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cAMP-PKA-CaMKIl signaling
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Aconiti Lateralis Radix Praeparata (Fuzi) and Fritillariae Thunbergii bulbus (Beimu) have been widely
used clinically to treat cardiopulmonary related diseases in China. However, according to the classic

. rules of traditional Chinese medicine, Fuzi and Beimu should be prohibited to use as a combination

. fortheirincompatibility. Therefore, it is critical to elucidate the paradox on the use of Fuzi and Beimu

. combination therapy. Monocrotaline-induced pulmonary hypertension rats were treated with either
Fuzi, Beimu, or their combination at different stages of PH. We demonstrated that at the early stage
of PH, Fuzi and Beimu combination significantly improved lung function and reduced pulmonary
histopathology. However, as the disease progressed, when Fuzi and Beimu combination were used
at the late stage of PH, right ventricular chamber dilation was histologically apparent and myocardial
apoptosis was significantly increased compared with each drug alone. Western-blotting results
indicated that the main chemical ingredient of Beimu could down-regulate the protein phosphorylation
levels of Akt and PDE4D, whereas the combination of Fuzi and Beimu could up-regulate PKA and
CaMKIlI signaling pathways. Therefore, we concluded that Fuzi and Beimu combination potentially
aggravated the heart injury due to the inhibition of PDK1/Akt/PDE4D axis and subsequent synergistic
activation of 3AR-Gs-PKA/CaMKIlI signaling pathway.

Pulmonary hypertension (PH) is a progressive and fatal hemodynamic problem, characterized by sustained raises
in pulmonary arterial pressure and pulmonary vascular resistance, as well as thickening of small pulmonary
arteries!. Right ventricular dysfunction has been considered as the crucial factor for deaths in patients with PH>?.
However, the mechanisms about how the alterations in right ventricular lead to heart failure remain insufficient*.
Complementary and alternative medical products are usually used to treat PH in clinic (e.g. Beimu, Banxia,
. Gualou and Fuzi in Chinese), and some of these effective herbs were usually used as combinations to achieve a
. better efficacy.
: Drug combination shows a unique advantage in the treatment of chronic and complex disease (e.g. COPD),
. however, the safety of combination therapy should not be ignored. Thousands-years clinical practice in traditional
. Chinese medicines (TCMs) has led to a series of theories and principles to guide the appropriate use of TCMs.
© Among them, “Eighteen antagonisms” is one of the fundamental principles on TCM incompatibility®. Two TCMs,
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Figure 1. Combination of Fuzi and Beimu ameliorates lung dysfunction of the early stage of PH. Effects
on lung index (A) pulmonary function ((B) respiratory frequency and (C) tidal volume) and pulmonary
hemodynamic characteristics ((D) pulmonary artery systolic pressure and (E) pulmonary arterial diastolic
pressure). Data are presented as mean & S.D, *P < 0.05, **P < 0.01 vs Normal; *P < 0.05, **P < 0.01 vs Model;
&P < 0.05, %P < 0.01 vs Fuzi; *P < 0.05, **P < 0.01 vs Beimu.

namely Aconiti Lateralis Radix Praeparata (Fuzi) and Fritillariae Thunbergii bulbus (Beimu), are widely used in
clinic to treat various heart and pulmonary diseases in China”"!. In some cases, Fuzi and Beimu have been used
as a combination therapy to achieve a better clinical performance, such as corpulmonale and asthma!''2, which
is contrary to the rule of “Eighteen antagonisms” for potential fatal consequences resulted from the combination
use of Fuzi and Beimu. Therefore, the clinical disease and symptom conditions were thought to be the key terms
leading to toxicity or efficacy of the co-use of Fuzi and Beimu. However, whether and how Fuzi and Beimu com-
bination leads to the fatal incompatibility remains unknown.

Sympathetic adrenergic activity is highly elevated in PH'?. Sympathetic over-activity is a compensatory mech-
anism to maintain cardiac function at first, but might be detrimental for cardiac function in the long run. In fact,
the adrenergic receptors blocker has been shown to reduce mortality in patients with heart failure'%. Agents act
by binding to adrenoceptor could directly stimulate the enzyme adenylyl cyclase (AC) converting ATP to the
second messenger cAMP, which in turn binds to cAMP-dependent protein kinase A (PKA). Previous studies have
demonstrated that the activity and expression of PKA will be increased during heart failure. Phosphodiesterases
(PDEs), the enzymes that degrade cAMP, have an important role in regulating cAMP/PKA signaling in car-
diac myocytes'®. Additionally, the multifunctional Ca(2+)/calmodulin-dependent protein kinase II (CaMKII) is
also activated in response to BAR/PKA stimulation, and is involved in the regulation of myocardial apoptosis'®.
Collectively, the previous studies suggested that long time overstimulation of BAR/cAMP-PKA-CaMKII signaling
pathway could result in impairment of cardiac function.

The present study is to explore whether and why Fuzi and Beimu combination caused any adverse effects,
which would be an exemplification of the research on the safety of drugs compatibility. Our previous studies have
demonstrated that the alcohol amine alkaloids of Fuzi could active 3,-AR"”. We hypothesized that Fuzi and Beimu
combination is prone to develop severe heart adverse side-effects by synergic activating of cAMP-PKA-CaMKII
signaling pathway. In the present study Monocrotaline (MCT) induced rats PH model which results in compen-
satory right ventricular hypertrophy and heart failure'8-2, were employed to evaluate the efficacy and safety of the
combination treatment of Fuzi and Beimu.

Results
Fuzi and Beimu combination improved lung function when used at the early stage of PH. To
evaluate the effectiveness of the combination of Fuzi and Beimu on PH, we first assessed the changes of lung
function, including lung index, respiratory parameters (F, TV) and pulmonary artery systolic pressure (PASP)
in MCT-induced PH rats after treatment (Fig. 1). Two weeks after MCT injection, model rats showed a
marked increase in lung index (PASP and F), and a significant decrease in TV compared to the normal group.
Combination treatment of Fuzi and Beimu resulted in a greater improvement in lung index (Fig. 1A), respiratory
frequency (Fig. 1B) and pulmonary artery systolic pressure (Fig. 1D), as well as markedly increased tidal volume
(Fig. 1C), compared with Fuzi or Beimu monotherapy.

