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Abstract: Chronic kidney disease (CKD) is a leading condition in terms of prevalence
and overall health impact. With the increased life expectancy of the CKD population and
the improvement in medical care, controlling musculoskeletal complications remains a
tough challenge. Patients with CKD are prone to falls, fractures and sarcopenia, enhancing
the risk of death. A multitude of mechanisms contribute to fractures, and treatment is
suboptimal; therefore, prevention must stand out as a key step. This review aims to provide
an overview of the most relevant data regarding the impact of nutrition on bone disorders
and sarcopenia in CKD. The newest relevant studies emphasize that plant protein intake is
associated with a lower production of uremic toxins, lower serum phosphorus levels, and
stronger bones. We conclude that patients with CKD should adopt specific diets tailored
to the presence of osteoporosis, renal osteodystrophy, and muscle wasting. Low-protein
diets or plant-dominant diets containing an adequate amount of protein could be better
choices for predialysis patients with CKD in order to protect their bones and muscles,
whereas in the dialysis population, a higher protein intake could be essential to prevent
osteoporosis and sarcopenia. In all patients with CKD, focusing on antioxidant food intake
could provide a strong antiaging benefit through ensuring good musculoskeletal health.

Keywords: chronic kidney disease; mineral and bone disorders; osteoporosis; sarcopenia;
lifestyle; nutritional intervention; antioxidants

1. Introduction
1.1. CKD—Epidemiology

We are living in a time in the history of medicine when non-communicable diseases
have the greatest impact on survival, and among these, chronic kidney disease (CKD)
is one of the most prevalent [1]. It is currently estimated that over 850 million persons
have CKI worldwide [2], and as a result of the population aging, prediction data indicate
that CKD will become the fifth global cause of death by 2040 and the second cause of
death in countries with a long life expectancy by 2100 [3]. Moreover, the number of
patients with end-stage renal disease (ESRD) is rapidly increasing, and these patients
are confronting the most severe outcomes. Kidney transplantation, the best option for
renal replacement therapy (RRT), is hampered by a shortage of kidney donors; therefore,
a high demand for both hemodialysis (HD) and peritoneal dialysis has been registered
in ESRD [3]. It is unfortunate that the survival benefit in chronic dialysis compared to
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conservative management is overshadowed by the multitude of uncontrolled chronic
symptoms and complications.

1.2. Bone and Muscle Health

The increasing life span of the global population has resulted in high interest in physi-
cal fitness and the prevention of disabilities. Yet, older adults struggle with frailty rather
than enjoying mobility and health. In patients with CKD, musculoskeletal complications
are common across all stages; however, the worst situation is observed in patients with
ESRD when bone and muscle health suffering become difficult to tolerate [4]. Advance-
ments in treatments for osteoporosis and other bone disorders come as a response to the
need for autonomy and for the overall well-being of every person, even in elderly individ-
uals [5]. However, in patients with CKL), none of the available treatments can halt bone
suffering, and it is even more problematic that musculoskeletal disorders are associated
with prolonged hospitalization and high mortality. One of the main risk factors for these
negative outcomes is malnutrition [6].

1.3. Nutrition and CKD

The development of treatments for osteoporosis and sarcopenia is remarkable, but
at the same time, we are witnessing increasing awareness regarding the role of lifestyle
interventions as preventive measures. The progress has been slow and focused on remov-
ing unnecessary restrictions, mainly for food with clear health benefits for the general
population. Natural bicactive compounds could be useful in treating CKD and can im-
prove body composition in favor of muscles and healthy bone structure [7]. Studies on
the impact of variable nutritional patterns on the musculoskeletal system in patients with
CKD have provided conflicting results. Some of them revealed a relationship between
different nutrients with better bone mineral density (BMD) or bone biopsy features, while
others found a worse significant association [5,9]. The aims of this paper are to review the
current knowledge about the interactions of nutritional intervention with bone disorders
and sarcopenia in patients with CKD and to conclude what the best food choices are to
achieve musculoskeletal strength.

2. Musculoskeletal Involvement in CKD—Pathogeny
2.1. Chronic Kidney Disease—Mineral and Bone Disorders (CKD-MBD)

The term CKD-MBD refers to a systemic syndrome involving mineral abnormalities
of calcium (Ca}, phosphorus (F), parathyroid hormone (FTH), or vitamin D levels, leading
to bone complications vascular calcification due to CKD [10,11]. Renal osteodystrophy is a
complex of different bone diseases in CKD), defined according to imagistic and histological
abnormalities. There are several types of morphological bone modifications in CKD-MBD
depending on turnover, mineralization, and strength. The remodeling process consists of
the formation and resorption of bone tissues depending on the balance of ostecblast and
osteoclast activities [5]. Renal osteodystrophy includes four entities, namely fibrocystic
osteomalacia, adynamic bone disease, and mixed lesions. Fibrocystic osteitis is associated
with high bone turnover secondary to hyperparathyroidism, while osteomalacia is the
consequence of vitamin D deficiency, and adynamic bone disease occurs due to low bone
turnover, which is frequently seen in patients with CKD with low FTH, particularly after
parathyroidectomy [12]. The pathogeny of CKD-MBD implies the dysregulation of Ca
and F, which depends on the action of parathormone (FTH), of the nutritional and active
forms of vitamin D, and of the FGF23-Klotho axis and their impacts on bone. The body
systems involved in this regulation process are the parathyroid glands, the small intestines,
the bones, and the kidneys. They all interact to maintain normal serum levels of Ca and
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P [13] The clinical impact of this interplay is important in CKD, especially in advanced
stages. In chronic HD, increased mortality was reported in patients with high P and Ca
levels accompanied by high or low FTH levels [14].

In CKID-MBD, different factors contribute to frailty, such as uremic toxicity [15] or
metabolic acddosis [16]. The amount of acid produced in the organism needs to be buffered,
but in CKD, there is a decreased ability to generate bicarbonate. Studies have shown that
acid loading adwversely affects phosphorus homeostasis [16]. Prolonged metabolic acidosis
decreases bone strength and favors fracture risk due to inceased osteoclastic activity, and
due to malnutrition [16].

Other important contributors to CKD-MBD are inflammation, coddative stress, and mi-
tochondrial dysfunction. CKD-MBD and malnutrition-inflammation complex syndromes
are often associated in chronic dialysis patients, leading to a vicious cycle in which each
perpetuates the other's progression [17].

21, Ostenporosis

Osteoporosis is one of the most common systemic bone diseases in clinical practice
and mostly occurs in postmenopausal women [18]. Osteoporosis is a degradation of
bone tissue structure with a decrease in the BMD, bone fragility, and high risk of fracture.
About 9 million osteoporosis-related fractures are globally reported every year [5,18]. The
pathogeny of bone loss and fractume in CKD is complex and multi-factorial, as bone strength
is compromised due to the detericration of both bone quantity and quality [19]. This could
be an explanation for the difficulty of reaching a consensus on the optimal diagnostic
method of osteoporosis in patients with CKD. As a result, osteoporosis assessment in
CEKD may include dualenergy x-ray absorptiometry (DXA) or quantitative computed
tomography for quantity and imagistic trabecular bone scom or bone biopsy for quality [20].

2.3, Sarcopenia

Sarcopenia is a progressive musche disease characterized by loss of muscle mass,
muscle strength and physical performance. Sarcopenia is age-related, has a high prevalence
in CKD, up to 19%, and becomes more prominent as CKD progresses [21]. In children with
CKD, the muscle—bone axis influences growth, and it is responsible for their muscle mass
loss. Mechanisms such as systemic inflammation, anorexda, physical inactivity, vitamin I
deficiency, impained growth hormone/ insulin growth factor 1 axis play important roles
in physical underdevelopment of ESED children [22]. The pathophysiology also imrobres
ubiquitin, mycstatin, uremic toxicity, reduced energy or nutrient intake, altered contractile
activity, reduced myogenesis and reduced protein synthesis. All of these contribute to
muscl degradation and impaired regeneration [23]. The theory of the functional muscle—
bone unit has a physiological basis, and it is supported by two recent studies showing
positive correlations between skeletal and, respectively, psoas muscle mass index with
BMD in HD patients [24,25].

The pathogenic pathways kading to musculoskebetal disorders in CKD are numerous
and the process is complex and multifactorial (Figure 1)

Intact bones, joints and muscles, good physical performance and the absence of
specific symptoms, signs, laboratory and imagistic modifications are central to muscu-
loskeletal health.
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Figure 1. Pathogenic pathways assodated with musculoskeletal disorders in CKD.

3. Impact of Musculoskeletal Disorders on Outcome in CKD Patients
3.1. Ciinical Impact of CKD-MBD

As CKD progresses, more patients develop bone and mineral metabolism disorders.
Clinical manifestations of CKID-MBD consist of bone pain, muscle-tendon ruptures, pruri-
tus, increased incidence of fractures, bone deformities and growth arrest in children. The
reported global incidence of falls in CKD patients is far higher than the general population.
Approximately 30-60% of dialysis patients experienced falls, and of these, 16% resulted in
fractures and 4% in death [26]. Fractures create a vicious cycle, reducing physical activity,
which consequently causes muscle weakness, fear of falling, further decreased physical
activity and, eventually, higher risk of falling [12,27]. Good physical function is a pre-
requisite for being involved in social and other different daily life activities. One of the
main goals in the care of CKD patients in all stages is to prevent disability, because many
patients with CKD-MBD experience functional impotence and lower quality of life. An
accurate and feasible assessment of the CKD patient must include the evaluation of physical
function [28]. CKD-MBD is an important risk factor for mortality and CKD progression
leads to risk augmentation [29,30]. Mortality in HD patients with fractures is significantly
higher than in those without fractures [31]. Therefore, measures to prevent fractures need
to be actively implemented.

