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Abstract

Renal ischemia-reperfusion injury is an important contributor to the development of delayed graft
function after transplantation, which is associated with higher rejection rates and worse long-term
outcomes. One of the earliest impairments during ischemia is Na*/K*-ATPase (Na/K pump)
dysfunction due to insufficient ATP supply, resulting in subsequent cellular damage. Therefore,
strategies that preserve ATP or maintain Na/K pump function may limit the extent of renal injury
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during ischemia-reperfusion. In this study, we presented a technique using a synchronization
modulation electric field to activate the Na/K pumps, thereby maintaining cellular functions
under ATP insufficient conditions. We tested the effectiveness of this technique in two models of
ischemic renal injury: an in situ renal ischemia-reperfusion injury model (predominantly warm
ischemia) and a kidney transplantation model (predominantly cold ischemia). Our results showed
that application of the synchronization modulation electric field preserved Na/K pump activity,
thereby alleviating kidney injury reflected by 40% lower plasma creatine (1.17+0.03 mg/dL) in
the electric field treated group than untreated control group (1.89+0.06 mg/dL) in a mouse renal
ischemia-reperfusion model. More importantly, in the mouse kidney transplantation model, renal
graft function was improved by 54.20% with the application of the synchronization modulation
electric field according to the GFR measurements (85.40+5.44 ul/min for the untreated group and
142.8045.21 pl/min for the electric field treated group). This technique for preserving Na/K pump
function may have therapeutic potential not only for ischemic kidney injury, but also for other
diseases associated with Na/K pump dysfunction due to inadequate ATPs.

One Sentence Summary:

Kidney injury can be reduced by electrically fueling Na/K pumps without ATP consumption
during renal ischemia.

INTRODUCTION

Kidney transplantation can prolong the lives of individuals with end-stage Kidney disease.
Transplanted organs experience several episodes of ischemia and ischemia-reperfusion
injury (IRI) before and during procurement and transplantation. IRI is considered as one
of the most important factors affecting allograft dysfunction and long-term graft survival
(1-6).

Na*/K*-ATPase (Na/K pump) is an active membrane transporter expressed in almost all
types of cells that extrudes three Na* ions in exchange for two K* ions by consuming

one ATP molecule. The Na/K pump establishes and maintains high K* and low Na*
concentrations intracellularly, which is essential in maintaining the osmotic balance and

the volume of cells, as well as the excitable properties of muscles and nerves (7, 8).
Ischemia reduces oxygen delivery to the cells which subsequently affects ATP synthesis

and impairs Na/K pump activity. The impaired Na/K pump activity disrupts the equilibrium
of Na* and K* concentration gradients, leading to altered cell volume, activated proteases,
phospholipases and caspases, and increased cellular accumulation of hypoxanthine and
reactive oxygen species (ROS) (9, 10). These changes promote the development of
inflammation, apoptosis and necrosis (11-13). Therefore, maintaining Na/K pump functions
may attenuate the abnormal milieu induced by ischemia and ameliorate cell injury. However,
to date no strategies can maintain or stimulate the pump function in the absence of sufficient
ATP supply.

Given that Na/K pumps are sensitive to membrane potential, one approach to activate
them is via the application of an electric field (14, 15). The study by Tsong and Tiessie
demonstrated that an oscillating electric field with megahertz and kilohertz frequencies
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can activate Na- and K-transports, respectively (16). Subsequently, various models were
developed to study the interactions between the electric fields and Na/K pumps, including
Brownian motors (17, 18), electric resonance (19-21), adiabatic process (22, 23), electronic
vibration (24, 25), thermal noise effect (26), and Soliton propagation (27, 28). However,
none have been able to maintain Na/K pump activities under ATP-insufficient conditions.

We chose to focus on the pumping cycle, wherein the outward Na* and inward K* transports
result in alternating opposite pump currents. Thus, application of an oscillating electric

field may be able to activate the pump functions by alternately activating two ion-transport
steps (29-32). However, there are millions of pump molecules in each cell, running
independently with random paces and different pump rates, making it impossible to use

one electric field to control all the pump molecules. We previously addressed this limitation
by developing a technique that applies an oscillating electrical field to first synchronize the
pump molecules, and then modulate their pumping rates (29-35). We dubbed this technique
as the synchronization modulation electric field (SMEF).

The first generation of this technique (15tgen-SMEF) (36) synchronizes the two ion-transport
steps in the pumping cycle, and controls the pump rates (29-32). We subsequently improved
this technique so that the Na/K pumps could be synchronized down to the individual steps
of the pump cycle, resulting in the real-time semi-single pump current (2"gen-SMEF) (37).
Both the Na and K pump currents are transient with extremely short time-course comparable
to the membrane capacitance currents, indicating that Na* and K* ions are quickly moved
across the cell membrane. However, for both the 15t and 2"dgen-SMEF techniques, adequate
ATP supply is required. To overcome this limitation, the 3" generation SMEF (3"gen-
SMEF) (38) was developed. The 3gen-SMEF consists of 3 phases: synchronization (phase
1, dubbed 3"gen-SEF), modulation (phase 2), and maintenance (phase 3). The electric

field first synchronizes the pump molecules by utilizing ATPs to actively transport Na* and
K* ions. Meanwhile, it applies electric energy to the pump molecules so that the pumps

can synthesize one ATP at the end of each pumping cycle. Thus, ATP consumption is
drastically reduced. The pumping rates are then gradually modulated (increase or decrease)
to the desired values and the pump rates are sustained at the target value throughout the
maintenance phase.

