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Abstract  

Recent studies have revealed that Na/K-ATPase (NKA) can transmit signals through ion 

pumping-independent activation of pathways relayed by distinct intracellular protein/lipid 

kinases and endocytosis challenges the traditional definition that cardiotonic steroids 

(CTS) is NKA inhibitor. While additional effects of CTS have long been suspected, 

revealing its agonist impact through the NKA receptor could be a novel mechanism in 

understanding the basic biology of NKA. In this study, we tested whether different 

structural CTS could trigger different sets of NKA/effector interactions, resulting in 

biased signaling responses without compromising ion-pumping capacity. Using purified 

NKA, we found that ouabain, digitoxigenin, and somalin cause comparable levels of 

NKA inhibition. However, while endogenous ouabain stimulates both protein kinases 
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and NKA endocytosis, digitoxigenin and somalin bias to protein kinases and 

endocytosis respectively in LLC-PK1 cells. The positive inotropic effects of CTS are 

traditionally regarded as NKA inhibitors. However, CTS-induced signaling occurs at 

concentrations at least one order of magnitude lower than that of inotropy, which 

eliminates their well-known toxic actions on the heart. The current study adds a novel 

mechanism that CTS could exert its biased signaling properties through the NKA signal 

transducer.  

Keywords 

cardiotonic steroids; Na/K-ATPase; bias; Digitoxigenin; somalin; ouabain 

Significance Statement 

Although it is now well accepted that NKA has an ion-pumping independent signaling 

function, it is still debated whether direct and conformation-dependent NKA/effector 

interaction is a key to this function. Therefore, this investigation is significant in 

advancing our understanding of the basic biology of NKA-mediated signal transduction 

and gaining molecular insight into the structural elements that are important for CTS's 

biased action.  

1. Introduction  

Cardiotonic Steroids (CTS), including digitalis drugs such as digoxin and ouabain, are 

specific inhibitors of Na/K-ATPase (NKA) (Lingrel and Kuntzweiler, 1994; Schatzmann, 

1953; Skou, 1988). The positive inotropic effect of CTS on myocardial contractility is 

due to the inhibition of NKA and subsequent increases in intracellular Ca2+ (Eisner and 

Smith, 1992). Like other inotropes, the FDA approved digoxin produces impressive 
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hemodynamic effects in chronic heart failure (CHF) patients. However, it distinguishes 

itself from other pure inotrope drugs because it does not increase CHF patients' 

mortality, most likely due in part to the recently appreciated signaling through cardiac 

NKA (Li and Xie, 2009; Pierre et al., 2007).  

Over the last decade, studies have revealed that NKA has an ion-pumping independent 

signaling function (Xie Jeffrey et al., 2013). Precisely, binding of CTS to NKA activates 

protein and lipid kinases and induces the endocytosis of NKA by changing the function 

of NKA-interacting proteins (Haas et al., 2000; Kometiani et al., 1998; Liu et al., 2000; 

Xie, 2001). For example, we have demonstrated that the binding of ouabain to the 

NKA/Src receptor complex results in the transactivation of the epidermal growth factor 

receptor (EGFR), resulting in activation of the Ras/Raf/MEK/ERK cascade(Haas et al., 

2002). Src activation also leads to stimulation of phospholipase C γ (PLC-γ) and 

subsequent activation of protein kinase C (PKC) isozymes and Inositol trisphosphate 

(IP3)- mediated Ca2+ signaling(Liu et al., 2007; Mohammadi et al., 2001; Yuan et al., 

2005). Moreover, ouabain was found to stimulate PI3K, resulting in the endocytosis of 

NKA (Liu et al., 2004). CTS activation of NKA-mediated signaling represents a novel 

mechanism for the modulation of cell growth and apoptosis. It is involved in normal 

cardiac physiology (Xie et al., 1999) and disease progression such as ventricular 

hypertrophy and fibrosis (Drummond et al., 2018; Drummond et al., 2016; Elkareh et al., 

2007). Importantly, CTS activates these signaling events at concentrations at least an 

order of magnitude lower than that of inotropy induction.  

Several endogenous CTS, including ouabain and marinobufagenin, have been identified, 

and they play an essential role in the regulation of cardiac structure and function at 
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concentrations that stimulate NKA signaling without affecting cellular pumping capacity 

(Hamlyn et al., 1998; Hamlyn et al., 1982; Scheiner-Bobis and Schoner, 2001). At the 

molecular level, we suggested that receptor NKA regulates protein/protein interaction in 

a conformation-dependent manner (Ye et al., 2013). Structurally CTS shares a steroid 

core, a varying number of substituents including a sugar moiety, and a 5- or 6-

membered lactone ring, each of which has specific influences on the binding properties 

to NKA (Cornelius et al., 2013a). While all CTS bind to the E2P state of NKA, they 

induce different NKA structural changes (Laursen et al., 2015; Yatime et al., 2011). As a 

consequence, the allosteric control by individual CTS may stabilize NKA in a unique 

conformation, leading to biased activation of a specific signaling pathway. The growing 

appreciation that G protein-coupled receptors (GPCRs) can mediate physiologically 

relevant effects via both G protein and non–G protein effectors has prompted the search 

for ligands that can "bias" downstream signaling in favor of one pathway over another. 

