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DOES THE MATERNAL MICRONUTRIENT DEFICIENCY (COPPER
OR ZINC OR VITAMIN E) MODULATE THE EXPRESSION OF
PLACENTAL 11 β  HYDROXYSTEROID DEHYDROGENASE-2
PER SE  PREDISPOSE OFFSPRING TO INSULIN
RESISTANCE AND HYPERTENSION IN LATER LIFE ?
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Abstrac t  :  The  re levance  o f  ma te rna l  macronu t r i en t  de f i c iency  on
developmental  origin of health and adult  disorders has been well  studied
bu t  no t  tha t  o f  mic ronu t r i en t s .  We hypo thes ized  tha t  ch ron ic  mate rna l
d ie tary  minera l  (copper  or  z inc)  or  v i tamin E res t r ic t ion  modula tes  the
expression of placental 11 β hydroxysteroid dehydrogenase-2 (11 β HSD-2)
per se predisposing the offspring to insulin resistance (IR) and hypertension
in later life. Female weaning Swiss albino mice received a control or a 50%
of Vitamin-E or  Zn or  Cu restr icted diet  and mated with control  males.
Pups born to the dams on the restr icted diet  had signif icantly (P<0.001)
reduced body weight and crown rump length. These offsprings were weaned
on to  the  res t r ic ted  d ie t  t i l l  pos tna ta l  day  180 .  Glucose  in to le rance  in
assoc ia t ion  wi th  hyper insu l inemeia  ( IR) ,  hyper l ip idemeia  and  increased
systolic blood pressure were recorded in all the offsprings of micronutrient
restricted groups.  Placental  11 β  HSD-2 expression was attenuated,  while
activities of glucocorticoid -insensitive enzymes were unchanged in all the
res t r i c t ed  g roups .  Thus ,  the  p resen t  s tudy  re i t e ra tes  the  impor tance  o f
micronutr ients  dur ing  pregnancy because  chronic  maternal  micronutr ient
deficiency may alter placental 11 β  HSD-2 expression and predispose the
offspring to IR and hypertension in later l ife.
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INTRODUCTION

Correlation between low birth weight in
humans  and  suscep t ib i l i ty  to  a  number  o f
adul t  chron ic  d i sease ,  inc lud ing  coronary
hear t  d i sease ,  s t roke ,  h igh  sys to l ic  b lood
pressure and non-insulin dependent diabetes
mell i tus,  has been identif ied (1–2).  Size at
b i r th  i s  thought  to  be  l inked  to  chron ic
d isease  in  adu l thood  v ia  “programming” .
According to Lucas (3), “programming” occurs
because  of  an  ea r ly  s t imulus  o r  insu l t ,
operating at a critical or sensitive period of
deve lopment  resu l t ing  in  a  permanent  o r
long-term change in the structure or function
of  the  organ ism.  Recent  ep idemio log ica l
observa t ions  f rom severa l  popula t ions
around the world,  have indicated that  adult
r i sk  o f  hyper tens ion  and  coronary  hear t
d i sease  i s  s t rong ly  l inked  to  in t rau te r ine
factors (4).  Intrauterine growth is primarily
determined by parental  genet ic  factors  and
materna l  s ize ,  metabol ic ,  endocr ine  and
nutritional status. Of these factors, nutrition
has  the  mos t  var iab le  in f luence .  Materna l
undernu t r i t ion  i s  assoc ia ted  wi th  re ta rded
fetal growth and reduced birth weight of new
born (5–6).

Animal  s tud ies  b road ly  conf i rm the
ep idemio log ica l  f ind ings  and  suppor t  the
hypothes i s  tha t  mate rna l  undernu t r i t ion  in
pregnancy “programmes” la ter  hypertension
and  Type  I I  d iabe tes  (7 ) .  Res t r ic t ion  of
maternal  food intake to 30% of  ad l ibi tum
through out the pregnancy (8) or feeding low
pro te in  d ie t  dur ing  pre implan ta t ion  per iod
or glucocorticoid excess during pregnancy in
rats  resul ts  in  the bir th  of  growth-retarded
of fspr ings  (9 ) ,  which  have  ra i sed  b lood
pressure  in  adu l t  l i f e .  Thus  the  ro le  o f
maternal  macronutrient  malnutri t ion but not

of micronutrients has been well documented
in  the  fe ta l  o r ig in  o f  adu l t  d i sease .  We
hypothes ize  tha t  chron ic  mate rna l  Zn ,  Cu
and  Vi tamin  E  res t r i c t ion  modula te  the
expression of placental 11 β hydroxysteroid
dehydrogenase-2  and  per  se  p red i spose
the  of f spr ing  to  insu l in  res i s tance  and
hypertension in  la ter  l i fe .

