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A CYP26B1 Polymorphism Enhances Retinoic Acid
Catabolism and May Aggravate Atherosclerosis
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All-frans retinoic acid, controlled by cytochrome P450, family 26 (CYP26) enzymes, potentially has beneficial effects in athero-
sclerosis freatment. This study investigates CYP26 subfamily B, polypeptide 1 (CYP26BT1) in atherosclerosis and the effects of a ge-
netic polymorphism in CYP26B1 on retinoid catabolism. We found that CYP26B1 mRNA was induced by retinoic acid in human ath-
erosclerotic arteries, and CYP26B1 and the macrophage marker CD68 were colocalized in human atherosclerofic lesions. In mice,
Cyp26B1 mRNA was higher in atherosclerotic arteries than in normal arteries. Databases were queried for nonsynonymous CYP26B1
single nucleotide polymorphisms (SNPs) and rs2241057 selected for further studies. Constructs of the CYP26B1 variants were created
and used for production of purified proteins and transfection of macrophagelike cells. The minor variant catabolized retinoic acid
with significantly higher efficiency, indicating that rs2241057 is functional and suggesting reduced retinoid availability in tissues with
the minor variant. rs2241057 was investigated in a Stockholm Coronary Atherosclerosis Risk Factor (SCARF) subgroup. The minor al-
lele was associated with slightly larger lesions, as determined by angiography. In summary, this study identifies the first CYP26B1 poly-
morphism that alters CYP26B1 capacity to metabolize retinoic acid. CYP26B1 was expressed in macrophage-rich areas of human
atherosclerotic lesions, induced by retinoic acid and increased in murine atherosclerosis. Taken together, the results indicate that
CYP26B1 capacity is genetically regulated and suggest that local CYP26B1 activity may influence atherosclerosis.
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INTRODUCTION

Atherosclerosis is a chronic inflamma-
tory disease of blood vessels (1). Retinoic
acid has powerful biological effects that
may treat and prevent atherosclerosis.

For example, activation of retinoic acid
receptors (RARs) reduces inflammation,
vascular cell proliferation and migra-
tion, apoptosis, coagulation and matrix
remodeling (2-5), and retinoic acid
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upregulates a set of antiatherogenic
genes in macrophages (6). Furthermore,
retinoic acid promotes differentiation of
regulatory T cells, an immune cell sub-
set that ameliorates inflammation and
atherosclerosis (1,7,8). RARs and
retinoic receptor ligands are present in
atherosclerotic lesions, and retinoic acid
is known to regulate macrophage ex-
pression of scavenger receptors (9). In
line with this, low plasma retinol, the
substrate for the active all-trans retinoic
acid (atRA), is an independent risk fac-
tor for coronary events (10,11). Adminis-
tration of retinoids also reduces
post-balloon injury stenosis in rats



(4,12,13) and ameliorates disease in
atherosclerosis-prone mice (14).
Increased retinoid levels reduce exper-
imental atherosclerosis, but long-term
systemic treatment with retinoids is as-
sociated with serious adverse effects
(15). Therapeutic targeting of local
retinoid turnover to increase local
retinoid levels is an alternative strategy
(2), and inhibitors of cytochrome P450,
family 26 (CYP26) enzymes have been
used in clinical studies (16,17). However,
knowledge about the metabolism of
atRA and other RAR ligands in athero-
sclerosis has been lacking. In general,
synthesis of active retinoids by retinol
and retinal dehydrogenases and catabo-
lism by members of the CYP26 subfam-
ily A, B and C, polypeptide 1 (CYP26A1,
CYP26B1 and CYP26C1) is tightly con-
trolled (18-21). CYP26A1 was the first
member of the CYP26 family to be iden-
tified, characterized and cloned (22,23).
CYP26B1 has 41% amino acid identity
with CYP26A1 but similar functional ac-
tivity (24,25). In subsets of vascular and
immune cells, interference with CYP26
has profound effects on atRA levels
(26-28), and increased levels of endoge-
nous atRA result in induction of a num-
ber of retinoid-responsive genes in vas-
cular cells (27). To date, little is known
about the significance of genetic poly-
morphisms that occur in the CYP26 en-
zymes. A CYP26A1 variant reportedly
has a significantly reduced activity com-
pared with wild-type (29), but single nu-
cleotide polymorphisms (SNPs) in the
CYP26A1 gene have not been linked to
disease. The rs707718 polymorphism in
CYP26B1 has been associated with oral
squamous cell carcinoma in a subgroup
of patients (30), but the mechanism be-
hind the link is unclear. It has been un-
known if genetic polymorphisms in
CYP26B1 influence enzyme efficiency.
We reasoned that if CYP26 enzymes
would be expressed in atherosclerosis,
local influence by CYP26 enzymes might
affect retinoid availability, inflammation
and disease development. In this study,
we investigated CYP26 in atherosclerosis
and discovered a CYP26B1 polymor-
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Figure 1. CYP26B1 mRNA in atherosclerotic lesions. Murine arterial biopsies from C57BI/6

