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Chronic kidney disease (CKD) in older individuals is a matter of growing concern in the field of public health across the globe. Indeed, prevalence of kidney function impairment increases with advancing age and is often exacerbated by age-induced modifications of kidney function, presence of chronic diseases such as diabetes, hypertension, and cardiovascular disorders, and increased burden related to frailty, cognitive impairment and sarcopenia. Accurate assessment of CKD in older individuals is crucial for timely intervention and management and relies heavily on biomarkers for disease diagnosis and monitoring. However, the interpretation of these biomarkers in older patients may be complex due to interplays between CKD, aging, chronic diseases and geriatric syndromes. Biomarkers such as serum creatinine, estimated glomerular filtration rate (eGFR), and albuminuria can be significantly altered by systemic inflammation, metabolic changes, and medication use commonly seen in this population. To overcome the limitations of traditional biomarkers, several innovative proteins have been investigated as potential, in this review we aimed at consolidating the existing data concerning the geriatric aspects of CKD, describing the challenges and considerations in using traditional and innovative biomarkers to assess CKD in older patients, highlighting the need for integration of the clinical context to improve biomarkers’ accuracy.
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1 Introduction

Older people represent a very relevant proportion of the population affected by chronic kidney disease (CKD) and end-stage kidney disease (ESKD). In 2017–2020, the prevalence of CKD in older adults aged 65 years or over was 33.2% compared to 9% in adults (1); in 2020 the incidence of ESKD was 1,447 cases per million people among individuals aged 75 or more, 1,225 cases per million people among those aged 65–74 and 598 cases per million people among those aged 45–64 (1).

Older people are more susceptible to CKD for several reasons. Aging can cause anatomical and functional changes in the kidneys, such as the reduction in the number of functioning nephrons and a decrease in renal blood flow (2, 3). Furthermore, some conditions that may contribute to development and progression of CKD, i.e., hypertension, diabetes, cardiovascular disease, and atherosclerosis, are more common in older adults. Furthermore, older people with multimorbidity often take many medications, and some of them, such as non-steroidal anti-inflammatory drugs and some antibiotics can damage the kidneys, especially if taken in high doses or over a prolonged period of time (4–6). Additionally, older people are more susceptible to drug-induced kidney damage due to age-related changes in drug metabolism and excretion (3, 6, 7). Moreover, age-related decrease in renal reserve makes older people more vulnerable to experience kidney damage caused by infections, dehydration, and surgery (3).

To distinguish physiologic aging of the kidney from less severe stages of CKD may be very difficult, which may delay the implementation of specific interventions able to slow the development of CKD complications and ESKD. Additionally, many patients with CKD are asymptomatic or have nonspecific symptoms with the consequence that the course of the disease may remain subclinical for a long time until laboratory clues are searched for. Finally, CKD and its complications may significantly impact functional status and health-related quality of life among older people, and geriatric syndromes (including cognitive status, depression, disability, frailty and sarcopenia) are more and more considered in the assessment of older people with CKD (8).

Therefore, we aimed at summarizing the available evidence about geriatric dimensions of CKD, including the difference between physiological renal ageing and progressive kidney disease, the main issues related to CKD diagnosis and staging, and the challenges related to functional impact of CKD. We will also analyze the potential role of innovative biomarkers in the diagnosis of CKD in older patients, and finally look ahead to the future in this field.



2 Ageing kidney and CKD

Ageing can lead to various changes in kidney structure and function (Figure 1), which may increase the risk of acute kidney injury (AKI) and the development of progressive CKD (9–17). While there are some common pathophysiological and clinical features between the ageing kidney and CKD, the gradual changes that occur with ageing differ from the progressive genetic, immunological, or toxic injury typically associated with CKD (7).
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FIGURE 1
 Aging-related changes of kidney structure and function.


Current evidence suggests that a sort of uneven interplay exists between decreased protective elements (including vascular density, antioxidant capacity, telomere shortening, PPARγ, and Klotho expression) and stress-inducing factors (such as hypoxia, increased expression of collagen I and III, TGF-β, and oxidative stress) associated with renal inflammation and fibrosis, a hallmark of CKD. This imbalance leads to amplified senescence and a reduction in microvascular density, thereby perpetuating damage and driving disease progression (3, 7). Furthermore, advanced glycation end products (AGEs), which accumulate in the bloodstream and tissues with age, could contribute to vascular changes in the kidney and thus to the pathophysiology of both diabetic and non-diabetic CKD. Indeed, AGEs could exacerbate insulin resistance and increase senescence in tubular epithelial cells, affecting renal structures and leading to functional alterations (3, 7).

The main aging-related changes in kidney function may be of clinical significance in older patients, even in the absence of clear evidence of renal disease. Thus, assessment of glomerular filtration rate (GFR) and albumin-to-creatinine ratio (ACR) together with the assessment of the presence of other systemic diseases or clinical conditions (e.g., cardiovascular and respiratory diseases, diabetes, muscle-skeletal disorders, and polypharmacy) can help clinicians interpret the clinical relevance of age-related changes in renal function (7).



3 Biomarkers of kidney function


3.1 Traditional biomarkers of kidney function

CKD is typically identified by the presence of a GFR below 60 mL/min/1.73 m2 or albuminuria of at least 30 mg per day, associated with the presence of urinary and serum biomarkers of renal damage. According to Kidney Disease: Improving Global Outcomes (KDIGO) clinical practice guidelines, CKD is defined as a GFR below 60 mL/min/1.73 m2 or the presence of kidney damage, such as albuminuria ≥ 30 mg/day, for a duration of at least 3 months (8).