Here we tested whether the Na/K pump function, preserved with the 3"gen-SMEF, could
decrease the magnitude of tissue injury during ischemia. We first confirmed the efficacy

of this technique in driving Na/K pump function in the face of insufficient ATP supply,
and then tested whether it ameliorated renal injury in an in-situ model of renal IRI. Last,
we investigated the applicability of this technique to kidney transplantation. Our results
suggested that application of the 3"dgen-SMEF effectively preserved Na/K pump activities,
thereby alleviating kidney injury and improving renal allograft function. These studies
provide evidence that utilizing electric energy to stimulate Na/K pump activity can prevent
or ameliorate IRI.
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RESULTS

Na/K pump current generation by the 3"dgen-SEF in ATP-depleted muscle fibers

To test whether our 3"gen-SMEF technique could fuel Na/K pump activity under the
insufficient supplies of ATP, we performed proof-of-concept experiments in isolated muscle
fibers from American bullfrogs. The right panel of Fig. 1A illustrates the waveform of the
3rdgen-SEF. It is a pulsed, symmetric oscillating electric field with a frequency of 50 Hz,
comparable to the turnover rate of the native Na/K pumps (34, 35). Each half-pulse consists
of two narrow overshoots with different durations and magnitudes (90 mV for 0.5 ms and
70 mV for 1.5 ms) separated by an 8 ms 20 mV plateau. The formal is activation overshoot
while the latter is the energy well. The symmetric waveform of the oscillating electric field
can equally affect the pump molecules on both hemispheres of the cell. A pre-pulse (Fig.
1A, left panel) was applied before the application oscillating electric field (Fig. 1A, right
panel) to identify the pump currents by subtracting the pre-pulse (as a reference) from

the current generated by each oscillating pulse. This process and resulting currents are
represented in Fig. 1B.

ATP molecules were deleted from the isolated bullfrog muscle fibers by exchanging the
physiologic internal solution with an ATP-depleting solution and then the pump currents
were measured. We first measured Na/K pump currents using the traditional method of
applying a single stimulation pulse of 80 mV for 100 ms (Fig. 1B, trace ‘i’). No Na/K

pump currents were generated, indicating that the ATP concentration was insufficient to
drive the Na/K pumps (Fig. 1B, trace “ii”"). We then applied the 3'dgen-SEF (Fig. 1B, trace
“iii”") to the muscle fibers. The separate, transient outward and inward pump currents (Fig.
1B, trace “iv”) were generated in response to the activation phase of the first overshoot
pulse in the positive and negative half-cycles, respectively. The transient pump currents were
initially zero and gradually increased until saturation, suggesting that pump synchronization
is a progressive process. The ability of the 3™dgen-SEF to sustain the pump currents in the
ATP-depleted milieu implied that the electrical energy was used to fuel the Na/K pumps.
We then confirmed that these separated transient currents were Na/K pump currents by
demonstrating that they were inhibited by ouabain (Fig. 1B, trace “v” and “vi”). The details
of one pair of pump currents are shown in Fig.1C. Magnitudes of the transient currents were
25 nA and -19 nA, respectively, and had a ratio of 3:2, the stoichiometric ratio of Na/K
pumps, which further confirms that the transient outward and inward currents are the Na/K
pump currents (39). Both the transient outward and inward pump currents had an extremely
short duration of about 100 ps, comparable to the membrane capacitance currents (Fig. 1C,
inserts).

To verify that the Na/K pump currents and membrane capacitance currents (generated

by ion-drifting in the absence of a biological event) had similar durations, the gain

of the voltage-clamp was increased or decreased to shorten or expand the duration of
transmembrane currents (mainly the capacitance currents). Regardless of the changes in
gain, the pump currents had similar durations to the membrane capacitance currents under
the normalized membrane potential (Fig. 1D, upper panel). Reduction in gain expanded the
transmembrane currents to about 400 ps (Fig. 1D, middle panel), which was similar to the
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increase in the pump current (Fig. 1D, lower panel). The similar duration of the capacitance
current and pump currents suggested that the Na* and K* ions were moving freely across the
cell membrane by the pump molecules.

Maintenance of the transepithelial potential difference (TEPD) of ATP-depleted kidneys by
the 3'dgen-SMEF

In kidneys, Na/K pump activity in the proximal convoluted tubule (PCT) establishes the
Na* gradient and the TEPD, creating the necessary driving forces for cotransporters and
antiporters (40). Because Na/K pump function is dependent on adequate ATP, ischemia will
impair the pump function and reduce the TEPD. The TEPD has been considered a measure
of Na/K pump function (41, 42). Therefore, we next tested whether the 3"dgen-SMEF could
maintain the TEPD in ATP-deficient PCTs. The TEPDs were measured in the PCTs of the
isolated non-perfused rat kidneys in the presence and absence of 3'dgen-SMEF. After the
pumps being synchronized, the synchronization frequency was gradually increased from 50
Hz to 150 Hz in the modulation phase, and then sustained at this rate during the maintenance
phase (Fig. 2A). As the field frequency was increased (Fig. 2B, top panel), both magnitude
and frequency of the transient pump currents progressively increased (Fig. 2B, bottom
panel), indicating that an increasing number of ions were being transported across the cell
membrane per second.

The TEPD of PCTs in the untreated isolated kidneys decreased from —1 mV to 1 mV over
~120 seconds (Fig. 2Ci, red traces). The change of the TEPD in these control PCTs was
as reported in previous studies (43). Then, application of the 3"dgen-SMEF to the isolated
kidneys not only prevented the decrease in TEPD, but in fact increased it to -5 mV (Fig.
can not only maintain TEPD of PCTs in the isolated kidney but can even hyperpolarize
them.

We next compared the effectiveness of the 3"dgen-SMEF in hyperpolarizing TEPD in PCTs
of the isolated Kidneys, against the controls of no stimulation (without field application),
the original SMEF (18'gen-SEF), and the 3"9gen-SEF waveform but with random frequency.
Only the 3"dgen-SMEF was able to increase the TEPD to -5 mv, whereas the controls
decreased it to ImV.

Modulation of renal tubular sodium excretion by the decelerating- and accelerating-3'9gen-
SMEF in vivo

Modifying kidney Na/K pump activities in vivo should alter kidney sodium reabsorption and
excretion ability. Therefore, we tested whether modulating Na/K activity by applying either
the decelerating-3"dgen-SMEF (to decrease the pump activity) or the accelerating-3"gen-
SMEF (to increase pump activity) altered renal sodium handling by the kidney. For this, we
applied both modes of the 3"dgen-SMEF in vivo to rat kidneys and measured the urinary
flow rates and renal sodium excretion under physiologic conditions and during an acute
volume challenge (fig. S1).
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We first determined the effects of decreasing the Na/K pump activity on sodium excretion
rates under baseline conditions. Basal urine flow and sodium excretion rates of each

kidney were the same during a 30-minute control period (fig. SLA). Application of the
decelerating-3™gen-SMEF (down to a frequency of 10 Hz) to the left kidneys quickly
increased urinary flow rates and sodium excretion rates. The right kidneys without the
electric field application were considered as the controls, where both the urinary flow and
sodium excretion rates were unchanged over the time course of the experiments (fig. SIAi—
ii). These rates returned to baseline upon turning off the electrical field.

