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Background

Thrombocytopenia is a common occurrence in patients with hepatitis B virus (HBV) infection, particularly in those with liver cirrhosis. However, it can also manifest in the early stages of HBV infection, before the onset of liver cirrhosis. Despite its prevalence, the molecular mechanisms underlying thrombocytopenia in this context are not well understood. Therefore, the primary aim of this study was to investigate whether common hepatic function indicators have a significant causal role in this mechanism.





Methods

We conducted a retrospective examination of the association between HBV infection and thrombocytopenia risk in apparently healthy participants who underwent health screening examinations. Subsequently, we investigated the causal relationship between multiple hepatic function indicators and thrombocytopenia risk by integrating clinical observational studies and univariate/multivariate Mendelian randomization (MR) analyses.





Results

Among 16,464 participants who underwent health screening examinations, 2,730 subjects (16.58%) tested positive for HBsAg. The prevalence of thrombocytopenia was significantly higher in HBsAg-positive subjects compared to healthy controls (P<0.001). Univariate and stepwise multivariate logistic regression analyses identified lower albumin and higher alanine aminotransferase (ALT), alkaline phosphatase, and total bilirubin levels as independent factors significantly associated with thrombocytopenia risk (OR=1.95~6.60). Univariate and multivariate MR analyses further confirmed that ALT had significant causal effects on thrombocytopenia risk (adjusted P<0.05). Notably, we also observed significant trends of a higher prevalence of thrombocytopenia with elevated ALT levels in both the clinical raw and propensity score matching cohorts (P=0.015 and 0.014, respectively).





Conclusions

This study identified multiple hepatic function indicators as independent factors associated with thrombocytopenia risk. Notably, our findings provided the first dual confirmation of the causal effect of the injury indicator ALT on thrombocytopenia risk, as evidenced by both clinical observational studies and genetics-based MR analyses, prior to the development of liver cirrhosis.
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Highlights

	The prevalence of thrombocytopenia was significantly higher in HBsAg-positive subjects compared to healthy controls in a clinical observational study involving 16,464 participants who underwent health screening examinations.

	Our univariate and multivariate logistic regression analyses revealed that lower ALB and higher ALT, ALP, and TBIL were independent factors significantly associated with an increased risk of thrombocytopenia.

	Our findings presented the first dual confirmation of the causal effect of the injury indicator ALT on thrombocytopenia risk, as evidenced by both clinical observational studies and genetics-based MR analyses, prior to the development of liver cirrhosis.







Introduction

Chronic hepatitis B virus (HBV) infection is a global health concern and is the leading cause of cirrhosis and hepatocellular carcinoma (1). Furthermore, it can give rise to various extrahepatic manifestations, such as thrombocytopenia, which is strongly associated with increased bleeding complications, longer hospital stays, and higher mortality rates (2–5). The pathogenesis of thrombocytopenia in HBV infection primarily involves factors such as splenomegaly, hypersplenism, portal hypertension, cirrhosis, autoantibodies to platelets, virus-induced bone marrow suppression, and decreased thrombopoietin (TPO) production (6, 7). Nevertheless, there has been no observed correlation between free portal pressure and platelet count, and thrombocytopenia may persist even after splenectomy or portal decompression in certain cirrhotic patients (8, 9). Notably, thrombocytopenia has been observed in some HBV infection patients who have not yet progressed to liver cirrhosis or hypersplenism (10). Hence, the precise etiology of thrombocytopenia remains incompletely understood in HBV infection patients.

Although the relationship between thrombocytopenia and HBV or hepatitis C virus (HCV) infection is well-established in previous studies (10–12), the impact of common hepatic function indicators on the development risk of thrombocytopenia in early-stage HBV infection remains understudied. Elevated levels of ALP and hyperbilirubinemia have been identified as risk factors for thrombocytopenia in HBV infection patients (13). The TPO, which is synthesized in the liver, bone marrow, and kidney, plays a crucial role in regulating the development and maturation of megakaryocytes and the subsequent release of platelets (14). In HBV infection patients, the level and/or activity of TPO is decreased, contributing to the pathogenesis of thrombocytopenia (8). However, the causal correlations between liver function markers (such as liver enzymes or proteins) and the risk of thrombocytopenia, as well as the underlying molecular mechanisms, remain unclear.

Mendelian randomization (MR) utilized hundreds to thousands of single-nucleotide polymorphisms (SNPs) as instrumental variables (IVs) to deduce causal relationship between exposure and outcome traits. Due to the random distribution of alleles, the principle of MR could be likened to a randomized controlled trial (RCT), making it less susceptible to confounding factors and reverse causality (15, 16). Moreover, MR is based on summary statistics obtained from genome-wide association study (GWAS), which typically involve large sample sizes. This robust method allows for the inference of causality, particularly in cases where establishing causality through conventional observational studies is challenging (17–21).

In the present study, we conducted a retrospective analysis to investigate the potential association between HBV infection and the risk of thrombocytopenia in a large cohort of apparently healthy participants who underwent health screening at the First Affiliated Hospital of Fujian Medical University. Furthermore, we explored the causal relationship between common hepatic enzymes or proteins and the risk of thrombocytopenia by performing clinical observational studies with logistic regression analyses, as well as conducting univariate and multivariate MR analyses using publicly available GWAS summary statistics. Additionally, we assessed the prevalence of thrombocytopenia across multiple stratified levels of the potential causal factors in this large cohort. The findings from this study could contribute to the etiology of thrombocytopenia in the early stages of HBV infection.





Materials and methods




Design and participants for clinical observational studies

A flow chart of the participants included in the present study was shown in Supplementary Figure 1. The present study retrospectively analyzed participants who had undergone comprehensive health screening at the physical examination center of the First Affiliated Hospital of Fujian Medical University (Fuzhou, China) from January 2021 to July 2022. Prior to enrollment, all participants underwent ultrasonography examination. The exclusion criteria for the study included co-infection with hepatitis A, C, and/or D virus; autoimmune hepatitis; alcoholic liver disease; non-alcoholic fatty liver disease; splenomegaly; hypersplenism; portal hypertension; a history of therapy with anti-platelet drugs, immune inhibitors, or hepatotoxic drugs; a history of any tumor type; incomplete data. Since liver biopsy is an invasive procedure and not suitable for all participants undergoing health examination, the FIB-4 statistic (FIB-4 = (Age × AST)/(PLT × ALT1/2)) was used to assess the fibrosis stage. Participants with a FIB-4 value of ≥3.25 were considered to have a 97% specificity and a positive predictive value of 65% for advanced fibrosis (Ishak fibrosis score 4-6, indicating early bridging fibrosis to cirrhosis) (22–26). Additionally, participants with ultrasonography results indicating liver fibrosis or cirrhosis were also excluded if their FIB-4 value was above 3.25.

