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Abstract 
This study assesses the causal effects of antihypertensive and lipid-lowering drugs on inflammatory cytokines using a Mendelian 
randomization (MR) approach. We conducted a drug-targeted MR analysis using data from large-scale genome-wide association 
studies and eQTL datasets. SNPs near drug target genes served as instrumental variables to investigate the impact of 
antihypertensive (angiotensin-converting enzyme inhibitors [ACEIs], ARBs) and lipid-lowering drugs (HMGCR inhibitors, proprotein 
convertase subtilisin/Kexin type 9 [PCSK9] inhibitors, Niemann-Pick C1-like 1 inhibitors) on inflammatory cytokines. Sensitivity 
analyses, including leave-one-out and MR-Egger tests, were performed to confirm the robustness of the findings. ACEIs were 
associated with decreased levels of IL-1β, TNF-α, and CRP. ARBs did not show significant effects on inflammatory cytokines. 
HMGCR inhibitors significantly reduced MCP-1, MIP-1β, TNF-α, and IFN-γ, while PCSK9 inhibitors were linked to reductions in 
IL-1β and IL-6. Sensitivity analyses supported the reliability of these findings. The study demonstrated distinct anti-inflammatory 
effects of ACEIs, HMGCR inhibitors, and PCSK9 inhibitors. These findings support the potential use of these drugs to mitigate 
inflammation-related complications in patients with chronic conditions.

Abbreviations: ACEIs = angiotensin-converting enzyme inhibitors, ARBs = angiotensin II receptor blockers, CAD = coronary 
artery disease, CI = confidence interval, CRP = C-reactive protein, eQTL = expression Quantitative Trait Loci, GLGC = Global 
Lipids Genetic Consortium, GTEx = genotype-tissue expression, GWAS = genome-wide association studies, HMGCR = HMG-
CoA reductase, ICBP = International Consortium for Blood Pressure, IFN-γ = interferon gamma, IL-1β = interleukin-1β, IL-6 
= interleukin-6, IL-10 = interleukin-10, IL-17 = interleukin-17, IP10 = interferon gamma-induced protein 10 (CXCL10), IV = 
instrumental variable, IVW = inverse-variance weighting method, LDL-C = low-density lipoprotein cholesterol, MCP-1 = monocyte 
chemoattractant protein-1, MIP-1α/MIP-1β = macrophage inflammatory protein-1α/macrophage inflammatory protein-1β, MR = 
Mendelian randomization, MR-PRESSO = MR multi-effect residual and heterogeneity detection, NF-κB = nuclear factor Kappa-
light-chain-enhancer of activated B cells, NPC1L1 = Niemann-Pick C1-like 1, PCSK9 = proprotein convertase subtilisin/Kexin 
type 9, RCT = randomized controlled trial, SBP = systolic blood pressure, SD = standard deviation, SNP = single nucleotide 
polymorphism, TNF-α = tumor necrosis factor-alpha, UKB = UK biobank, VEGF = vascular endothelial growth factor.
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1. Introduction
The inflammatory response is a critical immune defense mech-
anism by which the body responds to external damage. When 
tissues are injured by bacterial or viral infections, or physi-
cal and chemical stimuli, the body initiates an inflammatory 
response to repair the damage and maintain tissue function 
stability.[1] While a normal inflammatory response is benefi-
cial in restoring tissue injury, excessive inflammation can lead 
to severe pathological conditions such as microcirculatory 
dysfunction, multiple organ failure, or even life-threatening 
“cytokine storms.”[2,3] In patients with underlying comorbid-
ities, excessive inflammatory responses not only accelerate 
disease progression but also cause extensive organ damage.[4] 
This phenomenon became particularly prominent during the 
COVID-19 pandemic, where the overactive immune response 
has been identified as a major cause of high mortality in elderly 
patients.[5]

Chronic conditions such as hypertension and dyslipidemia 
are closely associated with chronic inflammation, and patients 
with these conditions often exhibit more intense inflammatory 
responses when infected with COVID-19, leading to higher 
rates of complications and mortality.[6] Current research sug-
gests that long-term use of antihypertensive and lipid-lowering 
drugs may influence inflammatory responses, though the pre-
cise mechanisms remain unclear. Furthermore, the regulatory 
effects of different drugs on inflammatory cytokines remain 
controversial.[7–9] For instance, angiotensin-converting enzyme 
inhibitors (ACEIs) and angiotensin II receptor blockers (ARBs) 
exert different effects on inflammation, while lipid-lowering 
drugs, such as HMG-CoA reductase inhibitors (HMGCR inhib-
itors) and proprotein convertase subtilisin/kexin type 9 (PCSK9) 
inhibitors, also exhibit varying effects on inflammation.[10,11] 
Thus, selecting the appropriate antihypertensive and lipid- 
lowering drugs to control underlying diseases while simultane-
ously reducing inflammatory responses has become a critical 
issue in clinical practice.

Inflammatory cytokines play a pivotal role in the inflamma-
tory response. Pro-inflammatory cytokines, such as IL-1β, IL-6, 
and TNF-α, activate immune cells and are involved in both local 
and systemic inflammation.[12] In contrast, anti-inflammatory 
cytokines, such as IL-10, help to balance the immune system by 
suppressing excessive pro-inflammatory reactions.[13] However, 
existing studies evaluating the relationship between drugs and 
inflammatory cytokines have produced inconsistent results. 
Some studies have found that ACEIs can suppress inflamma-
tion and reduce IL-6 levels, while ARBs have shown no signif-
icant effect.[10] Similarly, the effects of HMGCR inhibitors and 
PCSK9 inhibitors on reducing C-reactive protein (CRP) and 
other inflammatory markers are also inconsistent.[14–16] These 
studies, primarily based on observational data, are subject to 
confounding factors and reverse causality, limiting their ability 
to provide robust causal inferences.

Drug-targeted Mendelian randomization (MR) is an emerg-
ing research method that uses natural genetic variations to 
simulate randomized controlled trials, effectively avoiding 
confounding factors and reverse causality.[17] This allows for 
more accurate assessments of the causal effects of drugs on 
diseases or biomarkers.[18] Compared to traditional obser-
vational studies, MR provides stronger evidence for causal 
inference. In recent years, this method has been successfully 
applied to study causal relationships between various drugs 
and diseases, such as the potential effects of ACEIs on diabe-
tes,[19] as well as drug repurposing studies targeting COVID-
19-related proteins.[20]

This study employed the drug-targeted MR approach, uti-
lizing large-scale genome-wide association studies (GWAS) and 
expression quantitative trait loci (eQTL) data to systematically 
assess the causal effects of antihypertensive and lipid-lowering 
drugs on key inflammatory cytokines. Our research not only 

confirms previous findings to a certain extent but also fills a 
gap in the existing literature regarding the regulation of inflam-
mation by these drugs, offering new insights into personalized 
treatment strategies for patients with hypertension and dyslipid-
emia, with important clinical implications.

2. Methods

2.1. Data sources

2.1.1. Instrumental variable data sources.  The instrumental 
variable (IV) data in this study were derived from multiple 
genome-wide association studies to analyze the causal 
relationship between antihypertensive and lipid-lowering drugs 
and inflammatory cytokines. In both exploratory and validation 
analyses, SNPs near drug target genes were selected and 
associated with systolic blood pressure (SBP) and low-density 
lipoprotein cholesterol (LDL-C).

For the exploratory analysis, SBP data were derived from 
a GWAS meta-analysis involving 1028,980 individuals of 
European ancestry, with data contributed by the International 
Consortium for Blood Pressure, the UK Biobank (UKB), and the 
Million Veteran Program, excluding those currently on antihy-
pertensive medications.[21] LDL-C data were sourced from the 
Global Lipids Genetic Consortium, consisting of 173,082 indi-
viduals, with those on lipid-lowering medications excluded[22] 
(Table 1).

For the validation analysis, SBP and LDL-C data were 
obtained from the UK Biobank, with sample sizes of 436,419 
and 440,546 individuals, respectively.[23] All data were adjusted 
for gender, age, and body mass index.

Additionally, supplementary analyses used expression 
quantitative trait loci (eQTL) data from the Genotype-Tissue 
Expression (GTEx) project, which included 15,201 samples 
across 49 tissue types, to analyze tissue-specific gene expression 
levels of drug target genes.[24]

Table 1

Sources of exposure data.

Analysis type Trait Sample size Ethnicity Data source

Exploratory analysis SBP 757,601 European ICBP
LDL-C 173,082 European GLGC

Validation analysis SBP 436,419 European UKB
LDL-C 440,546 European UKB

Supplementary analysis eQTL 31,684 European GTEx

eQTL = Expression Quantitative Trait Loci, GLGC = Global Lipids Genetic Consortium, GTEx = 
genotype-tissue expression, ICBP = International Consortium for Blood Pressure, LDL-C = low-
density lipoprotein cholesterol, SBP = systolic blood pressure, UKB = UK biobank.

Table 2

Sources of outcome data.

Subgroup Inflammatory cytokines Sample size

Pro-inflammatory cytokines IL-1β, IL-6, TNF-α, IL-17 8293
Anti-inflammatory cytokines IL-10 8293
Chemokines MIP-1α, MIP-1β, IP10, MCP-1 8293
Acute phase protein CRP 200,402
Interferons IFN-γ 8293
Vascular endothelial growth factors VEGF 8293

CRP = C-reactive protein, IFN-γ = interferon-gamma, IL-10 = interleukin-10, IL-17 = 
interleukin-17, IL-1β = interleukin-1β, IL-6 = interleukin-6, IP10 = interferon gamma-induced 
protein 10 (CXCL10), MCP-1 = monocyte chemoattractant protein-1, MIP-1α = macrophage 
inflammatory protein-1α, MIP-1β = macrophage inflammatory protein-1β, TNF = tumor necrosis 
factor, VEGF = vascular endothelial growth factor.
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2.1.2. Outcome variable data sources.  The outcome data 
for inflammatory cytokines were obtained from previously 
published GWAS and related databases, including multiple 
pro-inflammatory and anti-inflammatory cytokines such as 
IL-1β, TNF-α, and CRP. These data were derived from GWAS 
projects and meta-analyses of aggregated data, all based on 
European ancestry populations, and were standardized to 
exclude confounding factors that might affect the results[25] 
(Table 2).

2.1.3. Positive control data sources.  Previous studies have 
demonstrated the protective effects of antihypertensive and lipid-
lowering drugs against coronary artery disease (CAD). Therefore, 
this study employed positive controls to assess the causal effects 
of these drugs on CAD through drug-targeted MR analyses. 
Data were obtained from the CARDIoGRAMplusC4D[26] 
GWAS, which included 88,192 cases and 162,544 controls, 
with participants predominantly of European ancestry. The 
average age of the case group was 61.5 years, while the control 
group had an average age of 55.8 years.

