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Objective: The risk of cardiovascular disease (CVD) in patients with rheumatoid arthritis (RA) remains inadequately defined. Consequently, this study aims to evaluate the predictive value of remnant cholesterol (RC) for assessing CVD risk in RA patients.



Methods: Plasma RC levels were measured in 114 RA patients and 41 healthy controls, calculated as total cholesterol minus HDL-C and LDL-C. These levels were further analyzed using 1H-NMR lipid/metabolomics. Meanwhile, the 28-joint Disease Activity Score (DAS28) assessed RA activity.



Results: RC levels were significantly elevated in RA patients (19.0 mg/dl, p < 0.001) compared to healthy controls (14.5 mg/dl). Furthermore, RC levels were significantly elevated at 37.4 mg/dl in patients who experienced cardiovascular event (CVE) compared to 17.4 mg/dl in those without CVE (p < 0.001). To enhance the precision and reliability of RC measurements, RC concentrations were further validated using 1H-NMR spectroscopy. Additionally, a positive correlation was observed between RC levels and DAS28. Multivariate analysis identified RC as a significant predictor of CVE (odds ratio = 1.82, p = 0.013). ROC curve analysis revealed superior predictive capability of RC for CVE (AUC = 0.919, p < 0.001) compared to LDL-C (AUC = 0.669, p = 0.018), with a high sensitivity of 94.7% and a specificity of 82.1%.



Conclusion: Elevated RC levels demonstrate greater accuracy in predicting CVE occurrence in RA patients compared to traditional measures such as LDL-C. These findings suggest that elevated RC levels may serve as a novel predictor for occurrence of CVE in RA patients, facilitating early intervention strategies based on the risk stratification.
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1 Introduction

Atherosclerosis, a chronic inflammatory process, is characterized by atheromatous plaque buildup and is the major cause of cardiovascular disease (CVD) (1). With dyslipidemia being strongly associated with CVD, low-density lipoprotein cholesterol (LDL-C) is conventionally regarded as the most important contributing factor to CVD development (2). Thus, the current treatment guidelines for CVD prevention focus on the reduction of LDL-C levels (3, 4); however, several studies revealed persistent residual CVD risk after optimal statin therapy (5–7). Nordestgaard et al. demonstrated that elevated levels of triglycerides conferred an increased risk of CVD (8). Triglycerides are major components of triglyceride-rich lipoproteins (TGRLs), which include chylomicrons, very low-density lipoproteins (VLDLs), and intermediate-density lipoproteins (IDLs), and are rapidly catabolized by lipoprotein lipase with the production of respective remnants. Remnant cholesterol (RC), the cholesterol carried in TGRLs, is known for its critical pathogenic role in atherosclerosis and CVD (9–15). Like LDL-C, RC can easily enter the arterial wall and get retained in the subendothelial layer, where they are taken up by macrophages, leading to foam cell formation and cholesterol buildup in arterial plaques (15, 16). Compared with LDL-C, RC tends to be more readily taken up by scavenger receptors, thus further facilitating arterial plaque formation (17, 18). High levels of RC can also enhance the expression of inflammatory cytokines and promote vascular inflammation, which is not observed in the presence of high levels of LDL-C (19, 20).

Rheumatoid arthritis (RA), a chronic autoimmune inflammatory disease (21), is complicated by a high CVD burden (22), which is probably due to traditional risk factors, dyslipidemia, and disease-related inflammation (23, 24). We previously revealed an inverse correlation between RA-related inflammation and LDL-C levels (25). Lower LDL-C levels in conjunction with higher CVD risk in RA patients than in the general population support the hypothesis of a lipid paradox in RA (22, 26). This paradox suggests that other forms of atherogenic dyslipidemia, such as RC, might account for the elevated CVD risk in RA patients with low LDL-C levels. LDL-C measurement is now widely implemented in clinical practice to evaluate CVD risk in RA patients. If circulating RC levels could predict CVD risk or events in RA patients, which has yet to be explored, they might serve as an important CVD risk predictor in this disease. Since RC is calculated as TC−LDL−HDL, and bDMARDs and JAK inhibitors have been shown to significantly affect LDL and HDL levels (27, 28), it is plausible that these treatments may also influence RC levels. Exploring the impact of these medications on RC is a key focus of our study.

