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ABSTRACT
Recent advancements in transplant techniques and immunosuppressive drugs have 
improved long-term survival rates and increased the age of transplant recipients. 
Dyslipidemia has become a major complication, leading to atherosclerotic cardiovascular 
disease as the primary cause of renal function loss and mortality, surpassing rejection. 
Although statins are the first-line treatment, many patients face limitations due to drug 
interactions, side effects, and renal function impacts, resulting in suboptimal lipid 
control and limited clinical benefits. Thus, there is a clear need for alternative 
lipid-lowering treatments for kidney transplant recipients. Proprotein convertase 
subtilisin/kexin type 9 (PCSK9)inhibitors have shown promise in cardiovascular disease 
management in the general population, but research on their use in kidney transplant 
patients is limited to case reports and small-scale studies. This article reviews the 
progress of PCSK9 inhibitors in lipid management for these patients, discussing their 
mechanisms, metabolism, clinical applications, efficacy, and safety, while providing 
insights for future research and clinical practice to enhance blood lipid management 
guidelines and improve the quality of life and survival rates of kidney transplant 
recipients.

1.  Introduction

Kidney transplantation is an important means of saving the lives of patients with end-stage renal disease 
and can significantly improve patient prognosis. However, the metabolic challenges that follow, particu-
larly post-operative dyslipidemia, have become a primary threat to the long-term quality of life and 
cardiovascular health of these patients. Current research indicates that the prevalence of dyslipidemia 
after kidney transplantation is as high as 80% [1]. According to data from the US Renal Data System in 
2024, 32% of patients die from cardiovascular disease, and all cardiovascular events account for 20.6% 
of all-cause mortality, making them the leading cause of death among all known causes of death [2]. 
Hyperlipidemia is the main risk factor of atherosclerotic cardiovascular disease (ASCVD), so dyslipidemia 
is bound to be closely related to the incidence of cardiovascular events [3,4]. It is important to acknowl-
edge that kidney transplant recipients are inherently exposed to multiple non-modifiable risk factors, 
including advanced age, baseline function of the allograft, preoperative dialysis vintage, and pre-transplant 
hyperphosphatemia. Nevertheless, a notable opportunity for intervention exists: postoperative dyslipid-
emia in these patients can still be substantially ameliorated through the implementation of proactive 
and individualized lipid management strategies. Therefore, effective monitoring and intervention of dys-
lipidemia in kidney transplant recipients is a fundamental approach to reducing the occurrence of car-
diovascular events. The all-cause mortality of patients after kidney transplantation is shown in Figure 1.
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Statins are the primary treatment for dyslipidemia in kidney disease patients, but their use in transplant 
recipients is limited due to interactions with immunosuppressants, potential liver and kidney function 
impacts, and side effects like muscle pain and diabetes, making it challenging to achieve ideal lipid levels 
of patients [5,6]. Thus, new lipid-lowering strategies are urgently needed for these patients. Proprotein 
convertase subtilisin/kexin type 9 (PCSK9) inhibitors are a new class of lipid-lowering drugs that effectively 
reduce low-density lipoprotein cholesterol (LDL-C) levels by inhibiting the function of the PCSK9 protein, 
thereby increasing the number of low-density lipoprotein receptors (LDLR) on the liver surface. In recent 
years, research on PCSK9 inhibitors for the prevention of cardiovascular disease in the general population 
has been widely conducted, showing good efficacy and safety. However, the application of PCSK9 inhibi-
tors in kidney transplant recipients is still in the exploratory stage, and related studies are very scarce. 
Therefore, exploring the potential value of PCSK9 inhibitors in treating dyslipidemia in kidney transplant 
recipients and conducting drug-related clinical research is of significant clinical importance.

The high incidence of dyslipidemia after kidney transplantation is associated with multiple contribut-
ing factors. First, the metabolic effects of immunosuppressive agents play a significant role: calcineurin 
inhibitors (such as cyclosporine A and tacrolimus) can increase serum total cholesterol, LDL-C, and tri-
glycerides by downregulating LDLR expression and promoting fatty acid synthesis, with cyclosporine A 
exhibiting more pronounced effects. Glucocorticoids stimulate lipolysis and inhibit fatty acid re-synthesis, 
leading to elevated plasma free fatty acids and subsequent conversion into triglycerides; long-term use 
may also induce obesity and insulin resistance, further exacerbating lipid abnormalities. Mammalian 
target of rapamycin (mTOR) inhibitors (such as sirolimus), while reducing fatty acid synthesis via inhibi-
tion of fatty acid synthase, may interfere with insulin signaling pathways, increasing the risk of 
post-transplant insulin resistance and hyperglycemia, thereby indirectly affecting lipid metabolism. 
Mycophenolate mofetil has a relatively mild impact on lipid metabolism, yet combination therapy can 
still aggravate dyslipidemia [7,8]. Secondly, alterations in the body’s metabolic state post-transplantation 
represent significant contributing factors. Although preexisting dyslipidemia from the end-stage renal 
disease phase may be partially ameliorated by transplantation, impaired allograft function or 
drug-induced metabolic stress can hinder complete normalization of the lipid profile. The high inci-
dence of post-transplant proteinuria, insulin resistance, and new-onset diabetes mellitus accelerates ath-
erogenesis by enhancing very-low-density lipoprotein (VLDL) synthesis in the liver and reducing 
high-density lipoprotein cholesterol (HDL-C) [9]. Furthermore, postoperative weight gain, particularly 
central obesity, nutritional imbalances, and metabolic syndrome contribute to dyslipidemia through 
multiple pathways [10]. Lifestyle factors also play a non-negligible role: diets high in saturated and trans 
fats directly elevate serum triglycerides and LDL-C while lowering HDL-C. Physical inactivity following 
surgery reduces lipid turnover and exacerbates adipose accumulation. Smoking, alcohol consumption, 
chronic sleep disturbances, and psychological stress further deteriorate lipid profiles and damage vas-
cular endothelium by activating inflammatory pathways and interfering with lipid-metabolizing enzyme 
activities [11–13].

In summary, post-operative lipid management in kidney transplant recipients is a complex and import-
ant clinical issue. The limitations of traditional statin therapy are no longer sufficient to address the 
current challenges, while PCSK9 inhibitors, as an emerging treatment option, may provide new solutions 

Figure 1.  Composition ratio of all-cause mortality in patients after kidney transplantation (without inclusion of missing 
and unknown causes of death in patients with kidney transplant who died in 2022).
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to improve this situation. The following sections of this article will discuss in detail the potential of 
PCSK9 inhibitors to replace statins or be used in combination with statins as a first-line recommended 
treatment in the kidney transplant recipient population.

The current blood lipid management plan for patients after kidney transplantation is shown in Figure 2.

2.  Materials and methods

2.1.  Literature retrieval strategy

This review systematically searched PubMed, Embase, the Cochrane Library, China National Knowledge 
Infrastructure, and Wanfang Data Knowledge Service Platform from database inception to October 2024, 
using a combination of search terms including ‘PCSK9 inhibitors’, ‘proprotein convertase subtilisin/kexin 
type 9 inhibitors’, ‘kidney transplantation’, ‘renal transplant recipients’, ‘dyslipidemia’, and ‘lipid manage-
ment’. Chinese and English search terms were adapted according to the specific database requirements. 
Additionally, the reference lists of included publications were manually screened to identify any addi-
tional relevant studies.

2.2.  Literature inclusion and exclusion criteria

Inclusion criteria: (1) Study population comprising kidney transplant recipients; (2) Research content 
involving the mechanism, efficacy, safety, or clinical application of PCSK9 inhibitors; (3) Study types 
including randomized controlled trials (RCTs), cohort studies, case reports, basic experimental research, 
and published reviews; (4) Full-text availability in either English or Chinese, with clearly extractable data. 
Exclusion criteria: (1) Studies on PCSK9 inhibitors in non-kidney transplant populations; (2) Conference 

Figure 2. L ipid management in kidney transplant recipients.
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abstracts, dissertations, and unpublished grey literature; (3) Duplicate publications or studies with low 
quality scores (JBI quality assessment tool score < 3).

