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ARTICLE

Chronic Kidney Disease Alters Vitamin A Homeostasis via
Effects on Hepatic RBP4 Protein Expression and

Metabolic Enzymes

J Jing', N Isoherranen', C Robinson-Cohen?, | Petrie®, BR Kestenbaum? and CK Yeung?3*

Vitamin A, via retinoic acid (RA), is a critical micronutrient. Normally, plasma concentrations are tightly regulated. Concentra-
tions of vitamin A metabolites (13cis-RA, afRA) and relationships between RBP4 and retinoids have never been fully evaluated
in adult patients with CKD. We measured retinoid and RBP4 concentrations in plasma and urine from 55 adult patients with
CKD and 21 matched healthy subjects. RBP4 and retinol levels were increased approximately twofold in patients with CKD,
with a negative correlation between plasma retinol and eGFR (p = 0.006) and plasma RBP4 and eGFR (p = 0.0007). RBP4 renal
clearance was higher in patients with CKD than healthy subjects but not associated with eGFR. Girculating concentrations of
aflRA increased and concentrations of 13cis-RA decreased in subjects with CKD with no change in RA-to-retinol ratio. Increases
in circulating retinol, RBP4, and alRA may be due to increased hepatic RBP4 synthesis, retinyl ester hydrolysis, and/or hepatic

secretion of RBP4-retinol.
Clin Transl Sci (2016) 9, 207-215; doi:

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Vitamin A, via RA, is a critical micronutrient. In healthy
individuals, plasma concentrations are tightly regulated.
Elevated vitamin A and carrier protein RBP4 levels have
been observed in CKD and related complications.

WHAT QUESTION DID THIS STUDY ADDRESS?

We measured retinoid and RBP4 concentrations in
plasma and urine from patients and matched healthy
subjects in order to assess the concentrations of vita-
min A metabolites (13cis-RA, atRA), and the relationships
between RBP4 and retinoids in adults with CKD.

Chronic kidney disease (CKD) is associated with a higher
incidence of cardiovascular disease and diabetes, and lower
bone mineral density." Inability to biologically access criti-
cal micronutrients may play a role in the development and
progression of these comorbid conditions in patients with
CKD. This association has been well-established for vita-
min D, a fat-soluble micronutrient that requires bioactivation
by the kidney in order to regulate circulating levels of cal-
cium and phosphorous.? Circulating concentrations of vita-
min A (which includes retinol and retinyl esters) and vita-
min A metabolites, particularly bioactive all-trans retinoic
acid (atRA), essential for cellular maintenance, gene regu-
lation, lipid metabolism, and inflammatory response, also

; published online on 9 June 2016.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE?

We have shown that increases in circulating retinol,
RBP4, and atRA may be due to increased hepatic RBP4
synthesis, retinyl ester hydrolysis, and/or hepatic secretion
of RBP4-retinol.

HOW THIS MIGHT CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?

[v/] This study highlights the necessity to redefine CKD not
as an isolated disease, but as a global condition that affects
many organ systems.

seem to be altered in patients with CKD.3- The inability to
regulate the bioactivation or transport of vitamin A to target
tissues has been associated with fracture risk,® atheroscle-
rosis/cardiovascular disease,” and diabetes,® and may con-
tribute to development of these comorbidities in patients with
CKD.