With a link between elevated RC levels and inflammation as well as the emergence of CVD (9–14), we speculated that RA patients would exhibit elevated RC levels. Given a lipid paradox in RA (20, 24), cardiovascular event (CVE) risks may not parallel LDL-C levels in RA patients. Besides, the relationship between RC levels and CVE in RA patients has scarcely been explored. Hence, this cross-sectional and prospective study aimed to compare the plasma RC levels between RA patients and healthy control (HC) participants and between patients with and without CVE. The utility of plasma RC levels for predicting incident CVE was evaluated in patients with RA during longitudinal follow-up. With RA being an inflammatory disease, we expect a positive correlation between RC levels and RA disease activity. Given that RC is the cholesterol carried in triglyceride-rich lipoproteins (TGRLs), we expect a positive correlation between RC and TG levels. Therefore, we also examined the correlation between plasma RC levels and plasma levels of other lipid profiles or RA disease activity. Accumulative evidence indicates the significant influence of biologics and JAK inhibitors on levels of lipid profile in RA patients. We finally investigated the effects of biologic disease-modifying anti-rheumatic drugs (bDMARDs) or Janus kinase inhibitors (JAKi) on plasma RC levels in RA patients.



2 Methods and materials


2.1 Sample

This prospective, single-centered, and cross-sectional study consecutively enrolled 114 patients who fulfilled the 2010 classification criteria of the American College of Rheumatology/European League Against Rheumatism (ACR/EULAR) collaborative initiative for RA (29). Eligible criteria for inclusion were as follows: [1] age at study entry older than 20 years, [2] a follow-up period longer than 12 months after investigation for lipid profile and lipid metabolites, and [3] active disease with a poor therapeutic response to the conventional synthetic DMARDs (csDMARDs). Patients were excluded if they were in the acute phase of myocardial infarction (AMI) or had an ischemic stroke within three months before enrollment in the present study. Disease activity was assessed using DAS28-erythrocyte sedimentation rate (DAS28-ESR) (30), and active status was defined as DAS28 ≥ 3.2. After baseline lipid examination, all 114 active RA patients started bDMARDs or JAKi therapy according to the recommendations (31). This study also enrolled forty-one healthy subjects with no history of rheumatic disease or CVD as HC. The China Medical University and Hospital Research Ethics Center approved this study (CMUH109-REC3-161, approval date 13 December 2020), and each participant's written consent was obtained according to the Declaration of Helsinki.



2.2 Measurements of lipid profiles, atherogenic index, and RC

All the blood samples were collected from the participants in the early morning after an overnight fast for at least 10 h. The blood samples were then used to determine the plasma levels of total cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL-C), and LDL-C. These examinations were accurately carried out utilizing enzymatic methodologies on a Beckman Coulter AU5800 chemistry analyzer (California, USA), strictly following the manufacturer's instructions. The atherogenic index was derived by precisely calculating the ratio of total cholesterol to HDL-C. Plasma RC levels were calculated as the levels of total cholesterol minus HDL-C minus the measured LDL-C (32, 33).



2.3 Determination of circulating RC levels by 1H-NMR lipid/metabolomics

Circulating levels of RC were analyzed using the 1H-NMR lipid/metabolomics (Nightingale Health, Helsinki, Finland) as in previous studies (34, 35). In detail, 100μl serum and phosphate buffer (prepared with 5.5 mM sodium 3-trimethylsilyl [2,2,3,3-d4] propionate, 0.075 M Na2HPO4*7H2O, 5 ml NaN3 (4%) adjusted to pH 7.4 with 1 M HCl) were mixed in an Eppendorf tube. The samples were transferred to a 3 mm NMR tube (Bruker Match system) and measured at 310 K in Bruker Avance III NMR spectrometers operating at 600.13 MHz equipped with a maximum gradient strength of 53 G/cm. Each data set was automatically processed using a line broadening of 1 Hz, with the NOESY data aligned to the alanine signal at 1.49 ppm.



