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Abstract

Cardiotonic steroids (CTS) are Na*/K*-ATPase a—-1 (NKA a-1) ligands which are increased in
volume expanded states and associated with cardiac and renal diseases. While initiation and
resolution of inflammation is an important component of cellular injury and repair in renal disease,
it is unknown whether CTS activation of NKA a—1 signaling in this setting regulates this
inflammatory response. On this background, we hypothesized that CTS signaling through the
NKA a-1-Src kinase complex promotes a pro-inflammatory response in renal epithelial and
immune cells. First, we observed that the CTS telocinobufagin (TCB) activated multiple pro-
inflammatory cyto/chemokines in renal epithelial cells, and these effects were attenuated after
either NKA a—1 knock-down or with a specific inhibitor of the NKA a—1-Src kinase complex
(pNaKtide). Similar findings were observed in immune cells, where we demonstrated that while
TCB induced both oxidative burst and enhanced NF-KB activation in macrophages (p<0.05), the
effects were abolished in NKA a—-1*~ macrophages or by pretreatment with pNaKtide or the Src
inhibitor PP2 (p<0.01). In a series of in vivo studies we found that 5/6th nephrectomy (PNX)
induced significantly less oxidative stress in the remnant kidney of NKA a-1*/~ vs wild type
mice. Similarly, PNx yielded decreased levels of the urinary oxidative stress marker 8-Oxo0-2’-
deoxyguanosine in NKA a—-1*/~ vs wild type mice. Finally, we found that in vivo inhibition of the
NKA a-1-Src kinase complex with pNaKtide significantly inhibited renal pro-inflammatory gene
expression after PNx. These findings suggest that the NKA a—1-Src kinase complex plays a
central role in regulating the renal inflammatory response induced by elevated CTS both in vitro
and in vivo.
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Introduction

Cardiotonic steroids (CTS) are Na*/K*-ATPase a—1 (NKA a—1) ligands which are
increased in volume expanded states and implicated in cardiac and renal diseases both
clinically and experimentally (reviewed in! and?). We have demonstrated that CTS signaling
through the NKA a—1 contributes to cardiac and renal fibrosis through enhanced collagen
production in several cardiac3, and renal* ® cell types. After initial stimulation of the NKA—
Src—EGFR signaling cascade, this process involves activation of protein kinase C & (PKC 8)
and degradation of friend leukemia integration 1 (Fli-1) pathway?: 6 as well as suppression
of microRNA (miR)-29b-3p (miR29b)”: 8 and amplification of a feed forward oxidant
signaling loop?. Interestingly, we and others have also demonstrated a role for macrophage
NKA a-1 in mediating early atherosclerotic events including activation of NF-xB leading to
pro-inflammatory cytokine production through a signaling complex including scavenger
receptor CD36, toll-like receptor-4 (TLR4), and NKA a-110.11,

It is well known that initiation and resolution of inflammation is an important component of
cellular injury and repair in diseases such as CKD. Inflammation is a nontraditional risk
factor that mediates the onset and progression of renal injury in CKD213, Despite advances
in management strategies, patients with CKD often suffer from persistent oxidative stress
and inflammation which underlies their disease4. Thus discovering molecular links for
inflammation in CKD is of clinical and therapeutic importance. While inflammation plays a
crucial role in the pathogenesis and long-term complications of CKD®: 16, the molecular
basis underlying these inflammatory events is not well understood. Recent studies suggest
CTS may promote inflammation, although these studies used much higher doses of CTS
than are likely to exist endogenously in vivol”. CTS have been implicated in mediating
inflammation and oxidative stress in settings including heart and lung tissuel’- 18, We and
others have demonstrated that CTS are capable of inducing renal dysfunction, injury, and
fibrosis through activation of the NKA a—1-Src kinase signaling cascade* 19 20, Since
inflammation precedes these conditions we sought to determine if activation of the NKA a
-1-Src kinase pathway by CTS was capable of regulating the inflammatory response of cell
types involved in renal inflammation including macrophages and renal epithelial cells. Thus,
we tested the hypothesis that CTS signaling through the NKA a—1-Src kinase complex
promotes a pro-inflammatory response in renal epithelial and immune cells.

