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Background: The elevated gamma-glutamyltransferase (GGT) activity is regarded as an indicator of cardiovascular disease, with males having higher values than females. The greater incidence of idiopathic pulmonary arterial hypertension (IPAH) is observed in women, whereas prognosis is poor in men. The present study aims to investigate the potential association of GGT on male patients.

Methods: Serum GGT levels were measured in 338 consecutive adult IPAH patients, who underwent bone morphogenetic protein receptor type 2 (BMPR2) genetic counseling, and matched with healthy subjects by sex and age. The followed interval was 48 ± 34 months.

Results: Increased serum GGT levels were more common in patients with IPAH than controls (p < 0.001). GGT values were significantly higher in male patients than those of females (p < 0.001). Compared with female patients with BMPR2 mutation, GGT level in male patients with BMPR2 mutation was further increased (p = 0.002). Higher GGT levels were associated with worse hemodynamics and Nterminal pro B-type natriuretic peptide in all patients. However, males with a GGT concentration ≥ 53 U/L had a worse survival than those of females. Contrarily, if GGT concentration <53 U/L, there was no survival difference between male and female patients. After adjustment for relevant variables of clinical features and hemodynamics, baseline higher GGT levels remained increased risks of all-cause mortality in males rather than females. During rehospitalization follow-up, male patients still had significantly higher values of GGT than females.

Conclusions: Increased GGT levels were correlated with BMPR2 mutation, hemodynamic dysfunction, and poor outcomes in male patients with IPAH. Further studies are needed to explain the origin of abnormal GGT and its potential pathogenesis in men.
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INTRODUCTION

Patients with pulmonary arterial hypertension (PAH) have a poor prognosis due to progressive pulmonary vascular remodeling, which leads to right ventricular (RV) overload and right heart failure without effective treatment (1). There is a famous sex paradox in PAH: females have more predominance in developing PAH than males, yet have better survival than males (2). Complex sex hormone signaling or processing pathways in the pathology of idiopathic PAH (IPAH) have been observed, such as impacts of different sex hormones in the RV function, bone morphogenetic protein receptor type 2 (BMPR2) mutation, oxidative stress and autoimmunity (3–6). However, the reason for the inconsistency remains unclear.

Gamma-glutamyltransferase (GGT) is a liver enzyme located on most cell membranes and organ tissues, especially hepatocytes (7). Although GGT activity is determined by genes and age, there is still a remarkable sex difference that females have lower value than males in normal physiology (7, 8). Young and pregnant females have decreased GGT activity, while GGT activity in postmenopausal females and those of taking oral contraceptives is significantly increased, closed to the levels of males (8, 9). There are different normal reference value ranges in some countries, for example, men ≤ 50 U/L and women ≤ 40 U/L in Canada (10) and Finland (11); men ≤ 28 U/L and women ≤ 18 U/L in Australia (12); men and women ≤ 50 U/L in Korea (13); men and women 12–58 U/L in Japan (14). However, in clinical practice in China, different sex had the same reference value range of GGT (normal range ≤ 38 U/L). And so far, it was unclear whether GGT involved in the pathology of PAH. As a transaminase, GGT generally plays a role in the catabolism of extracellular glutathione, a major antioxidant protecting cells against oxidants (8). Serum GGT has been regarded as a biomarker in cardiovascular disease (CVD) with great sex difference (15–17). For example, Wannamethee et al. have reported that elevated serum GGT activity was a predictor of increased CVD mortality in British men, particularly in those with age <55 years (15). In a German study, increased GGT level was associated with risk of cardiometabolic mortality in men, but not in women (16). However, a Japanese study showed that the relationship between levels of GGT and CVD mortality was not evident in male patients (17). Taken together, the above information implicated that serum GGT was an important indicator, likely to provide the basis for risk assessments or individual treatments.

Although there are some biomarkers used for diagnosis and prediction of IPAH, few of them are about sex differences (18). Until now, it is limited information on serum GGT alteration in patients with IPAH, especially in male patients. Therefore, the objectives of this study were to determine whether (a) GGT levels were further increased in male patients; (b) abnormalities of GGT activities were related to hemodynamic dysfunction and clinical characters; (c) male patients with BMPR2 mutation had higher GGT levels than those of females; (d) serum GGT could be a predictor for prognosis and clinical outcomes in male patients with IPAH.



