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ARTICLE INFO ABSTRACT

Keywords: Background: Investigating the effects of electroacupuncture (EA) treatment on cardiovascular function and aor-
Hypertension tic lipid profiles in spontaneously hypertensive rats (SHR) constitutes the foundational focus of this study. The
Lipid profiles overarching goal is to comprehensively elucidate the alterations brought about by EA treatment and to assess its
Spontaneously hypertensive rats potential as an alternative therapy for hypertension.

Electroacupuncture

Methods: Consecutive EA treatments were administered to SHR, and the effects on systolic blood pressure, cardiac
function, and hypertension-related neuronal signals were assessed. Aortic lipid profiles in vehicle-treated SHR and
EA-treated SHR groups were analyzed using mass spectrometry-based lipid profiling. Additionally, the expression
of Cers2 and GNPAT, enzymes involved in the synthesis of specific aortic lipids, was examined.

Results: The study demonstrated that consecutive EA treatments restored systolic blood pressure, improved car-
diovascular function, and normalized hypertension-related neuronal signals in SHR. Analysis of the aortic lipid
profiles revealed distinct differences between the vehicle-treated SHR group and the EA-treated SHR group.
Specifically, EA treatment significantly altered the levels of aortic sphingomyelin and phospholipids, including
very long-chain fatty acyl-ceramides and ether phosphatidylcholines. These changes in aortic lipid profiles cor-
related significantly with systolic blood pressure and cardiac function indicators. Furthermore, EA treatment
significantly altered the expression of Cers2 and GNPAT.

Conclusions: The findings suggest that EA may influence cardiovascular functions and aortic lipid profiles in SHR.

1. Introduction ing avenue for alleviating hypertension while potentially mitigating
the side effects and toxicity associated with prolonged pharmaceutical
Hypertension poses a significant global health risk, contributing use.

to conditions such as ischemic heart disease, stroke, chronic kid- Acupuncture, practiced for thousands of years in TCM and TKM,

ney disease, and dementia.!»?> Efforts to effectively manage hyper-
tension as a chronic condition are paramount. Currently, conven-
tional treatments primarily focus on achieving optimal blood pres-
sure levels through pharmaceutical interventions, with well-defined
therapeutic mechanisms. While these medications rarely cause life-
threatening side effects, they may lead to various adverse reactions
such as dry cough, edema, flush, dizziness, diarrhea, headache, abdom-
inal pain, increased urination, rapid pulse, and wheezing/shortness of
breath. These adverse effects can significantly impact patients’ daily
lives.>>* As an alternative approach, the Traditional Chinese Medicine
(TCM) and the Traditional Korean Medicine (TKM) offers a promis-

stimulates specific points on the skin known as acupoints to treat vari-
ous diseases.® Currently, acupuncture is recognized by the World Health
Organization (WHO)® as a management strategy for many conditions,
including hypertension.” Numerous clinical and non-clinical studies
have demonstrated the effectiveness of acupuncture in reducing hyper-
tension.® Electroacupuncture (EA), a modern variation of acupuncture,
is gaining attention for its potential as an electroceutical. EA at the PC6
acupoint has shown promising results in improving or alleviating cardio-
vascular disorders such as hypertension,”® myocardial infarction, and
myocardial ischemia, by influencing endogenous opioids and modulat-
ing the autonomic nervous system.®~° However, the precise therapeutic
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Fig. 1. Six consecutive weeks of electroacupuncture treatment decreased the systolic blood pressure in SHR. (A) Schematic of the experimental design and (B) EA
stimulation points. (C) Changes in systolic blood pressure. Data were expressed as means + S.E. *p < 0.05, **p < 0.01, ***p < 0.001. EA, electroacupuncture; WKY,
Wistar-Kyoto rat; SHR, spontaneously hypertensive rat; SHR+EA, EA-treated SHR; ECG, electrocardiogram; SBP, systolic blood pressure.

mechanisms and metabolic changes associated with EA treatment of hy-
pertension remain to be fully understood.

Hypertension presents a multifaceted cardiovascular challenge char-
acterized by consistently elevated blood pressure levels, with implica-
tions ranging from heart disease, stroke, to kidney failure.!~* Under-
standing the intricate connections between lipid metabolism and car-
diovascular health is crucial in recognizing the involvement of lipid pro-
files in hypertension.'® Given the notable impact of dyslipidemia on hy-
pertension and cardiovascular health, delving into lipid profiles among
individuals with hypertension becomes crucial for identifying poten-
tial therapeutic avenues with caution.!! In particular, the introduction
of high-resolution mass spectrometry has enabled the high-throughput
analysis of various lipids, allowing for the screening of changes in lipid
status and identification of biomarkers in several diseases.'? This ad-
vancement has drawn attention to the association between metabolite
profiles and blood pressure in patients with hypertension.'>-14 EA, a
modality of acupuncture involving electrical stimulation, has attracted
attention for its purported cardiovascular benefits, including potential
effects on lipid metabolism. Hence, the examination of lipid profiles in
hypertensive animal models undergoing EA treatment becomes perti-
nent to grasp the mechanisms behind EA’s therapeutic potential and its
conceivable influence on lipid metabolism.

In this study, we explored the impact of EA treatment on cardiovas-
cular function and neuronal signals associated with hypertension, focus-
ing on spontaneously hypertensive rats (SHR). We employed ultra-high-
performance liquid chromatography quadrupole time-of-flight mass
spectrometry (UHPLC-QTOF-MS) to analyze the lipid profiles of the
aorta, aiming to elucidate alterations induced by EA treatment. To semi-
quantify potential biomarkers, stable isotope standards were utilized for
each lipid class to enable matrix-matched calibration. Additionally, we
assessed the mRNA expression levels related to the regulation of candi-
date lipid species to validate the changes induced by EA treatment in
the lipid profiles of SHR.