2.2. Study design

This study was conducted in accordance with international and 
national clinical guidelines, selecting 2 commonly used antihy-
pertensive agents (ACEIs and angiotensin II receptor blockers 
[ARBs]) and 3 commonly used lipid-lowering agents (HMG-
CoA reductase inhibitors, PCSK9 inhibitors, and Niemann-
Pick C1-like 1 (NPC1L1) inhibitors; Table S1, Supplemental 
Digital Content, http://links.lww.com/MD/O473). To investi-
gate the causal relationship between antihypertensive and lipid- 
lowering agents and inflammatory cytokines, stringent criteria 
were applied for the selection of IVs. This study was approved 
by the Ethics Committee of Shanghai Guanghua Hospital of 
Integrated Chinese and Western Medicine, and registered on 
ClinicalTrials.gov (NCT06622304).

Within the framework of drug-targeted MR, the inverse- 
variance weighting method (IVW) method was employed as the 
primary analytical approach. In addition, 5 other MR meth-
ods based on different model assumptions were used to esti-
mate causal relationships between the drugs and inflammatory 
cytokines. Sensitivity analyses were performed using leave-one-
out analyses, Cochran Q test, and MR-Egger intercept tests 
to assess the robustness of the results by identifying potential 
outliers and evaluating horizontal pleiotropy and heterogeneity. 
Furthermore, eQTL data were used to investigate the expression 
of drug target genes across various tissues to explore their influ-
ence on inflammatory cytokines (Fig. 1).

2.3. IV selection

In this study, we selected 2 classes of antihypertensive drugs 
(ACE inhibitors and ARBs) and 3 classes of lipid-lowering drugs 
(HMGCR inhibitors, PCSK9 inhibitors, and NPC1L1 inhibi-
tors). Based on the target genes of these drugs and the nearby 
genetic variants, we identified IVs for MR analysis (Table S2, 
Supplemental Digital Content, http://links.lww.com/MD/
O473). All selected SNPs were located within or near the target 
genes, ensuring the strength and validity of the IVs.

2.3.1. Exploratory and validation analyses IV selection.  The 
selection of IVs followed strict criteria:

	 a.	 Select SNPs located within or near the target gene 
(±300 kb).

	 b.	 Identify SNPs associated with SBP or LDL-C, with a selec-
tion threshold of P < 1 × 10⁻⁵.

	 c.	 From the initially selected SNPs, choose independent vari-
ants with a linkage disequilibrium coefficient (r2) ≤ 0.1.

	 d.	 Calculate the F-statistic for each IV, and include SNPs 
with an F value >10 to avoid weak IV bias.

	 e.	 Conduct an MR Steiger directionality test to exclude 
SNPs with ambiguous causal direction.

2.3.2. Supplemental analysis IV selection.  In the supplemental 
analysis, we utilized eQTL data from the GTEx V8 database to 
identify IVs representing gene expression of the drug targets in 
different tissues. Specific steps are as follows:

	 a.	 Select SNPs located within or near the drug target gene 
(±1 Mb).

	 b.	 Identify SNPs significantly associated with target gene 
expression in individual tissues, applying false discovery 
rate correction (P < .05).

	 c.	 From the selected SNPs, choose independent variants, 
ensuring a linkage disequilibrium coefficient (r2) ≤ 0.1.

	 d.	 Calculate the F-statistic, selecting SNPs with an F value 
>10 to avoid weak IV bias, and confirm the causal direc-
tion using the MR Steiger test.

2.4. Causal analysis and statistical methods

This study employed integrative multi-omics data and IV 
analysis to evaluate the causal effects of antihypertensive and  
lipid-lowering drugs on inflammatory cytokines. IV data from 
various sources underwent quality control, including SNP selec-
tion to ensure consistency and reliability. The primary causal 
analysis method was the IVW approach, complemented by 
other MR methods such as MR-Egger and weighted median. 
Sensitivity analyses used the leave-one-out method, Cochran Q 
test, and MR-Egger intercept test to evaluate the robustness of 
the results. The leave-one-out analysis identified influential out-
liers, Cochran Q test assessed heterogeneity, and the MR-Egger 
intercept test evaluated potential pleiotropic bias.

Statistical analyses were performed using R software (ver-
sion 4.0.3) with the packages “Mendelian Randomization,” 
“TwoSampleMR,” “MRPRESSO,” and “MR.rap.” The “mr 
leaveoneout” and “mr scatter plot” functions generated leave-
one-out forest plots. Categorical outcomes were presented as 
odds ratios with 95% confidence intervals (CI), and continuous 
outcomes as effect sizes (β) with 95% CI. Statistical significance 
was set at P < .05.

3. Results

3.1. Causal analysis of antihypertensive drugs and 
inflammatory cytokines via drug-targeted MR

3.1.1. Selection of IVs for ACEIs and ARBs.  IVs for ACEIs 
and ARBs were selected based on independent SNPs located 
near the corresponding drug target genes. The selection criteria 
included a significant association with SBP and passing the 
weak instrument test (F-statistic > 10). For ACEIs, 4 SNPs 
were identified as IVs, while for ARBs, 7 SNPs were selected. 
The F-statistics for the IVs were 41.12 for ACEIs and 23.29 for 
ARBs, indicating strong instrument strength. Positive control 
analysis showed that the association between antihypertensive 
drugs and CAD was consistent with previous research findings, 
further supporting the validity of the IVs. All IVs passed the 
validity checks, ensuring robustness and reliability of the results 
(Table S3, Supplemental Digital Content, http://links.lww.com/
MD/O473).

3.1.2. Positive control analysis.  In the positive control analysis, 
the IVs for both ACEIs and ARBs demonstrated a significant 
inverse relationship with the risk of CAD, suggesting that both 
drug classes may have protective effects in reducing CAD risk. 

http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
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The causal effect estimate for ACEIs was 0.961 (P = .026), and 
for ARBs, the estimate was 0.931 (P = .002), consistent with 
previous clinical research. These findings further validate the 
reliability of the IVs (Table S4, Supplemental Digital Content, 
http://links.lww.com/MD/O473).

3.1.3. Causal effect estimates of ACEIs on inflammatory 
cytokines.  ACEIs were found to have significant causal 
relationships with 4 inflammatory cytokines (IL-1β, TNF-α, 
CRP, IL-10), while the associations with other cytokines (IL-
6, IL-17, interferon gamma-induced protein 10 (CXCL10) 
[IP10], MCP-1, MIP-1α, MIP-1β, IFN-γ, VEGF) were not 
statistically significant. Specifically, the causal effect estimate 
of ACEIs on reducing IL-1β levels was −0.116 (P = .013), 
indicating that lowering SBP by 1 mm Hg is associated 
with a 0.116 SD decrease in IL-1β. Similarly, the causal 
estimate for TNF-α was −0.198 (P = .00192), showing that 
ACEIs significantly reduce TNF-α levels by 0.198 SD per 
1 mm Hg reduction in SBP. The causal effect on CRP was 
−0.022 (P = .038), while the effect on IL-10 was positive but 
marginally significant at 0.086 (P = .033). However, ACEIs 

did not show a statistically significant association with other 
inflammatory cytokines (P > .05). The results from other 
MR methods, based on different model assumptions, were 
consistent in both direction and magnitude with the primary 
IVW results, further confirming the robustness and reliability 
of the findings (Table 3).

3.1.4. Causal effect estimation of ARBs on inflammatory 
cytokines.  No statistically significant causal effect was found 
between ARBs and inflammatory cytokines (IL-1β, IL-6, IL-10, 
IP10, IL-17, MCP-1, MIP-1α, MIP-1β, TNF-α, VEGF, IFN-γ, 
CRP). Other MR methods based on different model assumptions 
produced consistent results with IVW in both direction and 
effect size, verifying the reliability and robustness of the findings 
(Table 4).

3.1.5. Sensitivity analysis.  The study conducted sensitivity 
analyses for traits with statistically significant causal relationships 
using the leave-one-out method, confirming that no SNPs could 
alter the causal effect estimates and further demonstrating the 
robustness of the MR analysis results(Fig. 2A–D). Cochran 

Figure 1.  Study design flow chart.

http://links.lww.com/MD/O473
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Table 3

Causal effect of antihypertensive drug ACEIs on inflammatory cytokines.

Expose Denouement MR method β (95%CI) P

ACEIs IL-1β IVW −0.116 (−0.208, −0.025) .013
Weighted median −0.132 (−0.241, −0.023) .017
MR-Lasso −0.116 (−0.208, −0.025) .013
MR-Robust −0.116 (−0.191, −0.042) .002
MR-RAPS −0.118 (−0.217, −0.018) .021
MR-PRESSO −0.116 (−0.183, −0.050) .042

ACEIs IL-6 IVW 0.007 (−0.070, 0.084) .855
Weighted median 0.003 (−0.085, 0.090) .951
MR-Lasso 0.007 (−0.070, 0.084) .855
MR-Robust 0.007 (−0.040, 0.054) .778
MR-RAPS 0.007 (−0.075, 0.089) .864
MR-PRESSO 0.007 (−0.024, 0.039) .688

ACEIs IL-10 IVW 0.086 (0.007, 0.165) .003
Weighted median 0.088 (−0.002, 0.179) .056
MR-Lasso 0.086 (0.007, 0.165) .033
MR-Robust 0.087 (0.003, 0.171) .042
MR-RAPS 0.086 (0.000, 0.172) .049
MR-PRESSO 0.086 (0.076, 0.096) .001

ACEIs IL-17 IVW −0.051 (−0.130, 0.027) .201
Weighted median −0.043 (−0.136, 0.050) .364
MR-Lasso −0.051 (−0.130, 0.027) .201
MR-Robust −0.051 (−0.108, 0.007) .085
MR-RAPS −0.052 (−0.136, 0.032) .333
MR-PRESSO −0.051 (−0.126, 0.023) .267

ACEIs IP10 IVW −0.056 (−0.171, 0.059) .344
Weighted median −0.083 (−0.214, 0.049) .219
MR-Lasso −0.056 (−0.171, 0.059) .344
MR-Robust −0.129 (−0.192, 0.067) .322
MR-RAPS −0.056 (−0.171, 0.067) .370
MR-PRESSO −0.056 (−0.136, 0.024) .266

ACEIs MIP-1α IVW −0.036 (−0.153, 0.081) .548
Weighted median −0.037 (−0.168, 0.095) .584
MR-Lasso −0.036 (−0.153, 0.081) .548
MR-Robust −0.036 (−0.144, 0.072) .511
MR-RAPS −0.036 (−0.161, 0.089) .573
MR-PRESSO −0.036 (−0.076, 0.004) .177

ACEIs MIP-1β IVW −0.040 (−0.116, 0.037) .310
Weighted median −0.020 (−0.106, 0.067) .654
MR-Lasso −0.040 (−0.116, 0.037) .310
MR-Robust −0.039 (−0.088, 0.010) .115
MR-RAPS −0.040 (−0.121, 0.042) .340
MR-PRESSO −0.040 (−0.075, −0.004) .117

ACEIs TNF-α IVW −0.188 (−0.307, −0.069) 1.92E−03
Weighted median −0.190 (−0.328, −0.052) 6.97E−03
MR-Lasso −0.188 (−0.307, −0.069) 1.92E−03
MR-Robust −0.193 (−0.540, 0.155) 2.77E−01
MR-RAPS −0.188 (−0.319, −0.058) 4.56E−03
MR-PRESSO −0.188 (−0.243, −0.133) 6.79E−03