In healthy individuals, circulating concentrations of retinol,
atRA, and retinol binding protein 4 (RBP4) are tightly reg-
ulated with plasma concentrations varying less than 20%,
23%, and 3%, respectively, in the healthy population.®1°
Vitamin A is obtained from the diet either as provitamin
A carotenoids or as preformed vitamin A (Figure 1), the
plasma concentrations of retinol and retinoic acids (RAs) are
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Figure 1 (a) In the liver, the esterification of retinol and the hydrolysis of the stored esters are regulated by lecithin retinol acyltransferase
(LRAT) and retinyl ester hydrolase (REH), respectively. Circulating retinol is delivered to target tissues by retinol binding protein 4 (RBP4)
and transthyretin (TTR, not shown) and retinol is taken up into target cells by uptake transporter STRAB. In target tissues, retinol is oxidized
to retinaldehyde (retinal) by alcohol dehydrogenase (ADH) or retinol dehydrogenase (RDH); retinaldehyde can be reduced back to retinol by
RDH and dehydrogenase reductase (DHRS). The formation of all-trans retinoic acid (atRA) requires irreversible oxidation of retinaldehyde
to atRA by aldehyde dehydrogenase 1A (ALDH1A). The clearance of retinoic acid (RA) is mediated predominantly by cytochrome P450
family 26 enzymes (CYP26). The 13cis-RA is likely formed from retinaldehyde via an unknown intermediate or via isomerization from atRA.
(b) The retinol-RBP4 complex is filtered by the kidneys; the retinol-RBP4-TTR complex is too large for filtration. The filtered retinol-RBP4
complex is reabsorbed in the proximal tubule cells by megalin.

regulated by a complement of enzymes that are responsi-
ble for storing and remobilizing vitamin A in the liver and
synthesizing RA from the retinol precursor in a tightly con-
trolled manner. In adults with CKD, serum concentrations of
RBP4 and retinol have been reported to be elevated but it is

unclear whether kidney disease itself or CKD-related comor-
bidities cause altered vitamin A homeostasis.®>*'"'? In pedi-
atric subjects with CKD, but without commonly occurring
adult comorbidities (e.g., diabetes and hypertension), circu-
lating concentrations of retinol, its metabolites, and carrier
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proteins are dysregulated, suggesting that decreased kidney
function, and not the presence of other medical conditions, is
the primary driver of altered vitamin A homeostasis.® Despite
this, the role of the kidneys in regulating vitamin A homeosta-
sis is uncharacterized and, therefore, in contrast to the well
understood mechanisms of how CKD decreases the active
metabolite of vitamin D, the mechanisms by which decreased
kidney function alters vitamin A homeostasis, and the con-
centrations of these tightly regulated compounds are com-
pletely unknown. The observed accumulation of circulating
RBP4 and retinol in patients with CKD might be explained by
the impaired ability of the kidneys to excrete RBP4 and retinol
by decreased metabolism of retinol to its active metabolite,
atRA, or by activation of a yet uncharacterized renal-hepatic
signaling pathway resulting in increased hepatic synthesis
and secretion of RBP4 with accompanying mobilization of
retinol from hepatic stores. We hypothesize that circulating
concentrations of RBP4, retinol, and atRA are elevated in
subjects with CKD due to alterations in hepatic mechanisms
of retinoid regulation. Thus, the objectives of this study were
to evaluate circulating vitamin A, atRA, and RBP4 in individu-
als with CKD in comparison with matched healthy adults and
to differentiate the role of altered renal clearance and hepatic
metabolic processes in driving altered vitamin A homeostasis
in CKD.

METHODS

Study population

The study population comprising of 55 patients with CKD
and 21 matched healthy subjects was obtained from the
Seattle Kidney Study or Healthy Kidney Study.'® The Seat-
tle Kidney Study is a nephrology clinic-based prospective
cohort study of patients with CKD based in Seattle, WA,
USA, designed to evaluate long-term complications of CKD.
Healthy subjects were matched to these subjects based on
gender, age, and body mass index (BMI; £10%). Institutional
review boards at the University of Washington and Veterans
Affairs Puget Sound Health Care System approved the Seat-
tle Kidney Study and Healthy Kidney Study and all partici-
pants provided written informed consent.

Dietary vitamin a intake

Food diaries were administered to the participants in this
study. These subjects received approximately 1 h of training
from a dietician on how to record all dietary intake, includ-
ing specific ingredients and brand names, snacks, fruits, cof-
fee, and tea. Participants were instructed to complete the
prospective diary every other day for 5 days to include at
least one weekend day. Diaries were returned to the dietician
who entered all recorded items into the Nutrition Data Recall
System for Research software system (Minneapolis, MN,
USA). Plasma and urine sample collections were obtained
concurrently with the participants’ diet records.