2. Methods
2.1. EA intervention in SHR: experimental protocol

This study was performed using 8-week-old male Wistar-Kyoto rats
(WKY, 180-190 g, SLC Inc., Shizuoka, Japan) and SHR (180-190 g, SLC
Inc., Shizuoka, Japan). The rats were housed in individual cages in a con-
trolled environment with 15~25 °C relative humidity, and a light/dark
cycle of 12/12 h. The experimental animals were divided into three
groups (n = 5 per group): vehicle-treated WKY, vehicle-treated SHR,
and EA-treated SHR. The rats in all groups were anaesthetised via in-
halation of 1.5 % isoflurane in 95 % oxygen and 5 % carbon dioxide.
Hand acupuncture needles (length, 8 mm; diameter, 0.18 mm, Dong-
Bang Medical, Seongnam, Korea) were inserted into the PC6 acupoints
of anaesthetised rats. To stimulate the acupoints, the needles were con-
nected to an electrical stimulator (SD9, Grass Instruments, Norfolk, MA,
USA) with the output set to continuous waves at intensities of 2 Hz and
2 mA (Fig. 1A and B). In the EA-treated SHR group, EA was performed
for 20 min five times per week for six weeks under anesthesia, whereas
in the WKY and SHR groups, the same anesthesia was administered with-
out EA treatment. Animal studies were approved by the Animal Ethics
Committee of Wonkwang University (WKU20-26), and all experiments
were conducted in compliance with the ARRIVE Guidelines'® for the
Care and Use of Laboratory Animals. All methods were performed in
accordance with relevant guidelines and regulations. Additionally, in-
formed consent was obtained from all authors.

2.2. Hypertension-Related cardiac functions analysis: blood pressure
measurements and electrocardiograms

Noninvasive blood pressure measurements were performed using a
tail-cuff CODA™ High Throughput System (Kent Scientific Corporation,
Torrington, CT, USA). After acclimatization on a warm pad with a heat-
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ing function for 10 min, a blood pressure cuff was wrapped around the
tail, and the blood pressure was measured 20 times to obtain an aver-
age value. Systolic blood pressure (SBP) measurements were performed
once a week for all groups. Electrocardiogram (ECG) signals were mea-
sured for approximately 5 min by inserting three electrodes under the
skin of both arms and legs of anaesthetised rats and connecting them to
an ECG amplifier at 2 MHz. Data for the measured signals were recorded
using a PowerLab system (ADInstruments, Bella Vista, NSW, Australia).

2.3. Echocardiography analysis

Cardiac function was analysed by recording the M-mode using a
high-resolution ultrasound imaging system (VINNO 6; Vinno Corpora-
tion, Suzhou, China). Echocardiography was used to measure and record
the left ventricular posterior wall thickness at ejection fraction (EF),
fragment shortening (FS), and left ventricular posterior wall thickness
at end systole (LVPWs).

2.4. Measurement of isometric force in the aorta

All groups of rat aortic rings were placed in an organ bath filled
with 5 mL of Krebs solution with oxygenated 95 % O2 and 5 % CO2.
After the prepared aortic ring was equilibrated for 60 min, contrac-
tion was induced with phenylephrine (1 M) and the relaxation effect
was confirmed by treatment with acetylcholine (ACh). Isometric ten-
sion changes were recorded using a transducer connected to a Grass
Polygraph (Grass FT 03, Grass Instrument Co., Quincy, MA, USA).

2.5. Histological analysis of the thoracic aorta and left ventricle tissues

The thoracic aorta and left ventricle tissues were fixed in 10 % neu-
tral buffered formalin (10 % NBF, HT501128, Merck, Darmstadt, Hes-
sen, Germany) solution for 24 h. Fixed tissues were embedded in paraf-
fin, separated into thin 3-6 um sections, and attached to slides. The
slides were stained with haematoxylin and eosin (H&E) and Masson’s
trichrome stain kit (Masson Trichrome stain, BBC Biochemical, Mt Ver-
non, WA, USA) for histopathological comparisons and analysed using
light microscopy (EVOSTM M5000, Thermo Fisher Scientific, Bothell,
WA, USA).

2.6. Hypertension-Related neuronal signal analysis

Rat brains were extracted, post-fixed in 4 % paraformaldehyde (PFA,
Sigma Aldrich, St. Louis, MO, USA) at 4 °C, and then stored overnight
in a gradient of 10-30 % sucrose solution. The brains were then cut
into coronal sections of 40 um thickness using a cryostat (CM3050S,
Leica Microsystems, Nussloch, Germany) and stored at 4 °C in an anti-
freeze storing solution. For immunohistochemistry, brain tissues were
pretreated with the following primary antibodies: c-Fos (1:250; Ab-
cam, Cambridge, MA, USA) and angiotensin-converting enzyme (ACE)
(1:100, Santa Cruz Biotechnology, Dallas, TX, USA). Stained brain sec-
tions were mounted and observed under a microscope (Nikon, Minato,
Japan). The number of stained cells in each brain region was counted
within a square of 300 ym x 300 um, and the mean values of the left and
right regions were calculated. For immunofluorescence, brain tissues
were pretreated with primary antibodies against angiotensin I receptor
(AT1, 1:50, Enzo Life sciences, Farmingdale, NY, USA) and angiotensin
II receptor (AT2, 1:50, Enzo Life sciences, Farmingdale, NY, USA). Brain
tissues were observed under a fluorescence microscope (Nikon, Minato,
Japan). Detailed immunostaining procedures are shown in the Supple-
mentary Information (Method S1)

2.7. Lipid profiling: aorta analysis: lipid profiles analysis and lipid
quantification

For lipid profiling, 10 mg of aortic vessel was extracted and evapo-
rated, and the resulting lipid pellet was reconstituted with 200 yL of an
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isopropanol-acetonitrile mixture (4:1, v/v). The detailed sample prepa-
ration procedures are presented in the Supplementary material (Method
S2).