(n = 6) and Apoe-deficient (n = 11) mice were analyzed by gPCR for Cyp26B1 mRNA (A).
CYP26B1 mRNA levels were measured in human carotid artery biopsies cultured in the alb-
sence or presence of atRA (n = 6) (B). Values are mean + standard error of the mean (SEM)
of arbitrary units normalized to TATAbbp (mouse) or p-actin (human). **P < 0.01, *P < 0.05.

phism that alters the rate of retinoid
catabolism.

MATERIALS AND METHODS

These studies were approved by the
regional ethical committees for human or
animal studies, and human subjects were
included after informed consent.

Human Biopsies

Fifteen patients scheduled for carotid
endarterectomy were included (31). Nine
atherosclerotic lesions were snap-frozen.
Six lesions were divided in two and incu-
bated in Dulbecco’s modified Eagle’s
medium/F12 medium enriched with
30 mg/mL human albumin (Biovitrum
AB, Stockholm, Sweden) for 6 h with
1 umol/L atRA (Sigma-Aldrich, St.
Louis, MO, USA) or vehicle. Ribonucleic
acid (RNA) was isolated using the
E.Z.N.A. Total RNA kit (Omega Bio-Tek,
Doraville, GA, USA). Semiquantitative
polymerase chain reaction (PCR) was
performed in a 7900HT Fast Real-Time
PCR System using Assays-on-Demand™
reagents (Applied Biosystems, Foster
City, CA, USA) for human CYP26B1.
B-Actin was used as a reference (28). For-
malin fixed 10-um cryosections or arte-
rial biopsies were incubated with mouse
anti-CYP26B1 (Abnova, Thaipei City,
Taiwan), anti-CD68 or anti-a-actin
(Dakopatts, Glostrup, Denmark) mono-
clonal antibodies or a relevant isotype
control overnight at 4°C after treatment
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with 0.3% H,O, (Sigma-Aldrich). Sec-
tions were rinsed, incubated with Imm-
Press (Vector, Burlingame, CA, USA) for
30 min, followed by Nova Red substrate
(Vector), and counterstained with Hema-
toxylin QS (Vector). Samples from the
Biobank of Karolinska Carotid Endar-
terectomies (BiKE) were obtained and
analyzed using global transcript analysis
with Affymetrix® gene arrays as previ-
ously described (31,32).

Murine Biopsies

Female Apoe’/’ mice (n = 11, local
breeding) and C57BL/6 mice (n =6,
Taconic, Ry, Denmark) were used, fed
standard mouse chow and euthanized at
18 wks of age. RNA was extracted from
atherosclerotic aortas from Apoe”” mice
and atherosclerosis-free aortas from
C57BL/6 mice and analyzed as previ-
ously described (31). Premanufactured
primers and probe sets (Assays-on-
Demand) for Cyp26B1 and TATA box
binding protein (TATAbbp) were used
for quantitative PCR (qPCR). Relative
values were calculated with the 27227
method.

