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A B S T R A C T   

Brain is a potential target for neuroprogestogens and/or peripheral progestogens. Previous studies reported that 
expression of genes about steroidogenesis, reproduction, cell cycle, and circadian rhythm in zebrafish brain could 
be affected by progestogens. However, there are limited information from metabolites or biomacromolecules 
aspects, leaving an enormous gap in understanding toxic effects of progestogens on fish brain. In this study, we 
exposed zebrafish embryos to 2.8, 27.6, and 289.8 ng/L dydrogesterone (DDG, a synthetic progestogen) until 
sexual maturity (140 days). LC-MS and GC-MS based untargeted metabolomics and Fourier-transform infrared 
(FTIR) spectroscopy were then performed to investigate the metabolic profiles and macromolecular changes of 
brain of these zebrafish. The results from multivariate statistical analysis of metabolite features showed a clear 
separation between different treatment groups of both female and male zebrafish brains. DDG exposure increased 
the levels of cholesterol, saturated fatty acids, and nucleoside monophosphates, but decreased the contents of 
polyunsaturated fatty acids (PUFAs), lysophosphatides, and nucleosides in dose-dependent manner. FTIR results 
indicated that DDG exposure led to accumulation of saturated lipids, reduction of nucleic acids and carbohy-
drates, and alteration of protein secondary structures. The findings from this study demonstrated that DDG could 
affect contents of metabolites and biomacromolecules of zebrafish brain, which may finally lead to brain 
dysfunctions.   

1. Introduction 

Endogenous progestogens are generally produced by gonad or ad-
renal gland. Besides, there are many synthetic progestogens used for 
human and animals. Dydrogesterone (DDG), a synthetic progestogen 
used for gynecological diseases and livestock breeding, was widely used 
in many countries (Fent, 2015). After use, its residues and metabolites 
may discharge into the receiving environment. As a result, DDG was 
found in various environmental media with concentrations ranging from 
1.28 ng/L to 9330 ng/L (Liu et al., 2014; Liu et al., 2015; Yu et al., 2019; 
Zhang et al., 2021). DDG may also be converted from other progestogens 
in the environment, which is one of the reasons for its high 

environmental detection rate (Yu et al., 2019; Liu et al., 2020). Pro-
gestogens in the environment may pose a threat to wildlife, such as 
disrupting sex differentiation and reproduction of aquatic organisms. 
Previous studies have shown that DDG could disrupt expression of 
hormone-regulated genes, sex differentiation, gonad development, and 
reproduction of zebrafish (Zhao et al., 2015b; Shi et al., 2018; Jiang 
et al., 2019a; Jiang et al., 2019b; Shi et al., 2019). 

Although progestogens are gonadal steroid hormone, their physio-
logical effects extend well beyond the strict confines of reproductive 
functions. In fact, progestogens have important effects on a variety of 
tissues, including the bone, the heart and the brain. Progestogens can 
easily cross the blood–brain barrier and accumulate within the nervous 
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tissues, so they may affect various functions of the brain (Madigan et al., 
2012). Brain possesses the enzymes necessary for production of neuro-
steroids either by synthesizing from cholesterol or metabolizing of 
progesterone and other steroids (Simoncini et al., 2007). Both nuclear 
and membrane progesterone receptors highly express and exhibit a very 
large distribution within the brain of zebrafish (Diotel et al., 2011). In 
addition to progesterone receptors, progestogens also work via the 
transmembrane γ-aminobutyric acid type A (GABAA) receptors to in-
fluence a wide variety of brain functions including neurogenesis, neu-
roprotection, neuroendocrine function, sexual behavior, sleep cycle, 
psychological function and behavioral function (Thomas and Pang, 
2012; Leeangkoonsathian et al., 2017). Therefore, it is important to 
understand the effects of progestogens on brain of aquatic organisms 
such as fish. 

