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Abstract: The demand for the development of novel medicines with few side effects and no proar-
rhythmic properties is increasing. Extensive research on herbal extracts has been conducted with
the expectation that the compounds will exert precise effects without harmful side effects. Elsholtzia
ciliata (Thunb.) Hyl. essential oil (EO) possesses antiarrhythmic properties similar to those of class 1B
antiarrhythmics, such as prolonging myocardial activation of the QRS complex and shortening the
QT interval. In this study, we determined the kinetic profile of EO phytocompounds and the effects
of EO on heart electrical activity and arterial blood pressure. For this study, we chose to use local
breed pigs that were anaesthetized. The effects of an intravenous bolus of EO on ECG parameters,
arterial blood pressure, heart rate variability, and blood levels of haematological and biochemical
parameters were registered and evaluated. Following an intravenous injection of a bolus, EO exerted
a vasodilatory effect, resulting in significant reductions in arterial blood pressure. EO also increased
the heart rate and altered ECG parameters. The bolus of EO prolonged the QRS complex, shortened
the QT interval, and nonmonotonically altered the PQ interval. After the administration of a bolus of
EO, the activity of the autonomic nervous system was altered. This study confirms that EO possesses
similar properties to class 1B antiarrhythmics and exerts a hypotensive effect; it reduces arterial blood
pressure possibly by modulating peripheral vascular resistance.

Keywords: antiarrthythmic effect; electrophysiological effect; Elsholtzia ciliata (Thunb.) Hyl.; essential
oil; herbal medicine; haemodynamic effect; hypotensive effect; Sus scrofa domesticus

1. Introduction

Modern Western society is affected by an increasing number of cardiovascular diseases,
including arrhythmias, ischaemic heart disease, and high blood pressure [1-3]. Cardiac
arrhythmias remain a leading cause of morbidity and mortality in developed countries [4].
According to the World Health Organization and other sources, more than 40% of people
over the age of 25 years live with high blood pressure. The highest prevalence in underde-
veloped or developing countries is due to malnutrition and a lack of medicines [5]. Notably,
current pharmaceuticals are not perfect due to proarrhythmic side effects and have not
been shown to reduce mortality in large randomized and placebo-controlled studies [6-8].
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Herbal medications might be an alternative remedy for cardiovascular diseases due to
minimal side effects and their ability to exert a wide range of pharmacological effects by
targeting various physiological processes.

Essential oils are volatile liquids that contain many chemical compounds, such as
oxygenated monoterpenes, monoterpene hydrocarbons, oxygenated sesquiterpenes, and
sesquiterpene hydrocarbons [9,10]. Essential oils possess antibacterial [11-14], antioxi-
dant [15,16], anti-inflammatory [17], antiviral, and antifungal [18] activities. According
to scientific data, essential oils reduce stress [19], inhibit cancer cell growth [20], decrease
pain [21], and promote wound healing [22]. The flowering plant Elsholtzia ciliata (Thunb.)
Hylander of the family Lamiaceae is native to Asia and is also found in Africa, North Amer-
ica, Europe, and India [23]. E. ciliata is widely used in folk medicine due to its antibacterial,
anticancer, and anti-inflammatory properties [24].

E. ciliata essential oil (EO) consists of approximately twenty organic components (see
Table S1 [25]). Previously, our team identified and patented the antiarrhythmic effect of
the extract from the whole plant of E. ciliata [26,27] in the isolated heart; because the whole
organism is a perfectly balanced system with protective, compensatory, and activating
mechanisms, herbal extracts must be tested in an animal model in vivo. In this study, we
investigated the effects on not only the heart, but also the vascular system. The aim of this
study was to investigate the antiarrhythmic effect of EO and to evaluate its effects on the
cardiovascular and haemodynamic systems in vivo in the anaesthetized pig.

2. Results
2.1. Effect of Elsholtzia ciliata on ECG Parameters

After an intravenous injection of a bolus of EO (30 uL/kg), ECG parameters were
recorded and subsequently evaluated to characterize the effect of the herbal substance on
the electrophysiological functions of different parts of the heart. Data on ECG parameters
are presented at times consistent with the analysis of the kinetic profile of EO phytocom-
pounds (see the Methods), except in special cases. ECG recordings at different times are
presented in Figure 1a.

The biphasic effect of EO on heart rate (HR) was observed in the study. After the intra-
venous injection of the bolus, HR increased (p < 0.05) immediately to 114.82 4 23.11 bpm at
T2 compared with a control value of 92.02 &= 12.00 bpm. Thereafter, HR started to decrease
and approached the control value of 91.41 + 11.28 bpm at T10, followed by a further
decrease, and the HR was 86.83 £ 15.16 bpm at T30 (Figure 1b).

The QRS complex reflects the propagation of electrical impulses in the ventricles.
After an intravenous injection of the bolus of EC, the QRS complex became significantly
prolonged (p < 0.05) at T3, reaching a maximum value of 0.0565 £ 0.0099 s compared with
the control value of 0.0531 & 0.0083 s. After T7, the QRS complex gradually shortened but
remained nonsignificantly longer than that of the control (Figure 1c).

