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Daucosterol alleviates heart failure with preserved ejection 
fraction through activating PPARα pathway
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A B S T R A C T

Heart failure with preserved ejection fraction (HFpEF) has been increasing in the population in 
recent years and is mainly characterized by preserved left ventricle ejection fraction (LVEF), 
diastolic dysfunction and systemic inflammation. Daucosterol (DAU), a glycoside of β-sitosterol, 
has good anti-inflammatory and antioxidative properties; however, its effects and mechanisms in 
HFpEF have not been investigated. To detect whether DAU could alleviate HFpEF, C57BL/6J 
male mice were fed with N-nitro-l-arginine methyl ester (L-NAME) in drinking water and high fat 
diet (HFD) and treated with DAU by gavage (i.g.) for 10 weeks. The results showed that DAU 
treatment significantly alleviated HFpEF in mice. Mechanistically, by controlling PPARα and 
preventing NF-κB phosphorylation, DAU reduced oxidative stress and the inflammatory response. 
In conclusion, our study provides a new clue for natural product DAU in alleviating HFpEF.

1. Introduction

Heart failure is the major cause of morbidity and mortality globally. According to epidemiology, almost 50 % of patients have heart 
failure with preserved ejection fraction (HFpEF), and the prevalence of this condition has been rising recently [1]. HFpEF is a het-
erogeneous clinical syndrome with unmet diagnostic and therapeutic needs [2]. The fundamental cause of its pathophysiology is 
malfunction of the ventricles during diastole, either at rest or under pressure. Although HFpEF has a normal ejection fraction at rest, it 
does not improve when the pressure load increases, and other parameters of systolic function are abnormal [3]. HFpEF is also regarded 
as a systemic syndrome [4], there are currently few effective therapies to address this widespread issue and a lack of understanding of 
the underlying processes. Recently, it has been reported that myocardial cell stiffness, cellular hypertrophy and myocardial fibrosis 
caused by myocardial inflammation, oxidative stress and coronary artery endothelial dysfunction are the main mechanisms of HFpEF 
[5,6]. Firstly, distinct cardiac cells can become inflammatory and undergo subcellular changes because of increased levels of 
pro-inflammatory cytokines and metabolic substrates. Subcellular changes then stimulate maladaptive myocardial remodeling, and 
long-term low-grade inflammation gradually modifies the heart’s metabolic functions, culminating in a metabolic cardiomyopathy 
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phenotype and ultimately HFpEF [7]. Therefore, there is a greater potential to treat HFpEF from systemic inflammation, myocardial 
fibrosis, and oxidative stress.

Daucosterol (DAU) is a glycoside of natural β-sitosterol, mainly synthesized by plants such as carrot, herbaceous peony, Dan-Shen 
root, etc. DAU have been shown to have strong anti-inflammatory and antioxidant properties in earlier research. After extracting DAU 
from Sanchezia speciosa, Bui et al. used the 2,2-diphenyl-1-picrylhydrazyl (DPPH) technique to assess DAU’s antioxidant ability [8]. In 
addition, DAU can inhibit colitis-induced ROS and inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin-1 
beta (IL-1β), interleukin-6 (IL-6), interferon-γ (IFN-γ) increasement while regulating immune T-cells numbers and reducing macro-
phage infiltration [9]. Our previous study also found that DAU could reduce alcohol-induced liver inflammation through the 
p38/NF-κB/NLRP3 pathway [10].

As of right now, DAU serves a variety of purposes and exhibits good anti-inflammatory and antioxidant properties, some of which 
are equivalent to those of currently used clinical drugs. However, it is uncertain whether DAU can be useful in alleviating HFpEF. Here, 
we investigated DAU’s function in HFpEF and identified the underlying chemical mechanism. In summary, our findings point to DAU 
as a viable natural product for the treatment of HFpEF.

2. Materials and methods

2.1. Materials

Daucosterol (DAU, Cat# CSN10899) was purchased from CSN pharm (Chicago, IL, USA). High fat diet (HFD) (Cat# MD12033) was 
purchased from Medicience (Jiangsu, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Cat# M2003) 
was purchased from Sigma-Aldrich (Louis, MI, USA). Picrosirius Red staining kit (Cat# G1742) was purchased from Solarbio (Beijing, 
China). TUNEL Apoptosis Detection Kit (Cat# A113-01/02/03) was purchased from Vazyme Biotech Co., Ltd (Nanjing, China).

