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Abstract

Numerous studies have demonstrated that maternal positive parenting can fa-
cilitate the development of adolescent prosocial behavior; however, the under-
lying mechanisms remain unclear to date. Based on the “gene-environment-
endophenotype-behavior” model, this study employed questionnaire methods
and DNA genotyping technology to conduct a two-year longitudinal investiga-
tion of 1082 adolescents (initial mean age = 12.32 + 0.48 years, 50.3% female)
and their mothers, examining the mediating role of empathy between maternal
positive parenting and adolescent prosocial behavior, as well as the moderat-
ing effect of OXTR gene rs53576 polymorphism on this mediating mechanism.
The results revealed: (1) Adolescents’ cognitive empathy (perspective-taking)
mediated the relationship between maternal positive parenting and prosocial be-
havior, whereas the mediating effect of emotional empathy (empathic concern)
was not significant; (2) The moderating effect of OXTR gene on the direct
path between positive parenting and prosocial behavior was not significant; (3)
OXTR gene could moderate the first half of the “maternal positive parenting—
cognitive empathy—prosocial behavior” mediating mechanism, demonstrating a
superdominant genetic effect. Specifically, among adolescents carrying GG and
AA genotypes, maternal positive parenting significantly positively predicted cog-
nitive empathy, which in turn increased their prosocial behavior, whereas this
mediating effect was not significant among those carrying the AG heterozygous
genotype. These findings contribute to elucidating the mechanisms and individ-
ual differences in adolescent prosocial behavior from the perspectives of oxytocin
receptor gene polymorphism, empathy capacity, and family parenting.
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Abstract

Numerous studies have demonstrated that maternal positive parenting pro-
motes the development of adolescent prosocial behavior, yet the underlying
mechanisms remain unclear. Based on the “Gene-Environment-Endophenotype-
Behavior” model, this two-year longitudinal study employed questionnaire meth-
ods and DNA genotyping technology to examine 1082 adolescents (mean age at
baseline = 12.32 + 0.48 years, 50.3% female) and their mothers. We investigated
the mediating role of empathy in the association between maternal positive par-
enting and adolescent prosocial behavior, as well as the moderating effect of
OXTR gene rsb3576 polymorphism on this mediating mechanism. The findings
revealed: (1) Adolescents’ cognitive empathy (perspective-taking) significantly
mediated the relationship between maternal positive parenting and prosocial be-
havior, whereas the mediating effect of emotional empathy (empathic concern)
was not significant; (2) The OXTR gene did not significantly moderate the direct
path between positive parenting and prosocial behavior; (3) The OXTR gene
moderated the first half of the “maternal positive parenting—cognitive empathy
—prosocial behavior” mediation pathway, demonstrating a pattern of overdom-
inance. Among adolescents carrying GG and AA genotypes, maternal posi-
tive parenting significantly and positively predicted cognitive empathy, which
in turn increased prosocial behavior; however, this mediating effect was not
significant among adolescents carrying the AG heterozygous genotype. These
results contribute to elucidating the mechanisms and individual differences in
adolescent prosocial behavior from the perspectives of oxytocin receptor gene
polymorphisms, empathic capacity, and family parenting.

Keywords: prosocial behavior, maternal positive parenting, OXTR gene, cog-
nitive empathy, emotional empathy

1. Introduction

Prosocial behavior refers to actions intended to benefit others (Eisenberg et al.,
2015) and is closely associated with positive interpersonal relationships, aca-
demic achievement, and psychosocial adjustment in children and adolescents
(e.g., Carlo et al., 2017). The phylogenetic evolution and ontogenetic devel-
opment of human prosocial behavior represent a major scientific question that
has attracted considerable attention from the scientific community (Kennedy &
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Norman, 2005). Researchers have long been committed to uncovering the ori-
gins and developmental mechanisms of human prosocial behavior from multiple
perspectives, including evolutionary, sociocultural, physiological, and cognitive
levels (e.g., Hackel et al., 2017). In recent years, a growing body of prosocial
research has consistently indicated that physiological factors, temperamental
characteristics, socialization factors, and social cognition interact to jointly in-
fluence prosocial behavior (Knafo-Noam et al., 2018). Current studies examining
“Gene x Environment — Prosocial Behavior/Empathy” (e.g., Fortuna & Knafo,
2014; Knafo et al., 2011; Knafo-Noam et al., 2018) and “Parenting — Empathy
— Prosocial Behavior” (e.g., Padilla-Walker & Christensen, 2011) have helped
researchers understand the mechanisms and individual differences underlying
prosocial behavior from different angles. However, how to integrate influences
across molecular, cognitive/emotional, and behavioral levels and construct the-
oretical models remains an unresolved issue in current research. Based on the
theoretical framework of “Gene-Environment-Endophenotype-Behavior” (Caspi
& Moffitt, 2006), this study focuses on susceptibility factors at the molecular
biological level (genetic factors), endophenotypic level (cognitive and emotional
empathy), and environmental level (maternal parenting behavior) to examine
the multi-level mechanisms of prosocial behavior. This approach not only helps
identify the conditions and individual differences in the emergence of prosocial
behavior but also illuminates the “black box” between genes, environment, and
prosocial behavior. Therefore, this study adopts a molecular genetics research
paradigm to examine the relationships among maternal positive parenting, em-
pathy, and adolescent prosocial behavior, and tests the moderating effect of the
oxytocin receptor (OXTR) gene to enrich our understanding of the mechanisms
and individual differences in prosocial behavior.

The family serves as a crucial context for the socialization of children and adoles-
cents, and parent-child interaction experiences in the family environment exert
a sustained direct influence on the development of prosocial behavior (Eisenberg
et al., 2015). Socialization theories posit that children and adolescents’ proso-
cial behavior originates from positive experiences in close family relationships
(Hastings et al., 2015). Relevant empirical studies have provided abundant evi-
dence for the relationship between positive parenting and prosocial behavior in
children and adolescents, revealing that positive parenting can promote the de-
velopment of prosocial behavior through multiple pathways (e.g., Eisenberg et
al., 2015; Hastings et al., 2015). On one hand, positive parenting behaviors such
as warmth and guidance provide observational learning models for children’ s
caring and comforting behaviors, thereby facilitating the acquisition of prosocial
behavior (Augustine & Stifter, 2015). On the other hand, parental warmth and
guidance provide children with a sense of security, trust, and protection, en-
hance their connection with others and sense of belonging, and simultaneously
reduce self-focused concern, thereby promoting prosocial behavior (Hoffman,
2001). Moreover, intimate and warm parent-child relationships are more con-
ducive to promoting children’ s internalization of parental values concerning
care and respect for others (Grusec & Goodnow, 1994), which in turn increases
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prosocial behavior.

