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Stubbe J, Skov V, Thiesson HC, Larsen KE, Hansen ML, Jensen
BL, Jespersen B, Rasmussen LM. Identification of differential gene
expression patterns in human arteries from patients with chronic kidney
disease. Am J Physiol Renal Physiol 314: F1117–F1128, 2018. First
published February 7, 2018; doi:10.1152/ajprenal.00418.2017.—Uremia
accelerates atherosclerosis, but little is known about affected pathways in
human vasculature. This study aimed to identify differentially expressed
arterial transcripts in patients with chronic kidney disease (CKD). Global
mRNA expression was estimated by microarray hybridization in iliac
arteries (n � 14) from renal transplant recipients and compared with renal
arteries from healthy living kidney donors (n � 19) in study 1. Study 2
compared nonatherosclerotic internal mammary arteries (IMA) from five
patients with elevated plasma creatinine levels and age- and sex-matched
controls with normal creatinine levels. Western blotting and immunohis-
tochemistry for selected proteins were performed on a subset of study 1
samples. Fifteen gene transcripts were significantly different between
the two groups in study 1 [fold changes (FC) � 1.05 and false
discovery rates (FDR) � 0.005]. Most upregulated mRNAs associated
with cellular signaling, apoptosis, TNF�/NF-�B signaling, smooth
muscle contraction, and 10 other pathways were significantly affected.
To focus attention on genes from genuine vascular cells, which
dominate in IMA, concordant deregulated genes in studies 1 and 2
were examined and included 23 downregulated and eight upregulated
transcripts (settings in study 1: FC � 1.05 and FDR � 0.05; study 2:
FC � 1.2 and P � 0.2). Selected deregulated gene products were
investigated at the protein level, and whereas HIF3� confirmed
mRNA upregulation, vimentin showed upregulation in contrast to the
mRNA results. We conclude that arteries from CKD patients display
change in relatively few sets of genes. Many were related to differ-
entiated vascular smooth muscle cell phenotype. These identified
genes may contribute to understanding the development of arterial
injury among patients with CKD.

atherosclerosis; calcification; uremia; vascular remodeling

INTRODUCTION

Chronic kidney disease (CKD) is associated with markedly
augmented cardiovascular morbidity and overall mortality (6),

partly due to occlusive arterial disease (30, 45). In addition to
atherosclerosis, arterial features of uremia include calcification
of tunica media, which is caused by uremic substances and
hyperphosphatemia (14). This results in decreased vascular
compliance, increased pulse-wave velocity, and ultimately left
ventricular hypertrophy and heart failure (16, 23, 34). The
initial media calcification in uremia occurs along the elastic
fibers and the internal elastic lamina and is not typically
associated with inflammation (37, 47). Medial vascular smooth
muscle cells may transdifferentiate as a response to stress or
injury from the contractile phenotype into osteoblast-like or
chondrocyte-like cells (29, 33, 36, 42), which is a likely initial
step in extracellular matrix calcification that eventually leads to
cardiovascular events (51, 54). This is in contrast to intimal
calcification within atherosclerotic lesions that is associated
with inflammation and necrotic cores (15). The mediators of
accelerated and uremia-associated arterial disease are un-
known. Experimental murine models with 5/6 nephrectomy on
an apolipoprotein E�/� background and in uremic rats identi-
fied dysregulated gene transcripts involved in vascular smooth
muscle cell structure, inflammation, and extracellular matrix
remodeling (4, 43). These rodent models are far from the
human setting, and whether similar gene expression patterns
are found in the vascular wall in human uremic patients
remains to be elucidated. The present study was designed to
test the hypothesis that uremia is associated with dysregulated
gene expression patterns across human arterial beds, particu-
larly of gene products associated with vascular smooth muscle
differentiation, calcification, and matrix alterations. Our ap-
proach was transcriptomic array investigation of gene expres-
sion differences between 14 human iliac arterial samples from
kidney-engrafted CKD patients and 19 renal artery samples
from healthy kidney donors (study 1). These tissue samples are
dominated by various degrees of atherosclerosis, and to focus
the resulting list of identified uremia-related gene transcripts
potentially from plaques to changes in vascular cells, i.e.,
mostly smooth muscle cells, study 2 was included. In this part,
internal mammary arteries from patients with normal and
elevated plasma creatinine levels were compared. These arter-
ies are homogenous, nonatherosclerotic “repair” arteries ob-
tained from coronary by-pass operations (40). The combined
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results include a series of transcripts, which represent changes
in similarly sized systemic conduit arteries among patients with
decreased kidney function. A selection of these gene products
was further investigated at the protein level.

