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ABSTRACT

Objective: To determine the long-term effects of early postnatal malnutrition and various degrees of catch-up growth on
metabolic (serum glucose, leptin, triacylglycerides) and neurodevelopmental parameters (learning and memory) among male
and female rodent models, mimicking human preterm infants.

Study Design: Randomized controlled trial.

Place and Duration of the Study: CMH Multan Insitute of Medical Sciences, from September 2021 to December 2021.
Methdology: This study included 142 neonatal Wister rats, stratified into subgroups to mimic the human preterm infant model
of postnatal malnutrition and catch-up growth. Metabolic consequences were assessed via serum analysis of glucose, leptin, and
triacylglycerides. The neurocognitive comparison was made among subgroups via a passive avoidance test. Gender-specific
comparison of all quantitative parameters was made among subgroups.

Results: Malnourished rats with accelerated catch-up growth achieved similar weight gain as normally fed rats when provided
with adlibitum feeding in both males (p = 0.92) and females (p >0.99). Rats undergoing accelerated catch-up growth exhibited
higher fasting serum glucose levels compared to those undergoing no, or normal catch-up growth (p <0.001). Malnourished
female rats undergoing accelerated (p = 0.007), or no catchup growth (p = 0.004) exhibited significant deficits in learning and
memory as compared to normally fed rats. Female malnourished rats with normal catchup growth exhibited no neurocognitive
deficit as compared to normally fed rats (p = 0.08).

Conclusion: Accelerated catch-up growth effectively addresses somatic growth disparities, while normal catch-up growth offers
more favourable metabolic and neurodevelopmental outcomes. Particularly, female malnourished rats exhibited poor neurodevel-
opment in response to both accelerated and no catch-up growth. Gender-specific variations in neurodevelopment underscore the
need for personalised care approaches for preterm nutritional care.
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INTRODUCTION

World Health Organization (WHO) defines preterm birth as
birth before 37 completed weeks of gestation." Worldwide,
about 15 million children are born preterm every year.! In
Pakistan, approximately 15.7% of births are preterm,
contributing almost one million preterm births every year
towards theglobalburden.’
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The nutritional management of preterm neonates is aimed at
achieving growth patterns that approximate comparable
intrauterine foetal growth velocities.> Although preterm
infants can double or triple their weight during their first 2 to 3
months postnatally compared to the term infants, who take 4
to 5 months, still, a majority of preterm infants develop extrau-
terine growth restriction (EUGR) during their early postnatal
life.* Malnutrition is the major cause of EUGR among preterm
infants with comorbidities, who face altered nutritional uptake
and utilisation along with increased energy requirements.’

Unfortunately, malnutrition during this “critical window” of
development, can trigger “plasticity” via phenotypic adapta-
tion of a genotype.’ Developmental plasticity of genetic, nutri-
tional, or endocrinal signalling as a consequence of malnutri-
tionduring the perinatal period, can persistin adult life, known
as “nutritional programming.”®
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If adequate healthcare facilities and nutrition are ensured,
preterm infants can subsequently catch up on their genetic
growth potential.’ The catch-up growth continues throughout
the first year of life and is usually incomplete. Catch-up growth
potentially benefits preterm infants in short-term survival and
neurodevelopment, at the cost of metabolic disorders later in
life.

Epidemiologic studies have indicated that EUGR and the associ-
ated malnutrition in preterm infants can lead to impaired
neurodevelopment.” Although controversial, recently protein-
enriched formula feed recommendations have been made for
catch-up growth in preterm infants.® Adult-onset obesity,
insulin resistance (IR), cardiovascular disease, dyslipidaemia,
and Type 2 diabetes have been reported in human preterm or
small for gestational age (SGA) infants, who underwent rapid
catch-up growth.*'® However, these results are inconclusive
because of non-standardisation and paucity of the available
data.

Despite the increasing burden of preterm births and thereby
long-termadversehealth consequencesintheauthors’ commu-
nity, very little data is available on the comparative effects of
metabolic and neurodevelopmental consequences of various
degrees of catch-up growth exclusively among postnatally
growth-restricted preterm infants. This study intended to
explore neuroendocrine markers in association with
behavioural outcomes among a rodent model equivalent to
human preterm infants, uniquely considering the influence of
gender.

The objective of this study was to determine the long-term
effects of early postnatal malnutrition and various degrees of
catch-up growth on metabolic (serum glucose, leptin, triacylg-
lycerides) and neurodevelopmental parameters (learning and
memory) among male and female rodents, mimicking human
preterm infants. The information gained from this research can
inform the development of adequate nutritional intervention
guidelinesfor preterm nutritional care.

