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Abstract: Renal aging is a physiological process marked by functional and anatomical changes in the
kidneys. However, the presence of disorders or pathologies can exacerbate these age-related changes,
potentially leading to organ dysfunction. Chronic kidney disease (CKD), a global public health
problem, is particularly prevalent in the elderly and is often associated with the age-related decline
in kidney function, that is worsened by accompanying risk factors. Anemia is one of the common
complications of CKD, along with arterial hypertension, cardiovascular disease, mineral and bone
disorders, among others. Among elderly individuals, anemia is a prevalent condition, with mild
anemia being the most common type. Anemia in this population is often multifactorial and CKD is
an important etiologic factor. Identifying the underlying cause of anemia in elderly individuals is
crucial to ensure appropriate treatment. The primary etiologies include nutritional deficiency, anemia
of unknown cause, and anemia of chronic diseases, including CKD. In this manuscript we provide a
comprehensive review of the renal anatomo-functional changes associated with aging and the
mechanisms underlying the anemia in the elderly CKD patient.
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1. Introduction

The kidneys play a crucial role in the body's homeostasis, namely in the regulation of water and
electrolytes. This is possible due to their ability to filter blood and form urine with different
concentrations of water and waste products. In addition, the kidneys perform endocrine functions,
by producing renin, calcitriol and erythropoietin (EPO), which are responsible for regulating blood
pressure, bone metabolism and producing red blood cells, respectively [1,2].

Advancing age is associated with changes in the structure and function of the kidneys, which
may be exacerbated when associated with risk factors for renal diseases [3]. Certain pathologies, such
as diabetes and arterial hypertension, promote the renal aging process, predisposing the elderly to
chronic kidney disease (CKD), a condition that is becoming increasingly prevalent. CKD is associated
with several complications, such as anemia, mainly caused by decreased red blood cells production
and survival and/or iron deficiency. CKD-related anemia is usually associated with more severe
disease stages and with an increased risk of cardiovascular events and mortality [4].

Since CKD is considered a global public health problem and CKD-related anemia is a significant
complication associated with disease progression, early diagnosis is essential to implement
interventions or therapies to slow disease progression, improve asthenia, cognitive and cardiac
functions and, consequently, enhance the patients” quality of life [5]. This is particularly challenging
in the elderly patients, as the signs and symptoms of CKD may overlap with physiological
modifications that accompany aging. Thus, it is vital to understand the renal aging process and its
progression to CKD, as well as the pathophysiology of anemia in the elderly patient with CKD.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Aging Kidney

Renal aging is a physiological, not pathological, process that occurs with advancing age [6].
Although limited, healthy renal aging still allows for the maintenance of homeostatic balance under
healthy conditions. However, the association of aging with risk factors for renal disturbances or
chronic diseases, such as arterial hypertension, diabetes and obesity, can exacerbate these age-related
changes [3].

It is important to recognize a normal physiological aging process in order to adopt an
appropriate clinical approach [7]. The changes that the kidneys undergo with age are divided into
two categories: anatomical changes (subdivided into microstructural and macrostructural) and
functional changes (Figure 1). Macrostructural changes are assessed through imaging studies such as
computed axial tomography (TAC), while microstructural changes are based on analysis of renal
biopsies [8,9].

2.1. Anatomical changes

2.1.1. Macrostructural changes

From the age of 50, loss of renal mass and volume is documented, with renal cortical atrophy
and increased renal medullary volume, consequently leading to a decline in renal parenchyma
volume [10]. In the renal medulla, the interstitial tissue increases with the onset of signs of fibrosis
and consequent atrophy of the renal pyramids, especially after the age of 70. The renal surface also
undergoes changes, becoming more granular and scared. Of note, it is important to differentiate the
granularity of the renal surface resulting from healthy renal aging from scars resulting from
pyelonephritis.

The amount of sinus fat increases slightly with age and may occasionally account for up to 17%
of the post-mortem kidney weight. Also, renal parenchymal cysts become more frequent, larger and
denser with age (Figure 1). The age-related increased prevalence of cysts is associated with
overweight, with the presence of hypertension and albuminuria, and is more commonly observed in
males [9,11].

MACROSTRUCTURAL CHANGES
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Figure 1. Anatomo-functional changes in the renal aging process. EPO, erythropoietin.
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2.1.2. Microstructural changes

Nephrosclerosis

Nephrosclerosis is commonly associated with CKD, but may be present in healthy renal aging,
with its prevalence progressively increasing with age. Arteriosclerosis and arteriolosclerosis refer to
the hardening and thickening of the walls of arteries and arterioles, respectively, due to increased
fibrous tissue and deposition of hyaline material in the innermost layer of the vessels, the intima.
Arteriosclerosis can lead to ischemia of the nephrons, resulting in glomerulosclerosis and tubular
atrophy.

Nephron Hypertrophy

Hypertrophy of the remaining nephrons is a compensatory mechanism in response to the
decrease in functional glomeruli alongside with and increase in sclerotic and hyaline glomeruli.
Hypertrophy causes the glomeruli to move apart and the glomerular density in the renal cortex to
decrease. In healthy aging, hypertrophy is also observed in the tubules, which increase in volume.
This leads to a decreased glomerular density in the renal cortes and increased tubular volume,
resulting in a larger cortical area per glomerulus [3,13].