The lipid composition of the biological samples was simultaneously
analysed using UHPLC (1290 Infinity II LC system, Agilent Technolo-
gies, Santa Clara, CA, USA) connected to a Q-TOF-MS (6546 Q-TOF
system, Agilent Technologies) system. The mobile phase consisted of
10 mM ammonium acetate (or ammonium formate) in an acetonitrile-
water mixture (4:6, v/v; solvent A) and 10 mM ammonium acetate
(or ammonium formate) in acetonitrile-isoproparol (1:9, v/v; solvent
B) in positive (or negative) ion mode. The detailed experimental con-
ditions and parameters are summarised in Table S1. In addition, we
conducted four consecutive iterative ms/ms acquisitions and all ion
fragmentation acquisitions by pooling quality samples to expand the
coverage of lipid profiles. The acquired UHPLC-QTOF-MS data for non-
targeted lipid composition analysis were processed using MS-Dial (Ver
4.70, http://prime.psc.riken.jp/) to detect features, perform alignments,
and generate peak tables of m/z and retention times in the samples. The
system stability and reproducibility of the analytical method in the main
batch were assessed with a quality control (QC) sample, comprising a
pool of all samples, and a method blank sample was injected repeatedly
between every ten runs. The resulting plots were densely clustered in
the principal component analysis scatter plots (data not shown). Fea-
tures with more than 20 % coefficient variation were removed from
statistical analysis.

The surrogate biomarkers were semi-quantified using a previously
described method.!” Lipid quantification was performed using cal-
ibration curves of pooled QC samples spiked with known concen-
trations of stable isotope lipid standards (SPLASH® LIPIDOMIX®
Mass Spec Standard). phosphatidylcholine (PC) 15:0_18:1(d7), phos-
phatidylethanolamines (PE) 15:0_18:1 (d7), sphingomyelin (SM) 18:1,
and 20/18:1 (d9) were used to analyze the relative concentrations of
PC, PE, and SM, respectively (Fig. S1).

2.8. Multivariate analysis

Multivariate statistical analyses were performed using the unit vari-
ance scale in SIMCA-P* (version 16.0; Umetrics, Umea, Sweden). The
partial least squares discriminant analysis (PLS-DA) model was used as
a discriminant method to maximize the covariance between the mea-
sured data and response variables in the three groups. The reliability of
the PLS-DA model was validated by a 100-repeated permutation test and
a CV-ANOVA test using SIMCA-P software (version 17.0). Lipid metabo-
lites with variable importance in the projection (VIP) score > 1.0 were
considered as the metabolites responsible for the differences between
the WKY, SHR, and SHR+EA groups. Pavlidis template matching (PTM)
analyses were conducted based on the Pearson correlation between the
template and selected lipid metabolites using Multi Experiment Viewer
(version 4.9.0. MeV, TIGR, Washington, DC, USA), and data visualiza-
tion was conducted using GraphPad Prism (version 9.0; GraphPad Soft-
ware, La Jolla, CA, USA).

2.9. Real-Time quantitative RT-PCR

A Qiagen RNeasy™ Plus mini kit was used for RNA isolation, and the
quality of the results was assessed by measuring the 260/280 nm ratio
using a UV-spectrophotometer. Real-time quantitative RT-PCR analysis
was carried out in a 96-well plate using the Opticon MJ Research in-
strument (Bio-Rad Inc.) and the optimised standard SYBR Green 2-step
qRT-PCR kit protocol (DyNAmo™, Finnzymes, Finland). The specific
sense and antisense primers for ceramide synthase 2 (Cers2) and glyc-
eronephosphate O-acyltransferase (GNPAT) are listed in Table S2. PCR
was initiated at 95 °C for 15 min (hot start) to activate AmpliTaq poly-
merase, followed by a 45-cycle amplification (denaturation at 94 °C for
20 s, annealing at 60 °C for 30 s, extension at 72 °C for 60 s, and plate
reading at 60 °C for 10 s). The temperature of the PCR products was
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increased from 65 °C to 95 °C at a rate of 0.2 °C/1 s, and the resulting
data were analysed using the software provided by the manufacturer.

3. Results

3.1. Six consecutive weeks of EA-Treatment decreased the systolic blood
pressure and restored hypertension-related cardiac functions in SHR

