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The current concepts of the role of transforming
srowth-factor beta (TGF-f) with regard to bone me-
tabolism and fracture repair are reviewed. The sources,
types, chemistry, cellular activity and the clinical ap-
plications of TGF-3 have been discussed. In low con-
centrations, this growth factor has significant effects
on bone remodelling. The use of TGF-8 for practical
therapeutic purpose remains an exciting challenge.

BONE differs from other tissues not only in physio-
chemical structure but also in its extraordinary capacity
for growth, continuous internal remodelling and regen-
eration throughout postfetal life. Bone formation 1s a
complex process regulated by diet, vitamins, hormones
and growth factors'. Growth factors are polypeptides
that increase cell replication and have important effects

on differentiated cell function. Growth factors were .

initially considered as systemic agents, but current
evidence indicates that they act primarily as local regu-
lators of cell growth®. The transforming growth factor-3
family of proteins, which comprises polypeptide growth
factors that have diverse effects on the growth, differen-
tiation, and function of cells, 1s receiving considerable
attention for potential clinical applications and i1s likely
of physiological and surgical significance.

Transforming growth factors

It is one of the most important growth-promoting osteo-
inductive substances, which have been identified at the
site of fractures and other places. Transforming growth
factors (TGFs) have been categorized into TGF-a
(alpha) and TGF-f# (beta). TGF-a has not been isolated
from bone tissue and cannot be considered a local regu-
lator of bone remodelling, although it is mitogenic for
bone cells and stimulates bone resorption. TGF-& shared
amino acid sequence, receptor-binding and functional
activity with epidermal growth factors but had only
weak transforming growth factors activity’. Further-
more, TGF-B by itself was completely ineffective, but
together with TGF-a it potently induced growth of
colonies of cell-line’.

TGF- is a multifunctional growth factor that has been
shown to mediate normal cellular physiology and tissue
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embryogenesis and to participate in a variety of re-
sponses associated with inflammation and tissue repair”.

Transforming growth factor-beta

Sources

TGF-8 was originally purified from human plateletsS,
human placenta® and bovine kidney’. The largest source
of TGF-f in the body is the extracellular matrix of bone
and platelets may represent the second largest reservoir
for the peptideg.

Chemistry and types

TGE-§ is a highly stable molecule that consists of two
1identical chains, each containing 112 amino acids. TGF-
Ps are a family of polypeptide growth factors encoded
by closely related genes. There are at least five TGF-fs:
TGF-ﬂl to TGF-ﬁj TGP—ﬁl, ﬂz and 53 have been found
in many species, including humans; 4 has been found in
chickens and Bs has been found in amphibians’. All
share 64—82% similarity in their amino acid sequence'”.
Human platelets contain a single form of TGF-8 com-
posed of two identical polypeptides constituting a dimer
of relative molecular mass (Mr) 25,000 (ref. 11).

A very high level (more than 95%) of sequence ho-
mology for a single isoform of transforming growth
factor-8 among many species indicates that these five
isoforms are not simply species-specific variants'® All
the five isoforms might be expressed within a single
species, in which all or a subset of the transforming
growth factors fs may be synthesized by particular tis-
sue at specific stages of development, or, after appro-
priate stimulation. A number of biochemicals featured
are shared by most of these closcly-related proteins’. The
mature TGF-8 subunit contains two identical chains, ¢ach
containing 112 amino-acids (except TGE-S,) and 9 cys-
tine residues whose locations are conserved in all five tso-
forms™. The active proteins are approximately 25 KDa and
are composed of two, usually identical, disulphide-
linked subunits'®, Physical characteristics of the mature
polypeptide subunits of TGF-As are listed in Table 1.
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Table 1. Physical charactenstics of the mature polypeptide subunits

of TGF-8s"
Amino acids per Molccular weight Conscrved
Protein subunit (Mr) (Da) cystcin
TGF-3, 112 12.500 9
TGF-8; 112 12,500 9
TGF-8, 112 12,500 9
TGF-84 114 12,900 9
TGF-8s 112 12,500 9

TGF-8 is synthesized in precursor form that requires
proteolytic processing. It is released from the cell in an
inactive high molecular weight complex composed of
the processed dimer in combination with amino terminal
fragments of each of the two TGF-8 monomeric precur-
sors and a third uncharacterized molecule. The physio-
logical mechanism by which TGF-£ is released from the
inactive complex 1s uncertain but may require specific

enzyme activation'®"’.