Interestingly, animal and clinical studies indicate that the biased β-blocker carvedilol 

may be a better drug than balanced β-blockers, which also emphasizes the therapeutic 

value of biased ligands. In support of this CTS bias concept, in this study, we tried to 

identify diverse structures of CTS that exhibit comparable levels of inhibition of NKA and 

then test whether these compounds exhibit biased signaling properties in vitro, and if so, 

whether biased signaling capacity alters theirs in vivo pharmacology in mice.  

2. Materials and Methods 

Materials—the CTS digitoxigenin, somalin, periplogenin and periplogenin 3-O-beta-D-

cymaroside were isolated from Chinese herbal medicine Streptocaulon Juventas (Lour) 

Merr. The isolation, verification of compound's structures were reported in another 
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publication and undergoing publication process, and spectroscopic data were given in 

supplementary materials in section 1. The CTS digoxin, digoxigenin, ouabain, and 

ouabagenin were obtained from Millipore Sigma (Burlington. Massachusetts, U.S.A). 

Structural formulas of compounds were shown in table 1. The pig renal proximal tubule 

cell line, LLC-PK1, was originally from the American Tissue Type Culture Collection, 

ATCC (Manassas, VA, USA); Cell culture media, fetal bovine serum, and trypsin were 

purchased from Invitrogen (Grand Island, NY, USA); the ECL super signal kit was 

purchased from Pierce; phospho-p44/42 MAPK (ERK1/2, #9101) (Thy 202/204), p44/42 

MAPK (ERK1/2, #4695)(137F5) rabbit antibody were from cell signaling. Anti-PKCε 

rabbit polyclonal (c-15, # sc-214-G), goat anti-rabbit (lot # TK274616), and goat anti-

mouse secondary antibodies (lot # TI272496) were from Invitrogen (Thermo Fisher 

Scientific). 

Na/K-ATPase Purification and Na/K-ATPase activity assay—the purified Na/K-

ATPase was isolated from the outer medulla of pig kidney as described previously (Xie 

et al., 1996). The concentration of purified pig kidney enzyme (PKE) was determined by 

the method of Lowry (27) using bovine serum albumin as the protein standard. The 

ATPase activity of the PKE was determined according to the assay described below. 

The specific activities of the Na/K-ATPase of various kidney preparations were in the 

range of 900 to 1100 μmol Pi/mg/h, which was more than 95% of the total ATPase 

activity. The purity of the PKE was verified by SDS-PAGE, which showed only two 

bands, one at 110 kDa and the other at 55 kDa, indicative of the α- and β-subunits, 

respectively, after staining with Coomassie blue. 
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ATPase inhibitory assay was conducted in class tubes with the final reaction volume of 

1900 μL containing the following components: 100 mM NaCl, 20 mM KCl, 1 mM MgCl2, 

1 mM EGTA, 20 mM Tris-HCl, pH 7.4, and 0.5μg of purified Na/K-ATPase. After the 

compounds were added, the mixtures were incubated at 37°C for 15 min, and reaction 

was initiated by adding 2 mM ATP-Mg2+ mixture. Reactions were carried out for 15 min 

and then stopped by the addition of 900 μL of ice-cold 8% trichloroacetic acid (TCA). 

Reaction mixtures were cleared by centrifugation and assayed for released phosphate 

by using the BIOMOL Green reagent according to the manufacturer's instructions. In 

addition, control Na/K-ATPase activity was measured in the presence and absence of 1 

mM ouabain and taken as 0 and 100%, respectively. Furthermore, 1 mM ouabain and 

0.1% DMSO were included in each plate as a positive and vehicle control, respectively. 

Control experiments showed that ATP hydrolysis catalyzed by the Na/K-ATPase was in 

linear range within 30 min of incubation under the above experimental conditions. 

Cell Culture and ERK Activation Assay—LLCPK1 cells were cultured in Dulbecco's 

Modified Eagle's Medium (DMEM), supplemented with 10% fetal bovine serum, 100 

units/ml penicillin, 100 μg/ml streptomycin and 1 μg/ml puromycin. The cultured cells 

were routinely tested for possible mycoplasma contamination. When cells reached 90-

95% confluence, they were serum-starved overnight and used for experiments. In 

studies using ouabain and other CTS compounds, duration of exposure for 

concentration dependent curve was 10 min for ERK activation in all experiments.  

PKCε Translocation Assay—LLCPK1 cells were cultured in complete DMEM 

(containing 10% fetal bovine serum, 100 units/ml penicillin, 100 μg/ml streptomycin and 

1 μg/ml puromycin). When cells reached 90-95% confluence, they were serum-starved 
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overnight. Cell lysates were homogenized in buffer A containing (in mmol/L) EGTA(10), 

EDTA(1), DTT(0.5), PMSF(1), proteinase inhibitor cocktail, Tris-HCl(20), pH 7.5. 