Rabbit anti-NF-κB (Cat# AF5006), p-NF-κB (Cat# AF2006), IL-6 (Cat# DF6087), Nrf2(Cat# AF0639), PGC1α (Cat# AF5395) 
antibodies were purchased from Affinity Biosciences, Inc. (Cincinnati, USA). Rabbit anti-PPARα (Cat# A6697), SOD2 (Cat# A1340), 
SOD1 (Cat# A0274), NLRP3 (Cat# A5652), TNFα (Cat# A0277) and IL-1β (Cat# A16288) antibodies were obtained from Abclonal 
(Wuhan, China). Rabbit anti-β-actin (Cat# 20536-1-AP) was obtained from Proteintech Group (Chicago, IL, USA).

2.2. In vivo studies

C57BL/6J male mice (7–8 weeks old, ~25 g body weight) were purchased from GemPharmatech Co., Ltd. (Nanjing, China). This 
research program has been officially approved by the Biological and Medical Ethics Committee of Hefei University of Technology, with 
approval number HFUT20220317001. All the experiments were not only conducted in the SPF animal experimental center of Hefei 
University of Technology, but all mice were kept in a light/dark cycle of 12 h at 22–24 ◦C and were given unlimited access to food and 
water.

The model of HFpEF was induced by HFD + L-NAME, a ’ two-hit model ’. The mice were fed with a HFD to induce obesity and 
impaired glucose tolerance, and the nitric oxide synthase inhibitor L-NAME was used to induce hypertension. The mice showed various 
typical characteristics of HFpEF, such as decreased diastolic function, decreased exercise capacity, pulmonary congestion and 
increased inflammatory factors in cardiac blood. In this model, the LVEF of mice remained normal [11].

Twenty 8-week-old C57BL/6J mice were randomly divided into four groups: normal control group (Control), dosed control group 
(DAU), HFpEF model group (HFpEF) and HFpEF model dosed group (HFpEF + DAU); HFpEF model was constructed by feeding HFD 
and water containing L-NAME (0.5 g/L) The dose of DAU (dissolved in corn oil) was 10 mg/kg in the normal group (each group of 5) 
and 10 mg/kg in the control group (each group of 5), and the dose of DAU was 10 mg/kg in the HFpEF model group (each group of 5) 
and 10 mg/kg in the HFpEF model + DAU group (each group of 5) for 5 weeks by gavage. The HFpEF model group and HFpEF model +
DAU group were still fed HFD and water containing L-NAME during the gavage period.

2.3. Routine echocardiography and Doppler imaging

Transthoracic echocardiography was performed in mice using the Visual Sonics Vevo 2100 system equipped with an MS400 probe. 
The chest area of the mouse was prepared the day before the ultrasound to fully expose the heart position. Anesthesia was induced by 5 
% isoflurane, and we confirmed its anesthetic status by observing the response of mice to hind paw stimulation. During the acquisition 
of echocardiography, we reduced the concentration of isoflurane to 1.0–1.5 % and adjusted its concentration to ensure that the heart 
rate of the mice was maintained in the range of 415–460 beats/min, while ensuring that the body temperature of the mice remained 
constant.

The orientation of the probe was changed, the left ventricle’s long-axis view near the sternum was captured, and the short-axis M- 
scan at the ventricle’s level was recorded to acquire the left ventricular ejection fraction and other systolic function indices. Mea-
surements were made using tissue Doppler imaging at the mitral valve level and pulse wave to assess diastolic function. Heart rate, left 
ventricular end-diastolic and end-systolic diameter, left ventricular end-diastolic posterior wall, end-diastolic interventricular septum 
thickness, fractional shortening of the left ventricular, left ventricular ejection fraction, mitral diastolic peak blood flow velocity, 
isovolumic relaxation time, and myocardial tissue Doppler peak velocity during mitral annulus diastolic and early filling deceleration 
were among the many parameters we collected. After the operation, all mice recovered smoothly from anesthesia without any adverse 
reactions.
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2.4. Blood pressure record

A tail cuff method and an animal noninvasive blood pressure monitor (BP98AWU, Tokyo, Japan) were used to assess blood pressure 
in conscious mice. Mice were placed in a mouse immobilizer and recorded under stable conditions until three stable continuous 
measurements were obtained.

2.5. Histochemical analysis

Mouse heart tissues were fixed in paraformaldehyde and embedded in paraffin. Sections were prepared and subjected to H&E 
staining, Sirius red staining and Masson staining[12,13]. Frozen heart tissues were sectioned to 7 μm for DHE staining [14].