2.4 Measurement of CVE outcomes

The endpoint events in the present study were the incident CVE during the follow-up period, including fatal or non-fatal MI, stable or unstable angina pectoris, ischemic stroke, and reversible focal neurological defects with imaging evidence of a new cerebral lesion compatible with ischemia (36).



2.5 Statistical analysis

The data were presented as the mean ± standard deviation (SD) or the median (interquartile range, IQR). Given the unequal group sizes and small sample size, we opted for non-parametric statistical methods to account for potential non-normal distributions. We performed a chi-squared test to examine the between-group difference of categorical variables. The Mann-Whitney U-test was used for between-group comparison of numerical variables, and the correlation coefficient was obtained through the nonparametric Spearman's rank correlation test. The Wilcoxon matched-pairs signed-rank test was used to compare the plasma levels of RC and other lipid profile in RA patients before and after treatment. We constructed a univariate and multiple logistic regression model to evaluate factors contributing to the emergence of CVE, including age, gender, smoking, and lipid profile. The optimal cut-off level of RC for predicting the presence of CVE in RA patients was determined by the receiver operating characteristic (ROC) curve analysis. Mean and SD results were included in Supplementary Tables S1 and S2 to provide a comprehensive view alongside the median and IQR. A two-sided p-value < 0.05 was considered statistically significant. The plots and statistical analysis were performed using IBM SPSS Statistics v25 (IBM, New York, USA) and GraphPad Prism v9.3 (GraphPad Software, San Diego, USA).




3 Results


3.1 Clinical characteristics and lipid profile of RA patients vs. HC

In this study, age and gender were well-matched between RA patients and the HC group (Table 1). There were no significant differences in the proportion of females or body mass index (BMI) between the two groups. RC levels were notably higher in the RA group than in the HC group (19.0 mg/dl vs. 14.5 mg/dl, p < 0.001). No significant differences were observed in triglycerides, total cholesterol, LDL-C, HDL-C, or the atherogenic index between the groups.


TABLE 1 Demographic data and laboratory findings in rheumatoid arthritis (RA) patients and healthy control participantsa.
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3.2 Clinical characteristics and lipid profile of RA patients with and without incident CVE

During a mean follow-up period of 27 months, 19 (16.7%) RA patients developed incident CVE (Table 2). Patients with CVE exhibited significantly higher levels of total cholesterol, triglycerides, LDL-C, atherogenic index, and RC compared to those without CVE. There were no significant differences in gender proportion, BMI, disease duration, rheumatoid factor (RF) or anti-citrullinated peptide antibodies (ACPA) positivity, disease activity scores, inflammatory parameters, or prescribed medications.


TABLE 2 Demographic data and laboratory findings in RA patients with or without cardiovascular event (CVE)a.

[image: Table 2]



3.3 Comparisons of plasma levels of RC and lipid profile between RA patients and HC participants, or between RA patients with and without incident CVE

As illustrated in Figure 1, RA patients had significantly higher calculated RC levels at baseline (median 19.0 mg/dl, IQR 14.3–27.6 mg/dl) compared with healthy participants (14.5 mg/dl, IQR 7.7–17.7 mg/dl, p < 0.001). However, there were no significant differences in plasma levels of lipid profile or atherogenic index between RA patients and HC participants. As shown in Figure 2, significantly higher calculated RC levels at baseline were observed in patients with CVE than in those without CVE (37.4 mg/dl vs. 17.4 mg/dl, p < 0.001). RA patients with CVE also had significantly higher levels of total cholesterol, triglycerides, LDL-C, and atherogenic index (median, 227.0 mg/dl, 158.0 mg/dl, 124.5 mg/dl, and 3.99, respectively) than those without CVE (187.0 mg/dl, p < 0.005; 84.0 mg/dl, p < 0.001; 105.4 mg/dl, p < 0.05; and 3.12, p < 0.005; respectively). However, there was no significant difference in plasma HDL-C levels between RA patients with and without CVE. To verify the accuracy of RC measurements, we selected nearly 80% of the samples from our initial cohort for additional NMR analysis. As illustrated in Figure 2G, significant differences in RC levels were confirmed, even with this high-precision technique. This finding underscores the clinical importance of RC and affirms the reliability and accuracy of our measurement approach.


