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Abstract

Heart failure with preserved ejection fraction (HFpEF) is a common public health problem associated with increased morbid-
ity and long-term mortality. However, effective treatment for HFpEF was not discovered yet. In the present study, we aimed to
decipher the effects of Periplocin on DOCA-induced heart failure rats and explore the possible underlying mechanisms. We dem-
onstrated that Periplocin could significantly attenuate cardiac structural remodeling and improve cardiac diastolic function. Of
note, Periplocin significantly inhibited the recruitment of inflammatory and immune cells and decreased the expression of serum
inflammatory cytokines. Meanwhile, Periplocin had the effect of cardiac glycosides to improve cardiomyocyte contractility and
calcium transient amplitude. These findings indicate that Periplocin might be a potential medicine to treat HFpEF in patients.
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Introduction

Heart failure with preserved ejection fraction (HFpEF),
characterized by an ejection fraction (EF) higher than 50%
and changes in myocardial structure and cardiomyocyte
function, including cardiomyocyte hypertrophy and fibro-
sis, is the most common form of heart failure which affects
over 37 million worldwide and imposes an enormous bur-
den on global healthcare [1, 2]. In China, the prevalence
of HFpEF is 3.5%, which makes it a pressing clinical event
associated with high mortality and hospitalization rates
[3]. Currently, there are no reliable treatments that could
improve the prognosis and reduce cardiovascular mortal-
ity in patients with HFpEF [4]. HFpEF is a heterogeneous
cardiovascular syndrome that is often accompanied by pro-
inflammatory and metabolic related co-morbidities [5].
Noncardiac co-morbidities, such as overweight/obesity,
hypertension, diabetes, and chronic obstructive pulmonary
disease, which release pro-inflammatory cytokines, have
the potential to induce a systemic pro-inflammatory state
[6]. A systemic pro-inflammatory state has been proved
to be responsible for structural and functional changes in
the myocardium [5], including abnormal diastolic relaxa-
tion, impaired left ventricle filling, increased myocardial
stiffness, impaired vascular compliance, left ventricular
remodeling, and hypertrophy [7]. Anti-inflammatory ther-
apy may benefit a subset of HFpEF patients [8].

Cardiac glycoside can directly enhance myocardial
contractility, especially in the failing heart [9]. By reason
of the ventricular systolic function is usually normal or
only mildly impaired in patients with HFpEF, the profit
of cardiac glycoside may be limited. Nevertheless, it still
has considerable benefit in improving energy-dependent
diastolic early myocardial function [10] and regulating neu-
rohormone levels [11]. Studies have shown that digitalis
cardiac glycosides can significantly improve hemodynam-
ics [12], reduce myocardial ischemia [13], decrease left
ventricular end-diastolic volume [14], and increase right
ventricular inotropic status [15] in patients with preserved
left ventricular function. In terms of improving myocardial
compliance, digitalis glycosides can reduce the degree of
LV hypertrophy, reduce the collagen content, and increase
the dP/dt min index [16]. When applicate in a short-term
period, digitalis cardiac glycosides can also produce some
benefits, including enhancing mitochondrial function, pro-
moting rapid and complete ventricular diastole, increasing
visceral blood flow, and increasing venous volume [17].
Although it is still contentious whether cardiac glycoside
can be used in the treatment of HFpEF, increasing research
attention investigated the novel therapeutic potential of car-
diac glycosides in HFpEF treatment, which provides excel-
lent examples to illustrate our strategy.
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Cortex Periplocae (Xiangjiapi), which can relieve swell-
ing, dispel theumatism, and strengthen muscles and bones
[18], is the dried root bark of Periploca sepium Bge (the
family of Lauraceae). Periplocin, a class of alpha-pyrogenic
glycosides present in Cortex Periplocae, exhibits various
pharmacological effects, such as cardiotonic diuretic, anti-
tumor, anti-inflammatory, and immunomodulatory [19-21].
Periplocin, the most substantial cardiotonic effect among the
four cardiac glycosides in Xiangjiapi, can selectively act on
the heart and strengthen positive inotropic force by increas-
ing myocardial contractility and slowing down the heart
rate [22]. Research reported that Periplocin could improve
left ventricular systolic pressure (LVSP), left ventricular
end-diastolic pressure (LVEDP), +dP /dt Max, and -dP/dt
Max, and other cardiac function indices [23]. Ma L. et al.
[24] found that Periplocin could improve the left ventricu-
lar structure and function, and increase the SERCA mRNA
expression in rats with chronic heart failure (CHF).

Given its cardiotonic and anti-inflammatory effects,
Periplocin may have therapeutic effect on HFpEF. Accord-
ingly, this study aimed to explore the therapeutic effects of
Periplocin, in rats with DOCA-induced hypertension heart
failure, on cardiac function, cardiac structural remodeling,
and the deleterious effects due to the increased systemic pro-
inflammatory state.

