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Abstract

Kidney disease (KD) is characterized by the presence of elevated oxidative stress,
and this is postulated as contributing to the high cardiovascular morbidity and
mortality in these individuals. Chronic KD (CKD) is related to high grade inflam-
matory condition and pro-oxidative state that aggravates the progression of the
disease by damaging primary podocytes. Liposoluble vitamins (vitamin A and E)
are potent dietary antioxidants that have also anti-inflammatory and antiap-
optotic functions. Vitamin deficits in CKD patients are a common issue, and
multiple causes are related to them: Anorexia, dietary restrictions, food cooking
methods, dialysis losses, gastrointestinal malabsorption, etc. The potential benefit
of retinoic acid (RA) and a-tocopherol have been described in animal models and
in some human clinical trials. This review provides an overview of RA and o
tocopherol in KD.

Key Words: Retinoic acid; a-Tocopherol; Oxidative stress; Kidney disease; Podocyte;
Cardiovascular disecase
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Core Tip: Oxidative stress in patients with kidney disease (KD) is an important risk
factor for cardiovascular disease. Vitamin A and E are important antioxidants with
many roles in health and KD. High levels of vitamin A may have adverse health effects
but higher levels of vitamin E have been associated with a lower overall mortality.
Exogenous administration of these vitamins to patients with KD have shown contro-
versial results.
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INTRODUCTION

Kidney disease (KD) is characterized by the presence of elevated oxidative stress and this is postulated
to contributing to the high cardiovascular mortality in these individuals. Liposoluble vitamins (vitamins
A and E) are potent dietary antioxidants that also have anti-inflammatory and antiapoptotic functions.
Antioxidant therapies have been extensively used to decrease oxidative stress and cardiovascular
disease (CVD) risk. In the kidneys, the beneficial effects of retinoic acid (RA) have been reported in
multiple disease models, such as glomerulosclerosis, renal fibrosis, and acute kidney injury (AKI).

Vitamin E has a myriad of cellular effects, such as decreasing the synthesis of pro-inflammatory
molecules and oxidative stress response, inhibiting the nuclear factor-kappaB (NF-kB) pathway,
regulating cell cycle, and inhibiting the expression of pro-apoptotic factors that can have a positive
impact on KD. The aim of this review is to present an overview about the impact of liposoluble vitamins
on KD.

Vitamin A metabolism

Vitamin A, is the name of a group of fat-soluble retinoids, including retinol and retinyl-esters that are
essential for human survival; vitamin A is available into the human diet by intake of either food
containing preformed vitamin A (e.g., red meats) or carotenoids (e.g., carrots and green leafy
vegetables).

Retinoids are vital for human health and play a crucial role in the regulation of nocturnal vision,
reproduction, immune function, and cell differentiation[1,2]. Recent advances in the study of retinoids
metabolism have highlighted their importance in adipose tissue biology, glucose metabolism, and bone
mineralization[3,4].

Most actions of retinol are mediated by its metabolite all-trans (AT)RA, which is synthesized intracel-
lularly in target tissues from retinol[5]. Retinol is stored primarily as retinyl ester in the hepatic stellate
cells, and to a lesser extent, in adipose tissue and other extrahepatic sites.

Retinoids regulate a number of physiological processes and through regulating the expression of over
500 genes; retinoids bind to nuclear receptors called RA receptors and retinoid X receptors, which
themselves are DNA-binding transcriptional regulators and members of the nuclear hormone receptor
family[6].

The liver plays a central role in vitamin A physiology. The retinol-binding protein 4 (RBP4) is
secreted from the liver to bind and transport vitamin A to extrahepatic target tissues for intracellular
ATRA synthesis. The primary physiological role of RBP4 is to guarantee a constant and continuous
supply of retinol to peripheral tissues despite fluctuations in dietary vitamin A intake[7,8].

