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Abstract

Recent studies suggested that gut microbiota was involved in the development of coronary

artery disease. However, the changes of gut microbiota following acute myocardial infarc-

tion (AMI) remain unknown. In this study, a total of 66 male Wistar rats were randomly

divided into control, AMI and SHAM groups. The controls (n = 6) were sacrificed after anes-

thesia. The AMI model was built by ligation of left anterior descending coronary artery. The

rats of AMI and SHAM groups were sacrificed at 12 h, 1 d, 3 d, 7 d and 14 d post-operation

respectively. Gut microbiota was analyzed by 16S rDNA high throughput sequencing. The

gut barrier injuries were evaluated through histopathology, transmission electron micro-

scope and immunohistochemical staining. The richness of gut microbiota was significantly

higher in AMI group than SHAM group at 7 d after AMI (P<0.05). Principal coordinate analy-

sis with unweighted UniFrac distances revealed microbial differences between AMI and

SHAM groups at 7 d. The gut barrier impairment was also the most significant at 7 d post-

AMI. We further identified the differences of microorganisms between AMI and SHAM group

at 7 d. The abundance of Synergistetes phylum, Spirochaetes phylum, Lachnospiraceae

family, Syntrophomonadaceae family and Tissierella Soehngenia genus was higher in AMI

group compared with SHAM group at 7 d post-operation (q<0.05). Our study showed the

changes of gut microbiota at day 7 post AMI which was paralleled with intestinal barrier

impairment. We also identified the microbial organisms that contribute most.

Introduction

The role of gut microbiota in regulation of health and disease has been attracting increasing

attention recently. The human gastrointestinal tract is estimated to contain approximately 100

trillion bacterial cells, belonging to 1,000 bacterial species.[1] The genome of all these microor-

ganisms contains 100 times more genes than the human genome.[2] Recent studies showed

that gut microbiota is involved in the development of coronary artery disease (CAD) through
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several mechanisms. Firstly, increase absorption of energy from gut may contribute to obesity

and metabolic disturbances which in turn contribute to cardiovascular risk. This effect is partly

mediated by short chain fatty acids (SCFAs), in particular butyrate, which are end-products of

microbial fermentation of dietary fibers and play an important role in the energy harvest from

the gut and maintaining the integrity of the gut barrier.[3, 4] The other mechanism involves

the production of the proatherosclerotic metabolite, trimethylamine-N-oxide (TMAO). The

metabolism of dietary phosphatidylcholine and L-carnitine by intestinal microbiota, results in

the formation of the metabolite trimethylamine and further conversion to TMAO. TMAO was

associated with atherosclerosis and elevated plasma levels of TMAO predict an increased risk

of cardiovascular disease including incidence myocardial infarction.[5–8]

Although stable over long periods, the compositions and functions of the gut microbiota

are influenced by many factors including genetics, age, diet, stress, probiotics/ prebiotics, anti-

biotics and health status.[9–13] AMI, caused by the necrosis of myocardium due to prolonged

ischemia, was one of the most critical stress to the patients. Intestinal barrier dysfunction was

common in AMI patients due to multiple factors including intestinal hypoperfusion, weak-

ened regeneration ability of intestinal mucosa for long term bedridden and reduced food

intake, as well as excessive alkalization and intestinal bacterial over-breeding caused by the use

of proton pump inhibitor. [14, 15] The integrity of gut barrier is closely linked to gut micro-

biota with the tight junction being the gatekeepers of the intestinal mucosal barrier.[16, 17]

Gut barrier impairment may lead to alteration of gut microflora, in turn, gut microbiota can

influence the integrity of the intestinal epithelium as well as the gut barrier function.[18]

However, whether gut microbiota will change or not following AMI remains unclear. Previ-

ous studies reported that the intestinal predominant microbiota significantly altered in AMI

patients, while animal models showed no significant shifts after 6 weeks of sustained coronary

artery ligation.[19, 20] The conflict maybe results from the simplicity of one single time point

and the inconsistency of observational time in different studies. Furthermore, the stress

induced by the intervention may be a confounding factor. Therefore, our study aims to figure

out the changes of gut microbiota in a rat model of AMI with the setting of SHAM groups.

In recent years, high-throughput 16S rDNA sequencing has greatly contributed to the

research of gut microbiota.[21] Therefore, we used a rat model of AMI, built by sustained liga-

tion of coronary artery, as well as high-throughput sequencing and HiSeq2500 PE250 platform

to characterize the changes of both gut microbial communities and intestinal barrier. This

study will provide insights and experimental basis for the treatment of AMI in the future.