Methods
Animal Model and Experimental Protocol

Male SD rats (180-200 g), obtained from Vital River Labo-
ratory Animal Technology Co. Ltd (Beijing, China, license
number SCXK?2016-0006), were housed in a well-controlled
environment with a 12-h light/dark cycle at room tempera-
ture (23 +2 °C). Foods and water were supplied continu-
ously. Rats were randomly divided into three groups: nor-
mal group (n=15), model group (n=15), and Periplocin
group (1.5 mg/kg, n=15). Rats in the normal group were
untreated. Rats in other groups were induced HFpEF as pub-
lished [25]. Briefly, firstly, for mono-nephrectomy, the ani-
mals were anesthetized with pentobarbital sodium (25 mg/
kg, i.p.) by intraperitoneal injection. Subsequently, the left
renal vessels and ureter were ligated from a longitudinal
incision made on the side of the abdomen. Afterwards, the
incision site was sutured with a sterile suture needle. Postop-
erative rest and penicillin (100,000 units/day) injection were
continued for 3 days. After mono-nephrectomy, rats were
injected with DOCA (25 mg/kg, i.h., Aladdin Biochemical
Technology Co. Ltd, China) and given 1% sodium chloride
in drinking water for 4 weeks to induce induced HFpEF.
Rats in Periplocin group were given Periplocin (1.5 mg/kg)
by oral gavage daily for additional 8 weeks. Blood pressure
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was measured every 2 weeks after treatment through the
Tail-Cuff method (BP-2000; Visitech Systems, USA) until
the end of 12 weeks. All animals were handled and main-
tained under the Animal Care and Use Committee of Hebei
Yiling Chinese Medicine Research Institute (Shijiazhuang,
China).

Biomarker’s Assessments

The N-terminal B-type natriuretic peptide precursor (NT-
proBNP) was obtained using Enzyme-Linked Immunosorb-
ent Assay Kits (Immunoway, USA) to evaluate the cardiac
function. At the end of the 12-week experiment, blood
samples from the abdominal aorta were collected, gently
inverted more than 10 times, and placed on ice before further
centrifuge. Blood samples were centrifuged at 1800 g for
10 min and the upper serum samples obtained were centri-
fuged at 13000 g for 2 min again, and standby for the test.

Morphological Analysis and Immunofluorescence
Staining

Hearts dissected from the executed animals were fixed in
10% formalin solution, dehydrated with ethanol, embedded
into paraffin, and sectioned at 4 um parallel to the apical-
basal axis for hematoxylin/eosin (H&E) staining and Mas-
son’s trichrome staining (Life Sciences, China). The colla-
gen volume fraction (CVF) was calculated as the total area
of fibrosis (defined as the amount of collagen deposited by
aniline blue staining) divided by the sum of the total tissue
area of the five random fields on each section. Alexa Fluor
488-conjugated wheat germ agglutinin (Thermo Fisher Sci-
entific, USA) and a-SMA (Abcam, U.K.) antibodies were
used to assess the cross-sectional area (CSA) of cardiomyo-
cytes. Five randomly selected segments of each group were
evaluated in a blinded manner, and representative images
were selected to show in the figures.

Echocardiographic Measurements

Rats were anesthetized in a 1% isoflurane oxygen mix-
ture and then underwent echocardiography (Vevo 3100
LT, FUJIFILM VisualSonics, Canada). Standard 2D and
M-mode images, obtained in parasternal long-axis views
and mid wall transverse views of the left ventricle, were
used to guide the calculation of heart rate, fractional short-
ening (F.S.), ejection fraction (E.F.), stroke volume (S.V.),
left ventricular anterior/posterior wall thickness (LVAW/
LVPW), isovolumic relaxation time (IVRT), isovolumic
contraction time (LVCT), and left ventricular diameters.
Passive peak left ventricular filling velocity E (cm/s) and
peak atrial systolic flow velocity A (cm/s) were obtained
from mitral Doppler flow images in four-chamber heart

views. In echocardiographic studies, the rat’s heart rate was
maintained in the range of 250-350 beats per minute. Meas-
urements of diastolic function, especially the relationship
between early and late filling (E/A ratio), were reported.

Hemodynamic Measurements

Under general anesthesia, an invasive hemodynamic study
was performed at the end of 12-week experiment to assess
cardiac function. Left ventricular dP/dt Max/Min, LV
pressure (LVP) at end-diastolic pressure (EDP), Diastolic
Duration, Tau, end-diastolic pressure—volume relationship
(EDPVR), and end-systolic pressure—volume relationship
(ESPVR) were measured through the right carotid artery
with 7-Fr combined catheter manometer (Millar instru-
ment, Houston, USA). The data was recorded for 20 min
until the hemodynamic parameters reached a steady-state,
and the last ~ 100 cardiac cycles were used for calculations.
All pressure—volume loop data were recorded at least 8 to 10
beats at end-expiration from the raw LV pressure, and using
LabChart8 software (ADInstruments, Australia) obtained
conductance volume data.

