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A B S T R A C T   

Objective: Dietary intake of fruit is associated with lower incidence of hypertension and cardio-
vascular risk. Papaya is a kind of delicious fruit and reported has dietary therapeutic effects, such 
as digestive stimulation and hypotensive efficacy. However, the mechanism of pawpaw involved 
have not been elucidated. Here, we illustrate that the effect of pawpaw on the gut microbiota and 
the prevention of cardiac remodeling. 
Methods: Gut microbiome, cardiac structure/function, and blood pressure were examined in SHR 
and WKY groups. The intestinal barrier was tested with histopathologic; immunostaining and 
Western blot were used to measure the tight junction protein level; Gpr41 was tested by RT-PCR, 
and inflammatory factors were detected with ELISA. 
Results: We observed a significant decrease in microbial richness, diversity, and evenness is the 
spontaneously hypertensive rat (SHR), in addition to an increased Firmicutes/Bacteroidetes (F/B) 
ratio. These changes were accompanied by decreased in acetate and butyrate-producing bacteria. 
Compared with SHR, treatment with pawpaw at the dosage of 10 g/kg for 12 weeks significantly 
reduced the blood pressure, cardiac fibrosis and cardiac hypertrophy, while the ratio of F/B 
decreased. We also found that the concentration of short-chain fatty acids (SCFAs) was increased 
in SHR fed with pawpaw compared with that in control group, while the gut barrier was restored 
and level of proinflammatory cytokines in the serum were decreased. 
Conclusions: Pawpaw, rich of high fiber, led to changes in the gut microbiota that played a pro-
tective role in the development of cardiac remodeling. The potential mechanism of pawpaw may 
explained by the generation of one of the main metabolites of the gut microbiota, the short-chain 
fatty acid acetate, increasing tight junction protein level occluding to enhance the gut barrier for 
less releasing the inflammation cytokines, and upregulating G-protein-coupled receptor 41 
(GPR41) to reduce blood pressure.   
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1. Introduction 

Cardiac remodeling, primarily due to stress stimuli such as pressure overload (hypertension) and inflammation, has adverse effects 
on cardiac function and predisposes the heart to failure if left unresolved. Cardiac remodeling not only severely impairs cardiac 
function in patients with myocardial infarction, increases complication neuropathy, but also increases mortality [1,2]. Therefore, 
preventing cardiac remodeling would be beneficial for patients with chronic hypertension. Although dietary sodium content signif-
icantly contributes to hypertension [3], other dietary components, such as fiber, have been found to regulate cardiovascular risk 
factors [4]. Epidemiological studies have shown that a high dietary intake of fruits and vegetables is accompanied by a lower incidence 
of cardiac remodeling and hypertension. Such dietary factors have been reported to be responsible for specific changes in the gut 
microbiota [5]. Modifications in the pattern of gut microbiota have been related to high BP levles that exhibit certain models of 
hypertension, such as those observed in spontaneously hypertensive rats (SHR) [6]. The favorable effects of fiber may be explained by 
the generation and distribution of one of the primary metabolites of the gut microbiota, the short-chain fatty acid acetate. Short-chain 
fatty acids (SCFAs), microbial end-products from dietary fiber, including acetic, propionic, and butyric acids can affect the structure of 
the intestinal flora, promote the proliferation of beneficial bacteria, and inhibit the proliferation of pathogens from maintaining in-
testinal health [7,8]. 

Pawpaw (Carica papaya), a tree species belonging to Brassicales: Caricaceae, is widely cultivated in eastern Asia for its delicious 
fruit [3]. Pawpaw fruit contains two rows of almond-size seeds surrounded by yellow to orange-colored flesh, with skin ranging from 
green to yellow when ripe. The fruit has high dietary fiber, protein, carbohydrates, vitamins, and minerals. Pawpaw is endowed with 
the meaning of reproductive worship in the Classic of Poetry, the oldest collection of poems in China. For hundreds of years, pawpaw 
has been used as a Chinese medicinal herb treating digestive system diseases, including indigestion and gastric ulcer [9]. Because of the 
increase in its commercial importance, several studies into various aspects of pawpaw fruit’s pharmacological activity have been 
carried out [10,11]. In late years, it was reported that the intake of pawpaw fruit had been associated with reducing of blood pressure, 
but the precise mechanism is still unknown [12]. 

Accordingly, in the present study, we aimed to investigate whether pawpaw, through changes in the gut microbiota prevents the 
development of cardiac remodeling and hypertension in spontaneous hypertensive rats (SHR). Our findings may provide new insights 
into the protective actions of pawpaw on cardiac remodeling induced by hypertension. 

2. Materials and methods 

2.1. Chemicals and reagents 

Fresh pawpaw fruit (Carica papaya L.) was provided by Guangdong Pharmaceutical Co., Ltd. (Guangdong, China). Captopril tablets 
(12.5 mg) were purchased from Bristol-Myers Squibb Co., Ltd. (Shanghai, China). 