3.2. Chinical Impact of Osteoporosis in CKD

A Canadian study on 19,973 individuals analyzed the relationship between frailty
and bone health. Frailty consists of at least three of these five symptoms: weakness, slow
walking speed, low physical activity, exhaustion, and unintentional weight loss. The study
demonstrated that having at least one frailty criterion was associated with a higher risk of
fracture and a lower BMD [32]. CKD may be considered a risk factor for fractures, as low
BMD in patients with CKD stages 3a-5D has been linked to a 1.5 to 2-fold higher fracture
risk compared with BMD-matched patients without CKD [20]. Concomitant loss of BMD,
bone strength, muscle mass and strength in CKD may lead to mechanical impairment of the
muscle-bone axis with detrimental impact on social roles and, consequently, low quality of
life [32].
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3.3, Chinical Impact of Sarcopenia in CKI

CKIY is responsible for muscle mass loss, with a great influence on physical perfor-
mance. CKD also interferes in the biomechanical communication bebween muscles and
bones, with an impact on outcomes. A recent registry study on a large number of adult
Korean HIY patients demonstrated that kean body mass has a significant role in predicting
maortality in HD patients across different age groups [33].

4. Management of Musculoskeletal Disorders in CKD

There is a global focus on the goal of extending dialysis-free time and delaying
dialysis initiation in CKI} populations, with a secondary benefit in preventing some of the
musculoskeletal problems [34]. However, specific approaches are needed. Kidney Disease
Improving Global Outcomes (KDIGO) 2017 Clinical Practice Guideline for CKID-MBD has
recommended thorough treatment decisions for the various typical bone diseases in CKIY
patients, but also for osteoporosis [10,11,14].

41. CKD-MBI? Treatment

The curment approach for CKD-MBD targets mainly hyperphosphatemia, hypocal-
cemia and vitamin [ deficiency. The control of secondary hyperparathyroidism is the
cormerstome for the management of CKD-MBD. Evidence has indicated that hyperphos-
phatemia is “a toxic factor” at multiple levels, and it has been associated with severe
complications and increased mortality [12]. In controlling hyperphosphatemia, phosphorus
binders plays a key role in eliminating the gastro-intestinal load. The range of agents
extends from calcium-based (Ca carbonate or acetate) to noncalde phosphate binders (seve-
lamer, lanthanum, or sucroferric cxyhydroodde). The first categony can increase the risk of
vascular calcification, and the second can be used only in advanced CKD stages. As for
vitamin [Yuse, in all stages of CKD, serum calcidiol should be maintained within the nor-
mal range. The use of calcitriol or any other active analogs is not routinely recommended,
being reserved for severe hyperparathyroidism cases. For ESRD patients in chronic dialysis
programs, calcimimetics are usetul treatments for secondary hyperparathyroidism [13].
Adequate dialysis is essential in controlling CKD>MBD in CKD stage 5D, with the potential
to eliminate phosphorus and normalize serum Ca levels. In patients with unresponsive
or tertiary hyperparathyreidism, surgical removal of the parathyroid glands should be
considered. The curmrent recommendation is to perform parathyroidectomy if FTH levels
remain above B pg/ml. despite adequate medical treatment and if it is accompanied by
clearly related signs and symptoms [11]

42, Osteoporosis Treatment

Some currently prescribed drugs for osteoporosis may not be suitable for CKIY patients.
The first-line anti-osteoporosis drugs, bisphosphonates, may worsen kidney function or,
in ESRID, are relatively contraindicated. Denosumab, a humanized monoclonal RANKL
antibody, is an antiresorptive factor not cleared by the kidney and has been used for treat-
ment of osteoporosis, with positive effects in terms of BMD and fracture incidence. An
interesting study has proven the beneficial effect of dencsumab for muscle and bone tissue
in osteoporotic mice and female humans [35] Tt can be safely used, but in ESED, there are
concerns about the risk of severe hy pocaleemia [20]. Romosoeumab, a humanized mono-
clonal antibody and inhibitor of sclerastin, has been proven to cause a significant change in
BMD in all kidney function categories [36]. Teriparatide, an anabolic, bone formation drug,
is not recommended is most cases, being of special use in parathyroidectomized patients or
those with high suspicion of low bone turnover disease. A recent meta-analysis highlighted
the effectiveness of anti-osteoporotic agents (teriparatide, denosumab, romesozumab, ralosx-
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ifene) in lowering vertebral fractume risk in CKID patients, particularly in stages 1-3, with
no benefit in stages 4 and 5 [36]. The absence of mported side effects encourages further
research, especially because advanced CKD patients encounter the lowest BMD, and the
needs are not yet met

4.3. The Key Therapentic Ciptions for Sarcopeniz

The key therapeutic options for sarcopenia management include one or a combination
of exercise, nutrition, and pharmacological interventions. A growing body of literature has
reported specific benefits of these interventions in CKD-assodated sarcopenia across the
disease spectrum [37]. There is a growing interest in the question of combining nutrition
and exercise in CKID, and dialysis can improve the musculoske letal outcomes [338,39],

5. Impact of Nutrition on Bone Disorders and Sarcopenia in
CKD Patients

Defining healthy nutrition is somehow difficult, because it is a continually changing
concept. This happens as a consequence of inmeasing focus on research in the food domain
and due to ongoing study of the effects that different nutrients exert on the human body.
Mutrition patterns and individual needs should be adjusted every time new and significant
evidence points to a positive influence that a specific food group has on general health and
on the prevention of non-communicable diseases, including CETD [40]. Conversely, given
the potential of some foods to become risk factors for diseases, the “World Health Organi-
zation (WHO) Global Action Plan for the Prevention and Control of Noncommunicable
Diseases” included strategies against behavioral risk factors, with a focus on unhealthy
diets [41]. For the general population, WHO recommended balancing energy intake, in-
creasing consumption of fruits and vegetables, and limiting the intake of saturated fats,
sugar and salt [41].

Mutritional habits contribute to 20407 of the risk of osteoporosis [42]. Chronic kid-
ney disease is a condition associated with higher rates of osteoporosis than the general
population. Therefore, dietary intervention to prevent the osseous manifestations of CKIY
is even more important. At the same time, optimal nutrition is more difficult to accom-
plish due to numerous risk factors and restrictions. As for CKD-MBD, the current diet
recommendation includes low phosphate intake, reduced dietary acid loads, measures
to correct Ca and vitamin D levels [11,43]. The latest guidelines for the management of
CKIY recommend increased consumption of plant-based foods and decreased consumption
of animal-based foods and ultraprocessed foods. Education about dietary adaptations
regarding P, Ca, sodium, potassium, protein, and even water intake should be an important
step in CKIY management. All these measures aim to delay progression to ESED and to
prevent chronic complications, particularly CKD-MBD and osteosarcopenia [34]. Lifestyle
interventions such as modifying nutritional habits proved to be effective in reducing risk
of vascular calcification [44] and frailty in CKD-MBD [45,46). The efficacy and safety of
these interventions in patients on musculoskeletal involvement in people with CKD ame
still undetermined. Thus, there is an urgent need for relevant and reliable information on
whether specific foods are beneficial for all various bone diseases in CKID patients.

51. Protens

A low-protein diet is often recommended to predialysis CKD patients. According
to the KDOCH 2020 clinical practice guidelines for nutrition in CKD, daily protein intake
recommendation should vary according to CKD stage. In stages 3-5, CKID patients ame
prescribed low protein intake (0155 to (L60 g/ kg /day), aiming to postpone dialysis initiation
by reducing uremic complications associated with protein catabolism [47]. The alternative
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is very low protein intake ((.28-0.43 g/kg/day) with keto-amino acid analogues. With
respect to the amount of protein intake, the KDIGO guidelines for CKD management
updated to 2024 are less demanding, allowing in CKDD stages 3-5 a protein intake of up to
08 g/ kg/ day, including at least 50%. of proteins of high biological value [34].

Metabolic acidosis is one of the concerns egarding animal protein intake in CKD, due
to its detrimental effects on bones and muscles. Food sources of acid are meat, cheese, and
egps, as all these increase the intake and metabolization of acid in the body. On the other
hand, fruit and vegetables are good buffers, comecting metabolic acidosis. Confemporany
fast-food diets deliver a high acid load, which has to be neutralized by the bones and
muscles. Some studies reported that reducing acidic food by replacing meat with vegetal
proteins can protect bones and muscles and slow CKD progression [48]. Several benefits
emerge from metabolic acidosis correction in adult CKD patients, such as reduced protein
degradation and muscle wasting, better serum albumin levels and nutritional status [16,1%].
In a clinical setting, the nutritional status of CKD patients is best assessed using ques-
tionnaires, biochemical parameters such as serum albumin, cholesterol, even phosphoras
and creatinine in HI} patients and anthropometric measumres and muscle strength. The
follow-up is an important step for assessing adherence [34]. In a small study on subjects
with CKD stages 3-4, an omnivorous diet containing 70% protein from plants for 4 weeks
was efficacious in lowering urine phosphorus and titratable acid. The effect of such a diet
was successful on mineral metabolism and acidosis in CKID. Therefore, it should implicithy
be helpful in musculoskeletal health, as phosphomus and acidosis are the main pathogenic
agents in CKD-MBD [459] (Table 1).

High-protein diets are essential for healthy bones, being associated with higher BMD.
Undoubtedly, building or preserving muscle mass starts from a foundation of proteins.
Chronic dialysis treatment leads to loss of proteins and inoeased muscle catabolism; hence,
the KDOOT guidelines for nutrition in CKD recommend that patients treated with diabysis
be prescribed high protein intake (1.0-1.2 g/kg/day) [47]. Based on the National Health
and Nutrition Fxamination Survey (WHANES) data, Lee et al evaluated bone densities
of different femoral areas according to different protein diets. In subjects without CKD,
higher-protein diets led to higher femoral BMD. High-protein CKD patients did not develop
higher femoral BMD and neither did those with low-protein diets reduce their femoral
BMD. However, CKD resulted as a risk factor for reduced BMD over the intertrochanteric
bone region [¥] (Table 1). In patients with ESED, protein malnutrition is common and is
usually caused by low-protein diets, CKD progression, and prolonged dialysis treatment.
Hemodialysis is responsible for a loss of 3-8 g of amincacids per session [50]. In a post
hoc analysis of the [HOPE trial, HD patients were randomized for 12 months to placebo,
30 g of whey protein supplementation, or protein plus intradialytic bicycling. The study
demonstrated that protein supplementation with or without exercise training is associated
with improved hip BMD, preventing the loss of bone mass in elderly individuals [51]
(Table 1.

Considering sarcopenia, it is common in ESED, as these patients are highly sedentary
and at risk of malnutrition. 4 recent Australian single-center cohort of maintenance HD
patients reported a sarcopenia prevalence of 18%. In this study, low serum albumin and
phosphate resulted as significant risk factors for muscle wasting. These findings confirm
that protein malnutrition is an important risk factor for sarcopenia [52] (Table 1).

