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Abstract

Introduction: Blood levels of uremic toxin, asymmetric dimethylarginine (ADMA), are strongly 

associated with mortality in sepsis, renal failure, and cardiovascular and renal disease patients.

Methods: An extracorporeal approach to reduce pathological ADMA was developed. The 

dimethylarginine dimethylaminohydrolase (DDAH) was immobilized on agarose beads to prepare 

a cartridge. The efficacy of cartridge for ADMA lowering in blood was investigated.

Results: The DDAH-beads and cartridge reduced ADMA from solution or plasma. The 

magnitude of ADMA removal was dependent on the quantity of DDAH linked to the beads and 

the flow rate. When tested in association with plasmapheresis, the DDAH-cartridge was highly 

effective in ADMA removal from the blood and improved the arginine/ADMA ratio in a pig 

model.

Conclusion: A new, safe and effective extracorporeal approach to lower ADMA was develop 

which may have application in improving outcome in patients with vascular complications and 

risk of mortality associated with high ADMA.
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Introduction

The uremic toxin, asymmetric dimethylarginine (ADMA) induces multiple cellular 

responses with deleterious consequences [1]. High serum ADMA concentration is present 

in sepsis patients [2–9] which correlate with disease severity (higher in septic shock) and 

mortality [2, 5, 6, 8]. ADMA is a strong predictor of 30-day mortality in sepsis patients 

[6, 8]. In patients admitted to ICU, high serum ADMA is associated with higher mortality 

[10–12]. Elevated ADMA level is independently associated with higher risk of all-cause 

mortality in end stage renal disease [13, 14] and renal transplant recipients [15]. More 

recently, it was found that high serum ADMA predicted hospital mortality in COVID-19 

patients [16]. ADMA levels are also strongly associated with mortality in patients with 

cardiovascular disease [17, 18], heart failure [19, 20] and chronic kidney disease [21].

ADMA causes vascular dysfunction by reducing nitric oxide production [22, 23]. In 

addition, ADMA induces oxidative stress, mitochondrial dysfunction [24–26] and other 

direct effects on cellular functions [27, 28]. The pathological ADMA can induce 

vasoconstriction [29], platelet aggregation [30, 31], immune cell adhesion [32], vascular 

leak [33, 34], red cell deformity [35, 36] and generation of reactive oxygen species (ROS) 

[37].

The deleterious effects of ADMA on vascular functions or endotoxemia have been 

illustrated in preclinical models in which ADMA is increased by DDAH-gene deletion [29]. 

Alternatively, transgenic expression or adenoviral DDAH-1 gene delivery in rodents reduced 

ADMA, improved vascular function and reduced disease severity [38–40], reduced lung 

injury and improved outcome in LPS induced organ damage [34]. In models of ischemia-

reperfusion, reduction of ADMA significantly reduced injury to heart, kidney, and liver 

[38, 40]. Further, pharmacological treatment with DDAH reduced ADMA and protected 

kidney from ischemia-reperfusion injury [41]. These multiple lines of evidence support the 

pathological role of ADMA, and potential therapeutic benefit of lowering ADMA. At the 

present time, ADMA lowering therapies are not available. We have developed a highly safe 

extracorporeal approach to selectively lower ADMA in plasma.

Materials and Methods

Generation and Characterization of Recombinant DDAH

Human and Pseudomonas Aeruginosa-DDAH (PA-DDAH) genes were cloned expressed in 

E. coli and purified using a Ni-sepharose column as previously described [41]. Purity was 

determined using SDS gel-electrophoresis. DDAH activity was determined by a colorimetric 

assay [42].

ADMA Measurement

ADMA in plasma was analyzed by HPLC method [43, 44]. Samples prepared by solid-

phase extraction using an Oasis MCX Cartridge (Waters, USA) were derivatized with 

ortho-phthaldialdehyde (Sigma-Aldrich, USA). The analytes were heated at 30 °C for 1 min 

and injected into the HPLC Chromolith performance RP-18e column. Chromatography was 
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performed with mobile phase A (25 mM potassium phosphate, pH 6.5) and B (methanol/

THF) (97/3 by volume) at a flow rate of 2 mL/min and detected by fluorescence detector.

