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Review

Low birth weight (LBW) infants have higher risk of developing insulin resistance and its comorbidities later 
in life. The concept of “developmental origins of health and disease” suggests that intrauterine and postnatal 
environments have an important role in increasing these risks. The risk of such adult-onset diseases in LBW 
infants might be associated with adipose tissue maldevelopment including altered body composition and 
increased amount of visceral fat, which is the same mechanism as that in children and adults with metabolic syn-
drome. However, LBW infants often have different characteristics: they are not always overweight or obese over 
their life course. The inconsistency might be associated with the thrifty phenotype, which is produced in 
response to impaired growth potential and decreased lean body mass. LBW infants tend to be obese within the 
limits of impaired growth potential. Through our previous investigations evaluating longitudinal changes in adi-
ponectin levels at an early stage of life, we speculated that probably, the intrauterine life of term infants or the 
period up to term-equivalent age in preterm infants might be the key age for the development of adipose tissues 
including fat cells. Because of that, we hypothesized that the smaller number of adipocytes in LBW infants might 
be associated with overloading of single adipocytes and impaired adipose tissue expandability. The possible 
mechanisms are discussed from the perspective of adipose tissue maldevelopment in LBW infants.

other hands, in Japan, birth weight had fallen rapidly 
during the period from 1980s to 2000s, which had 
been associated with a reduction in family size, 
increased maternal smoking, decreased maternal body 
mass index before pregnancy resulting from dieting, 
and aggressive management of weight gain in preg-
nancy5). Japan’s obsession with slender women is still 
an important problem for society and the media are 
paying more attention to the problem of LBW6).

LBW is mainly induced by intrauterine growth 
restriction and preterm birth. Preterm birth is defined 
as the birth of a baby at fewer than 37 weeks’ gesta-
tional age, and it is the most common cause of LBW 
in both developed and developing countries. In the 
United States, the rates of preterm births had increased 
from 10% to 12.5% in the past 25 years7). Advances 
in perinatal care have resulted in higher survival rates 

Introduction

Low birth weight (LBW) is defined as a birth 
weight of less than 2,500 g, regardless of gestational 
age. LBW is considered an important indicator of 
neonatal and infantile morbidity and mortality1, 2). In 
addition, an accumulating evidence showed that LBW 
infants have higher risk of developing insulin resis-
tance and its comorbidities such as diabetes mellitus, 
hypertension, and cardiovascular disease later in life3). 
Therefore, several international organizations, includ-
ing the World Health Organization and United 
Nations International Children’s Emergency Fund, 
have adopted strategies to reduce the incidence of 
LBW. A recent systematic review showed that the esti-
mated worldwide LBW prevalence decreased from 
17.5% to 14.6% between 2000 and 2015 4). On the 
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most important types of fetal responses to various 
environments is “predictive adaptive responses.” The 
responses are not simply the effects of constraint in 
utero, but rather mechanisms by which the fetus uses 
an early environmental cue to predict its future. What 
is essential in the concept is a mismatch between pre-
natal and postnatal environments. It is advantageous if 
the predicted future and actual future environments 
match. On the contrary, it is disadvantageous if the 
predicted future and actual future environments do 
not match. Hence, the greater the mismatch, the 
greater the risk. The mechanisms underlying the pre-
dictive adaptive responses are likely to involve epigen-
etic changes such as DNA methylation32). Some previ-
ous studies showed that altered DNA methylation 
links intrauterine events with the onset of diseases 
later in life33). However, the concept of predictive 
adaptive response can explain only one component of 
the risks of chronic disease later in life in LBW infants. 
For example, it cannot explain the risk of metabolic 
disorder in individuals born with higher birth weight, 
although the relation of the prevalence of diabetes 
with birth weight is U shaped34). In addition, a previ-
ous systematic review showed that high, but not LBW 
is associated with increased risk of obesity later in life. 
No previous study has reported a linear inverse rela-
tion between birth weight and obesity risk later in 
life35). These facts imply that a higher risk of meta-
bolic disorders in LBW infants might be induced by 
different mechanisms, although obesity usually has the 
most important role in the development of insulin 
resistance in adults with metabolic syndrome.