Homogenates were centrifuged at 100,000 ×g for 1 h at 4 °C. The supernatant 

designated as the cytosolic fraction was removed and saved. The pellet was sonicated 

and centrifuged at 25,000 ×g in buffer A containing 1% Triton. The supernatant was 

collected as the particulate fraction, as we previously described(Duan et al., 2018). 

Cytosolic and particulate fractions were used in SDS-PAGE and immunoblotting using 

the anti-PKCε antibody C-15 (Santa Cruz, CA, USA). 

Western Blot Analysis—The cells were washed with phosphate-buffered saline and 

solubilized in ice-cold radioimmune precipitation assay buffer containing 1% Nonidet P-

40, 1% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl 

fluoride, 1 mM sodium orthovanadate, 1 mM NaF, 10 μg/ml aprotinin, 10 μg/ml 

leupeptin, and 50 mM Tris-HCl, pH 7.4, as previously described (15). The cell lysates 

were then centrifuged at 14,000 rpm, and the supernatants were used for protein assay 

and subjected to Western blot analysis. The samples were separated on SDS-PAGE 

(30μg/lane) and transferred to a cellulose membrane. The membranes were blocked 

with a mixture of 1% nonfat dried milk and 1% BSA in TBS-T (10 mM Tris-HCl, 150 Mm 

NaCl, 0.05% Tween 20, pH 8.0) for one h at room temperature and probed with specific 

antibodies. The protein signals were detected using an ECL kit, and relative quantitation 

of protein levels were normalized to total protein loading of signal intensities using 

ImageJ (NIH).  

Cell Viability Assay—To assess the response of LLC-PK1 cells to CTS treatment and 

stimuli, we utilized cell viability assay to measure the number of live cells in a population. 
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We used trypan blue exclusion method to distinguish viable cells from nonviable cells. 

The cells were sub-cultured in 12-well plates at 50,000 cells/well, serum-starved for 

overnight, and then treated with different concentrations of compounds for indicated 

time periods. Three wells of control or treated cells were trypsinized and counted 

manually using a hemocytometer. For distinguishing between dead and viable cells, the 

samples were diluted with Trypan blue. So that while viewing under a microscope dead 

cells would appear dark blue.  

The quantitation of endocytosed NKA α1 —To analyze NKA endocytosis, we used a 

YFP-α1-TCN cell line generated from TCN23-19 cells by first knocking down 

endogenous NKA, then rescuing NKA expression with YFP-tagged rat α1, which was 

developed in our lab and reported previously (Cai et al., 2008; Chen et al., 2011; Xu et 

al., 2021). To test the effect of different structural CTS on the endocytosis of NKA α1, 

YFP-α1-TCN cells on glass coverslips were treated with indicated concentrations of 

CTS for 6 hours and were fixed with 100% prechilled methanol for 30 min at room 

temperature and washed twice with PBS solution. The coverslips were then mounted. 

The number of endocytosed NKA α1 was determined in random sections from images 

captured by fluorescent microscopy acquired at the same magnification. More than 40 

cells were examined for each section. For semi-quantitative analysis of the 

accumulation of NKA in the intracellular compartment, fluorescence intensity of total cell 

area (Ft) and the intracellular region (Fi) were measured by ImageJ, the percentage of 

endocytosed NKA α1 was calculated by (Ft-Fi)/Ft. All the data points in the control 

groups were rescaled to 100%. Values are mean ± SD from 40 cells in at least three 

independent experiments. 
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Labeling of cell surface Na/K-ATPase by biotinylation—Cell surface protein 

biotinylation was performed as described before(Liu et al., 2005). Briefly, control and 

treated LLC-PK1 cells were washed twice with ice-cold phosphate-buffered saline 

(PBS)-Ca-Mg (PBS containing 100 lmol/L CaCl2 and 1 mmol/L MgCl2). Cells were then 

biotinylated with NHS-ss-Biotin at working concentration of 1.5 mg/ml. Cells were then 

washed with PBS-Ca-Mg-100 mM glycine for 25 min at 4 degree. Collected cell lysate 

with lysis buffer and add streptavidin beads to each supernatant. Incubate overnight 

(12-16 hrs) at 4 degree with end-over-end rotation. Proteins bound to the 

ImmunoPureTM immobilized streptavidin-agarose beads were eluted and then resolved 

on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by 

immunoblotting.  