We next examined whether we could manipulate the physiologic response to acute volume
expansion. Because the normal physiologic response of the kidney to a volume challenge is
inhibition of sodium reabsorption, resulting in increased urine sodium excretion and volume
(44, 45), we hypothesized that the accelerating-3"gen-SMEF (from 50 to 150 Hz) would
increase Na/K pump activity, thereby preventing the inhibition of sodium reabsorption and
its consequent effects on urine volume. To test this, we performed unpaired experiments

in which rats were subjected to an acute volume expansion (an intravenous bolus of

0.9% saline) in the absence or presence of accelerating-3'dgen-SMEF on both kidneys.
Basal urine flow rates were similar in the untreated and experimental groups (3.95+0.12

vs. 3.80£0.31 ul/min/g KW, respectively, fig. S1B). After the initial control period, both
groups were subjected to the saline bolus, with the experimental group also receiving the
accelerating-3"4-gen-SMEF at the same time as the bolus. Volume expansion elicited a 400%
increase in urine flow rate to 15.63+1.55 pl/min/g KW at 30 minutes after the bolus in

the control group (fig. S1B). However, this increase in urine flow rate was limited by the
application of accelerating-3"9gen-SMEF (urine flow increased to 6.81+0.63pl/min/g KW
with application of the intervention). This natriuretic response waned over the ensuing hour
in both groups. Ninety minutes after the fluid bolus, the accelerating-3'dgen-SMEF was
stopped, and urine flow increased to the same rate as the untreated group by 120 minutes,
demonstrating the reversibility of the effects of accelerating-3"dgen-SMEF on renal sodium
handling.

Preserved ATP content and mitochondrial function with the application of the
accelerating-3"9gen-SMEF

Regeneration of ATP molecules is compromised during ischemia, leading to decreased

ATP concentrations. Mitochondria are responsible for the generation of ATP by oxidative
phosphorylation. During ischemia, ATP depletion increases the osmotic gradient, resulting
in mitochondrial matrix swelling (46), which subsequently inhibits mitochondrial respiration
(47). Because the accelerating-3'dgen-SMEF utilizes electric energy to activate the Na/K
pumps in vitro in place of ATPs, we tested the effects of accelerating-3"dgen-SMEF on ATP
concentrations and mitochondrial bioenergetics during kidney ischemia.

Warm ischemia was induced by clamping both renal pedicles in mice at the body
temperature of 37°C, with the accelerating-3"dgen-SMEF applied to one kidney while the
other kidney was untreated as a control. ATP content in the Kidney tissue was measured
with a colorimetric assay. Warm ischemia resulted in a rapid decline in ATP content to
almost 50% of basal value within 5 minutes of clamping and to 0 by 20 minutes in
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the untreated kidneys (Fig. 3A). Application of the accelerating-3"gen-SMEF delayed the
depletion of ATP during the ischemia compared with the untreated kidneys, with 78.14+4.44
and 43.48+1.81 % of basal value ATP maintained in the kidney tissue at 5 and 20 minutes
of clamping, respectively. At 30 minutes of warm ischemia, 17.98% ATP still remained. We
then measured the oxygen consumption rates (OCR) in the isolated kidney mitochondria
(Fig. 3B) with a Seahorse XFe24 analyzer after 15 min of ischemia and compared the
basal, ATP product, maximal respirations and spare respiratory capacities between the
accelerating-3"9gen-SMEF treated and control groups. Although the basal respiration, ATP
product, maximal respiration and spare respiration capacities in the accelerating-3'dgen-
SMEF treated group dropped by 13-30% compared to the sham group, these parameters
were about 20-30% higher than those in the untreated group which decreased 31-62%

of sham group (Fig. 3C, i-iv). These data demonstrate that mitochondrial respiration is
impaired during warm ischemia and that applying the accelerating-3"dgen-SMEF to the
ischemic kidney facilitate the preservation of mitochondrial respiratory function.

Attenuated IRI-induced acute kidney injury (AKI) by application of the accelerating-3"dgen-

SMEF

IRI is a common cause of AKI and one of the most serious hurdles for transplant graft
survival (6, 48, 49). Decreased Na/K pump activities due to insufficient ATP supply during
ischemia not only impairs renal tubular function, but also results in progressive cellular
damage and death (13, 50). We then examined the effect of accelerating-3"gen-SMEF on
the kidney injury and function in a mouse model of IRI-induced AKI.

We induced unilateral kidney ischemia in mice with or without application of the
accelerating-39gen-SMEF for 15min, followed by nephrectomy of the counter kidney.
The untreated group suffered from severe AKI and had a mortality of 50% at one week.

In contrast, all the mice treated with the accelerating-3"gen-SMEF survived (Fig. 4A).
The severity of AKI was determined on 1, 3 and 7 days after reperfusion. Basal values

of plasma creatinine were similar in all groups of mice. IRI increased plasma creatinine
concentrations to 1.89+0.06, 1.22+0.04 and 0.69+0.02 mg/dL at 1, 3 and 7 days after IRI
in the untreated control mice. Application of the accelerating-3'dgen-SMEF blunted the
increase of plasma creatinine to 1.17+0.03, 0.52+0.03 and 0.26+0.02 mg/dL at 1, 3 and

7 days after IRI, which were 37-60% less than the untreated group (Fig. 4B, p<0.0001).
Plasma neutrophil gelatinase-associated lipocalin (NGAL) measurements showed a similar
pattern as the plasma creatinine (Fig. 4C). Kidney function was assessed by glomerular
filtration rate (GFR) measurement in conscious mice on day 7 post IRI (Fig. 4D). GFR
reduced by about 55% in the untreated IRI group (85.33+14.84pl/min) and by 30% in
accelerating-3dgen-SMEF treated group (138.14+19.8ul/min) compared with the sham
group (195.71+17.72ul/min). Application of accelerating-3'9gen-SMEF blunted the drop of
GFR, resulting in about 38% higher GFR values than untreated mice. Histologic analysis
of the kidneys at one week after injury confirmed the changes in morphologic parameters
of injury (Fig. 4E and F). IRI caused severe tubular necrosis was associated with increased
fibrosis (Masson’s Trichrome staining), apoptosis (TUNEL staining), and less peritubular
capillary endothelial cell density (CD31 positive area). All of these parameters were less
severe in the mice treated with accelerating-3"9gen-SMEF. These results suggested that the
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application of accelerating-3"dgen-SMEF during ischemia can ameliorate AKI induced by
warm ischemia/reperfusion.