Several recent studies reported that expression of genes along with 
the hypothalamic-pituitary-gonadal (HPG) axis, steroidogenesis, repro-
duction, cell cycle, and circadian rhythm in zebrafish brain could be 
affected after exposure to various progestogens, including DDG (Zucchi 
et al., 2013; Zucchi et al., 2014; Fent, 2015; Zhao et al., 2015b; Zhao 
et al., 2015a; Cano-Nicolau et al., 2016; Siegenthaler et al., 2017; Shi 
et al., 2018; Shi et al., 2019; Hou et al., 2020; Dong et al., 2022). Among 
all the pathways, only the circadian rhythm network showed prominent, 
dose-dependent and gender-consistent alterations, which was signifi-
cant even at environmentally relevant concentrations of progestogens 
(Zucchi et al., 2013; Zucchi et al., 2014; Zhao et al., 2015b; Zhao et al., 
2015a; Shi et al., 2018). 

The concentration of DJ-1 chaperon protein was significantly 
increased in common roach brain by progestogens (progesterone, dro-
spirenone, and levonorgestrel) (Maasz et al., 2017). Nuclear progester-
one receptor knockout dominant zebrafish were significantly and 
persistently more aggressive with a robust dominance relationship 
(Carver et al., 2021). However, the effects of progestogens on fish brain 
have been still poorly studied from small molecule chemicals, bio-
macromolecules or behavioristics aspects, leaving an enormous gap in 
understanding toxic effects of progestogens. 

Metabolites are small molecules that provide a functional readout of 
cellular state, so metabolite profiling helps to interrogate how mecha-
nistic biochemistry relates to phenotype (Patti et al., 2012). Besides, 
with infrared spectroscopy, we can explore the alterations of structures 
and properties of biomolecules such as lipids, proteins, nucleic acids and 
carbohydrates at the biochemical levels (Martin et al., 2010). It is thus 
essential to combine metabolomics and infrared spectroscopy results 
with the existing transcriptomics data to fully understand the effects of 
progestogens on brain functions. 

The objective of this study was to investigate the toxic effects of DDG 
on zebrafish brain by using metabolomics and biospectroscopy. Zebra-
fish embryos were exposed to different concentrations of DDG until 
sexual maturity. The brains were then dissected and used for analysis by 
metabolomics and Fourier transform infrared (FTIR) spectroscopy. The 
obtained results were further integrated with our previous tran-
scriptomics data to have a better insight into the toxic mechanism of 
DDG on zebrafish brain. 

2. Materials and methods 

2.1. Materials 

Dydrogesterone (DDG, CAS number: 152–62–5) was purchased from 
Dr. Ehrensorfer (Germany). Dimethylsulfoxide (DMSO) was used as the 
carrier (0.01%) for DDG. A detailed description of the methods is pro-
vided in the Supporting Information (SI Text S1). 

2.2. Exposure of zebrafish to DDG 

The parent zebrafish were obtained from a local supplier and accli-
mated for two months. At the beginning of the exposure, these zebrafish 

spawn and zygotes were collected. Five replicates constituted a treat-
ment group. Each replicate contained about 190 zebrafish zygotes 
within 2 h post fertilization. At 35 days post-fertilization (dpf), some fish 
fry were removed leaving about 60 fish to continue the exposure until 
140 dpf. DMSO with or without DDG was added to filtered and aerated 
tap water to form 0 (solvent control, C), 5 (L), 50 (M) and 500 (H) ng/L 
exposure solutions. The exposure system was semistatic and exposure 
solutions were renewed daily. Fish were kept in an environmental 
chamber with controlled temperature (27 ± 1.0 ◦C) and photoperiod 
(14 h light and 10 h dark). 

The actual DDG concentrations in exposure solutions were confirmed 
during the experiment. To ensure water quality, the conductivity, pH, 
and dissolved oxygen concentrations were monitored every three days. 
Dead fish were recorded and discarded. At the end of the exposure, each 
zebrafish was anesthetized, body length and wet weight were measured, 
and the whole brain was dissected. The sampling time continued for 
approximately 4 h. All experiments were conducted with the approval of 
the Ethics Committee of South China Normal University for the Care and 
Use of Laboratory Animals (SCNU-ENV-2022-015). 