The PQ interval mainly reflects atrioventricular node passage, i.e., the time it takes
for an electrical impulse to travel from the sinus node across the atrioventricular node
until it enters the ventricles. This parameter is measured on ECG recordings from the
beginning of the P wave to the Q wave. In the present study, following an intravenous
injection of a bolus of EO, a transient increase was observed in the PQ interval at T0.5 to a
value of 0.1030 £ 0.0013 s from a control value of 0.1006 £ 0.0088 s, followed by a decrease
to the minimum value of 0.0907 £ 0.0082 s at T2. The PQ interval was then lengthened
and approached the control value at T10; after this transient shortening, the PQ interval
increased to a value higher than that of the control. At T30, it was nonsignificantly longer
than that of the control (Figure 1d).
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Figure 1. Effect of an intravenous injection of an EO bolus on cardiac electrical activity in swine.
Changes in electrocardiogram parameters over time compared to the control: cardiac cycle ECG
recordings at different times after the administration of the EO bolus (a); HR (b); QRS complex
(c); PQ interval (d); QTc interval (e) and JT interval (f). The data are presented as percent changes
compared to the control. The insets show data from a representative experiment. * p < 0.05 indicates
a significant difference from controls, n = 8.

The change in the QTc interval during the study was the only parameter for which
statistically significant changes compared with the control (p < 0.05) were observed through-
out the acquisition period of 30 min. After an intravenous injection of the EO bolus, the
QTc interval showed a significant nonmonotonic decrease. The minimum QTc interval
duration was 0.3849 =+ 0.04510 s at T3, which was shorter than the control measurement
of 0.4270 % 0.0603 s. After this time point, the interval gradually increased but remained
significantly lower than that of the control (Figure le).
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The JT interval represents the repolarization process. After an intravenous injection of
the EO bolus, the JT interval was significantly shortened (p < 0.05) from the control value of
0.2922 £ 0.0462 s to its minimum value of 0.2268 + 0.0299 s at T3, followed by a gradual
return to a level close to the control value (Figure 1f).

The average data for other ECG parameters are presented in the supplements. The RR
interval decreased significantly after an intravenous injection of an EO bolus (Figure S1a).
The amplitude of the T wave varied nonmonotonically but remained elevated compared
with that of the control (Figure S1b). The kinetics of the QT interval duration after EO bolus
administration are presented in the supplements (Figure Slc).

2.2. Effect of EO on Arterial Blood Pressure

Following an intravenous injection of an EO bolus, a significant reduction in arterial
blood pressure (p < 0.05) was observed. The change in mean arterial blood pressure (MAP)
after intravenous injection of the bolus after normalization to the control is shown in
Figure 2a. From a control value of 80.65 £ 14.97 mmHg, MAP decreased immediately
after the bolus was administered to its lowest value of 44.39 £ 8.06 mmHg recorded at
T1. Thereafter, an increase in arterial blood pressure was observed; at T3, MAP increased
to 65.62 &= 15.34 mmHg, and a delayed lower hypotensive effect of 62.91 + 19.45 mmHg
was subsequently measured at T7. The hypotensive effect decreased thereafter, but MAP
remained lower than that of the control throughout the experiments.
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Figure 2. Effect of an intravenous injection of an EO bolus on arterial blood pressure in pigs. The
changes in MAP (a), SAP (b), DAP (c), and PP (d) after intravenous bolus administration are presented
as percent changes compared with the control. * p < 0.05 indicates a significant difference from
controls, n = 8.

A similar change in arterial blood pressure kinetics was observed when measuring
systolic (SAP) (Figure 2b) and diastolic (DAP) (Figure 2c) arterial blood pressure. The
change in pulse pressure (PP) was non-significant, but it should be noted that PP was
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elevated during the first two minutes (Figure 2d). This initial increase in PP may indicate
that the initial decrease in DAP was greater than that in SAP.

2.3. Evaluation of the Relationship between Blood Pressure and HR after the Administration of the
EO Bolus

We analysed the kinetics of changes in blood pressure and HR during the initial
exposure after EO bolus administration to evaluate the relationship between blood pressure
and the HR. Figure 3 shows the blood pressure and HR kinetic curves. The values of these
parameters were recorded every 5 s within an interval of 1 s. The hypotensive effect of the
EO bolus on MAP occurred earlier than the increase in the HR.
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Figure 3. Interdependence of blood pressure and HR after intravenous administration of the EO
bolus in pigs. (a) The relationship between blood pressure and HR components after administration
of the EO bolus (all curves were fitted with sigmoidal logistic curves). The numbers next to the curves
indicate the half-lives from the start of administration of the EC bolus. (b) The curves for the two HR
components that were fitted with an asymmetric Gaussian curve (first component, HR1) and with a
sigmoidal logistic curve (second component, HR2), n = 4.