Cellular activity

Transforming growth factor-# has a broad range of cel-
lular activities, including the control of the proliferation
and expression of the differentiated phenotype of sev-
eral types of cells specific to the skeleton, among them
the pleuripotent undifferentiated mesenchymal cells
(pericytes) for chondrocytes, osteoblasts and osteo-
clasts'®. In vivo and in vitro studies have demonstrated
the synthesis of TGF-# by chondrocytes and osteoblasts
and their expression is increased in fracture calius and
specifically regulates bone-associated activities that may
be important for the initiation of repair of fracture'.
Studies on the potential role of transforming growth
factor B8 in soft tissue wound healing have shown that
this molecule 1s released from degranulating platelets at
the site of an injury, possibly to initiate a cascade of
reparative events®’.

Histologically, TGF-8 increases nuclear 34-thymidine
labelling in the osteoblast precursor cell zone®. Studies
with isolated bone cells show that TGF- is a potent
regulator of osteoblastic cell activity and on a molar
basis TGF-f is one of the most effective mitogens so far
described for osteoblast-enriched cultures from fetal
bone®*?.

Studies have also shown that TGF-8 is the most potent
chemotactic factor released from macrophages®. In ad-
dition to attracting macrophages to sites of injury, this
peptide activates the synthesis of other growth factors
and deactivates the production of hydrogen peroxide, by
macrophages, so that young tissues are not destroyedz".
Moreover, TGF-8 has been shown to stimulate fibro-
blast-directed tissue repair by upregulating the produc-

tion of extracellular matrix components, such as
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collagen, fibronectin and protcoglycan, by upregulating
the expression of cellular integrin receptors for extracel-
lular matrix proteins; and by inhibiting the action of

proteolytic enzymes that could destroy newly-formed

ossecous tissue'®.

TGF-8 produce pleuripotent and biphasic changes in
the biochemical activities of cells at particular stages of
differentiation within the osteoblast lineage®. To date,
most studies to evaluate the effectiveness of TGF-8s in
bone are performed with the prototypical isoform of
TGF-8, derived from blood platelets, but TGF-8,, 8,, B3
each have identical qualitative effect in osteoblast en-
riched cell cultures®?.

All the three isoforms potently increase synthesis of
bone DNA at low concentration but have reduced mito-
genic activity at higher levels®. These isoforms also en-
hance synthesis of collagen and non-collagen protein
and decrease activity of alkaline phosphate in osteoblast
enriched cultures, but TGF-8; appears to be 3—-10 times
more potent than TGF-8; and 8, (ref. 25). Similarly, the
TGF-fs enhance replication of cells and production of
bone matrix in cultures of intact bone in vitro. In most
instances, the TGF-8s enhance synthesis of type-1 colla-
gen and non-collagen protein 1n bone cells*®. The mi-
totic response to TGF-f is biphasic; low concentrations
(below 100 rM) are stimulatory, whereas higher levels
produce less of a stimulatory effect. At higher, less mi-
togenic concentrations, TGF-8 alters expression of vari-
ous activities associated with the osteoblast'phenotype
in different ways; under these conditions, TGF-8 de-
creases alkaline phosphatase activity and similar to its
effects in a number of other connective tissue systems,
enhances the synthesis of type I collagen, the major or-
sanic element in the bone matrix***’. Furthermore,
TGF-8; and f,; enhance chemotaxis of osteoblasts™®,
suggesting an additional role involving the recruitment
of differentiated osteoblasts that may be necessary for
new bone formation and fracture repair.

Recent studies in osteablast-enriched cultures have
demonstrated that TGF-f, increases synthesis of type 1
collagen polypeptide in the absence of mRNA tran-
scription and decreases non-collagen in the bone matrix
as a result of the action of TGF-8 probably occurs by
multiple transcriptional, post-transcriptional and post-
translational events'. Some other activities of TGF-8s
associated with the function of osteoblasts have also
been examined. TGF-8; and B, increase the transcrip-
tional and polypeptide levels of osteopontin, a protein 1n
the bone matrix that 1s thought to be important in adhe-
siveness of bone cells®. In osteosarcoma cultures, TGF-
P enhances Type 1 collagen synthesis as well as the pro-
duction of a variety of bone matrix-associated polypep-
tides such as osteonectin, osteopontin and alkaline
phosphatasew‘”, but decreases osteocalcin synthesis34.
These findings indicate that TGF-8 enhanced bone ma-

trix accumulation and consequently the maintenance of
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bone mass. In general, the stimulatory influence of TGF-
B on bone matrix protein synthesis may be attributed to
effect at the transcriptional level?231,