Number of Nephrons

It is described that the average number of nephrons with non-sclerotic glomeruli decreases with
healthy aging, which associates glomerulosclerosis and nephrosclerosis [3,14]. Sclerotic glomeruli can
be completely reabsorbed or undergo changes, such as atrophy, so they are not easily detected in
tissue samples [15,16]. Thus, the actual loss of glomeruli with aging becomes difficult to quantify [17].
There are also other factors, not related to aging, that influence the loss of nephrons, such as the
number of nephrons in the newborn and its birth weight [3,6,9,18]. A low birth weight is indicative
of a low number of nephrons, which is compensated by an increase in the single nephron glomerular
filtration rate (snGFR) and an increase in glomerular size, allowing for stable overall glomerular
filtration rate (GFR) [3,19].

Glomerular Filtration Rate per Nephron (snGFR)

GFR is considered one of the most important assessments of kidney function [3]. However,
individual variability in nephron number, due to acquired or hereditary causes, difficults its function
assessment at the nephron level [20]. The progressive loss of functional glomeruli due to
glomerulosclerosis triggers a compensatory response resulting in increased snGFR and glomerular
capillary hydraulic pressure in an attempt to preserve total GFR. This compensation, however, leads
to increased tension in the glomerular capillary walls, causing hypertension, hyperfiltration and
further damage to the remaining nephrons.

2.2. Functional changes

2.2.1. Physiological decline in GFR

With healthy aging, GFR declines progressively, beginning around the age of 3040 years at a
rate of approximately 0.8 mL/min/1.73 m2/year [21]. This decline in GFR may be caused by decreased
glomerular lobulation and glomerulosclerosis and, consequently, by a reduction in the surface area
available for filtration. In addition, there are other changes, such as reduced cardiac output and
increased renal arteriolar resistance, which can also reduce filtration at the kidneys level. The
permeability of the glomerular filtration barrier has also been studied. Although there are reports of
a higher prevalence of proteinuria in individuals over 65, only a minority of healthy patients over 80
years present clinical proteinuria. Some studies suggest that the permeability of the glomerular
filtration barrier in humans is only minimally altered with aging [6,22].
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2.2.2. Hormonal changes

Nitric oxide is a vasodilator that plays a crucial role in maintaining renal blood flow and
regulating blood pressure. Nitric oxide production in the kidneys tends to decrease with aging. This
reduction contributes to decreased renal plasma flow and sodium retention, and heightened the risk
of kidney damage, such as glomerulosclerosis [7]. One of the main changes observed is compromised
endothelial vasodilation, caused by diminishing responses to vasodilators, such as nitric oxide, and
increasing sensitivity to vasoconstrictors, such as angiotensin II.

The renal response in the elderly is reduced, reflected in lower plasma renin levels, which lead
to reduced angiotensin II and aldosterone levels. This regulation is extremely important due to its
ability to regulate vasoconstriction of the glomerular capillaries, but also to maintain renal
homeostasis, through the induction of aldosterone and antidiuretic hormone (ADH) secretion and,
consequently, to regulate the reabsorption of water and sodium in the renal tubules [23]. As plasma
concentrations of renin and aldosterone are reduced, fractional excretion of sodium increase, and
urinary concentrating capacity declines in the elderly, due to the compromised response to ADH [24].

Erythropoietin (EPO) is produced almost exclusively by the kidneys and is responsible for
regulating the production of red blood cells. In the elderly, a decrease in renal sensitivity to hypoxia,
in the erythropoiesis efficacy and in the concentration of hemoglobin (Hb) are observed. Despite an
increased production of EPO, as a compensatory mechanism associated with age, increased
erythrocyte turnover or increased resistance to EPO also occur. Thus, although EPO may be
increased, the response appears to be disproportional, leading to gradually lower Hb levels with
aging, still within normal reference ranges [25,26].

3. Chronic kidney disease

3.1. Definition and classification

Chronic kidney disease (CKD) is a global public health problem, defined as the presence of
kidney damage or loss of kidney function for 3 or more months. Its prevalence is rising worldwide
and is highly associated with an increased risk of cardiovascular morbidity and mortality, premature
death, and decreased quality of life [27,28].

According to Kidney Disease Improving Global Outcomes (KDIGO), this pathology is classified
according to the cause, GFR, and albuminuria categories, allowing patients with CKD to be
categorized according to the disease severity and risk [29,30]. These two parameters complement
each other, being prognostic indicators [27].

Albuminuria is divided into 3 categories and can be calculated by the albumin excretion rate
(AER) in 24-hour urine or by the albumin-creatinine ratio (ACR) in type Il urine, preferably. ACR has
advantages over AER due to the errors associated with collecting 24-hour urine; ACR also allows
occasional urine collection when the first urine sample in the morning is not possible. The use of
creatinine reflects a reference due to its constant excretion over 24 hours, providing an estimate with
less associated error [30-32].

Regarding GFR, it can be determined in two ways: the measured glomerular filtration rate
(mGFR), where the clearance (urinary and plasma) of exogenous filtration markers are measured,
and the estimated glomerular filtration rate (eGFR), via equations, based on serum concentrations of
endogenous filtration markers like creatinine [33]. While both have associated errors, eGFR using
creatinine concentration is widely used since this biomarker is routinely available in basic metabolic
panels. Cystatin C is added to creatinine based GFR estimates if a more accurate measurement is
required. On the other hand, mGFR is reserved for scenarios requiring maximum accuracy to
eliminate residual error associated with the equations.