During analysis of the data for each experiment, logistic sigmoidal curves were used
to approximate the decrease in blood pressure and increases in two HR increase and to
calculate their half-lives t; . The t;,, obtained from the curves of the increases in HR
increase were compared with the t; /, of the sigmoidal curve of the decrease in arterial blood
pressure to assess their onset of action. Mathematical subtraction of the first component of
the increased HR was performed by approximating it with an asymmetric Gaussian curve
to calculate the second phase of the increase in HR. The first component of the increase
in HR was not observed in all experiments; however, in 4 experiments, it was sufficiently
large to estimate the data by approximation with the sigmoidal curve.

The sigmoidal curve showing decreased MAP with a t;/, of 25.58 £ 5.90 s and slope
of —0.275 £ 0.095 was calculated. The two components of the increase in HR are presented
in two separate sigmoidal logistic curves. The initial transient phase of the curve showing
increased HR had a t;/, of 27.60 & 4.85 s and slope of 0.339 & 0.072, and the second curve
showing a delayed increase in HR had a t; /» of 73.01 £ 12.05 s and slope of 0.102 + 0.032.

2.4. Effects of EO on Heart Rate Variability

Heart rate variability (HRV) was analysed in the study to evaluate the changes in
autonomic nervous system activity. After an intravenous injection of an EO bolus, a
sudden change in all frequency domains of HRV parameters was registered (Figure 4),
with maximal changes observed at T2; after this point, all registered parameters returned
almost to the control values. Moreover, after the administration of the EO bolus, the ratio
of low frequency (LF) power to total power was reported as the percent change (Figure 4b)
from the control measurement and ranged from 1.05 + 0.90% to 27.50 £ 10.23% at T2. The
opposite change was observed in the ratio of high frequency (HF) to total power (Figure 4c)
measurements from the control and was 98.83 + 0.93%, which decreased to 40.07 & 33.17%.
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After bolus-induced changes, the low frequency-to-high frequency ratio (LF/HF) increased
from the control value of 0.01 & 0.01 to 2.33 £ 2.79 (Figure 4d). These data show a clear
change in the activity of the autonomic nervous system after the administration of the EO
bolus. The values of time-domain parameters and their changes after bolus administration
are presented in the supplements (Table S2).
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Figure 4. The effects of an intravenous injection of an EO bolus on the frequency domain of pig HRV.
Ratio of very low frequency power (VLF) to total power of frequency (Tot P) (a), changes in the ratio
of the LF component to total frequency power (b), changes in the ratio of HF to total frequency power
changes after the administration of the EO bolus (c), and LF/HF (d). * p < 0.05 indicates at significant
difference compared to the control, n = 8.

2.5. Kinetic Profile of EO Phytochemicals after Intravenous Bolus

EO, which consists of more than 20 phytocompounds (Figure S1), with the main
compounds identified as the ketones DEK and EK, was used in the study. We analysed
the kinetic profile of the ketones. The plots of plasma concentration against time showed
peaks for DEK and EK at retention times (RTs) of 3.61 min for DEK and 3.74 min for EK.
Plasma concentrations were calculated by estimating the peak area, and the mean data from
8 experiments are reported in auxiliary units (Figure 5). After summing the results, two
peaks that occurred at the T0.5 and T2 time points were registered. The maximum value
of DEK was 674.86 & 970.13 a.u. measured at time point T0.5 (Figure 5a). Similar kinetics
of EK with a maximum value of 25.98 £ 38.82 a.u. were measured at T0.5 (Figure 5b).
A monotonic decrease in the concentrations of both ketones was observed beginning at
time point T3. This decrease in concentrations at time points ranging from T3 to T30
was estimated by averaging the data and using a double exponential function, with time
constants of 3.2 min and 35.2 min for DEK (Figure 5c) and 5.8 min and 303.6 min for EK
(Figure 5d).



Pharmaceuticals 2022, 15, 982

7 of 17

a b
1800 - 80 -
1500 -
60 -
1200 - =
3 900 s -
ﬁ 600 - i - _o
0 300
0 S5-o o . O o o o 0 oo o Q o ol o o)
478 10 20 30 10 20 30
Time (min) Time (min)
. 80 d 5
70 ]s ¢
3 @] 2 ¥
S 501 e S 3
X 40 - X -
3 30 - - o w2 4 . e
20 - e YY——_
10 (o] o Py 1 1
;, L ]
0 L] T 1 0 T T 1
0 10 20 30 0 10 20 30
Time (min) Time (min)

Figure 5. Pharmacokinetics of the E. ciliata ketones DEK and EK after intravenous administration
of the EO bolus in swine. Time courses of DEK (a) and EK (b) in auxiliary units. The kinetics of
decreases in the DEK (c) and EK (d) concentrations were approximated using the double exponential
function (lines) (the same data as in (a,b) are shown at higher magnification), (circles)—experimental
points indicate concentrations in a.u. (a-d), n = 8.