3.1.1 Serum creatinine and eGFR

In clinical practice, due to the complexity and limited applicability of gold-standard methods for measuring GFR in a clinical setting, the assessment of eGFR is commonly carried out by using simple creatinine-based equations (18). This approach has partly overcome the problems related to measurement of creatinine only, which is still the most commonly used endogenous marker of glomerular function (19). Creatinine is produced in the muscles as a by-product of the breakdown of creatine phosphate, which the body makes up in a relatively constant ratio to muscle mass; creatinine is mainly excreted by the kidneys, where it is freely filtered through the glomerulus and released mainly via organic transporters in the proximal tubules. Assessment of serum creatinine can raise some issues in older individuals, as its serum levels can fluctuate in relation to muscle mass and function, body composition, exercise, and diet (19). Moreover, its excretion may increase in individuals with severe albuminuria, e.g., those with nephrotic syndrome, resulting in false negative readings (20). Consequently, changes in creatinine levels do not always align with parallel changes in renal function (5, 21); to address the limitations of serum creatinine assessment, in last decades several age- and sex-adjusted creatinine-based equations to estimate GFR have been developed. With this aim, the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) has developed an estimating equation that is more accurate than creatinine clearance alone and was internally validated in 10 different CKD cohorts using urinary iothalamate clearance to quantify GFR (22). Years after the development of this formula, the newly created CKD-EPI 2021 equation has been shown to be more accurate by reducing the overestimation of GFR in black patients (23). However, accuracy of CKD-EPI equation in older individuals is still matter of debate; indeed, numerous studies have demonstrated a U-shaped relationship between creatinine-based eGFR and mortality in older individuals, meaning that high risk of mortality was shared by older patients with eGFR considered to be normal (24, 25). This is thought to be due to the muscle mass depletion which is relatively common in geriatric population and can lead to overestimation of creatinine and consequently eGFR (26). In this regard, the introduction of two eGFR equations specifically designed in older cohorts, namely the Berlin initiative study (BIS) (27) and the full age spectrum (FAS) equation (28) has represented a new frontier in diagnosis of CKD in geriatrics. Several studies have shown that BIS/FAS equations improved both eGFR estimation and prognostic risk stratification in older individuals (29–32). In contrast to CKD-EPI equation, specifically designed for estimating GFR in the adult population, the BIS equation considers age-related changes of muscle mass for more accurate GFR estimates among older individuals; in contrast, the FAS equation applies to all ages, making it versatile for diagnosis and managing CKD across the lifespan (30). However, results are conflicting and effects of sarcopenia and other nonrenal factors on serum creatinine are not adjusted in BIS and FAS equations (33); for this reason, cystatin C (CysC), which is known to be less affected by muscle turnover than serum creatinine (34), is emerging as a biomarker to estimate renal function in the older with sarcopenia and frailty (35–37).



3.1.2 CysC

CysC is a small protein (12 kDa) that is synthesized in all cells of the body containing a nucleus, at a consistent pace. It undergoes unimpeded filtration by the glomerulus with complete tubular reabsorption and catabolization, devoid of reabsorption into the bloodstream and renal tubular secretion. For this reason, CysC is considered a reliable indicator of filtration (38). Research has indicated that CysC levels increase more rapidly than serum creatinine levels following AKI (39). Equations based on CysC for estimating glomerular filtration rate (GFR) (or a combination of CysC and sCr equations) have been shown to be superior to equations based solely on creatinine (40–42). Unlike creatinine, CysC is less influenced by muscle mass and gender, and cystatin C-based equations have been shown to improve prediction of adverse health outcomes in CKD older patients compared with creatinine-based ones (43–46). However, the improvement was generally slight, and the higher cost of CysC compared to creatinine assessment hinders CysC implementation in clinical practice. Indeed, it has been suggested that CysC might represent a cost-effective option to estimate renal function in young adults only, where it has the potential to decrease the rate of false positives but not among older individuals (47). However, use of CysC may be proposed in selected subgroups of older populations, especially those with sarcopenia and physical frailty (48), where it could be a more reliable and muscle-mass-independent marker of renal function.



3.1.3 uACR

Urinary albumin-to-creatinine ratio (uACR) is the recommended measure for assessing albuminuria and has also been used to predict the risk of renal failure in CKD patients (49, 50) and it was included in the CKD staging system as well as in risk scores to predict the occurrence of renal failure (50). Albuminuria tests are often less prone to analytical inaccuracies than total protein tests, especially at lower proteinuria levels. In addition, albumin is the most common protein in urine in a variety of kidney diseases, and urinary albumin levels can be accurately measured within the normal range (51). For these reasons, guidelines recommend the uACR as the best test to assess albuminuria/proteinuria (52, 53). Additionally, ACR can accurately predict cardiovascular endpoints and other endpoints, along with the risk of developing CKD among individuals with high-to-normal eGFR (54–57). Furthermore, a recent meta-analysis demonstrated that elevated uACR levels are independently associated with an augmented risk of hypertension (58). In high-risk patients, such as those with diabetes mellitus, regular uACR assessment is recommended to reliably classify risk of cardiovascular disease and all-cause death (57, 59, 60). However, ACR determination presents also some limitations, mainly regarding its fluctuations caused by some nonrenal factors such as physical exercise, fever, and infections, that may make its evaluation less reliable in the acute settings (61).

The mentioned limitations can subsequently hinder clinicians’ ability to accurately identify individuals at risk of CKD and forecast their prognosis when treatments can potentially mitigate future risks, as recommended in guidelines (62). Considering this, novel biomarkers are receiving increasing attention to enhance the prognostic accuracy and surveillance in CKD older patients. Therefore, it is imperative and advantageous to explore sensitive diagnostic measures and novel biomarkers that are receiving increasing attention to enhance the diagnostic and prognostic efficiency and surveillance of CKD (63).