The overall schematic of the experimental design (A) and diagrams
of EA stimulation at the PC6 acupoints (B) are shown in Fig. 1. At treat-
ment initiation, SBP in the SHR and SHR+EA groups was significantly
higher than that in the WKY group. Of total 6 weeks of EA treatment pe-
riod, from after 4 consecutive weeks of EA treatment, SBP showed a de-
creasing trend in the SHR+EA group which was significantly lower than
that of the SHR group after 6 weeks of EA treatment (WKY, 107.4 + 2.8;
SHR, 196.0 + 2.0; SHR+EA, 171.4 + 5.0 mmHg, p < 0.01) (Fig. 1C).
ECGs were performed to investigate the electrocardiographic parame-
ters of SHR treated with EA. As shown in Fig. 2A and B, ECG parame-
ters such as heart rate, RR interval, and QRS interval were suppressed
in the SHR group compared to those in the WKY group. Conversely,
after six consecutive EA treatments, the suppressed ECG parameters im-
proved in the SHR group. However, these trends did not reach the statis-
tical thresholds. As shown in Fig. 2C, measurements of left ventricular
systolic function, which were evaluated using M-mode representative
echocardiography images, showed that the decreased left ventricular
fragment EF and FS values in the SHR were improved by six consec-
utive weeks of EA treatment (Fig. 2 Da and 2Db). Moreover, the ele-
vated LVPWs levels in the SHR group were significantly decreased in the
SHR+EA group (p < 0.05) after six weeks of consecutive treatment (Fig.
2Dc). H&E staining (Fig. 2Ea) was used to examine the cardiovascular
morphological changes, and the results indicated that the blood vessels
were thicker in the SHR group than in the WKY group; however, after
six consecutive weeks of EA treatment, the blood vessels were thinner
in the SHR+EA group than in the SHR group. In the vascular relaxation
experiment, ACh-induced concentration-response relaxation in the aorta
was significantly suppressed in the SHR group (35.2 + 2.4 %, p < 0.001)
compared to the WKY group (91.7 + 1.0 %) and significantly recovered
in the SHR+EA group (52.7 + 2.5 %, p < 0.001) after six consecutive
weeks of EA treatment (Fig. 2 Eb). Moreover, the E .. (WKY, 35.2 + 2.4;
SHR, 91.7 + 1.0; SHR+EA, 52.7 + 2.5, p < 0.001) and -log EC5, (WKY,
8.41 + 0.10; SHR, 7.76 + 0.08; SHR+EA, 8.18 + 0.07, p < 0.01) values
recovered significantly after six consecutive weeks of EA treatment (Fig.
2Ec).

3.2. Six consecutive weeks of EA-Treatment changes the hypertension
related-neuronal signal in SHR

We determined the changes in c-Fos expression in key brain regions
associated with hypertension after six consecutive weeks of EA treat-
ment in the SHR model. As shown in Fig. 3, c-Fos expression was signif-
icantly increased in the nucleus accumbens NAc (p < 0.05), paraventric-
ular nucleus (PVN p < 0.01), and rostral ventrolateral medulla RVLM
(p < 0.05) brain regions of the SHR group compared with the WKY
group; however, c-Fos expression was significantly decreased after EA
treatment (p < 0.01 in the NAc and PVN and p < 0.05 in the RVLM vs.
SHR) (Fig. 3A). We observed changes in ACE expression and found that
it was significantly increased in the NAc (p < 0.01), PVN (p < 0.001), and
RVLM (p < 0.01) brain regions of the SHR group compared to the WKY
group; however, they were all significantly decreased after six weeks of
EA treatment (p < 0.01 in the NAc, p < 0.001 in PVN and p < 0.05 in the
RVLM vs. SHR) (Fig. 3B). In the brain, AT1 and AT2 show contrasting
expressions in the regulation of blood pressure. In the PVN brain region
of the SHR group, AT1 expression was increased compared to that in
the WKY group, but AT2 expression was decreased. These changes were
altered after six weeks of EA treatment (Fig. 4A and B).

Integrative Medicine Research 13 (2024) 101041

3.3. Consecutive EA-Treatment induces aortic lipid pattern alterations in
the SHR

From the above results, we observed that EA treatment at the PC6
acupoint changed hypertension-related cardiac functions and neuronal
signals. We then analysed the lipid extracts obtained from the aortic ves-
sels of all groups using a UHPLC-QTOF MS system coupled with multi-
variate analyses to identify the aortic lipid composition changes induced
by EA treatment in the SHR model (Fig. 5). Representative total ion
chromatograms (TICs) of aortic lipid extracts after EA treatment for six
consecutive weeks are shown in Fig. 5C and 5D (left panels, positive
and negative, respectively). Fourth sequential iterative exclusion acqui-
sitions, which can be used to identify the features of a given sample,
were applied to the pooled samples, which increased the coverage of
tentatively identified lipids from 219 to 500 in positive mode and from
74 to 78 in negative mode (Fig. 5B). The PLS-DA score plot of the exper-
imental groups revealed that each cluster (WKY, SHR, and SHR + EA)
was clearly separated. In particular, the SHR group was clearly separated
from the WKY group by the first component, whereas the SHR + EA
group was slightly shifted from the WKY cluster to the SHR cluster in
both positive (R?* = 0.504, R%Y = 0.692, Q% = 0.467) and negative (R**
=0.705, R%Y = 0.683, Q2 = 0.467) modes (Fig. 5C and D, middle). Fur-
ther, the performance of the PLS-DA model was validated by 100-fold
repeated permutation tests (Fig. 5C and D, right) and CV-ANOVA results
(p = 0.015 for positive mode and p = 0.010 for negative mode).

3.4. Identification of key altered lipids following six weeks of
EA-Treatment in SHR

Significantly altered lipid metabolites were selected via double val-
idation. First, 62 important lipid features (48 in positive and 14 in
negative modes) that showed significant differences among the three
groups were chosen according to the following criteria: (a) VIP > 1.0
based on PLS-DA and (b) statistical differences of p < 0.05, one-way
ANOVA followed by Tukey’s HSD post-hoc test. Then, PTM analysis was
applied to determine the lipid metabolites that had similar expression
patterns to the specified templates (WKY:0, SHR:1, SHR + EA:0) among
the three groups. The threshold criterion for matching was a correla-
tion coefficient |R| > 0.75. The results tentatively identified a total
of 48 lipid features (37 in the positive mode and 11 in the negative
mode) as ceramides (Cer), diacylglycerol (DG), sphingomyelin (SM),
phosphatidylethanolamine (PE), phosphatidylcholine (PC), and triacyl-
glycerol (TG), which were matched with the designated template (Fig.
6Aa and 6ADb)

