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DEHP chronic exposure disturbs the gut microbial
community and metabolic homeostasis: Gender-
based differences in zebra�sh
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Abstract
Background: Di-(2-ethylhexyl) phthalate (DEHP), a predominant phthalate ester (PAE), exhibits various
toxic potentials with environmental and human health risks. However, the chronic effects of DEHP
exposure on gut microbiota and associated host’s health are still largely unexplored. Here, zebra�sh were
exposed to relative environmental levels (0-100 μg/L) of DEHP from embryos to adult (3.5 months), then
the developmental indexes and microbiota as well as the related energy metabolites in gut tissues were
checked to unveil the effects during the growth progress.

Results: The results indicated that the composition of gut microbiota was different among male and
female adult zebra�sh, and DEHP disrupted the diversity and richness of the bacterial community. The
histopathological analysis of intestinal tissues revealed the decrease of villus length and tunica
muscularis thickness, especially the goblet cells per villi in male �sh. Moreover, energy metabolites in gut
tissues were actively increased at lower levels groups, which probably contribute to the condition factor
of host. For immune-related genes, the expression levels of il-8 was increased both in female and male
�sh in the lowest concentration (10 μg/L), but the tlr-5 and il-1β genes were in the different response with
signi�cantly decreased in female �sh.

Conclusion: Taken all together, those results indicated that chronic exposure to DEHP led to zebra�sh
obesity with the disturbed bacterial community in the gut and related metabolism pathways. Those
�ndings provided deep insights on the perturbation of gut microbiota, metabolic homeostasis, and
gender-based differences by DEHP exposure.

Background
Phthalates (PAEs) are widely used as plasticizers in a great deal of domestic and industrial products to
make plastic �exible, which leads to their inevitable release into the environment and exposure to humans
and animals [1, 2]. Comprising approximately 50% of the total plasticizer products, di-(2-ethylhexyl)
phthalate (DEHP) is the most extensively used PAE and its toxicity has attracted huge attention
worldwide [3, 4]. However, the researches mostly focused on the potential risks of DEHP on the
neurodevelopment in early life, endocrine disruption, and reproductive toxicity [5–7]. Recently, the
environmental contamination and ecological risks of DEHP have been reported in diverse aquatic
ecosystems with various levels [8, 9]. DEHP as a small molecule additive compared to the large polymer
chains are more prone to dissolve in an aqueous environment and posed risks of exposure of humans,
animals, and microbes [10–12]. Therefore, more investigations should be carried out to reveal the
comprehensive toxicity of DEHP on aquatic organisms after long-term exposure at environmental levels
to aquatic organisms.

Environmental contaminants can disrupt gut microbiota in animals, especially in the aquatic ecosystem
[13]. The normal gut microbiota affects speci�c functions in host nutrient metabolism, xenobiotic and
drug metabolism, maintenance of structural integrity of gut mucosal barrier, immunomodulation, and
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protection against pathogens [14, 15]. Moreover, the gut microbiota is involved in the regulation of
multiple host metabolic functions and energy balance, giving rise to interactive host-microbiota metabolic
including energy intake and immune-in�ammatory signaling that physiologically connect gut organs [16,
17]. In �sh, the intestinal bacterial communities were sensitively shaped by environmental and ecological
factors [18]. Therefore, the diversity and richness of bacterial community is considered as an important
index to evaluate the toxicity of pollutants, which is detected by the modern biotechnology technique
termed as 16S rRNA high throughput sequencing [19, 20].

Zebra�sh model possesses numerous advantages involving the short life span, transparent embryos,
high similarity to the human genome, and diverse adaptability [21]. Thus, it usually applied as a credible
animal model to evaluate the toxicity of various environmental pollutants including DEHP [22]. Moreover,
the zebra�sh model was recently used to study the functions and impacts of various pollutants on gut
microbiota after acute or chronic exposure [23, 24]. Moreover, zebra�sh can be employed to study the
relationship of microbes, stress response, and gut development [25, 26]. Although the gut desorption of
DEHP was reported, the potential disruption to gut microbiota in aquatic organisms is still elusive [27, 28].
Thus, wild type zebra�sh were employed in this study to explore the possible toxicity of chronic DEHP
environmental relevant exposure on development, gut microbiota, and immune system responses.

The assessment of PAEs showed the ability of them to affect immune and allergic responses, body
weight, and intestinal development in experimental animals and in vitro [29, 30]. Previous reports
highlighted that the utility and intestinal biology to functionally validate candidate genes identi�ed
through genome-wide association studies are unique to the zebra�sh model [31]. A large degree of
homology has been reported between zebra�sh intestines and that of higher vertebrates in terms of
cellular composition and function. Moreover, intestine acts as a digestive and immune organ with highly
conserved molecular pathways, injury regulating functions, and immune responses. Therefore, the genes
expression of intestinal tissues with the changed bacterial community and the content energy materials
with the abundance of KEGG pathways could provide more insights to the comprehensive toxicity of
DEHP on �sh developmental and associated health effects. Therefore, the histological analysis of
zebra�sh gut tissue is also necessary for evaluating the toxicity of long-term organic pollutants.
Moreover, chronic exposure to DEHP induced signi�cant genotoxicity via kinds of pathways to reverse
effects including the potential carcinogenic mechanism and potential adverse health outcomes [32, 33].
However, researches proved that long-term exposure to DEHP in early life related to obesity and neuro-
behavior and reproductive outcomes [34, 35]. Previous researches proved that the toxicity of DEHP in
parents can be transferred to offspring and thus affect the development and growth of animals [36].
Therefore, the effects on tissues after long-term exposure from zebra�sh embryos to larvae and then to
adult ones are necessarily needed comprehensive investigation.

