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To assess the variations in pulmonary function and vascular endothelial function in their early stages (without related complications). A total of 162 type 2 diabetes mellitus (T2DM) patients without diabetes complications and 55 healthy people were selected, comprising the T2DM group and the control group, respectively, to evaluate changes in vascular endothelial function and lung function and determine the correlation between them. In this study, the T2DM group exhibited significantly lower pulmonary function than that of the control group (P < 0.05). The T2DM group also showed significantly lower flow-mediated dilation (FMD) and nitric oxide (NO) (P < 0.05) than those of the control group. Pulmonary functional indexes correlated positively with FMD and NO (P < 0.05) and correlated negatively with endothelin-1 (ET-1) (P < 0.05). FMD and NO correlated negatively with diabetes duration/HbA1c (P < 0.05), whereas ET-1 correlated positively with glycosylated hemoglobinA1c (HbA1c)/diabetes duration (P < 0.05). Pulmonary functional indexes negatively correlated with HbA1c/diabetes duration (P < 0.05). Multiple linear regression was used to analyze the relationship between vascular endothelial function indexes (FMD, ET-1, and NO) and pulmonary functional indexes. The results indicated that each vascular endothelial function index (FMD, ET-1, and NO) was significantly correlated with the pulmonary functional index (P < 0.05). The patients with T2DM presented changes in the subclinical vascular endothelial and pulmonary function. They also had impaired vascular endothelial functions, which were characterized by reduced vascular endothelial function relative to those of healthy people. Regulating glycemia may improve vascular endothelial and pulmonary functions. Moreover, microvascular lesions in preclinical stages, vascular endothelial function indexes (FMD, ET-1, and NO) were valid predictors of alterations in pulmonary function in T2DM patients without related complications.


Clinical Trial Registration

ClinicalTrials.gov, identifier NCT03575988.
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Introduction

Type 2 diabetes mellitus (T2DM) is one of the most common chronic diseases worldwide. As a metabolic disorder (characterized by a relative lack of insulin), the prevalence of T2DM has increased worldwide, particularly in developing countries (1). The International Diabetes Federation estimates that by 2045, the prevalence of diabetes mellitus will increase to 693 million globally (2). Disabilities related to diabetes mellitus have grown substantially over the past decades. Specifically, T2DM markedly increases the risk for acute and chronic atherosclerotic cardiovascular disease (CVD) despite adequate glycemic control. T2DM is an independent risk factor for microvascular lesions (such as diabetes retinopathy [DR] and diabetic nephropathy [DN]) and cardiovascular disease (3, 4).

An early subclinical (without related complications) vascular effect in the preclinical stages of T2DM was represented by the endothelial dysfunction of conductance and resistance arteries (5). This could be explained by the effects of hyperglycemia and insulin resistance, resulting in the reduced bioavailability of vascular nitric oxide (NO) and inappropriate production of oxygen-free radicals (6). These alterations have been reported to be detectable in prediabetes (an intermediate stage along the continuum from normal glucose levels to the clinical entity T2DM) (7). Moreover, evidence shows that endothelial dysfunction may not only be the consequence of but also precede or even predict the onset of T2DM. Most studies only use the plasma biomarkers of endothelial activation or the FMD of the brachial artery in small study samples (8).

More than 30 years ago, the alveolar gas exchange capacity of patients with T2DM was found to be less than that of healthy people (9). However, although treatment of diabetic complications was attempted, diabetic lung injuries were overlooked (10). No studies have thus far been reported on the correlation between vascular endothelial function and pulmonary function in patients with T2DM. The correlation between vascular endothelial function indexes and the pulmonary functional indexes is significant for understanding the relationship that can lead to the prediction and prevention of diabetes complications and the changes in endothelial function and pulmonary functions in T2DM adults without related complications.



Methods


Subjects

A total of 180 T2DM patients without related complications were recruited as the diabetes group, and 60 healthy subjects were recruited as the control group. All patients were from the Department of Endocrinology and Metabolism at the Fourth People’s Hospital of Shenyang. The clinical research protocol was approved by the medical ethics committee (number ICE2018052802) of the Fourth People’s Hospital of Shenyang.

All participants were from the Chinese ethnic group Han. Therefore, all recruited patients were advised to follow a diet and exercise program formulated by dieticians. No significant differences in sex ratio and age (range=36–67 y) were found between the groups (P > 0.05). Their diabetes durations (range=4–12 y), HbA1c (range=6.7%–9.8% [50.82 mmol/mol–83.61 mmol/mol]), indicated pulmonary functional indexes, indicated vascular endothelial function indexes, indicated blood lipid indexes, and blood pressure (BP) were determined (Table 1). T2DM and related complications were diagnosed in accordance with the Guidelines of Diabetes (11).