3.5. Identification of selected lipid features after six consecutive weeks of
EA-Treatment in SHR

To identify the selected lipid features, we verified the separa-
tion, retention time, and MS/MS pattern of candidates and ultimately
confirmed 32 (24 for positive and 8 for negative modes: (i) posi-
tive: Cer 42:1, 20|Cer 18:1, 20/24:0; (ii) negative: SM 42:3;20|SM
24:0;20/18:3; (iii) both modes: PC 32:1|PC 16:0_16:1) (Fig. 6B and
Table 1). We observed that several plasmanyl PC (PC-O) levels were
increased in the SHR group and were decreased by EA treatment. Dif-
ferent ether-linked PEs (PE-P and PE-O) were also detected. To de-
termine plasmenyl and plasmanyl ether-linked phospholipids, we con-
firmed the MS/MS fragmentation pattern. As shown in Fig. 6C, in the
PC-O mass spectra, the precursor ion of PC O- was detected at m/z
746, and it decomposed to product ions at m/z 563, 378, and 184,
which corresponded to the loss of a phosphocholine head group from
the precursor ion, sn2 acyl chain [RC=0]*, and phosphocholine head
group, respectively. The precursor ion of PE O- observed at m/z 774
was primarily fragmented into m/z 464 (loss of sn2 acyl chain as ketene
from the precursor ion), m/z 446 (neutral loss of sn2 RCOOH group
from the precursor ion), m/z 327 (sn2 RCOO- ion), and m/z 283 (loss
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Fig. 2. Six consecutive weeks of electroacupuncture treatment ameliorated hypertension related cardiovascular functions. (A) Electrocardiograms of the WKY,
SHR, and SHR+EA groups. Electrocardiogram parameters, such as (Ba) heart rate, (Bb) RR interval, and (Bc) QRS interval analysis values, were recorded. (C)
Echocardiographic images (M mode) of the WKY, SHR, and SHR+EA groups. Analysis values of the (Da) ejection fraction, (Db) fractional shortening, and (Dc)
left ventricular posterior wall thickness at end systole. (Ea) Representative images of H&E-stained thoracic aorta to confirm the histopathological changes. The red
line in the thoracic aortic staining image represents the comparison of vessel thickness. (Eb) Cumulative concentration-response relaxation curves for acetylcholine
induction of each group in the aorta. (Ec) Emax and EC50 values for acetylcholine-induced relaxation. Data are expressed as the means + S.E. *p < 0.05, **p < 0.01,
***p < 0.001. EA, electroacupuncture; WKY, Wistar-Kyoto rat; SHR, spontaneously hypertensive rat; SHR+EA, EA-treated SHR; RR interval, QRS to QRS or inter-beat
intervals; QRS interval, a combination of the Q wave, R wave and S wave; “QRS complex”, ventricular depolarization; EF, ejection fraction; FS, fractional shorting;
LVPWs, left ventricular posterior wall thickness at end systole; ACh, acetylcholine; H&E, hematoxylin and eosin.

of CO, from sn2 RCOO- ion) (Fig. 6C). Distinguishingly, in the PE P-
mass spectra (Fig. 3C), the precursor ion of PE P- revealed at m/z 776
was mainly fragmented into m/z 635, 526, 392, 385, and 294, corre-
sponding to the neutral loss of phosphoethanolamine, loss of a plas-
menyl group (RC=CH2) from the precursor ion, neutral loss of the glyc-
erol backbone with an sn2 acyl group from the precursor ion, loss of
two neutral products, including a plasmenyl group as an alcohol and
a phosphorous atom with a ring compound, from the precursor ion
at the sn2 site, and neutral loss of H3PO, from the snl plasmenyl

group.

3.6. Changes in selected lipid metabolites during six consecutive weeks of
EA-Treatment in SHR

To measure the levels of the selected lipid candidates, semi-
quantification was performed using class-specific calibration curves
with deuterated standards. The levels of PCs (PC 30:0, 32:1, 32:2, 34:0,
36:1, 38:2, 38:4, 38:5, 40:4, and 40:6), PC O- (PC 0-32:1, 34:0, 34:1,
38:4, and 38:5), and PEs (PE 0-40:7, PE P 40-5, P-40:6) were signifi-
cantly higher in the SHR group than in the WKY group, whereas they
were significantly decreased in the SHR + EA group compared to those
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Fig. 3. Changes in c-Fos and angiotensin-converting enzyme expression following electroacupuncture treatment in NAc, PVN, and RVLM of brain. (A) Number of
c-Fos-positive cells in the NAc, PVN, and RVLM regions. (B) Number of ACE-positive cells in the NAc, PVN, and RVLM regions. Data are expressed as the means
+ S.E. *p < 0.05, **p < 0.01, ***p < 0.001. EA, electroacupuncture; WKY, Wistar-Kyoto rat; SHR, spontaneously hypertensive rat; SHR+EA, EA-treated SHR; ACE,
angiotensin-converting enzyme; NAc, nucleus accumbens; PVN, paraventricular nucleus; RVLM, rostral ventrolateral medulla.

in the SHR group (Fig. 7A and Fig. S2). Similarly, levels of SMs (SM 34:1,
34:2, 36:1, 42:1, 42:2, and 42:3) and Cer 42:1 were higher in the SHR
group than in the WKY group. Of these, only a few SMs (SM 42:1, 42:2,
and 42:3) and Cer 42:1 were significantly decreased by consecutive EA
treatment (Fig. 7B and Fig. S2).