The LBW phenotype is produced in response to 
the adaptive changes occurring in utero such as “trade-
off,” which is another type of developmental response 
to environmental influences. The advantage of an 
immediate alteration in developmental pattern ensures 
short-term survival in utero. It must be traded off 
against potential disadvantages in a later environ-
ment30, 31). For example, a general response of the fetus 
to maternal nutritional deprivation is to reduce feral 
growth, and an impaired growth trajectory may 
become irreversible if fetal undernutrition is pro-
longed. This change is clearly of benefit the fetus, 
helping it optimize the use of limited nutrients, but it 
may have postnatal costs30). Premature delivery follow-
ing maternal infection is one of the typical examples 
of “trade- off,” in which the benefit is leaving the 
infected intrauterine environment early, while the cost 
is permanent stunting with maldevelopment of 
organs. For example, both prematurity and LBW are 
the most consistent clinical surrogates for a low neph-
ron number, which is associated with an increased risk 
of hypertension later in life36). A previous study sug-

in premature babies. This tendency is particularly evi-
dent in very premature babies such as extremely low 
birth weight (ELBW) infants whose birth weight is 
less than 1,000 g8-10). In Japan, the mortality rates of 
ELBW infants admitted to the neonatal intensive care 
unit (NICU) according to their birth weights demon-
strated definite improvement compared to before8), 
and more than 50% of the infants who were born 
with a birth weight of less than 500 g survived until 
discharge from the NICU9). With this background, it 
is important to improve the long-term prognosis of 
these infants including the neurodevelopmental out-
comes and risks of adult-onset diseases later in life11). 
The concept of “developmental origins of health and 
disease (DOHaD)” suggests that intrauterine and 
postnatal environments have an important role in 
increasing the risks of adult-onset disease. This article 
provides an overview of DOHaD concept, focusing 
on the maldevelopment of fat tissues and insulin resis-
tance in LBW infants later in life.

Developmental Origins of Health and Disease

In the late 1980s to early 1990s, Barker et al. 
reported that LBW infants have higher risks of diabe-
tes mellitus and cardiovascular disease later in life12-18). 
Barker provided a personal account of such findings 
from epidemiological observations, which led to the 
fetal origin or fetal programming hypothesis (often 
called “Barker’s hypothesis”)19). According to the 
hypothesis, fetuses who experience malnutrition dur-
ing intrauterine life would often present intrauterine 
growth restriction and simultaneously acquire the 
thrifty phenotype with good energy efficiency through 
altered mechanisms in endocrinology and metabolism. 
They tend to be obese due to comparatively excessive 
nutrition after birth and are at higher risk for glucose 
intolerance and cardiovascular diseases20). Barker’s 
hypothesis stimulated a great deal of worldwide inter-
est and activity in the area of developmental plasticity.

After that, the hypothesis had been supported by 
many animal studies21) and epidemiological surveys 
such as that of Dutch famine22-27), suggesting that 
LBW was linked with an increased risk of not only 
lifestyle-related diseases but also other chronic diseases 
including microalbuminuria, obstructive airway dis-
ease, increased stress responsiveness, some types of 
cancer, and mental and neurological disorders24-27). 
Moreover, some previous studies showed that rapid 
weight gain during infancy was also associated with 
increased risk of subsequent obesity28) and visceral fat 
accumulation in adulthood29). With this background, 
the concept of DOHaD evolved to resolve some of 
the limitations of Barker’s hypothesis30, 31). One of the 
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catabolism and fat deposition52). Cortisol levels are 
higher in preterm infants than in term infants; there-
fore, they have an impact on their body composition. 
As a matter of fact, stress attenuation by massage ther-
apy for male preterm infants during their NICU stay 
improved growth quality by decreasing body fat depo-
sition53). Third, LBW infants tend to have higher 
accumulation of visceral adipose tissue. Uthaya et al.54) 
reported that preterm infants had a highly significant 
decrease in subcutaneous adipose tissue and signifi-
cantly increased intra-abdominal adipose tissue. Some 
previous studies showed that LBW was associated with 
greater visceral adiposity in adolescents55) and adults56, 57). 
Moreover, ELBW survivors in early adulthood have 
higher proportion of liver and pancreatic fat than 
individuals born with normal birth weight58).

