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Abstract

Background: Post-infarction cardiovascular remodeling and heart failure are the leading cause of myocardial

infarction (MI)-driven death during the past decades. Experimental observations have involved intestinal

microbiota in the susceptibility to MI in mice; however, in humans, identifying whether translocation of gut

bacteria to systemic circulation contributes to cardiovascular events post-MI remains a major challenge.

Results: Here, we carried out a metagenomic analysis to characterize the systemic bacteria in a cohort of 49

healthy control individuals, 50 stable coronary heart disease (CHD) subjects, and 100 ST-segment elevation

myocardial infarction (STEMI) patients. We report for the first time higher microbial richness and diversity in

the systemic microbiome of STEMI patients. More than 12% of post-STEMI blood bacteria were dominated by

intestinal microbiota (Lactobacillus, Bacteroides, and Streptococcus). The significantly increased product of gut

bacterial translocation (LPS and D-lactate) was correlated with systemic inflammation and predicted adverse

cardiovascular events. Following experimental MI, compromised left ventricle (LV) function and intestinal

hypoperfusion drove gut permeability elevation through tight junction protein suppression and intestinal

mucosal injury. Upon abrogation of gut bacterial translocation by antibiotic treatment, both systemic

inflammation and cardiomyocyte injury in MI mice were alleviated.

Conclusions: Our results provide the first evidence that cardiovascular outcomes post-MI are driven by intestinal

microbiota translocation into systemic circulation. New therapeutic strategies targeting to protect the gut barrier and

eliminate gut bacteria translocation may reduce or even prevent cardiovascular events post-MI.
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Background
Myocardial infarction (MI) is one of the most important

causes of heart failure and cardiac death worldwide [1].

Despite therapeutic approaches of mechanical reperfusion

by percutaneous coronary intervention (PCI) have re-

duced the acute mortality rates of MI, a growing body of

evidence suggests the incidence of cardiovascular events

post-MI still predicts an increased mortality [2]. Many ex-

perimental and clinical observations have involved inflam-

mation in post-infarction cardiovascular remodeling and

heart failure [2, 3]. The inflammatory reaction triggered

by MI not only initiates cardiac repair but leads to remod-

eling and cardiac dysfunction [2, 3]. Although little atten-

tion has been given up to identify the pathological

mechanisms underlying inflammation and cardiovascular

events post-MI, ideal therapeutic strategies remain sparse.

Recent studies have suggested the involvement of gut

microbiota in the development of chronic diseases, such

as inflammatory bowel disease, liver cirrhosis, arthritis,

and type 2 diabetes [4–7]. Atherosclerosis is also dem-

onstrated to be promoted by intestinal metagenome and

microbial metabolism [8–10]. Most recently, investiga-

tors have obtained evidence that disordered gut micro-

bial communities are linked to the susceptibility to MI

in rats [11]. Besides, following experimental MI, the in-

testinal permeability is suggested to be elevated [12].

The gut barrier exerts to limit intestinal bacteria and

toxic mediators escaping from the gut, thus avoiding a

systemic inflammatory response [13]. Gut barrier break-

down leads to intestinal permeability increase, bacteria

and endotoxin (LPS) translocation into the systemic cir-

culation, and immune-inflammatory system activation

[14]. A previous report noted the circulating LPS was

slightly elevated in human patients with MI compared to

healthy subjects, although it did not reach statistical sig-

nificance, and the sample size was quite limited [15].

Some clinical studies also reported that bacteria and LPS

escaping from the gut lumen enter the systemic circula-

tion and activate the immune-inflammatory system

through triggering monocyte recruitment [14, 16–18].

D-lactate is the fermentation product of gastrointestinal bac-

teria [19]. High blood D-lactate concentrations are result

from increased production of the metabolite in the

gastrointestinal tract by bacterial flora and increased in-

testinal permeability with D-lactate absorption into the

blood [20]. And plasma D-lactate levels have been used

to assess the intestinal injury and to indicate an increase

in intestinal permeability in patients and rats [21–23].

Therefore, in the current study, plasmatic D-lactate was

proposed as a sensitive marker in detecting gut failure

due to the damaged intestinal barrier.

Based on the information, a hypothesis was estab-

lished that MI drives intestinal barrier failure and gut

mucosa permeability elevation causes gut bacteria and

microbial products translocation into systemic circula-

tion, which activates excessive immune inflammation

and contributes to increased risk of cardiovascular

events after MI. We recruited 199 human individuals of

healthy control, coronary heart disease (CHD), or ST-

segment elevation myocardial infarction (STEMI), char-

acterized their systemic microbiome by metagenomic

analysis, and found significantly increased gut micro-

biota translocation into the systemic circulation post-

STEMI. For STEMI patients, the highest increase con-

centration of gut bacterial products (LPS and D-lactate)

in day 2 compared to day 1 of symptom onset have

great prognostic significance for cardiovascular out-

comes during a 3-year follow-up. Upon ischemia stress

post-MI, such as depressed left ventricle (LV) function

and intestinal hypoperfusion, gut permeability was in-

creased because of the loss of tight junction protein

occludin and intestinal mucosal injury. Systemic in-

flammation and cardiomyocyte injury were reduced

through inhibition of gut bacterial translocation by

antibiotic treatment. This study is the first effort to

identify the contribution of gut bacteria translocation

to cardiovascular outcomes pathogenesis after MI and

provide novel therapeutic insight in gut-targeted strat-

egies to improve cardiovascular events in the future.

Results

General characteristics of study participants during a

follow-up of 3 years

The study cohort in our previous work [24] consisting

of 49 healthy controls, 50 stable CHDs and 100

STEMI patients were recruited for the present study.

Stable CHD was defined as previous myocardial in-

farction (12 weeks earlier), unstable angina (6 weeks

earlier), evidence of coronaryartery disease by arteri-

ography, or a revascularization procedure [25].

As shown in Table 1, compared to healthy controls

and stable CHD, STEMI patients presented with

higher admission glucose levels, increase of LPS, D-

lactate and high-sensitivity C-reactive protein (hs-

CRP), lower high-density lipoprotein levels, and com-

promised left ventricular ejection fraction (LVEF). We

tested hs-CRP level on day 2 because a previous re-

port on hs-CRP dynamic changes after STEMI

showed that the peak level was observed 48 to 72 h

after STEMI [26]. There was a significant difference

in lymphocyte, monocyte, and neutrophil counts be-

tween healthy controls and STEMI (Table 1).

All STEMI patients were followed-up for 3 years

after STEMI onset. The occurrence of a first major

adverse cardiovascular event (MACE) was regarded as

the follow-up endpoint, which included cardiovascular

death, non-fatal ischemic stroke, recurrent MI, need

for emergency or repeat revascularization, and re-
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hospitalization for heart failure, as defined previously

[24]. Thirty-three patients suffered from MACEs were

recorded, including seven cardiovascular deaths, three

non-fatal ischemic strokes, one recurrent MI, 12

emergency or elective repeat revascularization, and

ten readmissions for heart failure (Table 1). When

comparing STEMI patients suffered MACEs

(MACE[+]) to those with event-free survival

(MACE[−]), MACE (+) patients showed lower LVEF

and higher SYNTAX score (Table 1). All STEMI pa-

tients presented a higher increase of LPS and D-lac-

tate on day 2, and a significant difference was

observed between MACE (+) and MACE (−) patients

in plasma D-lactate on the day 2 of STEMI onset.

Gut-associated bacteria are enriched in systemic

microbiome

As the product for gut bacterial translocation (LPS and

D-lactate) in STEMI patients was significantly increased

and peaked on day 2 of symptom onset, the blood samples

drew on day 2 was used for microbiota analysis (Fig. 1 and

Fig. 2a-c). The bacterial 16S rDNA in plasma samples was

extracted and sequenced on the Illumina platform. A

total of 10,560,437 high-quality sequences were generated,

with an average of 53,336 per sample (Additional file 1:

Table S1). The total number of operational taxonomic

units (OTUs) was higher in STEMI patients than

that of controls and CHDs (Fig. 1a). Consistently,

the within-sample (α) diversity (present as Shannon

Table 1 Characteristics of controls, stable CHD, and STEMI patients during a median follow-up of 3 years

Healthy controls Stable CHD STEMI STEMI (n = 100)

(n = 49) (n = 50) (n = 100) MACE (+) (n = 33) MACE (−) (n = 67) P value

Gender (female) 15 (30.6%) 13 (26.0%) 22 (22.0%) 6 (18.2%) 16 (23.9%) 0.613

Age (year) 59.4 ± 8.96 61.7 ± 8.82 59.5 ± 11.4 61.4 ± 10.9 58.6 ± 11.6 0.264

Body mass index (kg/m2) 25.0 ± 3.1 24.7 ± 3.1 24.9 ± 3.6 24.5 ± 3.1 25.0 ± 4.0 0.561

Current smoking 25 (51.0%) 27 (54.0%) 68 (68.0%) 22 (6.1%) 46 (68.7%) 1.000

Hypertension 0 29 (58%.0)* 54 (54.0%)* 19 (57.6%) 35 (52.2%) 0.673

Diabetes 0 14 (28.0%)* 22 (22.0%)* 9 (27.3%) 13 (19.4%) 0.443

Door-to-balloon time (min) N/A N/A 67.1 ± 9.0 67.0 ± 7.8 67.2 ± 9.6 0.932

Symptom-to-admission time (h) N/A N/A 4.0 (2.1, 6.0) 4.0 (2.5, 6.5) 4.0 (2.0, 6.0) 0.691

