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ABSTRACT

Background. Adiponectin plasma levels in chronic kidney
disease (CKD) are two to three times higher than in indivi-
duals with normal kidney function. Despite adiponectin’s
anti-diabetic, anti-inflammatory and anti-atherogenic proper-
ties, patients with CKD have insulin resistance, systemic in-
flammation and accelerated atherogenesis. Hence, although
adiponectin production is increased by adipose tissue in end-

stage renal disease (ESRD), it is unclear if its effects on metab-
olism remain intact.
Methods. To determine if there is adiponectin resistance in
ESRD, we measured tissue levels of adiponectin receptor-1
(AdipoR1) and adiponectin downstream effectors in ESRD
patients compared with normal kidney function controls.
Blood and tissue samples were obtained from participants at
the time of kidney transplantation or kidney donation. A
follow-up blood sample was obtained 3–6 months after trans-
plantation.

O
R
IG

IN
A
L
A
R
T
IC

L
E

© The Author 2014. Published by Oxford University Press
on behalf of ERA-EDTA. All rights reserved.

2268

http://www.cdc.gov/diabetes/pubs/pdf/kidney_Factsheet.pdf(2010
http://www.cdc.gov/diabetes/pubs/pdf/kidney_Factsheet.pdf(2010
http://www.cdc.gov/diabetes/pubs/pdf/kidney_Factsheet.pdf(2010
http://www.cdc.gov/diabetes/pubs/pdf/kidney_Factsheet.pdf(2010
http://www.cdc.gov/diabetes/pubs/pdf/kidney_Factsheet.pdf(2010
http://www.cdc.gov/diabetes/pubs/pdf/kidney_Factsheet.pdf(2010
http://www.cdc.gov/diabetes/pubs/pdf/kidney_Factsheet.pdf(2010


Results. AdipoR1 was higher in muscle and peripheral blood
mononuclear cells collected from ESRD patients. There was also
a nonsignificant increase in AdipoR1 in visceral fat of ESRD
compared with controls. Compared with controls, phosphoryl-
ation of the adiponectin downstream effector adenosine mono-
phosphate-activated protein kinase (AMPK) was higher in ESRD
while acetyl-CoA carboxylase phosphorylation (ACC-P) and car-
nitine palmitoyl transferase-1 (CPT-1) levels were lower. In vitro,
exposure of C2C12 cells to uremic serum resulted in upregulation
of AdipoR1 and increased phosphorylation of AMPK but de-
creased ACC-P and CPT-1 expression.
Conclusion. Both our in vivo and in vitro observations indi-
cate that uremia results in upregulation of AdipoR1 but adipo-
nectin resistance at the post-receptor level.

Keywords: adiponectin, cell signaling, ESRD, inflammation

INTRODUCTION

Adipokines, cytokines produced by adipose tissue, may serve
as a link between obesity and its detrimental consequences [1].
Adiponectin is the most abundant cytokine produced by
adipose tissue [2] and, unlike most other cytokines, has anti-
inflammatory, anti-diabetic and anti-atherogenic properties
[1]. Adiponectin levels measured in end-stage renal disease
(ESRD) patients are two to three times higher than in indivi-
duals with normal kidney function [3]. Plasma levels of adipo-
kines are elevated in ESRD independent of the body mass
index (BMI) [4, 5] and had been associated with atherosclerosis,
erythropoietin-resistant anemia, dampening of the immune
response, malnutrition and increased mortality [6]. Adiponec-
tin levels decrease after renal function is restored post-kidney
transplantation, but never normalize to levels seen in patients
with normal kidney function [7, 8]. ESRD and chronic kidney
disease (CKD) patients do not have the beneficial effects of
high adiponectin levels, possibly because these patients have
higher circulating inflammatory cytokines, greater insulin re-
sistance and have accelerated atherosclerosis [9].