It remains controversial why LBW infants have 
higher risk of insulin resistance development later in 
life, but some of the abovementioned characteristics 
can be associated with such risk in LBW infants as 
shown in Fig.1. First, the development of insulin 
resistance is mostly associated with the accumulation 
of excessive fat in the body, especially in the perivis-
ceral area of the abdomen in children and adoles-
cents59). Therefore, the accumulation of visceral adi-
pose tissue is probably associated with insulin resis-
tance development in LBW infants. Second, both 
short stature and altered body composition such as 
decreased lean body mass are beneficial for the effec-
tive utilization of energy, because resting energy 
expenditure, which usually accounts for more than 
60% of the total energy, is directly related to the 
amount of lean body mass and is more active meta-
bolically than fat mass60). Lower lean body mass was 
associated with lower resting energy expenditure in 
young adults born with very low birth weight 
(VLBW)52, 61).

Additionally, there is a measurable association 
between insulin sensitivity and preterm birth in 
infancy and early childhood; however, in late child-
hood and adulthood, the strength of this association 
reduces and current body composition becomes the 
variable most strongly associated with insulin sensitiv-
ity62). One possible explanation why LBW infants 
with relatively lower body weight and body mass 
index have higher risk of insulin resistance is that both 
impaired growth potential and decreased lean body 
mass may be essential in the production of thrifty phe-
notype, and LBW infants tend to be obese within the 
limits of impaired growth potential, because the good 
energy efficiency has an important role in acquisition 
of fat mass by lowering the resting energy expenditure. 
This finding is consistent with those of previous stud-
ies, showing that shorter final height was associated 

gested that the kidney continued to form postnatally 
in preterm neonates, but glomerulogenesis ceased after 
40 days37). Decreased nephron number and subse-
quent risk of hypertension and chronic kidney disease 
are induced by “trade-off,” but not the “predictive 
adaptive response.” Similarly, it is highly likely that an 
increased risk of insulin resistance and its comorbidi-
ties in LBW infants might be induced by many factors 
associated with the maldevelopment of organs.

