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Background: Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) are commonly used for
hypertension management. Emerging evidence suggests that these agents may influence pain perception through neuroinflammatory
and hormonal pathways. However, their impact on acute postoperative pain has not been well characterized.

Aim: This study aimed to explore the hypothesis that long-term ACEI/ARB use is associated with reduced acute postoperative pain in
hypertensive patients undergoing non-cardiac surgery.

Methods: We conducted a hybrid study combining a retrospective cohort analysis with a drug-target Mendelian randomization
approach. A total of 1206 hypertensive patients who underwent general anesthesia and received patient-controlled intravenous
analgesia were included. The primary outcome was the presence of moderate-to-severe postoperative pain, which was defined as
a numerical rating scale (NRS) score >4 on postoperative days (PODs) 1 and 3. Secondary outcomes included opioid consumption
measured in morphine milligram equivalents. Confounders were adjusted using inverse probability of treatment weighting. Missing
data was treated by multiple imputation with chained equation, as 37.3% of POD3 NRS missing. Genetic validation was performed
using expression quantitative trait loci for ACEI/ARB target genes and genome-wide association data on multisite chronic pain.
Results: Patients receiving ACEIs/ARBs had significantly lower rates of moderate-to-severe pain on postoperative day 1 (OR 0.74,
95% CI 0.57-0.94; ARR 6.87%; NNT 14.6) but had no significance on day 3 (OR 0.77, 95% CI 0.57-1.04), despite similar opioid
consumption on both days. Genetic validation found associations between several ACEI/ARB target genes and reduced chronic pain
risk, directionally consistent with our clinical observations.

Conclusion: Long-term ACEI/ARB use may offer potential analgesic benefits for surgical patients with hypertension. These
preliminary findings provide a foundation for future research to explore their potential role in perioperative pain management.
Keywords: ACE inhibitors, angiotensin receptor blockers, postoperative pain, hypertension, Mendelian randomization, perioperative
analgesia

Introduction

Hypertension is one of the most prevalent chronic conditions worldwide.! Hypertension may increase the risk of chronic
pain through impaired cardiovascular regulation.>” Commonly prescribed antihypertensive agents include angiotensin-
converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), B-blockers (BBs), calcium channel
blockers (CCBs), and diuretics. ACEIs and ARBs are among the most commonly used agents and are often used in
combination therapy due to their efficacy and tolerability.* With the increase of global surgical volume,> a large number
of patients with hypertension need to undergo surgery and are confronted with the important clinical issue of post-
operative pain. Postoperative pain is common for surgical patients.”* Postoperative pain is a common and often

underappreciated complication following surgery, and it may lead to delayed recovery, increased opioid consumption,
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and in some cases, chronic postsurgical pain (CPSP).” Multimodal analgesia conduces to relief acute pain and reduces
chronic postoperative pain. Understanding how chronic use of common medications such as antihypertensives influences
postoperative pain is essential for optimizing perioperative care.

Beyond their primary cardiovascular effects, ACEIs and ARBs may also influence pain modulation. These agents act
on the renin—angiotensin—aldosterone system (RAAS) and can modulate inflammatory responses by inhibiting angio-
tensin II and aldosterone signaling, both of which are implicated in pain sensitization pathways.'®'" Preclinical studies
have suggested that RAAS components (eg, AT1 and AT2 receptors) are involved in the perception and regulation of pain
through both central and peripheral mechanisms.'*'* Whereas AT1 receptor activation drives neuroinflammation and
central sensitization via pro-inflammatory cytokines, AT2 receptor stimulation promotes opioidergic analgesia and anti-
inflammatory effects, demonstrating opposing roles in pain modulation.'* Moreover, previous studies also indicated the
pain-inducing action of ACEIs, which associated with their interference with metabolism of bradykinin and substance
P.'* This dichotomy is particularly relevant to postoperative pain, which involves both inflammatory and neuropathic
components. Role of RAAS and relevant agents on different types of pain deserved further investigation, especially from
clinical perspective. However, evidence on the clinical implications of ACEI/ARB use on pain perception, particularly in
the postoperative period, remains sparse and inconsistent. Very few clinical studies have been conducted for examining
the relationship between ACEI/ARB use and postoperative pain outcomes.