3.7. Lipid profiles analysis of the aorta reflects the effect of repetitive
EA-Treatment in SHR

We conducted a Spearman correlation analysis between lipid
metabolites and cardiac function indicators, such as SBP, EF, FS, and
LVPWs, to identify the lipid profiles parameters that indicate the effect

of EA treatment on SHR. As shown in Fig. 8A, most of the selected lipid
metabolites were positively correlated with SBP and LVPWs, whereas
they were negatively correlated with EF and FS. Several ether-linked
phospholipids, SMs, and Cer, with very long fatty acid chains, have been
observed. Thus, we investigated the mRNA expression of GNPAT, which
participates in the initial steps of ether PC synthesis.'® The mRNA ex-
pression of GNPAT in the SHRs was higher than that in the WKY group,
whereas the expression was lower in the SHR + EA group than in the
SHR group, indicating that EA treatment modulated ether PC synthe-
sis (Fig. 8B). Moreover, the mRNA expression of Cers2, which produces
ceramides with very long C24- and C22-fatty acyl (VLCFA), was signif-
icantly altered by EA treatment (Fig. 8C).1°
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Fig. 4. Changes in hypertension-related factors following electroacupuncture treatment in different brain regions. (A) AT1 and (B) AT2 expression in the par-
aventricular nucleus brain region observed using immunofluorescence (scale bar = 50 ym). EA, electroacupuncture; WKY, Wistar-Kyoto rat; SHR, spontaneously
hypertensive rat; SHR+EA, EA-treated SHR; PVN, paraventricular nucleus; AT1, Angiotensin II receptor subtype 1; AT2, Angiotensin II receptor subtype 2; DAPI,
4’,6-diamidino-2-phenylindole.

Table 1
List of 21 significantly altered metabolites in both polarity modes.
Modes Lipids Formula Adducts Molecular Theoretical Observed /\ PPM RT Fragment jons*
weight M/Z M/Z

Positive Cer 42:1;20 C42H83NO3 [M + H-H,0]+ 649.6373 632.634 632.6351 1.83 16.12 360.2163, 264.2697
|Cer 18:1;20/24:0
PC 32:1 C40H78NOS8P [M+ H]+ 731.5465 732.5538 732.5563 3.51 11.45 496.3367, 476.3098,
|PC 16:0_16:1 184.0736
PC 32:2 C40H76NO8P [M + H]+ 729.5309 730.5081 730.5388 0.96 10 494.3127, 476.3135,
|PC 16:1_16:1 184.0734
PC 34:0 C42H84NO8P [M+ H]+ 761.5934 762.6007 762.6029 2.88 14.82 524.3631, 478.3287,
|PC 16:0_18:0 184.0734
PC 36:1 C44H86NO8SP [M+Na]+ 787.6091 810.5983 810.5999 1.88 14.87 627.5384, 184.0728,
|PC 18:0_18:1 146.9832
PC 38:2 C46H88NOSP [M + H]+ 813.6247 814.632 814.6325 0.6 14.97 184.0732
PC 38:4 C46H84NO8P [M+Na]+ 809.5934 832.5827 832.5834 0.89 13.31 649.5166, 149.9810,

85.0963

PC 38:5 C46H82NO8P [M+Na]+ 807.5778 830.567 830.568 1.17 11.87 647.5010, 146.9891
PC 40:4 C48H88NO8SP [M + H]+ 837.6248 838.632 838.6338 2.15 14.75 506.3605, 184.0736
|PC 18:0_22:4
PC 40:6 C48H84NO8P [M+ H]+ 833.5934 834.6007 834.6008 0.14 12.21 569.3429, 506.3605,
|PC 18:0_22:6 184.0734
PC 0-32:1 C40H80ONO7P [M + H]+ 717.5672 718.5745 718.5753 1.11 14.33 535.5085, 184.0733
PC 0-34:0 C42H86NO7P [M+ H]+ 747.6142 748.6215 748.6224 1.15 15.23 565.5554, 184.0773
PC 0-34:1 C42H84NO7P [M + H]+ 745.5985 746.60577 746.60699 1.63 14.54 563.5398, 184.0738
PC 0-38:4 C46H86NO7P [M + H]+ 795.6142 796.6215 796.6219 0.46 14.39 613.5367, 184.0734
PC 0-38:5 C46H84NO7P [M+ H]+ 793.5985 794.6058 794.6065 0.86 13.18 611.5398, 184.0734
PE P-40:5 C45H80NO7P [M+ H]+ 777.5672 778.5745 778.5753 1.03 14.84 637.5552, 387.2884,
|PE P-18:0_22:5 294.3155
PE P-40:6 C45H78NO7P [M + H]+ 775.5516 776.5589 776.559 0.15 14.58 635.5398, 385.2740,
|PE P-18:0_22:6 294.3157
SM 42:1;20 C47H95N206P [M + H]+ 814.6927 815.7001 815.7022 2.62 15.82 184.0735
|SM 18:1;20/24:0
SM 42:2;20 C47H93N206P [M+ H]+ 812.6771 813.6844 813.6867 2.85 15.44 184.0735
|SM 18:1;20/24:1

Negative PC 30:0| C38H76NO8P [M+CH;COO]- 705.5308 764.5447 764.5433 1.77 11.25 690.5117, 434.2677,
PC 14:0_16:0 253.3408, 227.2012
PE 0-40:7| C45H78NO7P [M-H]- 775.5516 774.5443 774.5436 0.94 14.59 464.3146, 327.2333
PE 0-18:1_22:6
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Fig. 5. Electroacupuncture treatment for six consecutive weeks alters the aortic lipid pattern in SHR. (A) Scheme of iterative MS/MS. (B) Number of identified
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4. Discussion

This study assessed the impact of EA treatment on cardiovascular
function and neural signaling related to hypertension in SHR using clas-
sical in vivo methods and aortic lipid profiling via LC-MS. The findings
suggest that EA treatment may have a potential positive effect on car-
diovascular functions, such as lowering SBP, enhancing left ventricular
systolic function, and potentially reducing cardiac hypertrophy. Addi-
tionally, there is a chance that EA treatment might impact the aortic
lipid profile in SHR. This research aims to contribute to the understand-
ing of acupuncture as a possible alternative treatment for hypertension,
exploring its effects through various mechanisms.?0-2!