According to eGFR, CKD is classified in 5 stages [30]. However, the GFR value alone may be
insufficient for diagnosis, especially in earlier stages where patients are frequently asymptomatic.
Therefore, CKD is diagnosed if, for 3 or more months, the GFR is less than 60 mL/min/1.73 m? or if
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greater GFR is accompanied by the presence of one or more markers of kidney injury (Table 1)
[27,30,34].

Table 1. Findings evidencing kidney injury.

. Albuminuria (AER = 30 mg/24h or ACR 2 30 mg/g)

. Modifications in urinary sediment
J Changes in electrolytes or changes caused by tubular damage
J Anatomical or structural anomalies detected by imaging

J Pathological anomalies detected by histology
. History of kidney transplant

AER, albumin excretion rate; ACR, albumin-creatinine ratio.

Despite its often-silent early progression, signs or symptoms such as foamy urine, changes in
urination frequency, asthenia, nausea, loss of appetite, and weight loss may be observed. In more
advanced stages of the disease, other symptoms may appear, such as difficulty concentrating,
paresthesia, edema, dyspnea, vomiting, insomnia, and halitosis (ammonia odor) [34].

3.2. Etiology and risk factors

CKD can be caused by primary kidney diseases. However, it is mainly caused by other diseases,
such as diabetes, hypertension, systemic lupus erythematosus, human immunodeficiency virus
(HIV) infection, sickle cell anemia, chronic kidney infections, glomerular diseases such as
glomerulonephritis, polycystic kidney disease, among others [34,35].

CKD risk factors are divided into those that are modifiable and those that are non-modifiable
(Table 2). Modifiable risk factors have a high clinical importance, as they are those where
interventions can be made to modulate CKD risk. When a potentially modifiable factor is identified,

it should be corrected, as it will have an impact on the patient's quality of life and the progression of
CKD [36,37].

Table 2. Risk factors for chronic kidney disease (CKD).

Non-modifiable risk Common modifiable risk e .
factors factors Less common modifiable risk factors
= Anemia
. B‘llz:lf ia;ge . ET;QS . Abusive use of drugs (e.g. AINE,
tai tibioti
. Family history of CKD . Obesity certain antiblo ics) .
. . . . . Consumption of nephrotoxic
or cardiovascular disease . Dyslipidemia lants
. History of acute . Metabolic acidosis P .
. O . . . Hyperuricemia
kidney injury . High protein diet . Hvpercalcemia
. Low birth weight . Smoking YP

. Hyperphosphatemia

AINE, non-steroidal anti-inflammatory drugs.

The RENA study assessed the prevalence of CKD in Portugal in a sample population with an
average age of 56.7 years. The overall prevalence of CKD was 20.9% and this was higher in
individuals with diabetes mellitus than in those without (31.4% vs 19.8%). Furthermore, regarding
anthropometry, it was found that individuals with normal weight, pre-obesity, and obesity of all
classes presented CKD prevalences of 18.0%, 45.8% and 36%, respectively [38].
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3.3. Prevalence in the elderly

The prevalence of CKD is notably high among the elderly, which is mainly due to the increased
frequency of risk factors for CKD, such as obesity, diabetes and hypertension, coumpounded by age-
related renal function decline [39]. The third National Health and Nutrition Examination Survey
(NHANES III) found that the prevalence of CKD was 8.5%, 12.6% and 39.4% in individuals aged 20-
39 years, 40-59 years and 60 years or older, respectively [40].

Epidemiological studies have shown that decreased eGFR and increased albuminuria are
common in the elderly [28,41]. However, it is important to understand whether these changes are
consequences of healthy aging or whether they result from pathology [28,42].

3.4. Calculation of GFR in the elderly

The increasing prevalence of CKD in older populations raises questions about the accuracy of
eGFR measurements in this demographicThere are several factors that affect creatinine metabolism,
namely age, gender, ethnicity, daily protein intake, malnutrition and medication [43]. With regard to
age, functional and anatomical changes in the kidneys, as well as loss of muscle mass, will alter
creatinine metabolism and, consequently, underestimate the decline in eGFR. These changes should
be taken into account, as eGFR calculated for elderly individuals may be less accurate due to these
factors [23,43].

To date, more than 50 equations have been proposed using creatinine to calculate eGFR. The
first equation that was used worldwide was the Cockcroft-Gault (CG) equation [44], which included
age, gender, weight and serum creatinine as variables. However, it has some limitations, namely the
fact that the group of individuals used for its development included few male individuals and it was
created to estimate clearance creatinine rather than GFR [45].

In 1999, Levey, et al. proposed a new equation, the Modification of Diet in Renal Disease
(MDRD) [46]. This equation is more complex than the CG equation and has undergone subsequent
modifications. It has advantages over the CG equation, namely the fact that it adds the ethnicity
variable. However, it excludes individuals over the age of 70 years. Given that serum creatinine
differs with age and between age groups, this equation tends to underestimate eGFR and,
consequently, overestimate the population prevalence of CKD [45].

In 2009 a new equation was developed by the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) [47], which included patients over 65 years of age as well as diabetics. This
is currently recommended by KDIGO and the most widely used globally, having undergone a change
in 2021 to remove ethnicity as a variable and maintain age, gender and creatinine. However, it still
has limitations, namely the overestimation of eGFR in adults aged 18-30, as well as some differences
in relation to ethnicity. This equation tends to slightly overestimate GFR in individuals of non-black
ethnicity and underestimate eGFR in individuals of black ethnicity. On the other hand, the CKD-EPI
equation that uses both markers (creatinine and cystatin C) has proven to improve accuracy for both
ethnic groups, with smaller differences between these groups [45].