2.6. Cell culture

Human cardiomyocytes AC16 cells (Cat # CL-0790) were provided by ATCC (Rockville, USA) and cultured in DMEM medium 
supplemented with 10 % fetal bovine serum and 50 mg/mL penicillin/streptomycin in a 5 % CO2 incubator. AC16 cells were grouped 
and treated as follows: ①Control group (Ctrl): DMSO was added as a control; ②Control + inhibitor group (CP): 0.24 μmol/L of PPARα 
inhibitor was added to treat the cells for 24 h; ③Control drug group + inhibitor group (CPD): 1 μmol/L of DAU and 0.24 μmol/L of 
PPARα inhibitor were added to treat the cells for 24 h; ④Model group (LPS): 0.1 μmol/ml of lipopolysaccharide (LPS) was added to 
treat the cells for 24 h; ⑤Model + drug group (LD): 0.1 μmol/ml of LPS was added to treat the cells for 24 h and 0.1 μmol/ml of LPS and 
0.24 μmol/L of PPARα inhibitor treated cells for 24 h; ⑥Model drug group + inhibition group (LDP): 0.1 μmol/ml of LPS, 1 μmol/L of 
carotene and 0.24 μmol/L of PPARα inhibitor treated cells for 24 h.

2.7. Cell viability assay

Cell viability was determined using the tetramethylazole salt colorimetric method described above [15]. After the indicated 
treatments, MTT solution (5 mg/mL/well) was added to the cells. Then 200 μl/well of dimethyl sulfoxide was added and shaken at low 
speed for 15 min, and the absorbance values were detected at a wavelength of 490 nm.

Table 1 
Primer sequence used for RT-qPCR. M: mouse primers; H: human primers.

Gene Forward primer Reverse primer

Nrf2 (M) TCACACGAGATGAGCTTAGGGCAA TACAGTTCTGGGCGGCGACTTTA
PGC1α (M) GATGACCCTCCTCACACCAA AGTTGTGGGAGGAGTTAGGC
PPARα (M) ACCTTGTGTATGGCCGAGAA AAGGAGGACAGCATCGTGAA
SOD2 (M) TCAATGGTGGGGGACATATT GAACCTTGGACTCCCACAGA
SOD1 (M) CCAGTGCAGGACCTCATTTT TCATGGACCACCATTGTACG
NLRP3 (M) CTCGCATTGGTTCTGAGCTC AGTAAGGCCGGAATTCACCA
TNF-α (M) ACTGAACTTCGGGGTGATCGGT TGGTTTGCTACGACGTGGGCTA
IL-1β (M) AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC’
IL-6 (M) AGACTTCCATCCAGTTGCCT CATTTCCACGATTTCCCAGAGA
NF-κB (M) CTGGCTACCACTGGAACTCA CAGTTGGTCCAAGGTTTGCA
Caspase-3 (M) CAGCCAACCTCAGAGAGACA ACAGGCCCATTTGTCCCATA
BAD (M) TCCTGGGGAGCAACATTCAT ACCCTCAAACTCATCGCTCA
BCL2 (M) CTTCAGGGATGGGGTGAACT ATCAAACAGAGGTCGCATGC
BAX (M) GAGACACCTGAGCTGACCTT CCCCAGTTGAAGTTGCCATC
α-SMA (M) CCCAACTGGGACCACATGG TACATGCGGGGGACATTGAAG
TGF-β (M) CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
Collagen-I (M) CCGTGACCTCAAGATGTGCC GAACCTTCGCTTCCATACTCG
Collagen-III (M) GACCTCCTGGAAAAGATGGATC AAATCCATTGGATCATCCCC
β-actin (M) ATGGAGGGGAATACAGCCC TTCTTTGCAGCTCCTTCGTT
Nrf2 (H) GGTTGCCCACATTCCCAAAT AGCAATGAAGACTGGGCTCT
PGC1α (H) AGCCTCTTTGCCCAGATCTT GGCAATCCGTCTTCATCCAC
PPARα (H) CCCTCCTCGGTGACTTATCC CACCAGCTTGAGTCGAATCG
SOD2 (H) CAAAGGGGAGTTGCTGGAAG AGCAGTGGAATAAGGCCTGT
SOD1 (H) GGAGACTTGGGCAATGTGAC CACAAGCCAAACGACTTCCA
NF-κB (H) AATGGTGGAGTCTGGGAAGG TCTGACGTTTCCTCTGCACT
NLRP3 (H) GTTTGACCCCGATGATGAGC CTTGTGGATGGGTGGGTTTG
TNF-α (H) CTGAAAGCATGATCCGGGAC TTAGAGAGAGGTCCCTGGGG
IL-1β (H) TCCAGCTACGAATCTCCGAC TGATCGTACAGGTGCATCGT
IL-6 (H) AGTCCTGATCCAGTTCCTGC CTACATTTGCCGAAGAGCCC
BAD (H) GAGGACGACGAAGGGATGG AAGTTCCGATCCCACCAGG
BCL2 (H) GCCTTCTTTGAGTTCGGTGG GAAATCAAACAGAGGCCGCA
BAX (H) AAGAAGCTGAGCGAGTGTCT GTTCTGATCAGTTCCGGCAC
β-actin (H) CTCCATCCTGGCCTCGCTGT GCTGTCACCTTCACCGTTCC
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2.8. Immunofluorescence cytochemistry