Genotyping and Angiography

The National Center for Biotechnology
Information (NCBI) Entrez SNP database
(http:/ /www.ncbinlm.nih.gov/snp) was
used to identify SNPs, and prevalence
was determined in a cohort of Swedish
individuals (33). Genotyping was per-

1 713



CYP26B1 IN ATHEROSCLEROSIS

formed using a TaqMan SNP assay (34).
The Stockholm Coronary Atherosclerosis
Risk Factor (SCARF) study has been de-
scribed previously (35) and includes 387
survivors of a first myocardial infarction
and 387 controls. Of the 387 patients, 243
underwent quantitative coronary angiog-
raphy. The QCA-CMS system (Medis
Medical Imaging Systems, Leiden, the
Netherlands) was used to outline the
vessel lumen (36) and measure the area
of atherosclerotic lesions. The inner sur-
face of each segment of the vessel wall
was longitudinally outlined, and the
plaque area was calculated. To compen-
sate for the individual variation in seg-
ment length, plaque area was correlated
to the actual segment length (mm?/mm).

Construction of Expression Vectors for
CYP26B1

Constructs of full-length CYP26B1
with the major (wild-type) variant of
rs2241057 was commercially obtained as
an Ultimate ORF Clone ID IOH37861
(Invitrogen, Stockholm, Sweden). The
minor (mutated) variant of rs2241057
was obtained from the major variant by
site-directed mutagenesis using muta-
genic primers (forward: 5 ACACA
GGGCA AGGAC TACTC GGACG
CCCTG GAC 3'; reverse: 5" AGTAG
TCCTT GCCCT GTGTG CACTG
CAGCT TC 3') and the GeneTailor Site-
Directed Mutagenesis System (Invitro-
gen). Subsequently, the entire plasmid
was sequenced in both directions. The
rs2241057 major and minor constructs
were cloned into a pcDNA3.2/V5-DEST
(Invitrogen) vector using Gateway Tech-
nology (Invitrogen). Finally, the sequence
was verified (37).

Transient Transfection of COS-1
and THP-1 Cells with CYP26B1 Variants
and Measurement of atRA
Degradation

COS-1 cells were cultured without an-
tibiotics for 24 h. Cells were transfected
with 2 ug of the major or minor CYP26B1
construct or pcDNA3.2/V5-DEST vector
without insert and 100 ng pSEAP2 (Invit-
rogen) control vector using Lipofectamin

Figure 2. In atherosclerotic lesions, CYP26B1 protein was found in macrophage-rich areas.
CYP26B1 protein was detected in human atherosclerotic lesions (A). On consecutive serial
sections, CYP26B1 and the macrophage marker CD68 stained similar areas (B). The I9G,,
isotype control did not produce any detectable binding (C).

2000 (Invitrogen). Transfected cells were
incubated for 24 h, medium was changed
and 2 uCi [’H]atRA (PerkinElmer Life
Sciences, Waltham, MA, USA) was
added to each well. After 1 h incubation
at 37°C, cells were washed and frozen.
Sample contents were separated by
reverse-phase high-performance liquid
chromatography (HPLC) and [*H]atRA
detected as previously described (38).
Tritium activity was normalized to pro-
tein levels and secreted alkaline phos-
phatase (SEAP) activity using a reporter
gene assay chemiluminescent kit (Roche
Applied Science, Indianapolis, IN, USA).
Experiments were performed in triplicate
and repeated four times. THP-1 cells were
treated with 20 nmol /L phorbol myristate
acetate for 24 h to differentiate the cells to
macrophages. The next day, cells were
transfected with 0.9 ug major or minor
CYP26B1 construct or pcDNA3.2/V5-
DEST vector without an insert in combi-
nation with 100 ng pSEAP2 (Invitrogen)
control vector using 2 uL TurboFect (Fer-
mentas, Leon-Rot, Germany). Transfected
cells were incubated for 24 h, medium
was changed and 1 uCi [PH]atRA was
added per well. Cells were incubated for
1 h followed by HPLC analysis. Tritium
activity was normalized as described
above. Experiments were performed in
duplicate and repeated three times.