While there is some variability in measured concentrations of CTS based on the specific
CTS and assay method, in general CTS have been shown to circulate in the mid-picomolar
range for normal healthy subjects (physiologic levels) and up to the mid-nanomolar range
for patients with volume expanded states (pathophysiologic levels) (reviewed in?).
Importantly, nanomolar concentrations of CTS have been shown to bind and activate a non-
pumping, signaling population of the NKA a-121-23 jndependent of its well-known ion
transporting function?4. Hence, the following studies were performed to test the hypothesis
that pathophysiologically relevant doses of CTS such as telocinobufagin (TCB) are capable
of initiating an inflammatory response of both renal epithelial and immune cells, via a NKA
a-1- Src kinase signaling pathway.
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Materials and Methods

Reagents

Cell Culture

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Telocinobufagin and marinobufagenin (both >98% by HPLC) were purchased from Herbest
Bio-Tech (Baoji City, Shannxi Provience, China). Ouabain was purchased from Enzo Life
Sciences (Ann Arbor, MI, USA). Digoxin was purchased from Sigma (St. Louis, MO,
USA). pNaKtide was synthesized and purchased from Ohio Peptide (Powell, OH, USA).
Materials for SDS-Page were purchased from Bio-Rad Laboratories. Dulbecco’s Modified
Eagle Medium (DMEM) with L-Glutamine, 4.5g/L Glucose and Sodium Pyruvate was
purchased from Fisher Scientific (Hampton, NH, USA). Fetal Bovine Serum was purchased
from Atlanta Biologicals (Flowery Branch, GA, USA). Trypsin-EDTA (0.25%) and
Penicillin-Streptomycin (10,000 U/mL) and all other tissue culture media and supplements
were from Life Technologies (ThermoFisher Scientific,) (Waltham, MA, USA). All other
chemicals and reagents, were from Sigma (St. Louis, MO, USA).

Peritoneal macrophages were obtained by lavage after 72 hours of thioglycollate injection
and adherent cells maintained in culture as we have previously described!. The human
HK-2 and porcine LLC-PK1 renal proximal tubule cell lines were obtained from American
Tissue Type Culture Collection (ATCC, Manassas, VA, USA). Sublines of LLCPK1 cells
expressing NKA a-1 small interfering RNA to knock down expression by 90% (PY-17
cells), or control transfected cells (P-11) were cultured in the same manner as the parent
cellsl1. 25,

HK2 cells were purchased from American Type Culture Collection (ATCC) (CRL-21900)
(Manassas, VA, USA), murine macrophage Raw Blue cells were purchased from Invivogen
(San Diego, CA, USA). For TCB treatment of adherent cells, upon reaching 80-90%
confluence cells were serum starved for 16 hrs. For experiments utilizing NKA a-1 /Src
signaling antagonist, pNaKtide, 1 uM pNaKtide was added to the cells for 30 minutes prior
to any TCB treatments. Cell lysate or conditioned media were collected as we have
previously published!!: 25, Because of the known differences in NKA sensitivity to
CTS%6-29 in general, experiments performed in rodent derived cell types were treated with
10 times higher concentrations of CTS.

Reactive Oxygen Species measurement

The Fc OxyBURST® Green fluorometric assay reagent was purchased from Thermo Fisher
Scientific (Waltham, MA, USA) and used for detection of reactive oxygen species in
macrophages. Macrophages (2x10° cells/mL) were incubated with 10 ug/mL OxyBurst
H2HFF Green BSA in a fluorescence cuvette for 2 minutes at 37 C and then treated.
Oxidative burst was measured by monitoring change in fluorescence intensity excited at 488
nm and detected at 530 nm. Fluorescence intensity was measured Kinetically in a multimode
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plate reader (Cytation 5, BioTek, Winooski, VT, USA). Fold change was calculated by
dividing the data from the treated group by the data from the control group.

For detection of reactive oxygen species in renal epithelial cells the Cellular ROS Assay Kit
(Red) was used (Abcam, Cambridge, MA, USA). Cells were plated in growth media at
4x10* cells/ 100 uL per well overnight. The next day, cells were incubated with working
solution for 1 hour and then treated. After treatment cells were incubated in 37C/5% CO2
incubator for 1 hour. Fluorescence increase was monitored at excitation/emission of 520/605
nm. Fold change was calculated by dividing the data from the treated group by the data from
the control group.