The initial stage of this study involved enrolling 19,142 participants from Chinese Han population. However, a total of 2,678 participants were excluded based on specific criteria. These criteria included age ≤16 years (n=311), age ≥60 years (n=2250), FIB4 ≥3.25 (n=42), and seropositive for both HBV surface antigen (HBsAg) and HBV surface antibody (HBsAb) (n=75). Ultimately, the study included 16,464 participants, among whom 2,730 subjects were diagnosed with HBV infection based on their serum HBsAg being positive for more than 6 months. Thrombocytopenia was defined as a platelet count below 150×109/L, according to the National Cancer standard (http://ctep.cancer.gov) (5, 10, 12).

Among the 2,730 subjects who tested positive for HBsAg, only 131 individuals (4.80%) were diagnosed with thrombocytopenia, and these individuals tended to be older (47.04 ± 8.43 vs. 42.71 ± 9.15, P<0.001) (Supplementary Table 1, Table S1). To adjust for baseline age and reduce the impact of selection bias between the thrombocytopenia and non-thrombocytopenia groups, propensity score matching (PSM) was employed using the ‘matchlist’ package in the R programming language. Patients were matched in a ratio of 1:5 that randomly based on the logit of the PSM, utilizing the greedy algorithm and the Nearest Neighbor Matching method. Subsequently, the univariate and stepwise multivariate logistic regression analyses were conducted to identify independent risk factors for thrombocytopenia in HBV infection patients. The strength of association was expressed using odds ratios (OR) with 95% confidence intervals (CI). Statistical significance was set at a p-value below 0.05. Ethical approval for this study was granted by the Ethics Committee of the First Affiliated Hospital of Fujian Medical University.





Measurement of laboratory data

The levels of HBsAg, HBsAb, HBeAg, HBeAb, and HBcAb were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Beijing Wantai Ltd., China). The presence of HBsAg indicated HBV infection, while HBsAg-negative participants were considered as healthy controls. Biochemical tests, such as alanine aminotransferase (ALT) or aspartate aminotransferase (AST), were analyzed using an automated analyzer (Cobas 8000, Roche, Germany). Abnormal or normal values for liver enzymes or proteins were determined based on the widely used reference interval (27, 28). Whole blood cell counts, including white blood cells (WBC), neutrophils (NEU), lymphocyte (LYMPH), monocytes (MONO), red blood cell (RBC), hemoglobin (Hb), and platelet (PLT), were measured using an automated analyzer (Siemens ADVIA 2120, Germany) in blood samples anticoagulated with EDTA-2K.





Statistical analyses in clinical observational study

Continuous variables that presented as mean ± standard deviation were compared using the Student’s t-test or the Mann-Whitney U test. Statistical differences of categorical variables were calculated using the chi-square test or Fisher’s exact test. Chi-square for trend between variables and subgroups were performed by the Cochran-Armitage trend test. Data management and analysis were performed using SPSS 25.0 software (IBM Corporation, 2020, USA) or R version 4.2.0 programming language (www.r-project.org). All p-values were two-tailed, and a p-value below 0.05 was considered statistically significant.





GWAS summary statistics for two-sample MR study

After conducting a comprehensive search in publicly available resources, we obtained GWAS summary statistics of 13 liver enzymes or proteins from the East Asian population to be used as exposures. These include total bilirubin (TBIL, bbj-a-53), total protein (TP, bbj-a-56), albumin (ALB, bbj-a-9), globulin protein (GLO, bbj-a-42), ALB/GLO ratio (A/G, bbj-a-4), alanine aminotransferase (ALT, bbj-a-6), aspartate aminotransferase (AST, bbj-a-8), gamma glutamyl transferase (GGT, bbj-a-23), alkaline phosphatase (ALP, bbj-a-5), lactate dehydrogenase (LDH, bbj-a-30), and glucose in blood (GLU, bbj-a-10) from the BioBank Japan (BBJ) project. Additionally, we obtained GWAS summary statistics for direct bilirubin (DBIL, ukb-e-30660_EAS) and indirect bilirubin (IBIL, ukb-e-recode1_EAS) from the MRC Integrative Epidemiology Unit (IEU) project (https://gwas.mrcieu.ac.uk/), and the summary statistics were derived exclusively from an East Asian cohort of UK Biobank database. Moreover, we collected GWAS summary statistics for PLT count in the Asian population from the BBJ project, which served as the target outcome (bbj-a-49).

The BBJ project is the first patient-based biobank in Japan, with approximately 200,000 participants recruited from 12 medical institutions between 2003 and 2008 (29). This project encompasses 47 types of diseases and phenotypes. For the 11 types of liver enzymes/proteins and PLT count, the project obtained laboratory measurement results from around 100,000 subjects who did not have hepatitis B or C virus, cirrhosis, hepatocellular carcinoma, rheumatoid arthritis, nephrotic syndrome, or hematopoietic tumor. In addition, the BBJ project conducted whole-genome sequencing assays and genotyped 8,885,115 SNPs for all the participants. For the DBIL and IBIL measurements, this project obtained measurement results from around 2,200 subjects and genotyped information from approximately 8,264,000 SNPs. Detailed information regarding GWAS summary statistics of the 13 liver enzymes/proteins and PLT count can be found in Supplementary Table S2.





Two-sample MR study design and analysis

The primary MR analyses consisted of two sequential steps. In the first step, we performed univariate MR (UVMR) analysis to assess whether each liver enzyme/protein had a genetic impact on the PLT count, which directly indicates the risk of thrombocytopenia (Figures 1A, B). Each liver enzyme/protein was considered as an exposure and the PLT count was treated as an outcome in these analyses. The main purpose was to determine if there was a causal relationship between individual liver enzymes/proteins and the level of PLT count. Subsequently, we conducted multivariate MR (MVMR) analyses to identify liver enzymes/proteins that had independent genetic effect on the PLT count, while accounting for the influence of other dependent factors (Figure 1C). This approach helped us avoid potential bias arising from the interaction between multiple exposures and the outcome, as liver enzymes or proteins are known to closely interact with each other (30–32).




Figure 1 | Schematic diagrams for principal of MR analyses, UVMR and MVMR. (A) Schematic diagram for exploring potential causal effects of various liver function indicators on platelet count; (B) Schematic diagrams for univariate MR analyses of 13 liver function indicators on platelet count; (C) Schematic diagrams of multivariate MR analyses for 10 liver function indicators on platelet count at one time.



Prior to conducting the MR analyses, all GWAS summary statistics underwent a series of preprocessing steps. These steps included the addition of missing but necessary parameters and the removal of strongly correlated SNPs based on pre-setting criteria (r2<0.1, distance=1000 kb). Detailed information can be found in the Supplementary Materials-Methods section. Following preprocessing, independent SNPs with an original p-value below 5×10–8 were considered as valid instrumental variables. The strength of all valid variables was assessed to be strong or weak using the widely utilized formula F= beta2/se2 (33). All two-sample MR analyses were conducted using the ‘TwoSampleMR’ package (version 0.4.26) in the R programming language (version 4.2.0).