Analytical measures

Clinical data including age, gender, race, BMI, estimated
glomerular filtration rate (€GFR), urine albumin, history of dia-
betes mellitus, and history of dialysis were collected from the
Seattle Kidney Study and Healthy Kidney Study data repos-
itory. The eGFR was determined using the serum creatinine

CKD and Vitamin A
Jing et al.

based CKD-EPI equation.'* Urine albumin-to-creatinine ratio
was determined from a 12-h urine collection. RBP4 renal
clearance was calculated using the equation:

Rate of urinary excretion _ dA./dt

Renal clearance = - =
Plasma concentration C

(1)

where A, is the amount of RBP4 excreted in urine in a given
time t, and C is the RBP4 plasma concentration.

Bioanalytical methods

Blood and urine samples were stored at —80°C. All sample
processing, preparation, and extraction were conducted on
ice under red light to minimize degradation of retinoids. For
retinoid measurement, 80 ul acetonitrile was added to 40
ul plasma and urine with 20 M retinyl acetate (for retinol
measurement) or 40 nM 13cis-RA-ds as internal standard,
and the samples were centrifuged at 3,010 x g at 4°C for
40 min. The supernatant was collected for analysis. Plasma
retinol was measured with an Agilent 1200 Series HPLC Sys-
tem, equipped with an Agilent extend-C18 column (5um, 2.1
x 150 mm; Agilent Technologies), mobile phase consisting
of acetonitrile/H,O/glacial acetic acid-90/10/2 at a flow rate
of 0.4 mL/min for 7.5 min. Retinol was detected at a wave-
length of 325 nm. A retinol standard curve for quantification
was constructed in DC MASS SPECT GOLD human serum
(Golden West Biologicals, Temecula, CA, USA) at concentra-
tions of 0.25-16 M and detection was linear for this range.
Retinal, atRA, and 13cis-RA were measured by LC-MS/MS,
as described previously,’® using an AB Sciex 5500 gTrap
Q-LIT mass spectrometer (AB Sciex, Foster City, CA, USA)
equipped with an Agilent 1290 UHPLC (Agilent, Santa Clara,
CA, USA) and an Ascentis Express RP-Amide column (2.7
um, 15 cm x2.1 mm; Sigma). Compound-dependent mass
spectrometer parameters used for detection of retinal were
collision energy -13, collision cell exit potential -4, decluster-
ing potential -66, and entrance potential -10. Gradient elu-
tion with a flow rate of 0.5 mL/min using (A) H.O (B) ace-
tonitrile with 40% methanol and 0.1% formic acid in A and
B was used. The gradient was from an initial 60% A for 2
min to 5% A over 13 min and then to 60% A for 2 min. Ana-
lytes were detected using positive ion APClI mode. MS/MS
transitions for retinal, atRA, 13cis-RA, and 13cis-RA-ds were
m/z 285 > 161, m/z 301 > 205, m/z 301 > 205, and m/z
306 > 116. Plasma and urine RBP4 and transthyretin (TTR)
were measured by enzyme-linked immunosorbent assay kits
according to the manufacturer’s protocol (R&D Systems,
Minneapolis, MN, USA, and Abnova, Taipei, Taiwan, respec-
tively). RBP4 and TTR standard curves were constructed at
concentrations of 0-100 ng/mL and 0-31.25 ng/mL, respec-
tively.

Statistical analyses

Baseline characteristics were tabulated according to four
categories of kidney function: CKD stages 1-2 (eGFR =60
mL/min/1.73 m?), CKD stages 3-5 (eGFR <60 mL/min/1.73
m?, not yet on dialysis), participants who had initiated dialy-
sis, and healthy subjects. Descriptive statistics are presented
as mean and SD or median (interquartile range [IQR]) for con-
tinuous variables and number and proportion for categorical
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Table 1 Demographic and clinical features of the study population
Healthy
subjects CKD 1-2 CKD 3-5 Dialysis
n=21 n=15 n=30 n=10
Male 15 (72) 9 (60) 13 (43) 6 (60)
Female 6 (28) 6 (40) 17 (57) 4 (40)
BMI 28 (7) 30 (6) 34 (11) 31 (6)
Age, y 57 (14) 50 (11) 57 (8) 54 (15)
White 15 (71) 9 (60) 16 (53) 2 (20)
African 4 (19) 5(33) 11 (37) 5 (50)
American
Diabetes 6 (19) 5(33) 15 (50) 6 (60)
UACR median N/A 25 (4-107) 71 (12-371) 853 (217-1,848)
(IQR)
eGFR N/A 71 (5) 36 (11) N/A

BMI, body mass index; CKD, chronic kidney disease; eGFR, estimated
glomerular filtration rate; IQR, interquartile range; N/A, not available; UACR,
urine albumin-to-creatinine ratio.

