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Abstract 

The naturally occurring stable isotopes of potassium ( 41 K/ 39 K, expressed as δ41 K) have the potential to make significant contribu- 
tions to vertebrate and human biology. The utility of K stable isotopes is, however, conditioned by the understanding of the dietary 
and biological factors controlling natural variability of δ41 K. This paper reports a systematic study of K isotopes in extant terrestrial 
endothermic vertebrates. δ41 K has been measured in 158 samples of tissues, biofluids, and excreta from 40 individuals of four ver- 
tebrate species (rat, guinea pig, pig and quail) reared in two controlled feeding experiments. We show that biological processing of 
K by endothermic vertebrates produces remarkable intra-organism δ41 K variations of ca. 1.6 ‰ . Dietary δ41 K is the primary control of 
interindividual variability and δ41 K of bodily K is + 0.5–0.6 ‰ higher than diet. Such a trophic isotope effect is expected to propagate 
throughout trophic chains, opening promising use for reconstructing dietary behaviors in vertebrate ecosystems. In individuals, cellu- 
lar δ41 K is related to the intensity of K cycling and effectors of K homeostasis, including plasma membrane permeability and electrical 
potential. Renal and intestinal transepithelial transports also control fractionation of K isotopes. Using a box-modeling approach, we 
establish a first model of K isotope homeostasis. We predict a strong sensitivity of δ41 K to variations of intracellular and renal K cycling 
in normal and pathological contexts. Thus, K isotopes constitute a promising tool for the study of K dyshomeostasis. 

Keywords: bones, diet, homeostasis, K isotopes, soft tissues, stable isotope metallomics 

Graphical abstract 

The natural abundances of potassium stable isotopes in endothermic vertebrates are controlled by diet and by the cellular and sys- 
temic cycling of potassium. 

 

 

 

 

 

 

 

 

 

 

 

distributions of metal isotopes in organisms, both at steady state 
and in response to normal or pathologic perturbations. In this as- 
pect, the stable isotopes of potassium (K) for such applications 
remain unexplored. 

Potassium is a ubiquitous and essential alkali metal found in all 
vertebrates. It constitutes the most abundant inorganic ion (K 

+ ) of 
the intracellular fluids (ICF) and plays a vital role in systemic func- 
tions, related to processes such as cell signaling, muscle contrac- 
tion, and energy metabolismwith. 9 –11 Potassium has two naturally 
occurring and stable isotopes, 39 K (93.2581%) and 41 K (6.7302%), 
as well as a rare radioactive isotope ( 40 K, 0.0117%). 12 This iso- 
topic configuration has made the precise determination of K 

stable isotope ratios ( 41 K/ 39 K) problematic by thermal ionization 
Introduction
Over the last decade, the study of the naturally occurring stable
isotopes of essential metals in vertebrates (e.g. Ca, Mg, Fe, Zn, Cu)
has opened novel avenues of research contributing new results
in the study of the biology of present and past vertebrates. These
fields of research have helped to determine the dietary sources
of these metals, as researched in “isotope paleobiology.”1 –5 Such
approaches have also helped detect, with increasingly fine de-
tail, metabolic imbalances in health or disease, which may other-
wise remain unseen when focusing on elemental quantification of
metals alone, as studied in “isotope metallomics.”3 , 6 –8 This utility
of metal stable isotopes in such research primarily relies on the

understanding of the underlying metabolic factors controlling the 
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ass spectrometry. 13 , 14 Furthermore, the measurement of the
1 K/ 39 K with conventional multi-collection inductively coupled-
lasma mass spectrometry (MC-ICP-MS) is severely hampered by
ajor interferences due to the Ar species derived from inductively
oupled Ar plasma. Only recently, technological and methodolog-
cal innovations such as cold plasma, 15 , 16 enhanced high mass
esolution, 17 or collision-cell MC-ICP-MS, 18 –21 have enabled the
recise and accurate measurement of K stable isotope composi-
ions. These methods have allowed the initial characterization of
eference materials and exploration of natural systems in both
eological and biological settings. 17 , 20 , 22 –36 

Exploratory datasets and reference materials covering a wide
rray of vegetal and animal samples in marine and terrestrial set-
ings show that the biologically induced variability of 41 K/ 39 K ra-
ios is sizeable (in the order of 2–3 ‰ ) and exceeds the variabil-
ty observed in most igneous and sedimentary rocks (e.g. Hobin
t al., 17 Wang et al., 29 Moynier et al. 30 ). The biological process-
ng of K therefore clearly induces major isotope fractionations.
he systematics and controls of these biological isotope effects
ere notably explored in terrestrial plant tissues, including rice,
heat and soybean grown in controlled conditions 32 as well as
rees and grass samples from forest and grassland ecosystems. 37 

iggins et al. 31 recently published reporting cellular and transep-
thelial controls of K isotopes variability in green algae, teleost
shes, and rats. However, the K isotope homeostasis of verte-
rates remains to be documented and characterized in a sys-
ematic and dedicated research approach. To estimate the rele-
ance of K stable isotopes for the study of vertebrate biology and
evelop their use in isotope paleobiology and metallomics, it is
herefore necessary to identify the main factors controlling these
istributions. 

otassium homeostasis in endothermic
ertebrates
otassium in vertebrates is characterized by heterogeneous and
hysiologically controlled distributions at all scales, from single
ells to the organs, reflecting the key functions to which K con-
ributes. The vast majority of K in vertebrates is found in ICF
 ≈98% of total body K), the remainder being mainly transported
s free cations in the extracellular fluids (ECF), such as blood
lasma. 10 , 38 , 39 Most of body K is stored in muscle cells (70–75%),
hile liver, red blood cells (RBC), bone, skin, and brain host the
ajority of the rest of the K budget. 10 , 38 –40 

At the scale of the cell, K distribution is directly related to cellu-
ar and systemic functions. The vertebrate cell actively maintains
 steep K transmembrane concentration gradient, with ICF K con-
entrations being roughly one order of magnitude higher than in
CF (ca. 140 mM vs. ca. 10 mM, respectively). 9 This gradient is the
pposite of what is observed for sodium cations (Na + ), which have
ower concentrations in ICF than in ECF. 9 , 38 , 41 The heterogeneous
istributions of K and Na primarily result from the continuous
ction of the Na/K-ATPase integral membrane protein (NKA). The
KA sends 2K 

+ to the ICF while pumping 3Na + to the ECF at the
ost of one ATP molecule. 9 This highly conserved protein is found
n all animal cells and its baseline activity accounts for a substan-
ial fraction of the total organism basal energy consumption (25–
0% of the total organism ATP use in mammals). 9 , 42 , 43 The K influx
o the ICF is continuously balanced by a K efflux, owing to the pres-
nce of K-specific channels of the two-pore domain family. 9 As a
esult of the combination of these K chemical gradients and K-
pecific outward permeability, the K cell homeostasis is primarily
esponsible for the electrochemical gradients of cells at rest, also
eferred to as resting membrane potentials (RMPs). 9 For the same
easons, such a cellular cycling of K is essential for the propaga-
ion of action potentials in neuronal networks and muscle tissues.
eyond its direct implication in excitability of tissues, K is also
rucial to a large range of vital functions, including the control
f vascular tone and blood pressure, acid–base balance, the se-
retion and action of hormones, insulin and glucose metabolism,
ell volume and intracellular osmolality, or secondary transport
f solutes against their chemical gradients. 9 –11 , 38 

The regulation of K in cells is key to many vital functions and
he organism can rely on efficient systemic and cellular home-
static mechanisms. 10 , 38 , 39 , 44 Endothermic vertebrates get their
 exclusively from diet. Potassium is absorbed in the intestine
nd transferred from the digesta to blood plasma where it is
ontinuously exchanged with all tissues. The vast majority of
 intestinal absorption is balanced by the kidney via urinary
osses. 40 , 44 

In the face of changing physiological or dietary conditions,
he K homeostatic regulation system controls with high effi-
iency both the total body K content (external homeostasis)
nd the balance between intracellular and extracellular K stores
internal homeostasis). 10 , 11 , 39 The internal homeostasis main-
ains the plasma K levels (i.e. kalemia) within a narrow range of
alues (ca. 3.5–5 mmol/L in humans), 10 , 11 with large variations
utside this range being deleterious to vital functions. Skeletal
uscle and liver are primarily responsible for short term regu-

ation of kalemia, with the balance of their K uptake and release
eing controlled by a hormonal system involving aldosterone, an-
iotensin, or insulin. 10 , 11 The external homeostatic system mainly
odulates the balance between dietary inputs and urinary losses
n longer terms. 10 , 11 

ossible controlling factors of K isotopes cycle
n vertebrates
hile the systematic distribution of K isotopes remains to be
ocumented in endothermic vertebrates, it is possible to hy-
othesize the potential controls determining the variability of
 isotope ratios in the various reservoirs involved in their
 homeostasis. 
First, as dietary K is the sole input to the organism, its iso-

opic composition is expected to be the primary driver of the K
sotope compositions of the animal tissues. This relationship has
een well documented and used in various metal stable isotope
ystems (e.g. Ca, Zn, Mg; see reviews). 3 , 6 , 7 However, the biological
rocessing of K is expected to induce additional variability in the
 stable isotope compositions of the animal tissues. The poten-
ial contribution of factors of physiological variability (e.g. species,
ge, sex) remains to be compared with the dietary controls. 
Second, K cell homeostasis could affect the K isotope distri-

utions at steady state or in response to varying environmental,
hysiological, or pathological conditions. The cellular cycling of
 isotopes could introduce significant isotope fractionations, ow-
ng to the continuous and regulated transmembrane transport
f K in animal cells. Sizeable mass-dependent fractionations of
etal stable isotopes have previously been shown or suggested

o result from transmembrane and transepithelial active or pas-
ive transports. 45 –49 As a result, biological variations of internal
 homeostasis in health or in disease, could be associated with
istinct extra- vs. intracellular K isotope distributions. More gen-
rally, the external homeostatic regulation of the whole-body K
tores could affect the K isotopes distributions, via the action of
pithelia exchanging K with the environment. 



Table 1. Summary of experimental design for controlled feeding experiments A and B a 

Species Experimental diet 
Number 

of ( n ) indiv. Age at start 
Body mass 
at start b 

Experiment 
duration Analysed material c 

Exp. A Rat Plant-based pellets 3 11–12 wk 197 ± 22 g 

5 d acclimati- 
zation + 52–54 
d on exp. diet 

Diet, blood (plasma, 
RBC), skeletal muscle, 
heart (quails only), 
liver, bone, kidney, 

urine, feces 

Rattus norvegicus Meat-based pellets 3 
forma domestica Insect-based pellets 3 

Guinea pig Plant-based pellets 3 4–6 wk 398 ± 29 g 
Cavia porcellus Meat-based pellets 3 

Insect-based pellets 3 

Quails Plant-based pellets 3 7–8 wk 260 ± 49 g 
Coturnix japonica Meat-based pellets 3 

Insect-based pellets 3 

Exp. B First generation 
(G1, sows) 

Diet 1 (soya/fish: 100/0) 2 At weaning 
( ≈7 wk) 

≈10–15 kg > 18 mo
Diet, blood (whole, 
plasma), skeletal 
muscle, (femoral, 
loin), liver, milk 

(sows), feces, urine 

Pigs Diet 5 (soya/fish: 0/100) 2 
( Sus scrofa ) 

Second generation 
(G2, pigs) 

Diet 1 (Soya/fish: 100/0) 3 
In utero 

development 

1.4 ± 0.4 kg at 
birth 

160–190 d 
Diet 2 (soya/fish: 87.5/12.5) 1 
Diet 4 (soya/fish: 50/50) 2 15 ± 5 kg at 

weaning Diet 5 (soya/fish: 0/100) 3 

a In experiment B, diets 1 to 5 52 refer to varying balances between soya bean and fish meal, contributing a constant 20 wt % protein content to the total diet. The 
soya/fish weight contributions (in %) are given together with each experimental diet number. Note: for experiment B, there are five diet formulations; however,
tissues from the third diet formulation (75% soya/25% fish) were not used in this study.
b Uncertainties are 2SD over all individuals involved in this study. 
cAs available for this study, varies from a group to another. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This paper reports the first systematic exploration of the dis-
tributions of K isotopes in endothermic vertebrates to: (i) assess
the role of diet in the determination of vertebrate isotope compo-
sitions, (ii) estimate the extent of interindividual variability across
vertebrate species, (iii) identify the main cellular mechanisms
responsible for K isotope distributions among different tissues,
biofluids, and excreta, and (iv) propose a first model for the K iso-
tope cycling in endothermic vertebrates. 

