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Background: Previous studies have indicated an association between hypertension and intestinal barrier dysfunction in mice models. The present study aims to investigate the association between hypertension and intestinal barrier impairment in humans and identify the novel potential risk factors for hypertension.

Methods: Medical data from consecutive inpatients were retrospectively pooled from patient records. We compared intestinal barrier serum markers [diamine oxidase (DAO), lipopolysaccharide (LPS), and D-lactate] between those patients with and without hypertension. Moreover, the associations between intestinal barrier markers and cardiovascular risk, hypertension history, blood pressure control, hypertensive complications, and antihypertensive medication history were also analyzed.

Results: Overall, 106 hypertensive and 251 normotensive subjects were included. Patients with hypertension had a higher level of DAO (28.30 vs. 18.73%, P = 0.044) and LPS (22.64 vs. 11.16%, P = 0.005). In hypertensive patients, multivariate logistic regression analyses showed that long hypertension history (≥20 years), poor control of diastolic blood pressure, cardiac and renal complications, and use of multiple antihypertensive medications were risk factors for elevated DAO, while the use of multiple antihypertensive medications was a risk factor for elevated D-lactate (P < 0.05).

Conclusions: Hypertension is associated with impairment of intestinal barrier, especially in patients with long duration, poor blood pressure control, cardiac and renal complications, and use of multiple antihypertensive medications. The current study indicates that intestinal barrier dysfunction might be a potential predictor of hypertension.
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BACKGROUND

Hypertension is a significant public health issue worldwide, which is the strongest modifiable factor related to cardiovascular disease and strokes, causing high morbidity and mortality (1, 2). The global prevalence of hypertension was about 1.13 billion in 2015, and it is estimated to rise to 1.56 billion by 2025 (3).

The association between the gut and cardiovascular disease has begun to draw our attention in recent years (4, 5). The concepts of the “gut–heart” and “gut–kidney” axes link the gut to blood pressure (BP) (6, 7). As the largest mucosal surface in the body, the intestinal barrier maintains host homeostasis by providing a barrier against luminal bacteria, dietary antigens, and toxins (5). Intestinal barrier impairment may trigger or exacerbate many diseases including infections, metabolic diseases, and cancer (8–10). Additionally, multiple diseases can also cause intestinal barrier alterations. The spontaneously hypertensive rat (SHR) model shows obvious alterations in intestinal pathology, including decreased goblet cells and villi length and increased gut permeability and inflammation, suggesting that hypertension led to intestinal barrier impairment (11, 12).

Endoscopy is common used to diagnose intestinal barrier impairment, only severe injuries such as erosion, ulcers, and bleeding can be detected. Early-stage damage, such as small intestinal epithelium injury, endotoxin translocation, and increased intestinal permeability, is difficult to detect. Serum diamine oxidase (DAO) (13, 14), lipopolysaccharide (LPS) (15, 16), and D-lactate (14, 17, 18) are convenient and well-accepted biomarkers for intestinal barrier function.

Currently, the correlation between hypertension and intestinal barrier impairment is far from known. The present study aims to investigate the role of typical serum markers of intestinal barrier function in hypertensive patients and to find novel potential risk factors for predicting and treating hypertension.



METHODS


Study Population

In this retrospective study, we reviewed the medical data of all inpatients in the Department of Gastroenterology of the First Affiliated Hospital of Guangdong Pharmaceutical University treated from January to December 2017. The exclusion criteria were as follows: (i) carcinoma; (ii) severe heart, lung, liver, or kidney disease, except hypertensive cardiac or renal complications; (iii) non-steroidal anti-inflammatory drug use in the previous month; (iv) intestinal diseases such as ulcerative colitis, Crohn's disease, or intestinal obstruction; (v) history of gastrointestinal surgery; (vi) bacterial infection, except Helicobacter pylori; and (vii) secondary hypertension caused by renal parenchymal, adrenal, renovascular, or thyroid disease. Patients hospitalized more than once during the study period were recorded only once. A total of 1372 patients were detected with the three serum biomarkers in the department of gastroenterology in 2017, and a final 357 subjects were included in the present study.

