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Abstract Cholesterol 7a-hydroxylase (CYP7A1) plays a
crucial role in cholesterol metabolism and has been impli-
cated in genetic susceptibility to atherosclerosis. Thus, an
understanding of its transcriptional regulation is of consid-
erable importance. We evaluated the effect of a common
2203A.C polymorphism in the CYP7A1 promoter region
on the activity of CYP7A1, estimated as the ratios of serum
7a-hydroxycholest-4-en-3-one (C4) to either total or non-
HDL-cholesterol. The study was performed on patients
after resection of the distal ileum, leading to upregulation
of CYP7A1 activity (n 5 65). Healthy volunteers served as
the control group (n 5 66). Whereas higher CYP7A1 activity
was associated with the 2203A allele in the patient group
(C4/cholesterol ratio, 29.0 vs. 14.8 mg/mmol, P 5 0.032;
C4/non-HDL-cholesterol ratio, 53.3 vs. 21.3 mg/mmol in
2203AA and 2203CC, P 5 0.017, respectively), no differ-
ences were observed in the healthy controls. We conclude
that under physiological conditions, the 2203A.C poly-
morphism in the CYP7A1 gene promoter region does not
seem to have any clinically relevant effect. However, in
patients with severe bile salt malabsorption, this polymor-
phism markedly affects CYP7A1 activity.—Leníček, M., V.
Komárek, M. Zimolová, J. Kovář, M. Jirsa, M. Lukáš, and L.
Vítek. CYP7A1 promoter polymorphism 2203A.C affects
bile salt synthesis rate in patients after ileal resection. J. Lipid
Res. 2008. 49: 2664–2667.
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Conversion of cholesterol into bile salts (BSs) represents
an important cholesterol-biotransforming pathway. BS
biosynthesis is initiated by cholesterol 7a-hydroxylase
(CYP7A1, EC 1.14.13.17), the rate-limiting enzyme in the
classical BS biosynthetic pathway. The considerable contri-
bution of CYP7A1 in the regulation of cholesterol metabo-

lism has been confirmed in both animals and humans,
where higher CYP7A1 activity correlated with lower choles-
terol levels, and vice versa (1–6). Therefore, genetic deter-
minants of its activity are of special interest. One of the
most studied candidates is the 2203A.C polymorphism
(c.2267A.C, dbSNP rs3808607) in the promoter region
of CYP7A1. This common variant represents the haplotype
block, which covers a substantial part of the promoter and
the first exon of CYP7A1 (7).

Wang et al. (8) described an association between the
2203A.C polymorphism and plasma LDL-cholesterol
levels. Since then, numerous studies have been performed
to examine the importance of this polymorphism or a
linked variant, 2469C.T (c.2533C.T, dbSNP rs3824260)
in cholesterol metabolism regulation (9–14). The results
were, however, inconsistent. Carriage of the 2203C allele
has been reported to be associated with increased LDL-
cholesterol in men, but not in women (9), with increased
serum levels of apolipoprotein A-I but not with apolipo-
protein B-100 (10), and with significant LDL-cholesterol
changes after dietary intervention (11, 12). In a study by
Hegele et al. (13) the 2203A allele was associated with
higher LDL-cholesterol in Keewatin Inuits and lower
HDL-cholesterol in Hutterites, whereas no association has
been found in Sandy Lake Oji-Creek members. All of these
studies correlated the presence of 2203A.C variants with
plasma cholesterol levels, rather than with CYP7A1 activity.
Only Abrahamsson et al. (14) measured CYP7A1 activity
or plasma levels of 7a-hydroxycholest-4-en-3-one (C4), a
marker of CYP7A1 activity (15) in two small cohorts (of 21
and 30 subjects), respectively. Based on these observations,
as well as on in vitro experiments, Abrahamsson et al. (14)
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concluded that these polymorphisms contributed neither
to CYP7A1 activity nor to the plasma LDL-cholesterol con-
centration in humans.