We hypothesized that long-term use of ACEIs or ARBs may reduce the risk of acute postoperative pain in patients
with hypertension, which has not been supported by previous clinical studies. To address this, we designed a hybrid study
combining a single-center retrospective cohort analysis with drug-target Mendelian randomization (MR)."> The retro-
spective cohort provided real-world clinical data to assess associations between ACEI/ARB use and postoperative pain
intensity. MR, using genetic proxies for ACEI/ARB target gene expression, allowed us to investigate the potential causal
link between drug target modulation and pain risk, particularly chronic multisite pain (MCP), using large-scale genome-
wide association summary data. By integrating clinical and genetic epidemiology, this study aims to provide both
observational and mechanistic insights into the potential analgesic effects of ACEIs and ARBs. These findings may help
inform personalized perioperative medication management in hypertensive patients and stimulate further investigation
into the non-cardiovascular benefits of RAAS-targeting drugs.

Methods

Study Design

This is a hybrid study combining a single-center retrospective cohort analysis with drug-target MR to investigate the
association between ACEI/ARB use and postoperative pain in hypertensive patients. The study was approved by the
Ethics Committee of Peking Union Medical College Hospital with inform consent waived. The retrospective cohort study
followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)-Cohort reporting
guidelines and MR study followed the STROBE-MR reporting guidelines.

Retrospective Cohort

Study Population

We included adult patients (aged >18 years) with a diagnosis of hypertension who underwent non-cardiac surgery under
general anesthesia at Peking Union Medical College Hospital (PUMCH) between July 1, 2023, and July 31, 2024.
Eligible patients received postoperative patient-controlled intravenous analgesia (PCIA). Patients who were <18 years
old, or underwent emergency surgery, or had incomplete medical records were excluded. For patients with multiple
surgeries, only the first surgery was included. The flowchart is shown in Figure 1.

Data Collection and Exposure Definition

Demographic and clinical data, including age, sex, body mass index (BMI), American Society of Anesthesiologists (ASA)
physical status, comorbidities, surgical details, and medication use, were extracted from the PeriOperative Patient Safety
(POPS)-PUMCH database. Antihypertensive medication use was defined based on preoperative prescription. ACEI/ARB
exposure was defined as the use of either ACEIs or ARBs continuously within one month before surgery. Medications
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1,557 patients with hypertension and
underwent non-cardiac surgery under general
anesthesia and received postoperative PCIA at

Peking Union Medical College Hospital
between July 1,2023, and July 31, 2024

Exclusion:

- 1 patient age<I8

- 46 patients underwent emergent surgery

- 55 patients had contradictory records of hypertension diagnosis
- 249 patients had incomplete medical records

1,206 patients

finally included

! }

626 patients without 580 patients with
ACEI/ARBs medication ACEI/ARBs medication

Figure | The flow chart of inclusion and exclusion criteria of retrospective cohort study.

discontinued for more than one month preoperatively were not considered. Acute postoperative pain was measured by
Numerical Rating Scale (NRS) on postoperative day (POD) 1 and 3, recorded by Acute Pain Service (APS). Postoperative
opioid consumption was calculated from electronic records of PCIA.

Anesthetic and Pain Management Procedure
All participants who had long-term use of ACE//ARBs discontinued their medication on the morning of surgery and resumed on
postoperative day 1 if there is no contraindication. General anesthesia was induced by propofol (1.5-2mg/kg) and fentanyl
(12pg/kg), followed by maintenance of propofol (target-controlled infusion) or sevoflurane in oxygen/air mixture at the
discretion of anesthesiologist in charge. Remifentanil was administered during anesthetic maintenance and titrated based on
hemodynamic parameters. Multimodal analgesia was performed by combining opioids and NSAIDs during general anesthesia.
All participants involved in our study received postoperative pain management with PCIA with sufentanil (150 pg in
250 mL normal saline, 0.6 pg/mL). The pump was set to deliver a continuous background infusion plus patient-controlled
boluses with a 15-min lockout interval. Analgesic efficacy was monitored using NRS scores by APS, and rescue
medication was available for breakthrough pain.