An equation was also later proposed by the Berlin Initiative Study (BIS) [48] which is limited to
individuals over 70 years of age and which aimed to overcome the limitations of the CKD-EPI
equation with regard to age and ethnicity [45].

Currently, the 2024 KDIGO guidelines recommend, in general cases, the use of the 2021 “CKD-
EPI creatinine” [30,49] as the first choice, but the use of the “CKD-EPI creatinine-cystatin C” equation
was also recommended as a confirmatory test, when necessary (Table 3) [50]. This guideline states
that when abnormalities in creatinine metabolism are suspected, as is the case in the elderly, the initial
test should include cystatin C. Furthermore, since the publication of KDIGO 2012, equations were
developed by the European Kidney Function Consortium (EKFC) which obtained good results when
compared with the CKD-EPI 2009 and 2021 equations [30,51].
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Table 3. CKD-EPI Creatinine and CKD-EPI Creatinine-Cystatin C equations for calculating glomerular filtration

rate.
CKD-EPI Creatinine eGFR., = 142 X min (S, /k; 1)* X max (S, /k; 1)"12°0 x 0,9938%9¢
Equation (2021) x 1,012 [if female]
CKD-EPI Creatinine- eGFRr—_cys = 135 X min (S, /k; 1)* X max (S¢,/k; 1)-0544
Cystatin C X Min (Seys/0,8; 1)70323 x max (Seys/0,8; 1)-0778
Equation (2021) %X 0,9961%9¢ x 0,963 [if female]

eGFRcr- Estimated glomerular filtration rate from creatinine; eGFRcr-cys — Estimated glomerular filtration rate
from creatinine and cystatin C; Scr — Standard serum creatinine (mg/dL); Scys — Standard serum cystatin
(mg/dL); k=0.7 (female) or 0.9 (male); a =-0.241 (female) or -0.302 (male); min (Scr/k; 1) = minimum Scr/k or 1.0;
max (Scr/k, 1) = maximum Scr/k or 1.0. Adapted from National Kidney Foundation (NKF) [52,53].

3.5. Anemia — a complication of CKD

CKD is associated with several complications, with different prevalence and severity, depending
on the stage of the disease. However, these are interrelated and contribute to increased morbidity
and mortality, and reduced quality of life. The main complications of CKD include hypertension,
cardiovascular complications, CKD-associated mineral and bone disorders, water and salt retention,
metabolic acidosis, electrolyte disturbances, dyslipidemia, nutritional problems, and anemia [54,55].

A 2023 study conducted in the United States between 2016 and 2019 collected data from
approximately 5 million individuals and assessed the relationship between anemia and eGFR. It was
observed that the lower the eGFR, the higher the prevalence of anemia. Severe anemia was present
in 1.3%, 3.1%, 7.5%, 17.4%, and 29.7% of men with eGFRs of 60-74, 45-59, 30—44, 15-29, and less than
15 mL/min/1.73 m2, respectively. In women, severe anemia was present in 1.9%, 3.9%, 8.6%, 19.4%,
and 37.6%, respectively, in the same eGFR categories mentioned above [56].

Another population-based study involving more than 3000 individuals aged over 49 years
(mean age 65 years) concluded that persistently elevated serum creatinine levels due to decreased
renal function was associated with a higher prevalence of anemia in both genders. Based on World
Health Organization (WHO) criteria, anemia was diagnosed in 1.6% of individuals with serum
creatinine <125 umol/L, in 8% with serum creatinine between 150 and 174 umol/L, and in 40% of
patients with serum creatinine 2200 umol/L [57].

According to the KDIGO 2024 Clinical Practice Guidelines [30], adults with CKD with stage G3
and Al diabetes and non-diabetics had a prevalence of anemia of 14.9% and 11.5%, respectively. This
prevalence increases to 60.7% and 57.4%, respectively, in CKD stages G5 and A3, demonstrating the
important increase in the prevalence of anemia with worsening CKD.

4. Anemia in the elderly

4.1. Definition

Anemia is higly prevalent in the elderly and often undervalued [58,59]. Although Hb levels
naturally decline with age, anemia is not considered a normal finding in aged individuals.

The optimal Hb concentration values appropriate to physiological needs vary according to age,
sex, altitude of residence, and specific conditions such as pregnancy. The WHO defines anemia
according to Hb concentration: < 13 g/dL in men and < 12 g/dL in women [60,61]. However, the
reference population used for this determination did not include individuals aged65 and older,
raising the question of whether this criteria applies to the elderly. This WHO definition also did not
differentiate reference values between pre- and post-menopausal women [60-62]. New studies have
been carried out to assess the prevalence of anemia in the elderly population, proposing new
definitions of anemia for these individuals [63-65].
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4.2. Adverse health effects

Although anemia in the elderly is predominantly mild, it is associated with several adverse
effects, including decreased physical performance, frailty, reduced muscle strength (and,
consequently, increased risk of falls), decreased cognitive performance, dementia, increased risk and
length of hospitalization. A well described inverse relationship exists between Hb concentration and
muscle strength, physical performance, disability, and mortality [61,66].