We recently demonstrated increased adiponectin produc-
tion from both visceral and subcutaneous adipose tissue in
ESRD patients compared with normal kidney function con-
trols [4], but it is not known if the adiponectin signaling
pathway is altered in the uremic state. There are limited data
on adiponectin receptors and downstream signaling in ESRD
patients compared with normal kidney function controls.

Adiponectin has two membrane receptors, Adiponectin Re-
ceptor-1 and Adiponectin Receptor-2 (AdipoR1 and AdipoR2)
[10]. There are no clear differences in the intracellular signal-
ing pathways of AdipoR1 and AdipoR2 because both activate
50 adenosine monophosphate-activated protein kinase (AMPK)
and PPAR alpha pathways. Depending on the tissue studied,
expression of one of the receptors will predominate. AdipoR1
seems to be more tightly linked to activation of AMPK path-
ways that inhibit gluconeogenesis and is more prominent in
muscle tissue. Conversely, AdipoR2 seems to be associated
more closely with the activation of PPAR alpha pathways that
promote energy dissipation and the inhibition of

inflammation and oxidative stress. AdipoR2 is expressed at
higher levels in liver and adipose tissue.

Adiponectin binds to AdipoR1 in muscle tissue and acti-
vates the AMPK pathway by increasing the phosphorylation of
AMPK. When the AMPK pathway is activated, it inactivates
acetyl coenzyme A carboxylase (ACC) via phosphorylation
resulting in fatty acid oxidation, glucose uptake and lactate
production. The inactivation of ACC causes a decreased pro-
duction of malonyl coenzyme A, which increases the production
of carnitine palmitoyl transferase-1 (CPT-1), which is the rate-
limiting step for fatty acid oxidation [11]. Consequently, tissue
triglyceride content decreases and insulin sensitivity increases.

Metabolic and cardiovascular diseases are leading causes of
morbidity in patients with CKD and ESRD. Whether the ele-
vated adiponectin levels found in patients with kidney disease
are cardio-protective remains controversial [12–14]. The dis-
agreement is likely due to the complexity of the adiponectin
signaling network as well as the lack of understanding of the
biology of the hormone in the different stages of kidney disease.

If there are alterations in adiponectin signaling due to
uremia, interventions could be developed to restore the pro-
tective functions of adiponectin in ESRD. The purpose of this
study was to investigate whether the adiponectin signaling
pathway is altered in patients with ESRD.We harvested adipose
and muscle tissue from ESRD patients and donors with nor-
mal kidney function at the time of kidney transplantation. In
both ESRD patients and controls, we quantified tissue levels of
AdipoR1 and adiponectin downstream effectors.

MATERIALS AND METHODS

Design and subjects

We conducted a case–control study to determine mRNA
and protein expression of AdipoR1 in muscle, blood and
adipose tissue of ESRD participants and controls with normal
kidney function. In muscle tissue, we also quantified expres-
sion of proteins that are part of adiponectin’s cell signaling
pathway including AMPK-P, acetyl-CoA carboxylase phos-
phorylation (ACC-P) and CPT-1.

Participants were recruited from the Thomas Jefferson Uni-
versity Hospital (TJUH) transplant program. Criteria for in-
clusion in the study included having ESRD and undergoing
kidney transplantation at our institution. ESRD patients on
renal replacement therapy or with CKD Stage 5 not on renal
replacement therapy were included. The control group con-
sisted of kidney donors with normal kidney function. Multi-
organ transplants and patients with a functional pancreas
transplant were excluded. Blood samples were obtained after
fasting on the morning of transplantation or donation. While
the participants were under general anesthesia for kidney do-
nation or kidney transplantation, 250 mg of omental visceral
fat, 250 mg of subcutaneous fat and 100 mg of skeletal muscle
from the rectus abdominis were obtained. A follow-up blood
sample was obtained 3–6 months post-transplantation once
serum creatinine levels and immunosuppressive therapy had
remained stable for at least 1 month (patients had unchanged
calcineurin inhibitor dose with goal trough tacrolimus level of
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5–7 ng/mL). The TJUH immunosuppression protocol with-
draws steroids after the second month post-transplantation
unless the participants were highly sensitized or had lost a
prior transplant secondary to acute rejection. The immuno-
suppression regimen includes twice-daily tacrolimus to achieve
a goal trough level of 5–7 ng/mL 3 months after transplant-
ation and mycophenolic acid 1000 mg twice daily. All patients
in the study cohort were maintained on tacrolimus. Only two
participants did not receive mycophenolic acid, and one of
these was maintained on azathioprine. Regarding steroid treat-
ment, 10 of 21 ESRD participants received 5 mg of prednisone
for maintenance immunosuppression at the time of the
follow-up visit.