Cytokine measurement

Cytokine arrays were purchased from RayBiotech (Norcross, GA, USA). Human Cytokine
Array C3 and Porcine Cytokine Array g1 were used to measure cytokines in culture
supernatant. In summary, cells were serum starved for 16 hrs followed by 24 hrs of the
indicated treatment. Conditioned media was collected and centrifuged at 200 xg for 10 min
and cytokines involved in known inflammatory cascades in renal epithelial cells were
profiled according to the manufacturer’s instructions. For these experiments, arrays were run
with conditioned media from n = 3 pooled samples per array and n = 3 arrays per group for
the human cytokine array and n=4 arrays per group for the porcine cytokine array. Signal
intensity was measured for each spot and local background was subtracted for each array.
Signal intensity on each array was normalized using the internal controls provided prior to
calculating the mean values of the respective groups. Fold change was calculated by dividing
the data from the treated group by the data from the control group.

NF«xB reporter assay

Intracellular

Murine macrophage RAW-blue cells, with a secreted embryonic alkaline phosphatase
(SEAP) reporter system (InvivoGen) (San Diego, CA, USA) were used to assess NFxB
activity according to the manufacturer’s instructions. Briefly, after rinsing twice with PBS
and detachment of cells with a cell scraper, cells were resuspended in test media (containing
10% heat-inactivated FBS) at 5x10° cells/mL. Then 180 uL of cell suspension were seeded
in 96 well plates. Cells were treated and incubated at 37 C in a 5% CO> incubator for 18-24
hrs, followed by addition of 5 mM ATP for 2 hours. Twenty microliters of cell supernatant
was then obtained after centrifugation at 200 xg for 10 min. SEAP levels (indicator of NF-
xB activity) were measured by incubating the supernatant with 180 uL of Quanti-Blue
(InvivoGen, San Diego, CA, USA) substrate for 2h and absorption was measured with a
multimode plate reader at 620 nm (Cytation 5, BioTek, Winooski, VT, USA).

Sodium Measurement

Intracellular sodium was assayed using Molecular Probe™ Sodium Green™ Tetraacetate,
cell permeant reagent purchased from Thermo Fisher Scientific (Waltham, MA, USA)
according to the manufacturer’s instructions. Cells were incubated with sodium green
tetraacetate for 1 hr at room temperature. After 1 hr cells were washed to remove excess
probe. After indicated treatments intracellular sodium was monitored by measuring
fluorescence monitored at excitation/emission of 507/532 nm.
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All animal studies were performed in accordance to the National Institutes of Health’s Guide
for the Care and approved by the Institutional Animal Care and Use Committee at the
University of Toledo. Na*/K*-ATPase a—1 subunit heterozygous null mice (NKA a-1*/7)
and their wild type littermate controls (Wild Type NKA a-1*/*) were produced as
explained3C. Mice were received as a generous gift from Dr. Jerry Lingrel’s laboratory
(University of Cincinnati) and maintained at the University of Toledo animal facility. For
this study, 2-3 month old, male mice weighing 25-27 g were used. Wild type and NKA a
-1*"~ mice were each randomly divided into two groups based on surgical intervention: one
group underwent sham operation to serve as controls while the second group was subjected
to 5/6! partial nephrectomy (PNXx) surgery as previously described: 31. After the surgery,
wild type mice were further randomly divided into two subgroups: one group received
pNaKtide 25 mg/kg body weight via intraperitoneal injection every other week for a total of
3 injections from the 12t to 16t week, and the second group, which served as the control
group, received a similar volume of saline.

Kidneys were fixed in 4% formaldehyde (pH 7.2) paraffin embedded and cut into 4 um
sections. The tissue sections were deparaffinized with xylene and rehydrated by sequential
incubations in ethanol and water. 8-Ox0-2’-deoxyguanosine and CD68 antibodies were
purchased from Abcam (Cambridge, MA, USA), and H&E staining for kidney was
conducted on the 4 um Kkidney tissue sections. Vectastain Elite-ABC kit (\ector Labs)
(Burlingame, CA, USA) was used following manufacturer’s protocol. For each section, 10
images were randomly taken with a bright-field microscope with a 20X lens and quantitative
morphometric analysis was performed using automated and customized algorithms/scripts
for batch analysis (ImagelQ Inc., Cleveland, OH, USA) written for Image Pro Plus 7.0, as
we have described in detail32. Renal histology was graded in a blinded fashion by a
pathologist (A.G.) and scored on a scale of 0-4 for interstitial inflammation, glomerular
hyper cellularity, and protein casts.