The aim of the present study was to ascertain, whether the
2203A.C polymorphism in the CYP7A1 promoter affects
the activity of CYP7A1 in patients with a resection of the dis-
tal ileum, in whom the BS synthesis is grossly upregulated.

MATERIALS AND METHODS

Subjects
Two groups of subjects were included in the study. The first

group consisted of healthy volunteers, employees of 1st Faculty
of Medicine, Charles University in Prague, and blood donors.
The other group consisted of inflammatory bowel disease pa-
tients with resection of the distal ileum. Owing to the lack of ileal
bile acid transporter (ASBT, SLC10A2), BS malabsorption with a
compensatory increase of CYP7A1 activity was expected in this
group (6). Additionally, fibroblast growth factor 19, a supressor
of CYP7A1, is produced in the small intestine under physiological
conditions (16–18). After ileal resection, its production is ex-
pected to decrease, with subsequent derepression of CYP7A1.
The length of the resected ileum was classified as extensive
($70 cm) or small (,70 cm). Patients were recruited at the
4th Department of Internal Medicine, 1st Faculty of Medicine,
Charles University in Prague and at IBD Clinical and Research
Center, ISCARE I.V.F. in Prague. Individuals taking BSs or BS
sequestrants, which might influence the activity of CYP7A1, were
excluded. Basic demographic characteristics of the subjects are
shown in Table 1.

All subjects were genotyped for the 2203A.C variant. The
sera of homozygotes were further analyzed. The study was ap-
proved by the local Ethics Committee, and all participants gave
their written informed consent prior to enrollment.

C4 and cholesterol measurements
Serum samples were obtained in the morning, aliquotted, and

stored at 280°C until analysis. C4 concentration was measured by
HPLC, as previously described (19). Briefly, 1 ml of serum and 30 ng
of internal standard (7b-hydroxycholest-4-en-3-one; Steraloids,

Newport, RI) were extracted by chloroform-methanol, purified
on a Strata SI 100 mg precolumn (Phenomenex, Torrance, CA),
and separated by HPLC (HP 1100 series, Agilent Technologies,
Santa Clara, CA). The column (SGX C18, 4 3 250 mm, parti-
cles, 4 mM) was manufactured by Tessek, Prague, Czech Republic;
mobile phase, acetonitrile-water (95:5, v/v), 1 ml/min, 20°C;
detection/reference wavelength, 241/360 nm.

Total and HDL-cholesterol levels were measured on a modular
automatic analyzer (Roche Diagnostics, Basel, Switzerland) using
commercially available kits (CHOLESTEROL liquicolor and
HDL CHOLESTEROL liquicolor, respectively, both by Human
GmbH, Wiesbaden, Germany).

The activity of CYP7A1 was estimated using a serum C4/total
cholesterol concentration ratio, which represents a more ac-
curate marker of CYP7A1 activity than does serum C4 level
alone (20). Additionally, the C4/non-HDL-cholesterol ratio was
also used.

DNA analysis
Genomic DNA was isolated from peripheral blood white cells

by a standard salting-out method (21). The 2203A.C locus was
genotyped by PCR-BsaI restriction fragment length polymor-
phism; forward primer 5′-ATTAGCTATGCCCATCTTAAACAGG-3′
and reverse primer 5′-TAACTGGCCTTGAACTAAGTCCAC-3′ were
used for PCR amplification of the corresponding DNA fragment.

Statistical analyses
Normally distributed data were compared using the Student

t -test and presented as the mean (6SD), whereas skewed data
were compared using the Mann-Whitney Rank Sum test and
presented as the median (5–95%). The Hardy-Weinberg equilib-
rium was tested by the x2 test. Analyses were performed using
STATISTICA software (version 8). The P value ,0.05 was consid-
ered as significant.