2.3. Metabolomics method 

The procedure for metabolomics analysis was the same as our pre-
vious publication (Jiang et al., 2019a). Briefly, brains of 20 females or 30 
males from each replicate were snap-frozen in liquid nitrogen, pooled, 
freeze-dried, and stored at −80 ◦C waiting for metabolomics analysis. 
Smaller number of female zebrafish was investigated as DDG treatment 
has resulted in more male than female fish (Please refer also to SI 
Fig. S1). The prepared pooled-sample was transferred into 0.5 mL cold 
methanol solution (4:1 methanol: water, containing 20 μg/mL 
FMOC-glycine as internal standard) and 6–8 stainless steel beads were 
added. Then zebrafish brain samples were homogenized at 25 Hz for 10 
min using a TissueLyser (QIAGEN, USA). The homogenate was sonicated 
for 10 min in ice water and centrifuged for 10 min at 12,000 rpm at 4 ◦C. 
One 100-μL aliquot of the supernatant was stored at −80 ◦C waiting for 
LC-MS analysis. Another 20 μL aliquot of the supernatant was used for 
derivatization using methoxylamine hydrochloride and MSTFA and the 
resulting mixture was used for GC-MS analysis. 

Two platforms were used in the untargeted metabolomics analysis: 
Agilent 1290 ultra-high pressure liquid chromatography with 6540 
quadrupole time-of-flight mass spectrometer (LC-Q-TOF/MS) and Agi-
lent 7890 A gas chromatography with 7200 quadrupole time-of-flight 
mass spectrometer (GC-Q-TOF/MS). The column used was Zorbax SB- 
C18 column (1.1 × 50 mm, 1.8 μm, Agilent) and HP-5 MS UI column 
(30 m × 0.25 mm x 0.25 μm, Agilent), respectively. Both positive and 
negative modes were used in LC-Q-TOF/MS analysis with Milli-Q water 
and acetonitrile as the mobile phases and electrospray ionization (ESI) 
as ion source. At metabolites identification stage, targeted MS/MS an-
alyses with collision energies at 10, 20 and 40 eV were conducted on the 
same condition as mentioned above. 

Raw data acquired from LC-MS or GC-MS were converted to mzXML 
format and processed using XCMS Online (https://xcmsonline.scripps. 
edu) for peak picking, alignment, integration, and extraction of the 
peak intensities. The resulting three-dimensional data were further 
processed in Microsoft Excel for normalization and data filter. Then data 
were imported to SIMCA-P 14.0 (Umetrics, Umea, Sweden) for multi-
variate statistical analysis. Features with variable importance in the 
projection (VIP) score >1 in the orthogonal partial least squares- 
discriminant analysis (OPLS-DA) model were chosen to do Kruskal- 
Wallis test and then features with p-value <0.05 were selected for 
metabolite identification. The exact masses and MS/MS spectra of 
selected features from LC-MS were searched against the METLIN data-
base (http://metlin.scripps.edu) and the HMDB database (http://www. 
hmdb.ca). The molecular features from GC-MS were identified by 
comparing the MS spectra with those in the NIST 11 library. 
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2.4. FTIR spectroscopy method 

The procedure for FTIR analysis was based on our previous publi-
cation (Hu et al., 2017). At the end of the exposure, two adult male or 
female zebrafish were randomly selected from each tank (totally 5 tanks 
for each concentration) and their whole brains were dissected and fixed 
with 1 mL 10% (v/v) formalin overnight. Each fixed fish brain was 
washed 3 times with phosphate-buffered saline and water in sequence, 
then spread onto BaF2 slides and dried in desiccator for at least 24 h. The 
prepared samples on BaF2 slides were investigated using a Bruker Vector 
70 FTIR spectrometer (Bruker Optics Ltd., UK) equipped with a Helios 
ATR attachment and a HYPERION microscope. Instrument parameters 
were 32 scans, and 16 cm−1 resolution. For each slide, 10 IR spectra 
were acquired at different points across the sample. 

