
As we age, we are more likely to develop 
ageing-related illnesses such as cardio vascular 
disease, cancer and type 2 diabetes. Yet centen-
arians — people who are more than 100 years 
old — are less susceptible to such conditions 
than are ageing individuals who do not live 
as long1,2 (see go.nature.com/3csogm6). 
For some centenarians, answers to this 
conundrum might lie in the gut. On page 458, 
Sato et al.3 identify a previously unknown  con-
nection between healthy ageing in humans 
over the age of 100, and gut bacteria and bile 
acids (Fig. 1).

The study of bile acids began in earnest 
in the early 1900s, with the characterization 
of the primary bile acids: cholic acid and 

chenodeoxycholic acid4. Primary bile acids 
are synthesized from cholesterol in the liver. 
They are then transported to the small intes-
tine, where they undergo extensive modifi-
cations through the process of metabolism 
by gut bacteria and, as a result, form what are 
called secondary bile acids. Bile acids have 
long been recognized for their detergent prop-
erties, such as their ability to dissolve fat and 
fat-soluble vitamins. It has also emerged that 
they can act as potent hormones that control 
metabolic processes in the intestine, liver, 
pancreas and brain.

Over the past several years, the num-
ber of bile acids identified in the body 
has grown greatly, aided by advances in 
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structure of the transplutonium elements to 
be compared in detail with those of the lantha-
nides and early actinides.

An organocalifornium complex8 was first 
prepared in 1970, and was partially char-
acterized using a technique called powder 
X-ray diffraction. Surprisingly, the complex 
was ruby red in colour, in stark contrast to the 
mint green of other californium compounds. 
This observation fuelled speculation about 
whether the formation of californium–carbon 
bonds drives changes in the electronic struc-
ture and absorption spectra of californium 
compounds. In their reactions, Goodwin et al. 
observed a change in colour from mint green 
to red–orange as the californium starting 
material was converted into the metallocene 
complex. Crystals of the isolated metallocene 
were dark orange, reminiscent of the organo-
californium complex described in 1970. 

The authors’ spectroscopic measurement 
confirmed that the californium ion was in the 
+3 oxidation state, and suggested that the 
metal–ligand bonds are largely ionic, with 
limited covalent character. Crucially, it also 
revealed a broad, colour-determining feature 
in the ultraviolet–visible–near-infrared spec-
trum, due to charge transfer from the ligand 
to the metal. State-of-the-art theoretical mod-
elling of the complex’s electronic structure, 
grounded by the experimentally determined 
structure of the californium metallocene and 
its lanthanide analogues, confirmed that the 
metal–ligand bonds are largely polarized 
and ionic, as indicated by the spectroscopic 
data. Notably, the models also showed that 
the energy gap between the metal and ligand 
orbitals of the californium complex is smaller 
than that in the lanthanide analogues. This 
causes the charge-transfer feature to occur 
in the visible region of the spectrum, giving 
the complex its striking red–orange colour. 
By contrast, the colourless dysprosium met-
allocene (dysprosium is a lanthanide) has a 
comparable charge-transfer feature in the 
ultraviolet region of the complex’s spectrum.

The discovery of the reason for the diver-
gent spectroscopic features of the californium 
and dysprosium metallocenes is a subtle, but 
important, finding that opens up questions 
about the electronic structure of the trans-
plutonium elements. In particular, the small 
difference in the covalency of metal–ligand 
bonds between the dysprosium and califor-
nium complexes points to other phenomena 
that drive the unique properties of the trans-
plutonium elements. A study of another cal-
ifornium compound9 indicated that crystal 
field splitting is substantially greater in triva-
lent californium (Cf3+ ions) than in tri valent 
early actinides. (Crystal field splitting is a 
phenomenon in which valence orbitals in an 
ion that are of equal energy are split by ligand 
binding into higher- and lower-energy groups 
of orbitals.) As a result, crystal field splitting 

in trivalent californium competes with spin–
orbit coupling (another phenomenon that 
alters the energies of valence orbitals). 

Moreover, the observation that the energy 
gap between the ligand and metal valence 
orbitals in the californium metallocene is 
smaller than that in the dysprosium metal-
locene can be explained by the fact that the 
energies of metal valence orbitals in the trans-
plutonium elements are lower than are those 
in the lanthanides. This observation supports 
previously reported spectroscopic evidence10 
suggesting that complexes of divalent califor-
nium (Cf2+ ions) could potentially be prepared 
— lower-energy metal valence orbitals help to 
stabilize complexes of elements in their lower 
oxidation states. 