After cell fixation, cells were permeabilized with 0.5 % Triton X-100. After rinsing, cells were closed and incubated with anti-NF-κB 
and PPARα antibodies overnight. After washing, cells were incubated with secondary antibodies followed by counterstaining with 
DAPI.

2.9. Western blotting

Western blotting was performed as described. Briefly, samples were lysed with lysis buffer. Equal amounts of total protein (40–60 
μg) were isolated from each sample and then transferred to a nitrocellulose membrane and incubated with the indicated antibodies. 
After incubation with secondary antibodies, protein bands are displayed using a chemiluminescence imaging system. All samples in the 
same group are processed simultaneously.

Fig. 1. Daucosterol treatment significantly improves diastolic function in HFpEF mice. 
(A) Representative M-mode echocardiographic traces of the left ventricle. (B) Left ventricular ejection fraction. (C) Left ventricular posterior wall 
degree. (D) Heart weight/tibial length. (E) Typical pulsed wave Doppler (top) and tissue Doppler (bottom). Images are representative of 5 inde-
pendent mice. (F) Ratio of mitral E peak to e’ peak (E/e’). (G–H) Serum BNP, NT-proBNP, was measured by enzyme-linked immunosorbent assay. (I) 
Ratio of lung wet weight to dry weight (LW). (J) Cardiac systolic blood pressure. Data are mean ± SD using One-Way ANOVA. ns: no statistically 
significant difference compared to control; *P < 0.05, **P < 0.005, ***P < 0.0001 vs Control; ##P < 0.005, ###P < 0.0001 vs HFpEF (n ≥ 5).
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2.10. Quantitative Real-time PCR (RT-qPCR)

Total RNA was extracted from mouse heart by Trizol, and its purity and concentration were measured by ultramicro spectro-
photometer, and reverse transcribed into cDNA. After 3-fold dilution of cDNA, the reaction system was established: 20 μL containing 2 
μL cDNA, 10 μL 2 × AceQ qPCR SYBR Green Master Mix, 0.5 μL upstream and downstream primers, and 7 μL sterile water. The PCR 
procedure was 94 ◦C 180s, 94 ◦C 15s, 56 ◦C 10s, 45 cycles. Three replicates were set for each sample, and β-actin was used as the 
internal reference to calculate the relative expression of gene mRNA.

The PCR primers were synthesized by GENEWIZ, Inc., the total RNA kit (Trizol) was purchased from Beijing Zhuang meng In-
ternational Biogene Technology Co and primer sequences are shown in Table 1.

2.11. Statistical analysis

All data involved in this experiment were expressed in the form of means ± standard deviation (SD), and GraphPad Prism software 
was used for plotting and statistical analysis, and the data were analyzed by One-Way ANOVA and Two-Way ANOVA, with P < 0.05 
defined as a significant difference.

3. Results

3.1. Daucosterol alleviates heart failure with preserved ejection fraction in mice

Following the previously described protocol, we divided the WT mice into four groups for treatment: normal control (Control), 
dosed control (DAU), HFpEF model group (HFpEF), and HFpEF model + Daucosterol group (HFpEF + DAU). First, we examined 
whether DAU administration resulted in modifications to the HFpEF phenotype. The findings indicated that there was no statistically 
significant variation in LVEF between the Ctrl group and the HFpEF group receiving DAU treatment. Consequently, we concluded that 