The data obtained in OPUS format were converted into TXT format 
and then imported into MATLAB r2010a (The MathWorks, Inc., US) for 
analysis using IRootLab toolbox (http://irootlab.googlecode.com). Data 
pre-processing was performed as follows: cut to 3050-2800 cm−1 (C–H 
stretching region) and 1800-900 cm−1 (the biochemical fingerprint 
range), rubberband baseline correction and normalization to Amide I 
peak (1650 cm−1). These data could then be used for multivariate 
analysis. The spectra of each group could be averaged to obtain the 
average spectrum with or without centralization. 

Principal component analysis (PCA) and linear discriminant analysis 
(LDA) were used here as multivariate analysis techniques. We applied 
PCA to capture most of the data information in a few factors which then 
served as input variables to be futher anayzed by LDA (PCA-LDA) 
(Martin et al., 2010). The results were visualized in the form of score plot 
and loading plot. In the score plot, nearness between two scatters in-
dicates similarity, while distance means difference. The loading plot is 
composed of visualizing loadings vectors as wavenumber functions. 
Assignments of major peak wavenumbers are listed in Table S6. 

2.5. Measurement of DDG concentration in exposure solution 

The actual DDG concentrations in the fish culture water were 
determined at 6th, 30th, 70th, 100th and 130th day of exposure. Three 
replicates of water samples from all treatment groups were taken at the 
beginning (0 h) and end (24 h) of the selected exposure days. Samples 
were extracted by solid phase extraction on Waters Oasis HLB cartridges 
(200 mg, 6 mL). Analysis of DDG was performed on an Agilent 1200 
series ultra-high-performance liquid chromatograph (Agilent, USA) 
coupled to an Agilent 6460 triple quadrupole mass spectrometer with 
electrospray ionization in positive ionization mode (UHPLC-ESI-MS- 
MS). The method limit of detection (LOD) was 0.08 ng/L, and the 
method limit of quantitation (LOQ) was 0.28 ng/L. The recoveries were 
99 ± 5%. To obtain a mean concentration of DDG in each treatment 
condition during the exposure, the time-weighted mean concentrations 
were calculated according to annex 6 of the OECD TG 211 (OECD, 
2012). 

3. Results 

3.1. Exposure solution quality and zebrafish conventional endpoints 

The measured DDG concentrations at T24 of all the exposure groups 
decreased as fish growing up (SI Text S2). Therefore, the time-weighted 
mean concentrations of DDG in the C, L, M, and H treatment group were 
0, 2.8, 27.6, and 289.8 ng/L, respectively (SI Table S1), which were 
presented as actual concentrations. There were no significant differences 
in the pH, conductivity, and dissolved oxygen concentration of the 
exposure solutions between the control and exposure groups (SI 
Table S2). 

During the exposure, DDG did not elicit appreciable difference in 
behavior and mortality rates between the exposed and control groups (SI 
Table S2). However, DDG led to marked male-biased zebrafish sex 

ratios, resulting in no female fish samples available from the H group for 
the metabolomics and FTIR studies, as 98% zebrafish developed into 
male (Jiang et al., 2019b). 

3.2. Metabolite profiles of zebrafish brain 

Metabolite ion features from the three analytical procedures after 
data preprocessing were used for multivariate statistical analysis. An 
unsupervised principal component analysis (PCA) model was con-
structed to examine intrinsic clusters of global metabolites of each 
treatment. To provide a better separation according to classification of 
the samples, a supervised orthogonal projection to latent structure- 
discriminant analysis (OPLS-DA) was used. Clear separation between 
different treatment groups was observed on both the PCA and OPLS-DA 
score plots of female zebrafish (Fig. 1). As shown in the PCA and OPLS- 
DA score plots of male zebrafish, the metabolic profile of the control 
group was clearly discriminated from the exposure groups, and notice-
able separation was observed between the high exposure (H) group and 
the other exposure groups (Fig. 1). The reproducibility of the method 
had been checked with the performance of QC samples, thus the dif-
ferences in metabolic profiles reflected compositional differences be-
tween different treatments. 

