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Abstract
Background Previous research has revealed the potential impact of circadian rhythms on pulmonary diseases; 
however, the connection between circadian rhythm-associated Thyrotroph Embryonic Factor (TEF) and Pulmonary 
Arterial Hypertension (PAH) remains unclear. We aim to assess the genetic causal relationship between TEF and PAH 
by utilizing two sets of genetic instrumental variables (IV) and publicly available Pulmonary Arterial Hypertension 
Genome-Wide Association Studies (GWAS).

Methods Total of 23 independent TEF genetic IVs from recent MR reports and PAH GWAS including 162,962 
European individuals were used to perform this two-sample MR study. Gain- and loss-of-function experiments were 
used to demonstrate the role of TEF in PAH.

Results Our analysis revealed that as TEF levels increased genetically, there was a corresponding increase in the risk 
of PAH, as evidenced by IVW (OR = 1.233, 95% CI: 1.054–1.441; P = 0.00871) and weighted median (OR = 1.292, 95% 
CI for OR: 1.064–1.568; P = 0.00964) methods. Additionally, the up-regulation of TEF expression was associated with a 
significantly higher likelihood of abnormal circadian rhythm (IVW: P = 0.0024733, β = 0.05239). However, we did not 
observe a significant positive correlation between circadian rhythm and PAH (IVW: P = 0.3454942, β = 1.4980398). In 
addition, our in vitro experiments demonstrated that TEF is significantly overexpressed in pulmonary artery smooth 
muscle cells (PASMCs). And overexpression of TEF promotes PASMC viability and migratory capacity, as well as 
upregulates the levels of inflammatory cytokines.

Conclusion Our analysis suggests a causal relationship between genetically increased TEF levels and an elevated risk 
of both PAH and abnormal circadian rhythm. Consequently, higher TEF levels may represent a risk factor for individuals 
with PAH.

Mendelian randomization study on causal 
association of TEF and circadian rhythm 
with pulmonary arterial hypertension
Dandan Chen1,2†, Qi Jin1,2†, Lifan Yang1,2, Xiaochun Zhang1,2, Mingfei Li1,2, Lei Zhang1,2, Wenzhi Pan1,2, Daxin Zhou1,2*, 
Junbo Ge1,2* and Lihua Guan1,2,3*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12931-024-02934-8&domain=pdf&date_stamp=2024-8-6


Page 2 of 12Chen et al. Respiratory Research          (2024) 25:301 

Introduction
Pulmonary arterial hypertension (PAH) is a pathobiologi-
cal condition, defined by hemodynamics as an elevation 
in the average pulmonary artery pressure exceeding 25 
or 30 mmHg at rest [1–3]. It represents a rare and severe 
chronic pulmonary vascular disease. The most common 
types of PAH include idiopathic PAH and PAH associ-
ated with connective tissue diseases [4]. The symptoms 
of PAH lack specificity, leading to a delay of months or 
even years from symptom onset to diagnosis [5]. Nota-
bly, even minor exertion can lead to frequent syncope in 
patients with pulmonary hypertension, clearly indicating 
a life-threatening high mortality rate of PAH [6]. Cur-
rently, the therapeutic approach for PAH aims to rectify 
the imbalance between vascular activity and vasodilatory 
mediators while restoring endothelial cell function [7]. 
And the traditional Pharmacological treatments include 
prostacyclin analogs, Phosphodiesterase (PDE)-5 inhibi-
tors, endothelin receptor antagonists, and cGMP activa-
tors [8–10]. Despite some progress in PAH treatment, 
it remains an exceptionally serious disease, posing chal-
lenges in diagnosis, treatment, and prevention. Clearly, 
further investigation is warranted to identify the risk 
factors leading to pulmonary hypertension and evaluate 
high-risk patients, enabling timely prevention and early 
intervention.