ACEIs VEGF IVW 0.045 (−0.037, 0.128) .282
Weighted median 0.042 (−0.054, 0.138) .389
MR-Lasso 0.045 (−0.037, 0.128) .282
MR-Robust 0.039 (−0.200, 0.279) .747
MR-RAPS 0.046 (−0.042, 0.134) .308
MR-PRESSO 0.045 (−0.020, 0.110) .267

ACEIs IFN-γ IVW 0.026 (−0.054, 0.105) .525
Weighted median 0.031 (−0.063, 0.124) .517
MR-Lasso 0.026 (−0.054, 0.105) .525
MR-Robust 0.026 (−0.024, 0.077) .312
MR-RAPS 0.026 (−0.058, 0.110) .542
MR-PRESSO 0.026 (−0.043, 0.094) .515

ACEIs CRP IVW −0.022 (−0.042, −0.001) .038
Weighted median −0.021 (−0.044, 0.001) .067
MR-Lasso −0.022 (−0.042, −0.001) .038
MR-Robust −0.022 (−0.035, −0.009) .001
MR-RAPS −0.022 (−0.044, 0.000) .052

ACEIs = angiotensin-converting enzyme inhibitors, IL-10 = interleukin-10, IL-17 = interleukin-17, IL-1P = interleukin-1p, IL-6 = interleukin-6, IP10 = interferon gamma-induced protein 10 (CXCL10), IVW 
= inverse-variance weighting method, MR-Robust = MR-IVW method based on robust regression, MR-RAPS = Contour score method for MR Robust adjustment, MR-Lasso = MR method based on Lasso 
algorithm, MR-PRESSO = MR multi-effect residual and heterogeneity detection, WME = weighted median method.
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Table 4

Causal effect of antihypertensive drug ARBs on inflammatory cytokines.

Expose Denouement MR method β (95%CI) P

ARBs IL-1β IVW 0.040 (−0.076, 0.156) .501
Weighted median 0.048 (−0.098, 0.195) .518
MR-Lasso 0.040 (−0.076, 0.156) .501
MR-Robust 0.044 (−0.066, 0.153) .435
MR-RAPS 0.041 (−0.086, 0.168) .526
MR-PRESSO 0.040 (−0.059, 0.139) .473

ARBs IL-6 IVW −0.006 (−0.104, 0.092) .901
Weighted median 0.007 (−0.120, 0.134) .913
MR-Lasso −0.006 (−0.104, 0.092) .901
MR-Robust −0.003 (−0.096, 0.090) .951
MR-RAPS −0.012 (−0.129, 0.105) .841
MR-PRESSO −0.006 (−0.101, 0.089) .904

ARBs IL-10 IVW −0.031 (−0.144, 0.082) .590
Weighted median −0.056 (−0.184, 0.071) .389
MR-Lasso −0.031 (−0.144, 0.082) .590
MR-Robust −0.033 (−0.135, 0.069) .523
MR-RAPS 0.048 (−0.238, 0.143) .625
MR-PRESSO −0.031 (−0.144, 0.082) .619

ARBs IL-17 IVW −0.076 (−0.177, 0.025) .139
Weighted median −0.092 (−0.217, 0.034) .152
MR-Lasso −0.076 (−0.177, 0.025) .139
MR-Robust −0.075 (−0.171, 0.020) .123
MR-RAPS −0.078 (−0.189, 0.032) .165
MR-PRESSO −0.076 (−0.169, 0.016) .182

ARBs IP10 IVW 0.026 (−0.125, 0.177) .736
Weighted median 0.095 (−0.091, 0.280) .317
MR-Lasso 0.026 (−0.125, 0.177) .736
MR-Robust 0.034 (−0.120, 0.189) .663
MR-RAPS 0.036 (−0.121, 0.193) .653
MR-PRESSO 0.026 (−0.125, 0.177) .753

ARBs MCP-1 IVW 0.010 (−0.087, 0.108) .833
Weighted median 0.014 (−0.101, 0.128) .818
MR-Lasso 0.010 (−0.087, 0.108) .833
MR-Robust 0.010 (−0.056, 0.077) .757
MR-RAPS 0.011 (−0.097, 0.118) .848
MR-PRESSO 0.010 (−0.010, 0.031) .381

ARBs MIP-1α IVW 0.029 (−0.119, 0.177) .701
Weighted median 0.078 (−0.109, 0.264) .415
MR-Lasso 0.029 (−0.119, 0.177) .701
MR-Robust 0.033 (−0.169, 0.236) .746
MR-RAPS 0.030 (−0.132, 0.191) .718
MR-PRESSO 0.029 (−0.089, 0.147) .653

ARBs MIP-1β IVW 0.051 (−0.056, 0.157) .350
Weighted median −0.005 (−0.138, 0.129) .947
MR-Lasso 0.051 (−0.056, 0.157) .350
MR-Robust 0.050 (−0.030, 0.130) .221
MR-RAPS 0.052 (−0.064, 0.168) .382
MR-PRESSO 0.051 (−0.037, 0.138) .341

ARBs TNF-α IVW 0.001 (−0.148, 0.151) .984
Weighted median −0.017 (−0.211, 0.177) .863
MR-Lasso 0.001 (−0.148, 0.151) .984
MR-Robust −0.005 (−0.204, 0.194) .960
MR-RAPS 0.002 (−0.160, 0.163) .985
MR-PRESSO 0.001 (−0.132, 0.135) .984

ARBs VEGF IVW −0.049 (−0.176, 0.079) .455
Weighted median −0.068 (−0.205, 0.069) .332
MR-Lasso −0.049 (−0.176, 0.079) .455
MR-Robust −0.049 (−0.173, 0.075) .436
MR-RAPS −0.064 (−0.198, 0.070) .349
MR-PRESSO −0.049 (−0.176, 0.079) .496

ARBs IFN-γ IVW −0.007 (−0.138, 0.124) .913
Weighted median 0.024 (−0.115, 0.163) .732
MR-Lasso −0.007 (−0.138, 0.124) .913
MR-Robust −0.004 (−0.132, 0.124) .950
MR-RAPS −0.072 (−0.281, 0.136) .497
MR-PRESSO −0.007 (−0.138, 0.124) .918

ARBs CRP IVW −0.023 (−0.049, 0.003) .080
Weighted median −0.027 (−0.057, 0.003) .082
MR-Lasso −0.023 (−0.049, 0.003) .080
MR-Robust −0.024 (−0.049, 0.002) .066
MR-RAPS −0.024 (−0.051, 0.002) .068
MR-PRESSO −0.023 (−0.049, 0.003) .178

ARBs = Angiotensin II receptor blockers, IL-10 = interleukin-10, IL-17 = interleukin-17, IL-6 = interleukin-6, IL-l = interleukin-1, IP10 = interferon gamma-induced protein 10 (CXCL10), IVW = inverse-
variance weighting method, MR-Robust = MR-IVW method based on robust regression, MR-Lasso = MR method based on lasso algorithm, MR-PRESSO = MR multi-effect residual and heterogeneity 
detection, MR-RAPS = Contour score method of Robust adjustment, WME = weighted median method.
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Q statistic showed a P-value >.05, indicating no significant 
heterogeneity among the IVs. Similarly, the MR-Egger intercept 
had a P-value above .05, suggesting that horizontal pleiotropy 
did not introduce bias into the results (Table 5).

3.1.6. Validation analysis.  To ensure the robustness of the 
results, SBP data from the UK Biobank database were utilized 
for IV validation of antihypertensive drugs. Three SNPs were 
selected as valid IVs for ACEIs, with each SNP having an 
F-statistic exceeding 10 and an overall F-statistic of 26.09, 
indicating no evidence of weak instrument bias (Table S5, 
Supplemental Digital Content, http://links.lww.com/MD/O473).

In this section, MR analysis was performed to assess the 
causal effects of ACEIs on inflammatory cytokines, including 
IL-1β, IL-10, TNF-α, and CRP. The results demonstrated sig-
nificant causal associations between ACEIs and reductions in 
IL-1β, TNF-α, and CRP levels, with causal estimates of −0.194 
(P = .002) for IL-1β, −3.037 (P = .000189) for TNF-α, and 
−0.918 (P = .003) for CRP. The consistency in both direction 
and effect size across multiple MR methods, including IVW, 
MR-Egger, and weighted median, reinforced the reliability of 
these findings. However, no statistically significant causal effect 
was observed for ACEIs on IL-10, with an estimate of 0.485 
(P = .371), and no significant causal relationships were identi-
fied for other inflammatory cytokines (Table S6, Supplemental 
Digital Content, http://links.lww.com/MD/O473).

3.1.7. Supplementary analysis.  To further investigate 
the potential influence of drug target gene expression on 
inflammatory cytokines, eQTL data from the GTEx V8 database 
were employed. This analysis evaluated the relationship between 
the expression levels of target genes for ACEIs and ARBs in 
various tissues and their impact on inflammatory cytokines. The 
findings revealed that reduced expression of the ACE gene in 
adipose tissue and liver was significantly associated with lower 
levels of IL-1β and CRP, with consistent effects observed across 
multiple tissues (Table S7, Supplemental Digital Content, http://
links.lww.com/MD/O473).

Additionally, the supplementary analysis indicated that the 
expression of the ARBs target gene AGTR1 in vascular smooth 
muscle tissue was positively associated with several pro- 
inflammatory cytokines, suggesting a potential tissue-specific 
regulatory role of ARBs in inflammation. These results, derived 
from eQTL data, provide further insights into the mechanisms 
by which drug target gene expression in different tissues influ-
ences inflammatory cytokine levels, offering valuable direction 
for future research.

3.2. Causal analysis of lipid-lowering drugs and 
inflammatory cytokines via drug-targeted MR

3.2.1. IVs for lipid-lowering drugs.  Following strict IV selection 
criteria, independent SNPs associated with LDL-C located within 
or near the drug target genes were selected as IVs for HMGCR 
inhibitors, NPC1L1 inhibitors, and PCSK9 inhibitors. A total of 
11 SNPs were selected as IVs for HMGCR inhibitors, 3 SNPs 
for NPC1L1 inhibitors, and 19 SNPs for PCSK9 inhibitors. The 
F-statistics for each IV were all >10, with an overall F-statistic of 
144.68 for HMGCR inhibitors, 58.33 for NPC1L1 inhibitors, 
and 193.60 for PCSK9 inhibitors, indicating no evidence of 
weak instrument bias (Table S8, Supplemental Digital Content, 
http://links.lww.com/MD/O473).