Biochemical assays of lactate dehydrogenase (LDH), creatine kinase (CK), creatine kinase-MB (CK-MB), alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), Creatinine (Cr), blood urea nitrogen (BUN), tumor necrosis factor-α (TNF-α), interleukin-6 
(IL-6), and macrophage chemoattractant protein-1 (MCP-1) were obtained from Nanjing Jian Cheng Biotech Co., Ltd. (Nanjing, China). 
A PowerFecal™ DNA Isolation Kit was obtained from Shenzhen Anbisheng Technology Co., Ltd. (Shenzhen, China). 

2.2. Analysis of pawpaw composition 

Fresh pawpaw fruit was squeezed by juicer without residue filtering and stored at − 20 ◦C. The following nutritive components were 
analyzed from pawpaw fruit: crude protein (GB/T 5009.5–2016), carbohydrate (GB 5009.8–2016), dietary fiber (GB/T 
5009.10–2003), crude fat (GB/T 5009.6–2016), ash (GB 5009.4–2016), and moisture content (GB 5009.3–2016). 

2.3. Animal grouping and administration 

Here, 15 male SHRs at the age of 12 weeks and 5 age- and sex-matched Wistar-Kyoto (WKY) rats (Vital River Laboratory Animal 
Technology Co., Ltd., Beijing, China; certificate number: SCXK2016-0011) were maintained in a temperature and humidity controlled 
room with a 12 h light-dark cycle. Rats were fed a standard diet with free access to drinking water. After adaptive feeding for 5 days, 15 
SHRs were randomly allocated to 3 groups (n = 5), including SHR group, pawpaw fruit (PAW) group and captopril (CAP) group, with 
WKY groups used as a control. PAW (10 g/kg, body surface area normalization method was used to convert the dose of human to rat, 
processed with fresh pawpaw juice) and CAP (13.5 mg/kg, dissolved in distilled water) groups were administered intragastrically with 
corresponding administration for 12 consecutive weeks, while those in WKY and SHR groups were given distilled water with the same 
volume. Doses of medication were adjusted according to the changes in body weight monitored weekly. 

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured weekly with the tail-cuff method (ALC-NIBP, 
Shanghai Alcott Biotechnology Co., Ltd., Shanghai, China). Ejection fraction (EF) and fractional shortening (FS) were measured in M- 
Mode with the Color Doppler Ultrasonography Diagnosis with a 10-MHz probe (S40 Exp, Shenzhen City Science and Technology Co., 
Ltd., Shenzhen, China). 

Studies were performed by the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health 
(NIH Publications No. 85–23, revised 1996) and with approval from the Animal Care Committee of Southern Medical University. 
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2.4. Blood sample analysis 

After administration for 12 consecutive weeks, blood samples were collected. Serum was obtained by centrifugation of the blood 
samples at 3000 r/min for 10 min at 4 ◦C. The supernatant was collected and stored at − 80 ◦C. Myocardial damage was evaluated by 
measuring the plasma concentration of lactate dehydrogenase (LDH), creatine kinase (CK), and creatine kinase isoenzyme (CK-MB). At 
the same time, liver and renal function were examined using alanine aminotransferase (ALT), glutamic-oxalacetic transaminase (AST), 
creatinine (Cr), and creatinine (BUN), respectively. Additionally, the level of vascular inflammation was measured by tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1). 

2.5. Cardiac histological examination 

After administration for 12 consecutive weeks, rats were euthanized and their hearts were removed and weighed for HW/BW index 
(ratio of heart weight to body weight). The remaining hearts in each group were excised, fixed in buffered 4% paraformaldehyde for 
48 h. Heart tissues were then embedded in paraffin and sectioned into 5 μm slices for Masson staining to observe the distribution of 
collagen in heart. The levels of myocardial fibrosis were quantified in 10 random fields of view per section as collagen volume fraction 
(CVF) with an Olympus CX23 microscope ( × 40 magnification) and ImagePro software (Adept Electronic Solutions Pty Ltd., Moor-
abbin, Australia). Collagen levels were expressed as a percentage of the area of the region of interest. 

2.6. Determination of wet weights, dry weights, water content and pH in feces 

After 12 weeks, the excreted feces of individual rats were collected and went through metage for their wet and dry weight. Based on 
this, the water content of the fecal samples was calculated. Besides, pH of colonic content was measured using accurate pH test paper 
(value from 5.5 to 9.0) to examine the survival circumstance of gut microbiota. The contents were placed in a sterile tube, immediately 
frozen in liquid N2, and stored at − 80 ◦C for microbiota analysis. 