Descriptive statistics are presented as means (SD) for continuous variables
and N (%) for categorical variables except where specified.

variables. Retinoid and binding protein concentrations were
reported as medians (25th and 75th percentile).

Linear regression was used to evaluate associations of kid-
ney function and retinol and RBP4 and to estimate p values.
The P for trend statistics were obtained using the Wald test
for the four ordinal categories of kidney function, among all
participants. Vitamin A metabolite concentrations were log-
transformed in order to examine linear associations of eGFR
with the metabolites. Secondarily, analyses were stratified by
diabetes status.

All p values were two-tailed (¢ = 0.05). Analyses were per-
formed using STATA (release 13.1; StataCorp, College Sta-
tion, TX, USA) or Prism software (GraphPad, La Jolla, CA,
USA).

RESULTS

Among participants with CKD, the mean (SD) eGFR was
44.18 (20.86) mL/min/1.73m?, mean age was 54.73 years,
and mean BMI was 32.54 kg/m?. Similar demographics were
observed in matched healthy control subjects (Table 1).

Plasma concentrations of RBP4 (Figure 2a,b) and retinol
(Figure 2c¢,d) were significantly higher as eGFR (categorized
by CKD stage and as a continuous variable) declined. There
was greater variability in subjects with CKD than healthy
subjects; variability was highest among patients on dialysis
(Table 2). In healthy subjects, the median plasma retinol bind-
ing protein (RBP) concentration was 1.3 (25th and 75th per-
centile 1.1, 1.5) uM (15% difference between the median and
75th percentile), whereas in patients receiving dialysis, the
median RBP concentration was significantly higher, 2.9 (2.3,
5.9) uM (103% difference between median value and 75th
percentile).

Plasma retinol concentrations were higher in patients
with CKD at all stages, compared with healthy subjects
(Figure 2c). The highest retinol levels were observed in
patients with CKD at stages 3-5 and dialyzed patients (Table
2). Among patients with CKD, lower eGFR was associated
with higher plasma retinol (p = 0.006; Figure 2d) and this
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association was unaffected by diabetes status. A significant
difference in plasma retinol concentration (8 = 6.09; 95%
confidence interval = 0.83-11.35 uM per 10 mg/mL/1.73m?
decrease in eGFR) was observed. This association was
not altered when adjusted for the presence of diabetes
(8 = 6.10; 95% confidence interval = 0.79-11.42 uM per
10 mg/mL/1.73m? decrease in eGFR; Table 2). Circulating
retinol concentrations were less variable in healthy subjects
(IQR = 0.53) than in patients with CKD (IQR = 2.65). CKD
was not associated with molar ratios for retinol:RBP4 (Table
2). Plasma retinol concentrations were correlated with RBP4
in healthy subjects and in those with CKD (Supplementary
Figure S1).

The atRA concentrations were higher in CKD and dial-
ysis patients compared with healthy subjects (p < 0.001;
Figure 3a), the atRA/retinol ratio was not significantly differ-
ent from controls in any of the groups with CKD (Figure 3b).
The 13cis-RA concentrations and the 13cis-RA/atRA ratio
(Figure 3c,d) were lower in patients with CKD at all stages
and on dialysis (p < 0.001) compared with healthy subjects.