Generation of Immobilized DDAH for Extracorporeal Device.

PA-DDAH was dialyzed against 0.1 M phosphate, pH 8.0 and incubated with agarose-NHS 

(Fisher Scientific, USA) for 2 h at room temperature. The agarose bead conjugated PA-

DDAH were packed into a cartridge, washed with 0.1 M phosphate pH 8.0 and stored at 4 

°C. The cartridge is designated as therapeutic extracorporeal device (TED).

Ex-vivo ADMA Lowering in Blood

The Prismaflex System (Baxter, USA) was set up in total plasma exchange (TPE) mode with 

the TPE 2000 filter. For the shorter duration ex-vivo study with blood, the plasmapheresis 

configuration was modified to incorporate the TED into the effluent line and allowed return 

of plasma to the blood using a 4-way stopcock. The prescription was programmed as plasma 

exchange with the effluent rate matching the replacement rate. Removal of ADMA was 

tested using 0.55 L citrated blood spiked with 2 μM ADMA while stirring. A double lumen 

14 × 24 cm hemodialysis catheter (SLX, Medcomp, USA) was inserted into the blood to 

enable access and return. Blood flow and plasma loss were 100 mL/min and 600 mL/h 

respectively, resulting in a filtration fraction of 12–13%. Blood and plasma samples pre- and 

post- TED were collected at 0, 15, 30, and 60 min and analyzed for ADMA.

Plasmapheresis Set Up for Porcine Model

For longer duration studies with the pigs, Prismaflex System was modified as shown in 

Figure 1. During the initial period of TPE, a colloid solution was used as replacement 

(Vetstarch, Zoetis, USA) until enough plasma was accumulated in the effluent bag. The 

effluent was then used as replacement solution. Pigs (60–70 lb) were premedicated (i.m.) 

with Telazol and Xylazin, masked down with isoflurane, intubated and maintained with 

isoflurane. An ear vein catheter was placed for intravenous fluids (Lactated Ringer’s 

5 mL/kg/h) and an arterial line was placed to measure arterial blood pressure. A 14 

Fr × 30 cm hemodialysis catheter (SLX, Medcomp, USA) was inserted into the right 

external jugular vein by modified Seldinger technique. Baseline vital parameters were 

assessed during TPE. Heparin was used as anticoagulant. Heparin bolus (75–100 U/kg) 

was administered intravenously 15 min prior to the start of the extracorporeal therapy 

followed by an intravenous infusion using an integrated syringe pump at rate of 50–100 

U/kg/h. Clotting times were monitored via activated clotting time using the ACT Plus 

Automated Coagulation Timer System (Medtronic, USA). Clotting times were measured 

prior to administering heparin and then every 30–60 min or as clinically indicated with a 

goal of keeping ACT at 1.6 – 2× baseline. The average baseline ACT was 82 ± 14 seconds. 

The average ACT after heparin bolus (75–100 U/kg) was 148 ± 23 seconds or 1.8× average 

baseline ACT. Heparin infusion was started at an average of 72 ± 21 U/kg/h and the average 

rate at the end of the experiment was 88 ± 26 U/kg/h. There was no evidence of clotting 

complications. The pigs were connected to the Prismaflex and TPE without TED for 15–30 

min with blood flow of 100 mL/min and effluent/replacement flow of 1000 mL/h until an 

effluent volume of about 200–250 mL was reached. The TED was then introduced and 

replacement solution was changed from the colloid solution to the plasma that had been 
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harvested in previous cycle. The effluent/replacement flow was increased to 1000 mL/h. 

Whole blood and plasma samples pre and post TED were collected at 0, 60, 120, 180 and 

240 min. The ADMA in pig blood was at normal levels without administration of exogenous 

ADMA.

Statistical Analysis

Statistical significance was evaluated by student t test or one-way analysis of variance 

(ANOVA), followed by Dunnett’s test for multiple comparison between the experimental 

groups. All data presented as mean ± SD, P value of < 0.05 were considered statistically 

significant. *P < 0.05, **P < 0.01, ***P < 0.001.