The study protocol was approved by the Institutional Review
Board at TJU and written informed consent was obtained from
each participant.

Biochemical assays

Approximately 100 mg of adipose tissue and 50 mg of
muscle were submerged in RNAlater (Ambion, Carlsbad, CA),
and blood was stored in Paxgene blood RNA tubes (Preanaly-
tix, Hombrechtikon, Switzerland). RNA extraction from per-
ipheral blood mononuclear cells (PBMCs) was performed
with Paxgene blood RNA kit (Preanalytix) and RNA extrac-
tion from tissue was performed with RNeasy Lipid Tissue
Mini Kit (Qiagen, Valencia, CA). AdipoR1 mRNA differential
expression was performed with TaqMan Assays-on-Demand
(Applied Biosystems, Foster City, CA). Reverse transcription
and real-time polymerase chain reactions (RT-PCRs) were
performed under universal conditions. The final expression
value was normalized to GAPDH. Data are presented as the
average ratios in tissue of target mRNA to a reference gene in
arbitrary units. Adipose tissue immunoblot methods have pre-
viously been described [4]. For muscle immunoblot, 50 mg of
muscle from ESRD participants and controls were homoge-
nized with a bead beater in 400 mL of Laemmli buffer with
protease and phosphatase inhibitors. The homogenate was
spun at 1500 g for 10 min at 4°C and the upper layer was re-
trieved for protein quantification using the BCA method
(Thermo Scientific, Rockford, IL). Twenty micrograms of the
sample were mixed with 4X NuPAGE LDS sample buffer (Life
Technologies, Grand Island, NY) and mercaptoethanol, and
then loaded in a polyacrylamide gel (NuPAGE Novex 4–12%
Bis Tris gels, NuPAGE Tris acetate 3–8% gels and Novex Tris–
glycine 8–16%; Life Technologies) under reducing and heated
conditions. Proteins were then transferred to a polyvinylidene
fluoride membrane (Life Technologies). After transfer, mem-
branes were blocked with 5% bovine serum albumin. Mem-
branes were incubated with the primary antibody [AdipoR1,
CPT-1 (Abcam, Cambridge, MA, USA), β-actin (Santa Cruz
Biotechnology, Santa Cruz, CA), tubulin, AMPKp and ACCp
(Cell Signaling Technology, Danvers, MA)] overnight at 4°C.
Horseradish peroxidase conjugate secondary antibodies were
incubated for 1 h, and immunoreactivity, for target proteins
and controls, was detected by an enhanced chemilumines-
cence system (SuperSignal West Dura Chemiluminescent
Substrate; Thermo Scientific, Rockford, IL). Densitometry

analysis of the blots was performed using imageJ software,
http://
rsbweb.nih.gov/ij/.

C2C12 culture and experiments

C2C12 myoblasts were obtained from American Type
Culture Collection (ATCC, Manassas, VA). Cells were cultured
in DMEM media supplemented with 20% fetal bovine serum,
100 U/mL penicillin and 100 µg/mL streptomycin (Life Tech-
nologies). Cells were differentiated to myotubes for the normal
and uremic serum experiments by changing the growth media
to DMEM and 2% horse serum (Gibco; Life Technologies).
After differentiation, the media were changed to DMEM with
uremic or normal serum obtained from study participants. After
5–48 h of exposure to uremic and normal serum, the cells were
washed and lysed for western blot (WB) analysis with Laemmli
buffer as previously described in the muscle immunoblotting
section. Experiments were performed at least three times.

