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Abstract

Background While most research has focused on the association between intracytoplasmic sperm injection (ICSI)
and neurodevelopmental disorders in children, relatively little attention has been given to its metabolic effects.
Previous studies have reported that low serum lipid levels are associated with mental health problems. Our objective
was to analyze the impact of ICSI on metabolic alterations compared to their in vitro fertilization (IVF) counterparts

in male offspring, as well as its interaction with paternal overweight/obesity.

Methods We recruited families between January 2006 and December 2017 at the Center for Reproductive Medicine,
Shandong University, China. Prospective data of offspring were obtained for body mass index (BMI), blood pressure,
glucose, and lipid profile in their 0-11 years old. Linear mixed models were utilized to compute the mean difference
and 95% confidence intervals (Cl).

Results A total of 14,196 offspring visits were identified. In offspring aged 4-11 years, ICSI-conceived offspring
exhibited significantly lower fasting glucose z-scores, total cholesterol z-scores, and low-density lipoprotein choles-
terol (LDL-C) z-scores compared with their IVF counterparts (fasting glucose z-score: adjusted mean difference:—0.13,
95% Cl:—0.23 to—0.03; total cholesterol z-score: adjusted mean difference:—0.13, 95% Cl:—0.23 to—0.02; LDL-C
z-score: adjusted mean difference: —0.12,95% Cl:—0.22 to—0.01). Paternal overweight/obesity significantly influenced
the relationship between ICSI and metabolic changes in offspring. In offspring born from fathers with overweight/
obesity, ICSI-conceived offspring displayed significantly lower fasting glucose and total cholesterol z-scores than their
IVF controls (fasting glucose z-score: adjusted mean difference: —0.20, 95% Cl:—0.32 to—0.08; total cholesterol z-score:
adjusted mean difference:—0.15, 95% Cl:—0.27 to—0.02). In offspring born to fathers with normal weight, ICSI-con-
ceived offspring showed significantly lower systolic blood pressure z-scores compared to those conceived via the IVF
procedures (adjusted mean difference:—0.21,95% Cl:—0.37 to—0.05).

Conclusions The findings of this study suggested that ICSI was associated with altered glucose and lipid profiles
compared to their IVF controls, characterized by lower fasting glucose z-scores, total cholesterol z-scores, and LDL-C
z-scores. Encouraging fathers to reduce their body weight could potentially improve the metabolic health of their
ICSI-conceived children.
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Background

The increasing using of assisted reproductive technology
(ART) worldwide carries a significant rise in concerns
about the safety of their offspring [1-3]. Intracytoplas-
mic sperm injection (ICSI) is a well-established labora-
tory technique for fertilization in ART, which involves
the injection of a single spermatozoon (or sperm head
or nucleus) into an oocyte cytoplasm. It is commonly
performed when the males have a severe abnormality of
semen parameters, fertilization deficiency, and a number
of non-male factor indications [4—6]. Recent data from
the International Committee for Monitoring Assisted
Reproductive Technologies (ICMART) indicate that ICSI
is utilized in two-thirds of all fresh ART cycles globally,
with approximately 55% of ART procedures in Asia being
ICSI cycles [7]. However, concerns persist regarding the
safety of offspring conceived through ICSI due to the
invasive nature of the procedures involved.

The manipulation of gametes in ICSI occurs within a
critical developmental window that influences genomic
methylation, which in turn associated with the future
development of children [8, 9]. Several studies have indi-
cated an elevated risk of neurodevelopmental disorders
in offspring born through the ICSI procedure [10, 11].
However, it is widely recognized that specific metabolic
traits or phenotypes can shape the distinct cellular and
biochemical properties of the nervous system, from its
embryonic formation to its functioning in adulthood
[12]. For instance, low blood glucose and cholesterol
levels have been associated with an increased risk of
autism spectrum disorder (ASD) and attention-deficit/
hyperactivity disorder (ADHD) in children, potentially
involving imbalanced cortisol levels, energy deficiency,
and mitochondrial dysfunction [13]. The mechanism
might involve unbalanced cortisol levels, energy depriva-
tion, and mitochondrial dysfunction. Yet, limited studies
examining the metabolic profiles of children conceived
through ICSI, particularly in comparison with conven-
tional IVF controls, both of which involve embryo culture
in vitro. Recently, Catford et al. reported a comparable
metabolic profile between ICSI- and IVF-conceived men
with a relatively lower recruitment rate [14]. Therefore, it
is imperative to assess the associations between ICSI and
metabolic alterations in offspring.