Anemia in the elderly is associated with a series of signs and symptoms associated with the
frailty of the elderly, including weight loss, impaired mobility, generalized weakness, lack of balance
and greater vulnerability to stress, collectively defining it as a geriatric syndrome [59,67].

4.3. Prevalence

As mentioned, the prevalence of anemia varies according to several factors, such as age, gender
and ethnicity.

Regarding the association between anemia and age, the INCHANTI study [58] found that a
gradual decline in both Hb concentration and renal function with age in both genders, with the
increased prevalence of anemia becoming progressively more evident with worsening renal function.
Another study also carried out in Italy [66], involving approximately 8,000 elderly individuals,
confirmed this trend. It was observed that, among those aged 85 to 89, the prevalence of mild,
moderate and severe anemia was 22.1%, 4.2% and 0.3%, respectively, and that in individuals aged 90
or over, the prevalence values were 31.5%, 9.0% and 1.3%, respectively. Based on these data, the study
concluded that there is a marked increase in the prevalence of the various degrees of anemia severity
at more advanced ages. This study also found that the prevalence of moderate anemia in hospitalized
cases (13.5%) was significantly higher than that observed in non-hospitalized cases (1.6%) [66].

Other studies have also corroborated this trend, with more pronounced increases in older age
groups [58,68,69]. A study from New Zealand population [70] observed a prevalence of anemia in
individuals over 65 years of age of 48%, in which 68% of these had mild to moderate anemia.

Regarding the prevalence of anemia according to gender, it is recognized that anemia in the
elderly affects more men than women. According to the NHANES III, the prevalence of anemia is
higher in women up to the age of 75. From the age of 75 to 84, there is a difference of approximately
5 percentage points between the two genders, with men having a higher prevalence; after the age of
85, the relationship reverses again, with women having a higher prevalence [60,71,72]. These data
were also confirmed by the InCHANTI study [58]. As men age, they experience a decline in androgen
levels, reducing their stimulating action on erythropoiesis [73,74]. The reduction in the prevalence of
anemia in postmenopausal women may be related to the absence of menstruation. Due to these
physiological changes between the sexes, at advanced ages, the reference values for the diagnosis of
anemia may not adequately reflect the biological concept of normality for elderly people [71].

The prevalence of anemia also varies with ethnicity, with black individuals having a prevalence
of anemia 2 to 3 times higher than that of Caucasians. A study conducted in the United States in
elderly individuals (265 years old) found that the prevalence of anemia in non-Hispanic black men
and women was 27.5% and 28.0%, respectively, and in non-Hispanic white men and women of
similar ages, 9.2% and 8.7%, respectively. For Mexican-American men and women, the prevalence of
anemia was 11.5% and 9.3%, respectively. However, the definition of anemia for different ethnicities
is slightly different; a study from NHANES III showed that WHO-defined anemia is a strong
predictor of mortality and mobility impairment among white and Mexican-American individuals,
but that these criteria do not apply to black individuals [68,71].

4.4. Etiology

The etiology of anemia in the elderly can be divided into 3 main categories: nutritional
deficiencies (mainly due to deficiency in iron, folic acid and vitamin B12); chronic diseases (such
asCKD, inflammatory or infectious pathologies and tumors); and unknown causes [66,68,75,76].
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In a study carried out in individuals aged > 65 years, the etiology of anemia was distributed as
follows: 56.6% due to nutritional deficiency, 21.1% due to hematologic neoplasia, 20.8% due to
anemia of chronic diseases and 9.7% due to anemia of unknown cause [77].

The NHANES III study also examined the etiology of anemia in the elderly. For the diagnosis of
nutritional deficiency anemia, the following were considered: the values of iron, vitamin B12 and
folate. Anemia due to chronic diseases was diagnosed when serum iron was decreased without
evidence of iron deficiency. Anemia due to CKD was considered when eGFR < 30 mL/min and
anemia due to unknown causes resulted from the exclusion of the remaining ones. It was reported
that anemia due to nutritional deficiency, chronic diseases and due to unknown causes had
prevalences of 34.3%, 32.2% and 33.6%, respectively [68].

The categorization of the etiology of anemia in the elderly has limitations, namely the fact that
many cases considered unexplained are simply the exclusion of the other two categories. In fact,
anemia in the elderly is often multifactorial (Figure 2) and derived from comorbidities that are
common in older individuals (approximately 40% of individuals aged >80 years have 4 or more
comorbidities) [78-80]. A study carried out on more than 19 thousand individuals aged>64 years old,
in Austria, concluded that multifactorial anemia was frequently observed. For example, the
coexistence of renal failure (decreased eGFR) and increased inflammatory markers had a prevalence
of 28.1% [79]. Determining the cause of anemia is extremely important to ensure that the most
appropriate treatment is applied. However, the existence of comorbidities, as well as the use of
multiple drugs, make diagnosis difficult in elderly patients.