Features that contributed to the discrimination of each group, 
namely VIP >1 and p < 0.05, were selected as key metabolites to be 
identified. Finally, 61 significant metabolites were identified, and their 
differences within the data set are shown using ion feature abundances 
(Table 1). Overall, these metabolites belong to monoglycerides, steroids, 
fatty acids, lysophosphatides, nucleosides, nucleotide sugars, sugars, 
amino acids, acylcarnitines, and organic acids. The full name and other 
detailed information of these identified metabolites are listed in SI 
Tables S3-S5. 

The performances of many identified metabolites were similar for 
both female and male zebrafish brains (Table 1). The relative concen-
tration of monoglycerides increased after exposure to DDG. Similarly, 
cholesterol and saturated fatty acids (SFAs), namely myristic acid, pal-
mitic acid, and stearic acid, increased by DDG in a dose-dependent 
manner (Fig. 2). On the contrary, the levels of unsaturated fatty acids, 
especially those polyunsaturated fatty acids (PUFAs) such as arach-
idonic acid (AA), α-linolenic acid, stearidonic acid, eicosapentaenoic 
acid (EPA), decosahexaenoic acid (DHA), and their hydroxyl metabo-
lites decreased as DDG concentration increased. In agreement with the 
variation trend of PUFAs, the contents of lysophosphatides, mainly 
lysophosphatidylthanolamines (LPE), were low in the DDG exposure 
groups. As for nucleosides and their bases, such as inosine and hypo-
xanthine, decreased in abundance, while nucleoside monophosphates 
such as AMP, GMP, and UMP increased after DDG exposure in both fe-
male and male zebrafish brains (Table 1). 

However, disturbances of the production of some other metabolites 
showed differential patterns of variation in female and male zebrafish 
brains. Sugars, including UDP-sugars, glucose, and gluconate 6-phos-
phate, were increased in female brain but decreased in male brain by 
DDG (Table 1). In contrast, many metabolites belonging to amino acids, 
acylcarnitines, and acyltaurines were decreased in female brain while 
increased in male brain by DDG. In addition, productions of organic 
acids such as citric acid, malic acid, and fumaric acid were also affected 
after DDG exposure (Table 1). 

3.3. Biochemical effects based on FTIR 

After 140 days of DDG exposure, brain of zebrafish was dissected for 
infrared spectroscopy analysis. In female brains, from the average 
spectrum (Fig. 3A) and PCA-LDA score plot (Fig. 3B), it can be seen that 
there are differences among treatment groups. According to the PCA- 
LDA loading plot (Fig. 3C) and the average spectrum obtained after 
centralized processing (Fig. 3D), DDG exposure increased the lipid- 
related absorptions in the brain of female fish, such as the 3050–2800 
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cm−1 region where the spectrum is due to absorptions from the C–H 
stretching vibrations of olefinic CH, CH2 and CH3 groups, 1469–1450 
cm−1 which can be attributed to bending vibration of the CH2 and band 
at 1743 cm−1 originates from fatty acid ester C O (Table S6). When the 
relative sizes of the above bands were further analyzed, it was found that 
saturated lipids (2923 cm−1) and oxidized lipids (1747 cm−1) were 
increased while unsaturated lipids (3012 cm−1) were decreased by DDG 
(Table 2). Absorption variation of these bands suggested that exposure 
to DDG led to accumulation of lipids in the brain of female fish, 
particularly the saturated lipids. 

In contrast to lipids, DDG exposure resulted in a significant reduction 
of nucleic acids related absorptions at 1709 cm−1, 1585 cm−1, 1226 
cm−1, 1084 cm−1, and carbohydrate related absorption at 1030 cm−1 in 
female brain (Fig. 3D, Table S6). Besides, DDG exposure also affected the 
secondary structure of proteins in female brain as indicated by the shift 
of Amide I peak (1628 cm−1 to 1670-1655 cm−1). 

As for the male brain, both average spectrum (Fig. 3E) and PCA-LDA 
score plot (Fig. 3F) showed that the H group was clearly different from 
other treatment groups. From the PCA-LDA loading plot (Fig. 3G) and 
the centralized average spectrum (Fig. 3H), it can be seen that the effects 
of DDG on lipids in male brain were puzzling. DDG resulted in a sig-
nificant reduction in the absorption of the C–H stretching (3050-2800 
cm−1) in the exposure group. However, other lipid-related absorption 
peaks increased in the exposure groups, such as fatty acid ester C O 
stretching (1747 cm−1), CH2 antisymmetric bending (1458 cm−1), lipid 
COO- stretching (1408 cm−1), and CH3 antisymmetric bending (1369 
cm−1) (Fig. 3H). When considering the biomarkers of lipids, both lipid 
saturation and lipid oxidation increased due to DDG exposure (Table 2). 