Therefore, in this study, long-term exposure to DEHP with different concentrations (0, 10, 33, 100 µg/L)
was performed using the zebra�sh model. Then, the disruption effects on the diversity and richness of
gut microbiota in female and male �sh were explored by 16S rRNA sequencing analysis. Moreover, DEHP
mediated damages on zebra�sh gut tissues were detected from histomorphology along with the energy
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metabolism levels aspects. The metabolites in zebra�sh intestines related to the energy cycle were also
measured in this study to investigate the underlying relationships of the gut microbiota and homeostasis.
Besides, the expression changes of genes in immune response were deeply explored for investigating the
potential effects on zebra�sh exposed to DEHP.

Results
Developmental indexes of zebra�sh after long-term exposure to DEHP

In this study, the long-term exposure to environmental level concentrations of DEHP at the early life stage
induced no serious toxicity on the survival and growth of zebra�sh. However, the DEHP exposure from
embryos to adult stage signi�cantly altered the basic developmental indexes (Fig. 1). In detail, the
average body length of female was signi�cantly increased to 3.056 ± 0.029 cm in the lowest
concentration group (10 μg/L) and male to 3.068 ± 0.036 cm in the 33 μg/L group, compared to female
(2.881 ± 0.027 cm) and male (2.951 ± 0.022 cm) �sh in control (Fig. 1A and 1B). The similar results were
observed for body weight that signi�cantly increased to 0.233 ± 0.005 g and 0.210 ± 0.005 g in the DEHP
exposed female and male zebra�sh in the 10 μg/L group, compared to control female (0.201 ± 0.005 g)
and male (0.193 ± 0.004 g), respectively (Fig. 1C and 1D). Moreover, the condition factors (K) of female
(71.491 ± 2.035) in the 10 μg/L and male (64.659 ± 2.450) zebra�sh in the 33 μg/L was signi�cantly
decreased by DEHP exposure, compared to control female (58.267 ± 1.759) and male (57.335 ± 1.562),
(Fig. 1E and 1F).

From the organic weight ratio in zebra�sh, the intestinal somatic index (ISI) of female and male was
increased to 5.300 ± 0.227 and 3.584 ± 0.161 in the DEHP exposed groups, but showed no signi�cant
changes compared to female (4.706 ± 0.249) and male (3.334 ± 0.215) in control (Table S2). Similarly,
the other index including gonadal somatic index (GSI) and hepatosomatic index (HSI) increased gently
but showed no signi�cant changes between DEHP treatment and controls (Table S2).

Diversity and richness of intestinal microbiota in adult zebra�sh

The intestinal microbiota of zebra�sh in control and the highest concentration of DEHP exposure (100
μg/L) groups were analyzed via 16S rRNA sequencing. The result showed that the taxonomic information
of total samples was 18 Phyla, 34 Classes, 87 Orders, 144 Families, 247 Genera, 324 Species, and 406
OTUs. According to our previous studies [23, 37], the composition and functions of intestinal microbiota
in female and male zebra�sh were different, thus the following analysis of each group was departed by
gender. The groups were marked by female and male in control (F-0 and M-0), female and male in 100
μg/L DEHP group (F-100 and M-100).

The rarefaction curves of OTUs showed that all samples reached the plateau phase by 26,000 sequences
reads (Fig. S1), and the rarefaction curves of the Shannon index approached the plateau from about
4200 sequences per sample (Fig. S2). Generally, we obtained 913,364 high-quality sequences and
400,891,017 bp bases with an average length of 438.917 bp, and the OTUs in each group were optimized
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sequence reads for the subsequent analysis. Moreover, the Good’s coverage index of samples was higher
than 99.9% in all groups, indicating that the range of detected data was high and credible, and the
unmeasured part was negligible. The diversity (Shannon, Simpson) and richness (Chao, Ace) indexes
were calculated without signi�cant differences by t-test between control and the DEHP exposed groups,
but the alteration of diversity and richness of intestinal microbiota still differed in female and male
zebra�sh. In the F-100 and M-0 group, the Chao (263.55±17.09, 209.74±18.86) and Ace (261.28±20.81,
218.87±14.24) index values were higher than the F-0 and M-100, respectively, indicating the higher
diversity in DEHP exposed female and lower diversity in DEHP exposed male. Consistent with other
indexes, the lower Shannon (2.35±0.36, 1.87±0.29) value and the higher Simpson index appeared the
lower diversity in the F-100 group and M-0 group (shown in Table S3).

Composition of intestinal bacteria in zebra�sh with long-term DEHP exposure

The bacterial community of female and male zebra�sh intestine in the phylum level was different
between control and DEHP treatment groups (shown in Fig. 2). In the taxonomy analysis, the major
dominant bacterial phyla in the F-0 group were Fusobacteria (35.85%), Proteobacteria (29.16%),
Firmicutes (19.69%), Bacteroidetes (6.77%), and Actinobacteria (6.02%). In the F-100 group, the
abundance of Fusobacteria (27.94%), Bacteroidetes (4.62%) and Actinobacteria (5.23%) were decreased,
while other bacterial phyla Proteobacteria (32.89%) and Firmicutes (27.73%) were increased.
Nevertheless, the percent of dominant bacterial phyla in the M-0 group were Fusobacteria (48.79%),
Proteobacteria (19.07%), Firmicutes (20.15%), Bacteroidetes (7.50%), and Actinobacteria (2.04%). In the
M-100 group, the abundances of Fusobacteria (43.64%), Firmicutes (14.04%) and Actinobacteria (1.53%)
were decreased, but other bacterial phyla Proteobacteria (27.64%), and Bacteroidetes (12.13%) were
increased (Fig. 2). The Verrucomicrobia in the F-100 (0.82%) and M-100 (0.80%) group were lower than
those in the F-0 and M-0 group (1.90%, 2.30%), respectively. Finally, the richness of minor bacterial phyla
as “other” in the F-100 (0.77%) and M-100 (0.21%) zebra�sh were increased, respectively compared to the
F-0 (0.60%) and M-0 (0.14%) groups.