Representative micrographs of pulmonary pathological morphology were shown in Fig. 2. MCT-induced
model group showed the following histological lesions: alveolar septum widening, pulmonary arteriolar wall thick-
ening with hyaline degeneration and inflammatory cell infiltration obviously, lumens stenosis or even obliteration.
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Figure 2. Pathology changes of the lung tissue (hematoxylin and eosin staining) at early phase of PH.
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Figure 3. Effects of Combination on visceral index at late phase of PH. (A) Cardiac index. (B) Right
ventricular hypertrophy index (RVHI). (C) Liver index. (D) Spleen index. Data are presented as mean £ S.D.
*P < 0.05, **P < 0.01 vs Normal; *P < 0.05, *P < 0.01 vs Model; ¥P < 0.05, ¥¢P < 0.01 vs Fuzi; *P < 0.05,

%%P < 0.01 vs Beimu.

However, Fuzi and Beimu combination treatment attenuated these structural abnormalities (Fig. 2). These results
suggested that Fuzi and Beimu combination treatment could improve lung function at the early stage of PH.

Fuzi and Beimu combination had no significant changes on heart at early phase of PH (Supplementary Fig. S1
and S2).

Fuzi and Beimu combination aggravated cardiotoxicity when used at the late stage of PH. To
evaluate whether the combination of Fuzi and Beimu could lead to more cardiotoxicity, treatment in PH rats was
initiated 4 weeks after MCT injected, and the alterations of viscera index was measured after two weeks of oral
administration (Fig. 3). MCT-treated rats showed significant increases in cardiac, liver and spleen index as well as
right ventricular hypertrophy index (RVHI). Nevertheless, Fuzi and Beimu combination further elevated cardiac,
liver and spleen index compared with each drug alone, suggesting that Fuzi and Beimu combination resulted in
aggravated toxicity.
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Figure 4. Combination aggravates heart failure of the late stage. (A-D) Hemodynamic parameters assessed
for right ventricle. (E-I) Hemodynamic indexes measured in left ventricular function. (J,K) Indicators of
cardiac function tested by transthoracic doppler echocardiography. Data are presented as mean & S.D. *P < 0.05,
**P < 0.01 vs Normal; *P < 0.05, **P < 0.01 vs Model; ¥P < 0.05, &P < 0.01 vs Fuzi; *P < 0.05, **P < 0.01 vs
Beimu.

To further investigate the effects of Fuzi and Beimu combination on cardiac function in MCT-induced PH,
echocardiographic and hemodynamic analysis were performed. Right ventricular and left ventricular indexes
included (RVSP, RVEDP, RV-dP/dtmax and dP/dtmin; LVSP, LVEDP, LV-dP/dtmax and dP/dtmin, HR, EF,
SV). Right ventricular function (Fig. 4A-D) was deteriorated as evidenced by increases in RV systolic pressure
(P <0.05), RV end-diastolic pressure (P < 0.05), dP/dtmax (P < 0.05), as well as decreased dP/dtmin (P < 0.05)
of the rats treated with Fuzi and Beimu combination compared with each drug alone. Left ventricular over-
load (Fig. 4E-I) was compensatorily increased, as demonstrated by significant rises in LV systolic pressure, LV
end-diastolic pressure, HR and LV-dP/dtmax, as well as markedly decreased dP/dtmin of the rats treated with
Fuzi and Beimu combination compared with each drug alone. Ultimately, Fuzi and Beimu combined treatment
also impaired left ventricular function, leading to reduction in LV ejection fraction (Fig. 4], P < 0.05) and stroke
volume (Fig. 4K, P < 0.05). Accordingly, we investigated the production of specific cardiac damage markers,
such as serum BNP, CK-MB and TPI. As showed in Fig. 5A-C, the combination of Fuzi and Beimu-treated rats
revealed a significant rise in serum levels of BNP, TPI and CK-MB compared with each drug alone. These results
further suggested increased cardiotoxicity after the Fuzi and Beimu combination.

Histopathological findings confirmed cardiomyocyte specific suffering in Fuzi and Beimu combination-treated
rats at the late stage of PH (Fig. 5D). No histological abnormalities were observed in normal group, whereas
MCT-induced cardiac damage was featured by right ventricular chamber dilation, right ventricular anterior wall
pulmonary conus significantly bulging, hyperplasia of fibroblasts, and inflammatory cell infiltration with local
myocardial necrosis. Moreover, these pathological changes were aggravated in the rats treated with the combina-
tion of Fuzi and Beimu, characterized by further enlarged right ventricular chamber, unclear muscle fiber direc-
tion, and dissolved the myocardial cells sarcoplasm. Collectively, these results indicated that the development of
PH would lead to heart dysfunction, and the combination of Fuzi and Beimu aggravated cardiotoxicity when used
at the late stage of PH.

PDK1/Akt/PDE4D axis was involved in the synergistic effect of Fuzi and Beimu combination.
Our previous study demonstrated that alcohol amine alkaloids of Fuzi exhibited 3,-AR stimulating effect by
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Figure 5. Indicators of myocardial injury of late stage of PH. Serum levels of BNP (A), CK-MB (B) and
TPI (C). And pathology changes of cardiac tissue at the late stage of PH. Data are presented as mean + S.D.
*P < 0.05, **P < 0.01 vs Normal; *P < 0.05, **P < 0.01 vs Model; ¥P < 0.05, %P < 0.01 vs Fuzi; *P < 0.05,
%%P < 0.01 vs Beimu.