Positive parenting not only directly influences prosocial behavior but also af-
fects offspring prosocial behavior through mediating processes involving certain
social-cognitive capacities. Hoffman’s theory of moral internalization posits that
positive parenting behaviors (such as guidance) can direct children’ s attention
to the negative consequences of misbehavior through explanation of behavioral
rules, promote children’ s capacity to experience others’ negative emotions, and
generate guilt upon recognizing others’ suffering (Hoffman, 1970, 1983). Ad-
ditionally, according to Batson’ s empathy-altruism hypothesis (Batson et al.,
2007) and Hoffman’ s triarchic model of empathy, moral principles, and proso-
cial behavior (Hoffman, 2001), empathy as a motivational factor can directly
elicit prosocial behavior. Based on these theoretical models, empathy—defined
as the ability to understand and share others’ emotional experiences (Decety et
al., 2015)—plays an important mediating role in the process through which par-
enting influences prosocial behavior (Eisenberg et al., 2015; Padilla-Walker et
al., 2016). Empirical studies have also found that maternal positive parenting
in early adolescence positively predicts empathy levels, which further predict
prosocial behavior toward friends and strangers (Padilla-Walker & Christensen,
2011). This may be because mothers with higher levels of warmth and guidance
are more sensitive to children’ s needs, can provide timely emotional and instru-
mental support, guide children to perceive others’ emotions, and facilitate the
development of emotional understanding and empathy in children and adoles-
cents (Kiang et al., 2004), which in turn promotes the development of prosocial
behavior (Lim & DeSteno, 2016).

It should be noted that empathy is not a unidimensional construct; it com-
prises two components—cognitive empathy and emotional empathy—that exhibit
distinct developmental patterns and mechanisms (Singer, 2006; Huang & Su,
2012). Emotional empathy refers to emotional reactions or experiences gener-
ated through feeling others’emotional states, whereas cognitive empathy involves
understanding others’ emotions and feelings, primarily related to inferring oth-
ers’ perspectives (de Waal & Preston, 2017). The dual-process model of empathy
and meta-analytic research indicate that cognitive and emotional empathy fol-
low “inverted U-shaped”and “U-shaped”developmental trajectories, respectively,
with adolescents at the peak where the difference between cognitive and emo-
tional empathy is greatest, showing significantly lower emotional empathy than
cognitive empathy (Huang & Su, 2012; Yan & Su, 2021). Relevant research has
shown that cognitive and emotional empathy not only differ in psychological
components and developmental trajectories but also in the magnitude of their
influence on prosocial behavior and their underlying mechanisms. For instance,
some studies have demonstrated that cognitive empathy is a stronger predictor
of prosocial behavior than emotional empathy (Kim et al., 2019), while others
have shown that although both cognitive and emotional empathy mediate the
relationship between parental positive parenting and prosocial behavior in ado-
lescents, the patterns of effect differ (e.g., Davis & Carlo, 2018). In summary,
differentiating the components of empathy is crucial for more clearly revealing
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the internal mechanisms underlying prosocial behavior. Given that the dif-
ference between cognitive and emotional empathy capacities further expands
during adolescence, this study hypothesized that both cognitive and emotional
empathy would mediate the relationship between positive parenting and proso-
cial behavior, but that cognitive empathy would demonstrate stronger predictive
power.

The development of adolescent prosocial behavior and empathy is influenced
not only by positive parenting environments but also has important genetic
underpinnings. Domestic and international research consistently shows that the
OXTR gene is a significant candidate gene for prosocial behavior and empathy
(Gong et al., 2017; Wu & Su, 2015). Located in the p25 region of chromosome
3, this gene encodes oxytocin receptors that are widely distributed in brain
regions such as the limbic system and prefrontal cortex, with receptor density
and activity influencing individuals’ social behavior (Tost et al., 2010). Among
the various OXTR gene polymorphisms, the rs53576 polymorphism is the most
extensively studied functional polymorphic site, featuring A and G alleles. This
polymorphism has been found to be closely associated with individual differences
in prosocial behavior (e.g., Wu & Su, 2015) and empathy (e.g., Uzefovsky et
al., 2015). However, there remains disagreement regarding which genotype is
associated with higher levels of prosocial behavior or empathy. Most studies
have shown that the G allele of OXTR gene rs53576 polymorphism is associated
with higher levels of helping and comforting behaviors (e.g., Wu & Su, 2015) and
greater empathy capacity (e.g., Gong et al., 2017). Nevertheless, other studies
have failed to find positive effects of the G allele (Bakermans-Kranenburg & van
IJzendoorn, 2014), and some have even found that the A allele has a protective
effect (e.g., Costa et al., 2009).

The social salience hypothesis may provide insight into these divergent findings.
This hypothesis proposes that oxytocin increases individuals’ sensitivity and
responsiveness to social environments rather than directly influencing prosocial
behavior (Bartz et al., 2011). Shamay-Tsoory and Abu-Akel (2016) further elab-
orated on the neurophysiological mechanisms through which oxytocin influences
social salience, suggesting that the oxytocinergic system and dopaminergic sys-
tem interact to regulate individuals’ environmental sensitivity. Although the
OXTR gene does not directly affect oxytocin levels, it can influence the oxytocin-
ergic system by regulating the quantity, organization, and function of oxytocin
receptors (Yamasue, 2013), thereby modulating individuals’ sensitivity to en-
vironmental factors. fMRI research has also shown that the OXTR gene can
influence social emotions and behavior by modulating the functional coupling
between the hypothalamus and amygdala, thereby regulating individuals’ sensi-
tivity to environmental factors (Tost et al., 2010). Based on the social salience
hypothesis and fMRI evidence, this study hypothesizes that whether the OXTR,
gene exhibits protective or risk effects depends on the individual’ s social envi-
ronment, suggesting a gene-environment interaction.

Existing research has provided abundant evidence for gene-environment interac-
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tions involving the OXTR gene. On one hand, the OXTR gene can moderate the
direct effects of environmental factors on prosocial behavior. Poulin et al. (2012)
found that OXTR gene rs53576 polymorphism interacted with real-world fear
events to influence individuals’ prosocial behavior. Compared to GG carriers,
individuals carrying the A allele participated in fewer charitable activities when
perceiving high fear but more when perceiving low fear. On the other hand,
the OXTR gene can moderate the effects of environmental factors on empa-
thy. Flasbeck et al. (2018) showed that early childhood trauma and OXTR
gene 1sb3576 polymorphism interacted to affect women’ s empathy for others’
pain. Specifically, for women carrying the A allele, childhood abuse experiences
positively predicted empathy levels, whereas this predictive effect was not sig-
nificant for GG carriers. Mecdonald et al. (2016) found that for infants with
the GG genotype, positive parent-child emotional interactions significantly pre-
dicted empathy levels, but this predictive effect was not significant for A allele
carriers. A recent EEG study found that the OXTR gene interacted with inter-
group relations to influence individuals’ empathy-related neural activity when
facing others’ pain; in the ingroup context, GG carriers showed higher empathic
reactivity than AA carriers (Luo et al., 2019). These findings indicate that
the OXTR gene not only moderates the direct path through which environmen-
tal factors influence prosocial behavior but may also moderate the mediating
pathways.