A key issue is whether metabolic changes in children
conceived through ICSI are due to the ICSI procedure
itself or to parents’ poor metabolic health, such as obesity
[2, 15]. It is reported that paternal or maternal obesity
before pregnancy is associated with an increased risk for
obesity, higher blood pressure, and insulin resistance in
their offspring [16—18]. Hence, it is crucial to investigate
the differences in offspring metabolic profiles between
infertile parents who are overweight or obese and those
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who undergo ICSI treatment. However, existing stud-
ies have not explored the associations between pater-
nal overweight/obesity, ICSI, and offspring metabolic
alterations.

Here, we conducted a hospital-based cohort study
aimed at elucidating the impact of ICSI on the metabolic
profiles of offspring compared to IVF, considering its
interaction with paternal body mass index (BMI) status.
The findings of this study will offer a definitive statement
regarding the metabolic risks in offspring conceived
through ICSIL.

Methods

Study design and setting

This study was a prospective cohort study conducted
at the Center for Reproductive Medicine, Cheeloo Col-
lege of Medicine, Shandong University, China. We
recruited families who underwent assisted reproductive
technology (ART) treatment between January 2006 and
December 2017. Families who conceived using in vitro
fertilization/intracytoplasmic sperm injection (IVF/ICSI)
procedures were included. Exclusion criteria included
parents who used oocyte or sperm donation (N=1140),
families with incomplete anthropometric information
(N=212), the male partners were underweight (N=209),
and families who did not participate in the birth cohort
were excluded (N=2168). Prospective data of offspring
were obtained for BMI, blood pressure, glucose, and lipid
profile during 2014-2021. Information was collected
at birth and follow-ups at ages 0, 6 months, 1-2 years,
3—4 years, 5—6 years, 7-9 years, and above 10 years. A
total of 15,415 offspring with 27,698 visits were identi-
fied. We excluded offspring aged 11 years or older and
female offspring. Finally, a total of 7816 male offspring
with 14,196 visits were included in our study (Additional
file 1: Fig. S1). We followed the guidelines on Strengthen-
ing the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) statement in reporting our study.

Exposure

We divided offspring into two groups to investigate the
risks of ICSI in metabolic alterations in offspring: (1)
ICSI conception and (2) IVF conception. Subsequently,
we evaluated metabolic outcomes in offspring based
on types of ART therapy and paternal BMI status, dis-
tinguishing between (1) ICSI conception and paternal
overweight/obesity, (2) IVF conception and paternal
overweight/obesity, (3) ICSI conception and paternal
normal weight, and (4) IVF conception and paternal
normal weight. Furthermore, we determined whether
the offspring’s metabolic outcomes were influenced by
the following factors: (1) singleton births only and (2)
percutaneous epididymal sperm aspiration (PESA)/
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testicular sperm extraction (TESA)-ICSI methods versus
traditional ICSI methods. The categories of paternal and
maternal pre-pregnancy BMI were defined according to
the Working Group on Obesity in China as follows: obe-
sity/overweight (BMI>24.0 kg/m?) and normal weight
(18.5 kg/m? < BMI < 24.0 kg/m?) [19, 20].

