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Abstract  

Characterization  of  serum  metal  element  concentrations  in  pregnancy  enables  the  elucidation  of  relationships  with  maternal-fetal  

and  neonatal  health.  Metal  elements  in  the  blood  serve  as essential  cofactors  for  enzymatic  reactions  and  contribute  to  blood  gas 

homeostasis,  hormone  synthesis,  and  physiological  immune  function  for  mother  and  fetus.  Sub-optimal  concentrations  of  some  

metals  have  been  linked  to  adverse  outcomes,  including  preterm  birth,  low  birth  weight,  and  impaired  neurodevelopment.  Maternal  

obesity  also  adversely  in�uences  metabolic  status,  including  metal  metabolism,  with  the  potential  for  a heightened  risk  of  compli-  

cations  at  delivery  and  long-term  health  issues  in  offspring.  Research  on  metal  element  levels  in  pregnant  women  with  obesity  and  

their  effects  on  pregnancy  outcomes  is however  limited.  This  study  aims  to  characterize  mid-gestation  serum  concentrations  of  18 

metal  elements  in  samples  from  755 pregnant  women  with  obesity  enrolled  in  the  UK Pregnancies  Better  Eating  and  Activity  Trial  

(UPBEAT) and  identify  associations  with  pregnancy  outcomes.  We  found  that  calcium  concentration  tended  to  decrease  with  increas-  

ing  parity,  with  an  estimated  reduction  of  6.03 mg/L  in  multiparous  participants  compared  to  nulliparous  participants  (95% CI: Š9.50 

to  Š2.57 mg/L,  P =  0.001). Additionally,  elevated  manganese  concentrations  at  mid-pregnancy  were  associated  with  an  increased  in-  

cidence  of  antepartum  haemorrhage  after  34 weeks  (OR: 4.62, 95% CI: 2.06…12.4, P <  0.001), and  higher  maternal  phosphorus  levels  

were  linked  to  neonatal  intensive  care  unit  admissions  (OR: 2.83, 95% CI: 1.75…4.67, P <  0.001). A future  focus  on  dysregulation  of  these  

metal  elements  is needed  to  improve  understanding  of  the  clinical  associations  observed.  

Graphical  abstract  

Serum  metallomic  pro�les  in  mid-pregnancy  link  maternal  and  neonatal  outcomes  in  women  with  obesity.  

t  

2  

o  

�  

i  

z  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/17/8/m

faf031/8232660 by E
T

H
 Z

ürich user on 14 N
ovem

ber 2025
Introduction  

Metal  elements  are quintessential  to  human  life.  Physiologi-  

cal  roles  include  contributions  to  oxygen  transport  and  energy  

metabolism,  immune  responses,  cell  division,  and  antioxidant  de- 

fence.  Metal  elements  also  act  as critical  enzyme  cofactors  and  

are integral  to  metalloproteins  that  comprise  30%…40% of  all  pro-  

teins  in  the  body  [ 1…4 ]. Despite  this,  they  are often  lacking  in  

c  
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License  ( https://creativecommons.org/licenses/by/4.0/  ), which  permits  unrestricted

work  is properly  cited.  
he  diet.  The  United  Kingdom  National  Diet  and  Nutrition  Survey
016…2019 found  low  intakes  of  some  metals  in  up  to  almost  half
f  a population  sample  of  adult  women  aged 19…64 years.  Twenty-

ve  % had  iron  (Fe) intake  below  the  UK lower  reference  nutrient
ntake  (LNRI). Potassium  (K) was low  in  24%, magnesium  (Mg) and
inc  (Zn) in  11% and  7%, respectively,  and  46% of  the  sample  had

ntakes  of  selenium  (Se) below  the  LNRI [ 5 ]. This  is particularly
oncerning,  since  a proportion  of  these  women  are of  reproductive
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ge and  pregnancy  may  increase  micronutrient  requirements.  De-
ciencies  may  also  be exacerbated  [ 6 ], putting  both  maternal  and
etal/neonatal  health  at  risk.  