Infarct region (anterior MI) N/A N/A 48 (48.0%) 21 (63.6%) 27 (40.3%) 0.034#

Blood biochemical tests

Troponin T_admission (ng/ml) N/A N/A 1.03 (0.71, 1.49) 0.99 (0.68, 1.58) 1.03 (0.78, 1.43) 0.570

Troponin T_peak (ng/ml) N/A N/A 1.22 (0.89, 1.63) 1.22 (0.81, 1.76) 1.22 (0.92, 1.61) 0.782

eGFR (ml/min/1.73 m2) 105 ± 18 103 ± 24 107 ± 32 106 ± 36 107 ± 30 0.912

Glucose (mmol/l) 5.0 (4.6, 5.4) 5.6 (4.9, 6.2)* 6.2 (5.5, 8.1)*† 6.8 (5.4, 10.0) 6.1 (5.5, 7.2) 0.136

Total cholesterol (mmol/l) 4.1 (3.7, 5.0) 4.6 (3.7, 5.5) * 4.5 (4.0, 5.0) * 4.5 (4.0, 4.8) 4.6 (4.0, 5.1) 0.363

Triglyceride (mmol/l) 1.4 (1.0, 1.8) 1.3 (0.9, 2.0) 1.5 (1.0, 2.0) 1.4 (0.9, 1.9) 1.5 (1.0, 2.0) 0.294

High-density lipoprotein (mmol/l) 1.4 (1.1, 1.5) 1.4 (1.2, 1.7) 1.2 (1.0, 1.3) *† 1.2 (1.0, 1.4) 1.2 (1.1, 1.3) 0.907

Low-density lipoprotein (mmol/l) 2.2 (2.0, 2.7) 2.5 (2.0, 2.8) 2.3 (2.0, 2.6) 2.2 (1.8, 2.5) 2.3 (2.0, 2.7) 0.109

LVEF (%, Echocardiography) 60 (57, 63) 60 (56, 62) 48 (43, 55) *† 46 (36, 51) 53 (45, 55) 0.001#

SYNTAX score N/A N/A 19 (11, 22) 20 (15, 26) 18 (9, 22) 0.028#

Blood routine tests

White blood cell (109/l) 5.95 (5.33, 6.73) 6.14 (5.10, 7.00) 10.4 (8.27, 12.7) *† 10.0 (8.0, 13.6) 10.4 (8.3, 12.7) 0.889

Lymphocyte (109/l) 2.04 (1.60, 2.70) 1.68 (1.37, 2.15) * 1.60 (1.20, 2.47) * 1.80 (1.17, 2.49) 1.60 (1.20, 2.46) 0.860

Monocyte (109/l) 0.39 (0.27, 0.47) 0.37 (0.30, 0.42) 0.50 (0.40, 0.65) *† 0.50 (0.40, 0.70) 0.50 (0.39, 0.60) 0.491

Neutrophil (109/l) 3.36 (2.95, 3.95) 3.90 (2.97, 4.61) 7.75 (5.81, 10.31) *† 8.1 (5.3, 10.5) 7.4 (5.8, 10.2) 0.924

Plasma LPS (endotoxin unit/ml) 0.44 (0.30, 0.56) 0.48 (0.33, 0.60) 1.03 (0.83, 1.39) *† 1.05 (0.85, 1.40) 1.02 (0.81, 1.37) 0.664

Plasma D-lactate (mg/l) 13.1 (10.5, 15.8) 14.5 (12.2, 17.2) 29.3 (21.4, 39.5) *† 33.5 (27.2, 45.8) 28.1 (19.3, 33.1) 0.017

hs-CRP (mg/l) 0.59 (0.44, 0.80) 0.66 (0.45, 1.25)* 2.72 (1.79, 4.57) *† 4.52 (2.70, 4.95) 2.42 (1.37, 3.76) < 0.001#

The blood tests and measurements were performed on day 1 of STEMI onset. LPS, D-lactate and hs-CRP measurements were carried out on day 2 of

symptom onset

eGFR estimated glomerular filtration rate, LVEF left ventricular ejection fraction, Echocardiography was performed on day 2 in STEMI patients

*P < 0.05 vs. healthy controls; †P < 0.05 vs. stable CHD controls; #P < 0.05 STEMI MACE (+) vs. STEMI MACE (−)
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Fig. 1 Elevated richness of microbiota in the blood of in human adults with STEMI. a–bThe microbial richness and α-diversity (as accessed by

Shannon index) based on the genera profile in control (n = 49), CHD (n = 50), and STEMI patients (n = 100). The distribution and density of samples are

displayed in violin plots. Boxes represent the interquartile ranges, the inside black plots represent the median, and circles are outliers. P values are from

Wilcoxon rank sum test. c Principal coordinate analysis (PCoA) based on the OTU table separate STEMI group from the controls and CHDs. Significant P

values of Anosim and multi-response permutation procedure (MRPP) between groups emphasize the differences in microbial community structure. d

Heatmap tree shows genera significantly different in STEMIs as compared to those in controls and CHDs, and their phylogenic relationships. The

abundance profiles are expressed by z-scores, and genera were clustered based on Bray Curtis distance in the clustering tree. e Relative abundance of

the top 40 most different genera across groups at adjusting P value ≤ 0.05 by Wilcoxon rank sum test and Benjamin and Hochberg method. The

abundance profiles are transformed into z-scores by subtracting the average abundance and dividing the standard deviation of all samples. z-score is

negative when the row abundance is lower than the mean. f The percentage of bacteria in control, CHD, and STEMI samples originated from oral and

gut. More than 7.8% controls, 7.2% CHD, and 12% STEMI are derived from gut-specific microbiome. Boxes represent the interquartile ranges, the inside

line represents the median. ***P < 0.001; Wilcoxon rank-sum test
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index) of STEMI group was also increased (Fig. 1b). The el-

evated OTUs and bacterial diversity indicate more abun-

dant bacteria in the systemic circulation of STEMI patients.

Principal Coordinate Analysis (PCoA) (unweighted UniFrac

distance metric based on the OTU table) showed that

blood bacterial characteristics in STEMI patients were

clearly separated from that in either control or CHD group

(all P < 0.001 by Anosim analysis and multi-response per-

mutation procedure (MRPP)), although CHD group was

also distinct in comparison with healthy controls (Fig. 1c).

To identify the taxonomic information of the blood bac-

teria, the RDP classifier and GreenGene database were

used. At the phylum level, the blood dominant bacteria

were from Proteobacteria, Cyanobacteria, Firmicutes, Bac-

teroidetes, Actinobacteria and Fusobacteria, Euryarchaeota,

Acidobacteria,Nitrospirae, and Chloroflexi (Additional file 2:

Table S2, Additional file 3: Figure S1), similar to the previ-

ous report [27]. In STEMI patients, a total of 210 genera

were at significant abundance differences, and the genera

abundance distribution was quite discrepant to that of con-

trols and CHDs (Fig. 1d, Additional file 2: Table S3). The

heat map (according to top 40 the most different genera)

showed the specific genera distribution among each group

(Fig. 1e). Based on reference genomes in HMP database

from the human gut and oral, we found more than 12% of

post-STEMI plasma bacteria were dominated by intestinal-

sourced-flora, distinguishing from CHD and control group

(Fig. 1f). The possibility was raised that intestinal bacteria

might invade into blood post-MI, leading to the increased

richness and distinct structure of systemic microbiome.

Products of gut bacterial translocation are associated

with inflammation and LV function

LPS and D-lactate were recognized as products and sys-

temic markers for increased gut permeability and bacter-

ial translocation [28, 29]. To measure LPS and D-lactate,

blood samples of STEMI patients were collected on days

1, 2, 3, 5, and 7 of symptom onset. And the dynamic

changes of LPS and D-lactate in STEMI patients were

obtained. In comparison to control and CHD patients,

STEMI patients’ plasma LPS and D-lactate levels in-

creased since admission, reaching the peak on day 2

(Fig. 2a–c) and maintaining the tendency to day 7. Inter-

estingly, the changes of LPS and D-lactate were

Fig. 2 Increased plasma levels of LPS and D-lactate after STEMI are associated with CD14++CD16+ monocyte. a–b The dynamic changes of LPS

and D-lactate in STEMI patients after admission as compared to CHD controls and healthy controls. The data are presented by box and whisker

plots: the boxes extend from the 25th to the 75th percentile, with a line at the median. The whiskers extend above and below the box to show

the 5th–95th percentiles of values. The number below each box and whisker plot shows the median value. *P < 0.05, **P < 0.01, ***P < 0.001,

Kruskal-Wallis test followed by a Dunn’s test. c The temporal profiles of LPS and D-lactate levels in STEMI patients as fold changes to stable CHD

controls. Data are presented as mean ± s.e.m. d–e The association of plasma Δ LPS and Δ D-lactate (all Δ are calculated after logarithmic transfor-

mations) with CD14++CD16+ monocytes. The left panels show the result from all STEMI patients, and right panels show the subgroups of anter-

ior MI patients. Correlation coefficients are reported as Pearson linear correlations
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consistent with monocytosis [24]. A prominent feature

for the post-infarction inflammation is the recruitment

of monocyte’s subpopulations [30–33], and CD14+

+CD16+ monocytes represent unique pro-inflammatory

properties associated with MI [34]. To investigate the

possible correlation between gut bacterial translocation

and monocytosis, the association of LPS, D-lactate (Δ-

value of days 2–1) with monocyte counts was analyzed.