The Quantification of CTS Bias in NKA α1 signaling—Base on the given assay in 

NKA signaling (ERK activation vs NKA endocytosis), using two general approaches to 

identify CTS-induced signaling bias, which ais being validated in GPCRs (Rajagopal et 

al., 2011). For using the originally proposed qualitative approach refer to as "equimolar 

comparison" (Gregory et al., 2010a; Gregory et al., 2010b; Rajagopal et al., 2011), we 

first collected concentration-curve from ERK activation pathway and NKA α1 

endocytosis pathway (figure 2D and figure 3). The responses of these two different 

assays at the same concentration of ouabain, somalin, or digitoxigenin are then plotted 

against each other. This curve's shape is a direct comparison of the signaling through 

the ERK activation and NKA endocytosis. To transform the cell surface NKA α1 to 

endocytosed NKA α1, three steps were taken: 1) we first performed and quantitated the 

ratio of endocytosed NKA over surface NKA for non-treated LLC-PK1 cells by running 
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biotinylation assay, ouabain as a positive control. The ratio of endocytosed NKA α1 

(endoNKA) over cell surface NKA α1 (SurfaceNKA) was obtained as 1.306129 in non-

treated (con) cells (EndoNKAcon/SurfaceNKAcon=1.306129, see supplemental section 

2), which is also referenced with our previously reported work(Liu et al., 2004; Liu et al., 

2005); 2) we then quantitated the ratio of cell surface NKA α1 (SurfaceNKA) in CTS-

treated group over non-treated group (SurfaceNKAtreat/SurfaceNKAcon) from Fig 2C 

and D. As the total NKA is constantly unchanged, the increased endoNKA in CTS-

treated group is established as equation 1; 3) The percentage of endoNKA in CTS-

treated groups (Fig 5A X-axis) were then calculated as equation2. From step 1, the 

endoNKAcon=1.306129*SurfaceNKAcon, the percentage of endoNKA in CTS-treated 

groups (Fig 5A X-axis) were then finally calculated as equation 3: 

Equation1: 

𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑐𝑜𝑛 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡 

Equation2: 

  %𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡 =
𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡

𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑐𝑜𝑛
=

(𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑐𝑜𝑛 + 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡)

𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑐𝑜𝑛

= (𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑐𝑜𝑛 + 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑐𝑜𝑛 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡)/𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑐𝑜𝑛

= 1 + (𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑐𝑜𝑛 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡)/𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑐𝑜𝑛 

Equation3:  
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  %𝑒𝑛𝑑𝑜𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡

= 1 + (𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑐𝑜𝑛 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡)/1.306129

× 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑐𝑜𝑛

= 1 + (1 − (
𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑡𝑟𝑒𝑎𝑡

𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑁𝐾𝐴𝑐𝑜𝑛
)) /1.306129                          

Therefore, "endocytosed NKA α1" used in the calculation of "NKA endocytosis" in 

Figure 5A was calculated from the endocytosed NKA α1 in Fig 2C and D using equation 

3. The second approach is the quantification of bias factors (equation 4) by using 

equiactive model used by Robert J. Lefkowitz and coworkers (Rajagopal et al., 2011). In 

this approach, the doses of ligand (lig) required for an equiactive response for pathway 

1 (ERK activation, P1) and 2 (NKA α1 endocytosis, P2) are extrapolated from fits of 

each concentration-response curve (figure 2D and figure 3). A bias factor, denoted β, is 

calculated as the logarithm of the ratio of relative intrinsic activities for a ligand at two 

different assays compared with a reference agonist. In our case, this comparison was 

performed using formula (1), which can be calculated from the maximal response (Emax) 

obtained from experiment and the concentration of CTS that provokes a half response 

(EC50) calculated on Prism (GraphPad). The bias factor quantifies the relative 

stabilization of ERK activation over NKA α1 endocytosis compared with endogenous 

ouabain which is reference ligand (ref). 

Equation 4: 

β= log ((
Emax, P1

EC50, p1

EC50, p2

Emax, P2
) lig × (

Emax, P2

EC50, p2

EC50, p1

Emax, P1
) ref)       (1) 
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Statistical Analyses—For NKA inhibition, calculation of IC50 was determined by 

log(concentration) vs. response curves using the nonlinear iterative three parameter 

concentration-response curve. Curve fitting was performed with GraphPad Prism 7 

(GraphPad Software Inc., San Diego, CA). The quantitative data were subjected to 

statistical analyses also using GraphPad and are presented as mean ± SD. for all 

studies of at least 3 times repeat. The differences between groups were determined by 

ANOVA (multiple groups) followed by multiple comparisons test. Student t-tests were 

performed to compare two groups. The value of p < 0.05 was considered to be 

significant differences between groups. The nature of the experiments is exploratory, 

and as such, are not testing a prespecified null hypothesis. P values are, therefore, 

meant to be descriptive in their interpretation. The number of experimental repetitions 

was either predetermined based on the level of variation observed in previous work or 

combined with accumulated data that generated as positive control, and each 

experiment was reproduced for the number of times as indicated.  

3. Results 

3.1 Cardiotonic steroids with similar inhibitory effects on purified NKA exhibit 

different patterns of activation of NKA signaling. 

To test the possible biased activity of CTS, we first measured ouabain-sensitive ATPase 

activities of four pairs of CTS aglycones and glycosides, followed by cell viability assays. 