RNA Isolation and reverse transcription-quantitative polymerase chain reaction (RT-gPCR)

RNA extraction, cDNA preparation, and RT-qPCR were all performed utilizing the QIAGEN
(Germantown, MD, USA) automated workflow system which utilizes the QIAcube HT and
QIAgility liquid handling robots. RNA from kidney tissue was isolated utilizing QlAzol/
Chloroform extraction methodology via automated liquid handling equipment (QlAcube
HT). Approximately 500 ng of extracted RNA was used to synthesize cDNA (QIAGEN’s
RT2 First Strand Kit cat #330404). RT-PCR was performed utilizing QIAGEN’s Rotor-Gene
Q thermocycler. Calculation of gene expression was conducted by comparing the relative
change in cycle threshold value (ACt). Fold change in expression was calculated using the 2-
AACt equation as previously described?®.
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8-0Ox0-2’-deoxyguanosine measurement in urine

8-Ox0-2’-deoxyguanosine (8-OHdG) in 24 hour urine samples was measured by ELISA was
purchased from Biovision (Milpitas, CA, USA) and performed according to the
manufacturers’ protocol.

Statistical analysis

Data presented are the mean + standard error of the mean of at least 3 independent
experiments. Student’s Unpaired T-test was used to assess statistically significant differences
between two groups. One-way ANOVA and post-hoc multiple comparisons tests were used
when comparing more than two groups. Statistical significance was accepted as p<0.05. All
statistical analysis were performed using GraphPad Prism 6 software.

RESULTS

Cardiotonic Steroids Signaling Through Na*/K*-ATPase a-1 and Src KinaseEnhance Renal
Epithelial Cells Pro-inflammatory Response.

In order to test the pro-inflammatory role of CTS signaling on renal epithelium we treated
HK2 cells, a human kidney epithelial cell line, for 1 hour with 10 nM and 100 nM TCB. We
observed a dose dependent increase in reactive oxygen species (ROS) generation with TCB
treatment when compared to the control group (Figure 1A). Similar increases in ROS were
also noted with other CTS including ouabain, digoxin, and marinobufagenin (Figure S1).

Next, we tested the involvement of Src kinase signaling in TCB induced ROS expression
using biochemical approaches including the use of a specific peptide inhibitor of NKA a-1
related Src signaling (pNaKtide)32. Pretreatment with pNaKtide (1 pM, 30 minutes)
attenuated TCB induced increase in ROS expression (Figure 1B p<0.01) as well as ROS
generation induced by other CTS including ouabain, digoxin, and marinobufagenin (Figure
S2). Next, we investigated the effect of CTS on inflammatory cytokine expression in renal
epithelium and profiled major cytokines involved in known inflammatory cascades. As
shown in Figure 1C and Supplementary Table S1, TCB treatment (10 nM, 24 hrs) of HK2
cells resulted in significant increase in expression of a number of key pro-inflammatory
cytokines related to monocyte/macrophage recruitment compared to the vehicle treated
control group. Similar to ROS generation, when we tested the involvement of NKA a-1
related Src signaling in TCB induced cytokine expression, we found that TCB induced
expression of these key pro-inflammatory cytokines was diminished with pretreatment of the
NKA a-1 specific Src kinase inhibitor pNaKtide (1 uM, 30 minutes) (Figure 1C). Further,
to assess whether TCB induced pro-inflammatory signaling is specific to the a1 isoform of
NKA, we used genetic approaches to modulate NKA a.—1 expression in the porcine LLC-
PK1 proximal tubular cell line using both wild type parent (P11 cells) and NKA a-1 knock-
down (PY-17 cells, 90% reduction in NKA a—-1) cell lines!: 25, Here we found that TCB
(10nM TCB, 24 hours) induced increases in expression of multiple pro-inflammatory cyto/
chemokines was reduced in PY-17 NKA a-1 knock-down cells compared to the wild type
parent P11 control cells (Figure 1D). Similarly, we found that as TCB and other CTS
including ouabain, digoxin, and marinobufagenin induced ROS expression in P11 control
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cells (Figure S3), knockdown of the NKA a-1 isoform significantly attenuated CTS
induced ROS expression in PY-17 cells (Figure S4).