2.7. Gut microbiota analysis 

Fecal samples from individual rats were collected sterilely from the colon during euthanasia, stored in liquid nitrogen, and then 
transferred to an − 80 ◦C freezer until further analysis. According to the manufacturer’s instructions, DNA was isolated from fecal 
samples with a PowerFecal™ DNA Isolation Kit. The V3–V4 region of the bacterial 16 S rRNA was sequenced with the 341 F and 806 R 
primers in an Illumina MiSeq sequencer (300 bp paired-end reads). The raw mate-paired fastq files were merged and quality-filtered 
using Geneious 8.0.5 (Biomatters, Auckland, New Zealand) with an error probability limit of 0.01. Reads were assembled with PEAR 
(version 0.9.5). Lastly, sequences were analyzed with Quantitative Insights Into Microbial Ecology (1.9.1). 

2.8. Quantification of SCFAs in cecal content 

500 mg of the cecal content sample was mixed with 1000 μL of distilled water and adjusted to pH 2.0 using 50% sulfuric acid. The 
sample was centrifuged at 5000 g for 10 min. A total of 2 mL of ether was added to the supernatant to extract SCFAs and then analyzed 
by HPLC (FL220-2, DL39-FL220-2, Beijing, China) with a diode array detector set at 210 nm. Chromatographic separation of each acid 
was carried out on a C18 column (4.6 × 250 mm, 5 μm) at 30 ◦C. The mobile phase consisting of phosphate buffer solution (A) and 
acetonitrile solution (B) was as follows: 0–2 min, 100% A; 2–5 min, 90% A; 5–20 min, 50% A; and 20–25 min, 0% A. Acetic was 
obtained from Solarbio Science Technology Co. 

2.9. Intestinal histopathologic analysis 

The ileum 5 cm above the cecum was separated directly after the rats were sacrificed and fixed with 4% formaldehyde. Paraffin- 
embedded samples were sliced and stained to examine intestinal morphologic changes using a hematoxylin-eosin (H&E) stain. 

For a detailed histological analysis, colonic sections of each animal were scored in a blinded fashion as follows: (a) Epithelial 
damage: 0 = none; 1 = minimal loss of goblet cells; 2 = extensive loss of goblet cells; 3 = minimal loss of crypts; 4 = extensive loss of 
crypts; (b) Infiltration: 0 = none; 1 = infiltrate around the crypt basis; 2 = infiltrate reaching the muscularis mucosae; 3 = extensive 
infiltration reaching the muscularis mucosae and thickening of the mucosa with edema; 4 = infiltration of the submucosa. The total 
histological score was the sum of the epithelium damage and infiltration score. 

2.10. Immunostaining for tight junction protein 

Immunohistochemical (IHC) reaction was used to visualize occludin as an intracellular tight junction protein. The deparaffinized 
sections were irradiated in a microwave oven in citrate buffer (pH 6.0) twice and at 700 W for epitope retrieval. After cooling and 
washing in PBS, the endogenous peroxidase was blocked, and sections were incubated with primary rabbit polyclonal anti-occludin 
antibody (Santa Cruz Biotechnology Inc., sc-5562). Then, tissue sections were stained using an avid inbiotin-peroxidase system with 
diaminobenzidine as the chromogen (HRP; Rabbit/Mouse/Goat-DAB+) in conformity with staining procedure instructions included in 
Dako LSAB + System-HRP. The sections were washed in distilled water and counterstained with hematoxylin. Positive staining was 
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examined by visual identification of brown pigmentation under a microscope and measured by Image J software. The primary rabbit 
polyclonal anti-occludin antibody was bought from Abcam (ab31721). 

2.11. Western blot analysis 

The cardiac tissues were homogenized on ice in modified radioimmunoprecipitation assay lysis buffer containing 25 mM Tris-HCl 
pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% NP-40, 0.1% sodium dodecyl sulfate, 1 mM phenylmethylsulfonyl 
fluoride and Protease Inhibitor Cocktail (Sigma-Aldrich, St louis, MO). Protein concentration in the tissue homogenates was deter-
mined by a bovine serum albumin assay kit (Pierce Rockford, IL), and 50 μg of total protein from each sample was fractionated on 4%– 
12% Bis-Tris gradient gel (Invitrogen, Carlsbad, CA) at 150 V for 2 h and transferred to a nitrocellulose membrane. The membrane was 
then incubated with rabbit anti-occludin at 1:500 dilutions (Abcam) and anti-GAPDH antibodies (Cell Signaling Technology) at 1:4000 
dilution overnight. The appropriate horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich) were used at a 1:4000 
dilution. The membrane was visualized with the FluorChem R system (ProteinSimple) and measured by Image J software. 