Thyrotroph embryonic factor (TEF) is a crucial regu-
latory transcription factor within the circadian rhythm 
pathway. TEF combines with various other impor-
tant transcription activators associated with circadian 
rhythms at the D-box promoter site to enhance the tran-
scription of numerous clock-controlled genes and piv-
otal genes within the core circadian rhythm feedback 
loop, such as NR1D1, NR1D2, PER, and CRY [11, 12]. 
There is increasing evidence to suggest that lung func-
tion is significantly influenced by circadian rhythms [13]. 
It is widely believed that the disruption of the biological 
clock, whether caused by genetics or environmental fac-
tors, is perceived as a stressor by organisms and can have 
both short-term and long-term effects on health, increas-
ing the risk of pulmonary diseases and metabolic syn-
drome [13]. To date, research on circadian rhythms has 
revealed how they play a role in the pathogenesis of vari-
ous diseases, including cancer, Alzheimer’s disease, and 
cardiovascular diseases [14–16]. However, there is cur-
rently no evidence to suggest a connection between TEF 
and PAH.

Observational research often comes with inherent limi-
tations stemming from factors like measurement errors, 
potential bias, and the possibility of reverse causality. 

Mendelian randomization (MR) analysis is a genetic 
approach used for assessing variables and typically lever-
ages single nucleotide polymorphisms (SNPs) in genome-
wide association studies (GWAS) to unveil causal 
relationships between a given phenotype and its resulting 
outcome [17]. In this study, we validated the association 
between TEF and PAH through Mendelian randomiza-
tion analysis, providing novel insights and therapeutic 
targets for PAH treatment.

Methods
Data sources
The PAH rat datasets presented in our study can be 
found in Sequence Read Archive database (https://
www.ncbi.nlm.nih.gov/bioproject/PRJNA732522/). 
And the CTEPH samples were obtained from TCGA 
(GSE221511). The All genome-wide association study 
(GWAS) summary data used in this study were obtained 
from the IEU GWAS Database (https://gwas.mrcieu.
ac.uk/). This research was carried out within a European 
population, involving the extraction of data related to 
“TEF” and “PAH” from GWAS datasets. And the specific 
information is provided in Table 1.

Mendelian randomization analysis
In this study, a bidirectional Mendelian randomization 
approach was employed using a two-sample instrumen-
tal variable analysis to evaluate the causal relationship 
between TEF and PAH. Instrumental variables were cho-
sen from exposure factors. Subsequently, we applied the 
PLINK clustering method with a clustering threshold 
(r2 < 0.001, kb = 100) to eliminate SNPs with bias due to 
linkage disequilibrium (LD), and low-quality SNPs were 
removed based on allele frequencies and incompatible 
alleles. We retained only those SNPs that showed sig-
nificant associations with the phenotypes of “TEF” and 
“PAH”.

Pleiotropy and heterogeneity test
To assess heterogeneity and test for pleiotropy effects, 
we employed three different MR methods, includ-
ing inverse variance weighted (IVW), MR Egger, and 
weighted median, with IVW being a widely accepted ana-
lytical approach. Additionally, we conducted Cochran’s 
Q statistic test to evaluate heterogeneity, where lower 
heterogeneity indicates more reliable MR results. Hori-
zontal pleiotropy assessment was performed using the 
MR Egger algorithm, and we also conducted leave-one-
out sensitivity analysis to assess the influence of individ-
ual SNPs on causal effect estimates.

Keywords Mendelian randomization (MR), Thyrotroph embryonic factor (TEF), Pulmonary arterial hypertension (PAH), 
Circadian rhythm, GWAS
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Cell culture
Primary VSMCs were obtained from the pulmonary 
aorta of SPF Sprague-Dawley (SD) rats (weighing 150–
180  g) using the tissue explant method, as previously 
described [18]. The rat vascular smooth muscle cells 
(rVSMCs) were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM, C11995500BT, Gibco) containing 20% 
fetal bovine serum (FBS, 10270-106, Gibco) and 100 U/
ml penicillin/streptomycin (15140-122, Gibco). Primary 
rat VSMCs from passages 4 to 7 were used for the experi-
ments. VSMCs were treated with PDGF-BB (25 ng/
ml) to construct an in vitro PAH model for subsequent 
experiments.