As shown in Table 1, CTS exhibited a large difference in their ability to inhibit Na/K-

ATPase as previously reported (Stefan Paula, 2005). For example, whereas the half-

maximal inhibitory concentration (IC50) between somalin and ouabagenin different by 

about 50 fold, the IC50 for digitoxigenin and somalin are similar: 0.15±0.04 and 
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0.18±0.04 μM, respectively, which is about 5-fold more potent than ouabain. Second, 

we measured the effect of diverse CTS on renal epithelial (LLC-PK1) cell viability at 100 

nM. As shown in Table 1, two glycosides periplogenin 3-O-beta-D-cymaroside and 

somalin, which share the same cymarose sugar moiety, exhibited more cell toxicity. 

Unlike somalin, which was cytotoxic, digitoxigenin promotes cell growth at 100 nM, 

where ouabain, an endogenous NKA ligand, did not affect cell activity. These data 

indicate a disconnection between the IC50 of CTS in NKA inhibition to their biological 

effects on cells, suggesting the possible biased biological action of CTS. 

To gain further evidence of biased action of CTS, we compared the effects of diverse 

CTS on ERK activation at 10, 100 nM. Surprisingly, unlike the other CTS, which 

activates ERK in a concentration-response manner, periplogenin 3-O-beta-D-

cymaroside and somalin at these concentrations failed to activate ERK. To corroborate, 

we utilized a YFP-α1-TCN cell line, which was generated by first knocking down 

endogenous NKA then rescuing the NKA knock-down TCN cells with YFP-tagged rat α1 

as a semi-quantitative screening assay for identifying CTS that stimulates the 

endocytosis of NKA in live cells. As shown in Table 1, all glycosides, including somalin, 

periplogenin 3-O-beta-D-cymaroside, and digoxin, induced more NKA α1 endocytosis 

compared with aglycones at 100 µM.  

We found that digitoxigenin and somalin caused comparable levels of NKA inhibition. 

However, at a concentration of 100 nM, digitoxigenin stimulated cell proliferation, 

somalin inhibited cell growth by 30%. These data have shown that ouabain stimulates 

both protein kinases and NKA endocytosis, while digitoxigenin and somalin bias to ERK 

activation and endocytosis, respectively.  
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3.2 CTS regulate different patterns of cell viability through Na/K-ATPase signaling 

To understand the molecular mechanism of these opposing effects of somalin and 

digitoxigenin, we first compared the concentration-response on cell growth in LLCPK1 

cells. Cell numbers were counted in the presence or absence of the indicating 

concentration of somalin and digitoxigenin, with ouabain as a positive control. As 

depicted in Figure 1, 2-30 nM ouabain showed a stimulatory effect on cell growth, 

consistent with what we have reported before (Tian et al., 2009). Like ouabain, 25-100 

nM digitoxigenin showed a stimulatory effect on cell growth, and 200-3000 nM caused 

cell proliferation inhibition in a concentration-dependent manner. In contrast, somalin 

only induced an inhibitory effect in a concentration-dependent way. As a result, 

digitoxigenin and ouabain have bell-shaped concentration-response curves, with 

increased cell viability at low concentrations and decreased cell viability at high 

concentrations. Compared to ouabain, digitoxigenin has a wider stimulation window, 

although with the same pattern as ouabain. Structurally, somalin is a glycoside and 

shares the same aglycone moiety with digitoxigenin. Although similar in structure, with 

comparable NKA inhibition (IC50 = 0.18±0.04, 0.15±0.04, respectively, in Table 1), they 

regulate different patterns of cell viability. 

3.3 CTS activate biased Na/K-ATPase signal transduction  

Ouabain stimulated signal transduction through NKA has been characterized in LLC-

PK1 cells, a cell model used extensively to characterize NKA-mediated signal 

transduction(Liu et al., 2004; Liu et al., 2005; Liu et al., 2002; Tian et al., 2009). To 

determine whether CTS exhibit biased signaling, we compared digitoxigenin and 

somalin's impacts on these pathways, using endogenous ouabain as a reference in 
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LLC-PK1 cells. To analyze NKA endocytosis, we used two complementary assays. First, 

we generated a YFP-α1-TCN cell line from TCN cells by first knocking down 

endogenous NKA, then rescuing NKA expression with YFP-tagged rat α1. Using 

fluorescent microscopy, we observed that treatment with 100 µm of ouabain reduced 

the surface expression of NKA and consequently increased the accumulation of NKA in 

the intracellular compartments (Figure 2A). Digitoxigenin induced less endocytosis of 

NKA, while somalin greatly increased endocytosis, as exhibited by a large accumulation 

of NKA in the intracellular compartments even at 0.1 µM. A semi-quantitative analysis 

(Figure 2B) of NKA in the intracellular compartment revealed that treatment with 100 µM 

digitoxigenin induced 50% than the same concentration of ouabain. In contrast, 

treatment with 0.1 µM of somalin stimulated a similar level of NKA endocytosis as 100 

µM of ouabain in live cells. To complement the approach, we have developed a 

quantitative surface biotinylation assay, allowing us to conduct concentration-response 

studies, as described under "Materials and Methods". As shown in figure 2C and 2D, 

although all CTS induced Na/K-ATPase α1 endocytosis in a concentration-dependent 

manner, they exhibited different potencies. Ouabain induced a balanced effect 

compared with somalin and digitoxigenin. Somalin was far more potent than 

digitoxigenin in the case of NKA endocytosis. Endocytosed Na/K-ATPase α1 was 

calculated quantitatively from three to five independent experiments for each 

concentration in figure 2D.  