2.12. RNA isolation and real-time quantitative RT-PCR 

Total RNA was extracted from major artery using Trizolreagent according to the manufacturer’s instructions. Theconcentration of 
RNA was quantified by a NanoDrop® ND-2000c UV–vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Total 

Fig. 1. Effects of pawpaw treatment on blood pressure and cardiac function during administration for 12 consecutive weeks. (A) SBP, (B) DBP, (C) 
EF%, (D) FS%, and (E) Image of echocardiogram. N = 5 per group. ###, P < 0.001 vs. WKY. ##, P < 0.01 vs. WKY. #, P < 0.05 vs. WKY. ***, P <
0.001 vs. SHR. **, P < 0.01 vs. SHR. *, P < 0.05 vs. SHR. 
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RNA from each sample was reverse transcribed with the Superscript First-Stand cDNA Synthesis Kit (Invitrogen CA, USA). The 
quantitative RT-PCR was performed with SYBR Green I on an ABI Prism 7300 sequence detection system (Applied Biosystem, Foster 
City, CA, USA). GAPDH was used as the internal control. The relative mRNA level of each sample was analyzed and calculated using the 
2− ΔΔCt method. The specific primer sequences were as follows: 

GPR41: 
Forward primer: 5′-CCACCCCCATCTGACTATGC-3′, 
Reverse primer: 5′-TCGCTTGCCATTCACTTTGC-3’. 
GAPDH: 
Forward primer: 5′-GATGGTGATGGGTTTCCCGT-3′, 
Reverse primer: 5′-CGGACATTCCTTGGATGGCT-3’. 

2.13. Statistical analysis 

Results were presented as mean ± standard deviation (SD). Statistical analysis was carried out using one-way analysis of variance 
(ANOVA) and Dunnett’s test. Statistical significance was considered to be achieved when the P values were smaller than 0.05. Sta-
tistical analysis was performed using the GraphPad Prism software (Version 5.01) for Windows. 

3. Results 

3.1. Effects of pawpaw on blood pressure and cardiac function 

Time-related changes in systolic blood pressure (SBP) and diastolic blood pressure (DBP) for the four groups are shown in Fig. 1A 
and B. After administration for 12 consecutive weeks, SBP (186.24 ± 6.56 mmHg) and DBP (139.5 ± 4.91 mmHg) in the SHR group 
were significantly higher than that in the WKY group (119.93 ± 7.16, P < 0.001; 96.96 ± 6.44 mmHg, P < 0.001, respectively) 

Fig. 2. Effect of pawpaw treatment on serum biochemical index at 12 weeks. (A) Cardiac function index including CK, CK-MB and LDH; (B) Hepatic 
function index including AST and ALT; (C) Renal function index including Cr and BUN. ###, P < 0.001 vs. WKY. ##, P < 0.01 vs. WKY. #, P < 0.05 
vs. WKY. ***, P < 0.001 vs. SHR. **, P < 0.01 vs. SHR. *, P < 0.05 vs. SHR. 
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(Fig. 1A–B). With the treatment of pawpaw, SBP (150.08 ± 15.73 mmHg, P < 0.001) and DBP (116.33 ± 7.03 mmHg, P < 0.001) were 
decreased at the end of experiment, but the effects were not as pronounced as in the CAP group (128.07 ± 5.23 and 101.61 ± 7.33 
mmHg, respectively). 

Ejection fraction (EF) and fractional shortening (FS) were used to evaluate the damage to cardiac function, while the decrease of EF 
and FS suggests cardiac insufficiency [13]. As shown in Fig. 1C–D, EF (64 ± 1.87%, P < 0.001) and FS (36 ± 2.35%, P < 0.001) in SHR 
became significantly lower than those in WKY (80.2 ± 2.05% and 55.4 ± 1.14%, respectively), while pawpaw and captopril treatment 
increased EF and FS obviously (PAW: 71 ± 2.74% and 42.8 ± 1.48, P < 0.001; CAP: 75 ± 2% and 48.8 ± 1.3%, P < 0.001). Pictures of 
the M-mode echocardiogram are shown in Fig. 1E. 

3.2. Effects of pawpaw treatment on cardiac, hepatic and renal function 

In order to evaluate the protection of pawpaw on the heart and its safety for the liver and kidneys, myocardial zymogram (CK, CK- 
MB, and LDH), hepatic function indexes (ALT, AST, and ALP), and renal function indexes (Cr and BUN) were tested in the study. As 
shown in Fig. 2A–C, the serum concentration of CK (0.69 ± 0.06 U/mL, P < 0.001), CK-MB (35.04 ± 2.5 U/mL, P < 0.001) increased 
obviously in SHR compared with WKY (0.49 ± 0.07 and 24.89 ± 2.79 U/mL, respectively), indicating that hypertension led to cardiac 
structural damage. In contrast, pawpaw improved cardiac function compared with the SHR group, as evidenced by the reduction of 
serum CK (0.58 ± 0.06 U/mL, P < 0.001) and CK-MB (29.29 ± 2.82 U/mL, P < 0.001), while the indexes of hepatic adrenal function 
had no significant changes. 