2.3.  Literature screening and data extraction

Literature screening and data extraction were independently conducted by two researchers with pro-
fessional medical backgrounds to ensure rigor and accuracy. The screening process began with a thor-
ough review of titles and abstracts to promptly exclude publications that clearly did not meet the 
inclusion criteria. During this initial phase, studies were excluded based on predefined inclusion and 
exclusion criteria, such as irrelevant research topics, non-conforming study populations, or unsuitable 
methodologies. Subsequently, potentially relevant articles that passed the initial screening underwent 
full-text review. In this stage, the inclusion and exclusion criteria were reapplied to finalize the selection 
of eligible studies. For data extraction, a standardized form was developed to collect key information, 
including: Study design: specifying the type of research (e.g., prospective, retrospective, randomized 
controlled trial); Sample size: accurately recording the number of participants enrolled in each study; 
Intervention details: describing the types of PCSK9 inhibitors (e.g., evolocumab, alirocumab), dosage, 
and administration protocols (including frequency and duration of treatment); Outcome measures: 
focusing on lipid profile changes (e.g., LDL-C, HDL-C, triglycerides), cardiovascular events (e.g., incidence 
of myocardial infarction, stroke, cardiovascular death), and adverse effects (e.g., injection site reactions, 
flu-like symptoms, elevated liver enzymes); Key conclusions: summarizing the authors’ interpretations 
and findings.

In case of disagreement between the two researchers during the literature screening or data 
extraction process, a third senior researcher was consulted to participate in the discussion. Through 
thorough communication and analysis, a consensus was reached based on the study criteria and 
professional expertise. After rigorous screening and extraction, a total of 108 articles, all in English, 
were ultimately included in this review. These studies provide a solid data foundation and theoretical 
support for the subsequent in-depth analysis of the application of PCSK9 inhibitors in the rele-
vant field.

3.  Synthesis of evidence on PCSK9 inhibitors

3.1.  Structure and function of PCSK9

The PCSK9 gene is located on human chromosome 1 and contains 12 exons and 11 introns [14]. PCSK9 
is a protein with multiple functional domains, including an N-terminal proregion and a C-terminal catalytic 
region, which is primarily composed of a catalytic triad of histidine, aspartic acid, and serine that is crucial 
for maintaining enzymatic activity. Additionally, PCSK9 has a C-terminal region rich in histidine and cys-
teine, which is believed to play an important role in binding to LDLR. Studies have found that this region 
forms a stable complex when PCSK9 binds to LDLR, thereby mediating the endocytosis and degradation 
of LDLR [15,16], which reduces the number of LDLRs on the cell surface and leads to elevated plasma 
LDL cholesterol levels [17,18]. The expression of PCSK9 is regulated by various factors, including choles-
terol levels and the activation of the transcription factor sterol regulatory element-binding protein 2 
(SREBP2) [19,20]. The concentration of cholesterol directly affects the transcription level of PCSK9, thereby 
influencing the number of LDLRs. For example, high cholesterol levels stimulate the expression of PCSK9, 
leading to the degradation of LDLR and an increase in cholesterol levels in plasma, a mechanism that is 
particularly evident in familial hypercholesterolemia (FH). There is a close relationship between the struc-
ture and function of PCSK9; certain mutations in PCSK9 can lead to structural changes. For instance, some 
pathogenic mutations (such as p.E32K and p.R469W) can cause conformational changes in PCSK9, thereby 
affecting its ability to degrade LDLR, a mechanism that is also closely related to the occurrence of familial 
hypercholesterolemia [21]. Furthermore, the relationship between the function and structure of PCSK9 
provides an important theoretical basis for the design of PCSK9 inhibitors. By targeting these structural 
features, it is possible to effectively intervene in its interaction with LDLR, thereby lowering plasma cho-
lesterol levels and reducing the incidence of cardiovascular events [22].
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3.2.  The role of PCSK9 in lipid metabolism

PCSK9 not only plays an important role in the regulation of LDL receptors but also has a crucial role in 
cholesterol metabolism. Studies have shown that PCSK9 synthesized in the liver has a regulatory effect 
on cholesterol homeostasis, affecting cholesterol uptake and excretion. The expression of PCSK9 is posi-
tively correlated with liver cholesterol content and negatively correlated with bile acid content, indicating 
that PCSK9 may participate in the regulation of cholesterol metabolism by influencing the process of 
converting cholesterol into bile acids [23]. Furthermore, inhibition of PCSK9 can promote the nuclear 
expression of PPARα, thereby activating the transcription of CYP7A1 and enhancing the ability to convert 
cholesterol into bile acids, which lowers cholesterol levels and prevents the formation of cholesterol 
stones. Another study revealed that PCSK9 regulates the body’s lipid metabolism through complex inter-
actions with the gut microbiota. Research indicates that the expression of PCSK9 may be influenced by 
the gut microbiota, and conversely, PCSK9 may also affect the composition and function of the microbi-
ota by regulating the host’s metabolic environment. For example, certain microbes can regulate the 
expression of PCSK9 by producing metabolites such as short-chain fatty acids, thereby affecting choles-
terol metabolism and absorption. Additionally, dysbiosis of the gut microbiota may lead to abnormal 
increases in PCSK9 levels, exacerbating lipid metabolic disorders and the occurrence of related dis-
eases [24].

3.3.  Classification and mechanism of action of PCSK9 inhibitors

3.3.1.  Comparison of different types of PCSK9 inhibitors
As we gain a deeper understanding of PCSK9 function, inhibitors targeting it have gradually become 
important drugs for treating hypercholesterolemia. PCSK9 inhibitors started being developed in 2003, 
and with a series of successful clinical trials, these drugs have shown significant ability to lower LDL-C 
levels and have also achieved positive results in reducing cardiovascular events. Currently, several PCSK9 
inhibitors have been approved for market, categorized into first, second, and third generations (Table 1), 
showing good safety and efficacy in clinical applications [25].

The first generation of PCSK9 inhibitors includes monoclonal antibodies (mAbs) represented by evo-
locumab, alirocumab, and tafolecimab. Monoclonal antibodies are antibodies that target specific anti-
gens, with high specificity and affinity.

The development of evolocumab commenced in 2006, initially aiming to address suboptimal responses 
to conventional therapies, such as statins, in certain hypercholesterolemia patients. The discovery of 
PCSK9 provided a critical target for novel cholesterol-lowering agents. In 2015, evolocumab received 
approval from the U.S. Food and Drug Administration (FDA), becoming one of the first PCSK9 inhibitors 
to enter the market. Clinical trial results demonstrated its excellent efficacy in reducing LDL-C levels. 
When combined with statins, it significantly further lowered LDL-C and showed favorable prognostic 
benefits in reducing cardiovascular event risks. For instance, in the ODYSSEY OUTCOMES trial, the evolo-
cumab group exhibited a significantly lower incidence of cardiovascular events compared to the control 
group [26]. Furthermore, the long-term safety profile of evolocumab has been established, with studies 
indicating a low incidence of adverse effects, primarily including injection site reactions and allergic 
responses [27]. It should be noted that, as a first-generation PCSK9 inhibitor, evolocumab may rarely 
induce non-immunoglobulin E (IgE)-dependent T-cell–mediated cytokine reactions. Although such cases 
are uncommon and should not be overemphasized, they warrant attention in clinical practice. The pri-
mary indication for evolocumab is the treatment of hypercholesterolemia, particularly in patients with 
inadequate response to or intolerance of statins. Additionally, it is indicated for secondary prevention in 

Table 1.  Summary of relevant agents.

Name Year of approval Type Key markets
Approximate monthly 

cost Clinical trial status

Evolocumab 2015 First-generation PCSK9 inhibitor America $ 112.32–$ 182.52 Approved
Alirocumab 2015 First-generation PCSK9 inhibitor America $ 41.42–$ 78.62 Approved
Inclisiran 2020 Second-generation PCSK9 inhibitor Europe $ 1,402.32 Approved
Tafolecimab 2023 First-generation PCSK9 inhibitor China $ 42.12 Approved
Recaticimab 2025 Third-generation PCSK9 inhibitor China $ 233.06 Approved
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individuals at high cardiovascular risk. Liver function should be monitored during treatment, as PCSK9 is 
synthesized in the liver and hepatic impairment may affect drug metabolism [28]. Regular monitoring of 
cholesterol levels and liver function is recommended throughout therapy to ensure safe and effective use.

Alirocumab has a half-life of approximately 17–20 days, allowing for dosing every 2 weeks or monthly, 
with good patient tolerance and sustained efficacy [29]. The drug exhibits minimal interindividual vari-
ability in bioavailability, is primarily metabolized in the liver, and is cleared via cell-mediated endocytosis 
[30]. Additional studies indicated that alirocumab can reduce LDL-C levels by up to 62% in high cardio-
vascular risk patients [31]. Common adverse effects include injection site reactions, flu-like symptoms, 
and allergic responses [32]. In large-scale ODYSSEY trials, its overall incidence of adverse events was 
similar to that of the placebo group [33]. However, severe allergic reactions (e.g., anaphylaxis), though 
extremely rare, may occur in a small number of patients [34]. Notably, as a first-generation PCSK9 inhib-
itor, case reports suggest that alirocumab may rarely induce non-IgE-dependent T-cell-mediated cytokine 
reactions. Although the probability of such events is low, clinicians should remain vigilant for related 
abnormal reactions, such as unexplained fever or worsening rash, during clinical application to ensure 
timely intervention.