In addition to stimulating endocytosis of NKA, ouabain has been shown to activate ERK 

with Src-dependent transactivation of EGFR and subsequent activation of 

Ras/Raf/MEK/ERK cascade (Haas et al., 2000). To evaluate the activation of these 
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pathways by different CTS, we focused on the activation of ERK in LLCPK1 cells 

treated with ouabain, somalin, and digitoxigenin. As shown in figure 3A, unlike ouabain 

and digitoxigenin, somalin did not activate ERK. In contrast, digitoxigenin displayed a 

more potent effect on ERK activation than ouabain. 

To verify the biased effects of digitoxigenin and somalin are specific through NKA 

signaling, we performed ERK activation assay in NKA α1 subunit knockdown and 

knock-in cell lines that have generated in our lab(Liang et al., 2006) including PY-17 

cells, a cell line contain only 8% of the NKA α1 subunit, and AAC-19 cells, a cell line 

that were rescued by a rat NKA α1 for the knockdown PY-17 cells. Functional studies 

have indicated that knock-down of NKA α1 decreased the interaction between the Na/K-

ATPase and Src and resulted in an increase in basal Src activity. Concomitantly, it also 

abolished CTS ouabain-induced activation of Src and the downstream ERK 

cascade(Liang et al., 2006). Based on these, we tested the effect of somalin and 

digitoxigenin on ERK activation in PY-17 cells and AAC-19 cells. As expected, in figure 

3B, both somalin and digitoxigenin failed to activate ERK in PY-17 cells, the NKA α1 

knockdown abolished digitoxigenin-induced activation of ERK. When the knockdown 

cells were rescued by a rat α1 (figure 3C), digitoxigenin-induced ERK activation was 

restored. As the same in LLC-PK1 cells , somalin has no effect on ERK in AAC-19 cells. 

In addition, digitoxigenin was able to stimulate ERK in the rescued cells at a much 

higher concentration, which is consistent with the established differences in ouabain 

sensitivity between pig (LLC-PK1 cells) and rat α1(AAC-19 cells).  

Taken together, these data suggest that digitoxigenin favor protein kinase activation 

while somalin favor NKA endocytosis without impacting protein kinases activation 
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(Figures 2-3). It is essential to point out that both digitoxigenin and somalin are about 5-

fold more potent than ouabain as NKA inhibitors (Table 1). Yet, they showed distinct 

concentration-responses in stimulating signal transduction. Significantly, they can 

produce these signaling events at doses ten times lower than their IC50, meaning that 

they can initiate signaling without affecting the cellular pumping capacity. 

We have shown that ouabain not only activates ERK by Src-dependent transactivation 

of EGFR and subsequent assembly of Ras/Raf/MEK/ERK cascade but also activates 

PKCε by Src/EGFR-mediated activation of PLC-γ (Mohammadi et al., 2001). To further 

test the CTS bias, we also tested the effect of CTS on PKCε activation. As shown in 

figure 4, LLC-PK1 cells were treated with the indicated concentration of CTS for 15 min. 

Cytosolic (Cy) and particulate (Pa) fractions were prepared from cell lysates. As 

expected, ouabain increased Pa/Cy ratios of PKCε contents. Digitoxigenin showed a 

more potent effect than ouabain, whereas Somalin has no effect on PKCε activation.  

CTS-induced endocytosis of NKA and activation of ERK represent a good spectrum of 

signal transduction to identify the biased effect of CTS. We used two general 

approaches to quantify CTS-induced signaling bias which is being validated in GPCRs 

(Rajagopal et al., 2011). The first is an originally proposed qualitative approach refer to 

as "equimolar comparison" (Gregory et al., 2010a; Gregory et al., 2010b; Rajagopal et 

al., 2011).  

Concentration curve for ouabain, somalin, and digitoxigenin are collected in two assays, 

including ERK activation assay and NKA α1 endocytosis assay from figure 2D and 

figure 3. At the same concentration, the responses of these two assays of ouabain, 

somalin, and digitoxigenin are then plotted against each other. As shown in figure 5A, 
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compared with reference balanced ouabain, the shape of the equimolar curve for 

somalin was biased to NKA α1 endocytosis but was biased to ERK activation for 

digitoxigenin. The second approach is the quantification of bias factors by using 

equiactive model. In this approach, a bias factor, denoted β, is calculated as the 

logarithm of the ratio of relative activities for somalin and digitoxigenin at two assays, 

including ERK activation assay and NKA α1 endocytosis assay, compared with 

reference ouabain. This comparison was performed using formula (1) as described in 

"Materials and Methods", which was calculated from the maximal response (Emax) 

obtained from the experiment and the concentration of CTS that provokes a half 

response (EC50) calculated on Prism (GraphPad). As shown in figure 5B, bias factors 

driven by ERK activation assay and biotinylation assay demonstrated the biased effect 

of digitoxigenin and somalin. Somalin relatively stabilized NKA α1 endocytosis over 

ERK activation, and digitoxigenin stabilized ERK activation over NKA α1 endocytosis 

compared with endogenous ouabain. 