METHODS

Populations. Study 1 was a comparison of human iliac artery
samples collected from 18 renal transplant recipients (RTR) undergo-
ing elective renal transplantation (plasma creatinine range: 574–1,272
�mol/l), with 23 renal arterial samples obtained from living donors
undergoing nephrectomy. All kidney donors had a normal plasma
creatinine level (range: 50–111 �mol/l) and glomerular filtration rate
(GFR; �80 ml/min·1.73 m2 measured byCr51-EDTA clearance). One
donor sample was obtained from a deceased donor. All samples were
collected in accordance with ethics approval from the Den Vidensk-
absetiske Komite for Region Syddanmark (no. S-20070059). All
artery samples were not cleaned off the adventitial layer, and thus
the attempt was to maintain all layers intact in tissue samples used for
analysis. Four RTR samples and four control donor samples were
excluded due to low or very poor RNA quality. Clinical parameters
obtained from patient files of the patients included in the microarray
analyses (19 controls and 14 RTRs) are shown in Table 1. Cause of
renal failure within the included RTRs was glomerulonephritis (57%),
diabetic nephropathy (7%), autosomal dominant polycystic kidney
disease (7%), and end-stage renal disease of unknown cause (29%). In
study 2, material from five internal mammary artery (IMA) samples
was obtained from our biobank, as previously described (40). Sam-
pling was approved by the Den Videnskabsetiske Komite for Region
Syddanmark (no. S-20100044). The five IMA samples were from
patients with elevated plasma creatinine levels (range: 158–941
�mol/l); four patients were chronic hemodialysis patients, and one
patient had the adrenals and pituitary gland removed 28 yr ago and
thus received hormonal replacement therapy. Five IMA samples from
age- and sex-matched individuals with no known renal disease and
normal plasma creatinine levels (range: 78–100 �mol/l) were col-
lected and used as controls. Clinical parameters from study 2 are

shown in Table 1. At the time of collection, arterial samples were cut
in two, where one sample was snap-frozen in liquid nitrogen for RNA
and protein isolation and the other fixed in neutral formalin and then
embedded in paraffin for histological analyses.

RNA sample preparation. Total RNA were isolated from all artery
samples using the 5-ml TRIzol reagent (Sigma-Aldrich) isolation
method, as previously described (49). Quantity of RNA was measured
using the NanoDrop spectrophotometer ND-8000 (NanoDrop Tech-
nologies), and RNA integrity was assessed using the Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA).

Amplified RNA preparation and microarray hybridization. The
MessageAMP TM III amplification kit (Ambion, Austin, TX) was
used to amplify and fragment 300 ng of total RNA to biotin-labeled
aRNA, which was hybridized to Affymetrix HG-U133A 2.0 chips
(Affymetrix, Santa Clara, CA) as previously described (49).

Data treatment and statistical analysis. Initial array data analysis
was done using the affymetrix package (www.bioconductor.org) im-
plemented in the statistical programming language R (20). The robust
multiarray average method was used to perform background correc-
tion, normalization, and gene expression index calculation (21). Only
perfect match probes were used for data analysis. Differences in gene
expression between groups were calculated for each gene using the
regularized t-test limma (50), and the Benjamini-Hochberg method
[false discovery rate (FDR)] was used as correction for multiple
hypothesis testing (3) to judge differences. To further minimize the
false-positive deregulated gene transcripts, Bonferroni correction was
applied. The low number of observations in study 2 made lege artis
corrected P values difficult to achieve; however, the combination of
genes with a P value of �0.2 and fold change (FC) of �1.2 from
study 2 with genes in study 1 with FDR of �0.05 and FC of �1.2 was
used operationally to yield an enriched group of genes, which better
represented genuine vascular cell genes, associated with CKD. All
data are available from Gene Expression Omnibus (accession
no.GSE38752; http://www.ncbi.nlm.nih.gov/geo;).

Global pathway analysis. Gene Map Annotator and Pathway Pro-
filer (GenMAPP 2.1) (9) together with its accessory program Microar-
ray Pathway Profiles (MAPP) Finder 2.1 (12) were used to assess

Table 1. Clinical data for the study population

CKD Patients (Set 1) Internal Mammary Arteries (Set 2)

Donors Renal transplant recipients P value Controls Elevated plasma creatinine P value

Sex (male/female) 8/11 9/5 4/1 4/1
Age, yr 50.1 	 2.3 40.3 	 3 P � 0.02 63.1 	 4.4 62.8 	 4.9
Years with known renal disease 10.8 	 2.2
Body mass index, kg/m2 27.6 	 1.1 (8) 26.2 	 1.2 (8) 27.7 	 3.4 (3) 23.0 	 0.2 (4)
Systolic blood pressure, mmHg 131 	 3 (18) 155 	 7 (13) P � 0.01 133 	 18 143 	 12 (4)
Diastolic blood pressure, mmHg 78 	 2 (18) 93 	 4 (13) 80 	 6 83 	 13 (4)
Plasma creatinine, �M 80 	 4 (18) 858 	 53 P � 0.0001 88 	 4 530 	 133 P � 0.03
Hb A1c, % 5.4 	 0.8 (15) 5.7 	 0.4 (11) 6.0 	 0.4 6.2 	 0.4 (4)
P-cholesterol (mM) 4.9 	 0.3 (15) 4.4 	 0.5 (11) 3.9 	 0.5 4.2 	 0.6 (4)
P-cholesterol LDL (mM) 2.7 	 0.2 (15) 2.3 	 0.3 (11) 2.2 	 0.3 2.4 	 0.6 (4)
P-cholesterol HDL (mM) 1.5 	 0.1 (15) 1.0 	 0.1 (11) P � 0.002 1.2 	 0.1 1.1 	 0.1 (4)
P-triglyceride (mM) 1.7 	 0.3 (15) 2.9 	 0.6 (11) 1.6 	 0.2 1.9 	 0.4 (4)
B-leucocyte (*10e9/ml) 7.5 	 0.6 (15) 8.5 	 0.6 (11) ND ND
Smoking (yes/no/not available) 9/3/6 5/2/7 3/2/0 0/5/0
Other medications


-Blockers 54% 80% 60%
Diuretics 36% 20% 80%
Aspirin 18% 80% 80%

Ang II receptor antagonists/ACE inhibitors 45% 0% 20%
Statins 18% 100% 80%
Calcium antagonists 45% 40% 40%

CKD, chronic kidney disease; ND, not determined; Ang II, angiotensin II. Other diseases: 1 renal transplant recipient also had insulin-dependent diabetes
mellitus. One included donor artery was obtained from a deceased donor, and thus clinical parameters not included in this table. Internal mammary artery group:
One of the controls suffers from disseminated sclerosis.
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significantly regulated pathways in data set 1. A total of 192 pathways
were applied to the data. A z-score of �2.0 was used as criteria for
significantly regulated pathways.