In  addition,  exposure  to  toxic  metals  during  pregnancy  can  be
eleterious  to  maternal  and  offspring  outcomes.  Several  trace  el-
ments,  including  lead  (Pb), arsenic  (As), cadmium  (Cd), and  mer-
ury  (Hg), have  been associated  with  adverse  gestational  conse-
uences  such  as pre-eclampsia,  low  birth  weight,  and  preterm
irth  [ 7 ]. Exposure  to  and  accumulation  of  toxic  metals  in  in-
ants  and  children  may  impede  normal  growth  and  development,
rom  effects  of  the  toxic  metals  themselves  and  due  to  essential
ineral  de�ciencies,  and  associations  between  maternal  and  off-

pring  toxic  metal  pro�les  have  been previously  reported  [ 8 ]. 
Obesity  is a physiological  state  that  puts  micronutrient  status

t  risk  [ 9 , 10 ]. Impaired  metal  homeostasis  can  have  consequences
or  the  function  of  metabolic  pathways,  which  may,  in  turn,
ontribute  to  the  development  of  obesity  and  other  related  co-
orbidities  [ 11 ]. Obesity  is generally  associated  with  de�ciencies

n  Mg, Zn,  Fe, and  Se, and  with  elevated  copper  (Cu) levels  [ 11 ]. Fur-
hermore,  epidemiological  studies  have  demonstrated  an associ-
tion  between  exposure  to  heavy  metals  and  incidence  of  obesity
nd  metabolic  syndrome  [ 12 ]. 

Accurate  assessment  of  essential  and  non-essential  trace  met-
ls in  human  serum  can  be achieved  using  metallomic  anal-
ses. Metallomics  is a relatively  new  and  fast-growing  domain
hat  has considerable  potential  to  inform  public  health  initiatives
nd  policy  by providing  information  on  essential  metal  intakes
s well  as exposure  to  toxic  metal  elements.  Metallomics  pro�les

n  certain  morbidities  during  pregnancy,  e.g. gestational  diabetes
 13…15 ], have  now  been described,  although  there  is only  sparse
ata  from  at-risk  groups  including  pregnant  women  living  with
besity.  

To address  this  gap, we have  pro�led  18 metal  elements  in  the
lood  of  pregnant  women  with  obesity.  Although  not  all  mea-
ured  elements  are strictly  metals,  we use the  term  •metal  ele-
ents•  throughout  for  consistency  and  brevity.  The  speci�c  aim
f  these  exploratory  analyses  was to  use metallomics  to  generate
n early  pregnancy  •metallo-pro�le•  in  a cohort  of  diverse  inner-
ity  women  living  with  obesity.  

esults  

haracteristics  of  the  study  population  

f the  1555 pregnant  women  who  took  part  in  the  UPBEAT study,
55 who  provided  serum  samples  in  the  second  trimester  of  preg-
ancy,  and  for  which  the  data  passed quality  control  requirements
uring  the  determination  of  element  concentrations  and  data
reparation  (see Methods),  were  included  in  this  analysis  (Fig. 1 A).
he  characteristics  of  the  participants  are presented  in  Table  S1
nd  Fig. 1 B. The  median  (IQR) participant  age was 31 (26…35) years,
nd  median  (IQR) BMI was 35.3 (32.8…38.7) kg/m 2 , with  47.7% par-
icipants  having  a BMI between  30 and  34.9 kg/m 2 . The  majority  of
articipants  were  White  (67.2%), followed  by Black  (20.1%), Asian
7.5%), and  other  (5.2%) ethnic  groups.  Forty  % of  participants  lived
n  the  most  deprived  area category  and  resided  in  either  inner  city
53.9%) or  suburban  areas (41.1%). Over  half  of  participants  were
ultiparous  (56.2%). 

etal  concentrations  in  serum  samples  

he  serum  metal  element  concentrations  in  the  second  trimester
f  pregnancy  are shown  in  Fig. 1 C and  Fig. S1 . Sodium  (Na) had
he  highest  mean  concentration  of  4027.73 mg/L  (175.20 mmol/L),
ollowed  by potassium  (K), phosphorus  (P), and  calcium  (Ca)
168.05 mg/L  or  4.30 mmol/L;  164.19 mg/L  or  5.30 mmol/L;  and
06.37 mg/L  or  2.65 mmol/L,  respectively).  Cobalt  (Co) had  the  low-
st mean  serum  concentration  at  0.420 µg/L.  Notable  correlations
etween  metals  are found  in  Fig. 2 A…C and  Table  S2 . 

ssociation  between  serum  metal  concentrations
nd  maternal  characteristics  

here  were  several  associations  between  metal  concentrations
nd  maternal  characteristics.  The  serum  concentration  of  several
etals  increased  with  maternal  age, with  Se being  higher  in  older
articipants  ( � 30 years  old:  73.09 µg/L;  � 30 years  old:  82.86 µg/L,
 <  0.001). Participants  with  a BMI above 35 kg/m 2 had  lower
erum  metal  concentrations  than  women  with  a BMI <  35 kg/m 2 