The variation in the double exponential curves indicated that two processes that
decrease the concentrations occurred that might be related to ketone elimination and
metabolism. One explanation for the decrease in the parental ketone concentrations may
be their efficient metabolism in the liver, similar to that of other furan ring compounds.
A spectral analysis of the ketones revealed the appearance of new peaks with different
retention times. During the analysis of DEK, additional peaks appeared at retention times of
2.3 min and 2.8 min, possibly representing DEK metabolites. We observed a time-dependent
increase in the peak amplitude of DEK metabolites (Figure 6a,b). The average data for DEK
metabolites were normalized to the maximum value and were approximated using the Hill
equation, which is a time response function. The metabolite at an RT of 2.3 min had the
following Hill equation parameters: t; ,, = 10.8 min and Hill coefficient 1 = 1.8 (Figure 6¢);
the metabolite at RT 2.8 min had a t; /» = 14.03 min and 1 = 2.6 (Figure 6d). The correlation
coefficients characterizing the quality of the fit of the Hill equation to the experimental
data were R? = 0.997 and R? = 0.999 for the metabolites that occurred at RTs of 2.3 min
and 2.8 min, respectively. Logistic sigmoidal curves of the data were also obtained but
had smaller correlation coefficients of 0.985 and 0.995, respectively, compared with the Hill
curve; the data are not shown.
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Figure 6. Kinetics of E. ciliata DEK metabolite after an intravenous administration of the EO bolus in
swine. Kinetics of the DEK metabolites with RTs of 2.3 min (a) and 2.8 min (b), (circles) experimental
data points reported in a.u. Kinetics of DEK metabolites at RTs of 2.3 min (c) and 2.8 min (d),
normalized and average data were fitted using the Hill time response function (lines). n = 8.

Similarly, a new peak at an RT of 1.3 min was observed in the pharmacokinetic analysis
of EK, although its amplitude was small and close to the measurement resolution, and
these data were not analysed and are not shown.

2.6. The Effect of EO on Blood Parameters

Blood levels of haematological and biochemical parameters were examined during
the study. All studied parameters and their values are presented as the means + SEM
in Table S3, and most of the studied parameters changed nonsignificantly. The white
blood cell (WBC) counts decreased significantly (p < 0.05) to 10.23 £ 2.11 10° cells L~ ! and
10.38 + 2.82 10° cells L~ ! at T1 and T5, respectively, from the control value of 12.24 + 2.47
10? cells L~ 1. Moreover, a significant decrease in the platelet (PLT) count was observed
immediately after the injection (T1) from the control value of 318.25 + 75.97 10° platelets
L1 t0290.38 & 76.02 10” platelets L.

During the study, the EO bolus significantly (p < 0.05) increased the blood potassium
concentration from the control K* value of 3.70 & 0.34 mmol/L to 3.88 £ 0.44 mmol/L,
3.90 £ 0.42 mmol/L, and 3.93 £ 0.44 mmol/L at T1, T5, and T30, respectively. Throughout
the experiment, the K* level tended to increase but did not exceed the normal value in pigs.
Changes in blood gas parameters after EO administration were evaluated in venous blood.

3. Discussion

Eight local pig breeds were used in this study to measure the pharmacological ef-
fects of EO. The effects on electrophysiological parameters and arterial blood pressure
were registered and evaluated in anaesthetized animals to eliminate spontaneous respi-
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ratory movements and other disturbances that might occur in conscious animals. The
arterial blood pressure data measured in the study correspond to pigs of the same age and
weight [28]. Our research has shown that this remedy has electrophysiological features char-
acteristic for antiarrhythmic agent that also appears to act on blood vessels, reducing blood
pressure in pigs. Further preclinical and human studies are needed to determine whether
this herbal substance is an effective treatment for cardiac arrhythmias and hypertension.

The kinetic profile showed a rapid and transient increase in EO ketone concentrations
at time points ranging from 30 s to 3 min in various experiments, followed by an exponential
monotonic decrease in ketone concentrations, which was well estimated using a dual
exponential function, possibly due to the elimination and metabolism of the parental
ketones. A rapid transient increase in ketone concentrations is possibly associated with the
rapid 10-s intravenous administration of the bolus. EO compounds are highly lipophilic,
and these compounds may interact with cells in the blood or organs in various systems
and thus participate in pharmacological processes [29,30].

The correlation between the in vivo results and the EO chemical composition might
be attributed to the main volatile compounds—EK and DEK. After an initial increase,
monotonic decreases in DEK and EK concentrations were noticed, suggesting that both
ketones from EO were possibly rapidly eliminated from the blood and/or metabolized
in the liver, similar to other substances with furan rings in their structures [31]. New
compounds detected at RTs of 1.3 min, 2.3 min, and 2.8 min that were possible metabolites
of the parent ketones were observed in pharmacokinetic studies. The kinetics of metabolite
formation suggest that the decreases in the concentrations of parental ketones are at least
partially due to metabolism. The metabolites are expected to retain the functional activity
of the parental ketones.

A comparison between obtained retention index (RI) values of E. ciliata compounds
was compared with RIs reported in the NIST Chemistry WebBook and published research
articles [32]. The authors determined the RI values of EK (RI-1199), DEK (RI-1277), germa-
crene D (RI-1480), a-farnesene (RI-1503), and caryophyllene oxide (RI-1583) in E. ciliata [33].
Other authors obtained values for isocaryophyllene (RI-1298), eugenol (RI-1216), (RI-1199),
caryophyllene oxide (RI-1336), and palmitic acid (RI-1286) in EC [24]. Some RIs of volatile
compounds are different, which might be due to the use of slightly different GC-MS
systems and methods.