3.2.2. Positive control analysis.  Through MR analysis, it was 
found that HMGCR inhibitors, NPC1L1 inhibitors, and PCSK9 
inhibitors were all significantly negatively associated with CAD. 
The causal effect estimate for HMGCR inhibitors on CAD was 
0.854 (P = .033), indicating a relationship between HMGCR 
inhibitors and a lower risk of CAD. NPC1L1 inhibitors had 

a causal effect estimate of 0.460 (P = 3.19E−08), which also 
showed an association with lower CAD risk. PCSK9 inhibitors 
had a causal effect estimate of 0.694 (P = 1.16E−15), similarly 
showing a significant association with a lower risk of CAD. The 
results are broadly consistent with the direction and magnitude 
of effects seen in clinical trials, further validating the effectiveness 
of these IVs (Table S9, Supplemental Digital Content, http://
links.lww.com/MD/O473).

3.2.3. Causal effects of HMGCR inhibitors on inflammatory 
cytokines.  HMGCR inhibitors showed significant causal 
relationships with IP10, MCP-1, MIP-1β, TNF-α, and IFN-
γ. Based on IVW results, for every 1 SD reduction in LDL-C 
levels, HMGCR inhibitors were associated with an increase in 
IP10 levels by 0.335 SD (P = .041), a decrease in MCP-1 levels 
by 0.298 SD (P = 6.26E−03), an increase in MIP-1β levels by 
0.302 SD (P = .032), a decrease in TNF-α levels by 0.563 SD 
(P = 8.35E−04), and a decrease in IFN-γ levels by 0.234 SD 
(P = .039). No significant causal relationships were found for 
other cytokines. Results from different models were consistent, 
confirming the robustness of the findings (Table 6).

3.2.4. Causal effect estimation of NPC1L1 inhibitors on 
inflammatory cytokines.  The NPC1L1 inhibitors showed no 
statistically significant causal effects on inflammatory cytokines 
(IL-1β, IL-6, IL-10, IP10, IL-17, MCP-1, MIP-1α, MIP-1β, TNF-
α, VEGF, IFN-γ, CRP; Table 7). Various other MR methods 
based on different model assumptions yielded causal estimates 
consistent in direction and magnitude with the IVW method, 
further confirming the robustness and reliability of the results.

3.2.5. Causal estimates of PCSK9 inhibitors on inflammatory 
cytokines.  A statistically significant causal relationship was 
identified between PCSK9 inhibitors and the inflammatory 
cytokines IL-1β and IL-6. IVW analysis revealed that PCSK9 
inhibitors were associated with a reduction in IL-1β levels 
(estimate: −0.255, P = .017) and IL-6 levels (estimate: −0.271, 
P = .003). These results were consistent across other MR 
methods, reinforcing the robustness and reliability of the 
findings (Table 8).

3.2.6. Sensitivity analysis.  For causal relationships with 
statistical significance, sensitivity analysis was conducted 
using the leave-one-out method. The results showed no 
SNPs that significantly altered the causal effect estimates 
(Fig. 3A–G), further confirming the robustness of the MR 
findings. The P-values for Cochran Q statistic were all >0.05, 
indicating no significant heterogeneity among the included 
IVs. Similarly, the P-values for the MR-Egger intercept were 
>.05, suggesting that horizontal pleiotropy did not bias the 
causal estimates (Table 9).

3.2.7. Validation analysis.  To ensure robustness of the 
findings, LDL-C data from the UK Biobank was utilized for 
IV validation of lipid-lowering agents. A total of 46 IVs were 
identified for HMGCR inhibitors and 46 for PCSK9 inhibitors, 
with F-statistics for each variable exceeding 10. The overall 
F-statistics for HMGCR inhibitors and PCSK9 inhibitors were 
112.82 and 132.21, respectively, indicating no evidence of weak 
instrument bias (Table S10, Supplemental Digital Content, 
http://links.lww.com/MD/O473).

In exploratory analyses, the causal associations between 
HMGCR inhibitors and inflammatory cytokines MCP-1, 
MIP-1β, TNF-α, and IFN-γ remained statistically significant. 
Specifically, the causal effect estimates were −0.382 for MCP-1 
(P = .00234), −0.302 for MIP-1β (P = .017), −0.666 for TNF-α 
(P = 6.13E−05), and −0.351 for IFN-γ (P = .00448). However, 
in validation analyses, the association between HMGCR inhib-
itors and IP10 was no longer significant (P = .181; Table S11, 
Supplemental Digital Content, http://links.lww.com/MD/O473).

http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
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The causal relationships between PCSK9 inhibitors and 
the inflammatory cytokines IL-1β and IL-6 were also statis-
tically significant. In exploratory analyses, the causal effect 
estimate of PCSK9 inhibitors on IL-1β was −0.303 (P = .004), 
and on IL-6 was −0.231 (P = .008). Other MR methods con-
firmed the reliability and consistency of the results (Table 
S12, Supplemental Digital Content, http://links.lww.com/MD/
O473).

3.2.8. Supplemental analysis.  The IVs for HMGCR and 
PCSK9 inhibitors were selected from GTEx V8 data. A total of 
12 SNPs were selected for HMGCR inhibitors and 30 SNPs for 
PCSK9 inhibitors, with F-statistics all >10, indicating no bias 
in the IVs. Reduced HMGCR gene expression was significantly 
associated with reductions in MIP-1β, TNF-α, and IFN-γ, with 
effect estimates of −0.127 (P = .011), −0.190 (P = .014), and 
−0.190 (P = .014), respectively (Table S13, Supplemental Digital 

Figure 2.  Leave-one-out forest plot for the causal effect of ACEIs on CRP. (A) Leave-one-out analysis of ACEIs on IL-1β; (B) Leave-one-out analysis of ACEIs 
on IL-10; (C) Leave-one-out analysis of ACEIs on TNF-α; (D) Leave-one-out analysis of ACEIs on CR. Note: The leave-one-out analysis was conducted for 
the ACEIs to assess their causal effect on various inflammatory cytokines. The forest plots show the impact of removing each SNP from the analysis and its 
influence on the causal effect estimates. Each point represents the causal effect when excluding a specific SNP, while the red dot represents the combined 
estimate for all SNPs included. The x-axis indicates the effect size, with a 95% confidence interval, for each cytokine: IL-1β, IL-10, TNF-α, and CRP. ACEIs = 
angiotensin-converting enzyme inhibitors, CRP = C-reactive protein, SNP = single nucleotide polymorphism.

http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
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Content, http://links.lww.com/MD/O473). Reduced PCSK9 
gene expression was significantly associated with reduced IL-1β 
levels, with an effect estimate of −0.174 (P = .026; Table S14, 
Supplemental Digital Content, http://links.lww.com/MD/O473).

4. Discussion
The inflammatory response is a crucial mechanism in the body’s 
immune defense. When tissues are damaged by bacterial or 
viral infections, or physical or chemical stimuli, the body ini-
tiates an inflammatory response to repair the damage and pro-
tect itself. Thus, inflammation serves as a defense mechanism 
against external stimuli. A normal inflammatory response aids 
in tissue repair and reflects the proper function of the immune 
system, which is beneficial to human health. However, when the 
immune system is excessively activated, it leads to the release 
of large amounts of inflammatory cytokines, which, in severe 
cases, can progress to multiple organ dysfunction syndrome. For 
elderly individuals with underlying chronic diseases, excessive 
inflammation is particularly dangerous and is often the main 
cause of worsening conditions and even death.

Hypertension and dyslipidemia, both common chronic condi-
tions in the elderly, are closely associated with chronic inflamma-
tion. Additionally, the use of antihypertensive and lipid-lowering 
drugs may influence the inflammatory response. Therefore, for 
patients with hypertension and dyslipidemia, the rational selec-
tion of these medications not only helps manage the underlying 
disease but also effectively mitigates the inflammatory response, 
preventing and controlling excessive inflammation. Targeting 
key cytokines involved in the inflammatory process and reduc-
ing or inhibiting their overexpression can help prevent multi- 
organ damage caused by inflammation. Hence, evaluating the  
relationship between commonly used antihypertensive and  
lipid-lowering drugs and inflammatory cytokines is of great 
importance for high-risk individuals with chronic diseases.

This study utilized large-scale multi-omics association data and 
applied the drug-targeted MR method to systematically explore 
the causal relationship between antihypertensive and lipid- 
lowering drugs and key inflammatory cytokines. The results 
showed that ACE inhibitors (ACEIs) were causally linked to 
reduced levels of IL-1β, TNF-α, and CRP, with ACE gene expres-
sion levels in multiple tissues also showing a causal link to 
reduced TNF-α and CRP levels. Additionally, HMGCR inhibitors 
were causally associated with lower levels of MCP-1, MIP-1β, 
TNF-α, and IFN-γ, while decreased HMGCR gene expression in 
skeletal muscle was also linked to reductions in MIP-1β, TNF-α, 
and IFN-γ levels. PCSK9 inhibitors were causally linked to lower 
levels of IL-1β and IL-6, with decreased PCSK9 gene expression 
in whole blood being associated with reduced IL-1β levels. The 
consistency of results across different MR models in terms of 
direction and effect size supports the robustness of the findings. 
Tests for heterogeneity and pleiotropy indicated no significant 
heterogeneity or horizontal pleiotropy in the IVs.

Although existing preclinical and clinical studies have sug-
gested associations between antihypertensive and lipid-lowering 
drugs and inflammatory cytokines, this study further clarifies 
the causal relationships between ACEIs, HMGCR inhibitors, 
and PCSK9 inhibitors and multiple inflammatory cytokines 
through MR analysis. These findings not only confirm the anti- 
inflammatory effects of these drugs but also provide scientific 
evidence for their rational selection, offering new avenues for 
future drug development and repurposing.

4.1. Causal relationship between antihypertensive drugs 
and inflammatory cytokines

The results of this study suggest that ACEIs may exert pro-
tective effects on the inflammatory response by reducing the 
levels of pro-inflammatory cytokines such as IL-1β, TNF-α, 
and CRP. Furthermore, the reduction in ACE gene expression 

Table 5

Heterogeneity and gene pleiotropy of antihypertensive drugs.