Protein isolation and Western blots. Proteins from the arteries were
isolated from the phenol phase used for RNA isolation according to
the manufacturer’s instructions. Protein pellets were resuspended in
1% SDS buffer (300 mM sucrose, 25 mM imidazole, and 1 mM
EDTA, pH7.2) with complete protease inhibitor cocktail (Roche
Diagnostics) overnight at 50°C. In five control iliac artery samples and
10 RTR artery samples the protein yield was too low to be used for
Western blotting. An equal amount of proteins were separated on a
5–16% SDS-PAGE-gel (Invitrogen) and blotted on a PVDF mem-
brane. Primary antibodies against vimentin (1:1,000 DAKO) or hy-
poxia-inducible factor-3� (HIF-3�) (1:1,000, Abcam) were applied,
followed by incubation with appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody (1:2,000), and visualized using
the HCL chemilumicent kit (Bio-Rad) and exposed on film (Kodax).
As equal loading and “housekeeping” biological control, stripped
membranes were incubated with primary antibody directed against

-actin (1:20,000; Abcam). Protein band density was semiquantified
using Gel Doc 2000, quantity one (version 4.6.3; Bio-Rad). Statistical
analysis was done by unpaired t-test using prism 6.0. P � 0.05 was
considered significantly different.

Immunohistochemistry. Five-micrometer artery sections from do-
nor controls (n � 12) and renal transplant recipients (n � 11) from
data set 1 were deparaffinized, demasked in citrate buffer (DAKO),
and incubated overnight with the following primary antibodies: vi-
mentin (1:200; DAKO), HIF-3� (1:50; Abcam) or CD68 (1:200;
Abcam), and �-actin (1:500; cy3-labled, Abcam). Appropriate HRP-
conjugated secondary antibody (1:1,000; DAKO) was applied for 45
min, positive staining was identified with DAKO’s DAB solution, and
then sections were counterstained with hematoxylin or DAPI. In
addition, sections were stained with Masson-trichrome (Sigma-Al-
drich), Verhoeff-van Giesson (Atom Scientific), and Alizarin red S
(Merck Milipore).

RESULTS

Patient characteristics. In study 1 (RTR iliac arteries vs.
control renal arteries), the patient groups were of mixed sex
(64% males vs. 42% males; Table 1, set 1), and RTRs were
significantly younger and had higher systolic blood pressure,
plasma creatinine concentration, and plasma B-leukocyte
count, whereas circulating HDL concentration was signifi-
cantly lower compared with the control group (Table 1, set 1).

The RTRs had on average suffered from renal disease for 10 yr
(range 1–35 yr) and were treated with peritoneal dialysis or
hemodialysis, except for two predialysis patients, both suffer-
ing from focal segmental glomerulosclerosis with plasma cre-
atinine levels of 856 and 877 �mol/l, respectively. Two renal
transplant recipients had previously received a renal transplan-
tation. All RTRs were before transplantation treated pharma-
cologically by combinations of 
-blockers, diuretics, aspirin,
angiotensin-converting enzyme (ACE) inhibitors/angiotensin
II receptor antagonists, calcium channel blockers, and statins,
as indicated in Table 1, set 1. Some of the controls were on
various medications not related to arterial or renal disease. One
donor received an ACE inhibitor (enalapril) and thiazide, and
another donor received prednisolone and methotrexat for pso-
riasis arthritis. In study 2, with IMA samples, the groups were
matched with respect to sex, age, and plasma cholesterol
concentrations, hemoglobin A1c (HbA1c), and blood pressure
(Table 1, set 2).

CKD-associated transcriptome patterns in human arteries.
In study 1 of arteries from renal transplant recipients versus
healthy donor controls, analysis of transcript abundances re-
vealed that a total of 3,523 of 22,278 genes were differentially
expressed when judged with an uncorrected t-test-calculated P
value of �0.05. When corrected for multiple hypothesis test-
ing, using the false discovery rate (FDR) method with a FDR
of �0.05, 325 genes showed significantly differential expres-
sion. To further minimize the number of false-positive dereg-
ulated gene transcripts, Bonferroni correction was applied. As
shown in Table 2, 15 genes displayed a fold change (FC) of
�1.05 and a FDR of �0.005 and corrected by Bonferroni
when data from the RTR group was compared with the healthy
donor controls. Of these, 11 gene products were significantly
downregulated (Table 2), whereas growth-associated protein
43 showed the largest difference when FC was considered
(20% of control). Also of note is that prostacyclin synthase
mRNA and the extracellular matrix protein periostin was
downregulated (approximately one-third of control). By con-
trast, four gene products displayed significantly elevated levels
in the RTR-iliac arteries with these criteria (Table 2). The most
upregulated gene transcripts were the transcription factor ho-
meobox C10 (�3-fold) and tumor-associated calcium signal

