and ANG II infusion. Mechanistically, AMPKal may promote M2
macrophage infiltration via TAKZ1-induced IL-6 expression. Nevertheless, it should be
considered that the events leading to and governing fibrosis are complex and not attributable
to a single pathway. Also, besides the regulation of TAKL, other factors might influence
AMPK-dependent effects following obstructive injury. Furthermore, the effects of AMPKal
deficiency on pro-fibrotic signaling following UUO may be indirect. Increased abundance of
suicidal, phosphatidylserine exposing erythrocytes, anemia and/or splenomegaly may

modulate the renal fibrotic response [203].

5.3 AMPK and fibrosis in non-renal tissue

The involvement of AMPK in the regulation of fibrotic signaling in other tissues has been
suggested by other studies. AMPKal is required for angiotensin Il-induced proliferation of
cardiac fibroblasts [170]. ANG Il stimulates cardiac hypertrophy in a TAK1 dependent and
Smad independent manner [91]. However, in our study, genetic deletion of AMPKal did not
have any profound effect on collagen deposition. AMPKal deficiency ameliorates a-SMA
expression, but not collagen deposition, following myocardial infarction [184]. Impairment of
M2 macrophage polarization is similarly associated with an impairment of myofibroblast
activation following myocardial infarction [184]. Therefore, AMPKal regulation of

myofibroblast activation may be not tissue specific.
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5.4 Pharmacological activators of AMPK

However, conflicting information has been demonstrated on the effects of the AMPK
activator, 5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR). On the one hand,
fibrogenic processes following obstructive injury are inhibited by AICAR treatment [154].
Similarly, the AMPK activator metformin ameliorates the epithelial to mesenchymal
transition in vitro [153]. On the other hand, treatment of AICAR causes scar formation and
myofibroblast activation following myocardial infarction [204]. The described effects of
AICAR and metformin are however not necessarily mediated by AMPK, as both may exert
AMPK independent-cellular and metabolic effects [155]. Beyond that, two AMPK isoforms
al/ a2 might have different cellular targets and the AMPKal isoform may exert distinct
effects from the AMPKa2 isoform [205]. Numerous studies have demonstrated distinct
effects of the a2 and ol containing AMPK complex. AMPKal has been shown to be less
sensitive to AMP than AMPKa2, and is activated especially by cellular stress [206].
AMPKao2, but not AMPKal plays a major role in protecting heart from the adverse effects of
pressure overload [207]. In human heart failure, an isoform shift from AMPKoa2 to AMPKal
was reported [183]. AMPKa2 isoform is able to prevent myofibroblast trans-differentiation
[208]. Furthermore, AMPKa2 suppresses vascular inflammation and endothelial dysfunction
[209]. On the other hand, constitutively active AMPKal expression in endothelial cells
promotes vascular inflammation via induction of COX2 [161]. In consistence with this, we
found that angiotensin Il treatment upregulated renal COX2 expression, an effect significantly
blunted by AMPKal deficiency. Taken together, the observed isoform shift of AMPKa2
towards AMPKal in obstructed kidney tissues may therefore contribute to the pro-fibrotic

signaling events.

5.5 AMPK and Kv1.5

Further experiments revealed that AMP-activated protein kinase al (AMPKal) regulates the
voltage-gated K* channel Kv1.5 by reducing the protein abundance in the cell membrane.
Therefore, AMPK might be a potential candidate to decrease K* conductance and
repolarization in the cellular system. In addition, the inhibitory effect of AMPKalon Kv1.5

channel could be involved in the pro-fibrotic signalling effects of AMPKal: macrophages
71



DISCUSSION

express Kv1.5, which may contribute to the regulation of the immune response [210]. Kv1.5
is expressed in fibroblasts [113]. In the failing heart, Kv1.5 potassium current expression is
reduced [113] . Inhibiting potassium current in fibroblasts triggers proliferation of these cells
[113]. The downregulation of Kv1.5 by AMPKal may therefore at least in theory stimulate

proliferation and fibrosis of renal tissue.