To this end, K isotope compositions have been analysed in tis-
sues, biofluids, and excreta of four different vertebrate species
reared in two different controlled feeding experiments. The first
experiment (experiment A) involved three different diets fed to
adult female individuals of two mammalian rodent species (rats
and guinea pigs) and one avian species (quails). The second ex-
periment (experiment B) included individuals from two gener-
ations of pigs fed with either of five different diets. These ex-
periments allow several potential factors of variability to be ad-
dressed, including possible different physiological effects across
two classes of endothermic vertebrates (mammals and birds) and
across different adult body masses. In contrast with experiment
A, experiment B was performed over two successive generations,
ensuring equilibrium of generation-2 tissues with their diets, even
in utero , as disequilibrium is sometimes a limitation in feeding
experiments. 50 Finally, pigs are recognized as very good analogues
for humans although some differences persist, which serves the
discussion for isotope metallomics. 50 The K isotope compositions
of samples were measured together with international biological
reference materials presented in this study for the sake of inter-
laboratory comparisons. Finally, a stable isotope box-modeling
approach is developed to propose a first model of the K isotope
homeostasis in vertebrates. 

Material and methods
Supplementary material is available online and composed of Ap-
pendix A for supplementary text, Appendix B for figures and C
for tables. Appendix D corresponds to the command files used in
isotope box-modeling presented thereafter. Appendix E is the full 
dataset presented here. 

Controlled feeding experiments
Experiment A: quails, guinea pigs, and rats 
Experiment A involved adult female rats ( Rattus norvegicus forma 
domestica, WISTAR RjHan: WI), guinea pigs ( Cavia porcellus ,
Dunkin Hartley HsdDhl: DH), and quails ( Coturnix japonica , from 

a private Swiss breeder) raised on three different diets for 52 to 54
d following a 5 d acclimatization period as previously described 51 

(Table 1 ). The controlled feeding experiments were approved by 
the Cantonal Veterinary Office in Zurich, Switzerland (animal ex- 
periment license no. ZH135/16) and performed at the University 
of Zurich between July 2017 and January 2018. 

The experiment was conducted using custom-made plant-,
insect-, and meat-based isoproteic and isocaloric pellets. Each diet 
consisted of a primary ingredient, namely a lucerne meal (56 wt 
%), a lamb meal (25 wt %), and black soldier fly larvae insect pro-
tein meal (26 wt %) for the plant-, meat-, and insect-based diets,
respectively. 51 The primary ingredient of each diet was blended 
with complimentary plant-derived ingredients, minerals, and vi- 
tamins to meet nutritional requirements. 

The animals were housed in groups of three to six individ-
uals and fed ad libitum with one of the three experimental di-
ets and local tap water. On their arrival, the animals received
their supplier diets, progressively replaced by experimental diet 
over a 5 d acclimatization period. Coprophagy was not prevented 
in rats or guinea pigs. 51 All animals were healthy over the du-
ration of experiment A, and most feeding groups displayed a 
significant increase in body mass ( Supplementary Fig. SB1 and 
Table S C1 , respectively, in Appendices B of Supplementary figures
and C of Supplementary tables ). Some significant differences 
in growth performances across diets are observed, likely linked 
to differences in specific dietary requirements ( Supplementary 
Table SC1 ). 

At the end of experiment A, the animals were euthanized us- 
ing carbon dioxide and immediately dissected for sampling of soft 

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
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nd hard tissues, including liver, kidney, skeletal muscle (quadri-
eps), heart, blood plasma, RBC, and tibia bone. Urine and feces
ere collected in metabolic cages prior to death. All soft tissues
ere stored at −20°C. All soft tissues and feces were freeze-dried
uring 24 h before homogenization in a Retsch Cryomill, with the
xception of biofluids (RBC, plasma, urine) that were kept frozen
t −20°C. 

xperiment B: pigs 
xperiment B (Table 1 ) involved two successive generations of pigs
 Sus scrofa domesticus ) fed with one of five different experimental
iets with various balances of soya bean vs. fish meal, contribut-
ng a constant 20% protein content in total diet (full description in
ebb et al.). 52 This experiment was initially designed to study the
ffects of terrestrial vs. marine protein intake on carbon and ni-
rogen stable isotope compositions of pig tissues 50 , 52 , 53 as a proxy
or archaeological marine resource exploitation. The soya bean
nd fish meal fractions of experimental diets also contribute other
inerals, such as strontium 

53 and potassium (this study). All diets
re nutritionally equivalent and isoproteic. 50 

The experimental design has been previously described in de-
ail elsewhere. 50 , 52 , 53 Briefly, the pigs were raised at Harper Adams
niversity (Shropshire, UK) between 2010 and 2011. To ensure that
 total equilibrium was reached between animal model and their
iet, the controlled feeding experiment was carried out over two
uccessive generations of pigs. A total of five pairs of sows (first
eneration, G1) was fed one of each experimental diet starting
rom their weaning ( ≈7 wk) until sacrifice as adults ( > 18 mo). The
ows were artificially inseminated, and each gave birth to piglets
second generation, G2). The G2 pigs were fed on the same ex-
erimental diets as their mothers (including sow milk from the
ame dietary group) until sacrifice in adolescence (ca. 160–190 d).
s previously discussed, 50 the weight gain of G1 and G2 pigs reflect
o significant differences in growth performances nor health is-
ues during the experiment. Overall, total weight gain showed no
ignificant differences across dietary groups. 
Following termination, samples were taken from key soft tis-

ues, including liver and skeletal muscle (femoral and loin mus-
le), fluids (blood plasma, whole blood), and excreta (feces, urine).
ll samples were freeze-dried and soft tissues were homogenized
y mincing. Milk samples were also taken and freeze-dried during
he G1 sows lactating period. 

aterial
o characterize the K isotope homeostasis in these animal mod-
ls, the key K bodily reservoirs as well as inputs and losses were
ampled (Table 1 ). As diet is the only K input in endothermic verte-
rates, all the powdered and homogenized pellets were sampled.
iven the low K concentrations in drinking tap water (ca. 1 mg/L
gainst ca. 3600 to 1600 μg/g in pelleted diet), it represents a neg-
igible contribution to the total dietary K budget in endothermic
ertebrates drinking freshwater, ranging from 0.05% to 0.4% of K
aily intake. 39 , 54 The K isotope composition of drinking water was
herefore not measured in this study. As skeletal muscle and liver
re two major and key reservoirs in the K cycle, samples of both
issues were systematically taken from all individuals presented
n this study. Other key reservoirs (plasma, RBC and whole blood,
idney, heart, bone, milk) and losses (urine and feces) were anal-
sed from the different groups (species and dietary groups) de-
ending on scientific relevance and on quantity remaining after
nitial studies on experiments A and B. 
In experiment A, diet samples were taken from the three ho-
ogenized and powdered types of pellets (plant-, meat-, and

nsect-based pellets). In the three animal models (rats, guinea pigs
nd quails), a total of 99 samples were taken from the three dif-
erent dietary groups with a focus on animals on the plant-based
iet for the samples with limited availability. 
In experiment B, the pigs included in this study belonged to four

ut of the five initial dietary groups (diets 1, 2, 4, 5, Table 1 ). In
ddition to samples from the four experimental diets, a total of
9 samples from 13 individuals were included. Of these, 45 sam-
les were taken from nine G2 pigs (five males, four females) fed
n either of the four selected diets. Whole blood samples are also
ncluded. In vertebrates, most of blood K ( > 94%) is found in RBC
hile plasma only contributes a small fraction, therefore, the K

sotope compositions of whole blood can be considered equivalent
o RBC. 40 To compare the K isotope homeostasis at two distinct
ges and with different physiological states, 10 samples (femoral
nd loin skeletal muscle, liver) from four individuals of G1 pigs
sows) fed on either of the two end-member diets (diet 1 and diet 5)
ere included. Four milk samples from G1 pigs are also included.
his allows an additional physiological K loss to be assessed as
ell as being the last dietary source of K before the final switch to
irect consumption of the experimental diet in G2 pigs. In addi-
ion to femoral skeletal muscle samples, samples of loin skeletal
uscle were also included for a subset of G1 and G2 individuals,

o test for the influence of muscle type on K isotope compositions.
Finally, 10 reference materials have been included to assess

he accuracy of the protocol for K isotope analysis and provide
asis for future inter-laboratory comparisons. We included three
eological reference materials: USGS BCR-2 basalt, SGR1B shale,
APSO seawater. Also included are seven biological reference ma-
erials: BCR380R cow milk powder, BCR383 green beans, ERM
E464 tuna fish, NIST SRM 1400 cow bone ash, NIST SRM 1486
ow bone meal, NIST SRM 1577C bovine liver, and FBS fetal bovine
erum (described in Albalat et al. 55 and Sauzéat et al. 56 ). 

hemical processing
he K isotope compositions in samples and reference materials
ere measured using a protocol developed for biological and ge-
logical materials, briefly described here. 
All sample preparation was carried out in the Bristol Isotope

roup laboratory, University of Bristol, UK, under laminar flow
ood and involved the use high purity reagents, namely 18.2 M �

ltrapure water and trace-metal grade acids either purified by
ub-boiling distillation (HNO 3 , HCl), or commercially available
e.g. Romil Suprapur HF). All samples and reference materials
elected were weighed and transferred to clean PFA beakers
15 ml Savillex). The typical digested masses ensured minimum
ontent of 5–10 μg K. This typically corresponding to 5–10 mg
f freeze-dried tissue or fluid samples (e.g. muscle, liver, blood
lasma, whole blood, feces etc.), 30 mg of powdered pelleted
iet, 30 mg of bone powder, around 80 μl fresh blood plasma,
0 μl fresh RBC, and 20 μl fresh urine. All biological samples
nd standards were digested using ca. 3 ml concentrated HNO 3 

nd 1 ml 30% Suprapur H 2 O 2 in closed beakers at 130–140°C
vernight. IAPSO Seawater aliquots (ca. 100 μl) were dried down
n PFA beakers. The BCR-2 and SGR-1B silicate standards (ca.
0 mg) were digested in HF-HNO 3 at 200°C in high-pressure
olytetrafluoroethylene bombs. 57 Following digestion, samples
ere evaporated to dryness on hotplate at ca. 100°C before being
aken up in 1 N HNO 3 for ion exchange purification. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The chemical purification of K from the samples and ref-
erence materials was carried out in a two-step ion exchange
chemistry developed for geological and biological materials. This
protocol is summarized in Supplementary Table SC2 and typ-
ical elution curves of major and trace elements are shown
in Supplementary Fig SB2 . The first column (2.5 ml BioRad
AG50W-X12 cationic resin, 200–400 mesh, internal diameter
7.5 mm) separates most of the matrix, and leaves only K with
trace amounts of major elements such as Na and Mg. The second
column (0.25 ml BioRad AG50W-X12 cationic resin 200–400 mesh,
internal diameter 4 mm) further purifies K, removing residual ma-
trix elements i.e. Na and Mg. As bone displays high Ca/K ratios (of
the order of 1000), Ca 2 + can possibly compete with K 

+ and other
cations on columns for sorption sites on the resin, potentially al-
tering elution peak positions and compromising full recovery of K.
Therefore, bone samples were purified twice on the first column.
The first purification consisted in pooling the K bearing elution cut
(step e, Supplementary Table SC2 ) together with the previous ma-
trix bearing elution cut (step d), which could contain trace amount
of K because of possible Ca competition. The second purification
on the first column was performed normally. Potassium procedu-
ral blanks and recovery were assessed by measuring K elemental
concentrations using the Thermo Fisher Scientific Element2 ICP-
MS and the Proteus collision cell (CC)-MC-ICP-MS/MS. 