3.2 Novel biomarkers of kidney function

The evaluation of renal function is predominantly dependent on the estimation of albuminuria and GFR, which is achieved through the utilization of equations based on creatinine or both creatinine and ACR. Considering the acknowledged limitations associated with these markers, numerous alternative markers have been extensively investigated to enhance the accuracy of renal function assessment. Some biomarkers were also capable of predicting adverse outcomes (e.g., AKI incidence, CKD progression, cardiovascular events, and death) and may be used as prognostic indicators in CKD patients. The classification of main traditional and novel biomarkers involved in CKD is reported in Figure 2 and in Tables 1–3.
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FIGURE 2
 Classification of plasma and urinary CKD biomarkers according to mechanism of action.




TABLE 1 Summary of findings of longitudinal studies investigating the association between biomarkers of glomerular function and outcomes in older patients with CKD.
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TABLE 2 Longitudinal studies showing the associations between plasma and urinary tubular biomarkers and outcomes in older patients with CKD.
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TABLE 3 Longitudinal studies showing the associations between plasma and urinary markers of inflammation and outcomes in older patients with CKD.
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3.2.1 Markers of glomerular function

Evidence on markers of glomerular function mainly comes from longitudinal studies conducted in middle aged and older adults, while only a minority has been specifically conducted in geriatric populations. A summary of these studies is reported in Table 1 (64–75).


3.2.1.1 BTP and B2M

Beta trace protein (BTP) and β2-microglobulin (B2M) are emerging as novel biomarkers of kidney function, as they are filtrated by glomeruli and almost entirely reabsorbed by the proximal tubules (76, 77). Therefore, increase in serum BTP and B2M concentration is a potential indicator of decreased GFR (76–78), with the advantage that these biomarkers appear to be less influenced by age, sex and race compared with serum creatinine (76, 77); furthermore, as these proteins undergo proximal tubule reabsorption, increase in their urinary concentration indicate tubular damage (78).

BTP is a protein catalyst of the conversion of prostaglandin H2 into prostaglandin D2. Previous studies have shown that increased urinary and plasma BTP concentrations were highly correlated with serum levels of creatinine and cystatin C. Many studies have compared its diagnostic efficacy with conventional CKD biomarkers, such as creatinine, cystatin C and ACR, disclosing that increases in serum and urinary BTP levels correlate strongly with creatinine and cystatin C (79–81). Although BTP has a lower accuracy in eGFR estimation than cystatin C (73, 82–85), it appears to be less influenced by race (86) and its assessment has been suggested particularly in cases where creatinine does not provide accurate results (e.g., in the creatinine-blind range) (85, 87); in this context, lower serum BTP has been recently associated with slower GFR decline in older patients with normoalbuminuric CKD and diabetes (74). BTP was also associated with ACR and may be an early indicator of diabetic kidney disease (DKD); CKD patients with type 2 diabetes and microalbuminuria were found to have higher serum and urinary BTP levels than patients with normalbuminuria (88); furthermore, eGFRBTP improved prediction of CKD progression to ESKD and mortality compared to traditional eGFR measurements (66, 67).

B2M is a major histocompatibility class I molecule produced by most nucleated cells and present in many biological fluids (89). Its serum and urine concentrations tend to increase with decrease in eGFR (90, 91), but may be also affected by some non-renal conditions, such as infectious diseases, cancer, and aging (92). Like BTP, the role of B2M in diabetes has been extensively studied; a recent meta-analysis of 8 cohort studies has shown that B2M levels are associated with increased risk of DKD (93). Furthermore, a decrease in eGFR of at least 30% based on B2M determination has been shown to strongly predict the incidence of ESKD (75). Furthermore, in adults with CKD from the Chronic Renal Insufficiency Cohort (CRIC), both B2M and BTP predicted all-cause mortality, but B2M was specifically associated with cardiovascular mortality (64); however, the study population included individuals aged 25–75 years, thus not fully representative of the geriatric population. Finally, studies comparing the accuracy of the two biomarkers in predicting kidney disease have produced rather contradictory results. In some studies, there was no advantage in terms of predictive accuracy when BTP and B2M were included in the traditional eGFRcys and eGFRcr equations (83, 94). On the other hand, a recent meta-analysis comprising six studies has shown that eGFR based on BTP and B2M improves the detection of patients at risk of ESKD compared to the traditional eGFR equations (67). Furthermore, a recent cross-sectional analysis showed that estimation of eGFR by use of CKD-EPIBTP-B2M was independently associated with sarcopenia in community-dwelling older individuals in contrast to creatinine and cystatin C-based equations (95).



3.2.1.2 Klotho

Klotho is a novel antiaging transmembrane protein expressed in proximal and distal tubule cells and its concentration is directly proportional to renal function (96). For this reason, low concentrations of soluble α-Klotho are considered a sensitive and early marker of CKD, even in stage 1 and 2 patients (97, 98). In addition, changes in soluble Klotho could serve as an indicator of CKD progression, as they correlate with changes in eGFR over time (69, 99). In a recent prospective cohort study, circulating α-Klotho levels have been associated with increased risk of AKI, CKD progression and death, even after adjusting for fibroblast growth factor 23 (FGF-23) levels (100). This result was also confirmed in a small sample of 79 patients undergoing hemodialysis, where low Klotho resulted to independently predict AKI incidence, CKD progression, and survival (100). A progressive decrease in soluble Klotho levels with decreasing eGFR could contribute to cardiovascular and cerebrovascular changes and increase the risk of cardiovascular mortality and adverse events.

In patients with CKD, a reduction in Klotho concentrations is observed and has been found associated with increased albumin excretion, a higher risk of cardiovascular disease (CVD), mortality, and inflammation. In addition, Klotho acts as the co-receptor for FGF-23 (101) and appears to play a role in the pathophysiology of ion disturbances, contributes to regulation of bone calcium and phosphorus metabolism (102) and to the prevention of renal fibrosis (101, 103). A study conducted on 125 patients undergoing dialysis has shown that serum Klotho levels strongly correlated with the severity of mineral bone disorder (104). Furthermore, Klotho levels negatively correlated with serum phosphatemia, indicating that a decrease in Klotho levels may exacerbate urinary phosphate excretion disorders (105). Furthermore, given its correlations with muscle mass and quality, Klotho may represent the biomolecular link between sarcopenia and CKD (106).