The intestinal bacteria of zebra�sh in control and DEHP groups were identi�ed by the Venn chart
according to the level of the family with the special and highly shared family in female and male
zebra�sh (Fig. S3). Further, the intestinal microbiota was analyzed and the community heatmap of the
top 50 genera with the hierarchical clustering was calculated according to the average richness value of
the samples to investigate potential effects of DEHP (Fig. 3). The fold-changes at richness and diversity
of intestinal bacteria in female and male zebra�sh were differed in the phylum level by DEHP exposure
(Table S4). Among the most abundant genera, the Aeromonas, Deefgea, Shewanella, Mycobacterium,
g_unclassi�ed, f_Rhodobacteraceae, and Hyphomicrobium, as well as lower richness genera
Macellibacteroides and Haloferula in DEHP exposure groups were increased with the fold change 1.29-,
6.73-, 1.17-, 4.85-, 3.53- and 1.59-, 1.77- and 3.28-folds in female �sh, and 1.62-, 4.53-, 2.02-, 4.37-, 5.10-
and 2.02-, 2.76-, and 13.08-folds in male �sh, compared to the control groups. While for the
Cetobacterium, Akkermansia, g_norank_o_PeM15, Bacteroides, Rhodobacter, Planococcus, and
Salinicoccus, the abundance levels were decreased to 0.79-, 0.40-, 0.09-, 0.58-, 0.42-, 0.01- and 0.00- folds
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in female �sh, and to 0.88-, 0.20-, 0.02-, 0.33-, 0.86-, 0.06- and 0.17- folds in male �sh, compared to control
group, respectively. Notably, the Plesiomonas, Porphyromonadaceae, Hados.Sed.Eubac.3, and
Enterobacteriaceae genus were decreased in female �sh with 0.71- to 0.37- folds, but showed higher
levels with 1.30- to 1.68- folds in male �sh after DEHP exposure. In contrast, the abundance of
Erysipelotrichaceae, Gemmobacter, Meganema, and Rubellimicrobium genus were increased in female
�sh with 1.25- to 1.60- folds, but showed lower levels with 0.87- to 0.23- folds in male �sh after GO
exposure. Here, DEHP exposure changed gut bacterial genus differed in female and male zebra�sh, such
as the Gordonia increased with 6.71- folds in male �sh and Legionella increased with 3.86- folds in
female �sh without any abundance changes in other gender �sh, respectively.

Further, the intestinal bacterial functions in DEHP exposed and control groups were analyzed from the
databank of appreciated for Bacteria and Archaea based on the abundance of COG metabolism
pathways (Fig. S4). In those functional pathways, A: RNA processing and modi�cation, I: Lipid transport
and metabolism, N: Cell motility, and Q: Secondary metabolites biosynthesis, transport, and catabolism
showed increased abundance with 1.89-, 1.20-, 1.12- and 1.3- folds in female �sh, and with 1.42-, 1.14-,
1.36-, 1.21-folds in male �sh, compared to control groups. Notably, the abundance of KEGG metabolic
pathways at the �rst level showed that most pathways including cellular process and metabolism
pathways also increased in both female and male �sh after DEHP exposure (Fig. S5). Especially, the
metabolic pathways at the second level involved in the xenobiotics biodegradation and metabolism, cell
motility, endocrine system, metabolism of other amino acids, circulatory system, neurodegenerative
diseases, cancers, cell growth and death, metabolism of terpenoids and polyketides, cellular processes
and signaling, signal transduction, lipid metabolism signaling, and nervous system potentially increased
with 1.27-, 1.12-, 1.10-, 1.13-, 1.23-, 1.19-,  1.05-, 1.13-, 1.19-, 1.01-, 1.01-, 1.15- and 1.10- folds in female
�sh, and with 1.19-, 1.32-, 1.15-, 1.10-, 1.49-, 1.18-, 1.15-, 1.03-, 1.15-, 1.14-, 1.14-, 1.12- and 1.23- folds in
male �sh,  compared to controls (Fig. 4). Besides, the pathways of the digestive system were increased by
1.42- folds in male �sh, and the cardiovascular diseases increased to 1.25- folds in female �sh, indicating
that several response pathways were differently affected by DEHP exposure.

Histomorphology of intestines in the chronic DEHP exposed zebra�sh

For the histological analysis, intestine tissues by HE staining were performed to detect the villus height,
villus width, crypt depth, and tunica muscularis thickness in female and male zebra�sh (Fig. 5). The
intestine tissues were observed normal without serious damages in the female and male controls (Fig. 5A
and 5C), as well as the DEHP exposed ones (Fig. 5B and 5D). The average villi height of intestine tissues
was normal in the F-0 (112.46 μm) and M-0 (133.54 μm) groups, and the F-100 (127.32μm) and M-100
(112.27 μm) exposed groups (Fig. 5E). The average width of villi in the DEHP exposed female (77.14 μm)
and male (90.60 μm) zebra�sh intestines were decreased with signi�cant changes, compared to control
group female (96.44 μm) and male (113.56 μm) zebra�sh (Fig. 5E). Moreover, the crypt depth of
intestines was also measured, and the average depth of villi in the F-100 (28.07 μm) and M-100 (28.04
μm) zebra�sh intestines were slightly decreased, compared to the F-0 (31.78 μm) and M-0 (30.10 μm)
zebra�sh. However, the average tunica muscularis thickness of the F-100 and M-100 intestines was 12.81



Page 7/28

and 14.28 μm, with the F-100 group appeared signi�cant changes, compared to control (16.12 and 15.19
μm) zebra�sh (Figure 5E).