Increased plasma LPS positively correlated with total

monocytes, CD14++CD16– counts (Additional file 4:

Figure S2a–b) and CD14++CD16+ subset’s recruitment

in the total cohort (r = 0.214, P = 0.033), especially in an-

terior wall infarction patients (r = 0.388, P = 0.007;

Fig. 2d). However, the correlation between D-lactate and

monocyte subsets was not striking (Fig. 2e,

Additional file 4: Figure S2c–d). Intriguingly, although

D-lactate and LPS in STEMI patients have the same

trend during the 7 days of observation, changes of D-lac-

tate but not LPS were negatively correlated with LVEF

by analyzing the correlation coefficients (Additional file 5:

Figure S3). The association of Δ LPS and LVEF did not

reach statistical significance. These findings indicated

that inflammatory response after MI was partly associ-

ated with gut bacterial translocation.

Gut microbial translocation promotes cardiovascular

events after STEMI

The elevated monocytosis was associated with cardiovas-

cular events post-STEMI [24]. Therefore, we assessed

the possible role of gut microbial translocation in cardio-

vascular events. The discriminative and prognostic

capacities of Δ LPS and Δ D-lactate were confirmed in

receiver operator characteristic (ROC) curve analysis

(Fig. 3a, b), the performance of which was higher than

other day values (Additional file 6: Figure S4). Kaplan-

Meier analyses further verified that the optimal cut-off

values for Δ LPS (Fig. 3d) and Δ D-lactate (Fig. 3e) were

capable of identifying subjects with higher risk for post-

STEMI MACEs. To incorporate the influence of the two

translocation markers, we calculated the z-score values

Fig. 3 Higher LPS and D-lactate post-STEMI predict a poorer cardiovascular outcome, and TCM score was established. a–c ROC curve analysis of Δ LPS,

Δ D-lactate, and translocation z-score for 3-year MACEs. d–f The univariate Kaplan-Meier survival analysis of Δ LPS (days 2–1), Δ D-lactate (days 2–1) and

translocation z-score for 3-year MACEs. The patients are stratified according to the optimal cut-off values derived from ROC curve analyses. g The

multivariate-adjusted Cox regression survival plot (with adjustment of age, LVEF (day 2) and SYNTAX score as categorical variables). The number

adjacent to each line indicates the TCM score value. h The ROC curve analysis of TCM score
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of Δ LPS and Δ D-lactate, and defined the sum of two z-

score values divided by 2 as translocation z-score.

Kaplan-Meier survival plot and ROC curve analysis

showed that translocation z-score led to a more efficient

risk stratification, increased Youden index, and im-

proved AUC of ROC curve (P for multiple ROC com-

parisons, 0.080; Fig. 3c, f ). By performing a forward

stepwise selection, an optimal Cox proportional hazards

model was constructed: among the candidate variables,

only translocation z-score, hs-CRP, and CD14++CD16+

monocytes remained statistical significances in multi-

variate analysis. Syntax score and LVEF were excluded

from the final model. To simplify their synergistic ef-

fects, we defined a simple risk score, i.e., TCM score

(using the combination of the three capital letters for

three markers), based on the optimal cut-off values in

ROC analysis for MACEs (Additional file 1: Table S1).

The multivariate Cox regression curve showed that

TCM score was efficient for risk stratification by show-

ing clearly separated survival curves as TCM score in-

creasing from 0 to 3, even after adjustment by age, LVEF

(day 2), and syntax score (Fig. 3g). ROC curve analysis

further demonstrated that TCM score had an AUC of

0.822 (95% CI 0.738–0.906, P < 0.001) and was well cali-

brated (P = 0.398 by Hosmer-Lemeshow’s test) for

MACEs (Fig. 3h).

Previous studies and our recent work have demon-

strated hs-CRP, CD14++CD16+ monocytes, and LVEF

are predictors for post-STEMI MACEs. We next

sought to examine whether and how much microbial

translocation could explain or mediate such associa-

tions. By using causal mediation analysis, we demon-

strated that translocation z-score had a significant

mediation effect (22.7%, P < 0.05) on the CD14+

+CD16+ monocytes→MACEs association (per 1 SD

increase), a significant mediation effect (25.4%, P <

0.05) on the LVEF→MACEs association (LVEF <

52%), and a significant mediation effect (13.7%, P <

0.05) on the hs-CRP→MACEs association (per 1 SD

increase) (Fig. 4). Thus, microbial translocation could

partially explain post-STEMI inflammatory response

and compromised LV function-associated adverse

outcomes.

Gut permeability upon MI leads to microbial translocation

and inflammation

To investigate the gut permeability contribution to mi-

crobial translocation, MI mice model was used. By

fluorescein isothiocyanate (FITC)-dextran tracing assay,

colon permeability increased from days 1 to 5 after MI,

and recovery at day 7 (Fig. 5a). As colon, the permeabil-

ity of distal small intestine and was also elevated

(Fig. 5b). Accordingly, gut bacterial products (LPS and

D-lactate) were increased and peaked on day 3 (All P <

0.01, Fig. 5c, d). In MI mice, the changes of the Ly6Chi

proportion monocyte subset showed the similar ten-

dency (All P < 0.01, Fig. 5e, f ), and the proportion of

Ly6Chi monocytes was positively correlated with per-

ipheral blood concentration of LPS as well as D-lactate,

consistent with STEMI patients (Fig. 5g–h). Thus, this

mouse model was further used for mechanisms of gut

permeability post-MI.

With gut permeability changes, occludin (tight junc-

tion protein as the intestinal permeability marker)

mRNA and protein expression in the colon was dra-

matically decreased after MI (Fig. 6a, b). In associ-

ation with occludin expression downregulation in the

mucous membrane of intestinal epithelium (Fig. 6c),

mucosal microvillus disarrangement, structure dis-

rupted, and even loss were detected by transmission

electron microscopy after MI (Fig. 6d). In keeping

with these changes, blood flow of superior mesenteric

Fig. 4 Schematic diagrams showing the coefficients relating

inflammation markers, compromised LVEF with adverse

cardiovascular events and the mediation effect of translocation z-

score. a Association between CD14++CD16+ monocytes and MACE

mediated by translocation z-score. b Association between

compromised LVEF (derived from Youden index for MACE) and

MACE mediated by translocation z-score. c Association between hs-

CRP and MACE mediated by translocation z-score. β indicates coeffi-

cients in regression analysis; TE, total effect; ADE, average direct ef-

fect; ACME, average causal mediation effect; CI, confidence interval;

MACE, major adverse cardiovascular events; LVEF, left ventricular

ejection fraction; hs-CRP, high-sensitivity C-reactive protein.

*P < 0.05, **P < 0.01
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artery decreased from day 1 and reached the nadir on

day 3 (P < 0.01; Additional file 7: Figure S5a), which

was negatively correlated with FITC-dextran perme-

ating in the small intestine (Additional file 7: Figure

S5b), but positively correlated with LVEF (r = 0.64, P

< 0.001; Additional file 7: Figure S5c). These data sug-

gested that elevated gut permeability was due to the

intestinal mucosa barrier dysfunction by ischemia

stress after MI.

Inhibition of gut microbial translocation reduces infarct

size

To suppress gut bacterial translocation and eliminate

microbial products in systemic circulation, polymyxin B

(PMB; an antibiotic with distinct cationic characteristics

against LPS-induced toxicity) was used to treat MI mice.

By PMB administration for 3 days, the plasma LPS level

was significantly reduced (Fig. 7a), and the proportion of

Ly6Chi was coincidently decreased (Fig. 7b). At other

Fig. 5 Increased gut permeability and microbial products are associated with monocyte in mice model of MI. a Gut permeability is elevated in

the colon of MI mice. n = 4–6 for each group. b The augments of permeability in the distal small intestine, cecum, and colon at the third day of

MI. n = 6 for each group. c–d The serum levels of LPS and D-lactate are enhanced after MI. n = 5 for each group. e–f The Ly6Chi monocyte

proportion in MI mice is significantly increased as compared to the sham group. n = 5 for each group. g–h LPS and D-lactate are positively

correlated with Ly6Chi monocyte proportion. n = 5 for each group. Correlation coefficients are reported as Pearson linear correlations. Data are

presented as mean ± s.e.m. **P < 0.01; ***P < 0.001, vs respective shams, t test
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time points post-infarction, PMB treatment also lowered

the Ly6Chi counts although LPS was no changed (Add-

itional file 8: Figure S6).

Consistent with decreased LPS and Ly6Chi, PMB treat-

ment significantly lowered infract size, as determined by

triphenyltetrazolium chloride stainings (Fig. 7c). Accord-

ingly, PMB treatment also reduced local inflammation

(Fig. 7d), macrophage infiltration (Fig. 7e), and myocar-

dial fibrosis (blue area, by Masson stainings; Fig. 7f ).