Statistical methods

Continuous data were summarized by the mean and SD.
Data that were not normally distributed were presented as the
median and interquartile range. Categorical data were sum-
marized by frequencies and percentages. The Mann–Whitney
U-test was used to compare differences in mRNA expression
between ESRD and controls and the Student t-test to compare
differences in densitometry readings. Correlation of mRNA
expression levels between PBMC and tissue levels (skeletal
muscle, visceral fat and subcutaneous fat) was calculated using
Spearman’s correlation coefficients. The significance level for
all tests was set, in advance, at 0.05. All statistical analyses were
conducted using SAS 9.3 (SAS Institute, Cary, NC).

RESULTS

Baseline characteristics

Our study sample included 21 ESRD patients without dia-
betes and 23 kidney donors with normal renal function as con-
trols. The clinical characteristics of the study population are
described in Table 1. In summary, the ESRD participants were
older (46 versus 43 years, P = 0.39), heavier (81.6 versus 73.9
kg, P = 0.11) and had higher BMI (27 versus 25.7, P = 0.36) al-
though the differences were not statistically significant. Com-
pared with ESRD participants, the controls were also more
frequently females (65 versus 29%, P = 0.02), but the percen-
tages of African-American, Caucasian and other races in both
groups were not significantly different (P = 0.99). The differ-
ences in baseline characteristics between our ESRD partici-
pants and healthy controls are representative of the ESRD and
kidney donor population in the USA with older age and more
obesity in recipients than donors and more female donors
than recipients [15, 16].

AdipoR1 protein and mRNA expression in ESRD

As shown in Figure 1, AdipoR1 mRNA and protein levels
in skeletal muscle were higher in ESRD participants than in
normal kidney function controls as detected by RT PCRs
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(Figure 1A), WB analysis (Figure 1B) and densitometry
(Figure 1C). We also studied protein and mRNA expression
levels of AdipoR1 in visceral and subcutaneous adipose tissue.
Figure 2 demonstrates higher AdipoR1 mRNA expression in
visceral fat (Figure 2A) and subcutaneous fat (Figure 2B). Al-
though not statistically significant, AdipoR1 protein levels
were higher in visceral adipose tissue (Figure 2C).

We then quantified AdipoR1 mRNA expression in PBMC
in ESRD participants before kidney transplantation and 3–6
months post-transplantation when renal function was stable.
As shown in Figure 3, AdipoR1 mRNA levels in PBMC were
higher in ESRD participants compared with normal kidney
function controls before transplantation (P = 0.01). Following
renal transplantation, AdipoR1 mRNA levels in PBMC re-
mained higher compared with controls. There was no signifi-
cant difference in AdipoR1 mRNA expression levels in PBMC
pre- and post-kidney transplantation.

Due to the limited availability of adipose and muscle tissue
longitudinally, we studied the correlation of adiponectin re-
ceptor levels in tissue and PBMC. We detected a statistically
significant correlation of AdipoR1 mRNA levels between
PBMC and subcutaneous fat in ESRD participants (Figure 4,

Table 1. Participants baseline characteristicsa

Controls
(n = 23)

ESRD, non-DM
(n = 21)

Pb

Age (years) 43 (35, 49) 46 (40, 52) 0.39
BMI (kg/m2) 25.7 (22.1, 28.9) 27.0 (23.8, 30.7) 0.36
Height (in) 67 (64, 71) 69 (67, 72) 0.19
Weight (lb) 163 (144, 186) 180 (166, 205) 0.11
Fasting blood sugar
(mg/dL)

87 (81, 92) 91 (86, 96) 0.14

Creatinine (mg/dL) 0.8 (0.7, 0.9) 7.7 (5.7, 9.6) <0.01
Ccr (mL/min)d 118 (109, 142) 9.5 (8, 15)c <0.01
Sex (female) 15 (65%) 6 (29%) 0.02
Race 0.99
African-American 4 (17%) 4 (19%)
Caucasian 17 (74%) 15 (71%)
Other 2 (9%) 2 (10%)

BMI, body mass index; Ccr, creatinine clearance; ESRD, end-stage renal disease.
aMedian (first quartile, third quartile) for continuous data or frequencies (percent)
for categorical data.
bWilcoxon test or Fisher’s exact test.
cn = 8 computed for ESRD participants that were not yet on dialysis.
dClearance in controls measured by 24 h urine collection, in ESRD participants that
were not on dialysis pretransplantation by modification of diet in renal disease equation.