Western blot
Collect the pulmonary artery tissues from rats in each 
group and add RIPA lysis buffer (Biosharp, China) con-
taining 1 mM protein phosphatase inhibitor for protein 
extraction. Then, centrifuge the samples at 12,000  rpm 
for 15 min at 4  °C to obtain the supernatant, and deter-
mine the protein concentration using a BCA protein 
assay kit (ThermoFisher Scientific). Separate the proteins 
on a 10% sodium dodecyl sulfate-polyacrylamide gel and 
transfer them onto a PVDF membrane (Bio-Rad, Her-
cules, CA, USA). Block the membrane with 5% non-fat 
milk at room temperature for 1 h, followed by incubation 
with the TEF antibody (1:1000, PA5-106495, Thermo-
Fisher Scientific). Next, wash the membrane three times 
with TBST and incubate it with the secondary antibody 
(Goat Anti-Rabbit IgG (H + L)-HRP, 1:5000, ab205718, 
Abcam) at room temperature for 1 h. Perform chemilu-
minescence detection using a ChemiDoc XRS + imaging 
system (Tanon, Shanghai, China). Quantify the protein 
using ImageJ software.

Immunofluorescence
Fix rVSMCs with 4% PFA for 20 min, then wash with PBS 
and permeabilize the cells using 0.4% Triton X-100. Next, 
block the cells with 1% BSA for 30 min, followed by incu-
bation with α-SMA (1:1000, #48938, Cell Signaling Tech-
nology) and TEF (1:1000, PA5-106495, ThermoFisher 
Scientific) antibody overnight at 4  °C. Subsequently, 
incubate the cells with secondary antibodies (Goat Anti-
Mouse IgG (H + L), 1:1000, ab150113, Abcam, and Goat 
Anti-Rabbit IgG (H + L), 1:1000, 4413  S, Cell Signal-
ing Technology). Finally, stain the nuclei using Hoechst 
33,258 (Sigma, 94403). Image the samples using a laser 

confocal scanning microscope (Olympus FV3000, Tokyo, 
Japan).

CFDA-SE assay
After culturing rVSMCs under the specified conditions, 
wash the rVSMCs once with PBS, then add the CFDA-
SE working solution to achieve a final concentration of 
10 µM, and incubate at 37 °C for 15–30 min. After stain-
ing, wash the cells 3 times with PBS, and then incubate 
with fresh culture medium at 37  °C for 30  min. Finally, 
observe and analyze the stained cells using a fluorescence 
microscope.

Enzyme-linked immunosorbent assays (ELISAs)
The levels of IL-6 and IL-1β in the rVSMCs were detected 
by ELISA kits (EK306 and EK301B, Multi Sciences, 
China) according to the manufacturer’s instructions.

Transwell assay
A total of 1 × 10^4 cells/100 µL were seeded onto poly-
carbonate filters (pore size, 8  μm; Corning, NY, USA) 
and cultured in 200 µL of serum-free DMEM medium. 
Medium containing 10% FBS was added to the lower 
chamber, and the two chambers were incubated at 37 °C 
for 12 h. Subsequently, the upper side of the membrane 
was fixed with 4% paraformaldehyde at room tempera-
ture for 30 min, the top layer of the filter was scrubbed 
with a sterile cotton swab, and stained with crystal violet 
(cat. no. G1014, Servicebio, Wuhan, China) at room tem-
perature for 30 min. The cells were examined and imaged 
using a digital microscope.

Statistical analysis
Statistical analyses were conducted using R software ver-
sion 4.0. Data were presented as mean ± standard devia-
tion (SD). The IVW, MR Egger, and weighted median 
analyses were executed through the “TwoSampleMR” 
package (Version: 0.5.6) and the “MRPRESSO” package 
(Version: 1.0) within the R software. Statistical signifi-
cance was defined as P < 0.05.