Purification of CYP26B1 Variants,
Measurement of CYP26B1 Activity and
Western Blot

CYP26B1 major and minor variants
were purified from transfected COS-1
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cells using monoclonal antibodies (Ab-
nova) and the Pierce IP Kit (Fisher Scien-
tific, Vastra Frolunda, Sweden) and
stored in buffer (50 mmol/L KH,PO,,

50 mmol/L K,HPO,, 0.5 mmol/L EDTA
[ethylenediaminetetraacetic acid] and
20% of glycerol, pH 7.4) at —-80°C. Zero or
5 nmol/L of either major or minor
CYP26B1, 10 nmol/L oxidoreductase
(Electra-Box Diagnostica, Stockholm,
Sweden), 25 nmol /L [’H]atRA and 1
mmol /L reduced nicotinamide adenine
dinucleotide (NADPH) in buffer

(100 mmol/L KH,PO, and 100 mmol/L
K,HPO,, pH 7.4) were incubated at 37°C
for 1-15 min, and the reaction was
stopped by the addition of ethanol. Major
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Figure 3. Increased catabolic efficiency of
the minor CYP26B1 variant. Purified minor
(open circles) and major (filled squares)
rs2241057 CYP26B1 variants were intro-
duced in a cell-free system. CH)atRA was
added and its concentration was meao-
sured over time using HPLC. Open dia-
monds show levels in the absence of
CYP26B1. The horizontal dashed line indi-
cates baseline concentration. Values are
mean = SEM. dpm, disintegrations per
minute, ***P < 0.001.
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Figure 4. Increased efficiency of cellular retinoic acid catabolism by the minor CYP26B1
variant. Plasmid constructs containing the major or minor variant of rs2241057 were frans-
fected info COS-1 cells and THP-1 macrophagelike cells, and levels of the 55-kDa
CYP26B1 were determined by Western blot in COS-1 cells (A). Cellular levels of supple-
mented (*H)atRA were measured by HPLC in COS-1 cells (B) and THP-1 cells (C). Values
are relative to protein concentration and SEAP activity, and shown as mean + SD. **P <

0.01, **P < 0.001.

or minor CYP26B1 without NADPH was
used as the control. atRA levels were mea-
sured by HPLC (38). The purified protein
or total cell lysate from COS-1 cells trans-
fected with CYP26B1 constructs or empty
vector were analyzed by Western blot
using mouse anti-CYP26B1 monoclonal
antibodies (Abnova).

Statistics

SPSS 14.0 (SPSS, Chicago, IL, USA)
and Statistica 7.0 (StatSoft, Tulsa, OK,
USA) were used for analyses. Compar-
isons of mRNA levels and of HPLC data,
respectively, were performed using a
Student f test. Factorial analysis of vari-
ance followed by a Tukey honest signifi-
cance post hoc test was used to analyze
enzyme efficiencies. Differences in ather-
osclerotic lesion size and basic character-
istics between genotypes were evaluated
by the Mann-Whitney U test. P < 0.05
was considered significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

CYP26B1 mRNA Was Induced by
Retinoic Acid in Atherosclerotic
Biopsies

Aortas from atherosclerosis-free
C57BL/6 mice and atherosclerotic Apoe-
deficient mice were analyzed for
Cyp26B1 by qPCR. Levels of Cyp26B1

mRNA were significantly higher in ath-
erosclerotic arteries (P = 0.002) (Fig-

ure 1A). In line with this, levels of
CYP26B1 mRNA were significantly
higher in human atherosclerotic carotid
endarterectomy samples compared with
atherosclerosis-free iliac arteries in BiKE
(n = 6 iliac and 107 carotid artery biop-
sies, P < 0.0001) (Supplementary

Figure S1). In vitro treatment of human
atherosclerotic tissue with 1 umol/L
atRA for 6 h increased CYP26B1 mRNA
levels severalfold (P = 0.02) (Figure 1B).