Results

Preparation of Recombinant DDAH

In order to develop an extracorporeal device, recombinant human and PA-DDAH were 

prepared for immobilization on agarose beads. As shown in Figure 2a, purified enzymes 

were homogenous with >90% purity. Figure 2b shows that PA-DDAH was 6–10 folds more 

active as compared to the human DDAH-1. In addition, as compared to the human DDAH-1, 

PA-DDAH exhibited higher level of expression in E. coli and greater stability during the 

purification which offered significant advantages for product manufacturing. Based on the 

superior activity, protein expression and stability, we have used recombinant PA-DDAH, for 

further studies on immobilization and device construction.

Generation of Matrix-Immobilized PA-DDAH

The cross-linking of PA-DDAH to beads was investigated using the amino groups of the 

protein and the beads containing N-hydroxysuccinamide as the linker. Figure 3a shows 

a concentration-dependent conjugation of DDAH to the beads. The stoichiometry of 

conjugation was dependent on the DDAH concentration and therefore beads containing 

varying levels of DDAH can be generated. Figure 3b shows that beads-immobilized protein 

produced fully active DDAH. Figure 3c shows that the bead conjugated DDAH was stable 

for more than 28 days at 4 °C. These results demonstrated the generation of a highly 

active and stable preparation of immobilized DDAH that was used for the fabrication of a 

therapeutic device.

ADMA Lowering in Plasma by Immobilized PA-DDAH

In order to determine if bead conjugated PA-DDAH can reduce ADMA in plasma, we 

added different concentrations of beads to plasma and measured ADMA. Figure 4 shows a 

dose (4a) and time (4b) -dependent lowering of ADMA in plasma. 100% of ADMA was 

reduced when excess beads were added. Thus, immobilized PA-DDAH was highly effective 

in lowering ADMA from plasma. The dose and time dependence show that a device to lower 

desired ADMA concentration can be constructed by adjusting the volume of the beads and 

the duration of exposure to the beads.
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Preparation of Extracorporeal Device

TED was prepared by packing the desired volume of the PA-DDAH-beads into a cartridge. 

ADMA lowering in vitro was studied using various cartridge sizes and flow rates. Figure 

5 shows that 100% ADMA from the solution was removed at a flow rate of 0.3 mL/min 

(5b). Increasing the flow rate to 1.0 mL/min which reduced ADMA exposure time with the 

DDAH-beads, resulted in removal of ~50% ADMA (5c). Likewise, the degree of ADMA 

removal can be adjusted by changing the amount of DDAH present on the beads and the 

size of the cartridge. These studies showed that, ADMA lowering can be controlled by the 

volume of the beads in a cartridge, DDAH concentration on the beads and the flow rate.

Ex-Vivo ADMA Lowering in Blood

ADMA lowering in blood was tested by using TED in association with plasmapheresis. 

The TED was incorporated into the effluent line of the extracorporeal circuit distal to the 

apheresis filter. The citrated pig blood from the 0.55 L flask was processed with a blood 

flow rate of 100 mL/min. Plasma flow rate through the TED was 600 mL/h. Figure 6a shows 

the ADMA concentration in plasma before entering and immediately after eluting from the 

TED. At each time point, >90% of ADMA was removed from plasma. Based on the ADMA 

concentration in the blood at pre- and post- plasmapheresis, plasmapheresis alone did not 

reduce ADMA. Figure 6b shows that ADMA concentration in the blood was reduced over 

time leading to a 50% reduction after 60 min of plasmapheresis. These results demonstrated 

that a prototype TED inserted in the plasmapheresis system effectively lowered ADMA from 

blood.