The recovery of K from the chromatography procedure was
estimated for geological and biological materials, and exceeds
99.5% of the loaded amount of K (as measured on mineral- and
biological-like synthetic matrices, as well as aliquots of BCR-2
basalt and BCR383 green beans). Such a quantitative recovery is
necessary so no chromatography induced mass-dependent iso-
tope fractionation occurs. 58 The K blanks throughout the whole
chemical processing (digestion and chromatography) did not ex-
ceed 20 ng. This is negligible when compared to the typical
amount of K in processed samples and reference materials (typ-
ically ca. 5 to 100 μg K) and is not expected to affect accuracy of
isotope ratio measurements beyond analytical precision. The effi-
ciency of the purification was tested on the eight natural geolog-
ical and biological reference materials by measuring the X/K mo-
lar ratios before and after the purification (where X is any major
and trace element) using the Element2 ICP-MS mass spectrometer
at the University of Bristol (UK). The results show X/K ratios are
brought down to less than 0.01 for all major and trace elements
( Supplementary Table SC3 ). 

Several aliquots of most reference materials were chemically
processed as replicates to check for accuracy and external repro-
ducibility by replicating measurement of their K stable isotope
compositions ( n = 2–5 sample replicates). A 40 μg K aliquot of the
SRM 3141a bracketing standard was also processed through both
cation chemistries to further check for absence of any chromatog-
raphy induced isotope fractionation. 

Analytical methods
Elemental and isotopic analyses
Elemental concentrations of major essential elements, related to
K homeostasis (K, Na, Mg, Ca, P) were measured in aliquots of all
diet and animal samples by inductively coupled plasma optical
emission spectrometry (ICP-OES) at the University of Bristol (UK)
and at the Laboratoire de Géologie de Lyon, (France), following pre-
viously described methods. 59 , 60 

The K isotope compositions were measured at the Univer-
sity of Bristol using the Proteus prototype instrument developed
by Thermo Fisher Scientific (Bremen) in collaboration with the
Bristol Isotope Group. Proteus is a unique tribrid CC-MC-ICP- 
MS/MS with a pre-cell mass-filter. It has been previously described 
elsewhere. 61 The instrument combines a low energy front end,
adapted from the Thermo Fisher Scientific iCAP Q instrument and 
consisting of a quadrupole mass pre-filter followed by a collision 
cell, and then a conventional Thermo Fisher Scientific Neptune 
plus analyser. The use of He collision and H 2 reaction gases in the
collision cell allows a near-quantitative elimination of Ar + and 
ArH 

+ beams, 62 which otherwise constitute major isobaric inter- 
ferences hindering K isotopes analyses in low resolution and hot 
plasma conditions. 18 , 19 , 21 , 62 

Operating conditions for Proteus were optimized to minimize 
Ar + species formation while maximizing transmission and sta- 
bility of K signal intensity and of 41 K/ 39 K ratios, as measured
in standard solutions. A description of main settings is given in
Supplementary Table SC4 . Potassium isotope composition mea- 
surements were conducted on 1 mg L −1 purified K solutions di-
luted in 0.3 M HNO 3 and using a 50 μl/min PFA nebulizer in free
aspiration mode connected to an Apex Q desolvating system (ESI).
The mass pre-filter is operated in RF only mode allowing a wide
range of masses to enter the collision cell ( ±40 amu). 63 Helium
and hydrogen gases are introduced to the collision cell at 2 ml/min
and 3.5 to 4 ml/min, respectively. The 39 K 

+ and 41 K 

+ beams on
the Proteus multi-collector were measured on peak centre, in low 

resolution mode (measured resolving power m/ �m ≥ 3000, 5–
95% peak height definition 64 ), on the L1 and H1 Faraday cups, re-
spectively, using amplifiers fitted with 10 11 � resistors. Analysis of 
blank acid (pure 0.3 M HNO 3 ) shows very low K intensities, of the
order of 70 to 100 mV of 39 K 

+ while K solutions yielded signal in-
tensities of ca. 30 V/mg L −1 . Helium and hydrogen collision and
reaction gases efficiently reduce the 40 Ar + beam intensity on cen- 
tral cup from about 3000 to 4000 V to less than 2 mV in blank 0.3 M
HNO 3 acid. This corresponds to a near-quantitative suppression 
of the Ar + beam by more than six orders of magnitude. Formation
of 40 ArH 

+ hydrides interfering with 41 K 

+ is also negligible, with 
measured intensities comparable to expected blank levels based 
on the 39 K 

+ signal, ≈6 mV, while K solutions yielded 41 K 

+ signal
intensities of ca. 2 V/mg L −1 (0.130 V/mg L −1 for 39 K 

+ ). 
Isotope ratios were measured using the standard-sample 

bracketing (SSB) method for correction of instrumental mass 
bias 65 with NIST SRM 3141a used as a bracketing standard. The 
K stable isotope compositions are expressed in ‰ using the delta 
notation, defined as follows: 

δ41 K SRM 3141 a = 

( 

41 K/ 39 K sample 
41 K/ 39 K SRM 3141 a 

− 1

) 

× 1000 , (1) 

where 41 K/ 39 K refers to the measured abundance ratios. Each 
sample and standard measurement was preceded by a washout 
(200 s) and a blank measurement of 0.3 M HNO 3 . Sample and
standard measurements consisted of 40 cycles with 8.389 s in- 
tegration times (10 cycles in blank). Blank contributions were cor- 
rected online. Sample measurements were bracketed by measure- 
ment of NIST SRM 3141a. Each measurement required ca. 300 ng 
K, corresponding to the uptake of ca. 300 μl of a 1 mg/L −1 K solu-
tion. Measurements (full SSB cycle) were replicated at least three 
times on the same purified solution for all samples and reference 
materials. 

Precision and accuracy of K isotope ratio
analyses
The pure SRM 3141a solution was regularly analysed as a sample 
bracketed against itself over a period of 20 mo and has a mean

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
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Table 2. δ41 K values of all analysed reference materials a 

δ41 K SRM3141a ( ‰ ) 

Material Mean 2SD 95% C.I. n N 

SRM3141a purified This study (D1X1) −0 .01 0 .11 0 .02 25 - 

BCR2 This study (D2X2) −0 .45 0 .09 0 .02 25 - 
Basalt This study (D2X3) −0 .43 0 .12 0 .06 6 - 

This study (D2X4) −0 .45 0 .14 0 .04 15 - 
Mean of replicates −0 .44 0 .03 0 .00 - 3
Lit. mean (BCR 1 and 2) (1–9) −0 .43 0 .05 0 .02 - 11

BCR380R This study (D3X10) 0 .07 0 .03 0 .02 5 -
Cow milk powder This study (D3X18) 0 .06 0 .04 0 .03 4 - 

This study (D3X3) 0 .07 0 .11 0 .04 11 - 
This study (D3X9) 0 .07 0 .03 0 .03 3 - 
Mean of replicates 0 .07 0 .01 0 .01 - 4
Lit. mean (9) 0 .07 0 .02 0 .09 - 2

BCR383 This study (D3X3) −0 .80 0 .07 0 .03 7 -
Green beans This study (D3X4) −0 .86 0 .10 0 .05 7 -

This study (D3X8) −0 .80 0 .07 0 .02 16 -
Mean of replicates −0 .82 0 .06 0 .08 - 3
Lit. mean (9) −0 .84 0 .07 0 .31 2 - 

CE464 This study (D3X14) 0 .29 0 .06 0 .05 4 - 
Tuna fish This study (D3X3) 0 .29 0 .08 0 .03 9 - 

This study (D3X9) 0 .29 0 .06 0 .02 9 - 
Mean of replicates 0 .29 0 .00 0 .01 - 3
Lit. mean (9,10) 0 .34 0 .08 0 .10 - 3

FBS This study (D3X3) −2 .04 0 .05 0 .03 5 -
Fetal bovine serum Lit. mean (9) −2 .11 - - 1 -

Seawater This study (D1X1) 0 .12 0 .09 0 .02 32 -
(IAPSO) This study (D11X12) 0 .12 0 .08 0 .04 7 -

This study (D4X4) 0 .11 0 .10 0 .02 22 -
This study (D8X8) 0 .14 0 .05 0 .01 23 -
This study (D11X20) 0 .16 0 .04 0 .02 6 -
Mean of replicates 0 .13 0 .03 0 .02 - 5
Lit. mean (seawater) (2, 4, 6–9) 0 .11 0 .07 0 .02 - 10

SGR1B This study (D3X12) −0 .27 0 .03 0 .04 3 -
Shale This study (D3X3) −0 .23 0 .08 0 .03 9 - 

Mean of replicates −0 .25 0 .05 0 .22 - 2
Lit. mean (SGR1) (1, 2, 4–5, 8, 9) −0 .27 0 .04 0 .02 - 7

SRM1400 This study (D10X11) −0 .22 0 .07 0 .05 5 -
Cow bone ash This study (D11X13) −0 .19 0 .11 0 .07 5 -

This study (D11X21) −0 .16 0 .05 0 .02 8 -
Mean of replicates −0 .19 0 .06 0 .07 - 3

SRM1486 This study (D11X13) −0 .57 0 .12 0 .04 10 -
Cow bone meal This study (D10X21) −0 .53 0 .06 0 .03 8 -

Mean of replicates −0 .55 0 .05 0 .24 - 2

SRM1577C This study (D3X3) 0 .13 0 .12 0 .04 10 -
Bovine liver This study (D3X7) 0 .16 0 .08 0 .04 8 -

Mean of replicates 0 .15 0 .04 0 .18 - 2
Lit. mean (9) 0 .15 0 .00 - 2 -

a Each sample line refers to the mean of the repeated measurements of a given sample that underwent chemical processing. The sample is referred to using its D 
digestion number (e.g. D1) and X chemistry number (e.g. X1). n : number of replicated analyses on a single sample; N : number of samples analysed (1: 69; 2: 18; 3: 17; 
4: 15; 5: 24; 6: 19; 7: 36; 8: 70; 9: 71, 10: 30). 
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0  
41 K value of 0.000 ± 0.066 ‰ (2 SD, n = 416, 2 SE = 0.003 ‰ ), indis-
inguishable from the theoretical 0 ‰ value. The external repro-
ucibility was assessed by using the pooled standard deviation of
epeated analyses of the reference materials processed through
olumn chemistry over a period of 20 mo (Table 2 ). This assess-
ent allows multiple chemical processing of reference materials
digestions, chemical purification) measured over numerous an-
lytical sessions to be combined to give a robust estimation
f the reproducibility. More details can be found elsewhere. 66 –68 

he pooled double standard deviation (2 SD) over all chemi-
ally processed reference materials analysed in this study was
.048 ‰ . Such a reproducibility is comparable to the most precise



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

methods published so far with collision cell MC-ICP-MS 18 , 19 or
with enhanced resolution. 17 

The measured reference materials are shown in Table 2 to-
gether with compositions compiled from literature. The δ41 K of
the purified aliquot of SRM 3141a standard is undistinguish-
able from the expected 0 ‰ value ( −0.01 ± 0.02 ‰ , 95% C.I.,
n = 25) and shows that no measurable isotope fractionation is
induced by chemical processing. The geological reference mate-
rials with previously published isotope compositions show very
good agreement with literature mean values, as is the case for
BCR2 basalt, SGR1-B shale and IAPSO seawater. Our analyses also
further characterize five biological reference materials recently
described in two publications, 30 , 71 namely BCR380R milk powder,
BCR383 green beans, CE464 tuna fish, FBS fetal bovine serum and
SRM1577C bovine liver. Finally, we present here the first isotope
compositions to date measured in two cow bone reference materi-
als, namely SRM1400 ( −0.19 ± 0.06 ‰ , 2SD, n = 3 sample replicates)
and SRM1486 ( −0.55 ± 0.05 ‰ , n = 2). 