Vitamin A homeostasis in kidney health and disease

The kidney plays a key role in vitamin A homeostasis; findings of kinetic studies have revealed that
approximately 50% of the circulating retinol pool originates in the kidneys. Retinol is filtered through
the glomerular barrier and is then taken up in the proximal tubule by the endocytic receptor megalin;
kidney-specific megalin deletion in mice, increases the urinary excretion of retinol and RBP4; in these
mice, the syntheses of hepatic retinol and retinyl esters is reduced. These findings suggests a more
complex role of the kidney in retinoid homeostasis[9]. More than 99% of retinol is reabsorbed by the
proximal renal tubule; RBP4 has been identified as a very sensitive biomarker for proximal tubular cells
dysfunction[10].

Patients with impaired renal function have been reported to have high circulating levels of retinol
and RBP4, possibly due to a combination of decreased retinol-RBP4 complex clearance, reduced
conversion of retinol to ATRA, and tissue accumulation of RBP4[11]. Dialysis patients have elevated
serum levels of retinol and RBP4[12].

Increased RBP4 concentrations has been associated with an increased risk for osteoporosis, heart
disease, and dyslipidemia. Furthermore, many studies have demonstrated an important link of RBP4
with adiposity, insulin resistance, and type II diabetes[4,13,14]. Interestingly, ATRA has been shown to
be inversely associated with CVD and mortality in dialysis patients[12].

Dietary intake of vitamin A in chronic KD

The most important food sources of vitamin A are liver, fish liver oil, dairy products (butter, milk, etc.),
egg yolk, dark green leafy vegetables, and deeply colored yellow/orange vegetables and fruits[15]. The
recommended dietary allowance for men and women is 900 and 700 pg retinol activity equivalents/d,
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respectively[16].

The Kidney Disease Outcomes Quality Initiative guideline no recommends routinely vitamin A
supplementation (grade opinion), and there are no studies about the nutritional requirements in chronic
KD (CKD) population[17]. There is no information about dietary recommendations in the pediatric
population with CKD.

There are only a few studies that have evaluated vitamin A intake in CKD and dialysis subjects. In a
cross-sectional study of 91 hemodialysis patients, only 23% of individuals covered vitamin A dietary
recommendation[18]. As most sources of vitamin A have high potassium and phosphorous contents, the
intake of vitamin A may be limited in advanced stages of CKD. Cooking techniques used to lower
potassium in foods affect carotene concentration; boiling decreases up to 20%-30% of carotene content
after 30 min, thereby making it more difficult to achieve adequate vitamin intake[19].

Kidney development and vitamin A

Vitamin A and its metabolites have a pivotal role during prenatal development, and vitamin A status is
critical for the fetus. Maternal vitamin A deficiency is associated with preterm delivery, fetal death, or
major congenital malformations in the offspring[20]. Studies in rodents suggest that retinol availability
is essential in order to have an adequate renal development. Fetal retinol crosses the placental barrier
from the maternal circulation and is converted to ATRA in peripheral tissues. Vitamin A deficiency has
been associated in pregnant rats with mild renal hypoplasia in term fetuses; and the addition of ATRA
to fetal rat kidneys cultured ex vivo accelerates new nephron formation[21-23].

The expression of the proto-oncogene c-ret, which plays an essential role in renal organogenesis, is
modulated by retinoid environment. This indicates that the control of nephron mass by vitamin A may
partly be mediated by the tyrosine kinase receptor ret, and this receptor modulates the ureteric bud
branching morphogenesis[21].

In a cohort of 9-13 years old children in Nepal whose mothers participated in a randomized
controlled trial of vitamin A supplementation before, during, and after pregnancy, the rate of
hypertension or microalbuminuria did not differ by supplement group[24]. In conclusion, adequate
vitamin A supply is crucial in determining final nephron numbers, and whether these findings have a
prime role in the further development of CKD or hypertension is still controversial[25].