Reduction of ADMA and Improvement of Arginine/ADMA in a Porcine Model

Following the demonstration of ex-vivo ADMA lowering, we tested the ability of the 

TED to lower ADMA in live animals. Blood from the anesthetized pigs was subjected 

to plasmapheresis and plasma samples from pre- and post- TED and whole blood from 

the animals were collected. The specificity of ADMA lowering was determined by testing 

the effect of TED on the plasma concentration of ADMA, symmetric dimethylarginine 

(SDMA) and arginine. As shown in Figure 7, TED reduced ADMA without affecting 

SDMA or arginine, demonstrating that ADMA lowering was specific. Measurements of 

ADMA, SDMA and arginine in the blood of live animals showed changes in all analytes 

after 4 h of plasmapheresis. These broader changes in blood chemistry are likely due to 

the anesthesia and the stressful experimental conditions. Under such conditions the data 

are commonly normalized to SDMA which is not affected by the treatment [45]. Figure 

8 shows that TED produced a time dependent decrease in ADMA/SDMA ratio. Likewise, 

the arginine/ADMA which is an important measure of the effect on endothelial function 

was increased. These data showed that subjection of live pigs to TED reduced ADMA and 

increased the arginine/ADMA ratio.

Discussion/Conclusion

In this study, we have developed a novel therapeutic bio-device that effectively and 

specifically lowered the uremic toxin ADMA from the blood. The TED was prepared 

by conjugating a uniquely high activity PA-DDAH to beads and optimized for ADMA 
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lowering by adjusting the flow rate or the concentration of conjugated PA-DDAH. The 

device was tested in ex-vivo studies using pig blood and then in vivo using a porcine 

model following plasmapheresis. The results show that TED effectively reduced ADMA and 

improved arginine/ADMA ratio in the pig model. Unlike the non-specific anion exchange 

columns [46] which reduce ADMA, arginine other critical blood constituents, TED was 

specific for the removal of ADMA. The arginine/ADMA ratio in an important parameter 

for reducing the pathological action of ADMA on vascular and mitochondrial function. The 

selective removal of ADMA without reducing arginine and other essential blood constituents 

is an important attribute for the efficacy of the device.

The beneficial effects of reducing ADMA have been well documented in preclinical studies 

in which ADMA was reduced by increasing the expression of DDAH gene [38–40]. These 

studies have shown that reduction of ADMA improved endothelial function and offered 

protection from organs damage under stress, ischemia, and cardiovascular and renal disease 

[38–40, 47, 41]. Although, ADMA lowering by DDAH gene expression in animal studies 

has provided an important proof of concept, the therapeutic modalities to lower pathological 

ADMA in humans are not available. Our studies show that ADMA can be safely removed 

from the blood using TED. The extracorporeal device would be particularly applicable for 

lowering ADMA in hospitalized patients known the have high ADMA such as those with 

acute kidney, heart and lung injury [13, 17, 14, 19, 18, 20, 21], sepsis [5, 6, 8], COVID-19 

[16] and admitted to the ICU [10–12].

The extracorporeal device represents a safe and effective treatment to lower pathological 

ADMA. ADMA is lowered without drug exposure to the patient. Direct administration of 

PA-DDAH could pose a risk of immunogenicity. The treatment can be tailored to individual 

patient as a personalized therapy by calibrating the duration of the procedure and the plasma 

flow rate. Furthermore, unlike a drug molecule which can last for a long time in the body 

and potentially produce adverse effects, ADMA lowering by TED can be terminated at will. 

Further development and clinical testing of the TED could offer a potential therapy for 

patients with high ADMA and risk of vascular and hemodynamic complications.

A limitation of the current device is its use for clinical studies in the current format. The 

agarose-based device is designed for preclinical proof of concept studies in conjunction with 

plasmapheresis and not with dialysis. Future studies will develop polysulfone or cellulase 

triacetate based polymer that are FDA approved for use in dialysis and will produce device 

for clinical testing for both in the setting of plasmapheresis and dialysis.
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Fig. 1. 
In order to successfully insert a device in the Baxter Prismaflex TPE 2000 System, it 

was configured as shown here. TED was connected distal to the membrane filter. The 

prescription was programmed for plasma exchange. During the initial phase, a colloid 

solution is used as replacement solution. Once enough plasma is available in the effluent 

bag, it was transferred to a sterile bag and used as replacement solution. This set up 

avoided the flow error messages from the plasmapheresis system which could lead to early 

termination of the study.
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Fig. 2. 
Human DDAH-1 and PA-DDAH were cloned and expressed in E.coli. (a) Shows the purity 

of recombinant PA (lane 2), recombinant human DDAH-1 (lane 3) and molecular weight 

markers (MW, lane 1) as determined by SDS gel electrophoresis. (b) Shows enzymatic 

activity of the recombinant PA (●) and human (■) DDAH as measured by generation of 

citrulline from ADMA which is measured by previously described colorimetric assay (n=3). 