3.2.2 Markers of tubular function

Tubular function can be impaired at early stages of CKD, even in the absence of overt glomerular dysfunction. Therefore, increase in serum and urinary tubular biomarkers may represent a future option to capture prognostic risk in patients with early CKD (107). In addition, they can be used as safety biomarkers for monitoring nephrotoxicity in clinical trials (108). Among most interesting biomarkers of tubular function, we mention neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), N-acetyl-β-D-glucosaminidase (NAG), liver-type fatty acid binding protein (L-FABP), uromodulin (UMOD). Evidence from clinical longitudinal studies on tubular markers and CKD in middle aged and older individuals is summarized in Table 2 (70, 74, 109–126).


3.2.2.1 NGAL

Lipocalin 2 (LCN2) or NGAL is one of the most promising and investigated biomarkers of kidney disease. This glycoprotein is associated with matrix metalloproteinase-9 in human neutrophils and is relevant in the transport of hydrophilic compounds between cells and in defense against microbes (127). Both plasma and urinary NGAL were associated with increased risk of acute kidney injury following cardiac surgery (128); compared with plasma NGAL, the urinary metabolite appears to be more specific of kidney injury, which determines NGAL gene up-regulation at the level of distal nephron segments, thus increasing is urinary concentration (129). However, evidence from clinical studies draw contrasting results. Indeed, on one hand plasma NGAL has been associated with uACR (130) and had modest ability to predict renal function decline and AKI in older women (109); in selected older individuals with type I diabetes, plasma NGAL levels were associated with increased risk of DKD over a 12-year follow-up (130); similarly, plasma NGAL has been associated with eGFR changes in patients with early stage CKD (115); furthermore, in a large cohort of 1982 older adults with moderate-severe CKD, both plasma NGAL and Kim-1 predicted the incidence of ESKD, as well as all-cause mortality (111). On the other hand, urinary NGAL presented an inverse relationship with the eGFR and a direct correlation with both interstitial fibrosis and tubular atrophy (131). In one study on patients with CKD, urinary NGAL was moderately correlated with stage 5 CKD and predicted the incidence of ESKD (116); moreover, in patients with DKD, both serum and urine NGAL were associated with eGFR decline, while urine NGAL with uACR worsening over time (119). As regards the association with cardiovascular events, both plasma and urinary NGAL have been associated with incidence of cardiovascular events among patients with CKD (112, 132). However, other studies showed negative or no association between NGAL and renal or cardiovascular outcomes (110, 116–118).



3.2.2.2 NAG and KIM-1

N-acetyl-β-D-glucosaminidase (NAG) and kidney injury molecule (KIM-1) have recently been proposed as early CKD biomarkers (133, 134).

NAG is a glycosidase of high molecular weight and mainly contained in the lysosomes of proximal tubular cells. As it cannot be filtered by glomerular cells, its urinary concentrations are strongly related with proximal tubule damage (135).

KIM-1, also known as T cell immunoglobulin or mucin-containing molecule, is a cellular receptor involved in immune function regulation and response to viral infections (136); it is expressed in proximal tubular cells in response to damage and is involved in promoting renal fibrosis; additionally, it has been found to be a potential marker of glomerular function, because of its increased expression in diabetic glomerulopathy. For these reasons, it is considered a very sensitive and specific marker of kidney injury, and it is upregulated in AKI and CKD (137) after toxic and ischemic injury as it contributes to renal repair (138). Indeed, chronic stimulation of KIM-1 production induces up-regulation of monocyte chemotactic protein 1 (MCP1) which in turn induces proinflammatory responses and renal fibrosis (139). Interestingly, plasma KIM-1 can predict the progression of CKD to ESKD (111) and the progression to CKD in patients with diabetes (137).

Studies investigating the role of NAG and KIM-1 on cardiorenal outcomes in CKD led to contrasting results. Indeed, in a large cohort a small cohort of older patients with heart failure, both urinary biomarkers were associated with CKD progression over a 5-year follow-up time (110). On the other hand, in another cohort of older patients with CKD, both urinary NAG and KIM-1 were not associated with CKD progression and ESKD, in contrast with NGAL (116); evidence of the prognostic potential of urinary KIM-1 stemmed from two studies derived from the SPRINT trial; in the first one, including a sub-cohort of 328 older adults with hypertension, urinary KIM-1 levels predicted the incidence of CKD among patients with type 2 diabetes and normal baseline renal function (117); in another cohort of over 2000 patients from the same trial, patients with highest KIM-1 and NGAL quartiles were at risk of increased CKD progression (122). Furthermore, in a small cohort of 80 patients with a mean age of 59 years, urinary KIM-1/creatinine was associated with increased uACR at 1 year (119).



3.2.2.3 L-FABP

Liver-type fatty acid-binding protein (LFBP) is mainly produced by liver and proximal tubular cells (140). This protein exhibits a specific affinity for free fatty acids and facilitates their transportation to either mitochondria or peroxisomes (141). The circulating form of L-FABP is believed to undergo filtration at the glomeruli and subsequent reabsorption by proximal tubular cells and is expressed in the proximal tubules of humans following acute ischemic injury (141). Consequently, increased levels of L-FABP have been established as a sensitive and specific biomarker for tubulointerstitial damage AKI in both adult and older populations (142, 143). Despite being expressed in the liver, previous studies have shown that urinary L-FABP levels are not considerably elevated in patients with liver disease (143, 144). Potential usefulness of urinary L-FABP stems from clinical evidence showing its negative correlation with eGFR and renal function decline (114); such evidence was confirmed also in prospective cohorts of CKD older patients, where high urinary L-FABP has been associated with eGFR decline in patients without albuminuria (114), as well as with progression to ESKD and incidence of CVD, irrespective of diabetes (113). Similarly, Matsui et al. (113) showed that high urinary L-FABP levels were associated with increased risk of cerebrovascular disease and ESKD in a cohort of Japanese older adults; some correlation with electrocardiographic features and troponin elevation may explain these associations (145).