Preserved kidney graft function by application of accelerating-3"dgen-SMEF

We next investigated the effects of accelerating-3"dgen-SMEF on donor kidneys during

cold storage in a mouse kidney transplantation model. The donor kidney and associated
vessels were isolated and stored in 4 °C cold saline with or without the application of

the accelerating-3"9gen-SMEF for 1.5 hours. The kidney was then transplanted into a same
sex recipient. Renal graft function was determined on days 5 and 8 via plasma creatinine
and NGAL (Fig. 5A and B) and on day 11 via GFR measurement (Fig. 5C). Plasma
creatinine increased by over 10 and 4 folds on days 5 and 8 after the transplantation

in the untreated group. Applying the accelerating-3"dgen-SMEF during the cold ischemia
blunted the post-transplantation increases in plasma creatinine to a less than 5-fold increase
at day 5 that returned to baseline on day 8 after surgery (Fig. 5A). Plasma NGAL
measurements showed similar patterns as the plasma creatinine (Fig. 5B). Application of the
accelerating-3"9gen-SMEF improved GFRs by more than 40% compared with the untreated
group (142.80+11.65 vs. 85.40+12.18pl/min for accelerating-3"dgen-SMEF and untreated
groups, respectively) (Fig. 5C). The improved functional parameters correlated with
decreased fibrosis (Masson’s Trichrome staining) and apoptosis cells (TUNEL staining),

as well as higher peritubular capillary density (CD31 positive area) (Fig. 5D and E). Thus,
these results suggested that accelerating-3"dgen-SMEF protected against the ischemic injury
during cold storage and improved transplanted graft function.

Preliminary evidence of protection in human donor kidneys with the application of
accelerating-3"dgen-SMEF

Last, we obtained five pairs of human kidneys to test whether accelerating-3gen-SMEF
could be used to confer protection against cold storage-related injury in humans. The
kidneys, which were deemed unsuitable for transplantation, were handled identically and
immediately placed in University of Wisconsin (UW) cold storage solution for a 24-hour
storage period. For each pair kidneys from the same donor, one kidney was taken as the
untreated control and the other subjected to accelerating-3"dgen-SMEF during the storage
period. The kidneys were then evaluated for morphologic evidence of injury at the end of
cold storage. The PAS-stained kidney sections from the untreated control group exhibited
more severe tubular injury, including loss of brush borders, cytoplasmic vacuolization and
nuclear drop out, than the treated group (Fig. 6A). The accelerating-3'dgen-SMEF-treated
kidneys showed more preserved histological structures, including relatively intact epithelial
cells with preserved brush borders and maintenance of cytosolic integrity. Transmission
electron microscopy (TEM) examination of the kidneys also demonstrated that the untreated
kidneys had more ultrastructural damage, such as increased lysed mitochondria, apical
cytoplasm blebbing and cytoplasmic vacuolization, than the accelerating-3"9gen-SMEF-
treated kidneys (Fig. 6B). These preliminary observations raise the possibility for the
translation of our mouse transplant results to humans.

Sci Transl Med. Author manuscript; available in PMC 2023 March 08.
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DISCUSSION

Renal IRI during the transplant procedure underlies the clinical entity of delayed graft
function (DGF) (6). Although IRI is an underlying multifactorial pathophysiological process
(6, 48, 49), the main characteristic associated with ischemia is the reduction in the
availability of ATP, which impairs Na/K pump function thus resulting in cellular damage
and death (13, 50). Therefore, maintaining the activity of Na/K pump molecules may

be beneficial in the protection against IRI. Here, we examined the application of the
3rdgen-SMEF in maintaining the Na/K pump functions under ATP insufficient or depleted
conditions. Our results suggested that application of the 3"dgen-SMEF can drive and activate
Na/K pump activities, maintain tubular functions, and therefore, protect the kidney against
the ischemia-induced injury.

The 3gen-SMEF was developed based on the combination of two modes of the Na/K
pumps (physiological model actively transporting Na and K ions by consuming ATPs and
non-canonical mode using ionic concentration gradient to synthesize ATPs). The key feature
of the 3"gen-SMEF is the ability to drive the Na/K pumps under the ATP insufficient
conditions. Under this electric field, the pumps first extrude 3 Na* ions by exchanging 2

K* ions consuming one ATP, and then, utilize the electric energy to synthesize one ATP.

The less or zero ATP consumption allows us to maintain and activate the functions of Na/K
pumps even under the situations with insufficient ATP supply (38).

In this study, we first confirmed the efficacy of the 3"dgen-SMEF in the maintenance of the
Na/K pump activities in muscle fibers where ATP was depleted. The results demonstrated
that the Na/K pumping activities could be maintained and activated in an ATP-poor
environment by using an oscillating electric field. These experiments set the foundation
for applying the 3"gen-SMEF to the whole kidney and thus, it may prove to be clinically
applicable.

In kidneys, Na/K pumps are highly expressed on the basolateral surface in tubules. and are
essential in maintenance of electrolyte, acid-base and volume homeostasis (7, 8). We then
tested whether the 3"gen-SMEF could effectively modulate TEPD in renal tubules, and
subsequently tubular sodium transport in the kidney. Our isolated kidney studies showed
that TEPD fell in the untreated nonperfused kidneys, but the 3'dgen-SMEF could not

only maintain but also hyperpolarize the TEPD in the isolated kidney. We then extended
these findings to the modulation of changes in renal sodium excretion in vivo. The results
demonstrated that the decelerating-3"9gen-SMEF can increase renal sodium excretion rates
under the basal conditions and the accelerating-3"dgen-SMEF could ameliorate the normal
natriuretic response to volume expansion.

