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Abstract: Diet is one of the largest modifiable risk factors for chronic kidney disease (CKD)-related
death and disability. CKD is largely a progressive disease; however, it is increasingly appreciated
that hallmarks of chronic kidney disease such as albuminuria can regress over time. The factors
driving albuminuria resolution remain elusive. Since albuminuria is a strong risk factor for GFR
loss, modifiable lifestyle factors that lead to an improvement in albuminuria would likely reduce
the burden of CKD in high-risk individuals, such as patients with diabetes. Dietary therapy such as
protein and sodium restriction has historically been used in the management of CKD. Evidence is
emerging to indicate that other nutrients may influence kidney health, either through metabolic or
haemodynamic pathways or via the modification of gut homeostasis. This review focuses on the role
of diet in the pathogenesis and progression of CKD and discusses the latest findings related to the
mechanisms of diet-induced kidney disease. It is possible that optimizing diet quality or restricting
dietary intake could be harnessed as an adjunct therapy for CKD prevention or progression in
susceptible individuals, thereby reducing the burden of CKD.

Keywords: advanced glycation end products; albuminuria; diet; chronic kidney disease; diabetes;
cardiovascular disease; inflammation

1. Introduction

Chronic kidney disease (CKD) is a broad term given to a range of disorders characterised by
impaired kidney structure and function [1]. Chronic conditions such as diabetes, obesity, hypertension
or cardiovascular disease can lead to the development of CKD; however, it can also occur in the
absence of disease due to aging, exposure to toxins or infection [1]. The current diagnostic criterion
for CKD is a glomerular filtration rate (GFR) of <60 mL/min per 1.73 m2 or a urinary albumin to
creatinine ratio of >30 mg/g [2]. Based on this definition, CKD is estimated to affect more than 10% of
the global population [3]. A GFR of <60 mL/min per 1.73 m2 is associated with an increased risk of
cardiovascular disease (CVD) mortality and all-cause mortality [4]. Given these observations, CKD is
poised to become a major burden to health care systems globally, particularly as populations continue
to age.

The kidney plays a central role in maintaining homeostasis in the body, and is often the target
organ of inflammatory, metabolic and systemic vascular disorders [5]. Nutrition and dietary patterns
are implicated in the development of chronic metabolic diseases, and are modifiable factors that can
be utilised to prevent or slow the progression of CKD. The modern Western diet, composed of foods
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that are high in fat, protein, sugar and sodium and low in fibre, is considered to be a key driver
behind the current epidemic of chronic diseases [6,7]. In comparison, balanced diets consisting of
moderate fat and high in whole grain carbohydrates are associated with reduced risk of disease and
improved mortality [7]. Dietary therapy has historically been used in the management of CKD and
guidelines exist surrounding the intake of protein and sodium for patients with CKD [8]. Adherence
to current dietary guidelines can reduce the incidence, or slow the progression of CKD and improve
mortality [9]. Evidence is emerging to suggest that there are many other nutrients that can potentially
influence kidney health either through metabolic or haemodynamic effects, or via the modification of
gut homeostasis including changes to gut microbiota. The purpose of this review is to summarise the
key recommendations to date, and to provide an overview of recent literature pertaining to potential
novel modifiable dietary components that may be useful in the treatment of CKD.

2. Protein

Dietary protein restriction has been recommended for individuals with CKD for decades. Early
experimental evidence in a number of rodent models of kidney disease, including models of diabetic
nephropathy and spontaneously hypertensive rats, consistently demonstrated that low protein diets
ameliorate the progression of glomerular dysfunction [10,11]. Evidence that protein restriction was
beneficial in improving albuminuria in patients with kidney disease was first described in 1986 [11,12].
Current recommendations for protein intake in individuals with CKD stages 1–4 is 0.8 g/kg body
weight, and avoidance of high protein intake (>1.3 g/kg/day) [13]. The key benefits of protein
restriction are primarily thought to arise from the amelioration of proteinuria and it has been
proposed that an even lower protein intake of 0.6–0.8 g/kg bodyweight in patients with CKD
stages 3–5 may be desirable [11,14]. Further dietary protein reduction, using a very low protein diet
supplemented with ketoanalogues of essential amino acids (0.35 g/kg/day) has been shown to reduce
blood pressure in CKD patients [15,16]. Other factors that occur due to excess protein metabolism,
such as increased GFR [17], metabolic acidosis [11] and oxidative stress [18], are also thought to
contribute to kidney damage associated with high protein intake [11]. Despite substantial experimental
evidence to indicate that dietary protein restriction prevents the development of proteinuria and
renal fibrosis [19–21], many clinical studies in humans have failed to find the same level of renal
protection [11,22–24]. The Modification of Diet in Renal Disease (MDRM) study found that a low
protein diet (0.58 g protein/kg/day) did not significantly improve glomerular filtration rate in CKD
patients when compared to a standard protein diet (1.3 g/kg/day) at a two-year follow-up [24]. This
is likely because of the extreme differences in protein content used in experimental diets, but may also
be due to the effect of other factors associated with protein foods, such as energy, water, sodium and
phosphorous, that may affect kidney function [11]. Protein energy wasting is a major complication of
kidney disease [25], particularly in later stages. A long-term follow-up of patients from the MDRM
study found that assignment to a very low protein diet supplemented with a mixture of essential keto
acids and amino acids (0.28 g protein + 0.28 keto and amino acids/kg/day) was associated with a
significantly greater risk of death compared to a low protein diet (0.58 g/kg/day) [26]. Though it
was not clear whether this finding may be due to the reduced mean energy intake that occurred with
the very low-protein diet, or the possible toxicity of the keto acids and amino acids supplement [26].
Consequently, effective strategies to improve GFR or reduce proteinuria without jeopardising protein
balance are a high priority in advancing CKD treatment.