Tafolecimab is a novel first-generation PCSK9 inhibitor with a mechanism of action similar to that of 
alirocumab and evolocumab, yet it exhibits higher specificity and a lower potential for eliciting immune 
reactions. Pharmacokinetic studies indicate that tafolecimab has a longer in vivo half-life, which allows 
for reduced dosing frequency and may improve patient adherence [35]. Furthermore, clinical trials have 
demonstrated that tafolecimab effectively lowers LDL-C levels with consistent efficacy across diverse pop-
ulations, along with a favorable safety and tolerability profile. Although tafolecimab is well-tolerated, 
potential immunogenic reactions should be monitored during long-term use. In addition, based on clin-
ical observations of other first-generation PCSK9 inhibitors, while reported cases of non-IgE-dependent 
T-cell-mediated cytokine reactions associated with tafolecimab remain rare, vigilance is warranted in clin-
ical practice due to the class-related risk. Close monitoring for immune-related adverse events following 
administration is essential to ensure treatment safety.

3.3.2.  Second-generation PCSK9 inhibitor
The second generation of PCSK9 inhibitors consists of small interfering RNA (siRNA), with inclisiran as the 
representative drug.

siRNA is an important gene regulatory molecule that utilizes the RNA interference (RNAi) mechanism 
to inhibit gene expression by specifically targeting and degrading specific messenger RNA (mRNA). siRNA 
is typically generated from long double-stranded RNA (dsRNA) through cleavage by the Dicer enzyme, 
forming short RNA with specific sequences. One strand of siRNA is loaded into the RNA-induced silenc-
ing complex, which then binds to the target mRNA, leading to its degradation and reducing the synthe-
sis of the target protein. Based on this mechanism, researchers began exploring the use of siRNA to 
inhibit PCSK9 expression. Inclisiran, as a double-stranded siRNA, is designed to target PCSK9 mRNA, 
thereby reducing its protein synthesis and lowering LDL cholesterol levels [36]. Inclisiran’s clinical devel-
opment has gone through several phases, with the ORION clinical trial series being the most important. 
These trials evaluated the safety and efficacy of inclisiran in different populations, including high-risk 
cardiovascular disease patients and hypercholesterolemia patients. Key trials such as ORION-9, ORION-10, 
and ORION-11 showed that inclisiran could significantly lower LDL cholesterol levels and exhibited good 
tolerance during use. Specifically, inclisiran can reduce LDL cholesterol by approximately 50% in patients 
receiving the maximum tolerated dose of statins [37]. Studies in different populations indicate that incli-
siran has consistent efficacy in lowering LDL-C. For instance, in patients with ASCVD, inclisiran’s LDL-C 
reduction reached 51.5%, showing good effects across different subgroups (such as age, sex, race) [38]. 
For patients with diabetes or chronic kidney disease, inclisiran also demonstrated significant LDL-C low-
ering effects, with good safety, where injection site reactions were the most common side effects, typi-
cally mild [39]. In high-risk patients, the combination of inclisiran with statins showed good synergistic 
effects. Research indicates that inclisiran, as an adjunct therapy to statins, can significantly enhance 
LDL-C reduction. For example, in the ORION-10 and ORION-11 trials, the reduction in LDL-C with the 
combination of inclisiran and statins was significantly greater than that in patients using statins alone. In 
2021, inclisiran was approved by the FDA and the European Medicines Agency (EMA), becoming the first 
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siRNA drug for treating hypercholesterolemia [40]. The administration of inclisiran is done through sub-
cutaneous injection every 6 months, greatly improving patient compliance, especially for those who 
struggle to reach cholesterol targets with traditional treatments, providing a new treatment option [41]. 
Despite inclisiran showing good effects in clinical applications, the potential risks of long-term use are 
not yet fully understood.

3.3.3.  Third-generation PCSK9 inhibitor
The third-generation PCSK9 inhibitors are represented by ultra-long-acting PCSK9 monoclonal antibodies 
such as recaticimab, and also include novel formulations like the oral cyclic peptide MK-0616 and the 
fusion protein lerodalcibep.

The development of recaticimab aims to address the high dosing frequency associated with tradi-
tional PCSK9 inhibitors. Early studies have demonstrated its significant efficacy in reducing LDL-C levels 
in healthy volunteers. Notably, it further lowers LDL-C in patients already on stable statin therapy. In a 
randomized, double-blind, placebo-controlled phase I/II clinical trial, recaticimab was evaluated for safety 
and efficacy. Results showed substantial LDL-C reduction across various doses and dosing intervals, with 
no serious adverse events reported [42]. The clinical development of recaticimab includes multiple 
phases, with phase III trials being particularly critical. In the REMAIN-1 study, a randomized, double-blind, 
placebo-controlled trial, 703 patients were randomized to receive either recaticimab at different doses or 
placebo. The results indicated LDL-C reductions of 49.6%, 52.8%, and 45.0% with dosing regimens of 
150 mg every 4 weeks, 300 mg every 8 weeks, and 450 mg every 12 weeks, respectively [43]. Compared to 
other PCSK9 inhibitors, recaticimab demonstrates comparable or superior efficacy with a more flexible 
dosing schedule. Its extended dosing intervals may improve patient adherence relative to currently 
approved agents such as alirocumab and evolocumab. Studies indicate that recaticimab achieves com-
parable LDL-C reduction while reducing the frequency of medical visits and medication burden, which is 
particularly important for high-risk patients requiring long-term therapy [44]. Furthermore, the safety pro-
file of recaticimab is similar to that of placebo, with treatment-related adverse events occurring in 28.5% 
of the recaticimab group versus 26.6% in the placebo group [45]. Evaluation across diverse patient pop-
ulations shows that recaticimab effectively lowers LDL-C in various high-risk groups. It exhibits particu-
larly pronounced efficacy in reducing LDL-C in patients with a history of ASCVD. Additionally, recaticimab 
demonstrates favorable efficacy as an adjunctive therapy in patients receiving statin treatment [46]. 
Moreover, it shows consistent therapeutic effects across different age groups and both sexes [47]. 
MK-0616, an oral cyclic peptide PCSK9 inhibitor, offers distinct advantages. Its oral administration signifi-
cantly enhances patient convenience and adherence, addressing the limitations of injectable PCSK9 
inhibitors in terms of usability. In preclinical studies and early clinical trials, MK-0616 has demonstrated 
potent LDL-C-lowering efficacy by specifically binding to PCSK9 and inhibiting its interaction with the 
LDLR, thereby promoting LDL-C clearance [48,49]. Ongoing research continues to evaluate its efficacy 
and safety in diverse populations, including special groups such as kidney transplant recipients, and to 
explore its optimal application in lipid management. The fusion protein lerodalcibep functions through 
an innovative molecular design, combining the PCSK9-binding domain with an immunoglobulin constant 
region to achieve high affinity and an extended half-life. Clinical studies noted that lerodalcibep effec-
tively reduces LDL-C levels with less frequent dosing due to its prolonged dosing interval. In trials involv-
ing patients with hypercholesterolemia, lerodalcibep exhibited a favorable tolerability profile, with fewer 
and milder common adverse events [50]. For kidney transplant recipients, who require long-term lipid 
management and often present with multiple comorbidities, the prolonged efficacy and favorable safety 
of lerodalcibep may offer a potential treatment option. However, dedicated studies in this specific pop-
ulation are still needed to clarify its clinical utility.

Beyond their lipid-lowering effects, PCSK9 inhibitors have demonstrated broader clinical value, as evi-
denced by numerous basic and clinical studies in recent years. These agents show potential benefits in 
improving lipid profiles, modulating coagulation function, attenuating transplant rejection, and preserv-
ing renal function, thereby providing a stronger theoretical foundation for their application in special 
populations such as kidney transplant recipients.