Outcomes

The primary outcome was the moderate-to-severe acute postoperative pain, defined as a score >4 on the NRS recorded on
POD 1 and 3. The secondary outcome was opioid consumption on POD 1 and 3, quantified as morphine milligram
equivalents (MME).

Confounding Adjustment

Confounding factors in this study included gender, age, BMI, ASA physical status, surgery duration, surgery type,
smoking history, alcohol abuse, medication history, coronary heart disease, diabetes mellitus, asthma, chronic obstructive
pulmonary disease (COPD), hyperthyroidism, renal dysfunction, neurologic disease, digestive disease, baseline blood
pressure. Preoperative comorbidities were extracted from medical record homepage diagnoses coded according to
International Classification of Diagnosis (ICD) standards. We used inverse probability of treatment weighting (IPTW)
to adjust the confounding factors.'® We used the exposure of ACEI/ARBs as outcome and all confounding factors as
exposure to perform a multiple logistic regression to calculate the propensity score for each confounding factor. The
propensity score was included in our subsequent analysis. We assessed propensity score overlap (Supplementary
Figure 1) and weight distributions (Supplementary Figure 2) to verify model assumptions. Extreme weights were

managed using percentile-based Winsorization, where values below the 1st and above the 99th percentiles were replaced
with the corresponding percentile values (P1 and P99).
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Statistical Analysis

Baseline characteristics were compared between groups using standardized mean differences (SMD). We considered SMD
<0.10 to indicate adequate balance. Chi-square test was used to analyze the differences of the incidence of moderate-to-severe
pain, and Mann—Whitney U-test was used to analyze the differences of opioids consumption. A binary logistic regression was
applied to compute odd ratios (ORs) and 95% confidence intervals (95% Cls) to assess the association between moderate-to-
severe acute postoperative pain and ACEI/ARBs medication. Absolute risk reduction (ARR) and number need to treat (NNT)
were calculated for clinical significance. Opioid consumption at POD1 and POD3 was analyzed using zero-inflated Gamma
regression with IPTW weighting, modeling the probability of any use and amount consumed among users separately. Missing
data was handled using multiple imputation with chained equations (MICE). We used the Fully Conditional Specification
(FCS) automatic method (Number of imputations: 25, iterations: 10) by SPSS R27.0.1.0. The imputation model included all
the outcomes and confounding factors mentioned above. Analyses of the single-center retrospective cohort study were
performed by SPSS R27.0.1.0 and RStudio (2025.05.1+513).

Sensitivity Analysis and Power Calculation

To evaluate robustness to missing data assumptions, we conducted complete case analysis and worst-case scenario
analysis where all missing values were imputed in the absence of moderate-to-severe pain, examining the consistency
between them. For significant outcome, we calculated the minimum detectable effect size (MDE) based on ESS,
assuming a=0.05 (two-sided) and 80% power. For non-significant outcomes, we conducted a post-hoc power analysis
based on ESS, assuming a=0.05 (two-sided) and 80% power. Power calculation was performed by G*Power 3.1.

Mendelian Randomization

Exposure

Antihypertensive Drugs Target Genes

Commonly used antihypertensives including ACEIs, ARBs, BBs, CCBs, diuretics, alpha-adrenoceptor blockers, adrenergic
neuron blocking drugs and centrally acting antihypertensive drugs were included in this MR analysis. A total of 327 target
genes for antihypertensive agents documented in previously published studies were systematically extracted from DrugBank
(https://go.drugbank.com/) databases and Drug—Gene Interaction database (DGIdDb, https:/www.dgidb.org/). We employed
expression quantitative trait loci (eQTLs) mapped to antihypertensive drug target genes as genetic proxies for exposure. eQTL

summary statistics of whole blood sample (n = 31,684) were retrieved from the eQTLGen Consortium (https://www.eqtlgen.

org/). Single-nucleotide polymorphisms (SNPs) were retained as instrumental variables if they (i) displayed a significant cis-
association (located within 1 Mb of the transcription start site) with the corresponding drug target gene at genome-wide
significance (p < 5 x 10™®) and (ii) had a minor allele frequency >1%.