RESULTS

As expected, C4/cholesterol as well as C4/non-HDL-
cholesterol ratios in patients after ileal resection were higher
than in controls (20.4 vs. 2.3 and 33.2 vs. 3.7 mg/mmol, re-
spectively, P , 0.001 for both analyses). Both total and

TABLE 1. Effect of the 2203A.C polymorphism on CYP7A1 activity

2203AA 2203CC P

Controls (n 5 66)
Gender (f/m) 7/16 28/15 0.020
Age (years) 41.0 6 13.4 43.7 6 11.8 0.470
C4/cholesterol 2.6 (1.0-5.5) 2.3 (0.6-7.5) 0.462
C4/non-HDL-cholesterol 4.2 (1.4-10.1) 3.6 (0.9-12.7) 0.548

All patients (n 5 65)
Gender (f/m) 21/16 15/13 1.000
Age (years) 41.3 6 12.2 42.7 6 12.6 0.810
C4/cholesterol 29.0 (3.5-106.4) 14.8 (2.4-68.9) 0.032
C4/non-HDL-cholesterol 53.3 (3.4-166.7) 21.3 (2.7-125.9) 0.017

Patients with resection ,70 cm (n 5 57)
C4/cholesterol 24.3 (2.2-77.1) 13.5 (1.9-75.5) 0.112
C4/non-HDL-cholesterol 43.5 (3.3-128.2) 18.9 (2.7-125.9) 0.059

Patients with resection >70 cm (n 5 8)
C4/cholesterol 108.9 (81.0-132.2) 26.0 (4.4-31.9) 0.012
C4/non-HDL-cholesterol 157.3 (118.1-186.1) 43.9 (9.1-48.6) 0.029

Results are given as mean 6 SD, or as median (5–95%) when data were not normally distributed. Distribution
of genotypes in both controls and patients followed Hardy-Weinberg equilibrium. The 7a-hydroxycholest-4-en-
3-one (C4)/cholesterol and C4/non-HDL-cholesterol ratios are expressed in mg/mmol. Boldface indicates statisti-
cally significant results.
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non-HDL serum cholesterol levels were significantly higher
in controls than in patients (5.03 vs. 4.12 mmol/l and 3.25 vs.
2.69 mmol/l, respectively, P , 0.001 for both analyses).

In the group of all patients, the 2203AA genotype was
associated with a higher C4/cholesterol ratio, compared
with the 2203CC genotype (Table 1). Even more pro-
nounced differences were observed in the subgroup of pa-
tients after extensive resection of the ileum; C4/cholesterol
ratio in2203AA homozygotes was significantly higher than
in 2203CC patients (Table 1). The difference between the
C4/cholesterol ratio in2203AA and CC homozygotes after
short ileal resection showed the same tendency; however, it
did not reach statistical significance (Table 1).

Similarly, C4/non-HDL-cholesterol ratios were signifi-
cantly higher in 2203AA than in 2203CC homozygotes
in all patients (Fig. 1), as well as in patients after extensive
ileal resection (Table 1). In patients after short resection,
the difference between 2203AA and 2203CC homozy-
gotes did not reach statistical significance.

No significant effect of the 2203A.C polymorphism in
either C4/cholesterol or C4/non-HDL-cholesterol was
found in the control group (Table 1).

DISCUSSION

Because of the key role of CYP7A1 in cholesterol metab-
olism, regulation of its activity is an important issue. Despite
intensive research, the role of the 2203A.C variant in the
modulation of CYP7A1 activity has not yet been explained.
To our knowledge, there is no direct evidence supporting
the association of this variant with CYP7A1 activity in hu-
mans. Abrahamsson et al. (14) did not find any association
between the 2203A.C genotype and hepatic CYP7A1 ac-
tivity in gallstone disease patients. The number of subjects
in this study was, however, limited, and no 2203AA homo-
zygotes were included. Similarly, the authors did not ob-

serve any association between the 2203A.C variant and
serum levels of C4 as a marker of CYP7A activity in a cohort
of 30 subjects with asymptomatic gallstone disease.