This study was performed in accordance with the Declaration of Helsinki and with the approval of the Ethical Committee of the First Affiliated Hospital of Guangdong Pharmaceutical University. Given that this was a retrospective study, informed consent from the research subjects was waived.



Data Collection

We collected data from patient records on demographics (age and gender), height, and weight [to calculate the body mass index (BMI)]. We also collected data on hypertension-related factors including hypertension status, cardiovascular risk, duration, BP control, complications, and antihypertensive medication use. Diagnosis of hypertension was based on the classic criteria: systolic BP (SBP) ≥140 mmHg and/or diastolic BP (DBP) ≥90 mmHg (19). Subjects who did not meet these criteria were categorized as normotensives. Cardiovascular risk assessment was based on demographic characteristics, laboratory parameters, hypertension-mediated organ damage, and comorbidities. Good BP control was defined as SBP ≤130 mmHg and DBP ≤80 mmHg. Hypertensive complications comprised cardiac complications (left ventricular hypertrophy, severe arrhythmias, and heart failure), vascular complications (atherosclerosis, arteriosclerotic stenosis, and aortic aneurysm) (20), renal complications (proteinuria, increased serum creatinine, and increased blood urea nitrogen), and cerebral complications (hemorrhagic and ischemic strokes).

We also collected data on the history of smoking, alcohol consumption, history of liver diseases (fatty liver disease or any kind of hepatitis), history of diabetes, cholesterol level, H. pylori status, and three intestinal barrier markers. Smokers were defined as patients who had smoked at any stage in their life. Alcohol consumption was defined as drinking >140 g of alcohol per week. Hypercholesterolemia was defined as serum cholesterol >5.2 mmol/L (21). H. pylori infection was diagnosed based on gastric mucosa pathobiology, a 13C-urea breath test, and a rapid urease test. Elevated DAO, LPS, and D-lactate were defined as ≥15, ≥20, and ≥10 U/L, respectively.



Statistical Analysis

IBM SPSS software version 22 (IBM Corp., Armonk, NY, USA) was used to perform statistical analyses. Categorical variables are presented as frequencies and proportions. Non-normally distributed continuous variables are presented as medians and interquartile ranges. The statistical significance levels of differences between the hypertensive and normotensive subjects were tested using Chi-square or Fisher's exact tests for categorical variables and Mann–Whitney U-tests for medians. To identify risk factors for elevated intestinal barrier markers, we performed logistic regression analyses with a backward stepwise approach. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated. P < 0.05 (two-sided) was considered statistically significant.




RESULTS


Demographics and Clinical Characteristics

In total, 357 patients (251 without hypertension and 106 with hypertension) were included, but specific subsets were used in different analyses (detailed below) due to patients having missing data for some variables. The demographics and clinical characteristics of the included patients were shown in Table 1.


Table 1. Patient demographics and clinical characteristics.
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Elevated DAO and LPS but Not D-lactate in Hypertensive Patients

To detect the association between intestinal barrier impairment and hypertension, two groups of hypertension and no hypertension were analyzed with DAO, LPS, and D-lactate. Table 2 shows that patients with hypertension had a significantly higher prevalence of elevated DAO (28.30 vs. 18.73%, P = 0.044) and elevated LPS (22.64 vs. 11.16%, P = 0.005) but not D-lactate (71.71 vs. 68.13%, P = 0.504). After adjustment for gender, age, BMI, smoking, alcohol consumption, liver disease, diabetes, and H. pylori infection, the logistic regression analysis showed that hypertension was a risk factor for elevated DAO (OR = 1.71, 95% CI: 1.01–2.91, P = 0.046) and elevated LPS (OR = 2.64, 95% CI: 1.42–4.92, P = 0.002). In addition, representative images of capsule endoscopy showed that edema, hyperemia, and mucosal lesions were frequently detected in the small intestine of patients with hypertension, whereas they were rarely observed in those participants without hypertension (Figure 1).


Table 2. Intestinal barrier markers in patients with or without hypertension.
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FIGURE 1. Representative capsule endoscopic images. (A) Normal small intestine of normotensive participants; (B) Mucosal edema (enlarge villi) and moderate to severe mucosal hyperemia (area of reddish villi) were observed in the small intestine of patients with hypertension.