Absorption peaks associated with nucleic acids at 1585 cm−1, 1211 
cm−1, 1072 cm−1, and absorption peak of carbohydrate at 1045 cm−1 

were significantly reduced by DDG in male brain (Fig. 3H). Besides, DDG 
exposure altered the secondary structure of the protein by increasing the 
amount of protein with antiparallel β-sheet conformations (1685 cm−1). 

4. Discussion 

In this study, the combined LC-MS and GC-MS based metabolomics 
and Fourier transform infrared (FTIR) spectroscopy were for the first 
time applied to investigate the effects of DDG on zebrafish brain 
following exposure of zebrafish embryos to different concentrations of 
DDG for 140 days. Both metabolite profiles and FTIR spectra of treated 
and control zebrafish brain showed marked differences with each other, 
indicating metabolic and biomacromolecular disturbances induced by 
DDG. 

In both female and male, DDG exposure increased the levels of 
monoglycerides, cholesterol, and saturated fatty acids, while decreased 
the contents of PUFAs and lysophosphatides (Table 1). All of these 
metabolites are components of lipids, in particular phospholipids 
(Huang and Freter, 2015). Similarly, DDG exposure increased the in-
tensity of all the lipid-related bands in female brain and many of the 
lipid-related absorption peaks in male brain, such as 1747 cm−1, 1458 
cm−1, 1408 cm−1, and 1369 cm−1 (Fig. 3). These peaks were attributed 
to neutral lipids, sphingolipids and phospholipids (Dreissig et al., 2009). 
Thus the increased intensity of these bands indicated more lipids accu-
mulation in DDG treated zebrafish brain. Moreover, DDG increased lipid 
saturation and lipid oxidation in both female and male zebrafish brain as 
suggested by relative FTIR absorption peak magnitudes between satu-
rated lipids (2923 cm−1), unsaturated lipids (3012 cm−1), and oxidized 
lipids (1747 cm−1) (Table 2) (Mignolet et al., 2017). According to both 
metabolic profiles and FTIR results, we believe that DDG exposure dis-
rupted lipid metabolism, and finally led to accumulation of saturated 
lipids and reduction of unsaturated fatty acids in zebrafish brain. 

To our knowledge, few studies have explored the changes of lipids in 
fish brain after exposure to progestogens. In human neuroblastoma cells, 
the addition of progesterone to the linolenic acid enriched medium 
decreased by 9% the mRNA expression of the Δ6-desaturase, a key gene 
of PUFA conversion (Extier et al., 2009). In rats, contents of brain DHA 

Fig. 1. Multivariate statistical analysis of metabolite profiles of zebrafish brain after 140 days of dydrogesterone exposure. PCA and OPLS-DA score plots of female (A 
and B) and male (C and D) zebrafish brain show clear separation between different groups. The missing of female data in H group is due to insufficient females for 
investigation. Each dot represents one replicate. Abbreviations: C, solvent control; L, low dose; M, medium dose; H, high dose. 
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(22:6 n-3) and two other PUFAs (20:2 n-6 and 22:5 n-3) decreased after 
pregnancy (high progesterone concentration period) (Levant et al., 
2006). In mice, diets containing different concentrations of PUFAs 
greatly modified total fatty acids, sphingolipids, and gangliosides in the 
cerebral cortex, which was dependent on ovarian hormones, including 
progesterone (Herrera et al., 2018). Our study indicated that long-term 
exposure to progestogens perturbed lipid metabolism in zebrafish brain, 
which might break the subtle balance between saturated and unsatu-
rated fatty acids and finally disrupt normal functions of zebrafish brain. 