Fig. 2. Daucosterol treatment attenuates myocardial fibrosis in HFpEF mice. 
(A) HE staining, Sirius red staining and Masson staining of mouse heart. (B) Percentage of fibrotic area. (C) Masson’s trichrome staining. (D–G) 
Expression of α-SMA, TGF-β, collagen-I, and collagen-III in mouse heart. Data are mean ± SD using One-Way ANOVA. ***P < 0.0001 vs Control; #P 
< 0.05, ##P < 0.005, ###P < 0.0001 vs HFpEF (n ≥ 5).
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Fig. 3. Daucosterol can improve HFpEF by inhibiting apoptosis. 
(A) TUNEL staining of mouse heart, DAPI showing cells number and location. Scale bar: 20 μm. (B–E) Expression of BAD, Caspase-3, BCL2, and BAX 
in mouse heart. (F) Real-time qPCR was used to calculate BCL2/BAX values in different groups and to compare the anti-apoptotic ability. Data are 
mean ± SD using One-Way ANOVA. **P < 0.005, ***P < 0.0001 vs Control; #P < 0.05, ##P < 0.005, ###P < 0.0001 vs HFpEF (n ≥ 5).
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DAU had no effect on the mouse heart’s contractile function, suggesting that the two-strike model had no effect on the heart’s con-
tractile function (Fig. 1A–B). As shown in Fig. 1C, in the HFpEF model, the left ventricular posterior wall thickness of the heart 
increased significantly but decreased after DAU treatment. The HFpEF-induced elevated E/e’ ratio showed signs of increased left 
ventricular filling pressure compared with control group (Fig. 1E–F). Preserved ejection fraction and diastolic dysfunction are two 
important features of HFpEF [16]. Lung congestion is another hallmark feature of HFpEF [17] and DAU significantly attenuated 
HFpEF-induced lung congestion as shown in Fig. 1D and I. Furthermore, when compared to the Molding set, DAU also reduced heart 

Fig. 4. Daucosterol attenuates cardiac inflammation and activates PPARα in HFpEF mice. 
(A) Hepatic DHE staining of mice. scale bar: 50 μm. (B) Statistical analysis of dihydroethidium. (C–G) Expression of NLRP3, TNF-α, IL-1β, IL-6, and 
NF-κB in mouse heart. (H) Immunofluorescence staining of mouse heart tissue. Scale bar: 50 μm. (I) Statistical analysis of fluorescence. (J–N) 
Expression of NF-κB, PPARα, PGC1α, SOD1 and SOD2 in mouse heart. (O) Protein expression of Nrf2, p-NF-κB, NF-κB, PPARα, PGC1α, SOD1 and 
SOD2 in mouse heart. Data are mean ± SD using One-Way ANOVA. **P < 0.005, ***P < 0.0001 vs Control; ##P < 0.005, ###P < 0.0001 vs HFpEF 
(n ≥ 5).
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Fig. 5. Daucosterol ameliorates LPS-induced apoptosis of AC16 cells. 
(A) AC16 cells viability detection (OD 550 nm absorbance, n ≥ 5). *P < 0.05, **P < 0.01, ***P < 0.001 vs Normal control group. (B) TUNEL staining 
of AC16 cells. Scale bar: 20 μm. (C) The BCL2/BAX values of different groups were calculated by RT-qPCR to compare the anti-apoptosis ability. (D) 
Expression of BAX, BCL2, BAD mRNA in AC16.Data are mean ± SD using Two-Way ANOVA, $$$P < 0,0001 vs Ctrl; #P < 0.05, ##P < 0.005, ###P <
0.005 vs LPS (n ≥ 5).
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Fig. 6. The effect of DAU on oxidative stress induced by GW6471 and LPS in AC16 cells. 
(A) Immunofluorescence staining of PPARα. Scale bar: 50 μm. (B) DCFH-DA staining of AC16 cells. Scale bar:100 μm. (C) Immunofluorescence 
staining of NF-κB. Scale bar: 50 μm. (D) Protein expression of Nrf2, p-NF-κB, NF-κB, PPARα, PGC1α, SOD1 and SOD2 in AC16 cells. (E–F) Expression 
of Nrf2, p-NF-κB, NF-κB, PPARα, PGC1α, SOD1 and SOD2 mRNA in AC16 cells. Data are mean ± SD using Two-Way ANOVA, $$P < 0.005, $$$P <
0.0001 vs Ctrl; *P < 0.05, **P < 0.005 vs CP; #P < 0.05, ##P < 0.005 vs LPS (n ≥ 5).
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hypertrophy in HFpEF animals. Similarly, following DAU treatment, HFpEF animals showed lower blood pressure, serum BNP, and 
NT-proBNP levels (Fig. 1G, H and 1J). The above results suggest that DAU significantly improved the cardiac function in HFpEF mice.