[image: Figure 1]
FIGURE 1
Plasma levels of RC and lipid profile between RA patients and HC participants. (A) RC (B) LDL-C (C) total cholesterol (D) triglyceride (E) atherogenic index (F) HDL-C. RA: rheumatoid arthritis; RC: remnant cholesterol; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol. *p < 0.05, **p < 0.005, ***p < 0.001, determined by using Mann–Whitney U-test.
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FIGURE 2
Plasma levels of RC and lipid profile between RA with and without incident CVE. (A) RC (B) LDL-C (C) total cholesterol (D) triglyceride (E) atherogenic index (F) HDL-C (G) NMR-measured RC. (H) The correlation between NMR-measured RC and calculated RC. *p < 0.05, **p < 0.005, ***p < 0.001, determined by using Mann–Whitney U-test.




3.4 Correlation between calculated RC levels and lipid profile, atherogenic index, and disease activity scores (DAS28-ESR) in RA patients

As illustrated in Figure 3, the calculated RC levels were positively correlated with plasma levels of triglycerides, total cholesterol, and LDL-C, atherogenic index, and DAS28-ESR scores, respectively, in RA patients. However, there was no significant correlation between calculated RC levels and HDL-C levels in RA patients.


[image: Figure 3]
FIGURE 3
Correlation between calculated RC levels and lipid profile or RA activity scores. The numbers in the squares represent correlation coefficients. DAS28: The 28-joint disease activity score.
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FIGURE 4
The ROC curve analysis of RC and lipid profile for predicting incident CVE in RA patients.




3.5 Logistic regression and ROC analysis for predicting the incident CVE

To establish the best model to predict the emergence of CVE, a multivariate logistic regression analysis was performed. As illustrated in Table 3, the univariate regression analysis identified age, LDL-C, total cholesterol, triglycerides, atherogenic index, and RC levels as the potential predictors of the emergence of CVE. The multivariate regression analysis demonstrated that age and RC levels were the significant predictors of incident CVE in RA patients. To address potential confounding factors, particularly the effects of different treatment types, we included the three treatment types [tumor necrosis factor (TNF)-α inhibitors, non-TNF inhibitors, and JAKi] as covariates in the regression model, as shown in Supplementary Table S3.


TABLE 3 Univariate and multivariate regression analysis of baseline lipid profile and RC for predicting the incident cardiovascular events in 114 patients with RA.

[image: Table 3]

Using ROC curve analysis, we evaluated the performance of RC, lipid profile, and atherogenic index in predicting the incident CVE in RA patients. As shown in Figure 4, the performance of RC was better at predicting the occurrence of CVE (AUC 0.919) than that of triglycerides (AUC 0.818) and LDL-C (AUC 0.669). Calculated RC at the cut-off level of 25.8 mg/dl showed the highest predictive power, with a sensitivity of 94.7%, specificity of 82.1%, and accuracy of 91.9% (p < 0.001).