For the effects of chronic exposure to DEHP on zebra�sh intestinal functions, the goblet cells stained with
AB-PAS was performed in this study (Fig. 6). The goblet cells in the female and male zebra�sh intestine
tissues from the control group (Fig. 6A and C) and DEHP exposed group (Fig. 6B and D) were counted
and calculated. The average number of goblet cells per villus in the F-100 and M-100 group (9.5 and 8.1
cells) was decreased, compared to the F-0 and M-0 group (9.9 and 11.5 cells) with the M-100 signi�cant
changes (Fig. 6E).

Changes of metabolites content and immune response in zebra�sh intestines

The energy metabolites in intestine tissues related to zebra�sh body obesity were measured, and the
content of TG was signi�cantly increased in the F-10, F-33 and M-33 groups with 0.0769, 0.0905 and
0.0333 mmol/gprot, compared to the F-0 and M-0 groups (0.062 and 0.024 mmol/gprot), respectively
(Fig. 7). Similarly, the content of PY was also increased by DEHP in the F-33 and M-10, M-33 groups with
0.0116 and 0.0071, 0.0084 μmol/gprot, compared to the F-0 and M-0 groups (0.0080 and 0.0040
μmol/gprot), respectively (Fig. 7). The content level of FA was increased by DEHP in the low
concentration groups, but only the M-10 group with 0.0139 mmol/gprot showed a signi�cant difference,
compared to the M-0 group (0.0062 mmol/gprot). Interestingly, the content of Glu was signi�cantly up-
regulated to 0.130 and 0.129 mmol/L in the F-10 and F-100 groups, compared to 0.094 mmol/L in the F-0
group. However, the Glu content appeared no changes in the DEHP exposure groups.

The immune response-related genes in gut tissues of zebra�sh after chronic exposure to DEHP were
checked by RT-PCR (Fig. 8). In the female zebra�sh, the relative expression of gene tlr-5 was inhibited to
0.48-folds in the highest DEHP exposure group, as well as the gene of il-1β decreased with rang from 0.37
to 0.69-folds in all the DEHP exposure (10-100 μg/L) groups. The other gene of nf-κb, and the male
zebra�sh appeared no signi�cant changes after DEHP treatment. However, the il-8 gene in female and
male zebra�sh showed signi�cantly increased expression in lower DEHP exposure groups (10 and 33
μg/L), compared to the control group.

Discussion
In recent years, DEHP associated diverse toxic implications for ecological and human health have gained
huge attention. The elevated levels of DEHP have been reported in freshwater resources, which provides
water supply for drinking and domestic utilities, and this could ultimately pose a threat to environmental
and human health [38]. In the previous studies, the toxicity of DEHP and its derivative MEHP had mainly
focused on the developmental and reproduction effects or organogenesis through various biological
pathways in �sh [39–41]. However, the eco-toxicological risks of DEHP with environmental
concentrations on freshwater �sh health including the development and intestinal homeostasis,
especially their underlying relationships with the disruption of intestinal bacterial functions were still
unclear. In this study, the chronic toxicity of DEHP on zebra�sh was investigated and discovered the
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obesity developmental indexes of adult stages, which was possibly related to the disruption of gut
microbiota and homeostasis between exposure and control groups.

In this study, the body length and body weight of both female and male were increased according to the
recorded indexes of adult zebra�sh after DEHP exposure groups (10–33 µg/L), compared to control.
Moreover, the condition factor (K) stands the critical indicator for the toxicity of pollutants and food
intake changes on the �sh in fresh and marine water systems [42, 43]. The higher condition factor of
female and male zebra�sh was calculated to be higher in lower concentration groups, and the organ
somatic indexes (ISI, GSI, and HSI) were increased but without signi�cant for signal organ. Thus, we
suspected that DEHP exposure may contribute to the increased weight of organs in the whole body.
However, it was reported that the long-term exposure to DEHP with concentrations of 0.1–10 µg/L may
affect guppy �sh development by inhibiting the body growth under higher temperature [44]. Interestingly,
other reports showed that exposure to low levels of DEHP may affect organ development, such as by
modulating the genes expression related to fatty liver disease with acid metabolism [45]. Here, our results
proved that the long-term exposure to DEHP from embryos to adult ones induced zebra�sh to be obese
both in females and males, and genders appeared with signi�cant alterations in different low-levels
treatments.

For energy extraction, lipid metabolism, endocrine functions, and immune system, the in�uenced
developmental indexes possibly connected with the alteration of intestinal microbiota in organisms [46–
48]. Previous researches explained that the shifts of intestinal microbiota were sensitively affected by
dietary, the gender of the host, drugs, and other environmental factors, but varied with individuals even
within the same life-stages [49–51]. As the potential key indicator for animal habit and environments, the
gut microbial communities in zebra�sh during their growth and development have already been detected
in previous studies [52, 53]. In our study, the intestinal microbiota was subsequently investigated to
understand the inner relationships of developmental indexes and homeostasis alteration in adult
zebra�sh. The alpha analysis indexes of richness (OTUs, Chao1, Ace) and diversity (Shannon, Simpson)
showed different responses in zebra�sh after long-term DEHP exposure. In the F-100 zebra�sh, the
abundance of major phyla, Fusobacteria, Bacteroidetes, and Actinobacteria were decreased, while other
bacterial phyla Proteobacteria and Firmicutes increased. In the M-100 zebra�sh, the abundance of
Fusobacteria, Firmicutes, and Actinobacteria was decreased, but other bacterial phyla Proteobacteria, and
Bacteroidetes were increased. The Fusobacteria and Bacteroidetes were considered bene�cial intestinal
bacteria by providing vitamins or assist in metabolism in the gut [54]. Moreover, the increased prevalence
of Proteobacteria is a potential diagnostic signature of dysbiosis and the risk of diseases [55]. Here, we
suspected that the disruption of those phyla in female and male zebra�sh probably contributed to the
imbalance the metabolic ability after DEHP chronic treatment.