Inflammaging )
Cellular senescence and SASP @
4 Body adiposity P,
Repeated antigen exposure

ic inflammatory disorders
ncer and heart failure)

J Erythropoiesis"'”“;

utritional deficiencies
Deregulated nutrient sensing Bone marrow senescence
trient intake (e.g., iron and vitamin B12) - 1 Mesenchymal stromal cells

P - Bone marrow adipose tissue and
A inflammation
‘Chronic kidney disease -\ Response to EPO
J,Glomerular filtration rate ﬁ R
- Uremic toxins and inflammation
secretion Unknown causes

(e.g. undetected hematological disorders

and subclinical blood loss)
Hormonal changes
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. LT3

Figure 2. Etiology of anemia in the elderly. The etiology of anemia in the elderly is frequently multifactorial.
Inflammaging is a low-grade chronic inflammation state, that develops with advancing age and is a significant
risk factor for multiple diseases that are highly prevalent in older individuals, such as type 2 diabetes,
atherosclerosis and cancer. Inflammaging and/or chronic inflammatory disorders increase the synthesis of
erythropoiesis inhibiting cytokines such as IFN-gamma and TNF-alpha. Decreased nutritional intake in the
elderly may lead to deficiencies in nutrients that are vital for red blood cell production, namely iron, folate and
vitamin B12. The physiological decline in renal function with age, together with aged-related diseases, such as
diabetes and arterial hypertension, predispose the elderly patients to chronic kidney disease (CKD)
development. In turn, CKD is characterized by reduced in EPO synthesis impairing the EPO-mediated
prevention of apoptosis of erythroid progenitors in bone marrow. Other important hormonal changes such as a
decrease in androgen levels may also contribute to decreased erythropoiesis. Finally, the aged bone marrow,
with increased adipose tissue and an inflammatory ambient, becomes less responsive to EPO stimulation,

exacerbating anemia in the elderly. EPO, erythropoietin; SASP, senescence-associated secretory phenotype.
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4.4.1. Nutritional deficiency anemia

The main cause of nutritional deficiency anemia in the elderly is iron deficiency, typically
presenting with microcytosis. Diagnosis is essential to treat symptoms and identify the cause of iron
deficiency, which is often related to pathologies of the gastrointestinal tract, such as gastritis, peptic
ulcer, gastrointestinal polyps, cancer and inflammatory bowel disease [81]. Diagnostic tests include
the evaluation of several parameters, such as serum ferritin, transferrin, serum iron, total iron binding
capacity and soluble transferrin receptor (sTfR), alongside with measures of hypochromia (mean
blood cell volume, MCH) microcytosis (mean cellular volume, MCV [81,82].

Although dietary supplementation has reduced folate deficiency, it still occurs due to
malnutrition and alcoholism [83,84]. Vitamin B12 deficiency is mainly due to cobalamin
malabsorption syndrome, to malabsorption in cases of atrophic gastritis, or therapeutic use of
antacids. Unlike iron deficiency, anemia due to vitamin B12 and/or folate deficiency is macrocytic
[81].

4.4.2. Anemia resulting from chronic diseases

Anemia of chronic diseases, which includes CKD, arises from acute or chronic infections,
oncological diseases and chronic inflammatory diseases. This anemia is typically normocytic and
normochromic, with mild to moderate reductions in Hb concentration. Hepcidin plays a crucial role
in its pathophysiology, by inhibiting iron absorption on enterocytes, as well as iron release by
macrophages, reducing the overall iron available for erythropoiesis. Diagnosis can be complicated by
coexisting conditions, such as iron deficiency and thalassemia, which can results in microcytic
anemia, but evaluation of iron metabolism parameters, such as transferrin, sTfR and serum ferritin,
can aid in diagnosis [81,85]. However, the diagnosis can undergo evaluation of inflammatory
markers, such as C-reactive protein, red blood cells sedimentation rate, interleukin-6 (IL-6) and
hepcidin [81,86].

4.4.3. Anemia of unknown cases

Anemia of unknown cause in the elderly is usually mild, normocytic and hypoproliferative. It is
diagnosed when nutritional deficiencies, CKD or inflammatory conditions are excluded. This type of
anemia may be associated with several age-related physiological mechanisms, such as declining renal
function, androgen deficiency, chronic low-grade inflammation associated with aging
(inflammaging), myelodysplastic syndromes and impaired response to EPO [80,87,88]. These
patients commonly have lower EPO levels than in cases of iron deficiency, which suggests the
presence of a subclinical pro-inflammatory state [88,89].

5. CKD anemia

5.1. Multifactorial nature

CKD anemia is mainly due to decreased production of erythropoietin by the kidneys , leadind
to impaired erythropoiesis, as well as shortened erythrocyte survival[4]. This tupe ofanemia is
predominantly normochromic, normocytic and hypoproliferative, usually occurring in more
advanced disease stages. In cases of iron deficiency, also common in CKD, microcytic anemia may
also be common, further accentuating the decline in Hb concentration [4,90]. Other causes that can
exacerbate CKD anemia include blood loss, inflammation, and other nutritional deficiencies in
addition to iron deficiency (Figure 3) [91,92].

5.2. Normal erythropoiesis versus pathophysiology of CKD anemia

Erythropoiesis is a complex physiological process regulated by EPO. This hormone produced
by peritubular interstitial cells in the cortex and outer layer of the renal medulla, stimulates erythroid
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cells in the bone marrow to proliferate and differentiate. In its absence, progenitor cells undergo
apoptosis [93,94].

EPO synthesis is regulated by hypoxia inducible factor (HIF), a transcription factor that
promotes erythropoiesis, not only by promoting EPO production by the kidneys, but also by
improving iron absorption and utilization [95]. Under normoxic conditions, the presence of oxygen
allows the activation of the prolyl-hydroxylase domain (PHD) enzyme. PHD hydroxylates proline
residues of HIF-1a. The von Hippel-Lindau protein (pVHL) then recognizes the hydroxylated HIF-
la, binds to it and promotes its ubiquitination. The ubiquitinated HIF-1a is directed to the
proteasome, where it is degraded. Thus, without the formation of the HIF complex, there is a blockage
of the transcription of genes regulated by it, including the EPO gene. Under hypoxic conditions, PHD
activity is inhibited, HIF is not hydroxylated, allowing HIF complex to enter the nucleus and binds
to the hypoxia response element (HRE), activating EPO gene transcription, while suppressing the
hepcidin gene.