A control p

10yM  100pM  10pM  100pM  10uM  50uM
PDK1

Phospho-PDK1
(Ser241)

Akt

p-Akt(Sera73 )

RLU Ratio (Beta2-AR Activity)

PDE4D

B-actin

Figure 6. Active components of Beimu inhibit PDK1/Akt/PDE axis, down-regulating the phosphorylation
of Akt and PDE. Western blot analysis of p-PDK1, PDK1, p-Akt, Akt, and PDE4D levels in H9C2 cells (A) n=3.
Synergistic effect of Beimu with Fuzi on increasing cAMP levels (B). The influence of Combination on activating
B,AR in 32 HEK 293 cells by a Luciferase reporter gene assay (n =6). *P < 0.0,5, **P < 0.01 vs control.

increasing cAMP levels in HEK 293T cells'. In the present study, we further evaluated whether Fuzi and Beimu
combination could synergistically increase cAMP levels in 3,AR transfected HER293 cells (Fig. 6B). The results
showed that cAMP levels were significant up-regulated by the combination of Fuzi and Beimu, compared with
control and two monotherapies.

To elucidate the synergistic composition in Beimu, the main chemical constituents (Peimine, Peiminine,
Peimisine) of Beimu were selected. We performed a western blot assay to investigate PDK1/Akt/PDE4D axis
protein expression, which signals regulated intracellular cAMP accumulation?!. As shown in Fig. 6A, neither
PDKI1 nor p-PDKI1 levels exhibited prominent changes following peimine, peiminine or peimisine treatment, Akt
expression also displayed no apparent changes. However, the levels of p-Akt Ser473 and PDE4D were decreased
after peimine, peiminine or peimisine treatment. These results indicated that PDK1/Akt/PDE4D axis is involved
in the synergistic effect of Fuzi and Beimu combination treatment on activating cAMP signals.

BAR-Gs-PKA/CaMKIl signaling pathway contributed to the cardiotoxicity mediated by Fuzi
and Beimu combination. It has been reported that persistent AR stimulation through Gs/PKA/CaMKII
signaling induces a multitude cardiac toxicity, such as myocardial hypertrophy and apoptosis®*-*. In the present
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Figure 8. Combination up-regulates protein expressing of PKA/GRK2-3,AR-Gi pathways in right ventricles of
late stage of PH (A-D).

study, BAR-Gs-PKA/CaMKII signaling pathway was assessed using Western blot. The results showed that PKA
and CaMKII protein levels were significantly up-regulated in MCT-treated rats compared to untreated control
(Fig. 7A-C). Interestingly, rat treated with Fuzi and Beimu combination further up-regulated PKA and CaMKII
proteins compared with the two monotherapies in heart tissues. These results suggested that activation of PKA/
CaMKII signaling pathways may induce myocardial apoptosis at the late stage of PH. As expected, MCT-treated
rats showed significant induction of cardiomyocyte apoptosis, whereas apoptosis was notably further induced
in myocardial sections of Fuzi and Beimu combination group, as demonstrated by TUNEL immunostaining
(Fig. 7D,E).

Previous studies have suggested that phosphorylation of 3,AR by PKA induces the switching of the coupling
receptor from Gs to Gi?**. Moreover, GRK2-dependent 3,AR-Gi signaling in cardiac tissue is a primary nega-
tive regulator of BAR pro-contractile signaling, which contributes to the pathogenesis and progression of heart
failure?’-?. Ser(355,356) sites were associated with GRK phosphorylation of the 3,AR, and Ser346 was PKA
consensus site***!. Thus, we examined GRK2, P346-(3,AR and P355-3,AR protein expression. As shown in Fig. 8,
protein levels of GRK2, P346-3,AR and P355-3,AR were largely increased after Fuzi and Beimu combination
treatment. The results indicated that deterioration of heart failure during Fuzi and Beimu combination treatment
was associated with the activation of BAR-Gs-PKA/CaMKII signaling pathway.
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Discussion

The present study for the first time identified an additive heart adverse effect resulting from a typical TCM incom-
patibility (Fuzi and Beimu) in treating PH. Our results showed that when administrated at the early stage of PH,
the combination of Fuzi and Beimu showed a prominent therapeutic efficacy, characterized by decreasing lung
weight, improving lung function (respiration frequency and tidal volume), as well as abrogating the development
of pulmonary arterial hypertension and pulmonary vascular remodeling, and the combination treatment had no
serious effect on heart and liver (Supplementary Figs S1 and S2) in this stage. However, when used at the late stage
of PH, it led to serious heart adverse effects, evidenced by exacerbating right ventricular failure (cardiac index
and right ventricular pressure), as well as compensated left ventricular hyperfunction and eventually heart failure
(heart rate, left ventricular pressure, ejection fraction, stroke volume and apoptosis). The increased risk of heart
adverse effects may be attributed to the synergistic activation of cAMP-PKA- CaMKII signal pathway.

A recent study demonstrated that higenamine in Fuzi or Chuanwu was a 3,AR agonist, which resulted in
muscular relaxation. Our previous study reported that hypaconine, aconine, chasmanine and karakolidine in
Fuzi or Chuanwu were 32-AR agonists'”?!. We therefore hypothesized that Fuzi and Beimu combination could
have the potential to synergistically improve lung dysfunction. However, prolonged activation of 3,AR has been
shown to lead to cardiac dysfunction and eventually development of dilated cardiomyopathy®>?2. Therefore, Fuzi
and Beimu combination would be likely to aggravate heart failure at the late state of PH. Consistent with previous
reports, our data showed that MCT injection remarkably increased F and reduced TV compared to untreated
animals, while the Fuzi and Beimu combination treatment at the early stage of PH notably decreased F, and mean-
while markedly elevated TV. A significant elevation of lung index such as the hyperplasia of pneumonocyte and
presence of an extensive proliferative pulmonary was observed in MCT-induced PH rats®*, whereas this elevation
was mitigated by the combination of Fuzi and Beimu. Taken together, these results strongly supported the bene-
ficial effect of Fuzi and Beimu combination in pulmonary hypertension.