Systolic Blood Pressure

To obtain reliable tools for studying the antihypertensive agents of interest, we conducted a two-sample MR analysis,
utilizing the systolic blood pressure (SBP) as predictor and the multisite chronic pain (MCP) as outcome variable. SBP
was selected due to its greater significance in hypertension management compared with diastolic blood pressure (DBP).!”
The GWAS summary statistics for SBP were derived from a study involving 757,601 individuals of European descent
(both males and females), sourced from the UK Biobank and the International Consortium of Blood Pressure Genome-
Wide Association Studies (ICBP).'®

Outcome
We obtained the publicly available GWAS statistics for chronic pain from a sex-stratified genome-wide association study
of MCP." The analysis of MCP included 178,556 men and 209,093 women in UK Biobank.'’

Statistical Analysis

We assessed whether the genetic instruments satisfied the three core assumptions of Mendelian randomization: relevance,
independence, and exclusion restriction.”” To conduct the drug-target Mendelian randomization (MR), we employed the
summary-based MR (SMR) method (version 1.02).2' SNPs that surpassed the statistical significance threshold of p < 0.05 in
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the SMR test were considered. Furthermore, we applied the Heterogeneity in Dependent Instruments (HEIDI) test, with a p-value
threshold of 0.05, to differentiate pleiotropy from linkage.>' Multiple testing correction was performed using the Benjamini—
Hochberg false discovery rate (FDR) method, with a significance threshold set at FDR < 0.05. For two-sample MR, effect
estimates were generated using three methods by MendelR package in R: inverse-variance weighted (IVW) regression as the
primary estimator, supplemented by MR-Egger regression and weighted median estimator (WME). Heterogeneity was assessed
by Cochran’s Q test. Potential directional pleiotropy was evaluated via the MR-Egger intercept test. Additional sensitivity analysis
known as leave-one-out was used to evaluate the robustness of the findings. All analyses were performed by RStudio 2023.03.1,
R 4.22.

Result
Study Population

The final analysis comprised a total of 1206 hypertensive patients who fulfilled the inclusion criteria (Figure 1). Among
them, 580 patients (48.1%) had a history of continuous ACEI/ARB use within one month prior to surgery. The remaining
626 patients did not receive ACEI/ARBs during the same period. After applying inverse probability of treatment
weighting (IPTW), baseline characteristics were approximately balanced between two groups. The demographic and
clinical features before and after IPTW were summarized in Table 1 and Supplementary Figure 3. The mean (SD) of

Table 1 Population Characteristics Before and After IPTW

Without ACEI/ARBs With ACEI/ARBs SMD Before SMD After
n=626 n=580 Weighting Weighting

Gender: males (%) 241 (38.5) 231 (39.8) 0.027 0.004
Age, year 62.49 (61.62, 63.36) 62.19 (61.34, 63.04) 0.030 0.001
BMI, kg/m? 25.37 (25.09, 25.65) 26.41 (26.10, 26.72) 0.284 0.011
ASA class (%) 0.131 0.127

I 8 (1.3) 1(02)

I 489 (78.1) 455 (78.4)

n+1v 129 (20.6) 124 (21.4)
Surgery duration, min 184.80 (177.41, 192.19) 179.86 (173.06, 186.65) 0.054 <0.001
Tobacco abuse (%) 110 (17.6) 92 (15.9) 0.046 0.003
Alcohol abuse (%) 79 (12.6) 64 (11.0) 0.049 0.008
Preoperative medication