3.6 Changes of plasma levels of RC and lipid profile in RA patients treated with bDMARDs or JAKi

Seventy-eight patients were available for evaluation of lipid profile before and after 12 months of treatment with TNF-α inhibitors (TNFi, n = 17), non-TNF inhibitors (n = 33), or JAKi (n = 28). Figure 5 illustrates that TNFi treatment resulted in a significant reduction of plasma RC levels (median 19.8 mg/dl, IQR 15.1–21.5 mg/dl vs. 13.4 mg/dl, IQR 9.5–18.4 mg/dl, p < 0.05). In contrast, no significant changes in RC levels were observed in non-TNF inhibitors or JAKi treatment groups. Regarding the changes in other lipid profile, treatment with non-TNFi or JAKi resulted in a significant elevation of total cholesterol levels (median 204 mg/dl, IQR 163–232 mg/dl vs. 212 mg/dl, IQR 182–244 mg/dl; 184 mg/dl, IQR 161–204 mg/dl vs. 193 mg/dl, IQR 182–223 mg/dl, respectively, both p < 0.05) and LDL-C levels (121 mg/dl, IQR 92–143 mg/dl vs. 126 mg/dl, IQR 101–156 mg/dl, p < 0.05; 103 mg/dl, IQR 87–128 mg/dl vs. 114 mg/dl, IQR 101–126 mg/dl, p < 0.005; respectively). However, there were no significant changes in plasma levels of total cholesterol, LDL-C, or HDL-C in TNFi-treated patients.


[image: Figure 5]
FIGURE 5
The changes in RC and lipid profile after the therapies with TNFi, non-TNFi, JAKi. TNFi: tumor necrosis factor inhibitors; JAKi: Janus kinase inhibitors. The results are represented by box-plots, where the upper edge of the box indicates the 25th percentile, and the lower edge signifies the 75th percentile. The individual data points are shown as connected dots. p < 0.05, determined by using Wilcoxon matched-pairs signed rank test.





4 Discussion

With the strong association between elevated RC levels and CVD risk (9–15), the predictive value of RC levels for CVD in RA patients is worth investigating. Herein, we demonstrated that plasma RC levels were significantly higher in RA patients than in healthy participants and further higher in patients with CVE than in those without CVE. The calculated RC levels were also positively correlated with RA disease activity reflected by DAS28-ESR scores, triglycerides, total cholesterol, LDL-C, and atherogenic index in RA patients. The multivariate logistic regression analysis further demonstrated RC as a significant predictor of CVE. The ability of RC to predict CVE was better than that of triglycerides or LDL-C, and the ROC curve analysis illustrated that RC threshold at 25.8 mg/dl could predict incident CVE with a high sensitivity of 94.7%, specificity of 82.1%, and accuracy of 91.9%. Besides, the decrease in plasma RC levels paralleled the improvement in disease activity scores in RA patients treated with TNFi. These observations suggest that RC is a useful predictor of incident CVE in RA patients.

Although current guidelines recommend reducing LDL-C levels to curtail CVD risk (3, 4), there is residual CVD risk in some patients despite achieving low LDL-C levels (5–7). Cumulative evidence indicates that TGRLs and triglycerides may contribute to residual CVD risk (8, 14, 15). RC, the cholesterol component of TGRLs such as chylomicron and VLDL/IDL remnants (37), is considered a causal risk factor for CVE (14). Plasma RC level are primarily assessed using two methods: calculated and direct measurement (9, 32, 33). Due to the difficulty in separating RC from other lipoproteins, its calculation involves subtracting HDL-C and LDL-C from total cholesterol (32, 33). This study also employed NMR to validate the reliability of the calculation method, finding consistency between the two approaches. This consistency enhances the credibility and internal coherence of the measurements, demonstrating the reliability of RC quantification through different technological methods. The calculated RC concentrations can inform clinical practice about the risk of CVD. Furthermore, as plasma triglyceride and RC are components of TGRL, they are highly correlated in our assessments of cardiovascular risk.