Statistical analyses 
Statistical analyses were performed using R. 72 Depending on the
type of analysis and dataset, different statistical tests were ap-
plied. Linear correlations were explored using parametric Pear-
son correlation test (noted Pear.) or nonparametric Spearman
rank sum test (Spear.). Differences in the mean values of mul-
tiple groups were tested using parametric Welch’s ANOVA test
(WA) or nonparametric Kruskal–Wallis test (KW). Differences be-
tween two groups were tested using parametric Welch’s t -test (W)
or nonparametric Wilcoxon–Mann–Whitney test (WMW). Finally,
mean compositions of single groups were compared to a theoret-
ical 0 mean value using the one-sample t -test (o.s. t -test). The P -
values ( P ) are given together with the degree of significance de-
noted by asterisks as follows: NS (nonsignificant, P > 0.1), ( P < 0.1),
* ( P < 0.05), ** ( P < 0.01), and *** ( P < 0.001). Unless otherwise stated,
all uncertainties associated with a mean isotope composition re-
fer to the 95% confidence interval (C.I.) calculated using the t -test.
Statistical reports are provided as tables in appendix C of supple-
mentary information ( Supplementary Tables SC5 to SC12 ) and are
systematically referenced in the captions of figures they refer to,
and vice versa. 

Stable isotope box models of K cycle
in vertebrates
Isotopic equilibration model 
The duration of the controlled feeding experiments A and B are
different, and both involve changes of K dietary sources. A tran-
sition from one diet to another could induce a change in the
δ41 K values of the dietary source. Moreover, the residence times
of K vary across the different bodily reservoirs. 40 As the aim of
this study is to characterize the steady-state distributions of K
isotopes, the progress of the isotopic equilibration of the animal
tissues with their dietary K needs to be assessed. While a large
corpus of studies report the kinetics of K transport in specific
tissues, 40 no study has reported the typical systemic equilibration
patterns of bodily K with dietary K. To characterize the isotopic
equilibration of the organism to its diet, we build a box-model rep-
resentative of an endothermic vertebrate organism, following a
similar approach as previously described for Ca or Zn isotopes. 73 , 74

This isotopic equilibration model aims at estimating the order of
magnitude of the characteristic relaxation times for the system
to isotopically equilibrate with the dietary source (Appendix A,
Text A.1). 
A full description of the method and program used for this pur-
pose is given in supplementary information (Appendix A, Text A.1,
Section A.1.1.1., Supplementary Fig . SB3 .A, Table S C13 ). Data from
a thorough model of the K cycle in humans previously published
by Leggett and Williams (1986) 40 is used as starting point. Using
this description of the K cycle in an adult human organism, a box
model of the cycle of K isotopes in this system has been adapted
using the isobxr R package. 75 Simulations of the response of the 
system to a change in dietary isotopic composition have been run 
without isotopic fractionation. As detailed in appendix A.1 of sup- 
plementary information, the use of such a K cycle pattern allows 
the estimation of the order of magnitude of K equilibration timing 
for endothermic vertebrates with similar K cycle patterns, assum- 
ing a first order isometry of the K fluxes together with the sizes of
the K reservoirs across animals with varying body masses. Our 
isotopic diet–body equilibration box model was benchmarked by 
comparing simulations of K isotope tracer studies with simula- 
tions of Leggett and Williams (1986) and with independent data 
from tracer studies in human ( Supplementary Fig . SB4 .A). The
very good agreement between our simulations and experimental 
data as well as previous models shows that our isotopic equili-
bration model accurately reproduces the K cycle and its dynamic.
This model can hence be used to discuss the dynamic isotopic
equilibration of animal tissues with diet and between reservoirs 
themselves. 

K isotope homeostasis model 
A stable isotope box model to assess the physiological controls 
over steady-state isotope homeostasis has been developed (de- 
tailed description in Appendix A, Text A.1., Section A.1.2.1.). This K 

isotope homeostasis box-modeling approach consists in calculat- 
ing the evolution of distributions of K and its isotopes in all inter-
connected boxes of the system, forcing the simulations with box 
sizes (masses of K), fluxes (mass of exchanged K per time unit) and
associated isotope fractionations (defined as isotope fractionation 
factors). 

Here, we use the extensively described cycle of K in adult 
humans. 9 , 38 , 44 in a simplified version of the model presented 
earlier 40 ( Supplementary Fig . SB3 .B, Table SC14 .A). The flux con-
figurations used for steady-state simulations allow a wide range 
of variability of the K fluxes in the organism to be covered
( Supplementary Table SC14 .B). To this end, two series of six flux
configurations were set to test the effects of variable intestinal ab- 
sorption and variable renal excretion onto steady-state K isotope 
distributions in a balanced organism (i.e. no net loss or gain of K in
any reservoir). The simulations of K isotope distributions were cal- 
culated using the isobxr R package. 75 All input parameters, codes 
and outputs are made available in supplementary information. 

Results
Diet–body equilibration model
The results of the isotopic diet–body equilibration simula- 
tions are presented in detail in Appendix A, Text A.1., Section 
A.1.1.2. The first equilibration simulation characterizes the
isotopic cross-equilibration between all key bodily reservoirs
( Supplementary Fig . SB4 .B). These results show that skeletal
muscle drives the dynamics of the whole internal system. All
other internal reservoirs [i.e. except gastro-intestinal tract (GIT)
and feces] tend to equilibrate with muscle within ca. 10 d, which
itself displays the slowest response equilibration pattern. This
is expected as muscle K content is one order of magnitude
higher than any other bodily reservoir (70–75% of body K) and

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
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Fig. 1 δ41 K values of dietary K ( ‰ , relative to SRM3141a) as a function of 
the inverse of K concentrations (ppm 

−1 ). Empty and full symbols refer to 
experiment A and B, respectively. Error bars are 95% confidence intervals 
(C.I.). Diets 1, 2, 4, and 5 of experiment B fall on a mixing line (dashed 
blue line with 95% C.I. shaded area) with a significant correlation (Pear. 
R 2 = 0.982, P -value = 0.009 **). Corresponding data is shown in 
Supplementary Table SC5 . 
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n Diet Muscle 
he residence time of K in muscle alone is the second longest
 ≈9 h), behind red blood cells ( ≈64 h). The other reservoirs are
hus expected to be at equilibrium with muscle before reach-
ng equilibrium with diet. Skeletal muscle is hence a useful
nternal reference for the study of distribution of K isotopes in
ndothermic vertebrate organisms. 
The second equilibration simulation was performed to esti-
ate the timing of whole-body equilibration to a change in diet

sotope composition ( Supplementary Fig . SB4 .C). Such an equili-
ration can be described by characteristic relaxation times of the
ummed exponential differential equations solutions. The longest
elaxation time of the system provides a characteristic time for
he long-term diet–body equilibration, and hence offers a mea-
ure of the whole-body residence time of K. Our results show that
he whole-body relaxation time of K is of the order of 40 to 50 d.
t about 50 d, all bodily reservoirs reach ca. 60% of the full equi-
ibrium, 90% at 100 d and 96% at 150 d. 

 isotope compositions of experimental diets
he K isotope compositions of diets are shown in Fig. 1 . Experi-
ent A diets display significantly different compositions and span
 total range of 0.43 ‰ . Experiment B diets also display signifi-
ant differences over the range of soya and fish meal mixes, span-
ing a similar range (0.36 ‰ ). The δ41 K mean values of experi-
ent B diets fall on a mixing line when plotted against the in-
erse of K concentrations (Pear. R 2 = 0.982, P ** = 0.009). Experi-
ent B diet K concentrations also fall on a mixing line when plot-

ed against the fraction of fish protein (Pear. R 2 = 0.985, P ** = 0.007,
upplementary Table SC5 ). The fish meal and soya in the experi-
ent B diets hence contribute two isotopically distinct K dietary
ources: a 41 K-enriched marine endmember and a 41 K-depleted
oya endmember. This is in good agreement with the documented
ichotomy between 41 K-enriched marine animal vs. 41 K-depleted
errestrial plants. 29 

istributions of K stable isotopes in animal
issues
ll K isotope compositions of animal samples are shown in
upplementary Fig . SB5 . Overall, the 158 samples display δ41 K val-
es spanning a range of 1.62 ‰ , between −0.88 ‰ and 0.74 ‰ . 
orrelations between bodily reservoirs and with dietary
41 K 

he isotopic equilibrium between animal tissues was first as-
essed. The Supplementary Fig. SB6 shows the δ41 K of all reser-
oirs against those of skeletal muscle taken as an intraindivid-
al reference. A systematic and significant correlation for liver is
bserved in each species. In addition, the slopes of these linear
egressions are compatible with 1. The same holds for kidney of
uail, rat, and guinea pig. Depending on counting statistics, linear
orrelations appear more variable, being either significant when
ooling species (blood plasma, RBC) or poorly to nonsignificant
heart, bone, urine, feces, milk) owing to a lack of statistical power.
verall, the slopes of these regressions tend to be positive and to
arallel the identity line. 
The equilibration of the animal tissues with diet is tested by

omparing dietary δ41 K of diet with δ41 K of skeletal muscle and
iver (Fig. 2 ). The pigs, from experiment B, display the strongest
nd most significant correlation with diet in both muscle and
iver and the slopes of these linear regression lines are compat-
ble with 1. By contrast, the results from experiment A are more
ariable. Guinea pigs display strong and significant correlations
or both muscle and liver (Pear. R 2 = 0.56, P * = 0.021 and R 2 = 0.55,
 * = 0.023, respectively) and the slopes are also compatible with 1
1.23 ± 0.83 and 1.07 ± 0.73, 95% C.I., respectively). The distribu-
ions seem more variable, however, as exemplified by the low δ41 K
alues in the tissues of the guinea pigs fed on the meat-based pel-
ets (diamonds in Fig. 2 ). Quails display no significant positive cor-
elation of their muscle or liver compositions with diet (the latter
otentially owing to a smaller number of samples), although the
rends are compatible with a slope of 1. Finally, the rats display no
ignificant trends and seem incompatible with a 1:1 relationship.

ormalizations and reservoir-specific distributions 
he δ41 K values of tissues are normalized to an individual’s diet
r skeletal muscle isotope compositions to correct for dietary con-
rols or interindividual variability, respectively. This is referred to
s normalization to diet or skeletal muscle and expressed in �
otation 76 as: 

�41 K Diet = δ41 K 

sample
SRM 3141a − δ41 K 

diet x 
SRM 3141a (2)

�41 K Muscle = δ41 K 

sample
SRM 3141a − δ41 K 

indiv skel . muscle
SRM 3141a (3)