4. Discussion 

A ligand's ability to stabilize a unique subset of receptor conformations that promotes 

signaling through distinct pathways to the exclusion of others has been termed ligand 

bias(Kenakin and Christopoulos, 2013). Ligand bias is associated with the structure of 

the ligand and receptor systems. After proposing the signaling function of NKA, 

numerous studies indicate that the NKA is a signal transducer that interacts with several 

signaling partners(Cui and Xie, 2017; Xie, 2003; Xie and Xie, 2005). CTS as NKA 

ligands have been shown to regulate protein interactions, and consequently to activate 

cellular signaling events. This work accumulated evidence of CTS bias that differentially 
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influences NKA receptor behavior and, consequently, transduces signaling through 

distinct pathways.  

The existence of conformational states of NKA and NKA receptor signaling components 

lay a fundamental basis for signaling bias. According to the concept of ligand bias 

proposed in the G-protein coupled receptor (GPCR), CTS bias's eligibility could include 

CTS-triggered conformational changes and the imposition of altered CTS bound-NKA 

receptor behavior, which are initiated by selectively starting a biochemical reaction over 

others. Evidence showing the binding of different CTS could lead to different structural 

changes in NKA that came from the studies by Klimanova in 2015(Klimanova et al., 

2015). It showed variations in fluorescence level upon binding of CTS ouabain or 

marinobufagenin, using different fluorescent labels targeted to specific residues in the 

nucleotide-binding domain of NKA, giving direct evidence of distinguished NKA 

structural changes promoted by different CTS(Klimanova et al., 2015). Also, Azalim and 

coworkers have confirmed that CTS binding to the NKA is affected by different 

conformational states of the enzyme in LLC-PK1 cells(Azalim et al., 2020). 

Moreover, few works have suggested that even though the signaling pathways are 

similar, different effects may be elicited by specific CTS in the same measurement 

system. For example, it has been demonstrated that ouabain attenuates the 

cardiotoxicity induced by other CTS like digoxin and bufalin(Nesher et al., 2010). This 

effect is not supported by NKA's ion transport function since ouabain has not been 

demonstrated to antagonize digoxin-induced inhibition of NKA activity(Nesher et al., 

2010).  
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When considering the possible molecular mechanisms, the biased effect of CTS, 

evidenced by this work, could be responsible for these functional diversities, which lies 

in: 1) an initial association of CTS with NKA. Note that the NKA pre-binding 

conformation(E1P/E2P) are ambiguous in a purified enzyme system (Yoda and Yoda, 

1982a; Yoda and Yoda, 1982b), which is a possible implication for physiological 

ambiguous NKA conformations for CTS binding(Stefan Paula, 2005) that regulated by 

protein compositions; 2) the conformational rearrangement of the NKA allowing for CTS 

binding in the binding pocket (Weigand et al., 2014); 3) CTS-stabilized different NKA 

receptor active states that go on to interact with cellular signaling proteins and lipid to 

form varieties of complexes in varying quantities; CTS-specific conformation affects 

direct NKA/effector interaction and the level of protein kinase recruitment. The 

outcomes of these selective interactions including signal transduction, endocytosis of 

NKA receptor and formation of an intracellular scaffold that can be evidences for CTS 

bias; and 4) dissociation process is solely dependent on the nature of the CTS structure. 

For instance, the sugar moiety, and alternation of the steroid moiety of CTS were 

reported to influence the dissociation process(Cornelius et al., 2013b; Yoda, 1974). 

Simple switches in whichever steps could trigger allosteric NKA microprocessor. 

By viewing NKA receptor systems, including NKA conformation and the current 

knowledge about the NKA receptor signaling components in which, direct protein 

interactions is the molecular mechanism of signal transduction. This work provided 

evidence that different CTS could trigger biased signaling responses without 

compromising cells' ion-pumping capacity, presenting a unique cellular response. 

Before our appreciation of NKA as an essential signal transducer, we have only viewed 
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CTS as pump inhibitors. Therefore, we have not fully appreciated CTS's potential 

effects on cardiac structure and remodeling by affecting cells. Recent studies with 

transgenic animals and using tools that either increase or block NKA-mediated signal 

transduction have generated a large body of evidence for an important role of NKA in 

the regulation of cardiac remodeling (Elkareh et al., 2007; Kometiani et al., 2000; 

Vetteth et al., 2012; Wansapura et al., 2010; Xie et al., 1999). However, although it is 

now well accepted that NKA has an ion-pumping independent signaling function, it is 

still debated whether direct and conformation-dependent NKA/effector interaction is a 

key to this function. Therefore, this investigation is significant in advancing our 

understanding of the basic biology of NKA-mediated signal transduction and gaining 

molecular insight into the structural elements that are important for CTS's biased action. 