Measurements

Offspring physical examinations of the children were
conducted by pediatric physicians and nurses at each
visit. Height (+0.1 cm), weight (£0.1 kg), and chest/
waist circumference were measured twice, and the aver-
age value was recorded. Blood pressure was measured on
the right arm of the seated child by nurses. Three blood
pressure readings were taken, and the average of the last
two readings was utilized. Blood tests were conducted
after an overnight fast. Following standard operating pro-
cedures, all blood samples were immediately centrifuged
after collection and temporarily stored at 4 °C. Within
24 h, the samples were distributed to our Biobank, where
they were stored at—80 °C until analysis. The children’s
fasting glucose, fasting insulin, triglycerides, total choles-
terol, low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) levels were
measured as previously reported [21, 22].

Outcomes

The outcomes were the age- and sex-specific z-scores of
cardiometabolic variables in offspring conceived with
IVE/ICSI. We analyzed the between-group mean differ-
ence of offspring BMI z-score, systolic and diastolic blood
pressure z-score, glucose z-score, insulin z-score, homeo-
static model assessment for insulin resistance (HOMA-
IR) z-score, triglyceride z-score, total cholesterol z-score,
LDL-C z-score, and HDL-C z-score. The offspring BMI
and offspring HOMA-IR were defined and calculated as
previously described [21, 22]. The age- and sex-specific
(every 6 months) z-score was calculated as [(observed
value minus age- and sex-specific mean)/(age- and sex-
specific SD)], using data from the total number of ART-
conceived offspring conceived at our hospital [23].

Statistical analysis

All statistical tests were performed using R software
version 3.6.3. For baseline characteristics, continu-
ous variables with normally distributed are expressed
as mean+SD, and differences are tested by one-way
ANOVA and ¢-test; continuous variables with non-nor-
mally distributed are expressed as median [interquartile
range (IQR)], and differences are tested by Wilcoxon
rank-sum test. Categorical variables are summarized as
frequency (percentage), and differences are performed by
x* analysis.
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As this study included a repeated-measures design,
we utilized a linear mixed model to account for both
random and fixed effects for the time-dependent and
time-independent variables, respectively. The random
effect included the unique offspring ID number. The
fixed effects included ICSI treatment, paternal BMI sta-
tus, paternal age, maternal age, maternal BMI, parity,
plurality, parental smoking, frozen embryo transfer, and
offspring age. The interaction P value was calculated,
and P<0.05 was considered significant difference. To
validate the assumptions of our linear mixed model, we
conducted tests for the normality of residuals, homoge-
neity of variances, and independence of observations.
Normality of residuals was assessed using histogram
plots, homogeneity of variances was evaluated using
residual plots against fitted values, and independence of
observations was checked using autocorrelation plots of
residuals. The power analysis was calculated using the R
package “simr” for the linear mixed models, which were
based on Monte Carlo simulations. Our analysis could
detect an absolute effect size of 0.17 in the fasting glu-
cose z-score between the IVF and ICSI treatment groups
using a linear mixed model, with 88% power at a signifi-
cance level of 0.05. The post hoc analysis was calculated
between groups and 95% confidence interval (CI) and
P<0.025 was considered statistical different (Bonferroni
correction, P=0.05/n).

Results

Characteristics of the study population

We identified a total of 14,196 offspring visits conceived
through IVF/ICSI. Among these, 9642 (67.92%) were
born from fathers with overweight/obesity, while 4554
(32.08%) were born from fathers with normal weight. In
comparison to IVF-conceived offspring, those conceived
through ICSI exhibited significantly lower paternal age,
paternal BMI, maternal age, maternal BMI, and inci-
dence of parental smoking. Conversely, the proportion of
first-born children was significantly higher among ICSI-
conceived offspring (Table 1). Additionally, the number
of oocytes retrieved, good-quality embryos on day 3, and
frozen embryo transfer were significantly higher in the
ICSI-conceived group, while the total gonadotropin dose
was significantly lower (Additional file 2: Table S1). The
mean age of the offspring was 2.35 + 1.94 years old.