RBP4 renal clearance (p = 0.3093; Figure 3e) was not
associated with eGFR despite higher urine RBP4 concen-
trations among patients with CKD (p = 0.0001; Figure 3f).
Similarly, among CKD participants, macroalbuminura (urine
albumin-to-creatinine ratio >300 mg/g) was associated with
higher urine RBP4 levels, relative to normoalbuminuric partic-
ipants (Supplementary Figure S2). In a random subset of 14
patients with CKD, we were able to detect retinol in the urine
of the subjects at concentrations ranging from 50 nM to 800
nM (data not shown). These concentrations were extremely
low in comparison to the RBP4 concentrations measured
(1-400 uM). We were unable to detect RBP4 in the urine of
healthy subjects.

Plasma concentrations of TTR were unaltered in patients
with CKD (Figure 4a) with an increased plasma RBP4/TTR
ratio with increasing CKD stage (Figure 4b). Among patients
with CKD, mean (IQR) vitamin A intake based on total vitamin
A activity was 6,649 (5,575) IU or 766 (372) g retinol activ-
ity equivalents. Mean (IQR) retinol intake was 520 (304) ug
and the intake of provitamin A carotenoid derived g-carotene
equivalent was 2,949 (2,801) ug. RBP4, retinol (Figure 4c,d),
atRA, and 13cis-RA (Supplementary Figure S3) concentra-
tions were not associated with vitamin A intake in patients
with CKD (all p values > 0.3). Among subjects with CKD,
BMI (Figure 4e) was not associated with higher circulating
RBP4 concentrations (p = 0.35). Similarly, when healthy sub-
jects were included in the analysis of the association between
BMI and plasma RBP4 concentration, no association
between BMI and RBP4 plasma concentration was observed
(p = 0.94).

DISCUSSION

This study unequivocally demonstrates that vitamin A home-
ostasis is altered in adults with CKD and that the increased
RBP4 and retinol concentrations observed in CKD also
result in increased concentrations of the active metabo-
lite of vitamin A, RA. This suggests that in patients with
CKD, RA concentrations in retinoid target tissues, such as
the immune system, liver, and skin, are also altered as
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Figure 2 Patients with chronic kidney disease (CKD) exhibit elevated (a, b) plasma retinol binding protein 4 (RBP4) concentrations and
(c, d) plasma retinol concentrations analyzed categorically by CKD stage and as continuous variables. *p < 0.05; **p < 0.001.

serum RA concentrations have been shown to correlate with
tissue concentrations and reflect altered retinoid metabolism
in target tissues.’® Increased retinol, RBP4, and RA con-
centrations may lead to adverse outcomes; chronically ele-
vated plasma retinoid concentrations have been associ-
ated with osteoporosis/osteopenia,!” cardiac events,® and
hypertriglyceridemia (and other dyslipidemias),’® which are
distressingly common in patients with CKD. Normalizing
retinoid homeostasis in this population could play a major
role in reducing these coincident conditions. Plasma con-
centrations of retinol, atRA, 13cis-RA, RBP4, and TTR, and
the retinol:RBP4 and RBP4:TTR ratios were within twofold
of the values reported in children with CKD by Manick-
avasagar et al.’ Additionally, our reported values for RBP4
and RBP4:TTR were also similar to those reported by Henze
et al.* and Frey et al.® in adult CKD populations (e.g., our
reported RBP4 concentration of 2.6 M in subjects with CKD
vs. 3.8 uM and 3.75 uM, respectively).

The findings of increased RBP4 and retinol are in agree-
ment with previous studies that quantified RBP4 and/or
retinol concentrations in patients with CKD with renal
insufficiency®'? and a variety of comorbidities.>*881" This
increase in circulating RBP4 exists despite the inevitable loss
of RBP4 due to proteinuria that is common, and is a defining
diagnostic feature, in patients with CKD. In previous stud-
ies, the underlying mechanisms for the aberrant vitamin A

