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A B S T R A C T

Di-n-butyl phthalate (DBP) is a ubiquitous environmental contaminant widely used in personal care products and 
medical products, causing male reproductive toxicity in humans and animals following exposure. It has 
endocrine-disruptive activities, causing adverse effects on the male reproductive system. This study aimed to 
investigate the male reproductive injury induced by DBP in animals. We conducted a systematic review and 
meta-analysis of the related literature captured in Google Scholar, MEDLINE, Scopus, PubMed and Web of 
Sciences databases. This review included animal studies that were postnatally exposed to DBP. After applying the 
inclusion and exclusion criteria, a total of 48 relevant studies were selected, which included studies in rats (n =
29), mice (n = 5), rabbits (n = 3), birds (n = 6), and fish (n = 5) exposed to DBP. The scope of the study included 
testicular and epididymal morphology, sperm quality and oxidative stress parameters, steroidogenic enzymes, 
and sex steroid hormones. The meta-analysis focused on rat studies, which revealed a significant decrease in 
sperm count (p < 0.001), sperm motility (p < 0.001), superoxide dismutase (SOD, p < 0.001) activity and 
testosterone (p < 0.001) concentration. Moreover, DBP exposure significantly increased sperm abnormality (p 
< 0.001), catalase (CAT; p = 0.003) activity and malondialdehyde (MDA; p < 0.001) levels. Postnatal exposure 
to 1 mg/kg DBP could decrease the sperm count, sperm motility, testosterone concentration, and SOD activity by 
5.87 %, 0.17, 7.46 % and 21.38 %, respectively. As a result of the meta-analysis, SOD activity was more sensitive 
to DBP following postnatal exposure than CAT activity or MDA levels, while sperm abnormality was less sus
ceptible than sperm count and sperm motility to DBP exposure. Generally, the systematic review and meta- 
analysis demonstrated that postnatal exposure to DBP-induced male reproductive injury by inducing oxidative 
stress and altering steroidogenesis, and sex hormones in animals. Moreover, the review identified important gaps 
in animal studies of dermal exposure to DBP, emphasizing the need for further research to assist in conducting 
more rigorous epidemiological and risk assessment studies that represent real-life exposure scenarios.

1. Introduction

The advent of urbanization and the increase in global population 
have intensified the use of industrial products such as synthetic phthalic 
acid esters (PAEs). These compounds are widely used in personal care 
products, consumer goods, food processing, and medical applications [1,
2]. The PAEs eventually leach into the environment and contaminate 
air, water, soil, dust and even food [3,4]. These environmental chem
icals have endocrine-disruptive activities, causing adverse effects on the 
female and male reproductive systems [5,6]. One of the most notorious 
PAEs in this regard is di-n-butyl phthalate (DBP). In July 2017, the 

European Union classified DBP as a substance of very high concern [7].
There is growing concern about the potent toxic effects of DBP on the 

male reproductive system [8–16]. Various authors have concluded that 
DBP has anti-androgenic effects, particularly impacting the male 
reproductive organs [8,13,17]. The male reproductive system in both 
mammals and birds expresses androgen/estrogen receptors, which are 
essential in regulating its morphology and function [18–24]. Thus, all 
sections of the male reproductive system may be vital targets for DBP. 
Furthermore, Kirti et al. (2022) [25] reported in their review that males 
are more susceptible to effects of DBP than females, as most studies 
suggest phthalates are less harmful to female reproductive systems.
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Nowadays, male reproductive abnormalities in humans are well- 
known and recognized as a global health concern. The decline in 
semen quality has become a significant issue in male reproductive health 
across various countries [26]. The results of a meta-analysis study 
conducted between 1978 and 2021 reported significant declines in 
sperm quality, including sperm concentration, total sperm count and 
progressive sperm motility among young men worldwide [27]. Addi
tionally, infertility is reported to affect at least 30 million men globally 
[28]. Previous studies confirmed that exposure to environmental pol
lutants, particularly endocrine-disrupting chemicals, are major con
tributors to male infertility [29,30]. Due to the widespread use of DBP 
and other environmental toxins, male reproductive disorders are 
becoming more prevalent [31].

Studies have demonstrated the negative effects of DBP on the 
morphology and function of the male reproductive system during in 
utero development [31–34]. Multiple experimental studies reported the 
effect of DBP on male reproductive system at various stages of postnatal 
life, including neonatal [17], juvenile [35], pubertal [36,37], and adult 
[38], using different experimental animals. However, drawing definitive 
conclusions has been challenging due to variations in animal models, 
dosage, administration methods, and exposure periods. A review article 
by Arzuaga et al. (2020) [32], analysed the male reproductive effects of 
pre- and postnatal DBP exposure using a mode of action framework and 
determined that androgen-dependent effects were conserved across 

mammalian species following postnatal exposure. To our knowledge, a 
systematic review has not been conducted to further evaluate the effects 
of postnatal DBP exposure on experimental animals. From our literature 
searches, DBP has been studied using administration methods, including 
gavage or injection, but several risk analysis studies suggest that dermal 
absorption plays a significant role in its uptake in real life scenarios [39].

Therefore, the aims of this review are (1) to examine how di-n-butyl 
phthalate (DBP) affects the morphology and function of the male 
reproductive system in animals exposed postnatally under experimental 
conditions and (2) to systematically quantify the dose-response rela
tionship, relative sensitivity of different endpoints and routes in exper
imental animals exposed postnatally to DBP. From this review, we will 
gain a better understanding of the effects of postnatal exposure to DBP in 
experimental animals, as well as identify new approaches to studying 
effects of DBP on the male reproductive system in a way similar to a real 
environmental exposure scenario. Additionally, the results of meta- 
analysis will help to clarify the effects of DBP exposure on male repro
ductive health and risk assessments.

2. Methodology

2.1. Question of the review

Does postnatal exposure to DBP alter the function of the male 

Fig. 1. Flow diagram of the selection of studies for the systematic review.

Fig. 2. Results of RoB study evaluations based on 9 questions from the Office of Health Assessment and Translation (OHAT) Handbook for experimental ani
mal studies.
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Table 1 
Summary of the included animal experimental studies investigating the effect of DBP on the testicular and epididymal morphology.

Study record Study model Exposure 
age

Doses (mg) Exposure route Exposure time 
interval and 
period

Organ Findings

Abarikwu et al. 
(2020) [53]

Wistar albino 
rats

Adult 1000 mg/kg Gavage Every 3 days 
for 15 days.

Testis ↔ Body or testicular weights. 
↓ Tubular diameter, ↓ epithelial height, and ↓ 
number of germ cells. 
Azoospermia in the ST lumen and cytoplasmic 
vacuoles in ST epithelial cells.

Alam and Hoque 
(2018) [54]

Sprague Dawley 
rats

Juvenile 500 mg/kg Gavage Daily for 7 days Testis ↓ Testicular weight, ↔ Epididymal weight. 
Distortion of the ST, including wide lumen, loss 
of spermatids, reduction of ST epithelial height, 
and sloughing of spermatogenic cells. 
Number of apoptotic spermatogenic cells. 
Delay in the maturation of spermatogenic cells.

Alam and 
Kurohmaru 
(2021) [55]

Japanese quail Juvenile 500 mg/kg Gavage For 3, 6 and 24 
h

Testis ↑ Apoptotic germ cells.

Alam et al. 
(2010) [56]

Sprague Dawley 
rats

Juvenile 500 mg/kg Gavage For 6 and 24 h Testis Detachment and sloughing of spermatogenic 
cells into the ST lumen. 
Apoptosis and degeneration of spermatogenic 
cells.

Alam et al. 
(2010) [56]

Sprague Dawley 
rats

Juvenile 500 mg/kg Gavage For 3, 6 and 24 
h

Testis Progressive detachment of spermatogenic cells 
at 3 h. 
A sloughing of spermatogenic cells is observed 
at 6 h. 
Thining of the seminiferous epithelia and 
widening of the tubular lumen at 24 h.

Alam et al. 
(2010) [56]

Sprague Dawley 
rats

Juvenile 250, 500 and 
1000 mg/kg

Gavage Daily for 7 days Testis ↓ Testicular weight. 
↓ ST diameter, damage to spermatogenic cells, 
and ↓ germinal epithelial layer of ST. 
At 500 mg, there is a detachment of 
spermatogenic cells, ↓ ST diameter, and giant 
cells and cellular debris in the ST lumen. 
A complete loss of SCs is observed in ST at 1000 
mg. 
↑ apoptotic spermatogenic cells.