ICSI treatment and offspring metabolic changes

Firstly, we accessed the relationship between ICSI treat-
ment and offspring metabolic changes. After adjusting
for paternal age, maternal age, maternal BMI, parity, plu-
rality, parental smoking, frozen embryo transfer, and off-
spring age, offspring BMI z-score, waist-to-height ratio
z-score, systolic blood pressure z-score, and diastolic
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Table 1 Characteristics of the study population
ICSI IVF
(n=4748) (n=9448)
Parental characteristics
Paternal BMI status
Overweight/obesity 3145 (66.2%) 6497 (68.8%) <0.01*
Normal weight 1603 (33.8%) 2951 (31.2%)
Paternal BMI, kg/m2 25.88+392 26.05+3.97 <0.01*
Paternal age, years 31.19+4.79 31.73+4.71 <0.01*
Maternal age, years 30.28+4.26 3091413 <0.01*
Maternal BMI, kg/m2 23.57+3.28 2382+336 <0.01*
Paternal smoking, no./total no. (%) 1448 (30.5%) 3268 (34.6%) <0.01*
Paternal or maternal education level (college or higher), n (%) 1197 (25.2%) 2298 (24.3%) 0.25
Parity, no./total no. (%)
1 3893 (82.0%) 7292 (77.2%) <0.01*
2 855 (18.0%) 2156 (22.8%)
Gestational diabetes mellitus, no./total no. (%) 589 (12.4%) 24 (11.9%) 0.39
Pregnancy induced hypertension, no./total no. (%) 508 (10.7%) 916 (9.7%) 0.06
Offspring’s characteristics
Age, years
0-1, n (%) 2304 (48.5%) 4410 (46.7%) 0.1
2-3,n (%) 1718 (36.2%) 3518 (37.2%)
4-11,n (%) 726 (15.3%) 1520 (16.1%)
Mean+SD 233+1.94 236+1.94 0.39
Plurality, n (%)
Singleton 3715 (78.2%) 7254 (76.8%) 0.05
Multiple 1033 (21.8%) 2194 (23.2%)
Birthweight (g) 3324.0£610.5 3315.0+604.5 041

Continuous variables with normally distributed are expressed as mean +SD, and differences are tested by t-test. Categorical variables are summarized as frequency

(percentage), and differences are performed by x? analysis

ICSI, Intracytoplasmic sperm injection, /VF In vitro fertilization, BMI Body mass index

" Significant difference: P<0.05

blood pressure z-score were comparable between ICSI-
and IVF-conceived offspring at 0—1 year, 2—3 years, and
4-11 vyears, respectively. Interestingly, in offspring aged
4-11 years, ICSI-conceived offspring exhibited signifi-
cantly lower fasting glucose z-scores, total cholesterol
z-scores, and LDL-C z-scores than their IVF counterparts
(fasting glucose z-score: adjusted mean difference: —0.13,
95% CI:—0.23 to—0.03; total cholesterol z-score:
adjusted mean difference: —0.13, 95% CI: —0.23 to —0.02;
LDL-C z-score: adjusted mean difference:—0.12, 95%
CI: - 0.22 to—0.01). There was no significant difference of
triglyceride z-score and HDL z-score between ICSI- and
IVE-conceived offspring (Fig. 1, Additional file 3: Tables
S$2-S3, Fig. S2). To determine whether the mean lipid lev-
els fall within the normal range for children of this age,
we evaluated the age-specific total cholesterol, LDL-C,
and HDL-C levels in ICSI- and IVF-conceived children
in our study. Additionally, we provided our data in both
mmol/L and mg/dL units to facilitate easier comparison

with previous studies. Our results showed that the total
cholesterol and LDL-C levels were lower in ICSI-con-
ceived children compared to IVF-conceived children, and
the gap gradually increased with age (Additional file 3:
Table S4). In singleton analysis, we found a significantly
lower fasting glucose z-score and triglyceride z-score in
offspring conceived from ICSI treatment compared with
IVF treatment (fasting glucose z-score: adjusted mean
difference: —0.19, 95% CIL:—0.30 to—0.07; triglyceride
z-score: adjusted mean difference: —0.12, 95% CI:—0.23
to—0.01) (Additional file 3: Tables S5-S6).