Because direct measurement of CYP7A1 activity requires
liver biopsy, less-invasive markers are preferred in humans.
It has been shown that serum levels of C4 reflect CYP7A1
activity (15, 22). Honda et al. (20) suggested that the C4/
cholesterol ratio would be a more accurate serum marker,
because C4 is transported in lipoprotein particles carrying
cholesterol. The authors experimentally confirmed that
the C4/cholesterol ratio, as a marker of CYP7A1 activity,
is superior to serum C4 levels. Based upon the fact that
cholesterol for BS synthesis recruits predominantly from
non-HDL-cholesterol (23, 24) and probably enters the cir-
culation in the VLDLs (the first members of the metabolic
lipoprotein cascade that includes all the lipoproteins other
than HDL), the C4/non-HDL-cholesterol ratio (product/
substrate) might theoretically be even more accurate.

In our study, we report an association of CYP7A1 activity
with the 2203A.C variant in patients after resection of
the distal ileum. Owing to BS malabsorption and the possi-
ble lack of fibroblast growth factor 19, originating predom-
inantly from the ileum, these patients have upregulated
CYP7A1 activity (6, 16–18). Our patients, homozygous for
the 2203A allele, had an approximately 2-fold higher
C4/cholesterol or C4/non-HDL-cholesterol ratio than
did the 2203CC homozygotes. The difference was more
pronounced in patients after extensive resection. In pa-
tients after a small (,70 cm) resection of the ileum, both
ratios were 2-fold higher in homozygotes for 2203A,when
compared with 2203CC carriers. The differences, how-
ever, did not reach statistical significance. This is prob-
ably owing to the large heterogeneity of this group, in
which patients after considerable resection as well as
those with clinically negligible resection are included.
In accord with Abrahamsson et al. (14), we did not ob-
serve significant differences in the C4/cholesterol or C4/
non-HDL-cholesterol ratios between2203AA and2203CC
homozygotes in the control group.

We hypothesize that under physiological conditions, the
functional reserve of CYP7A1 is sufficient to override the
effect of the promoter region, and that its variants do
not contribute substantially to the CYP7A1 activity. How-
ever, when CYP7A1 is upregulated (e.g., in patients with
ileal resection leading to malabsorption of BS), the
2203C promoter is not able to increase the transcription
level as much as the 2203A is.

The higher activity of CYP7A1 leads to consumption of
cholesterol within hepatocytes, which subsequently in-
creases expression of LDL receptors and thus lowers the
serum LDL-cholesterol levels (6, 25, 26). Similarly, lower
CYP7A1 activity should result in higher serum cholesterol
levels. In the present study, we did not focus on the serum
cholesterol levels, because in the healthy population, the
effect of the2203A.C polymorphism on cholesterol levels
seems to be minor if any (8–14), and a large cohort needs
to be collected in order to draw a relevant conclusion.
Furthermore, in patients after ileal resection, the different
nutritional status represents an important confounding

Fig. 1. 7a-Hydroxycholest-4-en-3-one (C4)/non-HDL-cholesterol
ratio in2203AA and -203CC homozygotes. CYP7A1 activity estimated
as C4/non-HDL-cholesterol ratio is higher in patients homozygous
for the2203A allele. Data are expressed as median, 25–75% (boxes)
and 5–95% (whiskers). Number of subjects is indicated.
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factor, which would mask the possible effect of the poly-
morphism on serum cholesterol levels.

In conclusion, our results suggest, that the 2203AA
genotype is associated with higher activity of CYP7A1 com-
pared with 2203CC in subjects with upregulated activity of
CYP7A1. Under physiological conditions, however, the ef-
fect seems to be negligible.

The authors would like to thank Tomáš Vyhnalík and Bronislava
Gabryšová for excellent technical assistance.

REFERENCES

1. Spady, D. K., J. A. Cuthbert, M. N. Willard, and R. S. Meidell. 1995.
Adenovirus-mediated transfer of a gene encoding cholesterol
7 alpha-hydroxylase into hamsters increases hepatic enzyme activity
and reduces plasma total and low density lipoprotein cholesterol.
J. Clin. Invest. 96: 700–709.

2. Erickson, S. K., S. R. Lear, S. Deane, S. Dubrac, S. L. Huling, L.
Nguyen, J. S. Bollineni, S. Shefer, H. Hyogo, D. E. Cohen, et al.
2003. Hypercholesterolemia and changes in lipid and bile acid
metabolism in male and female cyp7A1-deficient mice. J. Lipid
Res. 44: 1001–1009.