RV hypertrophy and failure in MCT-treated rats were manifested with a significant elevation in heart/body
weight and RV/LVS ratios, hemodynamically by an increase in values of RVEDP, RVSP, and RV dP/dtmax and
RV dP/dtmin, and histopathologically by the evidence of cardiotoxicity. The congested liver and spleen in the late
stage of PH further confirmed the existence of the RVF***. Our results suggested that the Fuzi and Beimu com-
bination exacerbated these dysfunctional parameters of RV, leading to RV dilatation and wall thinning when used
at the late stage of PH. Rats with MCT injection developed LV systolic and diastolic dysfunction, as defined by
decreased LVSP and dP/dtmax, as well as elevated LVEDP and dP/dtmin. Interestingly, Fuzi and Beimu combina-
tion treatment increased LV function, further validated by elevation in values of LVSP, LVEDP, LV-dP/dtmax and
dP/dtmin, and HR. Overall, these sequential events triggered hyperfunctions, and a vicious cycle would ensue
the increased energy consumption and cardiac maladaptive remodeling. Echocardiographic outcomes further
suggested cardiac systolic function was impaired as evidenced by a decrease in LV ejection fraction and stroke
volume. TUNEL staining showed that apoptosis was strikingly more apparent in myocardial sections of Fuzi and
Beimu group. In addition, BNP, TPI and CK-MB levels, which have been suggested as biomarkers for cardiac dys-
function, were further elevated in PH rats treated by Fuzi and Beimu combination®**. In summary, these results
suggested that Fuzi and Beimu combination aggravated heart failure.

Previous studies have suggested that 3, AR was selectively down-regulated in human HEF, and thus shifted
the stoichiometry of 3;AR:3,AR from ~75:~20 in the normal and healthy heart towards 50:50 in the heart fail-
ure, resulting in a relative increase in the proportion of cardiac 3,AR?**. Therefore, we focused on the $,AR,
in particular the Gs/Gi signaling pathway. Consistently, we observed 3;AR was markedly down-regulated in
heart failure, whereas the expression of 3,AR showed no obvious changes (Fig. 9). Recent study indicated that
B,AR activation increased the incidence of ventricular arrhythmia in the experimental heart failure model®. To
explore the effect of Fuzi and Beimu combination on 3,AR activation, a transfected HEK293 cells over-expressing
3,AR was employed. Our results showed that Beimu had a synergistic effect with Fuzi on increasing cAMP lev-
els (Fig. 6B). Besides, we found some chemical components of Beimu down-regulated both Akt phosphoryl-
ation and PDE levels (Fig. 6A). Therefore, the synergistic 3,AR stimulation may be resulted from PDK1/Akt/
PDEA4D axis inhibition. Both 3-AR subtypes were able to activate the classic Gs-adenylyl cyclase-cAMP-protein
kinase A (PKA) signaling pathway, which elicited inotropic and chronotropic effects®. In the heart failure, per-
sistent 3-AR stimulation has been shown through PKA-independent and PKA-dependent activation of calcium/
calmodulin-dependent kinase II (CaMKII), which has been shown to activate apoptotic signaling pathways.
Moreover, overwhelming evidence indicated increase in cardiac CaMKII activity promotes cardiomyocyte apop-
tosis and cardiac remodeling?>*>*!. However, our study revealed that the protein levels of PKA and CaMKII in
Fuzi and Beimu combination group were significantly increased, suggesting that the exaggerated pathological
consequences were associated with the activation of BAR-Gs-PKA/CaMKII signaling pathway.

Compelling evidence has shown that upregulation of GRK2 by exaggerated 3,AR-Gi signaling was a causal
factor in maladaptive cardiac remodeling and the progression of HFE. Several animal studies have shown that
expression of a peptide inhibitor of GRK2 (BARKct) can ameliorate the systolic function, including promoting
reverse remodeling of the LV. Moreover, 32AR phosphorylation mediated by PKA was a prerequisite for 3,AR-Gi
coupling?-*#2, The present study demonstrated that protein levels of GRK2, P346-3,AR and P355-3,AR were
markedly increased after Fuzi and Beimu combination. Therefore, the PKA/GRK2-3,AR-Gi signaling transduc-
tion pathway appeared to participate in the process of cardiac function deterioration.

In summary, our present study for the first time discovered Fuzi and Beimu combination therapy could
improve lung function and reduce pulmonary histopathological changes in the early stage of PH, whereas it
potentially aggravated the heart injury in the late stage of PH due to the inhibition of PDK1/Akt/PDE4D axis
and subsequent synergistic activation of BAR-Gs-PKA/CaMKII signaling pathway. To some extent, the pres-
ent study was helpful to understand the taboo conditions of drug combination in clinical practice based on the
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Figure 9. Effects of incompatibility on 3-AR in right ventricles, protein levels of 3,AR and 3,AR were
analyzed by Western blotting (n = 3). Data are presented as mean £ S.D. *P < 0.05, **P < 0.01 vs Normal;
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Figure 10. Protocols for drug administration. Wistar rats received a single intraperitoneal injected of MCT, at
the early or late stage of PH, rats were administrated each drug for 2 weeks, these rats were randomly grouped,
n=20.

conventional wisdom from ancient TCM knowledge, at least it could provide some research ideas, in which
different symptom conditions would be the key terms leading to toxicity or efficacy of the co-use of the drugs.

Materials and Methods

Drug Preparation.  Aconiti Lateralis Radix Praeparata (Fuzi) and Fritillariae Thunbergii bulbus (Beimu) were
purchased from Chinese herbs Corporation. Fuzi (Hei Shuenpian) and Beimu (Zhe Beimu) as well as the combi-
nation (1:1) of the two herbs were crushed into coarse powder, soaked with distilled water 10 times for 0.5h, and
microboiled twice for 1h. The merged filtrate was dried under vacuum at 60 °C, and the final powder was either
stored at —20°C or diluted with distilled water to the appropriate concentration for further application.