According to the level of genus, the abundances of major bacteria were Aeromonas, Deefgea, Shewanella,
Mycobacterium. However, the Rhodobacteraceae in DEHP exposure groups was increased, and
Cetobacterium, Akkermansia, Bacteroides, Rhodobacter, Planococcus and Salinicoccus were decreased in
female and male �sh, compared to control, respectively, indicating the negative effects of DEHP on
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zebra�sh intestinal homeostasis. Notably, the Plesiomonas, Porphyromonadaceae, and
Enterobacteriaceae genera were decreased in female �sh, but showed higher in male �sh after DEHP
exposure. In contrast, the abundance of Erysipelotrichaceae, Gemmobacter, Meganema,
Rubellimicrobium, and Legionella genera were increased in female �sh, but showed lower levels in male
�sh after chronic DEHP exposure, respectively. Among those altered genera, some probiotics, such as
Cetobacterium and Akkermansia, were the key members essential for organisms, but some of them, such
as the genera Shewanella and Mycobacterium were trends to human infections and antibiotic resistance
[56, 57]. Under the chronic pressure of DEHP, the increased endotoxins could result in obesity,
in�ammation, metabolic derangements, and intestinal or other organ damages [58–60]. Thus, the shift of
intestinal bacterial community with the changed functions abundance possibly comprehensively led to
the developmental abnormality and immune response in the DEHP exposed zebra�sh.

Environmental pollutants affect the �sh’s health by in�uencing various metabolic pathways, especially on
the food intake and the subsequent energy transformation, and �nally induce host obesity [61, 62]. Thus,
the alteration of gut microbiota exposed to environmental challenges is always related to the diseases in
the host or the metabolic functions [63, 64]. In this study, the intestinal microbiota explored by COG and
KEGG functional analysis showed similar metabolism pathways between exposure and control zebra�sh,
but showed various relative abundances. In detail, the pathways of lipid transport or metabolism, cell
motility, and catabolism were increased in female and male �sh by DEHP treatment. Notably, the KEGG
data showed that the cellular process and metabolism pathways were also signi�cantly increased in both
female and male �sh after DEHP exposure. Especially, the metabolic pathways involved the xenobiotics
biodegradation, cell growth and death, cellular processes, signal transduction, and lipid metabolism
signaling were increased in female and male �sh treated with DEHP.

Scienti�c evidence supported the idea that obesity and metabolic consequences are strongly related to
the changes in both the function and composition of gut microbiota, which exerted an essential role in
modulating energy metabolism [65]. Based on human and animal studies, gut microbiota could act as a
key modi�er for obesity and related metabolic complications [66]. Thus, the critical pathways of
metabolism in zebra�sh were signi�cantly changed, which may explain the reason of developmental
abnormality by the long-term DEHP exposure.

The intestine possesses a large interface between the human organism and the external environment and
affects the functions of the epithelial barrier and the gut immune system [67]. Evidence showed that host-
microbe interactions shaped the gastrointestinal environment and the microbiota bene�ted the
development and difference of gut tissues [68]. However, enteral nutrition and multiple pathologies are
associated with the disruption of gut microbes after exposure to environmental pollutants. In this study,
the gut sections with H&E stain of female and male �sh showed the average value of villus length and
crypt depth without changes by DEHP exposure. However, the villus width of male �sh and tunica
muscularis thickness of female �sh were signi�cantly reduced in the DEHP exposure groups. Besides, the
important goblet cells in intestinal tissues analyzed by AB-PAS stain were signi�cantly inhibited in the
DEHP exposed male zebra�sh. Here, our results indicated that chronic exposure to a low level of DEHP
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was harmful to gut developmental indexes by decreasing the villi width and the goblet cells, especially in
male �sh intestines. We speculated that the alteration of indexes possibly affected DEHP on zebra�sh
intestine organ as well as its functions, and thus the subsequent metabolic functions were necessary to
be explored.

Moreover, healthy microbial communities are important for human metabolome, and especially the
harvest of energy and the regulation of body systems outside the digestive tract, and the dysbiosis have
been implicated in many disorders, including obesity and in�ammation [69, 70]. The gut microbiota is
involved in the host energy metabolism through the regulation of body fat storage and serum-free fatty
acids (FFA), which are generally elevated in obesity [71]. Among a variety of gut microbiota metabolites,
short-chain fatty acids (SCFAs) have received attention because of their important role in maintaining the
homeostasis of hosts and the recovery of diseases [72, 73]. In this study, the content of metabolites
involved TG, PY, FA, and Glu were signi�cantly increased in female and male zebra�sh intestines,
especially in the low level (10–33 µg/L) groups. Previous researches proved that the short-chain
triglyceride triacetin affected the intestinal mucosa and metabolic substrates in animals [74]. Therefore,
consistent with the changes of intestinal bacteria and related metabolic pathways, those results indicated
that the potential ability of DEHP disrupted the zebra�sh intestinal homeostasis involved in the energy
materials metabolism. Here, our �ndings are in agreement with the recent report, which explored the
understanding of phthalate-driven effects on intestinal function and lipid metabolism, implying that the
gut-speci�c gene networks may drive phthalate-exacerbated obesity [75].