3.2. Daucosterol reduces HFpEF-induced myocardial fibrosis

Cardiac fibrosis can cause cardiac stiffness, which has been reported to play an important role in HFpEF [18]. Staining showed that 
the myocardium in the HFpEF group was significantly hypertrophy and myocardial fibrosis was aggravated, while the cross-sectional 
area of left ventricular cardiomyocytes in the dau group was significantly smaller than that in the HFpEF group (Fig. 2A–C). Next, we 
measured the mRNA levels of TGF-β and α-SMA, two genes linked to fibrosis, and discovered that the HFpEF group had considerably 
higher levels of both genes (Fig. 2D and E). In addition, HFpEF significantly increased the expression of type collagen (Fig. 2F–G). 
These results suggest that DAU could mitigate myocardial fibrosis and adverse cardiac remodeling in HFpEF mice.

3.3. Daucosterol ameliorates HFpEF-induced apoptosis

To further investigate the therapeutic effect of DAU in HFpEF, we investigated whether DAU could ameliorate the apoptosis caused 
by HFpEF. First, mouse heart slices were stained with TUNEL. The result showed that the number of apoptotic cells significantly 
increased in the HFpEF group, but it was reversed after DAU treatment (Fig. 3A). In addition, DAU could promote the transcript levels 
of anti-apoptotic gene BCL2 and decrease the mRNA expression of the pro-apoptotic genes Caspase-3, BAD, and BAX (Fig. 3B–E). BAX 
and BCL2 jointly regulate the apoptotic pathway, thus apoptosis can be judged based on the ratio of BCL2/BAX [19]. As shown in 
Fig. 3F, the heart BCL2/BAX ratio of hfpef mice was recovered after DAU treatment, indicating that DAU enhanced the anti-apoptotic 
ability of mice and weakened the apoptotic reaction of heart tissue, thus improving the HFpEF in mice.

3.4. Daucosterol attenuates inflammatory response and oxidative stress in HFpEF mice

Early heart failure is typically accompanied by widespread inflammation. Systemic chronic inflammation can then create a vicious 
loop with oxidative stress, which is a major factor in the pathophysiology of heart failure [20]. To assess the level of myocardial 
oxidative stress, we performed dihydroethidium staining on fresh heart sections from mice. As shown in Fig. 4A, when compared to the 
control group, the HFpEF group’s mice’s heart tissue had higher dihydroethidium fluorescence intensity, however, DAU treatment 
decreased the fluorescence intensity. Inflammation is a major cause of HFpEF-induced cardiac injury, and the mRNA levels of 

Fig. 7. The effect of DAU on GW6471 and LPS-induced inflammatory factors in human cardiomyocytes. 
(A) Protein expression of NLRP3, TNF-α, IL-1β and IL-6 in AC16. (B–E) Expression of NLRP3, TNF-α, IL-1β and IL-6 mRNA in AC16.Data are mean ±
SD using Two-Way ANOVA, $$P < 0.005, $$$P < 0,0001 vs Ctrl; *P < 0.05, ***P < 0,0001 vs CP; #P < 0.05, ##P < 0.005, ###P < 0.005 vs LPS (n 
≥ 5).
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inflammation-related genes NLRP3, TNF-α, IL-6, and IL-1β were significantly increased in HFpEF mice, which was decreased by DAU 
treatment (Fig. 4C–F). As shown in Fig. 4G and I, HFpEF upregulated the degree of phosphorylation of NF-κB in mice and suppressed 
the expression of Nrf2, PPARα, PGC1α, SOD2, and SOD1 in both mRNA and protein forms (Fig. 4J–O). However, these changes were 
observably reversed by the treatment of DAU. The above results suggest that DAU significantly ameliorated cardiac inflammation and 
oxidative stress in HFpEF mice.