2.1. Protein Source and Metabolic Acidosis

Growing evidence suggests that the source of protein (plant or animal) may be more important
than the quantity of protein consumed (Figure 1). One reason for this is the tendency for excess meat
intake to disrupt the acid-base balance. Metabolic acidosis is a common occurrence in CKD patients
and results in low circulating bicarbonate—a risk factor for the progression of nephropathy [27,28]
and is associated with increased mortality [29]. Protein from animal sources is composed of
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sulphur-containing amino acids which, when oxidized, generate sulphate, a non-metabolizable anion
that contributes to total body acid load [30]. Protein from plant sources contains higher levels of
glutamate, an anionic amino acid that upon metabolism consumes hydrogen ions to remain neutral,
thereby reducing acidity levels [30]. Plant foods are also generally higher in anionic potassium
salts, which also result in the consumption of hydrogen ions upon metabolism and reduction in
acid load [30]. In response to an increase in acid load the kidney adapts by increasing ammonium
ion excretion in order to expel excess hydrogen ions, therefore increasing the demand for ammonia
production [30]. This stimulates the breakdown of glutamine and other amino acids promoting protein
catabolism and muscle wasting [31] while also leading to renal hypertrophy [32]. Metabolic acidosis
also promotes protein muscle wasting via the activation of the ATP-dependent ubiquitin-proteasome
system [33]. In response to a high acid load, the kidney also undergoes functional changes including
promotion of glomerular hyperfiltration and renal vasodilation, features typical of early diabetic kidney
disease [30]. Results of the Chronic Renal Insufficiency Cohort Study suggest that consumption of a
greater proportion of protein from plant sources is associated with higher bicarbonate levels as well as
an improved phosphorous balance in patients with CKD [34]. Trials in humans investigating the effect
of plant source protein versus animal source protein are limited, but so far suggest that increasing
the proportion of dietary protein from plant foods improves kidney health. A longitudinal controlled
trial in patients with diabetic nephropathy reported that replacing proteins from animal sources
with soy protein improved proteinuria and urinary creatinine as well as markers of cardiovascular
disease [35]. Another study in healthy adults found that intake of vegetable protein, independent
of total protein intake reduced glomerular filtration rate, renal plasma flow and improved albumin
clearance compared to animal protein [36]. A recent study compared the effect of a very low protein
vegetarian diet (0.3 g/kg/day) supplemented with ketoanolouges to a standard mixed-source low
protein diet (0.6 g/kg/day) on CKD progression [37]. At an 18-month follow-up significantly fewer
patients from the very low protein vegetarian diet group required renal replacement therapy, or reached
the primary end-point of >50% reduction in GFR [37]. A study in CKD patients with dual RAAS
blockade, noted that high serum phosphate levels attenuated the antiproteinuric effect of a very low
protein diet with ketoanalouges [16], and animal protein sources contain more bioavailable phosphate,
which not only increases total body acid levels but is also understood to be a uremic toxin that is
associated with all-cause mortality (discussed below) [32]. A very low protein vegetarian diet has also
been noted to reduce metabolic acidosis in a cohort of CKD patients [38]. Fruit and vegetables are
sources of dietary alkali and interventions to increase fruit and vegetables in CKD populations have
been shown to increase plasma CO2 levels [39,40], indicative of amelioration of metabolic acidosis.
Taken together, the evidence suggests that increasing the proportion of plant-based protein intake in
patients with CKD may improve renal outcomes, provided there is an adequate quantity of protein to
prevent protein energy wasting.
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2.2. Protein Fermentation by the Colonic Microbiota

The microbial metabolism of protein also produces a number of metabolites that may negatively
affect the kidneys. The fermentation of protein in the colon results in the production of indoxyl
sulphate and p-cresylsulphate (the conjugated form of p-cresol), which are known nephrotoxic
compounds [41]. Circulating indoxyl sulphate can increase oxidative stress in the renal tubular
cells and the glomeruli [42]. Also, in vitro indoxyl sulphate has been observed to activate inflammatory
pathways resulting in an increase in the expression of monocyte chemoattractant protein-1 (MCP-1) and
intracellular adhesion molecule-1 (ICAM-1) [43]. P-cresylsulphate has similarly been linked to CKD
and CVD mortality, although the mechanism is not as well defined [44,45]. Interestingly, it has been
noted that vegetarians have lower levels of these nephrotoxic compounds compared with omnivores,
in both healthy [46] and CKD populations [47]. Vegetarians tend to have higher fibre intakes [46],
which could be metabolized by the colonic microbiota instead of amino acids, leading to a reduction in
indoxyl sulphate and p-cresylsulphate. This provides another mechanism to explain why vegetarian
protein sources appear less detrimental than animal protein sources. Furthermore, carnitine and
lecithin present in red meat are metabolized by the microbiota to form trimethylamine-N-oxide [48],
which has been linked to cardiovascular events. The interaction between animal sources of protein and
gut bacteria in CKD warrants further investigation. Determining an optimum protein to fibre ratio
could allow for appropriate protein intake to prevent protein energy wasting, without adverse effects
on renal outcomes.

3. Dietary Fibre/Non Digestible Carbohydrates

Dietary fibre was considered as a treatment for chronic renal failure more than 30 years ago, where
it was found to reduce plasma urea [49]. Since then, interest has extended to a variety of non-digestible
carbohydrates for their abilities to impact markers of CKD. Non-digestible carbohydrates are resistant
to hydrolysis by human digestive enzymes, are able to pass through the gastrointestinal tract into the
large intestine and include dietary fibres, non-starch polysaccharides, β-linked oligosaccharides and
resistant starch [13].

Human Studies—Intervention

Chronic kidney disease results in a state of chronic low-grade inflammation, with increases seen in
pro-inflammatory markers such as interleukin 6 (IL-6) and C-reactive protein (CRP), which contributes
to worsened mortality outcomes in this population [50]. Epidemiological survey data indicated an
inverse association between dietary fibre intake and the inflammatory marker CRP and mortality
in patients with CKD [51]. Such epidemiological data should be interpreted with caution, however,
as there is some uncertainty about whether dietary fibre per se is beneficial or whether other nutrients,
including antioxidant compounds that are present in fibre-rich foods, act in a beneficial manner [52].
Interventions that have focused on increasing total dietary fibre intake in patients with pre-dialysis
CKD have reported reductions in serum creatinine levels [53] and plasma p-cresol [54]. A four-week
study in which patients with chronic renal failure consumed 50 grams per day of acacia gum, a highly
fermentable fibre, led to a mean reduction in plasma urea of 12% [55]. Supplementation with acacia
gum for three months led to decreases in serum urea, creatinine and phosphate by 31%, 10% and
22%, respectively [56]. A recent meta-analysis of human trials found that dietary supplementation
with fermentable fibres was associated with a reduction in serum urea and creatinine in patients
with stage 3–5 CKD (pre-dialysis only); however, it should be noted that most of the trials (86%)
that were reviewed were considered to be of a low quality [57]. Recently, several short term studies
have been undertaken using non digestible carbohydrates in patients receiving dialysis. A four-week
Belgian study in haemodialysis patients showed that plasma p-cresylsulphate decreased by 20%
when supplemented with oligofructose-enriched inulin [58]. This result has been echoed in a similar
study that combined galacto-oligosaccharides with probiotics [59]. Whilst neither of these studies
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showed a reduction in indoxyl sulphate, a recent six-week dietary intervention with resistant starch in
haemodialysis patients led to a mean reduction of plasma indoxyl sulphate and p-cresylsulfate by 29%
and 28%, respectively [60]. Whilst these studies show an improvement in the levels of uremic toxins,
this has yet to be translated into hard clinical outcomes such as CVD events and mortality.

Current Australian guidelines recommend that patients with early CKD consume a diet rich
in dietary fibre; however, this recommendation was given the lowest evidence grading score (2D),
indicating that this is a weak recommendation based upon very low-quality evidence [61]. Other
guidelines for the management of CKD make no mention to the role of non-digestible carbohydrates [8],
which some commentators feel should be rectified on the basis of emerging evidence [52]. Dietary
fibre intake is about 20%–30% lower in haemodialysis patients compared to control subjects [62,63],
with dialysis patients consuming approximately 11 (±6) g/day dietary fibre, significantly less than the
recommendation of 25 g/day [64]. These data suggest that non-digestible carbohydrates are effective
at improving biochemistry markers in haemodialysis patients, and that dietary interventions involving
these compounds may be particularly relevant given the low intakes seen in this population.