Although increasing research has found that the OXTR gene is sensitive to envi-
ronmental influences, disagreement remains regarding which allele demonstrates
greater environmental sensitivity. Most studies have shown that G allele carriers
are more likely to attend to social environmental cues (Hostinar et al., 2014; Luo
et al., 2019; McQuaid et al., 2013), while a minority of studies have found that
AA carriers show higher sensitivity to negative environments than G allele carri-
ers (Poulin et al., 2012; van Roekel et al., 2013). This divergence in findings may
be related to different genotype coding approaches (Aliev et al., 2014). Indeed,
existing research also shows disagreement regarding how to group heterozygous
AG carriers (e.g., Smearman et al., 2015), and different coding approaches may
lead to biased results. Some studies have even analyzed only AA and GG geno-
types (e.g., Luo et al., 2019), potentially overlooking the effect of heterozygotes.
Since the physiological function of OXTR gene rs53576 polymorphism has not
been definitively established, this study, based on findings from the majority
of research, hypothesized that the G allele is the environment-sensitive allele.
Simultaneously, to avoid result biases caused by genotype coding approaches,
we employed dummy coding, additive coding, dominant coding, and recessive
coding to test the moderating effect of the OXTR gene, ensuring the accuracy
and stability of our results.

In summary, this study aims to investigate the relationships and mechanisms
among maternal positive parenting, empathy, OXTR gene rs53576 polymor-
phism, and adolescent prosocial behavior. By constructing a moderated media-
tion model, we separately examined the mediating roles of adolescent cognitive
empathy (perspective-taking) and emotional empathy (empathic concern) in
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the relationship between maternal positive parenting and prosocial behavior, as
well as the moderating effects of OXTR gene rs53576 polymorphism on the as-
sociations between maternal positive parenting and prosocial behavior /empathy
capacity. This approach seeks to reveal the internal mechanisms through which
parenting influences adolescent prosocial behavior. The conceptual model is
presented in Figure 1 [Figure 1: see original paper].

2. Method
2.1 Participants

The data for this study were derived from a large-scale longitudinal project. At
Time 1 (T1), when participants were in sixth grade, we measured adolescents’
prosocial behavior, maternal positive parenting, and family socioeconomic sta-
tus. At Time 2 (T2), when participants were in eighth grade, we collected
adolescent genetic data, empathy measures, and reassessed prosocial behavior.
The effect size for gene-environment interaction is typically 0.01 (e.g., Starr et
al., 2014). Power analysis using G*Power 3.1.9.2 indicated that approximately
787 participants were needed to achieve statistical power greater than 80% (« =
0.05). Based on this, we randomly selected 1082 participants at T2 for OXTR
genotyping, which satisfied the statistical power requirements. The sample con-
sisted of 538 males (49.7%) and 544 females (50.3%), with a mean age of 14.32
+ 0.48 years at T2. Participants with genetic data (N = 1082) and those with-
out genetic data (N = 1094) did not differ significantly on family socioeconomic
status (t = -0.71, p = 0.48), maternal positive parenting (t = -1.53, p = 0.13),
cognitive empathy (t =-0.60, p = 0.55), emotional empathy (t = 1.07, p = 0.29),
or T1 prosocial behavior (t = 0.90, p = 0.37). However, individuals with genetic
data had higher scores on T2 prosocial behavior (t(1080) = -7.14, p < 0.001).
Regarding parental education, 34.2% of mothers and 44.7% of fathers had a
bachelor’ s degree or higher; 53.3% of mothers and 45.3% of fathers had educa-
tion between high school and bachelor’ s degree; and 11.4% of mothers and 8.1%
of fathers had education below high school. In terms of family monthly income,
1.9% of families earned less than 1000 RMB, 20.7% earned between 1000-3000
RMB, 47.0% earned between 3000-6000 RMB, and 28.4% earned more than
6000 RMB.

2.2.1 Maternal Positive Parenting

Maternal positive parenting was assessed using the Chinese version of the Child-
Rearing Practices Report (CRPR; Chen et al., 2010), which has been widely
used in research on Chinese children and adolescents and has demonstrated
good reliability and validity (e.g., Cao et al., 2018; Zhang et al., 2017). In this
study, we used eight items from the maternal report on warmth and guidance
as indicators of positive parenting. The questionnaire employed a 5-point scale
ranging from 0 (completely uncharacteristic) to 4 (completely characteristic),
with higher scores indicating more frequent maternal positive parenting behav-
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iors. The Cronbach’ s a coefficient for positive parenting in this study was
0.83.

2.2.2 Empathy

Adolescents’ empathy was measured using the Interpersonal Reactivity Index
(IRI; Davis, 1980). The scale consists of 28 items rated on a 5-point scale from 0
(completely uncharacteristic) to 4 (completely characteristic), comprising four
dimensions: perspective-taking, empathic concern, fantasy, and personal dis-
tress. Perspective-taking and empathic concern measure the cognitive and emo-
tional components of empathy, respectively (Zhang et al., 2010), and existing
research indicates that these two dimensions best represent empathy capacity
(Siu & Shek, 2005). Therefore, this study used the perspective-taking and em-
pathic concern subscales to assess cognitive and emotional empathy, respectively.
Perspective-taking (e.g., “Before criticizing somebody, I try to imagine how I
would feel if T were in their place” ) and empathic concern (e.g., “When I see
someone being taken advantage of, I feel kind of protective toward them” ) each
contained seven items, though one item from the empathic concern subscale
( “When I see someone who is being treated unfairly, I sometimes don’ t feel
very much pity for them” ) was removed due to factor loading below 0.3. The
Cronbach’ s « coefficients for cognitive empathy and emotional empathy in this
study were 0.80 and 0.68, respectively.

2.2.3 Adolescent Prosocial Behavior

The adolescent prosocial behavior questionnaire was adapted from the Children’
s Social Behavior Rating Scale (Wang et al., 2011) and measured using peer
nominations. Since participants were from a longitudinal project and target
students were distributed across different classes due to school transitions (each
class included both target and non-target students), we invited all non-target
students in each class to rate each same-gender target student on the behavioral
descriptions in the questionnaire, considering both familiarity among raters and
rating bias. Because class sizes varied, the number of peer raters per target
student ranged from 8 to 19 at T1 (M = 12.77 4+ 2.23) and from 4 to 21 at
T2 (M = 10.62 4+ 2.97). The prosocial behavior measure included nine items
(e.g., “Helps others when they have difficulty completing a task or activity” )
rated on a 4-point scale from 0 (never) to 3 (always). For each target student,
we calculated the mean score across multiple same-gender peer raters for each
item, which served as the target student’ s score on that item. We calculated the
intra-class correlation coefficient (ICC) for each item separately by class, with all
items showing ICCs exceeding 0.65, indicating acceptable inter-rater reliability
(Chen et al., 2019). Additionally, our analyses revealed that less than 0.1 of the
variance in prosocial behavior was at the class level (T1: ICC = 0.079; T2: ICC
= 0.061); therefore, we did not control for class-level covariates in subsequent
analyses (Field, 2005). The Cronbach’ s « coefficients for prosocial behavior at
T1 and T2 were 0.97 and 0.96, respectively.
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2.2.4 Family Socioeconomic Status

Family socioeconomic status (SES) was computed as a composite of parental
education, parental occupation, and family income. Parental occupation was
categorized into three levels based on professional/technical skill requirements:
“farmer or unemployed” (1), “blue-collar worker” (2), and “professional or semi-
professional worker”(3). Parental education included six categories: “elementary
school or below” (1), “middle school (including incomplete middle school)” (2),
“high school or technical school (including incomplete high school)” (3), “junior
college (including night school or TV university)” (4), “bachelor’ s degree” (5),
and “graduate degree (master’ s or doctoral)” (6). Family monthly income was
divided into nine categories from “below 1000 RMB” (1) to “above 8000 RMB”
(9) in increments of 1000 RMB. Following previous research (Fan et al., 2012),
we used factor analysis to create a composite SES indicator, with higher scores
representing higher family socioeconomic status. This composite SES score was
used as a control variable in this study.