In contrast to previous common applications, we employed the most suitable MR method for each analysis scenario to reduce potential bias from method misapplication, as demonstrated in our prior work (34, 35). Detailed information of the most suitable MR method selection can be found in Supplementary Materials-Methods section. By selecting the most suitable MR method, we tested a single hypothesis for each pair of exposure and outcome, considering a p-value below 0.05 as indicative of significant genetic correlations. Additionally, we applied the false discovery rate (FDR) to adjust for multiple corrections and mitigate potential false positive signals (36). Regarding the effect size of causal correlation when the outcome was a continuous trait, we interpreted it as the average changes in the outcome per unit increase in the exposure. Furthermore, we employed the Steiger directionality test to evaluate the validity of the causal directions between the hypothesized exposures and outcomes (17, 37–40).






Results




Baseline characteristics of participants in clinical observational study

The basic demographic and clinical characteristics of the 16,464 participants were presented in Table 1. Among them, 2,730 (16.58%) individuals tested positive for HBsAg. HBsAg-positive subjects tended to be older (42.92 ± 9.16 vs. 40.95 ± 11.04, P < 0.001), predominantly male (59.56% vs. 48.90%, P < 0.001), and had higher FIB-4 values (0.94 ± 0.42 vs. 0.78 ± 0.36, P < 0.001) compared to healthy controls. HBsAg-positive subjects also had lower levels of WBC, NEU, LYMPH, RBC, Hb and ALB, but higher levels of DBIL, ALB/GLO, ALT, AST, GGT and GLU compared to healthy controls. Notably, the mean PLT count was significantly lower in HBsAg-positive subjects (230.91 ± 52.92 vs. 256.11 ± 57.55, P < 0.001), and the prevalence of thrombocytopenia (defined as PLT < 150×109/L) was significantly higher in HBsAg-positive subjects compared to healthy controls (4.79% vs. 1.52%, P< 0.001).


Table 1 | Basic demographic and clinical characteristics of the 16,464 included participants.







Independent risk factors for thrombocytopenia in HBsAg positive subjects

The characteristics of participants with and without thrombocytopenia in 2,730 HBsAg-positive subjects were displayed in Supplementary Table S1. Individuals with thrombocytopenia had lower levels of ALB but higher levels of Age, FIB-4, TBIL, DBIL, ALT, AST and ALP. Since only 131 (4.80%) patients were diagnosed with thrombocytopenia and had older ages (47.04 ± 8.43 vs. 42.71 ± 9.15, P<0.001), propensity score matching (PSM) was utilized to adjust for baseline age and reduce the impact of selection bias between the thrombocytopenia and non-thrombocytopenia groups. After PSM, baseline age was balanced between the two groups (47.04 ± 8.43 vs. 47.04 ± 8.40, P=0.997), as shown in Table 2. Variables such as WBC, NEU, LYMPH, MONO, RBC and Hb were excluded from univariate logistic regression analysis as they were not considered casual factors of PLT based on the current understanding of hematogenous mechanism. Additionally, FIB-4 was not included in logistic regression analysis to avoid potential multicollinearity issue since it could be calculated from age, ALT, AST, and PLT count. Variables with a p-value below 0.1 in univariate logistic regression analysis were included in the subsequent multivariate logistic regression. Stepwise multiple logistic regression analyses identified independent factors significantly associated with thrombocytopenia risk in HBsAg positive subjects, including lower ALB, higher TBIL, higher ALT, and higher ALP, with corresponding ORs (95% CI) of 6.51 (1.32-34.83), 3.71 (1.85-7.24), 1.95 (1.21-3.10), and 6.60 (1.77-26.99), respectively, as shown in Table 3; Supplementary Figure S2.


Table 2 | Basic demographic and clinical characteristics of the 131 HBsAg-positive subjects and 655 matched controls after propensity score matching.




Table 3 | Univariate and multivariate logistic regression analysis of various liver function indicators with thrombocytopenia risk in HBsAg-positive subjects.







Selection of valid genetic variants for MR analyses

We initially selected suitable independent genetic instruments from various exposure GWAS datasets based on the predetermined criteria (r2<0.1, distance=1000 kb, P<5×10-8). In our series of MR analyses, we considered 13 different liver function indicators as exposures. Independent genetic variants were chosen from 13 GWAS datasets corresponding to GLU (n=24), GGT (n=130), LDH (n=55), A/G (n=91), GLO (n=115), ALP (n=115), TBIL (n=70), TP (n=65), ALT (n=48), AST (n=59), ALB (n=25), DBIL (n=3), and IBIL (n=7). The specific numbers of independent SNPs and significant signals used in the subsequent MR analyses were presented in Table 4; Supplementary Table S2.


Table 4 | Univariable MR analyses with strong genetic instruments (P<5×10-8) for causal effects of 13 liver function indicators on platelet count.







Genetic causal effects of liver function indicators on thrombocytopenia risk

To investigate the potential causal effect of each liver enzyme/protein on the risk of thrombocytopenia, we treated each liver enzyme/protein as an exposure and the PLT count as the outcome. Using the most appropriate MR method, our analyses revealed that multiple liver enzyme/proteins had a significant causal effect on the PLT count. Specifically, we observed that ALT (β=-0.41, FDR=1.70×10-5), GGT (β=-0.13, FDR=1.73×10-3), TP (β=0.11, FDR=2.70×10-3), AST (β=-0.32, FDR=2.80×10-3), A/G (β=-0.09, FDR=2.80×10-3), GLU (β=0.13, FDR=5.88×10-3), and GLO (β=0.06, FDR=6.55×10-3) were all found to causally affect the PLT count (Table 4, Figures 2A-G). Notably, the acting directions of the significant signals in the UVMR analyses were consistent with the true direction of causality (Table 4). However, it is worth noting that in the UVMR analysis, the absolute value of effect size was employed to gauge the strength of causal correlations, as one indicator’s effect might be influenced by another within the UVMR analysis framework. Subsequently, we conducted a set of multivariate MR (MVMR) analyses to identify the independent causally correlated liver function indicators. Since TP and A/G data could be directly calculated from ALB and GLO data, they were excluded from the follow-up MVMR analyses (Table 5). Additionally, TBIL data was also removed as it could be calculated from DBIL and IBIL data. In this set of MVMR analyses, we found that the GLO protein exhibited a positive causal correlation with the PLT count (β=0.10, FDR=2.08×10-2) (Table 5; Supplementary Figure S3A). Furthermore, GLU, AST, and ALT were inversely causally correlated with the PLT count, respectively (β=-0.15, FDR=2.73×10-2; β=-0.21, FDR=2.73×10-2; β=-0.18, FDR=4.65×10-2) (Table 5; Supplementary Figures S3B, C, E). Interestingly, although the outcome was negative in UVMR, the ALB showed a marginal correlation with the PLT count in MVMR (Supplementary Figure S3D). These inconsistent results may be attributed to the strong relationship between the ALB, GLO, A/G, and TP. No other significant signals were identified in the MVMR analysis (Table 5).