Ischemia induces impaired function of Na/K pumps due to lack of ATPs. IRI-induced kidney
injury is unavoidable during organ transplantation and can result in DGF, which is one

of the most important determinants of the longevity of transplant graft survival (1-5, 49).
Our study provided pre-clinical evidence that the accelerating-3"dgen-SMEF could protect
kidneys against IRI-induced AKI. Its application in a mouse model of kidney transplant
further revealed protection of the renal graft function, which was associated with decreased

Sci Transl Med. Author manuscript; available in PMC 2023 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 10

tubular necrosis, fibrosis and apoptosis. Although we could not test this in humans at this
time, our preliminary results in the five pairs of human kidneys raised the possibility that the
technique can be translated to humans.

The main limitation of our study is the uncertainty about the transferability of the effects of
3"d-gen-SMEF from animals to humans. Therefore, test of 3"d-gen-SMEF in preclinical large
animals is essential to demonstrate translational significance. In addition, further assessment
and optimization of the application of 3/9-gen-SMEF is needed. We have not yet detailed the
impact of different cold-ischemia times on the efficacy of 3"d-gen-SMEF. Furthermore, the
effects of the 3'-gen-SMEF on donor kidneys that are stored at different temperatures need
to be examined. Finally, the efficiency of combination of the 3"d-gen-SMEF with machine
perfusion during donor storage also needs to be determined in the future studies.

The direct application of the electrical field via 3"dgen-SMEF to the tissues does not result
in any identifiable adverse effects on tissue integrity. This field strength is unlikely to change
the integrity of cell membrane because it has been specifically designed to avoid damaging
the cell membrane. We kept the magnitude of two overshoot pulses within the physiological
range (between +100 and —100 mV), which is much lower than the thresholds necessary

to induce membrane electroporation (51) or protein denaturation (52). The electric field is
also unlikely to noticeably alter other membrane proteins or other ion pumps because the
short duration of the overshoot pulses (a few hundred microseconds) is not long enough

to open the voltage-gated ion channels including the Na-channel, which has the fastest
electric response time of 1million seconds (53). Finally, the 50 Hz frequency of the electric
field, needed to drive the Na/K cations in the opposite directions, is much lower than the
frequency needed to drive other pumps (the Ca2* pump requires 500 Hz, for example) (54).

In summary, our study describes a technique, named the 3"dgen-SMEF that is able to
maintain Na/K pump activities and control the pumping rates (acceleration or deceleration)
under ATP-insufficient or -depleted conditions. Application of the 3™gen-SMEF protected
the kidney against injury induced by warm and cold ischemia and improved transplanted
graft function in murine models. Further studies are required to translate this technique to
humans both to improve graft survival and to expand the donor organ pool.

MATERIALS AND METHODS

Study design

The aim of this study was to test the efficacy of a technique, 3™gen-SMEF, on the
maintenance of Na/K pump activities under ATP depleted conditions using animal models of
ischemia in vitro and in vivo. Bullfrogs, rats, and mice were utilized in this study. we first
confirmed the efficacy of the 3"dgen-SMEF in the maintenance of the Na/K pump activities
in vitro models in American bullfrog muscle fibers and isolated rat kidneys where ATP was
depleted. For expansion of the findings from in vitro to in vivo, renal sodium excretion
responses to 3"gen-SMEF upon acute volume expansion were tested. IRI-induced AKI and
kidney transplantation in mice revealed protective effect of 3"dgen-SMEF on kidneys against
injury and improvement of the renal graft function based on several evaluated parameters
(plasma creatinine, plasma NGAL, GFR and histological analysis).
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Sample sizes were determined based on variability observed in pilot experiments and on
availability of primary blasts and were confirmed using the G-power v3.1.9.2 software.
Eight successful experiments were needed to achieve a power of (1-p) of 0.85 with a Type |
error (a) probability of 0.05. For all the studies, the animals were of the same ages and were
weighed at the beginning of study. Animals were randomized to groups (5 to 10 mice per
group) to ensure equal average weights between different groups. No animals were excluded
from the experiments unless died in the middle of experiment due to severe kidney injury.
The administration of 3"dgen-SMEF, surgical operations and sample handlings were carried
out by different individuals in a blinded manner.

Adult American bullfrogs (R. catesbeiana) weighing from 150-180g were purchased from
a commercial supplier (Charles D. Sullivan Co. Inc.). The frogs were housed in the Animal
Care facility in large aquaria, which include both aquatic and terrestrial regions, with the
temperature maintained at 20-23°C. Male C57BL/6J mice, aged 10-12 weeks (25-309)
were obtained from a vendor (Jackson Laboratories). Male Sprague Dawley (SD) rats, aged
8-10 weeks (250-300g), were ordered from Envigo. After arrival, the animals were housed
in a temperature-controlled environment with 12:12h light-dark cycle and ad libitum access
to water and food for 1 week before experiments. The animals were randomly assigned
into control or treatment groups and donors or recipients based on the requirement of

the experiments. All procedures and experiments were performed with the approval of the
Institutional Animal Care and Use Committee at the University of South Florida College

of Medicine and in accordance with all federal guidelines. All chemicals were purchased
from Sigma-Aldrich unless otherwise indicated. Animals were euthanized according to the
guidelines set forth by the American Veterinary Medicine Association.

Muscle fiber preparation and Na/K pump current measurement

Fast twitch skeletal muscles, semitendinosus and iliopsoas, were dissected from American
bullfrogs. Then, a single fiber was hand dissected under microscope (Nikon SMZ 1500)

in relaxing solution (see Supplementary Materials and Methods) and mounted into a custom-
made chamber as described in previous publications (55, 56).

Pump currents were measured using the double Vaseline-gap voltage-clamp (Dagon T200
TEVC) with the software pClamp 10 (Molecular Devices) on skeletal twitch muscle fibers
following the previous protocol (55, 56). Two electric fields, single stimulation pulse and
3"dgen-SEF, were applied in this experiment. For the experiments having extremely low ATP
concentration, the internal solution was changed to the washing-out solution (without ATP)
by washing the end-pool at least five times to minimize the ATP concentration in the fiber.
Composition of the solutions are detailed in the Supplementary Materials and Methods.