However, a direct relationship between the influence
of TGF-8 on type I collagen mRNA and polypeptide
levels 1s not observed 1n isolated bone cells, suggesting
that TGF-8 has an additional supportive role in increas-
ing bone matrix formation®’. The protein in the bone
matrix termed osteonectin, which may be involved in the
deposition of type-1 collagen and the transition between
cartilage and bone, was increased by TGF-8;, in an in
vitro model that was used to study repair of fracture”".

Much less information is presently available regarding
direct effects of the TGF-8s on osteoclasts or osteoclasts
precursors. Recently, however, biphasic effects on the
development of osteoclast-like cells have been reported,
in which low concentrations were stimulatory and higher
concentrations were inhibitory. TGF-8; induces resorp-
tion of bone on synthesis of prostaglandin E, (ref. 36).

In fetal rat long bones, TGF-8 decreases bone resorp-
tion’’, and this effect may be related to the ability of
TGF-f to inhibit the formation of osteoclast-like cells in
vitro®®. This difference may be a significant distinction
in bone growth and development between the fetus and
the new born; within very early stages of bone forma-
tion, matrix formation may be more important to the
organism than bone remodelling. It is therefore sug-
gested that TGF-8 has an additional, indirect role in in-
creasing or maintaining body mass’’.

With regard to formation of cartilage, the TGF-fs ap-
pear to increase differentiation of mesenchymal cells,
production of proteoglycans, and replication of chon-
droblasts®. In contrast, these agents usually decrease the
proliferation and function of differentiated cells by more
mature chondrocytes. For example, TGF-fs decrease the
activity of alkaline phosphatases®’. The highest levels of
TGF-8 mRNA were associated with osteoblasts 1n de-
veloping bone, whereas TGF-f transcripts decreased in
chondroblasts/chondrocytes with increased type I1 col-
lagen expression®”.

In general, it seems that one important role for the
TGF-Bs is to include developmental transitions in cells
that are involved in formation of endochondral bone at
particular stages of differentiation. The predominant
trend of these effects appears to be toward eventual de

novo formation of bone®.

Clinical applications

The use of TGF-Bs to enhance wound healing was first
investigated by Mustoe et al.*', who applicd this peptide
directly to and immediately after the creation of linear
incisions through the dorsal skin of rats, These investi-
gators demonstrated a 220% increase in the maximum
strength at the site of the wound after five days and an
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acceleration in the rate of healing by at least three days
compared with that in the control animals.

It 1s also suggested that this peptide molecule has the
capacity to stimulate both intramembranous and endo-
chondral formation of bone™. Noda and Camilliere*?
studied the effect of daily injection of 1 pg of TGE-S8
directly into the periosteum of the parietal bones of neo-
natal rats. They showed that (i) the thickness of the
treated parietal bones increases approximately twofold,
(11) this effect was localized to the site of the injection,
(iii) no changes were observed in the contralateral bones
or at distant skeletal sites,

Joyce et al.”” performed a similar study in the femora
of newly-born rats and found that on daily injection of
either TGF-8, or 8, into the subperiosteal region of the
femora, mesenchymal -precursor cells in the periosteum
were stimulated to proliferate and differentiate much the
same as 1s observed during the embryological formation
of bone and early fracture healing. After cessation of

the injection, endochondral ossification also occurred

and this resulted in the replacement of cartilage with
bone. In addition, it was shown that injection of
TGF-83, stimulated the synthesis of TGF-8, in chondro-
cytes and osteoblasts, suggesting autoregulation of this
peptideg‘w.

It has been demonstrated that a single injection of 25~
100 nanogram (ng) of recombinant human TGF-g,
adjacent to the ear cartilage of rabbits stimulated the
formation of bone after 21 days*. In a subsequent in-
vestigation, they showed that exogenously applied re-
combinant human TGF-8 stimulated the recruitment and

proliferation of osteoblasts in critically-sized defects 1n

“the skull of rabbits. By assessing the temporal dynamics

of the formation of bone in these defects, they demon-
strated the potent osteoinductive activity of this peptide
and its potential therapeutic applications for non-healing
osseous defects**.