The microbes play critical roles not only in the development of gut tissues but also in the regulation of
immune-related genes with high sensitivity towards environmental pollutants and diet change [76, 77]. In
�sh, the stimulation of different cytokines including tlr-5, il-1β, nf-κb, and il-8 played important roles in
intestinal defense and in�ammation. The innate immune mechanism of protecting the host from
pathogens is related to the alteration of normal endogenous microbiota [78, 79]. In this study, long-term
exposure to DEHP potentially evoked the expressions of genes related to the immune response in male
intestines in the low concentration groups (10–33 µg/L), but signi�cantly inhibited the mRNA level of tlr-5
and il-1β genes in female zebra�sh, especially in the highest-level group (100 µg/L). The host immune
response to the environmental pollutants is closely related to the resident commensal microbiota. The
latest study reported that early-life DEHP exposure altered gut microbiota of newborns and changed their
immune responses in later life [80]. Here, the expression of key genes indicated slightly different immune
responses between male and female zebra�sh by DEHP exposure, which may connect with various
alterations of intestinal bacteria.

Taken all together, this study revealed that long-term exposure to DEHP induced developmental effects
via increasing the body length and weight of zebra�sh, disrupted the abundance of intestinal bacteria at
phylum and genus levels, and impaired gut tissues with in�ammation responses, especially in male �sh.
Our study provided evidence that the eco-toxicity of DEHP with environmental levels can disturb the
intestinal microbiota and the related functions in freshwater �sh, which may increase the risk of
organism obesity or metabolic diseases. However, the disruption of intestinal homeostasis and host
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health was affected by the changes of the gut bacterial community and alteration of intestinal microbiota
by DEHP waterborne exposure, which is still needed further investigations.

Therefore, evidence of intestinal stability �nally provided that long-term exposure to DEHP with a low
concentration (10–33 µg/L) or a similar environmental endocrine hormone was not safe to animals and
humans. Our results provided new insights on the eco-toxicity risks of DEHP, which spurred the host
obese by potentially in�uencing the gut microbiota and metabolic ability. However, there are still
important questions that need to be explored to understand the toxicity of low-level DEHP clearly, such as
the content of DEHP intake by �sh intestines and how the perturbation of bacteria affects the intestinal
development and homeostasis.

Conclusion
In conclusion, the long-term exposure to DEHP with low concentrations induced signi�cant effects on �sh
obesity according to the developmental indexes, and the condition factor as the more sensitive index
showed alterations in the 10–33 µg/L group. Consistently, the gut bacterial community as the more
sensitive indicator showed the alteration in female and male zebra�sh by long-term DEHP exposure,
especially the major phylum, such as Fusobacteria, Proteobacteria, Firmicutes, and Bacteroidetes. The
exposure caused villi length and width in female and male zebra�sh, but it was no obvious damages to
gut tissues. However, the metabolic functions analyzed by KEGG pathways were checked to be
signi�cantly activated in a low level of DEHP exposed zebra�sh intestines. With a higher level of energy
metabolites contented in zebra�sh intestine tissues, we suspected that the inner mechanism of obesity
may be contributed by metabolic disorders. For the immune response in �sh, it was observed that the
female and male �sh possessed slightly different responses to DEHP exposure. Therefore, the
comprehensive toxicity of DEHP on organisms and environments after chronic exposure possibly exerted
even in the low concentrations. Difference toxicity between female and male zebra�sh provided strong
evidence for evaluating the pollutants risk based on genders. Moreover, more attention should be paid to
the functions of intestinal bacteria, which is sensitively disrupted by the long-term DEHP exposure.

Methods And Materials
Chemicals

The standard of DEHP (99.6%, No: ALR-097N) was purchased from AccuStandard (New Haven, CT, USA)
and dissolved in dimethyl sulfoxide (DMSO, CAS: 67-68-5, purity ≥ 99.5%, Sigma-Aldrich, USA). Then the
DEHP stock solution was stored at 4oC.  3-Aminobenzoic acid ethyl ester or methane-sulfonate salt (MS-
222, 98%) was obtained from Aladdin (Los Angeles, California, USA). The triglyceride assay kit (No. A110-
1), the pyruvate assay kit (No. A081), the non-esteri�ed fatty acids kit (No. A042-2), and the glucose assay
kit (No. F006) were purchased from Jian Cheng Bioengineering Institute, Nanjing (www.njjcbio.com). All
other chemical reagents used in this study were of analytical grade.

http://www.njjcbio.com/
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Zebra�sh maintain and long-term exposure to DEHP

The maintenance and reproduction of zebra�sh are referred to as our previous study [22]. Brie�y, the wild
type zebra�sh (Danio rerio, AB strain) were maintained in a �ow-through system with the condition of
temperature (28 oC ± 0.5) and 14:10 (light: dark) photoperiod, and fed twice every day with the newly
hatched brine shrimp (Artemia nauplii). Healthy adult zebra�sh were placed in the breeding box with a
ratio of 2:1 (male: female) overnight, and the spawning was triggered under light and was completed
within 30 min.

Then, zebra�sh embryos with normal development were selected and randomly distributed into glass
beakers or tanks containing different concentrations of DEHP exposure solution (0, 10, 33 and 100 μg/L)
with three replicates for each group. The embryos and larvae were cultured in 200 mL to 2 L volume of
glass beakers, and the juvenile and adult zebra�sh were cultured in 20 L volume of glass tanks. During
the experimental process, the embryos/larvae and adult ones were maintained, and the exposure
solutions were renewed daily. After exposure for 3.5 months, the adult zebra�sh were washed with
ultrapure water and anesthetized in 100 mg/L of MS-222, and then dissected them for intestines and
other tissues. Then, the samples were immediately frozen into liquid nitrogen, and stored at -80 oC for the
subsequent analysis.

During the dissection, the developmental indices of adult zebra�sh including body weight, body length,
and organ weight of intestines, gonad, and liver tissues were recorded. The coe�cients of condition
factor (K, body weight*100/body length3) and the organ weight ratio (organ weight/body weight*100%)
of intestines, brain, liver, and gonad tissues were calculated.