To identify the synchronized pump currents, we introduced the template-subtraction method
based on the p/4 method in the study of ion-channels. The pre- or post-pulse (Fig. 1A,
left panel), having the same waveform as the oscillating pulses, was applied to the cell
membrane. The generated current by the pre-pulse functioned as a reference to be subtracted
from the current generated by each oscillating pulse. The resultant transient separated
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outward and inward currents responding to the rising phase of two half-pulses were the
synchronized pump currents. All the data was collected at least 10 minutes after changing
the solutions when the parameters reached the equilibrium.

Transepithelial potential difference (TEPD) measurements in ischemia-injured kidneys.

Rat kidneys were isolated and removed. A microelectrode was used to puncture into the
PCT, and the reference electrode was placed on the kidney surface to measure the TEPD at
room temperature. The microelectrode was first calibrated to zero mV in the experimental
solution. As the microelectrode was punctured into the surface of kidney and when the
potential reading suddenly changed from 0 mV to about =40 mv, it indicated that the
electrode was in the epithelial cell. When the microelectrode was moved further in, the
potential quickly reduced to a few mV, which showed that the electrode was in the lumen of
the renal tubule.

Then, the different electric fields were applied on the surface of the kidney through two thin
wire electrodes touching the kidney surface and the TEPDs were continuously measured.
The experiments were performed within one hour of surgery.

Application of 3"dgen-SMEF on rat and mouse kidneys

An abdominal incision was made, and the kidneys were exposed. The 3"gen-SMEF was
applied to the kidney by two pairs of stainless-steel electrodes. The two pairs of electrodes,
attached on a piece of fabric, were placed on kidneys perpendicular to each other to ensure
the electric field evenly surrounding the whole kidney surface (similar as showed in fig.
S2). The 3"gen-SMEF was generated by a custom-made signal generator with a magnitude
of about 1 V. There are three phases within a synchronization modulation train. Phase |
(synchronization): oscillating electric field with a frequency of 50 Hz (natural turnover rate
of Na+/K+-ATPase) to synchronize the Na/K pump molecules. Phase 11 (modulation): once
the Na/K pumps were synchronized, the frequency of oscillating pulses was increased or
decreased in a stepwise manner (2% change for each step) to accelerate or decelerate the
pumping rates. Eventually, the turnover rate of Na/K pump was gradually modulated or
entrained to the pre-determined frequencies. Phase 111 (maintenance): the frequency of the
electric field was then kept at the targeted frequency to maintain the pumping rate till the
end of experiment. The system automatically switched from phase | to phase 11 and phase 111
with no gaps. The potential difference applied between each pair of electrodes was 200 mV.

Urinary flow and Na+ excretion under physiological and acute volume challenged
conditions
Sprague Dawley (SD) rats (age: 8-10 weeks, n=5-7 /group) were used. The surgical
procedures were similar as described previously (57, 58). The details of the surgeries and
parameters measurement were described in the Supplementary Materials and Methods.

Measurement of ATP

To test the effects of accelerating-3"gen-SMEF on the depletion of kidney ATP during
ischemia, we induced bilateral kidney ischemia by clamping both renal pedicles in
C57BL/6J mice, with one kidney serving as the untreated control and the other one
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subjected to accelerating-3"dgen-SMEF. The kidney tissue was collected and homogenized
with a Dounce homogenizer at the end of different ischemia times (5, 10, 15, 20, 25 and

30 minutes) without perfusion. The total ATP content in the kidney tissue was determined
with an ATP colorimetric assay kit (K354, Biovision) according to the manufacturer’s
instructions. Briefly, 20 mg of kidney tissue was lysed in ATP assay buffer followed by
deproteinization and neutralization with Deproteinizing Sample Preparation Kit (K808). The
absorbance of the samples was taken at 570 nm using a micro-plate reader (Synergy HTX,
Biotek).

Mitochondrial isolation and bioenergetics measurement

In C57BL/6J mice, bilateral kidney ischemia was induced by clamping both renal pedicles
for 15 min, with one kidney serving as the untreated control and the other one with the
application of accelerating-3"9gen-SMEF. At the end of ischemia, mitochondria protein
was isolated by gradient centrifugation as previously described (59-61). Briefly, kidneys
were collected, and cortical tissue was homogenized in ice-cold isolation buffer (0.1 M
Tris-MOPS, 5 ml 0.1 M EGTA-Tris, 100 ml 1 M sucrose, 5mM magnesium sulfate, Ph 7.4)
using a Dounce homogenizer. The homogenate was then centrifuged first at 600 g, 4°C for
10 min to remove debris, then the supernatant was centrifuged at 1,400 g, 4°C for 10 min
and 10,000 g, 4°C for 10 min to obtain a mitochondrial pellet which was then resuspended
in a small amount of isolation buffer. The mitochondrial protein content was measured with
a BCA protein assay kit (Pierce, 23227) and the purity was assessed by Western blot (fig.
S2).

Mitochondrial oxygen consumption rates (OCR) were assessed with a Seahorse XFe24
Analyzer (Agilent Technologies, Inc.) as previously described (59). Two micrograms of
freshly prepared mitochondria in mitochondrial assay solution (MAS) (70 mM sucrose,

220 mM mannitol, 10 mM KH2PO4, 5 mM MgCI2, 2 mM HEPES, 1 mM EGTA, and
0.2% BSA in nanopure water, pH 7.4, adjusted using KOH) were loaded onto the 24-well
SeaHorse plates. Succinate (10 mM) and Rotenone (2 pM) were added to the MAS and the
resulting solution was used to make 10 x stocks of the respiratory inhibitors and uncouplers.
The respiratory stocks were loaded into the drug ports of a hydrated sensor cartridge in

the following order: (A) ADP (1mM, final), (B) oligomycin (2 uM, final), (C) carbonyl-
cyanide-4-(trifluoromethoxy) phenyhydrazone (FCCP, 4 uM final) and (D) rotenone +
antimycin A (2 pM final). The tissue respiration assay protocol included a minimum of three
cycles of OCR measurements for each measurement period. Each cycle consisted of a 1 min
‘mix’ period and 2 min ‘wait’ period, followed by a 3 min ‘measure’ period. Results were
analyzed using the Wave software (Agilent Technologies, Inc.) export option and GraphPad
Prism. The following parameters were monitored and analyzed: basal respiration (OCR
before ADP injection), ATP-linked respiration (= last OCR before injection of oligomycin —
minimum OCR after injection of oligomycin), maximal respiration (= maximum OCR after
FCCP injection) and spare respiratory capacity (= maximal respiration - basal respiration).