The function of TGF-8, both in vitro and in vivo, can
be highly variable. In some instances this growth factor
inhibits cell growth and matrix synthesis, whereas 1n
others it stimulates these processes. These different
functions depend on the target cell, the presence or ab-
sence of other cytokines and the dose®, In their study,
Sumner et al.*® suggested that the response to treatment
with TGF-8 was dose dependent, with the lower dose
being more effective for enhancing bone Ingrowth,
whereas, high dose of TGF-8 inhibited mineralization.
Synthesis of osteocalcin, a calcium binding protein im-
portant in mineralization®’? is inhibited, possibly due to
this growth factor.

A similar observation was also reported by Niclsen et
al.*®, who injected TGF-8, 4 to 40 ng in every alternate
day for 40 days after creation of tibial fractures in rats.
Mechanical testing showed that TGF-f induced a dose-
dependent increase of the callus at the site of the frac-
ture.
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Enhancement of bone ingrowth with TGF-8 was also
evaluated in the canine model®®. Sumner et al.*S ob-
served that trecatment of an implant (titanium fibre
mctal-coated rod) with a combination of a hydroxyapa-
tite~tricalcium phosphate coating and TGF-8 may result
in better bone ingrowth than that obtainable from graft-
ing of the gap with autogenous cancellous bone. The
amount of new bone formation in the three millmeter
gaps adjacent to the treated tmplants was twice that in
the gaps of the paired controls, regardless of the dose.
The differences between the treated and control implants
with regard to architecture of the new bone in the gap
indicate that the mechanism of action of TGF-8; may
include both proliferation of osteoprogenitor cells and
production of matrix by committed osteoblasts*®,

Histological study with two in vivo models of os-
teogenesis have also demonstrated an increase in net
formation of bone by TGF-f, and B,, when the agents
were tested either by direct application to the tissue or
by subcutaneous injection*”.

Summary

The transforming growth factor-8s are polypeptide
growth factors encoded by a family of closely-related
genes that are expressed in numerous tissues and spe-
cies. Bone was one of the first tissues in which locally-
produced molecules with TGF-8 like activity appeared
to regulate normal cellular function, and the skeletal
matrix probably comprises the largest reservoir of TGF-
Ps. In vitro and in vivo studies have indicated that TGF-
Ps can have either stimulatory or inhibitory effects on
replication, lineage development, and differentiated
phenotypic function in many types of skeletal tissue
cells’.

The effect may be biphasic in the sense that low con-
centrations of TGF-fs stimulate proliferations of cells,
whereas high concentrations inhibit proliferation. Even
within the same cell lineage, opposite effects have been
noted with different concentrations of TGF-8s, or with
skeletal cells at different development stages®.

In foetal tissue, TGF-8 stimulates differentiation of
mesenchymal cells, proliferation of osteoblasts and
synthesis of bone matrix, but it may also induce matura-
tion into and through the osteoblast, chondrocytes and
osteoclast lineages®.

Most evidence to date leads to the conclusion that the
TGF-fs have an important role in the formation of bone
and this has tremendous potential in therapeutic appli-
cation for non-healing osseous defects and in different
types of fracture healing.

Finally, continued in vivo and in vitro studies of these
molecules are needed in order to evaluate their effective
doses, appropriate duration of treatment, tissue speci-
ficity, receptor-binding, intracellular signalling and the
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rcgulation of their activities by other local and systemic
factors.

11.

I2.

13,

14,
15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25,

26.

27,

28.

29.

30.

31.

. Canalis, E., Endocrinol. Rev., 1983, 4, 62-67.

Canalis, E., McCarthy, T. and Centrella, M., J. Clin. Invest.,
1988, 81, 277-281.

Bascom, C. C., Sipes, N. I., Coffey, R. J. and Moses, H. L.,
J. Cell. Biochem., 1989, 39, 25-32.

Centrella, M., McCarthy, T. L. and Canalis, E., J. Bone Jt.
Surg., 1991, A73, 1418-1428.

Assolan, R. K., Komoriya, A., Meyers, C. A., Miller, D. M. and
Sporn, M. B., J. Biol. Chem., 1983, 258, 7155-7160.