We used EO, which has been shown to exert antiarrhythmic effects in previous stud-
ies [26]; therefore, in vivo research revealed additional properties of this herbal substance
that might be very beneficial. In this study, we analysed the effects of EO during the first
30 min, and thus only short-term regulation of the cardiovascular system was recorded.
In this study, we attempted to evaluate the mechanism underlying the effect of EO on
cardiac and vascular changes and the organism response to these changes. The effects of
autonomic nervous system (ANS) alterations might compensate for the rapid decrease in
blood pressure.

The administration of an intravenous bolus of EO to pigs in vivo revealed changes in
ECG parameters and a hypotensive effect, and the relationship between these processes
was clarified chronologically. In the present study, after the intravenous injection of the EO
bolus, a decrease in arterial blood pressure was observed and was approximated using a
sigmoidal logistic curve with a t; /; of 25.58 s. This process was followed by a transient
primary increase in HR (HR1) with a t;/, of 27.6 s, possibly due to the ANS response to a
decrease in blood pressure. We suggest that the temporal difference between the decrease
in blood pressure and the increase in HR would be appropriate to generate a response
through baroreceptors [34-37]. The second component of the increase in HR (HR2) was
then observed with a t; /, of 73.01 s. The occurrence of the second component of the increase
in HR is probably explained by a slower delayed response from the cardiovascular centre
to the adrenal medulla, where catecholamines (noradrenaline and adrenaline) are released,
which activate the heart and increase HR [38,39].



Pharmaceuticals 2022, 15, 982

10 of 17

Activation of the sympathetic nervous system is reflected in not only changes in
HR but also ECG parameters in the PQ range [40], which mainly represents conduction
across the atrioventricular node. The changes in the PQ interval recorded in our study
are multiphasic, with a very rapid increase in the PQ interval after the intravenous bolus,
possibly resulting from a direct effect of EO on atrioventricular node activity by slowing its
conduction through blockade of the L-Type Ca?* current. A similar effect has been reported
in isolated rabbit hearts after exposure to higher concentrations of EO [26]. The effects of
changes in the PQ interval are shown in Figure 3b and the insert from the representative
experiment. Subsequently, the conductance in the atrioventricular node is accelerated,
which may be an effect of the sympathetic nervous system (SNS) activity. The initial
increase in the PQ interval may provide evidence that the decrease in blood pressure
recorded in our study may be due to direct calcium channel blockade in vascular smooth
muscle cells.

In addition to the direct effects of EO on the heart, we observed changes in cardiac
function that may be related to changes in the activity of the ANS caused by baroreflexes
due to a decrease in blood pressure. We measured and evaluated HRV in the present
study to evaluate the effects of EO on the ANS. EO altered the activity of the ANS through
mechanisms that are possibly related to an increase in the dominance of the SNS [40-43].
Higher sympathetic tone and activity are also reflected in the increased LF/HF ratio of
HRYV and the predominance of the LF component of the HRV frequency domain [38,44,45].
Finally, we suggest that after the administration of an EO bolus, the activity of the ANS
is altered, possibly due to an increase in the dominant role of sympathetic tone as a sec-
ondary reflection of a decrease in arterial blood pressure. Most antihypertensive drugs
have been found to alter the ANS and improve sympathetic function in patients by in-
creasing catecholamine (noradrenaline and adrenaline) production [46—48], presumably
through baroreflex-mediated sympathetic activation [49]. Notably, very few researchers
have examined the HRV in pigs in detail and provided clear explanations of its changes;
therefore, we propose that our HRV data might be used to assess the importance of changes
in the pig ANS in regulating the cardiovascular system.

The visible effect of an intravenous injection of an EO bolus on electrocardiogram
parameters may suggest that the EO modulates the electrical activity of the heart and
possibly blocks Na* currents and alters Ca?* and K* channels, resulting in prolongation of
the QRS complex, shortening of QT interval, and modulation of PQ intervals. The results
of this study and previous studies with an isolated rabbit heart [26] may indicate that EO
possess similar properties to class 1B antiarrhythmics [50] that alter the electrophysiological
properties of the heart primarily by blocking the first derivative of the upstroke of cardiac
action potential. This is good, but not a direct measure of the Na* transmembrane current
and the prolonging of the QRS complex. In our study, EO altered other ECG parameters,
which may be related to changes in Ca?* and K* transmembrane currents. The initial in-
crease in the PQ interval and long-lasting shortening of the QTc interval might be explained
by the inhibitory effect of EO on the L-type Ca?* current, which slowed the propagation of
electrical impulses in the atrioventricular node [51] and shortened action potentials in the
ventricular myocardium. Apparently, the shortening of the QTc interval is caused not only
by blocking calcium channels but also by activating potassium channels [52]. The present
study showed a significant increase in blood potassium levels after EO administration and
an increase in T wave amplitude on ECG, which supports the assumption of increased
activity of K* currents [53]. Elevated potassium levels may also support the hypothesis
that hyperpolarizing potassium currents reduce the influx and level of calcium in vascular
wall cells, leading to vascular relaxation and lower blood pressure [53,54]. However, this
mechanism is not clear from the data of this study only. Further studies to investigate and
elucidate this mechanism using isolated cardiac myocytes are needed.