Glomerular barrier and retinoids

The glomerular filtration barrier consists of three layers: Fenestrated endothelial cells, glomerular
basement membrane, and podocytes. Podocytes are specialized epithelial cells, whose major function is
regulation of the glomerular filtration. Podocyte injury is implicated in many glomerular diseases
including focal segmental glomerular sclerosis, diabetic KD, and human immunodeficiency virus (HIV)-
associated nephropathy; loss of podocytes contributes to progressive KD as these cells have a low prolif-
erative capacity. Research on podocytes and retinoids has been the subject of recent excellent reviews
[26,27]. The pleiotropic effects of retinoids in animal models of KD are shown in Table 1. In HIV-1-
transgenic mice, ATRA inhibits proliferation and induces differentiation in podocytes through
cAMP/PKA activation[28].

Retinoid treatment of rats with experimental mesangioproliferative glomerulonephritis causes a
significant reduction in albuminuria, inflammation, and cell proliferation. Retinoids have been
demonstrated to induce a marked reduction in renal transforming growth factor (TGF)-p1 and TGF
receptor II expression[29]. NF-xB and nitric oxide synthase expression are reduced in mesangial cells
after ATRA administration[30]. Renin-angiotensin system activity is also reduced[31]. Retinoids restore
injured podocytes that regulate the transition of parietal epithelial cells to podocytes in rat models of
glomerular inflammation (Figure 1)[32].

There are some reports of conspicuous clinical improvement in patients with lupus nephritis by using
retinoid treatment[33]. In models of diabetic nephropathy, ATRA suppressed inflammatory changes
and decreased proteinuria[34], and ATRA is significantly decreased in the cortex, which indicates that
ATRA metabolism is markedly dysregulated in diabetic kidneys[35]. In Table 1 some postulated
mechanisms of action of retinoid administration in animal models of KD and reported human clinical
trials are described.

ATRA and AKI

ATRA has been used therapeutically to reduce injury and fibrosis in models of AKI. ATRA signaling is
activated in tubular epithelial cells and macrophages and reduces macrophage-dependent injury and
fibrosis after AKI[36]. In models of cisplatin and contrast-induced AKI, retinoids activate autophagy,
inhibit apoptosis, and decrease the oxidative status[37].

Retinoids and erythropoietin in kidney failure

Erythropoietin (EPO) synthesis decreases in kidney failure, and some of the mechanisms proposed are
the conversion of peritubular fibroblast into a-smooth muscle actin-expressing myofibroblasts, thereby
losing their ability to secrete retinoids and EPO and defects in oxygen sensing[38]. Liver cells also
synthesize EPO, and its contribution may increase when the kidneys are unable to maintain adequate
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Table 1 Postulated mechanisms of action of retinoid administration in animal models of kidney disease and reported human clinical

trials

Drug Animal model/disease/n Outcome

Animal

atRA anti-Thy1.1 model rats Mesangioproliferative glomer- RA limits glomerular proliferation, glomerular lesions, and
ulonephritis albuminuria. Marked reduction in renal TGF-1. Reduction RAS

activity[29]

atRA HIV-1-transgenic mice HIV associated kidney disease atRA inhibits proliferation and induces differentiation in podocytes
through RAR-mediated cAMP/PKA activation[28]

atRA Streptozotocin-induced Diabetic kidney disease atRA decreases MCP-1 urinary excretion. Decreases proteinuria[34]
diabetic rats

Tamibarotene Male C57BL/6 mice Unilateral ureteral obstruction Inhibits the accumulation of fibrocytes and alleviates renal fibrosis
mediated by IL-17A[64]

atRA Atg51o¥/foX.Cago_Cre mice  Cisplatin nephrotoxicity RA activates autophagy and alleviates cisplatin acute kidney injury[37]

atRA Male rats Unilateral ureteral obstruction ATRA treatment can increase the angiopoitin-1 and decrease
interstitial fibrosis[65]

Human

Isotretinoin FSGS; MCD (shase II 12 (only 6 completed the study)  No complete or partial remission at 6 mo (clinicaltrials.gov)
study)

Tamibarotene Lupus nephritis (phase II 20 Not published
study)

atRA: All-trans-retinoic acid; MCP-1: Monocyte chemoattractant peptide; FGFS: Focal segmental glomerulosclerosis; MCD: Minimal change disease; TGF-p
1: Transforming growth factor-p1; HIV: Human immunodeficiency virus; RA: Retinoic acid; IL: Interleukin.

levels for erythropoiesis[39]. ATRA is essential for hepatic production of EPO in early developmental
stages and potentiates the EPO production through hypoxia-inducible factor signals and effectively
improves renal anemia in mice[38].