Interestingly, Nedd4-2 and AMPK similarly down-regulate the Kv1.5 channel mediated K*
current. This result is consistent with other studies showing inhibitory effects of AMPK on
the sodium channel protein ENaC through activation of ubiquitin ligase Nedd4-2 [211, 212].
In addition to ENaC, AMPK similarly reduced the activity of the inwardly rectifying K
channel Kir2.1 [73] and the outwardly rectifying K* channel KCNQ1/KCNE1 by stimulating
Nedd42 dependent pathways [134]. Furthermore, AMPK stimulates several glucose
transporters including GLUT1, GLUT2, GLUT3 and GLUT4 and thereby supply glucose,
which could be used for ATP production in energy depleted cells [213, 214]. Beyond that,
AMPK also stimulates cellular energy production by stimulating fatty acid oxidation and

expression of enzymes required for ATP production [215].

This inhibitory effect of AMPK on K* channels may contribute to cell membrane
depolarization. Depolarization of cell membrane decreases the driving force for electrogenic
HCOg3 exit across the basolateral cell membrane, which alkalinizes the cytosole and thus
favours the glucose utilization by glycolysis [216]. The cytosolic alkalinization inhibits
Na'/H" exchanger activity [137] resulting in reduced Na* entry which further decreases the
costly Na* extrusion by a Na'/ K* ATPase. In contrast, AMPK can stimulate Na'/H"
exchanger activity and cause alkalinization of the cytosol [137]. Furthermore, inhibition of K*
channels could limit cellular K* loss during the impaired function of Na'/K* ATPase in
energy-depleted cells. Previously it has been described that cellular K* loss triggers the
suicidal cell death or apoptosis [217]. In addition to this, apoptosis is cytosolic pH sensitive
and facilitated by cytosolic acidification [218]. Inhibition of Kv1.5 may therefore be a
mechanism, how AMPK exerts anti-apoptotic functions
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During hypoxic conditions the activity and expression of Kv1.5 is reduced [111].
Furthermore, AMPK is activated during hypoxic conditions in energy depleted cells [219].
In addition to conditions of energy depletion, AMPK activation could be facilitated by
elevation of cytosolic Ca** activity [220], by a decrease of O, levels [221] and by exposure to
nitric oxide [222]. The regulation of Kv1.5 may therefore contribute to increased fibrotic
effects and inhibit apoptosis. The regulation of KV1.5 by AMPK may therefore be of
relevance during these processes.

5.6 AMPK and apoptosis

The impaired a-SMA expression following obstructive injury in AMPKal deficient mice was
surprisingly associated with an increased tubular dilation and an increased Bax/Bcl2. This
effect may in theory be due to an increased cellular potassium loss by Kv1.5 [217]. These
observations are consistent with other studies, which demonstrated that AMPKal deficient
cells are highly sensitive to apoptosis [223]. The energy sensing kinase AMPK counteracts
ATP depletion as a first line defense mechanism to restore cellular energy balance by
stimulating cellular glucose uptake via up-regulation of glucose carriers GLUT1, GLUT?2,
GLUT3, GLUT4 and the Na® coupled glucose transporter SGLT1[214, 224-235].
Furthermore, AMPK may stimulate glycolysis, fatty acid oxidation and expression of several
enzymes required for ATP production in energy depleted conditions [236, 237]. If, however, all
those mechanisms are unable to restore cellular energy supply, cell death may occur. Therefore,
AMPKal may well function to promote the replacement of functional tissues by less energy
demanding fibrotic tissues, and thereby promotes the survival of parenchymal cells in an
ischemic or otherwise strained condition. Thus, stimulation of tissue fibrosis could be an
evolutionary protective mechanism to preserve organ structure and survival, but for the cost of

long term function.
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6. CONCLUSION

In conclusion, AMPKal is upregulated in models of renal fibrosis. AMPKal exerts complex
pro-fibrotic signaling effects in the kidney and limits apoptosis during renal fibrosis. The
effects of AMPKoal may be due to a regulation of TAK1 induced inflammatory processes and
myofibroblast accumulation and regulation of Kv1.5. Preventing the isoform shift of AMPK

in renal fibrotic disease may harbor therapeutic potential.
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