F IGURE 1 : AdipoR1 mRNA and protein expression is increased in skeletal muscle of ESRD participants. (A) The mRNA expression of
AdipoR1 in muscle of ESRD participants compared with normal kidney function controls (*P < 0.001). (B) The protein expression of AdipoR1
protein in muscle of three ESRD participants compared with three controls by WB. (C) The representative densitometry analysis of the protein
expression of AdipoR1 in muscle of ESRD participants versus controls (**P < 0.05).
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P = 0.006). No correlation was found between AdipoR1
mRNA levels in PBMC and visceral fat or skeletal muscle in
ESRD participants or between PBMC and either fat or muscle
in controls (data not shown).

Adiponectin downstream effectors in uremic muscle

Adiponectin downstream effectors were assayed in skeletal
muscle of ESRD participants and controls (Figure 5).

F IGURE 3 : AdipoR1 mRNA 1 expression is higher in PBMCs of
ESRD and kidney transplant recipients compared with controls.
AdipoR1 mRNA expression was assayed in PBMC of ESRD
participants before kidney transplantation and after transplant once
kidney function was stable at nadir. AdipoR1 mRNA expression
levels in kidney disease patients were compared with normal kidney
function controls (*P < 0.05).

F IGURE 4 : Correlation of AdipoR1 mRNA levels between PBMC
and tissue in ESRD participants. AdipoR1 mRNA levels in PBMC
showed a significant correlation with the mRNA levels in
subcutaneous fat of ERSD participants (P < 0.01).

F IGURE 2 : AdipoR1 mRNA expression is increased in adipose tissue of ESRD. (A) The mRNA expression of AdipoR1 mRNA in subcutane-
ous fat of ESRD participants versus normal kidney function controls (*P < 0.001). (B) The mRNA expression of AdipoR1 in visceral fat of ESRD
participants versus normal kidney function controls (**P < 0.05). (C) A trend in higher protein expression of AdipoR1 in visceral fat of two
ESRD participants versus two normal kidney function controls by WB with the representative densitometry analysis (between groups P = 0.28).
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Compared with controls, phosphorylation of AMPK was
higher (Figure 5A and B) and phosphorylation of ACC
(Figure 5C and D) was lower in muscle tissue of ESRD partici-
pants.
CPT-1 protein levels (Figure 5E and F) were also lower in ESRD
participants compared with normal kidney function controls
although this difference did not reach statistical significance.

Exposure to uremic serum upregulates AdipoR1
in C2C12 cells

To determine if the changes in adiponectin downstream effec-
tors and the increase in AdipoR1 seen in ESRD participants are
secondary to uremia, we exposed a myoblast cell line (C2C12) to
different percentages of uremic and normal human serum.

Figure 6A and B demonstrates that muscle cells exposed to
uremic serum have higher levels of AdipoR1, increased phos-
phorylation of AMPK but decreased phosphorylation of ACC
and lower CPT-1 levels (P < 0.05 for all panels). These results
are consistent with the data obtained in ESRD participants
and normal kidney function controls.