These findings confirmed that by abrogation of gut bac-

terial translocation, inflammatory response and heart in-

jury post-MI could be improved.

Discussion

The present study provided convincing evidence that in-

creased gut bacterial translocation into systemic circula-

tion due to intestinal hypoperfusion and gut

permeability post-MI contribute to the pathogenesis of

future cardiovascular events by inducing inflammation

(Fig. 8). New therapeutic intervention by antibiotics tar-

geting gut bacteria and protecting gut function may be a

potential option to improve cardiovascular outcomes

post-infarction. This notion is derived from our novel

findings that (1) increased gut microbial components

and products translocation into the systemic circulation

conduce to inflammation post-MI, (2) the increase of

gut bacterial translocation products has great prognostic

significance for cardiovascular outcomes, (3) the loss of

occludin and intestinal mucosal injury is responsible for

elevated gut permeability and microbial translocation

post-infarction, and (4) cardiomyocyte injury post-

infarction could be alleviated dramatically by gut micro-

bial translocation inhibition.

There are approximately 1012 flora bacteria colonized

in the human gastrointestinal tract, with the opportunis-

tic pathogens at 109 [13]. However, blood microbiome is

seldom investigated as systemic circulation was previ-

ously presumed to be sterile, and circulating bacteria

was thought to be in sepsis cases. Nevertheless, the bac-

terial DNA in blood samples is detectable, although

quite low [35–37]. In blood microbiome of STEMI pa-

tients, we detected Lactobacillus, Bacteroides, and

Streptococcus, which were probably from the intestinal

flora. Moreover, the great bacteria richness and distinct

microbial community drove us to explore the origin of

bacteria. It was interesting that the STEMI-enriched

bacteria were dominated by intestinal-sourced flora. For

instance, Bacteroides, which has been detected in gut

Fig. 6 The loss expression of tight junction protein occludin post-MI leads to intestinal mucosal injury. a The mRNA levels of occludin in colon tis-

sues are decreased post-infarction. n = 5 for each group. b Western blot analysis of occludin protein expression in relative to GAPDH in the colon

from MI mice. n = 5 for each group. c Representative immunofluorescence images of occludin (green) in the intestinal epithelium of MI mice. Nu-

clei are stained with DAPI (blue), and scale bars are 50 μm. d Transmission electron microscope image of sections from the intestinal epithelium

of MI mice. Scale bars are 1 μm. Data are presented as mean ± s.e.m. *P < 0.05, vs respective shams, t test
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samples [37], was significantly more abundant in STEMI

patients. The intestinal flora might be possibly the most

important factor that results in enhanced microbial rich-

ness and diversity observed in STEMI patients.

The translocation of gut-originated bacteria into sys-

temic circulation was most likely due to intestinal muco-

sal injury and gut barrier failure. As previously reported,

the abundance of microbiota is a major difference in the

luminal environment between the small intestine and

colon, with the small intestine harboring ~ 103 bacteria

and the colon harboring ~ 1011 bacteria per gram of in-

testinal contents [38]. Despite the fact that we observed

an almost ~ 1-fold increase of FTIC-dextran in the small

intestine compared with that in the colon, in terms of

bacterial translocation, the impact this difference is min-

imal considering huge difference in bacterial abundance.

Fig. 7 Treatment of PMB eliminate serum LPS, alleviated monocytosis, and cardiomyocyte injury post-infarction. a The serum levels of LPS post-

MI are suppressed by administration of PMB. n = 3–5 for each group. b The Ly6Chi monocyte proportions in MI mice are decreased in the pres-

ence of PMB. n = 5 for each group. c The infarct areas post-MI are reduced by PMB. n = 5 for each group. d–f Cardiomyocyte inflammation,

macrophage infiltration, and collagen areas induced by MI are alleviated after PMB treatment. n = 5 for each group. NS, normal saline. All the data

were from the third day of MI. Data are presented as mean ± s.e.m. **P < 0.01; ***P < 0.001, one-way ANOVA with Tukey’s post hoc test
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Additionally, a previous report showing that the colon is

more efficient at eliminating translocating bacteria and

presents with higher trans-epithelial resistance than the

small intestine [39]. Therefore, we investigated the ex-

pression of occluding in the colon and found the loss of

occludin attributed to elevated gut permeability and mi-

crobial translocation post-infarction.

Furthermore, in patients with stable heart failure, sup-

pressed blood flow in intestinal arteries leads to bacterial

products translocation into the systemic circulation [40].

Thus, we wondered whether gut barrier failure was associ-

ated with mesenteric artery blood flow in patients suffer-

ing MI. We found that D-lactate, a marker of gut barrier

loss and increased gut permeability [28, 29], was inversely

correlated with LVEF, which was positively linked to mes-

enteric artery blood flow. Experimental evidence also con-

firmed the negative association between increased gut

permeability and mesenteric artery blood flow. Thus, the

intestinal mucosal injury and gut barrier dysfunction post-

MI was probably driven by ischemia stress such as com-

promised LV function and intestinal hypoperfusion.

To investigate the possible link between bacterial trans-

location and systemic inflammation, we used hs-CRP as a

predictor for MACEs and found that hs-CRP had a very

strong impact on adverse outcomes. Moreover, hs-CRP,

CD14++CD16+ monocytes, and translocation z-score

were the only predictors with remained statistical signifi-

cances in the final Cox model. To simplify their clinical

significance, we defined TCM score to integrate their syn-

ergistic effects, which presented with an improvement in

risk stratification compared with any predictor alone. By

using causal mediation analyses, translocation z-score

could partially explain CD14++CD16+ monocytes and hs-

CRP-associated MACEs, further supporting microbial

translocation as an underlying triggering mechanism for

systemic inflammatory response after STEMI, where the

magnitude of which poses the risk for future adverse car-

diovascular outcomes.

Myocardial depression is a common feature of LPS-

induced endotoxemia [41, 42]. The plasma levels of LPS

were reported to be slightly elevated in acute MI patients

with left ventricular dysfunction [15]. But there was no

statistical significance and the sample size was quite small.

We enrolled 100 STEMI patients and confirmed that LPS

was elevated as a result of gut microbial translocation.

Therefore, it was speculated that the accumulation of gut

bacteria and intestine-produced LPS in systemic circulation

triggers monocyte’s recruitment, which activates systemic

inflammation and eventually heart injury. This is in agree-

ment with the findings that CD14++CD16+ monocytes act

as an initiator of early immune response to local microbial

infections [43]. By stimulation with bacterial products like

LPS, the monocyte subpopulation had been shown to effi-

ciently produce the pro-inflammatory cytokine TNF and

subsequently regulate the immune response [44]. This gut-

driven concept is also supported by a report showing that

intestinal bacteria could be direct innate immune cell

development directly via promoting hematopoiesis [45].

Recent evidence that the human bone marrow harbors a

CD14++CD16+ monocyte pool [46] raise the possibility

that the recruitment of circulating CD14++CD16+ mono-

cytes after STEMI may be directly mobilized from the bone

marrow or spleen reservoir. It is possible that the gut bac-

terial components and LPS-induced monocytosis and sys-

temic inflammation observed in our study is mediated by

monocyte’s mobilization on the bone marrow or spleen

reservoir [47]. However, the contribution of gut-induced

hematopoiesis vs. mobilization remains to be investigated.

In recent clinical trials, increasing efforts have been

devoted to reducing the cardiovascular events of MI pa-

tients by antibiotic administration. MI patients treated

with antibiotics exhibit a reduction of 36% in all end-

points during the 1-year follow-up in the STMINA trial

[48]. According to the newest findings of the TIPTOP

trial, a timely administration of doxycycline reduces the

adverse LV remodeling in patients with acute STEMI

and LV dysfunction [49]. However, the underlying mech-

anism was not identified yet. The novel findings in the

current study that gut-dependent microbial translocation

induces cardiovascular events after MI provided insight

into the mechanism of antibiotic treatment in improving

cardiovascular outcomes. Therefore, suppression of gut

microbial translocation by antibiotics would be an opti-

mal approach for reducing post-infarction injury and

promoting cardiac repair.

Here, this study indicated that gut-dependent micro-

bial translocation induces myocardial inflammation and

injury. We have proven that inhibition of gut microbial

translocation could reduce local inflammation, suppress

monocyte infiltration, and reduce infarct size. However,

whether white blood cells originating from the gut dir-

ectly translocate into the myocardium and contribute to

infarction is unknown and warrants future investigation.

Conclusions

Taken together, our data demonstrate for the first time

that MI-induced acute LV dysfunction and intestinal hy-

poperfusion cause intestinal mucosa injury and gut bar-

rier failure, trigger gut microbial and product’s

translocation into systemic circulation, mobilize mono-

cytes, and initiate the inflammation, which consequently

predisposes patients to cardiovascular events. This work

has revealed the crucial contribution of gut microbial

translocation in inflammation and cardiovascular events

after MI and highlighted the therapeutic potential of

gut-targeted approaches to reduce the incidence of car-

diovascular events post-MI.
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Methods
Study cohort and patient characteristics

The patients admitted to Pingjin Hospital Heart Center

from November 2012 to May 2013 in our previous work

were enrolled [24]. The diagnosis and treatment of STEMI

were performed according to the guideline recently pub-

lished [50]. Patients with infectious and inflammatory dis-

orders, cancer, previous MI, and decompensated heart

failure in the past 6 months were excluded. Individuals

were also excluded if they had received antibiotics, probio-

tics, or hormone-replacement therapy within the last

8 weeks. All the STEMI patients have taken aspirin prior

to primary PCI. PCI was performed with conventional

techniques and coronary stents were used without restric-

tions. The infarct-related artery was the only target of the

procedure. Finally, there were 49 healthy controls, 50

stable CHDs, and 100 STEMI patients in the study cohort.