Anis et al. (2024) 
[38]

Wistar albino 
Rats

Adult 250 and 500 
mg/kg

Gavage 3 times a week 
for 8 weeks

Testis Absence of the spermatozoa in ST lumen. 
Degeneration in secondary spermatocyte and 
spermatid cell layers.

Baralić et al. 
(2021) [57]

Outbred Wistar 
Rats

Pubertal 50 mg/kg Gavage Daily for 28 
days

Testis Dilatation of ST lumen, ST atrophy and ↓ 
thickness of germinal epithelium. 
Impaired spermatogenesis, loss of SPs.

Bello et al. 
(2014) [26]

Japanese quail Juvenile 1, 10, 50, 
200, and 
400 mg/kg

Gavage Daily for 30 
days

Testis ↔ Body weight, ↔ Testicular weight. 
At 200 and 400 mg, alterations in the testicular 
architecture, as well as degeneration and 
atrophy of the ST. 
↔ Expression of AR

Bello et al. 
(2023) [58]

Japanese quail Juvenile 1, 10, 50, 
200, and 
400 mg/kg

Gavage Daily for 30 
days

Testis At 200 and 400 mg, there are foamy interstitial 
Leydig cells, and dense bodies, lipid droplets 
that crowded out normal organelles in Leydig 
cells.

Bhatia et al. 
(2014) [59]

Murray rainbow 
fish

Adult 0.125, 0.25, 
0.75, and 1 
mg/L

Dissolved in 
water

Daily for 7 days Testis ↔ Body weights, ↔ length. 
Vacuolation and apoptosis in ST cells, 
interstitial fibrosis, and asymmetric testicular 
development. 
↓ Germ cells size 
↑ Gene expression of AR (α and ß), ↑ gene 
expression of ER (α and ß).

Chen et al. 
(2011) [60]

Sprague Dawley 
rats

Adult 250 mg/kg Gavage Daily for 4, 8, 
and 12 weeks

Testis ↔ Relative testicular or epididymal weights. 
Cytoplasmic vacuoles in the Sertoli cells (after 
12 weeks).

Chen et al. 
(2020) [61]

Zebra fish Adult 0.011, 
0.113, and 
1.133 mg/L

Dissolved in 
water tank

Daily for 30 
days

Testis ↔ GSI. 
↑ Intercellular spaces and delay testis 
development (1.133 mg).

El-Beshbishy 
et al. (2014) 
[62]

Wistar rats Adult 250 mg/kg Gavage Daily for 14 
days

Testis ↓ Testicular weight 
Degeneration and atrophy of the ST epithelial 
cells. 
Absence of spermatogenic cells and sperm in ST 
epithelium.

Farombi et al. 
(2007) [63]

Wistar rats Adult 2000 mg/kg Gavage Daily for 9 days Testis ↓ Body and testicular weights. 
Degeneration of the ST epithelium, and necrosis 
of SCs and STs. 
Sloughing off SCs into ST lumen.

Fukuoka et al. 
(1989) [64]

Wistar rats Adult 2400 mg/kg Gavage Daily for 1, 2, 
3, 5 and 7 days

Testis ↔ Body weights, ↓ Testicular weight (after 5, 7 
days). 

(continued on next page)

M.I.A. Ibrahim et al.                                                                                                                                                                                                                           Reproduction and Breeding 5 (2025) 54–68 

56 



Table 1 (continued )

Study record Study model Exposure 
age 

Doses (mg) Exposure route Exposure time 
interval and 
period 

Organ Findings

Sloughing, atrophy, and dissociation of the 
germ cells from the Sertoli cell.

Ibrahim et al. 
(2021) [36]

Japanese quail Juvenile 10, 50, 200, 
and 400 mg/ 
kg

Gavage Daily for 30 
days.

Epididymal 
region

↓ Epithelial height of rete testis, and efferent 
ducts. 
At 50, 200 and 400 mg, cytoplasmic vacuoles in 
the distal efferent ducts and epididymal duct. 
At 200 and 400 mg, degenerative changes in the 
proximal efferent duct epithelia such as 
cytoplasmic vacuoles, apoptosis and autophagy.

Jiang et al. 
(2017) [65]

C57BL/6 J mice Pubertal 500 mg/kg Gavage Daily for 2 
weeks

Testis ↔ Body weight, ↔ relative testicular weights, ↓ 
AGD. 
Disruption of spermatogenesis and ST atrophy.

Källsten et al. 
(2022) [66]

C576b1/6N 
Mice

Adult 1 and 10 mg/ 
kg

Gavage Daily for 5 
weeks

Testis ↑ DAZL (germ cell marker), ↑ SULT1E1 (Leydig 
cell marker), ↑ SOX9, vimentin (Sertoli cell 
marker).

Kobayashi et al. 
(2003) [67]

Wistar Rats Adult 2400 mg/kg Gavage 1, 3, 12, 24, 48, 
72, 144 h

Testis ↓ Testicular weights (after 72, 144 h). 
Germ cell sloughing (after 6 h) 
Absence of germ cells (after 144 h)

Molele et al. 
(2023) [37]

Japanese quail Juvenile 10, 50, 200, 
and 400 mg/ 
kg

Gavage Daily for 30 
days.

Testis Dilation and separation in the junctional 
complexes of the blood–testis barrier. 
Damage of cytoplasmic membranes and 
mitochondria in Sertoli cells.

Moody et al. 
(2013) [17]

C57BL/6 J mice Neonatal 1, 10, 100, 
250, and 
500 mg/kg

Gavage Daily for 7, 14, 
and 21 days

Testis Delay in spermatogenesis and inhibition of 
Sertoli cell maturation (10–500 mg).

Nair (2015) [68] Wistar rats Adult 500, 1000 
and 1500 
mg/kg/d

Gavage Daily for 7 days Testis Interstitial oedema, karyorrhexis in SCs, 
decreased sperm density, and atrophy of Leydig 
cells (500, 1000 mg/kg). 
Degeneration of Sertoli cells and Leydig cells, as 
well as necrotic spermatogonia and pyknosis in 
SCs (1500 mg/kg).

Nair et al. (2008) 
[69]

Wistar Rats Adult 500, 1000 
and 1500 
mg/kg/d

Gavage Daily for 7 days Testis ↓ ST diameter, ↓ nuclear diameter of Leydig cells 
(1000, 1500 mg/kg), ↓ number of SCs and SPs.

Nelli and 
Pamanji 
(2017) [70]

Rats (strain not 
reported)

Adult 500 and 
1000 mg/kg

Intraperitoneal 
injection

Daily for 4 
weeks

Testis ↓ Number of spermatozoa, ↓ ST diameter, ↓ ST 
epithelial height.

O’Connor et al. 
(2002) [71]

Sprague Dawley 
rats

Adult 250, 500, 
750 and 
1000 mg/kg

Gavage Daily for 15 
days

Testis ↔ Body and testicular, seminal vesicle weights. 
Testicular degeneration, 
Germ cell disorganization and loss, ↑ number of 
sloughed germ cells in EP lumen (1000 mg).

Oda and Waheeb 
(2017) [52]

Rabbits (strain 
not reported)

Adult 520 mg/kg Gavage Daily for 7 days Testis ↔ Body weight, ↓ testicular weight, ↔ 
epididymal weight. ↓ prostate weight. 
Shrinkage, degeneration, and necrosis ST, 
spermatogenic cells disorganization. 
Leydig cells hyperplasia and interstitial oedema.

Park et al. (2025) 
[35]

Sprague Dawley 
rats

Juvenile 500 mg/kg Gavage Daily for 14 
days

Testis ↔ Body weight, ↓ Testicular weight, ↓ 
epididymal weights. 
Atrophy of the ST and Sertoli cells, as well as 
damage to Leydig cells.

Rihani et al. 
(2014) [72]

Rabbits 
(Oryctolagus 
cuniculus)

Adult 250, 500 and 
750 mg/kg

Gavage Daily for 4 
weeks

Testis ↓ Body weight (750 mg), ↓ testicular weights 
(750 mg). ↓ epididymal weights (500, 750 mg). 
Sertoli cells vacuolization (250 mg). 
An irregular arrangement of germ cells and the 
absence of spermatocytes (500 mg). 
Degeneration in ST, ↓ ST diameter, SCs and SPs 
necrosis, and sloughing of SCs into ST lumen 
(750 mg).

Ryu et al. (2008) 
[73]

Sprague Dawley 
rats

Juvenile 750 mg/kg Gavage Daily for 30 
days

Testis ↓ Body weight, ↓ Testicular weight. 
↓ Size of ST, and lesser Sertoli cells.