Table 2. Microarray output of the top 15 deregulated gene expression in RTR iliac arteries vs. renal arteries from donor
controls

Gene ID Gene Name FC P Value FDR

PITX1 Paired-like homeodomain 1 2.1 9.4E-09 0.0001
GAP43 Growth-associated protein 43 �5.1 1.1E-08 0.0001
HOXC10 Homeobox C10 2.9 5.4E-08 0.0004
FOXD1 Forkhead box D1 �2.5 6.8E-08 0.0004
POSTN Periostin, osteoblast specific factor �2.7 2.8E-07 0.001
EMP2 Epithelial membrane protein 2 �1.4 3.3E-07 0.001
PTGIS Prostaglandin I2 (prostacyclin) synthase �1.6 4.2E-07 0.001
ARHGAP26 Rho GTPase activating protein 26 1.6 6.6E-07 0.002
MPPED2 Metallophosphoesterase domain containing 2 �2.5 8.8E-07 0.002
AKR1C2 Aldo-keto reductase family 1, member C2 �1.8 9.0E-07 0.002
PTHLH Parathyroid hormone-like hormone �2.1 1.4E-06 0.003
ANKRD6 Ankyrin repeat domain 6 �2.3 1.9E-06 0.003
LRRC17 Leucine-rich repeat containing 17 �2.5 2.0E-06 0.003
TACSTD2 Tumor-associated calcium signal transducer 2 2.4 2.1E-06 0.003
VIM Vimentin �1.4 3.5E-06 0.004

RTR, renal transplant recipient; FC, Fold change; FDR, false discovery rate.
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transducer 2 (2.4 fold; Table 2). With the use of GenMAPP and
MAPPfinder, 12 pathways were significantly downregulated
(z-score � 2.0; Table 3). The most downregulated pathway
was amino sugar metabolism (z-score � 4.2) and the smooth
muscle contraction signaling pathway (z-score � 3.3; Table 3).
In addition, 10 pathways were significantly upregulated (z-
score � 2, Table 4), with the most upregulated pathways
aminoacyl tRNA biosynthesis (z-score � 3.3) and the apopto-
sis pathway and the proinflammatory IL-6, IL-7, and TNF�/
NF-�B pathways (Table 4).

In study 2, internal mammary arteries from patients with
elevated plasma creatinine were compared with age- and sex-
matched controls with normal plasma creatinine (530 	 133
vs. 88 	 4 �mol/l; n � 5 in each group; Table 1). This artery
is typically free of atherosclerosis (40). Four-hundred seventy-
four gene transcripts were significantly expressed when judged
with an uncorrected t-test-calculated P value of �0.05. How-
ever, no transcripts from the internal mammary arteries were
significantly different between patients with elevated plasma
creatinine levels and patients with no known kidney disease
when correcting for multiple testing. When the list of changed
gene transcripts was studied, the seemingly most changed
transcripts were inter-�-trypsin inhibitor heavy chain H4 (3
times higher than non CKD), PRRC2C proline-rich coiled-coil
2C (BAT2L2), the anti-proliferative family protein Tob2, and

the transcription regulator bromodomain containing 2 (BRD2)
(data not shown). The protease inhibitor cystatin C, a circulat-
ing marker of kidney injury (10, 26), was lowered to one-third
in mammary arteries from patients with elevated plasma cre-
atinine levels, and epithelial membrane protein 3 was twofold
downregulated.

Common CKD gene expression patterns across arterial
beds. The results from study 1 display lege artis statistically
significantly expressed genes between CKD and non-CKD
arterial tissue with various degrees of atherosclerotic lesions.
However, to narrow this finding to genes related to genuine
vascular cells, genes were combined from the two data sets
with the following setting: RNAs, which in comparisons be-
tween groups displayed a FC of �1.2 and FDR of �0.05 in
study 1 using strict statistical methods and were combined with
a loose cutoff P � 0.2 and FC � 1.2 in the IMA group (study
2). This extracted 23 gene transcripts, which were congruently
downregulated (Table 5), and eight gene transcripts, which
were congruently upregulated (Table 6). Among the down-
regulated genes, two were associated with smooth muscle cell
contraction (MYO1D and CALM1), and four gene products
were involved in cell adhesion (CD9, DPT, IGFBP7, and
CRTAC1). Moreover, the filament protein, vimentin, associ-
ated with the differentiated state of mesenchymal cells, the
proteoglycan fibromodulin, important for collagen fibril archi-

Table 3. Top 12 most downregulated pathways in RTR arteries analyzed with MAPPFinder 2.0

MAPP Name Changed (n) Measured (n) On MAPP (n) %Changed z-Score Permute P Value

Hs_aminosugars_metabolism 11 32 54 34.4 4.2 0.001
Hs_D_glutamine_and_D_glutamate_metabolism 3 4 14 75 4.1 0.004
Nucleotide_sugars_metabolism 5 12 36 41.7 3.4 0.003
Glycogen_metabolism 10 35 36 28.6 3.3 0.001
Smooth_muscle_contraction 28 144 156 19.4 3.2 0.006
Glycosaminoglycan_degradation 5 14 17 35.7 2.9 0.01
Riboflavin_metabolism 4 10 21 40 2.9 0.01
�6/
-Integrin_NetPath_1 14 66 67 21.2 2.6 0.01
Ribosomal_proteins 17 88 88 19.3 2.4 0.02
Wnt_NetPath_8 19 104 110 18.3 2.3 0.01
TGF-
-receptor_NetPath_7 25 146 151 17.1 2.3 0.03
Synthesis_and_degradation_of_ketone_bodies_KEGG 2 5 5 40 2.0 0.1
Prostaglandin_synthesis_regulation 7 31 31 22.6 2.0 0.05