The use of non-digestible carbohydrates for the treatment of CKD is an emerging field and it has
been noted that there is a paucity of studies related to clinical outcomes [65]. The use of dietary fibre
supplementation is a simple, non-invasive option that does not negatively impact patients’ quality of
life [66], although some prebiotic compounds have been noted to have minor negative gastrointestinal
effects when consumed at high doses [67].

4. Sodium

High dietary sodium intake is a risk factor for hypertension, which is understood to be both
a cause and a consequence of CKD [68]. Hypertension promotes glomerular hyper-filtration and
proteinuria and therefore increases the rate of progression of CKD [8,69]. High blood pressure can
lead to vascular remodelling in the kidney, which is thought to be the cause of subsequent tubular
atrophy, glomerulosclerosis and reduced filtration surface area [69]. These structural changes in
the kidney, whether they initially occur due to hypertension or by other factors such as diabetes,
impair the excretion of sodium [70]. Therefore, high dietary sodium intake in CKD can worsen
existing hypertension, or result in the development of salt-sensitive hypertension [68]. Current
guidelines for sodium intake for individuals with CKD stages 1–4 are less than 2000 mg per day [13].
These recommendations are based on the results of a large systematic review of experimental and
non-experimental studies, which, despite varying quality and heterogeneity of included studies,
consistently show that high sodium intake is associated with kidney tissue injury and worsening
albuminuria [71]. Salt restriction in patients with moderate to severe CKD has been shown to
significantly reduce blood pressure, albuminuria and proteinuria [72]. The degree of improvement
in these markers was significantly greater in patients with CKD than without, supporting the idea
that patients with CKD are particularly salt-sensitive [72]. Interestingly, restricting dietary sodium
intake in patients with CKD on angiotensin converting enzyme (ACE) inhibitors was more effective
than dual blockade of the renin-angiotensin-aldosterone system (ACE inhibitor plus an aldosterone
receptor blockade) in reducing blood pressure and proteinuria [73]. This trial, although possibly
underpowered for a blood pressure study, highlights the importance of CKD patients accomplishing
sodium restriction while being treated with ACE inhibitors to best improve renal markers.

5. Potassium

In addition to the direct benefits of reducing dietary sodium intake on blood pressure and
proteinuria, reducing consumption of high sodium foods generally increases the amount of potassium
in the diet [74]. Potassium is understood to be antihypertensive and may abolish sodium sensitivity [74].
An improved sodium to potassium ratio may be one reason why the Dietary Approaches to Stop
Hypertension (DASH) diet, which contains twice the potassium of a standard western diet, is effective
in reducing blood pressure [74]. The DASH diet has not been widely assessed in patients with CKD
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due to the high protein, potassium, calcium and phosphorous content [75]. In patients with severe
CKD, such as those on dialysis, impaired potassium excretion leads to hyperkalaemia, which is
associated with higher all-cause mortality [76]. For this reason intake of potassium is restricted
in these patients. However, during earlier stages of CKD a diet high in potassium, such as a
diet rich in fruits and vegetables, may slow progression to later stages through lowering blood
pressure [74]. A small retrospective study found that the DASH diet was still effective in individuals
with reduced kidney function at baseline [75]. Larger studies are required before the DASH diet can be
recommended to CKD patients. However, it is likely that the benefits of plant-based diets naturally
high in potassium and fibre and low in acidogenic proteins and minerals would outweigh the potential
risk of developing hyperkalaemia in early CKD. In a group of stage 4 CKD patients, selected to be at
low risk for hyperkalaemia, treating metabolic acidosis with base-producing vegetables was effective
in improving metabolic acidosis and reducing kidney injury [40]. Larger long-term trials in CKD
patients investigating plant-based diets on renal biomarkers and clinical outcomes are warranted on
the basis of the positive findings to date.

6. Vitamin D

The kidneys play an important role in the metabolism of vitamin D into its active form,
from vitamin D precursors which are obtained either through the diet or from conversion of
7-dehydrocholesterol in the skin by UV light. These precursors are converted in the liver to calcidiol
(25 hydroxy vitamin D), which is further converted into the active form of vitamin D, calcitriol
(1,25-dihydroxy vitamin D3) in the mitochondria of the proximal convoluted tubules of the kidney,
by an enzyme called renal 1-α hydroxylase. As kidney function declines there is a direct decrease
in the synthesis of calcitriol [77]. Calcitriol suppresses the release of parathyroid hormone (PTH);
however, in CKD this mechanism is blunted due to decreased production of calcitriol, leading to
over-release of parathyroid hormone in a condition called secondary hyperparathyroidism. This
secondary hyperparathyroidism can lead to alterations in bone turnover and metabolism and the
development of renal osteodystrophy [78]. Vitamin D deficiency and secondary hyperparathyroidism
are recognised to be complications associated with chronic kidney disease [61].

6.1. Low Vitamin D, CKD and Association with Mortality

Cardiovascular disease is a significant contributor to mortality in patients with renal disease,
with sudden cardiac death accounting for 20%–30% of deaths in dialysis patients [79]. Haemodialysis
patients with a severe vitamin D deficiency (≤25 nmol/L of 25(OH)D) have a threefold higher risk
of sudden cardiac death compared with those with vitamin D levels greater than 75 nmol/L [80].
A meta-analysis of data from observational studies showed that, for each 25 nmol/L increase in
serum levels of 25(OH)D there was a significant decrease in the relative risk (RR = 0.86, CI: 0.81–0.92)
of mortality [81]. Altered vitamin D levels and subsequent hyperparathyroidism can contribute
to the formation of extracellular insoluble calcium phosphate and subsequent calcification of the
vasculature [78]. Coronary artery calcification has been reported in patients with CKD [82], and calcium
phosphate levels have been shown to correlate with increased mortality risk in HD patients [83]. Low
plasma 25(OH)D is also associated with a higher risk of developing increased albuminuria, particularly
in individuals with high sodium intake [84]. Thus it is thought that correcting vitamin D levels may
reduce PTH levels, correct alterations in bone turnover and calcium metabolism, and subsequently
reduce mortality in the CKD population.

6.2. Vitamin D Supplementation and Parathyroid Hormone

Newer vitamin D analogues, such as paricalcitol, play an important role in CKD as they appear to
have better suppression of parathyroid hormone and possibly less of a calcaemic effect compared to
other vitamin D sterol forms [85]. Several studies have shown that paricalcitol supplementation in
CKD patients was associated with a decrease in PTH levels [86–88]. The study by Alborzi et al. did
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not find any change in PTH levels, which may be due to its shorter duration of one month [89]. Data
from both observational studies and RCTs showed that vitamin D supplementation improves levels
of parathyroid hormone in both pre-dialysis and dialysis-requiring patients [90]. Whilst it may be
effective in lowering parathyroid hormone levels, some concern has been raised over the potential risk
that paricalcitol may exacerbate vascular calcification [91].