Ryu et al. (2008) 
[74]

Sprague Dawley 
rats

Juvenile 250 and 750 
mg/kg

Gavage Daily for 1, 7, 
14, and 28 days

Testis ↔ Body weight, ↓ Testicular weight. 
↓ Size of ST (750 mg at 7 and 28 days). 
Absence of Sertoli cells. 
↓ Expression of AR, ↓ Expression of ER-α.

Sharma et al. 
(2024) [75]

Swiss Albino 
Rats

Adult 900 mg/kg Gavage Daily for 60 
days

Testis ↓ Body weight, ↔ testicular weight. 
A thinning of ST lumen, ST vacuolization, and 
vascular congestion. 
↓ Leydig cell count, ↓ ST wall length, ↓ ST 
diameter, ↔ width of germ cell layers.

Srivastava et al. 
(1990) [76]

Wistar albino 
Rats

Juvenile 250, 500 and 
1000 mg/kg

Gavage Daily for 15 
days

Testis ↓ Body weight (500, 1000 mg), ↓ Testicular 
weight (500, 1000 mg). 
At 250 mg, ST shrinkage (5 %), interstitial 
oedema, and spermatogenesis are damaged. 
At 500 mg, ST is devoid of spermatids. 

(continued on next page)
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reproductive system in animals in an experimental environment?

2.2. Literature searches

Literature searches for this review focused on articles of animals 
postnatally exposed to DBP and were performed using Google Scholar, 
MEDLINE, PubMed Google Scholar, Scopus and Web of Sciences data
bases. The terms used for data searches included title words such as di 
(n-butyl) phthalate | di-n-butyl phthalate | dibutyl phthalate and key
words included testis | epididymis |testicular |spermatogenesis |male 
reproductive |capsule |Leydig cell | Sertoli cell |morphological |histo
pathological | hormonal | oxidative stress | steroidogenesis. The search 
strings used are listed in Supplementary Materials File S1, Table S1. In 
addition, the reference list of each article selected were screened for 
possibly relevant articles. Literature searches were conducted between 
April and May 2024, updated in January 2025, and studies were selected 
based on inclusion and exclusion criteria. For inclusion eligibility: Any 

study that exposed male animals to di-n-butyl phthalate that included 
the duration of exposure, dose, and frequency, and that reported the 
observations on the morphology, oxidative stress, steroidogenic en
zymes and sex steroid hormones. Exclusion criteria were any study that 
did not report on the effects of DBP on male reproductive systems, in 
utero (maternal and multigenerational investigations) and in vitro studies 
and review articles or other publications without original data.

2.3. Literature screening

The literature screening was conducted by one author (M. I.) and 
reviewed by another author (O.A.). Data were extracted from selected 
databases, and duplicates removed using Microsoft Excel and manually 
cross-checked. Thereafter, the title and abstract were screened to 
remove irrelevant articles and full-text articles were carefully evaluated 
for further exclusion. Documentation of the studies identified at each 
level of screening is provided in Supplementary Materials File S1, 

Table 1 (continued )

Study record Study model Exposure 
age 

Doses (mg) Exposure route Exposure time 
interval and 
period 

Organ Findings

At 1000 mg, SCs with pyknotic nuclei, cellular 
debris, and giant cells are present in the ST 
lumen.

Sruthi et al. 
(2021) [77]

Freshwater 
cichlid fish

Adult 0.2 mg/L Dissolved in 
water tank

Daily for 1, 3, 
4, 7 and 15 
days

Testis ↓ Testicular weight, ↓ GSI. 
Absence of SZs (after 4 days). 
Absence of SZs and disorganization of SGs and 
SCs (after 15 days).

Tang et al. 
(2020) [78]

Sprague Dawley 
rats

Adult 800 mg/kg Gavage Daily for 2 
weeks

Testis ↔ Body weight, ↓ testicular weights. 
Disorganization and loss of ST epithelial cell 
layers.

Taşlıdere et al. 
(2022) [79]

Wistar albino 
rats

Adult 500 mg/kg Gavage Daily for 4 
weeks

Testis ↔ Testis, epididymis, seminal vesicle, and 
prostate weights. 
Deterioration and vacuolization in the ST, 
sloughing of ST epithelial cells. 
Vascular congestion between ST and the capsule 
and interstitial oedema.

Ünal et al. (2016) 
[80]

Wistar rats Juvenile 500 and 
1000 mg/kg

Gavage Daily for 30 
days

Testis At 500 and 1000 mg, ↓ Epithelial heights and 
diameter of the ST, and ↑ Apoptotic cells in ST 
epithelium. 
At 1000 mg, interstitial oedema, and distortion 
in the intercellular junctions.

Wang et al. 
(2019) [81]

Sprague Dawley 
rats

Juvenile 50, 500 and 
1000 mg/kg

Gavage Daily for 35 
days

Testis At 500 mg, ↓ diameter of ST, ↓ germinal cells 
epithelium, and shedding of spermatogenic 
cells. 
At 1000 mg, irregular arrangement of ST, severe 
damage to spermatogenic cells, fewer and 
vacuolated Sertoli cells.

Xiao-feng et al. 
(2009) [82]

Rats (strain not 
reported)

Juvenile 250, 500, 
1000, and 
2000 mg/kg

Gavage Daily for 30 
days.

Testis ↓ Testicular weight (1000, 2000 mg), ↓ 
Epididymal weight (1000, 2000 mg). 
Degeneration of ST, ↓ Spermatogenic cells, ↓ 
Leydig cell.

Xu et al. (2014) 
[83]

Zebrafish Adult 0.1 and 0.5 
mg/L

Dissolved in 
water

Daily for 45 
days

Testis A slight decrease in SZs.

Ye et al. (2022) 
[84]

Balb/C mice Pubertal 2.15 mg/kg Intravenous 
injection

Every 3 d for 37 
days

Testis ↔ Body weight, ↔ GSI. 
Atrophy of ST, disorder of the germ cells, spaces 
between germ cells.

Zakariah et al. 
(2022) [85]

Japanese quail Juvenile 10, 50, 200, 
and 400 mg/ 
kg

Gavage Daily for 30 
days.

Testis Absence of spermatogenic cells, and 
degeneration, and apoptosis of germ cells.

Zhou et al. 
(2010) [10]

Sprague Dawley 
rats

Adult 100, 250 and 
500 mg/kg

Gavage Daily for 4 
weeks

Testis ↓ Body weight (500 mg), ↓ testicular weights 
(500 mg). 
Disintegration, sloughing of ST epithelial cells 
and ST atrophy. 
Oligozoospermic ST lumen, ↓ spermatogenic 
cells.

Zhou et al. 
(2011) [9]

Sprague Dawley 
rats

Adult 100, 250 and 
500 mg/kg

Gavage Gavage, daily 
for 4 weeks

Epididymis ↓ Epididymal weights (500 mg). 
Epididymal atrophy, interstitial vascular 
hyperemia and luminal oligozoospermia.

↔: no significant effect, ↑: significant increase, ↓: significant decrease compared to the controls for each individual study. AGD: Anogenital distance, ST: Seminiferous 
tubule, SCs: Spermatocytes, SPs: Spermatids, SGs: Spermatogonia, SZs: Spermatozoa. Classification of developmental stages from postnatal day (PD): Neonatal (mice, 
0PD–4PD days); Juvenile (rats, PD18–PD41 days, mice, PD18–PD29 days, and birds, PD21–PD28 days); Pubertal (rat, PD42–PD55 days, mice, PD30–PD40 days); adult 
(rat, > PD56 days), mice, > PD60 days, rabbits, > PD126 days, and fishes, > PD90 days).
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Tables S2–7.

2.4. Risk of bias of individual studies

In this systematic review all studies included were assessed for the 
Risk of Bias (RoB) using 9 questions for experimental animal studies of 
the Office of Health Assessment and Translation (OHAT) Handbook for 
Experimental Animal Study [40]. Response options for each RoB ques
tion were definitely low RoB (dark green, ++), probably low RoB (light 
green, +), not reported or probably high RoB (light red, NR), and defi
nitely high RoB (dark red, × ). Accordingly, not reported RoB was 
considered as a probably high RoB. The RoB assessment was conducted 
twice by one author (M. I.) and reviewed by another author (O.A.). In 
addition, the RoB assessment was also cross-checked by Claude-AI 3.5 
Sonnet. In order to prevent inconsistencies in the evaluation results, the 
assessment was conducted twice, once in reverse order of publication 
date and once in chronological order of publication date. A tiering 
approach was used as described by OHAT Handbook [40], in which 
there were three key questions selected to evaluate potential bias and 
study quality, including: "can we trust the exposure characterization? 
can we be confident in the outcome assessment? and dose the study 
design or analysis account for important variables?". These key elements 
were used to define the methodological quality, in which a study 
outcome with a lower RoB was deemed to have a higher methodological 
quality. Tier 1: a study must be rated as "definitely low" or "probably 
low" risk of bias, while Tier 3: a study must be rated as "definitely high" 
or "probably high" risk of bias. The Tier 2 a study that does not meet 
either 1st or 3rd tiers criteria. A detailed description of the RoB assess
ment tools, including domains, assessment results for each study, Tiers 
identification, and Claude-AI 3.5 Sonnet analysis, is provided in Sup
plementary Materials File S1, Tables S8–11).