Frolik, C. A., Dart, L. L., Meyers, C. A., Smith, D. M. and
Sporn, M. B., Proc. Natl. Acad. Sci. USA, 1983, 80, 3676-3680.
Roberts, A. B., Anzano, M. A, Meyers, C. A., Wideman, J.,
Blacher, R., Pan, Y-C. E., Stein, S., Lehrman, R., Smith, J. M.,
famb, L. C. and Sporn, M. B., Biochemistry, 1983, 22, 5692—
5698.

Sporm, M. B. and Roberts, A. B., J. Am. Med. Assoc., 1989, 262,
038-941.

Einhorn, T. A., J. Bone Jt. Surg., 1995, A77, 940-956.
Glowacki, J., Kaban, L. B., Murray, J. E., Folkman, J. and Mul-
liken, J. B., Lancet, 1981, 1, 959-9462.

Centrella, M., McCarthy, T. L. and Canalis, E., in Bone Me-
tabolism and Mineralization (ed. Hall, B. K.), CRC Press, Boca
Raton, 1992, vol. 4, pp. 47-72.

Kondaiah, P., Sands, M. J., Smith, J. M., Fields, A., Roberts,
A. B., Sporn, M. B. and Melton, D. A,, J. Biol. Chem., 1990,
265, 1089-1093.

Ten Duke, P., Pamela, H., Iwata, K. K., Pieler, C. and Foulkes,
J. G, Proc. Natl. Acad. Sci. USA, 1988, 85, 4715-4719.
Massague, J., J. Cell. Biol., 1985, 100, 1508-1514.

Celeste, A. J., Iannazzi, J. A., Taylor, R. C., Hewick, R. M.,
Rosen, V., Wang, E. A. and Wozney, J. M., Proc. Natl. Acad.
Sci. USA, 1990, 87, 9843-9847.

Sporn, M. B., Roberts, A. B., Wakefield, L. M. and DeCrom-
brogghe, B., J. Cell. Biol., 1987, 105, 1039-1045.

Miyazono, K., Hellman, V., Wernstedt, C. and Heldin, C. H.,
J. Biol. Chem., 1688, 263, 6407. )

Sporn, M. B. and Roberts, A. B., Nature, 1988, 332, 217-219.
Joyce, M. E., Roberts, A. B., Sporn, M. B. and Bolander, M. E.,
J. Cell. Biol., 1990, 110, 2195-2207.

Connolly, J. F. and Shindell, R., Nebraska Med. J., 1986, 71,
105-107.

Hock, J. M., Centrella, M. and Canalis, E., Calcif. Tissue Int.,
1988, 42, 32.

Centrella, M., McCarthy, T. L. and Canalis, E., J. Biol. Chem.,
1987, 262, 2869-2874.

Centrella, M., McCarthy, T. L. and Canalis, E., FASEB J., 1987,
1, 312,

Tsunawaki, S., Sporn, M., Ding, A. and Nathan, C., Nature,
1988, 334, 260-262.

Ten, Duke, P., Iwata, K. K., Goddard, C., Piceler, C., Canalis, E.,
McCarthy, T. L. and Centrella, M., Mol. Cell. Biol., 1990, 10,
4473-4479,

Centrella, M., Messague, J. and Canalis, E., Endocrinology,
1986, 119, 2306-2312.

Rosen, D. M., Stenpien, S. A., Thompson, A. V. and Seyedin,
S. M., J. Cell. Physiol., 1988, 134, 337-346.

Pfeilschifter, J., Wolf, O., Naumann, A., Minne, H. W., Mundy,
G. R. and Ziegler, R., J. Bone Min. Res., 1990, 5, 825-830.
Noda, M., Yoon, K., Prince, C. W., Butler, W. T. and Rodan,
G. A, J. Biol. Chem., 1988, 263, 13916-13921.

Noda, M. and Rodan, G. A., Biochem Biophys. Res. Commun.,
1986, 140, 56.

Noda, M. and Rodan, G. A, J. Cell. Physiol., 1987, 133, 426.