Figure 2 | Scatter plots showing significant causal effects of seven liver function indicators on platelet count with the most suitable MR method in UVMR. (A–G) Significant causal effects of ALT, GGT, TP, AST, A/G, GLU and GLO on platelet count in UVMR, respectively. UVMR: univariate Mendelian randomization.




Table 5 | Multivariable MR analyses with strong genetic instruments (P<5×10-8) for causal effects of 10 liver function indicators on platelet count.







Correlation of ALT categories with the prevalence of thrombocytopenia

Since both clinical observational study and Mendelian randomization analysis suggested that ALT was a causal risk factor for the risk of thrombocytopenia, we further analyzed the relationship between ALT categories and the prevalence of thrombocytopenia. The initial ALT levels were categorized into four successive levels based on the reference interval: levels 1 (≤40 U/L), levels 2 (40–80 U/L), levels 3 (80–120 U/L), and levels 4 (>120 U/L). We found that the frequencies of thrombocytopenia gradually increased with the elevation of ALT in both the raw cohort (4.34%, 7.04%, 6.78% and 8.51%, Figure 3A) and the PSM cohort (14.93%, 27.59%, 19.05% and 26.67%, Figure 3B). We also observed significant trends indicating a higher prevalence of thrombocytopenia with the elevated ALT levels in both the raw cohort and the PSM cohort (Z= -2.415, P= 0.015 and Z= -2.461, P= 0.014, respectively, chi-square for trend).




Figure 3 | Proportion of thrombocytopenia subjects in HBsAg positive subjects (A: raw cohort and B: PSM cohort) grouped by four stratified alanine aminotransferase (ALT) levels. Thrombocytopenia-Yes/No: subjects with/without thrombocytopenia.








Discussion

In this study of a large cohort of apparently healthy participants who underwent comprehensive health examination, we observed a significantly higher prevalence of thrombocytopenia in early-stage HBV infection subjects without liver cirrhosis or splenomegaly compared to healthy controls (4.79% vs. 1.52%). Our multivariate logistic regression analyses revealed that higher TBIL, lower ALB, higher ALT, and higher ALP were independent factors significantly associated with the risk of thrombocytopenia in HBV infection subjects. Furthermore, our UVMR and MVMR analyses showed significantly causal correlations between ALT and the PLT count, suggesting that the hepatic injury indicator ALT may have a causal effect on the risk of thrombocytopenia in HBV infection cases. The relationship between ALT and thrombocytopenia was further explored, and significant trends of a higher prevalence of thrombocytopenia with elevated ALT levels were observed in both the clinical raw and PSM cohorts, supporting the significant causal effect of the ALT on the risk of thrombocytopenia.

For several decades, ALT has been regarded as a marker of liver injury, including various etiologies such as viral hepatitis and fatty liver (41). Additionally, elevated ALT levels have been associated with an increased risk of developing cardiovascular disease, obesity, insulin resistance, metabolic syndrome, and type 2 diabetes (42, 43). The underlying mechanisms for these associations were attribute to the involvement of ALT in gluconeogenesis, amino acid synthesis, iron stores and regulation of other liver metabolism functions, such as fatty acid, glycerolipid, and bile acids metabolism (44–47). Furthermore, evidences from MR analyses suggest that ALT has causal correlations with cardiovascular disease (48) and insulin resistance/type 2 diabetes (49, 50). Accumulating evidence indicates that ALT enzymatic activity should not be solely considered as a marker of liver injury, but also as highly correlated with multiple extrahepatic diseases (42–50). Based on our observational study and MR analyses, it is reasonable to speculate that ALT is causally correlated with thrombocytopenia risk in early-stage HBV infection patients without cirrhosis. One potential underlying mechanism is that ALT may decrease the synthesis of TPO, leading to the development of thrombocytopenia (51). In addition, we also found that elevated serum ALT has been identified as an independent marker of systemic inflammation and increased oxidative stress (52). Besides that, excessive reactive oxygen species was able to trigger apoptosis and reduce the lifespan of platelets (53, 54). Nevertheless, our study provided an additional etiology of thrombocytopenia in the early stages of HBV infection patients.

Indeed, thrombocytopenia has been observed in various other conditions, such as HCV infection (11), acute autochthonous hepatitis E (55), bunyavirus infection (56), dengue virus infection (57), COVID-19 infection (58), and preeclampsia and hemolysis (59). In addition, severe fever with thrombocytopenia syndrome (SFTS) caused by bunyavirus infection is associated with an elevated ALT level (60), and ALT has been identified as an independent predictor of SFTS mortality (61). For the first time, the present study provided solid supports for the potential causality of ALT in the occurrence of thrombocytopenia, prior to the development of liver cirrhosis.

In addition to ALT, our observational study also identified TBIL, ALB, and ALP as independent factors significantly associated with the risk of thrombocytopenia. However, our UVMR and MVMR analyses identified AST, GLO, and GLU as causal factors for the risk of thrombocytopenia. The differences in findings may be attributed to the different principles of logistic regression analysis and MR analysis. Furthermore, the observational study utilized clinical data from apparently healthy participants in a local hospital, while the MR study analyzes GWAS summary statistics from two large biobanks with complex ethical background. Despite the similar genetic background of both groups, the different sources of data may contribute to contrasting results. It is important to note that conventional retrospective observational studies have inherent limitations, including the potential influence of reverse causation and residual confounding factors. In contrast, MR analysis has emerged as a promising tool for causal inference, particularly with the rapid development of large-scale GWAS. MR analysis is advantageous as it is less susceptible to potential biases of confounding factors and reverse causation (17–21). Regarding the role of glucose metabolism, it has been established that glucose is essential for platelet activation, thrombosis, platelet production, and clearance from the circulation, primarily due to dysfunctional Ca2+ signaling. Studies have shown that in the absence of glycolysis, platelet counts were significantly reduced (62, 63). These findings provided solid support for our MR results, suggesting that glucose may be a causal factor for the risk of thrombocytopenia. However, it is important to acknowledge that the relatively small number of subjects with abnormal liver function indicators limited our ability to confirm the categorical stratification of these indicators and thrombocytopenia. Therefore, further investigations, such as randomized controlled trials and more in-depth mechanism studies, are needed to establish the causal relationship between these indicators and the risk of thrombocytopenia.





Limitations

The present study had several potential limitations. Firstly, we were unable to use HBsAg or HBV DNA levels as indicators of HBV replication status. Secondly, liver cirrhosis was not confirmed through histological on liver biopsy but instead diagnosed rigorously using ultrasonography assessment by experienced radiologists. Additionally, the FIB-4 score was calculated to exclude patients with possible cirrhosis or splenomegaly. Thirdly, the study did not provide comprehensive information on factors such as antiviral treatment or other related variables that could potentially impact liver enzymes/proteins levels or platelet count. To minimize the impact of confounding factors, we selected participants from the Physical Examination Center, where most individuals are generally healthy. Severe CHB patients typically visit the outpatient department for medical treatment in our hospital. Therefore, the medication use rate among participants included in this study is low, and the impact of medication on PLT levels is minimal. We also excluded participants who were aged ≥60 years, had a FIB-4 score ≥3.25, had cirrhosis confirmed by ultrasonography, or were seropositive for both HBsAg and HBV surface antibody. These individuals are more likely to have a longer duration of HBV infection, receive medical therapy, and have a poorer health condition, which may affect liver enzyme levels and platelet counts. Finally, observational analyses are susceptible to residual confounding factors (such as lifestyle factors and socioeconomic status) and reverse causality, which pose challenges in establish causal relationship. Given that, we conducted a series of MR analyses to further validate the causally correlated liver injury indicator ALT. The MR analyses leverage germline genetic variants as instrumental variables to enable causal inference between a pair of exposure and outcome (64, 65).