Table 1 | Baseline demographic and clinical characteristics.



The following patients were included in the study: 1) patients with T2DM were recruited as defined by the Guidelines of Diabetes (11); 2) patients with no history of pulmonary disease, smoking, and recent viral-related diseases; 3) patients without hepatopathy, nephropathy, hyperuricemia, or gastrointestinal disease; and 4) patients likely to comply with the study guidelines who could visit the hospital for periodic assessments. The following were excluded from this study: 1) patients with type 1 diabetes mellitus, patients with gestational diabetes, and lactating patients; 2) patients with microvascular lesions (such as DN and DR); 3) patients whose liver enzyme levels were two times higher than normal; 4) patients with inadequate renal function (induced by DN)—that is, patients with serum creatinine >132 µmol/L for males or 123 µmol/L for females or an AER >30 mg/24 h or 20 mg/min; 5) patients whose liver enzyme levels were two times higher than normal; 6) patients requiring intensive care and continuous insulin treatment; 7) patients with associated hypertension or patients receiving antihypertensive drugs; 8) patients who, according to the New York Heart Association, have heart failure (type III or IV), a coronary stent placement, history of coronary angioplasty, coronary bypass surgery, or even myocardial infarction (< 6 mo before study recruitment); 9) patients whose blood lipid levels were inadequately controlled by cholesterol-lowering drugs (i.e., patients with a TC >250 mg/dL, HDL-C <30 mg/dL, LDL-C >170 mg/dL, or TGs >200 mg/dL); and 10) patients treated with systemic injections of glucocorticoids within 3 months before enrollment in the study.



Study Design

A total of 180 patients with T2DM (95 males and 85 females) and 60 healthy subjects (32 males and 28 females), all of whom performed the indicated analysis tests to exclude DN and DR, were recruited in a single time-point measurement study phase. Following the study, 18 patients were excluded because of DN or DR combinations. Moreover, 5 healthy subjects were excluded because they contracted the common flu. Thus, 162 patients with T2DM and 55 healthy subjects were eligible to join in the subsequent study. The subjects fasted for at least 8 h to undergo the related laboratory test with 5 mL of venous blood. Tests for pulmonary function, intraocular pressure, and vascular endothelial function were also conducted. FMD was conducted via a color Doppler ultrasound (CDU). Ultimately, 162 patients (86 males and 76 females) and 55 healthy subjects (30 males and 25 females) completed this study (Figure 1).




Figure 1 | Flow diagram for the study sample in the present study HbA1c, glycosylated hemoglobinA1c; FBG, fasting plasma glucose; 2hPBG, 2-hour postprandial blood glucose.





Study Assessments and Endpoints

Blood specimen collection and testing: Venous blood was collected between 0600 H and 0800 H (the patients fasted for at least 8 h), and the blood lipid, HbA1c, and FPG levels were determined. The 2 hPG levels were measured based on venous blood samples in accordance with the standards established in this study.

BP measurements: SBP and DBP were measured using an electronic sphygmomanometer.

Pulmonary function measurements: The indicated pulmonary functional indexes were measured with a spirometer. The effects of weight, height, and age were excluded using the measured-to-expected ratios and predicted value percentages.

Vascular endothelial function measurements: Endothelial function measurements were conducted in dark, air-conditioned rooms (23°C–25°C) after at least 5 min of rest and 8 h of fasting in the supine position. The subjects were particularly advised to refrain from nicotine, caffeine, alcohol, vitamins, and physical activity before the measurement. The artery diameter was gauged in resting conditions, and FMD was determined after a 5 min upper-arm occlusion under standardized conditions as a percentage increase in baseline artery diameter. Two-dimensional high-resolution ultrasound images of the right brachial artery were acquired using an ultrasound machine (Philips HD11XE CV) combined with a linear array broadband probe (38 mm L12-5). The software Brachial Analyzer version 5.0 (Medical Imaging Applications LLC, Iowa City, IA) was used to analyze the artery diameters, FMN= (line of maximum expansion-line of peacetime)/line of peacetime×100% (12). Plasma ET-1 and 10 mL of venous blood were collected in an ethylenediaminetetraacetic acid (EDTA) tube and then immediately centrifuged for 20 min at 4°C at 2500 g. Enzyme-linked immunosorbent assay kits (Morinaga and R and D System) measured the ET-1 (13). Reagents and test samples were prepared and assayed as specified in the instructions provided by the manufacturer. The plasma NO concentration was determined using the Griess method (14).