In conventional lipid-lowering therapy, elevating HDL levels has been challenging to achieve with 
single-agent regimens. PCSK9 inhibitors demonstrate unique potential in this regard. Giugliano et  al. 
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conducted a randomized double-blind study focusing on PCSK9 inhibitors, enrolling 27,564 patients with 
established atherosclerosis who were receiving statin therapy. The results indicated that, compared with 
statin monotherapy, the addition of a PCSK9 inhibitor not only further reduced LDL-C levels but also 
increased HDL levels, thereby enhancing the anti-atherogenic role of HDL [51]. Research by Jin et  al. on 
the mechanism by which homocysteine (Hcy) accelerates atherosclerosis further revealed a fundamental 
link between PCSK9 and HDL function. In in vitro experiments using THP-1 macrophages, Hcy up-regulated 
PCSK9 gene and protein expression in a dose- and time-dependent manner. PCSK9 was found to inhibit 
ATP-binding cassette transporter A1 and G1 (ABCA1, ABCG1)-mediated cholesterol efflux, reducing cho-
lesterol transport to apoA-I and HDL, ultimately leading to lipid accumulation in macrophages. In in vivo 
experiments using ApoE-/- mice, methionine diet-induced hyperhomocysteinemia exacerbated atheroscle-
rotic lesions in the aortic root. Treatment with the PCSK9 inhibitor SBC-115076 up-regulated ABCA1 and 
ABCG1 expression in plaque macrophages, restored cholesterol efflux capacity, reduced lipid deposition, 
and simultaneously lowered plasma Hcy levels while improving the lipid profile, thereby attenuating 
atherosclerosis severity [52]. Collectively, these studies, spanning both clinical application and mechanis-
tic exploration, demonstrate the significant value of PCSK9 inhibitors in enhancing HDL functionality and 
attenuating the progression of atherosclerosis, thereby providing a robust theoretical and practical foun-
dation for the prevention and treatment of cardiovascular diseases.

Furthermore, the association between PCSK9 and platelet function has emerged as a key research 
focus, with growing evidence supporting the value of its inhibitors in the antithrombotic domain [53,54]. 
At the clinical level, a cross-sectional study by Wang S et  al. involving subjects not taking statins or 
antiplatelet agents provided critical data supporting this association. The study enrolled 89 participants 
and measured ADP-induced platelet aggregation rate using impedance aggregometry, plasma PCSK9 
levels via ELISA, and simultaneously assessed serum lipid profiles (total cholesterol, HDL-C, triglycerides, 
LDL-C). Multiple regression analysis demonstrated that, after adjusting for potential confounders includ-
ing total cholesterol, LDL-C, platelet count, gender, and smoking status, PCSK9 remained an indepen-
dent predictor of ADP-induced maximum platelet aggregation rate. This confirms an independent 
positive correlation between PCSK9 and platelet reactivity, particularly highlighting its regulatory role in 
ADP-mediated platelet activation pathways [55]. Moreover, the study by Ziogos et  al. involving patients 
with acute coronary syndrome (ACS) further expanded the understanding of PCSK9’s impact on the 
cardiovascular system. In this study, 420 ACS patients were randomized within 24 h of hospitalization to 
receive either a single 90 mg dose of evolocumab or placebo. Levels of platelet activation markers 
(platelet factor 4, P-selectin) and endothelial dysfunction markers (von Willebrand factor) were measured 
at baseline and at 30 days. The study concluded that PCSK9 inhibition reduced markers of platelet acti-
vation and endothelial dysfunction in ACS patients. Additionally, PCSK9 was found to be associated with 
platelets and vascular endothelial cells in the LIMAsegment, and PCSK9 inhibition reduced this interac-
tion [56]. These studies collectively illustrate the multifaceted role of PCSK9: the former reveals its inde-
pendent regulatory effect on platelet reactivity in healthy individuals, while the latter demonstrates that 
its inhibitor reduces markers of platelet activation and endothelial dysfunction in ACS patients and 
diminishes interactions between PCSK9, platelets, and endothelial cells. These findings provide evidence 
for the value of PCSK9 inhibitors in antithrombotic therapy and vascular homeostasis improvement, 
partly elucidating the mechanism by which they reduce the risk of adverse cardiovascular events after 
ACS. PCSK9 function extends beyond lipid metabolism and thromboregulation, playing a key role in 
transplant immunology, particularly in heart transplant rejection, where mechanistic insights have 
opened new directions for clinical application [57]. Zhang et  al. [58] demonstrated significantly elevated 
serum PCSK9 levels in both murine models and human heart transplant rejection patients. Genetic 
knockout of PCSK9 or its neutralization with antibodies prolonged cardiac allograft survival, reduced 
inflammatory cell infiltration within grafts, and attenuated splenic alloreactive T-cell expansion. Further 
mechanistic studies revealed that during heart transplant rejection, PCSK9 is primarily secreted by the 
recipient liver with markedly upregulated expression, accompanied by aberrant activation of tumor 
necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) signaling pathways, as well as dysregulation of bile 
acid and fatty acid metabolic pathways. TNF-α and IFN-γ were found to synergistically enhance PCSK9 
expression in hepatocytes via the transcription factor SREBP2. Moreover, PCSK9 promotes heart trans-
plant rejection) by suppressing CD36 expression on macrophages, reducing fatty acid uptake, and 
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driving macrophages toward a pro-inflammatory phenotype. This enhances their capacity to stimulate 
donor-reactive T-cell proliferation and IFN-γ production. Experiments using hepatocyte-specific Pcsk9 
knockout mice and CD36 pathway validation confirmed that the pro-rejection effect of PCSK9 depends 
on the recipient’s CD36 pathway. This study is the first to reveal an immune mechanism by which the 
liver modulates heart transplant rejection through the PCSK9/CD36 axis, expanding the understanding 
of PCSK9’s role in immunoregulation and offering a novel therapeutic target for preventing transplant 
rejection. Together with previous findings on PCSK9’s benefits in lipid modification, antithrombotic 
effects, and vascular endothelial protection, these results underscore its pleiotropic value and provide a 
theoretical basis for the cross-border application of PCSK9 inhibitors in both cardiovascular and trans-
plant medicine.

Proteinuria is a significant marker of long-term renal injury in kidney transplant recipients, and the 
potential of PCSK9 inhibitors in reducing proteinuria has been preliminarily explored. A cross-sectional 
study by Doiron et  al. involving 168 patients with nephrotic syndrome demonstrated that plasma PCSK9 
concentrations increased with the severity of proteinuria. After adjusting for confounders, the urine 
protein-to-creatinine ratio remained significantly associated with PCSK9 levels (β = 0.205, p = 0.006), sug-
gesting that PCSK9 may be involved in proteinuria-related pathological processes and providing a theo-
retical basis for further investigation into PCSK9 inhibitors in proteinuria management among transplant 
recipients [59]. Hummelgaard et  al. proposed that PCSK9 exacerbates proteinuria by interacting with and 
downregulating megalin, a key reabsorption receptor in the proximal tubule. Experimental models 
showed that inhibiting PCSK9 maintained megalin expression, reduced proteinuria, and improved disease 
phenotypes. Additionally, PCSK9 inhibitors (monoclonal antibodies and siRNA) were confirmed to effec-
tively lower lipids and exhibit a favorable safety profile in patients with mild to moderate chronic kidney 
disease [60]. Collectively, these studies expand the understanding of the pleiotropic effects of PCSK9, 
demonstrating its clinical potential across cardiovascular diseases, organ transplantation, and renal pro-
tection. For kidney transplant recipients, particularly those with diabetes or chronic allograft nephropa-
thy, PCSK9 inhibitors may not only lower lipids but also reduce proteinuria and preserve graft function. 
However, their efficacy and safety in this population require validation through large-scale prospective 
cohort studies.

3.3.4.  The mechanism of action of PCSK9 inhibitors
As mentioned earlier, PCSK9 promotes the endocytosis and degradation of LDLR by binding to it, leading 
to a reduction in the surface LDLR of liver cells, which in turn decreases the clearance rate of LDL cho-
lesterol. PCSK9 inhibitors can effectively block this process, increasing the number of LDLRs on the sur-
face of liver cells, promoting the uptake of LDL cholesterol, and lowering plasma LDL cholesterol levels 
[61]. Additionally, PCSK9 interacts with other receptors such as Toll-like receptors (TLR) and scavenger 
receptor B, thereby affecting lipoprotein concentrations and thrombosis. These findings suggest that 
PCSK9 inhibitors not only influence the degradation of LDLR but may also regulate lipid metabolism and 
inflammatory responses through various pathways, further impacting the progression of cardiovascular 
diseases. The mechanism of action of PCSK9 inhibitors (evolocumab) is shown in Figure 3.