One therapeutic mechanism explored is the potential impact of EA
treatment on endothelial dysfunction in cardiovascular diseases,?? in-
cluding hypertension, by potentially enhancing endothelial-derived NO

biocompatibility.?® Chronic hypertension can strain the left ventricle,
leading to left ventricular hypertrophy and affecting parameters such as
FS and EF on echocardiography.?* 2> Our findings suggest that six con-
secutive weeks of EA treatment may restore FS and EF functions, hinting
at a potential improvement in left ventricular hypertrophy over the long
term. Another investigated mechanism involves the renin-angiotensin-
aldosterone system (RAAS), which plays a role in regulating blood pres-
sure homeostasis, vascular responses, and is implicated in inflammation,
fibrosis, and target organ damage.?® Acupuncture has been suggested to
potentially modulate levels of ACE and angiotensin II receptors (AT1R
and AT2R), resulting in decreased plasma content of angiotensin II and
exhibiting antihypertensive effects in various animal models.?’~2° Simi-
larly, our study indicates that EA treatment may influence hypertension-
related neuronal signals, including the expression of c-Fos, ACE, AT1R,
and AT2R in key brain regions.
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Fig. 6. Identification of significantly altered lipid metabolites in the aorta obtained from SHR treated with electroacupuncture for six consecutive weeks. PTM
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TG-O, plasmanyl-triacylglycerol.

In existing research, the focus of EA treatment on hypertension has
primarily revolved around molecular biology and neurology, with a no-
ticeable gap in studies concerning lipid profiles. Limited investigations
have applied lipid profiling analyses to understand the effects of EA
treatment. While Liu et al.> employed a metabolomics approach based
on 1H NMR to uncover the therapeutic mechanism of EA and moxibus-
tion on chronic atrophic gastritis,?° our team previously investigated
alterations in lipid metabolic patterns through lipid profiling analysis
based on UHPLC-QTOF-MS in response to acupuncture. Accordingly,

in this study, we investigated the changes in lipid patterns induced by
EA treatment in the aorta of SHR. Particularly, sphingolipids, such as
ceramides (Cers) and sphingomyelins (SMs), and phospholipids, includ-
ing phosphatidylcholines (PCs) and phosphatidylethanolamines (PEs),
showed significant correlations with hypertension indicators. Sphin-
gomyelins are known to influence vascular growth through the activa-
tion of the sphingosine-1-phosphate (S1P) receptor, which is associated
with the regulation of vascular tone, including the modulation of ni-
tric oxide and the endothelium-derived hyperpolarizing factor (EDHF)-



H.-Y. Kim, S. Shin, J.-J. Yoon et al.

Integrative Medicine Research 13 (2024) 101041

A * Kk * k% B
[

Bk Rk Rk KKK KKK AR KRk KRR RRK ok kR kK KKK koK

M M mn M ml m r m r (ml M * * k% *k kKK

R Nk KRR Rk | R Rk Rkk kkk kkk oKk Rk kK Hokk m mom
_— | 1 [ o *okk  kkk kkk kK * kkk * Kk
g 2 | BER o
[=)] % (=]
[ - T . c
© I ©
£ N £
o o
3 L/
(=} o
L w
- -
o~ o~
[=d [=2])
o <]
| T T T T T T |

N N
B
<
SN S
< o
&< "“.5'«‘
ey

Fig. 7. Significantly altered lipid metabolites following electroacupuncture treatment on the SHR model. Statistical comparison of selected (A) phospholipids and
(B) sphingolipids using semi-quantified data. *p < 0.05, **p < 0.01, ***p < 0.001. EA, electroacupuncture; WKY, Wistar-Kyoto rat; SHR, spontaneously hypertensive
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mediated relaxing response in the vascular system.>!-32 This aligns with
previous research by Borodzicz et al.,>* suggesting the potential signifi-
cance of SM in the progression of hypertension and the possible benefits
of inhibiting de novo ceramide synthesis for improving myocardial sys-
tolic function.

In this study, changes were observed in Cer d18:1/24:1 and the
mRNA expression of Cers2 due to EA treatment in SHR.!° Addition-
ally, Spijkers et al.>* reported elevated basal Cer levels in both SHR
and humans with hypertension. Our findings aligned with this, demon-
strating increased levels of Cers and SMs, particularly those with rela-
tively low degrees of unsaturated fatty acids (< 4), in the SHR group
and a subsequent decrease in the SHR + EA group. Moreover, the study
highlighted the impact of saturated fatty acids on de novo ceramide
synthesis, corresponding with the observed FA results, which showed
an increase in aortas from the SHR group compared to those from the
WKY group and a decrease in the SHR + EA group.®® The study also
revealed alterations in phospholipids, specifically PCs and PEs, showing
an increase in SHR and a subsequent decrease after six weeks of con-
secutive EA treatment. Phospholipids, known as primary components of
cell membranes, play a central role in maintaining membrane structural
integrity and function.®® Notably, several Plasmanyl PCs, containing a
saturated ether moiety at the sn1 PC-O, were found to be altered in SHR
and restored by EA treatment.®” Plasmanyl PC, functioning as a platelet
activator and an essential membrane constituent of neutrophils,*® has
been implicated in neuro-inflammatory responses,>° which can be mod-
ulated by acupuncture treatment.'” The study further demonstrated that
EA treatment significantly altered the mRNA expression level of Cers2,
responsible for producing ceramides with VLCFA and GNPAT, playing
a role in the initial step of ether PC synthesis in SHR.