MATERIALS AND METHODS


Study Subjects and Design

A total of 338 consecutive patients with IPAH (age ≥ 18 years at diagnosis), who underwent BMPR2 gene detection at their first right heart catheterization (RHC) were enrolled in this study between July 2010 and December 2018. Control subjects of the same number were chosen from a group of healthy volunteers. The median age of the control participates was 41 years (range: 36–47), and the ratio of females to males was 2.2:1. The diagnosis of IPAH was based on a standard criteria: a mean pulmonary artery pressure (mPAP) ≥ 25 mmHg, pulmonary vascular resistance (PVR) > 3 Woods units, and pulmonary artery wedge pressure (PAWP) ≤ 15 mmHg at rest (19, 20). Patients were excluded if they had a definite disease associated with connective-tissue disease and congenital heart disease, and portopulmonary hypertension, and chronic pulmonary thromboembolism and pulmonary hypertension caused by left heart disease, and lung diseases and/or hypoxaemia (19, 20). Patients were also excluded with smoking, alcohol abuse, hypercholesterolaemia, non-alcoholic fatty liver disease, hypertension, atherosclerosis, stroke or type 2 diabetes mellitus. We also did not consider the participants who had taken cyclooxygenase (COX) inhibitors, such as non-steroidal anti-inflammatory medications, aspirin or COX-2 inhibitors within 14 days of blood samples collection (20).

Cardiopulmonary exercise testing was performed on an electromagnetically braked cycle ergometer (Master Screen CPX, Jaeger crop, Hoechberg, Germany) according to the American Thoracic Society and American College of Chest Physicians statement (21). Patients underwent a standardized transthoracic echocardiographic examination by GE Vivid 7 Ultrasound (GE Vingmed Ultrasound, Horten, Norway). All echocardiographic parameters were performed under guidelines of American Society of Echocardiography recommendations within 2 days of RHC measurement (22).

We followed these patients for a mean 48 ± 34 months after enrolled in this study. The major endpoint of the follow-up was regarded as the all-cause mortality. During the follow-up interval, 239 patients were hospitalized again, who had at least one lab examination including GGT and N-terminal pro B-type natriuretic peptide (NT-proBNP), et al. The average duration of time was 20 ± 22 months in males and 22 ± 20 months in females, respectively, between the first time in hospital and rehospitalization. The study was conducted according to the principles of the Declaration of Helsinki and was approved by the Shanghai Pulmonary Hospital Ethics Committee (Number: K18-025). Written informed consent was obtained from all participants.



Blood Sampling and Serum GGT Measurement

After overnight fasting, blood samples were drawn from peripheral venous blood, collected into serum separating tubes and randomly ordered for testing at 37°C. All analyses were performed at the biochemistry laboratory of Shanghai Pulmonary Hospital by ADVIA 2400 Clinical Chemistry System (Siemens Healthcare) using Siemens reagent 02011954. The method for measurement of GGT enzyme activity was standardized according to the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) reference measurement procedures (23). The intra-assay coefficient of variation was estimated at 1.9%. The laboratory technicians were blinded to do and the normal reference values were 0–38 U/L for men and women. Blood samples were obtained within 2 days prior to RHC.



Statistical Analysis

Data were expressed as numbers, percentages, medians with corresponding 25 and 75th percentiles [interquartile range (IQR)] or means with corresponding standard deviations. Comparisons of parameters between 2 groups were taken by Mann-Whitney U-test or unpaired Student t-test for continuous data. The proportions for categorical data were compared with the Pearson Chi-square test or Fisher's exact test as appropriate. A frequency division histogram was shown in BMPR2 non-mutation and mutation groups, comparisons of GGT activity between male and female patients were taken by unpaired Student t-test. The linearity of relationships between the GGT and hemodynamic variables, NTproBNP as well as right atrial area (RA area) was investigated by Spearman's test.

To compare the prognostic values of GGT, NT-ProBNP, 6-minute walking distance (6MWD) and selected hemodynamic parameters, receiver operating characteristic (ROC) curves were generated, and the areas under the curves (AUCs) were calculated. Survival analyses were performed using the KaplanMeier method and were compared using the log-rank test, adjusted by age. The prognostic values of the parameters were tested in univariate Cox proportionalhazards regression analysis, such as demographic, clinical data and hemodynamic variables. Continuous variables were transferred into categorical variables by their cut-off values. Variables were all incorporated into a forward stepwise multivariable Cox proportional hazards model, if considered to be confounders in the univariate analyses or have clinical importance. A value of p < 0.05 was considered statistically significant. Statistical analyses were performed with SPSS 14.0 statistical software package (Statistical Package for Social Science, Chicago, IL, USA).