In RA patients, the elevated insulin resistance (38) would enhance hepatic VLDL production and reduce TGRLs clearance. Accordingly, our RA patients had significantly higher plasma RC levels than healthy participants. Yan et al. utilized the National Health and Nutrition Examination Survey (NHANES) database involving 7,777 eligible participants and also identified a positive correlation between RC and RA (39). Besides, the elevated levels of RC may partly contribute to the high CVD burden in RA patients (22). Huh et al. likewise revealed a significant association of elevated RC with increased CVD risk in patients with type 2 diabetes mellitus (40), in which the CVD risk was equivalent to that in RA (41). Regarding the causal moiety in the atherogenic lipid profile, RC and LDL-C share the capacity to penetrate arterial intima and promote atherosclerosis development by delivering pathogenic cholesterol and forming foam cells (42). However, increased RC levels, but not LDL-C levels, were shown to be responsible for low-grade inflammation and increased secretion of atherogenic molecules, providing mechanistic evidence for RC as a key factor behind CVD (15, 16). In this study, plasma RC levels were also significantly higher in RA patients with CVE than in those without CVE. Our results were consistent with the findings that circulating RC levels were positively related to incident CVE among Chinese patients with RA independent of known risk factors (43). Besides, the multivariate logistic regression analysis, including lipid profile, RA-related inflammatory markers, and the used medications, revealed RC as a significant predictor for incident CVE in our RA patients, even those achieving optimal LDL-C levels. Although the studied disease is different, an elevated RC level is still a significant predictor for CVE in patients with psoriatic arthritis or psoriasis (44). In our ROC analysis, the prediction for CVE using RC was superior to that using LDL-C in RA patients, and RC levels above 25.8 mg/dl could discriminate RA patients with an increased CVE, with a high sensitivity, specificity, and accuracy. Hence, plasma RC level might be a useful and novel predictor for the incident CVE in RA patients. However, the usefulness of this cut-off level in clinical practice needs further validation.

Besides the traditional risk factors, RA-related inflammation would increase CVD risk in RA patients (23, 24). We revealed a positive correlation between plasma RC levels and RA disease activity, as reflected by DAS28-ESR scores. To pursue a treat-to-target goal of reducing inflammation-related sequels (45), RA patients would be prescribed b/ts DMARDs if they were refractory to csDMARDs treatment (46). Increasing evidence reveals that targeting inflammation with TNFi is associated with a decreased risk of CVD and CVE (47). Similarly, plasma RC levels in our RA patients were significantly decreased after TNFi therapy, paralleling the reduction of disease activity. Recently, Kastrati et al. revealed that non-TNF inhibitors did not differ from csDMARDs regarding the influence on CVE risk (48). Accumulative evidence indicates a significant influence of JAK inhibitors on levels of lipid profile such as LDL-C and HDL-C in RA patients (49, 50). Souto et al. reported increased levels of total cholesterol and LDL-C after therapies with tocilizumab or tofacitinib but not with TNFi (49). Resonated with a meta-analysis that CVD risk remained unchanged in upadacitinib-treated patients (50), no significant changes in plasma RC levels were observed in our JAKi-treated patients. Likewise, plasma RC levels did not show significant changes in our RA patients receiving non-TNF inhibitors therapy, despite an elevation of plasma levels of total cholesterol and LDL-C.

Despite the novel findings, there are still some limitations in this pilot study. All subjects in this study are of Chinese ethnicity, so our findings may not be generalizable to other ethnic groups. The concomitant treatment with statin, corticosteroids, or csDMARDs in RA patients may affect lipid profile (51–53). Additionally, as our study design is cross-sectional, it captures data at a single point in time, which primarily provides valuable insights into correlations and associations. Further longitudinal studies would be beneficial to confirm these observations and assess the long-term predictive value. Given the small sample size of our RA patients with incident CVE, a future large-scale multiethnic study is required to confirm our findings.



5 Conclusion

This is the first to demonstrate that plasma RC levels were significantly elevated in RA patients and were even higher in those with incident CVE. A potential link was observed between RC levels and RA disease activity. Plasma RC level above 25.8 mg/dl could predict incident CVE in RA patients, independent of LDL-C levels. Nevertheless, the causative role of RC in RA-related CVE still needs further investigation.
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