3.2.2.4 UMOD

Uromodulin (UMOD), also named as Tamm–Horsfall protein, is a glycoprotein exclusively synthesized by the cells of the thick ascending limb of Henle (146); it is implicated in the regulation of salt homeostasis and the bestowal of immunological protection to the kidneys, thus contributing to defense against infective diseases and kidney stones (147). It is one of the most abundant components of normal urine (146) and a potential biomarker of tubular function. However, a small part of urinary UMOD can be secreted in the circulation, with a serum concentration much more lower than urinary UMOD (148). Recent studies have shown that serum UMOD levels exhibit positive correlations with eGFR, being lower in patients with CKD (149), while higher levels were associated with structure integrity of the renal parenchyma (148). Furthermore, Steubl et al. (120, 121) showed that lower serum UMOD levels were associated with ESKD, independent of eGFR and uACR, while lower urinary UMOD was associated with CKD progression in two cohorts of older adults. Garimella et al. (70) found that among 2,377 older patients with nondiabetic CKD, lower urinary UMOD levels were associated with increased risk of mortality and cardiovascular events after a median follow-up time of 3.8 years. Further studies in patients with cardiovascular diseases demonstrated that plasma UMOD was associated with cardiovascular mortality independent of baseline renal function, thus making it a promising cardiovascular and renal biomarker (150).




3.2.3 Markers of inflammation and fibrosis

Activation of inflammatory pathways in the kidney and recruitment of inflammatory cells at the site of injury are initial reactions to kidney damage (151, 152). Increase in inflammatory markers are frequently reported in CKD and correlate with eGFR changes (151, 153, 154). Furthermore, inflammation increases morbidity and worsens outcomes in patients with CKD (152) and may lead to development of fibrosis (155). Summary of findings from longitudinal studies exploring the role of inflammatory markers in CKD among middle aged and older people is reported in Table 3 (81, 122, 151, 156–170).

Interleukin-6 (IL-6) and Tumor Necrosis Factor-α (TNF-α) are two important mediators of inflammation that are extensively studied as coordinators of the inflammatory responses in AKI and CKD (153, 171). Proteomic analyses have shown how levels of these cytokines start increasing since early CKD stages (172) and may significantly contribute to disease progression and development of complications and poor health outcomes (151, 157, 164, 167, 173). Recent evidence also suggests that IL-6 may increase the production of FGF-23 levels in both AKI and CKD (174). Baseline IL-6 and TNF-α levels have recently been associated with longitudinal risk of eGFR decline or CKD progression in 3430 patients with baseline eGFR reduction (151); studies investigating the relationship between biomarker levels and all-cause/CV mortality are more numerous; most of them showed that both serum IL-6 and TNF-α levels were able to predict all-cause and CV mortality in older adults with and without CKD (164, 167). However, in one study including patients with CKD and ESKD, IL-6 only showed a significant correlation with calcium score and improved prognostic risk stratification compared with traditional CV risk factors (164). Conversely, in the study by Sun et al. (157), while both cytokines were independent predictors of all-cause mortality among older patients with advanced CKD, only low TNF-α levels were associated with CV mortality.

Interleukin-8 (IL-8) and Interleukin-18 (IL-18) are another two potential mediators of inflammatory response in CKD (175) and may both contribute to renal function decline (122, 172, 176) in CKD; IL-18 is a proinflammatory cytokine belonging to the IL-1 superfamily, and mediates infiltration of neutrophils and monocytes into the renal parenchyma in response to acute tubular injury (177). Both cytokines have been positively associated with structural damage to podocytes, peritubular dysfunction, and albuminuria in patients with type 2 diabetes, and negatively associated with eGFR (176). However, only in one study including 2,428 older adults with CKD and a mean age of 73 years, urinary IL-18 baseline levels were associated with eGFR decline and incidence of ESKD (122).

Soluble receptors of TNF-α, namely TNFR1 and TNFR2, are markers of low-grade inflammation and have recently been associated with kidney disease (178). These soluble proteins are part of the TNF receptor superfamily and are released in the blood from their membrane-bound main receptors and play a significant role in the advancement of atherosclerosis and diabetic kidney diseases (159, 178–180). Regulation of inflammatory responses and apoptosis through activation of nuclear factor kappa B (NF-κB) is achieved by TNF-α binding to TNFRs. Previous research has demonstrated a strong correlation between elevated levels of circulating TNFRs and the progression of diabetic nephropathy to CKD stage 3 and ESKD, as well as overall mortality (158, 179, 181). Such evidence has been recently corroborated by results of a post-hoc analysis of the CANVAS study: in patients with type 2 diabetes and albuminuria, baseline TNFR1 and 2 levels predicted CKD progression over time (169).

Other factors involved in CKD-related inflammatory response included all the chemokines during the inflammatory process, in response to cytokines such as TNF-α and interleukin-1 beta (IL-1β). Among them, monocyte chemoattractant protein-1 (MCP-1) interacts with the chemokine receptor 2 (CCR2) and stimulate the attraction of monocytes and macrophages from the bloodstream and surrounding tissues (182). To date, serum and urinary MCP-1 concentrations resulted to significantly predict the incidence of microalbuminuria in patients with diabetes mellitus and normoalbuminuria (168); furthermore, urinary levels of the biomarker may be useful to predict disease progression and ESKD in patients with CKD (122).