RESULTS


GGT Activity and Clinical Characteristics

Demographic and biochemical characteristics of IPAH patients are summarized in Table 1. Among 338 IPAH patients, 105 (31%) patients were males, and the male/female ratio was 1: 2.2. The male patients had an older mean age (44 ± 19 years) than female patients (39 ± 14 years, p = 0.003, Table 1). In healthy controls, the activity of GGT in men was higher than that in women (31.8 ± 14.3 vs. 20.2 ±11 U/L, p < 0.001, Figure 1). Accordingly, the serum GGT activity was greatly increased in total IPAH patients compared with all control subjects (64.2 ± 67.1 vs. 23.8 ±13.3 U/L, p < 0.001, Figure 1). Also, serum GGT activity was significantly higher in male patients than that in females (89.3 ± 82.2 vs. 52.6 ± 55.4 U/L, p < 0.001). The GGT concentration in men was markedly reduced in patients with World Health Organization Function Class (WHO FC) I/II (50.1 ± 39.3 U/L), compared with those with WHO FC III (63.2 ± 56.2 U/L, p = 0.04) or IV (99.9 ± 88.8 U/L, p = 0.01), respectively. However, there was no significant difference of GGT in regard to WHO FC severity in female patients. Among 48 patients with BMPR2 mutation, the mutation proportion of male patients (35%) was significantly higher than that of female patients (19%, p = 0.017, Table 1). As shown in Figure 2, in patients with BMPR2 mutation, GGT levels were greatly increased in male patients than female patients (84.0 ± 70.2 vs. 35.5 ± 21.2 U/L, p = 0.002). However, GGT levels in patients with non-BMPR2 mutation were not any different between males and females.


Table 1. Baseline characteristics of patients with IPAH.
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FIGURE 1. Serum gamma-glutamyltranspeptidase (GGT) concentrations in idiopathic pulmonary arterial hypertension patients, controls and different sex, associated with World Health Organization (WHO) functional class. The line through the center of the box represents the mean.
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FIGURE 2. Baseline gamma-glutamyltranspeptidase (GGT) concentrations in different sex groups or patients with bone morphogenetic protein receptor type2 (BMPR2) mutation and non-mutation.




Correlation of GGT Activity With Hemodynamic Variables in Males and Females

Compared with female patients, male patients had worse hemodynamic status, such as higher mPAP, PVR, and RA area (Table 1). Baseline serum GGT were positively associated with NT-proBNP (r = 0.35, p = 0.002 in male; r = 0.24, p = 0.002 in female), mean right atrial pressure (mRAP) (r = 0.43, p < 0.001 in male; r = 0.37, p < 0.001 in female), and RA area (r = 0.46, p < 0.001 in male; r = 0.38, p < 0.001 in female, Figures 3A,B,D), and negatively associated with mixed venous oxygen saturation (SVO2) (r = −0.41, p < 0.001 in male; r = −0.22, p = 0.001 in female, Figure 3C). The correlations between GGT and other hemodynamic variables, 6MWD, creatinine, blood urea nitrogen (BUN), Uric acid (UA), age and body mass index (BMI) are shown in Supplemental Figures 1–9.


[image: Figure 3]
FIGURE 3. Relationship between gamma-glutamyltranspeptidase (GGT) concentrations with (A) N-terminal pro B-type natriuretic peptide (NT-proBNP); (B) mean right atrial pressure(mRAP); (C) mixed venous oxygen saturation (SvO2) and (D) right atrial (RA) area in patients with idiopathic pulmonary arterial hypertension.




Survival Analysis

During the follow-up period, no patients received lung or heart-lung transplant. In this study, we found male patients had lower survival rate than females (logrank test, p = 0.001, Supplemental Figure 10). ROC curve demonstrated that GGT [AUC 0.77; 95% confidence interval (CI) 0.7–0.84] was numerically superior to NT-proBNP (AUC 0.7; 95% CI 0.62–0.79), 6MWD (AUC 0.66; 95% CI 0.58–0.74), PVR (AUC 0.58; 95% CI 0.49–0.67), and CI (cardiac index) (AUC 0.58; 95% CI 0.49–0.67, Figure 4A). The cut-off value of GGT levels was 53 U/L with a sensitivity of 66% and a specificity of 78%. As shown in Table 2, in GGT activity <53 U/L group, female patients had less 6MWD than male patients. However, in GGT activity ≥ 53 U/L group, male patients had higher PVR and BMPR2 mutation proportion. In 192 patients with a GGT activity <53 U/L, 48 (25%) patients died, whereas 81 (65%) of the 124 patients died in GGT activity ≥ 53 U/L. Compared with patients in GGT activity <53 U/L group, the survival rate was significantly lower in patients with GGT activity ≥ 53 U/L group (Figure 4B). The 1- and 3-years survival estimates were 81 and 56%, respectively, in patients with GGT activity ≥ 53 U/L, and 93 and 85%, respectively, in patients with GGT activity <53 U/L (log-rank test, p < 0.001).