3.4.  Clinical efficacy, safety, and limitations of PCSK9 inhibitors

3.4.1.  Evidence of curative effect of PCSK9 inhibitors
In recent years, the results of several large clinical trials have shown that PCSK9 inhibitors have signifi-
cant effects in lowering LDL-C and reducing cardiovascular events (Table 2). The use of PCSK9 inhibitors 
(such as evolocumab and alirocumab) can reduce LDL-C levels by more than 50%, especially in high-risk 
patients. For example, the FOURIER trial demonstrated that evolocumab could lower LDL-C by 59% and 
reduce the risk of major cardiovascular events by 15% to 20%; the ODYSSEY Outcomes trial found that 
alirocumab reduced LDL-C by 57% while decreasing the incidence of adverse events by 15%. Although 
the SPIRE-2 trial had limited results due to early termination, it still showed a 21% risk reduction in the 
primary composite endpoint with bococizumab [62]. This reduction in LDL-C not only improves patients’ 
lipid levels but also significantly lowers the risk of cardiovascular events. Additionally, several studies 



10 B. LUO ET AL.

have indicated that the application of PCSK9 inhibitors effectively lowers LDL-C across different popula-
tions, with particularly pronounced effects in patients receiving high-intensity statin therapy who do not 
respond well [63]. In addition to their significant impact on LDL-C, PCSK9 inhibitors also have positive 
effects on other lipid parameters. Research shows that PCSK9 inhibitors can lead to significant decreases 
in total cholesterol, non-HDL-C, and apolipoprotein B (ApoB) levels, while HDL-C levels may slightly 
increase. These changes indicate that PCSK9 inhibitors not only effectively lower harmful LDL-C but may 
also improve the overall lipid profile, thereby reducing the risk of cardiovascular disease [64,65]. 
Furthermore, PCSK9 inhibitors also have a certain lowering effect on triglyceride levels, further support-
ing their important role in lipid metabolism regulation [66].

Thus, it is evident that PCSK9 inhibitors not only effectively lower LDL-C but may also reduce the 
occurrence of cardiovascular events in high-risk patients, demonstrating their potential in the prevention 
of cardiovascular diseases.

Given the excellent efficacy and safety of PCSK9 inhibitors in the general population, researchers are 
attempting to address the current challenges in lipid management for kidney transplant patients. Existing 
clinical trials show that PCSK9 inhibitors can effectively reduce LDL-C levels in kidney transplant recipi-
ents and may improve cardiovascular risk. Although research specifically targeting kidney transplant 
recipients is still limited, existing case reports and small-scale clinical trials indicate that PCSK9 inhibitors 
demonstrate good tolerance and efficacy in this patient population. For example, one study reported 
that a 74-year-old male kidney transplant patient experienced a significant reduction in LDL-C levels after 
using alirocumab, with no serious adverse reactions occurring during treatment, providing preliminary 
evidence for the application of PCSK9 inhibitors in kidney transplant recipients [67]. Additionally, 

Figure 3.  The mechanism of action of PCSK9 inhibitors.
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systematic evaluations have shown that PCSK9 inhibitors also exhibit potential in reducing the risk of 
cardiovascular events, especially in patients who have poor tolerance or inadequate response to tradi-
tional lipid-lowering medications [68]. Furthermore, PCSK9 inhibitors have shown superior effects com-
pared to statins in kidney transplant patients, particularly in reducing total cholesterol and triglycerides. 
For instance, a network meta-analysis involving 5,768 kidney transplant patients demonstrated that 
PCSK9 inhibitors significantly reduced LDL-C levels, and when used in combination with statins, they 
could further enhance lipid-lowering effects [69].

Ordóñez-Fernández et  al. initially reported a case of a 45-year-old kidney transplant patient who devel-
oped pneumonia after receiving alirocumab treatment. The patient was initially treated with high-dose 
statins and ezetimibe, but switched to alirocumab due to worsening liver function. After receiving two 
doses of alirocumab, the patient developed fever and cough, and was ultimately diagnosed with cardio-
genic pneumonia and sepsis, requiring admission to the intensive care unit. After 5 days of treatment, the 
patient was discharged, but the use of alirocumab was temporarily halted. Ninety days after stopping ali-
rocumab, the patient resumed the medication, but subsequently experienced a respiratory infection. 
Consequently, the patient’s immunosuppressive therapy was changed from everolimus to azathioprine, 
which led to an improvement in lipid levels and alleviation of respiratory symptoms. Therefore, they rec-
ommended that when using alirocumab, patients’ cholesterol levels and infection risks should be regularly 
assessed, and consideration should be given to pausing the medication after achieving treatment goals [70].

However, in three recent reports, alirocumab has shown good efficacy in lowering cholesterol levels 
and is safe in immunosuppressed patients [71,72]. In the case report by Warden, B. A. et  al. only 25% of 
patients experienced mild and self-limiting side effects, and no patients discontinued treatment due to 
side effects [73]. Furthermore, stronger evidence from cohort studies and RCTs supports the effective and 
safe use of PCSK9 inhibitors in kidney transplant patients. In the prospective cohort study by Amaro, J. 
et  al. kidney transplant patients treated in the hospital from 15 September 2022 to 11 May 2023, were 
included. The inclusion criteria were patients who had not achieved low-density lipoprotein cholesterol 
(c-LDL) treatment goals after receiving high-efficacy statins and ezetimibe, or who experienced adverse 
reactions (such as muscle pain and elevated liver enzymes) from statins. The research team followed up 
with 13 patients for at least 6 months, comparing total cholesterol, c-LDL, triglycerides, estimated glo-
merular filtration rate (eGFR), and urinary albumin levels before and after treatment. A total of 13 kidney 
transplant recipients began receiving evolocumab treatment, and all recipients continued using their 

Table 2.  Recent published clinical studies.
Year Study type Safety Efficacy Conclusion

2024 Randomized 
Controlled Trial

YES YES PCSK9 inhibitors are safe and effective with statins for 
hypercholesterolemia post-kidney transplant, and 
evolocumab reduces cardiovascular events in high-risk 
patients [75].

2024 Cohort Study YES YES The research results support the use of evolocumab in 
patients who cannot achieve ideal lipid levels 
through conventional treatment [74].

2023 Case Report YES YES PCSK9 inhibitors may be considered a pharmacologic 
option for treating lipid metabolism disorder and 
reducing low-density lipoprotein cholesterol in 
transplant recipients [68].

2022 Case Report YES YES PCSK9 inhibitors provide a new possibility for the 
treatment of lipid metabolism disorders in kidney 
transplant patients, demonstrating safety and efficacy 
even in complex situations [71].

2021 Case Report YES YES In kidney transplant patients, the effectiveness of 
alirocumab in reducing LDL-C levels is similar to 
other clinical study results, and it has good 
compatibility with immunosuppressive therapy [72].

2019 Case Report 25% of patients experienced 
mild and self-limiting side 
effects.

YES PCSK9 inhibitors can lower LDL-C by 60% in transplant 
patients, achieving treatment targets, with minimal 
effects on immunosuppressive drugs and no reports 
of organ rejection or new atherosclerotic disease [73].

2018 Case Report The use of alirocumab may 
increase the risk of 
infection in patients.

YES The increased infection risk from alemtuzumab in kidney 
transplant patients, especially with everolimus, 
necessitates careful risk-benefit assessment and 
regular monitoring of cholesterol and infection status 
for safety and efficacy [70].
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previous lipid-lowering medications during treatment. The study found that by the third month after 
treatment initiation, the recipients’ total cholesterol and low-density lipoprotein cholesterol (c-LDL) levels 
significantly decreased (p = 0.008, p = 0.009), and this reduction was maintained after 6 months (p < 0.001, 
p = 0.002). Nevertheless, the study did not find changes in triglycerides, eGFR, urinary albumin, or plasma 
immunosuppressant levels. Additionally, no cases of acute rejection or adverse reactions were reported, 
and the study found that evolocumab was more effective than alirocumab in reducing cardiovascular 
events, with stable kidney function, no changes in proteinuria, and no other safety issues reported [74].