Other two important factors involved in chronic inflammation in CKD are the growth differentiation factor-15 (GDF-15) and the pentraxin-3 (PTX 3). GDF-15 is a member of the TGF-β superfamily and is induced in response to tissue injury. Increase in GDF-15 levels was previously associated with eGFR decline and CKD progression to ESKD in the Framingham study (183) and in two independent cohorts of 521 older adults with CKD (160) and in 219 older adults with CKD from the GCKD study (184). These results were confirmed in a large cohort of over 3,000 patients from the CRIC study, where GDF-15 outweighs NT-proBNP capacity to predict CKD progression (185). PTX 3 is secreted by central and peripheral immune cells in response to injury and is emerging as an interesting biomarker of CKD incidence and progression. A cross-sectional study involving older Korean individuals found an association between PTX-3 levels and risk of CKD (179). This association was also confirmed in longitudinal analyses; indeed, in a prospective study conducted by Sjöberg et al. (156), serum PTX3 levels were associated with 5-year incidence of CKD in two distinct cohorts of community-dwelling older patients; furthermore, when measured in a small sample of 78 patients with stage 5 CKD, serum PTX3 levels predicted all-cause and CV mortality, and significantly improved the cardiovascular risk stratification compared with classical CV risk factors (161). Predictive accuracy of PTX3 was even higher than that of hsCRP, IL6, 18 and TNFR1. Similar findings were observed by Valente et al. (165).

Finally, the soluble urokinase plasminogen activator receptor (SuPAR) is a protein that enters the bloodstream during inflammation when the urokinase plasminogen activator receptor is cleaved on podocytes and endothelial cells (186). SuPAR was identified as a disease activity marker in focal segmental glomerulosclerosis, although it was later studied in patients with AKI, DKD and CKD (186).

Acute and chronic injuries to the kidneys can trigger reparative processes or activation of progressive inflammatory pathways, ultimately resulting in fibrosis (155). Pathways leading to renal fibrosis are tightly regulated by some urinary biomarkers. Among them, the chitinase-3-D like protein 1, also known as YKL-40, has increasingly gained attention in the last years. This inflammatory glycoprotein of 40-kDa is secreted by many inflammatory cells and may serve as a signaling molecule for detection of responses to cellular damage (166). Similarly, the monocyte chemotactic protein (MCP-1) may represent a bridge between chronic inflammation and renal fibrosis (187). Previous studies have shown YKL-40 and MCP-1 prognostic potential in CKD patients (Table 2). Indeed, among older Veterans with albuminuria and diabetes, both urinary biomarkers have been associated with eGFR decline and mortality (124); furthermore, in a sub-cohort of CKD patients from the SPRINT study, YKL-40 and MCP-1 levels predicted CKD progression and the onset of CKD over 3.8 years of median follow-up time (122). Similar results were obtained in a hospitalized cohort of 1,538 older patients, where high urinary MCP-1 and YKL-40 concentrations were associated with eGFR decline, CKD progression and all-cause mortality, over a median follow-up time of 4.3 years (125).





4 Interplay between functional impairment and CKD

Impairment of functional status in older individuals has a profound impact on the outcome of older individuals with CKD. Many geriatric syndromes such as sarcopenia, frailty and cognitive impairment may occur during CKD (Figure 3) and may impact biomarker’s levels and accuracy in diagnosing and monitoring CKD (188–195).
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FIGURE 3
 Pathogenic links between CKD, sarcopenia, physical and cognitive frailty.



4.1 Biomarkers linking aging, sarcopenia, frailty, and CKD

Sarcopenia is common in older individuals and has an increased prevalence in patients with CKD, because impaired renal function disrupts muscle biogenesis (196). Both inflammaging and altered renal function upregulate proinflammatory pathways leading to increased production of IL-6, which is a marker of sarcopenia (197–199). Elevated levels of proinflammatory cytokines have been found to be increased in muscle biopsies from patients and in mouse models of CKD (200). Huang et al. (201) demonstrated that activation of IL-6/JAK2/STAT3 pathway increases denervated skeletal muscle atrophy. Its inhibition reduces skeletal muscle atrophy and may exert renoprotective effects by attenuating renal inflammation and renal injury (202, 203). However, such biomarker changes are nonspecific and may also be strongly influenced by age-related low-grade chronic inflammation process, known as inflammaging; cellular senescence also contributes to sarcopenia by regulating muscle dysfunction, primarily through stimulation of the p53/p21CIP1 and p16INK4a/pRB pathways, which are up-regulated during aging and contribute to irreversible growth arrest (204).

Other biomarkers bridging CKD, sarcopenia, and aging are represented by Klotho protein, AGEs, and vitamin D.

Klotho is an anti-ageing factor secreted by renal tubular cells and in vivo studies Klotho-deficient mice exhibit significant muscle loss (205); furthermore, age-related decrease in Klotho protein levels may contribute to the onset of CKD, representing a potentially early biomarker of the disease (97, 98). AGEs represent another relevant link between CKD and sarcopenia in older individuals; indeed, their ageing-induced accumulation in individuals with impaired renal function is exacerbated by inflammaging, characterized by an imbalance between oxidant and anti-oxidant mechanisms (206), which leads to further increases in reactive oxygen species production, inflammation and fibrosis (206), which can exacerbate muscle breakdown.

Another common factor of CKD and sarcopenia is represented by relative or absolute vitamin D deficiency. In particular, decreased activation of vitamin D by impaired kidneys leads to decreased pancreatic insulin secretion and blunted stimulation of protein synthesis (207); additionally, vitamin D deficiency can upregulate the ubiquitin-proteasome system (UPS) leading to protein catabolism and muscle breakdown (208).