CYP26B1 Colocalized with
Macrophages in Human
Atherosclerotic Lesions

Using immunohistochemistry, CYP26B1
was detected in human atherosclerotic le-
sions (Figure 2A). To investigate the cellu-
lar source of CYP26B1 in atherosclerosis,
arterial biopsies were stained with mark-
ers for smooth muscle cells (c-actin) and
macrophages (CD68). On consecutive se-
rial sections, CYP26B1 and CD68 appeared
in the same areas in the vessel wall (Fig-
ures 2A, B), whereas there was no appar-
ent colocalization of CYP26B1 and mark-
ers for other cell types (data not shown).

Out of Three Nonsynonymous
CYP26B1 SNPs, the Minor Allele Was
Detected Only in rs2241057

The (NCBI) Entrez SNP database was
searched for nonsynonymous SNPs in
CYP26B1. Three described variants were
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identified: rs2241057, rs2286965 and
rs7568553. The suitability of these vari-
ants for further studies was probed by
approximating the prevalence of the
variants in a Swedish cohort (33). The
minor allele was detected only in
rs2241057, with a C-allele frequency of
0.137, which is similar in the HapMap
CEU population (frequency 0.168,
$s48402704, http:/ / www.ncbi.nlm.nih.
gov / projects/SNP /snp_ss.cgi?subsnp_id
=48402704). Therefore, this variant,
known to cause a Leu-to-Ser substitution
at position 264 in CYP26B1, was selected
for subsequent studies.

The Minor CYP26B1 Variant
Catabolized atRA at a Higher Rate

To investigate the biological effects of
the Leu-to-Ser substitution in CYP26B1
associated with the minor allele of
12241057, plasmid constructs of the
human CYP26B1 gene variants were cre-
ated and used for production of purified
proteins and transfection of the genetic
variants to cell cultures. First, to examine
the CYP26B1 variants’ effect on atRA me-
tabolism exclusively, the purified minor
and major enzyme variants were added
to a cell-free system consisting of a reac-
tion buffer at physiological pH with a
known starting concentration of
[PH]atRA. [*H]atRA levels were followed
over time using HPLC. The minor
CYP26B1 variant catabolized atRA at a
significantly higher rate than the major
variant (Figure 3). Then, to explore if this
difference in catabolic rate was signifi-
cant in actual cell cultures, COS-1 cells
were transfected with constructs of
CYP26B1 with the major or minor allele
of rs2241057 or empty vector. Transfec-
tion produced similar cellular levels of
the CYP26B1 major and minor protein
variants (Figure 4A). After 1 h incubation
with [*HJatRA, cellular levels of
[PH]atRA as measured by HPLC were
significantly lower in cells with mutated
CYP26B1 (P = 0.004), supporting a higher
enzymatic efficiency of the minor
CYP26B1 variant (Figure 4B) and indicat-
ing that the rs2241057 polymorphism is
functional. Because CYP26B1 appeared
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Table 1. Basic clinical characteristics of rs2241057 genotypes in the SCARF cohort.

Homozygous for the

Carriers of the

major allele minor allele
n n P

Age (years)

Patients 282 53.0(49.0-57.0) 90 54.0(48.8-57.0) 0.45
Controls 282 54.0 (49.8-57.0) 99 54.0(49.0-57.0) 0.35
Body mass index (kg/m?)

Patients 281 26.8 (24.7-29.6) 90 26.6(24.3-29.5) 0.70
Controls 282 25.6(23.5-27.8) 98 257 (24.1-27.5) 0.79
Current smokers (%)

Patients 282 50.7 90 51.1 0.52
Controls 280 24.3 98 24.5 0.53
Serum cholesterol (mmol/L)

Patients 280 5.0(4.2-5.7) 90 52(4.5-5.7) 0.12
Controls 282 54(4.8-6.1) 99 55(4.7-6.2) 0.50
Serum low-density

lipoprotein (mmol/L)

Patients 272 3.2(25-3.9) 84 3.2(2.6-3.9 0.33
Controls 281 3.4(2.9-4.1) 98 3.7(3.0-4.3) 0.18
Serum high-density lipoprotein (mmol/L)

Patients 272 1.1 (0.9-1.4) 84 1.1(0.9-1.4) 0.36
Conftrols 281 1.3(01.1-1.7) 98 1.40.1-1.6) 0.58
Serum friglycerides (mmol/L)

Patients 280 1.6(1.2-2.2) 90 1.6(1.2-2.3) 0.88
Controls 282 1.2(0.86-1.6) 99 1.2(0.82-1.5) 0.86
Blood CRP (mg/L)

Patients 272 1.39(0.72-3.19) 88 2.01(0.74-4.08) 0.18
Controls 275 0.93(0.51-1.78) 98 1.04 (0.56-2.03) 0.35

Values are medians (interquartile range) or percentage (%) as indicated. CRR C-reactive

protein.