It also will lay a solid foundation for the eventual identification of a novel subclass of 

CTS that is as effective as inotrope but less toxicity than digoxin for congested heart 

failure patients. 
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Figure Legends 

Figure 1, CTS-effects on cell viability. A, LLC-PK1 cells were sub-cultured in 12-well 

plates (50,000 cells/well) and serum-starved, three wells of control (Con), and CTS-

treated cells were trypsinized and counted after CTS treating for 48 hours. The 

quantification data are from three to four independent experiments. The individual data 

points are mean ± SD. **, p <0.01 compared with 100 nM of ouabain, unpaired t-test. B, 

after digitoxigenin (Digt) treatment, three wells of control (Cont) and Digt-treated cells 

were trypsinized and counted at indicated time points. The same experiments were 

repeated three times. The individual data points are mean ± SD. *, p <0.05 compared 

with vehicle Cont, unpaired t-test. 

Figure 2, CTS-effects on Na/K-ATPase α1 endocytosis. A, TCN-YFP-α1 cells were 

treated with CTS for 6 hours and imaged under a fluorescence microscope. B, semi-

quantitative endocytosed NKA α1 was calculated by counting the accumulation of NKA 

in the intracellular compartments. Data were quantified from four independent 

experiments and standardized to vehicle control. Individual values are presented as 

mean ± SD. Data was analyzed with one-way ANOVA followed by Sidak’s multiple 
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comparisons test to determine statistical significance. **, P < 0.01, ***, P < 0.001, ****, P 

< 0.0001. C, cell surface NKA α1 was measured by biotinylation assay described under 

“Materials and Methods”. Protein was collected after treatment with different 

concentrations of CTS. Cell lysates were separated by SDS-PAGE and analyzed by 

Western blot for NKA α1. D, quantitative dose-response endocytosed NKA α1 was 

calculated from three to five independent experiments for each concentration. The 

individual data points are mean ± SD.  

Figure 3, CTS-effects on ERK activation in LLC-PK1 cells. Cells were treated with 

indicated concentration of CTS, probe for active ERK by Weston blot. Upper panel: 

representative western blot. Lower panel: dose curve for respective CTS treatment 

presented as mean ± SD, n=6 for ouabain (Oub) group, n=9 for somalin (Som) and 

digitoxigenin (Digt). The EC50 for Oub and Digt are 6.52 nM, 95% CI 3.98-13.80 nM, and 

3.85 nM, 95% CI 1.96-7.408 nM, respectively.  

Figure 4, CTS-effects on ERK activation in PY17 and AAC-19 cells. Cells (A, PY17. 

B, AAC-19) were treated with indicated concentration of CTS for 10 minutes and probe 

for phospho-ERK by Weston blot. Upper panel: representative western blot. Lower 

panel: grouped table format for respective CTS treatment presented as mean ± SD, n=3. 

C, AAC-19 cells were treated with indicated concentration of CTS for 10 minutes and 

probe for phospho-ERK by Weston blot. Upper panel: representative western blot. 

Lower panel: grouped table format for respective CTS treatment presented as mean ± 

SD, n=3. Using a grouped analyses of multiple t tests-one per row. The statistical 

significance determined using the Holm-Sidak method, with alpha=0.05. Each row was 

analyzed individually, without assuming a consistent SD.  
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Figure 5, CTS-effects on PKCε activation in LLC-PK1 cells. LLC-PK1 cells were 

treated with indicated CTS for 15 min. Cytosolic (Cy) and particulate (Pa) fractions were 

prepared from cell lysates and PKCε activation as measured by Pa/Cy ratios of PKCε 

contents were compared by Weston blot analysis. Left panel: representative blots are 

shown. Right panel: dose curve for respective CTS treatment. Individual values are 

presented as mean ± SD, n=3-6 for ouabain (Oub) group, n=4-10 for somalin (Som), 

and n=4-12 for digitoxigenin (Digt) group. The n numbers are varies because some of 

the data are combined from different repeat with different concentration sets by different 

person.  

Figure 6, identification of CTS-induced bias in NKA α1 signaling. A, an equimolar 

comparison between the ERK activation and the endocytosis of NKA α1 demonstrate 

that Som is dramatically biased to NKA endocytosis, and Digt is slightly biased to ERK 

activation. B, bias factors were calculated by using the equiactive model as described 

under “Materials and Methods”. Equiactive comparison between ERK activation and 

NKA α1 endocytosis demonstrate biased effect of Digt and Som. Data are presented as 

mean ± SD. **, p<0.01 by t-test.  

Table 

Table 1, chemical structures of CTS and effects of CTS on Na/K-ATPase inhibition, cell 

growth rate, ERK activation, and Na/K-ATPase α1 endocytosis. 
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