Paternal overweight/obesity, ICSI treatment, and offspring
metabolic changes

We then explored the potential mediating role of paternal
BMI status on the metabolic changes observed in ICSI-
conceived offspring. Among offspring born from fathers
with overweight/obesity, we identified 3145 (32.75%)
offspring visits conceived through ICSI treatment. In
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Subgroup ICSI IVF ) Estimate

0-1 years :
BMI z-score 2229 4404 '—.:—' -0.01 (-0.06 to 0.05)
Waist-to-height ratio z-score 2216 4212 '_.’_' 0.01 (-0.04 to 0.05)

2-3 years :
BMI z-score 1715 3514 —-— 0.03 (-0.03 to 0.09)
Waist-to-height ratio z-score 1616 3229 H—o— 0.06 (0.00 to 0.11)
Systolic blood pressure z-score 1470 2996 —— -0.01 (-0.08 to 0.06)
Diastolic blood pressure z-score 1470 2996 —— 0.01 (-0.05 t0 0.07)

4-11 years E
BMI z-score 726 1520 —— 0.01 (-0.09 to 0.11)
Waist-to-height ratio z-score 652 1328 —— 0.02 (-0.07 to 0.11)
Systolic blood pressure z-score 726 1518 — -0.07 (-0.16 to 0.03)
Diastolic blood pressure z-score 726 1518 —— ] -0.05 (-0.15 to 0.05)
Fasting glucose z-score 726 1520 —— | -0.13 (-0.23 t0 -0.03)
Fasting insulin z-score 726 1520 '—._E‘ -0.07 (-0.17 to 0.02)
HOMA-IR z-score 726 1520 '_._:" -0.09 (-0.18 to 0.01)
Triglycerides z-score 726 1520 '_._}_‘ -0.06 (-0.15 to 0.04)
Total cholesterol z-score 726 1520 ——! -0.13 (-0.23 t0 -0.02)
LDL-c z-score 726 1520 —— -0.12 (-0.22 to -0.01)
HDL-c z-score 726 1520 —— -0.04 (-0.14 to 0.06)

T
-0.2

T 1 T T
-0.1 0.0 0.1 0.2

Lower adiusted OR

Higher adiusted OR

Fig. 1 Associations between ICSI treatment and offspring metabolic alterations

offspring aged 4—11 years with overweight/obese fathers,
fasting glucose z-scores and total cholesterol z-scores
were significantly lower in ICSI-conceived offspring
compared to IVF-conceived offspring (fasting glucose
z-score: adjusted mean difference: —0.20, 95% CI:—0.32
to—0.08; total cholesterol z-score: adjusted mean differ-
ence: —0.15, 95% CIL:—0.27 to—0.02) (Fig. 2, Additional
file 4: Fig. S3, Tables S7-S8). Similarly, consistent results
in fasting glucose z-scores were found in singleton off-
spring (adjusted mean difference: —0.24, 95% CI:—0.38
to—0.10) (Additional file 4: Tables S9-S10). In offspring
born from fathers with normal weight, we identified
1603 (35.19%) offspring visits conceived through ICSI
treatment. ICSI-conceived offspring exhibited a signifi-
cantly lower systolic blood pressure z-score compared
to IVF-conceived offspring aged 4-11 years (adjusted
mean difference: —0.21, 95% CI:—0.37 to—0.05) (Fig. 3,
Additional file 4: Tables S7-S8). Similar results were
observed in singleton offspring (adjusted mean differ-
ence: —0.25, 95% CI:—0.45 to—0.05) (Additional file 4:
Tables S9-S10).

Given the potential epigenetic effects of traditional
ICSI methods versus gametes obtained from PESA/

TESA-ICSI treatment, we investigated the associations of
paternal overweight/obesity, ICSI methods, and offspring
metabolic changes. We identified a total of 837 offspring
visits conceived through PESA/TESA-ICSI treatment.
In offspring born from paternal overweight/obesity, off-
spring conceived through PESA/TESA-ICSI appeared to
have lower HDL-C z-scores than those conceived via tra-
ditional ICSI methods (adjusted mean difference: —0.30,
95% CI:—0.56 to—0.03). However, no significant differ-
ences in other metabolic changes were found between
PESA/TESA-ICSI and traditional ICSI treatment in both
the paternal overweight/obesity and paternal normal
weight groups (Additional file 5: Tables S11-S12).