Table 2. Association of the rs2241057 polymorphism with size of atherosclerotic lesions in

the SCARF cohort.
Homozygous for the Carriers of the
major allele minor allele P
n 177 56

Atherosclerotic lesion size (mm?/mm)

0.21 (0.16-0.26)

0.23(0.19-0.28) 0.013

Values are medians (interquartile range).

in macrophage-rich areas in atherosclero-
sis, we proceeded to explore CYP26B1
activity in human macrophagelike differ-
entiated THP-1 cells. THP-1 cells were
transfected with the different plasmids
and [*H]atRA administered and mea-
sured as above. Levels of [°’H]atRA were
lower in cultures transfected with the
minor CYP26B1 variant (Figure 4C).

The difference in catabolic rate be-
tween the CYP26B1 variants suggested
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that the atRA equilibrium concentration
would be reduced in tissues with the
minor CYP26B1 enzyme variant. Associ-
ation of the CYP26B1 genotype with ath-
erosclerosis was, therefore, investigated
in the SCARF cohort. There was no sig-
nificant association between rs2241057
genotype and basic clinical characteris-
tics in the 387 patients and 387 matched
controls (Table 1). Association of the
rs2241057 polymorphism and local an-
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giography findings on atherosclerotic le-
sions was investigated in the subgroup
of 233 patients with complete CYP26B1
genotyping and angiography results.
Carriers of the minor allele had a small
increase in atherosclerotic lesions de-
tected by angiography compared with
individuals homozygous for the major
allele (P = 0.01) (Table 2).

DISCUSSION

This study identifies the first SNP with
significant impact on enzymatic activity
in the retinoic acid catabolizing enzyme
CYP26B1. Furthermore, it demonstrates
an increase in Cyp26B1 mRNA in murine
atherosclerosis, expression of CYP26B1 in
macrophage-rich areas of human athero-
sclerotic lesions and induction of
CYP26B1 mRNA by retinoic acid.

Atherosclerosis is an inflammatory dis-
ease in which blood vessel infiltration of
cholesterol, macrophages and other im-
mune cells play a key role from the onset
to clinical manifestations of the disease
(1,39). Retinoids are major regulators of
both inflammation and cholesterol flux
(9), and increased systemic and local
retinoid levels promote antiinflammatory
immunity, including differentiation of
regulatory T cells, and reduce inflamma-
tion (8,40). Levels of atRA are tightly reg-
ulated by enzymes in the CYP26 family
(41), and our finding of CYP26B1 expres-
sion inside human atherosclerotic lesions
implies that atRA levels are regulated lo-
cally in the vessel wall. To compare
Cyp26B1 in normal and atherosclerotic
arteries, we analyzed Cyp26B1 mRNA in
atherosclerosis-free arteries from
C57BL/6 mice and atherosclerotic arter-
ies from Apoe-deficient mice. In all inves-
tigated specimens, the atherosclerotic
arteries had higher levels of Cyp26B1, in-
dicating that Cyp26B1 is increased in
atherosclerosis. Because of methodolog-
ical constraints, it was not possible to di-
rectly compare CYP26B1 levels in human
atherosclerotic carotid biopsies to a
healthy control. To gain knowledge on
normal levels of CYP26B1 mRNA in
healthy human arteries, we studied ath-
erosclerosis-free iliac arteries. The mean