MAPP, microarray pathway profiles. Pathways with a z-score of �2.0 are shown. A P value of �0.05 and a FC of up to �1.05 were used as criteria for gene
expression changes in RTR iliac arteries vs. donor control renal arteries. The z-score is based on n � 3,935 genes linked to a MAPP and r � 440 distinct genes
meeting the criteria for change in expression. Changed (n): no. of genes changed. Measured (n): no. of genes measured on the chip. On MAPP (n): no. of genes
on the MAPP. %Changed: changed (n)/measured (n).

Table 4. Top 10 most upregulated pathways in RTR arteries analyzed by MAPP Finder 2.0

MAPP Name Changed (n) Measured (n) On MAPP (n) %Changed z-Score Permute P

Aminoacyl tRNA biosynthesis 8 22 24 36.4 3.3 0.006
Glycine serine and threonine metabolism 10 32 64 31.3 3.1 0.004
IL-7 NetPath 19 12 44 44 27.3 2.8 0.01
IL-6 NetPath 18 22 98 100 22.4 2.8 0.007
Cyanoamino acid metabolism 3 6 22 50.0 2.7 0.04
Apoptosis 18 82 82 22.0 2.4 0.02
TNF�/NF-�B NetPath 9 33 176 187 18.8 2.3 0.02
Sphingophospholipid biosynthesis 2 4 10 50.0 2.2 0.09
Phospholipid degradation 6 21 30 28.6 2.1 0.047
Triacylglyceride synthesis BiGCaT 6 21 24 28.6 2.1 0.047

Pathways with a z-score of �2.0 are shown. A P value of �0.05 and a FC of up to �1.05 were used as criteria for gene expression changes in RTR iliac
arteries vs. donor control renal arteries. The z-score is based on n � 3,935 genes linked to a MAPP and r � 514 distinct genes meeting the criteria for change
in expression. Changed (n): no. of genes changed. Measured (n): no. of genes measured on the chip. On MAPP (n): no. of genes on the MAPP. %Changed:
changed (n)/measured (n).
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tecture (52), the elastin-related innate immune system protein
MFAP4 (44), and DAAM2, a modulator of wnt receptor
complex (25), were congruently downregulated in both studies.
Among the upregulated gene transcripts, four mRNAs were
identified to be associated with the apoptosis and ubiquitin
protein degradation pathway (RAB40A, CFLAR, RBBP6, and
PSME4), and two genes were identified as transcription factors
[HIF-3�, transcription factor A, mitochondrial (TFAM)]. Also,
the potassium channel (KCNB1) was congruently significantly
upregulated in both studies.

Morphological comparison of the arteries. The control renal
arteries exhibited a slightly larger cross-sectional area com-
pared with the iliac arteries, and there were no obvious changes

in elastin arrangement, collagen deposition, or media thickness
between renal transplant recipient iliac arteries and renal artery
controls (Fig. 1). In the RTR arteries in study 1, Alizarin red
staining revealed discrete foci with calcifications in the media
layer of the RTR arteries, which were not seen in the control
arteries (Fig. 1). Also, infiltration of macrophages (CD68) was
present in the RTR arteries, whereas only few CD68-positive
cells were detected in the control arteries (Fig. 1).

Effect of CKD on abundance and localization of selected
proteins in arterial tissue. HIF3�-mRNA displayed congruent
upregulation in CKD in studies 1 and 2 (Table 6), and putative
differences were analyzed at the protein level. By immunohis-
tochemical labeling, HIF3� was associated with vascular

Table 5. Congruently downregulated gene transcripts in both the RTR vs. donor control arteries and in mammary arteries
from patients with elevated plasma creatinine levels vs. age- and sex-matched control mammary arteries

Description (Symbol)

RTR vs. Donor Arteries Study

Mammary Arteries From
By-Pass Patients With

Elevated Creatinine
Levels And Age- and
Sex-Matched Controls

FC P value FDR FC P value

Retinoic acid receptor responder (tazarotene induced) 1 (RARRES1) �2.5 2.6E-04 0.03 �1.7 0.12
Cartilage acidic protein 1 (CRTAC1) �2.0 3.4E-05 0.01 �1.5 0.14
Dermatopontin (DPT) �2.0 6.7E-04 0.05 �1.5 0.08
Left-right determination factor 2 (LEFTY2) �1.7 6.0E-05 0.01 �1.3 0.12
Myosin ID (MYO1D) �1.7 4.7E-04 0.04 �2.1 0.20
Retinol binding protein 1, cellular (RBP1) �1.7 2.3E-05 0.009 �1.5 0.11
Fibromodulin (FMOD) �1.7 5.6E-06 0.005 �1.3 0.10
CD9 molecule (CD9) �1.7 7.3E-05 0.02 �1.9 0.18
Homeobox B7 (HOXB7) �1.6 1.6E-05 0.008 �1.6 0.04
Microfibrillar-associated protein 4 (MFAP4) �1.5 1.3E-04 0.02 �1.9 0.04
Dishevelled associated activator of morphogenesis 2 (DAAM2) �1.4 4.7E-05 0.01 �1.5 0.11
Vimentin (VIM) �1.4 3.5E-06 0.004 �1.8 0.08
Calmodulin 1 (phosphorylase kinase, �) (CALM1) �1.4 3.1E-04 0.03 �1.6 0.16
Fasciculation and elongation protein zeta 1 (zygin I) (FEZ1) �1.4 1.9E-04 0.03 �1.4 0.15
RAB6A, member RAS oncogene family (RAB6A) �1.3 7.8E-05 0.02 �1.4 0.16
Diazepam binding inhibitor (GABA receptor modulator, acyl-coenzyme