6.3. Vitamin D Supplementation and Proteinuria

Reduction of residual proteinuria is associated with reductions in serum creatinine levels,
progression to end-stage renal disease and mortality [92]. Several studies have shown that oral
supplementation with the vitamin D analog paricalcitol is effective at reducing proteinuria in stage
2–4 CKD patients [87–89,93]. Furthermore, oral paricalcitol therapy achieves these reductions in
proteinuria without an increase in adverse events [77]. A meta-analysis of trials in CKD patients
showed that supplementation with vitamin D was associated with a mean reduction in proteinuria of
16%, which was a reduction seen in addition to the effect seen by RAS blockade [94]. Whilst vitamin D
supplementation does reduce proteinuria, this is not associated with changes in other markers of renal
functions, such as GFR, and does not appear to alter the risk of pre-dialysis CKD patients progressing
to dialysis [85,91]. This lack of an effect on clinical outcomes is perplexing, as trials that have used
RAS blockers to reduce proteinuria to a similar extent were associated with improvements in GFR and
reduced progression to ESRD [92,95,96]. A possible explanation may be insufficient study duration;
in the meta-analysis by Xu et al. 12 studies assessed vitamin D supplementation and GFR, of which
seven had an intervention that lasted for six months or less; three studies ran for 12 months, whilst the
remaining studies had durations of 18 and 24 months, respectively.

6.4. Vitamin D Supplementation and Clinical Outcomes—Mortality

Whilst vitamin D supplementation has been shown to alter biochemical parameters of patients
with CKD, the effect on morbidity and mortality outcomes in this patient group is less clear.
A meta-analysis of observational studies showed that patients with CKD receiving vitamin D
supplementation had a reduction in risk of all-cause mortality and cardiovascular mortality [97].
However, a recent meta-analysis that looked specifically at RCTs that assessed the effect of vitamin D
supplementation on all-cause and cardiovascular mortality in CKD patients found no evidence that
supplementation affected mortality outcomes [98]. Of the patients in this meta-analysis, about two
thirds were followed up for less than a year, and it has been suggested that this may be insufficient
follow-up time to capture CVD events, which are a major contributor to mortality in the CKD
population [99].

Many studies assessing the efficacy of vitamin D in CKD patients utilise biochemical outcomes,
such as parathyroid levels or proteinuria, rather than clinical endpoints such as progression to ESRD
or mortality [77]. A recent umbrella review found that there was a lack of convincing evidence for
vitamin D supplementation across a range of health outcomes, including chronic kidney disease [100].
Current Australian guidelines recommend vitamin D supplementation in those with early chronic
kidney disease and secondary hyperparathyroidism though admits evidence does not exist to support
that this leads to improvement in patient-level outcomes [61]. Thus whilst vitamin D may effectively
alter biochemical parameters, larger, longer randomised control trials are urgently required to see
whether these translate into meaningful patient-centred outcomes.

7. Phosphorus

The kidneys play a major role in phosphorus homeostasis with the glomeruli filtering
between 3700 and 6100 mg of phosphorus per day, although 75%–85% of this is reabsorbed, primarily
through the proximal tubules, resulting in net excretion of between 600 and 1500 mg of phosphorus
per day [101]. As kidney function declines, there is a decrease in the number of functioning nephrons
and subsequent decrease in phosphorus excretion [102]. As renal function decreases to less than
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80% of normal, phosphorus absorption can exceed the rate of clearance by the kidneys, and a
subsequent rise in serum phosphate levels is seen [61,103]. Phosphate anions can combine with
extracellular cationic calcium to form insoluble calcium phosphate and subsequent calcification
can occur, particularly in the cardiovascular system [78]. Hyperphosphataemia is associated with
vascular calcification [104], increased cardiovascular disease risk [105] and increased mortality in
both predialytic CKD patients [106–108] and patients receiving dialysis [109–111]. Furthermore
several studies have shown that elevated phosphate levels are associated with a faster rate of renal
disease progression in CKD patients [112–115] and healthy subjects with normal renal function [116].
Maintaining normal phosphate levels or minimizing hyperphosphataemia is seen as a crucial step to
limit mortality in CKD patients.

7.1. Dietary Sources of Organic Phosphorus

Phosphorous may be present in the diet as organic or inorganic phosphate. Protein-rich foods
such as legumes, meat, poultry, fish, eggs and dairy products are the main sources of organic phosphate
and there is a correlation between dietary intakes of protein and phosphorous [117]; however, a high
protein (and high phosphorus) diet does not always translate to increased serum phosphate levels [118].
The bioavailability of organic phosphate varies depending on the food source with plant sources
having a limited bioavailability due to the phosphorous being present largely as phytate. Humans
(and other monogastric animals) lack the enzyme phytase and thus cannot digest phytate, although
some degradation may occur via the intestinal microbiota [119]. Dairy products have about 30%–60%
bioavailability, and the highest bioavailability of organic phosphate, in meat products, may be as high
as 80% [102]. This difference in phosphorus bioavailability between meat and plant protein sources,
may partially explain the benefits of consuming a greater proportion of protein from plants sources,
as described above. Phosphate absorption is linearly related to phosphate intake, with bioavailability
being the major determining factor in phosphate uptake from the diet [120]. Thus, for organic
phosphate, food choices can make a significant difference in the amount of phosphate that is absorbed
from the diet.

7.2. Dietary Sources of Inorganic Phosphorous

Phosphorous may be added to foods in the form of inorganic additives, which are typically
used to improve taste, texture, shelf life or processing time [121]. These additives are primarily
inorganic phosphate salts that require no enzymatic digestion and dissociate rapidly in the low
pH environment of the stomach; thus inorganic phosphate additives have a high bioavailability of
90%–100% [102]. Phosphoric acid, which is present in cola drinks, has a bioavailability of 100% [121].
Inorganic phosphate additives are found in many processed foods including frozen meals, snack
bars, French fries, spreadable cheeses, instant food products and beverages such as sodas, flavoured
water, juices and sport drinks [122]. The phosphorous content in a typical Western diet has increased
substantially during the past few decades [123] and in many countries dietary phosphorus exceeds the
recommended daily allowance [124]. A recent Australian study found that phosphate additives were
present in 44% of the most commonly purchased grocery foods, and were particularly prevalent in
small goods (96%), bakery products (93%) and frozen meals (75%) [125]. Inorganic phosphate is readily
absorbed and has become highly prevalent in the food supply due to the rise of convenience foods and
beverages, and is a significant contributor to dietary phosphate load in a typical Western diet.