level of CYP26B1 mRNA was almost
three times higher in atherosclerotic
carotid endarterectomy samples than in
atherosclerosis-free iliac arteries, and lev-
els did not overlap between atheroscle-
rotic carotid and healthy iliac specimens,
which is in line with the murine results
where atherosclerotic arteries showed
higher values than healthy controls. The
distribution of the atRA-catabolizing en-
zyme CYP26B1 in atherosclerotic lesions
coincided anatomically with the expres-
sion of the macrophage marker CD68,
suggesting that enzymatic regulation of
atRA levels in lesions could affect ligand
availability for these inflammatory cells.
We and others previously showed that
pharmacological inhibition of CYP26, or
RNA interference (RNAi)-mediated
CYP26 silencing, increases levels of
retinoic acid and retinoid signaling
(27,28,42). Hence, because our data indi-
cate that the CYP26B1 enzyme was pres-
ent and upregulated in atherosclerosis,
regulation of CYP26B1 activity may in-
fluence atherosclerosis development by
altering the local availability of retinoid
ligands.

This study shows that a Leu-to-Ser sub-
stitution in position 264 in CYP26B1 in-
creases the catabolic activity of CYP26B1
substantially, both in a cell free system
and in cell culture. The minor CYP26B1
variant catabolized atRA at a substantially
higher rate than the major CYP26B1 vari-
ant in all three investigated models. The
actual catabolic rates in vivo will depend
on several factors, including the local tis-
sue concentration of atRA, and cannot be
accurately predicted from the data in this
study. However, it is plausible that the
considerable difference in capacity be-
tween the enzyme variants shown here al-
ters the equilibrium of retinoid synthesis
and catabolism (43,44) and translates into
alterations of atRA levels in vivo. In this
way, carriers of the minor CYP26B1 vari-
ant may ultimately have reduced avail-
ability of atRA in inflamed tissues.

The notion that retinoid availability
regulated by CYP26B1 may influence
local atRA levels and inflammation in
atherosclerosis implies that carriers of

the minor CYP26B1 variant have reduced
levels of atRA in atherosclerotic lesions.
Hence, carriers would potentially have
more local inflammation and atheroscle-
rosis. The strongest expression of
CYP26B1 was found in macrophage-rich,
inflammatory areas of the lesions, where
it is likely to have the strongest influence
on inflammation. Interestingly, the differ-
ent enzyme variants metabolized
retinoids at different rates also when ex-
pressed in human macrophagelike differ-
entiated THP-1 cells, suggesting that the
CYP26B1 genotype may play a role for
retinoid availability in human plaque-
resident macrophages. Our investigation
of this possible link between CYP26B1
variants and size of atherosclerotic le-
sions in patients showed that carriers of
the minor allele indeed had larger ather-
osclerotic lesions as determined by an-
giography, albeit the differences were
small. Importantly, we were unable to di-
rectly measure CYP26B1 activity and
atRA levels in these atherosclerotic le-
sions, and investigate lesion size using
the more precise intravascular ultra-
sound technique. Hence, it was not feasi-
ble to show causality, and the limited
size of the cohort together with the lack
of a replication cohort prevented a robust
disease-association case-control analysis.
This finding should, therefore, be inter-
preted with caution. It is also possible
that the effect associated with the
CYP26B1 variants was linked to the sys-
temic availability of atRA. The lack of as-
sociation between the CYP26B1 variants
and known systemic atherosclerosis-
associated factors, however, speaks
against a systemic mechanism.

CONCLUSION

In conclusion, this study identifies the
first SNP with significant impact on the
enzymatic activity in the retinoic acid ca-
tabolizing enzyme CYP26B1. CYP26B1
mRNA was increased in murine athero-
sclerosis and expressed in macrophage-
rich areas of human atherosclerotic le-
sions. Furthermore, retinoic acid induced
CYP26B1 in human atherosclerotic le-
sions. Taken together, the findings sug-
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gest that genotype may affect CYP26B1-
regulated levels of retinoids and possibly
atherosclerosis development. Further
studies are warranted to determine the
detailed mechanisms of retinoid action in
atherosclerotic lesions and the potential
role of pharmacological CYP26B1 in-
hibitors in the treatment of atherosclero-
sis and its complications.
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