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Abstract. Aim: To study the effect of carbon dioxide (CO,)
therapy on the nitric oxide (NO) pathway by monitoring
plasma asymmetric dimethylarginine (ADMA) concentrations.
Patients and Methods: Forty-seven hypertensive patients who
underwent transcutaneous CO, therapy were enrolled. Thirty
healthy individuals were recruited for the control group.
Blood samples were taken one hour before, as well as one
hour, 24 hours and 3 weeks after the first CO, treatment.
Controls did not undergo CO, treatment. Plasma ADMA
levels were measured by ELISA. Results: ADMA levels
decreased significantly one hour after the first CO2 treatment
compared to the baseline concentrations (p=0.003).
Significantly greater reduction was found among patients in
whom angiotensin converting enzyme inhibitors (ACEIs) were
administered (p=0.019). Conclusion: The short- and long-
term decrease of ADMA levels suggests that CO, is not only
a vasodilator, but also has a beneficial effect on the NO
pathway. ACE inhibition seems to enhance the effect of CO,
treatment.

Transcutaneous administration of carbon dioxide (CO,),
further referred to “CO, therapy” has been used for curative
purposes since 1932 (1). CO, passes freely through
membranes and has a well-known vasodilation effect. Both
in vitro and in vivo studies have demonstrated a rightward
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shift of the oxygen-hemoglobin (O,-Hb) dissociation curve
after administration of CO,. This “artificial Bohr-effect”
seems to be responsible for decreased pH and increased
partial pressure of oxygen (PO2) demonstrated in tissues after
CO, therapy (2). These effects have been confirmed by
Minamiyama and Yamamoto by using intra-vital microscopy
video images to demonstrate subcutaneus vasodilation after
CO, administration (3). In addition, CO, has been shown to
increase blood flow rate in the observed subcutaneus vessels
(3). Taking advantage of its easy use, low cost and high
efficiency, CO, treatment is used to cure several diseases
notably, peripheral arterial and venous disorders (e.g.,
claudication, lower limb ulcer, etc.), heart diseases (e.g.,
hypertension, heart failure, efc.) and immunological disorders
(e.g., Raynaud’s syndrome, Sudeck’s disease, etc.) (4, 5).
The pathophysiological link between these conditions is
the presence of excessive oxidative stress. Investigating the
relation between oxidative stress and CO,, Veseld and
Wilhelm found CO, to play a protective role in scavenging
free radicals and suppressing oxidative metabolism (6).
Asymmetric dimethylarginine (ADMA) is an endogenous
nitric oxide synthase (NOS) inhibitor. Increased plasma
ADMA concentrations were shown in patients with classic
cardiovascular risk factors (e.g., hypertension, diabetes
mellitus, smoking, obesity, efc.) (7, 8). Its outstanding
predictive value in cardiovascular risk assessment, already
demonstrated by several authors, has been confirmed by a
recent systematic review involving nearly 20,000
individuals. Willeit et al. showed a 1.42 risk ratio of adverse
cardiovascular disease (CVD) outcomes comparing ADMA
values of the top tertile with the bottom tertile (9, 10).
Furthermore, strong correlations were found between ADMA
levels and intima-media thickness and ADMA levels and
aortic augmentation index, which are early markers of
endothelial dysfunction (11, 12). Not only is ADMA capable
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of indicating endothelial dysfunction, but also uncoupling
electron transport between NOS and L-arginine. It also
inhibits NO formation and induces vascular free radical
production leading to increased oxidative stress (13).
Accordingly, ADMA is a useful tool for studying the NO
system especially in conditions with inflammation and
oxidative stress (14).

ADMA is produced intracellularly, as a result of methylated
protein  degradation, and metabolized mainly by
dimethylarginine dimethylaminohydrolase enzyme (DDAH).
Expression and function of DDAH is impaired by several
conditions, e.g. increased glucose levels, hypercholesterinemia,
hyperhomocysteinemia and inflammatory milieu (15).
Furthermore, loss of efficiency of DDAH is directly
proportional to the severity of oxidative stress (16). In short,
ADMA is considered as a marker and mediator of oxidative
stress and an indicator of vascular well-being.