The analysis of zebra�sh intestinal microbiota by 16S rRNA sequencing

The intestinal microbiota of male and female zebra�sh was detected via the high-throughput sequencing,
and the analysis methods were performed according to previous reports [23, 37]. Brie�y, the total genomic
DNA of intestinal samples was extracted and puri�ed with FastDNA® SPIN Kit for Soil (Mpbio, USA). The
concentration and purity of extracted DNA samples were assessed by a NanoDrop 2000
Spectrophotometer (Thermo Scienti�c, USA), and the integrity of DNA was checked by 1% agarose gel
electrophoresis.

The concentration of extracted DNA was assessed by a NanoDrop ND-2000 (Thermo Fisher Scienti�c,
USA). Intestinal microbial community composition of zebra�sh was detected by Miseq sequencing using
adapter primers 338F: (ACTCCTACGGGAGGCAGCA) and 806R: (GGACTACHVGGGTWTCTAAT) for the V3-
V4 regions of the 16S rRNA gene [81]. Amplicons for sequencing were ampli�ed as previously described
[37]. Brie�y, extracted DNA was �rst ampli�ed with high-�delity Taq polymerase (Invitrogen, USA). Then
equal quantities of three PCR reactions per sample were pooled, puri�ed with the QIAquick PCR
Puri�cation Kit (Qiagen, Valencia, CA). Finally, the mixture of amplicons from the different samples was
sequenced using the MiSeq Illumina platform (Majorbio Biotechnology Co., Ltd., Shanghai, China).
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2.5 Taxonomic analysis and community diversity of sequencing reads

Raw pyrosequencing data and related programs were sorted and can be analyzed using the platform of
the company Majorbio (http://www.i-sanger.com/). Before analysis, the clustering of operational
taxonomic units (OTUs) was retrieved according to our previous description [37, 82]. Brie�y, trimmomatic
(http://www.usadellab.org/cms/index.php?page=trimmomatic) was used to acquire high-quality tags
from raw paired-end reads created by sequencing both directions of the libraries. The maximum number
of errors in the barcode was 0 and the number of mismatches in the primer was 2. Reads with more than
10% of bases with a quality score of Q<20, and ambiguous or unassigned characters and adapter
contamination were removed. USEARCH (version 7.0, http://www.drive5.com/uparse/) was used to
classify the operational taxonomic units (OTUs) based on sequence similarity by cluster cut-off value of
97%. Representative sequences of OTUs were referred to the Silver ribosomal database (Release128,
http://www.arb-silva.de) for the bacterial 16S rRNA genes, and the bacterial alpha diversity indexes were
calculated by Mothur (version v.1.30.1, http://www.mothur.org/wiki/Calculators).

Firstly, the alpha rarefaction curves showed that the reads number of each sample was su�cient for
subsequent analysis. Further to explore the diversity of zebra�sh gut bacteria, OTUs were analyzed the
number, indicating the abundance in each sample and different diversity index according to the genus
level. Among those alpha indexes, the Shannon and Simpson indexes re�ected the bacterial community
diversity, while the abundance-based coverage estimator (Ace) and Chao1 value and coverage (the
Good’s coverage) indicated the bacterial community richness. Moreover, the bacterial diversity was
evaluated according to the levels of phylum and family with the abundance percentage, while the fold-
values were evaluated in the genus level with the abundance percentage of OTUs in each sample of the
DEHP group against the abundance percentage in control. For a better understanding of the changes in
bacterial diversity and community composition in DEHP exposed zebra�sh, the community heat map and
the signi�cant differences tested by One-way ANOVA and Welch’s t-test were performed between groups
[83]. Finally, the COG (Clusters of orthologous groups of proteins) analysis and metabolism pathway
levels of zebra�sh gut bacteria were predicted based on the 16S rRNA sequences through PICRUSt
software with EggNOG (evolutionary genealogy of genes: Non-supervised Orthologous Groups,
http://eggnog.embl.de/) database and KEGG (Kyoto Encyclopedia of Genes and Genomes,
http://www.genome.jp/kegg/) database, which played key roles in evaluating the potential effects on
aquatic animals.

The histomorphology analysis of zebra�sh intestines

The histomorphology of intestinal tissues in exposed adult zebra�sh was performed, and the tissues
were immediately �xed in 4% (w/v) formaldehyde solution for 24 h, then dehydrated in ethanol, and
embedded in para�ne. The zebra�sh gut slices were stained with hematoxylin and eosin (H&E), and the
analysis of villi height and width, crypt width, and tunica muscularis thickness were calculated referred to
the previous studies [37, 84]. The intestines analysis was done according to our previous studies.
Moreover, the gut slices were stained with Alcian blue-Periodic Acid Schiff (AB-PAS) to check the number

http://www.i-sanger.com/
http://www.usadellab.org/cms/index.php?page=trimmomatic
http://www.drive5.com/uparse/
http://www.arb-silva.de/
http://www.mothur.org/wiki/Calculators
http://eggnog.embl.de/
http://www.genome.jp/kegg/
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of goblet cells and morphometric parameters at the 200× magni�cation by photographed with a digital
microscope (Nikon, SMZ18). The scale and date were marked with NIS-Elements imaging software
(version 4.30) for both anterior-intestine and mid-intestine sections.