Renal ischemia reperfusion-induced acute kidney injury (IRI-AKI)

Unilateral IR1 was performed in C57BL/6J mice similarly as previously described with
slight modifications (62). The accelerating-3"dgen-SMEF was applied to the left kidney as
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described above. The renal pedicle was clamped using microvascular clamps for 15 min with
the body temperature at 37°C. The accelerating-3"9gen-SMEF was turned on simultaneously
with clamping. Immediately following the release of the clip, the accelerating-3'dgen-SMEF
was turned off and the electrodes were removed. The right kidney was then nephrectomized
and the abdomen was closed.

Kidney Transplantation and accelerating-3"dgen-SMEF application in mice

Kidney Transplantation between same-sex C57BL/6J mice was completed as recently
reported (58, 63, 64). The donor kidney was procured and stored in 4 °C cold saline with
or without accelerating-3"9gen-SMEF application for 1.5 hours. The donor kidney was then
transplanted into a recipient. The remaining contralateral native kidney of the recipient was
removed. Last, the abdomen was closed. Mice with right kidney nephrectomy served as
sham controls. Ten mice for each group were used in the transplantation experiment, with
five mice as donors (non-survival) and five as recipients (survival).

Kidney injury and function evaluation

Plasma creatinine and NGAL concentrations were used to assess kidney injuries. GFR was
measured to evaluate kidney functions in conscious mice by a single bolus intravenous
injection of fluorescein isothiocyanate-sinistrin (FITC-sinistrin) (Fresenius Kabi Austria
GmbH) as recently described (62, 63). The details of the measurement have been described
in the Supplementary Materials and Methods.

Histology and Immunofluorescence

Periodic acid—Schiff (PAS), Masson’s Trichrome, terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) and CD31 immunofluorescence staining were used

to examine morphologic changes, fibrosis, apoptosis and endothelial cells at peritubular
capillaries, respectively. The detailed methods are described in the Supplementary Materials
and Methods.

The application of accelerating-3"9gen-SMEF to discarded human renal allografts

For human kidney donors who were not viable for transplant and discarded, we requested
access to these organs through our local organ procurement organization for experimental
research. In total, 5 pairs of human kidneys were used in this study. Once we received the
pair of donor kidneys, one kidney was stored in UW solution as the untreated control and
the other kidney from the same donor was subjected to 3™dgen-SMEF during the subsequent
storage as shown in fig. S3. The total storage time was 24 hours. Kidney tissue was then
collected to evaluate histological changes by PAS staining and TEM. (n= 5 pairs of kidneys
from 5 kidney donors)

Transmission electron microscopy (TEM)

To perform TEM, the kidney tissues were cut into about 1 mm?3 pieces and fixed in 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer overnight. Then the kidney tissues were
treated with 1% osmium tetroxide, dehydrated with a series of graded ethanol treatments,
sequentially infiltrated with 2:1, 1:1, and 1:2 mixtures of acetone and resin, and embedded
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in 100% resin. Thin sections (approximately 90—-100 nm) were cut and examined with the
transmission electron microscope (JEM-1400Plus).

Histologic examination of all kidney sections was performed by an experienced renal
pathologist (L. Fu) blinded to the experimental procedures.

Statistical analysis

All values are presented as means £ SEM unless otherwise indicated in the figure legends.
All statistical tests performed have been mentioned in figure legends for each dataset with
statistical significance defined as p< 0.05. Comparison of the trend of survival curve was
done using the log-rank (Mantel-Cox) test. Comparison of the data for two groups was
used student’s t test. Comparison of three or more datasets was performed using one

way analysis of variance (ANOVA) ANOVA followed by Tukey’s multiple comparison
test. Comparison of three or more datasets at multiple time points was performed using
two-way ANOVA followed by Tukey’s multiple comparison test. Sample sizes are provided
in the figure legends. All statistics were performed using GraphPad Prism, version 9.0
(GraphPad Software), except the data analysis of the pump currents and TEPD, which
was performed by using the pClamp10 (Molecular Devices) and a Java program and the
statistical significance defined as p< 0.05 was determined with Student’s t test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 3'dgen-SEF drives Na/K pump activity in AT P-depleted musclefibers.
After depleting ATP from the isolated American bullfrog muscle fibers, Na/K pump activity

in response to two distinct electrical fields was measured. (A). Waveforms generated by
the 3"dgen-SEF. The left panel shows the pre-pulse, whereas the right panel shows the
oscillating pulses. The pump current was gained by subtracting the current generated by
pre-pulse (a reference) from the current generated by each oscillating pulse. The results are
the pump currents responding to this specific oscillating pulse. For the oscillating pulse,
each half-pulse consisted of three components: the first overshoot (0.5ms, 90mV), the
speeding plateau (8ms, 20mV), and the second overshoot (1.5ms, 70mV). (B). Different
electrical fields applied (the traditional single stimulation pulse and the 3"gen-SEF) and
the resultant pump currents. The 3™dgen-SEF was able to generate pump currents in this
ATP-depleted milieu (traces iii and iv); these pump currents were eliminated by ouabain,

a specific inhibitor of the Na/K pumps (traces v and vi). (C) Representative traces of a

pair of synchronized pump currents. The inserts showed the details of Na (left) and K
(right) currents with a duration of about 100 ps. (D). Currents measured after reducing the
gain of the voltage-clamp. The upper, middle and lower panels depicted the rising-phase of
the membrane potential of the first overshot, total transmembrane currents, and the Na/K
pump currents, respectively. (In the bottom panel, the black trace was Na/K pump current
measured in regular physiological solution; teal trace in solution with ouabain; red trace
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in solution with Digoxin and blue trace in K-free solution.) The pump and transmembrane
capacitance currents have similar durations.
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Figure2. The Srdgen-SM EF maintainsthe TEPD of ATP-depleted kidneys.
(A). Waveform of all three phases for the 3™gen-SMEF applied: phase 1 synchronization

(left), phase 2 modulation (middle), and phase 3 maintenance (right). (B). Pump currents
resulting from this oscillating electrical field. The synchronization frequency was gradually
increased in a stepwise pattern (change of 5% to 10% for every 10 to 20 oscillating pulses)
up to the target frequency of 150 Hz. The increasing field frequency was accompanied by
increases in the magnitude and density of the transient pump currents. (C). The TEPD

of PCTs in the isolated Sprague Dawley rat kidneys in the presence (black trace in

subpanel i) and absence (red trace in subpanel i) of 3"dgen-SMEF. TEPD was measured
with a microelectrode, which was placed in the proximal tubule of the isolated kidneys.