The study outcomes were standardized and grouped into three cat
egories including (a) sperm parameters: count, motility, and abnor
mality; (b) sex hormones levels; (c), steroidogenesis enzymes; and (d) 
testicular oxidative stress indicators: catalase (CAT), malondialdehyde 
(MDA), and superoxide dismutase (SOD). The dataset included the 
following potential predictors of outcomes: DBP concentration (contin
uous variable, standardized as mg/kg), animal species, exposure stage, 
routes or methods of exposure, and exposure duration. While data were 
initially collected for various animal species (rats, mice, rabbits, fish, 
and birds), only studies on rats were included in the meta-analysis due to 
insufficient data for other species. Exposure stages were categorized 
based on postnatal day (PD) as juvenile (PD18–41), pubertal (PD42–55), 
and adult (>PD56) [41]. Although multiple routes or methods of 
exposure were considered, such as intragastric gavage, intravenous in
jection (IV), intraperitoneal injection (IP), subcutaneous injection (SC), 
and tank (DBP added to water in the tank), only administration by 
gavage provided sufficient data for analysis.

2.5. Parameter’s response calculation for meta-analysis

To make the comparison between different studies more applicable 
we used percent change compared to control to calculate the dependent 
variables’ responses to the exposure to DBP [42,43]. The following 
equation was used to calculate the change percentage response to DBP 
exposure: 

Dependent variable response (%) = ((Vt – Vc) ÷ Vc) × 100                   

Where:
Vt = value of the treated group, and Vc = value of the control group.

Table 2 
Summary of the included animal experimental studies investigating the effect of DBP on sperm quality parameters.

Study record Study model Exposure 
age

Dose (mg) Exposure route Exposure time, 
interval, and period

Findings

Anis et al. (2024) 
[38]

Wistar rats Adult 250 and 500 mg/ 
kg

Gavage Three times a week 
for 8 weeks

↓ Sperm count, ↓ viability, ↓ motility.

Chen et al. (2011) 
[60]

Sprague Dawley rats Adult 250 mg/kg Gavage Daily for 4, 8, and 12 
weeks

↔ Sperm count, ↔ abnormality ratio.

El-Beshbishy et al. 
(2014) [62]

Wistar rats Adult 250 mg/kg Gavage Daily for 14 days. ↓ Sperm count, ↓ motility.

Farombi et al. 
(2007) [63]

Wistar rats Adult 2000 mg/kg Gavage Daily for 9 days ↔ Sperm count, ↑ motility, ↑ abnormality, 
↔ Live/dead ratio

Jiang et al. (2017) 
[65]

C57BL/6 J mice Pubertal 500 mg/kg Gavage Daily for 2 weeks ↔ Sperm count, ↓ motility.

Mohanty et al. 
(2023) [95]

C576b1/6 J mice Adult 2.5 mg/kg Subcutaneous 
injection

Daily for 40 days ↓ Sperm count, ↑ abnormality.

Nair et al. (2008) 
[69]

Wistar rats Adult 500, 1000 and 
1500 mg/kg/d

Gavage Daily for 7 days ↓ Sperm count, ↓ viability.

Nelli and Pamanji 
(2017) [70]

Rats (strain not 
reported)

Adult 100 and 500 mg/ 
kg

Intraperitoneal 
injection

Daily for 4 weeks ↓ Sperm count, ↓ viability, ↑ abnormality.

Rihani et al. (2014) 
[72]

Rabbits (Oryctolagus 
cuniculus)

Adult 250, 500 and 
750 mg/kg

Gavage Daily for 4 weeks ↓ Sperm concentration, ↓ motility, ↓ viability, 
↓ speed.

Sharma et al. 
(2024) [75]

Swiss Albino rats Adult 900 mg/kg Gavage Daily for 60 days ↓ Sperm count, ↓ viability, ↓ motility, ↑ 
abnormality.

Tang et al. (2020) 
[78]

Sprague Dawley rats Adult 800 mg/kg Gavage Daily for 2 weeks ↓ Sperm count, ↓ viability, ↑ abnormality.

Taşlıdere et al. 
(2022) [79]

Wistar albino rats Adult 500 mg/kg Gavage Daily for 4 weeks ↓ Sperm concentration, ↓ motility, ↑ 
abnormality.

Wang et al. (2019) 
[81]

Sprague Dawley rats Juvenile 50, 500 and 
1000 mg/kg

Gavage Daily for 35 days ↓ Sperm count (1000 mg), ↓ Viability (1000 
mg), ↑ abnormality (500, 1000 mg).

Ye et al. (2022) [84] Balb/C mice Pubertal 2.15 mg/kg Intravenous 
injection

Every 3rd day for 37 
days

↔ Sperm count, ↔ abnormality.

Zhou et al. (2010) 
[10]

Sprague Dawley rats Adult 100, 250 and 
500 mg/kg

Gavage Daily for 4 weeks ↓ Sperm count (250, 500 mg), ↓ motility (250, 
500 mg).

↔: no significant effect, ↑: significant increase, ↓: significant decrease compared to the controls for each individual study.
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2.5.1. Statistical analysis
Statistical analyses were carried out on data using R (version 4.2.1, 

2022-06-23) and RStudio (version 2022.07.1 + 554 for Windows). 
Studies were treated as random effects whereas the DBP concentration 
(mg/kg), route of exposure, exposure period and exposure stage were 
treated as fixed effects using the following linear mixed models: 

Yifa = μ+ Si + βXifa + Df + Ga + eifa                                                    

Where: Yifa = response variable; μ = overall mean; Si = random effect of 
the ith study; β = linear regression coefficient; Xifa = value of the con
tinues predictor variable (DBP concentration); Df = exposure period (f =
1–2; Ga = exposure stage (a = 1–3); eifa = residual errors.

The package lme4 (version 1.1–27.1) [44] was used to create the 
mixed models followed by lmertest using the function “step” to create a 
backward reduced fixed-effect table. Accordingly, best-fit models for 
each response variable were selected, in which only significant terms (P 
< 0.05) were retained. Regression coefficients, P-values, conditional 
(R2

(c)) and marginal (R2
(m)) determination coefficients (R2) reported for 

the different models were estimated using sjPlot’s tab_model function 
(version 2.8.10). Marginal R2

(m) is the variance explained by the fixed 
effects of the model, while conditional R2

(c) is the variance explained by 
both fixed and random effects of the model [45]. In addition, the 
goodness of fit statistics: Akaki information criteria (AIC), weighted root 

mean squared error (RMSE) and Lin’s concordance correlation coeffi
cient (CCC) were also reported for each model. RMSE is a measure of 
prediction precision that quantifies the magnitude of errors by squaring 
them to produce a positive value. As a rule of thumb, the RMSE should 
be less than half of the standard deviation (SD) [46,47]. In other words, 
the ratio of RMSE to observations standard deviation (RSR) should be 
less than 0.5 [46]. The lower the RSR, the lower the RMSE, and the 
better the model performance [46]. Lin’s concordance correlation co
efficient (CCC) was calculated for all models to measure the agreement 
between the observed and the model-predicted values. As per Altman’s 
recommendation [48], a CCC value higher than 0.80 was interpreted as 
an excellent agreement. Data observations were weighted by the inverse 
of their relative variance (1/RV). The relative variance (RV) was 
calculated by dividing the squared standard deviation mean (SD2) by the 
mean of each study. Then each weight was divided by the mean of all 
weights, and the resulting values were used as weighting factors in the 
analysis to maintain the expressions of dispersion in the original scale of 
the measurements [49].

Publication bias was assessed using the ’metafor’ package in R 
version 4.4–0 [50]. A funnel plot was provided a visual inspection for 
asymmetry in the distribution of responses (%) against their standard 
errors. The trim-and-fill method was performed to estimate the number 
of missing studies resulting from publication bias [51].

Table 3 
Summary of the included animal experimental studies investigating the effect of DBP on the oxidative stress measures.

Study record Study model Exposure 
age

Dose (mg) Exposure route Exposure time, 
interval and period

Organ Findings

Abarikwu et al. 
(2020) [53]

Wistar rats Adult 1000 mg/kg Gavage Every 3 days for 15 
days

Testis ↑ MDA, ↑ GSH, ↑ CAT, ↑ SOD.