Western Blot Analysis

Protein samples were prepared from cardiomyocytes iso-
lated from rat and protein concentration was estimated by
the BCA method. Lysates containing 50 pg protein were
separated by electrophoresis on a SDS PAGE gel and then
transferred to a nitrocellulose membrane (Pall Corporation,
California, USA) by wet transfer method. After blocking
with 5% bovine serum albumin for 1 h, the membranes were
probed with one of the following primary antibodies: anti-
Matrix metallopeptidase 9 (MMP9, 1:10000, Abcam, USA),
anti-nuclear factor kappa-B (NF-kB p65, 1:1000, Abcam,
USA), anti-Transforming Growth Factor Beta 1 (TGF-,
1:1000, Abcam, USA), and anti-GAPDH (loading control,
1:10000; Abcam, USA) overnight at 4 °C. After washing in
Tris-buffered saline Tween (TBST), the nitrocellulose mem-
brane was incubated with the secondary antibody of Goat
Anti-Rabbit I[gG H&L preabsorbed (1:10000, Abcam, USA)
for 1 h at room temperature. Finally, the membranes were
imaged with a Bio-Rad Calibrated Densitometer system, and
intensity of immunoblot bands was normalized to that of the
loading control (GAPDH).

Cell Shortening and Calcium Transient
Measurements

Ventricular myocytes were isolated from the hearts of adult
wild-type SD rats, and the isolated hearts were perfused
with collagenase retrogradely by the Langendorff device.
As described previously [26, 27], calcium-free solution was
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used as perfusion solution. After digesting with collagenase
II solution, the myocytes were collected into KB solution,
gradient coated with calcium, and stored on ice. Myocytes
were loaded with the calcium fluorescent probe Fura-2-AM
(ab120873, Abcam, USA) into the cardiomyocytes for
10 min. The contraction of ventricular myocytes was evalu-
ated using the IonOptix (Milton, USA) cardiomyocyte AM
detection system, and the stimulation voltage is 10 V at the
frequency in 1 Hz. The following parameters were recorded:
cell shortening (bl/ph%), Fura-2 ratio (bl/ph%), 10% of the
peak (Tp), and the time to 10% of the baseline (Tr). After
measuring the basic contraction and calcium fluorescence
intensity, Periplocin (0.1, 1, 3, 10, 30 uM) was added to
observe its effect on myocardial cell contraction and calcium
transient.

Inflammatory Cytokine Measurements (Luminex
Assay)

Rat plasma inflammatory cytokine levels were measured
by using Luminex MAGPIX Multiplex Immunoassay Sys-
tem according to the manufacturer’s instructions. Fifteen
cytokines, including C-X-C Motif Chemokine Ligand 3
(CXCL3), granulocyte—-macrophage colony-stimulating fac-
tor (GM-CSF), Intercellular Adhesion Molecule 1 (ICAM-
1), interferon-y (IFN-y), Interleukin (IL)-1a, IL-1p, IL-2,
IL-4, IL-6, IL-10, IL-18, L-Selection, Tissue Inhibitor of
Metalloproteinases 1 (TIMP-1), Tumor Necrosis Factor
(TNF-a), vascular endothelial growth factor (VEGF), were
measured. Briefly, diluted plasma was cultured with pre-
mixed magnetic particles at room temperature for 2 h. After
washing, the plasma was incubated with the antibody mix-
ture for 1 h. Next, plasma was incubated with streptavidin
PE at 800 rpm for 30 min. At the end, add 100 pL of Wash
Buffer to each well, incubate for 2 min at RT, then use a
Luminex® analyzer read within 90 min.

Flow Cytometry

The splenocytes were extracted as published [28]. In brief,
the spleen was ground in precooled PBS buffer and spleno-
cytes were suspended in 5 mL RMPI 1640 medium. After
centrifugation at 150 g, the cell pellet was resuspended
in 0.4 mL of RBC lysis buffer (Beyotime Biotechnology,
China) and lysed for 5 min at room temperature to remove
the red blood cells. Repeat with the centrifugation and
resuspended the splenocytes pellet in fresh RMPI 1640.
Blood PBMC were isolated with the following protocol:
heparin anticoagulant peripheral blood was collected,
added on to appropriate separation solution, and cen-
trifuged at 800 g for 25 min. The PBMC interface was
carefully removed by aspirating between the separation
solution layer and the plasma layer. Washed with PBS for
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3 times by centrifugation at 250 g for 10 min, then resus-
pended in 400uL. RMPI 1640 medium and set aside for
further use, taking 400uL of 1x 107 cells for flow cytom-
etry backup.