The tissue specific distributions of �41 K Diet and �41 K Muscle val-
es are presented for each species in Fig. 3 and for all species
ooled together in Fig. 4 . The exhaustive distributions grouped by
pecies, diet and tissue are shown in Supplementary Fig . SB5 . 
For a given reservoir, the diet-normalized compositions

 �41 K Diet ) display overall a reduced variability when compared to
he δ41 K SRM3141a distributions in guinea pig, quails, and pigs, while
he rats seem to follow an opposite trend ( Supplementary Fig .
B5 ). Normalization to muscle ( �41 K Muscle ) further reduces in-
erindividual variability in a vast majority of K reservoirs in
omparison with diet-normalized distributions. This is statisti-
ally supported by Bartlett tests for equality of variances, which
ield statistically significant results in key reservoirs with high
ounting statistics, at the species level and across all species
 Supplementary Tables SC8 , SC9 ). 
When comparing species (Fig. 3 ), the normalized compositions

f K reservoirs yield comparable distributions, although some sig-
ificant differences can be observed. The �41 K and �41 K 
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Fig. 2 δ41 K of skeletal muscle and liver vs. diet δ41 K. Expressed in ‰ relative to SRM3141a. Gray continuous line is the identity 1:1 line. The dashed gray 
line is the regression line shown with 95% C.I. shaded area. Linear model statistics are given with the squared correlation coefficient ( R 2 ), the 
regression P -value, and values of the slope (a) and y-intercept (b) together with their 95% C.I. For experiment A animals (guinea pig, rat, quail), circles 
refer to individuals fed on insect-based diet, diamonds to meat-based diet and squares to plant-based diet. For experiment B (pigs), circles correspond 
to diet 1 (soya/fish: 100/0), squares to diet 2 (87.5/12.5), diamonds to diet 4 (50/50), triangles to diet 5 (0/100). Full statistical report is shown in 
Supplementary Table S C7.A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

distributions across species are described in detail in supplemen-
tary information (Appendix A, Text A.2.). Overall, the normalized
compositions of animal tissues are primarily dependent on the
type of reservoir considered and not on the species. In pigs, while
sex is not a clear factor of variability, we observe a possible dif-
ference in isotope compositions of the liver between generations
G1 and G2 ( Supplementary Fig . SB8 ). Pooling all species together
(Fig. 4 ), the isotope compositions of K reservoirs display significant
differences of their mean compositions, both for �41 K Diet (WA:
P *** < 10 −4 , F = 22.9, df = 9; KW: P *** < 10 −4 , df = 9, n = 158) and
�41 K Muscle (WA: P *** < 10 −4 , F = 41.4, df = 9, KW: P *** < 10 −4 , df = 9,
n = 158). Urine and blood plasma appear to be the most depleted
reservoirs, while all organs as well as feces and milk display 41 K-
enriched isotope compositions. 

Discussion
Diet–body isotope equilibrium and dietary
control
A first goal of this study is to assess the contribution of diet
to the isotopic variability across individuals’ tissues for a given
species. Such an approach relies on the assumption that animal
tissues are isotopically equilibrated with experimental diets. Both
experiments involve dietary transitions. The animal tissues could
thus reflect varying stages of diet–body isotopic equilibration. We
therefore first assess the progress of isotopic equilibrium between
diet and animal tissues. 

The progress of isotopic equilibration can vary from a reser-
voir to another because the residence times of K are variable
across reservoirs. According to the outputs of the equilibra-
tion box model (Appendix A, Text A.1., Section A.1.1.2.), the
K reservoirs are expected to isotopically equilibrate with one
another and with skeletal muscle within a short period of ca. 10 d
( Supplementary Fig . SB4.B ). Our simulations also show that mus-
cle primarily drives the long-term dynamics of the whole system.
As a result, most tissues are expected to be equilibrated with one
another and with muscle by the end of both experiments, since
those exceed such a characteristic time. This is supported by the 
rather coherent and globally significant 1:1 linear relationships 
observed between most key reservoirs, such as liver and kidney,
with muscle δ41 K values ( Supplementary Fig . SB6 ), despite some
contrasting counting statistics. We therefore consider that there 
is a globally good isotopic equilibrium of animal tissues with 
skeletal muscle. 

Both sets of experimental diets have δ41 K values ranging over 
a 0.40 ‰ range, allowing us to test the control of diet on bod-
ily reservoirs. When plotting δ41 K values of skeletal muscle or 
liver against those of experimental diets for each species, ex- 
periment A animals display variable degrees of linear correla- 
tion with diet (Fig. 2 ). While equilibrium distributions are ex- 
pected to tend to a 1:1 relationship between a given reservoir 
and diet, the observed correlations suggest that pigs, guinea pigs 
and quails are better equilibrated than rats. Overall, experiment 
A species seem to be only partially equilibrated with their di-
ets. Contrastingly, experiment B pigs display a strong and statis- 
tically significant 1:1 linear relation with their experimental di- 
ets. Pigs are thus fully equilibrated with their experimental di- 
ets and the isotope composition of diet controls those of their 
tissues. 

The differences in diet–body isotopic equilibration are probably 
linked to the distinct experimental durations. This is notably sup- 
ported by the diet–body isotopic equilibration model. The adult 
endothermic vertebrate organism is characterized by a typical 
whole-body relaxation time of ca. 50 d ( Supplementary Fig . SB4.C ).
During this period, comparable to experiment A duration, the or- 
ganism is only partially equilibrated with diet, reaching ca. 60% of 
its full diet–body isotopic equilibrium. Contrastingly, experiment 
B lasted more than 160 d in G2 pigs and 18 mo in G1, which would
lead to full equilibrium for both generations. 
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Fig. 3 Interspecific distributions of normalized K isotope compositions in all compartments (G: guinea pig, R: rat, P: pig, Q: quail), expressed relative to 
diet (A, �41 K Diet ) and to each individual own skeletal muscle (B, �41 K Muscle ). The boxplots indicate the 5%, 25%, 50%, 75%, and 95% quantiles. The 
significance levels of the P -values calculated from the Welch’s ANOVA test (WA) and from the Kruskal–Wallis test (KW) are shown when number of 
groups allows (n.a.: not available, NS: nonsignificant P -value;. : P = 0.05–0.1; * : P = 0.01–0.05; ** : P = 0.001–0.01; *** : P < 0.001). Descriptive and 
comparative statistics are shown in Supplementary Table SC8 . In pigs, �41 K Muscle were calculated using the femoral skeletal muscle of all individuals, 
loin muscle was measured in four individuals. The latter appear as nonzero values in the �41 K Muscle of pig muscle. For experiment A animals (guinea 
pig, rat, quail), circles refer to individuals fed on insect-based diet, diamonds to meat-based diet and squares to plant-based diet. For experiment B 
(pigs), circle correspond to diet 1 (soya/fish: 100/0), squares to diet 2 (87.5/12.5), diamonds to diet 4 (50/50), triangles to diet 5 (0/100). 
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These observations are further supported when evaluating the
nfluence of the gain in body mass during experiments. The body
ass gain (BMG) over the period of experimental feeding can be
onsidered a measure of the extent of replacement of the ini-
ial K store (at equilibrium with the previous dietary source) by
 taken from experimental diet. The K stores are expected to
ncrease with body mass, inducing a faster replacement of pre-
xperimental K stores. Therefore, an incomplete replacement of
nitial K stores below a certain BMG threshold value would re-
ult in variable �41 K Diet values for a given reservoir and would
epend on BMG. In case of a full diet–body equilibrium beyond a
iven experiment duration or a BMG threshold, we expect �41 K Diet 

o be insensitive to total BMG. On average, all animals gained
eight since their last dietary transition from supplier diet (ex-
eriment A, BMG increase by up to 200%, Supplementary Fig . SB1 )
r mother’s milk (experiment B, BMG increase by up to 1100%. 50 ).
n pigs, the �41 K Diet values of skeletal muscle or liver display no
ignificant dependence on BMG and the slope estimates are com-
atible with 0 ( Supplementary Fig . SB7 ). By contrast, muscle and
iver �41 K Diet of guinea pigs and rats are significantly and posi-
ively correlated with BMG. Similar yet nonsignificant trends are
bserved in quails likely owing to a poorer representation of low
MG individuals. Experiment A individuals with the highest BMG
isplay �41 K Diet comparable to those of pigs, known to be at equi-
ibrium, while those with low BMG display lower �41 K Diet values.
xperiment A individuals with the best growth performances are
hus closer to a full isotopic equilibrium with their dietary source.
he isotopic equilibration of experiment A animals is thus vari-
ble and depends on growth performances while pigs are consid-
red fully equilibrated with their diet. 
To summarize, the evaluation of dietary controls allows to draw
hree conclusions. First, the isotope composition of diet consti-
utes the primary control over isotope compositions of the ani-
al tissues. This constitutes a solid basis for the use of K isotopes

o reconstruct dietary habits in vertebrates. Moreover, experiment
 suggests that K isotopes bear the potential to differentiate be-
ween marine and terrestrial dietary sources, as their isotopic di-
hotomies are directly reflected in pig tissues. Second, the normal-
zation to experimental diet ( �41 K Diet ) allows to efficiently reduce
he spread of isotope compositions contributed by dietary sources
f K, except for groups with individuals displaying an incomplete
iet–body isotopic equilibrium owing to low BMG. This normal-
zation is therefore used thereafter to discuss the diet–body iso-
ope fractionation effects, although considered more adequate
or groups with overall full diet–body equilibrium such as pigs.
inally, the normalization to skeletal muscle ( �41 K Muscle ) allows
o internally correct for interindividual variability possibly driven
y incomplete diet–body isotopic equilibrium. This normalization
roduces consistent intra-organism distributions of K isotopes as
xemplified by the reduced spread of �41 K Muscle values in most
eservoirs when compared to �41 K Diet ( Supplementary Tables SC8 ,
C9 ). Normalization to muscle is therefore used thereafter to dis-
uss intra-organism distributions of K isotopes. 

iological factors of variability
otassium isotope compositions vary widely within and across in-
ividuals. This is illustrated by the distributions of �41 K Muscle val-
es, varying from −0.64 ± 0.20 ‰ in urine to 0.39 ± 0.11 ‰ in RBC
Fig. 4 ). Overall, such a 1 ‰ intraindividual range is remarkable as
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Fig. 4 Distributions of K isotope compositions of all measured tissues, biofluids and excreta in all taxa expressed relative to diet (A, �41 K Diet ) and to 
each individual’s own skeletal muscle (B, �41 K Muscle ). The boxplots indicate the 5%, 25%, 50%, 75%, and 95% quantiles. The Welch’s ANOVA and 
Kruskal–Wallis tests show significant differences of the means of all reservoirs, for �41 K Diet (Welch’s ANOVA P -value < 10 −4 , F = 22.9, df = 9; 
Kruskal–Wallis P -value < 10 −4 , df = 9, n = 158) and �41 K Muscle (Welch’s ANOVA P -value < 10 −4 , F = 41.4, df = 9, Kruskal–Wallis P -value < 10 −4 , df = 9, 
n = 158). Descriptive and comparative statistics are shown in Supplementary Table SC9 . The mean compositions (in bold) and the associated 95% 

confidence interval values are given for each distribution. The numbers of samples for each reservoir are shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

it compares with the variability observed across Earths major ge-
ological K reservoirs. 29 This spread is directly comparable to the
variability reported for other period four metals in vertebrates (Cu,
Fe, Zn, Ca 2 - 5 , 77 , 78 ). The biological processing of K by vertebrates is
therefore responsible for major and maintained fractionations of
K isotopes. Such sizeable so-called “vital effects” highlight the po-
tential of K isotopes in the study of K homeostasis, and for appli-
cations both in isotope metallomics and paleobiology. 