7.3. Reducing Dietary Phosphorus and Serum Phosphate Levels

Given the deleterious effects of hyperphosphataemia and the rising phosphate content of
foods, several studies have addressed reducing dietary phosphorus to reduce serum phosphate
levels. One small study found that replacing natural protein sources with a low phosphorus protein
concentrate can reduce serum levels of phosphate and parathyroid hormone [126]. A randomised
controlled trial using dietary education to limit intake of foods containing phosphate additives
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led to a reduction in serum phosphate levels of 0.6 mg/dL (95% CI: 0.1–1.0 mg/dL), a decrease
that, the authors state, corresponds with a 5%–15% reduction in relative mortality risk, based on
findings from observational studies [127]. Dietary reduction of phosphate can reduce serum levels;
however, whether this translates to clinical benefits is not clear as limitation of dietary phosphate
may excessively limit other nutrients—particularly protein, which often correlates with phosphorous
intake. A large retrospective cohort study that considered 30,000 haemodialysis patients found that
the relationship between serum phosphate levels and mortality is a J-shaped curve and that those
patients who had high phosphate levels and high protein intake had lower mortality compared
to those patients with high phosphate levels and low protein intake [128]. Dialysis patients on
a phosphate-restricted diet have greater mortality than those without phosphate restriction [129],
and it has been suggested that excessive phosphate restriction may be associated with decreased
dietary protein intake and subsequent protein energy malnutrition, which leads to increased risk of
mortality [130]. The conclusion born from these studies is that haemodialysis patients should aim to
minimize phosphorous intake whilst not compromising the adequacy of protein intake.

7.4. Phosphate to Protein Ratio

This has led to recommendations for using a ratio between the phosphate content and protein
content to identify foods that will provide adequate protein whilst properly controlling dietary
phosphate [122]. An observational prospective five year study found that haemodialysis patients with
higher dietary phosphate:protein ratio had increased mortality, even after serum phosphate levels
were controlled for [117]. Egg white has one of the lowest phosphate:protein ratios [102] whilst many
processed foods and beverages are high in phosphate with low protein. One study compared the
phosphate:protein ratio in meat products prepared with and without phosphate additives found that
there was a 60% increase in the phosphate:protein ratio in those products containing additives [131].
Previous studies have shown that phosphate additives to meat and poultry products can lead to a
nearly doubling of the phosphorous content of these products [132]. Worryingly whether meats have
been enhanced with inorganic phosphate additives, or to what level, may not be easily determined
from the nutrition information panel.

Whilst many studies have shown an association between serum phosphate levels and risk of CVD
death in CKD patients, it has been noted that there is a dearth of randomised controlled trials with
an intervention that modifies dietary phosphate and assesses mortality as an outcome [123]. Whilst
this evidence may be lacking for mortality outcomes, the current guidelines recommend maintaining
serum phosphate within a normal range for CKD stages 3–5 and dialysis patients, by dietary restriction
and the use of phosphate binders [14], with insufficient evidence for recommending dietary phosphate
restriction for early CKD patients (stages 1–3) [61]. The current evidence suggests that limiting foods
that have a high phosphate:protein ratio (such as spreadable cheeses and egg yolk) and avoiding
inorganic phosphate additives (such as those in cola) may improve outcomes for CKD patients.
Treating hyperphosphataemia by limiting the intake of protein-rich foods may contribute to mortality
in CKD patients.

8. Omega-3 Polyunsaturated Fatty Acids (n-3 PUFAs)

In the general population fish intake is associated with a reduction in all-cause mortality,
which has been attributed to the high content of n-3 polyunsaturated fatty acids (n-3 PUFAs) [133].
The anti-inflammatory, anti-hyperlipidaemic and antihypertensive effects of n-3 PUFAs are well
established in the general population [134]; however, there is less conclusive evidence for those
patients with CKD. In particular, there is a dearth of conclusive studies within CKD populations with
regards to mortality [135,136].



Nutrients 2017, 9, 265 10 of 29

8.1. n-3 PUFAs and Triglyceride Levels

Lipid abnormalities may be a common contributing factor to cardiovascular mortality in
end-stage renal disease, with elevated triglyceride levels being the major lipid alteration [136].
A 2009 meta-analysis of trials in hyperlipidaemic patients without renal impairment showed that
n-3 PUFA supplementation has a clinically significant dose-dependent reduction of triglycerides
levels [137]. In CKD patients, several studies have found an 8–12-week intervention with daily
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) supplementation resulted in decreases
in triglycerides [138–145]. Furthermore several studies have shown that these interventions can
improve HDL levels [139,140,146,147]. The evidence from these trials suggests that daily n-3 PUFA
supplementation is effective at ameliorating dyslipidaemia in CKD patients.

However, not all studies have confirmed this effect. A four-week crossover study where patients
received 960 mg/day EPA and 620 mg/day DHA found no effect on serum cholesterol or triglyceride
levels [148]. Donnelly et al. conducted a four-week crossover study with 3.6 g/day n-3 PUFA and saw
a non-significant decrease in triglycerides, though there was no washout period between treatments,
which may have led to a carryover effect that may have masked the result in the group that received
the treatment before placebo [149]. A three-month study found that supplementation with 4 g/day
fish oil tended to decrease serum triglycerides; however, this failed to achieve statistical significance
(p = 0.07) [150]. Longer studies have cast additional doubt on the efficacy of n-3 PUFAs to ameliorate
dyslipidaemia in CKD patients, with a six-month study in dialysis patients receiving 960 mg/day
EPA and 600 mg/day DHA having no effect on triglyceride levels, although this study did see an
increase in both HDL and LDL levels [151]. Several other intervention studies with 2–4 g/day fish
oil have failed to see any changes in lipid levels after two months [152,153], six months [154,155] or
12 months [156] of treatment. This lack of an effect, particularly in trials of longer duration, has cast
some doubt on the efficacy of n-3 PUFAs in reducing hyperlipidaemia.

The variation in results observed in intervention studies may result from the small sample
sizes, short durations and differences in n-3 PUFA dosing regimes [157]. In a recent meta-analysis,
subgroup analysis found that the TG lowering effect was greater in patients with higher baseline
TG levels [158], which may account for the variation seen in results from these smaller trials. In the
trial by Taziki et al. that found reduction in LDL cholesterol and increase in HDL cholesterol after
a 12-week intervention with 2 g/day n-3 PUFAs, one of the inclusion criteria was hyperlipidaemia
with no current lipid lowering medications [147]. Thus positive results are more likely to be seen
in studies with patients who had greater degrees of hyperlipidaemia at baseline. The absorption of
n-3 PUFAs may be increased up to 3-fold between being taken concomitantly with a high fat meal
compared with a low fat meal [159] and timing of dosing and concomitant food intake may affect
absorption and subsequent effect of the intervention. The majority of studies instructed patients to
consume their regular diet, and it has been noted that the increasing prevalence of functional foods
fortified with n-3 PUFAs may dilute the effect of these intervention trials [160]. Promisingly, a recent
meta-analysis that did subgroup analysis that looked at doses of less than 2 g per day found that
this more physiologically relevant dosing was able to significantly decrease TG and increase HDL
levels [161]. A 2016 meta-analysis confirmed that n-3 PUFAs are able to lower TG levels in HD patients;
however, no effect was seen on total cholesterol or LDL cholesterol levels [162]. Taken together, the
evidence suggests that daily n-3 PUFA supplementation is effective at reducing triglyceride levels in
CKD patients with hyperlipidaemia.