Statistical Analysis

All calculations were performed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). Continuous variables with normal distribution are presented as mean ± standard deviation (SD) to express the measurement data. Percentages were used to express the numerical data. Data were statistically analyzed using SPSS. Pearson’s correlation coefficient was utilized to evaluate the linear correlations between the pulmonary function and HbA1c/diabetes duration, vascular endothelial function indexes, and HbA1c/diabetes duration, pulmonary function, and vascular endothelial function indexes. Pulmonary functional indexes were dependent variables, the independent variables were independent variables, and the dependent and independent variables were used in multiple linear regression analysis. P < 0.05 was considered statistically significant.




Results


Participant Criterion Characteristics

The diabetes group consisted of 162 T2DM subjects (86 males and 76 females) with a mean diabetes duration of 8.03 ± 1.95 y, whereas the control group consisted of 55 subjects (30 males and 25 females) (Figure 1).

The pulmonary functional indexes and the vascular endothelial function indexes in the diabetes group were significantly greater than those in the control group (P < 0.05). Among the pulmonary functional indexes were triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), glycosylated hemoglobinA1c (HbA1c), 2-hour postprandial blood glucose (2 hPG), and fasting plasma glucose (FPG). The high-density lipoprotein cholesterol (HDL-C) in the diabetes group was lower than that in the control group (P < 0.05); however, no significant differences in diastolic blood pressure (DBP) and systolic blood pressure were found between the two groups (P > 0.05) (Table 1).



Correlation Between Pulmonary Functional Indexes and Diabetes Duration/Hba1c

A significant negative correlation was determined between pulmonary functional indexes and diabetes duration/HbA1c (P < 0.05) (Table 2); by contrast, such a negative correlation was not found to be significant in the control group (P > 0.05).


Table 2 | Correlation of pulmonary function parameters to HbA1c and diabetes duration in diabetes group.





Correlation Between Vascular Endothelial Function Indexes and Diabetes Duration/Hba1c

FMD and NO were found to exhibit a significant negative correlation with diabetes duration/HbA1c (P < 0.05) and endothelin-1 (ET-1) and a significant positive correlation with diabetes duration/HbA1c (P < 0.05) (Table 3); by contrast, such correlations exhibited no significance in the control group (P > 0.05).


Table 3 | Correlation of vascular endothelial function parameters to HbA1c and diabetes duration in diabetes group.





Correlation Between Pulmonary Functional Indexes and Vascular Endothelial Function Indexes

A significant negative correlation was determined between pulmonary functional indexes and ET-1 (P < 0.05), whereas a significant positive correlation was found between pulmonary functional indexes and FMD/NO (P < 0.05) (Table 4); however, in the control group, such correlations showed no statistical significance (P > 0.05). Multiple linear regression analysis indicated that the 9 pulmonary functional indexes were significantly correlated with FMD (P < 0.05) (Table 5).


Table 4 | Correlation between pulmonary function parameters and vascular endothelial function parameters in diabetes group.




Table 5 | Multiple regression analysis between pulmonary function and vascular endothelial function parameters in diabetes group.






Discussion

The concept that endothelial dysfunction may accelerate the progression of T2DM has been previously proposed. Hemostatic markers such as the von Willebrand factor and plasminogen activator inhibitor-1 and elevated endothelial dysfunction/activation biomarkers, including E-selectin, adhesion molecules, intercellular adhesion molecule 1, and vascular cell adhesion molecule 1, predicted an increased T2DM risk independent of other risk factors for diabetes mellitus. These factors include obesity, inflammation, and insulin resistance (8, 15). Rossi et al. (16) indicated that in postmenopausal women, endothelial dysfunction assessed via the brachial artery FMD might precede T2DM onset. This finding suggests that microvascular endothelial dysfunction can be detected before the development of (pre-) diabetes mellitus and precede the occurrence of (pre-) diabetes mellitus. This association was weaker for FMD, a measure of the endothelial function of large conductance vessels, allowing the differentiation of microvascular and macrovascular endothelial dysfunction for the development and progression of (pre-) diabetes mellitus. The mean FMD in the diabetes group (6.78% ± 0.13%) was significantly smaller than that in the control group (8.70% ± 0.30%) (P < 0.05). This result was consistent with previous studies (12, 16).