The admission blood samples were collected after initial

diagnosis and prior to the first antiplatelet medication.

The study was performed in accordance with the Helsinki

declaration and was approved by the hospital Research

Ethics Committee. Informed consent was obtained from

study participants.

Blood biochemical testing

Baseline blood routine test and biochemical assays were

performed at admission using an automated hematology

analyzer (XE-5000, Sysmex, Kobe, Japan) and a Hitachi

7180 Clinical Analyzer (Hitachi, Tokyo, Japan). High-

sensitivity C-reactive protein on day 2 of STEMI onset

was assayed by a commercially available ELISA kit

(CUSABIO, Wuhan, China; Cat No. CSB-E08617h) ac-

cording the manufacturer’s instruction.

LPS and D-lactate measurement

Fasting blood samples were collected from subjects in

control, CHD, and STEMI group via the antecubital vein

in ethylenediaminetetraacetic acid anti-coagulated tubes.

The whole blood samples were centrifuged at 3500 rpm

for 10 min at 4 °C and separated into plasma. Plasma

samples were subsequently used for LPS and D-lactate

measurement. The levels of LPS were determined by a

kinetic chromogenicmethod-based Tachypleusamebocyte

lysate assay (China Horseshoe Crab Reagent Manufac-

tory Inc., Xiamen, China; Cat No.KT22) according to the

manufacturer’s instruction. The kit provides pretreat-

ment reagent that eliminated the inhibition factors in

plasma. The assay range of the test was 0.01–10 EU/ml,

and the precision was 0.005 EU/ml. D-lactate levels were

measured using a D-lactic acid (D-lactate) (Rapid) assay

kit (Megazyme, Bray, Ireland) as the others did previ-

ously [51]. The absorbance of the sample was detected

at 340 nm in a spectrophotometer. The assay range of

the test was > 0.214 mg/L. All the samples were assayed

in duplicate.

Follow-up

All patients were followed-up after STEMI onset as we

described previously [24]. To date, all the patients have

finished a follow-up for 3 years since STEMI onset.

Thirty-three first major adverse cardiovascular events

were detected, including seven cardiovascular deaths,

three non-fatal ischemic strokes, one recurrent MI, 12

emergency or elective repeat revascularization, and ten

readmissions for heart failure. The occurrence of a first

MACE was regarded as the endpoint. Medical records

were obtained from the treating physicians to verify all

events reported by study participants (Fig. 8).

Calculation SYNTAX score

Coronary lesion severity, as assessed by SYNTAX score,

was calculated using the SYNTAX score algorithm

(www.syntaxscore.com).

DNA extraction and Illumina sequencing

Isolating genomic DNA from whole blood is classically

done using the buffy coat. Bacterial DNA is extracted

from peripheral blood leucocytes. Genomic DNA from

200 ul blood samples was isolated using the MoBioPower-

soil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad,

CA, USA) following the manufacturer’s protocol. The

concentration and quality of extracted DNA were assessed

photometrically using a NanoDrop® ND-2000c UV–vis

spectrophotometer (NanoDrop Technologies, Wilming-

ton, DE, USA). The universal primer set 515F (5′-GTG

CCA GCM GCC GCG GTA A-3′) and 806R (5′-GGA

CTA CNN GGG TAT CTA AT-3′) was used for the amp-

lification of the V4 region of bacterial 16S rRNA gene.

After 16S rDNA library preparation and generation, the li-

brary quality was assessed on the Qubit@ 2.0 Fluorometer

(Thermo Scientific) and Agilent Bioanalyzer 2100 system.

Then, the libraries were sequenced on IlluminaHiSeq plat-

form 2500 and 250 bp paired-end reads were generated at

Novogene (Beijing, China).

Quality filtering, OTUs picking, and annotation

Based on samples’ unique barcode, raw reads were

assigned to different samples, then the assigned paired-

end reads of each sample were merged to raw tags by

using FLASH (Version 1.2.7) [52]. The merged raw tags

were filtered and developed into clean tags according to

QIIME (Version 1.7.0) quality controlled process [53].

After the quality control, clean tags were aligned to Gold

database (Release 20110519) and chimera sequence was

detected by using UCHIME Algorithm (Version

7.0.1001) [54, 55], these non-chimera clean tags were de-

fined as effective tags. The effective tags were clustered
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into OTUs with ≥ 97% similarity by Uparse (Version

7.0.1001) [56]. The representative sequence for each

OTU was selected and the taxonomic information was

annotated using RDP classifier (Version 2.2) [57] and

GreenGene database (Release gg_13_8) [58]

(Additional file 9: Supplementary methods).

Echocardiography

Transthoracic echocardiography was performed on a Phi-

lips iE33 system (Phillips, Andover, MA, USA) at 24 h after

the onset of STEMI patients. For mice model, blood flow

velocity in the superior mesenteric artery (SMA) was mea-

sured using the using the Vevo 2100 High-Resolution

Ultrasound System with a 40-MHz transducer (VisualSo-

nics, Toronto, Ontario, Canada) under anesthesia with iso-

flurane (0.25 to 0.50%) supplemented with 100% O2, by an

experienced sonographer. Analysis of flow velocity and

sound was performed in pulse-waved Doppler mode. The

angle between the Doppler beam and the mesenteric artery

was < 60°. The average velocity of blood flow was deter-

mined by multiplying velocity time integral by heart rate.

Animal model

C57BL/6J male mice at 6-week-old were randomly di-

vided into groups of MI and sham group after adaptively

feeding for 1 week, with five time points (1, 3, 5, 7 days;

n = 5 for each group). Surgical MI was induced by the

ligation of the left anterior descending coronary artery.

Sham-procedure mice underwent the same protocol, but

without ligation of the coronary artery. For MI+saline

(NS) and MI+PMB group, normal saline was given as

vehicle control, and an equal volume of PMB (2.5 μg/g)

was administered by intraperitoneal injection immedi-

ately after MI induction, and on days 2 to 4 after sur-

gery, once daily. When sacrificed, the peripheral blood

was collected for measurements of LPS, and monocyte

counts, heart, and colon tissues were obtained for the

further study.

Flow cytometry analysis of circulating monocyte subsets

Flow cytometry (FCM) analysis was performed using

a Cytomics FC500 cytometer (Beckman-Coulter,

Miami, FL) according to previous work [59]. Fifty mi-

croliters of EDTA-anticoagulated whole blood was

stained with antibody mix containing 10 μL PerCP-

Cy5.5 (clone 1A8), 10 μL FITC-Ly6C (clone HK1.4),

and 10 μL PE-CD11b antibodies, incubated for

15 min at room temperature in the dark. The follow-

ing isotype controls were used: PerCP/Cy5.5 Rat

IgG2a, FITC Rat IgG2c, and PE Rat IgG2b. All anti-

bodies were obtained from BioLegend (San Diego,

CA, USA). Then, 1 mL red blood cell lysis buffer

(Biolegend Red Blood Cell Lysis Buffer) was added

and incubated for 10 min. Followed by centrifuge at

350g for 5 min, the supernatant was carefully aspi-

rated without disturbing the cell pellet and the pellet

was re-suspended using BioLegend Cell Staining Buf-

fer. Unstained, single stained, and Fluorescence Minus

One (FMO) controls were used for setting compensa-

tion and gating boundaries. The data analysis was

performed using FlowJo software (Treestar, Ashland,

OR, USA).

Fig. 8 Schematic illustration of the proposed interaction between STEMI, microbial translocation, and future ischemic events. Increased gut

permeability and bacterial translocation from the gut lumen due to intestinal hypoperfusion post-STEMI are involved in the pathogenesis of

monocytosis and inflammation and have the potential of contributing to further ischemic events and heart failure
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Fluorescein isothiocyanate-dextran assessment

At 4 h before euthanasia, the mice received fluorescein

isothiocyanate (FITC)-dextran diluted in water (60 mg/

100 g body weight) by oral administration. An intestinal

loop model was used to assess the intestinal permeability

of each gastrointestinal segment [60]. Briefly, after a mid-

line laparotomy incision, the segments of the gastrointes-

tinal tract, including the intestine, cecum, and colon, were

created with two vascular hemoclips. The length of intes-

tine between the two clips was injected with 50 μl FITC-

dextran. After 1 h, plasma was collected immediately after

sacrifice, and FITC-dextran measurement was performed

on an LS55 fluorescence spectrophotometer (PekinElmer

Life Sciences, Cambridge, UK), with excitation wavelength

at 480 nm and emission at 520 nm.