homeostasis in this population were not resolved and it
remained unclear whether the altered vitamin A homeosta-
sis was a result of comorbidities associated with CKD (such
as diabetes) vs. CKD itself. Most importantly, the relationship
among CKD, diabetes, and altered vitamin A homeostasis
has not been established. Erikstrup et al.® and Cho et al.?°
reported an elevated RBP-to-retinol ratio and RBP4 con-
centration in subjects with type 2 diabetes mellitus, but nei-
ther group controlled for declining kidney function frequently
observed in this population. On the other hand, Frey et al.®
showed that RBP4 and retinol were elevated in CKD but did
not ascertain the diabetes status of the subjects. Our data
show that the differences observed in retinol and RBP4 con-
centrations are most likely due to CKD and not diabetes,
and suggest that the changes in circulating RBP4 concen-
trations observed in patients with diabetes were mainly due
to renal impairment associated with diabetes. This interpreta-
tion is in agreement with previous findings that children with
CKD (without diabetes) have similar alterations in vitamin A
homeostasis® as observed here in adult patients. Several pre-
clinical models have also suggested that obesity alters RBP4
and retinol secretion as adipose tissue (in addition to the
liver) can synthesize RBP4.2"-?? To address this, we demon-
strated that, in individuals with CKD, obesity has a minimal
effect of RBP4 concentrations. RBP4 is synthesized mainly
in the liver and adipose tissue; the liver secretes only RBP4
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Table 2 Plasma retinoid and retinol binding protein concentrations (median [25th and75th percentile])

Plasma Plasma Plasma Plasma 13 Plasma total Plasma Plasma TTR Plasma ratio Plasma ratio
retinol retinal atRA cis-RA RA RBP4 (M) retinol:RBP4 RBP4:TTR
(«M) (nM) (nM) (nM) (nM) (eM)
Healthy subjects,n =21 2.4 (2.2-2.8) 8.2 (6.8-9.5) 1.7 (1.4-2.1) 4.4(3.3-5.5) 5.9(5.0-7.6) 1.3(1.1-1.5) 3.7 (2.9-4.6) 1.8(1.7-1.9) 0.4 (0.3-0.5)
CKD1-2,n=15 4.2 (3.0-46) 6.2(4.9-6.7) 4.0(3.2-44) 20(1.5-2.6) 58(4.9-7.3) 1.6(1.3-2.1) 3.2(2.6-5.1) 2.1(1.7-2.8) 0.5(0.4-0.6)
CKD 3-5,n =30 5.2 (3.7-6.6) 6.9(5.6-8.2) 3.3(2.6-3.8) 2.0(1.1-2.5) 5.2(4.1-6.5) 2.6(1.8-3.2) 3.0(2.5-5.1) 1.9(1.6-2.4) 0.8(0.5-1.0)
Dialysis, n = 10 5.2(.0-7.2) 7.3(4.1-8.5) 3.0(2.1-4.1) 0.9(0.3-1.1) 4.6(3.2-5.7) 29 ((2.2-5.9) 2.8(2.3-3.8) 1.5(0.9-2.5) 0.8 (0.6-1.1)
P-for trend < 0.0001 0.013 0.001 < 0.0001 0.006 < 0.0001 0.562 0.776 < 0.0001
Percent difference in 6.09 - —4.28 —0.08 —2.21(-5.14, 11.10(3.20, 2.57(-6.01, —5.01 8.29 (1.42,
analyte concentration (0.83-11.35) (-9.73,1.17) (-9.70,8.16) 0.71)0.136  19.00) 0.007 11.16) 0.548 (-12.15, 15.17) 0.019
per 10 mg/mL/1.73m? 0.024 0.121 0.863 2.14) 0.165
lower eGFR (beta,
95% Cl), among
participants with
non-dialysis CKD,?
n=45
Percent difference in 6.10 - —-4.27 -0.07 —2.53 11.15(3.30, 2.68(-5.77, -5.04 8.25(1.32,
analyte concentration  (0.79-11.42) (—9.40,0.86) (—9.74,8.25) (—5.44,0.38) 19.00) 0.006 11.13)0.525 (—12.17, 15.18) 0.021
per 10 mg/mL/1.73m? 0.025 0.100 0.868 0.088 2.07) 0.160

lower eGFR (beta,
95% CI)? adjusted for
diabetes among
participants with
non-dialysis CKD,?
n=45

atRA, all-trans retinoic acid; Cl, confidence interval; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; RA, retinoic acid; RBP4, retinol

binding protein 4; TTR, transthyretin.

aLinear regression was used to evaluate associations of kidney function and retinol and RBP4 and to estimate p values. Analyte concentrations were log-
transformed in order to examine linear associations with eGFR. Values indicate the slope of the regression line per 10 units of eGFR. P-for trend statistics
were obtained using the Wald test for the four ordinal categories of kidney function among all participants.

bound to retinol.?® This was not a factor in our population as
plasma RBP4 concentrations were not associated with BMI
and, hence, the effects observed are likely predominantly due
to CKD itself.