Next, we examined the effects of CTS signaling on pro-inflammatory activation of
macrophages. First, we tested whether TCB enhances NF-xB activation in macrophages, we
assayed NF-«xB activity in RAW-blue cells. We found that TCB (10 and 100 nM, 24 hours)
significantly enhanced NF-xB activation in a dose dependent manner (Figure 2A). Next, we
examined the involvement of Src kinase signaling in TCB induced NF-xB activation using
Src kinase inhibitors. We found that pretreatment with Src kinase inhibitors PP2 or
pNaKtide (both 30 min 1uM) suppressed TCB induced NF-xB activation (Figure 2B).
Additionally, other CTS including ouabain, digoxin, and marinobufagenin also demonstrated
enhanced NF-xB activation which was attenuated by pre-treatment with pNaKtide (Figures
S5, S6).

Further, we noted that TCB (100 nM, 24 hours) resulted in a significant increase in
macrophage ROS generation compared to vehicle treated controls (Figure 2C). We next
examined the involvement of NKA a-1 Src signaling in TCB induced oxidative burst, using
genetic and biochemical approaches. Pharmacological inhibition of Src significantly
suppressed TCB induced oxidative burst in macrophages (Figure 2C) as did reduction of
macrophage NKA a-1.

Next, in order to understand the biological significance of these changes in relation to other
known pro-inflammatory stimuli, we treated both HK2 cells and RAW-blue cells with
lipopolysaccharide (LPS, 0.1 ug/mL). These experiments indicate that while TCB treatment
yielded comparable levels of ROS (Figures S1-S4), LPS induced more potent activation of
NFkB (Figure S6). Finally, in order to assess the effect of TCB treatment on ion
transportation function of the NKA, we measured intracellular Na* in response to different
doses of TCB treatment. Our data demonstrated that TCB up to 100 nM (both 1 hour and 24
hour) had no effect on intracellular Na* in both renal epithelial cells and macrophages
(Figure S7, S8).

PNx Induced Renal inflammation and Oxidative Stress Depends on Na*/K*-ATPase a—1
Signaling in Vivo.

Our group has previously shown that 5/6™ partial nephrectomy (PNx) is a volume expanded
model of CKD and elevated CTS8: 32 34,35 Using this model to examine the role of the
NKA a-1 in renal inflammation /n vivo, we performed the following studies. First, 12
weeks after either PNx or sham surgery in wild type mice, we administered pNaKtide (25
mg/kg bodyweight) or saline vehicle by intraperitoneal injection every other week for a total
of 3 injections. As shown in (Figure 3 A- E), while PNx induced expression of key
inflammatory genes in renal tissue, this effect was attenuated by inhibition of the NKA a-1-
Src signaling pathway via pNaKtide.

In order to further examine the role of the NKA a-1 in mediating PNx induced renal
inflammation and oxidative stress, we performed PNx or sham surgery on both wild type
and NKA a-1*/~ mice. Sixteen weeks post PNXx surgery, kidneys of mice were sectioned
and stained for 8-Oxo-2’-deoxyguanosine (8-OHdG) in order to examine evidence of renal
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oxidative stress. Kidneys from NKA a—1*/~ mice demonstrated significantly lower levels of
DNA oxidation compared to wild type controls (Figure 4 A, B). Similarly, twenty-four hour
urine collected from the NKA a—1*/~ mice showed significantly lower excretion levels of 8-
OHAdG compared to urine collected from wild type controls 16 weeks of PNx surgery
(Figure 4 C). Histological examination demonstrated that NKA a—1*/~ mice had
significantly lower inflammation levels represented by less interstitial immune cell
accumulation, glomerular hypercellularity, and glomerular immune cell infiltration
compared to kidneys from wild type mice (Figure 5 A-F). Additionally, kidneys from NKA
a—-1*~ mice showed less protein cast formation compared to the kidneys from wild type
mice. Next, we examined recruitment of CD68 positive immune cells (macrophage) within
the kidney. Consistent with the other histology, kidneys from NKA a—1*/~ mice showed less
macrophage infiltration compared to kidneys from the wild type controls (Figure 6 A, B).