3. Miyake, J. H., X. T. Duong-Polk, J. M. Taylor, E. Z. Du, L. W. Castellani,
A. J. Lusis, and R. A. Davis. 2002. Transgenic expression of cholesterol-
7-{alpha}-hydroxylase prevents atherosclerosis in C57BL/6J mice.
Arterioscler. Thromb. Vasc. Biol. 22: 121–126.

4. Pullinger, C. R., C. Eng, G. Salen, S. Shefer, A. K. Batta, S. K. Erickson,
A. Verhagen, C. R. Rivera, S. J. Mulvihill, M. J. Malloy, et al. 2002.
Human cholesterol 7{alpha}-hydroxylase (CYP7A1) deficiency has
a hypercholesterolemic phenotype. J. Clin. Invest. 110: 109–117.

5. Cohen, J. C. 1999. Contribution of cholesterol 7alpha-hydroxylase
to the regulation of lipoprotein metabolism. Curr. Opin. Lipidol. 10:
303–307.

6. Akerlund, J. E., E. Reihner, B. Angelin, M. Rudling, S. Ewerth, I.
Bjorkhem, and K. Einarsson. 1991. Hepatic metabolism of cholesterol
in Crohnʼs disease. Effect of partial resection of ileum. Gastroenterology.
100: 1046–1053.

7. Nakamoto, K., S. Wang, R. D. Jenison, G. L. Guo, C. D. Klaassen, Y. J.
Wan, and X. B. Zhong. 2006. Linkage disequilibrium blocks, haplo-
type structure, and htSNPs of human CYP7A1 gene. BMC Genet. 7: 29.

8. Wang, J., D. J. Freeman, S. M. Grundy, D. M. Levine, R. Guerra, and
J. C. Cohen. 1998. Linkage between cholesterol 7alpha-hydroxylase
and high plasma low-density lipoprotein cholesterol concentra-
tions. J. Clin. Invest. 101: 1283–1291.

9. Couture, P., J. D. Otvos, L. A. Cupples, P. W. F. Wilson, E. J. Schaefer,
and J. M. Ordovas. 1999. Association of the A-204C polymorphism
in the cholesterol 7{alpha}-hydroxylase gene with variations in plasma
low density lipoprotein cholesterol levels in the Framingham
Offspring Study. J. Lipid Res. 40: 1883–1889.

10. Han, Z., S. C. Heath, D. Shmulewitz, W. Li, S. B. Auerbach, M. L.
Blundell, T. Lehner, J. Ott, M. Stoffel, J. M. Friedman, et al. 2002.
Candidate genes involved in cardiovascular risk factors by a family-
based association study on the island of Kosrae, Federated States of
Micronesia. Am. J. Med. Genet. 110: 234–242.

11. Hubacek, J. A., J. Pitha, Z. Skodova, R. Poledne, V. Lanska, D. M.

Waterworth, S. E. Humphries, and P. J. Talmud. 2003. Polymorphisms
in CYP-7A1, not APOE, influence the change in plasma lipids in re-
sponse to population dietary change in an 8 year follow-up: results
from the Czech MONICA study. Clin. Biochem. 36: 263–267.

12. Kovar, J., P. Suchanek, J. A. Hubacek, and R. Poledne. 2004. The
A-204C polymorphism in the cholesterol 7alpha-hydroxylase (CYP7A1)
gene determines the cholesterolemia responsiveness to a high-fat
diet. Physiol. Res. 53: 565–568.

13. Hegele, R. A., J. Wang, S. B. Harris, J. H. Brunt, T. K. Young, A. J. G.
Hanley, B. Zinman, P. W. Connelly, and C.M. Anderson. 2001. Variable
association between genetic variation in the CYP7 gene promoter
and plasma lipoproteins in three Canadian populations. Atherosclerosis.
154: 579–587.