Isolated single-cell suspensions were incubated in a fluo-
rophore-labeled monoclonal antibody cocktail for 50 min at
room temperature. Antibody selection and activated mac-
rophages/monocytes were identified with different antibody
panels: Lineage 1: CD3-FITC, CD4-Perp Cy5.5, CDS-PE
Cy7, IFN-y-AF647, IL-4-PE (BioLegend, USA) for detec-
tion of T-lymphocytes and their Thl and Th2 subtypes;
Lineage 2: CD3-FITC, CD4-Perp CyS5.5, CD25-PE, Foxp3-
AF647 (BioLegend, USA) for Treg subtype detection; Lin-
eage 3: CD45-FITC, CD11b/c-PE (BioLegend, USA) for
macrophage/monocyte subpopulation identification.

Statistics

All data are expressed as standard error (Mean+ SEM). If
variances were homogeneous, the statistics were carried out
by one-way analysis of variables (ANOVA) and the least
significant difference (LSD) test was used for comparison
between groups. The post hoc test of uneven variance adopts
Dunnett’s T3. Set the p-value to < 0.05 as statistically sig-
nificant. Statistics were performed with SPSS 22.0 software
(IBM, USA).

Results

Periplocin Protected the Heart Against Hypertensive
Cardiac Remodeling in Rats with HFpEF

The experiment was designed as shown in Fig. 1A, and
all rats were randomly divided into three groups. Rats in
the normal group were untreated. Rats in the model group
and Periplocin group were induced HFpEF as described in
the method for 4 weeks and rats in the Periplocin group
were given Periplocin (1.5 mg/kg) for additional 8 weeks
(Fig. 1A). Marked abnormalities were observed in DOCA-
salt rats, such as increased heart size, increased ratio of
HW/BW, and increased concentration of NT-proBNP in
the serum (Table 1, Fig. 1B-E), indicating a hypertensive
cardiac remodeling. In addition, both systolic blood press
(SBP) and diastolic blood pressure (DBP) were increased
with a time-dependent manner during the 4 weeks of HFpEF
modeling as reported [29] (Fig. 1F-G). Periplocin could sig-
nificantly reduce the heart size, the ratios of HW/BW, and
the concentration of serum NT-proBNP, but not the blood
pressures (B—G), suggesting a protective effect of Periplocin
against hypertensive cardiac remodeling.
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Fig. 1 Periplocin alleviated heart concentric remodeling in rats with
HFpEF. A A schematic representative of study design. B Quantita-
tive results of body weight, C heart weight, D and heart weight/body
weight ratio in each group. E Representative images of hearts from
rats of each group. F Serum NT-proBNP levels of the study groups.

Both G systolic H and diastolic blood pressure in the model and Peri-
plocin groups remained higher than in normal. #p <0.05, ##p <0.01,
and ###p <0.001 versus normal group; *p <0.05, **p<0.01 versus
model group, all by analysis of variance, n=13-15 in each group
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Table 1 Basic parameters in

Normal Model Periplocin
each group at the 12 weeks of
the experiment Body weight (g) 518.01+14.90 579.50 +53.46* 567.65+43.75*
Heart weight (g) 1.25+0.11 1.76 £0.15# 1.56 £0.21#*
HW/BW (g/kg) 2.37+0.19 2.96 +0.29## 2.74+0.23*
NT-proBNP (pg/mL) 97.39+19.55 183.93 £24.11### 149.97 +£24.29##*

#p < 0.05 vs normal, ##p < 0.01 vs normal; ###p < 0.001 vs normal *p < 0.05 vs model, **p < 0.01vs

model

Periplocin Alleviated Left Ventricular Diastolic
Dysfunction in Rats with HFpEF

To explore the structural changes in the left heart of HFpEF,
echocardiography was performed and vital parameters were
recorded (Table 2). Representative results from Typical
M-mode and Doppler imaging are shown in Fig. 2A. Con-
sistent with the cardiac structure characteristics of HFpEF,
stroke volume, left ventricular volume, and E/A ratio were
significantly decreased, while LVAW, LVPW, and IVRT
were significantly increased in the model group compared to
the normal group (Fig. 2B—G). Interestingly, 8 weeks Peri-
plocin treatment resulted a significant rebound of cardiac
structural remodeling parameters suggesting that Periplocin
could effectively alleviate concentric LV remodeling in rats
with HFpEF (Fig. 2B-G).

Table 2 Echocardiography parameters in each group at the 12 weeks
of the experiment

Normal Model Periplocin
Heartrate  363.44+31.33  353.95+33.59 363.65+29.29
(BPM)
IVRT (ms)  18.17+3.69 20.80+2.874# 18.28 +£2.56*
IVCT (ms)  18.39+6.31 18.49+3.84 19.05+£4.35
E/A 1.15+0.22 1.02+0.26# 1.10£0.17*
Volume; s 157.59+76.90  222.26+46.06#  179.98 +49.68
(uL)
Volume; d  628.96+182.65 57594+71.30# 671.82+151.46
(L)
S.V. (uL) 519.94+202.68 419.06+111.09# 491.84+125.35%
EF. (%) 74.94+6.22 67.44+7.57# 72.88+£6.14
ES. (%) 50.50+13.43 44.89+3.48 44.82+5.97
LVAW 1.95+0.38 2.31+0.33# 2.09+0.28*
(mm)
LVPW 3.19+045 3.81+0.50# 3.37+0.28*
(mm)