Discussion

In the current study, we identified the NKA a—1-Src signaling complex as a central
component of CTS mediated pro-inflammatory response and oxidative stress in both renal
epithelial and immune cells. This study provides /n vitro and /n vivo evidence demonstrating
that the NKA a—1-Src kinase signaling mediate CTS induced inflammation and oxidative
stress in these cell types. We show that in vitro, while TCB induces cytokine and ROS
expression in renal epithelial cells, genetic reduction of the NKA a—1 or pharmacological
inhibition of the NKA a—1-Src signaling complex reduces TCB induced pro-inflammatory
effects. Similarly, in immune cells disruption of the NKA a.—1-Src signaling pathway
reduces TCB induced oxidative burst and NFkB activity in macrophages. Together these
results indicate that the NKA a—1-Src kinase signaling pathway is an important mediator of
CTS induced pro-inflammatory effects in both renal epithelial and immune cells.

This study has important implications in mechanistically understanding the link between
elevated endogenous CTS and progression of CKD. Inflammation and oxidant stress play an
essential role in the onset and progression of CKD and chronic elevations of CTS are
associated with renal injury in CKD? 519, The in vitro findings of the current study suggest
that CTS are capable of regulating the inflammatory response associated with CKD in key
cell types including renal epithelium and macrophages. Furthermore, we investigated the
role of elevated endogenous CTS in mediating renal inflammation and oxidative stress in an
in vivo model of CKD. As the NKA a-1 is the receptor for CTS, we examined whether
disrupting the NKA a—1-Src signaling complex would reduce inflammation and oxidative
stress in PNx model, a well-established CKD model of elevated CTS20: 3435 |n fact, we
found that in the PNx model, genetic reduction of the NKA a-1 significantly reduced renal
inflammation and oxidative stress compared to that in wild type mice. Similarly,
pharmacological inhibition of the NKA a—1- Src signaling complex with pNaKtide
significantly reduced renal inflammation and oxidative stress in this model. The potential
role of NKA a—-1-Src signaling in driving CTS mediated inflammation and fibrosis is
becoming more appreciated? 36. 37 Qur group has previously shown that both active and
passive immunization against the CTS marinobufagenin significantly improves cardiac and
renal renal function and markedly reduces cardiac and renal fibrosis following PNx®: 32,
Additionally, many studies have linked the association of high levels of CTS to renal
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pathology (reviewed in32: 34 35), Our lab and others has reported that patients with CKD
have higher plasma CTS levels compared to healthy individuals9: 20 38, We have also
shown that TCB infusion causes renal fibrosis along with renal dysfunction noted by
increased proteinuria and cystatin C which is attenuated by knock-down of the NKA a-119.
This further highlights the potential role of CTS induced NKA a-1 signaling in mediating
key events in the progression of CKD. In fact, administration of the NKA a—-1-Src signaling
complex inhibitor, pNaKtide, in murine models of CKD has been shown to reduce pro-
fibrotic effects by interrupting amplification of the oxidant signaling loop3° and restoring
miR-29b-3p expression3! in this setting. This anti-fibrotic effect was also achieved by
genetic reduction of NKA a—-1 expression3L,

Further studies have also shown that targeting NKA a-1 mediated signaling can effectively
attenuate unilateral ureteral obstruction (UUO)-induced renal fibrogenesis3’. Taken together
these studies highlight the role of CTS in potentiating some pathophysiologic features
associated with activation of NKA a—1-Src signaling in renal disease. Our study confirms
these findings and demonstrates that NKA a—1-Src signaling is involved and has important
implications for enhancing pro-inflammatory events in immune cells and renal epithelium
both in vitro and in vivo.

While our study focused on investigating the proinflammatory effects of CTS in renal
epithelial and immune cells, other studies have demonstrated that various CTS are also
capable of exhibiting anti-inflammatory and anti-fibrotic effects. For instance, Zhakeer and
coworkers demonstrated that in a mouse asthma model, bufalin treated mice had a
significant reduction in total inflammatory cells in the lung as well as reduction in
inflammatory markers such as IL-4, 1L-5, and 1L-13%0. Additional studies have shown that
the CTS ouabain inhibits fibrosis triggered by TGF-b. Here, ouabain inhibition of the ion
pumping function of NKA increased intracellular [Na+]-to-[K+] ratio which induces COX-2
expression and attenuated myofibroblast differentiation in response to TGF-B4L.

These observations suggest that CTS may play a role in mediating both adaptive and
maladaptive immune responses and that the effects of these hormones may also be affected
by tissue specific actions in different disease settings.