Results
Effect of TEF on the risk of PAH
Initially, we identified 124 PAH-related genes and tran-
scription factor analysis revealed TEF as a significantly 
enriched transcription factor associated with PAH-
related genes (Fig.  1A). Through the assessment of TEF 
expression in human and rat samples, we observed a 

Table 1 Genome-wide association study (GWAS) of pulmonary arterial hypertension (PAH) and TEF
GWAS ID Year Trait sample nsnp Population Sex
eqtl-a-ENSG00000167074 2018 TEF 31,684 17,655 European Males and Females
finn-b-I9_HYPTENSPUL 2021 Hypertension, Pulmonary Arterial 162,962 16,380,163 European Males and Females
GCST003837 2016 Circadian rhythm 89,283 16,760,980 European NA
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significant upregulation of TEF in both human and 
rat PAH samples when compared to the control group 
(Fig.  1B-D). Subsequently, we collected genetic varia-
tion information related to “TEF” and “PAH” associated 
genes from GWAS and conducted analyses. We selected 
SNPs strongly correlated with the exposure factors as 
instrumental variables, and detailed SNP information 
is provided in Table  1 and Supplementary Table 1. The 
Mendelian randomization analysis was performed after 
removing linkage disequilibrium and various confound-
ing factors. As we all know, the positive/negative sign of 
the β value typically indicates a positive/negative cor-
relation between the exposure factor and the outcome 
in the MR analysis. And in our study, we observed that 
the βvalue between TEF and PAH was 0.20904928, sug-
gesting a positive correlation between TEF and PAH 
(Fig. 2A). Furthermore, our results also unveiled that the 
high expression of TEF (OR = 1.233, 95% CI, 1.054–1.441, 
P = 0.00871) could increase the risk of PAH (Fig. 2B).

A significant positive correlation between TEF and PAH
Next, we designate “TEF” as the exposure factor and 
“PAH” as the outcome factor and proceeded to investi-
gate the correlation between exposure factors and the 
outcomes. Our results revealed a significant positive cor-
relation between an increased risk of PAH and the expo-
sure factor of TEF (Fig.  3A-B; Table  2). Subsequently, 
we conducted leave-one-out sensitivity tests to examine 
whether causal estimates were driven by any single SNP. 
We observed that the removal of any SNP did not fun-
damentally impact the results, thereby demonstrating 
the reliability of our findings (Fig. 3C). To assess hetero-
geneity among the selected SNPs, we further conducted 
Cochran’s Q-test. The results indicated no significant 
differences in either MR Egger or IVW analysis (Fig. 3D; 
Table  2). Taken together, our findings demonstrate a 
causal relationship between TEF and PAH. The increased 
exposure to the factor TEF significantly elevates the risk 
of PAH.

Fig. 1 TEF differential expression between PAH and normal samples in rat and human tissues. (A) Enrichment analysis of TEF in the genes related to 
PAH. (B) The expression of TEF between samples from the Pulmonary Arterial Hypertension (PAH) and control rats. (C) The expression of TEF between 
the samples from the Chronic Thromboembolic Pulmonary Hypertension (CTEPH) and normal patients. (D) The protein expression of TEF between the 
samples from the control rat models and PAH rat models
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MR analysis between TEF and circadian rhythm
As TEF is one of several key regulatory transcription fac-
tors in circadian rhythm pathway, we further explored 
the correlation between TEF and circadian rhythm. Set-
ting “TEF” as the exposure factor and “circadian rhythm” 
as the result, the MR analysis showed that there was a 
significant positive correlation between TEF and circa-
dian rhythm (IVW: P = 0.00324733, β = 0.01251239). The 
results from the Weighted Median Regression (WMR) 
(P = 0.04726759, β = 0.00901459) align with those of the 
IVW method. In addition, the Egger’s intercept shows 
that the tool variable we selected does not have hori-
zontal pleiotropy. In a word, our results substantiate the 
relationship between TEF and circadian rhythm (Fig.  4; 
Table 3).