DISCUSSION

Two major findings of this study are that in ESRD, there is upre-
gulation of AdipoR1 in muscle tissue and there is disruption in
the normal adiponectin signaling pathway compared with sub-
jects with normal renal function. Assays on adiponectin

F IGURE 5 : Downstream effectors of adiponectin in muscle tissue. (A) AMPK-P levels in muscle tissue of ESRD participants versus normal
kidney function controls by WB. (B) Representative densitometry of AMPK-P levels in muscle tissue of ESRD versus controls (*P < 0.05).
(C) ACC-P levels in muscle tissue of ESRD participants versus normal kidney function controls by WB. (D) Representative densitometry of
ACC-P levels in muscle tissue of ESRD versus controls (*P < 0.05). (E) CPT-1 protein levels in muscle tissue of ESRD participants versus normal
kidney function controls by WB. (F) Representative densitometry of CPT-1 levels in muscle tissue of ESRD versus controls (P = 0.21).
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downstream effectors demonstrated enhanced phosphorylation
of AMPK but reduced phosphorylation of ACC and lower CPT-
1 levels in ESRD muscle tissue compared with normal controls,
suggesting that the adiponectin signaling is intact up to AMPK

phosphorylation. In addition, following in vitro exposure of
muscle cells to human uremic serum, AdipoR1 increased and
the same alterations in adiponectin downstream effectors were
detected. Both in vivo and in vitro results indicate that uremia

F IGURE 6 : Downstream effectors of adiponectin in C2C12 cells after treatment with uremic or normal serum. (A) AdipoR1 and AMPK-P
levels by WB and correspondent densitometry analysis in C2C12 muscle cells exposed to 20% normal and 20% uremic serum for 5 h
(representative WB of one of the three times the experiment was conducted). (B) ACC-P levels and CPT-1 protein expression by WB and
correspondent densitometry analysis in C2C12 muscle cells exposed to 5% normal and 5% uremic serum for 48 h (representative WB of one
of the triplicate conditions, *P < 0.05 for all).
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upregulates adiponectin receptor expression in muscle and
confers adiponectin resistance at the post-receptor level.

Adiponectin is a molecule, largely produced by fat cells,
that has anti-inflammatory, anti-diabetic and anti-atherogenic
properties [1]. Adiponectin circulates at a relatively high con-
centration (1–30 µg/mL) and is metabolized in the liver and
possibly other organs, although the metabolic pathways have
not been completely elucidated [17]. Because adiponectin nor-
mally circulates in plasma as a multimer, the high molecular
weight makes it unlikely to be cleared by the glomerulus.
When adiponectin binds to its specific receptor in muscle
tissue, phosphorylation of AMPK increases, leading to an in-
crease in ACC phosphorylation. Phosphorylated ACC leads to
an increase in CPT-1 [11]. The net effect in muscle of the adi-
ponectin downstream effectors is an increase in insulin sensi-
tivity demonstrated by an increase in fatty acid oxidation,
glucose uptake and lactate production [18, 19].

It is known that adiponectin plasma levels in CKD increase
as glomerular filtration rate (GFR) decreases [20]. It has been
postulated that the elevated adiponectin levels observed in
CKD are a reflection of decreased renal clearance. Contrary to
this notion, we previously demonstrated that adiponectin
levels in both visceral and subcutaneous fat tissue are elevated
in ESRD despite concomitant elevated plasma adiponectin
levels indicating that adiponectin production is increased in
ESRD [4]. In the same study, we could not demonstrate differ-
ences in mRNA expression of AdipoR2 in ESRD participant
muscle or adipose tissue compared with controls. Because
AdipoR1 is the most prominent adiponectin receptor in muscle
and is responsible for the metabolic actions of the hormone,
we focus on AdipoR1 to examine adiponectin downstream ef-
fectors in muscle. Our results demonstrate higher AdipoR1
protein in human ESRD skeletal muscle and most likely adipose
tissue compared with controls. Similar upregulation of adipo-
nectin receptor in renal tissues in uremia has been described
in a mouse model of CKD by Yu et al. [21]. Shen et al. [22]
reported higher expression of AdipoR1 in PBMC of ESRD
patients compared with those of normal kidney function con-
trols. Our data extend these findings to human muscle tissue,
which, in addition to liver, is the main metabolic target for adi-
ponectin. Increased adiponectin production and increased re-
ceptor expression, despite increased adiponectin levels, suggest
a positive feedback system to explain adiponectin regulation in
uremia. However, our assays of adiponectin downstream effec-
tors revealed some novel findings. In human ESRDmuscle, phos-
phorylation of AMPK is higher, as expected due to both higher
circulating adiponectin and higherAdipoR1 levels in target
tissues. However, contrary to the expected response of increased
phosphorylation of ACC and CPT-1 expression, we found that
both phosphorylation of ACC and expression of CPT-1 were
lower in ESRD tissue. Our results indicate a block in adiponectin
receptor signaling following phosphorylation of AMPK.