Intraindividual variations in δ41 K primarily depend on the type
of bodily reservoirs and excreta (Fig. 4 ). However, further biologi-
cal factors could also contribute to the variability documented for
each K reservoir (Fig. 3 ). We studied three mammalian and one
avian taxa with distinct physiological traits possibly influencing
their K isotope cycling. Age or sex could also contribute to this
variability. While the systematics of K isotope distributions ap-
pears to be globally shared by the species included in this study,
some level of variability could be related to such factors (Appendix
A, Text A.3. of supplementary information ). We notably report
distinct distribution of guinea pig liver isotope compositions that
could relate to digestive physiology. Also, RBC are possibly sensi-
tive to differences in physiological traits, such as RBC lifespans,
membrane permeability and metabolism. However, no major ef-
fect of age, sex or possible basal differences of K metabolism is
reported based on the current data. 

Overall, the similar distributions of K isotopes across reservoirs
show that K isotope cycling primarily depends on globally shared
isotope fractionation mechanisms among endothermic terrestrial
vertebrates. Indeed, the normalized compositions of a given reser-
voir yield similar distributions in the four taxa, including in tissues
and excreta that are key to K homeostasis (e.g. plasma, muscle,
liver, kidney, urine). This consistency is likely owed to the con- 
served K metabolism across endothermic vertebrates, being at 
cellular or whole-body levels. 9 –11 , 38 , 39 , 41 We consider thereafter 
the shared features in endothermic vertebrates to decipher the 
controls of K isotopes cycling in relation with K homeostasis. 

Cellular cycling of K isotopes
The documented isotopic variability in tissues constitutive of the 
organism reveals the cellular mechanisms at play in the internal 
cycling of K isotopes. 

Extracellular/intracellular isotopic dichotomy 
Potassium cycling in cells is primarily characterized by the 
acute and actively maintained transmembrane concentration 
gradients. 9 This chemical gradient is paralleled by a net 
fractionation of K isotopes leading to the 41 K-enrichment of intra- 
cellular reservoirs (skeletal and cardiac muscles, liver, RBC) when 
compared to external fluids (plasma). Indeed, all strict intracellu- 
lar reservoirs are markedly and significantly 41 K-enriched in com- 
parison with extracellular K (Fig. 5 A): �41 K Muscle of ICF are higher
than plasma by 0.52 ± 0.09 ‰ ( �41 K Muscle , W: P *** < 10 −4 , WMW:
P *** < 10 −4 , n = 110) with no overlap in the distributions. 

A similar trend is observed in reservoirs that are not strictly
representative of intracellular K. Bulk bone, which contains 
a mix of intracellular as well as organo-mineral bound K, is 
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Fig. 5 Distributions of �41 K Muscle values (A) in extracellular (blood plasma) and intracellular reservoirs (skeletal and cardiac muscle, liver, red blood 
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concentrations ratios, as measured in this study. 
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verall heavier than plasma by 0.57 ± 0.15 ‰ . Likewise, the kidney,
hich is 41 K-enriched by 0.34 ± 0.09 ‰ , contains both intracellular
nd luminal K from primary urine. Despite these heterogeneous
 pools, we can assume that the isotope compositions of these
eservoirs are dominated by ICF K, as ICF concentrations are typ-
cally 20–40 times higher than in ECF or primary urine. 9 The 41 K-
nrichment reported for these tissues is therefore also likely re-
ated to the ICF–ECF systematic difference while its extent is not
irectly comparable. 
While all K reservoirs are not represented in the current dataset

e.g. brain), the magnitude and ubiquity of the 41 K-enrichment in
ntracellular reservoirs is remarkable and systematic: all afore-
entioned ICF K reservoirs represent ca. 86% of the whole-body
 and ca. 87% of total ICF K ( Supplementary Table SC13 40 ). In
his near total pool, a simple mass balance calculation points to
 mean δ41 K of + 0.5 ‰ to + 0.6 ‰ higher than diet, or + 0.4 ‰ higher
han plasma. 
This remarkable net isotope fractionation constitutes a salient

rait of K isotope systematics in vertebrates. Such a dichotomy
arallels the vital, maintained, and regulated K transmembrane
oncentration gradients shared by all vertebrate cells. 9 , 38 , 41 This
uggests that the cellular and molecular mechanisms responsible
or the intracellular 41 K-enrichment is widely shared and likely
eeply rooted in the phylogeny of vertebrates. 
These observations also show that K isotopes bear potential for

he reconstruction of trophic relationships in vertebrate ecosys-
ems. Indeed, as soft tissues are 41 K-enriched when compared to
iet by ca. + 0.5 ‰ , the consumption of plants by herbivores and
oft tissues by secondary and tertiary consumers (carnivores) will
esult in the propagation of this 0.5 ‰ offset up trophic chains. The
se of K isotopes could hence complement other isotopic trophic
arkers (e.g. 7 , 8 ). Moreover, because C3 and C4 plants appear to
isplay markedly distinct isotope compositions, 83 K isotopes are
ikely to offer a synthetic description of the trophic structures
f vertebrate tropical ecosystems, both for vegetal ecology and
arnivory. 

ell homeostasis controls isotope fractionation 
he understanding of the mechanisms leading to the ICF/ECF di-
hotomy will help to constrain the potential of K isotopes in ver-
ebrate biology. Two types of nonmutually exclusive mechanisms
an be proposed for the systematic 41 K-enrichment of ICF: (i) a
referential 41 K-influx upon inward transmembrane transport, or
ii) a preferential 39 K-efflux, upon outward transport or intracel-
ular 41 K-retention.
The active pumping of K into the cytoplasm is mediated by

he action of the ubiquitous NKA pump. 84 –86 The passive efflux
f K occurs down its electrochemical gradient through K-specific
hannels of various classes, all sharing the same pore-domain
esponsible for K transport. 87 Overall, both NKA and K-channel
ransport mechanisms involve partial to complete dehydration of
 

+ ions, which at this point are mostly coordinated with oxygen
rom side and main chains binding sites. 84 , 87 , 88 Although the com-
lexity of these mechanisms hinders any precise predictions, it is
orth noticing that channels conduct K at near diffusion-limited
ates, suggesting the involvement of weak interactions only. 87 This

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
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would support a kinetic control over isotope fractionation, possi-
bly favoring 39 K-efflux (e.g. Mahan et al. 4 ). On the other hand, the
saturable NKA involves an occlusive and likely stiffer binding of
K, which would favor thermodynamic effects putatively leading
to 41 K-influx. Finally, K processing in the cytoplasm or organelles
could favor the thermodynamically controlled 41 K-retention due
to intracellular counter-ions. 39 , 89 Although, the identification of
biochemical mechanisms requires dedicated research, 45 , 90 the
tissue-specific intracellular distributions of K isotopes bring valu-
able constraints because K cellular cycling is known to depend on
cell types. 

Our dataset shows that K cellular homeostasis and membrane
permeability are central in the determination of intracellular K
isotope compositions: the extent of ICF 41 K-enrichment appears
to depend on cell excitability. As shown in Fig. 5 B, nonexcitable
cells (hepatocytes and RBC) are markedly 41 K-enriched relative to
excitable cells (skeletal and cardiac myocytes) by 0.33 ± 0.05 ‰
( �41 K Muscle scale, W: P *** < 10 −4 , WMW: P *** < 10 −4 , n = 98). The
permeability of cell membranes to K is central to cell excitabil-
ity. Indeed, the passive efflux of K in resting cells contributes ca.
90% of the RMP in most cells, typically ranging from −100 to −50
mV 

9 , 86 and these values depend on cell excitability. Excitable cells
(e.g. myocytes) typically display high K permeability responsible
for strong polarization (RMP of −100 to −70 mV), while nonex-
citable cells are less permeable to K and have less negative RMPs
( −40 to −10 mV). The intensity of K cycling is therefore higher
in resting excitable vs. nonexcitable tissue. Additionally, cycles of
membrane depolarization/repolarization in excitable cells imply
a higher K cellular turnover. 9 The isotopic differences between ex-
citable and nonexcitable cells thus points to a key role of mem-
brane permeability and intensity of K cellular cycling in the de-
termination of intracellular 41 K-enrichment.

Furthermore, K membrane permeability is known to depend on
tissues, which is reflected in the values of their RMPs. We con-
ducted a first comparison of the �41 K Muscle distributions of ICF
reservoirs with their typical RMP values (Fig. 5 C). Overall, we re-
port a significant positive linear correlation between �41 K Muscle

and RMP of intracellular reservoirs. The 41 K-enrichment of the
other intracellular reservoirs increases with RMP in a systematic
manner from skeletal muscle to RBC. Although preliminary, these
observations further support a negative link between the inten-
sity of K cycling at the scale of the cell and the extent of ICF 41 K-
enrichment. In other words, the tissue-specific distributions of K
isotopes appear to reflect the electrical properties of cell mem-
branes, and the more intense the K cellular cycling is, the less
41 K-enriched are the intracellular compartments. 

The elemental distributions of K normalized to P and
other essential cations (Na, Mg, Ca) further demonstrate the
cell-specific homeostatic controls over K isotope distributions
( Supplementary Fig . SB9 ). While we observe no significant links
with Ca and Mg, which are not directly involved in K metabolism,
K isotope compositions display clear links with Na/K and P/K ra-
tios. Intracellular �41 K Muscle is indeed strongly and positively cor-
related to Na/K (Fig. 5 D). Tissues with low Na/K, representative
of strong Na-K transmembrane opposite gradients and typical of
excitable tissues (e.g. muscle), are not as 41 K-enriched as nonex-
citable tissues, characterized by higher Na/K ratios (e.g. liver). This
further supports that intracellular K isotope compositions are de-
pendent on cell-specific K homeostasis, opposed by its Na antag-
onist. The �41 K Muscle values are also positively and strongly corre-
lated to P/K in strict intracellular reservoirs ( Supplementary Fig .
SB9 ) and more generally in soft tissues and excreta (Fig. 5 E). With
the exception of RBC (which lack respiratory metabolism and con-
tain less ATP and total P 91 –94 ), the bulk P content of tissues is pre-
dominantly representative of organic bound phosphate as well 
as intracellular inorganic phosphate, which is ca. 19 times more 
concentrated in ICF than in ECF. 94 Bulk P in tissues can thus be
considered a dry mass estimate relevant for intracellular K nor- 
malization. The significant correlation between �41 K Muscle and 
P/K suggest that the extent of intracellular 41 K-enrichment is in- 
versely correlated to ICF K concentrations. The smaller the intra- 
cellular K pool is, the more 41 K-enriched it is. 

To summarize, the systematic 41 K-enrichment of cells is con- 
trolled by effectors of cellular homeostasis. This is manifested by 
the strong links with membrane K permeability and with the cou- 
pled homeostatic behaviors of Na and K. The amplitude of cell 
41 K-enrichments is inversely related to the intensity of K cellular 
cycling and to the size of the intracellular K pool. This suggests
a possible Rayleigh-type isotope distillation mechanism whereby 
the fractional loss of K from the intracellular milieu to the plasma
induces a cumulative isotope effect amplified in smaller pools of 
“residual” intracellular K. Such a mechanism would be compatible 
with a preferential loss of light K isotopes upon efflux, because of
facilitated 39 K-diffusion through K channels and/or a preferential 
intracellular 41 K-retention. This interpretation is in line with the 
conclusions of Higgins et al. 31 suggesting that the passive efflux of 
K through K-specific channels favors the loss of 39 K while active
NKA influx induces no sizeable isotope fractionation. 