[image: Figure 4]
FIGURE 4. Gamma-glutamyltranspeptidase (GGT) in relation to other markers of adverse prognosis by (A) receiver operation characteristic analysis; (B) Kaplan– Meier survival curves according to the baseline cut-off serum GGT activity in total patients; (C) survival in different sex in GGT activity ≥ 53 U/L group and (D) in GGT activity <53 U/L group. AUC, area under the curves; CI, cardiac index; IPAH, idiopathic pulmonary arterial hypertension; 6MWD, 6-minute walking distance; NT-proBNP, N-terminal pro B-type natriuretic peptide; PVR, pulmonary vascular resistance.



Table 2. Characteristics of study population in relation to GGT.
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Particularly, if GGT activity ≥ 53 U/L, male patients had significantly worse survival than female patients (Figure 4C). In GGT activity ≥ 53 U/L group, 1- and 3-years survival estimates was 74 and 48%, respectively, in male patients, and 88 and 64%, respectively, in female patients (log-rank test, p = 0.008). However, we did not find a different survival between females and males in GGT activity <53 U/L group (Figure 4D). In GGT activity <53 U/L group, the 1- and 3 years survival estimates were 93 and 83%, respectively, in male patients, and 93 and 86%, respectively, in female patients (log-rank test, p = 0.87).



GGT in the Context of Other Markers of Adverse Prognosis

Univariate Cox proportional hazard analysis showed the risk of increased GGT activity to predict the mortality in all patients [hazard radio (HR) (95% CI), 5.37 (2.51–11.49), p < 0.001 in male; HR (95%CI), 2.44 (1.55–3.85), p < 0.001 in female, Table 3]. According to forward stepwise multivariate Cox proportional hazard analyses, the correlation between higher GGT activity and increased all-cause mortality adjusted by age [HR (95%CI), 5.26 (2.45–11.25), p < 0.001 in male; HR (95%CI), 2.42 (1.53–3.81), p < 0.001 in female] and then 6MWD, WHO functional classes, NT-proBNP [HR (95%CI), 4.08 (1.36–12.18), p = 0.012 in male; p = 0.127 in female]. Further adjustment for CI, SVO2, and PVR, patients in higher GGT activity had increased risk of mortality [HR (95%CI), 3.97 (1.33–11.84), p = 0.013 in male; p = 0.136 in female].


Table 3. Cox proportional hazard analysis for GGT levels on mortality in males and females.

[image: Table 3]



Changes of GGT in Rehospitalization in Male

During the follow-up interval, 239 patients (30% male patients) occurred rehospitalization, and 60% of them were due to clinical deterioration to change or add another targeted drug therapy Although there was no difference of GGT activity in total patients between baseline and rehospitalization, male patients still had higher value of GGT activity than females (86.9 ± 121.9 vs. 54.2 ± 61.8 U/L, p = 0.01, Figure 5). However, we did not find the significant difference of NT-proBNP in regard to sex different at follow-up, which was similar to the results of baseline.


[image: Figure 5]
FIGURE 5. The changes of N-terminal pro B-type natriuretic peptide (NT-proBNP) and gamma-glutamyltranspeptidase (GGT) between male and female patients in baseline and rehospitalization.





DISCUSSION

Most CVD such as atherosclerosis, dilated cardiomyopathy, myocardial infarction and myocarditis occur predominantly in males, but in PAH the majority of patients are females (5, 24). However, not all of these diseases show that increased GGT activity is associated with poor outcomes in male patients (7, 9, 16). So far, it is unclear the prognostic value of GGT in different sex in patients with IPAH. In present study, we demonstrated that (a) serum GGT levels were higher in male patients compared with those in female patients; (b) male patients with BMPR2 mutation had further elevated GGT levels than those of female patients; (c) GGT activity was significantly correlated with hemodynamic dysfunction and NT-proBNP in all patients; (d) male patients had worse survival compared with female patients in higher GGT activity group (e) serum GGT could be an independent predictor for all-cause mortality in male patients.