A binding protein) (DBI) �1.3 9.3E-05 0.02 �1.7 0.07
Rac/Cdc42 guanine nucleotide exchange factor (GEF) 6 (ARHGEF6) �1.3 5.6E-04 0.04 �1.6 0.04
Insulin-like growth factor binding protein 7 (IGFBP7) �1.3 3.9E-04 0.04 �1.5 0.11
Septin 8 (39692) �1.3 4.8E-04 0.04 �1.3 0.10
GNAS complex locus (GNAS) �1.3 1.0E-04 0.02 �1.7 0.04
SMT3 suppressor of mif two 3 homolog 3 (S. cerevisiae) (SUMO3) �1.2 1.5E-04 0.02 �1.5 0.09
Adenosine kinase (ADK) �1.2 2.8E-04 0.03 �1.4 0.03

Table 6. Congruently upregulated gene transcripts in both the RTR vs. donor control arteries and in mammary arteries from
patients with elevated plasma creatinine levels vs. age- and sex-matched control mammary arteries

Description (Symbol)

RTR vs. Donor Arteries Study

Mammary Arteries From
By-Pass Patients With

Elevated Plasma Creatinine
Levels and Sex- and Age-

Matched Controls

FC P value FDR FC P value

Potassium voltage-gated channel, Shab-related subfamily,
member 1 (KCNB1) 1.7 2.58E-04 0.03 1.3 0.1

Hypoxia inducible factor 3, �-subunit (HIF3A) 1.6 2.99E-05 0.01 1.3 0.12
NOP56 ribonucleoprotein homolog (yeast) (NOP56) 1.5 2.13E-05 0.008 1.4 0.12
Proteasome (prosome, macropain) activator subunit 4

(PSME4)
1.4 2.48E-05 0.009 1.3 0.13

RAB40A, member RAS oncogene family (RAB40A) 1.4 3.79E-04 0.04 1.4 0.12
Retinoblastoma binding protein 6 (RBBP6) 1.3 1.15E-04 0.02 1.5 0.16
CASP8 and FADD-like apoptosis regulator (CFLAR) 1.2 3.55E-04 0.04 1.2 0.17
Transcription factor A, mitochondrial (TFAM) 1.2 6.92E-04 0.048 1.2 0.16
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smooth muscle cells. All analyzed RTR samples contained
some HIF3�-positive cells predominately associated with vas-
cular smooth muscle cells. When HIF3�-positive cells were
grouped in high/intermediate/low abundance on the specimens,
three showed high abundance, and six had intermediate abun-
dance of the 11 patient samples analyzed (n � 11–12; Fig. 2).
In contrast, in the control donor renal artery samples no
labeling or only a few positive cells were detected in four out
of 12 specimens, and only some HIF3�-positive cells associ-

ated with vascular smooth muscle cells were seen in the
remaining eight specimens (P � 0.05, Freeman-Halton-Fisher
exact test; figure 2 and 3A). A trend toward higher extractable
amounts was in addition observed by Western blot analysis
(P � 0.28; Fig. 3B). Vimentin mRNA levels showed congruent
downregulation in CKD arteries (Tables 2 and 5), and at the
protein level, vimentin immunolabeling was associated with
vascular smooth muscle cells in media and endothelial cells of
vasa vasorum of both control and RTR arteries, with no

Fig. 1. Artery characteristics. In control renal arteries
and renal transplant recipient (RTR) iliac arteries,
elastin fibers were identified with Verhoef van Gies-
son black staining. The staining also revealed that
iliac and renal arteries were of same size and had the
same relative layer composition. Collagen deposition
was identified by Masson trichrome, where collagen
fibris appears blue. Vascular smooth muscle cells
were identified by imunofluorescence labeling of
�-smooth muscle actin (�-SMA)-positive cells (red).
No major difference in smooth muscle cell distri-
bution or layers was uncovered. Infiltration of
CD68-positive cell macrophages was likely ob-
served in the adventitial layer. Boxes indicate
enlargements of micrographs inserted in the cor-
ner. Alizarin red was used to identify calcifications
and showed Alizarin red-positive staining in a few
places in the media layer of the RTR arteries (n �
11–12). I, intima; M, media; Ad, adventitia. Scale
bars, 200 �m, except for Verhoeff-Van Giesson,
where the scale bar is 500 �m.

F1122 GENE EXPRESSION PATTERNS IN HUMAN CKD ARTERIES

AJP-Renal Physiol • doi:10.1152/ajprenal.00418.2017 • www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal (065.021.193.086) on February 26, 2022.



obvious differences between the vascular distributions (Fig. 4A).
However, by Western blot analysis, vimentin was slightly but
significantly upregulated in the RTR arteries (Fig. 4B), which was
the opposite of the RNA array result (Table 2 and 5).