Materials and methods

Animals

Male Wistar rats weighing 230-280g (7 to 8 weeks old) were maintained in a temperature con-

trolled room with a 12-hour light/ dark cycles. This study was carried out in strict accordance

with the recommendations in the Guide for the Care and Use of Laboratory Animals of the

National Institutes of Health. The protocol was approved by the Committee on the Ethics of

Animal Experiments of Peking University People’s Hospital (Permit Number: 2015–29).

Establishment of AMI model

Rats were randomly divided into three groups: control group (CON group), AMI group and

SHAM group. The CON group (n = 6) were sacrificed just after over dose anesthesia. The

AMI model was built by ligating the left anterior descending artery (LAD) as described previ-

ously.[22] Briefly, all surgery was performed under isoflurane inhalation anesthesia and

mechanical ventilation. A left lateral thoracotomy was performed and a ligature using 6–0
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prolene was placed around the LAD beneath the left atrium. AMI was deemed successful

based on regional cyanosis of the myocardial surface distal to the suture, accompanied by ele-

vation of the ST segment on ECG. The SHAM group underwent the same procedure except

coronary artery ligation. Caprofen jelly was added the day before and after operation.

The AMI and SHAM group were further divided into 5 subgroups respectively, which were

euthanized at 12 h, 1 d, 3 d, 7 d and 14 d after operation. Every subgroup included 6 rats. Feces

sample and tissue sample were harvested for further analysis. Rats were then killed by over

dose anesthesia of isoflurane inhalation.

Fecal sampling, sequencing and microbial analysis

Fecal samples from the rectum were collected in a sterile tube immediately after euthanasia and

stored at -80˚C until processing. DNA was extracted using CTAB/SDS method as described pre-

viously.[23] Hypervariable region V4 of 16S rRNA genes was amplified using forward primer

515F (GTGCCAGCMGCCGCGGTAA) and reverse primer 806R (GGACTCHVGGGTWTCTAAT).

PCR amplicons were sequenced with Illumina HiSeq2500 platform. Raw sequence data were fil-

tered, processed and analyzed according to the QIIME (V1.7.0) quality controlled process. [24,

25] Sequences with�97% similarity were assigned to the same operational taxonomic units

(OTUs). Taxonomic annotation was made using RDP classifier (Version 2.2, http://sourceforge.

net/projects/rdp-classifier/) algorithm and the GreenGene Database (http://greengenes.lbl.gov/

cgi-bin/nph-index.cgi).[26, 27] 16S rRNA gene sequences were analyzed with the QIIME (Ver-

sion1.7.0) software package and displayed with R software (Version 2.15.3). Alpha diversity is

applied in analyzing complexity of species diversity for a sample through 3 richness estimators

including observed species, ACE (abundance-based coverage estimator) (http://www.mothur.

org/wiki/Ace) and Chao1 (http://www.mothur.org/wiki/Chao). Principal coordinates analyses

(PCoA) plots using unweighted UniFrac were created through QIIME. Differentially significant

features at each level were further identified using linear discriminant analysis (LDA) along with

effect size measurements (LEfSe) with a cut-off LDA score (log10) of 4.0 or greater.

Intestinal histopathologic analysis

The ileum 5 cm above the cecum was cut off immediately after the rats were killed and fixed

with 4% formaldehyde. Paraffin-embedded samples were cut and stained using hematoxylin-

eosin (H&E) stain to detect morphologic changes.

The Chiu pathologic scores of mucosal injuries were used to evaluate the degree of intesti-

nal histological injury. The scores value from 0 to 5 where 0 normal mucosa; 1, development

of sub epithelial (Gruenhagen’s) spaces; 2, extension of the sub epithelial space with moderate

epithelial lifting from the lamina propria; 3, extensive epithelial lifting with occasional denuded

villi tips; 4, denuded villi with exposed lamina propria and dilated capillaries; and 5, disintegra-

tion of the lamina propria, hemorrhage, and ulceration.[28]

Transmission electron microscopy

The ileum samples also 5 cm above the cecum were cut into 1 mm × 1 mm × 1 mm sections,

pre-fixed with 3% glutaraldehyde, fixed with 1% osmium tetroxide, dehydrated in acetone

(50%, 70%, 90% and 100%) and then embedded in Epon 812. Semi-thin sections were used for

optical positioning, whereas ultra-thin sections were used for double staining with uranyl ace-

tate and lead citrate. The sections were observed by electron microscopy (FEI TECNAI

SPIRIT).
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Immunohistochemical stain for tight junction protein

Paraffin-embedded rat ileum sections were used for immunohistochemical stain (IHC). The

reaction was carried out for occludin (intracellular tight junction protein) visualization as pre-

viously described.[17] The primary rabbit polyclonal anti-occludin antibody was bought from

Abcam (ab31721).