Clinical Feature of Thrifty Phenotype

LBW infants develop postnatal growth problems. 
First, persistent short stature is one of the most fre-
quent complications of being small for gestational age 
(SGA)38). SGA and being moderately preterm are 
associated with short stature during the first 5 years of 
life39). SGA children are at high risk of developing 
permanent short stature, and 10% continue to fall 
below the 3rd percentile of height until adulthood40). 
Some previous studies showed that the final height of 
very premature babies is shorter even if they reach 
adulthood41, 42). Morisaki et al. reported that adult 
height in Japan has started to decline for those born 
after 1980, a trend that may be attributed to an 
increase in the prevalence of LBW births over time43). 
Although the mechanism underlying the short stature 
in SGA infants remains controversial, it is probably a 
result of the abnormalities in the growth hormone-
insulin-like growth factor (IGF) axis44). The cord 
blood and placenta of SGA infants have lower concen-
trations of IGF-1, and the IGF-1 levels remain low in 
SGA children with short stature45). Second, LBW 
infants have altered body composition. For example, 
postnatal catch-up growth in growth-restricted infants 
resulted from head growth and adipose tissue accumu-
lation46). Rapid weight gain during infancy in SGA 
children seemed to be associated with increased fat 
mass rather than lean body mass41). According to a 
recent meta-analysis, the free fat mass of preterm LBW 
infants decreased by 460 g and their body fat percent-
age increased by 3% at term- equivalent age47). In 
other words, preterm LBW infants have relatively 
large amount of fat tissue at term-equivalent age com-
pared with term infants at birth. LBW is associated 
with lower lean mass even in adults48). Some previous 
studies showed that nutrition intake in premature 
infants during their NICU stay has an impact on body 
composition in infants49), children50), and adults51). 
Sufficient protein and calorie intake during the first 
several weeks of life in premature infants might be 
important for optimistic body composition through-
out their life49, 51). In addition, chronic cortisol expo-
sures alter body composition through lean tissue 
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pocytes is set at least until childhood and adolescence. 
By contrast, a fetus usually has smaller adipocytes. In 
term infants, the adipose tissue rapidly expands mainly 
due to the increased number of small adipocytes dur-
ing the second half of fetal life. Fat cells enlarge during 
the first 12 months of life after birth, while the num-
ber of fat cells remains unchanged69). Probably, intra-
uterine life in term infants, or the period up to term- 
equivalent age in preterm infants, might be the key 
age when adipose tissues develop and the number of 
fat cells increases.

Adiponectin consists of a carboxyl-terminal glob-
ular domain and an amino-terminal collagenous 
domain, and it circulates in the serum to form several 
different molecular weight species including low-
molecular-weight adiponectin (LMW-Ad), middle- 
molecular-weight adiponectin (MMW-Ad), and high-
molecular-weight adiponectin (HMW-Ad)70). Adipo-
nectin is secreted exclusively by adipocytes and has a 
beneficial role in insulin sensitivity. HMW-Ad is con-
sidered the active form of this protein71), because the 
HMW-Ad level is a better indicator of glucose intoler-
ance than total adiponectin (T-Ad) levels72). Paradoxi-
cally decreased levels of adiponectin in individuals 
with obesity are considered to be a result of adipocyte 
hypertrophy73). On the contrary, the accumulation of 
fat tissue induced by an increase in the number of 
smaller adipocytes is associated with increased produc-
tion of adiponectin67). With this background, we pre-
viously investigated the longitudinal changes in the 
serum levels of adiponectin and its multimers during 
infancy in term and preterm infants with LBW74-79). 
Combined results obtained in these studies are shown 

with less favorable metabolic profiles in young adults 
with VLBW42) and that adults who were small at birth 
and thin during infancy had a higher risk of coronary 
event63, 64), implying that impaired growth potential 
might be one of the clinical surrogate markers of 
thrifty phenotype.

Adipose Tissue Development at the Early 
Stage of Life

The fat mass can expand by increasing the aver-
age fat cell volume and/or the number of adipocytes. 
Not only fat cell size but also adipocyte number are 
important for adipose tissue accumulation and insulin 
resistance development65). For example, individuals 
with a very small number of adipocytes might become 
lean adults with an increased risk for glucose intoler-
ance similar to those with lipoatrophic diabetes melli-
tus66). On the contrary, individuals with a morbidly 
large number of adipocytes have higher risk of obesity 
later in life with comparatively low risk of glucose 
intolerance due to the increased amount of adipose 
tissue; this finding is similar to that of a previous study 
using a mouse model lacking leptin while overexpress-
ing adiponectin67). The numbers of fat cells remained 
constant in adulthood in lean and obese individuals, 
even after a marked weight loss. The number of adi-
pocytes increases during childhood and adolescence 
and remains constant during adulthood in both lean 
and obese individuals. Major weight loss by bariatric 
surgery results in a significant decrease in cell volume; 
however, it fails to reduce the adipocyte cell num-
ber68). These results indicate that the number of adi-