Steroids (%) 9 (1.4) 8 (1.4) 0.005 0.002

Antidiabetic drug (%) 147 (23.5) 146 (25.2) 0.039 0.003

Anticoagulant drug (%) 26 (4.2) 38 (6.6) 0.107 0.008
Coronary heart disease (%) 68 (10.9) 84 (14.5) 0.109 0.004
COPD (%) I (1.8) 11 (1.9) 0.010 0.003
Asthma (%) 7 (1.1) 5(0.9) 0.026 0.006
Diabetes mellitus (%) 173 (27.6) 167 (28.8) 0.026 0.005
Hyperthyroidism (%) 2 (0.3) 6 (1.0) 0.087 0.020
Renal dysfunction (%) 9(1.4) 8 (1.4) 0.005 <0.001
Neurologic disease (%) 8l (12.9) 85 (14.7) 0.050 0.001
Digestive disease (%) 167 (26.7) 127 (21.9) 0.112 0.005
Surgery type 0.126 0.054

General (%) 169 (27.1) 132 (22.8)

Gynecology (%) 137 (22.0) 118 (20.4)

Urology (%) 34 (5.4) 31 (5.4)

Thoracic (%) 22 (3.5) 25 (4.3)

Orthopedic (%) 252 (40.4) 261 (45.2)

Other (%) 10 (1.6) I (1.9)
Baseline SBP 136.29 (135.11, 137.46) 134.08 (132.97, 135.19) 0.154 0.006
Baseline DBP 80.12 (79.37, 80.87) 80.08 (79.34, 80.83) 0.004 0.003

Note: Presented as median value (quartiles) or number (percentage).

Abbreviation: SMD, standardized mean differences.
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inverse probability weights was 2.00 (0.44) before Winsorization (Supplementary Table 1). After the 1st and 99th

percentile Winsorization, the maximum weight decreased from 5.50 to 3.44, and the effective sample size (ESS) was
1157.7 (96.0% of the original sample).

Postoperative Pain and Opioid Consumption

Postoperative pain outcomes are presented in Table 2. The number of participants with available pain scores at POD1 and
POD3 was 1206 (100.0%) and 756 (62.7%), respectively. On postoperative day (POD) 1, 61.2% of patients in the ACEI/
ARB group reported moderate-to-severe pain (NRS >4) compared to 67.7% in the non-ACEI/ARB group (p = 0.019). On
POD3, the incidence of moderate-to-severe pain was 33.7% in the ACEI/ARB group versus 42.0% in the non-ACEI
/ARB group (p = 0.020).

No significant differences of opioid consumption were observed between the two groups. Median morphine milligram
equivalent (MME) on POD1 was 41.04 (IQR 29.19-52.00) in the ACEI/ARB group and 40.65 (IQR 29.37-52.39) in the
non-ACEI/ARB group (p = 0.572). On POD3, median MME was 12.30 (IQR 0.00-32.42) in the ACEI/ARB group and
12.18 (IQR 0.00-31.90) in the non-ACEI/ARB group (p = 0.735).

Multivariable Regression Analysis
After IPTW adjustment and MICE, the incidence of moderate-severe pain was 60.40% in ACEI/ARB group versus
67.30% in non-ACEI/ARB group (adjusted OR 0.74, 95% CI 0.57-0.94, p=0.015) on PODI (Table 3). This corresponds
to an absolute risk reduction of 6.87% (95% CI 6.88%—6.86%) and a number needed to treat of 14.6 (95% CI 14.6-14.5).
The minimum detectable effect (MDE) size with 80% power was 8%. On POD3, the incidence of moderate-to-severe
pain was 31.10% in ACEI/ARB group versus 36.70% in non-ACEI-ARB group (adjusted OR 0.77, 95% CI 0.57-1.04,
p=0.091) (Table 3). Post-hoc power analysis indicated 51.1% power to detect a significant difference at 0a=0.05 for
incidence of moderate-to-severe pain on POD3. Zero-inflated Gamma regression models showed no significant associa-
tion between ACEI/ARB use and opioid consumption on POD1 or POD3 (Table 4).