Statistical analysis

Continuous nonparametric data were analyzed using a Mann–Whitney U, and the results are

presented as the median and interquartile range (IQR). Continuous parametric data, presented

as numbers and percentage or as the mean ± standard deviation, were analyzed with a stu-

dent’s t test. Categorical data were analyzed using a Chi-square test. The difference of abun-

dance among multiple groups were compared using metastats software. For each feature i, the

p value between two groups were calculated using t-tests. To control the false discovery rate

(FDR), the q value was corrected using Benjamini FDR correction. The formula is as follows:

q-value (i) = p (i) �length (p) /rank (p).[29]Differences were considered statistically significant

at p< 0.05 or q<0.05. GraphPad Prism statistical software version 5 was used for analysis.

Results

16S rDNA profiling of gut microbiota in rats after AMI

We performed 16S rDNA sequencing on the fecal samples collected from CON group at base-

line, and from AMI and SHAM groups at 12 h, 1 d, 3 d, 7 d and 14 d after operation. In total,

we analyzed 66 samples and obtained 3,757,434 raw tags. After quality control, a total of

3,631,027 sequences were obtained and assigned into 2014 OTUs with 97% similarity or

greater for this analysis.

The microbial compositions of different groups at phylum level showed that Firmicutes
(54.38%) and Bacteroidetes (41.88%) were the two most dominant phyla, accounting for more

than 96% of microorganisms (Fig 1). The relative abundance of Firmicutes was increased and

Bacteroidetes reduced at 7 d, 14 d compared to 12 h, 1 d and 3 d within AMI groups (P<0.05).

However, there was no significant difference in proportions of the two major phyla between

AMI and SHAM groups at the same time point (P>0.05), suggesting no significant microbial

changes at phylum level post-AMI.

Changes of gut microbiota after AMI

To determine the effect of AMI on the richness of gut microbiota with ischemic time, we com-

pared index including observed species, ACE and Chao1 at different time points. The richness

of gut microbiota fluctuated over the ischemic period and showed a significant difference

between AMI and SHAM group at 7 d post-operation (Fig 2A). The observed species (929.2±
87.8 vs. 709.3 ± 24.8, P<0.001), ACE (1091.4 ± 131.2 vs. 800.6 ± 36.7, P<0.001) and Chao1

(1087.6 ± 145.0 vs. 813.0 ± 51.4, P = 0.001) of AMI group were significantly higher than those

of SHAM group at 7 d. The observed species (709.3± 24.8 vs. 884.7 ± 30.4, P<0.001), ACE

(800.6 ± 36.7 vs. 1106.6 ± 61.0, P<0.001) and Chao1 (813.0 ± 51.4 vs. 11167.0 ± 46.8, P<0.001)

of SHAM group at 7 d were significantly lower than those of CON group. However, there was

no significant difference between CON and AMI group at 7 d (P>0.05).

To further identify the time-point when microbial communities were most significantly

changed after AMI, we performed principal coordinate analyses (PCoA) of the unweighted

UniFrac distance matrics (Fig 2B). PC1 explained 43.11% and PC2 explained 9.29% of the vari-

ance. Rats at the same ischemic time are more likely to cluster together. Obvious microbial
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differences were confirmed between AMI and SHAM groups at 7 d when they clustered

distinctly.

These results suggested that gut microbiota was markedly changed at 7 d post-AMI.

Changes of microbial communities at 7 d after AMI

Since the microorganisms were significantly altered at 7 d after AMI as mentioned above, we

then analyzed the microbial differences between AMI and SHAM group at 7 d to identify the

potential microbial biomarker of AMI (Fig 3). We found that the relative abundances of Syner-
gistetes (0.002 ±0.000 vs. 0, q = 0.019) and Spirochaetes (0.001 ± 0.000 vs. 0, q = 0.050) at phy-

lum level, Lachnospiraceae (0.165 ± 0.009 vs. 0.115 ± 0.008, q = 0.027), Syntrophomonadaceae
(0.005 ± 0.001 vs. 0, q = 0.027), Eubacteriaceae (0.001 ± 0.000 vs. 0, q = 0.027) and Dethiosulfo-
vibrionaceae (0.001 ± 0.000 vs. 0, q = 0.027) at family level, and Tissierella Soehngenia (0.001 ±
0.000 vs. 0, q = 0.037) at genus level were significantly higher compared to SHAM group (Fig

3A).

Analysis with LEfSe also confirmed the enrichment for Lachnospiraceae family in AMI

group at 7d compared with SHAM group (Fig 3B).