MATERIAL AND METHODS

A n i m a l s

All  p rocedures  involv ing  an imals  were
carried out under the Institute animal ethics
commit tee  approval .  Animals  were  handled
us ing  the  l abora tory  an imal  wel fa re
guidelines (10). The experimental study was
car r ied  ou t  us ing  weaning  female  Swiss
albino mice weighing between 10–12 grams.
The  animals  were  housed  indiv idual ly  and
maintained at 22°C on a 12 h light and dark
cycle. The acclimatized weaning female mice
were  d iv ided  in to  four  groups  of  four teen
animals each, with equal mean body weights.

Exper imenta l  t reatments

Group I  (cont ro l )  an imals  were  fed  on
comple te  d ie t .  In  Group- I I ,  I I I  and  IV
animals, were fed copper (Cu-R), zinc (Zn-R)
and vitamin E (Vitamin-E R) restricted diet,
respectively (50% restriction as compared to
comple te  d ie t ) .  The  mice  were  fed  on
modified American Insti tute of Nutri t ion-93
G basal diets (11), containing casein as the
source of protein and corn starch and lactose
as the source of carbohydrates, for the entire
experimental period. Each group of animals
was  fed  ad  l ib i tum f rom weaning  the
respec t ive  res t r i c t ion  d ie t  schedule  and
received deionized water .
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Af te r  12  weeks  of  feed ing  respec t ive
diets, blood was collected from supra orbital
s inus ,  to  de te rmine  the  concent ra t ions  o f
hemoglobin, copper, zinc, vitamin-E, glucose,
insul in,  cholesterol ,  and tr iglycerides using
commerc ia l ly  ava i lab le  k i t s  f rom Sigma
Chemical Co., St. Louis, MO. After 12 weeks
of feeding respective diets, the female mice
were  na tura l ly  mated  wi th  p roven  fe r t i l e
cont ro l  male  over  n ight  and  vagina l  p lugs
were examined the following morning. Plug
pos i t ive  females  were  then  t rans fe r red  to
s ingle  cages  and fed ad l ib i tum respect ive
restricted diets (Groups II to IV) or control
diet (Group I). Pregnant mice were weighed
a t  four  days  in te rva l  and  da i ly  food
consumpt ion  of  each  an imal  was  recorded
throughout  the  en t i re  ges ta t ional  per iod .

Lit ter  management

At te rm pups  born  to  the  dams on  the
restricted diet as well as control group were
weaned  on  the  same res t r i c ted  or  con t ro l
diet respectively. At birth, the body weight,
c rown rump length  of  neona tes  and
ges ta t iona l  l eng th  of  dams  were  recorded .
Wi th in  12  hr  o f  b i r th ,  o f f spr ing  sex  was
de te rmined  by  examina t ion  of  ex te rna l
genital morphology. In all groups, a uniform
li t ter  s ize of  8 pups/dam (equal  number of
male  and  females )  was  main ta ined  f rom
postnatal  d 3,  unti l  weaning on postnatal  d
21  and  l i t t e r s  were  weighed  weekly  f rom
birth. From weaning, 8 male pups from 4–5
dams of  the  cor responding  group  were
maintained in each group and they consumed
the i r  respec t ive  d ie t s  and  de ion ized  wate r
ad libitum until postnatal day 180. To avoid
the  poss ib le  e f fec t s  o f  es t rous  cyc le  on
glucose and fat metabolism and IR, only male
pups were included in this  study.

Biochemica l  measurements  in  p lasma of
of f spr ing  on  pos tnata l  day  180

After  overnight  food deprivat ion,  blood
was  co l lec ted  f rom the  supraorb i ta l  s inus
of  pups  on  pos tna ta l  day  180;  p lasma
was  separa ted  and  s to red  a t  –20°C un t i l
fur ther  analysis .  Glucose (glucose oxidase/
perox idase  k i t ) ,  t r ig lycer ides  (g lycero l
phospha te  ox idase  k i t ) ,  to ta l  cho les te ro l
(cho les te ro l  ox idase-perox idase  k i t )  were
measured in  p lasma us ing enzymat ic  assay
ki ts .  P lasma insul in  was  measured by RIA
using a kit  from BRIT, India.