Goodwin and colleagues’ preparation and 
analysis of a californium metallocene, cur-
rently the heaviest element for which such 
feats are feasible, allows us to dream that the 
open questions about the transplutonium ele-
ments’ electronic structures can be resolved 
experimentally. In this regard, the logistical 
complexity of the current experiments should 
be noted: the study required the talents of 
researchers from four institutions, and the 
isotopes were produced at a fifth laboratory. 
The work has therefore established a substan-
tial physical and scientific infrastructure that 
will enable scientists to address how valence, 

spin–orbit coupling and crystal-field effects 
entwine to govern magnetism, spectral prop-
erties and metal–ligand bonding in the trans-
plutonium elements.

Julie E. Niklas is in the School of Chemistry 
and Biochemistry, Georgia Institute of 
Technology, Atlanta, Georgia 30332, 
USA. Henry S. La Pierre is in the School of 
Chemistry and Biochemistry and the Nuclear 
and Radiological Engineering and Medical 
Physics Program, School of Mechanical 
Engineering, Georgia Institute of Technology, 
Atlanta, Georgia 30332, USA. 
e-mail: hsl@gatech.edu 

1. Goodwin, C. A. P. et al. Nature 599, 421–424 (2021).
2. Morss, L. R., Edelstein, N. M. & Fuger, J. (eds) 

The Chemistry of the Actinide and Transactinide Elements 
4th edn, Vols 1–6 (Springer, 2011).

3. Streitwieser, A. Jr & Mueller-Westerhoff, U. 
J. Am. Chem. Soc. 90, 7364 (1968). 

4. Minasian, S. G. et al. Chem. Sci. 5, 351–359 (2014). 
5. Windorff, C. J. et al. J. Am. Chem. Soc. 139, 3970–3973 

(2017).  
6. Apostolidis, C. et al. Angew. Chem. Int. Edn 56, 

5066–5070 (2017). 
7. Goodwin, C. A. P. et al. Angew. Chem. Int. Edn 58, 

11695–11699 (2019). 
8. Laubereau, P. G. & Burns, J. H. Inorg. Chem. 9, 1091–1095 

(1970). 
9. Polinski, M. J. et al. Nature Chem. 6, 387–392 (2014). 
10. Cary, S. K. et al. Nature Commun. 6, 6827 (2015). 

The authors declare no competing interests.

380 | Nature | Vol 599 | 18 November 2021

News & views

©
 
2021

 
Springer

 
Nature

 
Limited.

 
All

 
rights

 
reserved. ©

 
2021

 
Springer

 
Nature

 
Limited.

 
All

 
rights

 
reserved.



mass-spectrometry methods, computational 
approaches and the sharing of data in public 
repositories5. Studies have shown how impor-
tant bacteria are for modifying bile acids, 
and research has begun to establish the key 
role that these molecules have in influencing 
interactions between the human host and gut 
bacteria.

Enzymatic modifications of bile acids by 
gut bacteria add to the compounds’ chemi-
cal complexity. These modifications include 
those resulting from the well-characterized 
activities of the enzymes 7α-dehydroxylase 
and bile salt hydrolase. Other types of reaction 
associated with the modification of bile acids 
include the conjugation of amino acids5, oxi-
dation–reduction reactions and epimerization 
(a change in molecular configuration)6. These 
latter two types of modification are central to 
the findings reported by Sato and colleagues, 
and the bile acids produced as a consequence 
of these  processes are   — thus far — not as well 
characterized as other bile acids.

Sato et al. explored the possibility that 
gut bacteria (which are a major component, 
along with other microorganisms and viruses, 
of what is called the gut microbiome) might 
hold clues to how Japanese centenarians  age in 
a healthy way. The authors recruited Japanese 
study participants of varying ages: 47 young 
people (average age 31), 112 older people (aver-
age age 86) and 160 centen arians (average 
age 107). Sato and colleagues characterized 
stool samples from the participants using  
metagenomic sequencing to gain insights 
into the bacteria present, and performed 
mass-spectrometry-based profiling to assess 
the molecules in the samples. The authors 
were careful to note that people undergoing 
antibiotic treatment were excluded, although 
other aspects of lifestyle that might modulate 
the microbiome, such as diet, exercise and 
medication use, were not assessed.