METHODOLOGY

This randomised controlled trial was conducted at the CMH
Multan Institute of Medical Sciences, Multan, Pakistan. Ethical
approval was obtained from the Institutional Review Board and
Ethical Committee vide letter No. TW/25/CIMS. The study dura-
tion was four months (September to December 2021) and
involved 142 neonatal Wistar rats of both genders. The sample
sizewasdeterminedtomaintainanaverage of 30 rats pergroup
to adhere to the central limit theorem, whereas the rest (12)
were excluded as mentioned below. Throughout the study,
researcherswerenotblinded tothe outcomes ofthe study.

Twenty-four pregnant Wistar rats were procured from a local
veterinary research institute on the 14th day of gestation.
These were placed in an institutional animal lab for acclimatisa-
tion before giving birth. The housing and care of the rats
followed the guidelines set by the National Research Council
(NRC) in 1996" and institutional protocols. Rats were provided

with a standard diet and water adlibitum. Pups were left undis-
turbed with their dams on day one of postnatal life. On the
second postnatal day, the first 142 pups delivered were
randomly assigned toone oftwo groups using a lottery method:

a) Group N (Normal intake-n = 30): Comprising litters with 10
pupsperdam,thenormalaverage.

b) Group R (Restricted intake-n = 112): Comprising litters with
16 pups perdamtoinduce early postnatal malnutrition.*

Cross-fostered pups were closely monitored for adverse
outcomes during this nutritional intervention, which continued
from Day 2 to 11 of postnatal life. Based upon neural matura-
tion, the early postnatal life of rats is considered equivalent to
the early ex-utero life span of human preterm infants, during
whichmalnutrition wasintroducedin this study.”

All 142 pups were weighed on day 11. Of the 112 pups in Group
R, 108 were found to weigh below the 10th percentile compared
to the 30 pups in Group N and were labelled as malnourished.
The remaining four pups were excluded from the study. These
malnourished pups were stratified by gender and redistributed
by alottery method intothree subgroups:

Sub-group RC (Restricted then catch-up intake - n = 30):
Comprising litters with 6 pups per dam to induce accelerated
catch-up growth, Sub-group RN (Restricted then normal
intake - n = 30): Comprising litters with 10 pups per dam to
induce normal catch-up growth, and Sub-group RR (Restricted
thenrestricted intake - n = 32): Comprising litters with 16 pups
perdamtoinduce nocatch-up growth.

The 30 pupsin Group N continued to be fed normally in litters of
10 pups per dam. This nutritional intervention took place from
Day 11to 21 oftheirpostnatallife, a period corresponding tothe
first two years of human life during which catch-up growth
occurs in preterm human infants.” After Day 21, male and
female pups were separated and weaned onto a standard
rodentdietandfedadlibitum.

Somatic growth analysis involved a serial weighing of the pups
every 10" day throughout this study i.e., till day 60 of postnatal
life, using a digital scale precise up to 0.1g. Neurodevelop-
mental outcomes were assessed using the Passive Avoidance
Test (PAT)." This test was conducted on all rats on Day 45
(training day) and Day 46 (testing day). The test apparatus
consisted of two Perspex boxes, one dark and lightproof, the
other white and transparent to light. On training day, rats were
trained to avoid the dark chamber due to the aversive stimulus
ofthe briefelectricshock they receivedthere onDay 45.0n Day
46, they were given an extended time to enter the dark
chamber, and no electric shock was administered. The correct
learned behaviour was taken as an increased latency to enter
the dark chamber or a greater chance of getting “timed out” on
testing day. At postnatal Day 60, blood samples were collected
from each rat after an overnight fast via terminal cardiac punc-
ture. Rats were anaesthetised using isoflurane, and blood
samples were collected and sera were separated. Separated
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sera were used for glucose measurement by the glucose
oxidase-mediated peroxidase method. The rest of the sera
were used for the analysis of serum leptin and Triacylglycerides
(TAG) using Glory Science Co, Ltd. Rat ELISA kits for leptin (Ref.
No. 31070-1, Lot No. 201904) and triglycerides (Ref. No.
35613-4, Lot No. 201914).

Data analysis was conducted using Statistical Package for
Social Sciences (SPSS) version 26. Data were expressed as
mean * standard error of the mean (SEM) unless otherwise
specified. Three-way mixed ANOVA was used to compare the
effectofindependentvariables (gender, nutritional group, and
day of life) on body weight. Serum parameters (leptin, TAG,
and fasting glucose) were analysed by two-way ANOVA, with
group and gender as independent variables. For ANOVA,
values of Fisher’s statistic (F), probability value (p) and effect
size partial eta-squared (n°) were calculated. The impact of
dietary interventions on passive avoidance was assessed via
Kaplan-Meier analysis among male and female rats. All statis-
tical analysis was carried out after looking for the necessary
assumptions, consideringasignificance level of p <0.05.