Expose Denouement

MR-Egger Heterogeneity test

Intercepts (95%CI) P Q df P

ARBs IFN-γ 0.136 (−0.138, 0.410) .330 2.255 4 .689
CRP 0.000 (−0.070, 0.071) .994 1.049 2 .592
IL-1β −0.064 (−0.309, 0.180) .606 2.894 4 .576
IL-6 0.101 (−0.105, 0.307) .338 3.736 4 .443
IL-10 0.076 (−0.188, 0.340) .574 4.971 4 .290
IL-17 0.066 (−0.147, 0.279) .544 3.361 4 .499
IP10 −0.267 (−0.573, 0.038) .086 4.323 4 .364
MCP-1 0.036 (−0.169, 0.242) .728 0.183 4 .996
MIP-1α 0.089 (−0.222, 0.399) .575 2.519 4 .641
MIP-1β 0.070 (−0.175, 0.316) .574 2.056 3 .561
IL-1β −0.064 (−0.309, 0.180) .606 2.894 4 .576
TNF-α 0.077 (−0.233, 0.387) .627 3.192 4 .526
VEGF 0.213 (−0.009, 0.436) .061 5.813 4 .214

ACEIs IFN-γ 0.099 (−0.201, 0.399) .519 6.664 4 .155
CRP −0.021 (−0.171, 0.128) .780 3.487 3 .322
IL-1β −0.041 (−0.383, 0.301) .814 3.627 4 .459
IL-6 0.062 (−0.203, 0.328) .645 0.535 4 .970
IL-10 −0.168 (−0.441, 0.105) .227 2.179 4 .703
IL-17 −0.159 (−0.431, 0.114) .254 2.052 4 .726
IP10 −0.088 (−0.481, 0.305) .660 1.248 4 .870
MCP-1 −0.123 (−0.387, 0.141) .361 2.992 4 .559
MIP-1α −0.263 (−0.664, 0.138) .199 2.116 4 .714
MIP-1β 0.049 (−0.215, 0.313) .714 1.015 4 .908
TNF-α −0.029 (−0.434, 0.376) .890 0.766 4 .943
VEGF −0.198 (−0.482, 0.087) .173 2.620 4 .623

ARBs = angiotensin II receptor blockers, CRP = C-reactive protein, IFN-γ = interferon-gamma, IL-1 = interleukin-1, IL-10 = interleukin-10, IL-17 = interleukin-17, IL-6 = interleukin-6, IP10 = interferon 
gamma-induced protein 10 (CXCL10), MCP-1 = monocyte chemoattractant protein-l, MIP-1α = macrophage inflammatory protein-1α, MIP-1β = macrophage inflammatory protein-1β, TNF = tumor 
necrosis factor.

http://links.lww.com/MD/O473
http://links.lww.com/MD/O473
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Table 6

Estimation of causal effects of lipid-lowering HMGCR inhibitors on inflammatory cytokines.

Expose Denouement MR method β (95%CI) P

HMGCR inhibitors IL-1β IVW −0.121 (−0.380, 0.139) .362
Weighted median −0.208 (−0.528, 0.112) .202
MR-Lasso −0.121 (−0.380, 0.139) .362
MR-Robust −0.144 (−0.352, 0.065) .177
MR-RAPS −0.142 (−0.411, 0.126) .299
MR-PRESSO −0.121 (−0.362, 0.121) .360

HMGCR inhibitors IL-6 IVW 0.034 (−0.180, 0.249) .754
Weighted median 0.118 (−0.144, 0.380) .376
MR-Lasso 0.034 (−0.180, 0.249) .754
MR-Robust 0.036 (−0.121, 0.194) .651
MR-RAPS 0.034 (−0.188, 0.257) .762
MR-PRESSO 0.034 (−0.074, 0.143) .551

HMGCR inhibitors IL-10 IVW −0.081 (−0.301, 0.140) .474
Weighted median −0.089 (−0.357, 0.179) .515
MR-Lasso −0.081 (−0.301, 0.140) .474
MR-Robust −0.080 (−0.205, 0.045) .208
MR-RAPS −0.081 (−0.309, 0.148) .489
MR-PRESSO −0.081 (−0.215, 0.054) .274

HMGCR inhibitors IL-17 IVW −0.193 (−0.413, 0.027) .085
Weighted median −0.213 (−0.480, 0.055) .119
MR-Lasso −0.193 (−0.413, 0.027) .085
MR-Robust −0.194 (−0.336, −0.052) .007
MR-RAPS −0.194 (−0.422, 0.035) .097
MR-PRESSO −0.193 (−0.327, −0.060) .022

HMGCR inhibitors IP10 IVW 0.335 (0.014, 0.656) .041
Weighted median 0.262 (−0.142, 0.665) .204
MR-Lasso 0.335 (0.014, 0.656) .041
MR-Robust 0.336 (0.114, 0.557) .003
MR-RAPS 0.350 (0.019, 0.681) .038
MR-PRESSO 0.335 (0.014, 0.656) .075

HMGCR inhibitors MCP-1 IVW −0.298 (−0.512, −0.084) 6.26E−03
Weighted median −0.247 (−0.510, 0.016) .066
MR-Lasso −0.298 (−0.512, −0.084) 6.26E−03
MR-Robust −0.302 (−0.419, −0.184) 4.85E−07
MR-RAPS −0.304 (−0.526, −0.082) 7.27E−03
MR-PRESSO −0.298 (−0.475, −0.121) .011

HMGCR inhibitors MIP-1α IVW 0.309 (−0.097, 0.715) .136
Weighted median 0.267 (−0.158, 0.691) .218
MR-Lasso 0.309 (−0.097, 0.715) .136
MR-Robust 0.291 (−0.043, 0.625) .087
MR-RAPS 0.281 (−0.133, 0.695) .183
MR-PRESSO 0.309 (−0.097, 0.715) .174

HMGCR inhibitors MIP-1β IVW −0.302 (−0.577, −0.026) .032
Weighted median −0.226 (−0.494, 0.043) .100
MR-Lasso −0.302 (−0.577, −0.026) .032
MR-Robust −0.281 (−0.443, −0.119) .001
MR-RAPS −0.295 (−0.573, −0.017) .037
MR-PRESSO −0.302 (−0.577, −0.026) .064

HMGCR inhibitors TNF-α IVW −0.563 (−0.893, −0.233) 8.35E−04
Weighted median −0.570 (−0.979, −0.162) 6.24E−03
MR-Lasso −0.563 (−0.893, −0.233) 8.35E−04
MR-Robust −0.568 (−0.786, −0.351) 2.89E−07
MR-RAPS −0.565 (−0.908, −0.221) 1.28E−03
MR-PRESSO −0.563 (−0.791, −0.334) 1.21E−03

HMGCR inhibitors VEGF IVW 0.070 (−0.232, 0.371) .649
Weighted median 0.048 (−0.243, 0.340) .745
MR-Lasso 0.061 (−0.191, 0.313) .633
MR-Robust 0.071 (−0.108, 0.250) .436
MR-RAPS 0.064 (−0.248, 0.375) .689
MR-PRESSO 0.070 (−0.232, 0.371) .662

HMGCR inhibitors IFN-γ IVW −0.234 (−0.455, −0.012) .039
Weighted median −0.212 (−0.478, 0.054) .118
MR-Lasso −0.234 (−0.455, −0.012) .039
MR-Robust −0.233 (−0.361, −0.104) 3.83E−04
MR-RAPS −0.234 (−0.464, −0.003) .047
MR-PRESSO −0.234 (−0.328, −0.139) 1.28E−03

HMGCR inhibitors CRP IVW −0.003 (−0.053, 0.048) .913
Weighted median −0.012 (−0.077, 0.054) .724
MR-Lasso −0.003 (−0.053, 0.048) .913
MR-Robust −0.003 (−0.044, 0.037) .875
MR-RAPS −0.003 (−0.055, 0.049) .916
MR-PRESSO −0.003 (−0.053, 0.048) .913

HMGCR inhibitor = 3-hydroxy-3-methylglutaryl CoA reductase inhibitors, IL-10 = interleukin-10, IL-17 = interleukin-17, IL-1P = interleukin-1p, IL-6 = interleukin-6, IP10 = interferon gamma-induced protein 10 
(CXCL10), IVW = inverse-variance weighting method, MR-Robust = MR-IVW method based on robust regression, MR-RAPS = Contour score method for MR Robust adjustment, MR-Lasso = MR method based on 
Lasso algorithm, MR-PRESSO = MR-multi-effect residual and heterogeneity detection, WME = weighted median method.
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levels across multiple tissues was also causally linked to 
decreased TNF-α and CRP levels, indicating that ACEIs may 
modulate the inflammatory response not only by lowering pro- 
inflammatory cytokines but also by regulating gene expression 
in various tissues.

IL-1β is a pro-inflammatory cytokine secreted by adipocytes, 
macrophages, and endothelial cells, playing a critical role in the 
pathogenesis of several diseases. It is involved in initiating the 
inflammatory response and is crucial in the development of con-
ditions such as gout, diabetes, and heart failure. Reducing IL-1β 

Table 7

Estimation of causal effects of lipid-lowering NPC1L1 inhibitors on inflammatory cytokines.

Expose Denouement MR method β (95%CI) P

NPCIL1 inhibitors IL-1β IVW 0.435 (−0.383, 1.253) .297
Weighted median 0.552 (−0.334, 1.438) .222
MR-Lasso 0.435 (−0.383, 1.253) .297
MR-Robust 0.443 (−0.121, 1.008) .123
MR-RAPS 0.436 (−0.424, 1.296) .320

NPCIL1 inhibitors IL-6 IVW 0.129 (−0.417, 0.674) .644
Weighted median 0.156 (−0.439, 0.752) .607
MR-Lasso 0.129 (−0.417, 0.674) .644
MR-Robust 0.129 (−0.103, 0.361) .276
MR-RAPS 0.129 (−0.443, 0.702) .658

NPCIL1 inhibitors IL-10 IVW −0.233 (−0.780, 0.313) .402
Weighted median −0.238 (−0.823, 0.346) .424
MR-Lasso −0.233 (−0.780, 0.313) .402
MR-Robust −0.233 (−0.551, 0.084) .150
MR-RAPS −0.234 (−0.809, 0.342) .426

NPCIL1 inhibitors IL-17 IVW 0.026 (−0.537, 0.589) .927
Weighted median 0.038 (−0.566, 0.641) .902
MR-Lasso 0.026 (−0.537, 0.589) .927
MR-Robust 0.026 (−0.321, 0.378) .875
MR-RAPS 0.026 (−0.564, 0.617) .930

NPCIL1 inhibitors IP10 IVW −0.170 (−0.823, 0.483) .611
Weighted median −0.205 (−0.930, 0.519) .578
MR-Lasso −0.170 (−0.881, 0.542) .641
MR-Robust −0.174 (−0.808, 0.460) .591
MR-RAPS −0.171 (−0.854, 0.511) .622

NPCIL1 inhibitors MCP-1 IVW −0.138 (−1.623, 1.347) .856
Weighted median −0.150 (−1.739, 1.439) .853
MR-Lasso −0.138 (−1.623, 1.347) .856
MR-Robust −0.138 (−0.971, 0.694) .745
MR-RAPS −0.138 (−1.699, 1.423) .862

NPCIL1 inhibitors MIP-1α IVW 0.142 (−0.693, 0.977) .739
Weighted median −0.068 (−0.976, 0.841) .884
MR-Lasso 0.142 (−0.791, 1.076) .765
MR-Robust 0.121 (−0.540, 0.782) .720
MR-RAPS 0.124 (−0.749, 0.996) .781

NPCIL1 inhibitors MIP-1β IVW −0.233 (−0.776, 0.310) .400
Weighted median −0.227 (−0.812, 0.359) .447
MR-Lasso −0.233 (−0.776, 0.310) .400
MR-Robust −0.233 (−0.549, 0.082) .147
MR-RAPS −0.234 (−0.805, 0.338) .423

NPCIL1 inhibitors TNF-α IVW −0.454 (−1.298, 0.390) .292
Weighted median −0.428 (−1.341, 0.485) .358
MR-Lasso −0.454 (−1.298, 0.390) .292
MR-Robust −0.455 (−1.926, 1.015) .544
MR-RAPS −0.455 (−1.344, 0.434) .316