Glucose  to lerance  tes t

An i .p .  g lucose  to le rance  tes t  ( IPGTT)
was performed on 8 pups from each group
on postnatal day 180. Briefly, after overnight
food deprivation (16 h), glucose (250 g/L) was
administered i.p. as a bolus, at a dose of 1
g/kg body weight  (12) ,  and blood samples
were  co l lec ted  for  de te rmin ing  p lasma
glucose  (0 ,  30 ,  60 ,  90  and  120  min)  and
insulin (0,  60, 120 min) concentrations.

Phys io log ica l  index  o f  insu l in  res i s tance

The homeos tas i s  model  assessment  fo r
insu l in  res i s tance  (HOMA-IR)  index  was
ca lcu la ted  based  on  the  va lues  o f  fas t ing
glucose and insulin concentrations, using the
following formula.

HOMA-IR = {Fas t ing  insu l in  (µU/ml)  X
fasting glucose (mmol/l)}/22.5

Biochemica l  measurements  in  p lacentas

In 50% of animals, pregnancies (n=7/each
die t  g roup)  were  te rmina ted  on  day  19  of
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Act iv i t i e s  o f  11  β  HSD,  Glutamine  synthase ,  Ary l
hydrocarbon hydroxylase,  Malate dehydrogenase
and Pyruvate  k inase  in  p lacenta

Placen tas  were  homogenized  in  Krebs-
Ringer  Buf fe r  (K.RB) ,  pH 7 .4 .  This
homogena te  was  used  for  the  es t imat ion
of  the  ac t iv i t i es  o f  11  β  hydroxy  s te ro id
dehydrogenase (13), corticosterone inducible
g lu tamine  syn thase  (GSase) ,  s t e ro id
insens i t ive  a ry l  hydrocarbon  hydroxylase
(AHH), malate dehydrogenase (MD ase) and
pyruvate (PK ase) kinase (14–15).

Blood  pressure  measurements

Systol ic  blood pressure  was determined
a t  pos tna ta l  day  180  in  bo th  con t ro l  and
restricted group by tail cuff plethysmography
us ing  an  I ITC model -229  b lood  pressure
monitor  (Linton Instruments,  UK).  After  1-
hour accl imatizat ion,  recordings were made
“blind” (mean of four per mice) by coding
animals and if heart rate exceeded 480 beats/
minutes  ( indicat ive of  s t ress) ,  resul ts  were
discarded (16).

Stat i s t i ca l  ana lys i s

All  va lues  a re  p resen ted  as  mean±s .d .
Compar i sons  be tween  two independent
se t s  o f  da ta  was  per formed wi th  unpa i red
Student ’ s  t  t e s t .  The  c r i t e r ion  fo r
significance was set  at  P<0.05.

RESULTS

Parameters  in  mother

Maternal growth, mineral and vitamin status,
lipid profile and glucose homeostasis

At  the  end  of  3  months ,  there  was  no

gestation. Placenta and fetuses were excised
and weighed separate ly .

Western  Blot  ana lys i s  o f  11  βββββ  HSD-2

Placen ta l  samples  (approximate ly  100
mg)  were  homogenized  us ing  a  Po ly t ron
Tissue homogenizer  (PT 10 probe;  posi t ion
5, 15 s) in 1 ml ice cold extraction buffer A:
20 mmol/l Tris, 137 mmol/l NaCl, 2.7 mmol/
l  KCl ,  1  mmol/ l  CaCl 2,  10% Glycerol ,  1%
Igepa l ,  45  mmol / l  sod ium or thovanada te
(Na3VO 4),  0.2 mmol/l  phenymethylsulphonyl
f luor ide ,  10  µg/ml  leupe t in ,  1 .5  mg/ml
benzamidine,  50 µg/ml aprot inin,  50 µg/ml
pepstatin A (in DMSO), pH 8.0. Homogenates
were placed on ice for 20 min,  centrifuged
in an Eppendorf centrifuge (12000 r.p.m for
20 min, at 4°C) and the supernatants stored
at –20°C until required for analysis. Samples
(20–30 µg of  total  protein)  were subjected
to  SDS-PAGE us ing  a  12% for  reso lv ing
ge l ,  wi th  6% s tack ing  ge l .  Af te r  SDS-
e lec t rophores i s ,  r eso lved  pro te ins  were
transferred electrophoretically to nitrocellulose
membrane  and  then  b locked  wi th  Tr i s
buf fe red  sa l ine  supplemented  wi th  0 .05%
Tween (TBST) and 5% (w/v) non fat powdered
mi lk  for  2  h r  a t  room tempera ture .  The
ni t roce l lu lose  b lo t s  were  incuba ted  over
night at 4°C with monoclonal antisera raised
11 β  HSD-2 (1 : 2000 dilution), washed with
0 .05% Tween  in  TBS (3 X 5 min)  and
incuba ted  wi th  the  a lka l ine  phospha tase -
l inked  secondary  an t ibody  IgG an t i - rabb i t
(1 : 2000), in 1% (w/v) non-fat milk in TBST
for 1 or 2 h respectively at room temperature.
Bound  an t ibody  was  v i sua l ized  us ing
substrate. The signals quantified by scanning
dens i tomet ry  and  ana lyzed  wi th  molecu la r
analys t  sof tware .
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the  micronut r ien t  res t r i c ted  groups .  The
abor t ion  ra te  was  15%,  20% and  45%
respectively in Cu-R, Zn-R and Vitamin-E R
animals .  The  l i t t e r  s ize  was  s ign i f ican t ly
different between the groups (Table-II).  The
rate of stil l  births (3–4%) and death during
lactation (4–5%) was not significant between
groups  compared  wi th  none  in  con t ro l .
However  there  was  no  s ign i f ican t  change
observed in gestation days of restricted and
control groups (Table-II).