Changes of gut barrier after AMI

Since the integrity of gut barrier is closely linked to alteration of gut microbiota, we further

evaluate the changes of gut barrier after AMI (Fig 4).

Fig 1. The relative abundance of gut microbiota at phylum level in different groups (n = 6 for each column). CON, control group; AMI, acute

myocardial infarction group; SHAM, sham group.

https://doi.org/10.1371/journal.pone.0180717.g001
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Histological measurement of ileal morphology revealed significant effects of AMI on the

intestinal particularly at 7 d post-AMI (Fig 4A). The microvilli became rough, dull, irregularly

arranged and the epithelial cells of intestinal villus partly shed in AMI groups compared to

SHAM groups. The Chiu pathological scores were significantly higher in AMI groups than

those of SHAM groups at 7 d post-AMI (2.33± 0.82 vs. 1.00 ±0.89, P = 0.032) (Fig 4B).

Similar changes were observed in the ultrastructure (S1 Fig). The microvilli of intestinal

epithelial cell became short, sparse, irregularly arranged at 7 d post-AMI and returned to

Fig 2. The microbial changes after AMI. (A) The richness index (including Observed species, ACE and Chao1) in different groups. The richness of AMI

group was significantly higher than that of SHAM group at 7 d post-operation. ** P<0.01; *** P<0.001. (B) Principal coordinate analysis (PCoA) of gut

microbiota showed that the microbial communities of AMI group at 7 d post-AMI clustered distinctly from SHAM group at 7 d. One circle represents

microbiota composition (all phyla combined) in one subgroup (n = 6, one dot represents one sample). CON, control group; AMI, acute myocardial infarction

group; SHAM, sham group.

https://doi.org/10.1371/journal.pone.0180717.g002
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Fig 3. The changes of microbial communities at 7 d after AMI. (A) The microbial differences between AMI 7 d and

SHAM 7 d group at phylum (a), family(b) and genus(c) level. The abundance difference between the two groups was

Gut microbiota and acute myocardial infarction
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normal after 2 weeks. Expression of occludin (tight junction protein) was also decreased at 7 d

after AMI and gradually returned to normal 2 weeks post-AMI (S2 Fig).

These results showed significant gut barrier impairment at 7 d post-AMI, which was paral-

leled with the alteration of gut microbiota.

Discussion

Previous studies have demonstrated that gut microbiota is linked to coronary artery disease.

However, when and how the microbial communities alter post-AMI remains unclear. In this

study, we observed the changes of gut microbiota and gut barrier post-AMI in a rat model. We

found that the gut microbiota were significantly changed as early as 7 d post-AMI, paralleled

with gut barrier impairment. The richness of gut microbiota was significantly higher in AMI

group than SHAM group at 7 d after AMI. We also identified the microorganisms that signifi-

cantly changed at 7 d after AMI.

There are many confounding factors influencing the changes of gut microbiota, such as sur-

gical stress. As previous study showed, even handling pups for experimental purposes, without

gavage, may induce enough stress to alter the murine gut microbiota. [30] In our study, the

richness of SHAM group at day 7 was decreased compared with CON group (Fig 2), which

may be explained by the invasive operation. Therefore, to confirm the true effect of AMI on

gut microbiota, we used SHAM group instead of CON group for control. The procedures of

sham group are as same as AMI group except the ligation of coronary artery. Therefore, other

than the ligation, the potential confounding factors are controlled. Besides, caprofen jelly was

added before and after operation to make sure the stress almost the same. We finally

showed by q value which was corrected by Benjamini discovery rate correction. * represents q<0.05, k kingdom, p

phylum, o order, f family, g genus. (B) LEfSe analysis between AMI-7d and SHAM-7d group showed enrichment for

Lachnospiraceae family in AMI group. CON, control group; AMI, acute myocardial infarction group; SHAM, sham group.

https://doi.org/10.1371/journal.pone.0180717.g003

Fig 4. Changes of gut barrier in different groups. (A) Histopathological examination of rats’ distal ileum. (H&E stain×100) showed mucosal injury at 7 d

post-AMI. (B) Chiu pathological scores revealed markedly higher scores in AMI 7 d group. CON, control group; AMI, acute myocardial infarction group;

SHAM, sham group. *P<0.05.

https://doi.org/10.1371/journal.pone.0180717.g004
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confirmed the effect of AMI on gut microbiota and found remarkably higher richness in AMI

group than SHAM group at day 7 after AMI.