xcept  for  copper  (Cu), which  was higher  in  this  group  ( � 35 kg/m 2 :
378.56 µg/L or  37.43 µmol/L;  � 35 kg/m 2 : 2262.01 µg/L or  35.60
mol/L,  P <  0.001). Metal  concentrations  varied  with  ethnicity,
ith  Ca, Co, Cu, rubidium  (Rb), Se, strontium  (Sr) being  higher  in
lack  compared  to  White  participants  ( P <  0.05), as well  as geo-
raphical  setting,  with  Ca, Co, Mg, Rb, Se, Na, Sr, being  higher  in
articipants  living  in  inner-city  areas ( P <  0.05). Moreover,  partic-

pants  with  dietary  patterns  characterized  by fruits,  vegetables,
nd  cultural  foods  had  higher  overall  metal  concentrations,  with
e being  particularly  elevated  in  those  consuming  more  fruits  and
egetables,  and  Rb higher  in  those  consuming  more  cultural  foods
 P <  0.05). Conversely,  participants  with  an  above-average  intake
f  processed  foods  and  snacks  had  lower  overall  metal  concen-
rations  when  comparing  with  participants  with  a below-average
ntake,  notably  lower  levels  of  Rb and  Co were  observed  in  par-
icipants  with  above-average  intake  of  processed  foods  ( P <  0.05;
ig. 2 D and  Tables  S2 …5 ). 

When  assessing the  associations  between  pairs  of  metal  ele-
ents  and  maternal  characteristics,  notable  interactions  were  ob-

erved,  particularly  for  Ca and  Mg (overall  Spearman•s  rho  =  0.61).
he  correlation  between  Ca and  Mg varied  across  different  eth-
icities,  with  Spearman•s  rho  ranging  from  0.35 to  0.82. Partic-

pants  with  dietary  patterns  characterized  by processed  foods
howed  a lower  correlation  between  Ca and  Se (overall  Spear-
an•s  rho  =  0.56) and  Na and  Se (overall  Spearman•s  rho  =  0.49).
dditionally,  participants  living  in  rural  areas showed  a stronger
orrelation  between  Ca and  iron  (Fe) (Spearman•s  rho  =  0.44) com-
ared  to  those  living  in  suburban  areas (Spearman•s  rho  =  0.15)
r  in  inner-city  urban  areas (Spearman•s  rho  =  0.12; Fig. 2 E and
ables  S6 and  S7 ). 

djusted  regression  analyses  

he  previous  analyses  aimed  to  identify  overall  metal  concentra-
ion  patterns  across  participant  characteristics  but  did  not  ad-
ust  for  them.  To assess associations  between  metal  concentra-
ions  and  maternal  characteristics,  we performed  regression  anal-
ses by adjusting  for  37 participant  characteristics  ( Fig. S2 and
able  S8 ). Of note,  we found  that  serum  concentrations  of  boron
B), Fe, and  Se were  positively  associated  with  age, with  changes
f  0.40 (95% CI: 0.24…0.57, P <  0.001), 16.82 (95% CI: 4.21…29.43
 =  0.009), and  0.61 µg/L (95% CI: 0.22…0.99, P =  0.002) per  year,
espectively.  Se levels  were  also  higher  among  participants  with
ietary  patterns  characterized  by a higher  intake  of  cultural  foods
3.02 µg/L,  95% CI: 0.85…5.19, P =  0.006) and  lower  for  those  with
 level  education  when  compared  with  participants  with  a de-
ree ( Š8.09 µg/L,  95% CI: Š13.38 to  Š2.80, P =  0.003). Fe concen-
ration  was negatively  associated  with  BMI ( Š15.86 µg/L,  95% CI:
25.53 to  Š6.20, P =  0.001), while  copper  (Cu) and  barium  (Ba)
ere  positively  associated  with  BMI, increasing  by 21.40 (95% CI:
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(A)

(B) (C)

Figure  1. Graphical  representation  illustrating  the  study  design  and  objectives,  accompanied  by the  characterization  of  the  participants•  data.  (A) 
Study  overview  and  objectives.  (B) Participant  distribution  based on demographic  and  medical  history  variables,  including  age, BMI, ethnicity,  index  of  
multiple  deprivation,  parity,  history  of  GDM in  any  previous  pregnancy,  living  area,  and  the  medical  centre  in  which  participants  were  approached.  (C) 
Distribution  of  metal  element  concentrations  in  the  serum  across participants.  Each data  point  represents  the  serum  concentration  of  an individual  
participant.  After  evaluating  the  need for  gestational  age adjustment,  only  unadjusted  results  are reported.  
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(A) (B)

(C)

(E)(D)