Maternal body weight and food intake during
gestat ion

The food  consumpt ion  and  materna l
weight gain did not significantly change till
day  10  of  p regnancy  in  micronut r ien t

s igni f icant  d i f fe rence  in  the  average  da i ly
food  in take  and  body  weigh t  be tween  the
cont ro l  and  the  micronut r ien t  res t r i c ted
groups .  The  average  food  in take  was
not  s ign i f ican t ly  d i f fe ren t ,  a l though
s l igh t ly  l ess  in  the  res t r i c ted  groups .  A
s ign i f ican t  d i f fe rence  in  the  concen t ra t ion
of  Cu ,  Zn ,  Vi tamin-E,  g lucose ,  insu l in
and  HOMA-IR leve l s  in  respec t ive
res t r i c ted  groups  was  observed .  However
the  materna l  to ta l  choles te ro l ,  hemoglobin
and  t r i acy lg lycero l s  l eve l s  be tween  the
restricted and control groups (Table I) were
unchanged .

Reproductive performance of  dams

Conception was 100% in both control and

TABLE II : Body  we igh t ,  c rown rump leng th ,  l i t t e r  s i ze  o f  o f f sp r ing  o f  dams  fed  on  con t ro l
o r  weaned  on  th ree  d i f fe ren t  d ie ta ry  mic ronu t r i en t  r e s t r i c t ion  g roups .

P a r a m e t e r C o n t r o l C u - R Z n - R Vi tamin-E  R

Body  we igh t  (g )  (n=20) 2 . 2 1± 0 . 0 6 1 . 4 5± 0 . 1 1 * * * 1 . 5 8± 0 . 1 7 * * * 1 . 5 6± 0 . 2 7 * * *
Crown rump length (cm) (n=20) 3 . 2 4± 0 . 0 1 2 . 5 1± 0 . 1 0 * * * 2 . 6 4± 0 . 1 4 * * * 2 . 4 9± 0 . 3 2 * * *
Li t t e r  s i ze  (n=7) 1 3 . 8± 0 . 4 1 8 . 1 0± 2 . 6 0 * * * 7 . 5 0± 2 . 9 8 * * * 7 .5± 2 . 7 6 * * *
Gestational period (day) (n=7) 2 0± 0 . 0 2 2 1 . 5± 0 . 9 3 2 1± 0 . 9 6 2 1± 0 . 6 1

Values  r ep resen t  mean±s .d . ,  n ,  number  o f  obse rva t ions  fo r  each  g roup .  **P<0 .001  vs  con t ro l ;  by
Studen t ’ s  t  t e s t .

TABLE I : Die t  in take ,  phys ica l  and  b iochemica l  pa ramete r s  in  f emale  mice  fed  on
con t ro l  and  mic ronu t r i en t  r e s t r i c t ed  d ie t  fo r  12  weeks  f rom wean ing .