Histology

To avoid a weaker scar and greater propensity for

rupture early after MI, heart tissues of mice in the

MI, sham MI+NS, and MI+PMB groups were har-

vested at 14 days of MI. Triphenyltetrazolium chlor-

ide staining was performed, and the entire heart

based on apex sections was all assessed for infarct

size. Heart tissues fixed with 4% paraformaldehyde

were embedded in paraffin and sectioned. Tissue sec-

tions were stained with hematoxylin-eosin to deter-

mine the severity of myocardial inflammation. As

described previously [61], a myocardial inflammation

score at 0 means no myocardial fibrosis, 1 means very

minimal focal subepicardial interstitial fibrosis just in-

filtrating beneath epicardial fat, 2 represents mild sub-

epicardial interstitial fibrosis infiltrating deeper into

the subepicardial myocardium, 3 represents multifocal

subepicardial interstitial fibrosis, and 4 means replace-

ment fibrosis. For immunohistochemical staining of

F4/80-positive cells, tissue sections processed through

deparaffinage, rehydration and antigen plerosised, and

endogenous peroxidase activity blockade, were incu-

bated with F4/80 antibodies at 4 °C overnight. Follow-

ing secondary antibodies incubation, the sections were

stained with avidin-biotin complex and counterstained

with hematoxylin. Collagen volume fraction at the

free wall of infarct area was assessed through Masson

staining. Fixed colon tissues were embedded in OCT,

stained with Occludin incubated with FITC-coupled

secondary antibodies, and counterstained with DAPI.

The stainings were examined under a fluorescence

microscope (Nikon). For electron microscopic study,

the superior mesenteric arteries were fixed in 2% glu-

taraldehyde/osmium tetroxide, after dehydration in

ethanol and embedded in spurr resin. Thin sections

were obtained from a microtome and viewed with a

Hitachi 7500 transmission electron microscope (Hita-

chi Limited, Tokyo, Japan).

RNA isolation and real-time quantitative RT-PCR

Total RNA was extracted from colon tissues using Trizol

reagent according to the manufacturer’s instructions. The

concentration of RNA was quantified by a NanoDrop® ND-

2000c UV–vis spectrophotometer (NanoDrop Technolo-

gies, Wilmington, DE, USA). Total RNA from each sample

was reverse transcribed with the Superscript First-Stand

cDNA Synthesis Kit (Invitrogen CA, USA). The quantita-

tive RT-PCR was performed with SYBR Green I on an ABI

Prism 7300 sequence detection system (Applied Biosystem,

Foster City, CA, USA). β-actin was used as the internal

control. The specific primer sequences were as follows:

Occludin: sense: 5′-CCACCCCCATCTGACTATGC-3′,

antisense: 5′-TCGCTTGCCATTCACTTTGC-3′, length

78 bp and β-actin: sense: 5′-CTAAGGCCAACCGT-

GAAAAG-3′, antisense: 5′-ACCAGAGGCATACAGG-

GACA-3′, length 104 bp. The relative mRNA level of each

sample was analyzed and calculated using the 2-∆∆Ct

method.

Western blot

Proteins from colon tissues were extracted with cold

lysis buffer. Following ultrasonication and centrifugation,

the supernatant was harvested. Protein concentration

was determined by the Bio-Rad protein assay kit (Bio-

Rad Laboratories, Inc., Berkeley, CA, USA). Equal

amounts of protein were fractionated on SDS-PAGE and

transferred to nitrocellulose membranes (Millipore,

USA). The membranes were blocked and incubated with

primary antibodies against Occludin, and GAPDH. After

binding with secondary antibodies, the protein bands

were detected using a ChemiDoc™ XRS gel documenta-

tion system (Bio-Rad, Hercules, CA, USA).

Statistical analysis

Categorical data were compared with Fisher’s exact test.

For comparisons between two independent groups, an

unpaired Student’s t test or a Mann-Whitney U test was

used. For comparison across three groups or more, one-

way analysis of variance with Tukey’s post hoc analysis

or a Kruskal-Wallis test followed by a Dunn’s test were

performed. Correlation analyses were performed based

on Spearman’s correlation. Kaplan-Meier survival ana-

lysis followed by the log-rank test was employed to esti-

mate cumulative adverse event-free rates. To construct a

new variable that integrate the impact of Δ LPS and D-

lactate, we calculated their z-scores (standard z-trans-

formation), which was calculated as: z = (x-μ)/σ, where μ

is the mean value and σ is the standard deviation. The

sum of two z-scores divided by 2 was defined as trans-

location z-score (mean = 0, standard deviation = 1). Re-

ceiver operating characteristic (ROC) curve was plotted

to assess the accuracy and the optimal cut-off value (the

best Youden Index: sensitivity + specificity − 1) for each
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parameter to discriminate between MACE (+) and

MACE (−) patients. Parameters with an area under the

curve (AUC) of P value ≤ 0.1 were then used for Kaplan-

Meier survival analyses and Cox proportional hazards

analyses. For Kaplan-Meier analysis, STEMI patients

were stratified by Youden Index-derived optimal cut-off

values. To construct optimal Cox proportional hazards

model for MACEs, potential variables were first trans-

formed into binary variables by using the optimal cut-off

values, and then a stepwise forward selection was per-

formed to select variables (P < 0.05) into multivariate

model. Model calibration was performed by Hosmer-

Lemeshow’s chi-squared test.

Mediation analysis models were constructed as previ-

ously prescribed [62] to assess whether and how much

microbial translocation could explain the associations

between inflammatory markers compromised LVEF and

adverse outcomes. Linear and logistic models were used

to estimate the associations between predictors and me-

diator and the associations between predictors, mediator,

and outcome. The predictor variables were CD14+

+CD16+ subset measured on day 2 (continuous variable,

per 1 SD increase), hs-CRP (continuous variable, day 2,

per 1 SD increase), and reduced LVEF (binary variable

defined by Youden Index, day 2); the mediator variable

was translocation z-score (continuous variable); the out-

come variable was MACEs (binary variable). We esti-

mated the total effect (TE) and average direct effect

(ADE) between the predictors and outcome, the average

causal mediation effect (ACME) between predictors and

outcome via mediator, and the percent of mediation ef-

fect, where TE equals to the sum of ACME and ADE.

We used user-written command “medeff” in STATA to

perform mediation analysis [63], and the results were

calculated using bootstrapping with1000 iterations. The

above statistical analyses were performed using STATA

version 14.1 (STATA Corp., College Station, TX, USA)

and GraphPad Prism version 5 (GraphPad Prism Soft-

ware Inc., San Diego, CA, USA). A two-tailed P value <

0.05 was considered statistically significant.

QIIME software package (Version 1.7.0) was used to

analyze alpha diversity and beta diversity. For alpha di-

versity, the Shannon index was calculated based on the

genera profile of control, CHD, and STEMI patients.

Then, for beta diversity, OTU table was used to generate

unweighted UniFrac distance matrix, and PCoA was per-

formed and displayed by WGCNA package, extra font

package and ggplot2 package in R software (Version

2.15.3) (Additional file 9: Supplementary methods). Dif-

ferential abundance of genera was tested by Wilcoxon

rank sum test, and P values were corrected for multiple

testing with Benjamin and Hochberg method.

From HMP database, the reference genomes isolated

from human gut and oral were used to tracking the

source of the STEMI-enriched bacteria. Based on NCBI

taxonomy database, we can get the reference genomes’

taxonomic and phylogenic information. Based on the

phylogenic information and the genera profile, the

source of the genera was defined and the proportion of

different groups was calculated (Additional file 9: Sup-

plementary methods). For differential analysis, the P

values between different groups were calculated by Wil-

coxon rank sum test.
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for 3-year MACEs of STEMI patients. (PDF 686 kb)

Additional file 7: Figure S5. The mesenteric artery blood flow in MI

mice is associated with gut permeability and LVEF. (a) Echocardiographic

measurements show significantly depressed blood flow of superior

mesenteric artery post-infarction. n = 5 for each group. Data are pre-

sented as mean ± s.e.m. *P < 0.05, **P < 0.01 vs respective shams, t test.

(b) The superior mesenteric artery blood flow is negatively correlated

with gut permeability in the small intestine. (c) The association of LVEF

with blood flow of superior mesenteric artery. (PDF 962 kb)

Additional file 8: Figure S6. The impact of PMB on LPS levels and

Ly6Chi monocyte proportions. (a–c) PMB significantly represses the

proportions of Ly6Chi monocyte at days 1, 5, and 7 post-infarction. n = 3–

5 for each group. (d–f) There is no statistical significance of LPS levels by

the treatment of PMB in mice of MI. n = 4–5 for each group. Data are pre-

sented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001; one-way

ANOVA followed by Tukey’s post hoc test. (PDF 1260 kb)

Additional file 9: Supplementary methods. The script and code used

for microbiota analysis. (PDF 41 kb)

Abbreviations

ACME: Average causal mediation effect; ADE: Average direct effect;

AUC: Area under curve; CHD: Coronary heart disease; CI: Confidence of

interval; FCM: Flow cytometry; FITC: Fluorescein isothiocyanate;

FMO: Fluorescence Minus One; HR: Hazard ratio; hs-CRP: High-sensitivity C-

reactive protein; LV: Left ventricle; LVEF: Left ventricular ejection fraction;

MACEs: Major adverse cardiovascular events; MI: Myocardial infarction;

Zhou et al. Microbiome  (2018) 6:66 Page 15 of 17

https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1186/s40168-018-0441-4


MRPP: Multi-response permutation procedure; OTUs: Operational taxonomic

units; PCI: Percutaneous coronary intervention; PCoA: Principal Coordinate

Analysis; PMB: Polymyxin B; ROC: Receiver operator characteristic;

SMA: Superior mesenteric artery; STEMI: ST-segment elevation myocardial

infarction; TE: Total effect

Acknowledgements

Not applicable.