Pathophysiological endothelial dysfunction results from the following: recurrent hyperglycemia; elevated free fatty acids; systemic insulin resistance caused by impairment of insulin signaling; decreased vascular bioavailability of NO caused by reduced production and/or increased inactivation of NO; and increased oxidative stress with the consequence of enhanced vasoconstriction, inflammation, and thrombosis (17). Several methods for the in vivo assessment of endothelial dysfunction in humans can be achieved. For instance, using the FMD of the brachial artery to determine the endothelial function of arterioles is a valid approach to assessing the conduit artery and resistance artery endothelial dysfunction (18). The technique partly depends on NO and the correlates of coronary endothelial function. Notably, endothelial dysfunction in large and/or small arteries has been consistently linked to cardiovascular events in patients with arterial hypertension, peripheral artery disease, coronary artery disease, and heart failure (18, 19). The mean systolic blood pressure (SBP) and diastolic blood pressure (DBP) in the diabetes group (129.65 ± 4.82, 91.45 ± 5.38 mmHg) were significantly higher than those in the control group (124.47 ± 6.93, 87.42 ± 6.10 mmHg) (P < 0.05) (Table 1).

ET-1, which is generated by the vascular endothelium and released to sanguis, represents a potent endogenous vasoconstrictor peptide. Moreover, ET-1 has been associated with heart failure, hypertension, atherosclerotic vascular, and T2DM. As obesity increases, the induced ET-1 vasoconstrictor tone force increases, whereas the endothelium-dependent vasodilation decreases (20, 21). An original study found that culturing arterial endothelial cells and increasing their resistance could generate a significant reduction in endothelial cells (22). The results of the present study revealed that ET-1 in the diabetes group (147.15 ± 10.26 pg/mL) was significantly higher than that in the control group (74.38 ± 4.27 pg/mL) (P < 0.05) and that NO in the diabetes group (76.39 ± 6.37 µmol/L) was significantly lower than that in the control group (91.31 ± 2.06 µmol/L) (P < 0.05).

Therefore, we selected FMD, ET-1, and NO to assess the vascular endothelial function parameters.

As an indicator of glycemic control, HbA1c is widely used in clinical setting. A higher HbA1c level denotes poorer diabetes control and a higher serum glucose level. With a sustained high level (3 mo or longer) of circulating glucose, nonenzymatic glycosylation of tissue protein increases (23). In the present study, patients with low HbA1c (< 7.0% [53 mmol/mol]) were recruited; however, in the study by Prabhu M et al. (24), only a fraction (23 (11.5%)) of patients realized the significance of HbA1c and neglected blood sugar control. Moreover, in the current study, few patients achieved the targeted HbA1c level (7% [53 mmol/mol]), with a corresponding proportion of 9.88% (16/162). By contrast, most of the patients did not attain the target HbA1c control level (7% (53 mmol/mol)) and failed to lower their glycemia adequately. Therefore, the 2 hPG (11.93 mmol/L) and FPG (8.11 mmol/L) levels in the diabetes group were higher than the corresponding targets (10 mmol/L and 7 mmol/L).

The mechanism of lung injury caused by diabetes is ambiguous; however, glycemic control has the most important role in reducing lung injury in diabetes. Cavan DA et al. (25) found that the nonenzymatic glycosylation of lung proteins could reduce lung compliance, thereby inducing the lower alveolar–capillary microvascular reserve system and aggravating oxidative injury—that is, the hyperglycemic state damaged the lung and reduced lung function (26). A clinical study also found that hypoxia could induce chronic or acute pathological lung conditions (loss of microvascular reserve) (26).

The integrity of the pulmonary capillary endothelium can affect diffusing capacity of the lung for CO, suggesting the importance of pulmonary microvascular injury. Reports over the past 15 years on pulmonary function tested in diabetes patients have focused on pulmonary function. However, research focusing on the mechanism underlying pulmonary function injury is rarely reported. Lung functional indexes related to pulmonary microangiopathy include CO transfer capacity and pulmonary capillary blood volume (27). Niranjan V showed that the forced expiratory volume in 1 second (FEV1), vital capacity (VC), total lung capacity (TLC), and forced vital capacity (FVC) in type 1 diabetes patients were significantly lower than those in healthy people (28). However, the population of patients with T2DM in the present study was smaller than that in the report by Niranjan V (29). The results of the present study revealed that the pulmonary function indexes in the diabetes group were significantly lower than those in the control group. The pulmonary function indexes in the diabetes group were as follows: VC (80.99 ± 4.15), FVC (74.26 ± 2.34), FEV1 (74.64 ± 2.13), peak expiratory force (PEF) (50.46 ± 2.89), maximal voluntary ventilation (MVV) (82.73 ± 3.71), TLC (91.95 ± 2.39), FEV1/FVC (74.55 ± 2.40), DLCO (82.65 ± 7.20) (mL/min/mmHg), and DLCO/VA (82.65 ± 7.20) (mL/min/mmHg) (% of predicted). The pulmonary function indexes in the control group were as follows: VC (87.03 ± 3.20), FVC (80.58 ± 2.11), FEV1 (78.22 ± 2.14), PEF (59.01 ± 2.35), MVV (88.84 ± 1.97), TLC (95.91 ± 1.57), FEV1/FVC (79.64 ± 2.69), DLCO (87.67 ± 3.01), and DLCO/VA (88.29 ± 2.80) (mL/min/mmHg) (mL/min/mmHg) (% of predicted)) (P < 0.05). Lange P et al. (30) identified an inconsistency in the correlations between pulmonary function and HbA1c. Meanwhile, the present study demonstrated the weak correlations between pulmonary function indexes and HbA1c, as well as the strong correlations between pulmonary function indexes and diabetes duration. Another cross-sectional population research showed that serum glucose levels were negatively correlated with FVC and/or FEV (31). HbA1c was chosen as an indicator of diabetes control. In the present study, HbA1c was negatively correlated with pulmonary functional indexes (P < 0.05), but such correlations were not statistically significant in the control group (P > 0.05). In the diabetes group, diabetes duration exhibited statistically significant correlations with pulmonary functional indexes (P < 0.05), and pulmonary functional indexes were negatively correlated with HbA1c/diabetes duration (Table 2). These outcomes were consistent with the original studies (30, 31).