Anis et al. (2024) 
[38]

Wistar rats Adult 250 and 500 
mg/kg

Gavage Three times a week 
for 8 weeks

Testis ↑ MDA, ↑ GSH, ↓ CAT.

Baralić et al. 
(2021) [57]

Wistar rats Pubertal 50 mg/kg Gavage Daily for 28 days Testis ↑ MDA, ↔ GSH, ↔ SOD.

Chen et al. (2011) 
[60]

Sprague Dawley 
rats

Adult 250 mg/kg Gavage Daily for 4, 8, and 
12 weeks

Testis ↔ MDA, ↔ GSH-Px, ↓ CAT, ↔ SOD.

El-Beshbishy et al. 
(2014) [62]

Wistar rats Adult 250 mg/kg Gavage Daily for 14 days. Testis ↑ MDA, ↓ GSR, ↓ CAT, ↓ SOD.

Farombi et al. 
(2007) [63]

Wistar rats Adult 2000 mg/kg Gavage Daily for 9 days Testis ↑ MDA, ↓ GSH, ↓ CAT, ↓ SOD, ↓ G6PD.

Jiang et al. (2017) 
[65]

C57BL/6 J mice Pubertal 500 mg/kg Gavage Daily for 2 weeks ​ ↔ MDA, ↔ SOD, ↔ TOS, ↔ TAS, ↔ 
SH, ↔ OSI, ↔ O2

− .
Lee et al. (2007) 

[96]
Sprague Dawley 
rats

Juvenile 750 mg/kg Gavage Daily for 30 days Testis ↔ MDA, ↑ CAT, ↑ SOD.

Nair (2015) [68] Wistar rats Adult 500, 1000 and 
1500 mg/kg/d

Gavage Daily for 7 days Testis ↑ MDA (all doses), ↑ LOH (500,1500 mg), 
↓ GSH (1500 mg), ↓ SOD (all doses)

Nelli and Pamanji 
(2017) [70]

Rats (strain not 
reported)

Adult 500 and 1000 
mg/kg

Intraperitoneal 
injection

Daily for 4 weeks Testis ↑ MDA, ↓ GPx, ↓ CAT, ↓ SOD.

Oda and Waheeb 
(2017) [52]

Rabbits 
(Oryctolagus 
cuniculus)

Adult 520 mg/kg Gavage Daily for 7 days Testis ↑ MDA, ↔ GPx, ↔ SOD

Ryu et al. (2008) 
[73]

Sprague Dawley 
rats

Juvenile 750 mg/kg Gavage Daily for 30 days ​ ↑ MDA, ↑ CAT, ↔ GPx, ↑ SOD, ↑ 8- 
OHdG.

Sharma et al. 
(2024) [75]

Swiss Albino rats Adult 900 mg/kg Gavage Daily for 60 days Testis ↑ MDA, ↔ GSH, ↓ CAT, ↔ SOD.

Tang et al. (2020) 
[78]

Sprague Dawley 
rats

Adult 800 mg/kg Gavage Daily for 2 weeks Testis ↑ MDA, ↓ CAT, ↔ SOD.

Taşlıdere et al. 
(2022) [79]

Wistar rats Adult 500 mg/kg Gavage Daily for 4 weeks Testis ↑ MDA, ↓ CAT, ↓ GSH, ↔ GPx, ↓ SOD.

Ye et al. (2022) 
[84]

Balb/C mice Pubertal 2.15 mg/kg Intravenous 
injection

Every 3 d for 37 
days

Testis ↔ MDA, ↔ GSH, ↑ ROS.

Zhou et al. (2010) 
[10]

Sprague Dawley 
rats

Adult 100, 250 and 
500 mg/kg

Gavage Daily for 4 weeks Testis ↑ MDA (250,500 mg), ↓ GSH-Px (250,500 

mg), ↓ CAT (250,500 mg), ↓ SOD 
(250,500 mg).

Zhou et al. (2011) 
[9]

Sprague Dawley 
rats

Adult 100, 250 and 
500 mg/kg

Gavage Daily for 4 weeks Epididymis ↑ MDA (250,500 mg), ↓ GSH-Px (500 mg), ↓ 
CAT, ↔ SOD (250,500 mg).

↔: no significant effect, ↑: significant increase, ↓: significant decrease compared to the controls for each individual study. 8-OHdG: 8-Hydroxyguanosine, CAT: catalase, 
G6PD: Glucose-6-phosphate dehydrogenase, GSH: Glutathione, GSH-Px: Glutathione peroxidase, GSR: Glutathione reductase, LOH: Lipid hydroperoxide, MDA: 
Malondialdehide, O2

− :Superoxide anion, OSI: Oxidative stress index, ROS: Reactive oxygen species, SH: Total thiol, SOD: Superoxide dismutase activity, TAS: Total 
antioxidative status, TOS: Total oxidative status.
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3. Results

3.1. Search results and study characteristics

The initial search yielded a total of 911 studies. A total of 48 studies 
met the inclusion criteria for data extraction, which involved 29 rats (60 
%), 5 mice (11 %), 3 rabbits (6 %), 6 birds (13 %), and 5 fishes (10 %) 
(Fig. 1). These studies were published between 1989 and 2024. The set 
time window of exposure of studies were 2 % neonatal (n = 1), 34 % 
juvenile (n = 16), 6 % pubertal (n = 3), and 58 % adult (n = 28), 
indicating concern over male reproductive system damage caused dur
ing prepuberty and adulthood. The dose concentrations of the selected 

studies for rats, mice, rabbits and birds ranged from 1 mg/kg to 2400 
mg/kg, with a median dose of 400 mg/kg, while for fishes it was ranged 
from 0.125 mg/L to 1.133 mg/L, with a median dose of 0.1625 mg/L. 
These studies used four methods of exposure, including gavage, dis
solved in the water tank, and injections (including intravenous, subcu
taneous, and intraperitoneal). However, the gavage was the most used 
method of administration accounting for 83 % of the exposures. The 
systematic review were categorized according to the animal model, 
morphological changes of male genital organs (testis and reproductive 
tract), sperm quality, oxidative stress, steroidogenic enzymes, and sex 
steroid hormones.

Table 4 
Summary of experimental studies of DBP on the sex hormones and steroidogenic enzymes.

Study record Study model Exposure 
age

Dose (mg) Exposure route Exposure time 
interval and period

Findings

Alam and 
Kurohmaru (2021) 
[55]

Japanese quail Juvenile 500 mg/kg Gavage For 3, 6 and 24 h ↓ Testosterone T, ↓ LH Se, 
↓ 17β-HSD (at 6, 12 h), ↓ 3β-HSD (All), 
↓ Cyp11a1, ↓ Cyp17a1.

Alam et al. (2010) 
[56]

Sprague Dawley 
rats

Juvenile 500 mg/kg Gavage Daily for 7 days ↓ Testosterone T, ↑ LH Se, ↓ Cyp11a1, 
↓ Cyp17a1, ↓ 3β-HSD, and ↓ 17β-HSD.

Anis et al. (2024) 
[38]

Wistar rats Adult 250 and 500 mg/ 
kg

Gavage 3 times a week for 8 
weeks

↓ Testosterone Se.

Aoki et al. (2011) 
[96]

Three-spined 
sticklebacks fish

Adult 0.015 and 0.035 
mg/L

Dissolved in water 
tank

Daily for 22 days ↑ Testosterone P (0.035 mg).

Bello et al. (2014) 
[26]

Japanese quail Juvenile 1, 50, 200, and 
400 mg/kg

Gavage Daily for 30 days ↔ Testosterone P, ↑ P450s (50 mg), ↓ 3β-HSD (50, 

200, 400 mg), 
↑ 17β-HSD (All), ↑ Cyp17 (200), 
↔ Cyp19.

Chen et al. (2011) 
[60]

Sprague Dawley 
rats

Adult 250 mg/kg Gavage Daily for 4, 8, and 
12 weeks

↑ Testosterone Se.

Chen et al. (2020) 
[61]

Zebrafish Adult 0.011, 0.113, and 
1.133 mg/L

Dissolved in water 
tank

Daily for 30 days ↑ Testosterone P (0.113, 1.133 mg/L), 
↔ E2 P.

El-Beshbishy et al. 
(2014) [62]

Wistar rats Adult 250 mg/kg Gavage Daily for 14 days. ↓ Testosterone Se, ↓ FSH Se.

Farombi et al. (2007) 
[63]

Wistar rats Adult 2000 mg/kg Gavage Daily for 9 days ↓ Testosterone Se.