#p<0.05 vs control; ##p<0.01 vs control; *p<0.05 vs model;
**p <0.01 vs model

IVRT, isovolumic relaxation time; /VCT, isovolumic contraction time;
E, passive peak left ventricular filling velocity; A, peak atrial systolic
flow velocity; S.V., stroke volume; E.F., ejection fraction; F.S., frac-
tional shortening; LVAW, left ventricular anterior wall; LVPW, left
ventricular posterior wall

@ Springer

To further evaluate the left ventricular diastolic func-
tion, we measured the commonly used parameters, includ-
ing LVP, EDP, Diastolic Duration, + dP/dt Max, and the left
ventricular diastolic time constant (Tau) by invasive left
heart catheter [30] (Table 3 and Fig. 2H-N). A significant
reduced left ventricular compliance, impaired relaxation,
and increased left ventricular filling pressures were found
in the model group compared to the normal group, register
as the increasing LVP, EDP, Diastolic Duration, and -dP/dt
Max parameter (Fig. 2I-N). In addition, the Tau was mark-
edly prolonged in the model group. As expected, the abnor-
mal changes of left ventricular were significantly alleviated
upon Periplocin treatment. However, the LVP remained high
in the Periplocin group, indicating that Periplocin did not
have a significant hypotensive effect (Fig. 2N). Representa-
tive record of the pressure—volume loop series at the end-
points is shown in Fig. 2H. The slope of the end-diastolic
pressure—volume relationship was steeper in the model
group compared with the other groups. Normalization of
-dP/dt Max and Diastolic Duration in the Periplocin group
confirmed that the increase in E/A ratio over time was due to
normalization of left ventricular diastolic function. Of note,
we did not observe any significant differences in heart rate
and + dP/dt Max between the Periplocin and model groups.

Periplocin Prevented LV Fibrosis and Reduced
Cardiac Inflammation

Furthermore, to investigate the effect of periplocin on LV
fibrosis and cardiomyocyte hypertrophy in HFpEF, we
subjected the heart paraffin samples for Masson trichrome
staining and immunofluorescence staining with WGA and
a-SMA antibodies. Strikingly, Periplocin treatment signifi-
cantly alleviated the abnormal increased CSA area shown in
the model of HFpEF (Fig. 3A, B). Additionally, LV fibrosis,
collagen fiber proliferation, and inflammatory cell infiltra-
tion phenotypes in the model group, indicated by Masson
trichrome staining and H&E staining, were significantly
ameliorated upon Periplocin treatment in the Periplocin
group (Fig. 3C, D). Concomitantly, Western blot and relative
quantification results showed that the increased protein lev-
els of MMP9, TGF-f, and NF-xB in the left ventricle of rats
from the model group were reduced by Periplocin treatment
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Fig.2 Periplocin alleviated left ventricular diastolic dysfunction
by echocardiography and hemodynamic analysis. A Representative
images of transmittal flow by Doppler echocardiography (upper) and
M-mode (lower) in each group. B-E Measurement in M-mode of left
ventricular ejection fraction (E, F), stroke volume, left ventricular
anterior wall (LVAW), left ventricular posterior wall (LVPW). F, G
Measurement in Doppler echocardiography of E/A ratio and Isovolu-
mic relaxation time (IVRT) (n=13-15). H Representative pressure—

volume (PV) loop recordings. Periplocin normalize I -dP/dt Max but
with no change in G +dP/dt Max. L Tau, M Diastolic duration, and
M left ventricular end-diastolic pressure (EDP) were also normalized
after Periplocin-treated. However, N left ventricular pressure (LVP)
is no significant difference between model and Periplocin animals
(n=7-8). ¥p<0.05, #p<0.01 versus normal; *p<0.05, **p<0.05
versus model group, all by analysis of variance

Table 3 Hemodynamic
parameters in each group at

Normal

Model Periplocin

the end of 12 weeks of the

LVP (mmHg)
experiment

EDP (mmHg)

Diastolic duration (s)
+dP/dt Max (mmHg/s)
-dP/dt Max (mmHg/s)
Tau (s)

110.98+23.82

181.30+31.49# 194.30+25.21

4.10+£2.23 11.2+231## 5.89+2.55%
0.08+0.01 0.12+0.03# 0.10+0.02*
8749.71 +£3369.79 7954 +2050.49 9749.69 +3073.52
—8923.46 +2466.34 —5917.29+1985.81# —9333.98 £1386.63%*
0.0133+0.0019 0.019+0.003## 0.0132+0.0028**

#p <0.05 vs control; *p <0.05 vs model; **p <0.01 vs model

LVP, left ventricular pressure; EDP, end-diastolic pressure; +dP/dt Max, maximal left ventricular pressure

rising/dropping rate
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Fig.3 Periplocin reversed myocardial remodeling and has an antifi-
brosis effect. A, B Representative images of wheat germ agglutinin
(WGA) staining, and the calculated myocyte cross-sectional area
(CSA). C, D Representative myocardial histological images of HE
staining, Masson staining, and collagen volume fraction (CVF). E-H
Matrix metallopeptidase 9 (MMP9), anti-nuclear factor kappa-B (NF-

(Fig. 3E-H). We concluded that Periplocin prevented LV
fibrosis and reduces cardiac inflammation.