In the present study, during the first two minutes after the EO bolus a greater decrease
in diastolic blood pressure was observed than in systolic blood pressure, and it may
indicate that EO directly reduces systemic vascular or total peripheral resistance by acting
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on peripheral blood vessels [5,55]. This effect may be due to a direct blockade of the calcium
channels of smooth muscle cells of arterial vessels, as well as other mechanisms regulating
Ca?* entry that are involved in reducing the membrane potential, such as activation of K+
transmembrane currents [56]. The data additionally show a decrease in the action potential
duration in isolated rabbit hearts exposed to low EO concentrations [26], possibly due to
increased potassium channel activity, as no modulation of atrioventricular node conduction
was observed after treatment with such low doses of EO. Thus, action potential shortening
at low EO concentrations could not be explained by direct blocking of Ca?* channels, but
already shortened action potentials can, by themselves, reduce the inward Ca®* current.

We revealed that EO reduces the number of leukocytes, which was confirmed by
previous in vitro studies in which the researchers noted that the components of EO had
anti-inflammatory properties. All Elsholtzia ciliata essential oils tested in other studies
showed anti-inflammatory properties, from both stem and flower. Essential oils most
effectively suppressed TNF-oc and IL-6-related pathways. Leaf essential oils, which blocked
PGE-2 secretion to the greatest extent also exerted anticancer, antifungal, antimicrobial, and
nontoxic effects on cells in cell cultures [25,57,58].

E. ciliata consists of approximately twenty organic components and at the highest
proportions are the two parent ketones: dehydroelsholtzia ketone (DEK; 78.15%) and
elsholtzia ketone (EK; 14.12%). According to the literature, no studies have reported
the pharmacological effects of EK and DK on the heart and blood vessels. Additionally,
large numbers of sesquiterpenes, such as 3-bourbonene, isocaryophyllene, 3-cubebene,
ledene, a-caryophyllene, x-cubebene, germacrene D, trans-x-bergamotene, x-farnesene,
y-cadinene, 5-cadinene, and caryophyllene oxide are also present in EO. The cardiac prop-
erties of sesquiterpenes presented in EO have not been previously reported in the literature.
Sesquiterpenes such as jatamansone isolated from the rhizomes of Nardostachys jatamansi
showed antiarrhythmic and anticonvulsant activities [59]. Farnesol exerts biological effects,
including cardioprotective, antioxidant, and antiarrhythmic properties [60]. Nerolidol
attenuated myocardial infarction in an isoproterenol-treated rat model and exerted a sig-
nificant effect on protecting the heart by maintaining endogenous antioxidant enzyme
activities [61].

4. Materials and Methods
4.1. Animals

All animal usage, care, housing, and procedures were performed in accordance with
the EU Directive 2010/63/EU on guidelines for the protection of animals used for scientific
purposes and were approved (Permission No. G2-171) by the Lithuanian Commission on
the Ethics of the Use of Experimental Animals at the State Food and Veterinary Services.
The animal studies are reported in compliance with the ARRIVE guidelines [62]. Animals
were maintained in the Lithuanian University of Health Sciences (LUHS) Biological Re-
search Centre facility approved by the State Food and Veterinary Services Animal Welfare
Department.

Lithuanian local breed pigs (1 = 8) weighing 32 & 1.9 kg were used in the experiments
conducted in autumn 2021. Pigs were housed in the LUHS Biological Research Centre
under 12/12 h light/dark cycles, were fed ad libitum, and had free access to water. During
the procedure, animals were premedicated by administering intramuscular injections of
xylazine hydrochloride 3 mg/kg (Sedaxylan, Eurovet Animal Health, Bladel, The Nether-
lands), ketamine hydrochloride 20 mg/kg (Ketamidor, Richter Pharma, Wels, Austria),
and fentanyl citrate 3 ug/kg (Fentanyl-Kalceks, Riga, Latvia). Pigs were anaesthetized by
intravenously injected 8 mg/kg thiopental sodium (Thiopental VUAB, Czech Republic)
and intubated using a 6-in tracheal cuffed tube (tracheal tube, Intersurgical, London, UK).
During all procedures, analgesia was infused continuously using a pump (Draeger, Liibeck,
Germany). General anaesthesia was maintained via inhalation of sevoflurane (Sevoflo,
Abbot, Abbot Park, IL, USA). All experimental tests started 40 min after intubation to avoid
the cardiovascular effects of anaesthetic drugs. Anaesthesia was monitored every 5 min
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during the procedure, and the records are stored at the Biological Research Centre. An
arterial catheter (16 G 2.2 mm x 20 cm, Arrow, Telflex, Wayne, PA, USA) was inserted into
the right carotid artery with a modified Seldinger technique. The same technique was used
to place a central venous catheter (18 G; 2.2 mm X 20 cm, Arrow, Telflex, Wayne, PA, USA)
into the internal jugular vein.