Conclusions and future perspectives

The available evidence in cell cultures and animal models regarding the potential use of retinoids in the
prevention and treatment of KD suggests that these compounds can effectively restore injured
podocytes and decrease inflammation and interstitial fibrosis; however, a better understanding of
retinoid signaling in renal cells is necessary to decreased toxicity and side effects of these compounds.

Vitamin E metabolism

Vitamin E is a fat-soluble vitamin and the most abundant liposoluble antioxidant compound in the
human body; a-tocopherol accounts for about 90% of the vitamin E activity in human tissues. Vitamin E
is emulsified by the bile acids and absorbed in the form of micelles in the small intestine; a-tocopherol is
mostly transported from the blood to the liver cells by chylomicrons, very low-density lipoproteins
(LDL), and high-density lipoproteins (HDL)[40].

The specific o-tocopherol transfer protein (a-TTP) mediates the transport from the hepatic lysosomes
into lipoproteins, whereas the excessive a-tocopherol and other forms of vitamin E are excreted in bile.
The primary function of a-TTP is to maintain normal a-tocopherol concentrations in plasma and
extrahepatic tissues. a-TTP is also expressed in the placenta, brain, spleen, lung, and kidney[41]. Besides
the lipoprotein-lipase action, the delivery of a-tocopherol to tissues takes place by the uptake of
lipoproteins throughout their corresponding receptors[42].

Vitamin E is present in various foods and oils such as nuts, seeds, vegetable oils, green leafy
vegetables, and fortified cereals. The recommended dietary allowance for males and females aged > 14
years is 15 mg daily (or 22 IU). In most countries, vitamin E deficiency is not prevalent and is usually
associated with irregularities in the absorption of dietary fat. Previous studies have shown that subjects
with CKD do not have the recommended micronutrient intake; however, the KDIGO nutritional
guidelines do not recommend routine vitamin E supplementation[43].

Vitamin E metabolism and effects on health and KDs

Vitamin E localizes in the cell membrane and plays a key role in the regulation of redox interactions.
Furthermore, it is considered one of the most important defenses against membrane lipid peroxidation
and superoxide generation. It is the major antioxidant present in human lipoproteins, acts as a peroxyl-
radical scavenger, and is a potent suppressor of LDL lipid oxidation; lipid oxidation has been implicated
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Figure 1 Retinoids restore injured podocytes that regulate the transition of parietal epithelial cells to podocytes in rat models of
glomerular inflammation. LRAT: Lecithin retinol acyltransferase; RALDH: Retinal dehydrogenase; RBP4: Retinol binding protein 4; RA: Retinoic acid; EPO:
Erythropoietin; VitA: Vitamin A; ARAT: Retinoic acid all-trans.
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in chronic disease risk, including CVD and cancer[42,44]. Other important functions include the
regulation of gene expression, improvement of immune response, inhibition of cell proliferation, and
suppression of tumor angiogenesis[45]. In non-dialyzed and dialyzed CKD patients, plasma vitamin E
levels are usually within the normal range; however, decreased a-tocopherol in red blood cell
membranes of CKD subjects has been demonstrated[46].

Low levels of a-tocopherol in healthy subjects are associated with an increased risk for coronary
artery disease[47], and higher intake has been shown to be protective; furthermore, recent studies
suggest that higher a-tocopherol concentrations were related to a lower total mortality[48]. However,
there is no information about tocopherol levels and mortality in CKD subjects, but some studies had
been performed about vitamin E administration in this population.