The black box was the compressed oscillating electric field of the 3"gen-SMEF. Panels

ii and iii summarized the results from the experiments performed. Significant differences
were determined with student t-test. (****P<0.0001, n = 7 kidneys/group) (D). Effects

of different electric fields (subpanel i, no stimulation-teal; random frequency-red; original
SMEF-blue; and 3"9gen-SMEF-black) on TEPD in PCTs. Detailed TEPD changes right after
the application of the different electric fields (black box) were measured in the dash-line box
shown as the inserts in D-ii. The results were summarized in D-iii. Results are presented

as mean = SD. Significant differences were determined with one-way ANOVA followed by
Dunnett’s multiple comparisons test. (****P<0.0001, n = 7-9 kidneys/group).
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Figure 3. ATP content and mitochondrial function are preserved with the application of
accelerating-3"9gen-SM EF.

(A). ATP content in Kidney tissue was measured at different time points of ischemia without
reperfusion. Both renal pedicles were clamped, one as untreated control and the other

one treated with accelerating-3"dgen-SMEF. Data are presented as mean + SEM. Two-way
ANOVA followed by Tukey multiple comparisons test have been performed (**p<0.01;
***p < 0.001; ****p<0.0001, n = 5 mice/group). (B) Oxygen consumption rate (OCR)
traces of isolated mitochondria from C57BL/6J mouse kidneys underwent 15 min of
ischemia with or without accelerating-3"9gen-SMEF treatment, expressed as picomoles of
O, per minute, under basal conditions and after the injection of ADP (1mM), oligomycin (2
uUM), FCCP (4 uM), and AA+ rotenone (2 uM). Oligo, oligomycin; FCCP, carbonyl cyanide
4-[trifluoromethoxy]phenylhydrazone; AA, antimycin A. (C). Analysis of mitochondrial
respiratory parameters obtained from normalized XFe24 graphs (B). Data are presented as
mean + sem. One-way ANOVA followed by Tukey multiple comparisons test have been
performed (*p<0.05; **p<0.01; ***p < 0.001; ****p<0.0001, n = 5 kidneys/group).
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Figure 4. Ischemia reperfusion-induced AK |1 isattenuated by accelerating-3rdgen-SM EF.
Unilateral kidney ischemia was induced by clamping left renal pedicle for 15 min in

C57BL/6J mice with or without application of the accelerating-3"gen-SMEF, followed

by nephrectomy of the counter kidney. Survival rates were monitored for 14 days.

Survival curves were analyzed using the log-rank (Mantel-Cox) test (A). Kidney injury
was evaluated by plasma creatinine (B) and NGAL (C) measurements at 1-, 3- and 7-

days following IR. Two-way ANOVA followed by Tukey multiple comparisons test have
been performed (***P < 0.001; ****P<0.0001, n = 3 to 7 mice/group). Kidney function
was assessed by GFR measurement in conscious mice at 7 days following IR (D). One-
way ANOVA followed by Tukey multiple comparisons test was performed to determine

the significance (***P < 0.001; ****P<0.0001, n = 3 to 7 mice/group). Representative
morphologic evidence of kidney injury was assessed at 7 days following IR by PAS
staining, Masson’s Trichrome staining, TUNEL staining, and CD31 immunofluorescent
staining. (black arrows demonstrate necrotic tubules, yellow arrows denote areas of
tubulointerstitial fibrosis, white arrows denote apoptosis and pink arrows show peritubular
capillary endothelial cell). Scale bars were 50 um (E). Histological data was quantified with
Image-J (F) as described in Supplementary Materials and Methods. Data are presented as
mean + SEM. Student t-test was used to determine the significance (****P<0.0001, n =3 to
7 kidneys/group).
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Figure5. The acceleraling-3'dgen-SM EF blunts cold-ischemiainduced injury in a murine model
of kidney transplantation.

Plasma creatinine (A) and NGAL (B) measurements on day 5 and day 8 following
transplant. ****P<0.0001, n = 5 mouse recipients/group, Two-way ANOVA followed by
Tukey multiple comparisons test have been performed. (C) GFR measurement in the
conscious recipients on day 11 following transplant. Data are presented as mean + SD.
***P<(,001, Student’s t test comparing untreated group to accelerating-3'dgen-SMEF
treated group was performed. (n=5 mouse recipients/group). (D) Representative kidney
tissue sections stained with Masson’s Trichrome, TUNEL and immunofluorescent anti-
CD3L1. (black arrows, tubulointerstitial fibrosis; white arrows, apoptosis and yellow arrows,
peritubular capillary endothelial cells). (F) Quantification of tubulointerstitial fibrosis area
over whole kidney sections, TUNEL-positive cells/nuclei as the percentage (%) of TUNEL
and DAPI double-positive cells relative to total cells and CD31-positive area over the kidney
section as described in Supplementary Materials and Methods. Data are presented as mean +
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SEM. One-way ANOVA followed by Tukey multiple comparisons test have been performed
(****P<0.0001, n =5 kidneys/group).
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Figure 6. Preliminary evidence suggests that accelerating-Srdgen-SM EF may protect human
donor kidneysduring cold storage.
Accelerating-3"dgen-SMEF was applied to five pairs of human kidneys during a 24-hour

storage period after which morphology was evaluated. (A). The left two panels are
representative images of kidney slices stained by PAS. The red arrows indicate the injured
tubules (loss of brush borders, cytoplasmic vacuolization and nuclear drop out). Scale bars
are 50um. The right 4 panels are TEM images (yellow arrows, brush border; orange arrows,
epithelial cells sloughing into tubular lumen; blue arrows, mitochondria; brown arrows,
cytoplasmic vacuolization and pink arrows, apical cytoplasm blebbing). Scale bars are 5um.
(B). The percentage of necrotic tubules based on PAS staining was quantified with Image J
as described in Supplementary Materials and Methods. Paired #-test has been performed (*P
< 0.05, n = 5 kidneys/group).
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