In the group of hypertensive patients, there were no significant differences in the prevalence rates of elevated intestinal barrier markers among patients with different cardiovascular risk levels (Supplementary Table 1).



DAO Is a Primary Marker Associated With Hypertension-Related Factors

Based on the evidence of barrier markers in hypertensive patients, logistic regression analyses were performed to test the association between barrier impairment and hypertension-related factors. We compared this with patients with a hypertension history of fewer than 20 years, the prevalence of elevated DAO but not LPS, and D-lactate in patients with long-term hypertension (≥20 years) (53.85 vs. 23.19%, P = 0.040, Table 3).


Table 3. Intestinal barrier markers in patients with different durations of hypertension.
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After adjustment, logistic regression analysis showed that hypertension history ≥20 years (OR = 5.92, P = 0.028), poor DBP control (OR = 8.93, P = 0.011), cardiac complication (OR = 12.00, P = 0.024), renal complication (OR = 8.01, P = 0.034), and use of multiple antihypertensive medication (OR = 3.61, P = 0.010) were risk factors for elevated DAO (Table 4). In addition, the logistic regression analyses showed that use of multiple antihypertensive medication was associated with elevated D-lactate after adjustment (OR = 3.24, P = 0.011) (Table 4).


Table 4. Logistic regression analyses of risk of impaired intestinal barrier due to hypertension-related factors.
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Association Between Blood Pressure Control and Hypertensive-Related Complication With Intestinal Barrier Impairment in Hypertensive Patients

The association between blood pressure control and the intestinal barrier biomarker was further determined. Compared with patients with good DBP control, those with poor control showed a trend toward a higher prevalence of elevated DAO, although there is no significant difference (43.48 vs. 24.10%, P = 0.068, Table 5). In addition, no significant relationship was found between DBP or SBP control and the other intestinal barrier markers (Table 5).


Table 5. Intestinal barrier functions in patients with good or poor control of blood pressure.
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DISCUSSION

Our findings show that hypertensive patients had higher prevalence rates of elevated DAO and LPS than normotensive subjects, which indicates that hypertension is associated with serious intestinal barrier impairment, including small intestinal epithelium injury and endotoxin translocation. These important findings might improve early diagnosis and potential therapeutic target for hypertension-related intestinal damage in hypertensive patients. To the best of our knowledge, this is the first study to assess the association between hypertension and intestinal barrier integrity in humans.

These clinical findings (Table 2, Figure 1) are consistent with those in animal models, which showed that hypertension was associated with obvious intestinal pathology. Santisteban and colleagues tested gut epithelial integrity and gut wall pathology in SHRs (12) and found that high BP was associated with morphological changes (e.g., decreased goblet cells and shorter villi), a leaky intestinal barrier (involving increased permeability and decreased tight junction proteins), and increased small intestine inflammation. Notably, the intestinal barrier impairment in this animal model was reversed by antihypertensive medications (12). Jaworska and colleagues reported similar results using the same animal model (11). In addition, the antihypertensive drug candesartan attenuates hypertension-induced gut leakage (22).

Several mechanisms might explain why hypertensive patients have intestinal barrier impairments. First, hypertension can cause decreased intestinal blood flow (11, 12). One study showed that elevated BP in hypertensive rats could cause changes in arterioles, including thicker walls and smaller lumens, which can decrease intestinal blood flow (11). Additionally, clinical research showed that hypertension-induced vascular pathologies (such as arterial stiffness, atherosclerosis, and vascular stenosis) could reduce intestinal perfusion (19, 23). Chronic ischemia due to decreased perfusion can cause intestinal mucosa damage and barrier impairment (24). Second, gut microbiota dysbiosis is frequently found in hypertensive patients, although the causal relationship needs to be further investigated (25). Compared with normotensive subjects, hypertensive patients have dramatically decreased microbial richness and diversity, reduced short-chain fatty acid production, and overgrowth of opportunistic pathogens such as Klebsiella spp. and Streptococcus spp. (25, 26). These changes weaken the intestinal barrier by reducing short-chain fatty acid levels (which enhance intestinal barrier integrity and inhibit gut inflammation) and can even directly damage the intestinal epithelium (27, 28). Finally, hypertension-induced vascular endothelial cell injury is associated with subepithelial mononuclear cell infiltration (11). Inflammatory mediators and reactive oxygen species subsequently released by inflammatory cells can trigger intestinal barrier injury (24).