Sensitivity analyses using complete-case analysis and worst-case scenario analysis yielded consistent effect directions
with the primary multiple imputation analysis, though statistical significance varied (Supplementary Table 2).

Table 2 Postoperative Pain Outcomes Grouped by ACEI/ARBs Medication

Without ACEI/ARBs | With ACEI/ARBs | P-value

Moderate-to-severe acute postoperative pain (%)

PODI 424 (67.7%) 355 (61.2%) 0.019

POD3 163 (42.0%) 124 (33.7%) 0.020
Opioid consumption (MME)

PODI 40.65 (29.37, 52.39) 41.04 (29.19, 52.00) | 0572

POD3 12.18 (0.00, 31.90) 12.30 (0.00, 32.42) 0.735

Notes: Presented as median value (quartiles) or number (percentage) before IPTW. Incidence of moderate-to-severe pain is
calculated in complete cases. Mann—Whitney U-test for continuous measures and y2 test for proportions were used.

Table 3 Association Between ACEI/ARBs
Medication and Postoperative Moderate-to-

Severe Pain
OR (95% Cl)* P-value
PODI 0.74 (0.57-0.94) 0.015
POD3 0.77 (0.57-1.04) 0.091

Notes: *Adjusted for gender, age, ASA class, BMI, tobacco
abuse, alcohol abuse, preoperative steroids medication, sur-
gery duration, surgery types, baseline SBP and baseline DBP
in models after IPTW.
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Table 4 Association Between ACEI/ARBs Medication and Postoperative
Opioids Consumption

Zero Inflation Model Conditional Model

Estimates (95% Cl)* | p-value | Estimates (95% Cl)* | p-value

PODI | 0.201 (—0.434 to 0.856) 0.520 —0.025 (—0.075 to 0.026) 0.319
POD3 | —0.057 (—0.240 to 0.126) 0.526 —0.031 (—0.106 to 0.045) 0.408

Notes: *Adjusted for gender, age, ASA class, BMI, tobacco abuse, alcohol abuse, preoperative steroids
medication, surgery duration, surgery types, baseline SBP and baseline DBP in models after IPTW.

Mendelian Randomization Results
We identified 327 antihypertensive drug target genes; however, only 188 of these possessed available genetic proxies
suitable for subsequent analyses. All genetic proxies included in analysis had F-statistics above 10 (Supplementary
Table 3). Part of the genetically proxied antihypertensive drugs effects were associated with reduced or increased risk of
MCEP after excluding 3 proxies with linkage disequilibrium (Figure 2). Seventeen antihypertensive drug target genes were
associated with a reduced risk of MCP, while six genes were associated with increased risk. After multiple testing
correction by FDR, GRK4, HLA-DRBI and CSK remained significant (Figure 2).

The correspondence between genes and antihypertensive medication categories are shown in Figure 3 and
Supplementary Table 4. Notably, among ACEI/ARB-related genes, SH2B3 and PLEKHJ1 were associated with
decreased MCP risk, whereas CCN2 was associated with increased risk. These genetic findings were consistent with

the clinical observations from the retrospective cohort.
Further MR analyses (proxies shown in Supplementary Table 5) indicated that nine of the 23 identified genes

influenced MCP through their effects on systolic blood pressure (SBP), while others appeared to exert SBP-
independent effects (Figure 2 and Supplementary Table 6). Sensitivity analyses supported the robustness of these

associations (Supplementary Table 7).

Discussion

In this hybrid study combining a single-center retrospective cohort and a drug-target Mendelian randomization analysis,
we found that long-term use of ACEIs or ARBs was associated with a reduced incidence of moderate-to-severe acute
postoperative pain on POD1 among hypertensive patients undergoing non-cardiac surgery. Notably, this association
persisted after rigorous confounder adjustment using inverse probability of treatment weighting. Furthermore, Mendelian
randomization analysis identified several ACEI/ARB target genes that were associated with decreased risk of multisite
chronic pain (MCP), providing genetic validation for a potential analgesic effect of these agents. However, as no previous
observational studies have confirmed such a link and analgesic data were unavailable, this finding should be considered
exploratory.