Furthermore, in the study by Alotaibi et  al. a total of 197 kidney transplant patients were recruited, 
primarily consisting of Kuwaiti males aged between 50 and 60 years. They were randomly divided into 
two groups: one group received evolocumab treatment (140 mg every 2 weeks), while the other group 
maintained statin therapy. The study compared various indicators between patients using evolocumab 
and those on statins before and after transplantation. The results showed that although the two groups 
were similar in weight, height, dialysis type, immunosuppressive regimen, and comorbidities before 
transplantation, the incidence of diabetes was significantly higher in the statin group (p = 0.009). After 
transplantation, although the cholesterol levels in the evolocumab group were significantly higher than 
those in the statin group at baseline (p < 0.001), this difference reversed after 3 months and remained 
significantly lower than the statin group during follow-up (p < 0.05). Additionally, there were no signifi-
cant differences in clinical outcomes regarding diabetes, kidney function, and cardiovascular events 
between the two groups after transplantation (p > 0.05). While the evolocumab group had a higher inci-
dence of cardiovascular events at baseline (p = 0.001), there were no significant differences in clinical 
outcomes, transplant results, and the incidence of cardiovascular and cerebrovascular complications 
between the two groups throughout the study (p > 0.05), indicating that evolocumab is a safe and effec-
tive adjunct therapy to statins [75].

3.4.2.  Safety of PCSK9 inhibitors
PCSK9 inhibitors (such as alirocumab and evolocumab) have shown significantly better lipid-lowering effects 
compared to statins. A systematic review and network meta-analysis demonstrated that PCSK9 inhibitors 
can reduce LDL-C levels by approximately 50% [76]. This lipid-lowering effect has been validated in multiple 
studies, particularly in patients who are intolerant to statins, where PCSK9 inhibitors have shown superior 
results. Additionally, the lipid-lowering effect of PCSK9 inhibitors when used in combination with other 
lipid-lowering medications (such as ezetimibe) is also very significant, indicating a good synergistic effect 
of PCSK9 inhibitors in multi-drug combination therapy.

In comparisons of cardiovascular event rates, PCSK9 inhibitors also outperform statins. Multiple studies 
have shown that PCSK9 inhibitors can effectively reduce the incidence of adverse cardiovascular events, 
especially in high-risk patients. Furthermore, PCSK9 inhibitors appear to be safer than statins, as studies 
have shown that their use in combination with statins does not significantly increase the incidence of 
cardiovascular events and may even reduce the risk of statin-related side effects. Therefore, considering 
the lipid-lowering effects and the incidence of cardiovascular events, PCSK9 inhibitors may become the 
preferred treatment option for patients at high risk of cardiovascular disease.

Moreover, PCSK9 inhibitors also show significant advantages in terms of tolerability. Although statins are 
the cornerstone of lipid-lowering therapy, their common adverse reactions, such as muscle pain, liver func-
tion abnormalities, and increased risk of diabetes, often lead to patients discontinuing or reducing their 
medication, thereby affecting treatment outcomes [77,78]. In contrast, users of PCSK9 inhibitors report fewer 
adverse reactions, most of which are mild injection site reactions, and do not affect patients’ glucose metab-
olism [79]. In one study, the use of PCSK9 inhibitors showed good tolerability in high-risk patients, and when 
used in combination with statins, did not significantly increase the incidence of adverse reactions [80]. 
Additionally, PCSK9 inhibitors also demonstrate good efficacy and tolerability even in patients who are intol-
erant to statins, effectively lowering LDL-C levels without increasing the risk of new-onset diabetes.

3.4.3.  The main limitation of PCSK9 inhibitors: the cost
Compared to traditional statins, the use of PCSK9 inhibitors, a new type of lipid-lowering medication,  
is often limited by their high cost. In a study involving Chinese adults, researchers evaluated the 
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cost-effectiveness of different lipid-lowering treatment regimens, including high-dose statin treatment, 
statin plus ezetimibe, and the combination of statins with PCSK9 inhibitors. The results showed that the 
incremental cost-effectiveness ratio (ICER)of adding just PCSK9 inhibitors was 68,910 $ per qual-
ity − adjusted life year (QALY), while the ICER for adding ezetimibe was 20,242 $ per QALY, which shows 
that adding ezetimibe is a more cost-effective choice [33].

In the ORION-10 clinical trial in Australia, the study compared inclisiran with statin monotherapy and 
found that inclisiran could significantly reduce LDL-C levels. However, from a cost-effectiveness stand-
point, if its price stays the same, using inclisiran isn’t seen as cost-effective. The study pointed out that 
if inclisiran’s price dropped by 60%, it might be seen as a cost-effective option [81].

Healthcare policies and drug pricing strategies differ substantially across countries and regions. In 
some settings, PCSK9 inhibitors are considered cost-effective for specific patient subgroups, while in oth-
ers, their economic feasibility is questioned. Therefore, despite the promising clinical efficacy of PCSK9 
inhibitors, their economic burden, cost-effectiveness profiles, and variations in healthcare policy support 
remain key areas of ongoing discussion. Additionally, with the continuous advancement of novel drug 
development and growing market competition, adjustments to PCSK9 inhibitor pricing strategies may 
occur, which could influence their clinical accessibility and widespread application[82].

4.  Discussion and future direction

4.1.  Key findings

Current evidence indicated that elevated lipoprotein(a) [Lp(a)] levels may attenuate the lipid-lowering 
efficacy of PCSK9 inhibitors. Mechanistically, increased Lp(a) competes with the LDLR for binding sites, 
occupying the key targets of PCSK9 inhibitors and thereby impeding their ability to promote LDLR recy-
cling and enhance clearance of low LDL-C [83]. This effect is particularly pronounced in patients carrying 
LDLR mutations, who already exhibit dyslipidemia due to impaired LDLR function, as elevated serum 
Lp(a) further exacerbates the suboptimal lipid-lowering response to PCSK9 inhibitors, hindering the 
achievement of lipid control targets [84]. Elevated Lp(a) is relatively common among renal transplant 
recipients, and some patients may also carry LDLR mutations due to genetic factors. Therefore, the 
impact of Lp(a) requires particular attention when using PCSK9 inhibitors in this population.

Romagnuolo et  al. demonstrated using various hepatocyte models that PCSK9 inhibits the internaliza-
tion of Lp(a) via the LDLR in an LDLR-dependent manner, while LDLR overexpression enhances Lp(a) 
clearance. Receptors such as VLDLR, LRP-1, and LRP-8 were not involved in this process [85]. These find-
ings provide a mechanistic basis for PCSK9 inhibitors reducing Lp(a) through LDLR-mediated pathways 
and establish a foundation for targeted treatment of elevated Lp(a). Furthermore, genetic analysis by Cui 
et  al. confirmed that specific variant genotypes of PCSK9 E670G (AG+GG) and LDLR rs688 (CT+TT) are 
significantly associated with reduced HDL-C levels and negatively correlated with hemodynamic param-
eters [86], further suggesting that genetic factors may influence the efficacy of PCSK9 inhibitors.

Regarding safety, PCSK9 inhibitors are generally well-tolerated. The most common adverse reactions 
are injection site reactions, occurring in approximately 10%-20% of cases, typically manifesting as local 
pain, erythema, pruritus, or induration. These are usually mild and self-limiting within days. Allergic reac-
tions are relatively rare, with severe anaphylaxis being exceedingly uncommon; mild allergic symptoms 
generally resolve quickly after discontinuation. Long-term use has not demonstrated significant nephro-
toxicity. Numerous clinical trials and observational studies indicate that while effectively lowering LDL-C, 
PCSK9 inhibitors do not adversely affect renal function, and no significant drug interactions have been 
observed when co-administered with immunosuppressants [87]. Although neurological adverse reactions 
and abnormal liver function have been reported, their incidence is low, and current evidence is insuffi-
cient to establish a direct causal relationship with PCSK9 inhibitors. Notably, beyond its role in lipid 
metabolism, PCSK9 may indirectly inhibit RNA virus replication and infection by binding to specific viral 
surface proteins, interfering with viral entry into host cells, or modulating host immune pathways [88]. 
This function suggests that PCSK9 may play a role in antiviral defense, and the use of PCSK9 inhibitors 
could potentially attenuate this protective effect, increasing the risk of specific viral infections, a concern 
requiring particular attention in immunocompromised renal transplant recipients.
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4.2.  Advantages of PCSK9 inhibitors compared with statins

In the management of dyslipidemia in renal transplant recipients, PCSK9 inhibitors offer three core 
advantages compared to conventional statins. First, PCSK9 inhibitors provide superior lipid-lowering effi-
cacy without drug interaction limitations. Most statins (except pravastatin and fluvastatin) require specific 
metabolic pathways and may lead to blood concentration fluctuations when co-administered with immu-
nosuppressants commonly used in transplant recipients. In contrast, PCSK9 inhibitors do not rely on 
these pathways, allowing safe combination with immunosuppressants and achieving significantly greater 
LDL-C reduction as monotherapy. Second, PCSK9 inhibitors demonstrate improved safety and tolerability. 
Statins frequently cause adverse effects such as myalgia, abnormal liver function, and increased diabetes 
risk, often necessitating dose reduction or discontinuation in transplant patients. Adverse reactions to 
PCSK9 inhibitors are primarily mild injection site reactions, with no conclusive evidence of hepatorenal 
toxicity or increased diabetes risk. Third, PCSK9 inhibitors have broader applicability. For transplant recip-
ients who are statin-intolerant, fail to achieve lipid targets despite maximum tolerated statin plus ezeti-
mibe therapy, or require stringent lipid control due to high ASCVD risk, PCSK9 inhibitors serve as an 
effective alternative or add-on therapy, addressing the limitations of conventional lipid-lowering strategies.