14. Abrahamsson, A., S. Krapivner, U. Gustafsson, O. Muhrbeck, G.
Eggertsen, I. Johansson, I. Persson, B. Angelin, M. Ingelman-Sundberg,
I. Bjorkhem, et al. 2005. Common polymorphisms in the CYP7A1 gene
do not contribute to variation in rates of bile acid synthesis and plasma
LDL cholesterol concentration. Atherosclerosis. 182: 37–45.

15. Galman, C., I. Arvidsson, B. Angelin, and M. Rudling. 2003. Moni-
toring hepatic cholesterol 7alpha-hydroxylase activity by assay of the
stable bile acid intermediate 7alpha-hydroxy-4-cholesten-3-one in
peripheral blood. J. Lipid Res. 44: 859–866.

16. Holt, J. A., G. Luo, A. N. Billin, J. Bisi, Y. Y. McNeill, K. F. Kozarsky,
M. Donahee, D. Y. Wang, T. A. Mansfield, S. A. Kliewer, et al. 2003.
Definition of a novel growth factor-dependent signal cascade for
the suppression of bile acid biosynthesis. Genes Dev. 17: 1581–1591.

17. Inagaki, T., M. Choi, A. Moschetta, L. Peng, C. L. Cummins, J. G.
McDonald, G. Luo, S. A. Jones, B. Goodwin, J. A. Richardson, et al.
2005. Fibroblast growth factor 15 functions as an enterohepatic sig-
nal to regulate bile acid homeostasis. Cell Metab. 2: 217–225.

18. Lundasen, T., C. Galman, B. Angelin, and M. Rudling. 2006. Cir-
culating intestinal fibroblast growth factor 19 has a pronounced
diurnal variation and modulates hepatic bile acid synthesis in
man. J. Intern. Med. 260: 530–536.

19. Lenicek, M., M. Juklova, J. Zelenka, J. Kovar, M. Lukas, M. Bortlik,
and L. Vitek. 2008. Improved HPLC analysis of serum 7{alpha}-
hydroxycholest-4-en-3-one, a marker of bile acid malabsorption.
Clin. Chem. 54: 1087–1088.

20. Honda, A., T. Yoshida, G. Xu, Y. Matsuzaki, S. Fukushima, N. Tanaka,
M. Doy, S. Shefer, and G. Salen. 2004. Significance of plasma 7alpha-
hydroxy-4-cholesten-3-one and 27-hydroxycholesterol concen-
trations as markers for hepatic bile acid synthesis in cholesterol-fed
rabbits. Metabolism. 53: 42–48.

21. Miller, S. A., D. D. Dykes, and H. F. Polesky. 1988. A simple salting
out procedure for extracting DNA from human nucleated cells.
Nucleic Acids Res. 16: 1215.

22. Axelson, M., I. Bjorkhem, E. Reihner, and K. Einarsson. 1991. The
plasma level of 7[alpha]-hydroxy-4-cholesten-3-one reflects the activ-
ity of hepatic cholesterol 7[alpha]-hydroxylase in man. FEBS Lett.
284: 216–218.

23. Hillebrant, C. G., B. Nyberg, K. Einarsson, and M. Eriksson. 1997.
The effect of plasma low density lipoprotein apheresis on the he-
patic secretion of biliary lipids in humans. Gut. 41: 700–704.

24. Carey, M. C. 1997. Homing-in on the origin of biliary steroids. Gut.
41: 721–722.

25. Reihner, E., B. Angelin, M. Rudling, S. Ewerth, I. Bjorkhem, and K.
Einarsson. 1990. Regulation of hepatic cholesterol metabolism in
humans: stimulatory effects of cholestyramine on HMG-CoA reduc-
tase activity and low density lipoprotein receptor expression in gall-
stone patients. J. Lipid Res. 31: 2219–2226.

26. Vlahcevic, Z. R., W. M. Pandak, and R. T. Stravitz. 1999. Regulation
of bile acid biosynthesis. Gastroenterol. Clin. North Am. 28: 1–25.

2203A.C polymorphism affects bile salts synthesis 2667

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