The major extrarenal source of EPO is the liver. However, the mechanism of hepatic EPO gene
expression is different from the kidney, since it is much less sensitive to hypoxic stimuli [96-98]. In
patients with CKD, reduced renal blood flow disrupts oxygen delivery to the kidney. Thus, the renal
tissue needs to adapt to a lower oxygen consumption, considering the new normal tissue oxygen
gradient. Consequently, PHD remains active, preventing the formation of the HIF heterodimer and
the EPO gene is not activated. Furthermore, since CKD is an inflammatory condition, there is
production of inflammatory cytokines, including IL-1a, IL-18, TGF-3 and TNF-a, which inhibit EPO
production.

Iron homeostasis is ensured by a process that regulates the absorption and secretion of iron, to
prevent anemia or hemochromatosis. Since the body only absorbs a very small fraction of daily iron
from diet,, most of the iron used in erythropoiesis comes from recycling of iron from senescent
erythrocytes that have been phagocytosed by specialized reticuloendothelial macrophages. Thus,
when serum iron levels are decreased, iron absorption in the gastrointestinal tract increases, but only
within certain limits (increase up to 20%), since its absorption is mediated by receptors; in this case,
the mobilization of iron from macrophages also increases. On the contrary, when serum iron levels
are increased, iron absorption from the gastrointestinal tract as well as iron mobilization from
macrophages decreases [95]. Since iron is an essential component of the heme group present in Hb,
iron deficiency results in decreased Hb synthesis and consequently in hypochromia and microcytosis
of erythrocytes. Low Hb levels induce hypoxia, promoting the stimulation of EPO production by the
kidney peritubular cells and increasing erythropoiesis. However, if iron deficiency persists, deficient
erythropoiesis persists [4,95].

Hepcidin is a peptide produced by hepatocytes and freely filtered by the glomeruli, that can be
measured in urine. The function of this peptide is to bind to ferroportin (an iron exporting protein),
forming a hepcidin-ferroportin complex. This complex is internalized and subsequently degraded in
the lysosomes. Consequently, the release of iron into the bloodstream decreases, as does the release
of iron by macrophages. When hepcidin levels are low, ferroportin develops a higher than normal
activity, causing ingested iron in the diet to be more absorbed in the intestine [99,100]. When
dysregulated, this mechanism can result in hemochromatosis [101]. When hepcidin is increased,
ferroportin activity is suppressed, leading to anemia, common in cases of inflammation, kidney
failure and chronic diseases [95]. In fact, under inflammatory conditions and chronic diseases, such
as CKD, there is an increased production of cytokines, such as IL-1, IL-6, TNF-a and interferon-y that
stimulate the production of hepcidin, reduce the production of EPO and erythropoiesis [4,98,102].

The mechanisms that lead to anemia in CKD are therefore multifactorial. As shown in Figure 3,
the pathophysiology of CKD involves the progressive reduction in EPO production, the reduced bone
marrow response to EPO stimuli (due to uremic toxins and erythropoiesis-suppressing cytokines),
and the decreased erythrocyte half-life. In addition, the increased production of hepcidin due to
systemic inflammation resulting from CKD, leads to ineffective use of iron stores, resulting in
absolute or functional iron deficiency, which can be severe due to iron malabsorption. Blood loss,in
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cases of hematuria or repeated blood sampling for analytical purposes, may further aggravate CKD

anemia.
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Figure 3. Mechanisms involved in anemia of chronic kidney disease (CKD). CKD is a long-standing progressive
condition characterized by the deterioration of renal function, including decreased glomerular filtration rate
(GFR) and compromised erythropoietin (EPO) production. CKD-related anemia is mainly attributable to
inappropriate erythropoietin synthesis, particularly in advanced stages of the disease. Inflammation also plays
an important role in promoting anemia, as CKD pathophysiology involves a final common activation of
inflammatory pathways, irrespective of etiology. CKD and its associated risk factors (e.g. obesity) cause high
levels of intereukin-6 (IL) that promote hepatic synthesis of hepcidin, a major peptide that regulates systemic
iron metabolism. By interacting with its receptor ferroportin, a transmembrane iron-export protein, hepcidin
inhibits iron absorption from enterocytes and its mobilization from macrophages of the reticuloendothelial
system and from hepatic stores. Decreased renal hepcidin clearance further augments its circulating levels,
aggravating iron availability for erythropoiesis. Inflammatory cytokines — such as IFN-y and TNF-a — as well as
uremic toxins (e.g. polyamines) inhibit bone marrow erythropoiesis. Although the exact mechanisms of uremic
inhibition remain unknown, it is accepted that accumulation of uremic toxins in blood impairs erythropoietin
synthesis. In addition, the uremic and pro-inflammatory systemic environment damages red blood cells (RBC),
shortening their lifespan and further contributing to anemia. The uremic syndrome also leads to neurological
symptoms (anorexia, nausea and vomiting) that may compromise adequate nutrient intake, limiting the
availability of vital elements for erythropoiesis. Finally, secondary hyperparathyroidism is a common
complication of CKD, and excessive levels of parathyroid hormone (a “uremic toxin”) hampers normal
erythropoiesis by downregulating the erythropoietin receptors, and causes a disturbed calcium metabolism in
the peripheral RBC, promoting a hemolytic effect on these cells. AA, amino acids; EPO, erythropoietin; FA, fatty
acids; FPN, ferroportin; HPT, hyperparathyroidism; IFN, interferon; IL, interleukin; PTH, parathyroid hormone;

TNF, tumor necrosis factor.