Increased catabolism, insulin resistance, and vitamin D deficiency also contribute to linking CKD to the onset of frailty in older patients and its progression with the loss of renal function (209). In dialysis-dependent CKD, frailty is further exacerbated by metabolic acidosis, inflammation, and malnutrition. However, these mechanisms are complex and their role in development of frailty in CKD needs to be more clearly addressed; indeed, on one hand, the imbalance between decreased protective factors (i.e., antioxidant defenses, vascular capacity, Klotho and PPARγ) and increased stress factors (i.e., hypoxia, overexpression of proinflammatory cytokines) is recognized as a key element to development of sarcopenia, anemia, CKD, and frailty (5, 7); on the other hand, some evidence showed that the association between CKD and frailty was independent of C-reactive protein, low muscle mass and body mass index (210).

CKD patients are at increased risk of developing cognitive impairment, especially in advanced stages of the disease; indeed, the accumulation of uraemic toxins in the bloodstream due to the reduced ability of the kidneys to remove toxic compounds drives neurotoxicity and development of cognitive deterioration (211, 212). Indeed, uric acid, indoxyl sulphate, p-cresyl sulphate, interleukin-1β (IL-1β), IL-6 and tumour necrosis factor-α (TNF-α) are thought to play a more important role in the development of brain-kidney dysfunction (213). Several uremic toxins may affect dopaminergic neurons in the brain, likely contributing to the pathophysiology of CKD-related sleep abnormalities and restless syndrome (214). Additionally, increased intra-brain levels and low circulating levels of L-serine were recently observed in cognitively impaired CKD patients (215). Experimental evidence also suggests that cognitive symptoms induced by CKD-related uremic compounds accumulation may be at least partly caused by an increased glutamatergic transmission in the hippocampus (216). Furthermore, indoxyl sulphate was found to induce NLRP3 inflammasome-mediated microglia and astrocytic inflammation, which in turn may contribute to cognitive impairment (217). Finally, the above signalling pathways can also accelerate physical impairment by disrupting the functionality of the brain-muscle loop (218) and further contribute to sarcopenia and frailty.



4.2 Clinical evidence

The relationship between CKD and sarcopenia has been extensively investigated. Indeed, sarcopenia is highly prevalent in patients with advanced CKD and is closely linked to decline in GFR (219, 220). In a prospective observational study conducted in a population of 322 patients (123 hospitalized CKD patients and 57 healthy volunteers), it was found that patients with CKD were more prone to sarcopenia than healthy volunteers. Furthermore, Foley et al. (221) showed that prevalence of sarcopenia in US older adults increases from 26.6% when estimated glomerular filtration rate (eGFR) is ≥90 mL/min/1.73 m2, to 38.9% when eGFR is 60–89 to more than 60% for eGFR <60 mL/min. Such findings have been recently confirmed by Formiga et al. (222) in a large cohort of community-dwelling older adults from 7 European countries; along with evidence of a graded increase in prevalence of sarcopenia from CKD stages 1–2 to more advanced 3–4, authors showed that the interplay between eGFR and muscle loss was independent from equations used to estimate GFR (95, 222). Another cross-sectional study conducted in 95 dialysis patients revealed that sarcopenia is highly prevalent in older patients with ESKD, with a prevalence of 37.0% in men and 29.3% in women patients. In addition, this study measured various proinflammatory markers such as IL-6. The authors demonstrated that IL-6 was significantly associated with sarcopenia than those without (223), confirming that inflammaging may represent a valuable link between CKD and sarcopenia (201, 224).

Furthermore, a bidirectional interplay exists also between albuminuria and sarcopenia; indeed, albuminuria is considered a risk factor for sarcopenia, even in the absence of GFR decline, and independent of diabetes and hypertension (222, 225). This finding was retrospectively showed also in older patients with diabetes, where sarcopenia was associated with increased risk of albuminuria progression (226); shared underlying mechanisms (i.e., inflammaging, insulin resistance and renin angiotensin system activation) may explain the associations between sarcopenia, GFR, and ACR (227, 228).

Co-occurrence of CKD and sarcopenia has many prognostic implications; indeed, pooled analysis from a recent metanalysis, showed that both low muscle mass, strength and physical performance was associated with increased risk of mortality in CKD older adults (229). Another meta-analysis in patients with ESKD revealed that presence of sarcopenia significantly increases the risk of overall mortality and cardiovascular events (230).

As well as with sarcopenia, also the relationship between frailty and CKD has been widely studied in recent years. In a recent systematic review and meta-analysis, an update of seven previous meta-analyses published between 2017 and 2021 was conducted to address certain shortcomings or limitations. Among the 139 articles that met the eligibility criteria for the meta-analysis, and included a total of 1,675,482 participants, the results showed that 34.5% of CKD patients had signs of frailty, and 39.4% had prefrailty symptoms. Compared to non-frail patients, frail individuals had a 94.1% increased risk of death, while prefrail patients had a 34.5% increased risk of death (209). According to this study, about one-third of patients with CKD were affected by frailty. Furthermore, a recent meta-analysis of 7 studies showed that several eGFR equations predicted functional disability with the same strength, but Cystatin C-based equations improved prediction of incident disability in one study (231). Similarly, Mielke et al. (210) provided convincing evidence that combined use of cystatin C-based eGFR and albuminuria was associated with frailty progression in community-dwelling older adults (232). Therefore, frailty in CKD needs to be taken into account to reduce negative clinical outcomes and provide appropriate guidelines for this population (233).

Prevalence of physical frailty in CKD is however highly variable depending on age and setting of older population studied (234) as well as on the tool used to diagnose frailty (235); indeed, it reaches 11% in the general community dwelling older population, while rates are much higher in dialysis-dependent CKD patients ranging from 46% to over 60%, respectively (235). The prevalence of frailty, as measured by the physical frailty phenotype (PFP) is around 14% in CKD stages 1–3, and patients with CKD stage 3b or higher are almost six times more likely to be classified as frail (209); in dialysis patients, prevalence ranges from 30 to 82% depending on study setting and assessment tool (234). In any case, physical frailty negatively affects clinical outcomes of older patients with CKD of any stage (236) and was found to be a stronger predictor of adverse clinical outcomes than estimated glomerular filtration rate (237). Frailty and renal function are independently associated with symptom burden in CKD patients and contribute to potentially poorer quality of life.