Internal homeostasis controls of K isotopes cycle 
The effectors of cellular K homeostasis are more generally those 
regulating the balance between intra- and extracellular K and de- 
fine the internal homeostatic system. 9 This regulation system pri- 
marily relies on the control of intracellular stores of K in mus-
cle and liver, and secondary reservoirs such as RBC. 10 , 11 , 39 , 86 The 
internal homeostasis therefore likely controls the distribution of 
K isotopes across bodily reservoirs, in health or disease. Tran- 
sient net efflux or influx of intracellular K—as in intense physical
exercise 86 —would then produce positive or negative excursions of 
δ41 K in the small pool of plasma K, respectively. 

More generally, pathological organ or systemic disruptions of 
internal homeostasis have thus the potential to produce sizeable 
departures of the isotope compositions in blood plasma and all 
connected reservoirs. Temporary or chronic conditions affecting 
K cellular and hence internal homeostasis, either documented or 
yet to be described, are likely to affect the isotope balance be-
tween K reservoirs. A series of pathological conditions are known 
to be associated with impaired internal or cell K homeostasis and 
could be associated with modified K isotope distributions. 10 Fur- 
thermore, K isotopes could help finely track so far undetected al- 
terations of cell K homeostases, in diseases such as cancer sus- 
pected to affect membrane resting potential and permeability. 95 

In this context, K bears a great potential for the dynamic charac-
terization of impaired cellular and internal K homeostasis, being 
for fundamental physiopathology or clinical applications. 

Whole-body K isotopes cycling
Potassium internal homeostasis is functionally dependent on the 
external homeostatic system responsible for the regulation of the 
whole-body balance between K inputs and losses. 10 , 11 , 39 The con- 
trols of external homeostasis over the cycle of K isotopes are doc-
umented by the current dataset, allowing to propose a first model 
of the whole-body K isotope cycling. 

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
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Gastro-
Intestinal

Tract

Heart muscle
δ41Kplasma + 0.5 ‰

0.6 % body K (≈ 0.8 g)

Bone
δ41Kplasma + 0.6 ‰

7.6 % body K (≈ 10.5 g)

Erythrocytes
δ41Kplasma + 0.7 ‰

5.8 % body K (≈ 8 g)

Other tissues

13.5 % body K (≈ 19 g)

Blood plasma / ECF
δ41Kdiet + 0.1 ‰

0.8 % body K (≈ 1 g)

Skeletal muscle
δ41Kplasma + 0.35 ‰

70 % body K (≈ 94 g)

Liver
δ41Kplasma + 0.7 ‰

3.4 % body K (≈ 4.7 g)

Kidney
δ41Kplasma + 0.3 ‰

0.4 % body K (≈ 0.6 g)

Urinary loss
δ41Kplasma - 0.25 ‰

 90 % K loss (≈ 2.7 g)

Faecal loss
δ41Kfood + 0.5 ‰

10 % K loss (≈ 0.3 g)

Dietary input
(≈ 3 g.d-1)

GIT tissues
inducing 

endogenous losses

ΔKDN>UR = -0.25‰c

ΔGIT>PLASMA = -0.55‰e

ΔGITloss>GIT = 
+0.7‰d

ΔSKM>PLASMA = -0.35‰b

Δ BONE>PLASMA 
= -0.6‰

b

Δ
HEART>PLASMA = -0.5‰ b

ΔRBC>PLASMA = 
-0.7‰b

ΔLIVER>PLASMA = 
-0.7‰b

Fig. 6 Model of the cycle of K and its isotopes in endothermic vertebrates. Absolute K amounts (in g) are shown for an adult 70 kg human. 9 , 38 , 40 , 44 The 
typical isotope compositions of reservoirs are shown relative to the relevant reservoirs. The cycle was used in isotope box modeling with the various 
isotope fractionation hypotheses b–e presented in Table 3 . The documented or likely isotope fractionation upon K transport is shown along the 
corresponding fluxes as � values and the corresponding fractionation hypothesis as superscript. 
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ransepithelial controls of isotope fractionation 
he external homeostasis relies on the action of epithelia ex-
hanging K with the exterior environment: the intestinal epithe-
ium, allowing K absorption, but most importantly the regulated
enal excretion in the distal nephron. 10 , 38 Transepithelial trans-
ort of K includes both (i) active transcellular pathways, involving
he transmembrane protein transporters, and (ii) passive para-
ellular transport, via tight junctions selectively permeable to
. 10 Any net isotope fractionation occurring upon transepithe-
ial transport of K could affect the baseline isotope composi-
ion of the system, starting with plasma central reservoir. The
haracterization of isotope effects induced by epithelia is thus
ritical. 
It is shown here that the transfer of K across epithelia induces

izeable fractionation of K isotopes, as directly reported in two oc-
urrences: (i) the excretion of urine in the renal epithelium and (ii)
he production of milk in mammary glands, both resulting from
ranscellular transport mainly. 9 , 10 , 96 , 97 

First, urinary losses are significantly 41 K-depleted when
ompared to plasma, from which urinary K is derived, by
0.18 ± 0.17 ‰ on the �41 K Diet scale (W: P * = 0.04, WMW: P = 0.07,
 = 19) and −0.29 ± 0.21 ‰ on the �41 K Muscle scale (W: P * = 0.0125,
MW: P * = 0.0130). The renal excretion of K through the renal

pithelium is therefore responsible for a fractionation of −0.2 to
0.3 ‰ . Urinary K essentially results from K secretion in the dis-
al tubule of the nephron because the quasi totality of K from the
lomerular filtrate is actively reabsorbed in the proximal tubule. 10

s a result, the preferential loss of 39 K via kidneys results from
he excretion of K in the distal tubules primarily upon tran-
cellular transport. This observation completes the renal isotope
ractionation described in rat by Higgins et al., their results sug-
esting a slightly more pronounced isotope effect of the order
f −0.5 ‰ . 31 
s  
Second, milk excretion in pigs induces a significant 41 K-
nrichment with respect to plasma, by 0.69 ± 0.29 ‰ on the
41 K Diet scale (W: P *** = 0.0014, WMW: P ** = 0.003, n = 13) and
.59 ± 0.17 ‰ in �41 K Muscle (W: P *** = 0.0001, WMW: P ** = 0.003).
he exocrine excretion of K by mammary glands thus induces
 transepithelial fractionation of the order of + 0.7 ‰ . The ex-
retion of K by mammary glands is thought to occur primar-
ly along transcellular pathways as well. 96 , 97 However, milk se-
retion produces a sizeable preferential loss of 41 K. This ap-
ears to contradict the trend described for urinary secretion.
 possible explanation could lie in the central role of exocy-
osis in mammary gland exocrine functions, allowing the ex-
retion of key milk components such as proteins or lipids. 96 , 97 

he associated flux of K remains to be assessed but could
ause a preferential loss of 41 K owing to subcellular cycling of
 isotopes. 
Finally, the transport of K across the epithelia of the GIT, ei-

her inward (absorption) or outward (endogenous losses), could
lso produce a sizeable isotope fractionation. However, these ef-
ects can only be here indirectly assessed based on feces isotope
ompositions, as discussed thereafter. 

ystemic isotope homeostasis model 
he implication of the effectors of external homeostasis (kidney,
ntestine, among others) in the determination of the whole-body
 isotope distribution can be estimated and modeled based on
ass balance considerations. This is done here using isotope box
odeling. The typical K cycle in vertebrates is shown in Fig. 6
caled for a human adult. 9 , 38 , 40 , 44 About 94% of K from diet is
bsorbed to plasma in the intestine. Around 95% of absorbed
 is excreted in urine while the remaining fraction is lost to
he digestive tract as endogenous losses. This includes digestive
ecretions from exocrine glands as well as cells shedding from
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Table 3. Hypotheses (a to e) of isotope fractionation upon K transport a 

Fractionation amplitudes Fractionation hypotheses (as � values, ‰ ) 

a b c d e 
�, in ‰ No fractionation 39 K efflux Renal excretion Endogen. losses Intestinal absorption 

�BONE > PLASMA - −0 .57 −0 .57 −0 .57 −0 .57
�HEART > PLASMA - −0 .47 −0 .47 −0 .47 −0 .47
�LIVER > PLASMA - −0 .67 −0 .67 −0 .67 −0 .67
�RBC > PLASMA - −0 .74 −0 .74 −0 .74 −0 .74
�SKM > PLASMA - −0 .35 −0 .35 −0 .35 −0 .35
�KDN > UR - - −0 .25 −0 .25 −0 .25
�GITloss > GIT - - - 0 .7 0 .7
�GIT > PLASMA - - - - −0 .55

a Amplitudes of fractionation are shown as �i > j values (in ‰ ), where �i > j = δ41 K j − δ41 K i for boxes j and i . The conversion to fractionation factors ( αi > j ) is calculated 
as follows: αi > j = exp( �i > j /1000). 
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Fig. 7 �41 K Diet results of the steady-state isotope box-model simulations for a subset of key K boxes. A: observed variability (mean line and 95% C.I. 
shaded area; U: urine, P: plasma, M: muscle, F: feces, L: liver, R: RBC); B: steady-state simulations in hypotheses a–e of isotope fractionations. 
Hypothesis a is shown as a reference for the absence of isotope fractionation; C: in the hypothesis c, i.e. preferential cellular 39 K efflux, with varying 
net fractionation at renal excretion; D: in the hypothesis d with varying net fractionation at endogenous losses; E: in the hypothesis e with varying net 
fractionation at intestinal absorption. The diamonds and associated vertical lines (B) or shaded area (C, D) show the full variability across all simulated 
flux configurations encompassing natural variability of K cycles. These results are also shown as �41 K Muscle in Supplementary Fig . SB10 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GIT epithelia. 98 Endogenous losses typically account for a third
of bulk fecal losses, the remainder corresponding to unabsorbed
dietary K. Overall, 90% of dietary K is lost to urine against 10% in
feces. 40 , 44 

Following ingestion and digestion, plasma plays the role of a
central reservoir exchanging K with all other tissues and is the
first to receive dietary K. Its baseline isotope composition is thus
expected to ultimately determine those of downstream reservoirs.
Plasma seems to be slightly 41 K-enriched relatively to diet, by
0.14 ± 0.15 ‰ (o.s. t -test: P = 0.06, n = 12) as measured in rats and
pigs. When considering pigs only, which are fully equilibrated with
their diets, plasma is significantly 41 K-enriched, by 0.17 ± 0.14 ‰
on average (o.s. t -test: P ** = 0.009, n = 9). Such a positive offset
demonstrates a net isotope fractionation resulting in plasma 41 K-
enrichment. Mass conservation laws dictate that the balanced ex-
change of plasma K with any other internal reservoir does not
affect steady-state plasma composition. The 41 K-enrichment of
plasma is hence induced by the preferential uptake of 41 K and/or 
loss of 39 K occurring across epithelia. 

We tested the effects of the isotope effects discussed in the 
present study by comparing the observed K isotope distributions 
with the box-model outputs obtained using isotope fractionation 
hypotheses summarized in Table 3 . The resulting simulations are 
shown as �41 K Diet in Fig. 7 together with the observed composi- 
tions of key boxes. 