3.3. Effects of pawpaw treatment on cardiac remodeling 

Consistent with the changes in blood pressure, significant aggravation of cardiac remodeling on histological analysis was observed 
in SHR compared with WKY (Fig. 3A), as evidenced by the increase in the ratio of HW/BW (SHR versus WKY, 4.83 ± 0.32 versus 3.11 

Fig. 3. Effects of pawpaw treatment on cardiac remodeling. (A) Masson staining images without magnification; (B) Masson staining images under 
40 × magnification and the areas of collagen deposition were indicated by the black arrow; (C) HW/BW; (D) CVF. ###, P < 0.001 vs. WKY. ##, P 
< 0.01 vs. WKY. #, P < 0.05 vs. WKY. ***, P < 0.001 vs. SHR. **, P < 0.01 vs. SHR. *, P < 0.05 vs. SHR. 
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± 0.27 g/kg, P < 0.001) (Fig. 3C). The treatment of pawpaw prevented cardiac remodeling and decreased HW/BW compared with SHR 
(4.13 ± 0.34 g/kg, P < 0.05). 

Based on Masson’s trichrome stained sections (Fig. 3B), we found that the degree of cardiac fibrosis (collagen staining in blue color) 
in the PAW group to be significantly alleviated when compared with the SHR group (40 × magnification), which was further supported 
by the decreased levels of CVF (PAW versus SHR, 4.42 ± 0.86 versus 8.92 ± 0.3%, P < 0.001) (Fig. 3D). 

3.4. Nutritional component of pawpaw and property of fecal 

As shown in Table 1, the nutritional components of pawpaw were analyzed. Generally, pawpaw fruit mainly comprises a carbo-
hydrate, crude protein, and crude fat. Notability, dietary fiber in pawpaw is more prosperous than grains like rice and wheat [14], 
which may lead to a high concentration of SCFAs in feces. 

The wet and dry weights and water content of feces are shown in Table 2. Our results showed that the pawpaw significantly 
increased the wet weight of feces than the SHR group (PAW versus SHR, 1.9 ± 0.16 versus 1.24 ± 0.15 g, P < 0.001). The water 
content of feces in the SHR group (0.28 ± 0.04%) was less than that of the WKY group (0.16 ± 0.03%, P < 0.05), whereas that was 
higher in the PAW group (0.28 ± 0.04%, P < 0.001) than in the SHR group. In general, the low water content of feces may induce 
constipation and affect intestinal absorption. In addition, no significant difference in pH value was found between PAW and other 
groups (Table 2). 

3.5. Overall structural changes in cecal microbiota composition 

We investigated whether the treatment of pawpaw can change the gut microbiota composition compared with SHR by sequencing 
the 16 S bacterial gene. First, we examine the changes in the composition of the gut microbiota community between groups using beta- 
diversity and alpha-diversity metrics. Beta diversity evaluates the diversity in the microbial community between samples, while alpha 
diversity reflects species richness in given samples. As shown in Fig. 4A, WKY, PAW, and CAP groups had different gut microbiota 
compositions from SHR to beta diversity. We also determined alpha diversity which in PAW was higher than SHR group (Fig. 4B), 
indicating that PAW treatment increased phylogenetic diversity of gut bacteria. Linear discriminant analysis effect Size (LEfSe) 
revealed that 4 features, including Bacteroides, Bacteroidaceae, Terrisporobacter, and Peptostreptococcaceae with significant increases 
were found after administration of pawpaw after 12 weeks (Fig. 4C–D). 

With a percentage of total bacteria presented at the phyla level (Fig. 4E), we found more Firmicutes bacteria and fewer Bacteroidetes 
bacteria in SHR. At the same time, pawpaw treatment reduced the number of Firmicutes bacteria and increased the number of Bac-
teroidetes bacteria, which was proved by the absolute quantity of bacteria. We then calculated the ratio between Firmicutes and Bac-
teroidetes, which is a widely used marker of gut dysbiosis and significantly lower in the PAW group (1.71 ± 0.01) compared with the 
SHR group (37.79 ± 2.88, P < 0.001) (Fig. 4F). Using PICRUSt predictions [15], the KEGG pathways including tight junction and 
butanoate metabolism showed significant differences between PAW and SHR group, which indicated that the influence of pawpaw on 
gut microbiota might be related to the intestinal epithelial tight junction and butanoate metabolism (Fig. 5A–E). 

3.6. Colon permeability evaluation 

Due to the analysis of PICRUSt predictions, we further evaluate the gut barrier alterations. Histological measurement of ileal 

Table 1 
Nutritive components of pawpaw fruit.  

Nutritional component Content (g/100 g) 

Crude protein 14.72 ± 0.86 
Dietary fiber 4.52 ± 0.51 
Carbohydrate 62.15 ± 1.16 
Ash 2.81 ± 0.19 
Crude fat 10.12 ± 0.62 
Moisture 4.83 ± 0.24 

Data are presented as the mean ± SD (n = 3). 

Table 2 
Effects of pawpaw on water content and pH value in feces after 12 weeks.  