Fig.1. Clinical feature of a thrifty phenotype

Both impaired growth potential and decreased lean body mass may be essential factor that triggers the 
production of a thrifty phenotype. Thrifty phenotype is beneficial to acquiring adipose tissue by lower-
ing the resting energy expenditure, but it may occur within the limits of impaired growth potential.
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positive association with the subcutaneous fat tissue in 
preterm infants with LBW at term-equivalent age but 
also a negative association with gestational age in the 
multiple regression analysis79). Taken together, very 
preterm infants may have higher amounts of fat mass 
and comparatively low levels of T-Ad and HMW-Ad 
at term-equivalent age. As mentioned, in term infants, 
the adipose tissue rapidly expands mainly because of 
the increased number of small adipocytes during the 
second half of fetal life, and this is probably associated 
with the drastically increased adiponectin levels 
observed during this period. The fat cells enlarge dur-
ing the first 12 months of life after birth, while the 
number of fat cells remains unchanged69). If we apply 
this to preterm infants, fat cell hypertrophy might 
have occurred to a certain degree, although the fat cell 
numbers increase between birth and term-equivalent 
age in preterm infants with LBW. Adipocyte hypertro-
phy may induce comparatively low T-Ad and HMW-
Ad levels in very preterm infants at term-equivalent 
age. The current hypothesis, however, is not supported 
by sufficient data. Hence, further studies are warranted 
to clarify the period of fat tissue development includ-
ing the increase in the number and size of adipocyte.

Overloaded Adipocyte Hypothesis

The “adipose tissue expandability” hypothesis, 
proposed by Virtue and Vidal-Puig, explains the devel-
opment of insulin resistance in obesity and the appar-
ent paradox that insulin resistance might occur when 
there is a deficit of adipose tissue80). This hypothesis 
proposes that adipose tissue has a limited maximal 
capacity to increase in mass, which is determined on 
an individual basis by environmental and genetic fac-
tors81). In the hypothesis, insulin sensitivity remains 
high as long as adipose tissue can expand. Once the 
point of maximal adipose tissue expansion is reached, 
metabolic complications ensue rapidly80). This is 
caused by the overfilling of subcutaneous adipocytes, 
resulting in lipid deposition in non-subcutaneous adi-
pose tissue and in non- adipose organs such as the 
liver, muscle, or pancreas82). If this hypothesis applies 
to LBW infants, they will possibly develop impaired 

in Table 1. As a result, HMW- Ad is the main form of 
this protein found in both term and preterm infants 
with LBW at birth74-76). The serum levels of T-Ad and 
HMW-Ad are much higher than the levels in children 
and adults as shown in some previous investigations. 
Comparing between term and preterm infants with 
LBW, the serum levels of T-Ad and HMW-Ad in pre-
term infants with LBW were significantly lower than 
the levels in term infants at birth. In addition, birth 
weight and gestational age were positively associated 
with both T-Ad and HMW-Ad levels in term and pre-
term infants with LBW74, 76). An increase in the num-
ber of small adipocytes during the second half of fetal 
life may contribute to the increased levels of adiponec-
tin; therefore, this is probably associated with the dras-
tically increased adiponectin levels seen during this 
period. Furthermore, we evaluated the adipose tissue 
accumulation and distribution by performing a com-
puted tomography scan at the levels of umbilicus; 
results showed that the accumulation of subcutaneous 
fat, but not visceral fat, was a predictor of adiponectin 
levels in preterm infants with LBW at term-equivalent 
age79). These results suggest that there might be a 
room for an increase in fat cell number at least up to 
term- equivalent age in preterm infants with LBW. In 
addition, the serum levels of T-Ad and HMW-Ad at 6 
month-equivalent age were almost the same as those 
in term-equivalent age. However, the T-Ad and 
HMW-Ad levels decreased until the 12 month-equiv-
alent age in both term and preterm infants75, 78). 
HMW-Ad levels at term-equivalent age were only a 
significant determinant of the changes in HMW-Ad 
between the term- and 12 month-equivalent ages in 
term and preterm infants with LBW, suggesting that 
the changes in HMW-Ad levels during infancy might 
be determined at least to a certain degree up to term-
equivalent age in term and preterm infants with 
LBW75, 78). Interestingly, T-Ad levels were significantly 
higher in preterm infants with LBW at term- equiva-
lent age than the levels observed in term infants at 
birth, probably because they have larger amounts of 
fat mass if they did not experience extrauterine growth 
restriction at term-equivalent age76). In addition, the 
serum levels of T-Ad and HMW-Ad had not only a 