DISCUSSION

The present study was designed to identify common gene
expression pattern changes in human conduit arteries associ-

ated with CKD. CKD is a marked accelerator of vascular
disease. The approach was to investigate global gene transcript
abundances in human arteries from RTR patients and compare
them with control arteries from donors with no renal disease.
To gain information on the pattern of changes across conduit
arteries and to detect early changes, a parallel study with
internal mammary arteries from patients with renal impairment
was performed. Despite the relative small group sizes in study

Fig. 2. Hypoxia-inducible factor-3� (HIF-3�) protein distribution. HIF-3�-positive cells were localized predominantly to a few vascular smooth muscle cells in
both RTR iliac arteries and control renal arteries (n � 11–12). Four of 12 donor control renal artery samples were HIF-3�- negative or HIF-3alpha was detected
only in a single cell, whereas the other 8 displayed discrete staining in a few cells. All RTR samples contained HIF-3�-positive cells, with high abundance in
3 out of 11 samples. Arrowheads point to HIF-3�-positive cells.
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1, 15 gene transcripts were significantly different when very
conservative statistical tests were applied with corrections for
multiple testing. The most downregulated gene transcript was
growth-associated protein 43, which is a calcium-sensitive
membrane-bound phosphoprotein involved in neuron sprout-
ing during axon genesis and regeneration (46, 48). Prostacyclin
synthase was downregulated, and prostacyclin is cardioprotec-
tive, and anti-inflammatory and prostacyclin analogs attenuate
renal functional decline (24, 56). Periostin was reduced to
one-third in uremia. This is in contrast to recently published
data showing a threefold upregulation of periostin in uremic rat
aortas (43). Periostin is an extracellular matrix protein known
to be involved in vascular smooth muscle cell migration
through integrin interactions (27) and matrix metalloprotease
production (17), thus contributing to vascular remodeling. The
discrepancy between the present findings and those in the
uremic rat aorta may be the difference in anatomic origin in our
study, or it could be associated with the timespan of the disease
or patient medication or simply be species dependent. The
most upregulated gene transcript was homeobox C10, which
was involved in fat distribution and adipocyte function. Ho-
meobox C10 in adipocytes was positively correlated to BMI
(5). No difference in BMI was observed between groups in our
study. Perivascular fat and connective tissue were not quanti-

fied in the present study. The tumor-associated calcium signal
transducer 2 was increased in RTR arteries. It is highly ex-
pressed on the surface of invasive cells, e.g., trophoblast and
tumor cells (32), it is involved in angiogenesis, and it is
affected by changes in plasma calcium, and thus it could
contribute to accelerated artery injury in CKD patients. The
gene product parathyroid hormone-like hormone (PTHLH)
was significantly downregulated. This gene regulates endo-
chondral bone development by effects on cellular differentia-
tion and calcium ion transport. It is regulated by vitamin D and
may be involved in calcification programs (19). It has been
suggested to be involved in vascular calcification among he-
modialysis patients (31).

We identified several dysregulated pathways in RTR arter-
ies, and among those, the smooth muscle cell contraction
pathway was downregulated, which was completely in line
with the expected vascular smooth muscle cell phenotypic
switch in CKD patients (29, 33, 36, 42). The apoptosis pathway
and several proinflammatory pathways of IL-6, IL-7, and
TNF� were upregulated in the RTR arteries, which is in accord
with acceleration of the atherosclerotic process that includes
proinflammatory mechanisms and accelerated apoptosis. The
sphingophospholipid biosynthesis pathway was upregulated
and may contribute to the proatherosclerotic stage, as sphin-
gosine-1-phosphate (S1P) has been shown to modulate inflam-
mation and angiogenesis (59). To focus the list of regulated
genes from study 1 to molecules, which are related to genuine
vascular cells, i.e., to avoid differences related to atheroscle-
rotic plaque-associated changes, study 2 compared internal
mammary arteries obtained from patients with normal and
elevated plasma creatinine levels. The internal mammary ar-
tery does not develop atherosclerosis (40). Post hoc analysis,
when conservative statistical testings in study 1 and a loose
cutoff P � 0.2 in study 2 were applied, displayed a list of 23
gene transcripts congruently downregulated and eight gene
transcripts congruently upregulated. Although these genes are
not selected after lege artis statistical principles and false-
positive molecules may occur, it is likely that this group of
selected genes is associated with the effects of kidney impair-
ment in vascular cells. This interpretation fits with the identi-
fication of the selected genes that were related to vascular
smooth muscle biology, such as, e.g., IGFBP7, which binds
insulin-like growth factors (IGF-1 and IGF-2) and is an adhe-
sion protein known to be involved in tumor vessel stabilization
by promoting smooth muscle cell recruitment and differentia-
tion (38). It is also a known inducer of G1 cell arrest, and,
together with tissue inhibitor of metalloproteinases-2, it has
been identified as a potent urinary biomarker of acute kidney
injury induced by sepsis, shock, major surgery, and trauma
(22). Thus, downregulation of IGFBP7 in CKD arteries may
allow cell proliferation. The cytoskeletal filamentous protein
vimentin is stimulated by TGF
1 and TNF� and induces
vascular smooth muscle cell migration (28, 57), suggesting a
role in the atherogenic process. Vimentin gene transcript was
congruently downregulated in the two data sets, where also the
TGF
 and TNF� pathways were downregulated in the RTR
arteries. At the protein levels, vimentin was associated with the
majority of vascular smooth muscle cells and some endothelial
cells in both groups. In contrast to the RNA data, vimentin
protein levels were significantly elevated in RTR arteries. This
is in agreement with an in vitro study showing that vimentin