8.2. n-3 PUFAs and Blood Pressure

CKD leads to the development of hypertension, which itself can contribute to the progression
of CKD [163], and thus interventions that reduce blood pressure in CKD patients are required.
In the context of CKD, several studies have found that an eight-week intervention with 1840 mg
EPA and 1520 mg DHA per day resulted in decreases in blood pressure in patients with CKD
stages 3–4 [138]. In contrast to the study by Mori et al. [138], several studies of similar duration and
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intervention found no change in blood pressure in pre-dialysis CRF patients [139] or diabetic patients
with proteinuria [164]. In patients with stage 5 CKD undergoing haemodialysis, interventions with
3.6–4 g/day fish oil led to reductions in blood pressure after three months [150] and 12 months [156],
but not after one month [149]. A recent meta-analysis of trials in non-CKD populations found that
2 g/day or more EPA+DHA are effective at reducing blood pressure [165] and, whilst the evidence
for a benefit of n-3 PUFA supplementation on hypertension within a CKD population has not been
demonstrated conclusively, high doses (i.e., over 3 g/day) are likely to result in a modest reduction in
blood pressure [166].

8.3. n-3 PUFAs and Inflammation in HD Patients

CKD patients experience a state of chronic low grade inflammation, which can contribute to
disease progression [50]. n-3 PUFAs are able to exert an anti-inflammatory effect, because they compete
with n-6 PUFAs during eicosanoid synthesis [167]. Noori et al. found that a higher n-6:n-3 PUFA
ratio was associated with increased mortality and inflammation, and thus supplementation with n-3
PUFAs may exert an effect by shunting production to less inflammatory eicosanoids [168]. A four-week
crossover study found a trend towards lower CRP levels in those patients treated with n-3 PUFAs, and
the failure to achieve significance may be due to a lack of statistical power or the short duration of the
study [148]. Similarly, a 12-week intervention study in PD patients found a trend towards lower CRP;
however, the small sample size (n = 7) may have prevented this result from reaching significance [169].
Saifullah et al. provided HD patients with 2 g/day fish oil for 12 weeks, providing approximately
854 mg EPA and 488 mg DHA per day, and found a reduction in CRP levels [145]. A six-month study
conducted by Bowden et al. found daily intervention with 960 mg of EPA and 600 mg of DHA was
able to reduce CRP levels [155]. An 8 week study providing 2.4 g fish oil per day (with an EPA:DHA
of 2:1) to HD patients with metabolic syndrome found reductions in CRP, TNF-alpha and IL-6 levels;
however, the lack of placebo control should be noted [153]. Several recent studies of 3–4 months in
duration have failed to see changes in CRP, TNF-alpha or IL-6 levels; however, this may have been due
to the small sample sizes [170,171]. A 2016 meta-analysis of n-3 PUFA intervention trials in HD patients
found that CRP was significantly reduced; however, no effects were seen with other inflammatory
markers (IL-6 and TNF-alpha) [162]. The conclusion that intervention with n-3 PUFAs are able to lower
CRP levels has clinical relevance as serum CRP levels are able to independently predict cardiovascular
mortality in patients undergoing haemodialysis [172] or peritoneal dialysis [173].

8.4. n-3 PUFAs and Proteinuria/GFR in CKD

An observational, epidemiological study in a Swedish type 1 diabetic population indicated
that people whose diets had a greater amount of fish protein had a lower risk of developing
microalbuminuria [174]. A 2009 meta-analysis found a pooled effect of a significant reduction
on proteinuria following supplementation with n-3 PUFA, though the authors noted that many
trials consisted of small numbers of patients and therefore may have been underpowered [175].
A 2012 meta-analysis found that in patients with IgA nephropathy, n-3 PUFAs did reduce proteinuria;
however, this did not translate to any functional improvements, as measured by GFR [176]. A recent
crossover randomised control trial in diabetic patients with early signs of kidney dysfunction (CKD
Stage 2), found that six weeks of treatment of 4 g/day n-3 PUFA led to a reduction of 16% in urinary
neutrophil gelatinase-associated lipocalin (NGAL), a marker of kidney dysfunction [164]. However,
this study failed to see changes in the classical hallmarks of kidney disease, such as albuminuria.
Interestingly, when subgroup analysis was undertaken and results were stratified for RAAS inhibitor
use, significant reductions were observed in several urinary markers including NGAL (−27%) and
albuminuria (−17%) [164]. A 2015 study found that three months’ intervention with 3 g/day n-3
PUFAs did not impact on proteinuria in patients with diabetic nephropathy; however, all patients
were currently controlling blood pressure with either an ACEi or ARB, which may have limited the
additional benefit of the intervention [177]. An earlier study in type 1 diabetic patients who were not
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controlling blood pressure found that 900 mg/day EPA reduced albuminuria after three months of
treatment, an effect that was sustained up to 12 months of treatment [178]. There is some evidence to
suggest that n-3 PUFA supplementation may slow proteinuria in those CKD patients with uncontrolled
blood pressure; however, this has not been conclusively proven.

8.5. Membrane Levels of n3/n6 PUFAs Associated with Mortality Outcomes in HD

Patients with kidney disease have lower serum and erythrocyte plasma membrane levels of
n-3 PUFAs and higher levels of the n-6 PUFA arachidonic acid, compared with controls [146,179].
A retrospective study found a trend between a erythrocyte omega 3 index levels and survival amongst
HD patients; however, the fact that this did not reach statistical significance may be ascribed to an
insufficient cohort size to achieve adequate statistical power [180]. Recent longitudinal observational
cohort studies have found that the DHA content of erythrocyte plasma membranes is able to
independently predict mortality outcomes in HD patients [181,182]. Other studies investigating
the fatty acid profile of the serum and mortality in HD patients may be predicted by serum DHA
levels [183] or the ratio between n-3 and n-6 [184]. Importantly, the membrane content of erythrocytes
is a good indicator of myocardiocyte fatty acid levels [185], which may explain the association between
erythrocyte FA levels and cardiovascular morbidity. Higher fish intake is associated with a higher
erythrocyte n-3 PUFA content [180] and supplementation with n-3 PUFAs was able to increase the
omega 3 index and n-3/n-6 ratio in erythrocyte membrane lipids, whilst also decreasing the percentage
of saturated lipids that formed part of the membrane in dialysis patients receiving treatment for
three [169] or six months [154]. The evidence of these associations, as well as the ability to alter the
plasma membrane levels via dietary intervention as explained above has made n-3 PUFAs a promising
potential dietary therapy for the reduction of mortality in HD patients.

8.6. CVD Events and Mortality Outcomes

Whilst fish consumption is associated with a reduction in mortality outcomes in the general
population [133], the evidence is less clear in CKD populations. An observational study showed that
dietary fish consumption is an independent predictor of survival in haemodialysis patients [186].
In a long-term observational study with a three-year follow-up, HD patients receiving 1.8 g/day EPA
had decreased mortality compared to those who did not receive the dietary supplement [187]. Whilst
there are many randomised placebo control trials that have assessed biochemical parameters, there
has been a paucity of studies that have looked at mortality outcomes. One study in 206 Danish HD
patients who had a history of cardiovascular disease found that dietary intervention with 1.7 g/day
n-3 PUFAs had no effects on mortality but did reduce the risk of a myocardial infarction by 70% [188].
A 2012 study with 203 patients found that daily intervention with 4 g/day fish oil (1600 mg EPA,
800 mg DHA) was associated with higher cardiovascular event free survival [156]. Whilst intervention
with fish oil leads to a reduction in cardiovascular events, this has not been shown to alter mortality;
however, this may be due to a lack of sufficiently powered studies assessing mortality as a primary
outcome [162].