Jiang et al. (2017) 
[65]

C57BL/6 J mice Pubertal 500 mg/kg Gavage Daily for 2 weeks ↔ Testosterone Se, ↔ Testosterone T.

Källsten et al. (2022) 
[66]

C576b1/6N mice Adult 1 and 10 mg/kg Gavage Daily for 5 weeks ↓ Testosterone T, ↓ androstenedione T, ↓ 
progesterone T, ↑ CYP11a1, ↑ 3β2-HSD, ↑ 
CYP17a1.

Moody et al. (2013) 
[17]

C57BL/6 J mice Neonatal 100, 250, and 
500 mg/kg

Gavage Daily for 7, 14, and 
21 days

↓ Testosterone Se ( 500 mg), 
↓ Testosterone T ( 500 mg), ↔ LH Se.

Nair et al. (2008) 
[69]

Wistar rats Adult 500, 1000 and 
1500 mg/kg/d

Gavage Daily for 7 days ↓ Testosterone Se.

Nelli and Pamanji 
(2017) [70]

Rats (strain not 
reported

Adult 500 and 1000 
mg/kg

Intraperitoneal 
injection

Daily for 4 weeks ↑ LH Se, ↑ FSH Se,↓ 3β-HSD, ↓ 17β-HSD.

O’Connor et al. 
(2002) [71]

Sprague Dawley 
rats

Adult 250, 500, 750 
and 1000 mg/kg

Gavage Daily for 15 days ↓ Testosterone Se (500, 750, and 1000 mg), ↓ FSH Se 

(1000 mg), ↑ LH Se (500, 750, and 1000 mg), ↓ E2 Se.
Oda and Waheeb 

(2017) [52]
Rabbits (strain not 
reported)

Adult 520 mg/kg Gavage Daily for 7 days ↓ Testosterone Se. ↓ Testosterone T, ↔ FSH Se, ↔ 
LH Se.

Park et al. (2025) 
[35]

Sprague Dawley 
rats

Juvenile 500 mg/kg Gavage Daily for 14 days ↓ Testosterone Se.

Rihani et al. (2014) 
[72]

Rabbits 
(Oryctolagus 
cuniculus)

Adult 250, 500 and 
750 mg/kg

Gavage Daily for 4 weeks ↓ Testosterone Se.

Ryu et al. (2008) 
[73]

Sprague Dawley 
rats

Juvenile 750 mg/kg Gavage Daily for 30 days ↓ Testosterone Se.

Ryu et al. (2008) 
[74]

Sprague Dawley 
rats

Pubertal 250 and 750 mg/ 
kg

Gavage Daily for 1, 7, 14, 
and 28 days

↓ Spag4, ↓ Cyp19.

Sruthi et al. (2021) 
[77]

Freshwater fish Adult 0.2 mg/L Dissolved in water 
tank

Daily for 1, 3, 4, 7 
and 15 days

↓ Testosterone, ↓ FSH Se, ↓ LH Se. ↓ E2 Se, ↓ 3β- 
HSD (3–15 days), ↓ 17β-HSD.

Tang et al. (2020) 
[78]

Sprague Dawley 
rats

Adult 800 mg/kg Gavage Daily for 2 weeks ↓ Testosterone Se, ↑ FSH Se, ↑ LH Se.

Wang et al. (2019) 
[81]

Sprague Dawley 
rats

Juvenile 50, 500 and 
1000 mg/kg

Gavage Daily for 35 days ↓ Testosterone Se (500, 1000 mg), 
↑ FSH Se (500, 1000 mg) ↑ LH Se (1000 mg).

Xiao-feng et al. 
(2009) [82]

Rats (strain not 
reported)

Juvenile 250, 500, 1000, 
and 2000 mg/kg

Gavage Daily for 30 days. ↓ Testosterone Se (500, 1000, 2000 mg), ↔ 11β- 
HSD1, ↔ StAR.

↔: no significant effect, ↑: significant increase, ↓: significant decrease compared to the controls for each individual study. CYPs: Cytochromes, E2: Estradiol, FSH: 
Follicle stimulating hormone, HSDs: Hydroxysteroid dehydrogenases, LH: Luteinizing hormone, P: Plasma, Se: Serum, Spag: Sperm-associated antigen 4 protein, StAR: 
Steroidogenic acute regulatory protein (StAR), T: Testicular.
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3.2. Risk of bias (RoB) assessment

The results showed that all studies had at least one RoB question 
rated probably high RoB (Fig. 2). Regarding the experimental conditions 
question, 37 studies were rated as probably low ROB, and 11 as defi
nitely low ROB. In terms of evaluating the randomized allocation of 
animals to experimental groups, most studies reported randomization 
but did not indicate how it was performed, which was rated as probably 
low RoB (n = 28). There were 19 studies did not reported randomization 
and rated as not reported or probably high RoB, while only 1 study was 
rated as definitely low RoB. A total of 47 studies failed to mention 
"blinding during study" and were marked as unreported or probably high 
RoB, whereas only 1 study was marked as probably low RoB. In general, 
the quality for individual studies was assessed according to domains and 
questions selected of the OHAT handbook for experimental animal. 
There were 47 studies classified as Tier2 and 1 study classified as Tier3 
because all three key questions were probably high RoB (Table S9). 
Therefore, this study was excluded from meta-analysis that was classi
fied as Tire3 [52].

Table 5 
Results of regression and goodness of fit for the best-fit models used to predict sperm quality, oxidative enzymes, and testosterone level responses (%) to DBP exposure 
(mg/kg) in all experimental animals.

Predicted response Sperm quality Oxidative stress enzymes Testosterone concentration

Count Motility Abnormality SOD MDA CAT

Model regression
Intercept
Estimate − 5.82 − 0.13 − 31.21 − 7.43 − 1.44 − 6.19 − 21.37
SE 13.4 4.86 35.62 5.82 15.68 20.23 6.38
P-value 0.671 0.980 0.430 0.230 0.929 0.767 0.003
DBP (mg/kg)
Estimate − 0.05 − 0.04 0.34 − 0.03 0.09 0.01 − 0.03
SE 0.01 0.00 0.02 0.01 0.00 0.00 0.01
P-value <0.001 <0.001 <0.001 <0.001 <0.001 0.003 <0.001
Exposure period [Short vs long]
Estimate 46.13 NS NS NS NS NS NS
SE 14.68 – ​ – – – –
P-value 0.008 – ​ – – – –
Model goodness of fit
R2

m/R2
c 0.58/0.97 0.86/1.0 0.71/0.98 0.62/0.68 0.67/1.0 0.02/1.0 0.49/0.81

RMSE 5 0.1 10.04 10.52 1.16 1.79 8.20
RSR 0.23 0.01 0.07 0.54 0.02 0.05 0.37
AIC 167 52.54 84.74 133.65 135.95 126.68 224.04
CCC 0.982 0.999 0.997 0.817 0.999 0.999 0.935
N (Observation/study) 14/7 7/5 8/4 14/8 14/7 12/7 24/11

NA: Not applicable, NS: Not significant, R2m: Marginal determination coefficients, R2c: Conditional determination coefficients, RMSE: Root mean squared error, RSR: 
Ratio of RMSE to the standard deviation of the observations, AIC: Akaki information criteria, CCC: Lin’s concordance correlation coefficient. CAT: Catalase, MDA: 
malondialdehyde, SOD: Superoxide dismutase. For each predictor, the second category is the reference level.

Fig. 3. Effect of di-n-butyl phthalate (DBP) dose on sperm count response (%) 
in combined juvenile and adult rats postnatally exposed via intragastric gavage.

Fig. 4. Effect of di-n-butyl phthalate (DBP) dose on the sperm motility of adult rats (A) and on sperm abnormality in combined juvenile and adult rats (B) postnatally 
exposed via intragastric gavage.
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3.3. Effect of DBP on the morphology of testis and epididymis

A total of 44 studies were examined with the aim of assessing the 
effects of DBP on testicular and epididymal morphology in all experi
mental models (Table 1). The records reflect studies were conducted on 
the testicular morphology of rats (n = 27), mice (n = 4), rabbits (n = 2), 
birds (n = 5), and fishes (n = 4), while only two studies were conducted 
on the epididymal morphology of rats (n = 1) and birds (n = 1). These 
studies were conducted on adult (n = 22), pubertal (n = 3), juvenile (n =
17), and neonatal (n = 1) experimental models at the time of the DBP 
exposure. These studies reported that exposure to DBP at various 
reproductive stages adversely affects the morphology of the testis and 
epididymis. In the testis, DBP was reported to induce pathomorpho
logical changes, including degeneration, necrosis, and apoptosis in 
germinal epithelia of the seminiferous tubules and interstitium, which 
subsequently impair spermatogenesis. The morphological changes 

reported in the epididymis included cytoplasmic vacuoles, epididymal 
atrophy, and luminal oligozoospermia, all of which negatively impacted 
spermiogenesis.