2.3.1 Data Collection Procedure

The data for this study were derived from a large-scale longitudinal study that
began when children were 9 years old (third grade) and conducted annual as-
sessments. The initial design of this longitudinal study aimed to examine the
developmental characteristics and influencing factors of problem behaviors in
children and adolescents, with empathy added as a new variable when partici-
pants reached eighth grade (T2). The early waves of the project used the CRPR
to measure maternal positive parenting, but when participants entered middle
school, the measure was changed to the Parenting Style Index (PSI; Steinberg et
al., 1992), which assesses parenting styles rather than positive parenting behav-
iors. Therefore, based on our research objectives and the actual data collection
situation, we conducted a limited research design within the available data, em-
ploying a two-year interval to examine the associations among T1 maternal
positive parenting, T2 empathy, and T2 prosocial behavior.

This study was approved by the Ethics Committee of Shandong Normal Univer-
sity. Before data collection, we informed the adolescents’ schools, guardians, and
the adolescents themselves about the questionnaire administration, saliva collec-
tion, and DNA genotyping procedures, and obtained informed consent from all
three parties before proceeding. We collected saliva samples from adolescents by
class and performed genotyping for OXTR gene rs53576 polymorphism, while
using questionnaires to assess maternal positive parenting, adolescent prosocial
behavior, and empathy. All sampling and testing procedures were conducted
by rigorously trained psychology graduate students.

2.3.2 DNA Sample Collection, Extraction, and Genotyping

With the consent of adolescents, their guardians, and cooperating schools, we
collected saliva samples from student participants by class, with 2-5 ml collected
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from each participant. Saliva sample collection strictly followed standardized
protocols: participants were required to refrain from eating, drinking, chewing
gum, or smoking for 30 minutes before sampling, and those with high fever above
38°C were not sampled. Sample quality was checked individually on-site after
collection, and participants with substandard samples were re-sampled later.
DNA samples were extracted from saliva using standard procedures. OXTR
gene 1853576 polymorphism was genotyped using the Sequenom (San Diego,
CA, USA) chip-based matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry platform. The primers for this polymor-
phism were forward: 5 -GGGCCGAGCTTGTGCACTCT-3 and reverse: 5’
-TGAGCTTCCCAGCCCCTCCC-3 . PCR conditions were: 94°C for 15 min;
45 cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for 1 min; and a final exten-
sion at 72°C for 3 min. This was followed by a single-base extension reaction,
with genotyping analysis completed by the MassARRAY Typer software sys-
tem (version 3.4). The detection platform and technology used in this study
demonstrated high reliability (genotyping success rate > 97%).

In this study, the genotype distribution for OXTR gene rsb3576 polymorphism
was as follows: AA = 48.9% (529 individuals), AG = 41.6% (450 individuals),
and GG = 9.5% (103 individuals). Hardy-Weinberg equilibrium tests indicated
that the observed genotype frequencies (AA, AG, and GG) matched expected
values well, conforming to Hardy-Weinberg equilibrium (2 = 0.26, df = 1, p =
0.61).

2.4 Data Processing and Analysis

Data analysis was conducted using SPSS 21.0, the SPSS macro PROCESS
(Hayes, 2013), Mplus 6.0, MATLAB R2013b, and CMA 3.0. First, we used
Pearson correlation analysis to calculate correlation coefficients among all study
variables. Second, we used PROCESS macro Model 4 (mediation) and latent
variable structural equation modeling to independently test the mediating ef-
fects of cognitive empathy and emotional empathy. Third, we used PROCESS
macro Model 8 (moderated mediation) to test the moderating effect of the
OXTR gene. Fourth, we conducted sensitivity analyses to ensure the reliability
of our findings: (1) we randomly divided the sample into two subsamples for
internal validation and meta-analysis; (2) to avoid potential effects of genotype
frequency distribution, we randomly selected equal numbers of AG and AA car-
riers based on the number of GG carriers (N = 103) and repeated the analyses;
(3) we performed k-fold cross-validation using MATLAB R2013b’ s regress and
crossvalind functions to test the generalizability and predictive validity of the
OXTR gene moderation effect; and (4) we conducted a meta-analysis of effect
sizes from existing OXTR gene-environment interaction studies to further ex-
amine the reliability of our results. For the meta-analysis, we searched NCBI,
Web of Science, CNKI, and Google Scholar using keywords including “OXTR
gene 1853576 polymorphism,” “OXTR geneenvironment interaction,” “OXTR
gene,” and “OXTR gene-environment,” and identified 41 relevant studies. We
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contacted corresponding authors to request environment-phenotype association
effect size data for each genotype (AA/AG/GG). Due to extremely low response
rates, only three studies (Flasbeck et al., 2018; Yu et al., 2020; Zheng et al., 2020;
studies marked with in the reference list) provided data, and we conducted a
meta-analysis based on these three studies plus our own results.

Mediation and moderated mediation analyses controlled for gender and SES,
with 5000 bootstrap samples drawn to obtain robust standard errors and boot-
strap confidence intervals. Results were considered significant if the confidence
interval did not contain zero. To further verify the stability of our results, we
conducted supplementary analyses controlling for T1 prosocial behavior. In the
moderated mediation model, we employed four coding schemes for the OXTR
gene: dummy coding (with AA genotype as reference), additive coding (AA =
0, AG = 1, GG = 2), dominant coding (AA = 0, AG/GG = 1), and recessive
coding (AA/AG = 0, GG = 1), to determine the impact of different coding
approaches on results and ensure reliability (Chen et al., 2018).

3. Results
3.1 Descriptive Statistics and Correlation Analysis

Means, standard deviations, and correlation coefficients for all variables are
presented in Table 1 . OXTR gene rs53576 polymorphism genotypes did not
differ on positive parenting (F = 0.37, df = 1070, p = 0.69), ruling out gene-
environment correlation (rGE). Positive parenting was significantly positively
correlated with adolescent cognitive empathy, emotional empathy, and proso-
cial behavior at both time points. Cognitive empathy and emotional empathy
were significantly positively correlated. Both cognitive and emotional empa-
thy were significantly positively correlated with prosocial behavior at both time
points. Additionally, prosocial behavior at the two time points was significantly
positively correlated, indicating stability in adolescent prosocial behavior.