The authors report that the microbiome  
profiles of centenarians show differences from 
those of the other two cohorts. A hallmark of 
this profile in centenarians is the presence of 
genes encoding enzymes that metabolize bile 
acid. Analysis of bile acids in the participants’ 
stool samples confirmed the predictions 
based on the sequencing results, showing 
an increase in the level of the secondary bile 
acids isolithocholic acid (iso-LCA), 3-oxo-LCA, 
allo-LCA, 3-oxoallo-LCA and isoallo-LCA in 
centen arians compared with the other age 
cohorts.

Next, Sato and colleagues methodically 
identified the microorganisms responsi-
ble for generating these bile acids, using 
bacteria obtained from a stool sample from 
one of the participating centenarians. The 
authors used a combination of in vitro tests, 
sequen cing-based approaches and experi-
ments in which a single type of bacterium was  
introduced in mice that otherwise did not have 

any gut microorganisms. Sato et al. report 
that — under the right conditions  — strains 
of bacteria of the family Odoribacteraceae 
in the gut expressed genes encoding the key 
enzymes 5α-reductase and 3β-hydroxy steroid 
dehydrogenase that are needed to generate 
isoallo-LCA in vivo. Furthermore, the authors 
establish the biosynthetic pathway through 
which isoallo-LCA is generated, which has not 
previously been described. They also demon-
strate that the profile of bile acids associated 
with centenarians might be important for 
modulating the make-up of the microbiome, 
a finding that suggests that strategic manipu-
lation of the gut microbiome — or of the pool 
of bile acids  — could promote intestinal health.

The authors examined how isoallo-LCA 
influences the gut microbiome, as well as 
its effect on specific harmful gut microbes 
such as Clostridium difficile, which causes 
gut problems, including severe diarrhoea 
and an inflammatory condition called colitis. 
Interestingly, the authors found that the 
presence of isoallo-LCA had a negative effect 
on the growth of Gram-positive bacteria  
(a grouping that includes C. difficile and other  

disease-causing microbes), and that 
isoallo-LCA profoundly inhibited the prolif-
eration of laboratory-grown C. difficile. The 
authors suggest that isoallo-LCA-producing 
bacteria might help to promote or maintain 
intestinal homeostasis through the anti-
microbial effects of isoallo-LCA on harmful 
bacteria, and that this mechanism could con-
tribute to the healthy ageing of centenarians. 
Further studies are needed to clarify this con-
nection and to determine how isoallo-LCA 
might work in humans to ward off infections 
or other health complications, as well as to 
assess any other direct effects of isoallo-LCA 
on the host.

Sato and colleagues’ study is important 
because it lays the foundation for asking more 
questions about the role of the microbiome, 
and particularly bile acids, in human health. 
It provides an impressive, inter disciplinary 
example of how classical microbiology 
analyses together with sequencing-based 
approaches, metabolite profiling and com-
putational analyses can be used to uncover 
new biosynthetic pathways in bacteria that 
are normally resident in the gut.  

The study highlights the need for further 
experiments, especially investigations that 
monitor changes in the gut microbiome and 
in the profile of bile acids over a lifetime, to 
understand the driving forces behind the 
connection between healthy ageing, Odori-
bacteraceae bacteria and bile acids. Whether 
human genetics, diet or other lifestyle or 
environmental factors had a role in boosting 
these beneficial strains (or reducing harmful 
strains) remains to be explored. Also unknown 
is whether these observations will extend 
to other ethnic groups. At present, we can 
only speculate on these points. Sato and col-
leagues’ intriguing findings will undoubtedly 
drive further research aimed at un  covering 
the potential health-promoting effects of 
gut bacteria and microbiome-associated 
molecules.
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Figure 1 | Beneficial molecules found in the gut of 
centenarians. Identifying characteristics associated 
with people who have a long lifespan might shed 
light on factors needed for healthy ageing. Sato 
et al.3 profiled molecules and bacteria present in 
stool samples from Japanese individuals of different 
ages. Bile acids, which have various roles in the 
body, were among the molecules analysed. After 
being made in the liver, bile acids can be modified 
by bacteria in the gut. Sato and colleagues found 
that certain such modified bile acids, including 
the molecule isoallolithocholic acid (isoallo-LCA), 
were commonly found in people more than 
100 years old. The authors report that bacteria 
of the Odoribacteraceae family can carry out the 
modification that produces isoallo-LCA. This bile 
acid kills the harmful gut bacterium Clostridium 
difficile, which is one way that this molecule might 
aid defence responses and boost health.
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