Patients and Methods

Study design. The present study has been performed at our ISO 9001
accredited Cardiology Rehabilitation Inpatient Unit from April 2016
to November 2016. Non-smoker, abstinent, hypertensive patients
with an ejection fraction over 55% were enrolled. Patients who had
previously received CO, therapy were excluded. Moreover, patients
who had suffered from myocardial infarction, stroke or undergone
open surgery less than a year before the study were also excluded.
Additionally, individuals diagnosed with cancer or kidney injury
were also excluded. To monitor the changes of plasma ADMA
concentrations, blood samples were obtained one hour before and 1
hour, 24 hours and 3 weeks after the first CO, treatment,
respectively. The patients received three transcutaneous CO,
treatments per week for 3 weeks. CO, gas was administered for 35
minutes in a plastic bag sealed at mid-thoracic level, as previously
described by Fabry et al. (4). Clinical data (medical history, age,
weight, height, drugs, ejection fraction, laboratory data, etc.), were
registered by the same investigator, respectively. Healthy individuals
were recruited for the control group. Controls did not undergo CO,
treatment. Only one sample was obtained from controls.

Informed written consent was obtained from every patient. The
study protocol was approved by the Regional Ethics Committee of
University of Pécs, Pécs, Hungary (Permission No.: 5919.), in
accordance with the 2008 Helsinki declaration.

Sampling and measurement of ADMA. Venous blood samples were
taken into K-EDTA-containing tubes using a closed blood sampling
system (Becton Dickinson Vacutainer; Becton Dickinson, Franklin
Lakes, NJ, USA). After centrifugation (1,500 x g, 10 min) plasma
was collected and stored at —70°C until analysis.

Plasma ADMA concentrations were determined by using
enzyme-linked immunosorbent assay (ELISA) method (product No:
MBS264847; Mybiosorce, San Diego, CA, USA). The measuring
range of the assay was 0.078-5.0 pumol/l. Measurements were
performed according to manufacturer’s protocol.

Statistical analysis. Statistical analysis was performed by IBM SPSS

Statistics for Windows Version 22 (IBM Corp., New York, NY,
USA). According to Shapiro-Wilk test, ADMA samples showed
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normal distribution and, thus, error bar was used to demonstrate
results (95% confidence interval for mean). Independent sample #-
test was used to compare the ADMA levels of patients with those
of the ADMA levels of the controls. Differences during the follow-
up were investigated by paired-sample #-test. To reveal correlations,
the Pearson’s correlation test was used. All p-values less than 0.05
were considered statistically significant.

Results

We enrolled 47 patients and 30 controls. Clinical characteristics
of the subjects are shown in Table I. Baseline plasma ADMA
concentrations were significantly higher in the patients
compared to the controls (0.41 pmol/l vs. 0.35 umol/l;
p=0.018). Patients suffering from diabetes mellitus had
significantly higher baseline plasma ADMA concentrations
compared to non-diabetic patients (0.47 pmol/l vs. 0.37 umol/l;
p=0.038). Relatively weak but significant positive correlation
was found between baseline ADMA levels and age (p=0.011,
r=0.392).

ADMA levels decreased significantly one hour after the
first CO, treatment compared to the baseline concentrations
(»=0.003; Figure 1). Twenty-four hours after the treatment,
ADMA levels increased approximately to the baseline.
Comparing ADMA concentrations measured 1 and 24 hours
after the first CO, treatment, a modest but statistically not
significant increase was observed. After receiving 9 CO,
treatments in an interval of 3 weeks, ADMA levels were
found to be modestly lower than the baseline (p=0.210).

We investigated the effects of baseline medication
(angiotensin converting enzyme inhibitors (ACEIs),
angiotensin II receptor blockers, beta-receptor blockers,
diuretics, antidiabetics, antiplatelet therapy, proton pump
inhibitors, H2-receptor blockers) on the lowering of ADMA
levels that was demonstrated one hour after the first CO,
treatment. Significantly greater reduction was only found
among patients in whom ACEIs were administered (p=0.019).
Other medications showed no effects on ADMA levels.

Discussion

In the present study, we investigated the effect of CO, therapy
by monitoring ADMA levels in patients with cardiovascular
diseases. The observed baseline elevation in ADMA
concentration is probably due to the ongoing disease. Young
individuals were enrolled as controls to rule out possible
undiscovered diseases that could alter ADMA concentrations.
In line with literature data, elevated ADMA levels were found
in patients suffering from diabetes mellitus and positive
correlation was found between ADMA and age (7, 12).