Table 1 Correlation coefficients among study variables

3.2 Testing the Mediating Role of Adolescent Empathy

Following the methods of Hayes (2013) and Wen and Ye (2014), we first used
SPSS macro PROCESS Model 4 to separately test the mediating effects of ado-
lescent cognitive empathy and emotional empathy in the relationship between
maternal positive parenting and prosocial behavior. Analysis of the mediating
effect of cognitive empathy showed that, after controlling for gender and SES,
maternal positive parenting significantly positively predicted adolescent cogni-
tive empathy (a = 0.11, SE = 0.03, p < 0.001), and adolescent cognitive empathy
significantly positively predicted prosocial behavior (b = 0.06, SE = 0.01, p <
0.001). The direct effect of maternal positive parenting on prosocial behavior
was significant (¢’ = 0.03, SE = 0.01, p = 0.03). Bootstrap results indicated
that the mediating effect of cognitive empathy between positive parenting and
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prosocial behavior was significant (ab = 0.006, Boot SE = 0.002), with a 95%
confidence interval of [0.002, 0.011]. The mediating effect accounted for 16.7%
of the total effect (ab/(ab-+c’ )).

Analysis of the mediating effect of emotional empathy showed that, after con-
trolling for gender and SES, maternal positive parenting significantly predicted
adolescent emotional empathy (a = 0.06, SE = 0.03, p = 0.04), and adolescent
emotional empathy significantly predicted prosocial behavior (b = 0.05, SE =
0.01, p < 0.001). The direct effect of maternal positive parenting on prosocial
behavior was significant (¢’ = 0.03, SE = 0.01, p = 0.02). However, bootstrap
results indicated that the mediating effect of emotional empathy between posi-
tive parenting and prosocial behavior was not significant (ab = 0.003, Boot SE
= 0.002), with a 95% confidence interval of [0.000, 0.007]. The mediating effect
accounted for 9.1% of the total effect (ab/(ab+c’ )).

To verify the reliability of these results, we conducted two additional analyses.
First, because T1 and T2 prosocial behavior were highly stable (r = 0.53, p <
0.001), most of the variance in T2 prosocial behavior may have originated from
T1 prosocial behavior. Therefore, we tested the mediation model controlling for
T1 prosocial behavior. Consistent with previous results, the mediating effect of
cognitive empathy (ab = 0.003, Boot SE = 0.002, 95% CI [0.001, 0.007]) but
not emotional empathy (ab = 0.001, Boot SE = 0.001, 95% CI [-0.0004, 0.003])
was significant. Specifically, maternal positive parenting significantly positively
predicted adolescent cognitive empathy (a = 0.09, SE = 0.03, p = 0.003), and
adolescent cognitive empathy significantly predicted prosocial behavior (b =
0.04, SE = 0.01, p < 0.001), but the predictive effect of positive parenting on
prosocial behavior was not significant (¢’ = 0.01, SE = 0.01, p = 0.26). Second,
we tested the mediating effect using latent variable structural equation modeling,
which yielded results consistent with the regression analyses (see Table 2 ),
confirming the stability of our findings.

Table 2 Fit indices for mediation models of empathy between positive parenting
and prosocial behavior

3.3 The Relationship Between Maternal Positive Parenting and Ado-
lescent Prosocial Behavior: Testing the Moderated Mediation Model

The preceding mediation analyses showed that the mediating effect of emotional
empathy did not reach significance; therefore, this study only tested the moder-
ating effect of the OXTR gene on the mediating pathway from maternal positive
parenting to prosocial behavior via cognitive empathy. We used four genotype
coding schemes to verify the moderated mediation model, with detailed results
presented in Table 3 .

In the dummy coding model, the moderated mediation model was supported,
with a significant difference in mediating effects only between AA and AG geno-
types (AG vs. AA: 95% CI [-0.01, -0.002]; GG vs. AA: 95% CI [-0.01, 0.01]).
Specifically, the mediating effect of cognitive empathy was significant for both
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AA and GG carriers (AA: 95% CI [0.04, 0.02]; GG: 95% CI [0.003, 0.02]) but
not significant for AG carriers (AG: 95% CI [-0.01, 0.01]). After FDR correction,
the positive parenting x AG/AA interaction remained significant (corrected p
= 0.04). Based on this result, we re-ran the dummy coding moderated medi-
ation model with AG heterozygotes as the reference group, which revealed a

significant difference in mediating effects between GG and AG genotypes as
well (AG vs. GG: 95% CI [0.002, 0.03]).

In the dominant coding model, the moderated mediation model was supported
(95% CI [-0.02, -0.001]). Further analysis showed that the mediating effect of
cognitive empathy was significant for AA carriers (95% CI [0.004, 0.02]) but
not significant for G allele carriers (95% CI [-0.003, 0.01]). However, after
FDR correction, the positive parenting x OXTR interaction was marginally
significant (corrected p = 0.075). In both the additive and recessive coding
models, the moderated mediation model was not supported (additive model:
95% CI [-0.01, 0.001]; recessive model: 95% CI [-0.003, 0.02]).

Taken together, the results from the four coding schemes suggest that the OXTR
gene effect in this study follows an overdominance pattern (Aliev et al., 2014),
which reflects heterozygote advantage—heterozygotes show higher fitness and
are less susceptible to environmental changes than homozygotes. Clearly, addi-
tive, recessive, and dominant coding approaches cannot accurately describe the
gene-environment interaction pattern and may confound heterozygote effects.
Based on the dummy coding results, we conducted simple slope analyses of the
OXTR gene-environment interaction, which revealed that compared to AG het-
erozygote carriers (simple slope = 0.002, t = 0.08, p = 0.94), positive parenting
significantly and positively predicted cognitive empathy in both AA carriers
(simple slope = 0.11, t = 4.01, p < 0.001) and GG carriers (simple slope = 0.14,
t = 2.16, p = 0.03) (see Figure 2 [Figure 2: see original paper] and Figure 3a
[Figure 3: see original paper]).

Furthermore, after simultaneously controlling for gender, SES, and T1 prosocial
behavior, the dummy coding approach still supported the moderated mediation
model, with a significant difference in mediating effects only between AA and
AG genotypes (AG vs. AA: 95% CI [-0.01, -0.001]; GG vs. AA: 95% CI [-0.005,
0.01]). Specifically, the mediating effect of cognitive empathy was significant for
both AA and GG carriers (AA: 95% CI [0.001, 0.01]; GG: 95% CI [0.001, 0.02])
but not significant for AG carriers (AG: 95% CI [-0.005, 0.003]).