Animal Model and Experiment Design. Male Wistar rats (7 weeks of age and weighing 180 to 200 g.
Certificate No SCXX 2009-0004) were obtained from Vital River Laboratory Animal Technology Co., Ltd
(Beijing, China). Rats were housed in an environmentally controlled breeding room (temperature: 22 +2°C,
humidity: 60 £ 5%, 12 h dark/light cycles). Water and food were given ad libitum. The animal care was per-
formed strictly according to the Care and Use of Laboratory Animals of Institutional Animal Care and all exper-
iments were approved by the Animal Ethics Committee of Tianjin University of Traditional Chinese Medicine
(No.TCM-2013-LACE201312-05).

PH rat model was induced by a single intraperitoneal injection of monocrotaline (MCT, 60 mg/kg b.wt.
GR-132-140225, GuangRun Bio Technology, Co. Ltd. Nanjing, China) previously dissolved in 1 N HCl and pH
adjusted to 7.4 using 1 N NaOH, eventually causing heart failure**-*>. For comparison purposes, normal con-
trol rats received a single intraperitoneal injection of saline. Based on our previous study (Data not shown), the
development of MCT-induced rats PH rat mode was divided into two stages (Fig. 10). Namely drug early inter-
vention stage (DEIS) in which each drug were administrated at the first 2 weeks after MCT injection, and drug
late intervention stage (DLIS) in which each drug were administrated 4 weeks after MCT injection. Each drug
was administrated for 2 weeks. After 7 days adaptive feeding, rats were divided into six groups randomly for each

SCIENTIFIC REPORTS | 6:34903 | DOI: 10.1038/srep34903 8



www.nature.com/scientificreports/

stage: normal control group (Normal, n = 20), model group (Model, n =20), isoproterenol group (ISO, n =20, ip.
0.09 mg/kg/d), Fuzi group (Fuzi, n =20, ig. 5 g/Kg/d), Beimu group (Beimu, n =20, ig. 5g/Kg/d) and combina-
tion group (Combination (1:1), n =20, ig. 5:5g/Kg/d), 4 fold of clinical equivalent dose of the two herbs and 1:1
ratio for combination were selected based on our preliminary experiment in the animal experiment.

Lung Function Measurement. The rats undergoing non-invasive pulmonary function were monitored
by whole-body barometric plethysmography (WBP; EMKA Technologies, Paris, France)*. Rats were placed in
a plethysmograph chamber, and a 10-min accommodation was allowed before analysis. Respiratory parameters
were recorded while the rats were unrestrained, and the respiratory frequency (F) and tidal volume (TV) were
analyzed by emka Technologies iOX2 software.

Echocardiography and Hemodynamic Measurements. Rats were anesthetized with urethane
(0.6ml/100g), and the thoraxes of the rats were shaved. Transthoracic two-dimensionally guided M-mode echo-
cardiography was performed every week after the rats were administered, using an Ultra-high resolution small
animal ultrasound scanner Vevo®2100 (Visual Sonics, Canada)?’. LVIDd, LVIDs, IVSd, IVSs, LVPWd, LVPWs,
LVEDYV, LVESV were recorded. CUBED formula was applied to the calculation of the left ventricular ejection
fraction (EF, %) and stroke volume (SV, pL) using the following equations: EF = (LVEDV — LVESV)/LVEDV X
100%; SV=LVEDV — LVESV.

Hemodynamic assessments were performed using a polygraph system (Power Lab; AD Instruments, Bella
Vista, NSW, Australia) at a sampling rate of 100 Hz***. RVSP, RVEDP, RV =+ dp/dtmax, PASP, PADP, HR, LVSP,
LVEDP and LV =+ dp/dtmax were measured. All these data were fed to a computer using an amplitude discrimi-
nator, analyzed by Chart 7.3.7 software. The animals were sacrificed for further analysis at the end of the hemo-
dynamic measurements.

Tissue Processing and Histopathological Analysis. At the end of the study, the viscera (Lung, heart,
liver) tissues were rapidly removed and weighed. The viscerosomatic index was calculated using the viscera weight
relative to the body weight, viscerosomatic index (VSI) =100 x (viscera weight, g)/(body weight, g). The hearts
were excised with the right ventricle (RV) and left ventricle plus intraventricular septum (LVS) were weighted to
calculate the RV/LVS weight ratio as a marker for right ventricular hypertrophy index (RVHI)*. The right ventri-
cle of the heart was trimmed away from the left ventricle and atria and stored at —80 °C for protein quantification.

The myocardial and pulmonary tissues were fixed in 10% neutral buffered formalin and paraffin-embedded,
sectioned into 5-micrometer thick, and stained with hematoxylin and eosin (H&E).

Apoptosis in cardiomyocytes was evaluated with enzymatic labeling of DNA strand breaks detected using
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling (TUNEL) stain.
TUNEL staining was performed with In Situ Cell Death Detection kit (Roche, Mannheim, Germany) according
to the manufacturer’s instructions. Images were obtained with using OLYMPUS U-CMAD?3 optical microscope
(OLYMPUS, Japan) pictures were taken with OLYMPUS C5060-ADU camera (OLYMPUS, Japan). The apoptotic
ratio was shown as the percentage of positive staining

Serum ELISA and Biochemical Measurements. Blood was collected, and centrifuged at 3000 rpm at
4°C for 15 minutes to separate serum. CK-MB was tested by the semi-automatic biochemical analyzer. The lev-
els of TPI, BNP, ET-1 and NO in serum were determined by ELISA kit (Shanghai BlueGene Biotech CO., LTD,,
Shanghai, China) in accordance with the manufacture’s protocols.