As a starting hypothesis, we simulated the effects of frac- 
tionation between intracellular and extracellular K characterized 
earlier. Here, the amplitudes of the tissue specific isotope frac- 
tionation upon K efflux ( �ICF > PLASMA ) are set to the opposite
amplitude of their documented 41 K-enrichment (Table 3 , hypoth- 
esis b). The alternative hypothesis ( 41 K-influx) produces the same 
steady-state distributions and thus does not change the outcome 
of this discussion. As expected, these simulations reproduce the 
systematic 41 K-enrichment of intracellular reservoirs relative to 

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad065#supplementary-data
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lasma (Fig. 7 B). However, hypothesis b fails to reproduce realis-
ic �41 K Diet of intracellular reservoirs as well as feces, which re-
ain far below their observed ranges. Furthermore, plasma and
rine fall at 0 ‰ , contradicting the documented 41 K-enrichment of
lasma relative to diet and urine. 
A 

41 K-enrichment of plasma with respect to diet could derive
rom a preferential loss of lighter K. As most absorbed K is lost in
rine (ca. 95%), renal excretion could be responsible for plasma
1 K-enriched values. The renal isotope effect is tested by forcing
 preferential loss of 39 K upon urine excretion varying from −0.3
o −0.2 ‰ (Fig. 7 C). While urine is only slightly 41 K-depleted and
tays in line with observed ranges, the renal isotope effect pro-
uces realistic 41 K-enriched plasma compositions, by 0.19–0.29 ‰
ith respect to diet. This effect is also propagating to all ICF reser-
oirs (muscle, liver, RBC), which are shifted within or close to the
igher end of their documented variability. Such a sizeable effect
n plasma is expected because urinary losses represent most total
osses. Additionally, these results hold irrespective of the
ariations of simulated K cycles, covering highly variable balances
n urinary vs. endogenous losses (85–97% vs. 3–15% of absorbed K,
espectively, Appendix A, Text A.1., Section A.1.2.). While urinary
osses are reported to be higher than 95% of absorbed K, 44 even
ower yet less realistic urinary losses (down to 85%) do not pro-
uce any sizeable differences in these distributions. This is sum-
arized in hypothesis c, assuming an intermediate −0.25 ‰ renal
ffect (Fig. 7 B, hyp. c). 
Overall, the renal effect alone is sufficient to reproduce the

lasma 41 K-enrichment and the diet-like composition of urine as
ell as realistic compositions of intracellular reservoirs, although
ystematically on the higher end of their documented variability.
he kidney function thus drives the baseline isotope composition
f the organism. However, this effect alone fails to reproduce the
omposition of feces, which remain near 0 ‰ , i.e. far below their
bserved compositions. 
The GIT represents another major interface in K homeostasis.

he current dataset does not allow to directly assess the direction
nd extent of any isotope fractionation upon entry (intestinal ab-
orption) or outflow (endogenous losses) across the GIT epithelia.
hile the previous hypotheses (a to c) fail to reproduce the docu-
ented 41 K-enriched compositions of fecal K, feces represent the
nly source of information at hand to infer the roles of the diges-
ive K physiology on the isotope homeostasis. Although variable
cross pigs and guinea pigs, feces are overall significantly 41 K-
nriched with respect to diet, by 0.53 ± 0.27 ‰ on average. Such
 sizeable 41 K-enrichment could result from the preferential loss
f endogenous 41 K and/or a preferential intestinal 39 K absorption.
The effect of a putative isotope fractionation upon endogenous

osses was first assessed by forcing a net isotope fractionation
anging from −2 to + 2 ‰ at all endogenous losses pooled together
bile and other losses, Fig. 7 D). The results show that the only way
o produce realistic feces �41 K Diet would be to assume a net iso-
ope fractionation of + 2 ‰ or more. However, this remains unlikely
ecause: (i) the extent of such a net isotope effect at endogenous
osses appears three times as high as the maximum documented
ransepithelial isotope effect ( + 0.7 ‰ in milk, −0.3 ‰ in urine),
ii) the highest simulated feces �41 K Diet values (up to + 0.25 ‰ )
re only explained with more than 70% endogenous K in total fe-
es, while this values is reported to actually lie around 30–40%, 44 

iii) nevertheless assuming these assumptions hold true, the ex-
ent of feces 41 K-enrichment remains below the lower end of the
bserved compositions of feces. As a result, while endogenous
osses likely contribute 41 K to bulk feces to some extent, they
ardly explain the observed distributions of K isotopes in the or-
anisms, especially in feces. 
As a consequence, although endogenous losses do not ex-

lain feces compositions, we set the isotope fractionation upon
ransfer from plasma to GIT at + 0.7 ‰ (hyp.d, �GITloss > GIT , c.f.
able 3 ) for several reasons. Endogenous losses are partly depen-
ent on K excretion by digestive exocrine glands, and the iso-
ope composition of milk, also produced by an exocrine gland,
s 41 K-enriched relative to plasma by about + 0.7 ‰ . The shedding
f digestive epithelial cells also contributes to the K endogenous
osses, and we can assume that the isotope composition of in-
racellular K of epithelial cells compares to that of other nonex-
itable tissues, lying ca. + 0.7 ‰ higher than plasma. Finally, bile
ecreted by liver also contributes K to endogenous losses. We as-
ume that bile contributes half of endogenous K and we do not
orce any isotope fractionation upon bile secretion. This leaves
ile at the same isotope composition as liver, i.e. + 0.7 ‰ higher
han blood plasma. The simulations (Fig. 7 B, hyp. d) show that
he effects of such a fractionation at the loss of endogenous
 to the GIT remain limited: predicted feces �41 K Diet remains
ear 0 ‰ or slightly positive, and far below the reported compo-
itions. We also note that the other reservoirs appear to remain
nchanged. 
Alternatively, feces 41 K-enrichment could derive from a pref-

rential 39 K uptake at intestinal absorption. In the hypothesis of
 preferential intestinal 39 K-uptake, we expect the minor pool of
nabsorbed K ( ≈6% of dietary K) to be strongly enriched in 41 K
ith respect to initial diet, while the major pool of absorbed K

 ≈94%) would tend to be moderately 41 K-depleted. To explore the
ffects of intestinal absorption isotope effects in addition to pre-
ious hypotheses (b, c, and d), we let the isotope fractionation
pon GIT absorption vary between −0.8 and + 0.8 ‰ (Fig. 7 E). The
imulations show that fecal K is highly dependent on the ab-
orption effect while we observe little dependence on the vari-
ble K flux configurations. A preferential intestinal 41 K-uptake
 �GIT > PLASMA > 0 ‰ ) produces unrealistic compositions for feces
nd for the other reservoirs to a lesser extent. Alternatively, the
referential uptake of 39 K from digesta ( �GIT > PLASMA < 0 ‰ ) eas-
ly produces realistic feces values for a �GIT > PLASMA between −0.8
nd −0.3 ‰ . Moreover, such an absorption effect tends to lower the
41 K Diet of plasma and of all downstream reservoirs within their
ange of observed variability and towards their documented aver-
ge compositions. As a consequence, we conclude that the frac-
ionation at intestinal absorption lies around the middle point of
hat range, i.e. ca. −0.55 ‰ . The order of magnitude of such an iso-
ope effect upon K transepithelial transport seems realistic, as its
xtent resembles those of other directly measured transepithelial
sotope effects (e.g. milk or urine excretion). Moreover, paracel-
ular pathways were reported for K absorption in some sections
f the small intestine (ileum, jejunum, colon 39 , 99 ). Such passive
ransport mechanisms could induce diffusion-controlled isotope
ractionation, putatively in favor of the transport of the light iso-
opes, assuming kinetic control. The simulated distributions pro-
uced by this model (Fig. 7 B, hyp. e) are in remarkably good agree-
ent with the mean compositions measured in these reservoirs.
inally, this conclusion corroborates the findings of Higgins et al.,
ho suggest that paracellular pathways favor the transport of

ight K isotopes. 31 

To conclude, we show that (i) K renal excretion likely drives the
aseline isotope composition of blood plasma, (ii) the influence
f endogenous losses in the GIT appears to be negligible both for
hole body and fecal isotope compositions, and (iii) the intestinal
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absorption of K is very likely responsible for a preferential uptake
of 39 K, moderately affecting baseline internal compositions and
primarily responsible for feces 41 K-enriched compositions. 

These conclusions complete the characterization of the inter-
nal homeostatic controls and demonstrate that external home-
ostasis also controls K isotope distribution in the organism. Con-
sequently, we can predict that transient or chronic disruptions
of K external homeostasis affecting renal or intestinal functions
for instance will translate into sizeable perturbations of K iso-
topic baselines. Potassium isotopes hence bear the potential to
track systemic K imbalances in pathological contexts, being no-
toriously affecting K homeostasis (e.g. chronic kidney diseases 100 )
or for which K dyshomeostasis remained cryptic until now. In the
future, the roles of other secondary losses should be considered,
such as integuments (e.g. skin, hair, perspiration 40 , 86 ). 

Conclusion
The biological processing of K by endothermic vertebrates pro-
duces sizeable and systematic fractionation of its isotopes in
three mammalian and one avian species. Such a consistency in-
dicates shared isotope fractionation mechanisms, reflecting the
conserved K physiology across endothermic vertebrates. 

The δ41 K values of vertebrate tissues are primarily determined
by those of diet, while K of vertebrate soft tissues, found essen-
tially in cellular compartments, are 41 K-enriched with respect to
diet by ca. + 0.5 ‰ . In such a configuration, the consumption of
plant by herbivores and animal tissues by carnivores is expected
to result in the propagated + 0.5 ‰ stepwise increase of vertebrate
tissues δ41 K along food chains, hence defining so-called trophic
level effects. For these reasons, K isotopes could constitute a new
trophic biomarker in the toolbox of stable isotope paleobiology,
relevant to questions in vertebrate ecology and evolution. 7 , 8

The calibration of such a novel biomarker would require further
research in modern ecosystems, while the application to fossil
settings should be accompanied by the assessment of the con-
servation potential of biogenic K isotope compositions in skeletal
remains, such as tooth enamel. 

Beyond the dietary controls, the cycling of K isotopes by en-
dothermic vertebrates is strongly related to the homeostatic sys-
tem, regulating K cycles from cells to the whole organism. 

In cells, the systematic 41 K-enrichment of the cytoplasm is con-
trolled by mechanisms involved in K cellular homeostasis. As a
result, because the effectors of this homeostasis constitute the
basis of internal homeostasis, K isotopes are expected to reflect
physiological and pathological variations in the balance between
intra- and extracellular K pools. Changes in health or in disease
of K cellular cycling, or internal homeostasis, are hence likely to
alter steady-state K isotope distributions, including in the small
circulating pool of plasma K. For instance, the proliferation of
tumoral cells, with altered membrane permeability to K, could
affect plasma baseline δ41 K. 95 Likewise, neurodegenerative dis-
eases such as Alzheimer’s disease are known to be associated
with modified brain K distributions and NKA activity, 101 which
could lead to modified intra- vs. extracellular distributions of K
isotopes. 

We show that transepithelial transports of K also produce size-
able isotope effects, hence controlling the baseline isotope com-
position of the organism. As epithelia, and especially kidneys, are
the primary effectors of external homeostasis, changes of the K
whole-body balance are expected to induce sizeable variations of
isotope composition of the organism, starting with blood plasma.
Given the central role of the kidney in K isotope homeostasis, a
positive whole-body K balance is for instance expected to prompt 
negative shifts of plasma δ41 K values, and vice versa. 

Overall, K isotopes show great potential in the field of isotope 
metallomics and promise to shed new light on the regulated or 
impaired cycling of K. The dependency of K isotope cycling to 
determinants of K homeostasis indicate that variations in bod- 
ily δ41 K document the status and dynamics of K cellular, internal,
and external homeostasis. The use of K isotopes in easily sam- 
pled biofluids could thus help detect and characterize metabolic 
imbalances when approaches based on quantitative parameters 
like kalemia remain potentially insensitive (because such param- 
eters are subject to homeostatic compensations even in disease).
A K isotope biomarker would pave the way to new findings in the
roles of K in fundamental physiology and pathology, as well as for
the development of new generations of prognostic or diagnostic 
biomarkers. 1 –5 
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