3.5. Daucosterol ameliorates LPS-induced apoptosis of AC16 cells

At present, there is no clear cell model of HFpEF. Therefore, we used LPS to induce inflammatory damage in human myocardial 
AC16 cells, and verified the mechanism of DAU on HFpEF in vitro. The optimal concentration of DAU on AC16 cells was first deter-
mined by MTT analysis (Fig. 5A). The results showed that the concentration of DAU at 490 nm to produce significant toxic effects on 
cells was 2 μM. Therefore, we decided to use 1 μM of DAU for subsequent experiments in AC16 cells. According to the results of TUNEL 
staining, the LPS group had considerably more apoptotic cells than the Ctrl group, however the DAU therapy decreased this number. 
Next, the transcription of apoptosis-related proteins in cells was detected. It was found that DAU treatment significantly reduced the 
expression of pro-apoptotic factors BAD and BAX and increased the expression level of anti-apoptotic factor BCL2 (Fig. 5C–D). In 
summary, DAU can improve the anti-apoptotic ability of AC16 cells and improve LPS-induced apoptosis of AC16 cells.

3.6. DAU alleviates LPS-induced oxidative stress by regulating the PPARα/NF-κB signaling pathway

Based on our results in vivo, we found that DAU has significant activity, and has functions such as improving inflammatory response 
and reducing oxidative stress. To further explore the molecular mechanism of DAU in the treatment of HFpEF. we referred to the 
existing research results. One of the studies pointed out that PPARα was highly expressed in heart tissue. This suggests that DAU may 
exert its biological activity by affecting the expression of PPARα. Therefore, we speculate that DAU may regulate the PPARα/NF-κB 
signaling pathway by restoring the expression of PPARα, thereby reducing the cell inflammatory response and improving the function 
of HFpEF. To verify this hypothesis, we designed a set of experiments, in which GW6471, an inhibitor of PPARα, was added and co- 
cultured with DAU. Fig. 6A demonstrated how DAU reversed the trend of downregulating PPARα expression in the LPS and CP groups 
relative to the Ctrl group. Through ROS staining, we observed that GW6471 significantly increased the level of reactive oxygen species 
in AC16 cells, which further confirmed the intensification of oxidative stress. At the same time, DAU reduced ROS levels caused by 
GW6471 and LPS (Fig. 6B). However, when we added DAU to the experimental group, the situation changed. Both at the protein and 
mRNA levels, we observed a significant decrease in the expression of NF-κB, which means that the inflammatory response has been 
alleviated. Meanwhile, there was a notable rise in the expression levels of genes linked to energy metabolism and antioxidants, 
including Nrf2, PGC1α, PPARα, SOD1 and SOD2 (Fig. 6C–F). The results obtained imply that DAU can, in fact, lessen oxidative stress by 
reestablishing PPARα, which in turn controls the PPARα/NF-κB signaling pathway and shields cells from the outside world.

3.7. Daucosterol alleviates oxidative stress and inflammation by restoring PPARα expression

To explore whether DAU regulates cellular inflammation through PPARα, we investigated the expression of proteins linked to 
inflammation in AC16 cells and discovered that DAU lowered the expression of inflammatory factors that were upregulated by 
GW6471 or LPS (Fig. 7A). The results of RT-qPCR also verified the improvement effect of DAU on AC16 cells. DAU not only reduced the 
mRNA level of NLRP3 in the model group, but also reduced the mRNA levels of NLRP3, TNF-α, IL-6, IL-1β and other inflammatory 
factors caused by GW6471 (Fig. 7B–E). In summary, DAU has a significant anti-inflammatory effect and can effectively reduce LPS- 
induced inflammatory response.