Periplocin Enhanced the Cardiomyocyte Contractile
Function and Intracellular Ca?*. Transient Properties

To explore the effects of Periplocin on time parameters
of cardiomyocyte contractile function and Ca** tran-
sient, we measured the related properties of ventricular
myocytes isolated from rats. Treatment with Periplocin,
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kB p65), anti-transforming growth factor beta 1 (TGF-p) content is
higher in model than in normal and Periplocin rats, indicating signifi-
cant fibrosis and myocarditis. #p <0.05, ##p <0.01, compared with
the normal group; *p<0.05, **p<0.01, compared with the model
group (n=4-6). All by analysis of variance

a classical positive inotropic drug cardiac glycoside,
increased sarcomere shortening and Ca®* transient in a
concentration-dependent manner, and the Sarc-L wave-
forms mirrored the Ca-ratio waveforms (Fig. 4A-D).
Higher concentration of Periplocin resulted in longer
Sarc-L times and calcium transient amplitudes. At the
highest concentration of Periplocin (30 uM), the Sarc-
L was increased to 254% + 78.73%, and the calcium
transient amplitude was increased to 138% +19.52%
(p<0.001) (Fig. 4E, F).
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Fig.4 Sarcomere shortening
and Fura-2 Ca.* transients

BL 0.1uM 1uM 3uM

10uM 30uM Washback

from myocytes. A, B Repre- A
sentative myocyte traces of cell
shortening (upper, Sarc-L) and
Fura-2 ratio (lower, Ca-Ratio).
C-F Average traces of cell
shortening and Fura-2 ratio B
from the same myocyte at
baseline, washout, and at each
testing concentration of Peri-
plocin. G, H Summary results
of the time to 10% of the peak
(TP) and the time to10% of the C
baseline (TR) for cell shorten-
ing before and after application
of Periplocin. *p <0.05 vs BL,
*#p <0.01 vs BL, ¥**p <0.001
vs BL (n=10). All by analysis
of variance
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To further evaluate the speed of cell contraction and cel-
lular relaxation, we quantified Tp and the Tr, respectively
(Fig. 4G, H). Compared with Baseline, Periplocin markedly
increased the Tp to 122.96% +41.96% and 147% +48.28%
(10 uM p <0.05, 30 uM p <0.01). Meanwhile, Tr was sig-
nificantly increased to 127.56% + 18.68%, 137.00% +27.55,
and 168.38% +19.02% (3 uM p<0.05, 10 uM p <0.01,
30 UM p <0.001) after Periplocin treatment at relative
concentration.

Taken together, the cardiomyocyte contractile and cal-
cium transient data supported that Periplocin had a positive
effect on cytosolic Ca**re-uptake, which resulted in more
rapid myocyte contraction (shortening) and relaxation (re-
lengthening) velocities.

Periplocin Inhibited Inflammation by Suppressing
Immunocyte Recruitment in Rats with HFpEF

HFpEEF is associated with increased circulating cytokines
and infiltration of macrophages and other inflammatory
cells in the heart [31]. To explore whether Periplocin
has a role in reducing cardiac inflammation and initiat-
ing an immune response to alleviate HFpEF symptoms,

flow cytometry analysis was employed to assess T cells,
monocytes, and macrophages in the myocardium. We
found that both CD3*CD4* and CD3*CD8* T-lympho-
cytes were significantly increased in the spleen and blood
samples from the model group. Furthermore, a significant
upregulated expression of inflammatory cytokines IFN-y
and IL-4 was observed, revealing a possible inflamma-
tory recruitment of Thl and Th2 subtypes in the model
group. Upon 8 weeks treatment with Periplocin, the pro-
inflammatory factor IFN-y was significantly decreased,
while the anti-inflammatory factor IL-4 was increased
(Fig. 5A, B). Focusing on Treg cell populations, as a
specific marker, CD4*CD25Foxp3* cell population was
significantly increased in the Periplocin group indicating
that Periplocin treatment increased Treg cells and sup-
pressed organismal inflammation (Fig. 5C, D). Due to the
lack of commercially available rat antibodies, we focused
on CD11b/c* isoforms to approximate the number of
macrophages/monocytes in Fig. 5E, F. The percentage of
CD11b/c* positive cells was increased in the model group
and decreased in the Periplocin group compared to the
model group individually. These results suggest that Peri-
plocin might play a role as an immunomodulatory agent.
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Fig.5 Periplocin inhibits inflammation and immunocyte recruit-
ment in HFpEF rats. A, B Representative lineage 1 (defined in the
text) mononuclear cells and quantification within PBMC and spleen
indicating that Periplocin can reduce the production of inflammatory
cells and promote the secretion of anti-inflammatory cells. C, D Rep-
resentative lineage 2 suggesting an increased number of Treg cells
both in blood and spleen. E, F Representative lineage 3 of CD11b/c.*