NPCIL1 inhibitors VEGF IVW −0.257 (−0.845, 0.332) .393
Weighted median −0.302 (−0.933, 0.328) .348
MR-Lasso −0.257 (−0.845, 0.332) .393
MR-Robust −0.256 (−0.684, 0.172) .241
MR-RAPS −0.258 (−0.877, 0.361) .414

NPCIL1 inhibitors IFN-γ IVW −0.072 (−0.633, 0.490) .803
Weighted median −0.233 (−0.845, 0.398) .481
MR-Lasso −0.072 (−0.633, 0.490) .803
MR-Robust −0.083 (−0.569, 0.403) .738
MR-RAPS −0.072 (−0.661, 0.516) .810

NPCIL1 inhibitors CRP IVW −0.032 (−0.188, 0.123) .682
Weighted median −0.034 (−0.207, 0.138) .695
MR-Lasso −0.032 (−0.188, 0.123) .682
MR-Robust −0.032 (−0.114, 0.051) .449
MR-RAPS −0.033 (−0.196, 0.131) .697

IVW = inverse-variance weighting method, MR-Lasso = MR method based on Lasso algorithm, MR-PRESSO = MR multi-effect residual and heterogeneity detection, MR-RAPS = Contour score method 
of MR Robust adjustment, MR-Robust = MR-IVW method based on robust regression, NPC1L1 inhibitor = Niemann-Pick C1-like 1 inhibitor, IL-6 = interleukin-6, IL-17 = interleukin-17, IL-10 = 
interleukin-10, IL-1β = interleukin-1β, IP10 = interferon gamma-induced protein 10 (CXCL10), WME = weighted median method.
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Table 8

Causal estimates of PCSK9 inhibitors on inflammatory cytokines.

Expose Denouement MR method β (95%CI) P

PCSK9 inhibitors IL-1β IVW −0.225 (−0.465, −0.045) .017
Weighted median −0.314 (−0.589, −0.039) .025
MR-Lasso −0.225 (−0.465, −0.045) .017
MR-Robust −0.263 (−0.438, −0.088) .003
MR-RAPS −0.256 (−0.475, −0.038) .022
MR-PRESSO −0.225 (−0.405, −0.105) .004

PCSK9 inhibitors IL-6 IVW −0.271 (−0.447, −0.094) .003
Weighted median −0.220 (−0.464, 0.023)  .076
MR-Lasso −0.271 (−0.447, −0.094) .003
MR-Robust −0.264 (−0.438, −0.090) .003
MR-RAPS −0.271 (−0.456, −0.086) .004
MR-PRESSO −0.271 (−0.429, −0.113) .004

PCSK9 inhibitors IL-10 IVW −0.089 (−0.246, 0.068) .269
Weighted median −0.008 (−0.163, 0.148) .923
MR-Lasso −0.089 (−0.246, 0.068) .269
MR-Robust −0.037 (−0.179, 0.105) .612
MR-RAPS −0.051 (−0.180, 0.077) .423
MR-PRESSO −0.089 (−0.246, 0.068) .284

PCSK9 inhibitors IL-17 IVW −0.114 (−0.241, 0.013) .079
Weighted median −0.027 (−0.184, 0.130) .738
MR-Lasso −0.114 (−0.241, 0.013) .079
MR-Robust −0.118 (−0.340, 0.105) .299
MR-RAPS −0.114 (−0.244, 0.017) .087
MR-PRESSO −0.114 (−0.241, 0.013) .097

PCSK9 inhibitors IP10 IVW 0.028 (−0.151, 0.207) .759
Weighted median 0.032 (−0.197, 0.260) .786
MR-Lasso 0.028 (−0.151, 0.207) .759
MR-Robust 0.028 (−0.074, 0.130) .594
MR-RAPS 0.029 (−0.156, 0.213) .762
MR-PRESSO 0.028 (−0.130, 0.187) .733

PCSK9 inhibitors MCP-1 IVW −0.052 (−0.171, 0.066) .386
Weighted median −0.029 (−0.179, 0.120) .700
MR-Lasso −0.052 (−0.171, 0.066) .386
MR-Robust −0.052 (−0.133, 0.028) .204
MR-RAPS −0.053 (−0.176, 0.069) .392
MR-PRESSO −0.052 (−0.161, 0.056) .358

PCSK9 inhibitors MIP-1α IVW 0.205 (−0.064, 0.475) .135
Weighted median 0.156 (−0.195, 0.506) .385
MR-Lasso 0.205 (−0.064, 0.475) .135
MR-Robust 0.189 (−0.042, 0.419) .108
MR-RAPS 0.201 (−0.080, 0.481) .160
MR-PRESSO 0.205 (−0.007, 0.404) .060

PCSK9 inhibitors MIP-1β IVW 0.072 (−0.079, 0.223) .349
Weighted median 0.072 (−0.076, 0.220) .340
MR-Lasso 0.072 (−0.079, 0.223) .349
MR-Robust 0.075 (−0.024, 0.174) .136
MR-RAPS 0.057 (−0.092, 0.205) .456
MR-PRESSO 0.072 (−0.079, 0.223) .363

PCSK9 inhibitors TNF-α IVW 0.002 (−0.184, 0.187) .987
Weighted median 0.074 (−0.160, 0.308) .536
MR-Lasso 0.002 (−0.184, 0.187) .987
MR-Robust 0.000 (−0.151, 0.152) .996
MR-RAPS 0.002 (−0.190, 0.193) .987
MR-PRESSO 0.002 (−0.127, 0.130) .981

PCSK9 inhibitors VEGF IVW −0.111 (−0.245, 0.023) .104
Weighted median −0.027 (−0.190, 0.136) .747
MR-Lasso −0.111 (−0.245, 0.023) .104
MR-Robust −0.102 (−0.277, 0.072) .252
MR-RAPS −0.095 (−0.233, 0.043) .177
MR-PRESSO −0.111 (−0.245, 0.023) .122

PCSK9 inhibitors IFN-γ IVW −0.114 (−0.237, 0.008) .068
Weighted median −0009 (−0.170, 0.152) .912
MR-Lasso −0.114 (−0.237, 0.008) .068
MR-Robust −0.308 (−0.478, −0.137) .000
MR-RAPS −0.155 (−0.283, −0.026) .018
MR-PRESSO −0.114 (−0.232, 0.003) .074

PCSK9 inhibitors CRP IVW 0.004 (−0.043, 0.051) .867
Weighted median 0.001 (−0.063, 0.064) .985
MR-Lasso 0.004 (−0.043, 0.051) .867
MR-Robust 0.002 (−0.054, 0.059) .937
MR-RAPS 0.005 (−0.044, 0.055) .833
MR-PRESSO 0.004 (−0.034, 0.043) .840

IL-10 = interleukin-10, IL-17 = interleukin-17, IL-1β = interleukin-1β, IL-6 = interleukin-6, IVW = inverse-variance weighting method, MR-Robust = MR-IVW method based on robust regression, 
MR-Lasso = MR method based on Lasso algorithm, MR-PRESSO = MR multi-effect residual and heterogeneity detection, MR-RAPS = Contour score method of MR Robust adjustment, PCSK9 inhibitor = 
proprotein convertase subtilisin/Kexin type 9 inhibitor, IP10 = interferon gamma-induced protein 10 (CXCL10), WME = weighted median method.
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Figure 3.  Leave-one-out analyses of the causal effects of HMGCR and PCSK9 on inflammatory cytokines (A) leave-one-out analysis of HMGCR on IP-10; (B) 
leave-one-out analysis of HMGCR on MCP-1; (C) leave-one-out analysis of HMGCR on MIP-1β; (D) leave-one-out analysis of HMGCR on IFN-γ; (E) leave-one-
out analysis of HMGCR on TNF-α; (F) leave-one-out analysis of PCSK9 on IL-1β; (G) leave-one-out analysis of PCSK9 on IL-6. Note: Forest plots from leave-
one-out analysis illustrating the causal effects of HMGCR and PCSK9 on various inflammatory cytokines. Each panel shows the results for individual SNPs, and 
the overall estimate (in red) is derived from an inverse-variance weighting method (IVW) method. The analysis demonstrates the robustness of the Mendelian 
randomization results by ensuring no single SNP is driving the observed causal effect. AII represents the aggregate result for the included SNPs. HMGCR = 
HMG-CoA reductase, IFN-γ = interferon gamma, IL-1β = interleukin-1β, IL-6 = interleukin-6, MCP-1 = monocyte chemoattractant protein-1, MIP-1α/MIP-1β = 
macrophage inflammatory protein-1α/macrophage inflammatory protein-1β, PCSK9 = proprotein convertase subtilisin/Kexin type 9, TNF-α = tumor necrosis 
factor-alpha.
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levels can help alleviate the adverse effects of these diseases. Our 
study demonstrated that ACEIs significantly reduce IL-1β lev-
els, consistent with previous research findings.[27] However, in 
a randomized, double-blind, placebo-controlled trial, ramipril 
was found to increase IL-1β levels over a short period, possibly 
due to a small sample size and a short observation period.[28]

TNF-α, mainly produced by macrophages, is a key pro- 
inflammatory cytokine involved in immune responses, inflam-
mation, and tissue damage repair. Elevated local TNF-α levels 
can lead to symptoms such as fever, swelling, pain, and loss of 
function, while excessive systemic TNF-α may result in septic 
shock.[29] Our study found that ACEIs significantly reduced 
TNF-α levels, which is consistent with findings from several 
RCTs.[10] However, some smaller RCTs did not observe sig-
nificant changes in TNF-α levels, potentially due to shorter  
follow-up periods.[30]

CRP is an acute-phase marker of inflammation. Previous 
studies have shown that CRP can exacerbate inflammatory 
responses by inhibiting endothelial nitric oxide synthase.[31] 
Our study supports the notion that ACEIs can reduce CRP 
levels, aligning with the findings of several RCT meta- 
analyses.[10] However, some RCTs found that ACEIs did not sig-
nificantly reduce CRP levels in healthy volunteers, possibly due 
to population-specific factors.[32]

In summary, ACEIs may play a crucial role in the long-term 
regulation of the inflammatory response by lowering pro- 
inflammatory cytokines such as IL-1β, TNF-α, and CRP. 
Although some smaller RCTs have shown inconsistent results, 
our large-scale MR analysis provides stronger evidence of the 
long-term anti-inflammatory effects of ACEIs.

4.2. Causal relationship between lipid-lowering drugs and 
inflammatory cytokines

The results of this study support that HMGCR inhibitors may 
exert significant anti-inflammatory effects by reducing pro- 
inflammatory cytokines such as MCP-1, MIP-1β, TNF-α, and 
IFN-γ. Similarly, PCSK9 inhibitors were shown to reduce IL-1β 
and IL-6 levels, thereby exerting protective effects against inflam-
mation. Additionally, the reduction in HMGCR gene expression 
in skeletal muscle was causally linked to lower levels of MIP-1β, 
TNF-α, and IFN-γ, further validating the anti-inflammatory 
effects of HMGCR inhibitors across different tissues.