Specific protein consumption has gained impressive popularity in recent years as
a complementary approach to body building. Theme is an ongoing debate about these
protein supplements, espedially creatine, one of the most commoenly used, in regard to
beneficial or harmful effects in CKD patients. Creatine is an essential contributor to
cellular erergy homeostasis. Fecent findings suggest that endogenous creatine production
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progressively decreases with increasing stages of CKD. Creatine deficiency in CKD was
associated with fatigue, muscle wasting, impaired cognition, and high mortality. Creatine
coming from meat and dairy increasingly becomes an essential nutrient and there is a
debate about the fact that newer recommendations for plant-based diets may worsen
this deficiency [53]. As might be expected, numerous concerns are addressed to the
potential of creatine to impair kidney function Howewver, a clinical trial consisting of
12-week creatine supplementation showed a significant increase in serum creatinine, while
oystatin C remained unchanged [54]. Other studies found no change in serum creatinine
after creatine supplementation [55]. Consequently, in CKIY patients receiving creatine
supplementation, creatinine levels become unreliable in evaluating the renal function and
oystatin C clearance should be used to assess glomerular filtration rate [53]. A recent
small double-blinded study conducted on 40 HI) patients explored the effect of creatine
supplementation on body composition and malnutrition-inflammation score. At 1 year,
creatine supplementation was associated with increased fat-free mass and skeletal muscle
mass, but the authors assume that the simultaneous increase in intracellular water may
influence results. There was no attenuation of malnutrition—inflammation score [56]. The
mesults indicated that increasing creatine intake (even without resistance training) enhances
fat-free mass and skeletal muscle mass in HD patients, indicating a potential role of oeatine
in the future nutritional management of sarcopenia in CKD (Table 1). In conclusion, healthy
proteins from lean poultry, peas, chickpeas, beans, lentils, and fatty fish are possible choices
in CKI} for the benefits on muscular and ostecarticular functionality. The amount of
protein depends on the CKD stage, and creatine may play a role in the futue of CKD-MBD
nutrition [57].

5.2, Phosphorus, Vitarun D, Calcium and Magnesium

Efforts to control hy perphosphatemia in patients with CKID are essential for preventing
secondary hyperparathyroidism and renal osteodystrophy [58]. General recommendations
for maintaining serum phosphorus within normal limits include monitoring the dietary
intake of phosphorus and taking phosphate binders. Dietary strategies to reduce phosphate
levels include abstaining from phosphate-rich foods, as well as paying attention to binavail-
ability [59] The dietary phosphorus burden in kidney disease contributes to the pathogemy
of CKD-MBD. Dietary phosphate restriction is used commonly to improve outcomes, but
the fact that phosphate intake usvally parallels protein intake makes the situation more
complicated, as CKID patients need to receive an adequate amount of dietary protein to
avoid malnutrition [58]. The real restriction should be addmressed to phosphate additives.
Such inorganic phosphate additives are widely used to produce fast foods, restructured
meat, soft drinks, spreadable cheeses, sauces, and fromen bread products [£0-62]. Sherman
et al. measured the phosphorus, potassium, and protein content in uncooked meat and
poultry products, and they discovered that phosphorus and potassium content wene two-
and three-fold higher, respectively, due to additive content, and this information is often
lacking from food labels [60].

An interesting experiment was conducted by Gutierrez et al, assessing the impact of
additive intake on bone. After an additive-enhanced diet, healthy individuals, but also
mice had modified bone biomarkers, and the BMI} decreased in mice [53] (Table 1). There
is avery fine line regarding the balance of nutrients in food. Many of the natural foods
knonwn to be rich in phosphorus weme traditionally disapproved in CKD-MBD. The capacity
to absorb phosphate should also be considered while deciding on appropriate nutrition,
as the intestinal absorptive rate of additive phosphate is over 80%, while for phosphate
contained in plants, it is about 30%: [54]. Lately, foods like beans and nuts have received
more attention for use by CKIY patients with the knowledge that the phosphorus is less
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absorbed. Thus, in predialysis patients, beans and nuts may be mome acceptable protein
sources, because the phytate and fiber content leads to a lower phosphorus absorption
rate [65] A recent study has evaluated adults” phosphorus knowledge and dietary intake
of phosphorus, hypothesizing that there would be a negative relationship, in which high
phosphorus knowledge scones would contribute to lower consumption of phosphorus-rich
foods. The results showed no association with phosphoras knowledge scores and dietary
intake of phosphorus, indicating a gap in understanding and a need for tailored nutrition
education among adults on dialysis [66].

Vitamin D deficiency is common in patients with CKID and associated with poor out-
comes. Vitamin [is a well-known modulator of musculoskeletal health in CED through
its effects on Ca, F, FTH and, consequently, on bones [67]. Okidative stress in CKD is
also impactful on bones and exacerbated by vitamin D deficiency. Nonclassical vitamin I
actions are thought to be related to effects on uremic inflammatory status, and on immune
dvsfunction. [t was therefore considered as reasonable to improve 25-dihy drocyvitamin
D supply for extrarenal production of 1,25-dihydroxgrwitamin D. In HDY patients, cholecal-
ciferol therapy led to a significant decrease in inflammatory markers and cytokines [68].
Current clinical practice guidelines recommend supplementation with nutritional vitamin
D, as for the general population. The deficit is usually corrected with oral medication,
but natural sources of witamin I such as fatty fish, hazelnuts and mushrooms should be
seriously advised [59].

There may be a concern that excess magnesium (Mg) may impede bone mineralization.
Sakaguchi et al conducted a study on a large nation-wide database of patients undergoing
HI} in Japan with no history of hip fracture. The follow-up lasted 2 years and they
identified 2% new hip fractures. The risk of hip fracture was not elevated in HD) patients
with mild hypermagnesemia, but lower serum Mg levels were significantly associated with
an increased risk of hip fracture. The population-attributable fraction of serum Mg level
for new hip fractures was 13.7% which was much higher than that of serum Ca, F, and
FTH levels [70] (Table 1). A higher dietary amount of Mg can be obtained from cashews,
peanuts, almonds or spinach intake. Interestingly, there is a significant interaction between
Mg and phosphate in terms of absorption and bone effects [71].

5.3. Plmi-Based Diefs and Microbiota
5.2.1. Plant-Based Diets and Mant-Dominant [hets (PLADO)

A plant-based diet leads to a 12% lower risk of glomerular filtration rate decline [72].
Even new CKDD cases can be prevented by eating plant-based foods. A community-based
prospective Korean cohort study demonstrated that a diet rich in vegetables reduces the
incidence of CKD [73]. Individual components of such a diet have a beneficial influence on
blood pressure, lipid levels, thrombosis and fibrosis risks, oxidative stress, inflammatony
msponses, and endothelial function in CKD patients. Plant-based diets were also associated
with a better quality of life, better management of complications and decreased mortality in
adults with CED [7475]. BEvidence supports the use of plant-based diets for their survival
benefit. Important findings come from a registry study which proved the association
between a diet with a higher proportion of protein from plant sources and lower mortality
in CKD stages 3a-5 [74]. The consumption of fruits and vegetables in patients with stage
3 CKD is seen as an effective method for correcting metabolic acidosis and preserving
renal function [7&]. The latest KIXM guidelines recommend an increased dietary intake
of fruits and vegetables in adults with CKID 14, to decrease net acid production in order
to reduce the rate of decline of kidney function and to protect bones from MBD [47].
Acidemia is a major contributor to bone abnormalities in CKD-MBD. Plant foods contain
citrate, which is metabolized to bicarbonate and can help reduce metabolic acidosis [77],
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leading to improvements in bone metabolism [16]. Among other nutrients, citrate is
involved in pathophysiclogy and the management of bone diseases in CKD. Bone tissue
is the main intrinsic source of citrate, being produced by ostecblasts. At the same time,
dtrate influences ostecblasts” differentiation and functionality. Increasing consumption
of oranges, lemons or other types of citrus fruits with high citrate content may be helpful
in neutralizing the acid load, and, consequently, in managing CKI-MBD [F8]. A new
experimental study demonstrated that diosmin, a bioflavonoid contained in dtrus, protects
against CKIFinduced osteopenia in CKD rats, preserving bone mass and strength [77]
(Table 1). Thus, we may assume that citrus consumption may have anti-osteoporosis
properties in CKD patients.

In a single-center cross-sectional study on autosomal dominant polycoystic kidney
disease (ADPED) patients, higher adherence to DASH diet (rich in vegetables, fruits and
whole grains) was associated with low risk of reduced handgrip strength, indicating that
the DASH dietary pattern may promote the preservation of muscle strength in ADFKD
patients [80] (Table 1).

Yet, plant proteins ame less anabolic and less digestible than animal proteins. Ac-
cordingly, for a similar anabolic effect on muscles and bones, the adequate amount of
plant protein should be higher than the animal proteins [51]. Mansouri et al. evaluated
the association between pro-vegetarian dietary patterns and the risk of protein-energy
wasting and sarcopenia in CKD patients. Their findings indicated that greater adherence to
pro-vegetarian diets was negatively associated with the odds of protein-energy wasting,
but no association was shown between these diets and the odds of sarcopenia. Therefore,
while these results encourage the consumption of plant-based foods, this dietary pattern
may not effectively reduce the risk of sarcopenia in CKD patients, particularly if it causes
insufficient protein intake [52].

Highprotein plant-based food is advised if the potassium content is not too high [11].
Even e garding potassium-melated restrictions, we have new surprising data. In a prospec-
tive study om HD patients, decreased dietary potassium intake was associated with higher
maortality risk. These findings suggest that excessive dietary restriction may be harmful
in HD patients [83]. These may indicate the need for a paradigm shift in judging “bad
potassium” indiscriminate by

5.3.2. Uremic Toxins and Microbiota

There is a large body of evidence on the accumulation of uremic toxins in CED patients
and its detrimental influence on bone quality and quantity [84]. In most studies, indoyl
sulfate and p-cresyl sulfate, the most important uremic toxins, reduce bone turnover and
suppress bone formation. Uremic towins play a crucial role in the development of low
bone turnover disease in CKD through downregulation of FTH receptor expression on
osteoblasts and through induction of axidative stress. Reactive ooygen species inhibit
osteoblast functions and stimulate osteoclast proliferation, induce PTH resistance, con-
tributing to the installation and progression of adynamic bone disease in CKD [85]. The
results of Barreto et al. indicate a positive association between indoxy| sulfate levels and
bone formation rate, ostecblast surface area, ostecid volume, and bone fibrosis volume [B&].
Such findings may be explained by the role indoxyl sulfate plays in the pathogeny of
bone resistance to FTH and, eventually, of low turnover bone disease [86,587] (Table 1).
The impact of a uremic inflammatory environment is not negligible, with CKD inducing
decreased muscle protein synthesis and muscle breakdowmn.