Conclusions

In a large cohort of apparently healthy participants, we observed a higher prevalence of thrombocytopenia in patients with early-stage HBV infection. In addition, our clinical observational study and MR analyses indicated significant correlations between multiple hepatic function indicators and the risk of thrombocytopenia, particularly for the hepatic injury biomarker ALT. Elevated level of ALT were consistently associated with a higher prevalence of thrombocytopenia in both the clinical raw and PSM cohorts. Regarding the potential underlying biological mechanism, it is postulated that ALT may have the ability to reduce the synthesis of TPO, thereby increasing the risk of thrombocytopenia. These findings suggest that interventions targeting the hepatic injury indicator ALT, either through pharmacological or lifestyle approaches, may hold promise in preventing thrombocytopenia in the early-stage HBV infection.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The studies involving humans were approved by The Research Ethics Committee of the First Affiliated Hospital of Fujian Medical University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

TC: Data curation, Formal Analysis, Methodology, Visualization, Writing – original draft. JJ: Data curation, Formal Analysis, Methodology, Software, Visualization, Writing – original draft. HG: Data curation, Resources, Writing – original draft. XC: Data curation, Formal Analysis, Software, Writing – original draft. SZ: Data curation, Formal Analysis, Software, Writing – original draft. YH: Data curation, Investigation, Resources, Writing – original draft. YF: Data curation, Investigation, Resources, Writing – original draft. YZ: Data curation, Investigation, Resources, Writing – original draft. CL: Data curation, Investigation, Resources, Writing – original draft. QO: Conceptualization, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing. SR: Conceptualization, Funding acquisition, Supervision, Validation, Writing – original draft, Writing – review & editing, Visualization.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the Fujian Province Science and Technology Innovation Joint Project (grant no. 2021Y9030), National Natural Science Foundation of China (grant nos. 82272420, 82030063).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be constructed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1440317/full#supplementary-material.

Supplementary Figure 1 | Flow chart for Chinese Han population participants included in clinical observation study. PSM cohort: propensity score matching cohort.

Supplementary Figure 2 | Forest plot of significant risk factors for thrombocytopenia in multivariate logistic regression analysis. N: number of subjects.

Supplementary Figure 3 | Scatter plots showing significant causal effects of liver function indicators on platelet count in MVMR. (A–E) Significant causal effects of GLO, GLU, AST, ALB and ALT on platelet count in MVMR, respectively. MVMR: multivariate Mendelian randomization.



Abbreviations


HBV, hepatitis B virus; MR, Mendelian randomization; TPO, thrombopoietin; HCV, hepatitis C virus; SNPs; single-nucleotide polymorphisms; IV, instrumental variable; RCT, randomized controlled trial; GWAS, genome-wide association study; HBsAg, HBV surface antigen; HBsAb, HBV surface antibody; PSM, propensity score matching; OR, odds ratio; CI, confidence interval; ELISA, enzyme-linked immunosorbent assay; ALT, alanine aminotransferase; AST, aspartate aminotransferase; WBC, white blood cells; NEU, neutrophils; LYMPH, lymphocyte; MONO, monocytes; RBC, red blood cell; Hb, hemoglobin; PLT, platelet; TBIL, total bilirubin; TP, total protein; ALB, albumin; GLO, globulin protein; A/G, ALB/GLO ratio; GGT, gamma glutamyl transferase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; GLU, glucose in blood; DBIL, direct bilirubin; IBIL, indirect bilirubin; BBJ, BioBank Japan; UVMR, univariate MR; MVMR, multivariate MR; IVW, inverse-variance weighted; FDR, false discovery rate; SFTS, thrombocytopenia syndrome.




References

1. Polaris Observatory Collaborators. Global prevalence, treatment, and prevention of hepatitis B virus infection in 2016: a modelling study. Lancet Gastroenterol Hepatol. (2018) 3:383–403. doi: 10.1016/s2468-1253(18)30056-6

2. Terrault, NA, Lok, ASF, McMahon, BJ, Chang, KM, Hwang, JP, Jonas, MM, et al. Update on prevention, diagnosis, and treatment of chronic hepatitis B: AASLD 2018 hepatitis B guidance. Hepatology. (2018) 67:1560–99. doi: 10.1002/hep.29800

3. Cacoub, P, Saadoun, D, Bourliere, M, Khiri, H, Martineau, A, Benhamou, Y, et al. Hepatitis B virus genotypes and extrahepatic manifestations. J Hepatol. (2005) 43:764–70. doi: 10.1016/j.jhep.2005.05.029

4. Roberts, LR. Untreated chronic hepatitis B is associated with a higher risk of extrahepatic Malignancies. J Clin Oncol. (2022) 40:3357–60. doi: 10.1200/JCO.22.01051

5. Afdhal, N, McHutchison, J, Brown, R, Jacobson, I, Manns, M, Poordad, F, et al. Thrombocytopenia associated with chronic liver disease. J Hepatol. (2008) 48:1000–7. doi: 10.1016/j.jhep.2008.03.009

6. Jiang, H, Li, Y, and Sheng, Q. Relationship between Hepatitis B virus infection and platelet production and dysfunction. Platelets. (2022) 33:212–8. doi: 10.1080/09537104.2021.2002836

7. Rawi, S, and Wu, GY. Pathogenesis of thrombocytopenia in chronic HCV infection: A review. J Clin Transl Hepatol. (2020) 8:184–91. doi: 10.14218/JCTH.2020.00007

8. Wang, X, Jiang, W, Li, F, Hua, F, Zhan, Y, Li, Y, et al. Abnormal platelet kinetics are detected before the occurrence of thrombocytopaenia in HBV-related liver disease. Liver Int. (2014) 34:535–43. doi: 10.1111/liv.2014.34.issue-4

9. Garcia-Suarez, J, Burgaleta, C, Hernanz, N, Albarran, F, Tobaruela, P, and Alvarez-Mon, M. HCV-associated thrombocytopenia: clinical characteristics and platelet response after recombinant alpha2b-interferon therapy. Br J Haematol. (2000) 110:98–103. doi: 10.1046/j.1365-2141.2000.02132.x