RESULTS

OnDay 11, pupsingroups N and R weighed 15.97 + 0.29 grams
and 12.36 * 0.22 grams, respectively. Figure 1 A and B show
the serial increments in the weights, of male and female pups,
respectively.

(A) Body Weight (g) of male rats (B) Body Weight (g) of female rats
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Figure 1: Weight gain of male and female pups from day 11 to 60 of post-
natallife.

N: Normally fed, RN: Restricted then normal intake, RC: Restricted then
catch-up intake, RR: Restricted then restricted intake. Error bars at +
1SEM. Errorbarstoosmallarenotvisible.
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Three-way interaction betweentheday of life, gender, and body
weight was statistically significant F(6.17, 234.43) = 2.56,p =
.02, partial n’ = 0.06). Table | indicates that both male and
female malnourished pups in subgroups RN and RC had gained
weight up to normally fed rats by Day 21. When shifted to adli-
bitum, all malnourished rats again weighed significantly less as
compared to the normally fed rats at Day 31 (p <0.05).
However, by the end of the study atday 60 of postnatal life, male
(p = 0.92) and female (p >0.99) pups undergoing accelerated
catch-up growth had gained weight comparable to the normally
fedrats.

The interaction effect between gender and subgroups on the
fastingserumglucose level of rats was statistically significant (p
= 0.03). Figure 2A illustrates that the mean serum glucose

levels were higherinsubgroup RC, as compared to subgroup RN
(p<0.001)andsubgroupRR (p<0.001).

The interaction effect between gender and subgroup on fasting
serum leptinlevels (p = 0.97) and TAG levels (p = 0.48) was not
statistically significant. Subsequently, the main effect for
subgroups was insignificant for serum leptin (p = 0.31) but
significant for serum TAG (p = 0.001). Figures 2B and 2C show
the pairwise comparison of serum leptin and TAG concentra-
tionsamong subgroups, respectively.

Figure 3 shows the survival distributions of latency time to enter
the dark chamber for male and femaleratsin subgroups. The log-
rank comparison showed significantly different survival distribu-
tion of subgroups on the testing day of the PAT, only for the
female rats (X* = 10.91, p = 0.01), but no significantly different
survival distributions formalerats (X*=6.65,p = 0.08).

Malnourished female rats with subsequent accelerated (y° =
7.4,p=0.007) or no catchup (x° = 8.43, p = 0.004) growth had a
significantly lower latency time to enter the dark chamber on the
testing day as compared to normally-fed rats. Whereas the
female malnourished rats with subsequent normal growth
showed no significant difference (x> = 3.15, p = 0.08) from
normally-fedrats.
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Figure 2: Effect of nutritional intervention on serum parameters of male
and female rats in groups; 2A (glucose), 2B (leptin), and 2C (Triacylglyc-
erides).

N: Normally fed, RN: Restricted then normal intake, RC: Restricted then
catch-upintake, RR: Restrictedthenrestrictedintake.

Errorbars at + 1SEM. Bars carrying different alphabets differ significantly
from each other within each set of comparisons, at Bonferroni adjusted p-
valueof<0.05.
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Table I: Effect of nutritional intervention on weight of male and female pups.

Subgroup Mean p-value Mean p-value Mean p-value Mean p-value Mean p-value Mean p-value
Pair Diff. Diff. Diff. (g) Diff. Diff. Diff.
(a-b) (gm) (9) (9) (9) (g)
a b Male Female Male Female Male Female
Day 11 Day 21 Day 31
N RN 2.4 0.001" 2.6 <0.001* 413 0.12 473 0.05 18.33 <.001* 21.2 <0.001*
N RC 5. <0.001* 4.93 <0.001* 4 0.15 2.67 0.78 12.73 0.009* 10.67 0.04*
N RR 3.85 <0.001* 2.9 <0.001* 9.75 <0.001* 8.45 <0.001* 32.18 <.001* 27.51 <0.001*
RN RC 2.6 <0.001* 2.33 0.002% -0.13 01 -2.07 1 -5.6 0.92 -10.53 0.05
RN RR 1.45 0.13 0.3 1.000 5.62 0.01* 3.72 0.2 13.84 0.003* 6.31 0.62
RC RR -1.15 0.39 -2.03 0.01* 5.75 0.01* 5.79 0.01* 19.44 <.001* 16.84 <0.001*
Day 41 Day 51 Day 60
N RN 32.6 <0.001* 23.6 <0.001* 14.47 0.24 19.67 0.03* 22.73 0.02* 37.87 <0.001*
N RC 21.8 0.001* 10.47 0.34 12.73 0.42 8.33 01 11.07 0.92 9.73 1
N RR 45.85 <0.001* 33.01 <0.001* 44.41 <0.001* 26.66 0.001* 56.67 <0.001* 40.10 <0.001*
RN RC -10.8 0.29 -13.1 0.11 -1.73 1 -11.33 0.64 -11.7 0.79 -28.1 0.002*
RN RR 13.25 0.09 9.41 0.49 29.95 <0.001* 6.99 1.000 33.93 <0.001* 2.24 1
RC RR 24.05 <0.001* 22.54 <0.001* 31.68 <0.001* 18.33 0.05 45.6 <0.001* 30.37 0.001*