MR analysis between circadian rhythm and PAH
Next, we further analyze the relationship between circa-
dian rhythm and PAH. Utilizing 12 genetic variations as 
instrumental variables in the MR analysis, with rhythm 
as the exposure factor, our findings indicated no dis-
cernible correlation between PAH and circadian rhythm 
(IVW: P = 0.34534942, β = 1.4980398). This conclusion 
was further corroborated by WMR (P = 0.95989182, 
β=-0.1095441). Additionally, as per the Egger intercept, 
the selected SNPs exhibited no potential pleiotropic 
effects. Taken together, our comprehensive analysis sug-
gests the absence of a causal relationship between circa-
dian rhythm and PAH (Fig. 5; Table 4).

TEF drives the progression of PAH by affecting PASMCs
To elucidate the role of TEF in PAH, we isolated PASMCs 
from rat pulmonary artery tissues and conducted IF dou-
ble staining to determine the expression and distribution 
of TEF. Our results demonstrated that TEF colocalizes 
with α-SMA and is significantly upregulated in PASMCs 
derived from PAH, suggesting that TEF may medi-
ate PAH progression by influencing PASMCs function 
(Fig. 6A). Further, we constructed PASMCs with silenced 
and overexpressed TEF (Fig. 6B). Under PDGF-BB treat-
ment, TEF overexpression markedly promoted PASMCs 
viability and migratory capacity, whereas TEF silenc-
ing had the opposite effect (Fig. 6C-D). Notably, we also 
found that TEF overexpression significantly enhanced 
the expression of IL-6 and IL-1β in PASMCs, whereas 
TEF silencing significantly inhibited the expression of 
these inflammatory cytokines in PASMC (Fig. 6E). Taken 
together, our results indicate that TEF is significantly 
upregulated in the PASMCs of PAH and mediates the 
release of inflammatory factors, which may be a critical 
factor in mediating PAH progression.

Discussion
The present study provides further evidence support-
ing the causal relationship between genetically increased 
TEF levels and an increased risk of Pulmonary arte-
rial hypertension (PAH). Therefore, individuals with a 
genetic predisposition to higher TEF levels may also have 
a higher risk of developing PAH.

Thyrotrophic Embryonic Factor (TEF) is a transcrip-
tion factor associated with the regulation of circadian 
rhythms, exhibiting widespread expression in cells and 

Fig. 2 Effect of TEF on the risk of pulmonary arterial hypertension (PAH). (A) A schematic diagram illustrating the causal relationship between PAH, TEF, 
and circadian rhythm. (B) A Mendelian randomization analysis was conducted using TEF as the exposure factor and PAH as the outcome. The results 
indicated a positive correlation between TEF and PAH, suggesting that the presence of high exposure to TEF increases the risk of PAH
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Fig. 3 The MR analysis results of TEF as the exposure. (A) Scatter plot of MR analysis, showing the distribution of individual rate estimates for PAH as a 
result of TEF. Each scatter plot includes trend lines derived from three different MR methods, indicating a positive causal relationship. (B) A forest plot 
depicts the association between PAH and TEF in the MR analysis. Each circle next to a SNP represents the causal estimate for each IV, with the bottom 
three circles indicating the results from multi-instrument MR analysis using Weighted Median, Egger Regression, and IVW. The horizontal lines represent 
the 95% confidence intervals for OR. (C) The leave-one-out sensitivity analysis of the SNPs, with each black dot representing an IVW estimate and red dots 
representing estimates using all IVs. The horizontal lines represent the 95% confidence intervals. (D) Funnel plot for PAH on MR analysis
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tissues [19]. Research has revealed its ability to inhibit cell 
growth by downregulating the expression of the common 
β-chain of cytokine receptors and its association with the 
oncogenic E2A-HLF fusion protein [20]. Dysregulation 

of TEF has been reported to be correlated with various 
diseases. For instance, Hua et al.‘s study [21] suggests 
that the polymorphism rs738499 of TEF may serve as a 
predictive marker for depression and sleep disorders in 