To the best of our knowledge, this is the first study
investigating the effect of CO, treatment on ADMA levels.
The prompt decrease of ADMA levels demonstrated 1 hour
after CO, treatment indicates that the treatment had
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Table 1. Clinical characteristics of the participants.

Control group  Patient group  p-Value
(n=30) (n=47)

Mean age, years 28+8.4 67x12.7 <0.001
Male, n (%) 13 (43) 20 (43) 0.808
Diabetes type 2, n (%) - 18 (38) -
CABG, n (%) - 10 (21) -
MI, n (%) - 8 (17) -
BMI, kg/m? 252438 29.1+4.7 0.706
WBC count, G/l 6.53+1.81 6.12+1.36 0.238
ADMA 0, umol/1 0.35+0.07 0.43+0.03 0.018
ADMA 1h, pmol/l - 0.38+0.02 -
ADMA 24h, pmol/l - 0.41+0.03 -
ADMA 3w, umol/l - 0.40+0.08 -

CABG, Coronary artery bypass surgery; MI, myocardial infarction;
BMI, body mass index; WBC, white blood cells; EF, ejection fraction;
ADMA, asymmetric dimethylarginine. Mean+SD values are presented.

beneficial effects on the NO pathway, possibly due to
vasodilation. Thus, ADMA levels can represent the current
vascular state. Such rapid changes have already been
reported previously while monitoring ADMA levels during
on-pump and off-pump cardiac surgery. The authors related
the changes of ADMA concentrations to the intensity of
inflammation and oxidative stress (17). After the initial
decrease of ADMA concentrations, we observed an increase
within 24 hours after the CO, treatment, which may be due
to a rebound effect explained by the subsiding of the
vasodilator effect. In a recent study, Bolevich er al. have
proved that CO, is “a universal inhibitor of oxidative stress”
(18). Reduced oxidative stress results in an increased
efficiency of DDAH leading to decreased ADMA levels (16).
In line with these findings, long-term CO, treatment can
decrease the production of reactive oxygen species, which is
indicated by the decreasing tendency of ADMA observed
after receiving 9 CO, treatments within 3 weeks.

Besides presenting the changes of ADMA levels after CO,
treatment, significantly greater short-term ADMA reduction
was found among 25 patients in whom ACEIs were
administered. Only a few studies have investigated the
relation between ADMA and ACEIs. Veresh et al. showed
that ADMA activates the renin-angiotensin-aldosterone
system (RAAS), which leads to vasoconstriction and
increased oxidative stress (19). Moreover, Ito et al. found
reduced ADMA levels among hypertensive patients after
being treated with ACEIs (20). Napoli et al. investigated the
influence of zofenopril on oxidative stress. ADMA and
malondialdehyde (MDA) were used to monitor the oxidative
changes. After administering zofenopril, both ADMA and
MDA levels decreased. The authors suggest that zofenopril
alters the NO pathway and reduces oxidative stress (21).
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Figure 1. Plasma ADMA levels (mean and SD) of the involved controls
and follow-up of the patients. ADMA, Asymmetric dimethylarginine;
n.s., not significant; baseline, before the first CO, treatment; 1h, one
hour after the first CO, treatment; 24h, 24 hours after the first CO,
treatment; 3w, 3weeks after the first CO, treatment.

Moreover, ACEIs have been shown to stimulate NO
production through their “bradykinin-sparing” property (22,
23). Interestingly, in the present study, baseline ADMA levels
were not shown to be significantly lower in patients receiving
ACEIs compared to those without ACEIs. However,
according to our results and previous findings, ACE inhibition
is not only protective against oxidative stress, but it can also
improve vascular reactivity demonstrated by the short-term
changes of ADMA after CO, treatment.

It must be mentioned that this study has certain
limitations, such as a relatively small sample size and
investigating only ADMA levels. Further research involving
more individuals and markers could be useful to examine the
relation between CO, treatment and oxidative stress in more
detail.

Conclusion

The short- and long-term decrease of ADMA levels suggests
that CO, is not only a vasodilator, but also has a beneficial
effect on the NO pathway, possibly by reducing oxidative
stress. ACE inhibition seems to enhance the beneficial effect
of CO, treatment, most likely due to decreased activation of
RAAS and its vasoprotective effects.
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