
In previous such mass measurements, the 
precision was limited by deviations of the 
magnetic field from its ideal form, resulting 
in imperfect magnetic-field cancellation. 
Rau et al. therefore used an adjustable super-
conducting electromagnetic coil to measure 
these deviations and suppress them by a 
factor of 100. This suppression enabled md 
to be determined at a remarkable precision 
of eight parts per trillion (p.p.t.), making it 
the most precisely known particle mass so 
far. However, the deuteron mass measured 
by Rau and colleagues is smaller than the 
previous state-of-the-art value of md by about 
100 p.p.t. — five times its specified precision3 
of 20 p.p.t. This situation is reminiscent 
of similar large discrepancies in observed 
values of the proton mass4,5, mp, and the 
mass of the helium-3 nucleus, also known as 
the helion6, mh.

This unfolding nuclear-mass puzzle 
seriously hinders experiments at the fore-
front of physics and chemistry. For example, 
the simplest molecules in nature are the 
molecular hydrogen ions H2

+ and HD+ (a 
proton and a deuteron, bound by an elec-
tron). Studies of these ions attempt to verify 
whether quantum electrodynamics — a theory 
that has been extremely successful at explain-
ing the behaviour of particles and atoms — is 
also valid for molecules. However, the preci-
sion of this theory’s predictions of rotational 
and vibrational frequencies of molecular 
hydrogen ions is severely hampered by the 
observed mass discrepancies7,8. Likewise, 
the contradictory mass values could impair 
the outcome of an experiment to determine 
the neutrino mass by studying the nuclear 
decay of tritium2, a radioactive isotope 
of hydrogen (Fig. 1b).

To remedy this situation, Rau and colleagues 
also measured the mass of the HD+ ion using 
their Penning-trap set-up. From this measure-
ment, the authors extracted the value of the 
sum mp + md, and found it to be in excellent 
agreement with their values of mp and md 
obtained from single protons4,5 and deuter-
ons, respectively. In addition, all the results 
were consistent with a recent and precise 
measurement of the deuteron–proton mass 
ratio9, md/mp, as well as with experimental 
results from rotational7 and vibrational8 
spectro scopy of HD+. These successful consist-
ency checks suggest that the authors’ precise 
value of mp and the current value of md, both of 
which might have seemed discrepant at first, 
are reliable, after all.

Despite Rau and colleagues’ major 
advance, one piece of the mass puzzle still 
stands. Multiple ways of determining the 
mass difference mp + md − mh have produced 
inconsistent results depending on whether the 
newer mass values or older reference values 
are used. The authors’ work suggests that the 
mass of the helion, mh, might be the source of 

this remaining inconsistency, and it provides 
strong motivation for new mass measure-
ments of this particle. But perhaps the most 
valuable lesson to be learnt from this work is 
that, in the art of precision measurement, no 
result stands completely on its own.
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The spread of cancer to distant parts of 
the body, such as to a compartment of the 
lymphatic system called a lymph node, 
indicates a poor prognosis for many types of 
the disease. However, for certain tumours, 
such as the skin cancer melanoma, lymph-
node removal to prevent this spread does not 
increase survival time1,2. This finding might 
be explained by observations suggesting that 
the lymphatic system (which helps to maintain 
fluid balance and provides immune cells with a 
route for their movement) supplies vessels that 
offer an entry point through which spreading 
cancer cells can reach blood vessels3,4 on their 
way to distant organs. Once they have travelled 
there, the cancer cells seed and form secondary  
tumours called metastases. Thus, lymph-node 
infiltration is not necessarily an endpoint, 
but rather a stopover on the cells’ journey 
elsewhere. Yet the advantage of this detour 
has been unclear. Ubellacker et al.5 reveal on 
page 113 the boost that cancer cells receive in 
transit through the lymphatic system. 

Cancer spread, or metastasis, is an ineffi-
cient process6,7, and many cancer cells die in 
the bloodstream. A major contributory factor 
is oxidative stress in tumour cells. Studies have 
found that antioxidant treatment to block 
such stress causes an increase in the number 
of tumour cells in the bloodstream, and a rise 
in cancer spread to distant sites8,9. Oxidative 
stress can induce several types of cell death, 
but Ubellacker and colleagues show in mice 
that human or mouse melanoma cells in the 
bloodstream are killed by ferroptosis (Fig. 1), 

a cell-death mechanism that depends on lipid 
oxidation10. 

The authors report that pretreating 
melanoma cells with the ferroptosis-inhibitor 
molecule liproxstatin-1 resulted in more 
metastases when the cells were injected into 
the animals’ bloodstream than when cells 
were not pretreated. By contrast, melanoma 
cells that disseminated through the lymphatic 
system produced the same degree of meta-
stasis irrespective of liproxstatin-1 treatment, 
suggesting that such cells did not undergo 
ferroptosis. This finding indicates that, while 
in the lymphatic system, cancer cells acquire 
the ability to thwart a cell-death mechanism 
that usually impedes their progress if they 
move directly into the bloodstream. More over, 
Ubellacker et al. found that the number of 
melanoma cells in the animals’ lymph fluid was 
higher than the number in the bloodstream, 
and that cells that disseminated through the 
lymphatic system were more likely to form 
metastases than were those that did not. This 
finding is remarkable, because it shows that 
only particular environments induce ferro-
ptosis, and it suggests that melanoma cells 
that move through the lymph system and then 
exit into the bloodstream are more likely to 
survive than are cells that do not pass through 
the lymph. 