A systematic review (238) confirms the correlation between frailty, CKD, and adverse clinical outcomes. This review identified 7 studies, including a total of 20,332 patients which demonstrated that CKD patients had a two-fold higher risk of physical frailty compared to healthy patients. Indeed, two of these studies assessed that frailty in CKD patients was associated with a significant risk of mortality. Another meta-analysis (239) of 18 longitudinal studies involving 24,788 patients assessed frailty as a negative predictor of adverse clinical outcomes in CKD patients. The prevalence of frailty in patients with CKD was 41.8%. Specifically, this study revealed that frailty is an independent predictor of all-cause mortality, all-cause hospitalization, and falls in patients with CKD (209). Furthermore, a study conducted on 1,830 older individuals, showed that eGFR decrease was associated with increased 2-year risk of frailty, independent of biomarkers used to assess kidney function (e.g., creatinine, cystatin C, beta-2 microglobulin) (240).

People with CKD may have a higher risk of cognitive frailty than people without the disease. This was investigated in a meta-analysis that included 54,779 participants from cross-sectional and longitudinal studies. It was the first study to show an association between CKD and cognitive impairments. However, it is important to note that while this meta-analysis suggest an association, there may still be contradictions on this topic (241), mainly due to the setting of populations studied and the screening method for cognitive status. A recent cross-sectional analysis of community-dwelling older adults showed that cognitive status, as measured through the Mini-Mental State Examination (MMSE) did not differ across CKD stages (242); conversely, a cross-sectional study in hospitalized older patients with CKD has suggested that the prevalence of cognitive frailty was relatively high in older patients with CKD (15.2%) and may increase with CKD progression (243). In line with previous findings, a cross-sectional study conducted in China showed that cognitive frailty manifested with a prevalence of 21.9% in older CKD patients (244). Furthermore, recently Scheppach et al. (245) found that eGFR and uACR were associated with increased risk of developing structural brain abnormalities visible on magnetic resonance imaging (MRI), mainly consisting in brain volume reduction, microhemorrhages and infarcts; interestingly, CKD-associated brain atrophy was not selective for regions usually involved in Alzheimer’s disease (245).

However, the relatively high burden of sarcopenia and frailty in CKD patients is exacerbated by their influence on biomarker levels (e.g., falsely low creatinine due to sarcopenia), that lead to potentially inaccurate CKD diagnosis in patients with geriatrics syndromes. This kind of patients likely requires other measures of kidney function not biased by reduced muscle mass and/or cognitive and physical frailty.




5 Future perspectives

The global burden of CKD among older individuals is dramatically increasing worldwide, mainly due to the escalating prevalence of hypertension and diabetes mellitus and the increased life expectancy in patients with cardiovascular diseases (246, 247).

Adequate GFR estimation in older individuals and age-adaptation of CKD is currently a topic of discussion among experts (248); recognition of eGFR <45 mL/min/1.73 m2 as a critical threshold to define older patients with CKD stage 3a would certainly prevent overdiagnosis and create diagnostic and classification systems tailored to older patients (249). However, as proposed by Levey et al. (250), age-calibration of CKD definition would be more feasible to capture the overall burden and complexity of CKD in geriatric populations. Impaired physical and cognitive performance, physical and cognitive frailty, sarcopenia, and malnutrition are all known to influence kidney function and may impact prognosis in the older population. A recent individual participant-data meta-analysis including 114 cohorts of over 27 million individuals showed that eGFR 45–59 mL/min based on serum creatinine levels has been associated with increased hospitalization risk compared to higher eGFR. The authors used two primary formulas to estimate GFR: creatinine-based eGFR and creatinine and cystatin C-based eGFR (eGFRcr-cys) (251). Implementation of comprehensive geriatric assessment in everyday clinical practice could help detect patients at risk of poor outcomes as a result of complex interplay between CKD, functional status (both physical and cognitive), sarcopenia, and malnutrition.

In order to improve timing for an early CKD detection, several biomarkers are currently under study. Despite the relative abundance and diversity of biomarkers potentially useful for the diagnosis and prognostic stratification of older individuals with CKD, there is still lack of accurate biomarkers among older individuals; this may be attributed to several reasons; first, most studies included cohorts of wide age ranges and with specific diseases (e.g., diabetes mellitus and heart failure) and only a minority specifically targeted older populations (Table 4); second, even when considering studies conducted in geriatric populations, most biomarkers did not significantly or importantly improve accuracy in predicting poor outcomes in such populations; finally, chronic diseases such as cardiovascular disease, diabetes, and autoimmune disorders often induce systemic inflammation, which can exacerbate renal dysfunction. These systemic inflammatory responses can confound the interpretation of renal biomarkers, as elevated levels may reflect not only intrinsic kidney disease but also the inflammatory burden from comorbid conditions. Consequently, it becomes challenging to distinguish between primary renal pathology and secondary effects of systemic inflammation, necessitating a comprehensive approach to evaluating renal biomarkers in elderly patients with multiple chronic illnesses.



TABLE 4 Summary of evidence from studies assessing biomarkers of kidney function in populations aged 60 years or older.
[image: Table4]

For all these reasons, eGFR and ACR are still the best available cost-effective methods for CKD diagnosis and prognostic risk stratification in geriatric populations, given their higher cost-effectiveness and availability across clinical settings compared to novel biomarkers. Further studies specifically focused on geriatric populations with CKD are required to improve characterization and diagnosis of CKD in older individuals.
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