Funding

This work was supported by the National Basic Research Program of China

(973 Program, 2014CB542302), CAMS Innovation Fund for Medical Sciences

(CIFMS, 2016-12M-1-006), the International S&T Cooperation Program of

China (2013DFB30310), the intramural research program from Logistics Uni-

versity of CPAF (2015ZXKF10), National Natural Science Foundation of China

(81470541, 81570335, 81500383, 81630014, 81770253, 81370362), Beijing Mu-

nicipal Science and Technology Commission (Z151100002115050,

Z151100004015176) and Beijing Municipal Commission of Education

(KZ201610025028), Tianjin Municipal Science and Technology Committee

(14JCYBJC27600 and 14JCZDJC36700) and intramural research program from

Pingjin Hospital (FYZ201402, FYM201421, FYZ201605), and Beijing Municipal

Administration of Hospitals’Youth Programme (QML20170303).

Availability of data and materials

The data set supporting the results of this article has been deposited in the

EMBL European Nucleotide Archive (ENA) under BioProject accession code

PRJEB24590 [http://www.ebi.ac.uk/ena/data/view/PRJEB24590].

Authors’ contributions

JC, YML, XZ, and JL conceived the study, directed the project, designed the

experiments, interpreted the results, and wrote the manuscript. WJJ, QZ, and

JLL recruited, diagnosed, and collected the clinical details from the subjects.

XLL, WC, and JM collected the blood samples from the subjects, measured

LPS, D-lactate, and C-reactive protein. JLG and BG performed the microbiome

sample processing and sequencing. DR, SBC, ZLZ, JRC, and WBL performed

the computational and metagenomic microbiota analysis. XZ, JL, JXL, ZZG,

and YQM carried out the animal experiments, flow cytometry, histology, RT-

PCR, and Western Blot. XZ and JL analyzed the data. JC, YML, JCZ, and MHZ

revised the manuscript. All authors read and approved the final manuscript.

Authors’ information

Correspondence and requests for materials should be addressed to Jun Cai

(caijun@fuwaihospital.org) and Yuming Li (cardiolab@gmail.com).

Ethics approval and consent to participate

The study was approved by local ethics committees (Pingjin Hospital Heart

Center and Beijing Fuwai Hospital), and informed consent was obtained

from all subjects. All animal care and experiments were performed in

accordance with the guidelines of Institutional Animal Care and Use

Committee of Pingjin Hospital Heart Center.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Author details
1Tianjin Key Laboratory of Cardiovascular Remodeling and Target Organ

Injury, Pingjin Hospital Heart Center, 220, Cheng-Lin Street, Tianjin 300162,

China. 2Heart Center, Beijing Chao Yang Hospital, Capital Medical University,

Beijing 100020, China. 3Beijing Key Laboratory of Hypertension, Beijing

100020, China. 4Cardiovascular Institute of Affiliated Hospital, Hainan Medical

College, Haikou 571199, China. 5Hypertension Center, Fuwai Hospital, State

Key Laboratory of Cardiovascular Disease of China, National Center for

Cardiovascular Diseases of China, Chinese Academy of Medical Sciences and

Peking Union Medical College, Xicheng District, North Lishi Road No. 167,

Beijing 100037, China. 6Department of Radiology, Northwestern University,

Chicago, IL 60611, USA. 7Novogene Bioinformatics Institute, Beijing 100000,

China. 8Eminent Scholar in Molecular Medicine, Georgia Research Alliance,

Georgia State University, Atlanta, USA.

Received: 3 January 2017 Accepted: 13 March 2018

References

1. Kain V, Prabhu SD, Halade GV. Inflammation revisited: inflammation versus

resolution of inflammation following myocardial infarction. Basic Res

Cardiol. 2014;109:444.

2. Frangogiannis NG. Regulation of the inflammatory response in cardiac

repair. Circ Res. 2012;110:159–73.

3. Frangogiannis NG. The inflammatory response in myocardial injury, repair,

and remodelling. Nat Rev Cardiol. 2014;11:255–65.

4. Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, et al. A metagenome-wide association

study of gut microbiota in type 2 diabetes. Nature. 2012;490:55–60.

5. Qin N, Yang F, Li A, Prifti E, Chen Y, Shao L, et al. Alterations of the human

gut microbiome in liver cirrhosis. Nature. 2014;513:59–64.

6. Feng Q, Liang S, Jia H, Stadlmayr A, Tang L, Lan Z, et al. Gut microbiome

development along the colorectal adenoma-carcinoma sequence. Nat

Commun. 2015;6:6528.

7. Zhang X, Zhang D, Jia H, Feng Q, Wang D, Liang D, et al. The oral and gut

microbiomes are perturbed in rheumatoid arthritis and partly normalized

after treatment. Nat Med. 2015;21:895–905.

8. Karlsson FH, Fak F, Nookaew I, Tremaroli V, Fagerberg B, Petranovic D, et al.

Symptomatic atherosclerosis is associated with an altered gut metagenome.

Nat Commun. 2012;3:1245.

9. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al. Intestinal

microbiota metabolism of l-carnitine, a nutrient in red meat, promotes

atherosclerosis. Nat Med. 2013;19:576–85.

10. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. Gut flora

metabolism of phosphatidylcholine promotes cardiovascular disease.

Nature. 2011;472:57–63.

11. Lam V, Su J, Koprowski S, Hsu A, Tweddell JS, Rafiee P, et al. Intestinal microbiota

determine severity of myocardial infarction in rats. FASEB J. 2012;26:1727–35.

12. Arseneault-Bréard J, Rondeau I, Gilbert K, Girard SA, Tompkins TA, Godbout R,

et al. Combination of lactobacillus helveticus r0052 and bifidobacterium

longum r0175 reduces post-myocardial infarction depression symptoms and

restores intestinal permeability in a rat model. Br J Nutr. 2012;107:1793–9.

13. Swank GM, Deitch EA. Role of the gut in multiple organ failure: bacterial

translocation and permeability changes. World J Surg. 1996;20:411–7.

14. Brenchley JM, Douek DC. Microbial translocation across the GI tract. Annu

Rev Immunol. 2012;30:149–73.

15. Anzulovic-Mirosevic D, Barzon L, Castagliuolo I, Brun P, Palu G, Zaninotto M,

et al. LPS in patients with left ventricular dysfunction of ischemic and non-

ischemic origin. Cardiovasc Hematol Disord Drug Targets. 2011;11:74–8.

16. Ravin HA, Fine J. Biological implications of intestinal endotoxins. Fed

Proc. 1962;21:65–8.

17. Woodruff PW, O'Carroll DI, Koizumi S, Fine J. Role of the intestinal flora in

major trauma. J Infect Dis. 1973;128(Suppl):290–4.

18. Flad HD, Loppnow H, Rietschel ET, Ulmer AJ. Agonists and antagonists for

lipopolysaccharide-induced cytokines. Immunobiology. 1993;187:303–16.

19. Clausen MR, Bonnén H, Tvede M, Mortensen PB. Colonic fermentation to

short-chain fatty acids is decreased in antibiotic-associated diarrhea.

Gastroenterology. 1991;101(6):1497–504.

20. Smith SM, Eng RH, Campos JM, Chmel H. D-lactic acid measurements in the

diagnosis of bacterial infections. J Clin Microbiol. 1989;27(3):385–8.

21. Sun XQ, Fu XB, Zhang R, Lu Y, Deng Q, Jiang XG, et al. Relationship

between plasma D(−)-lactate and intestinal damage after severe injuries

in rats. World J Gastroenterol. 2001;7(4):555–8.

22. Li YS, Li JS, Li N, Jiang ZW, Zhao YZ, Li NY, et al. Evaluation of various

solutions for small bowel graft preservation. World J Gastroenterol.

1998;4(2):140–3.

23. Ruan P, Gong ZJ, Zhang QR. Changes of plasma D(−)-lactate, diamine

oxidase and endotoxin in patients with liver cirrhosis. Hepatobiliary

Pancreat Dis Int. 2004;3(1):58–61.

24. Zhou X, Liu XL, Ji WJ, Liu JX, Guo ZZ, Ren D, et al. The kinetics of circulating

monocyte subsets and monocyte-platelet aggregates in the acute phase of

Zhou et al. Microbiome  (2018) 6:66 Page 16 of 17

http://www.ebi.ac.uk/ena/data/view/PRJEB24590


ST-elevation myocardial infarction: associations with 2-year cardiovascular

events. Medicine (Baltimore). 2016;95:e3466.

25. Rosenson RS, Elliott M, Stasiv Y, Hislop C, PLASMA II Investigators.

Randomized trial of an inhibitor of secretory phospholipase A2 on

atherogenic lipoprotein subclasses in statin-treated patients with coronary

heart disease. Eur Heart J. 2011;32(8):999–1005.