Discussion

Our study discovered that ICSI treatment was associ-
ated with changes in the metabolic profile of male off-
spring compared with their IVF controls, manifesting as
lower fasting glucose z-scores, total cholesterol z-scores,
and LDL-C z-scores. Paternal overweight/obesity played
a significant mediating role in the associations between
ICSI and offspring metabolic alterations. Among off-
spring born to fathers with overweight/obesity, offspring
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Subgroup ICSI
0-1 years
BMI z-score
Paternal Overweight/obesity 1549
Paternal Normal Weight 750
Waist-to-height ratio z-score
Paternal Overweight/obesity 1489
Paternal Normal Weight 727
2-3 years
BMI z-score
Paternal Overweight/obesity 1115
Paternal Normal Weight 600
Waist-to-height ratio z-score
Paternal Overweight/obesity 1053
Paternal Normal Weight 563
Systolic blood pressure z-score
Paternal Overweight/obesity 966
Paternal Normal Weight 504
Diastolic blood pressure z-score
Paternal Overweight/obesity 966
Paternal Normal Weight 504
4-11 years
BMI z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
Waist-to-height ratio z-score
Paternal Overweight/obesity 430
Paternal Normal Weight 222
Systolic blood pressure z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
Diastolic blood pressure z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
Fasting glucose z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
Fasting insulin z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
HOMA-IR z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
Triglycerides z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
Total cholesterol z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
LDL-c z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250
HDL-c z-score
Paternal Overweight/obesity 476
Paternal Normal Weight 250

IVF

3030

1374

2891

1321

2409

1105

2257
1042

2050
946

2050

946

1051

469

920
412

1050
468

1050
468

1051
469

1051
469

1051
469

1051
469

1051
469

1051
469

1051
469

r
04

T
-0.2

“M

0.0

T 1
0.2 0.4

Lower adiusted OR

Hiaher adiusted OR

Adjusted Mean Difference(95%Cl)
-0.03 (-0.10 to 0.04)
0.03 (-0.07 to 0.14)
0.01 (-0.07 to 0.05)
0.04 (-0.05 to 0.12)
0.05 (-0.02 to 0.13)

-0.01 (-0.11 to 0.10)

0.07 (0.01 t0 0.13)
0.04 (-0.05 to 0.14)

0.00 (-0.07 to 0.08)
-0.03 (-0.14 to 0.08)

0.04 (-0.04 t0 0.12)
-0.04 (-0.15 to 0.06)
0.05 (-0.07 t0 0.17)

-0.07 (-0.24 to 0.11)

0.02 (-0.09 t0 0.13)
0.02 (-0.14 t0 0.18)

0.01(-0.11t0 0.12)
-0.21 (-0.37 to -0.04)

0.01 (-0.13 t0 0.11)
-0.13 (-0.31 to 0.04)

-0.20 (-0.32 to -0.08)
0.02 (-0.15 0 0.18)

-0.09 (-0.21 to 0.03)
-0.04 (-0.21 t0 0.13)

-0.11 (-0.23 t0 0.01)
-0.04 (-0.21 t0 0.13)

-0.05 (-0.17 to 0.06)
-0.07 (-0.23 t0 0.10)

-0.15 (-0.27 to -0.02)
-0.08 (-0.26 to0 0.10)

0.1 (-0.24 t0 0.01)
-0.13 (-0.31 to 0.06)

-0.07 (-0.19 to 0.05)
0.03 (-0.15 to 0.20)

Fig. 2 Associations of paternal overweight/obesity, ICSI treatment, and offspring metabolic alterations
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IVF Procedure+Paternal Overweight/Obesity

IVF Procedure+Paternal Normal Weight
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Z-Score Z-Score Z-Score Z-Score
Fig. 3 Associations of paternal overweight/obesity, ICSI, and metabolic alterations in male offspring aged 4-11 years

conceived via ICSI exhibited lower fasting glucose
z-scores, total cholesterol z-scores, and LDL-C z-scores
compared with their IVF counterparts. Among offspring
born to fathers with normal weight, offspring conceived
via ICSI displayed a lower systolic blood pressure z-score
compared with their IVF controls.