Table 2 The causal association of TEF with pulmonary arterial hypertension (PAH)
Exposure Outcome Method nsnp b pval egger_intercept pval Q Q_pval
TEF “Hypertension, Pul-

monary Arterial” (no 
controls excluded)

MR Egger 23 0.14600826 0.42065036 0.024743302 0.77483804 7.69271482 0.99631514

TEF “Hypertension, Pul-
monary Arterial” (no 
controls excluded)

Weighted 
median

23 0.22223992 0.02827423

TEF “Hypertension, Pul-
monary Arterial” (no 
controls excluded)

Inverse 
variance 
weighted

23 0.19210706 0.01540639 7.77667835 0.99770367

Fig. 4 The MR analysis between TEF and circadian rhythm. (A) Scatter plot of MR analysis, showing the distribution of individual rate estimates for circa-
dian rhythm as a result of TEF. Each scatter plot includes trend lines derived from three different MR methods, indicating a positive causal relationship. 
(B) Forest plot shows the result of MR analysis pleiotropy test. Each circle next to a SNP represents the causal estimate for each IV, with the bottom three 
circles indicating the results from multi-instrument MR analysis using Weighted Median, Egger Regression, and IVW. The horizontal lines represent the 
95% confidence intervals for OR. (C) The leave-one-out sensitivity analysis of the SNPs, with each black dot representing an IVW estimate and red dots 
representing estimates using all IVs. The horizontal lines represent the 95% confidence intervals. (D) Funnel plot for circadian rhythm on MR analysis
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Parkinson’s patients. Furthermore, employing a multi-
variate generalized linear model, the research team found 
that Tef is not only a risk factor for depressive symptoms 
in Parkinson’s disease but also a risk factor for Major 
Depressive Disorder (MDD) in the Chinese population 
[22]. The disruption of circadian rhythms in chronic lung 
diseases has been demonstrated to play a crucial role in 
oxidative stress enhancement, inflammatory responses, 
metabolic imbalance, hypoxia/hyperoxia, mucus secre-
tion, dysregulated autophagy, and altered lung function 
[13]. However, the connection between TEF and PAH 
remains unclear. Over the past decade, the importance 
of diurnal rhythmic changes in lung health has expo-
nentially grown. Our study unveils a causal relationship 
between an inherited increase in TEF levels and an ele-
vated risk of PAH. Therefore, TEF may be considered a 
risk factor contributing to the development of pulmonary 
arterial hypertension. Our results address the current gap 
in research regarding the relationship between TEF and 
PAH.

Oxygen is considered a deterministic resetting signal 
for the circadian rhythm system, and chronic hypoxia 
is identified as one of the most prevalent causes of PAH 
[23]. Consequently, in research, hypoxia is commonly 
employed to induce PAH in mouse models. Recent evi-
dence suggests that both hypoxia and hypoxia-inducible 
factor 1 (HIF-1) signaling can significantly modulate 
the circadian rhythm [24, 25]. Adding to the complex-
ity, hypoxia-induced circadian dysregulation exhibits 
both tissue-specific and time-specific characteristics. For 
instance, an immediate response to hypoxia results in a 
phase delay in the liver, while causing a phase advance in 
the lungs and kidneys, leading to a misalignment of organ 
tissues within the body. However, unlike the liver, which 
rapidly returns to its initial phase following hypoxic 
events and feeding behaviors, the lungs maintain their 
hypoxia-induced phase [26]. Additionally, compared to 
the liver and kidneys, the lungs demonstrate the high-
est gene expression level changes at all time points, with 
the lowest time-dependent variation, underscoring the 
crucial role of oxygen in maintaining the lung’s biologi-
cal clock. Our finding showed corroborating evidence 
that TEF was increased in both lung tissues from PAH 
patients and PAH rats. This phenomenon is most likely 
caused by the hypoxic environment in PAH inducing 
the circadian rhythm disorder of the lung, which further 
induces the abnormal upregulation of TEF to correspond 

to the circadian rhythm, leading to the deterioration of 
PAH. This warrants further investigation of the circadian 
variability medicated by TEF in lung vasoconstriction 
and the sustained vascular remodeling response during 
these hypoxic episodes.