A diet that is high in n-3 PUFAs represents a promising avenue for the reduction of proteinuria,
dyslipidaemia and cardiovascular events in CKD patients, although whether this translates to
reductions in mortality remains unclear. CKD patients do not consume adequate dietary n-3
PUFAs [145]. Retention rates in clinical trials using fish oil pill interventions have a median of 97% [175]
and there is good adherence to fish oil supplementation [189], indicating that this is a strategy that
could be implemented in patients. However, Shapiro et al. [134] recommend that the focus should be
on increasing oily fish intake, rather than prescription of fish oil supplements, for cardioprotection
in a population with diabetic nephropathy. A recent meta-analysis indicated that fish intake is more
protective than fish oil capsules against cerebrovascular disease [190]. This may be due to the fact that
n-3 PUFAs from fish are more easily absorbed and incorporated into plasma lipids than from fish oil
supplements [191] a synergistic effect with vitamins, trace elements or amino acids present in fish [190]
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or even a ‘protein substitution’ effect, where fish may replace more ‘detrimental’ protein sources, such
as processed red meat [192].

9. Sugars and Sugar-Derived Products

9.1. Dietary Fructose

Excess fructose consumption, such as that found in table sugar (sucrose) or high-fructose
corn syrup, is considered to promote features of metabolic syndrome, including insulin resistance,
dyslipidaemia, and hypertension—factors that are also associated with an increased risk of
CKD [193,194]. In addition, the metabolism of fructose promotes the production of uric acid, a
known risk factor for the development and progression of CKD [193,195]. The metabolism of fructose
may also directly induce kidney injury via production of reactive oxygen species and chemokines
in proximal tubule cells [196,197]. Dietary fructose is widely prevalent in the Western diet, mainly
due to added sugars in foods and beverages and may be another modifiable dietary factor in the
treatment of CKD. Cross-sectional evidence suggests that consumption of sugary soda, often sweetened
with high-fructose corn syrup, is associated with albuminuria [198], serum uric acid [199,200], and
a doubling of the risk of CKD [201] in healthy populations. Longitudinal studies, however, have
found conflicting results. A study performed in the USA by Bomback et al. failed to observe an
association between consuming more than one soft drink per day and the incidence of hyperuricaemia
or CKD over a follow-up period of nine years [195]. In contrast, a recent study by Yuzbashian et al.
found an increase in the incidence of CKD over a three-year period in a Middle Eastern population
who drank more than four sugar sweetened beverages per week compared with those who drank
less than 0.5 per week [202]. In this study, sugar-sweetened beverages were taken as the sum of
all types of sugar-sweetened soft drinks and fruit juices. When fruit juice intake was considered
alone there was no association with CKD [202], suggesting that there could be an additional factor
in soft drinks contributing to disease burden. Interestingly, the Nurse’s Health Study found that the
consumption of more than two servings per day of artificially sweetened soft drinks was associated
with a two-fold increase in GFR decline in women over an 11-year follow-up, with no association found
for sugar-sweetened beverages [203]. Clearly, the differences in populations and periods of follow-up,
and also differences in the ingredients present in the soft drinks (due to years of production and
specific regional preferences) make it difficult to compare these studies. The results of a meta-analysis
of epidemiological studies suggest that sugar-sweetened soft drinks, but not artificially sweetened soft
drinks, increase the incidence of CKD [204]. There are many possible confounding factors that may
affect the results of epidemiological dietary studies. For example, previous history of sugary drink
consumption and weight gain could lead to consumption of diet soft drinks, which could explain
the unexpected result seen in the Nurse’s Health Study [205]. There are also added sugars present
in commonly consumed foods, which could complicate studies that only consider sugar-sweetened
beverage consumption. To better understand the relationship between sugar consumption and kidney
disease, it is important to also consider experimental evidence and results from dietary interventions.

Experimental studies have shown a direct mechanism for fructose-induced renal injury. Fructose
is taken up into cells by the glucose transporters GLUT 5 and/or GLUT2, both of which are expressed
in the proximal tubules of the kidney [197]. All fructose entering the cell is rapidly phosphorylated by
fructokinase. This rapid phosphorylation can lead to depletion of ATP. This promotes the production
of uric acid through purine metabolism pathways and generates reactive oxygen species [197].
The metabolism of fructose via fructokinase in human proximal tubule cells has been shown to
increase levels of the pro-inflammatory chemokine Monocyte Chemoattractant Protein (MCP-1) [197].
Consistent with this, studies in healthy rodents have shown that consumption of a high-fructose diet
for six weeks resulted in renal hypertrophy and tubulointerstitial injury, in particular cell proliferation
and hyperplasia of proximal tubules [196]. In rodent remnant kidney models, fructose at 60% of
total diet accelerated glomerulosclerosis, worsened renal function and led to an increase in levels of
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MCP-1, an effect not seen with a 60% glucose diet [206]. However, whilst animal models are useful
in delineating the mechanisms by which fructose may cause kidney damage, rodents have an active
enzyme, uricase, absent in humans, that metabolises uric acid [207]. Therefore, rodents require large
doses of fructose or inhibition of uricase for an effect to be observed [207]. Thus, human interventions
are essential for fully understanding the consequences of high fructose intake.

A systematic review of controlled feeding trials in people with and without diabetes found
that replacing other carbohydrates for fructose isocalorically did not affect serum uric acid [208].
However, when fructose was given at 35% excess energy to non-diabetic males there was a significant
increase in serum uric acid levels [208]. This suggests that fructose given in excess of total energy
requirements will increase serum uric acid levels, while simply replacing other sugars with fructose
may not. There have been limited studies that have investigated fructose consumption in patients
with chronic kidney disease [209]. In a pilot study by Brymora et al., patients with stage 2 and 3 CKD
followed a low-fructose (12 g/day) diet for six weeks, followed by their normal diet, relatively higher
in fructose (60 g/day), for six weeks. No effects on glomerular filtration rate, proteinuria, serum or
urinary uric acid were observed. However, hsCRP and soluble ICAM-1 were reduced significantly
following the diet, and the reduction in ICAM-1 was maintained during return to the regular diet.
This suggests that there may be some benefit to reducing dietary fructose intake in CKD patients,
though this comes through a reduction in inflammatory markers rather than uric acids level. Further
controlled trials in humans are required to determine the relationship between dietary fructose intake
and serum uric acid levels to determine whether it may be contributing to this risk factor for CKD, and
whether there is a safe level of fructose to consume.