MCP-1 and MIP-1β are key chemokines that recruit mono-
cytes and macrophages to inflammation sites, playing a vital 
role in various pathological conditions. Previous studies have 
shown that HMGCR inhibitors can significantly reduce MCP-1 

Table 9

Heterogeneity and gene pleiotropy of lipid-lowering drugs.

Expose Denouement

MR-Egger Heterogeneity test

Intercepts (95%CI) P Q df P

HMGCR inhibitors IL-1β −0.016 (−0.094, 0.062) .679 0.067 7 .532
IL-6 −0.038 (−0.104, 0.027) .252 2.030 8 .980
IL-10 −0.016 (−0.083, 0.051) .640 2.980 8 .936
IL-17 −0.024 (−0.092, 0.043) .481 2.946 8 .938
IP10 0.017 (−0.087, 0.120) .750 8.062 8 .427
MCP-1 −0.008 (−0.073, 0.057) .805 5.496 8 .703
MIP-1α −0.013 (−0.145, 0.118) .841 12.354 8 .136
MIP-1β −0.047 (−0.130, 0.035) .262 13.283 8 .102
TNF-α −0.029 (−0.130, 0.071) .570 3.828 8 .872
VEGF −0.017 (−0.115, 0.081) .741 13.739 8 .089
IFN-γ −0.021 (−0.088, 0.047) .549 1.455 8 .993
CRP 0.000 (−0.014, 0.014) .996 6.576 10 .765

NPC1L1 inhibitors IL-1β 0.070 (−0.019, 0.160) .123 2.378 2 .305
IL-6 −0.017 (−0.092, 0.058) .658 0.233 2 .890
IL-10 −0.009 (−0.087, 0.068) .814 0.142 2 .931
IL-17 0.048 (−0.029, 0.125) .224 1.653 2 .438
IP10 −0.051 (−0.163, 0.061) .369 0.843 2 .656
MCP-1 0.015 (−0.060, 0.090) .696 1.101 2 .577
MIP-1α 0.037 (−0.129, 0.203) .660 2.499 2 .287
MIP-1β 0.023 (−0.052, 0.098) .551 0.425 2 .809
TNF-α 0.038 (−0.078, 0.154) .517 0.461 2 .794
VEGF −0.037 (−0.118, 0.044) .365 0.876 2 .645
IFN-γ −0.032 (−0.110, 0.045) .417 0.660 2 .719
CRP −0.005 (−0.024, 0.015) .640 0.603 2 .740

PCSK9 inhibitors IL-1β −0.006 (−0.025, 0.013) .542 0.542 17 .946
IL-6 −0.011 (−0.027, 0.005) .177 15.913 17 .530
IL-10 −0.014 (−0.035, 0.006) .169 28.152 17 .043
IL-17 −0.020 (−0.037, −0.004) .215 18.235 17 .374
IP10 −0.002 (−0.026, 0.022) .894 13.355 17 .712
MCP-1 −0.006 (−0.022, 0.010) .436 14.314 17 .645
MIP-1α −0.005 (−0.030, 0.019) .668 8.771 17 .947
MIP-1β 0.000 (−0.022, 0.022) .985 26.222 16 .051
TNF-α −0.007 (−0.032, 0.018) .584 8.139 17 .963
VEGF −0.02 (−0.037, −0.002) .325 18.555 17 .355
IFN-γ −0.018 (−0.034, −0.002) .332 15.578 17 .554
CRP −0.002 (−0.011, 0.006) .553 10.552 16 .836

CRP = C-reactive protein, HMGCR inhibitors = 3-hydroxy-3-methylglutaryl CoA reductase inhibitors, IFN-γ = interferon-gamma, IL-1 = interleukin-1, IL-10 = interleukin-10, IL-17 = interleukin-17, 
IL-6 = interleukin-6, IP10 = interferon gamma-induced protein 10 (CXCL10), MCP-1 = monocyte chemoattractant protein-1, MIP-1α = macrophage inflammatory protein-1α, MIP-1β = macrophage 
inflammatory protein-1β, NPC1L1 inhibitors = Niemann-Pick C1-like 1 inhibitors, PCSK9 = proprotein convertase subtilisin/Kexin type 9, TNF = tumor necrosis factor, VEGF = vascular endothelial growth 
factor.
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levels, a result widely validated in patients with cardiovascu-
lar diseases, diabetes, and nonalcoholic fatty liver disease. For 
example, an RCT involving patients with type 2 diabetes found 
that HMGCR inhibitors significantly reduced MCP-1 levels.[33] 
Another study demonstrated that HMGCR inhibitors suppress 
MCP-1 and MIP-1β secretion by regulating the downstream 
pathways of HMG-CoA reductase.[34]

Regarding TNF-α regulation, our study found that HMGCR 
inhibitors are closely associated with reduced TNF-α levels, con-
sistent with several previous RCTs. For instance, in a 12-month 
RCT follow-up study of patients with impaired cardiac function, 
TNF-α levels were significantly reduced after treatment with 
HMGCR inhibitors.[35] Additionally, the reduction in TNF-α 
levels was more pronounced in diabetic hypertensive patients 
compared to those without diabetes,[36] further supporting the 
anti-inflammatory effects of HMGCR inhibitors in various 
pathological conditions.

IFN-γ is a crucial immune modulator that can activate the 
immune system and potentially contribute to the development 
of autoimmune diseases. Our study demonstrated that HMGCR 
inhibitors significantly reduced IFN-γ levels, consistent with 
findings from previous in vivo and in vitro studies.[37] Moreover, 
a study involving patients with metabolic syndrome showed 
that HMGCR inhibitors significantly reduced MIP-1B levels, 
further supporting our findings.[38]

PCSK9 inhibitors also exhibited significant regulatory effects 
on pro-inflammatory cytokines IL-1β and IL-6 in this study. 
Previous research has shown that PCSK9 modulates IL-1β 
secretion via the NF-κB signaling pathway.[39] Additionally, an 
RCT found that PCSK9 inhibitors not only reduced lipid levels 
but also significantly decreased IL-1β levels in patients with type 
2 diabetes.[40] In a multi-center, double-blind, placebo-controlled 
trial, PCSK9 inhibitors were also shown to reduce IL-6 levels 
in healthy volunteers.[41] Animal studies further confirmed the 
anti-inflammatory effects of PCSK9 inhibitors, which down-
regulate both PCSK9 and IL-6 expression, thereby reducing the 
secretion of inflammatory cytokines.[42]

Notably, a multi-center, placebo-controlled RCT on the treat-
ment of acute respiratory distress syndrome with simvastatin 
found that patients with high inflammation receiving simvas-
tatin had a significantly lower 28-day mortality rate (32% vs 
45%, P = .008), further demonstrating the potential protective 
effects of HMGCR inhibitors in patients with high levels of 
inflammation.[43] This finding highlights the significant anti- 
inflammatory effects of simvastatin and provides valuable clini-
cal evidence for future research.

In conclusion, MCP-1, MIP-1β, TNF-α, and IFN-γ play criti-
cal roles in the inflammatory processes of various diseases. Our 
study indicates that HMGCR and PCSK9 inhibitors modulate 
these key cytokines through multiple pathways, exhibiting sig-
nificant anti-inflammatory effects. The consistency of our find-
ings with existing RCTs and MR analyses supports the potential 
protective role of these drugs in a range of inflammatory 
responses. However, further large-scale, multi-center, long-term 
RCTs are needed to validate the mechanisms by which HMGCR 
and PCSK9 inhibitors regulate inflammatory cytokines.

4.3. The application of drug-targeted MR

Drug-targeted MR is an innovative approach that leverages 
genetic variations to simulate the long-term effects of drug 
interventions, providing a robust tool for elucidating causal 
relationships between pharmacological agents and diseases. In 
this study, we rigorously adhered to the established protocols 
of drug-targeted MR analysis, utilizing large-scale genome-
wide association studies and expression quantitative trait loci 
(eQTL) data to systematically evaluate the causal effects of anti-
hypertensive and lipid-lowering drugs on inflammatory cyto-
kines. This method not only offers significant insights for the 
development of novel therapeutics but also opens new avenues 

for the repurposing of existing drugs. Nevertheless, the drug- 
targeted MR approach is not without limitations. First, the effect 
sizes of genetic variants are often modest, and their cumulative 
long-term effects may not fully mirror the short-term impact of 
pharmacological interventions.[44] Second, most genetic data are 
derived from European populations, which may limit the gener-
alizability of the findings to other ethnic groups.[45] Despite these 
challenges, drug-targeted MR remains a valuable tool in drug 
discovery and therapeutic research, with its potential expected 
to grow as genetic data resources expand and methodological 
advancements continue to be made.

5. Conclusion
This study utilized the drug-targeted MR method to elucidate 
the causal relationships between antihypertensive and lipid- 
lowering drugs and inflammatory cytokines. The results demon-
strated a causal association between ACE inhibitors (ACEIs) and 
reductions in IL-1β, TNF-α, and CRP levels. HMGCR inhibitors 
were causally associated with decreases in inflammatory cyto-
kines MCP-1, MIP-1β, TNF-α, and IFN-γ levels. Additionally, 
PCSK9 inhibitors were found to have a causal relationship with 
reduced levels of IL-1β and IL-6. Exploratory and validation 
analyses yielded consistent results, underscoring the robustness 
of the findings. These results suggest that different antihyperten-
sive and lipid-lowering drugs exert distinct effects on inflamma-
tory cytokines, potentially providing effective interventions to 
mitigate adverse inflammatory responses.

Acknowledgments
We thank the Shanghai University of Traditional Chinese 
Medicine for their support in providing resources for this 
research. Special thanks to the Guanghua Hospital of Integrated 
Traditional Chinese and Western Medicine for their assistance 
throughout this project.

Author contributions
Conceptualization: Jiechen Xin.
Data curation: Zhibin Xu.
Formal analysis: Jiechen Xin, Feng Zhang.
Funding acquisition: Longshu Zhao.
Investigation: Zhibin Xu.
Project administration: Yue Sun, Xiaoyan Wang, Longshu Zhao.
Resources: Chaojun Wu.
Supervision: Yue Sun, Xiaoyan Wang, Longshu Zhao.
Visualization: Zhibin Xu.
Writing – review & editing: Zhibin Xu, Feng Zhang, Chaojun 

Wu, Longshu Zhao.
Writing – original draft: Jiechen Xin.

References
	 [1]	 Monteleone G, Moscardelli A, Colella A, Marafini I, Salvatori S. 

Immune-mediated inflammatory diseases: common and different 
pathogenic and clinical features. Autoimmun Rev. 2023;22:103410.

	 [2]	 Fajgenbaum DC, June CH. Cytokine storm. N Engl J Med. 
2020;383:2255–73.

	 [3]	 Karki R, Kanneganti TD. The “cytokine storm”: molecular mechanisms 
and therapeutic prospects. Trends Immunol. 2021;42:681–705.