P a r a m e t e r C o n t r o l C u - R Z n - R Vi tamin-E  R

Food  in take  (g /day) 8 .0± 1 .5 7 .8± 2 .1 7 .5± 1 .9 7 .7± 1 .4
Body  we igh t  (g ) 3 0± 2 .2 2 7± 2 .6 2 9± 1 .7 2 9± 2 .7
Vi tamin  E  (µmol / l ) 5 5± 2 .9 5 3± 2 .3 5 4± 3 .1 3 3± 3 .3***
Copper  (µg /ml ) 1 . 5 3± 0 . 0 7 0 .9± 0 . 0 4 * * * 1 . 4 1± 0 . 0 6 1 . 4 4± 0 . 0 5
Zinc  (µg /ml) 1 . 6 4± 0 . 0 5 1 . 5 8± 0 . 0 5 1 . 0 1± 0 . 0 4 * * * 1 . 5 5± 0 . 0 7
Fas t ing  g lucose  (mg/d l ) 8 5± 3 .4 1 1 0± 3 .7*** 1 0 8± 4 . 1 * * * * 1 0 2± 3 .2**
Fas t ing  insu l in  (ng /ml ) 1 .1± 0 . 0 6 1 .7± 0 .04** 1 .8± 0 .06** 1 .6± 0 .07**
H O M A - I R 1 1 . 8± 0 .9 1 9 . 5± 0 .7*** 1 9 . 7± 0 .6*** 1 7 . 5± 0 .9***
Tota l  cho les te ro l  (mg/d l ) 1 8 5± 3 .5 1 9 2± 3 .9 1 9 0± 3 .5 1 9 0± 4 .9
Tr ig lyce r ides  (mg/d l ) 1 1 0± 3 .3 1 1 6± 4 .1 1 1 5± 4 .3 1 1 6± 3 .9
Hemoglob in  (mmol / l ) 7 . 8± 0 .2 7 .6± 0 .1 7 .7± 0 .2 7 .6± 0 .1

Values  r ep resen t  mean±s .d . ,  f rom n=14/each  g roup ;  **P<0 .01 ,  ***P<0 .001  vs  con t ro l ;  S tuden t ’ s  t  t e s t .
HOMA-IR -  Homeos tas i s  mode l  a s sessment  fo r  insu l in  r es i s t ance .
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Parameters  in  o f f spr ings

Fetal growth and placental weight

In the present study Cu or Zn or Vitamin-
E res t r ic ted  d ie t  dur ing  preconcept ion  and
conception period lead to fetal  intrauter ine
growth  re ta rda t ion .  This  observa t ion  i s  in
conformi ty  wi th  s imi la r  s tud ies  ea r l i e r .
The birth weight and crown rump length of
pups  were  s ign i f ican t ly  lower  in  a l l  the
micronut r ien t  res t r i c ted  groups  (Table - I I ) ,
bu t  severe  in  Cu-R.  P lacen ta l  weigh t  and
protein concentrations at day 19 of gestation
were  cons iderab ly  lower  in  a l l  r es t r i c ted
groups (Fig. 2A and B).

Fig .  1 : Food  in take  (A)  and  Body  we igh t s  (B)  in
con t ro l  ( )  and  mic ronu t r i en t  r e s t r i c t ed  (
Cu-R;   Zn-R; × Vi tamin-E-R)  mice .  Resu l t s
a re  p resen ted  as  mean±s .d . ,  f rom n=7;
*P<0.05;  **P<0.01 vs  control  by Student’s  t
t e s t .

restr icted groups;  but  these two parameters
s ign i f ican t ly  decreased  (P<0 .001)  in  a l l
the  res t r i c ted  mice  dur ing  la te  ges ta t ion
per iod  (F ig .  1A and  B) .  The  mate rna l
weight  ga in  pa t te rn  was  s imi lar  in  a l l  the
four  micronut r ien t  res t r i c ted  groups  and
cont ro ls .

Fig .  2 : Placental weight (A) and protein concentration
(B) in control ( ) and micronutrient restricted
(  Cu-R;  Zn-R; × Vitamin-E-R) mice. Results
are presented as mean±s.d. ,  from n=7;
***P<0.001 vs  control  by Student’s t  test .

Placental 11 β hydroxysteroid dehydrogenase-
2 expression

On day 19 of  gestat ion,  levels  of  11 β
HSD-2 protein expression in placentas were
markedly lower by 32% in Cu-R; 40% in Zn-
R and 41 % in Vitamin-E R ( P<0.001) group
as compared with the control (Fig. 3).