The detection of energy metabolism in zebra�sh intestines

The triglyceride (TG) content in zebra�sh gut tissue was measured according to the commercial kit
directions. Brie�y, the gut tissues of adult zebra�sh were weighted, and the homogenization medium was
added by weight (g): volume (mL) 1: 9. Then, the tissues were mechanically ground on ice and then
centrifuged for 10 min at 2500 rpm. Finally, the supernatant liquid, standards, and ddH2O were mixed

with the working medium at 37 oC for 10 min. After incubation, the OD value was measured at 510 nm
wavelengths. The TG content can be calculated by the following formulas:

TG content=[(ODsample-ODblank)/(ODstandard-ODblank)]*Constandard/Consample

Note:

TG content=mmol/gprot

Constandard=2.26 mmol

The pyruvate (PY) content in the supernatant liquid of zebra�sh gut tissue was measured according to
the kit directions. The standards and ddH2O as the blank were mixed with working agent II in the kits at

37 oC for 10 min, and agent III for 5 min at room temperature. After incubation, the OD value was
measured at 505 nm wavelengths. The PY content can be calculated by the following formulas:

PY content=[(ODsample-ODblank)/(ODstandard-ODblank)]*Constandard/Consample

Note:

PY content=μmol/gprot

Constandard=0.2 μmol

The non-esteri�ed fatty acids (FA) content in the supernatant liquid of zebra�sh gut tissue was measured
according to the kit directions. The standards and ddH2O as the blank were mixed with a working agent

at 37 oC for 10 min, and then the OD value was measured at 546 nm wavelengths as the A1 data. After
incubation agent II for 5 min at room temperature, the OD value was measured at 546 nm wavelengths as
the A2 data. The FA content can be calculated by the following formulas:

FA content=[(ΔAsample-ΔAblank)/ (ΔAstandard-ΔAblank)]*Constandard/Consample

Note:
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ΔA=A2-A1

FA content=mmol/gprot

Constandard=1.0 mmol

The glucose (Glu) content in the supernatant liquid of zebra�sh gut tissue was measured according to
the kit manual. The standards and ddH2O as the blank were mixed with a working agent at 37 oC for 15
min, and the OD value was measured at 505 nm wavelengths. The Glu content can be calculated by the
following formulas:

Glu content=[(ODsample-ODblank)/(ODstandard-ODblank)]*Constandard/Consample

Note:

Glu content=mmol/L

Constandard=5.55 mmol/L

Samples of zebra�sh tissues were diluted 1: 9 with 1×PBS

The expression pro�ling of immune-related genes in zebra�sh intestines

For the analysis of gene expression, total RNA was extracted from zebra�sh gut tissues using RNAiso
Plus reagent (Takara, Japan) according to the manufacturer’s instructions. High-quality RNA samples
were prepared for cDNA using the Prime Script Reverse Transcription Reagent kit (Takara, China), and
quantitative real-time PCR (qRT-PCR) was performed using ABI 7500 system (Applied Biosystems, CA)
with SYBR® Premix Ex TaqTM II (Takara, Japan). The primers for selected genes used in this study were
according to our previous study [37], and the primer sequences were shown in Table S1. Running program
initiated from 95 oC, incubated for 5 min, and followed by 40 cycles of 95 oC for 15 s, 58 oC for 30 s, and
72 oC for 45 s. Three independent biological replicates were performed in each group, and 2−ΔΔCT method
was used to quantify relative mRNA expression levels.

Statistical analysis

The statistical analysis was performed using the Kolmogorov-Smirnov test and Leven’s test to de�ne the
normality of data and the homogeneity of variance. If the data failed to pass the Kolmogorov-Smirnov
test, Logarithmic transformation was performed for the homogeneity of variance. The differences
between the variables were calculated by t-test and one-way analysis of variance (ANOVA), followed by
Dunnett's test using SPSS 20.0 software (SPSS, Chicago, IL, USA). The value of p<0.05 was denoted as
statistically signi�cant differences, and all values were presented as the means ± standard error (SEM) of
the replicates in each group.
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Figure 1

The developmental indexes of zebra�sh after long-term DEHP exposure. The body length (cm) of female
(A) and male (B) �sh, and the body weight (g) of female (C) and male (D) �sh were presented. The
condition factor (K) of female (E) and male (F) �sh were calculated. The symbols *, **, and *** showed p
<0.05, 0.01, and 0.001 with signi�cant differences between exposure and control groups.
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Figure 2

The community abundance of zebra�sh intestinal microbiota according to the level of phylum. The
average value of three replicate samples was calculated, and the value of phylogenetic groups
accounting for < 0.01 was summarized as “others”.
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Figure 3

The abundance heatmap of zebra�sh intestinal bacteria according to the level of genus. The bacterial
hierarchical genera were clustered by the average manner, and the top 50 species shown in the map were
calculated by the log value of bacterial abundance percentage in each group.
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Figure 4

The relative abundance of metabolic pathways at the second level. The values were represented with the
average abundance of three replicate samples, and the metabolic pathways showed different levels in
female and male zebra�sh in DEHP exposure and control groups.

Figure 5

The histomorphological analysis of zebra�sh intestine tissues with H&E stain. The histological analysis
of gut tissue in female (A) and male (C) zebra�sh in the control group, female (B) and male (D) zebra�sh
in 100 μg/L DEHP treatment group. (E) The height and width of villi, crypt depth, and tunica muscular
thickness were measured from gut sections with 200 μm scale bar and 200 × images, and the symbol *
indicated p<0.05 as the signi�cant changes compared to control.

Figure 6

The goblet cells in zebra�sh intestine tissues with AB-PAS stain. The histological analysis of gut tissue in
female (A) and male (C) zebra�sh in the control group, female (B) and male (D) zebra�sh in the 100 μg/L
DEHP treatment group. (E) The number of goblet cells was counted from sections with 200 μm scale bar
and 200 × images, and the symbol * indicated p<0.05 as the signi�cant changes compared to control.

Figure 7

The content of energy metabolites in chronic DEHP exposed zebra�sh intestines. The contents of TG, PY,
FA, and Glu in female and male zebra�sh were measured and the symbols *, **, and *** implied p<0.05,
0.01, and 0.001, respectively.
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Figure 8

The expression of key genes related to the immune response in DEHP exposed zebra�sh. The relative
expression of tlr-5, il-1β, nf-κb, and il-8 genes in female and male zebra�sh, with the symbols * and **
indicated p<0.05 and <0.01 as the signi�cant differences between DEHP treatment and control groups.
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