ACEI/ARBs act on the renin-angiotensin-aldosterone system (RAAS) and are currently among the most commonly
used antihypertensive drugs in clinical practice.”> As we mentioned, prior basic research has demonstrated that ACEIs
and ARBs play a dual role in pain modulation upon distinct inflammatory states.'* Notably, prior systematic reviews
found no perioperative benefit of continuing ACEIs/ARBs on major clinical outcomes, though pain was not evaluated.”
Our findings align with preclinical studies suggesting that RAAS blockade may reduce hyperalgesia, and extend these
observations to a real-world surgical setting. In our cohort, the ARR for moderate-to-severe pain was 6.87%, correspond-
ing to a NNT of 14.6. This suggests that for every 15 hypertensive patients on long-term ACEI/ARB therapy, one case of
moderate-to-severe acute postoperative pain may be prevented, assuming the observed association reflects a true
therapeutic effect. While clinical medication adjustments require further high-quality evidence, our study generates
a hypothesis that long-term ACEI/ARB use may confer potential analgesic benefits. We anticipate prospective cohorts or
RCTs to validate this effect, thereby informing preoperative antihypertensive switching (eg, from reserpine) from a pain

management perspective with carefully consideration of hypotension risk.
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Gene OR (95%Cl) p pafter FDR
Effect on SBP HLA-DRB1 i 0.991 (0.986-0.996) <0.001  0.018
CSK e 0.974 (0.960-0.988) <0.001  0.018
SH2B3 —a— 0.962 (0.937-0.988) 0.004 0.089
EHMT2 +——&—— 0.918 (0.862-0.977) 0.007 0.131
NUCB2 = 0.980 (0.965-0.995) 0.009 0.141
ADD1 e 0.936 (0.890-0.984) 0.01 0.141
CCN2 —— 1.033 (1.008-1.059) 0.01 0.141
P4HA1 P 0.934 (0.877-0.995) 0.035 0.288
TNF = 0.983 (0.967-0.999) 0.038 0.288
No effect on SBP GRK4 —e— 1.038 (1.018-1.058) <0.001  0.017
ATAD5 —— 0.940 (0.904-0.977) 0.002 0.061
PLAU —a— 0.964 (0.942-0.987) 0.002 0.064
SULT1A1 —a— 0.966 (0.945-0.988) 0.003 0.069
SCNN1D e 0.942 (0.903-0.982) 0.005 0.103
CA4 —a— 1.040 (1.010-1.070) 0.008 0.137
TSHR —a— 0.944 (0.901-0.988) 0.014 0.17
CACNA1D l - i 1.082 (1.013-1.154) 0.019 0.211
SCN5A b - 11.119 (1.018-1.229) 0.02 0.211
NEDDA4L —— 0.960 (0.928-0.994) 0.02 0.211
PLEKHJ1 —a— 0.969 (0.943-0.997) 0.031 0.288
ASIC1 e 0.955 (0.915-0.996) 0.033 0.288
SLC18A2 —a— 0.973 (0.949-0.998) 0.037 0.288
CASP6 —_—— 1.057 (1.003-1.115) 0.04 0.288

1T 1T T 17T 1T 1T 1T 1T T 1T T"]

0.85 09 0.95 11.025 1.075 1.125 1.175 1.225
OR

Figure 2 Mendelian randomization estimates multisite chronic pain for antihypertensive drugs effects, grouped by their effects on SBP. Mendelian randomization is
conducted by summary-based Mendelian randomization. Genes are stratified by their effect on systolic blood pressure (SBP). Effect estimates represent odds ratios (OR)
with 95% confidence intervals (Cl). P values before and after false discovery rate (FDR) correction are shown.