Figure  2. Characterization  of  metal  element  serum  concentrations.  (A) Spearman•s  correlation  between  the  metal  elements•  serum  concentrations.  (B) 
Network  representation  displaying  element  correlations,  with  a closer  graphical  proximity  indicating  higher  correlation  in  serum  concentrations  
between  metal  elements.  (C) Top  10 results  of  the  correlation  between  pairs  of  elements.  (D) Distribution  of  average  scaled  serum  concentration  by 
variable  and  categorical  level.  Each data  point  represents  an element,  with  blood  concentration  scaled  to  centre  around  the  average  and  expressed  in  
standard  deviations.  (E) On the  left,  top  5 cross-correlations  between  elements  selected  based on their  signi�cant  correlation  differences  between  the  
categorical  levels  de�ned  in  (D). On the  right,  distribution  of  all  signi�cant  cross-correlations  between  elements  for  the  same categories.  
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Figure  3. Results  from  the  median  regression  analysis  examining  the  relationship  between  participant  characteristics  and  serum  element  
concentrations  between  15 +  0 and  18+  6 weeks• gestation.  Each column  in  the  �gure  table  presents  regression  results  for  a speci�c  element,  where  the  
element  serum  concentration  served  as the  dependent  variable.  Each row  presents  the  estimates  and  95% con�dence  intervals  for  each independent  
variable.  the  models  were  built  using  37 independent  variables,  and  only  those  displaying  a P -value  below  0.001, or  at  least  one of  its  categorical  levels,  
are depicted  in  this  �gure.  For a comprehensive  overview,  please refer  to  Table  S9 for  the  complete  results.  
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9.11…33.69, P <  0.001) and  0.05 µg/L (95% CI: 0.01…0.10, P =  0.027) 
per  unit  of  BMI, respectively.  Ca levels  were  inversely  associated  

with  the  number  of  pregnancies,  with  decreases of  Š3057.84 µg/L 

(95% CI: Š5840.42 to  Š275.26, P =  0.031) in  nulliparous  and  

Š6032.62 µg/L (95% CI: Š9496.23 to  Š2569.01, P <  0.001) in  mul-  

tiparous  participants.  Similarly,  Fe and  Mg concentrations  were  

lower  in  multiparous  participants  compared  to  nulliparous  ones 

(Fe: Š218.29 µg/L,  95% CI: Š396.58 to  Š39.99, P =  0.017; Mg: 
Š942.89 µg/L,  95% CI: Š1690.91 to  Š194.88, P =  0.014). P con-  

centrations  were  positively  associated  with  total  cholesterol  and  

triglycerides  (13 032.52 µg/L,  95% CI: 9819.25…16 245.79, P <  0.001; 
10 989.32 µg/L,  95% CI: 6416.38…15 562.26, P <  0.001 per  mmol/L,
respectively)  and  negatively  associated  with  the  LDL to  HDL ratio  

( Š9564.74 µg/L,  95% CI: Š13 102.05 to  Š6027.44, P <  0.001). B con-  

centrations  were  also  negatively  associated  with  the  LDL to  HDL 

ratio  ( Š2.07 µg/L,  95% CI: Š3.19 to  Š0.96, P <  0.001). For complete  

results,  see Figs 3 and  S3 , and  Table  S9 . 

Association  between  serum  metal  concentrations  

and  pregnancy  outcomes  

Manganese  (Mn)  concentration  was positively  associated  with  

participants  experiencing  antepartum  haemorrhage  (22 partici-  
ants,  3.2%) after  34 weeks  of  gestation  (OR =  4.62; 95% CI: 2.06…
2.4, P <  0.001) as was Sr (OR =  1.55; 95% CI: 1.11…2.17, P =  0.008).

n  addition,  P concentration  was associated  with  neonates  being  

dmitted  to  the  neonatal  intensive  care  unit  (NICU;  56 partici-
ants;  8.0%) (OR =  2.83; 95% CI: 1.75…4.67, P <  0.001) (Fig. 4 A…C
4 , S5 , and  Tables  1 , 2 , S10 , and  S11 ). 

ethods  

tudy  design  and  participants  

amples  and  data  utilized  in  this  study  were  collected  as part
f  UPBEAT (UK Pregnancies  Better  Eating  and  Activity  Trial),  the
ethods  of  which  have  been previously  reported  [ 16 , 17 ]. Ethical

pproval  for  the  study  was obtained  by the  NHS Research Ethics
ommittee  (UK IRAS integrated  research  application  system;  ref-  

rence  09/H0802/5).  In  brief,  UPBEAT was a randomized  controlled  

rial  of  a behavioural  intervention  in  1555 pregnant  women  liv-
ng  with  obesity  in  the  UK, which  was conducted  between  March
009 and  June 2014. The  intervention  aimed  to  reduce  gestational  

iabetes  mellitus  (GDM) and  large-for-gestational  age (LGA) in-  

ants  by improving  diet  and  physical  activity  in  women  living
n  eight  inner  city  locations  across  the  UK. Women  were  eligible
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