The direct role of circadian clock molecules in the 
pathogenesis of PAH remains poorly understood. In a 
recent study, another circadian clock-regulated gene, 
REV-ERBα, exhibited a significant downregulation in 
protein abundance and transcription levels in pulmonary 
artery smooth muscle cells (PASMC) of PAH patients. 
The pathological features of PAH include endothelial 
dysfunction, leading to abnormal smooth muscle pro-
liferation associated with reduced apoptosis. Treatment 
with a REV-ERBα agonist (SR9011) substantially reduced 
PASMC proliferation and increased sensitivity to apop-
tosis, manifesting an improvement in the PAH pheno-
type in a monocrotaline-induced rat model [27]. Our 
experiments further elucidate the role of TEF in PAH. 
We found that TEF is highly expressed in PASMCs, and 
this overexpression correlates with increased PASMC 
viability and proliferation. Additionally, Rev-erbα dem-
onstrated the ability to inhibit IL-6 expression, and the 
excessive expression of IL-6 is associated with the devel-
opment and progression of vascular remodeling and anti-
apoptotic mechanisms [28, 29]. Previous studies have 
indicated an association between circadian clock genes, 
including clock-controlled genes DBP, TEF, HIF, and 
period genes Per1, Per2, and Per3, and IL-6 [30]. Notably, 
in our study, inflammatory cytokines such as IL-6 and 
IL-1β were also significantly upregulated in TEF-over-
expressing PASMCs. Therefore, it can be speculated that 
during the progression of pulmonary arterial hyperten-
sion, TEF may participate in the advancement of PAH by 
regulating IL-6 expression through a novel PASMC-spe-
cific signaling pathway. This suggests that TEF could be a 
potential therapeutic target for modulating inflammation 
and abnormal smooth muscle proliferation in PAH.

Low statistical power is a major limitation in MR study. 
To improve the statistical power, we used two sets of 
genetic instrumental variants (IVs) including 23 inde-
pendent TEF genetic IVs (31684 European individuals) 
and, to date, the largest PAH genome-wide association 
studies (GWAS) with total sample size (162,962 Euro-
pean individuals). Because of a higher statistical power, 
we found this causal association of genetically increased 
TEF levels with increased risk of PAH. As TEF levels 

Table 3 The causal association of TEF with circadian rhythm
exposure outcome method nsnp b pval egger_intercept pval Q Q_pval
TEF Circadian rhythm MR Egger 22 0.00948703 0.20895783 0.001364577 0.613006092 29.2128681 0.08365176
TEF Circadian rhythm Weighted median 22 0.00901459 0.04726759
TEF Circadian rhythm Inverse variance 

weighted
22 0.01251239 0.00324733 29.5984985 0.10035802
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Fig. 5 The MR analysis between circadian rhythm and PAH. (A) Scatter plot of MR analysis, showing the distribution of individual rate estimates for PAH 
as a result of circadian rhythm. Each scatter plot includes trend lines derived from three different MR methods, indicating a causal relationship. (B) Forest 
plot shows the result of MR analysis pleiotropy test. Each circle next to a SNP represents the causal estimate for each IV, with the bottom three circles 
indicating the results from multi-instrument MR analysis using Weighted Median, Egger Regression, and IVW. The horizontal lines represent the 95% con-
fidence intervals for OR. (C) The leave-one-out sensitivity analysis of the SNPs, with each black dot representing an IVW estimate and red dots representing 
estimates using all IVs. The horizontal lines represent the 95% confidence intervals (D) Funnel plot for PAH on MR analysis
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Table 4 The causal association of circadian rhythm with PAH
exposure outcome method nsnp b pval egger_intercept pval Q Q_pval
Circadian 
rhythm