Follow-up pairwise comparisons for Three-way mixed ANOVA by post-hoc Tukey test, *p-value adjusted for multiple comparisons: Significant at <0.05, Diff.: Difference. N: Normally fed,
RN: Restricted then normal intake, RC: Restricted then catch-up intake, RR: Restricted then restricted intake.
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Figure 3: Survival distribution of male and female rats on training
and testing days of passive avoidance test.

N: Normally fed, RN: Restricted then normal intake, RC: Restricted
then catch-up intake, RR: Restricted then restricted intake.

DISCUSSION

The study explored gender-specific effects of early postnatal
malnutrition and varying catch-up growth in a rodent model
mimicking human preterm infants. The results highlighted
the importance of gender-specific nutritional intervention to
limit the long-term metabolic and neurocognitive conse-
quences.

In the current study, pups in large litters, experiencing early
postnatal malnutrition, grew significantly smaller than normal-
ly-fed rats. Previous literature suggests this effect is likely
influenced by altered milk intake, nutrient utilisation, and
social interactions.” Despite potential confounders of dam-
pup and pup-pup interactions, this rodent model is widely
accepted as equivalent to the early postnatal life of human
preterm infants.'®

In contrast to previous studies associating early postnatal
overfeeding with later overweight and adiposity,”* this study
revealed that accelerated catch-up growth merely compen-
sated for somatic growth deficiencies following early-life
malnutrition. A meta-analysis of 19 studies, published in
2020, reported that early childhood weight gain velocity is a
significant contributor towards obesity in adult life.” This
discrepancy in results may be due to variability in the degree
and duration of catch-up growth in the existing literature.

The current study suggested that rats undergoing acceler-
ated and normal catch-up growth exhibited higher fasting
serum glucose and TAG levels, respectively, suggesting a
potential link to IR and dyslipidaemia. This aligns with
previous studies reporting an association between human
preterm birth and an increased risk of metabolic derange-
ments and cardiovascular disorders, particularly among
females.'”® Striking a balance is crucial, as both early post-
natal malnutrition and accelerated catch-up growth among
preterm infants have been associated with adult-onset
metabolic implications.

Notably, the current study sheds light on the gender-specific
impact of catch-up growth on neurodevelopmental
outcomes. Malnourished female rats undergoing accelerated
catch-up growth in the current study exhibited significant
deficits in learning and memory, contrary to previous litera-
ture. Previous studies have demonstrated improved neurode-
velopmental outcomes of preterm infants by accelerated
catch-up growth achieved via protein and fatty acids-supple-
mented formula feed.’*?® Conversely, rats undergoing
normal catch-up growth exhibited neurodevelopmental
advantage in the current study, emphasising the importance
of optimal catch-up growth for preterm infants' neurocogni-
tion. Similarly, Beyerlein et al. proposed a linear relationship
between cognition and weight gain velocity from =1 to +2
standard deviation, and no further advantage at >+2 stan-
dard deviation.”

Based on previous studies, rapid weight gain, leptin, or
insulin dysregulation can be the cause of poor neurocogni-
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tion among malnourished rats with rapid or no catch-up
growth. In addition to a satiety signal, leptin also contributes
to perinatal brain development.” In the current study, serum
leptin concentration was not different among various
subgroups at day 60 of postnatal life. However, this study is
limited in not accessing the serum leptin levels of rats in
early neonatal life when malnutrition and catch-up growth
interventions were carried out. Another limitation of this
rodent model is its dependency on nutritional intervention,
but the specifics of the milk quality and quantity could not
be detailed. Also, the neurodevelopmental findings need
conformation with more sophisticated tests for better gener-
alisation.

Despite the limitations, the study's focus on preterm infant
models and gender disparities is highly relevant to public
health. These results have the potential to inform nutritional
guidelines and interventions for this vulnerable population,
owing to its multidisciplinary perspectives.

CONCLUSION

Accelerated catch-up growth effectively addresses somatic
growth disparities, while normal catch-up growth offers more
favourable metabolic and neurodevelopmental outcomes. In
particular, female malnourished rats exhibited poor neurode-
velopment in response to both accelerated and no catch-up
growth. Gender-specific variations in neurodevelopment
underscore the need for personalised care approaches for
preterm care.
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