3.4 Sensitivity Analysis: Internal Validation, k-Fold Cross-Validation,
and Meta-Analysis

To verify the reliability of our findings, we conducted a series of analyses. First,
we randomly divided the sample into two subsamples. Subsample 1 (N = 510)
and Subsample 2 (N = 572) did not differ significantly on any study variables
(gender: 2(1) = 0.01, p = 0.94; genotype: 2(2) = 0.68, p = 0.71; positive
parenting: t = 0.17, p = 0.86; T1 prosocial behavior: t = -1.62, p = 0.11;
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T2 prosocial behavior: t = -0.83, p = 0.41; cognitive empathy: t = -0.05, p
= 0.96; emotional empathy: t = 0.64, p = 0.55; SES: t = 0.62, p = 0.54).
We tested the moderated mediation model in both subsamples (see Table 4
). In Subsample 1, the difference in mediating effects between AA and AG
genotypes was marginally significant, with significant mediation effects in both
AA and GG carriers. Positive parenting (b = 0.13, t = 2.14, p = 0.03) and
the positive parenting x AG/AA interaction term (b = -0.18, t = -1.98, p
= 0.048) significantly predicted cognitive empathy, which in turn significantly
predicted prosocial behavior (b = 0.05, t = 2.45, p = 0.01). In Subsample 2, the
difference in mediating effects between AA and AG genotypes was significant,
with a significant mediation effect only in AA carriers, though the difference
between GG and AA genotypes was not significant. Positive parenting (b =
0.23, t = 3.51, p < 0.001) and the positive parenting x AG/AA interaction
term (b =-0.18, t =-1.91, p = 0.057) significantly predicted cognitive empathy,
which in turn significantly predicted prosocial behavior (b = 0.06, t = 3.44, p
< 0.001). The interaction patterns in the gene-environment plots for the two
subsamples (Figures 3b and 3c) were generally consistent with the full sample.

Second, to verify the reliability of the OXTR gene-environment interaction, we
conducted a meta-analysis of the combined effect sizes of positive parenting
on cognitive empathy across genotypes, following previous research (Cao et al.,
2019). The results showed that the effect size of positive parenting on cognitive
empathy was r = 0.17 (p < 0.001, 95% CI [0.09, 0.26]) in the AA genotype, r
= 0.01 (p = 0.89, 95% CI [-0.09, 0.10]) in the AG genotype, and r = 0.25 (p
= 0.01, 95% CI [0.05, 0.43]) in the GG genotype. The differences among the
three genotypes were significant (Qcontrast = 7.15, p = 0.03), with a significant
difference between AA and AG genotypes (Qcontrast = 5.87, p = 0.02), a non-
significant difference between AA and GG genotypes (Qcontrast = 0.36, p =
0.55), and a marginally significant difference between GG and AG genotypes
(Qcontrast = 3.16, p = 0.08). Overall, our main findings were largely supported
by internal validation.

Third, although the genotype frequency distribution in this study was similar
to that of East Asian samples in the NCBI database and other Chinese samples
(e.g., Luo et al., 2015), we could not rule out the possibility that our results were
false positives due to genotype distribution differences. Therefore, based on the
number of GG carriers (the least frequent genotype, N = 103), we randomly
selected equal numbers of AG and AA carriers and repeated the statistical
analyses. The results were largely consistent with the full sample. Mediation
analysis showed that, after controlling for gender and SES, cognitive empathy
(ab = 0.006, Boot SE = 0.005, 95% CI [0.0003, 0.0198]) but not emotional
empathy (ab = 0.004, Boot SE = 0.004, 95% CI [-0.0006, 0.0152]) significantly
mediated the relationship between maternal positive parenting and adolescent
prosocial behavior. We further tested the moderated mediation model using
dummy, additive, dominant, and recessive coding. In the dummy coding model,
the difference in mediating effects between AA and AG genotypes was marginally
significant (95% CI [-0.015, 0.000]). The mediating effect of cognitive empathy
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was significant in both AA and GG carriers (AA: 95% CI [0.0004, 0.05]; GG:
95% CI [0.003, 0.02]) but not in AG carriers (AG: 95% CI [-0.02, 0.01]). Positive
parenting (b = 0.14, t = 2.42, p = 0.02) and the positive parenting x AG/AA
interaction term (b =-0.17, t =-2.02, p = 0.04) significantly predicted cognitive
empathy, while cognitive empathy marginally predicted prosocial behavior (b =
0.04, t = 1.84, p = 0.06). In the additive, dominant, and recessive coding models,
the moderated mediation model was not supported (additive model: 95% CI [-
0.008, 0.006]; dominant model: 95% CI [-0.025, 0.003]; recessive model: 95% CI
[-0.004, 0.019]). These results are consistent with our overall findings.

Fourth, to further verify the generalizability and predictive validity of
the OXTR gene moderation model, we performed k-fold cross-validation
(k = 10) using MATLAB R2013b’ s regress and crossvalind functions,
with nine groups as the training set and one group as the test set.
The regression model was: y = ¢ + $$lparenting + $52AA/AG +
$$3GG/AG + $$/AA/AG*parenting + $5 x GG/AG * parenting +
e.Theresultsshowedthatthemodel—predictedcognitiveempathyscoresweresigni ficantlycorrelatedwithactual
0.12,p = 107{-5}$ to 10~%). To test the stability of this result, we repeated this
process 10 times, with r values and p values remaining stably significant (r = 0.11
to 0127 p= 737$>< 10’\{_5}$ to 918$X 10{—4}).Toitestwhetherthiscorrelationu)assignificamﬁ7 weper formedapermutationtestw

4}8, indicating that the moderation model had good fit and stable results.

Finally, the meta-analysis of effect sizes from existing OXTR gene-environment
interaction studies showed that the effect size of environment on outcome vari-
ables was r = -0.17 (p < 0.001, 95% CI [-0.24, -0.10]) in the AA genotype, with
significant heterogeneity across studies (Q = 21.33, p < 0.001, I? = 85.94); r
=-0.08 (p = 0.01, 95% CI [-0.15, -0.02]) in the AG genotype, with significant
heterogeneity (Q = 12.78, p = 0.01, 12 = 76.52); and r = -0.11 (p = 0.05, 95%
CI [-0.210, -0.002]) in the GG genotype, with non-significant heterogeneity (Q
= 6.67, p = 0.08, I = 55.00). The differences among the three genotypes were
not significant (Qcontrast = 1.69, p = 0.43), and pairwise comparisons between
genotypes were all non-significant (AA vs. AG: Qcontrast = 1.55, p = 0.21; AA
vs. GG: Qcontrast = 1.27, p = 0.26; AG vs. GG: Qcontrast = 0.01, p = 0.92).
This meta-analysis indicated that OXTR gene-environment interactions were
not significant.

Table 4 Bootstrap analysis of moderated mediation effects

4. Discussion

The development of prosocial behavior is influenced by multi-level factors in-
cluding biological, cognitive, emotional, and environmental factors. This study,
for the first time based on the “Gene-Environment-Endophenotype-Behavior”
model, examined the mediating roles of cognitive empathy (perspective-taking)
and emotional empathy (empathic concern) in the relationship between mater-
nal positive parenting and adolescent prosocial behavior, as well as the moder-
ating mechanism of the OXTR gene on this mediation. The findings revealed
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that maternal positive parenting indirectly influences prosocial behavior through
cognitive empathy, and that the OXTR gene moderates this mediating process,
specifically the first half of the “maternal positive parenting—cognitive empathy
—prosocial behavior” pathway. For adolescents carrying GG and AA genotypes,
maternal positive parenting significantly and positively predicted cognitive em-
pathy, which in turn positively predicted prosocial behavior; however, this medi-
ating effect was not significant for adolescents carrying the AG genotype. This
study provides evidence for understanding how parenting environments, proso-
cial candidate genes, and individual empathy characteristics influence the mech-
anisms and individual differences in human prosocial behavior.