Furthermore, regarding comprehensive lipid modulation, PCSK9 inhibitors offer an advantage not seen 
with statins by modulating Lp(a) levels. Specific PCSK9 inhibitors can moderately reduce Lp(a), whereas 
statins typically cause a mild increase. This difference is particularly important for renal transplant recip-
ients: this population often has elevated baseline Lp(a) levels and increased ASCVD risk, and the Lp(a)-
lowering effect of PCSK9 inhibitors may further reduce their cardiovascular event risk. Mechanistically, 
the modulation of Lp(a) by PCSK9 inhibitors is linked to the LDLR-mediated clearance pathway, acting 
synergistically with their overall lipid-lowering efficacy. In contrast, the statin-induced increase in Lp(a) is 
potentially related to a compensatory response following cholesterol synthesis inhibition, for which there 
is currently no effective mitigation strategy. This characteristic further supports the adjunctive therapeu-
tic value of PCSK9 inhibitors in renal transplant recipients, especially those with elevated Lp(a).

It must be emphasized that the advantages of PCSK9 inhibitors do not negate the value of statins. 
Statins remain the first-line foundational therapy for lipid management in renal transplant recipients. 
High-intensity statin therapy can achieve LDL-C reduction comparable to some PCSK9 inhibitors in the 
general population, and high-dose statins are still the preferred recommendation for transplant recipients 
with good tolerance and no significant drug interactions. More importantly, statins possess established 
anti-inflammatory effects, providing independent long-term cardiovascular protection and delaying the 
progression of atherosclerotic inflammation by inhibiting macrophage activation and reducing C-reactive 
protein levels; currently, there is insufficient evidence to indicate that PCSK9 inhibitors have direct 
anti-inflammatory effects. Therefore, these two drug classes are not substitutive but complementary. 
Clinical practice requires individualized lipid management strategies based on patient tolerance, achieve-
ment of lipid targets, and the risk of drug interactions.

4.3.  Adverse reactions and safety

4.3.1.  Common adverse reactions and monitoring
The most common adverse reactions to PCSK9 inhibitors are injection site reactions. Although typically 
mild and self-limiting, they may impact patient medication adherence. During clinical use, physicians 
should inform patients of the possibility of such reactions in advance and provide nursing advice, such 
as appropriate cold compress before and after injection, and rotating injection sites to avoid repeated 
stimulation at the same location, thereby alleviating discomfort.

Although the incidence of allergic reactions is low, vigilance remains necessary. Clinical studies indi-
cate that some patients may experience allergic symptoms such as rash, pruritus, or dyspnea following 
PCSK9 inhibitor use. Severe allergic reactions are exceedingly rare, and mild symptoms typically resolve 
rapidly after discontinuation. Therefore, physicians should thoroughly review patients’ allergy history 
when prescribing, enhance monitoring during initial treatment, and promptly identify and manage 
potential allergic reactions. Regarding neurological adverse reactions, their underlying mechanism is not 
fully elucidated and may be related to the role of PCSK9 in the nervous system. Although current 
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evidence does not clearly indicate that PCSK9 inhibitors significantly increase the risk of such adverse 
reactions, regular neurological assessments and long-term follow-up are still recommended for patients 
with a history of neurological disorders to ensure medication safety. Reports of abnormal liver function 
are relatively infrequent but still warrant attention. Some patients may experience elevated liver enzymes 
following PCSK9 inhibitor use, potentially related to drug metabolism pathways [89]. In clinical practice, 
it is advisable to assess liver function prior to treatment and monitor liver function parameters regularly 
during therapy, enabling timely detection and management of abnormalities. This approach ensures 
medication safety and allows physicians to adjust treatment plans as needed to mitigate potential hep-
atotoxicity risks.

In summary, to ensure patient safety, clinicians should regularly monitor biochemical parameters, 
including liver function, renal function, and creatine kinase levels, to promptly identify potential adverse 
reactions. Although PCSK9 inhibitors demonstrate an overall favorable safety profile, comprehensive 
monitoring during treatment remains essential to safeguard patient health.

4.3.2.  Long-term use safety and virus infection risk
First, PCSK9 inhibitors demonstrate a favorable safety profile when co-administered with immunosup-
pressants. Studies indicate that PCSK9 inhibitors such as alirocumab and evolocumab do not significantly 
affect the blood concentrations of immunosuppressants. For example, a study in patients with 
anti-HMGCR-positive immune-mediated necrotizing myopathy showed that treatment with PCSK9 inhib-
itors did not lead to decreased muscle strength; instead, creatine kinase levels improved [90]. 
Metabolically, PCSK9 inhibitors are not processed by the liver or kidneys and do not share the CYP3A4 
or CYP2C9 metabolic pathways with mainstream immunosuppressants, thus avoiding interference with 
immunosuppressant blood levels and potentially offering additional clinical benefits in some cases. 
Second, long-term use of PCSK9 inhibitors does not lead to significant renal function decline. Multiple 
clinical trials and observational studies confirmed that PCSK9 inhibitors effectively lower LDL-C without 
adversely affecting patient renal function. For example, a study involving 933 patients with coronary 
heart disease found that although the LDL-C target achievement rate was lower in patients with renal 
impairment (eGFR <60 mL/min/1.73 m2) compared to those with normal renal function, the addition of 
PCSK9 inhibitors significantly improved their LDL-C target attainment rate [91], further confirming the 
renal safety of PCSK9 inhibitors. Finally, PCSK9 inhibitors are associated with a low incidence of adverse 
reactions, with no severe adverse events observed. A recent meta-analysis indicated no significant dif-
ferences in the incidence of treatment-related adverse events, serious adverse events, or diabetes-related 
adverse events between the PCSK9 inhibitor group and the control group [92]. Although early studies 
raised concerns about potential neurocognitive adverse effects, subsequent large-scale clinical trials have 
demonstrated that such events are extremely rare. In summary, PCSK9 inhibitors exhibit a favorable 
long-term safety profile and are suitable for lipid management in renal transplant patients at high car-
diovascular risk.

Recent studies have found that beyond its role in lipid metabolism, PCSK9 may also indirectly inhibit 
RNA virus replication and infection by binding to specific viral surface proteins, interfering with viral 
entry into host cells, or modulating host immune pathways [93], suggesting a potential role in antiviral 
defense. The use of PCSK9 inhibitors might attenuate this protective effect, increasing the risk of specific 
viral infections. In the general population, small-scale clinical observations indicate that although the 
incidence of RNA viral infections, such as influenza and SARS-CoV-2, in patients receiving long-term 
PCSK9 inhibitor therapy (e.g., evolocumab, alirocumab) shows no significant difference compared to the 
placebo group, there is a trend toward prolonged symptom duration and a slight increase in the risk of 
severe disease [94]. In contrast, renal transplant recipients, due to long-term use of immunosuppressants 
such as calcineurin inhibitors (e.g., cyclosporine A, tacrolimus) and glucocorticoids, are inherently immu-
nocompromised and exhibit significantly reduced antiviral capacity compared to the general population 
[95]. When combined with PCSK9 inhibitors, the immunocompromised state and the potential impair-
ment of PCSK9-mediated antiviral functions may have a synergistic effect, further increasing the risk of 
infection [96]. Although dedicated studies on the risk of viral infection in transplant recipients receiving 
PCSK9 inhibitor therapy are currently limited, a case report by García-Agudo et  al. described a 



16 B. LUO ET AL.

74-year-old male renal transplant recipient who switched to alirocumab due to atorvastatin allergy. 
During treatment, his lipid levels were well-controlled, everolimus blood concentration remained stable, 
tolerance was good, and no viral infection occurred [97]. While this case does not establish a direct 
causal link between PCSK9 inhibitor use and viral infection, it provides a reference for clinical vigilance.