Activities of 11 β HSD, GSase, AHH, MD ase
and PK ase in placenta

Placen ta l  ac t iv i ty  o f  11  β  HSD was
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markedly lowered by 50% (P<0.001) at  the
Cu-R and by 55% and 48% (P<0.001) in Zn-

R an Vitamin-E R groups respectively. This
reduction of placental activity of 11 β  HSD
is  assoc ia ted  wi th  a  genera l  decrease  in
p lacen ta l  p ro te in  concen t ra t ion  (F ig .  3B) .
The activities of AHH, MD ase, and PK ase
in  p lacen ta  were  unchanged ,  thus
unrespons ive  to  mate rna l  micronut r ien t
res t r i c t ion  (Table - I I I ) .  Ac t iv i ty  o f  the
glucocorticoid -inducible enzyme GS ase was
e leva ted  1 .3  fo ld ,  1 .4  fo ld  and  1 .4  fo ld
respectively in Cu-R ,  Zn-R and Vitamin-E
restr icted group (P<0.001).

Systolic blood pressure and lipid profiles

At postnatal day 180 of age systolic blood
pressure (Fig. 5), fasting triglyceride and total
choles te ro l  (Table- IV)  concent ra t ions  were
significantly higher in offspring of dams fed
the  micronut r ien t  res t r ic ted  d ie t .

Fig .  3 : 11 β  hydroxysteroid dehydrogenase-2 protein
expressions in placentas of 19-day-old control,
Cu-R,  Zn-R,  Vi tamin-E-R mice .  Resu l t s
a re  p resen ted  as  mean±s .d . ,  f rom n=7;
***P<0 .001  vs  con t ro l  by  S tuden t ’ s  t  t e s t .

TABLE III : Placenta l  enzyme ac t iv i t ies  of  11  β  HSD, MD ase, AHH, GS ase and
PK ase  in  con t ro l  p regnan t  and  mic ronu t r i en t  restricted (Cu-R or
Zn-R or  Vi tamin-E  R)  p regnan t  mice  on  day  19  o f  ges ta t ion .

Biochemica l  pro f i l e s C o n t r o l C u - R Z n - R Vi tamin-E  R

11  β  HSD un i t s  (n=7) 4 0± 2 .1 2 0± 1 .0*** 1 8± 1 .8*** 2 1± 1 .2***
MD ase  un i t s  (n=7) 5 0 5± 6 .7 5 0 4± 4 .9 5 0 3± 7 . 0 1 5 0 6± 6 .9
GS ase  un i t s  (n=7) 6 0± 3 .1 8 0± 2 .9*** 8 2± 2 .8*** 8 6± 2 .2***
PKase  un i t s  (n=7) 4 .0± 0 .5 3 .8± 0 .2 4 .1± 0 .4 4 .2± 0 .2
AHH ase  un i t s  (n=7) 1 0 5± 4 .5 1 0 3± 2 .0 1 0 1± 3 .1 1 0 3± 1 .7

Values  r ep resen t  mean±s .d . ,  n ,  number  o f  obse rva t ions .  ***P<0 .001  vs  con t ro l ;  by  S tuden t ’ s  t  t e s t ;
Glu tamine  syn thase  (GSase ) ,  Ary l  hydrocarbon  hydroxy lase  (AHH) ,  Mala te  dehydrogenase  (MD ase ) ,  11
β  hydroxy s teroid  dehydrogenase  (11 β  HSD) and pyruvate  k inase  (PK ase) ;  11 β  HSD uni ts  are  percent
convers ion  o f  co r t i cos te rone  to  11  dehydrocor t i cos te rone /10  min /mg p ro te in .  AHH,  PKase ,  MDase  and
GSase  un i t s  a re  nmoles  p roduc t  fo rmed/mg pro te in .

TABLE IV : Plasma measurements  of  t r ig lycer ides  and  choles te ro l  leve ls  in  fas ted  6  month-
o ld  o f f sp r ing  mice  o f  Cu-R,  Zn-R and  Vi tamin-E  R  g roups  and  con t ro l s .

Biochemica l  pro f i l e s C o n t r o l C u - R Z n - R Vi tamin-E  R

Tr ig lycer ide  (mg/d l )  (n=8) 1 1 8± 3 .8 2 1 5± 3 .7*** 2 0 8± 5 .8*** 2 1 6± 3 .2***
Total  cholesterol  (mg/d l )  (n=8) 2 0 0± 5 .8 3 0 0± 4 .0*** 2 9 8± 7 .0*** 3 0 6± 5 .2***

Values  r ep resen t  mean±s .d . ,  n ,  number  o f  obse rva t ions .  **P<0 .001  vs  con t ro l ;  by  S tuden t ’ s  t  t e s t .
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curve  than  con t ro l  g roup .  Insu l in  l eve l  in
response to intraperitoneal glucose challenge
was highest  in Vitamin-E restr ict ion group,
fo l lowed  by  copper  and  z inc  res t r i c ted
offspring (Fig.  4B).  Glucose intolerance in
associa t ion  wi th  hyper insul inemia  sugges ts
the presence of insulin resistance in all  the
offspring of mineral (Cu or Zn) and vitamin
E res t r ic ted groups .