Most of the researches demonstrated ICSI is associated
with neurodevelopment disorders in children [24-26],
while its metabolic effects are few considered. Our study
was similar to a previous study, which reported a lower
fasting glucose in 121 ICSI-conceived singleton adult
men compared with 74 IVF-conceived singleton controls
[14]. The clinical significance of low fasting glucose lev-
els was unclear, but there were some clues suggesting a
potential association between hypoglycemia and neu-
rodevelopment. Hypoglycemia is the most commonly
associated form of dysglycemia with neuronal insult,
which can interfere with brain structure development
and cognition, leading to deficits in intelligence quo-
tient, learning and memory anomalies, and variations in
executive functions [27-30]. In children with type 1 dia-
betes (T1D), severe hypoglycemia (SH) is in relationship

with permanently disrupt cognitive function cognition
[31, 32]. The biochemical mechanisms by which hypo-
glycemia causes neuronal damage are not fully under-
stood. Previous study have reported that hypoglycemia
may compromise normal hippocampal development, as
evidenced by findings of gliosis and reactive neurogen-
esis [33]. Additionally, severe hypoglycemia may result in
overstimulation of N-methyl-D-aspartate receptors, lead-
ing to excitotoxicity and subsequent cell damage [34].
Our study further found a relatively lower total cho-
lesterol and LDL-C level in ICSI-conceived children,
consistent with a previous research [14]. However, in
our study, these results remained consistent even after
adjusting for paternal BMI, paternal age, maternal BMI,
maternal age, parity, plurality, parental smoking, fro-
zen embryo transfer, and offspring age. The other study
found that ICSI-conceived men had lower mean HDL-C
concentrations in comparison to controls spontaneously
conceived peers [35]. Reducing cholesterol is widely rec-
ognized for its role in protecting against heart disease,
but it also rises potential risks to the nervous system [36].
The brain contains approximately 20% of the body’s total
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cholesterol, making it with the most cholesterol-rich
organ in the human body [37]. Cholesterol is essential
for the formation and maturation of synapses, playing
a critical role in regulating signal transduction as a vital
component of cell membranes [38]. It was reported that
a low maternal LDL-C level (<60 mg/dL) was associated
with an increased risk of ADHD [39]. The other study
found that low cholesterol levels in children were asso-
ciated with impulsivity in young adulthood [40]. A pre-
vious meta-analysis of 19 studies found that IVF-ICSI
offspring displayed lower low-density lipoprotein cho-
lesterol levels compared with the metabolism of natu-
rally conceived offspring [41]. Another study found that
certain genes involved in cholesterol metabolism were
differentially methylated in ICSI offspring compared to
naturally conceived children, such as ATG4C and BAZ2B
[42]. These epigenetic changes may potentially influence
cholesterol metabolism and related health outcomes [42].
Compared with a recent Dutch Lifelines cohort study
[43], we found that the total cholesterol and LDL-C lev-
els in IVF-conceived offspring in our data were nearly at
the 50th percentile. However, the total cholesterol and
LDL-C levels in ICSI-conceived offspring were lower
than the 50th percentile but higher than the 10th per-
centile. We obtained similar results when compared to
another study with a relatively longer publication history
[44]. One of the meta-analyses published through 2015
demonstrated an overall significant association between
depression and low serum LDL-C levels (mean differ-
ence: —9.65 mg/dL, 95% CI:—13.81,—5.50, P<0.001) in
men only studies [45]. Considering the gradually increas-
ing gap in total cholesterol and LDL-C levels between
ICSI- and IVF-conceived children, the lower lipid profile
of ICSI-conceived offspring might explain the association
with potential risks to the nervous system. Overall, while
the lower fasting glucose and cholesterol levels of ICSI-
conceived children may be associated with a lower risk of
cardiovascular diseases, they may also suggest a higher
risk of poor neurodevelopment.