Therefore, in clinical practice, stricter viral monitoring measures are required for renal transplant recip-
ients receiving PCSK9 inhibitors: pretreatment screening for antibodies and viral loads of common viruses 
such as CMV and EBV; repeat viral load testing every 3–6 months during treatment; and enhanced pre-
vention against respiratory viruses like influenza and SARS-CoV-2 (e.g., vaccination). If patients present 
with suspected viral infection symptoms such as fever, fatigue, or pulmonary infection, temporary dis-
continuation of the PCSK9 inhibitor is advised, along with prompt initiation of antiviral therapy to pre-
vent disease progression and compromise graft outcomes. Future multi-center, large-scale prospective 
cohort studies are needed to quantify the association between PCSK9 inhibitor use and viral infection 
risk in this population, while also exploring individualized strategies (e.g., intermittent dosing regimens 
based on viral load) to optimize lipid management while ensuring medication safety.

4.4.  Challenges and future directions

4.4.1.  Effect of Lp (a) on the efficacy of PCSK9 inhibitors and its countermeasures
For renal transplant recipients considered for PCSK9 inhibitor therapy, baseline Lp(a) testing and LDLR 
gene screening are recommended prior to treatment. For patients with elevated Lp(a) (particularly 
≥125 nmol/L) or those carrying LDLR mutations, the potential for reduced efficacy of PCSK9 inhibitors 
should be anticipated, and an individualized plan should be developed. This may include combining with 
other lipid-lowering agents, adjusting the PCSK9 inhibitor dosage, or selecting Lp(a)-targeted therapies. 
If the lipid-lowering response falls short of expectations after treatment initiation, genetic testing and 
Lp(a) measurement should be promptly conducted to clarify the cause of suboptimal efficacy and iden-
tify alternative therapeutic targets, thereby avoiding delays in achieving lipid management goals [98].

Furthermore, the differential effects of PCSK9 inhibitors and statins on Lp(a) require particular atten-
tion: PCSK9 inhibitors moderately reduce Lp(a) via the LDLR-mediated pathway, whereas statins (espe-
cially at moderate to high doses) typically cause a mild increase in Lp(a). For renal transplant recipients 
requiring low-dose statin therapy (e.g., those with statin intolerance but still needing foundational treat-
ment), the statin-induced elevation in Lp(a) may compound with Lp(a)’s inherent competition for LDLR 
binding sites, further attenuating the LDL-C-lowering efficacy of PCSK9 inhibitors. Therefore, before initi-
ating PCSK9 inhibitor therapy, in addition to assessing baseline Lp(a) and LDLR genotype, it is essential 
to clarify the patient’s current statin use. If the patient is already on statins and exhibits a rising trend in 
Lp(a), switching to a regimen combining a PCSK9 inhibitor with ezetimibe is recommended. This strategy 
avoids the adverse effect of statins on Lp(a), while ezetimibe’s inhibition of intestinal cholesterol absorp-
tion synergizes with the PCSK9 inhibitor, ensuring the achievement of lipid control targets [99].

4.4.2.  Other challenges and future exploration direction
4.4.2.1. Core challenges.  The first is economic constraints. Compared to statins (e.g., atorvastatin) and 
ezetimibe, PCSK9 inhibitors entail significantly higher treatment costs, limiting their widespread clinical 
use. Substantial variations in healthcare policies and drug pricing across different countries and regions 
further exacerbate disparities in the clinical accessibility of PCSK9 inhibitors. In some areas, PCSK9 
inhibitors are only covered by health insurance for high-risk ASCVD patients, excluding renal transplant 
recipients. Consequently, this population must bear the full cost of treatment out-of-pocket, leading to 
a substantial increase in financial burden and preventing many eligible patients from accessing this 
effective lipid-lowering therapy.

Although the treatment cost of PCSK9 inhibitors is substantially higher than that of conventional 
statins, which somewhat limits their broad application, their economic evaluation should be considered 
within the overall treatment landscape for refractory hyperlipidemia. For kidney transplant recipients who 
are statin-intolerant or have refractory disease, other advanced treatment options, such as therapeutic 
apheresis (including specific LDL apheresis or Lp(a) apheresis), are also considerably expensive. Apheresis 
requires patients to undergo this invasive procedure regularly (e.g., weekly or bi-weekly) in a clinical 
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setting, with each session lasting several hours. The annual total cost can be comparable to that of 
PCSK9 inhibitors, yet apheresis imposes a significantly greater burden on patients and carries additional 
procedure-related risks, such as vascular access complications [100]. Indeed, studies have demonstrated 
that PCSK9 inhibitors can effectively reduce or even eliminate the need for apheresis in some patients, 
suggesting potential long-term cost-saving benefits [101]. Pharmacoeconomic studies indicate that the 
cost-effectiveness of PCSK9 inhibitors in high-risk populations is closely tied to their price, and their 
value in preventing cardiovascular events becomes fully realized following price optimization [102]. 
Furthermore, novel lipid-lowering agents such as inclisiran, despite requiring only biannual injections, are 
also positioned within the high-cost tier of therapies [103,104]. Therefore, from a long-term pharma-
coeconomic perspective, PCSK9 inhibitors represent a valuable alternative therapeutic option, owing to 
their convenient administration, potent efficacy in lipid reduction, and proven cardiovascular benefits. 
Future drug pricing strategies and healthcare reimbursement policies should more fully reflect their 
holistic value in improving patient outcomes and quality of life.

The second is limited clinical evidence. Current research on the use of PCSK9 inhibitors in renal trans-
plant recipients is predominantly based on small-sample cohort studies and case reports, lacking support 
from high-quality evidence derived from large-scale, multicenter randomized controlled trials (RCTs). 
Published studies generally suffer from small-sample sizes and short follow-up durations, preventing a 
comprehensive and reliable assessment of the long-term cardiovascular benefits of PCSK9 inhibitors and 
their potential impact on graft function in this population. Furthermore, safety and efficacy data for 
PCSK9 inhibitors in specific subgroups, such as recipients with hepatitis B/C coinfection or elderly trans-
plant patients, are extremely scarce, significantly hindering the development of individualized and pre-
cise treatment strategies for these subpopulations.

4.4.2.2. Future research directions.  First, we can conduct dedicated clinical trials for renal transplant 
recipients. Multicenter, large-sample RCTs should be designed to clarify the optimal dosage, dosing 
frequency, and long-term impact on graft function and cardiovascular outcomes of different types of 
PCSK9 inhibitors (monoclonal antibodies, small interfering RNA, ultra-long-acting monoclonal antibodies) 
in renal transplant recipients, providing high-level evidence for clinical guidelines.

Second, we can optimize economic solutions, encouraging pharmaceutical innovation to reduce pro-
duction costs while promoting healthcare policy reforms to include PCSK9 inhibitors for renal transplant 
recipients in medical insurance reimbursement schemes. Concurrently, we can utilize centralized procure-
ment and bulk tendering mechanisms to lower drug prices and enhance clinical accessibility.

Third, we can expand research on special subgroups, conducting studies on the safety and efficacy of 
PCSK9 inhibitors in special subgroups, such as renal transplant recipients with comorbidities (e.g., diabe-
tes, hepatitis B or C), elderly recipients, and pediatric recipients, to identify contraindications and dose 
adjustment strategies for specific subpopulations and avoid a one-size-fits-all treatment approach.

5.  Conclusion

PCSK9 inhibitors demonstrate favorable efficacy and safety in lipid management for kidney transplant 
recipients, offering a valuable supplementary option for patients with statin intolerance, suboptimal 
response, or significant drug interactions. However, it must be emphasized that statins remain the 
first-line foundational therapy. High-intensity statin regimens can achieve lipid-lowering efficacy compa-
rable to some PCSK9 inhibitors in appropriate populations, and their well-established anti-inflammatory 
effects provide irreplaceable benefits for cardiovascular event prevention. In future clinical practice, 
statins (including combination therapy with ezetimibe) should be prioritized, with PCSK9 inhibitors 
reserved for cases where statins alone are insufficient, thereby establishing a stepped treatment approach 
of foundational therapy supplemented by advanced options. Current evidence supporting PCSK9 inhibi-
tors is largely based on small-sample case reports or short-term cohort studies, lacking validation from 
large-scale multicenter randomized controlled trials regarding long-term cardiovascular benefits and 
impacts on allograft outcomes. Dedicated studies are needed to address these evidence gaps, while 
further exploration of the efficacy and safety of combining statins with PCSK9 inhibitors will enable more 
precise and personalized lipid management strategies for kidney transplant recipients.
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