Microbiota plays a specific role in bone metabolism and function. CKD induces dys-
biosis, with consequences for various pathological processes. A recent review highlighted
important pathogenetic connections between gut microbiota and bone health in CKID
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patients, demonstrating how the accumulation of indole and p-cresol in CKD disrupts
microbiota and impairs bone formation by inducing PTH resistance in bone cells [35]. The
decrease in gastrointestinal absorption and the increase in uremic toxin removal may be
important in the treatment of uremic osteoporosis [59]. Probiotics are living microorgan-
isms which nestore the balance of intestinal microbiota and improve mucosal integrity.
Foods rich in probiotics such as yogurt, kefir, pickles, saverkraut or kimchi, can mitigate
uremic toxicity and protect the musculoskeletal function [%0]. Recently, a growing body
of evidence has emerged on the benefits of plant-dominant low-protein diet (PLATHY) in
fav oring healthy microbiomes. A dopting PLADO prevents constipation and, as a result,
reduces hyperkalemia and relieves uremic toxin burden, with a better preventive effect
against metabolic complications in CKIDY compared to animal protein-dominant intake [91]

A long-standing but untested component of the low-phosphorus diet is the promotion
of refined grains over whole grains. Due to the beneficial fiber content of whele grains,
this recommended restriction should be thoroughly analyzed. A recent paper reviewed
scentific evidence for avoiding whole grains in the dialysis population. Although estimated
phosphorus intake was higher, the modification of serum phosphorus was insignificant,
concluding that there is no strong evidence in favor of restricting whole grain over refined
grain [42].

The attempt to restrict phosphorus intake has led to other inappropriate recommen-
dations, namely, to avoid nuts in CKD. However, less than a third of the dietary organic
phosphorus from nuts is absorbed, so it is unlikely that they contribute to dietary phospho-
rus burden in CKTY [93,94]. Various kinds of nuts have high fiber content, with benefits for
aeating a healthy microbiota. In an experimental model of CKD, a Brazil nutenriched diet
was able to modulate enteric glial cells and gut microbiota [95]. A different study proved
the possibility of modulating BMI?Y using a Brazil nut-enriched diet in a CKD experimental
model [96].

54. EnergyDense Foods
5.4.1. Energy-Dense Diets

Energy-dense diets are detrimental in regards to CKIL, as they promote the main
causes of CKD), obesity and diabetes mellitus. The least healthy choice consists of saturated
fats. However, reverse epidemiology in advanced CKD links mortality with low body
weight, so energy-dense diets may be helpful in preventing weight loss, often an indicator
of frailty, which is an important risk factor for falls and fractures. In a group of older pa-
tients with advanced CKD, Molinari et al. have demonstrated that frailty is assodated with
malnutrition-inflammation syndrome, underscoring the importance of addressing malnu-
trition in order to prevent the onset of frailty in this population [57]. However, returning to
its nephmotoxic potential, energy-dense food also has negative consequences on CKD-MBD.
It induces decreased absorption and activation of vitamin D), hyperphosphatemia, high
levels of FGF23, low levels of Klotho, and, eventually, renal osteodystrophy. Furthermore,
obesity is a proinflammatory factor, promoting the progression of CKI? and musculoskele-
tal disease. The implementation of caloric restriction with or without aerobic exercise is
feasible and can improve body weight, as well as reduce fat mass and proinflammatory and
oidative stress [98]. We should be awame that dietary recommendations on energy intake
should be different according to age, gender and physical activity, targeting an ideal body
mass index (BMI)/waist-to-height ratio to be achieved through nutrition [34,47]. The latest
KDIGO guideline on CKD management recommends a minimum of 150 min of moderate
exercise to supplement the effects of nutrition [34]. Still, not all fat is bad.
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54.2. Omega-3 Fatty Acids

(Ormega-3 fatty acids are polyunsaturated fatty acids (FUFAs), the active ingredients
of vily fish, with important benefits for general health. An analysis of the NHANES
cohort population proved a significant inverse relation between dietary omega-3 intake
and all-cause mortality in patients with CEI [%9]. Omega-3 fatty acids improve bone
quality by promoting bone mineralization and preventing bone decay [100]. Alternative
sources can be seafood, sesame, pumpkin chia or flax seeds. Recently an original study
demonstrated the causal beneficial effect of PUFAs on BMD and fracture risk [101]. The
influence of omega-3 fatty acids on skeletal muscle protein metabolism and mitochondrial
bicenergetics was demonstrated through muscle biopsies [102]. Liu et al. analyzed data
from SB8Y participants from the NHANES cohort and tested the relationship between the
presence of osteopenia or osteoporosis based on BMD scores and dietary omega-3 intake.
This study displayed a significant cormelation between low dietary omega-3 fatty acid intake
and high osteoporosis risk, suggesting that omega-3s play a crucial role in bone health.
These findings are exciting, but patients with chronic renal failure were excluded from this
study [103].

5.4.3. Olive (il

Oive oil has been found to improve bone quality, by increasing alkaline phosphatase
activity and bone mineralization through its content in hydroxytyrosol. This is a phenolic
compound that has antioxidant, anti-inflammatory and anticsteoporotic properties. (lives
and olive oil favor maturation of ostecblastic cells and prevent the loss of bone mass
induced by inflammation and CKD [43,104].

5.4.4. Nuts

Some specific nuts, such as walnuts, pecan and pistachios, have a high content of
omega-3 PUFAs. Nut consumption is another source of healthy fats, with valuable effects
on CKD and mortality in the United States [105].

5.5 Antiovidant and Anfi-Inflammatory Foods

Creidative stress and abnormal osteocyte apoptosis ane often related to dysregula-
tion of bone turnover, and so vegetables or fruits with high antioxidant potential may
play an important role in the prevention of chronic bone loss. An exciting new subfield
of nutrition addresses antioxidant and anti-inflammatory foods. These amre also called
antiaging, senolytic, functional foods or superfoods. Redox signaling and inflammatory
pathways play important roles in CKID-associated cachexia, sarcopenia and osteoporosis
pathogeny [106]. Antiowidant depletion has been involved in chronic diseases and abnor-
mal bone remodeling, which are signs of osteoporosis [107]. Exerdise capacity in sheletal
muscle is positively correlated with mitochondrial function, which is mainly controlled by
mitochondrial biosynthesis and degradation Therefore, in natural antioxidants lie great
potential to reduce inflammation, coddative stress and to prevent CKD-MBD [108].

5.5.1. Dhets Rich in Berries

Diets rich in berries, especially blueberries or bilberries, which contain a large number
of phytochemicals, also provide health benefits. The most prominent of these phytochemi-
cals, termed anthooyanidins, have potent anti-inflammatory and anticecidant effects. Data
suggests that blueberries might inhibit osteoclastogenesis in model mice and so could also
be wseful for the prevention of bone loss and osteoporosis. Delphinidin, one of the major
anthooyaniding, prevents bone loss through the inhibition of excessive osteoclastogenesis in
osteoporosis model mice [109]. Blueberry juice protects osteocytes and bone precursor cells
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against oxidative stress, partly through the activation of SIRT1; reduced SIET1 expression
has been associated with osteoporotic hip fracture [110]. Various berries (blueberry, cran-
berry, raspberry, and strawberry) could possibly improve the uremic condition by reducing
the levels of uremic toxins via modulation of the gut microbiota and, consequently, protect
from bome and muscle loss [111].

5.5.2. Resveratrol Is a Poly phenol

Resveratrol is a polyphenol found in grape skins, blueberries, cocoa, and peanuts and
has proven efficacy in reducing reactive oooygen and nitrogen species. Theme is evidence
in fawor of grape-based food supplementation to prevent the development of CKIY [112].
It can contribute to bone restructuring through enhancing osteogenic differentiation and
mitochondrial biogenesis from human periosteum-derived mesenchymal stem cells [113].
Murillo-Crrtiz et al. conducted a study on 40 HD patients to test the effects of resveratrol
and curcumin supplementation on the recovery of bone and muscle mass and protein
mxidation, lipid peroxidation and iron overload. Curcumin is a polyphenolic compound
and has been reported to have potential benefits for oxidative stress and inflammatory
disease; it has the potential to prevent muscle damage and to increase ostecblast survival
by downregulating nuclear factor KB. They proved that gain of bone and muscle mass was
possible with combined supplementation with curcumin and resveratrol for 12 weeks [114]
(Table 1). A recent study evaluated the effect of polyphenols on physical performance
and body composition of 40 sarcopenic CKID patients. The authors used functional bars
based on fruit, vegetables, extra virgin olive oil, micronized grape pomace, grape seeds
and olive keaf powder derived from the recovery of waste from agri-food supply chains
combined with adapted physical activity for 12 weeks. These ingredients werne selected to
evaluate the possible positive effects of foods rich in polyphenals in patients with CED.
This combination was helpful to counteract several CKD-related complications, such as
arterial hypertension and uremic sarcopenia, and improve the CKIDY patients” quality of
life [115] (Table 1).

5.5.3. Sulforaphane

Sulforaphane is a bioactive compound present in cruciferous vegetables and several
beneficial functions have been observed in CKD. Extensive literatume has shown that the
main route of action is activation of the transcription nuckear factor erythroid 2 (Nrf2),
which has a key role in the antioxidant response. As a mesult, sulforaphane protects against
mitochondrial damage and helps normalize the gut microbiota [116]

554 lycopene

Lycopene is one of the most powerful antionidants in the diet. The Framingham
Osteoporosis Study has demonstrated a positive assodation between the intake of by copene,
a phytonutrient of the carotenoid family, and increased BMIDY in lumbar vertebrae, in
addition to a lower risk of non-vertebral and hip fractures at 4 years [117]. A small
study evaluated the effects of lycopene and calcifediol on CKD-MBD through alkaline
phosphatase, PTH, as surrogate bone markers and on oxidative stress. Tomato-derived
lycopene decreased cholesterel coddation products and, in association with daily caldfediol
leads to normalization of alkaline phosphatase and PTH in elderly CKID patients, suggesting
preventive effects on bone disorders [118].