The underlying mechanism for ICSI and altered met-
abolic profile remained unknown. However, previous
studies have reported that it is ICSI treatment, not male
infertility, associated with an increased risk of disorders
in offspring [26]. The potential techniques that involved
between ICSI and offspring disorders might include
the directly injection of the sperm head and bypass of
the natural spermatozoa selection [46]. In rodent mod-
els, ICSI treatment could alter the calcium oscillation,
which further decreased pre-implantation developmen-
tal rates compared with IVF [47]. Importantly, ICSI not
only bypasses the fusion of gametes, but also bypasses
a series of signaling events that take place before and
during conventional sperm-egg interactions [48, 49].
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The bypass of these natural barriers could significantly
increase the likelilhood of using DNA-fragmented
spermatozoa (DFS), which may appear morphologi-
cally normal and inadvertently be used for ICSI treat-
ment [50]. Elevated levels of DNA damage can lead to
embryo arrest and trigger the activation of the apop-
totic pathway [51]. Previous studies have reported that
the DFS-ICSI may delay male pronucleus demethyla-
tion and affect gene transcription and methylation of
epigenetically regulated genes, including imprinting,
X-linked genes, and retrotransposon genes. These early
alterations may result in aberrant growth, premature
aging, abnormal behavior, and mesenchymal tumors in
the later life their offspring [52].

It was interesting that our study found paternal BMI
status, instead of maternal BMI (data not shown), sig-
nificantly mediated the association between ICSI proce-
dures and offspring metabolic changes. Several studies
have reported that, besides specific ART, parental sub-
fertility per se was an important factor associating with
metabolic changes in offspring [15]. Primary animal
and human studies have reported that parental obesity
is casually associated with adverse metabolic alterations
in their offspring [17, 53, 54]. It was reported that obese
men had higher levels of oxidative stress (OS) and sperm
DNA fragmentation compared to normal weight or over-
weight men [55—57]. This result indicated that the altered
metabolic changes in offspring were primarily originated
from fathers, and weight loss might be a solution for the
metabolic changes in ICSI-conceived children.

Our study had several strengths. The main strength of
this study was the large sample size with detailed data
collection. The hospital-based cohort we used in this
study was the largest ART birth cohort of Chinese Han
children. Our study included detailed and accurate data
statistics that enhanced the results’ statistical validity on
this phenomenon. Secondly, the subgroup analysis took
into account two risk factors, paternal overweight/obe-
sity and ICSI procedure, which provide a clear method
to identify the risks of offspring metabolic disorders in
infertile couples undergoing ICSI procedure. Nonethe-
less, some limitations should also be considered. Firstly,
the study population was recruited from a single center,
which might not be representative of the general popu-
lation, and the exclusion due to incomplete anthropo-
metric information and the non-participation of some
families could introduce selection bias into the study.
Secondly, to minimize the impact of temporal variations
and the broad age range of the children, we attempted to
control for offspring age in our adjusted model analysis,
thereby providing more robust results. Thirdly, the study
only followed children up to 11 years of age, which might
not capture long-term metabolic effects. Further studies
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with longer follow-up periods are needed to assess the
persistence of metabolic alterations.

Conclusions

Our study found that ICSI treatment was associated with
metabolic changes in male offspring, including lower
fasting glucose, total cholesterol, and LDL-C levels.
Paternal overweight/obesity significantly mediated these
associations. Offspring born to overweight/obese fathers
via ICSI showed lower fasting glucose, total cholesterol,
and LDL-C levels compared to those born via IVE. Off-
spring born to fathers with normal weight via ICSI
displayed lower systolic blood pressure compared to IVE-
conceived offspring. This study addresses a gap in current
research by examining the metabolic consequences of
ICSI, an area that has received less attention compared to
its neurodevelopmental effects.
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