The elevated RBP4 and retinol concentrations in CKD have
largely been proposed to be due to decreased renal clear-
ance of RBP-retinol. Accumulation of circulating RBP4 and
retinol in our CKD study population is explainable by either
the impaired ability of the kidneys to excrete RBP4 and retinol
or increased hepatic synthesis of RBP4 with accompanying
release of retinol from hepatic stores. Because the TTR-RBP4
complex is too large to be filtered, whereas RBP4 is filtered
by the glomerulus, an alteration in the TTR to RBP4 ratio
could result in altered RBP4 renal clearance. Plasma and
urinary RBP4 in patients with CKD may also be affected by
impaired megalin-mediated reabsorption of many proteins in
the diseased proximal tubule, despite the fact that filtration
is decreased.

Our results show that, in CKD, the RBP4 concentrations
in the urine are increased with no change in the renal clear-
ance of RBP4 suggesting altered renal clearance of retinol,
and RBP4 and retinol are not responsible for the increased
plasma concentrations. In addition, the TTR/RBP4 ratio
was unchanged in CKD. Hence, we hypothesized that the
increased retinol concentrations may be due to decreased
metabolism of retinol to atRA. If metabolism of retinol to atRA
by aldehyde dehydrogenase 1A1 (ALDH1A1) and ALDH1A2
was decreased, the atRA/retinol ratio should be decreased
in patients with CKD. However, we found that this ratio was
unchanged in patients with CKD suggesting that the etiology
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of increased retinol and RBP4 concentrations is increased
synthesis (de-esterification) of retinol in the liver and not
decreased metabolism to atRA.

We detected extremely low concentrations of retinol in the
urine in comparison to RBP4 concentrations, with an RBP4-
to-retinol ratio ranging from 200 to 1,000, confirming that
holo-RBP4 is not excreted in urine. At present, it is impos-
sible to differentiate whether the retinol in urine is a result of
approximately 1% of RBP4 in urine being in the holo form
or excretion of retinol directly into the urine. Our observa-
tion is interesting given that plasma RBP4 is reported to be
present as 86% and 67% holoprotein in healthy controls and
patients with CKD, respectively.® Clearly, the kidneys play a
role in homeostatic regulation of both the retinoids and asso-
ciated binding proteins, and the loss of megalin-mediated
reasbortive function in patients with CKD results in the uri-
nary loss of albumin in tandem with other proteins, including
RBP4 (Supplementary Figure S2).

The 13cis-RA is formed in humans either via ALDH1A1
mediated synthesis from 13cis-retinal’® or via isomeriza-
tion from atRA via glutathione S-transferase and glutathione
mediated processes. However, the native precursor for
18cis-RA is not known, therefore, the mechanism for the sig-
nificantly decreased 13cis-RA concentration and decreased
13cis-RA/atRA ratio cannot be determined. Given that 13cis-
RA and atRA can be generated by largely independent path-
ways, further work is required to evaluate the importance
of this observation. Possible mechanisms include altered
isomerization from atRA to 13cis-RA due to increased oxida-
tive stress, or that ALDH1A1, the only ALDH1A enzyme
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forming 13cis-RA,'® is downregulated in the liver. Collec-
tively, all the data point to altered liver retinoid handling and
homeostasis in CKD.