Previous studies that investigated the role of CTS in pro-inflammatory settings used much
higher doses of CTS than are likely to exist endogenously in vivol’. The CTS ouabain has
been shown to induce NF-xB-transcriptional activity and promote pro-inflammatory
cytokine production in macrophages*2. Additional studies have demonstrated that elevated
CTS levels cause sharp elevation of Prostaglandin-endoperoxide synthase? (PTGS2) and
Interleukin 6 (IL-6) expression in rat vascular smooth muscle cells, human endothelial cells,
as well as in HeLa cells#3. High levels of ouabain also induce macrophage infiltration and
IL-1p expression in cardiac tissuel’. These studies cumulatively provide several lines of
evidence that CTS are capable of promoting an inflammatory response. Importantly, the
current study extends these finding by addressing the molecular mechanism through which
CTS induces its effect in these settings. Furthermore we demonstrate that pathophysiological
doses of CTS can initiate these inflammatory responses in key cell types both in vitro and in
Vivo.
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In this study we examined pathophysiological doses of a biologically relevant CTS, TCB
that has been previously reported in volume expanded states such as CKD?: 38. 44,45 gng
heart failure32. In order to characterize the biological significance of the inflammatory
response initiated by CTS, we evaluted the effects in the context of lipopolysacharide (LPS)
treatment as a positive control. Here we noted that while CTS activation of NFkB was lower
than that of LPS, the generation of oxidant stress was nearly equivalent. These results
suggest that long-term elevation of CTS not only activates pro-inflammatory signaling
cascades, but that the deleterious effects of elevated CTS are likely more pronounced in
chronic settings. In the current study we tested the central hypothesis that CTS signaling
through NKA a—1- Src complex is mechanistically linked to renal inflammation and
oxidative stress accompanying diseases such as CKD. Our findings suggest that modulation
of CTS levels or activity may present a novel therapeutic target in settings such as CKD or
heart failure where elevated levels of CTS have been linked to cardiovascular and renal
pathology. This study also opens up the potential that the CTS- NKA a—1-Src-pathway may
be an important therapeutic target in order to limit the pathological effects of inflammation
which potentiates renal injury.

There are several limitations which should be noted in our study. In many of our cell culture
experiments, while there was a general trend toward dose dependent effects for end-points
such as ROS and NFkB, dose-dependent effects were not always statistically significant. Our
experience has been that clear CTS induced dose-response relationships are more clearly
seen in some cell types (e.g. dermal fibroblasts and SYF+cSrc cells) than others (e.g. cardiac
fibroblasts and renal epithelial cells) and these differences seem to track with CTS induced
Src phosphorylation® 46. Furthermore, although the focus of the current study was the
assessment of CTS-NKA a—1-Src-pathway on renal inflammation and oxidative stress, the
study is limited by the fact that we did not fully interrogate measures of renal function. We
have previously reported that pNaKtide did significantly reduce plasma creatinine and BUN
at 5 weeks after PNXx surgery3?. Given the complexity of CKD and the fact that many factors
influence the onset and progression of this condition*”, we believe that additional studies
will be needed to examine the effects of modulating the CTS-NKA a—1-Src-pathway so that
appropriate renal protective therapeutic applications can be assessed.

Perspectives

Our study provides several lines of evidence highlighting the role of CTS as important
mediators of renal inflammation and oxidative stress associated with CKD. Furthermore, our
study demonstrates that CTS mediate pro-inflammatory effects through the NKA a—-1-Src
signaling complex in both renal epithelial and immune cells. This knowledge, coupled with
our understanding of the key role of inflammation and oxidative stress in the pathogenesis of
CKD development and progression, suggests that CTS may be an important diagnostic and
therapeutic target for attenuating inflammation mediated renal injury in patients with CKD.
As CTS are elevated in other volume expanded states which experience significant
inflammation mediated organ injury, these findings may have therapeutic relevance beyond
CKD as well.
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Novelty and Significance:
What Is New?

. Cardiotonic steroids are capable of activating pro-inflammatory pathways in
both kidney epithelial cells and immune cells.

. This process appears to involve a signaling pathway mediated by the Na*/K*-
ATPase a—1 and Src kinase.

What Is Relevant?

While cardiotonic steroids have been show to participate in an adaptive natriuretic
response in volume expanded settings like chronic kidney disease, the current study
supports the notion that long term elevations of these hormones may also contribute to a
maladaptive trade-off and contribute to kidney inflammation and injury.