Group Wet weights of feces (g) Dry weights of feces (g) Water content in feces (%) pH 

WKY 1.58 ± 0.16 1.33 ± 0.12 0.16 ± 0.03 6.68 ± 0.46 
SHR 1.24 ± 0.15## 1.10 ± 0.15# 0.11 ± 0.02# 6.76 ± 0.28 
PAW 1.9 ± 0.16*** 1.36 ± 0.11* 0.28 ± 0.04*** 6.38 ± 0.28 
CAP 1.35 ± 0.14 1.10 ± 0.13 0.18 ± 0.03** 6.54 ± 0.26 

Data are presented as the mean ± SD (n = 10). ###, P < 0.001 vs. WKY. ##, P < 0.01 vs. WKY. #, P < 0.05 vs. WKY. ***, P < 0.001 vs. SHR. **, P <
0.01 vs. SHR. *, P < 0.05 vs. SHR. 
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morphology revealed significant effects of pawpaw on the intestinal compared with the SHR group (Fig. 6A). The microvilli became 
rough, dull, and irregularly arranged. The epithelial cells of the intestinal villus were partly shed in the SHR group compared to the 
PAW group. Conducted by immunohistochemistry, the expression of occludin (tight junction protein as the intestinal permeability 
marker) in the gut barrier was also decreased in the SHR group (1.83 ± 0.48) and returned in the PAW group (2.99 ± 0.38, P < 0.01) 
(Fig. 6B–D), which was further confirmed by Western Blot (Fig. 6E–F). 

Fig. 4. Comparison of gut microbiota structure in rats (A) Weighted UniFrac-based PCoA analysis of gut microbiota (beta diversity) via 16 S rRNA 
sequencing; (B) The phylogenetic diversity evaluated by PD whole tree (alpha diversity); (C) Cladogram of LDA Effect Size on gut microbiota; (D) 
Bar diagram of LDA Effect Size on gut microbiota; (E) Percentage of total bacteria presented at the phyla level; (F) Ratio of Firmicutes bacteria to 
Bacteroidetes bacteria. ###, P < 0.001 vs. WKY. ##, P < 0.01 vs. WKY. #, P < 0.05 vs. WKY. ***, P < 0.001 vs. SHR. **, P < 0.01 vs. SHR. *, P <
0.05 vs. SHR. 
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3.7. Effects of pawpaw treatment on vascular inflammation 

The integrity of the gut barrier is closely linked to the release of proinflammatory cytokines into circulation. The concentration of 
proinflammatory cytokines in serum was measured by biochemical kits after 12 weeks of treatment with pawpaw. As a result, there 
were significantly increased expressions of IL-6, TNF-α, and MCP-1 in the SHR group compared with the WKY group, but the upre-
gulated expressions were less pronounced in the PAW group (Fig. 6G–I). 

Fig. 5. The effect of pawpaw treatment on microflora function and dominant microbiota. PICRUSt predictions to show the functional composition 
of gut microbiome between PAW and SHR groups (A). Abundance of (B) Bacteroides, (C) Bacteroidaceae, (D) Peptostreptococcaceae and (E) Terri-
sporobacter in gut microbiota. 
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3.8. Effects of pawpaw treatment on concentrations of SCFAs and expression of GPR41 

Fermentation of undigested proteinaceous material can produce putrefactive metabolites such as SCFAs, including acetate, pro-
pionate, and butyrate (butanoate) [16]. The concentrations of acetate, propionate, and butyrate in cecal content were all significantly 
decreased in the SHR group compared with WKY group, which was recovered in the PAW and the CAP groups (Fig. 7A–C). With SCFAs 
changes, GPR41 mRNA expression in significant arteries was dramatically increased in the PAW group (13.46 ± 2.57) compared with 
that in the SHR group (1.24 ± 0.23, P < 0.001) (Fig. 7D). 

4. Discussion 

In this study, we determined for the first time that as a dietary fiber intake, pawpaw could prevent adverse ventricular remodeling 
in SHR. Furthermore, this potential cardioprotective effect could be associated with changing the gut microbiota. The pawpaw fruit is 
highly nutritious, containing carbohydrates, crude protein, and considerable dietary fiber (Table 1). Since a low-fiber diet is associated 
with inflammation and high risk of cardiovascular diseases (CVD), we detected inflammatory factors in SHR. In results, our data 
demonstrated that oral administration of pawpaw could attenuate pressure overload-induced cardiac remodeling and decreased 
inflammation factors serum level, and also decreased the ratio between bacteria of the Firmicutes and Bacteroidetes, thus improving gut 
dysbiosis, and decreased the prevalence of SCFAs producing bacteria such as Bacteroides and Bacteroidaceae. A marked improvement in 
the gut barrier accompanied these changes. 