"Hypertension, Pul-
monary Arterial" (no 
controls excluded)

MR Egger 12 12.0384487 0.12652557 0.29751504 0.166422967 9.86687668 0.45224937

Circadian 
rhythm

"Hypertension, Pul-
monary Arterial" (no 
controls excluded)

Weighted 
median

12 -0.1095441 0.95989182

Circadian 
rhythm

"Hypertension, Pul-
monary Arterial" (no 
controls excluded)

Inverse 
variance 
weighted

12 1.4980398 0.34534942 12.0944991 0.35658212

Fig. 6 Functional validation of TEF in PAH. (A) Representative immunofluorescence staining of α-SMA (green) and TEF (red) in PASMCs from the control 
and PAH groups (scale bar: 100 μm). (B) Efficiency of TEF silencing and overexpression in PASMCs. (C) Representative immunofluorescence staining of 
CFDA-SE (green) and DAPI (blue) in PASMCs, with or without treatment with PDGF-BB. CFDA-SE, Cell proliferation and tracking dye. (D) Representative im-
ages of PASMCs migration in different groupsassessed by Transwell. (E) Expression levels of IL6 and IL-1β in different groups assessed by Specific ELISA kits
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genetically increased, the risk of PAH increased using 
IVW (β = 0.209, OR = 1.233, 95% CI for OR: 1.054–1.441; 
P = 0.00871), weighted median (β = 0.256, OR = 1.292, 95% 
CI for OR: 1.064–1.568; P = 0.00964), MR-Egger (β = 0.166, 
OR = 1.818, 95% CI for OR: 0.832–1.675; P = 0.362). Our 
results suggest the importance of TEF as a risk factor 
for PAH disease. Similarly, TEF gene expressions might 
be used as potential biomarkers for bladder cancer [31]. 
Thus, future studies need to consider the complex role of 
TEF and its trans-signaling in the PAH disease process 
might be worthwhile. Furthermore, our findings unveil 
a substantial positive genetic causal association between 
TEF and circadian rhythm. As TEF expression up-reg-
ulates, the likelihood of abnormal rhythm also notably 
increases (IVW: P = 0.0024733, β = 0.05239). Regrettably, 
we did not observe a statistically significant positive cor-
relation between circadian rhythm and PAH. While our 
results suggest a positive link between circadian rhythm 
and PAH, it does not reach statistical significance (IVW: 
P = 0.3454942, β = 1.4980398).

There were several strengths in this study. First, 23 
independent TEF genetic IVs were chosen from a previ-
ously reported large-scale TEF GWAS of 3,1684 Euro-
pean individuals and have first used in our MR reports. 
Second, 23 of 24 independent TEF genetic IVs were suc-
cessively extracted from PAH GWAS. Third, we used 
four different MR analysis methods demonstrated no 
significant pleiotropy or heterogeneity of TEF genetic 
IVs as the effective IVs. Fourth, two MR analysis methods 
including IVW, and weighted median proved the causal 
link between genetically increased TEF and increased 
risk of PAH, and also proved that the up-regulation of 
TEF expression may be the key factor leading to circa-
dian rhythm abnormality. Fifth, all three methods dem-
onstrated that each effect of TEF SNPs on PAH and 
circadian rhythm was no obvious bias.

This study also has several limitations. First, our TEF 
IVs and PAH GWAS datasets are from European ances-
try. Therefore, our results need be proven in other ances-
tries. Second, randomized controlled trials are required 
to clarify whether blockade of TEF could is effective in 
some subsets of PAH. Third, the underlying mechanism 
by which TEF genetically affects the risk of PAH is still 
unclear and worth to explore in the future.

In summary, our results indicate that elevated heredi-
tary TEF levels are causally associated not only with an 
increased risk of PAH but also with disruptions in circa-
dian rhythm. Higher TEF levels may pose a risk factor for 
individuals with PAH, while lower TEF levels may act as a 
protective factor for PAH patients.
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