Mounting evidene in support of anticxidant and anti-inflammatory nutrition in CKD
leads to know ledge that can provide the foundation for the prevention of musculoskeletal
disorders [7,11%,120]. In a recent cross-sectional study on 2565 CKD participants from
MNHAMES, dietary inflammatory potential was positively associated with sarcopenia in
patients with CKD. The dietary inflammatory potential was calculated by the dietary in-
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flammation index score based on dietary recall interviews, and sarcopenia was assessed by
low skeletal muscle mass measured by dual-energy X-ray absorptiometry. The prevalence
of sarcopenia was 19.11% of patients with CKD [121].

5.5.5. Brazil Nuts

Brazil nuts are an important source of selenium, which is an essential nutrient involved
in bone metabolism [95]. The role in osseous remodeling is linked with a decrease in
pro-inflammatory cytokine activity and direct action on osteoblasts, as the expression
of selenoproteins [122]. A recent meta-analysis demonstrated that selenium intake is
associated with higher BMD and a lower risk of osteoporosis and hip fracture [123].

5.5.6. Glutathione

Additionally, including foods naturally high in glutathione, like avocados, spinach,
okra, and asparagus, may help decrease oxidative stress. Glutathione is one of the body’s
potent antioxidants. Several human and animal studies have found that eating sulfur-rich
vegetables may reduce oxidative stress by increasing glutathione levels. Sulfur is required
for the synthesis of glutathione, and the main sources are animal proteins and cruciferous
vegetables like broccoli, Brussels sprouts, cauliflower and kale or allium vegetables like
garlic and onions. Selenium is an essential mineral and a glutathione cofactor, the best
sources being meats, cottage cheese and Brazil nuts. Nrf2, a transcription factor activated
by oxidative stress, plays a crucial role in protecting against the harmful effects of excessive
free radicals. Deletion of Nrf2 in osteoblasts results in significantly increased reactive
oxygen species production due to lower glutathione levels [85].

Food has the potential to become an elixir for good and functional living in CKD, if
used correctly and early in the course of the disease (Figure 2). Nephrologists should indi-
vidualize dietary intervention to control osteoporosis, sarcopenia and renal osteodystrophy,
according to co-morbidities and personal risk factors.

“PUFAS; Fatty fish
Oﬁve oil; Nuts

Figure 2. Nutritional intervention, bones and muscles in CKD.
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The publication of the newest controversial conference on CKD-MBD conclusions
emphasizes the importance of bone complications and proposes two clinical syndromes:
CKDrassociated osteoporosis, encompassing increased fractume risk in patients with CKID,
and CEIrassociated cardiovascular disease, including vascular calcification [124].

6. Conclusions

Musculoskeletal disorders are increasingly more prevalent as CED progresses to
more advanced stages. There is a global recognition of the importance of preventing
and mitigating CKD-MBD, osteoporosis and sarcopenia in the CKIDY population given
the goal of extending a life with quality and without fractures, frailty or hospitalization.
Them is an increasing mumber of health professionals stating that the management of CKD
should emphasize the role of diet. Traditional renal diets became questionable, as new
evidence points to the benefits of nutrients that were previously restricted. This review
highlights the urgent need for intensive efforts to improve lifestyle quality as a strategy for
preventing and diminishing the burden of CKD-MBD, as we aim to have less disabled CKD
persons with renal osteodystrophy. In future studies, it should be confirmed whether a
specific nutritional intervention may prevent deterioration in bone strength and sarcopenia
in the CKD population. Vitality is a goal for people with CKI? and it is achievable, as
there is evidence that food may act as a geroprotector and may modulate bone and muscle
functionality. Using tailored precision nutrition approaches with or without other benefidal
strategies may help prevent and treat CKD-MBD and ostecsarcopenia
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Abstract Vascular caleification (ViC) is a consequence of diremic kidney disease (CKD) which is of
paramount importance regarding the survival of CKD patients. VO is far from being controlled with
actual medication; as a resull, in recent years, diet modulation has become more compelling. The
concept of medical nubritional therapy points out the idea that food may prevent or teal diseases.
The aim of this review was to evaluate the influence of food habits and nutritional intervention in
the occurrence and progression of VIO in CKDL Evidence peports the harmfulness of ultra-processed
food, focd additives, and animal-based proteins due o the ncreased intake of hagh absorbable
phosphorus, the scarcity of fbers, and the increased production of uremic toxins. Available data ane
miore supportive of a plant-dominant diet, especially for the impact on gut microbicta composition,
which varies significantly depending on VC presence. Magnesium has been shown o prevent VC
but only in experimental and small dindcal studies. Vitamin K has deawn considerable attention
due to its activation of VC inhibitors, Thene afe positive studies; unfortunately, secent trials failed to
prove its efficacy in preventing ViC. Future research is needed and should aim to transform foed into
a medical intervention o eliminate VC danger im CKI

Keywords: food; nutrition; lifestyle; vascular caleification; chromic kidney disease

1. Introduction

Chronic kidney disease (CKID) is an emerging public health priority associated with
high mortality rates and demanding complex management, including lifestyle changes,
medications, and, sometimes, renal replacement therapy. Due to its very high prevalence
in over 10% of the general population, CKD has a heavy social and financial burdens [1].
Above all other effects, CKID produces a significant negative impact on patients" lives,
leading to complications that affect their quality and becoming life-threatening over time.
Omne of the most important, yet unsolved, complications is chronic kidney disease—mineral
and bone disorder (CKD-MBDY) [2-4]. As CKD progresses, cardiovascular and osteo-
articular complications occur and may have different impacts on patients” quality of life.
CEDMBD leads to a multitude of symptoms, including decreased function and social
roles, depression, and a shorter life span [4,5]. Vascular calcification (VC) is the main
abnormality from the complex CKID-MBIY in terms of associated cardiovascular morbidity
and mortality [23,6] The goals of management in different stages of CKD are to slow
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the progression of kidney disease, to postpone the need for replacement therapy, and to
control complications, such as hyperkalemia, metabolic acidosis, inflammation, protein
malnutrition, anemia, high blood pressure, and mineral and bone disorders, which ane
particularly important for chronic management [1].

Attrdnstion §07 BY) Lo thitpse Food and drug intake may sometimes have a poisonouseffect on the kidneys; therefore,
carativerommens ofgf ieenses/by/ @ large number of patients with kidney failure have reached a point of no return due to
Aoy their everyday life choices. Lifestyle impacts epigenetics, body composition, and function,
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so people will eventually develop CKD if their habits are harmful. In the most prominent
diseases of this century, including diabetes mellitus, hypertension, cardicvascular diseases,
and cancer, studies have been carried out and have proven that different environmental
factors contribute to each of these diseases” pathogeny [7,6] Type 2 diabetes mellitus
is associated with a diet that is rich in sweets, soft drinks, snacks, nuggets, and other
ultra-processed foods [7]; hypertension has a strong connection with salt intake [4]; and
cardiovascular diseases have strong connections with fatty foods. And, as is well known,
the above-mentioned illnesses ane the main causes of CKD. The ageing process itself is
associated with common “burden of lifestyle™ diseases, which include CKD. Interestingly,
aging and CED share important features; CKD is a condition which leads to an increased
biological age [10], and CKIDMBD raises its invalidity rate and death toll [11]. We live in
times of increasing awareness of the potential of meals to damage health Consequently, a
useful idea that has captured public attention is that food may become a tool to prevent
or treat diseases and might be considered as medicine. This idea was conceptualized as
medical nutritional therapy [12] or food as medicine [13,14]. W hen properly used, food
may heal and may slow down and alleviate disease. Besides all of these well-known factors,
different dietary patterns may be important influencers for chronic diseases, including CKD
and its main chronic complication, CKD-MBD. Energy and action define everyone's way
of living; themefore, smart choices must be made regarding food as energy supply based
on valid scientific data. There is hope that lifestyle changes will slow or stop CKD-MED
features and prevent or even lead to regression in VC [15-17]. Clear knowledge about
what to eat, how much to eat, and in what combination is necessary for patients with
CEKD-MBD [15]. Medical nutrition therapy (MMT) is an evidence-based process aiming to
treat or manage a disease through nutrition. Its components are comprehensive and include
the evaluation of nutritional status, intervention in diets, and nutrition therapies [12].

In this study, we aim to provide a comprehensive review of the effects of diet on VC
as a part of the CKD-MBD spectrum that is known to be associated with severe clinical
outcomes in patients with CED. We will present the curment state of this research field by
review ing the key publications from mcent years, and we will highlight controversial and

diverging hy potheses regarding this approach
2. Vascular Calcification in CKD

CKD is characterized by features of accelerated ageing, such as increased levels
of cellular senescence, and epigenetic modifications, such as telomere attrition, arterial
calcification, osteoporosis, sarcopenia, frailty, and depression [11]. According to the KDIGO
guidelines, the term “chronic kidney disease—mineral and bone disorder (CED-MBD" isa
clinical syndrome which comprises mineral, bone, and calcific cardiovascular abnormalities
in CKI. It includes medifications of calcium, phosphorus, parathy roid hormone (FTH),
vitamin [, bone metabolism, and vascular or other soft-tissue calcification [2,3]. CKD-MBD
is a consequence of CKID that has led to extended research and the development of a wide
variety of treatments; despite specialists” implications, it continues to produce a multitude
of symptoms and deleterious effects for the people who have it, including the following:
s Vascular caldification (VC) is a phenomenon involving the deposition of calcium and

phosphorus within the layers of the arteries. Medial calcification, which presents as

rail-train deposits along the vasculature, is particularly prevalent in patients suffering
from CKD, but it is associated with aging and diabetes mellitus, too. It mainly affects
the aorta and peripheral arteries. The deposition of mineral content within the media
is preceded by phenotypic changes in vascular smooth muscle cells (VSMCs) and
leads to arterial stiffness, significantly contributing to heart failure and increased
cardiovascular morbidity. The accumulation of uremic toxins, the imbalance of calcium
and phosphate, and a lack of calcification inhibitors have been implicated in the
pathogenesis of calcification.