Table 1.Adiponectin levels and its correlation with adipose tissue accumulation during infancy

At birth At term＊ At 6 months＊ At 12 months＊

Term infants Serum levels
Correlation

High
Yes (but not strong)

High
No

Middle
No

Preterm infants Serum levels
Correlation

Low
Yes

High
Yes

High
No

Middle
No

＊Presented as corrected age in preterm infants
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infants; nevertheless, LBW male infants were rather 
smaller and lighter than term AGA infants (unpub-
lished data). Other than that, adipose tissue fibrosis is 
possibly associated with impaired adipose tissue 
expandability in LBW infants, because adipose tissue 
fibrosis limited adipocyte hypertrophy83, 84). Further 
studies are required to test the “overloaded adipocyte 
hypothesis.”

Summary

The mechanisms underlying the higher risk of 
insulin resistance in LBW infants remain controver-
sial. Adipose tissue maldevelopment such as altered 
body composition, increased amount of visceral fat, 
and altered number and/or size of adipocyte is one of 
the possible mechanisms of insulin resistance in LBW 
infants. Impaired growth potential and decreased lean 
body mass may explain at least a part of thrifty pheno-
type in LBW infants. Through our previous investiga-
tions, we speculated that intrauterine life in term 
infants, or the period up to term-equivalent age in 
preterm infants, might be the key age for fat tissue 
development including the increase in the number of 
fat cells throughout their life. The Smaller number of 
adipocytes in LBW infants might be associated with 
overloading of single adipocytes and impaired adipose 
tissue expandability, which can explain the coinci-
dence of being comparatively lean and the higher risk 
of insulin resistance development in LBW infants.

adipose tissue expandability, because they tend to be 
relatively lean and have higher risk of insulin resis-
tance later in life.

Here, we propose one hypothesis as a possible 
explanation for impaired adipose tissue expandability 
in LBW infants, called the “overloaded adipocyte 
hypothesis” (Fig.2). As previously stated, the number 
of adipocytes throughout their lives is probably set 
during the early stage of life68), especially during the 
second half of fetal life in term infants69) and up to 
term-equivalent age in preterm infants. LBW infants, 
whether term infants or preterm infants, are often 
exposed to malnutrition during these periods.

Therefore, LBW infants may have smaller num-
ber of adipocytes throughout their life, which is influ-
enced by malnutrition during these periods. The 
number of adipocytes is likely a strong determinant of 
adipose tissue expandability, because not only fat cell 
size but also fat cell number is important for adipose 
tissue accumulation65). Furthermore, LBW infants 
with thrifty phenotype easily gain excessive energy. 
However, smaller number of adipocytes in LBW 
infants would induce an overload of energy in a single 
adipocyte. There is a limit to maximal hypertrophy in 
a single adipocyte; therefore, it would be associated 
with impaired adipose tissue expandability in total. As 
a matter of fact, our pilot study aimed to test the 
hypothesis showed that the adipocyte size of LBW 
male infants during the infantile period is larger than 
that of term appropriate-for- gestational-age (AGA) 

Fig.2. Overloaded adipocyte hypothesis

The number of adipocytes throughout their life is probably set during the early stage of life. Smaller number of 
adipocytes may be associated with an overload of single adipocytes and impaired adipose tissue expandability. 
Once the point of maximal adipose tissue expansion is reached, metabolic complications easily occur.
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