Cardiac remodeling, characterized by cardiac hypertrophy and fibrosis, is one of the most common complications of hypertension, 
and has been found to be an independent determinant of prognosis in hypertension [17]. Clinical studies showed that hypertension is a 
lower-grade chronic inflammatory disease, while inflammtion is also a critical pathologic feature in cardiac remodeling induced by 
hypertension. In the present study, the spontaneously hypertensive rat model (SHR) was used as an animal model of 
hypertension-induced cardiac remodeling. SHR develops hypertension around 12–16 weeks of age, reaching systolic pressures be-
tween 180 and 200 mmHg. Starting around 25 weeks, SHR develops notable characteristics of cardiovascular disease, such as cardiac 
remodeling [18]. SHR also showed the existence of gut dysbiosis in hypertension supported by a decrease in microbial richness and a 
marked increase in the ratio of Firmicutes and Bacteroidetes bacteria (ratio of F/B) [6], which is appropriate for this study. Besides, due 
to the effective treatment of cardiac remodeling induced by hypertension in the clinic, which are the expected effects of pawpaw, 
captopril was chosen as a positive control in this study [19]. 

In the clinical examination of cardiac remodeling, ejection fraction (EF), and fractional shortening (FS) are sensitive indexes used to 
evaluate the impairment of cardiac function. The decreases of EF and FS suggest cardiac insufficiency [13]. As the results are shown in 
Fig. 1, pawpaw could lower blood pressure and maintain cardiac function with increased EF and FS, which were impaired in the SHR 
group. Furthermore, the treatment of pawpaw reversed histopathological heart damage accompanied by a decrease in collagen volume 
fraction and cardiac function indexes (Fig. 3), supporting the prevention of cardiac remodeling without renal and hepatic injuries 
(Fig. 2). 

A previous study shows that a high dietary fruit intake is accompanied by a lower incidence of cardiac remodeling and hypertension 
[20,21]. Such dietary factors have been reported to be responsible for specific changes in the gut microbiota. The gut microbiota is a 

Fig. 5. (continued). 
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diverse bacterial ecosystem consisting of trillions of microorganisms, and 80% of the identified gut microbiota can be classified into 
three dominant phyla: Bacteroidetes, Firmicutes, and Actinobacteria [14]. An imbalance in gut microbiota is characterized by the 
changes in the ratio of Firmicutes (F) to Bacteroidetes (B), known as the F/B ratio, which can be used as a biomarker for pathological 
conditions [16,22]. Previous studies have shown that the ratio of F/B is relatively higher in hypertensive individuals than in healthy 
individuals, and gut microbial dysbiosis has been connected to cardiac inflammation, myocardial fibrosis, and systolic dysfunction as 
the pathological characteristics of cardiac remodeling [23]. In the present study, the ratio of F/B in the colonic digesta and blood 
pressure of the PAW group was markedly lower than that of the SHR group (Fig. 4F). Thus, the blood pressure regulation mechanism 
involved in taking pawpaw may be related to the adjustment in gut microbiota. 

Linear discriminant analysis effect Size (LEfSe) was used to identify the specific phylotypes responding to different administrations 
(Fig. 4D). This analysis revealed that 4 features, including Bacteroides, Bacteroidaceae, Terrisporobacter, and Peptostreptococcaceae were 
found markedly increasing with the administration of pawpaw after 12 weeks (Fig. 4C–D). Among these microbiotas, Bacteroides, and 
Bacteroidaceae are associated with intestinal permeability and tight junction expression [24,25]. Treatment with Bacteroides can 
restore the intestinal permeability defects in a mouse model of Autism spectrum disorder [26]. Moreover, a study outlined the 
characteristics of intra-abdominal hypertension-induced barrier changes, including the decrease of Peptostreptococcaceae, which in-
dicates that intestinal barriers might be treated to alleviate intra-abdominal hypertension, and the microbiota may be a relevant 
therapeutic target [27]. 

Accompanied by the analysis of PICRUSt predictions, the influence of pawpaw on gut microbiota may be related to the intestinal 
epithelial tight junction. The gut barrier limits intestinal bacteria, and toxic mediators escaping from the gut, thus avoiding a systemic 
inflammatory response [28,29]. Gut barrier breakdown increases intestinal permeability, bacteria and endotoxin translocation into the 
systemic circulation, and immune-inflammatory system activation, including IL-6, TNA-α, and MCP-1, are the main participants in 
hypertension and cardiac remodeling [30–32]. However, when in inflammatory conditions such as hypertension, inflammatory bowel 
disease, diabetes, and chronic kidney disease, the intestinal tight junction barrier is impaired allowing endotoxin and other 
pro-inflammatory products into the underlying intestinal tissue and even into the blood and affecting disease inflammation [33–35]. 
Our study showed that the intestinal barrier of the SHR group was destroyed. Increased dysplasia and loose cellular arrangements and 

Fig. 6. The effect of pawpaw treatment on intestinal barrier and proinflammatory cytokines. (A) Histopathological examination of rats’ distal ileum 
(H&E stain × 100). (B) Immunohistochemical stain of tight junction protein occludin ( × 100). (C) Histological scores of colon sections in rats. (D) 
The mean density of occludin immunostaining in rats. (E), (F) The relative expression of occludin protein in rat colon. And the level of (G) IL-6; (H) 
TNF-α and (G) MCP-1 in serum. ###, P < 0.001 vs. WKY. ##, P < 0.01 vs. WKY. #, P < 0.05 vs. WKY. ***, P < 0.001 vs. SHR. **, P < 0.01 vs. SHR. 
*, P < 0.05 vs. SHR. 