Emerging technologies, such as high-resolution tandem mass spec-
trometry coupled with UHPLC, have significantly broadened the scope
of lipid profiling studies. However, despite these advancements, struc-
tural identification through MS/MS encounters limitations, as obtaining
fragmentation data for all precursor ions proves challenging. Koelmel
et al.'> introduced iterative exclusion methods, resulting in a 128 % in-
crease in the number of identified lipids from the fourth iterative exclu-
sion acquisition. However, satisfactory results were not achieved with
all ion fragmentation acquisitions, which generated fragmentation ions
without selecting the precursor ion.*? These findings suggest the pos-
sibility of expanding lipid profile coverage, improving biomarker iden-
tification, and offering additional insights into diseases and treatment
methods. !>

Moreover, the study demonstrated that MS/MS fragmentation pat-
terns can effectively identify ether-linked phospholipids. Plasmanyl-
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linked phospholipids exhibit a characteristic primary product ion, cor-
responding to the neutral loss of an sn2 acyl group as a ketene or a sn2
residue ion itself.#'~*> Notably, the neutral loss of the glycerol backbone
in the sn2 acyl group leads to the neutral loss of H;PO, from the snl
plasmenyl group, resulting in the formation of a new C-N bond and re-
arrangement of the vinyl group.*!»4* The study further determined that
the plasmenyl PE P-byproduct ions corresponded to the loss of the plas-
menyl group (RC=CH,) from the precursor ion and neutral loss of H;PO,
from the snl plasmenyl group. In this study, we employed TOF-MS for
the semi-quantification of lipids, reflecting a relative change between
each experimental group. While triple quadruple mass spectrometry is
acknowledged as superior to TOF-MS in terms of quantification, Drotl-
eff et al.'” demonstrated that TOF-MS can provide quantifiable data.
Specifically, we verified that the quantified data of PCs and SMs in the
aorta can be utilized to assess the reproducibility of additional datasets.

Our study on the effects of EA treatment in SHR offers significant
findings for hypertension treatment, but it has limitations. The focus on
SHR may not directly apply to humans or other models, necessitating
validation in diverse models or humans. While valuable, our reliance on
in vivo methods and aortic lipid profiling using LC-MS provides limited
insight into molecular mechanisms. Lack of a control group receiving
sham treatment hinders attributing effects solely to EA. We predom-
inantly focus on cardiovascular function, neural signaling, and aortic
lipid profiles, potentially overlooking other pathways like immune sys-
tem modulation or neuroendocrine pathways. Despite challenges, our
investigation reveals noteworthy changes in lipid metabolites and key
enzymes, offering insights into potential mechanisms associated with
hypertension amelioration. Future research should employ more rigor-
ous experimental designs, especially in molecular biology and neurol-
ogy. This ongoing exploration aims to deepen understanding of how
acupuncture may modulate hypertension and lipid metabolism.

These findings have implications for the clinical management of hy-
pertension. The observed improvements in cardiovascular function and
aortic lipid profiles in SHR with EA treatment suggest potential benefits
for individuals with hypertension. Particularly, in acupuncture studies
where metabolic and lipid profiles analyses are limited, this research
provides insights into the mechanism of EA treatment for hypertension,
guiding the possibility of personalized interventions through a compar-
ison between EA treatment and conventional methods. The study high-
lights the potential for applying EA treatment directly to human sub-
jects, suggesting that EA could be considered as an alternative or com-
plementary approach to existing treatments.

The research findings are expected to potentially impact the clinical
management of hypertension in patients. The results, indicating poten-
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phate O-acyltransferase.

tial improvements in cardiovascular function and aortic lipid profiles in
SHR with EA treatment, suggest possible benefits for individuals with
hypertension. Particularly, in acupuncture studies where metabolic and
lipid profile analyses are limited, this research provides insights into the
mechanism of EA treatment for hypertension, guiding the possibility of
personalized interventions through a comparison between EA treatment
and conventional methods. The study highlights the potential for apply-
ing EA treatment directly to human subjects, suggesting that EA could
be considered as an alternative or complementary approach to existing
treatments.

This study introduces preliminary insights into the change in the aor-
tic lipid profiles and cardiovascular parameters following EA treatment
in SHR. The approach of LC-MS based lipid profile analysis as a tool
provided a nuanced understanding of the lipid species alterations, in-
cluding changes in plasmanyl PCs and ceramides. These findings suggest
a potential pathway through which EA treatment may exert its effects,
albeit with the acknowledgement that our results represent an initial ex-
ploration and should be interpreted with caution due to the limitations
inherent in the experimental design and the small sample size. Given
the exploratory nature of this research, further studies are warranted to
build upon these initial observations. It is essential to conduct larger-
scale investigations involving both animal models and human subjects
to substantiate the impacts of EA on hypertension and its potential mech-
anisms. While this study contributes to the emerging discourse on the
lipid profiles approach to understanding the effect of EA, we recognize
the need for comprehensive research to validate and extend our find-
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ings. In light of the limitations highlighted and the preliminary state of
our results, we advocate for cautious interpretation and consider this
study as a stepping stone towards deeper investigations into the role of
EA in hypertension management and its underlying mechanisms. This
approach seeks to underline the importance of continued research in
this area, aiming to contribute to the broader field of complementary
and alternative medicine with robust, evidence-based findings in the
future.
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