Ferroptosis requires phospholipids in the 
cancer-cell membranes to be unsaturated 
(meaning that the molecules contain carbon–
carbon double bonds that can be oxidized), 
and this type of cell death also requires iron10. 

Tumour biology 

Cancer cells stock up in 
lymph vessels to survive
Barbara M. Grüner & Sarah-Maria Fendt

A cellular condition called oxidative stress can kill cancer 
cells. The finding that skin cancer cells evade such destruction 
using lipids acquired while passing through lymphatic vessels 
reveals a mechanism that boosts cancer spread. See p.113
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The more unsaturated a phospholipid is (the 
more double bonds it has), the more prone it 
is to undergo oxidation. Thus, cell membranes 
that are enriched in saturated phospholipids 
(lacking double bonds) or mono unsaturated 
ones (having only one double bond) are less 
likely to be sufficiently oxidized to induce 
ferroptosis than are membranes enriched in 
polyunsaturated lipids. 

Many cells acquire polyunsaturated 
lipids and iron from their environment. 
Ubellacker and colleagues analysed blood 
and lymph from their mice to discover how 
the lymph environment might protect mela-
noma cells from ferroptosis. They found that 
the main lipids in lymph were triglycerides, 
many of which contained oleate groups (which 
derive from oleic acid, a monounsaturated 
fatty acid), and that lipids containing oleate  
were generally more abundant in lymph than in 
the blood. The authors also observed that the 
animals’ blood contained more than 100 times 
as much iron as did their lymph.

Ubellacker et al. took a dual approach to 
verifying the relevance of their findings. First, 
in mice in which human melanoma cells had 
been implanted under their skin, the authors 
isolated melanoma cells that had migrated 
from these subcutaneous tumours to the blood 
and to the lymph. They used mass spectro-
metry to analyse the molecules involved in 
tumour-cell metabolism (a metabolomics 
analysis). Consistent with the differences  
in the level of oleate-containing lipids between 
lymph and blood, the authors found that, 
of the 57 types of lipid detected in their 

experi ments, the greatest difference between 
the melanoma cells from blood and lymph was 
in their levels of oleic acid. Moreover, mela-
noma cells pretreated with oleic acid survived 
better in the blood after intravenous injection 
into mice than did untreated melanoma cells. 

Second, if iron was removed from the 
media surrounding melanoma cells grown 
in vitro, using the iron-chelator compound 
deferoxamine, this reduction in iron avail-
ability was enough to block ferroptosis. 
Together, these findings are consistent with 

the idea that the environment of the lymph, 
which is enriched in oleate-containing lipids, 
protects melanoma cells from ferroptosis, 
whereas the iron-enriched environment of 
the bloodstream contributes to its induction. 

These results provide a first step towards 
understanding the protective environment 
of lymph, yet some questions arise. For exam-
ple, to what extent do other saturated and 
mono unsaturated fatty acids protect mela-
noma cells in lymph? What is the source of the 
oleate-containing triglycerides in lymph fluid? 
Is the lipid composition of the lymph altered, 
for example through clinical treatment or as 
a consequence of diet or in obesity?

Finally, the authors addressed the question 

of whether metastasis to the lymph nodes 
occurs before that to other locations because 
exposure to lymph induces a protective  
metabolic make-up that allows melanoma 
cells to spread. To investigate this, Ubellacker 
and colleagues isolated mouse melanoma 
cells from sub cutaneous tumours and from 
tumours in lymph nodes, and injected these 
cells into the bloodstreams of mice. They found 
that melanoma cells from lymph nodes were 
more likely to form metastatic tumours than  
were cells from subcutaneous tumours. More-
over, cancer cells from the lymph nodes were 
less sensitive to treatment with the ferro-
ptosis-inducing molecule erastin than were 
cells from subcutaneous tumours. 

Further studies will be needed to confirm 
this intriguing possibility of a metabolic  
priming of cancer cells in lymph. For example,  
it would be useful to further validate this 
model by carrying out a metabolomics analysis  
comparing melanoma cells injected into the 
lymph node and then isolated from lymph 
and blood.

To what extent Ubellacker and colleagues’ 
findings apply to tumour types other than 
melanoma, and to humans, remains to be 
determined. If the results are relevant to 
human disease, innovative ways must be 
found for them to have a therapeutic impact. 
For example, approaches might be developed 
to manipulate the ability of metastasizing can-
cer cells to incorporate and use these lipids 
for protection from ferroptosis, or to increase 
the sensitivity of tumour cells to ferroptosis, 
even in protective environments such as the 
lymphatic system. 
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Figure 1 | A journey through lymph vessels boosts cancer cells. Ubellacker et al.5 report studies in mice 
indicating that, if cancer cells exit a primary site of tumour growth through the bloodstream, the oxidative 
stress that they encounter makes them prone to undergo a type of cell death called ferroptosis. This process 
requires iron, which is present at high levels in the blood; the polyunsaturated lipids (those with more 
than one carbon–carbon double bond) in the membrane of cancer cells are oxidized during ferroptosis. 
The death of these cells limits the formation of distant metastases (tumours located far from the primary 
tumour). By contrast, Ubellacker and colleagues reveal that, if cancer cells exit the primary tumour through 
lymph vessels, they take up lipids containing oleate, a monounsaturated lipid (which contains only one 
carbon–carbon double bond), from the lymph fluid. When such cancer cells then enter the bloodstream 
from lymph nodes, this lipid helps the cells avoid ferroptosis, increasing the formation of metastases 
compared with the case for cancer cells that don’t enter lymph vessels. 

“While in the lymphatic 
system, cancer cells acquire 
the ability to thwart a  
cell-death mechanism.”
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