9.2. Dietary Advanced Glycation End Products

Advanced glycation end products (AGEs) are compounds that form through a non-enzymatic
reaction between a sugar, such as glucose and an amino acid [210]. Diet-derived AGEs form within
foodstuffs during the heat treatment of food products, such as processed cereal products, snack foods
and foods cooked at high temperatures. The modern Western diet is high in AGEs as many convenience
or snack foods undergo heat treatment to improve the flavour and shelf life of a product [210].
Circulating AGEs consist of those endogenously formed, such as under conditions of oxidative stress
and hyperglycaemia, and those that come from exogenous sources including foods and tobacco
smoke. Elevated levels of circulating AGEs have been observed in both diabetic and non-diabetic
CKD patients [211–213]. This is likely due to increased endogenous formation [214] as well as
reduced renal excretion [215]. Dietary AGEs correlate with serum carboxymethyl lysine (CML)
in CKD patients—a well characterised AGE often used as a marker of AGE levels [216]. Elevated
serum CML levels were observed to be associated with estimated GFR and CKD, independent of
diabetes, in a cross-section study of men and women suggesting CML levels may be a biomarker
of CKD [217]. AGEs may be particularly toxic to the kidney through accumulation in renal tissue
and/or activation of pro-inflammatory pathways [218–220]. AGEs can promote intracellular oxidative
stress in mesangial cells and activate transcription factors that promote the expansion of the mesangial
matrix (a hallmark of diabetic kidney disease) and are therefore thought to contribute to the renal
dysfunction observed in diabetes [221]. AGEs also bind to cellular receptors such as the multi-ligand
receptor for advanced glycation end products (RAGE). Upon binding with its ligands, RAGE activates
the pro-inflammatory transcription factor nuclear factor kappa-B (NFκB), leading to upregulation of
pro-inflammatory cytokines and mediators of vasoconstriction, coagulation and fibrosis [218,220,222].
RAGE is highly expressed on immune cells and therefore its activation can increase systemic levels
of inflammation [220]. RAGE is also highly expressed in the kidney and activation of RAGE has
been implicated in the pathogenesis of both diabetic and non-diabetic kidney disease [218,220]. AGE
ligation with RAGE mediates mitochondrial superoxide production and diabetic nephropathy [223].
In individuals with CKD, increased expression of RAGE has been observed on monocytes and this
was found to be inversely associated with GFR and strongly correlated with circulating AGEs [224].
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Whilst increased AGEs may be a feature of CKD, it is not yet understood whether this predicts
clinical outcomes. The majority of observational studies that have looked at circulating AGEs have
found no association between serum CML or pentosidine and cardiovascular events or mortality in
patients with either diabetic or non-diabetic kidney disease [225–229]. However, the better nutritional
status of patients in one of these studies could explain their increased survival [227]. So far there has
been a single study that reported an association between elevated serum levels of CML and all-cause
mortality in patients on long-term dialysis [230]. However, it is important to note that patients in
this study with higher CML levels had reduced urinary volume and had longer on dialysis, factors
that could contribute to reduced survival. These studies do not exclude the possibility that other
AGE compounds or tissue AGEs may contribute to disease outcomes. It has been shown that skin
AGE levels (a marker of tissue AGE levels) measured by fluorescence are a predictor of mortality in
haemodialysis patients [231]. As dietary AGEs contribute to total body levels of AGEs, restriction
of intake provides an attractive and simple lifestyle modification that could reduce inflammation or
improve outcomes in patients with CKD.

The majority of studies in animals support the role of dietary AGEs in the development and
progression of CKD [232–236]. A high AGE diet was shown to increase proteinuria in healthy rats
and 5/6 nephrectomised rats (an animal model of CKD) by 2-fold and 8-fold, respectively, suggesting
that a high AGE intake may be more detrimental in cases of impaired renal function [233,234,236].
Supporting this evidence, another study reported that a high AGE diet accelerated the development
of glomerulosclerosis, interstitial fibrosis and reduced creatinine clearance in 5/6 nephrectomised
rats [232]. Results in mouse models of diabetic nephropathy have produced different results with
one study showing a low AGE diet attenuated the development of albuminuria and glomerular
sclerosis [235], while another found that AGE restriction had no effect on renal parameters, suggesting
that diabetic and non-diabetic CKD may respond differently to dietary AGE intake [237].

There have only been two randomised parallel-arm interventions in humans that have compared
the effect of a low AGE intake to high AGE intake in patients with CKD, both from the same research
group [238,239]. In relation to the effect of dietary AGEs on progression of CKD, neither of these
studies reported urinary albumin, or markers of glomerular filtration rate. Vlassara et al. measured
creatinine clearance but, contrary to the evidence obtained from animal studies, reported no difference
in changes in clearance after four weeks of a low AGE intake compared with a standard high AGE
diet [239]. Uribarri et al. did, however, report reduced levels of CVD risk markers after consumption of
a low AGE diet [238]. In a dietary trial in healthy obese men, a population at risk of developing CKD, it
was observed that both the albumin-to-creatinine ratio and plasma cystatin C levels (a marker of GFR)
were increased after two weeks’ consumption of a high AGE diet compared to a low AGE diet [240].
While these results appear to support the reduction in dietary AGE intake to improve some markers of
renal function and risk of CVD, further research in this area is required before any recommendations
can be made.

10. Conclusions

Diet remains an important factor in the prevention and management of CKD. Whilst there
are well-established recommendations for protein intake in patients with CKD, emerging evidence
indicates that the source of protein may be important, with a shift from animal to plant sources
of protein seemingly beneficial. Furthermore, plant foods are higher in dietary fibre and there
is accumulating evidence that increasing intake of dietary fibre and non-digestible carbohydrates
improves biochemical markers in CKD patients; however, whether this translates to reductions in
mortality levels has yet to be proven. Plant protein food sources also have lower organic phosphate
bioavailability, providing yet another plausible mechanism by which plant protein appears to have
greater benefit when compared to animal sources of protein. Inorganic phosphate consumption has
continued to rise with increases in the consumption of preservative-rich convenience foods, and should
be limited in the diet of the CKD patient.
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Current recommendations for CKD patients include restricting sodium and potassium intake.
Thus fruits and vegetables, sources of potassium, dietary fibre and plant protein have generally been
somewhat restricted in CKD patients. There is increasing evidence to indicate that during early CKD a
diet high in fruits and vegetables may delay progression of the disease; however, further studies should
be completed before changes to recommendations occur. n-3 PUFAs, found in oily fish, reduce the
risk of cardiovascular events and may reduce mortality in CKD patients. Vitamin D supplementation
reduces proteinuria but does not translate into changes in cardiovascular or mortality outcomes.
Excessive dietary fructose is a factor that may promote the progression of CKD; however, evidence is
currently limited. For patients who have a high dietary fructose intake by way of consuming many
sugar-sweetened beverages, there may be a benefit to decreasing intake. Dietary AGEs, formed in
foods during high heat treatment such as baking, are prevalent in the Western diet and may contribute
to the progression of CKD; however, further evidence is required to establish causation. Further
high-quality studies are required to fully establish the role of these dietary factors in CKD patients.
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