Cell Culture and Luciferase Reporter Assay for 32AR Activation. The rat embryonic cardiomyoblas-
tic cell line H9C2 was cultured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone, USA) supplemented
with 10% FBS and 1% penicillin-streptomycin (HyClone, USA) in a 37°C, 5% CO, incubator. Cell medium was
changed every 2 days. HOC2 cells were plated on the appropriate culture plates and treated with peimine (10 umol/L,
100 pmol/L), peiminine (10 pmol/L, 100 pmol/L) or peimisine (10 pmol/L, 50 pmol/L) for 24 h, and then the pro-
tein of cells was extracted for western blot analysis. HEK293 cell line over-expressing 32-adrenergic receptor was
cultured in DMEM supplemented with 10% fetal bovine serum (FBS, Biological industries), 100 U/ml penicillin
and streptomycin, 100 ug/ml 0.25% Zeocin (Invitrogen Corporation, Carlsbad, CA, USA) at 37°C in a 95% air
and 5% CO, humidified atmosphere. Cells were cultured in 75 cm? culture flakes, and plated on the 96 well
cell culture cluster. Once they reached 30-40% confluence, cells were co-transfected with solution A: luciferase
plasmid pGL4.29 (Promega Corporation, USA) and pRL-TK vector, and solution B: transfection reagents PEI
(Invitrogen, Corporation, Carlsbad, CA, USA), After overnight incubation, the cells were washed with PBS and
incubated with fresh medium for 24 h, prior to the addition of Fuzi, Beimu, Fuzi and Beimu combination, as well
as positive control Isoproterenol for 5h. The luciferase activity was measured by Dual-Glo™ reporter assay sys-
tem (Promega Corporation, USA) according to the manufacture’s protocol. The firefly/Renilla luciferase activity
ratio was used to compare the differences in transfection efficiency. Results are presented as mean =+ S.D. of three
independent experiments performed in duplicate.

Western blot Analysis. Western blot assay was performed as follows. Briefly, the protein of the HOC2 cells
or cardiac tissues was extracted using a Total Protein and Neuclear-Cytosol Extraction Kit (Beyotime Institute of
Biotechnology Inc., shanghai, China) following the manufacturer’s protocols. BCA assay was used to measure the
protein concentration. Separated by sodium-dodecyl-sulfate polyacrylamide gel electrophoresis, and then trans-
ferred onto polyvinylidene fluoride membranes. Membranes were blocked with 5% skimmed milk, and then were
incubated with primary antibodies Rabbit anti-tubulin beta antibody (Bioss, China) or 3-actin (Bioss); PDE4D
(Santa Cruz, USA); PDK1, p-PDK1(Ser241) Akt, p-Akt (Ser473) (CST, USA); anti-beta 1 adrenergic receptor
antibody, anti-beta 2 adrenergic receptor antibody, anti-GRK2 antibody (Abcam); anti-PKA antibody (millipore);
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anti-CaMK2antibody(CST); 32-AR phosphorylated serine pSer346 and pSer(355,356) (sigma), overnight at 4°C.
Secondary antibody goat anti-rabbit antibody (ZSGB-BIO ORIGENE, BEIJING, China) were diluted to identify
the corresponding primary antibodies. Further analysis was carried out by using an imaging densitometer (Cuene
Genins) to quantify the immunoreactive bands.

Statistical Analysis. The SPSS software (IBM SPSS Statistics 20.0) was used for statistical analysis. Quantitative data
were presented as mean & SD., the differences among various groups were performed by one-way analysis of var-
iance (ANOVA), non-parametric equivalents were performed as appropriate. Enumeration data were compared
with Chi-square Test. P < 0.05 was considered statistically significant.

References

1.
2.

3.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Krowka, M. J. Pulmonary hypertension: diagnostics and therapeutics. Mayo Clinic proceedings 75, 625-630 (2000).

Fine, N. M. et al. Outcome prediction by quantitative right ventricular function assessment in 575 subjects evaluated for pulmonary
hypertension. Circulation. Cardiovascular imaging 6, 711-721 (2013).

Schermuly, R. T., Ghofrani, H. A., Wilkins, M. R. & Grimminger, . Mechanisms of disease: pulmonary arterial hypertension. Nature
reviews. Cardiology 8, 443455 (2011).

. Vonk-Noordegraaf, A. et al. Right heart adaptation to pulmonary arterial hypertension: physiology and pathobiology. Journal of the

American College of Cardiology 62, D22-D33 (2013).

. Haddad, E, Hunt, S. A., Rosenthal, D. N. & Murphy, D. J. Right ventricular function in cardiovascular disease, part I: Anatomy,

physiology, aging, and functional assessment of the right ventricle. Circulation 117, 1436-1448 (2008).

. Wang, Y. G. et al. Study on the Eighteen Icompatible Pairs Based on Cytochrome P450. World Science and Technology-Modernization

of Traditional Chinese Medicine and Materia Medica 13, 36-40 (2011).

. Wong, E. L. et al. Randomized, double-blind, placebo-controlled trial of herbal therapy for children with asthma. Journal of

alternative and complementary medicine 15, 1091-1097 (2009).

. Zhao, D., Wang, J., Cui, Y. & Wu, X. Pharmacological effects of Chinese herb aconite (fuzi) on cardiovascular system. Journal of

traditional Chinese medicine = Chung i tsa chih ying wen pan/sponsored by All-China Association of Traditional Chinese Medicine,
Academy of Traditional Chinese Medicine 32, 308-313 (2012).

. Wei, H., Wu, H., Yu, W,, Yan, X. & Zhang, X. Shenfu decoction as adjuvant therapy for improving quality of life and hepatic

dysfunction in patients with symptomatic chronic heart failure. Journal of ethnopharmacology 169, 347-355 (2015).

Liu, M. The Clinical Observation of Modified Beimu Guolou Decoction on Silicosis. Clinical Journal of Traditional Chinese Medicine
06, 525-526 (2012).

Zhang, H., Fan, X, Tao, J., Hua, H. & Wang, C. Exploration on eighteen incompatible medicaments of asthma prescriptions based
on association rules mining. Journal of Nanjing TCM University 26, 89-92 (2010).

Chen, S. & Zhao, G. Application of Compatibility of Radix Aconiti Lateralis Praeparata with its Incompatible Medicaments Pinelliae
Rhizoma, Trichosanthis Fructus and Fritillariae Cirrhosae bulbus. Modern Traditional Chinese Medicine 27, 60-61 (2007).

Ciarka, A., Doan, V., Velez-Roa, S., Naeije, R. & van de Borne, P. Prognostic significance of sympathetic nervous system activation
in pulmonary arterial hypertension. American journal of respiratory and critical care medicine 181, 1269-1275 (2010).