10. Joo, EJ, Chang, Y, Yeom, JS, Lee, YG, and Ryu, S. Hepatitis B infection is associated with an increased incidence of thrombocytopenia in healthy adults without cirrhosis. J Viral Hepat. (2017) 24:253–8. doi: 10.1111/jvh.2017.24.issue-3

11. Wang, CS, Yao, WJ, Wang, ST, Chang, TT, and Chou, P. Strong association of hepatitis C virus (HCV) infection and thrombocytopenia: implications from a survey of a community with hyperendemic HCV infection. Clin Infect Dis. (2004) 39:790–6. doi: 10.1086/423384

12. Dai, CY, Ho, CK, Huang, JF, Hsieh, MY, Hou, NJ, Lin, ZY, et al. Hepatitis C virus viremia and low platelet count: a study in a hepatitis B & C endemic area in Taiwan. J Hepatol. (2010) 52:160–6. doi: 10.1016/j.jhep.2009.11.017

13. Huang, CE, Chang, JJ, Wu, YY, Huang, SH, Chen, WM, Hsu, CC, et al. Different impacts of common risk factors associated with thrombocytopenia in patients with hepatitis B virus and hepatitis C virus infection. BioMed J. (2021) 45:788–97. doi: 10.1016/j.bj.2021.09.001

14. Kuter, DJ, and Begley, CG. Recombinant human thrombopoietin: basic biology and evaluation of clinical studies. Blood. (2002) 100:3457–69. doi: 10.1182/blood.V100.10.3457

15. Davies, NM, Holmes, MV, and Davey Smith, G. Reading Mendelian randomisation studies: a guide, glossary, and checklist for clinicians. BMJ. (2018) 362:k601. doi: 10.1136/bmj.k601

16. Carter, AR, Sanderson, E, Hammerton, G, Richmond, RC, Davey Smith, G, Heron, J, et al. Mendelian randomisation for mediation analysis: current methods and challenges for implementation. Eur J Epidemiol. (2021) 36:465–78. doi: 10.1007/s10654-021-00757-1

17. Jones, HJ, Borges, MC, Carnegie, R, Mongan, D, Rogers, PJ, Lewis, SJ, et al. Associations between plasma fatty acid concentrations and schizophrenia: a two-sample Mendelian randomisation study. Lancet Psychiatry. (2021) 8:1062–70. doi: 10.1016/S2215-0366(21)00286-8

18. Mohammadi-Shemirani, P, Chong, M, Narula, S, Perrot, N, Conen, D, Roberts, JD, et al. Elevated lipoprotein(a) and risk of atrial fibrillation: an observational and mendelian randomization study. J Am Coll Cardiol. (2022) 79:1579–90. doi: 10.1016/j.jacc.2022.02.018

19. Feng, Y, Fu, M, Guan, X, Wang, C, Yuan, F, Bai, Y, et al. Uric acid mediated the association between BMI and postmenopausal breast cancer incidence: A bidirectional mendelian randomization analysis and prospective cohort study. Front Endocrinol (Lausanne). (2021) 12:742411. doi: 10.3389/fendo.2021.742411

20. Hu, X, Rong, S, Wang, Q, Sun, T, Bao, W, Chen, L, et al. Association between plasma uric acid and insulin resistance in type 2 diabetes: A Mendelian randomization analysis. Diabetes Res Clin Pract. (2021) 171:108542. doi: 10.1016/j.diabres.2020.108542

21. Barahona Ponce, C, Scherer, D, Brinster, R, Boekstegers, F, Marcelain, K, Garate-Calderon, V, et al. Gallstones, body mass index, C-reactive protein, and gallbladder cancer: mendelian randomization analysis of Chilean and european genotype data. Hepatology. (2021) 73:1783–96. doi: 10.1002/hep.31537

22. Castera, L. Noninvasive methods to assess liver disease in patients with hepatitis B or C. Gastroenterology. (2012) 142:1293–1302 e4. doi: 10.1053/j.gastro.2012.02.017

23. Xiao, G, Yang, J, and Yan, L. Comparison of diagnostic accuracy of aspartate aminotransferase to platelet ratio index and fibrosis-4 index for detecting liver fibrosis in adult patients with chronic hepatitis B virus infection: a systemic review and meta-analysis. Hepatology. (2015) 61:292–302. doi: 10.1002/hep.27382

24. Sterling, RK, Lissen, E, Clumeck, N, Sola, R, Correa, MC, Montaner, J, et al. Development of a simple noninvasive index to predict significant fibrosis in patients with HIV/HCV coinfection. Hepatology. (2006) 43:1317–25. doi: 10.1002/hep.21178

25. Kim, WR, Berg, T, Asselah, T, Flisiak, R, Fung, S, Gordon, SC, et al. Evaluation of APRI and FIB-4 scoring systems for non-invasive assessment of hepatic fibrosis in chronic hepatitis B patients. J Hepatol. (2016) 64:773–80. doi: 10.1016/j.jhep.2015.11.012

26. Chinese Society of Infectious Diseases, C.M.A, and C.M.A. Chinese Society of Hepatology. The guidelines of prevention and treatment for chronic hepatitis B (2019 version). Zhonghua Gan Zang Bing Za Zhi. (2019) 27:938–61. doi: 10.3760/cma.j.issn.1007-3418.2019.12.007

27. Li, X, Wang, D, Yang, C, Zhou, Q, Zhuoga, SL, Wang, LQ, et al. Establishment of age- and gender-specific pediatric reference intervals for liver function tests in healthy Han children. World J Pediatr. (2018) 14:151–9. doi: 10.1007/s12519-018-0126-x

28. Sun, Z, Chai, J, Zhou, Q, and Xu, J. Establishment of gender- and age-specific reference intervals for serum liver function tests among the elderly population in northeast China: a retrospective study. Biochem Med (Zagreb). (2022) 32:020707. doi: 10.11613/BM.2022.020707

29. Nagai, A, Hirata, M, Kamatani, Y, Muto, K, Matsuda, K, Kiyohara, Y, et al. Overview of the BioBank Japan Project: Study design and profile. J Epidemiol. (2017) 27:S2–s8. doi: 10.1016/j.je.2016.12.005

30. Sanderson, E, Davey Smith, G, Windmeijer, F, and Bowden, J. An examination of multivariable Mendelian randomization in the single-sample and two-sample summary data settings. Int J Epidemiol. (2019) 48:713–27. doi: 10.1093/ije/dyy262

31. Ioannidou, A, Watts, EL, Perez-Cornago, A, Platz, EA, Mills, IG, Key, TJ, et al. The relationship between lipoprotein A and other lipids with prostate cancer risk: A multivariable Mendelian randomisation study. PloS Med. (2022) 19:e1003859. doi: 10.1371/journal.pmed.1003859

32. Hartley, A, Sanderson, E, Granell, R, Paternoster, L, Zheng, J, Smith, GD, et al. Using multivariable Mendelian randomization to estimate the causal effect of bone mineral density on osteoarthritis risk, independently of body mass index. Int J Epidemiol. (2022) 51:1254–67. doi: 10.1093/ije/dyab251