Phospholipids, major components of neural cell membranes, partic-
ipate in synaptic transmission and neuronal signaling through in-
teractions with specific membrane proteins (Bazan, 2014). PUFAs are 
the major structural and functional components in nerve cell membrane 
phospholipids. The deficiency of n-3 PUFAs has been shown associating 
with schizophrenia, depression and other mood disorders, attention 
deficit, hyperactivity disorder, post-traumatic stress disorder, and 
Alzheimer-type dementia in humans (Yonezawa et al., 2020). On the 
contrary, saturated free fatty acids, including stearic acid, lauric acid, 
and palmitic acid, are closely associated with neurodegenerative pro-
cesses such as dementia, stroke, epilepsy, spinal cord injury, Parkinson’s 
disease, neuroinflammation, and Alzheimer’s disease (Osorio et al., 
2020). 

In particular, some metabolites can lead to circadian disruption. 
Saturated fatty acids have earlier been shown implicating in circadian 
clock disturbance (Blancas-Velazquez et al., 2017). High fat diets that 
are rich in saturated lipids altered the normal rhythm of locomotor ac-
tivity, feeding, sleep and core clock gene mRNA expressions, such as 
Bmal1, Per2 and Rorα, in rats and mice (Kohsaka et al., 2007; Greco 
et al., 2014). High-fat and high-cholesterol diet significantly increased 
the expression of Bmal1 but decreased the expression level of Per2 and 

Per3 in rats, which were rescued by fish oil that is rich in n-3 PUFAs 
(Yuan et al., 2016). Similarly, palmitate exposure caused dysregulation 
of both Bmal1 and Rev-erbα, while DHA repressed these 
palmitate-induced phase shifts of the mHypoE-37 neurons or fibroblast 
clock (Greco et al., 2014; Kim et al., 2016). Moreover, n-3 
PUFAs-deficient diet has been shown to lessen the melatonin rhythm, 
disturb nocturnal sleep, and weaken endogenous functioning of the 
circadian clock in hamsters (Lavialle et al., 2008). 

Effects of progestogens on zebrafish brain, including DDG, have been 
investigated, mainly from transcriptional aspect, indicating that circa-
dian rhythm was the most significant pathway that could be disturbed 
(Zucchi et al., 2013; Zucchi et al., 2014; Zhao et al., 2015b; Zhao et al., 
2015a; Shi et al., 2018). Thus we speculate that the disturbance of 
biomolecules induced by DDG may disturb circadian clock of zebrafish. 
To explore this issue, correlation matrixes were used to evaluate the 
interdependence of metabolites from the present study and circadian 
clock genes from our previous study (Shi et al., 2018), using Pearson’s 
correlation tests. The correlation matrices between the metabolites and 
circadian clock genes from the microarray and qPCR of male and female 
are noteworthy and basically the same (SI Table S7-S9), suggesting that 
circadian rhythm is a genderless and vulnerable target of DDG. There-
fore, DDG might disrupt zebrafish circadian rhythm via increasing the 
level of saturated lipids, such as palmitic acid and cholesterol, and 
decreasing the level of n-3 PUFAs, especially DHA, as supported by our 
metabolomics and FTIR results (Figs. 2 and 3). 

Besides, DDG led to alterations in metabolic profling of amino acids 
(Table 1), indicating disturbance of amino acid metabolism, which 
might contribute to the alteration of protein secondary structure as 
shown by the FTIR absorption (Fig. 3). Previous studies have shown 
dietary PUFA modified the expression of neuronal proteins such as 

Table 1 
Relative abundances of identified metabolites in zebrafish brain following 140 days of dydrogesterone exposurea. 
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a Detail information of the metabolites are provided at SI Table S3-S5. The abundance of each metabolite is mean ion intensity of five replicates from each treatment 
condition. The table cell colors, created by Excel Conditional Format, show the relative abundance of each metabolite in female or male brain samples, the darker the 
larger. P value < 0.05 (from Student’s T test, in bold) represents significant difference comparing to the control group. The data of H group female are missing due to 
sample lacking. Abbreviations: C, solvent control; L, low dose; M, medium dose; H, high dose; F, female; M, male. 
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