Summary

Cardiotonic steroids can promote renal inflammation and oxidative stress through the Na
*/K*-ATPase a—1 and Src kinase signaling complex in both renal epithelial and immune
cells. As these hormones are elevated in other volume expanded states which experience
significant inflammation mediated organ injury, these findings may have therapeutic
relevance beyond chronic kidney disease.
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Figure 1.
Telocinobufagin (TCB) induced inflammatory response in renal proximal tubule cells is

attenuated in the Nat/K*-ATPase a—-1 (NKA a—1) knock-down cell line and after treating
the wild type cell line with pNaKtide. (A) Dose dependent effect of TCB (10nM and
100nM) on ROS expression levels (n=8). (B) Blocking Src kinase using pNaKtide 1uM
attenuates TCB (100 nM) induced ROS expression (n=8). (C) TCB (10 nM) induced
inflammatory cytokine expression in renal epithelial cells is attenuated via pretreatment with
Src kinase inhibitor pNaKtide 1uM (n=3). The full list of all measured cytokines is shown in
Supplementary Table S1. (D) Reduction of Na*/K*-ATPase a-1 in the NKA a-1*/~ renal
epithelial cells attenuates TCB (10 nM) induced inflammatory cytokines expression
compared to WT renal epithelial cells (n=4). The full list of all measured cytokines is shown
in Supplementary Table S2. *p<0.05 vs. control, **p<0.01 vs. control, #p<0.05 vs.
pNaKtide, ##p<0.01 vs. pNaKtide.
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Telocinobufagin (TCB) induced inflammatory response in macrophages is attenuated after
NKA a-1 knock-down or treatment with Src kinase inhibitors pNaKtide and PP2. (A) Dose
dependent effect of TCB (10 nM and 100 nM) on NF-xB activity in RAW-blue cells (n=8).
(B) Blocking Src kinase using pNaKtide and/or PP2 (both at 1uM) attenuates TCB (100 nM)
induced NF-xB activity in RAW-blue cells (n=8). (C) TCB (100 nM) induced oxidative
burst in macrophages isolated from wild type mice is attenuated via pretreatment with Src
kinase inhibitors pNaKtide and PP2 (both at 1uM) and in macrophages isolated from NKA
a—-1*"~ mice compared to macrophages isolated from wild type (7=8). *p<0.05 vs. control,
**p<0.01 vs. control, #p<0.05 vs. pNaKtide, ##p<0.01 vs. pNaKtide.
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Figure 3.
pNaKtide attenuates 5/6™ Partial Nephrectomy (PNx) induced increase in key inflammatory

genes associated with renal oxidative stress and injury including (A) TNF, (B) MCP-1, (C)
Timp-1, (D) KIM-1, (E) TGF-B. Quantitative PCR from wild type mice kidneys after 12
weeks of PNx surgery and intraperitoneal injection of pNaKtide at 25 mg/kg body weight
every other week until the 16! week for a total of 3 injections (n=6). *p<0.05 vs. control,
**p<0.01 vs. control, #p<0.05 vs. pNaKtide, ##p<0.01 vs. pNaKtide.
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Na*/K*-ATPase a—1 (NKA a-1) knock-down attenuates 5/6t Partial Nephrectomy (PNXx)
induced oxidative stress in the kidney. Representative 8-Oxo-2’-deoxyguanosine (8-OHdAG)
histology (A) and quantification (B) from wild type and NKA a—-1*~ mouse kidneys after
PNx and sham surgeries (n=6). *p<0.05, **p<0.01. (C) Urinary 8-OHdG quantification
from wild type and NKA a—1*~ mouse urine after PNx and sham surgeries (n=8). # p<0.05,

##p<0.01.
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Na*/K*-ATPase a—1 (NKA a-1) knock-down attenuates 5/6t Partial Nephrectomy (PNXx)
induced increases in renal interstitial inflammation (A, B), glomerular hypercellularity (C,
D), and protein casts (E, F). Representative H&E histology (Right) and quantification (Left)
from wild type and NKA a-1*~ mouse kidneys after PNx surgery (n=6). *p<0.05,

**p<0.01.
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Na*/K*-ATPase a—1 (NKA a-1) knock-down attenuates 5/6t Partial Nephrectomy (PNXx)
induced increases of macrophage infiltration in the kidney (CD68-positive). Representative
histologic images (A) and quantification (B) from wild type and NKA a—1*/~ mouse
kidneys after PNx surgery (n=6). *p<0.05, **p<0.01.
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