From a pathophysiological perspective, two mechanisms could explain the association between microvascular alterations and T2DM risk (32, 33). First, from the arteriolar microcirculation, endothelial dysfunction may damage insulin function to redirect blood flow in the skeletal muscle and reduce glucose uptake, which was mediated by insulin. Second, pancreatic microvascular endothelial dysfunction has a vital function. It can cause β cell apoptosis in the pancreas, reducing insulin secretion and then inducing hyperglycemia, further impairing the microvascular endothelial function (34, 35). Vascular endothelial function indexes showed a statistically significant correlation with HbA1c/diabetes duration in the diabetes group (P < 0.05). NO, FMD, and HbA1c/diabetes duration were negatively correlated, whereas ET-1 and HbA1c/diabetes duration were positively correlated (Table 3). The outcomes were consistent with those of the original research (12).

In the present study, the correlations between vascular endothelial function indexes and pulmonary functional indexes were statistically significant (P < 0.05); NO/FMD and pulmonary functional indexes were positively correlated, whereas ET-1 and pulmonary functional indexes were negatively correlated (Table 4). However, in the control group, these correlations were not statistically significant (P > 0.05). According to the present results, the vascular endothelial function indexes could be used to evaluate the interactions between them in the early stages of T2DM (without related complications). Moreover, multiple linear regressions showed statistically significant correlations between the pulmonary functional indexes and the vascular endothelial function indexes (P < 0.05). NO had the highest VC (7.641), DLCO (6.125), and DLCO/VA (3.618) coefficients; ET-1 had the highest FVC (- 6.467), FEV1 (- 4.699), PEF (- 5.053), MVV (- 6.065), TLC (- 4.189), and FEV1/FVC (- 6.625) coefficients (Table 5). Therefore, the results of this multiple linear regression analysis indicated that the vascular endothelial function indexes could be used as strong predictors of pulmonary function in T2DM adults without related complications.

This study indicated that in addition to the vascular endothelial function indexes, the consociation of the retrobulbar resistivity index (RI) (36) and HbA1c could be seen as good predictors of subclinical changes in diabetes patients. The association predictive significance was better than either of the indexes on their own.

However, the present study had several deficiencies, which should be addressed in future research. First, the change in alveolar tissue morphology induced by diabetes was not observed. The mechanism of the injury, which included specific proteins and genes, was not investigated because the patients could not receive lung biopsies; thus, animal models will be used to research the mechanism. Second, no longitudinal follow-up study was conducted; thus, long-term changes in the lung and endothelium must be observed in the future. The predictive value of the vascular endothelial function indexes in the early stages (without microangiopathy) should be evaluated. Moreover, patients with T2DM without complications were examined, but the predictive values in different T2DM phases were not evaluated. Therefore, clinicians should pay increased attention to the treatment and prevention of lung injury in patients with T2DM and discover more meaningful indicators to predict the degree of injury.



Conclusions

Our results demonstrated that T2DM patients (without related complications) exhibited changes in subclinical vascular endothelial and pulmonary functions. The T2DM patients showed had impaired vascular endothelial functions, as characterized by reduced vascular endothelial function relative to that in healthy people. Regulating glycemia may improve vascular endothelial and pulmonary functions. In the preclinical stages of microvascular lesions, the vascular endothelial function indexes (FMD, ET-1, and NO) were found to be valid predictors of changes in pulmonary function in T2DM patients without related complications.
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