	 [4]	 Li Y, Zhang H, Chen C, et al. Biomimetic immunosuppressive exosomes 
that inhibit cytokine storms contribute to the alleviation of sepsis. Adv 
Mater. 2022;34:e2108476.

	 [5]	 Mangalmurti N, Hunter CA. Cytokine storms: understanding COVID-
19. Immunity. 2020;53:19–25.

	 [6]	 Souliotis K, Giannouchos TV, Golna C, Liberopoulos E. Assessing 
forgetfulness and polypharmacy and their impact on health- 
related quality of life among patients with hypertension and dyslip-
idemia in Greece during the COVID-19 pandemic. Qual Life Res. 
2022;31:193–204.



16

Xin et al.  •  Medicine (2025) 104:10� Medicine

	 [7]	 Li XC, Zhang J, Zhuo JL. The vasoprotective axes of the renin- 
angiotensin system: physiological relevance and therapeutic implica-
tions in cardiovascular, hypertensive and kidney diseases. Pharmacol 
Res. 2017;125(Pt A):21–38.

	 [8]	 Trump S, Lukassen S, Anker MS, et al. Hypertension delays viral 
clearance and exacerbates airway hyperinflammation in patients with 
COVID-19. Nat Biotechnol. 2021;39:705–16.

	 [9]	 Ruscica M, Ferri N, Macchi C, Corsini A, Sirtori CR. Lipid lowering 
drugs and inflammatory changes: an impact on cardiovascular out-
comes? Ann Med. 2018;50:461–84.

	[10]	 Awad K, Zaki MM, Mohammed M, Lewek J, Lavie CJ, Banach M; 
Lipid and Blood Pressure Meta-analysis Collaboration Group. Effect 
of the renin-angiotensin system inhibitors on inflammatory markers: 
a systematic review and meta-analysis of randomized controlled trials. 
Mayo Clin Proc. 2022;97:1808–23.

	[11]	 Bryniarski P, Nazimek K, Marcinkiewicz J. Immunomodulatory activ-
ity of the most commonly used antihypertensive drugs-angiotensin con-
verting enzyme inhibitors and angiotensin II receptor blockers. Int J 
Mol Sci. 2022;23:1772.

	[12]	 Liu C, Chu D, Kalantar-Zadeh K, George J, Young HA, Liu G. 
Cytokines: from clinical significance to quantification. Adv Sci (Weinh). 
2021;8:e2004433.

	[13]	 Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymowitz SG. Regulation 
and functions of the IL-10 family of cytokines in inflammation and 
disease. Annu Rev Immunol. 2011;29:71–109.

	[14]	 Levstek T, Podkrajšek N, Rehberger Likozar A, Šebeštjen M, Trebušak 
Podkrajšek K. The influence of treatment with PCSK9 inhibitors 
and variants in the CRP (rs1800947), TNFA (rs1800629), and IL6 
(rs1800795) genes on the corresponding inflammatory markers in 
patients with very high lipoprotein(a) levels. J Cardiovasc Develop Dis. 
2022;9:127.

	[15]	 Sahebkar A, Di Giosia P, Stamerra CA, et al. Effect of monoclonal 
antibodies to PCSK9 on high-sensitivity C-reactive protein levels: a 
meta-analysis of 16 randomized controlled treatment arms. Br J Clin 
Pharmacol. 2016;81:1175–90.

	[16]	 Xie S, Galimberti F, Olmastroni E, et al; META-LIPID Group . Effect 
of lipid-lowering therapies on C-reactive protein levels: a comprehen-
sive meta-analysis of randomized controlled trials. Cardiovasc Res. 
2024;120:333–44.

	[17]	 Schmidt AF, Finan C, Gordillo-Marañón M, et al. Genetic drug tar-
get validation using Mendelian randomisation. Nat Commun. 
2020;11:3255.

	[18]	 Folkersen L, Gustafsson S, Wang Q, et al. Genomic and drug target 
evaluation of 90 cardiovascular proteins in 30,931 individuals. Nat 
Metab. 2020;2:1135–48.

	[19]	 Zhao JV, Liu F, Schooling CM, Li J, Gu D, Lu X. Using genetics to 
assess the association of commonly used antihypertensive drugs with 
diabetes, glycaemic traits and lipids: a trans-ancestry Mendelian rando-
misation study. Diabetologia. 2022;65:695–704.

	[20]	 Gaziano L, Giambartolomei C, Pereira AC, et al; VA Million Veteran 
Program COVID-19 Science Initiative. Actionable druggable genome-
wide Mendelian randomization identifies repurposing opportunities for 
COVID-19. Nat Med. 2021;27:668–76.

	[21]	 Keaton JM, Kamali Z, Xie T, et al; Million Veteran Program. Genome-
wide analysis in over 1 million individuals of European ancestry yields 
improved polygenic risk scores for blood pressure traits. Nat Genet. 
2024;56:778–91.

	[22]	 Willer CJ, Schmidt EM, Sengupta S, et al; Global Lipids Genetics 
Consortium. Discovery and refinement of loci associated with lipid lev-
els. Nat Genet. 2013;45:1274–83.

	[23]	 Richardson TG, Sanderson E, Palmer TM, et al. Evaluating the rela-
tionship between circulating lipoprotein lipids and apolipoproteins 
with risk of coronary heart disease: a multivariable Mendelian rando-
misation analysis. PLoS Med. 2020;17:e1003062.

	[24]	 GTEx Consortium. The GTEx Consortium atlas of genetic regulatory 
effects across human tissues. Science. 2020;369:1318–30.

	[25]	 Ahola-Olli AV, Würtz P, Havulinna AS, et al. Genome-wide association 
study identifies 27 loci influencing concentrations of circulating cyto-
kines and growth factors. Am J Hum Genet. 2017;100:40–50.

	[26]	 CARDIoGRAMplusC4D. CARDIoGRAMplusC4D Consortium. 
2024. https://www.cardiogramplusc4d.org/.

	[27]	 Delphin M, Faure-Dupuy S, Isorce N, et al. Inhibitory effect of IL-1β on 
HBV and HDV replication and HBs antigen-dependent modulation of 
its secretion by macrophages. Viruses. 2021;14:65.

	[28]	 Gamboa JL, Pretorius M, Todd-Tzanetos DR, et al. Comparative effects 
of angiotensin-converting enzyme inhibition and angiotensin-receptor 
blockade on inflammation during hemodialysis. J Am Soc Nephrol. 
2012;23:334–42.

	[29]	 Zimmermann M, Koreck A, Meyer N, et al. TNF-like weak inducer of 
apoptosis (TWEAK) and TNF-α cooperate in the induction of kerati-
nocyte apoptosis. J Allergy Clin Immunol. 2011;127:200–7.e10.

	[30]	 Ateya AM, El Hakim I, Shahin SM, El Borolossy R, Kreutz R, Sabri 
NA. Effects of ramipril on biomarkers of endothelial dysfunction and 
inflammation in hypertensive children on maintenance hemodialy-
sis: the SEARCH randomized placebo-controlled trial. Hypertension. 
2022;79:1856–65.

	[31]	 Devaraj S, Venugopal S, Jialal I. Native pentameric C-reactive pro-
tein displays more potent pro-atherogenic activities in human aortic 
endothelial cells than modified C-reactive protein. Atherosclerosis. 
2006;184:48–52.

	[32]	 Verma S, Lonn EM, Nanji A, et al. Effect of angiotensin-converting 
enzyme inhibition on C-reactive protein levels: the ramipril C-reactive 
pRotein randomized evaluation (4R) trial results. Can J Cardiol. 
2009;25:e236–40.

	[33]	 Takebayashi K, Matsumoto S, Wakabayashi S, et al. The effect of 
low-dose atorvastatin on circulating monocyte chemoattractant  
protein-1 in patients with type 2 diabetes complicated by hyperlipid-
emia. Metabolism. 2005;54:1225–9.

	[34]	 Montecucco F, Burger F, Pelli G, et al. Statins inhibit C-reactive protein- 
induced chemokine secretion, ICAM-1 upregulation and chemotaxis in 
adherent human monocytes. Rheumatology (Oxford). 2009;48:233–42.

	[35]	 Kovacs I, Toth J, Tarjan J, Koller A. Correlation of flow mediated 
dilation with inflammatory markers in patients with impaired car-
diac function. Beneficial effects of inhibition of ACE. Eur J Heart Fail. 
2006;8:451–9.

	[36]	 Huang Z, Chen C, Li S, Kong F, Shan P, Huang W. Combined treatment 
with amlodipine and atorvastatin calcium reduces circulating levels of 
intercellular adhesion molecule-1 and tumor necrosis factor-α in hyper-
tensive patients with prediabetes. Front Aging Neurosci. 2016;8:206.

	[37]	 Hussein HM, Al-Khoury DK, Abdelnoor AM, Rahal EA. Atorvastatin 
increases the production of proinflammatory cytokines and decreases 
the survival of Escherichia coli-infected mice. Sci Rep. 2019;9:11717.

	[38]	 Loughrey BV, McGinty A, Young IS, McCance DR, Powell LA. 
Increased circulating CC chemokine levels in the metabolic syndrome 
are reduced by low‐dose atorvastatin treatment: evidence from a ran-
domized controlled trial. Clin Endocrinol (Oxf). 2013;79:800–6.

	[39]	 Tang Z, Jiang L, Peng J, et al. PCSK9 siRNA suppresses the inflamma-
tory response induced by oxLDL through inhibition of NF-κB activa-
tion in THP-1-derived macrophages. Int J Mol Med. 2012;30:931–8.

	[40]	 Wang M, Wu X, Lu X, Li X. Comparison of the efficacy of PCSK9 
inhibitors and statins on dyslipidemia in patients with type 2 diabetes. 
Zhonghua Yi Xue Za Zhi. 2022;102:2944–9.

	[41]	 Navarese EP, Podhajski P, Gurbel PA, et al. PCSK9 inhibition during 
the inflammatory stage of SARS-CoV-2 infection. J Am Coll Cardiol. 
2023;81:224–34.

	[42]	 Wu NQ, Shi HW, Li JJ. Proprotein convertase Subtilisin/Kexin Type 
9 and inflammation: an updated review. Front Cardiovasc Med. 
2022;9:763516.

	[43]	 Calfee CS, Delucchi KL, Sinha P, et al; Irish Critical Care Trials Group. 
Acute respiratory distress syndrome subphenotypes and differential 
response to simvastatin: secondary analysis of a randomised controlled 
trial. Lancet Respir Med. 2018;6:691–8.

	[44]	 Haycock PC, Burgess S, Wade KH, Bowden J, Relton C, Smith GD. Best 
(but oft-forgotten) practices: the design, analysis, and interpretation of 
Mendelian randomization studies. Am J Clin Nutr. 2016;103:965–78.

	[45]	 Walker VM, Kehoe PG, Martin RM, Davies NM. Repurposing antihy-
pertensive drugs for the prevention of Alzheimer’s disease: a Mendelian 
randomization study. Int J Epidemiol. 2020;49:1132–40.

https://www.cardiogramplusc4d.org/