26. Makrygiannis SS, Ampartzidou OS, Zairis MN, Patsourakos NG, Pitsavos C,

Tousoulis D, et al. Prognostic usefulness of serial C-reactive protein

measurements in ST-elevation acute myocardial infarction. Am J Cardiol.

2013;111(1):26–30.

27. Amar J, Serino M, Lange C, Chabo C, Iacovoni J, Mondot S, et al.

Involvement of tissue bacteria in the onset of diabetes in humans: evidence

for a concept. Diabetologia. 2011;54:3055–61.

28. Sobhian B, Kropfl A, Holzenbein T, Khadem A, Redl H, Bahrami S. Increased

circulating D-lactate levels predict risk of mortality after hemorrhage and

surgical trauma in baboons. Shock. 2012;37:473–7.

29. Murray MJ, Gonze MD, Nowak LR, Cobb CF. Serum d(−)-lactate levels as an

aid to diagnosing acute intestinal ischemia. Am J Surg. 1994;167:575–8.

30. Bujak M, Dobaczewski M, Chatila K, Mendoza LH, Li N, Reddy A, et al.

Interleukin-1 receptor type I signaling critically regulates infarct healing and

cardiac remodeling. Am J Pathol. 2008;173:57–67.

31. Frangogiannis NG. Chemokines in ischemia and reperfusion. Thromb

Haemost. 2007;97:738–47.

32. Frangogiannis NG. The immune system and cardiac repair. Pharmacol Res.

2008;58:88–111.

33. Dewald O, Zymek P, Winkelmann K, Koerting A, Ren G, Abou-Khamis T, et al.

Ccl2/monocyte chemoattractant protein-1 regulates inflammatory

responses critical to healing myocardial infarcts. Circ Res. 2005;96:881–9.

34. van der Laan AM, Ter Horst EN, Delewi R, Begieneman MP, Krijnen PA,

Hirsch A, et al. Monocyte subset accumulation in the human heart

following acute myocardial infarction and the role of the spleen as

monocyte reservoir. Eur Heart J. 2014;35:376–85.

35. Moriyama K, Ando C, Tashiro K, Kuhara S, Okamura S, Nakano S, et al.

Polymerase chain reaction detection of bacterial 16s rRNA gene in human

blood. Microbiol Immunol. 2008;52:375–82.

36. Nikkari S, McLaughlin IJ, Bi W, Dodge DE, Relman DA. Does blood of healthy

subjects contain bacterial ribosomal DNA? J Clin Microbiol. 2001;39:1956–9.

37. Koren O, Spor A, Felin J, Fak F, Stombaugh J, Tremaroli V, et al. Human oral,

gut, and plaque microbiota in patients with atherosclerosis. Proc Natl Acad

Sci U S A. 2011;108(Suppl 1):4592–8.

38. Neish AS. Microbes in gastrointestinal health and disease. Gastroenterology.

2009;136(1):65–80.

39. Wiest R, Lawson M, Geuking M. Pathological bacterial translocation in liver

cirrhosis. J Hepatol. 2014;60(1):197–209.

40. Sandek A, Swidsinski A, Schroedl W, Watson A, Valentova M, Herrmann R, et

al. Intestinal blood flow in patients with chronic heart failure: a link with

bacterial growth, gastrointestinal symptoms, and cachexia. J Am Coll

Cardiol. 2014;64:1092–102.

41. Ramana KV, Willis MS, White MD, Horton JW, DiMaio JM, Srivastava D, et al.

Endotoxin-induced cardiomyopathy and systemic inflammation in mice is

prevented by aldose reductase inhibition. Circulation. 2006;114:1838–46.

42. Niu J, Azfer A, Kolattukudy PE. Protection against lipopolysaccharide-

induced myocardial dysfunction in mice by cardiac-specific expression of

soluble Fas. J Mol Cell Cardiol. 2008;44:160–9.

43. Cros J, Cagnard N, Woollard K, Patey N, Zhang SY, Senechal B, et al. Human

CD14dim monocytes patrol and sense nucleic acids and viruses via TLR7

and TLR8 receptors. Immunity. 2010;33(3):375–86.

44. Belge KU, Dayyani F, Horelt A, Siedlar M, Frankenberger M, Frankenberger B,

et al. The proinflammatory CD14+CD16+DR++ monocytes are a major

source of TNF. J Immunol. 2002;168(7):3536–42.

45. Khosravi A, Yanez A, Price JG, Chow A, Merad M, Goodridge HS, et al. Gut

microbiota promote hematopoiesis to control bacterial infection. Cell Host

Microbe. 2014;15:374–81.

46. Mandl M, Schmitz S, Weber C, Hristov M. Characterization of the CD14+

+CD16+ monocyte population in human bone marrow. PLoS One.

2014;9(11):e112140.

47. O'Dea KP, Wilson MR, Dokpesi JO, Wakabayashi K, Tatton L, van Rooijen N,

et al. Mobilization and margination of bone marrow Gr-1high monocytes

during subclinical endotoxemia predisposes the lungs toward acute injury. J

Immunol. 2009;182:1155–66.

48. Stone AF, Mendall MA, Kaski JC, Edger TM, Risley P, Poloniecki J, et al. Effect

of treatment for Chlamydia pneumoniae and Helicobacterpylori on markers

of inflammation and cardiac events in patients with acute coronary

syndromes: South Thames Trial of antibiotics in Myocardial Infarction and

Unstable Angina (STAMINA). Circulation. 2002;106:1219–23.

49. Cerisano G, Buonamici P, Valenti R, Sciagrà R, Raspanti S, Santini A, et al. Early

short-term doxycycline therapy in patients with acute myocardial infarction

and left ventricular dysfunction to prevent the ominous progression to

adverse remodelling: the tiptop trial. Eur Heart J. 2014;35:184–91.

50. Task Force on the management of STseamiotESoC, Steg PG, James SK, Atar

D, Badano LP, Blomstrom-Lundqvist C, et al. Esc guidelines for the

management of acute myocardial infarction in patients presenting with st-

segment elevation. Eur Heart J. 2012;33:2569–619.

51. Hyšpler R, Tichá A, Kaška M, Žaloudková L, Plíšková L, Havel E, et al. Markers

of perioperative bowel complications in colorectal surgery patients. Dis

Markers. 2015;2015:428535.

52. Magoc T, Salzberg SL. Flash: fast length adjustment of short reads to

improve genome assemblies. Bioinformatics. 2011;27:2957–63.

53. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello

EK, et al. QIIME allows analysis of high-throughput community sequencing

data. Nat Methods. 2010;7:335–6.

54. Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves

sensitivity and speed of chimera detection. Bioinformatics. 2011;27:2194–200.

55. Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV, Giannoukos G, et al.

Chimeric 16s rrna sequence formation and detection in sanger and 454-

pyrosequenced pcr amplicons. Genome Res. 2011;21:494–504.

56. Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon

reads. Nat Methods. 2013;10:996–8.

57. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid

assignment of rRNA sequences into the new bacterial taxonomy. Appl

Environ Microbiol. 2007;73:5261–7.

58. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al.

Greengenes, a chimera-checked 16s rRNA gene database and workbench

compatible with ARB. Appl Environ Microbiol. 2006;72:5069–72.

59. Ji WJ, Ma YQ, Zhang X, Zhang L, Zhang YD, Su CC, et al. Inflammatory

monocyte/macrophage modulation by liposome-entrapped spironolactone

ameliorates acute lung injury in mice. Nanomedicine (Lond). 2016;11:1393–406.

60. Fouts DE, Torralba M, Nelson KE, Brenner DA, Schnabl B. Bacterial

translocation and changes in the intestinal microbiome in mouse models of

liver disease. J Hepatol. 2012;56:1283–92.

61. Lee Y, Schulte DJ, Shimada K, Chen S, Crother TR, Chiba N, et al. 1β is

crucial for the induction of coronary artery inflammation in a mouse model

of Kawasaki disease. Circulation. 2012;125(12):1542–50.

62. Imai K, Keele L, Tingley D. A general approach to causal mediation analysis.

Psychol Methods. 2010;15(4):309–34.

63. Hicks R, Tingley D. Causal mediation analysis. Stata J. 2011;11:605–19.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Zhou et al. Microbiome  (2018) 6:66 Page 17 of 17


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	General characteristics of study participants during a follow-up of 3 years
	Gut-associated bacteria are enriched in systemic microbiome
	Products of gut bacterial translocation are associated with inflammation and LV function
	Gut microbial translocation promotes cardiovascular events after STEMI
	Gut permeability upon MI leads to microbial translocation and inflammation
	Inhibition of gut microbial translocation reduces infarct size

	Discussion
	Conclusions
	Methods
	Study cohort and patient characteristics
	Blood biochemical testing
	LPS and d-lactate measurement
	Follow-up
	Calculation SYNTAX score
	DNA extraction and Illumina sequencing
	Quality filtering, OTUs picking, and annotation
	Echocardiography
	Animal model
	Flow cytometry analysis of circulating monocyte subsets
	Fluorescein isothiocyanate-dextran assessment
	Histology
	RNA isolation and real-time quantitative RT-PCR
	Western blot
	Statistical analysis

	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