Mediation analysis revealed a significant positive association between mater-
nal positive parenting and prosocial behavior, consistent with previous research
(e.g., Hastings et al., 2015; Padilla-Walker et al., 2016), indicating that mater-
nal positive parenting is an important environmental factor promoting prosocial
behavior development. It should be noted that given the possible bidirectional
relationship between maternal positive parenting and prosocial behavior (New-
ton et al., 2014), we conducted supplementary analyses controlling for early
prosocial behavior to more accurately reveal the mechanisms of prosocial behav-
ior. Due to the high stability of prosocial behavior development, this approach
somewhat attenuated the effect size and significance level of positive parenting,
rendering its direct effect on prosocial behavior non-significant.

Contrary to our expectations, this study only found that maternal positive par-
enting could indirectly influence adolescent prosocial behavior through cognitive
empathy, but did not find a mediating role for emotional empathy. According
to the dual-process model of empathy (Huang & Su, 2012), this may be related
to the developmental decline in emotional empathy capacity during adolescence.
As noted earlier, adolescents’ cognitive empathy capacity is at a developmental
peak while emotional empathy is at a relatively low level, resulting in a stronger
association between cognitive empathy and prosocial behavior and diminished
predictive power of emotional empathy for prosocial behavior. From a neuro-
physiological perspective, positive parenting (such as supportive responses to
children’ s negative emotions) not only regulates medial prefrontal cortex func-
tion related to cognitive empathy (Kopala-Sibley et al., 2018) but also influences
activation in brain regions related to emotional empathy (e.g., amygdala) (Chen
et al., 2020). However, fMRI research has shown that only medial prefrontal
cortex activation is associated with prosocial behavior expression, while amyg-
dala activation related to emotional empathy is not associated with prosocial
behavior expression (Masten et al., 2011). Therefore, it can be inferred that
during adolescence, cognitive empathy plays a stronger role in the link between
parenting and prosocial behavior expression.

It should be noted that our stepwise regression analysis showed that positive
parenting significantly predicted emotional empathy, and emotional empathy
significantly predicted prosocial behavior. Although this pattern suggests that
emotional empathy might mediate the relationship between positive parenting
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and prosocial behavior, bootstrap tests and latent variable structural equation
modeling showed non-significant or marginally significant effects. Considering
the overall stability of results, we report that the mediating effect of emotional
empathy was not significant. However, this does not imply that emotional em-
pathy is unimportant for adolescent prosocial behavior development; rather, it
suggests that cognitive and emotional empathy play different roles in how family
environments influence the emergence and development of prosocial behavior in
adolescents. Thus, differentiating the components of empathy is important for
revealing the mechanisms of prosocial behavior. However, because developmen-
tal patterns of cognitive and emotional empathy differ across age stages, our
findings cannot be generalized to other developmental stages. Future research
should consider using larger age-span longitudinal designs to examine the dy-
namic roles of different empathy components in prosocial behavior development
across ages.

More importantly, this study found that OXTR gene rs53576 polymorphism
moderated the mediating pathway from maternal positive parenting to proso-
cial behavior via adolescent cognitive empathy. Specifically, for adolescents
carrying GG and AA genotypes, maternal positive parenting significantly and
positively predicted cognitive empathy, which in turn positively predicted proso-
cial behavior, whereas this mediating pathway was not significant for adolescents
carrying the AG genotype. Our findings are consistent with most OXTR gene-
environment interaction studies (Hostinar et al., 2014; Luo et al., 2019; McQuaid
et al., 2013), which have found that the GG genotype shows higher environmen-
tal sensitivity. Consistent with social salience theory, the high environmental
sensitivity of GG carriers makes them more susceptible to environmental in-
fluences, resulting in higher or lower empathy capacity and prosocial behavior.
Since OXTR gene rs53576 polymorphism is located in an intronic (non-coding)
region, the physiological functions of each genotype have not been clearly de-
lineated. However, genetic neuroimaging research has shown that compared
to A allele carriers, GG carriers exhibit higher amygdala activation and lower
amygdala-hypothalamus coupling when processing emotional faces (Tost et al.,
2010). This unique neurophysiological structure endows GG carriers with higher
reward dependence, increasing their reliance on social approval and enhancing
their sensitivity to interpersonal relationships (Tost et al., 2010). Consequently,
GG carriers are more likely to attend to social environmental cues and show
higher sensitivity to social environmental factors such as maternal parenting
behaviors.

However, this study also found that AA carriers show environmental sensitiv-
ity, albeit slightly lower than that of GG carriers. Consistent with this result,
Luo et al. (2019) found in their neuroimaging study of empathy that G allele
carriers show higher sensitivity to environmental cues and are more receptive to
subtle or ambiguous social cues, whereas AA carriers lack flexibility in receiving
social cues but can also demonstrate environmental sensitivity when social cues
are clear and explicit. This result also suggests that the A allele is not devoid
of environmental sensitivity but rather shows sensitivity under specific envi-
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ronmental conditions. The maternal positive parenting examined in this study
may represent a relatively clear and explicit social environmental cue, enabling
AA carriers to also demonstrate corresponding environmental sensitivity. To
our knowledge, some studies examining OXTR gene-environment interactions
using negative environments have found that the A allele is more susceptible to
negative environments than the G allele (Poulin et al., 2012; van Roekel et al.,
2013). This may be because the G allele’ s higher reward dependence (Tost et
al., 2010) makes it more likely to benefit from social support when coping with
stress (Chen et al., 2011) and more likely to seek positive social support (Kim
et al., 2010), buffering the impact of negative environments. In other words,
the G allele’ s high sensitivity to positive environments may partially offset the
negative impact of adverse environments, thereby making the A allele appear
more sensitive to negative environments.

Particular attention should be paid to the unique gene-environment interaction
pattern revealed in this study—an overdominance effect (Aliev et al., 2014), or
heterozygote advantage (heterosis). As our results show, AG heterozygote car-
riers demonstrate stronger adaptability than homozygote carriers (AA and GG
genotypes), being less susceptible to environmental influences and maintaining
consistently high levels of cognitive empathy. Previous research on the direct
association between the OXTR gene and peer relationships has also found het-
erozygote advantage, with AG carriers showing higher peer acceptance than AA
and GG carriers (He et al., 2018). Similar to our findings, Fang et al. (2020)
found that compared to OXTR rs53576 homozygotes (AA and GG carriers), het-
erozygotes (AG carriers) showed the highest trust levels after experiencing work
stress, demonstrating a protective effect. Zheng et al. (2020) also found that
after experiencing childhood maltreatment, AA carriers had lower trust levels
than AG carriers, with no difference between AA and GG carriers. One possi-
ble explanation for this heterozygote advantage phenomenon is that oxytocin
function and psychological adaptation or brain function follow an inverted-U
shaped dose-response relationship; for instance, both excessively high and low
oxytocin function can reduce trust (Rilling et al., 2014) or left ventral caudate
nucleus reactivity (Feng et al., 2015). Related research has also shown that the
G allele is associated with higher oxytocin efficacy than the A allele (Moons et
al., 2014). Thus, GG and AA genotypes may be associated with relatively high
and low oxytocin efficacy, respectively, whereas the AG genotype may represent
an intermediate level of oxytocin function that achieves optimal psychological
adaptation. Another possible explanation for heterozygote advantage is that
the two alleles have unique neurophysiological functions, such that heterozy-
gous gene products have a broader range of expression and therefore greater
developmental advantage (Comings & MacMurray, 2000). Previous research
suggests that OXTR G and A alleles are separately associated with anterior
cingulate cortex/supplementary motor area and nucleus accumbens function,
respectively (Luo et al., 2015); the AG genotype may combine functions of both
alleles, thereby showing higher adaptability. It is worth noting that due to the
lack of research on the physiological mechanisms of the intronic (non-coding)
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rsb3576 polymorphism and the neglect of heterozygote (AG genotype) function
in most studies, these hypotheses require verification in future research. Ad-
ditionally, these findings suggest that arbitrarily grouping genotypes based on
distribution frequencies (e.g., combining GG and AG genotypes) is problematic,
as inconsistent coding approaches contribute to divergent conclusions in current
OXTR gene research and may obscure the true effects of each genotype (Reiner
et al., 2016).