The mechanisms of gut microbiota alteration post-AMI remainunclear. Since the gut bar-

rier impairment was paralleled with microbial alteration in our study, the integrity of gut bar-

rier may play a role in the translocation of gut microbiota. Another possible mechanism is

hemodynamic changes in the intestines post AMI. The gut is a blood-demanding organ, and

villi (and microvilli) are prone to functional ischemia due to reduced blood flow.[31] In the

setting of heart failure following AMI, substantial hemodynamic changes, such as hypoperfu-

sion and congestion in the intestines, can alter gut morphology, leading to increase of gut per-

meability, intestinal dysfunction, and possibly translocation of gut microbiota.[32, 33] The

bacterial metabolites translocated into the blood circulation will further promote systemic

inflammatory response, increase the level of inflammatory mediators such as TNF-α, IL-1 and

IL-6, and in turn aggravate the intestinal mucosal injury.[34]

The gut microbiota tends to change in multiple diseases characterized with increase of

opportunistic bacteria and decrease of probiotic bacteria. [35, 36] In our study, we observed

the increase of Synergistetes pylum and Lachnospiraceae family post-AMI. Synergistetes, one of

the opportunistic bacteria, is involved in the pathogenesis of periodontitis and peri-implanti-

tis.[1, 37] Most Lachnospiraceae are butyrate-producers. Butyrate, a short chain fatty acid, is

the main energy supply for colonic epithelia cells. [38] However, whether these gastrointestinal

nutrients can provide energy for the myocardial infarcted region remains unclear. Sodium

butyrate (NaB, C4H7O2Na), a nutrient whose active component was butyric acid, was reported

to ameliorate cardiac dysfunction in rats post AMI through directly injecting into the cardiac

ischemic zones. The possible mechanisms include inhibiting the generation of reactive oxygen

species, autophagy and angiogenesis promotion.[39] [40]The increase of Lachnospiraceae
showed in our study may be a feedback mechanism for the lack of energy in the myocardium

post AMI. Therefore, timely replenishment of nutrients like butyrate or the butyrate-produc-

ers such as Lachnospiraceae following AMI may be a potential therapeutic option for AMI

treatment. However, further studies are warranted to investigate whether oral or intravenous

supplementation is as equally effective as intramyocardial administration.

We also found the increase of other pathogenic bacteria including Spirochaetes phylum,

Syntrophomonadaceae family, Eubacteriaceae family and Tissierella Soehngenia genus after

AMI. Both syphilis and Lyme disease are caused by Spirochaetes. [40, 41] The genus Tissierella
Soehngenia belongs to the phylum Firmicutes, the Clostridiales and the family Tissierellaceae,

which was also reported to be associated with infection. [42] Both Syntrophomonadaceae and

Eubacteriaceae family belong to Clostridiales order, Firmucutes phylum. However, the role of

these bacteria played in acute myocardial infarction remain unknown and further studies are

still needed to verify.

Our study provided the experimental evidence for the changes of intestinal permeability

and gut microbiota. We also identified the microorganisms that may correlated with energy

supply post AMI. However, there are still some shortcomings in this study. Firstly, the AMI

model in our study was based on ligation of coronary artery, which was not entirely consistent

with clinical atherosclerosis plaque rupture. Secondly, the compositions of intestinal flora in

rats were quite different from that of humans, so the results cannot be fully generalized to the

population. Thirdly, due to the strains that were not culturable and no commercial ways to

buy, we don’t further verify the potential biological function of the OTUs that were signifi-

cantly related to AMI in our study. And we didn’t analyze the changes of SCFAs including

butyrate and lactate. Therefore, further study was still needed targeting the gut microbiota and

related metabolites, to establish a causal and clinically relevant relationship between the gut

microbiome and AMI.
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Conclusions

Our study showed the changes of gut microbiota at day 7 post AMI which was paralleled with

intestinal barrier impairment. We also identified the microbial organisms that were signifi-

cantly altered. Our study provides the experimental basis for the study on the relationship

between the AMI and intestinal flora.

Supporting information

S1 Fig. Changes of gut barrier under transmission electron microscopy in different groups.

Transmission electron microscopy of ultrastructures of ileum (bar = 2.5 μm) showed that

microvilli became short, sparse, irregularly arranged at 7 d post-AMI (white arrow shows the

tight junction). A. Control group; B, D, F, H, J represents SHAM group at 12 h, 1 d, 3 d, 7 d, 14

d respectively; C, E, G, I, K represents AMI group at 12 h, 1 d, 3 d, 7 d, 14 d respectively.

(TIF)

S2 Fig. Expression of tight junction protein in different groups. Immunohistochemical

stain of tight junction protein occludin showed reduced expression of occludin (red arrow) in

AMI group at 7 d post AMI.

(TIF)
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