Bristow, M. R. beta-adrenergic receptor blockade in chronic heart failure. Circulation 101, 558-569 (2000).

Mika, D., Richter, W. & Conti, M. A CaMKII/PDE4D negative feedback regulates cAMP signaling. Proceedings of the National
Academy of Sciences of the United States of America 112, 2023-2028 (2015).

Mika, D., Leroy, J., Vandecasteele, G. & Fischmeister, R. PDEs create local domains of cAMP signaling. Journal of molecular and
cellular cardiology 52, 323-329 (2012).

Yang, Z. et al. Looking for agonists of beta adrenergic receptor from Fuzi and Chuanwu by virtual screening and dual-luciferase
reporter assay. Journal of Asian natural products research 1-12 (2015).

Colombo, R. et al. Aerobic exercise promotes a decrease in right ventricle apoptotic proteins in experimental Cor pulmonale. Journal
of cardiovascular pharmacology 66, 246-253 (2015).

de Souza, P. A. et al. Morphological aspects of neuromuscular junctions and gene expression of nicotinic acetylcholine receptors
(nAChRs) in skeletal muscle of rats with heart failure. Journal of molecular histology 42, 557-565 (2011).

Stones, R., Benoist, D., Peckham, M. & White, E. Microtubule proliferation in right ventricular myocytes of rats with monocrotaline-
induced pulmonary hypertension. Journal of molecular and cellular cardiology 56, 91-96 (2013).

Fang, R. et al. PDK1/Akt/PDE4D axis identified as a target for asthma remedy synergistic with beta AR agonists by a natural agent
arctigenin. Allergy 70, 1622-1632 (2015).

Zhang, X. et al. Cardiotoxic and cardioprotective features of chronic beta-adrenergic signaling. Circulation research 112, 498-509
(2013).

Sepulveda, M., Gonano, L. A., Back, T. G., Chen, S. R. W. & Petroff, M. V. Role of CaMKII and ROS in rapid pacing-induced
apoptosis. Journal of molecular and cellular cardiology 63, 135-145 (2013).

Velez Rueda, J. O., Palomeque, J. & Mattiazzi, A. Early apoptosis in different models of cardiac hypertrophy induced by high renin-
angiotensin system activity involves CaMKIL. Journal of applied physiology 112, 2110-2120 (2012).

Woo, A. Y., Song, Y., Xiao, R. & Zhu, W. Biased beta -adrenoceptor signalling in heart failure: pathophysiology and drug discovery.
British journal of pharmacology 172, 5444-5456 (2014).

Lymperopoulos, A., Rengo, G. & Koch, W. ]. Adrenergic nervous system in heart failure: pathophysiology and therapy. Circulation
research 113, 739-753 (2013).

Rengo, G., Lymperopoulos, A., Leosco, D. & Koch, W.]. GRK2 as a novel gene therapy target in heart failure. Journal of molecular
and cellular cardiology 50, 785-792 (2011).

Zhu, W. et al. Gi-biased beta2 AR signaling links GRK2 upregulation to heart failure. Circulation research 110, 265-274 (2012).
Salazar, N. C. et al. GRK2 blockade with beta ARKct is essential for cardiac beta(2)-adrenergic receptor signaling towards increased
contractility. Cell Commun Signal 11, 64 (2013).

Seibold, A. et al. Localization of the sites mediating desensitization of the beta(2)-adrenergic receptor by the GRK pathway.
Molecular pharmacology 58, 1162-1173 (2000).

Tran, T. M. et al. Characterization of agonist stimulation of cAMP-dependent protein kinase and G protein-coupled receptor kinase
phosphorylation of the beta2-adrenergic receptor using phosphoserine-specific antibodies. Molecular pharmacology 65, 196-206
(2004).

Yoo, B. et al. Betal-adrenergic receptors stimulate cardiac contractility and CaMKII activation in vivo and enhance cardiac
dysfunction following myocardial infarction. American journal of physiology. Heart and circulatory physiology 297, H1377-H1386
(2009).

Ahmed, L. A, Obaid, A. A., Zaki, H. F. & Agha, A. M. Role of oxidative stress, inflammation, nitric oxide and transforming growth
factor-beta in the protective effect of diosgenin in monocrotaline-induced pulmonary hypertension in rats. Eur ] Pharmacol 740,
379-387 (2014).

SCIENTIFICREPORTS | 6:34903 | DOI: 10.1038/srep34903 10



www.nature.com/scientificreports/

34. Pei, Y. et al. Rosuvastatin attenuates monocrotaline-induced pulmonary hypertension via regulation of Akt/eNOS signaling and
asymmetric dimethylarginine metabolism. Eur ] Pharmacol 666, 165-172 (2011).

35. Farahmand, F, Hill, M. F. & Singal, P. K. Antioxidant and oxidative stress changes in experimental cor pulmonale. Molecular and
cellular biochemistry 260, 21-29 (2004).

36. Tonkin, A. M. et al. Biomarkers in stable coronary heart disease, their modulation and cardiovascular risk: The LIPID biomarker
study. International journal of cardiology 201, 499-507 (2015).

37. Assumpcao, J. U. et al. Biocompatible microemulsion modifies the pharmacokinetic profile and cardiotoxicity of doxorubicin.
Journal of pharmaceutical sciences 102, 289-296 (2013).

38. Nagatomo, Y. et al. A Pilot Study on the Role of Autoantibody Targeting the beta 1-Adrenergic Receptor in the Response to beta-
blocker Therapy for Congestive Heart Failure. Journal of cardiac failure 15, 224-232 (2009).

39. Wang, Y. et al. beta2 adrenergic receptor activation governs cardiac repolarization and arrhythmogenesis in a guinea pig model of
heart failure. Scientific reports 5, 7681 (2015).

40. Xiao, R. P. et al. Subtype-specific alphal- and beta-adrenoceptor signaling in the heart. Trends in pharmacological sciences 27,
330-337 (2006).