All data are given as mean ± SD.
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Fig. 3. 
Generation and characterization of bead-immobilized PA-DDAH. PA-DDAH was dialyzed 

against 0.1 M phosphate, pH 8. Indicated concentrations in 500 μL buffer were incubated 

with 20 mg of agarose-NHS beads for 2 h at room temperature, while mixing. 

The conjugated beads were washed and assayed for DDAH activity. (a) Concentration-

dependence of DDAH conjugation to the agarose beads (n=3). (b) Shows that the activity of 

the enzyme was fully retained after conjugation, activity prior to conjugation and (●) and 

after conjugated (■) (n=3). Stability of the immobilized PA-DDAH was determined after 

storage of the beads for up to one month at 4 ˚C (n=3). All data are given as mean ± SD. *P 
< 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. 
ADMA lowering in plasma by PA-DDAH-beads. (a) Different amounts of PA-DDAH-beads 

were incubated with pig plasma containing 2 μM ADMA for 30 min at room temperature. 

The mixture was then lightly centrifuged to separate beads from the plasma. ADMA in 

the plasma was determined using HPLC method (n=3). (b) 10 μL of PA-DDAH-beads 

were incubated with pig plasma for various times at room temperature and ADMA was 

determined using HPLC method (n=3). All data are given as mean ± SD. *P < 0.05, **P < 

0.01, ***P < 0.001.
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Fig. 5. 
Removal of ADMA by a cartridge containing PA-DDAH beads. The HPLC traces show 

elution time of ADMA and citrulline generated as results of ADMA hydrolysis. (a) ADMA 

peak eluted from the HPLC chromatography of the starting solution (arrow). (b) HPLC 

chromatography of ADMA solution after passing through 1 mL DDAH-cartridge at 0.3 

mL/min showing complete conversion of ADMA to citrulline, (c) HPLC chromatography 

of solution after passing through 1 mL DDAH-cartridge at 1.0 mL/min showing partial 

conversion of ADMA to citrulline. The x-axis is the elution time from the HPLC column 

and y-axis is the fluorescence signal indicating ADMA or citrulline levels.
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Fig. 6. 
Removal of ADMA from blood in association with plasmapheresis. Pig blood (0.55 L) 

was subjected to filtration plasma separation using Baxter Prismaflex at a blood flow rate 

of 100 mL/min. The TED was prepared by packing 7 mL of PA-DDAH beads into the 

cartridge. Plasma was routed through the TED at a flow rate of 600 mL/h. (a) shows 

ADMA concentration in plasma samples entering the TED at the indicated period after 

plasmapheresis (black bars) and eluting from the TED (gray bars). ADMA concentration 

was determined in triplicate using HPLC method. (b) ADMA in pig blood samples collected 

after the indicated time of plasmapheresis and TED was analyzed at each time point in 

triplicate using HPLC method. All data are given as mean ± SD. *P < 0.05, **P < 0.01, 

***P < 0.001.
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Fig. 7. 
Specificity ADMA lowering in pigs by TED in association with plasmapheresis. The TED 

was prepared with 15 mL of PA-DDAH beads in a cartridge and incorporated in the 

plasmapheresis system as in Figure 1. Plasma samples were collected and analyzed for 

ADMA, SDMA and arginine. Shown here are concentration is pre- and post- TED samples 

collected at 1 h (a) and 4 h (b) (n=3). All data are shown as mean ± SD. *P < 0.05, **P < 

0.01, ***P < 0.001.
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Fig. 8. 
ADMA lowering and improved arginine/ADMA ratios in pigs undergoing plasmapheresis 

with TED. Pig blood samples were collected hourly during plasmapheresis with TED. 

ADMA, SDMA and arginine concentration was determined using HPLC method (n=3). 

ADMA changes normalized to SDMA (a) and arginine (b) are shown here. All data are 

given as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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