Effects of vitamin E supplementation to ameliorate KD are controversial. The HOPE study found no
beneficial effects of vitamin E administration on CVD mortality or renal complications[49]. Giannini et al
[50] in a randomized trial in patients with Type 1 diabetes mellitus and persistent MA reported that
vitamin E supplementation does not reduce albuminuria, but Khatami ef al[51] found a significant
decrease in urine protein excretion in T2 diabetic subjects.

The SPACE study performed in hemodialysis patients, found that high-dose a-tocopherol decreases
the incidence of cardiovascular events but did not demonstrate a significant reduction in mortality[52].
Administration of a-tocopherol increases carboxy-ethyl-hydroxychromans with known potent anti-
inflammatory and antioxidative properties[53], and a recent systematic review found that vitamin E
administration reduces malondialdehyde in hyperactivity disorder (HD) patients; however, the effects
on CVD or mortality were not particularly analyzed[54].

Vitamin E supplementation in HD subjects significantly improved the HDL function of cholesterol
efflux capacity and in diabetic patients the endothelial function[55]. The use of vitamin E-coated
dialyzer membranes may plausibly exert a site-specific scavenging effect on free radical species in
synergy with reduced activation of neutrophils[56].

Vitamin E supplementation in CKD subjects is not recommended as has been shown to have no
discernible effect on the overall mortality; one meta-analysis even demonstrated an increased mortality
in healthy subjects who received a high dose of supplemented vitamin E[49,57]. Experimental and
human clinical trials (Table 2) have demonstrated a role of vitamin E in preventing kidney injury. In the
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Table 2 Reported human clinical trials of vitamin E administration in chronic kidney disease subjects

Ref. n Dose Inclusion criteria Outcome
Mann et al[49] 993 400IU/d 1.4<SCr <23 mg/dL.Plus CV disease or Follow-up 4.5 yr. No apparent effect on CV outcomes
DM
Giannini et al[50] 10 1200 Type 1 diabetes mellitus plus macroalbu- Reduces markers of oxidative stress. No effect on MA
IU/d minuria
Khatami et al[51] 60 1200 Diabetic nephropathy Decrease in protein/ creatinine ratio. Reduction in inflammatory
1U/d markers
Boaz et al[52] 196 800IU/d Hemodialysis patients Reduces CV disease

Himmelfarb et al
[53]

Bergin et al[54]

Mune et al[55]

30 300IU/d 15 healthy subjects, 15 hemodialysis patients ~ Reduction on C reactive protein

Meta-analysis 16 papers Reduction oxidative stress

40 300 mg/d Hemodialysis subjects Improvement in endothelial function

CV: Cardiovascular.

WIN |
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subtotal (5/6) nephrectomy remnant kidney model in the rat, a-tocopherol has the capacity to modulate
both tubulointerstitial injury and glomerulosclerosis, inhibit the expression of TGF-f, and reduce
plasma and kidney malondialdehyde concentration[58].

Animal models have exhibited beneficial effects of vitamin E administration in the prevention of
diabetic nephropathy by inhibition of the protein kinase C pathway and normalizing diacylglycerol
cellular levels[59]. Tocotrienols are members of the vitamin E family with potent anti-oxidant activity; in
db/db mice, T3p administration increased adiponectin levels and improved renal function[60].

Experimental immunoglobulin A nephropathy in rats is associated with increased renal oxidant
injury, and dietary treatment with vitamin E has been reported to attenuate functional and structural
changes[61]. The amelioration of renal injury by dietary a-tocopherol supplementation has also been
observed in unilateral ureter obstruction[62] and puromycin aminonucleoside nephropathy[63]. There is
still no robust evidence supporting the widespread use of vitamin E as a therapy for retarding chronic
KD. Future studies with longer follow-up and larger sample size are necessary before any helpful
recommendation.

CONCLUSION

RA and o-tocopherol have numerous cellular functions that can have an effect on kidney injury
progression; however, further extensive research is needed before making clinical recommendations.
Higher intake of natural carotenoids and tocopherols have been proven to have a beneficial impact on
overall mortality, but supplementation with either of the two vitamins has not manifested any notable
effect on the decrease in mortality of patients with CKD.
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