To analyze the cytokine levels in serum, we turned
to the Luminex assay multifactor assay. We found that
Periplocin treatment decreased the expression of inflam-
matory cytokines such as GM-CSF, IFN-y, IL-18,
and VEGF (Fig. 5G). On the other hand, the levels of
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monocytes for macrophage/monocyte subpopulation identification.
G Periplocin treatment normalizes the expression of pro-inflamma-
tory cytokines in serum, including GM-CSF, IFN-y, and IL-1f, and
increases anti-inflammatory factors such as IL-10, IL-4, and TIMP-
1. #p<0.05, ##p <0.01, compared with the normal group, *p <0.05,
*#p <0.01, compared with the model group. All by analysis of vari-
ance

anti-inflammatory cytokines such as IL-10, IL-4, and TIMP
were increased in the Periplocin group. In summary, our
findings demonstrate that Periplocin works as an immu-
nomodulator in rat HFpEF models by inhibiting inflamma-
tory response and suppressing the immunocyte recruitment.
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Discussion

In the present study, we examined the protective effects of
Periplocin, a kind of cardiac glycoside, on cardiac struc-
ture and function in a rat HFpEF model and clarified a
potential anti-inflammatory function of Periplocin. After
8 weeks of treatment, Periplocin could significantly atten-
uate cardiac structural remodeling and improve cardiac
function by improving the left ventricular ejection fraction
and diastolic function, inhibiting cardiac hypotrophy, and
decreasing the serum level of NT-ProBNP. Moreover, Peri-
plocin could significantly inhibit inflammatory responses
and immune cell recruitment in the hypertensive HFpEF
rat model.

DOCA-salt rat model simulates most of the clinical mani-
festations caused by volume overload in humans, including
hypertension, hypertrophy, fibrosis, electrical conduction
abnormality, and vascular dysfunction, but does not affect
the EF [29], which has been considered to be an angiotensin-
independent animal model of HFpEF with the pathogenesis
of oxidative stress, inflammatory reactions, and neurohu-
moral parasecretion [32]. Hypertension increases ventricular
wall stress, which can be further exacerbated by chamber
dilatation. To mitigate the increase in wall stress, the wall
thickness (i.e., hypertrophy) will be increased so that to
allow more sarcomere units share the workload [33]. Car-
diac hypertrophy, an indicator of ventricular remodeling,
was clinically manifested as HFpEF and an important deter-
minant of patient morbidity and long-term outcomes [34].
In this study, we reported that the ventricular remodeling
indexes, including the cardiac index, NT-ProBNP, LVAW,
and LVPW, were markedly reduced in the Periplocin group
compared to those in the model group. Moreover, the WGA
staining results demonstrated that the cross-sectional area
of cardiomyocytes in the Periplocin group was decreased.
Consistently, both the echocardiography test results and the
WGA staining results indicated the effect of Periplocin on
attenuating cardiomyocyte hypertrophy.

An impairment of relaxation is readily detected by a
prolongation of IVRT, diastolic duration, Tau time, and the
ratio between early and late filling (E/A ratio)[35]. In this
study, the DOCA-salt rats manifested the typical diastolic
dysfunctions characterized by delayed early relaxation,
myocardial and myocyte stiffening, and associated changes
in hemodynamic [36-38]. The attenuation in diastolic
function upon Periplocin treatment was not only limited to
the early active phase of diastole, which registered as the
shortening of the isovolumic relaxation constant (Tau) and
the reduction in the minimum rate of ventricular pressure
change (dP/dt min), but also existed in the late passive
phase of diastole such as the end-diastolic pressure—volume
relationship (EDPVR slope).

Changes in collagen and titin homeostasis are the main
contributors to the increase in passive myocardial stiffness,
which is a major component of diastolic impairment in
HFpEF [39]. In DOCA-salt rats, hypertension induces leu-
kocyte extravasation in heart tissue, which may further result
in increasing collagen deposition and ventricular stiffness
[40]. MMPs, who promote the turnover of the extracellular
matrix, have been suggested as biomarkers for the diagno-
sis and prognosis of HFpEF [41]. In this study, Periplocin
significantly decreased the cardiac fibrosis and the myofi-
broblast infiltration in the Periplocin group compared with
the model group. Consistently, the expression of MMP9, a
fibrosis indicator, was also decreased. All the data suggested
that Periplocin played an effective role in improving left ven-
tricular diastolic function by reducing ventricular stiffness
and increasing left ventricular compliance.