Interestingly, we did not observe a significant difference in postoperative opioid consumption between groups, despite
the reduction in moderate-to-severe pain incidence. We speculated that many patients tended to endure pain rather than
actively demand additional boluses, with the concern of side-effects of opioids. It potentially resulted in homogeneous
dosing across individuals. Furthermore, multimodal analgesics or rescue medications, most frequently with NSAIDs,
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administered in the ward were not captured in our retrospective data, which may also have contributed to the limited
variability in opioid consumption.

We conducted sensitivity analyses to assess the impact of missing data on our findings. After multiple imputation for
missing data of NRS on POD3, the direction of associations remained consistent, though statistical significance varied. It
likely stemmed in the fact that missing data predominantly originated from patients who had their PCIA discontinued,
a subgroup characterized by lower incidence of moderate-to-severe pain. Consequently, the effective sample size in this
sensitivity analysis was insufficient to detect a significant effect (post-hoc power = 0.51). These results underscore the
robustness of our primary findings while highlighting the importance of complete case ascertainment in future studies.

The Mendelian randomization analysis added a supplement to our findings by demonstrating that genetic proxies for
ACEI/ARB targets, particularly SH2B3 and PLEKHIJ1, were associated with lower MCP risk. Importantly, several of
these associations appeared independent of SBP, suggesting potential pleiotropic analgesic effects beyond hemodynamic
regulation. These results support the hypothesis that RAAS-targeting medications may exert beneficial effects on pain
processing via off-target or downstream signaling mechanisms. In MR analysis, 23 target genes demonstrated associa-
tions with reduced MCP risk at the nominal significance level (P < 0.05). However, after stringent correction for multiple
testing using the false discovery rate (FDR) method, only three genes (GRK4, HLA-DRB1 and CSK) remained
statistically significant. This reduction in significant hits likely reflected the conservative nature of FDR correction
applied to correlated genetic instruments and modest effect sizes typical of complex traits. Nevertheless, the coherent
directional pattern across all 23 genes supports a biologically plausible aggregate effect of antihypertensive agents targets
on pain modulation, with the top hits representing the most robust genetic evidence.

Our study has several strengths. First, the use of both observational and genetic epidemiological methods strengthens
causal inference. Second, the integration of real-world clinical data with MR improves generalizability and biological
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plausibility. Third, the consistency of findings across two distinct methodological frameworks adds credibility to the
observed associations.

Nonetheless, limitations should be acknowledged. First, the observed effect size did not reach our predetermined
minimum detectable effect (MDE), suggesting warranted caution in interpreting the clinical significance of these findings
pending replication in larger cohorts. Second, as a retrospective cohort study, residual confounding cannot be fully
excluded, despite robust IPTW adjustment. Anesthetic regimens and postoperative ward analgesics could not be
accurately ascertained from medical records. Moreover, preoperative antihypertensive use was extracted from prescrip-
tion documentation, precluding assessment of patient compliance. Third, phenotypic discordance exists between the
cohort and MR. Although acute pain plays an essential role in chronicity of pain,?* the absence of large-scale GWAS for
acute pain necessitated this proxy approach. Consequently, the two analyses serve as complementary rather than causally
linked evidence. Fourth, our outcomes were restricted to pain-related measures, omitting major clinical endpoints and
pertinent functional outcomes. Prospective cohorts incorporating these broader outcomes are warranted. Fifth, the single-
center retrospective design with population using PCIA carries inherent risk of selection bias, limiting generalizability to
diverse surgical populations and practice settings. Sixthly, the dichotomy of pain may lead to loss of information.

Conclusions

This study identifies an association between long-term ACEI/ARB use and reduced incidence of moderate-to-severe
acute postoperative pain in hypertensive patients. The concordance between our retrospective cohort findings and
Mendelian randomization analyses supports a testable hypothesis that RAAS-targeting medications may exert analgesic
effects beyond hemodynamic regulation. These observations provide preliminary insight into the potential pain-related
implications of commonly prescribed antihypertensive agents. Further prospective studies and randomized trials are
needed to validate this hypothesis and elucidate whether cardiovascular drugs could be leveraged to optimize periopera-
tive pain management and postoperative recovery.
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