Some previous studies have reported the association between serum GGT and CVD mortality with sex differences. Haring et al. recruited 4160 subjects to confirm the prognostic value of GGT for cardiovascular events (16). They found GGT was only associated with the increased cardiovascular and all-cause mortality in males, but not in females. Accordingly, Strasak's team followed-up a healthy population of 76,113 Austrian males and females over 10 years (25). This study indicated that the longitudinal change of GGT activity > 9.2 U/L over 7 years was significantly correlated with increased cardiovascular-related mortality in males with less evident effects in females compared with stable GGT activity (−0.7 to 1.3 U/L). Interestingly, the sex difference in the association between GGT and cardiovascular events in Japanese patients is controversial (17). Japanese females had a stronger association of GGT with cardiovascular mortality and stroke than males. However, another Japanese study with 15 years follow-up demonstrated the CVD was significantly associate with females, but non-significant in males (26). The reason for this sex difference was unclear, and it might be partly accounted for by the difficulties in controlling the impacts of alcohol consumption in males (27). But in our cohort, we have excluded patients with alcohol consumption and hypercholesterolaemia and non-alcoholic fatty liver disease, et al. Therefore, further studies are needed to confirm whether serum GGT levels are correlated with mortality in IPAH patients with sex differences in a larger population.

Although our study did not directly determine the pathological mechanisms explaining the effect of GGT to sex differences for IPAH outcomes, some previous studies might have partially accounted for this phenomenon (27, 28). Elevated GGT activity might be a marker of antioxidant deficiency (27) and of improved oxidative stress in CVD (28) because of the high association with the traditional cardiovascular risk factors and possibly involved directly in the pathophysiology, and promotion of atherosclerosis by the generation of reactive oxygen species (27). Taguchi et al. found that serum GGT could reflect the antioxidant properties in healthy Japanese men (29). Interestingly, a research from Siqueira et al. showed that in female rats with PAH by ovariectomy, GGT could affect the oxidative stress and antioxidant system via estrogen (30). So, one of possible reasons was “estrogen withdrawal,” alleviating protective role of estrogen (E2) against oxidative damage (31). Another main mechanism involved that estrogen recused severe PH in rats by restoring lung and RV structure and function (32). Estrogen-induced recue of PH was associated with neoangiogenesis, suppression of inflammation and fibrosis (32). Therefore, we speculated that the lack of estrogen in male patients would increase the expression of superoxide radical and decrease lung and RV angiogenesis, which associated with the alteration of GGT level.

Moreover, our results showed that GGT activity had better correlation with NT-proBNP, RA area and hemodynamics in males, indicating abnormal GGT levels were consistent with the severity of PAH and RV dysfunction (1, 20). These results were similar with Zorlu' work, increased GGT activity was correlated with impaired hemodynamics and predicted early mortality in the patients with acute pulmonary embolism (33). A population-based research revealed that males had worse adaptive remodeling of RV against the increased afterload due to sex hormone-driven effects on RV dysfunction (3, 34). Therefore, we suggested that the values of GGT might response worse RV function in male patients compared with female patients.

We also found patients with BMPR2 mutation had significantly elevated GGT activity in males compared with females, while those with non-mutation had no obvious sex difference. It might indicate that BMPR2 signal was an important factor in GGT activity change in males. In our previous study, the overall survival difference of BMPR2 mutation carriers compared with non-carriers was more obvious in males than females, due to the more complicated pathogenesis of PAH in female patients, where the impact of BMPR2 mutation was greatly modified by other unknown factors (35). For instance, Fessel et al. found that oxidative stress might have a direct and crucial role in the pathway of BMPR2-mediated PAH in animal models (36). More severe oxidative stress in male patients with BMPR2 mutation might be the reason for increased GGT activity (36). Another explanation was that BMPR2 mutation contributed to poor RV function more directly in males, whereas it weakened in females (2). However, little is known about sex-specific differences in BMPR2 expression and its potential effects in RV function in PAH (2). We supposed GGT activity reflected that male patients with BMPR2 mutation were under “double strike” by vascular damage and hemodynamic abnormality.



STUDY LIMITATIONS

There are several limitations in this study. First, this is a retrospectively study in a single center and the sample size is not large enough. Second, the follow-up assessments are not standardized and only part of patients have GGT value. It is different to further analyze the relationship between the change of GGT level and progression of disease. Then, although we used the age to adjust the survival analysis, age still influenced the activity of GGT and prognosis in all patients over time. Many patients did not perform a rehospitalization evaluation because of the long journey or expensive costs in therapy. Therefore, there were few patients having hemodynamics in follow-up interval. Finally, we do not consider the state of menstrual cyclus of women when blood was drawn. So, it is different to illustrate the influence of estrogen on GGT in sex difference.



CONCLUSIONS

In summary, our study has demonstrated that serum GGT activity was significantly increased in male patients with IPAH compared with females. And in patients with BMPR2 mutation, men also had higher serum GGT activity than women. Baseline GGT activity could reflect disease severity and predict a poor prognosis in male patients. In future, we need to further clarify the importance of GGT in the pathophysiology of PAH and its influence of sex differences, especially in male patients.
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