Fig. 7. The effect of pawpaw treatment on SCFAs and it’s receptor, GPR41. The concentrations of (A) acetate, (B) propionate, (C)butyrate in cecal 
contents. (D) mRNA expression of GPR41 in major artery. ###, P < 0.001 vs. WKY. ##, P < 0.01 vs. WKY. #, P < 0.05 vs. WKY. ***, P < 0.001 vs. 
SHR. **, P < 0.01 vs. SHR. *, P < 0.05 vs. SHR. 
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thickening of the mucosa with edema were found in colon epithelial cells in the SHR group compared to the WKY group, while 
high-level IL-6, TNA-α, and MCP-1 were tested in serum. After treatment of pawpaw and catropil, the intestinal barrier was restored, 
which wascharacterized by less abscission of epithelial cells and regularly arranged microvilli (Fig. 6B). At the same time, the level of 
IL-6, TNA-α, and MCP-1 decreased. Moreover, we detected the intestinal barrier marker, tight junction protein occluding, which 
increased expression in the pawpaw and captopril groups compared with the SHR group. These suggested that pawpaw could reduce 
inflammation cytokine release by increasing tight junction protein occluding level and restoring the intestinal barrier, attributed to the 
rich of Bacteroides, Bacteroidaceae, and Peptostreptococcaceae in the gut with pawpaw diet. 

High fiber and SCFA supplementation exerted favorable actions on the heart of SHR. Specifically, there was a significant reduction 
in heart weight, cardiac hypertrophy and cardiac fibrosis. Our study supports that gut microbiota dysbiosis is associated with the 
development of cardiac remodeling. Bacteroides and Bacteroidanceae can primarily produce SCFAs from the fermentation of dietary 
fiber in the gut [36,37]. SCFAs were confirmed to affect the structure of the gut microbiota, promote the proliferation of beneficial 
bacteria, and inhibit the proliferation of pathogens from maintaining intestinal health [38]. Our data have shown that pawpaw intake 
significantly increased the abundance of the bacteria Bacteroides and Bacteroidaceae. A previous study found that acetate and propi-
onate significantly affect hypotension, due to the stimulation of G-protein-coupled receptor 41 (GPR41). GPR41 can decrease blood 
pressure when activated by acetate and propionate [39]. Our findings showed that pawpaw led to an increase of SCFAs including 
acetate and propionic in cecal contents. The mRNA expression of GPR41 in the major artery was significantly elevated in the PAW 
group than in the SHR group, which indicated that the hypotensive effect of pawpaw might be partially related to the stimulation of 
GPR41 induced by acetate and propionate. It was recommended that pawpaw intake could decrease BP and cardiac remodeling 
through increasing SCFAs’ level and the expression of GPR41 partly due to enriching Bacteroides and Bacteroidaceae in the intestine. 

Besides, butyrate was reported to protect and strengthen intestinal barrier integrity [40]. The mechanisms by which butyrate 
protects against intestinal barrier dysfunction are complex and not fully clarified, which may involved restoring of intestinal tight 
junction protein and surpressing inflammation [41]. Accompanied by the analysis of PICRUSt predictions, butyrate metabolism was 
enhanced in the PAW group. As validation, in this study, butyrate was increased in the treatment of pawpaw for its considerable dietary 
fiber content. Accordingly, as described previously, the expression of tight junction protein occludin, gut barrier, and vascular 
inflammation was restored. 

Pawpaw is generally employed as a dietary intervention in the form of herbal tea, juice, or even eaten raw, which is cost-effective, 
practical and convenient for people [42]. Such dietary interventions involving fiber supplementation could be used to prevent hy-
pertension, and cardiac remodeling, and future research will excavate the ability of dietary intervention not only to prevent but also to 
treat illness [43,44]. It was evident that constructing a credible and public health point of view, such a study is promising because of 
implications for human diets and the relatively mild, economic, and nonpharmacological property of such treatments. 

In conclusion, the results of our study showed that pawpaw attenuates the development of cardiac remodeling induced by hy-
pertension in SHR through changes in the gut microbiota. The potential mechanism linked to improving intestinal permeability and 
increase of SCFAs and reducing proinflammatory cytokines. Thus, dietary strategies involving fiber supplementation, such as pawpaw, 
could prevent hypertension and ameliorate cardiac remodeling. 
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