Fibrogenesis is due to excesses of the same biologic
events involved in normal tissue repair. Tissue repair is usu-
ally associated with an inflammatory response [42]. Persis-
tent inflammation has a pivot role in the pathogenesis of
chronic heart failure. The upregulation of inflammatory
mediators and pro-inflammatory cytokines leads to the acti-
vation of fibroblasts and the infiltration of immune-inflam-
matory cells, which initiate ventricular remodeling [40].
Experimental studies reported an increase in inflammatory
response in patients with HFpEF [8]. Since the immune sys-
tem disorder mediated by systemic inflammation plays an
essential role in the pathogenesis of HFpEF, we predicted
that the additional benefits of Periplocin therapy might be
associated with further inhibition of inflammation. In this
study, systemic T cell activation and infiltration of T cells,
monocytes, and macrophages were observed in spleen/
blood samples from rats with HFpEF. T cells are present
in non-ischemic heart failure and dominate the immune
response [43]. Here, we designed an experiment to evaluate
the subpopulations of T cells in our rat model. We found
that CD8" T cells, CD4* T cells, and Th1 cells were signifi-
cantly enriched and while their cytokine, IFN-y, was upregu-
lated, suggesting an obvious pro-inflammatory response in
rats with HFpEF. Periplocin treatment could significantly
reduce HFpEF-induced enrichment of immune cells and
significantly upregulate the expression of Th2 polarized
cytokine, IL-4. Additionally, there is a Th17/Treg cell imbal-
ance in HFpEF patients [44]. Treg cell reduction exacer-
bates myocardial fibrosis and heart failure, while upregula-
tion of Treg improves cardiac insufficiency in patients with
chronic heart failure [45]. Interestingly, Periplocin treatment
increased Treg cells and suppressed cardiac inflammation in
rats with HFpEF. Moreover, Periplocin significantly reduced
the invasion of CD11b/c™ monocytes/macrophages, which
play a role in hypertrophic cardiomyocytes [46]. Mean-
while, studies have shown that Periplocin could decrease
the expression of cytokines, including TNF-a, IL-1p, IL-6,
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and proteins, including p-IkBa/IkBa and pNF-kB/NF-kB, in
rheumatoid arthritis [20]. TGF-f induces inflammation by
producing cytokines and chemokines, and stimulating the
recruitment and activation of inflammatory cells [47]. Our
data confirmed that Periplocin decreased the expression of
TGF-fp and NF-«B in HFpEF rats, which subsequently inhib-
ited the collagen production and inflammatory recruitment.
Furthermore, Periplocin downregulated pro-inflammatory
cytokines, including GM-CSF, IFN-y, IL-1f, and VEGF,
and upregulated anti-inflammatory cytokines, including
IL-10 and IL-4, in blood samples collected from DOCA rats.
Thus, we proved that Periplocin played an anti-inflammatory
role by decreasing inflammatory cytokines, preventing myo-
cardial inflammation, and inhibiting inflammatory responses
and immune cell recruitment in HFpEF rats, which might
also contribute to the effective function of Periplocin in
improving cardiac function and ventricular remodeling.

Researchers have shown that diastolic dysfunction may
be due to the partial inactivation of ion channels, which will
lead to increase of intracellular diastolic Ca®* concentra-
tions [48]. Digitalis cardiac glycosides are characterized by
enhancing cardiac contractility in heart failure, and facili-
tating Ca®>" uptake through Na*/Ca®* exchange [49]. Since
regulation of calcium homeostasis is essential for maintain-
ing normal cardiac diastolic and systolic function [50], our
study demonstrated that Periplocin could enhance myocar-
dial cell contractility and increase on cell shortening and
calcium transient in a dose-dependent manner. Furthermore,
we found that Periplocin increased both Tp and Tr, which
are essential parameters for the speed of cell contraction and
cellular relaxation, indicating a positive effect of Periplocin
on increasing the systolic and diastolic functions of cardio-
myocytes simultaneously.

Although we demonstrated that Periplocin had a great
potential in the treatment of HFpEF, there were still several
limitations. It was elusive how Periplocin directed the pro-
liferation or differentiation of cardiac macrophages in the rat
HFpEF model. Moreover, it was also unclear whether long-
term periplocin could still improve HFpEF cardiac function.

Conclusion

Undoubtedly, there is a great unmet need to develop new
therapeutic options for the treatment of HFpEF. We found
that Periplocin improved cardiac function, normalized LV
relaxation, ameliorated diastolic dysfunction, prevented left
ventricular hypertrophy, and reduced myocardial fibrosis in
HFpEF rats. Given that the tolerance and safety of cardiac
glycosides are clinically acceptable [51], results from our
data suggested it is worth repurposing Periplocin as a new
therapeutic option for HFpEF.
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