CURRENT SCIENCE, VOL. 71, NO. 8, 25 OCTOBER 1996



b il

REVIEW ARTICLE

32. Pfeitschifter, J., D’Souza, S. M. and Mundy, G. R., Endocrinol-
ogy,'1987, 121, 202,

33. Pfeitschifter, Y. and Mundy, G. R., Proc. Natl. Acad. Sci. USA,
1987, 84, 2024. |

34. Noda, M., Endocrinology, 1989, 124, 612.

35. Joyce, M. E., Seiya, J. and Bolander, M. E., Orthop Clin. North
America, 1990, 21, 199-209,

36. Shinar, D. M. and Rodan, G. A., Endocrinology, 1990, 126,
3153-3158.

37. Pfeitschifter, J., Seyedin, §. M. and Mundy, G. R,, J. Clin. In-
vest., 1988, 82, 680.

38. Chenu, C., Pfeitschifter, J., Mundy, G. R. and Roodman, G. D.,
Proc. Natl. Acad. Sci. USA, 1988, 85, 5633.

39. O’Keefe, R. L., Puzas, J. E., Brand, J. S. and Rosier, R. N,
Calcif. Tissue Int., 1988, 43, 352-358. - *

40. Slavkin, H. C., in Fundamentals of Bone Growth (ed. Dixon,
A. D., Sarnat, B. G. and Hoyte, D. A, N.), CRC Press, Boca
Raton, 1991, pp. 23-33. _

41. Mustoe, T. A., Pierce, G. F., Thomason, A., Gramates, P.,
Sporn, M. B. and Deuel, T. F., Science, 1987, 237, 1333-1336.

42. Noda, M. and Camilliere, J. J., Endocrinology, 1989, 124,
2991-2994.

43, Beck, L. S., Ammann, A. J., Aufdemorte, T. B., Deguzman, L.,
Xu, Y., Lee, W. P., McFatridge, L. A. and Chen, T. L., J. Bone
Min. Res., 1991, 6, 961-968. .

44. Beck, L. 8., Amento, E. P., Xu, Y., Deguzman, L., Lee, W. P_,
Nguyen, T. and Gillett, N. A., J. Bone Min. Res., 1993 8. 753~

761.
45. Sporn, M. B. and Roberts, A. B., J. Cell. Biol., 1992, 119,
1017-1021.

46. Sumner, D. R., Tarner, T. M., Purchio, A. F., Gombotz, W. R.,
Seattle, W,, Urban, R. M. and Galante, J. O., J. Bone J1. Surg.,
1995, A77, 1135-1148,

47. Pirskanen, A., Jaaskelainen, T. and Maenpaa, P. H., J. Bone
Min. Res., 1994, 9, 1635-1642.

48. Nielsen, H. M., Andreassen, T. T., Ledet, T. and Oxlund, H.,
Acta Orthop. Scandinavica; 1994, 65, 37-41.

Received 28 June 1996, revised accepted 10 September 1996

RESEARCH ACCOUNT

Bile acids in asymmetric synthesis and

molecular recognition

Uday Maitra
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This account summarizes the progress made in our
laboratory towards the development of new uses of
naturally occurring bile acids. Applications in
Asymmetric Synthesis (inframolecular coupling, and
infermolecular reactions) and Molecular Recognition
are described with suiftable examples.

NATURE is asymmetric and almost all chiral molecules
present in nature are homochiral (i.e, they exist in only
~one of the two possible enantiomeric forms). Organic
chemists have always been fascinated by the possibility
of constructing natural products by total synthesis. This
apprecach was very successful till the sixties for con-
structing racemic modifications of chiral natural prod-
ucts. The methodology for synthesizing only one (the
naturally occurring form) cnantiomer was not present 1n
the organic chemists’ ‘toolbox’ until the seventies.
During the past two decades, however, asymmelric syn-

thesis of a variety of molecules has been accomplished -

by chemists using an assortment of techniques. In most
of these examples, the inherent chirality of natural prod-
ucts (such as tcerpenes, sugars, amino acids ¢tc.) has
played important role,
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The ‘lock and key’ concept of Emil Fischer for ex-
plaining the specificity of enzymatic action has been
known for a century. Deliberate attempts to mimic such
biological processes in the laboratory with small organic
molecules, however, started much later. Early work with
cyclodextrins and subsequently with crown ethers were
forerunner to a new area of research towards the design,
synthesis, evaluation and applications of synthetic mo-
lecular receptors. Carefully designed studies on molecu-
lar receptors have provided new insight into molecular
interactions. In addition, recent research has shown that
many molecular receptors can be designed to have tat-
lor-made properties and hence can be used as a variety
of molecular devices including molecular sensors (see,
for example, ref. 135).

1. Bile acids: their properties

Bile acids, secreted by the liver, are important metabo-
lites of cholesterol (Figure 1). These compounds are
sometimes found in the form of conjugates, specially
with glycine and taurine. Most  bile  acids  are

bl?