Fig. 3. HIF-3� protein abundance. A: scoring of the HIF-3� immunohisto-
chemical labeling in high abundance and intermediate abundance (some
HIF-3�-positive cells or low HIF-3�-positive cells from the patients displayed
in Fig. 2 revealed a significant difference in HIF-3� tissue distribution between
RTR artery samples and control iliac samples; n � 11–12, when Freeman-
Halton-Fisher exact test was used. *P � 0.05. B: representative Western blot
identified HIF-3� protein bands in all tested artery samples that migrated at the
expected size of 60 kDa. Densitometric analysis did not detect any statistically
significant difference in relative HIF-3� protein levels between arteries from
the RTR and control groups (n � 7–9).
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was upregulated in endothelial cells exposed to uremic serum
(7). This discrepancy between microarray results and protein
levels is a common observation (55). Protein levels do not only
reflect mRNA levels but are also influenced by protein turnover
rates, and it can be speculated that opposite changes could
represent compensatory downregulation of mRNA due to low
protein turnover.

The expression of HIF3� was congruently upregulated in
both arterial beds in CKD patients, and at protein level,
HIF3�-positive cells were predominately vascular smooth
muscle cells and were more abundant in specimens from RTR
patients. HIF complexes consist of an unstable oxygen-sensing
�-subunit (1–3) and a stable 
-subunit. HIF-1� is upregulated
by oxidized LDL and is essential for macrophage survival and
promotes atherosclerosis (39, 60). HIF-1� and HIF-2� are
expressed in proinflammatory M1 macrophages and anti-in-
flammatory M2 macrophages, respectively, and affect nitric
oxide production in opposite directions (53) and may contrib-
ute to changes in systemic arterial pressure (8). Less is known

about function of HIF-3�. It is believed to be a negative
regulator of HIF-1� and HIF-2� by competing for the common

-subunit (18). Thus HIF-3� may fine-tune the HIF response
in its target tissue and could dampen the proatherogenic re-
sponse induced by HIF-1�. In the present study, HIF-3�
protein was localized in few vascular smooth muscle cells.
This is in line with previous observations where HIF-3� was
upregulated in endothelial and vascular smooth muscle cells in
hypoxic conditions (1). Overexpression of HIF-3� decreased
the expression of VEGFA (1). Thus the presence of HIF-3�
might limit vascular smooth muscle cell proliferation. Several
other gene transcripts (PSME4, CFLAR, RAB40A, and
RBBP6) involved in cell metabolism were congruently upregu-
lated in both studies. An augmented proteasome activity has
previously been reported in uremic rabbits, and inhibition of
proteasome or NF-�B prevented the accelerated atherogenesis
in uremia (13). In support of this, inhibition of proteasome
activity prevented platelet-dependent arterial thrombosis in-
duced in renovascular hypertensive rats (35). Also, in vitro

Fig. 4. Vimentin protein distribution and abundance. A:
vimentin immunoreactivity in RTR iliac arteries and con-
trol renal arteries was widely abundant in vascular smooth
muscle cells and was localized in the cytosol of most
vascular smooth muscle cells in all samples analyzed.
There was no obvious difference in the distribution of
vimentin between RTR iliac artery samples and control
renal arteries (n � 11–12). B: Blots show representative
Western blotting experiments for vimentin and 
-actin.
Vimentin-positive bands migrated at the expected molec-
ular size of 57 kDa and were detected in both RTR and
control arteries. Densitometric analysis showed that the
relative vimentin levels were significantly upregulated in
RTR arteries (n � 9). *Significance, P � 0.05 by Stu-
dent’s t-test.
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experimental data show that the ubiquitin-proteasome pathway
is augmented in vascular smooth muscle cells exposed to
uremic serum (58). It is well established that uremic patients
often suffer from enhanced skeletal muscle wasting caused by
augmented protein turnover. The increased protein degradation
is partly mediated via upregulation of the ubiquitin-proteasome
pathway and perhaps mediated by metabolic acidosis (2, 41).
Thus, it is likely that upregulation of this pathway also leads to
vascular muscle cell wasting in humans, as seen in the exper-
imental models, and thus contributes to the accelerated athero-
genesis and matrix accumulation in CKD patients.

There are limitations to the present study: The cross-sec-
tional design allows us only to generate hypotheses and does
not provide mechanistic information. Moreover, the small
sample size is a drawback (n � 14–19 patients in study 1 and
5 
 5 in study 2), as is the different medication (e.g with and
without immunosuppression). However, the human tissue ap-
proach is the first one, to our knowledge. Insisting on a human
approach, the RTR artery samples and control arteries in study
1 were from different vascular beds, but both were conduit
arteries and the morphological analysis showed similar artery
size and structure (Fig. 1) in accord with a comparable elastin
content (11). This limitation was addressed experimentally in
study 2, where age and sex matching was also possible. Data in
study 2 were interpreted with a “loose” P value, and it cannot
be excluded that the identified genes may be falsely positive
findings. However, the approach provides a quite narrow iden-
tification of an altered gene expression profile related to vas-
cular cells and not invasive bone marrow-derived hematopoi-
etic cells. In conclusion, the present study provides a first
human map of altered gene expression and pathways in CKD
associated with the arterial wall. The limited number of rele-
vant genes will allow a test of functional importance at the
physiological level.
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