Chen et al. [23] investigated the adiponectin pathway in
humans without known CKD. The investigators cultured
human myocytes from lean, obese and obese diabetic partici-
pants and exposed the cells to globular adiponectin (gAdipo).
They demonstrated that myocytes cultured from obese and
obese diabetic participants have blunted activation of AMPK

with exposure to gAdipo that was overcome with an increase
in gAdipo dose. Moreover, myocytes from obese diabetics had
no changes in ACC phosphorylation or fatty acid oxidation
despite increased AMPK phosphorylation after exposure to
higher doses of gAdipo. There was no difference in the expres-
sion of adiponectin receptors between the lean, obese and obese
diabetic groups; there was also no difference in LKB1 activity,
indicating that, with normal kidney function, the AMPK phos-
phorylation pathway was intact. Our data on ESRD patients
and C2C12 cells exposed to uremic serum are reminiscent of
the data of Chen et al. on obese patients where adiponectin
signaling is altered downstream of phosphorylation of AMPK
[23]. Similar towhat was demonstrated in obese diabetic human
myocytes after exposure to higher gAdipo levels, factors con-
tained in the uremic and the proinflammatory environment
may block the adiponectin signal transduction pathway result-
ing in adiponectin resistance distal to AMPK phosphorylation.
Our data do not fully define adiponectin metabolism in ESRD
but may provide some insights for new hypotheses and avenues
of research. Future studies that focus on adiponectin post-
receptor signaling will be necessary to determine the resistance
mechanisms.

Our findings are not limited to ESRD but also apparent in
CKD. We examined AdipoR1 mRNA expression in PBMC 3–
6 months after kidney transplantation (GFR range: 40–60 mL/
min) and found similar upregulation in AdipoR1 expression
compared with normal kidney function controls. Therefore,
we conclude that upregulation of AdipoR1 is present at earlier
stages of CKD. Contrary to our findings, Shen et al. [24] re-
ported that compared with controls with normal kidney func-
tion, AdipoR1 mRNA expression was higher in PBMCs in
ESRD but lower in transplant patients with CKD. The discrep-
ancy may be due to the inclusion of diabetics in the study by
Shen et al. [24], as diabetes is commonly associated with lower
circulating adiponectin and lower adiponectin receptor expres-
sion. It is also possible that different immunosuppressive drugs
may affect AdipoR1 expression. However, there are no data on
the effects of calcineurin inhibitors or antimetabolites on AdipoR1
expression. AdipoR1 expression decreases in rodents following
exposure to steroids [24]. Similarly, in humans with normal
kidney function, exposure to moderate doses of steroids
(equivalent to 25 mg of prednisone) results in downregulation
of AdipoR2. Diabetics have lower AdipoR2 expression, with
no change in expression after similar exposure to steroids [26].
Our study was able to demonstrate higher AdipoR1 mRNA ex-
pression in ESRD participants after transplantation compared
with controls despite the fact that half of them were on 5 mg
of prednisone. The role of low dose steroids in AdipoR1 ex-
pression in CKD will need further studies. We were unable to
obtain tissue after kidney transplantation to study adiponectin
downstream effectors in more modest CKD. However, because
insulin resistance is demonstrated in the early stages of kidney
disease [9], it is quite possible that adiponectin resistance also
occurs early in the course of kidney disease. We were only able
to demonstrate a moderate positive correlation between blood
and subcutaneous adipose tissue mRNA levels in patients with
ESRD. Estimation of tissue results from blood samples should
be considered with caution based on data from our study in
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ESRD patients. Future studies at earlier CKD stages that
examine the adiponectin functional pathway in tissues could
provide further insights on changes in adiponectin metabol-
ism in CKD.