#  Intimal calcification displays a patchy distribution pattern and preferentially affects
the coronary and carotid arteries. It is part of the atherosclerosis process. In patients
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with dyslipidemia and hy pertension and smokers, atherosclerotic plaques occur as a
consequence of inflammation and endothelial damage. It is common to find both types
of calcifications in CKD} patients. Accumulation of mineral content in atherosclerotic
plaques may increase the risk of ischemic events such as stroke, ischemic coronary
syndromes, or ischemic arteriopathy of the lower limbs [15,19].

s Other ectopic extraskeletal calcifications may occur. Valvular calcification is highly
prevalent in CKD patients, contributing to chronic heart failure; calcifications in the
joints can cause pain and functional impotence, and caldfications in the subcutaneous
tissue can lead to resistant pruritus

3. Food for CKD Patients

According to Global Burden of Disease Study, dietary risk factors are major contribu-
tors to millions of deaths, leading to higher mortality rates than well-known risk factors
such as smoking [20]. Lifestyle interventions, such as healthy nutritional habits, proved
to be effective in reducing cardiovascular risk factors in the general population [21]. High
intake of sodium and sugar and a low intake of whole grains, vegetables, and fruits can
cause type 2 diabetes mellitus, hypertension, cardiovascular disease, cancer, and CED [22].
A study conducted in the Metherlands on over 78,000 people with a follow-up of 3.6 years
revealed new evidence that ultra-processed food consumption leads to kidney function
decline [23]. An observational study from Brazil demonstrated that elderly patients on
hemaodialysis (HD) hawve a worse dietary quality and higher consumption of ultra-processed
food than elderly without CKID [24]. Some diets, as the DASH (Dietary Approaches to
Stop Hypertension) diet and Mediterranean diet, provided important evidence iegarding
efficacy in promoting health [25]; these diets especially involve the reduction in salt, fat, and
proessed food intake Tyson et al. demonstrated in CKD patients that the reduced-sodium
DASH diet is efficient in reducing blood pressure [26].

CKD people are constantly exposed to conditions that alter epigenetic regulation such
as tocins and shifts in dietary patterns. CKID-MBD leads to changes in DNA or histones,
which are heritable from one cell to its descendants [27]. Neytchew et al. compared dialysis
patients with transplant patients and controls and demonstrated that the uremic milieu
drives genome-wide methylation changes that are partially reversed with kidney failure
replacement therapy [28]. Studies have shown that different life variables, including
food choices, may lead to epigenomic reprogramming [27,2%]. Recent research of these
nutritional interventions in CKI patients with ¥C gives rise to the hope of finding solutions.

4. Phosphorus, Vitamin [, and Calcium and Vascular Calcification in CKD

In patients with CKI?, mineral disorders are associated with hyperparathyroidism,
menal ostecdystrophy, arterial calcification, and cardicvascular mortality [30,31]. CKD-MBD
is marked by high serum phosphate levels, low serum active vitamin [, and low serum
caldum levels.

Increased phosphate levels lead to WC and high cardiowvascular death. In their experi-
mental study, Turner et al. discovered that the arteries acutely deposit large amounts of
amorphous phosphate to control the elevation in the bloodstream, thereby altering the
systemnic disposition of phosphate; themefore, they identified the arteries as a participatory
mineral homenstatic organ [32]. Nephrologists encounter serious difficulties in controlling
phosphate levels, and phosphate impacts the CKD-MBD patients’ prognosis, even when
receiving specific medication. Yet, the benefits of phosphate-lowering medication on ¥V,
arterial stiffness, and clinical outcomes in predialysis CKD stages emain uncertain [33,34].
Mevertheless, there is evidence in favor of phosphate lowering; a recent Japanese study has
proven that consistently strict phosphate control may slow the progression of coronary and
vahrular calcifications in incident patients undergoing HD (Table 1) [25].
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Table 1 The effects of food o vascular caleification in patients with CKD.

Article

Design Results

Shimizu 2023 [25]

Japanese study

d incident HI patients.
Phioaphate vels
CAL by CT scans

Consistently strict phesphate control may slow the progression of
comnary and vahrular cal dfications

Machado 2018 [55]

PROGREDIR study
73 nor-dialysis CKD patents
Food questionnaime

Emmar_y artery caldfication [CAC) b}r T
scamns

Increased intake of food rich in phosphors, caldum, and
magnesinm is assedated with CAC

Ter Braake 20119 [37]

Klothodeficent mice

High dietary Mg Mg prevents VC in Klothe deficency

Talari 2010 [25]

RCT
54 HI patients with disbeies

Decmease in inima—media thickness afier Mg supplementation
Mg mide or placsbo

Sakaguchi 2019 [39]

RCT of 96 nor-dialysis CKD patients
Mg mxide versus carbon adsorbent
CAL by CT scans
Follow-up 2 years

CAC score was significantly smaller in the Mg oxide group

Beessendarf M023 [40]

Magical-CKD stady
150 CED patients
Supplementation w.irr:.'-'l;:; for 12 months
CAC by CT scans

Mo effect on CAC

170 CE.ID patients and &2 healthy controls

Zhamg W23 [41] Blood zine levels Low zinc with moderate—sevens CAC and CIW events
CAC by CT scams
M 2013 42 Rats with adenine-induced chronic renal High d.i:t.:ry vitamin K1 moeased vitamin K tissue concentrabons
eabe 2013 52 failuare and warfasir-induced VO and blunsed the development of V C
RCT on 110 HIY patients. given
Fl Shi 2002 [43] supplements of vitamin B2, vitamin K1, Matrix Gla protein vels showed a significant inoreses in the

and plaebo

vitamin K2 group compared with vitamin K1 and placsbo groups
Matrix Gla protein kevels

Li 2017 [44]

100 HID patients

Used vitamin-K-enriched dialysate Demessed VI soones as the efiect of vitamin K

Haroon W23 [45]

Trevasc-HIE
RCT on 138 HD patienis; CAC scones

Mo effect on VI
Vitamin K2 supplementation

Levy-Schousboe 2021 [46]

Renakvit
RCT on 45 dialysis patients
Vitamin K or placebo for 2 years
Abdominal sortic clcfication

MNo difference in Vi

Hodden 2022 [47]

PACK-HD
BCT on B& HD patients
Vitamin K1 for 12 months

Mo difference in progression of coronary arbery calcification
Coronary artery calcium: scome

Kanai 20111 [45]

Warfarir-induosd medial arterial Decreased medial arterial calafication after omega-3 fatty acid

caldfication in a rat model suppkmentation
Nakamura 2007 [45] Hieosapentaenaic 20d in Klothe mutant Efrnsspentaencic acid limit Vi
Cross-sectional study
31 HD) patients Monounssturated fatty acid erythrocyte confent is significanthy
Son 2002 [50] Erythrocyie membrane conent of higher in HD) patients with arerial medial calcification of the feet
monounsxturated fatty adids thamn in those withowt calofications
Flain radiographs for WV
Am T-Ilmée Ee ic diet through f-hydroyb Vi CKT
o IR1 rumial studees togernic t 1, o yhutyrate suppresses n
Lan 022 [51] Ketare body f-hydronoybutyrate and ViC through downregulation of HDACS
in CKID) made!

Merine-Ribas 2022 [52]

Cross-sectional study
44 CKID patients on peritoneal diahysis
(P Differences in microbi ota between P patients with and without VO
Gut and blood microbiomes.
VC on plain radiographs

Wei 2023 [53]

CED Rats with Lj_rr-d.l.h{d.!' myvitamin D5
induced V. o

Lactobadlhes rhamniosus GG :uli.?lcm:nuworsm.ad. the VWV in
Lactobacillus rhamnosus.
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Table 1. Coni.
Articke Diesign Results
E?nqn—dia!.}r:isCKD patients . . ) .
5 i 2016 [54] F-c?:ld. ﬁ:ﬁ:ﬁmmﬂ H'::ewfl;yh:t Increased phartate intake w:]adnﬁn;;:-ld with less abdominal aorta
VC on plain radiographs
RCT
74 HD patients . e . . .
- P Slowed pro| ion of cardiov ascular calcification with

Raggi 20020 [55] Myc-inositol hexaphosphate proreElan o

Cardicvascular calcification on CT scan mryo-inasitel hevaphosphate

52 weeks
Lanw conients of Pmtim fiber and vitamin A and th condents of
Lata fom b;’;:f lipids and cafiine were assodated with abdominal aorta
L3 2023 [56] y - E - caldfication
]mrmfr‘h:m “n ?d.\:dlahry Dul:l]';p-un:m High adherence to the plant-based pattern was assocated with a
o plain radiograp lower risk of VIO
Besveratrol is a r for mamy free radicals and ameliorates
ford sCavenge

Thamg 2016 [57] Fesol Vi in CED

Fats with adenin-induced chronic renal
Chang 2017 [58] Falume. Quercetin everted a protective effect on VO

Jueraetin

Abbreviations: CKD, chronic kid:n.e}r chimmame; A, coronary artery calcification; HI, hﬂnndi.:ly:is: Mg, mag-
nesium; W, vascular @mldfotion; BCT, randomized control trial; HIDACS, histone d.-emel}rlm 9. NHANES,
Mational Health and Nutrition Examination Survey

In FROGREDIR study on non-dialysis CKI patients, Machado et al. demonstrated
that an increased intake of phosphorus- and calcium-rich food is associated with coronary
artery calcification (Table 1) [35].

Sources of phosphorus include meats, fish, poultry, dairy products, nuts, beans, and
ford additives. Animal foods and inorganic phosphorus from food additives and preser-
vatives have higher phosphorus absorption than plant foods; the industrial use of phos-
phate in additives used for ultra-processed food is strongly linked to cardiorenal disease
risk [5%,60]. An increasing number of specialists recommend a more plant-based diet to
control phosphate. Phosphate bioavailability is lower with a vegetarian diet compared to
a diet based on animal protein or processed foods and beverages. Many foods that have
traditionally been labeled high in phosphate (such as beans and nuts) may actually be
acceptable because phosphate from these sources is only partially and slowly absorbed.
The plant-derived phosphate found in unprocessed foods is in the form of phosphorus
phytate, and the human intestine does not secrete phytase, the enzyme required for ab-
sorption [60,61]. In addition, such a diet, rich in legumes, nuts, and whole grains, may
also result in higher fiber intake while offering wider food choices and preventing con-
stipation with better digestive phosphorus elimination [62,63]. These data highlight the
importance of phosphate bivavailability in different foods in CKD patients as a mediator of
cardiovascular risk.