33. Chen, L, Yang, H, Li, H, He, C, Yang, L, and Lv, G. Insights into modifiable risk factors of cholelithiasis: A Mendelian randomization study. Hepatology. (2022) 75:785–96. doi: 10.1002/hep.32183

34. Rao, S, Chen, X, Ou, OY, Chair, SY, Chien, WT, Liu, G, et al. A positive causal effect of shrimp allergy on major depressive disorder mediated by allergy- and immune-related pathways in the east asian population. Nutrients. (2023) 16:79. doi: 10.3390/nu16010079

35. Chen, XT, Zhi, S, Han, XY, Jiang, JW, Liu, GM, and Rao, ST. A systematic two-sample and bidirectional MR process highlights a unidirectional genetic causal effect of allergic diseases on COVID-19 infection/severity. J Transl Med. (2024) 22:94. doi: 10.1186/s12967-024-04887-4

36. Green, GH, and Diggle, PJ. On the operational characteristics of the Benjamini and Hochberg False Discovery Rate procedure. Stat Appl Genet Mol Biol. (2007) 6:Article27. doi: 10.2202/1544-6115.1302

37. Nielsen, MB, Colak, Y, Benn, M, and Nordestgaard, BG. Low plasma adiponectin in risk of type 2 diabetes: observational analysis and one- and two-sample mendelian randomization analyses in 756,219 individuals. Diabetes. (2021) 70:2694–705. doi: 10.2337/db21-0131

38. Peng, H, Wang, S, Wang, M, Ye, Y, Xue, E, Chen, X, et al. Nonalcoholic fatty liver disease and cardiovascular diseases: A Mendelian randomization study. Metabolism. (2022) 133:155220. doi: 10.1016/j.metabol.2022.155220

39. Hemani, G, Zheng, J, Elsworth, B, Wade, KH, Haberland, V, Baird, D, et al. The MR-Base platform supports systematic causal inference across the human phenome. Elife. (2018) 7:e34408. doi: 10.7554/eLife.34408

40. Hemani, G, Tilling, K, and Davey Smith, G. Orienting the causal relationship between imprecisely measured traits using GWAS summary data. PloS Genet. (2017) 13:e1007081. doi: 10.1371/journal.pgen.1007081

41. Pratt, DS, and Kaplan, MM. Evaluation of abnormal liver-enzyme results in asymptomatic patients. N Engl J Med. (2000) 342:1266–71. doi: 10.1056/NEJM200004273421707

42. Olynyk, JK, Knuiman, MW, Divitini, ML, Davis, TM, Beilby, J, and Hung, J. Serum alanine aminotransferase, metabolic syndrome, and cardiovascular disease in an Australian population. Am J Gastroenterol. (2009) 104:1715–22. doi: 10.1038/ajg.2009.229

43. Adibi, P, Sadeghi, M, Mahsa, M, Rozati, G, and Mohseni, M. Prediction of coronary atherosclerotic disease with liver transaminase level. Liver Int. (2007) 27:895–900. doi: 10.1111/j.1478-3231.2007.01545.x

44. Sookoian, S, and Pirola, CJ. Liver enzymes, metabolomics and genome-wide association studies: from systems biology to the personalized medicine. World J Gastroenterol. (2015) 21:711–25. doi: 10.3748/wjg.v21.i3.711

45. Chen, VL, Du, X, Chen, Y, Kuppa, A, Handelman, SK, Vohnoutka, RB, et al. Genome-wide association study of serum liver enzymes implicates diverse metabolic and liver pathology. Nat Commun. (2021) 12:816. doi: 10.1038/s41467-020-20870-1

46. Aigner, E, Hinz, C, Steiner, K, Rossmann, B, Pfleger, J, Hohla, F, et al. Iron stores, liver transaminase levels and metabolic risk in healthy teenagers. Eur J Clin Invest. (2010) 40:155–63. doi: 10.1111/j.1365-2362.2009.02238.x

47. Newsholme, P, Brennan, L, Rubi, B, and Maechler, P. New insights into amino acid metabolism, beta-cell function and diabetes. Clin Sci (Lond). (2005) 108:185–94. doi: 10.1042/CS20040290

48. Xu, L, Jiang, CQ, Lam, TH, Zhang, WS, Zhu, F, Jin, YL, et al. Mendelian randomization estimates of alanine aminotransferase with cardiovascular disease: Guangzhou Biobank Cohort study. Hum Mol Genet. (2017) 26:430–7. doi: 10.1093/hmg/ddw396

49. De Silva, NMG, Borges, MC, Hingorani, AD, Engmann, J, Shah, T, Zhang, X, et al. Liver function and risk of type 2 diabetes: bidirectional mendelian randomization study. Diabetes. (2019) 68:1681–91. doi: 10.2337/db18-1048

50. Bi, Y, Liu, Y, Wang, H, Tian, S, and Sun, C. The association of alanine aminotransferase and diabetic microvascular complications: A Mendelian randomization study. Front Endocrinol (Lausanne). (2023) 14:1104963. doi: 10.3389/fendo.2023.1104963

51. McGill, MR. The past and present of serum aminotransferases and the future of liver injury biomarkers. EXCLI J. (2016) 15:817–28. doi: 10.17179/excli2016-800

52. Yamada, J, Tomiyama, H, Yambe, M, Koji, Y, Motobe, K, Shiina, K, et al. Elevated serum levels of alanine aminotransferase and gamma glutamyltransferase are markers of inflammation and oxidative stress independent of the metabolic syndrome. Atherosclerosis. (2006) 189:198–205. doi: 10.1016/j.atherosclerosis.2005.11.036

53. Liao, R, Wang, L, Zeng, J, Tang, X, Huang, M, Kantawong, F, et al. Reactive oxygen species: Orchestrating the delicate dance of platelet life and death. Redox Biol. (2025) 80:103489. doi: 10.1016/j.redox.2025.103489

54. Shin, E, Park, C, Park, T, Chung, H, Hwang, H, Bak, SH, et al. Deficiency of thioredoxin-interacting protein results in age-related thrombocytopenia due to megakaryocyte oxidative stress. J Thromb Haemost. (2024) 22:834–50. doi: 10.1016/j.jtha.2023.11.020

55. Fourquet, E, Mansuy, JM, Bureau, C, Recher, C, Vinel, JP, Izopet, J, et al. Severe thrombocytopenia associated with acute autochthonous hepatitis E. J Clin Virol. (2010) 48:73–4. doi: 10.1016/j.jcv.2010.02.016

56. Cui, N, Liu, R, Lu, QB, Wang, LY, Qin, SL, Yang, ZD, et al. Severe fever with thrombocytopenia syndrome bunyavirus-related human encephalitis. J Infect. (2015) 70:52–9. doi: 10.1016/j.jinf.2014.08.001

57. Mourao, MP, Lacerda, MV, Macedo, VO, and Santos, JB. Thrombocytopenia in patients with dengue virus infection in the Brazilian Amazon. Platelets. (2007) 18:605–12. doi: 10.1080/09537100701426604