4. Discussion

50 % of heart failure patients are caused by HFpEF and compared to heart failure with reduced ejection fraction (HFrEF), HFpEF is 
more common [21]. HFpEF involves complex interactions between complications such as hypertension, diabetes, renal failure, 
obesity, and atrial fibrillation and cardiac structural and functional abnormalities such as left ventricular hypertrophy, myocardial 
fibrosis, myocardial stiffness, endothelial dysfunction, and oxidative stress [22]. These factors raise systemic inflammation, which in 
turn triggers other diseases such increased deposition of collagen and other matrix proteins, which result in left ventricular hyper-
trophy and myocardial fibrosis [23–25]. Remodeling of the ventricles and atrium may result from increased fibrosis [26]. In HFpEF, 
due to myocardial ischemia, hypoxia and other reasons, cardiomyocytes will produce a large amount of ROS, resulting in enhanced 
oxidative stress response, which will further damage cardiomyocytes and aggravate myocardial dysfunction [27]. In HFpEF, abnormal 
inflammation and apoptosis can lead to excessive damage and death of cardiomyocytes [28].Inflammation can affect myocardial 
remodeling and dysfunction through coronary microvascular endothelial dysfunction, thereby inducing reactive interstitial fibrosis 
and changing the secretory communication between endothelial cells and pericardial cells [29]. Ultimately, the inflammatory response 
causes cardiomyocytes to produce hypertrophy and stiffness due to a decrease in cyclic guanosine monophosphate (cGMP) and nitric 
oxide (NO), which impacts left ventricular diastolic dysfunction [30]. Systemic inflammation is thought to be a common biological 
feature of HFpEF and HFrEF, especially HFpEF[20,31]. In HFpEF, inflammation affects not only the myocardium but also other organs, 
such as the lungs, skeletal muscle and kidneys. Previous experiments showed that the expression levels of the pro-inflammatory factors 
TNF-α, IL-6 and IL-1β were significantly increased in HFpEF mice [32]. In in vivo experiments, we demonstrated that DAU improves 
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cardiac diastolic function, such as echocardiographic parameters E/e’ ratio, LV posterior wall degree, and reduces serum BNP and 
NT-proBNP levels and associated with a reduction in LV enlargement and pressure overload; Consistently, pulmonary edema was also 
significantly improved in the DAU group of mice. When DAU was present, the expression of pro-inflammatory factors (NLRP3, TNF-α, 
IL-1β, and IL-6) was markedly enhanced in HFpEF mice. In LPS-induced cardiac inflammation model in vitro, DAU inhibited the in-
flammatory response of cardiomyocytes, reduced cellular oxidative stress, and regulated the expression of genes related to inflam-
mation and oxidative stress by recovering PPARα.

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors that function as ligand-activated transcription factors. 
They exist in three isoforms: PPARα, PPARβ/δ, and PPARγ [33]. PPARα regulates energy balance, PPARγ activation leads to insulin 
sensitization and enhances glucose metabolism, and PPARβ/δ activation enhances fatty acid metabolism [34]. Therefore, the nuclear 
receptor PPAR family plays an important regulatory role in energy homeostasis and metabolic function. The PPAR signaling pathway is 
present in many different organelles, the most prominent of which is the mitochondria. PPAR is important in the metabolism of fatty 
acids and has anti-inflammatory and anti-fibrotic properties, as well as regulating the metabolism of glucose and energy [35]. It has 
been demonstrated that PPARα regulates both acute and chronic inflammation in several different tissues, such as the liver, gut, lung, 
heart, and vascular wall [36]. Furthermore, PPARα increases cellular fatty acid uptake, esterification, and transport, regulates genes 
involved in lipoprotein metabolism, and acts as a physiological master switch in the heart, directing cardiac energy metabolism in 
cardiomyocytes, thereby influencing diabetic cardiomyopathy and pathological heart failure [37]. Although the precise mechanisms 
underlying both beneficial and worsening effects of PPARα on heart function in animal models remain unknown, numerous metabolic 
and pathological stress situations have a multifaceted impact on cardiac PPARα expression [38]. As a major nuclear transcription 
factor protein, NF-κB has been reported to be involved in the cellular inflammatory response [39]. Increasing evidence suggests that 
ligands of PPARα can negatively regulate the NF-κB pathway and trigger anti-inflammatory responses [40]. Additionally, it has been 
documented that PPARα activation can prevent NF-κB activation and the production of inflammatory genes that follow [41].

We speculated that DAU could also facilitate PPARα to negatively regulate NF-κB and to improve inflammatory response and 
regulate oxidative metabolism. To confirm this conjecture, we added PPARα inhibitors in cellular experiments and found that the 
intracellular PPARα expression levels were significantly reduced after the addition of inhibitors and increased significantly under the 
co-treatment of inhibitors with DAU.

In this study, we investigated the effect of DAU on HFpEF, and we demonstrated that DAU significantly attenuates myocardial 
inflammation and oxidative stress and modulates PPARα expression to improve oxidative metabolism, thus, DAU could be a new 
therapeutic agent for HFpEF.

In summary, DAU attenuates cardiac dysfunction, improves cardiac function and ventricular remodeling in HFpEF mice by 
recovering PPARα to downregulate NF-κB expression, thereby alleviating the inflammatory response as well as relieving oxidative 
stress, fibrosis and apoptosis. DAU, as an ideal anti-inflammatory product, has no side effects and is affordable. It can be obtained in 
daily diet, such as carrot, sweet potato, Dan-Shen root, and other foods, so as to achieve the effect of adjuvant treatment of HFpEF. This 
work further confirms the prospect of anti-inflammatory therapy in HFpEF and provides new ideas for clinical trials to evaluate the 
potential value of DAU in HFpEF patients.
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