Vice versa, intestinal barrier dysfunction plays an important role in the etiology of hypertension. Gut microbiota is considered as a composition and regulator of the intestinal barrier, which plays a critical role in the metabolism and maturation of the immune system (29). A leaky intestinal barrier may promote LPS and metabolites of gut microbiota to the host, thereby inducing host inflammation and, finally, cardiovascular events (18, 30). Studies have shown that the composition and richness of gut microbiota were changed in hypertension patients, and transplantation of feces from hypertensive subjects could induce hypertension status in germ-free mice (26). In addition, antibiotics treatment contributes to dysbiosis of gut microbiota, alteration of bacteria-produced short-chain fatty acids, and an increase in the blood pressure in the experimental animal model (31). Prominently, a recent study has proven that the impairment of the intestinal barrier was due to cirrhosis and not hypertension itself. Farnesoid x receptor agonists can protect barrier function and thereby reduce gut bacterial translocation to host circulation in mice models (32). These studies provide the possibility of prevention for hypertension through a novel gastrointestinal barrier pathway. To be mentioned, the mosaic history indicates hypertension has resulted from multiple reasons, including genes, the immune system, the endocrine system, and the environment (33). The gut and gut microbiota, one of the biggest organs and “the forgotten organ” (34), might be underestimated in hypertension and hypertension-related organ damage.

The enzyme DAO is mainly expressed in intestinal mucosa and usually has a low presence in blood. The amount of DAO is positively associated with the permeability of the intestinal barrier (35). Previous study has shown increased activity of DAO in SHRs, and the increase of BP might be related to degradation of putrescine by DAO (36). Another study connected heart function with the gastrointestinal tract, showing that the plasma level of DAO was significantly elevated after cardiopulmonary resuscitation (CPR) in porcines (37). To the best of knowledge, our present study is the first study in human that shows that increased DAO in circulation is positively associated with hypertension (Table 2).

Our results show that impaired intestinal barrier is associated with multiple hypertension-related factors and complications (Table 4). Intestinal barrier injury in long-term hypertension (>20 years) might be a result of organ failure or even a direct complication of hypertension (7, 38). DBP is a risk factor for multiple cardiovascular diseases; similarly (39, 40), our results showed that higher DBP was a risk factor for small intestinal mucosal injury. Moreover, poor DBP control may indicate that patients might have increased vascular stiffness or arteriosclerosis, which can decrease intestinal perfusion; interestingly, the lack of perfusion after CPR may induce a decrease of DAO and impaired intestinal integrity (37). The present study also suggests that hypertension-related renal and cardiac complications are risk factors for intestinal mucosa impairment. Accumulation of toxins in the blood and urea in the intestine disrupts intestinal tight junction proteins, decreases epithelial barrier function, impairs gut homeostasis, and triggers intestinal disorders in chronic kidney diseases (7, 41). In addition, heart failure leads to severe congestion and disordered microcirculation in the gut (6). These hemodynamic alterations lead to intestinal epithelial edema and dysfunction due to increased hypoxia (42).

In conclusion, the present study indicates that hypertension is associated with biomarkers of intestinal barrier impairment, especially in patients with long hypertension duration, poor BP control, cardiac and renal complications, and the use of multiple antihypertensive medications. Further studies are required to determine the precise mechanism of the intestinal barrier, serum biomarkers, and the gut microbiome in hypertension and, finally, to gain insights into diagnosis or therapy for hypertensive patients.

There are several limitations to the present study. First, the results were generated from a single-center study. Second, due to the retrospective nature of our study, some confirmatory examinations, such as endoscopic and mucosal pathologic examinations, were not available for most patients. Serum markers only indirectly reflect intestinal barrier function. Finally, more cases of participants as well as mechanism studies are required to generate a confirmatory conclusion.
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duration, blood pressure control, hypertensive complications, and use of multiple
hypertension medications. Cl, confidence interval; DAO, diamine oxidase; DBR, diastolic

blood pressure; LPS, lipopolysaccharide; OR, odds ratio.
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