58. Malik, P, Patel, U, Mehta, D, Patel, N, Kelkar, R, Akrmah, M, et al. Biomarkers and outcomes of COVID-19 hospitalisations: systematic review and meta-analysis. BMJ Evid Based Med. (2021) 26:107–8. doi: 10.1136/bmjebm-2020-111536

59. Berryman, K, Buhimschi, CS, Zhao, G, Axe, M, Locke, M, and Buhimschi, IA. Proteasome levels and activity in pregnancies complicated by severe preeclampsia and hemolysis, elevated liver enzymes, and thrombocytopenia (HELLP) syndrome. Hypertension. (2019) 73:1308–18. doi: 10.1161/HYPERTENSIONAHA.118.12437

60. Zhao, J, Ge, HH, Wang, G, Lin, L, Yuan, Y, Xu, YL, et al. Fatal patients with severe fever with thrombocytopenia syndrome in China. Int J Infect Dis. (2022) 125:10–6. doi: 10.1016/j.ijid.2022.10.008

61. Lu, S, Xu, L, Liang, B, Wang, H, Wang, T, Xiang, T, et al. Liver function derangement in patients with severe fever and thrombocytopenia syndrome. J Clin Transl Hepatol. (2022) 10:825–34. doi: 10.14218/JCTH.2021.00345

62. Fidler, TP, Campbell, RA, Funari, T, Dunne, N, Balderas Angeles, E, Middleton, EA, et al. Deletion of GLUT1 and GLUT3 reveals multiple roles for glucose metabolism in platelet and megakaryocyte function. Cell Rep. (2017) 20:881–94. doi: 10.1016/j.celrep.2017.06.083

63. Fidler, TP, Marti, A, Gerth, K, Middleton, EA, Campbell, RA, Rondina, MT, et al. Glucose metabolism is required for platelet hyperactivation in a murine model of type 1 diabetes. Diabetes. (2019) 68:932–8. doi: 10.2337/db18-0981

64. Lawlor, DA, Harbord, RM, Sterne, JA, Timpson, N, and Davey Smith, G. Mendelian randomization: using genes as instruments for making causal inferences in epidemiology. Stat Med. (2008) 27:1133–63. doi: 10.1002/sim.v27:8

65. Pierce, BL, and Burgess, S. Efficient design for Mendelian randomization studies: subsample and 2-sample instrumental variable estimators. Am J Epidemiol. (2013) 178:1177–84. doi: 10.1093/aje/kwt084




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Chen, Jiang, Guo, Chen, Zhi, Hu, Fu, Zeng, Liu, Ou and Rao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

        		Cover



  		

        Causal relationship between hepatic function indicators and thrombocytopenia risk in early-stage hepatitis B virus infection: evidence from clinical observational studies and mendelian randomization analyses

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Highlights

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Design and participants for clinical observational studies

          



          		

            Measurement of laboratory data

          



          		

            Statistical analyses in clinical observational study

          



          		

            GWAS summary statistics for two-sample MR study

          



          		

            Two-sample MR study design and analysis

          



        



        



        		

          Results

        

          		

            Baseline characteristics of participants in clinical observational study

          



          		

            Independent risk factors for thrombocytopenia in HBsAg positive subjects

          



          		

            Selection of valid genetic variants for MR analyses

          



          		

            Genetic causal effects of liver function indicators on thrombocytopenia risk

          



          		

            Correlation of ALT categories with the prevalence of thrombocytopenia

          



        



        



        		

          Discussion

        



        		

          Limitations

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1440317-g001.jpg
A.Principle of MR analysis

Confounders

Vit
Genetic instruments from >
liver function indicators

. A

r function
Yidicators [——>| Platelet count

B.UVMR

LD pruning
Feol
kb= 1000
P<5x10%

SNPs associated one of 13 Platelet count

liver function indicators

C.MVMR

LD pruning
F<ol
kb = 1000
P<5x10%

liver function indicators

SNEs assoclated with all thel0: Genetic instruments H Platelet count






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg





OEBPS/Images/fimmu-16-1440317-g003.jpg
- Thrombocytopenia-No
B Thrombocytopenia-Yes

sisese

%S08

[

61





OEBPS/Images/table4.jpg
Most

No.of  Noof stitable
Exposure  Outcome  clumped  S\" MR Heterogeneity Pleiotropy  Directionality
sNpst |00 Method
oy M
i " 5 (andem Ve o e
o (onen
o | MW
car o e O va " e
ey
Lo e .
™ o o e | SN Ve ve o e
ww
- o | s s | 22| | e s
Py
ww
s o e | | 2] | o .
sy
ST —— " -
aw u n | smar | OB Ve v x P
ww
a0
a0 W w e (andem v o e
n ooy | (oden
ww
- w | o | 3| | " -
ey
. ww
an » s o (andom va o e
oy | (oen
ww
e o] o | " - -
o 2l
ww
o M N " " -
e
R ; ;
o o o et SN e Ve Yo e
ww
s | e | o [ o | e
D | G

No.of e SNP: nmber ofndependent encti SNPS with vl €510-*afccumping "No.of SNPs in MRA: b o et genctic SNP sed i the MR anlyisfor cach
pale of expasune aad ouicomes ‘MR adjsted P:adjusied p-value of the most suitsble MR method: Adjusted p-valnes belew 0,03 are in blds the most sulable MR method wsod In MR snaisls.





OEBPS/Images/table3.jpg
Muttvar
)

Variable

e o 0w
e 1o 0771020 om
Heerg
Nepae o
Heers.
Hockb
Nepae oy
e 150574 ) oses
i
a o e
- ionamsran oses
™
s omsomans o
A
o o o
AB/GLO.
Y ourmon1ssn ouss
AT
o i mse) aon wsa2310 os
st
w o
s
car
o o
e
s e
wH
aw

T e T R R TR TR e





OEBPS/Images/fimmu.2025.1440317_cover.jpg
& frontiers | Frontiers in Immunology

Causal relationship between hepatic
function indicators and thrombocytopenia
risk in early-stage hepatitis B virus infection:
evidence from clinical observational studies
and mendelian randomization analyses





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1440317-g002.jpg





OEBPS/Images/table1.jpg





OEBPS/Images/table5.jpg
Outcome No.of SNPsinMVMR® ~ MVMR adjusted < betafse)

208007 010003

v 273007 015(006)
ast pres 021008
B aamio? 013006
ar 65107 -018008)

o 9 s

ap 1290" 003002
i ssma0! 0020003
et 727010 001003
e 7ama0’ 002003
oBiL. se3aa0’ 0000003

No.of chrnped P nuber of dependent gctc P it vl <5x10-*afc humping” No.of SN in MYMR:mmber fndependent gnctic SNPs s n the MV sl
for cxposuare and ovicome; ¢ MVMR sdjusied P:sdjusied p-vakc af the mastsuitsbe MVMR method: Adjusted p-vakics below 0.8 are In bold.