4.2. Materials

E. ciliata herbs were collected in August 2021, and the EO extract was prepared prior
to experiments using previously published methods [25]. The EO was obtained by hydro
distillation from the dried grass of E. ciliata (i.e., during flowering, the whole aboveground
part of the plant—Flowers, leaves, and stems, but not the roots were collected). A stock
solution of E. ciliata (1:1 in ethyl alcohol, anhydrous, >99.8%) was freshly prepared prior
to each experiment. Three experiments were performed under similar conditions using
identical amounts of ethanol. The sodium chloride solution used to prepare the test
solutions in a 1:1 ratio to determine the effects of intravenous alcohol on blood pressure
and cardiac electrophysiological parameters, and the results did not reveal visible effects
on ECG and blood pressure parameters (data not shown).

4.3. Experimental Protocol

A dose of 30 uL/kg EO was injected intravenously into the ear vein as a bolus using a
syringe, and the injection lasted 10 s and was controlled by hand.

4.4. Time of Measurements

First, baseline ECG and invasive arterial blood pressure (IBP) recordings were per-
formed 40 min before the experiment, and the parameters were monitored and recorded
using a Siemens SC 7000 vital parameter monitor (Siemens AG, Munich, Germany). Arte-
rial blood pressure (IBP and noninvasive (NIBP)), pulse, oximetry, and temperature were
monitored using a Draeger Vista 120 (Draeger, Liibeck, Germany). Blood samples for the
plasma analysis were collected through a venous catheter in the following order: TO (zero
time) or control before bolus, T0.5, T1, T1.5, T2, T3, T5, T7, T10, T15, T20, T25, and T30, with
the numbers indicating the minutes after the start of the bolus injection. Blood samples for
blood haematology (Mythic 18 Vet, Woodley, UK) and blood gas analyses using an EPOC
blood analysis system and BGEM test cards (EPOC, Woodley, SK, Canada) were collected
in the following order: TO0, T1, T5, and T30.

4.5. Measured Parameters

Vital signs were monitored (Draeger Vista 120, Draeger, Liibeck, Germany) to obtain
pulse oximetry, capnography, IBP, and NIBP measurements. IBP was measured in the
carotid artery using a Siemens SC 7000 instrument (Siemens AG, Germany). Electrophys-
iological parameters were measured using Power Lab (ADInstruments, Dunedin, New
Zealand) and LabChart 8 Pro software (ADInstruments, Colorado Springs, CO, USA). ECG
parameters, namely, the cardiac cycle length, RR, QRS, PQ, QT, corrected QTc, JT intervals,
T wave amplitude, and HRV were recorded using 5-lead electrocardiography.

HRYV was calculated using the time and frequency domains. Each HRV analysis was
performed using two-minute intervals and assigned to the middle point of this interval.
Three frequency power components in the frequency domain of HRV were calculated: VLF
at frequencies ranging from 0-0.01 Hz, LF at frequencies ranging from 0.01 Hz-0.09 Hz,
and HF at frequencies ranging from 0.09 Hz-2 Hz, and all these components were reported
as a ratio with total power of frequency (Tot P). For the time domain of HRV beat-to-beat
analyses, the standard deviation of RR intervals (SDRR), standard deviation of successive
RR interval differences (SDSD), and root mean square of successive differences (RMSSD)
were obtained. All HRV parameters were determined using the LabChart 8 Pro software
HRV module (ADInstruments, Colorado Springs, CO, USA).
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4.6. Plasma Preparation for the Pharmacokinetic Analysis

Blood samples (1-1.5 mL) were collected into anticoagulant EDTA-treated tubes and
maintained on ice during the experiment until centrifugation. Cells and platelets were
removed from plasma by centrifugation for 15 min at 2000x g (10 °C). The supernatant
(plasma) was immediately collected into a polypropylene tube using a single-channel
pipette, and the plasma samples were maintained on ice during handling. Plasma aliquots
of 0.2 mL were stored at —80 °C until the mass spectrometry analysis.

4.7. Ultraperformance Liquid Chromatography—Electrospray lonization-Tandem Mass
Spectrometry (UPLC-ESI-MS/MS) Analysis of Plasma Samples

Chromatographic separation of plasma samples was performed on an Aquity H—class
UPLC system (Waters, Milford, MA, USA). A BEH C18 (100 x 2.1 mm 1.7 um) column
was used for the separation of ketone compounds and their metabolites. The column
temperature was maintained at 40 °C. Gradient elution was performed using a mobile
phase consisting of 0.1% formic acid water solution (solvent A) and acetonitrile (solvent
B) with the flow rate set to 0.5 mL/min. A linear gradient profile was applied with the
following proportions of solvent A: 0 to 0.5 min, 95%; 3.5 min, 5%; 3.6 min, and back to
95% for a total analysis time of 5 min. The MS/MS analysis of the separated peaks of
compounds was performed with a triple quadrupole tandem mass spectrometer (Xevo,
Waters, Milford, MA, USA). Electrospray ionization was applied in positive mode for
analysis with the following settings: capillary voltage, 4 kV; source temperature, 150 °C;
desolvation temperature, 600 °C; desolvation gas flow, 650 L/h; and cone gas flow, 50 L/h.
IntelliStart software (Waters, Milford, MA, USA) was used to develop a specific collision
energy and cone voltage for each compound of interest. Analytical grade standards
purchased from ChemSpace (Riga, Latvia), EK ketone (3-methyl-1-(3-methylfuran-2-yl)
butan-1-one from ChemFaces (Wuhan, China), and DEK—Naginata ketone were used for
quantitative analysis of DEK and EK concentrations.