DISCUSSION

The “thrif ty phenotype hypothesis” (17)
suggests that intrauterine growth retardation
renders a growing fetus more susceptible to
the  deve lopment  o f  insu l in  res i s tance
syndrome in the adult,  and that the time of
onset and severity of the condition depends
upon factors encountered in adult  l i fe such
as  nu t r i t iona l  s ta tus ,  s t ress ,  soc ia l  c lass ,
smoking,  alcohol and lack of exercise.  The
present  s tudy was  performed to  assess  the
ro le  o f  mate rna l  d ie ta ry  micronut r ien t
restr ict ion (Cu or Zn or Vitamin-E)  on the
deve lopment  o f  insu l in  res i s tance  and
hypertension in later l ife of the offspring.

In  th i s  s tudy  we  observed  tha t
micronutr ient  def ic iency in  the  die t  dur ing
pregnancy  had  adverse  e f fec t  upon  the
reproduc t ive  per formance  of  mice  and
exerted gross effects  upon l i t ter  s ize,  fetal
weigh t  and  c rown rump leng th  a t  b i r th .
These f indings are consistent  with previous
observa t ions ,  which  were  repor ted  wi th
re la t ion  to  macronut r ien t  mate rna l  insu l t
dur ing  d i f fe ren t  t ime  po in t s  o f  ges ta t ion
periods (18–19). The present results emphasize
on the re levance of  micronutr ients  because
the i r  def ic iency  (Zn  or  Cu  or  Vi tamin-E)
dur ing  the  ges ta t ion  may  in f luence  the
programming of  b i r th  weight ,  c rown rump

Fig.  4 : Blood glucose (A), insulin (B) levels during an
intraperitoneal glucose tolerance test  IPGTT
in 6 months-old mice offspring of both MR (
Cu-R;  Zn-R; × Vitamin-E-R) and control
( )  groups.  Results  are presented as
mean±s.d. ,  from n=8; ***P<0.001; **P<0.01
vs control  b Student’s t  test .

F ig .  5 : Systolic blood pressure in 6 months-old mice
of f sp r ing  o f  bo th  mic ronu t r i en t  r e s t r i c t ed
(  Cu-R;   Zn-R; × Vi tamin-E-R)  and
con t ro l  ( )  g roups .  Resu l t s  a re  p resen ted
as  mean±s .d . ,  f rom n=8;  ***P<0 .001  vs
con t ro l  by  S tuden t ’ s  t  t e s t .

Glucose tolerance and insulin levels

The mean blood glucose results from the
in t raper i tonea l  g lucose  to le rance  t es t s  a re
shown in  F ig .  4A.  The  z inc ,  copper  and
vi tamin  E  res t r i c ted  food  g iven  mice  had
s ign i f ican t ly  impai red  g lucose  to le rance
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leng th  and  l i t t e r  s ize  o f  o f f spr ing .  In  the
present study, we demonstrated for the first
t ime  tha t  chronic  micronut r ien t  def ic iency
(Zn or Cu or Vitamin-E) during preconception,
concept ion  and  weaning  in  mice  increased
their systolic pressure and insulin resistance.
In  the  s tudy  car r ied  ou t  by  Langley  and
Jackson  (20) ,  mate rna l  p ro te in  in take
was  res t r i c ted  on ly  dur ing  ear ly  ha l f  o f
pregnancy ,  and  the  o f f spr ing’s  born  to
mothers  fed  on  pro te in  res t r i c ted  d ie t
deve loped  ra i sed  sys to l ic  b lood  pressure ,
suggesting that pregnancy period may be the
cr i t i ca l  pe r iod  in  which  b lood  pressure  i s
programmed. We also observed that maternal
micronut r ien t  res t r i c t ion  (Cu  or  Zn  or
Vi tamin-E)  caused  a  reduc t ion  in  the
placental 11 β HSD-2 expression and activity.
The  ro le  o f  th i s  enzyme i s  to  metabol ize
act ive cort isol  (or  cort icosterone in rat)  to
inact ive  cor t isone (11-dehydro cor t isone in
rat) (21) and, thus, serves to protect the fetus
from the deleterious effects of excess level
of  act ive maternal  glucocort icoids  (22–23) .
The reduced placental  11 β  HSD-2 act ivi ty
may be  mediated by a t tenuat ing the  levels
of 11 β HSD-2 gene transcription, suggesting
a micronutrient/11 β HSD-2 gene interaction.
These  f indings  are  in  accordance  wi th  the
ear l i e r  observa t ions   in  which  e leva ted
glucocortiocid, either by inhibiting 11 β HSD-
2 by carbenoxolone or  by feeding the  low
protein diet  during pregnancy (24) resul ted
in  reduced  fe ta l  g rowth  and  programmed
hyper tens ion  and  insu l in  res i s tance  in  the
offspring during later life (25).