In cases of severe and progressive secondary hyperparathyroidism, the 2017 KDIGO
guidelines mcommend the use of calcitriol and vitamin D analogs [3]. We have to be aware
of the potential double-edged sword effect of vitamin [, since both deficiency and excess
may be related to VC. While deficiency produces hy perparathyroidism and VC, treatment
with calcitriol and witamin [ analogs, even if reducing the FTH level, can lead to the
development of ¥ by increasing the intestinal absorption of calcium and phosphate [64].
The intake of food rich in vitamin [, such as ergocalciferol and cholecalciferol, can decrease
the required dose of active vitamin I3, thus mitigating the ¥ C risk associated with the latter.
Vitamin D2 {ergocalcifernl) and vitamin D2 {cholecalciferol) are recognized as fat-soluble
prohormones, having different sources. Part of vitamin I as a nutrient is synthesized by
the body through the action of sunlight, and some foods are fortified with the vitamin.
Yet, there are foods naturally rich in vitamin D, including salmon, herring mackerel,
sardines, mushrooms, cashews, and hazelnuts [22,65]. Well controlled studies are needed
to determine whether nutritional vitamin [ slows the rate of progression of V.
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5 Magnesium and Vascular Calcification in CKD

The capacity of magnesium to inhibit calcium phosphate crystallization has been well
documented in the context of VC. Magnesium effectively suppresses phosphate-induced
calcification of V5SMCs, as proved in different experiments [66]. Magnesium is known to
suppress the maturation of calciprotein particles, which may play a pirotal role in the
pathogenesis of VC. A high-magnesium diet prevented aortic caldfication in animal models
of CKDD, such as Klotho knockout mice [37] (Table 1).

Patients with diabetes and CKD on HD showed reduced carotid intima-media thick-
ness after magnesium supplementation, emphasizing a preventive role against VC [35].
Sakaguchi conducted a randomized trial comparing magnesium oxide and oral carbon
adsorbent in predialysis CKD patients with coronary artery calcifications. The study proved
the efficacy of magnesium to prevent coronary artery calcification progression [39] (Table 1).

A systematic review analyzed prospective dinical trials testing interventions to attenu-
ate ¥ C in people with CKD. It concluded that, in general, data are insufficient or conflicting,
yet magnesium appears to be one of the few promising therapies [67].

The more recent Magical-CKD trial failed to demonstrate an improvement of coronary
artery calcification progression after magnesium supplementation [40] (Table 1). Neverthe-
less, magnesium is one of the few nutritional elements with supportive data in terms of ¥C
protection. Hypomagnesemia is not rare in patients with CKD, and several causes can be
identified; the dietary restriction of potassium limits the intake of magnesium, and diumetics
are known to enhance its urinary excretion. Almonds, peanuts, cashew, and spinach ane
foods rich in magnesium; these can be a good source especially in patients with low serum
magnesium levels.

£inc is considered an essential nutrient, having mumerous benefits for health. A recent
study demonstrated associations of low blood zine levels with coronary artery calcification
and future cardiovascular events in CKI) patients. Good sources of zine include seafood,
meat, nuts, whole grains, and dairy products, which are recommended to avoid a zinc
deficit [41].

6. Vitamin K and Vascular Calcification in CKD

There is a close relationship between vitamin K and biomineralization. Vitamin K
enables normal calcification proesses in bones and soft tissues. This role is assodated with
vitamin-K-dependent proteins, including osteocalcin, matrix y-carboogyglutamic acid (Gla)y
protein, and growth arrest specific & (Gasé). Matrix Gla protein, a vitamin K-dependent
protein produced by WSMCs, is a powerful inhibitor of VC in culture cells with medial
and intimal calcification. In view of the key role played by vitamin K, it is not surprising
that patients with vitamin K deficiency and those who are using long-term anticoagulant
therapy with vitamin K antagonists are prone to develop VC. There are two types of
vitamin K. Vitamin K1 (phylloguinone) is found primarily in foods, especially plant-based
oils, green vegetables (e.g, broccoli, spinach, and cabbage), and cow's milk. The forms of
vitamin K2 {menaquinones) are produced by bacteria, being found in meat, dairy products,
and fermented foods, and are also synthesized in the intestine by colonic bacteria [65]
(Figure 1).

MoCabe et al studied rats with adenine-induced chronic renal failure and showed
that administration of a high dose of vitamin K protected against the development of
warfarin-induced calcification [42] (Table 1).

In a study on HD patients, the levels of matrix Gla proteins displayed a significant in-
arease in patients receiving vitamin K2 compared with vitamin K1 and placebo groups [43].

A study on HI} patients from China demonstrated that the VIC scores decreased asan
effect of a vitamin-K-enriched dialysate [44].
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Figure 1. Food and vascular calcification (VO in chronic kidney disease (CKD). Green armows nefer
to a protective effect of the nutritional components against VC and red arrows indicake favorable
VC development.

Recently, a few randomized controlled trials weme designed to test the anticalcification
properties of vitamin K Trevasc-HDK failed to prove that vitamin K2 can reduce progres-
sion of coronary artery calcification in HDY patients [45]. The conclusion of Renakxit, a
double-blind, randomized, placebo-controlled trial, was that vitamin K supplementation
does not modify the progression of arterial calcification in dialysis [46]. Similar results
were reported by the iPACK-HID trial; there was improvement in vitamin K levels but no
significant modification of VC progression [47] (Table 1).

In conclusion, vitamin K had no consistent benefit in VC reduction in CKID patients.
Vitamin K1 showed better efficacy in correcting vitamin K status, and it had very positive
mesults in experimental studies as a protector against VC. Further dinical studies are needed
to shed light on the effect of vitamin K supplementation on arterial health, mostly because
there is hope from experimental studies,

Fegarding the effects of other vitamins, vitamin E has proven anti-atherogenic and
antioxidant attributes, which have been correlated with improved cardiovascoular outcomes.
Wheat germ oil, sunflower seeds, and avocado have an increased content of witamin E [69].
A recent study on non-dialysis CKI? patients suggested that a higher intake of vitamin B3
{pantothenic acid) may have a small protective effect on coronary calcification [3£].

7. Lipids and Vascular Calcification in CKD

Dyslipidemia plays a pivotal role in arterial intima calcification. Among the risk
factors for atherosclerosis, cholesteral and lipid deposition are stronghy associated with
plagque formation and calcification. Clinical trials imvolving HMG-CoA reductase inhibitors
showed good efficacy in reducing lipid levels and cardiovascular risk yet could not con-
sistently demonstrate attenuation of VC [67]. KDOOQI guidelines for nutrition in CKD
highlight the importance of food choices and suggest that prescribing a Mediterranean diet
may improve lipid profiles in adults with CKIY 1-5 not on dialysis, having dyslipidemia or
not. Prescribing increased fruit, legume, and vegetable intake may decrease body weight
and blood pressure in CKID 1-4 patients [F0].
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Omega-3 polyunsaturated fatty acids (FUFAs), particularly eicosapentaenoic acid and
docosahexaenoic acid, are part of a class of lipids with various biological functions. They
reduce inflammation and atherogenesis, and, as a mesult, they can decrease the cardiovas-
cular mortality [71]. Omega-3 PUEAs are used as medication for hy pertriglyceridemia in
patients with CKD. They are also a component of food, being present in fish oil; in a variety
of microorganisms, including bacteria and marine microalgae; and in plant sources, such as
flaxseeds, chia, and walnuts [72] (Figume 1). When it comes to mortality and cardiovascular
disease, the cument KON guidelines in nutrition do not routinely recommend PUFA
supplementation, even if it is acknowledged that lipid profile will be improved [69]. Several
studies have investigated FUFAs" effects in CKD; FUFAs increase the membrane potential
and ATP levels in mitochondria with a protective effect on the kidneys and arteries. A
recent study demonstrated that maslinic acid can reduce renal interstitial fibrosis and can
prevent CKD} progression and complications [73]. Interestingly, randomized controlled
trials comparing the effect of omega-3 FUFA supplementation with placebo have shown
significant relief of uremic pruritus, which is associated with CKD-MBD [74].

Experimental studies documented a preventive role of omega-3 fatty acids in patho-
logical calcification, leading to decreased warfarin-induced medial arterial calcification in
a rat model [64] (Table 1). It has been reported that patients with CKID have low serum
expression of Klotho, which has been proved to be an arterial calcification inhibitor [75].
Makamura et al. has shown that eicosapentaencic acid can limit arterial calcification in
Klotho mutant mice [45] (Table 1). A recent large study demonstrated an association of
higher plasma levels of omega-3 PUFA s with an increased arterial elasticity [76].

Monounsaturated fatty acids are known to have deleterious effects on health (Figure 1)
As opposed to PUFAs" protective attributes, Son et al. demonstrated that the enythrocyte
membrane content of monounsaturated fatty acids is significantly higher in HTY patients
with arterial medial calcification of the feet than in the patients without calcifications [50].

The ketogenic diet, which consists of a limited intake of carbohydrates and a liberal
intake of fats, has recently attracted considerable interest. It is proven as an efficient inter-
vention in controlling type 2 diabetes mellitus [77] and in slowing renal oyst growth [78];
therefore, patients with diabetic kidney disease and autosomal-dominant poly cystic kid-
ney disease may derive benefits from this diet, including a delay in progression and,
eventually, in the complications rate [79]. It may cause a rise in cholesterol levels, so,
when adopted, it should be accompanied by close monitoring and treatment for dys-
lipidemia [77] Dietary modulation can increase and maintain circulating ketone bodies,
espedially p-hydroxybutyrate (f-HB), which is one of the most abundant ketone bodies in
human circulation [80]. A very important finding was reported by Lanet al.; the ketone
body B-hydroybutyrate (BHB) produced in the ketogenic diet has been demonstrated to
suppress ¥ C in CKD through downregulation of HDACY [51] (Table 1)

Intermittent fasting, as a model of caloric restriction, has broad-spectrum benefits for
many health conditions, such as atherosclerosis, cardiowascular disease, and obesity, as
preclinical studies and clinical trials have shown [51]; as far as the impact on ¥VC, it remains
a topic for future studies.