3.4. Effect of DBP on the sperm quality

Among the 47 screened records, 15 studies were conducted to 
evaluate the effect of DBP on the sperm quality. These records were 
conducted on rats (n = 11), mice (n = 3), and rabbits (n = 1) (Table 2). 
The selected studies concluded that DBP exposure during the adult stage 
decreased the caudal epididymal sperm counts (n = 9), sperm mobility 
(n = 7), sperm viability (n = 7) and abnormality rates (n = 7). However, 
some studies reported that exposure to DBP during adulthood did not 
affect sperm motility (n = 2) or abnormality rates (n = 1). When animals 
were exposed to DBP during their pubertal stage, it did not affect the 
semen sperm count (n = 2) and sperm abnormality rates (n = 2), but it 
did reduce the motility of sperm (n = 1). Only one study examined the 
effect of DBP on juvenile sperm quality, showing that it significantly 
decreased sperm count and viability and increased abnormality rates 
(Table 2).

3.5. Effect of DBP on oxidative stress parameters

There were 18 eligible studies selected with the aim of evaluating the 
effect of DBP on oxidative stress parameters (Table 3). The records 
reflect studies were conducted on rats (n = 15), mice (n = 2), and rabbits 
(n = 1). A total of 17 records evaluated oxidative stress enzymes, anti
oxidants and sequelae of oxidative stress in testicular tissue, while only 
one study assessed them in epididymal tissue. DBP-induced alterations 
in the intracellular antioxidant enzymes, including catalase (CAT, n =
13), glutathione peroxidase (GPx), and superoxide dismutase (SOD, n =
17), as well as with the antioxidant, glutathione (GSH, n = 8) and the 
marker of lipid oxidative damage, malondialdehyde (MDA, n = 18) 
(Table 3). In addition, DBP increased the MDA levels in most of the 
selected studies.

Fig. 5. Effect of di-n-butyl phthalate (DBP) dose on the testicular catalase (CAT) activity (A), malondialdehyde (MDA) level (B) and superoxide dismutase (SOD) 
activity (C) in adult rats, postnatally exposed via intragastric gavage.

Fig. 6. Effect of di-n-butyl phthalate (DBP) dose on serum testosterone con
centration in juvenile and adult rats postnatally exposed via intra
gastric gavage.
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3.6. Effect of DBP on steroidogenic enzymes and sex steroid hormones

Only eight studies of the 48 records evaluated the effect of DBP on 
steroidogenic enzymes (Table 4). Studies were performed on rats (n =
4), mice (n = 1), birds (n = 2), and fishes (n = 1). On the other hand, 22 
eligible studies were selected which evaluated the effect of DBP on 
concentrations of sex steroid hormones in the plasma, serum, and 
testicular tissue (Table 4). These studies were conducted on rats (n =
12), mice (n = 3), rabbits (n = 2), fishes (n = 3) and birds (n = 2). Among 
the 22 studies, the following sex steroid hormones were measured: an
drostenedione (n = 1), estradiol (E2, n = 2), follicle stimulating hor
mone (FSH, n = 7), luteinizing hormone (LH, n = 8), progesterone (n =
1), and testosterone (n = 21). In these studies, DBP significantly altered 
the function of steroidogenic enzyme pathways in the testis, causing 
significant imbalances in sex steroidal hormones (Table 4). In general, 
DBP significantly reduced testosterone concentrations, but only one 
study reported an increase in the testosterone concentration after DBP 
exposure.

3.7. Meta-analysis results

The results of this meta-analysis included parameters with sufficient 
comparable data for inclusion, namely sperm quality (count, motility, 
and abnormality), oxidative stress indicators (CAT, MDA, and SOD), and 
testosterone concentrations. Additionally, the meta-analysis included 
only records from studies on rats postnatally exposed via intragastric 
gavage. The linear best-fit model for the percentage change response of 
these parameters to DBP exposure in experimental animals along with 
the goodness of fit measures were tabulated in Table 5. The models for 
sperm motility, sperm abnormality and MDA demonstrated excellent fit 
with conditional R2

c values of 0.98–1.0 and concordance correlation 
coefficient (CCC) ranging from 0.997 to 0.999. The sperm count, and 
testosterone levels showed a good fit with R2

c values of 0.97 and 0.81, 
and CCC values of 0.982 and 0.935, respectively (Table 2). For SOD, the 
model showed moderate fit, with an R2

c of 0.68 and a CCC of 0.817 
(Table 5). Based on the ratio of root mean squared error (RMSE) to the 
standard deviation of observations (RSR) that ranged from 0.01 to 0.54, 
all models showed excellent to acceptable prediction performance 
(Table 5). However, the CAT model showed a very low marginal R2

m 

(0.02) despite its high conditional R2
c (1.0) and CCC (0.999), suggesting 

that the impact of DBP exposure on the CAT activity is minimal. The 
Trim and Fill test revealed funnel plot asymmetry between sperm 
(count, motility, and abnormality), CAT, and testosterone responses 
against their standard errors, suggesting a potential publication bias. 
There was, however, no evidence of funnel plot asymmetry for the as
sociation between MDA and SOD (Supplementary Materials File S2, 
Figs. S1–3).

3.7.1. Effect of DBP on sperm quality
This meta-analysis examined the effects of DBP on sperm quality 

including sperm count (n = 7, 14 replicates) sperm motility (n = 5, 7 
replicates) and sperm abnormality (n = 4, 8 replicates). The DBP con
centration was negatively associated with sperm count in juvenile and 
adult rats (p < 0.001), in which exposure to 1 mg/kg DBP may decrease 
the sperm count by 5.87 % and each additional 1 mg DBP/kg decreases 
the sperm count by 0.05 % (Fig. 3). Similarly, DBP concentration 
negatively associated with sperm motility (p < 0.001), and exposure to 
1 mg/kg DBP may reduce the sperm motility by 0.17 % (Fig. 4A) in adult 
rats. The increase of each 1 mg/kg DBP exposure may reduce the sperm 
motility by 0.04 % (Fig. 4A). Moreover, there were a positive association 
between the sperm abnormality in juvenile and adult rats and DBP 
concentration (p < 0.001). However, the increase in the sperm abnor
mality occurs only at concentrations higher than 91 mg/kg DBP and 
each additional 1 mg/kg DBP may increase sperm abnormality by 0.34 
%. The results indicate that sperm abnormality is less sensitive to the 
effects of DBP exposure than the sperm count and sperm motility 
(Fig. 4B).

3.7.2. Effect of DBP on oxidative stress enzymes
In terms of the effect of DBP on the testicular oxidative stress in

dicators, DBP concentration was positively associated with testicular 
catalase (CAT; p = 0.003) activity and malondialdehyde (MDA; p < 
0.001) level (Fig. 5A and B). The DBP started inducing an increase in 
CAT activity and MDA level at doses of higher than 619 mg/kg and 16 
mg/kg, respectively, and each additional 1 mg/kg DBP may increase the 
CAT activity and MDA level by 0.01 % and 0.09 % in adult rats, 
respectively (Fig. 5A and B). However, in case of CAT activity, consid
erable variability between studies was observed, with the fixed effect of 

Fig. 7. Schematic diagram showing the effect of postnatal exposure to di-n-butyl phthalate (DBP) on the male reproductive system. CAT: Catalase, MDA: Malon
dialdehyde, SOD: Superoxide dismutase. Arrows represent the effects of DBP.
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DBP concentration explaining only a small portion of the total variance 
(R2

m = 0.02) (Table 5). Moreover, a significant negative association was 
observed between superoxide dismutase (SOD, p < 0.001) activity in 
adult rats and DBP concentration. The result indicated that exposure to 
1 mg/kg DBP may decrease the SOD activity by 7.46 % and each addi
tional 1 mg DBP/kg may decrease activity by 0.03 % (Fig. 5C).

3.7.3. Effect of DBP on testosterone concentration
The analysis indicated that there was a negative association between 

DBP concentration and serum testosterone concentration (p < 0.001) in 
juvenile and adult rats. The exposure to 1 mg/kg DBP may decrease the 
testosterone,concentration by 21.38 % and the addition of 1 mg DBP/kg 
may decrease it by 0.03 % (Fig. 6).