The placental 11 β  HSD deficiency may
form a common pathway where by maternal
envi ronmenta l  fac tors ,  such  as  mate rna l
micronutrition restriction, alter fetoplacental
deve lopment  and  programme hyper tens ion .

The  molecu la r  mechanisms  th rough  which
maternal  micronutr ient  res t r ic t ion of  e i ther
copper  o r  z inc  o r  Vi tamin  E  res t r i c t ion
selectively alters placental 11 β HSD activity
remain  to  be  de te rmined .  The  materna l
micronutr ients  res t r ic t ion  re la ted  reduct ion
in placental 11 β HSD activity is not merely
par t  of  an  overa l l  a t tenuat ion  of  p lacenta l
function, because MD ase and PK ase activity
(excep t  to ta l  p ro te in  con ten t )  remain
unal tered,  while  GS ase act ivi ty  increased.
Indeed, elevated placental GS ase may reflect
increased glucocort icoid act ion (26)  within
the placenta as a consequence of inactivation
by 11 β HSD-2.

Poor nutrition in early life is associated
with  increased r i sk  of  type-2  d iabetes  and
the insulin resistance syndrome in later l ife
(27). Maternal macronutrient deficiency may
affect fetal growth and development directly
th rough  the  ava i lab i l i ty  o f  nu t r ien t s  fo r
t ransfer  to  the  fe tus  and  a lso  permanent ly
alter glucose/insulin metabolism (28). Several
metabol ic  abnormal i t i es  l ead  to  insu l in
resistance in the offspring of rat dams fed a
protein-restricted diet. The organ weights of
musc le  and  l iver  were  reduced  (29) .  The
ac t iv i t i es  and  gene  express ion  of  insu l in -
sens i t ive  hepa t ic  enzymes  were  changed .
In  add i t ion ,  the  g lucokinase  ac t iv i ty
was  reduced ;  and  phosphoenolpyruva te
carboxykinase and hepatic glucose production
increased (30). Recently, it was reported that
phospha t idy l inos i to l -3  k inase  ac t iva t ion  in
response  to  insu l in  was  impai red  in
adipocytes from 15-month old offspring of rat
dams fed on protein restricted diet  (31).

The  ques t ion  i s  whe ther  a  l ink  ex i s t s
be tween  poor  mate rna l  micronut r ien t
def ic iency  and  a  p red i spos i t ion  to  insu l in
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resistance and hypertension in later life. An
impaired glucose tolerance was observed in
offsprings born to dams fed either the zinc
or copper or vitamin E restricted diet during
the  weaning  and  pregnancy  per iod .  The
insu l in  response  peak  to  in t raper i tonea l
glucose challenge was greatest in vitamin E
restricted diet fed group followed by copper
and  z inc  res t r i c t ions  respec t ive ly .  These
f ind ings  sugges t  tha t  the  micronut r i t iona l
def ic iency  in  ea r ly  l i fe  p red i sposes  the
of fspr ing  to  insu l in  res i s tance  syndrome
in  la te r  l i f e .  The  chron ic  mate rna l
micronut r ien t  def ic iency  (Zn  or  Cu  or
Vi tamin-E)  modula tes  the  express ion  of
placental 11 β hydroxysteroid dehydrogenase-
2  and  per  se  pred isposes  the  o f f spr ing  to
insul in resis tance and hypertension in later
l i fe .  I t  may  be  in fe r red  tha t  the  feed ing
of  micronut r ien t  res t r i c t ion  d ie t  dur ing

conception and early life may overexpose the
fe tus  to  impr in t ing  e f fec t s  o f  mate rna l
glucocorticoids. This finding suggests that the
hyper tens ion  and  insu l in  res i s tance  a re
independent  and  may opera te  th rough
di f fe ren t  mechanisms .  Fur ther  s tud ies  wi l l
be  requ i red  to  e luc ida te  the  molecu la r
physiological  mechanism by which chronic
micronut r ien t  def ic iency  pred ispose  the
of fspr ing  to  insu l in  res i s tance  and
hypertension in  la ter  l i fe .
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