&. Uremic Toxins, Microbiota, Fibers, and Vascular Calcification in CKD

Accumulation of various uremic toxins, including inorganic phosphate (Pi), inter-
leukins (IL-1[, IL-6), tumor necrosis factor alpha (TNFa), and indoxy b sulfate, have been
linked to VC. I induces the upregulation of several osteoblast-like transition molecules
like BMI'2 (bone morphogenetic protein 2), RUNX2 (Runt-related transcription factor 2),
and osteopontin that initiate the pro-calcifying trans-differentiation of VSMCs. Indoxyl-
sulfate stimulates transforming growth factor beta (TGFR) expression and medial layer
hyperplasia. Uremic toxins act on endothelial cells to induce vasoconstriction, upregulation
of extracellular matrix degradation molecules such as matrix metalloproteinases 2 and 9,
and oxidative stress. Calcium and Pi deposition in the form of hydrowgrapatite crystals
induces medial VC [82].
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The load of uremic toxins can be reduced through dialysis, yet their production is
influenced by dietary habits, mostly important in pre-dialysis stages. Some foods ane
sources for protein-bound uremic toxins (e.g., indoxyl sulphate ). These are by-products of
aromatic amino acids (phenylalanine, tryptophan, and tyrosine) from protein disintegration
by gut microbiota [83] Colonic bacteria transform tryptophan to indol, which, through
axidation and sulfation in the liver, will lead to indoxyl sulphate formation. Rodrigues et al.
have similarly explained the pathophysiology of the interplay between gut microbiota,
bone health, and VIC in CKD [84]. Interesting results come from studies investigating the
influence of different dietary habits on the uremic gut microbiota. Merino-Ribas et al. found
differences in the ty pe of microbiota of CKID on peritoneal dialysis with or without VC,
namely Coprobacter, Coprococous 3, Lactobacillus, and the Eubacterium eligens group in
the gut and Cutibacterium, Pajarcellobacter, Devosia, Hyphomicrobium, and Pelomonas
in the blood. These results may indicate a link between microbiota and VC in CKD pa-
tients on peritoneal dialysis [52] (Table 1). Such results from similar studies led to the
hypothesis that inflammation and gut dysbiosis are important drivers of CKD-MBD [55].
An association between dietary inflammatory index and cardiovascular disease and mor-
tality was recently proven [B&]. 4 study identified an association of the proatherogenic
metabolite trimethylamine N-oxide (TMAOY), which increases due to gut dyshiosis, with
cardiovascular outcomes in HD patients [57].

Lactobacillus thamnosus (GG is a probiotic with great promise in bone formation, but
an experimental study recently proved an association with worsening of VC in CKID [53]
(Table 1).

Fiber intake is an important health promoter in the general population. In their
recent study, conducted on over 380 Korean patients with CED, Kwon et al. eported an
inverse association between dietary fiber intake and all-canse mortality at 10 years in CKD
patients [BS]. Higher fiber intake was associated with less inflammation, less myocardial
hypertrophy, and lower risk of cardiovascular events in dialysis patients [52]. Fibers ame
needed for the effective absorption of nutrients. Fibers demonstrated salutary benefits,
including improved ghreemic and lipid control, blood pressure, gastrointestinal motility,
and gut microbiota composition [#0]. In a study published on HD patients, increased
dietary fiber intake led to the reduction in indoxyl sulphate levels by 29% [91].

Adequate consumption of phytate (containing myo-inositol hexaphosphate) can pre-
vent abdominal aortic calcification in patients with CKID [54]. The phytate comes from
whole-grain cereals, bran, and lentils. Muts are also a good source of antioxidants and
dietary fiber (Figure 1). The Calipso trial demonstrated the effect of myo-inositol hexaphos-
phate in slowing progression of cardiovascular calcification in patients on HD [55] as
additional evidence for the usefulness of this component of fibers (Table 1).

Finding the balance in gut microbiota and regulating microbiota-derived metabolites
by dietary intervention and probiotics are new targets for the improvement of the gut—
kidney-arteries axis, which indicates innowvative inferventions of ¥C in CED [16,92].

9, Profein Intake and Vascular Calcification in CKD

The foundation of nutrition intervention in CKD'was laid for decades on a low-protein
diet to slow progression and on restriction of plant foods, such as vegetables and fruits,
to prevent hyperkalemia. Lately, this paradigm has changed, and the plant-dominant
low-protein {(FLATY) diets seem to have become a better choice for patients with CKD [21].
In a sub-analysis of the NHANES Il study on 14,000 participants patients with a glomerular
filtration rate < 60 mL,/min, a diet with a higher proportion of protein from plant sources
was associated with lower mortality, probably due to lower production of uremic toxins
and lower serum phosphorus levels [30]. The vegetarian diet or a reduced intake of red
meat has been associated with a reduction in the generation of uremic toxins [93-95]. Such
a diet is based on fruits, vegetables, seeds, nuts, tea, cocoa, and whobe- grain cereals [97].
Among plant-based foods, Brazil nuts seem to have important benefits in CKID, even in
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end-stage kidney disease patients, due to their contents of proteins, selenium, omega-3
fatty acids, and fibers [98,59] {Figure 1).

The DIET-HI study demonstrated for a large number on HI} patients that the highest
intake of fruit and vegetables had the lowest risk for all cause and cardiovascular mortal-
ity [100,101]. On the contrary, the CRIC study did not find a significant assodation between
higher diet scores and reduced risk for atherosclerosis or mortality [102] (Figure 1).

As for the risk of hyperkalemia, CKD patients have been advised for a long time to
reduce their intake of fruits, vegetables, and nuts. Nevertheless, we must be aware that
meat and ultra-processed food have a high content in potassium, with a high absorption
rate [103-109].

Muts have high content of phosphorus, which is one of the traditional nutrients
restricted in advanced CKID to avoid hyperphosphatemia [105], but the latest studies
demonstrated that non-animal protein does not kead to hyperphosphatemia, as previously
beliewed [105,110]

To identify dietary components associated with abdominal aorta calcification, data
from MHAMNES were employed in a cross-sectional study. Low contents of proteins, fiber
and witamin A, and high contents of lipids and caffeine exhibited an association with
abdominal aorta calcification. High adherence to the plant-based pattern was associated
with a lower risk of VIC, as a new and valuable result in favor of PLADO [109].

10. Binactive and Senolytic Food and Vascular Calcification in CKD

Bioactive and senolytic food has antioxidant and anti-inflammatory effects. Resvera-
trol, quercetin, curcumin, anthocyanins, and cruciferous and cocoa powder are part of this
category [56] (Table 1). Anthocyanins, present in purple fruits and vegetables, exert their
beneficial effects through improvements in oxidative stress, inflammation, gut microbiota,
and modulation of neuropeptides. Their health benefits in humans include protection of
the cardiovascular system and kidmeys, among others [111].

Resveratrol, a dietary polyphenol compound, has anti-inflammatory and antioxidative
properties [112]. Fecently, studies also showed that resveratrol is a scavenger for many free
radicals and ameliorates WC in CKIY [113].

Cocoa contains fatty acids and polyphenolic bioactives, with proanthocy anidins being
the most abundant and methybanthine alkaloids. Dark chocolate led to a reduction in
TMFx and no change in potassium and phosphorus plasma levels. These are the results of
a clinical trial of 2 months on HD patients [57] (Table 1).

Blueberry, cranberry, raspberry, and strawberry are modulators of the gut microbiota
and a target for treatment of gut dysbiosis in CKD [114] (Figure 1)

Dhetary senolytics, such as quercetin (found in apples), fisetin (in strawberries), and
organosulphur compounds and flavonoeids (aged garlic) may be alternative approaches to
reduce cardicvascular risk in CKID [13,115]. Quercetin exerted a protective effect on ¥C in
adenine-induced chronic renal failure rats, possibly through the modulation of oxidative
stress [535] (Table 1)

Iron supplementation is highly recommended to improve cardiovascular function
in CKD, but it remains controversial when it comes to VC. Recent studies demonstrated
that iron targets some pathways of VC dependent on phosphorus-induced osteoblastic
transformation of VSMCs to calciproteins, apoptosis, and inflammation, since it is effective
both in prevention and when calcification is already established [116].

Selenium works as an antioxidant in the body by preventing vascular cell damage. In
a recent study, a higher dietary selenium intake was negatively associated with severe ab-
dominal aorta calcification incidence in CKID patients [117]. The selenium content of foods
can vary considerably depending on the geographic area; nuts, ats, seeds, mushrooms,
beans, and eggs can be good soumces.

As for all the benefits discovered in mentioned studies, the concept of food as medicine
for protecting the kidneys and heart and avoiding ¥ C in CKD patients seems to have moved
closer to reality [115].
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11. Conclusions

The search for eternal youth, as an emblem for health, is as old as mankind. But in the
case of the patients with CKD and VC, it is more of a struggle for life, a fight against many
deadly factors, because VC is strongly associated with cardiovascular mortality. Most of
the efforts are made to fix problems with a focus on the other end of the spectrum of CKD,
and yet medication failed to show consistent efficacy in preventing VC.

Food is essential for life; thus, prevention of VC in CKD through nutrition seems to be
the logical approach. High phosphorus absorption, high production of uremic toxins, and
gut dysbiosis are consequences of the increased intake of animal-based proteins, processed
food, salt, and sugar. Available research links all of the above with the presence of VC. A
diet involving vitamin K, magnesium, plant-based diets, fibers, omega 3 fatty acids, or
bioactive food appears to be the most promising in protecting against VC. These results
are based on experimental and relatively small clinical studies but still are not negligible.
Even though clinical trials on magnesium and vitamin K were not able to prove the efficacy
of the nutritional interventions in CKD patients with VC, the effects exist, and more
research needs to be conducted. Finding the best variants of meals may lead to reduced
VC incidence and progression and may allow eating to be transformed into a scientific act
and medical intervention with effective outcomes. Food is supplied for life, and data are
available to be discovered on the best nutrient choices to disrupt the vicious cycle of the
gut-kidney-arteries axis and prevent cardiovascular calcification in the CKD population.
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