41. Grimm, M. & Brown, J. H. Beta-adrenergic receptor signaling in the heart: role of CaMKIL Journal of molecular and cellular
cardiology 48, 322-330 (2010).

42. Piao, L. et al. GRK2-mediated inhibition of adrenergic and dopaminergic signaling in right ventricular hypertrophy: therapeutic
implications in pulmonary hypertension. Circulation 126, 2859-2869 (2012).

43. Jasinska-Stroschein, M., Owczarek, J., Luczak, A. & Orszulak-Michalak, D. The beneficial impact of fasudil and sildenafil on
monocrotaline-induced pulmonary hypertension in rats: a hemodynamic and biochemical study. Pharmacology 91, 178-184 (2013).

44. Nakata, T. M. et al. Effects of Single Drug and Combined Short-term Administration of Sildenafil, Pimobendan, and Nicorandil on
Right Ventricular Function in Rats With Monocrotaline-induced Pulmonary Hypertension. Journal of cardiovascular pharmacology
65, 640-648 (2015).

45. Perros, F. et al. Nebivolol for Improving Endothelial Dysfunction, Pulmonary Vascular Remodeling, and Right Heart Function in
Pulmonary Hypertension. Journal of the American College of Cardiology 65, 668-680 (2015).

46. Calton, M., Dickson, P., Harper, R. M., Goldowitz, D. & Mittleman, G. Impaired hypercarbic and hypoxic responses from
developmental loss of cerebellar Purkinje neurons: implications for sudden infant death syndrome. Cerebellum 13, 739-750 (2014).

47. Lauer, D. et al. Angiotensin type 2 receptor stimulation ameliorates left ventricular fibrosis and dysfunction via regulation of tissue
inhibitor of matrix metalloproteinase 1/matrix metalloproteinase 9 axis and transforming growth factor betal in the rat heart.
Hypertension 63, e60-e67 (2014).

48. Chen, L. et al. Attenuation of compensatory right ventricular hypertrophy and heart failure following monocrotaline-induced
pulmonary vascular injury by the Na+-H+ exchange inhibitor cariporide. The Journal of pharmacology and experimental
therapeutics 298, 469-476 (2001).

49. Zhang, W. H. et al. Up-regulation of hexokinasel in the right ventricle of monocrotaline induced pulmonary hypertension.
Respiratory research 15,119 (2014).

50. Urboniene, D., Haber, I, Fang, Y. H., Thenappan, T. & Archer, S. L. Validation of high-resolution echocardiography and magnetic
resonance imaging vs. high-fidelity catheterization in experimental pulmonary hypertension. American journal of physiology. Lung
cellular and molecular physiology 299, L401-L412 (2010).

Acknowledgements

This study was supported by National Basic Research Program of China (973 Program) (2011CB505300,
2011CB505302) and Program for Changjiang Scholars and Innovative Research Team in University (PCSIRT,
No. IRT_14R41).

Author Contributions
P.Z., ].D. and Y.Z. designed study; P.Z. and Y.H. wrote the paper; Z.L. analyzed the data and perform the
experiments; Z.Y., L.X. and ES. did the experiments; All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhuang, P. et al. cAMP-PKA-CaMKII signaling pathway is involved in aggravated
cardiotoxicity during Fuzi and Beimu Combination Treatment of Experimental Pulmonary Hypertension. Sci.
Rep. 6,34903; doi: 10.1038/srep34903 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:34903 | DOI: 10.1038/srep34903 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	cAMP-PKA-CaMKII signaling pathway is involved in aggravated cardiotoxicity during Fuzi and Beimu Combination Treatment of E ...
	Results

	Fuzi and Beimu combination improved lung function when used at the early stage of PH. 
	Fuzi and Beimu combination aggravated cardiotoxicity when used at the late stage of PH. 
	PDK1/Akt/PDE4D axis was involved in the synergistic effect of Fuzi and Beimu combination. 
	βAR-Gs-PKA/CaMKII signaling pathway contributed to the cardiotoxicity mediated by Fuzi and Beimu combination. 

	Discussion

	Materials and Methods

	Drug Preparation. 
	Animal Model and Experiment Design. 
	Lung Function Measurement. 
	Echocardiography and Hemodynamic Measurements. 
	Tissue Processing and Histopathological Analysis. 
	Serum ELISA and Biochemical Measurements. 
	Cell Culture and Luciferase Reporter Assay for β2AR Activation. 
	Western blot Analysis. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Combination of Fuzi and Beimu ameliorates lung dysfunction of the early stage of PH.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Pathology changes of the lung tissue (hematoxylin and eosin staining) at early phase of PH.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Effects of Combination on visceral index at late phase of PH.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Combination aggravates heart failure of the late stage.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Indicators of myocardial injury of late stage of PH.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Active components of Beimu inhibit PDK1/Akt/PDE axis, down-regulating the phosphorylation of Akt and PDE.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Combination up-regulates protein expressing of β​AR-Gs-PKA/CaMKII singnal in right ventricles of late stage of PH (A–C).
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Combination up-regulates protein expressing of PKA/GRK2-β​2AR-Gi pathways in right ventricles of late stage of PH (A–D).
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Effects of incompatibility on β-AR in right ventricles, protein levels of β1AR and β2AR were analyzed by Western blotting (n = 3).
	﻿Figure 10﻿﻿.﻿﻿ ﻿ Protocols for drug administration.



 
    
       
          application/pdf
          
             
                cAMP-PKA-CaMKII signaling pathway is involved in aggravated cardiotoxicity during Fuzi and Beimu Combination Treatment of Experimental Pulmonary Hypertension
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34903
            
         
          
             
                Pengwei Zhuang
                Yingying Huang
                Zhiqiang Lu
                Zhen Yang
                Liman Xu
                Fengjiao Sun
                Yanjun Zhang
                Jinao Duan
            
         
          doi:10.1038/srep34903
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34903
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34903
            
         
      
       
          
          
          
             
                doi:10.1038/srep34903
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34903
            
         
          
          
      
       
       
          True
      
   