5.3. Diagnosis

In patients with CKD, it is common to develop progressive and debilitating anemia which, if left
untreated, can lead to dependence on blood transfusions [103]. According to NHANES [104], Hb
concentration remains normal during the early stages of renal failure, but inevitably decreases with
the decline in eGFR and worsening of CKD. The clinical manifestations associated with anemia in
CKD are common to any other anemia of different causes, so the observed symptoms of fatigue,
thoracalgia, tachycardia, dyspnea and changes in sleep pattern are nonspecific for CKD anemia [4].
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It is very important to determine other causes of anemia before starting any treatment, as some of
these causes can be corrected, such as iron, vitamin B12 or folate deficiencies, hypothyroidism,
hemolysis, blood loss, bone marrow disorders and hematological neoplasms [103,104].

According to the KDIGO Clinical Practice Guideline for Anemia in Chronic Kidney Disease
[105], assessment of anemia in patients with CKD, regardless of age and disease stage, should include:
hemogram (erythrocyte count, Hb concentration, hematocrit, hematimetric indices (mean
corpuscular volume (MCV), mean hemoglobin concentration (MHC) and mean corpuscular
hemoglobin concentration (MCHC)), leukocyte and platelet counts); reticulocyte count and
reticulocyte maturity indices; serum iron, ferritin and transferrin saturation (TSAT); serum levels of
folate and vitamin B12.

The Hb concentration is the most recommended parameter for diagnosing anemia. The
reticulocyte count helps assess bone marrow activity, while red cells indices (such as MCV, MCH,
MCHC and red blood cell distribution width (RDW) provide insights into anemia type. CKD anemia
is often normochromic, normocytic and hypoproliferative, as in other chronic diseases. Cases of
hereditary disorders of Hb formation, such as thalassemia or sickle cell anemia, generally present
microcytosis, as is the case in cases of iron deficiency anemia. Hypochromia is also common in this
type of anemia. Anemia due to vitamin B12 and folate deficiency, on the other hand, is generally
macrocytic, as occurs in hematopoietic disorders, resulting from the action of toxins, or associated
with hypothyroidism, liver disease, severe hemorrhages and in the case of myelodysplasia, in which
macrocytosis is associated with leukopenia or thrombocytopenia [105]. As regards to MCH and
MCHC, hypochromia is indicative of prolonged iron deficiency or hemoglobinopathy, such as
thalassemia or sickle cell anemia. On the contrary, hyperchromia may be related to hemolytic uremic
syndrome. Additionally, performing a peripheral blood smear allows for manual examination of
cellular morphology and identification of potential abnormalities [105,106].

As mentioned, the reticulocyte count allows the assessment of bone marrow response to anemia.
Decreased reticulocyte counts indicative of low erythropoietic activity in the bone marrow
(hypoproliferative erythropoiesis), which may be the result of low levels of EPO in circulation, or due
to bone marrow suppression by cytokines or other components resulting from the inflammatory
process. Reticulocytes may be elevated in cases of bleeding and hemolysis [105].

The study of iron metabolism is used to assess iron storage and iron availability for
erythropoiesis, by assessing ferritin and transferrin saturation(TSAT) , respectively [103]. However,
it is considered that these two parameters do not allow an accurate assessment of iron storage in the
bone marrow [103,105].

Decreased ferritin (< 100 ng/mL) and TSAT (< 20%) levels are indicative of iron deficiency,
suggesting a deficiency in iron availability for erythropoiesis. In chronic diseases, such as CKD, the
levels of iron stored in bone marrow macrophages may be normal, but unable to be released due to
the action of hepcidin. Ferritin is an inflammatory marker, so its interpretation should be performed
with caution in patients with CKD, since inflammation is present in these patients [105].

6. Conclusions

Renal aging is a natural physiological process that results in a progressive decline in kidney
function. Distinguishing healthy renal aging from pathological conditions is essential for appropriate
clinical management. CKD is considered a global public health problem and its prevalence has
increased over the years, significantly affecting the quality of life of patients, particularly the elderly.
Early diagnosis of CKD is extremely important, especially to prevent or delay the progression of the
disease to more severe stages, which are often accompanied by an increased prevalence and severity
of complications, such as anemia and cardiovascular diseases.

CKD anemia, which is multifactorial in nature, results from factors such as EPO deficiency,
chronic inflammation (causing increased hepcidin production), iron deficiency (absolute or
functional) and reduced erythropoietic activity in the bone marrow. This condition worsens patient
morbidity and mortality, and may increase the risk and length of hospitalization, negatively
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impacting quality of life. Understanding the pathophysiology of CKD anemia is crucial for early
diagnosis and treatment, which is essential to improving the patient's quality of life and, if possible,
slowing the progression of the disease. The proposal of new classes of treatment agents must also
take in consideration the multiple mechanisms involved in anemia of CKD.
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