4.8. Blood Parameters

The following haematological parameters were measured: WBCs (10° cells L), lym-
phocytes (LYM, % and 10” cells L), monocytes (MON, % and 10° cells L~'), granulocytes
(GRA, % and 10° cells L), red blood cells (RBCs, 10'? cells L~!), haemoglobin (HGB, g/L),
haematocrit (HCT, %), mean corpuscular volume (MCV, Fl), mean corpuscular haemoglobin
(MCH, pg), mean corpuscular haemoglobin concentration (MCHC, g/L), red cell distribu-
tion width (RDW, %), PLT (10° platelets L~!), mean platelet volume (MPV, Fl), procalcitonin
(PCT, %), and platelet distribution width (PDW, %). An EPOC blood gas analyser was used
to measure the concentrations of the following molecules in serum: sodium (Na*, mmol/L),
potassium (K*, mmol/L), calcium (Ca?*, mmol/L), chlorine (C1~, mmol/L), glucose (Glu,
mmol/L), lactate (Lac, mmol/L), blood urea nitrogen (BUN, mg/dL), creatinine (Crea,
mg/dL), and pH. A venous blood gas analysis was performed to assess partial oxygen
pressure (PO, mmHg), partial carbon dioxide pressure (PCO,, mmHg), counted oxygen
saturation (cSO,, %), counted bicarbonate (c(HCO™3, mmol /L), blood total carbon dioxide
(CTCOz, mmHg), and base excess (BE, mmol/L).

4.9. Statistical Analysis

Data are presented as the means + standard deviation (SD). The significance of
differences between the control group and treatment group at various time points was
evaluated using a paired and two-tailed distribution f test in MS Excel 2010 (Microsoft,
Brussels, Belgium). A p value < 0.05 was considered statistically significant. Before the
t test, data was assessed for normality using the Jarque-Bera normality test and Levene’s
test for homogeneity of variance was performed using the Real Statistics Resource Pack for
Excel. In all cases, Levene’s test was statistically insignificant (p > 0.05), allowing us to use
a paired ¢ test.



Pharmaceuticals 2022, 15, 982

14 of 17

During the analysis of the data from each experiment, logistic sigmoidal curves were
constructed to approximate blood pressure and HR and to calculate t; /, from the curves.
The t; /, of the curves showing increased HR were compared with the t; /, of the sigmoidal
curves showing decreases in arterial blood pressure to assess their onset of action. The
increase in HR had two phases. The first component of the increase in HR was not observed
in all experiments; however, in 4 experiments, it was sufficiently large to estimate the
data by approximation with the sigmoidal curve using MS Excel 2010 (Microsoft, Brussels,
Belgium). Mathematical subtraction of the first component of the increased HR was
performed by approximating it with an asymmetric Gaussian curve to calculate the second
phase of the increase in HR.

The average data for DEK metabolites were normalized to their maximum values
and approximated using the Hill equation for the time response function. The correlation
coefficients (R?) characterizing the quality of fit of the Hill equation with the experimental
data were calculated using MS Excel 2010 (Microsoft, Brussels, Belgium).

5. Conclusions

The results of the study confirm that E. ciliata possesses properties similar to those of
class 1B antiarrhythmics and exerts a hypotensive effect by reducing arterial blood pressure
through effects on peripheral vascular resistance.

This dual-acting effect of an agent such as EO may be effective for patients with cardiac
arrhythmias and hypertension. Due to the increasing number of patients diagnosed with
cardiovascular diseases, medicines that have dual activity may be particularly valuable.

Alterations in the autonomic nervous system are the response of an organism to the
hypotensive effect of an EO bolus to increase blood pressure.

In this study, we analysed the short-term effects of an intravenous EO injection. The
investigation of other EO administration methods that might prolong the effects of the
herbal extract would be useful.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph15080982/s1, Figure S1: Effect of an intravenous bolus of EO
on cardiac electrical activity in swine. Changes in electrocardiogram parameters over time: cardiac
cycle ECG recordings at different times after EC bolus: RR interval (a); T wave amplitude (b); and QT
interval (c). The data are expressed as the percent change compared to the control. * p < 0.05 indicates
a significant difference from controls, n = 8; Table S1: Chemical composition of essential oil obtained
by hydrodistillation from E. ciliata dried (2021 August) herb; Table S2: Time domain of HRV changes
after an intravenous bolus of EC in swine. * p < 0.05 indicates a significant difference compared to the
control, n = 8; Table S3: Blood parameter changes after an intravenous EO bolus in swine at different
time points. Mean + SD. * p < 0.05 indicates a significant difference compared to the control, n = 8.
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