4. Discussion

Di-n-butyl phthalate (DBP) is a class of chemicals widely used as 
plasticizers to increase the flexibility and durability of plastic products 
[86]. The widespread use of DBP has raised concerns about its potential 
health and environmental effects. Studies have suggested that DBP 
might adversely affect human health, including reproductive toxicity, 
developmental abnormalities, respiratory diseases, and possible carci
nogenic effects [31,34,87–89]. In addition, several studies, investigating 
different dose concentrations, animal species, route of exposure and 
exposure period, have reported the effect of the DBP on the male 
reproductive system [9,10,36,37,55,58,61,85]. A recent study indicated 
that almost all European children and adolescents are being exposed to 
phthalates, with DBP exceeding about 5 % of human biomonitoring 
guidance values (HBM-GVs) [90], which heighten concerns about 
fertility problems and other DBP-related exposure health risks. There
fore, this systematic review and meta-analysis provide a wide-ranging 
analysis of animal studies investigating the effects of postnatal expo
sure to DBP on the male reproductive system including testicular and 
epididymal morphology, oxidative stress indicators, sex steroid hor
mones, and steroidogenic enzymes.

Generally, the systematic review and meta-analysis revealed that 
DBP negatively influenced the male reproductive morphology and 
functions by inducing oxidative stress, altering steroidogenesis, and sex 
hormones in animals after being exposed postnatally to different con
centrations of DBP. Moreover, the results also indicated that 83 % of the 
selected studies used the intragastric gavage as a route of exposure. In a 
study conducted by Bu et al. (2020) [39], the mean daily intake of DBP 
via ingestion, inhalation and dermal absorption ranged from 7.63 to 
29.27 ng/kg, 30.17–123.58 ng/kg, and 796.29–1652.29 ng/kg, 
respectively, in the Chinese population aged 6–65 years old. This report 
concludes that dermal absorption is the most significant route of expo
sure. However, dermal absorption was not used in any of the animal 
studies that evaluated the effects of postnatal exposure of DBP on the 
male reproductive system. Therefore, further studies are warranted to 
investigate the effect of dermal exposure of DBP on the male repro
ductive system, which may provide more noteworthy information rep
resenting real environmental DBP exposure scenarios.

The meta-analysis conducted in this study was limited to data from 
rat studies, while other animal species were excluded due to insufficient 
data or the probability of higher RoB. The study examined the animal 
responses to DBP postnatal exposure on sperm quality parameters, 
oxidative stress indicators and serum testosterone concentrations. Based 
on the analysis, the concentration of the DBP was negatively associated 
with sperm count and sperm motility, and positively with sperm ab
normality, suggesting a dose-response relationship. Exposure to 1 mg/kg 
DBP may decrease the sperm count by 5.87 % and sperm motility by 
0.17 %, while exposure to 92 mg/kg DBP could increase the sperm ab
normality by 0.07 %. This suggests that abnormal sperm is less likely to 
occur following DBP exposure and that the sperm count, and sperm 
motility parameters are more sensitive.

In addition, the longer exposure periods to DBP decreased the sperm 

count (p = 0.008) by 46.13 % compared to the shorter exposure periods, 
indicating that sub-chronic and chronic exposure to DBP are more 
harmful than acute exposure. Analysis of the results confirmed that DBP 
concentration was negatively associated with SOD activity, but it was 
positively correlated with testicular CAT activity and MDA levels. 
However, while SOD and MDA exhibited clear dose-dependent re
lationships, the CAT activity response was less sensitive (Fig. 5). The 
differential responses to oxidative stress biomarkers may therefore 
provide crucial insight into DBP-induced testicular toxicity. Oxidative 
stress is a major contributor to male infertility [91,92]. Our analysis 
indicated that postnatal exposure to DBP altered the testicular antioxi
dant defence systems, which could result in an increase in reactive ox
ygen species (ROS) accumulation. ROS and their metabolites can 
damage DNA, alter cellular enzyme systems, and cause irreversible cell 
damage [91,93]. In addition, DBP is reported to induce alterations and 
oxidative stress in the Sertoli and Leydig cells, leading to spermatogenic 
failure and decrease the sperm count and sperm motility [37,65,81,94,
95]. This study supports a previous meta-analysis study, using a 
different approach, to evaluate the effect of DBP exposure on sperm 
quality parameters in animals [34]. However, our meta-analysis pro
vided quantitative results for the animal response to DBP exposure on 
sperm quality and oxidative stress parameters, which may provide 
useful information for epidemiological and health risk assessment 
studies.

Furthermore, in the current systematic review there was also an 
inconsistency in testosterone response in animals after being exposed to 
DBP (Table 4). In some studies, the testosterone concentration signifi
cantly decreased in birds, fishes, rats, mice, and rabbits after exposure to 
DBP. In contrast, a significant increase in testosterone concentration was 
also observed in rats [60], and fish [61,77,96] following treatment with 
DBP. In the studies conducted in fish, the DBP concentration ranged 
from 0.113 to 0.2 mg/L, which is closely related to environmental 
relevant concentrations reported in water (0.122–0.182) [97,98]. This 
might be attributed to stress-related compensation responses or horm
esis [99]. In rats, the reasons for the increase in testosterone concen
trations in response to DBP exposure in the rat study conducted by Chen 
et al. (2011) [60] are not clear. However, the European Food Safety 
Authority (EFSA) Scientific Committee [100], suggested a biological 
plausibility for non-monotonic dose-response (NMDR) of phthalates, 
particularly bis(2-ethylhexyl) phthalate (DEHP) on postnatal testos
terone response. This has been attributed to several complementary 
mechanisms, such as developmental/physiological situations, species, 
and exposure (stage and period) [100]. However, due to the fact that the 
increase in testosterone concentrations observed only in a single trial, 
we cannot draw clear conclusions concerning the effects of NMDR of 
postnatal exposure to DBP on testosterone response. Despite the limited 
amount of evidence available, it is important to conduct further analysis 
using statistical, probabilistic, and biological plausibility methods to 
determine the NMDR for postnatal DBP exposure on testosterone con
centration [100], thus, NDMRs should be taken into account during risk 
assessments analysis, and ignoring them could lead to an underestima
tion of the risks posed by exposure to low concentration of toxicants 
[101]. In addition, our meta-analysis indicated a dose-response rela
tionship for postnatal exposure of DBP on testosterone concentration, in 
which the DBP concentration was negatively associated with testos
terone concentration. The testosterone concentration decreasing by 
21.38 % at 1 mg/kg of DBP. In rats, the postnatal exposure to DBP 
severely disrupts steroidogenesis, indicating that DBP can disrupt 
testosterone synthesis via various pathways [56,70,74]. Similarly, it was 
reported that testosterone synthesis pathways exhibited a biphasic 
response, including hydroxysteroid dehydrogenases (17β-HSD), and 
cytochrome (CYP11a1 and CYP17a1) enzymes [56,66].

This review provides a general assessment on male reproductive 
toxicity induced by postnatal exposure to DBP in animals. However, it is 
important to acknowledge some limitations of our study. Firstly, studies 
of other species with similar outcome indicators did not contain enough 
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data to be included in the meta-analysis, therefore, the meta-analysis 
was limited to studies from rats. Secondly, the meta-analysis of sperm 
count, sperm abnormality, and testosterone concentration included data 
from juvenile (PD18 - 41) and adult (PD > 56) rats, whereas data on 
sperm motility, CAT, MDA, and SOD were only analysed from studies on 
adult rats. Therefore, it was difficult to determine which stage of post
natal developmental is most vulnerable to DPB exposure. Thirdly, 
despite dermal absorption being the most significant route of human 
exposure [39], our meta-analysis was limited to intragastric gavage 
studies, due to lack of animal studies on dermal exposure, creating a 
notable knowledge gap. Furthermore, species diversity was restricted, as 
studies from non-rat species lacked sufficient comparable outcome pa
rameters to be included in the meta-analysis.

In conclusion, our systematic review and meta-analysis study 
incorporated all available studies and provided evidence of male 
reproductive toxicity induced by postnatal exposure to DBP in animals. 
We observed a dose-response relationship between DBP concentration 
and sperm quality (count, motility, and abnormality), oxidative stress 
indicators (CAT, MDA and SOD) and testosterone concentration (Fig. 7).

Furthermore, the current review revealed that intragastric gavage 
was the most common method of exposure in all selected animal studies, 
however there is a significant gap in dermal exposure studies. Skin 
contact is a major route for DBP exposure to humans via skin care 
products, dust and soil [39], and the skin contains endocrine receptors 
[102], where DBP can bind to these receptors. However, there is a 
limited data regarding absorption, distribution, and metabolism after 
dermal exposure to DBP [103]. Thus, further research is warranted to 
examine the effects of dermal exposure of DBP in experimental animals, 
which will assist to clarify the effects of DBP exposure on male repro
ductive health and for accurate risk assessments.
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