The role of adiponectin as a biomarker for cardiovascular
disease in CKD is controversial. Low levels of adiponectin
have been associated with increased risk of cardiovascular
disease in dialysis patients by some groups [12], although
others have found that high levels were associated with mortal-
ity in patients with CKD with or without diabetes [14, 27].
Other groups have emphasized that the relationship between
adiponectin levels and cardiovascular disease in CKD may not
be linear but quadratic with very high and very low levels asso-
ciated with worse outcomes [13]. Altered adiponectin metab-
olism in diabetic patients may explain why there are different
associations between adiponectin levels and cardiovascular
disease in patients with ESRD and in those with diabetes mel-
litus. Adiponectin is involved in many biological pathways that
should confer protection to vascular disease, inflammation
and insulin resistance. Delineation of the adiponectin axis in
CKD may help to clarify its role in the multiple metabolic and
cardiovascular abnormalities that are exacerbated by uremia.

Our study has some limitations. Our human tissue studies
are limited to ESRD and normal renal function controls, and we
were unable to address earlier stages of CKD. The imbalance in
the participant groups are intrinsic to the study population we
are studying as there are more female donors and male recipi-
ents. Studies with more homogeneous groups should follow ours
to validate our results. We did obtain mRNA data in PBMC lon-
gitudinally but since there is only a moderate positive correlation
between blood and subcutaneous tissue mRNA levels, extrapola-
tions of tissue results from blood samples should be considered
with caution. Further studies should be done to determine if our
findings can be reproduced. The data on adiponectin down-
stream effectors provides a static picture of adiponectin metabol-
ism in ESRD. More detailed mechanistic studies are needed to
fully determine adiponectin functions in ESRD.

In summary, we demonstrate that adiponectin receptor ex-
pression is upregulated by uremia in human tissues and our
data indicate that adiponectin resistance occurs at the post-re-
ceptor level. This study reinforces the concept that impaired
renal clearance of adiponectin does not fully explain elevated
adiponectin levels in CKD. Further research is needed to de-
termine the role of increased adiponectin production in
kidney disease patients.
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ABSTRACT

Background. Alport syndrome is a rare inheritable renal
disease. Clinical outcomes for patients progressing to end-
stage kidney disease (ESKD) are not well described.
Methods. This study aimed to investigate the characteristics
and clinical outcomes of patients from Australia and New
Zealand commencing renal replacement therapy (RRT) for
ESKD due to Alport syndrome between 1965 and 1995 (early
cohort) and between 1996 and 2010 (contemporary cohort)
compared with propensity score-matched, RRT-treated, non-
Alport ESKD controls.
Results. A total of 58 422 patients started RRT during this
period of which 296 (0.5%) patients had Alport ESKD. In the

early cohort, Alport ESKD was associated with superior dialy-
sis patient survival [adjusted hazard ratio (HR): 0.41, 95% con-
fidence interval (CI): 0.20–0.83, P = 0.01], renal allograft
survival (HR: 0.74, 95% CI: 0.54–1.01, P = 0.05) and renal
transplant patient survival (HR: 0.43, 95% CI: 0.28–0.66, P <
0.001) compared with controls. In the contemporary cohort,
no differences were observed between the two groups for dia-
lysis patient survival (HR: 1.42, 95% CI: 0.65–3.11, P = 0.38),
renal allograft survival (HR: 1.01, 95% CI: 0.57–1.79, P = 0.98)
or renal transplant patient survival (HR: 0.67, 95% CI: 0.26–
1.73, P = 0.41). One Alport patient (0.4%) had post-transplant
anti-glomerular basement membrane (anti-GBM) disease.
Four female and 41 male Alport patients became parents on
RRT with generally good neonatal outcomes.
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