Contrary to our expectations, we did not find a moderating effect of the OXTR,
gene on the direct path between maternal positive parenting and prosocial be-
havior. This may be because genes and their interactions with the environ-
ment typically do not directly encode behavioral phenotypes but rather influ-
ence behavioral phenotypes indirectly by affecting neurophysiological functions,
endocrine systems, or cognitive components (Caspi & Moffitt, 2006; Meyer-
Lindenberg & Weinberger, 2006). That is, the effects of genetic factors and their
interactions with the environment on behavioral phenotypes (such as prosocial
behavior) may be smaller than their effects on cognitive factors (such as cogni-
tive empathy) and other endophenotypes. Moreover, our results suggest that
cognitive empathy may be an endophenotype closer to neurophysiological mech-
anisms or genetic predispositions. Selecting traits that are closer to genetic
structures can not only increase the penetrance of genetic effects but also help fu-
ture research identify candidate genes (Meyer-Lindenberg & Weinberger, 2006).
Consequently, an increasing number of researchers are exploring endopheno-
type mechanisms that lie between genes and behavioral phenotypes to clarify
how genes and gene-environment interactions influence behavioral phenotypes.
Our findings provide some insight for constructing this “Gene x Environment
— Endophenotype — Behavioral Phenotype” pathway. However, due to the
limited research on the functions of OXTR gene rs53576 polymorphism and
its neurophysiological mechanisms related to empathy and prosocial behavior,
our findings require direct verification in future studies. This also highlights
the urgent need for future research to adopt imaging genetics designs within
the “Gene-Endophenotype-Behavior” framework to reveal the neurophysiolog-
ical mechanisms linking OXTR gene function to prosocial behavior, providing
new evidence for enriching existing theories.

Several limitations of this study should be noted. First, although we used a
longitudinal design to examine the moderated mediation model, empathy data
were only collected at T2 in this large-scale longitudinal project. Our analysis of
concurrent mediation and outcome variables prevents us from inferring causal
relationships. Second, prosocial behavior is multi-dimensional, and different
types of prosocial behavior may have different genetic mechanisms. For exam-
ple, Knafo et al. (2011) found that compliant prosocial behavior is primarily
explained by additive genetic effects, whereas spontaneous prosocial behavior
is influenced by gene-environment interactions. This study did not distinguish
between different types of prosocial behavior, so our findings may not generalize
to all prosocial behavior types. Third, this study’ s single-gene design has clear
limitations. Candidate gene studies based on single SNPs typically have small ef-
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fect sizes and low replicability, potentially producing false positive results (Dick
et al., 2015; Duncan et al., 2014). For complex psychological and behavioral
phenotypes like prosocial behavior, single-gene designs may also oversimplify
the process by which genetic factors influence prosocial behavior. Although
single-gene studies have faced increasing criticism, this research paradigm still
provides preliminary evidence for revealing gene-environment interactions, and
their small effect sizes and low replicability have spurred the development of
polygenic research paradigms and the “Gene-Endophenotype-Behavior’approach
(Caspi & Moffitt, 2006; Duncan et al., 2014). Moreover, single-gene studies
still hold value: First, they typically select functional polymorphisms based on
the neurophysiological functions of psychological and behavioral development,
offering interpretive advantages over gene variants of unknown clinical signif-
icance identified by genome-wide association studies (GWAS), and providing
a basis for candidate gene-polygenic research while avoiding the data-driven
and genetic indicator misuse risks faced by GWAS (Vrshek-Schallhorn et al.,
2015). Second, single-gene studies have value for intervention and treatment
of psychopathology. Many candidate genes for psychopathology are identified
based on drug research targeting neurotransmitter systems. Since the mecha-
nisms of psychopathology development and treatment may differ, GWAS may
fail to replicate these candidate genes (Duncan et al., 2014), but single-gene x
intervention studies provide insights, as these genes may be important factors
moderating the association between interventions (e.g., medication) and treat-
ment efficacy. Fourth, this study only measured maternal parenting behavior
and did not assess parenting behaviors of other family members such as fathers
or grandparents. However, existing research shows that paternal parenting and
grandparental involvement (such as emotional engagement) can also effectively
promote prosocial behavior development in children and adolescents (Padilla-
Walker et al., 2012; Yorgason & Gustafson, 2014) and may play different roles
than maternal parenting (Hastings et al., 2007; Padilla-Walker et al., 2012).
Therefore, future research should measure parenting behaviors and family rela-
tionships of other family members in the family system to more comprehensively
reveal the role and unique mechanisms of family socialization in children’ s and
adolescents’ prosocial behavior. Finally, we used multiple methods including
internal validation, k-fold testing, and meta-analysis to examine result reliabil-
ity. Although internal validation and k-fold testing supported our findings, the
meta-analysis did not find significant gene-environment interactions. Due to ex-
tremely low researcher response rates, this meta-analysis was based on only four
studies, which may introduce substantial bias. Future research should conduct
meta-analyses with richer data to verify OXTR gene-environment interactions
and this heterozygote advantage effect. Additionally, the meta-analysis results
suggest that current findings of gene-environment interactions cannot exclude
the possibility of false positives and should be interpreted cautiously. Further-
more, due to the lack of external samples with matching measurement tools
and sample characteristics, we could not conduct external validation, and our
findings require replication in other samples.
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5. Conclusion

In summary, this study found that: (1) Adolescent cognitive empathy
(perspective-taking), but not emotional empathy (empathic concern), mediated
the relationship between maternal positive parenting and prosocial behavior;
(2) The OXTR gene rs53576 polymorphism did not significantly moderate the
direct path between maternal positive parenting and prosocial behavior; (3) The
OXTR gene rsb3576 polymorphism moderated the first half of the “maternal
positive parenting—cognitive empathy—prosocial behavior” mediating effect.
Specifically, among adolescents carrying GG and AA genotypes, maternal
positive parenting significantly and positively predicted cognitive empathy,
which in turn increased prosocial behavior, whereas this mediating effect was
not significant among adolescents carrying the AG heterozygous genotype,
demonstrating an overdominance genetic effect.
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