We propose that altered signaling between the kidneys
and liver in CKD affects liver RBP4 and retinol synthesis
and results in elevated circulating RBP4 and retinol con-
centrations. The effect of kidney disease on hepatic func-
tion has been well-described for hepatic cytochrome P450
enzymes and hepatic drug transporters.>* Uremic toxins,
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Figure 3 (a) All-trans retinoic acid (atRA) concentrations are higher in patients with chronic kidney disease (CKD) and undergoing dialysis
compared with healthy subjects, but the (b) atRA/retinol ratio does not change in patient with CKD. (c) The 13cis-RA concentrations are
lower in patients with CKD at all stages and on dialysis compared with healthy subjects and the (d) 13cis-RA/atRA ratio was lower in all
patients with CKD compared with healthy controls. (e) Retinol binding protein 4 (RBP4) renal clearance does not change in patients with
declining estimated glomerular filtration rate (¢GFR) despite (f) higher urine RBP4 concentrations among patients with CKD. **p < 0.001.

which accumulate in patients with CKD, have been shown
to both directly inhibit enzyme activity as well as interfere
with transcriptional activation, resulting in downregulation of
gene expression mediated by proinflammatory cytokines.?*
Further research is necessary to determine if uremic tox-
ins can also affect enzymes in the retinoid metabolism
pathway, however, we believe that uremia is not solely
responsible for the observed changes as altered retinoid
metabolism is observed in even stages 1 and 2 CKD when the
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Figure 4 (a) Plasma transthyretin (TTR) concentrations are not associated with stage of chronic kidney disease (CKD) and (b) the retinol
binding protein 4 (RBP4)/TTR ratio is higher in subjects with CKD than in healthy subjects and highest among patients on dialysis. (c)
RBP4 and (d) retinol are not associated with intake of vitamin A activity units in patients with CKD (p > 0.3). (e) Body mass index (BMI) is

also not associated with plasma RPB4 concentration. **p < 0.001.

uremic burden is minimal. As such, it is plausible that CKD
directly affects liver RBP synthesis and retinol ester release
as retinol, and at the same time decreases 13cis-RA syn-
thesis by ALDH1A1 or by glutathione mediated mechanisms
from retinol and atRA.

This study has several limitations. First, we have used
a commercial enzyme-linked immunosorbent assay kit for
quantifying RBP4; some investigators have expressed con-
cern that enzyme-linked immunosorbent assay is less accu-
rate than conventional Western blo’[ting.25 However, we
believe that our methodology, which includes a standard
curve that is linear within the relevant range, is sufficient
for accurate measurement of RBP4. Second, we measured
total RBP4 and did not distinguish between holo-RBP4 and
apo-RBP4; this may be relevant for future studies as apo-
RPB4 can be regulated by a feedback mechanism that reg-
ulates mobilization and release of holo-RBP4 from hepatic
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retinoid stores.® A related source of confounding may be that
below some GFR threshold (which has not been determined),
the filtered load of apo-RBP may exceed the maximum trans-
port capacity by the proximal tubule, which would result in a
nonlinear relationship between the excretion rate and con-
centration of plasma apo-RBP. However, despite these limi-
tations, we believe that our results implicate changes in hep-
atic synthesis and that secretion of RBP4/retinol is involved
in the dysregulation observed in patients with CKD.
Normalizing retinoid homeostasis in patients with
CKD could play a major role in reducing coincident
osteoporosis/osteopenia,’” cardiac events,'® and hyper-
triglyceridemia (and other dyslipidemias).’® A clearer under-
standing of the pathophysiologic mechanism of elevated
RBP4 and retinoids is critical in order to develop pharmaco-
logic and dietary interventions to reduce circulating retinoid
concentrations and avoid common comorbid conditions.



The observation that retinoid homeostasis is significantly
altered even in stages 1 and 2 CKD suggests that altered
retinoid status may be an early and sensitive marker of
impaired kidney function or may be a predictor of the rate of
decline in GFR. Based on this study, further longitudinal study
associating retinoid homeostasis with clinical outcomes is
warranted.

In summary, we have shown that circulating retinol and
its carrier protein levels are elevated in patients with CKD
and that this effect is independent of vitamin A dietary intake
and diabetes status. This effect is due to increased hep-
atic synthesis and secretion of RBP4 and retinol mediated
by an uncharacterized signaling pathway between the kid-
neys and liver. Further study is required in order to define the
mechanisms by which kidney disease affects hepatic protein
expression and activity. This study highlights the necessity to
redefine CKD not as an isolated disease, but as a global con-
dition that affects many organ systems.
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