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Retinoic Acid Signaling Plays a Crucial Role in Excessive Caffeine Intake-Disturbed Apoptosis and Differentiation of Myogenic Progenitors
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Whether or not the process of somitogenesis and myogenesis is affected by excessive caffeine intake still remains ambiguous. In this study, we first showed that caffeine treatment results in chest wall deformities and simultaneously reduced mRNA expressions of genes involved in myogenesis in the developing chicken embryos. We then used embryo cultures to assess in further detail how caffeine exposure affects the earliest steps of myogenesis, and we demonstrated that the caffeine treatment suppressed somitogenesis of chicken embryos by interfering with the expressions of crucial genes modulating apoptosis, proliferation, and differentiation of myogenic progenitors in differentiating somites. These phenotypes were abrogated by a retinoic acid (RA) antagonist in embryo cultures, even at low caffeine doses in C2C12 cells, implying that excess RA levels are responsible for these phenotypes in cells and possibly in vivo. These findings highlight that excessive caffeine exposure is negatively involved in regulating the development of myogenic progenitors through interfering with RA signaling. The RA somitogenesis/myogenesis pathway might be directly impacted by caffeine signaling rather than reflecting an indirect effect of the toxicity of excess caffeine dosage.
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INTRODUCTION

Caffeine intake during pregnancy has been reported to be potentially teratogenic. On the one hand, both the metabolic rate and the half-life of caffeine significantly increase in maternity (Yu et al., 2016), but on the other hand, the lipophilic characteristic of caffeine allows it to transfer freely across all biological membranes, including the placental barrier (Grosso and Bracken, 2005). Therefore, maternal caffeine intake during pregnancy increases the risk of poor birth outcomes. For example, current studies in humans have shown that the birth defects induced by maternal caffeine intake include low birth weight, childhood overweight, and cognitive impairment (Qian et al., 2019). The caffeine exposure has been also reported to disrupt chondrogenesis and osteogenesis (Wink et al., 1996; Reis et al., 2013). As far as we know, muscle and cartilage cells are derived from the somites during the early stage of embryonic development (Christ and Ordahl, 1995; Jang and Baik, 2013). However, it still remains elusive whether or not the differentiation of somitic precursor populations of muscle cells as well as the myogenesis can be affected by caffeine exposure.

Mouse, rat, and chicken embryos have been extensively used as the models for studying congenital birth defects in different organ systems that have been induced by teratogen exposure (Dangata and Kaufman, 1997; Bupp Becker and Shibley, 1998; Illanes et al., 1999; Cavieres and Smith, 2000; Debelak and Smith, 2000; Roda-Moreno et al., 2000; Miller et al., 2001; Sawada et al., 2002). The chicken embryo is actually a leading model in somitogenesis studies and many of the landmark experiments, which greatly contribute to our current understanding of the process of vertebrate segmentation (Pourquié, 2004). During the early stages of chicken embryo development, somites develop from the paraxial mesoderm and constitute the segmental pattern of the body (Christ and Ordahl, 1995). They are formed in pairs by epithelialization and located on both sides of the neural tube. Somite formation results from a tight spatiotemporal control of expressions of “oscillating genes,” including the Notch signaling pathway, Wnt/beta-catenin signaling pathway, fibroblast growth factors (FGFs), Hox genes, and retinoic acid (RA) (Borycki et al., 2000; Dubrulle et al., 2001; Carapuco et al., 2005; Hamade et al., 2006). The subsequent compartmentalization of the somites is accomplished by signals emerging from neighboring tissues (Brand-Saberi et al., 1996). Diffusible factors positively or negatively control apoptosis during development. Wnts, Bone morphogenetic proteins (BMPs), and N-cadherin are implicated in dermomyotome differentiation (Capdevila et al., 1998; Linask et al., 1998), while Sonic hedgehog (Shh) is the main notochord-derived factor responsible for sclerotome differentiation (Münsterberg et al., 1995). Shh positively controls the survival of mesoderm-derived somite cells and is also capable of inducing myotomal markers in combination with the Wnts (Münsterberg et al., 1995; Marcelle et al., 1997; Cotrina et al., 2000). Apart from requirement for somite differentiation, inhibition of BMP4 signaling was reported to be important in myotomal development as well (Reshef et al., 1998). Noggin, a BMP4 antagonist, can be activated by Shh and Wnt signaling pathways (Hirsinger et al., 1997).

The earliest muscle-specific markers expressed in the somites are members of the myogenic regulatory gene family (MRF) encoding basic helix–loop–helix transcription factors, which comprise MyoD (Myod1), Myf5, MRF4, and myogenin. Myoblasts are committed to the skeletal muscle lineage by MyoD and Myf5 expression, while MRF4 and myogenin are involved in the initiation of differentiation of myogenic progenitors into myoblasts (Bober et al., 1994; Jang and Baik, 2013). The Pax gene family plays key roles in the formation of living tissues and organs during embryogenesis, of which Pax3 and Pax7 mark myogenic progenitor cells (Relaix et al., 2005; Buckingham and Relaix, 2007). Pax7 is also uniquely indispensable for satellite cells, which arise from a population of muscle progenitor cells that originate in the central domain of the dermomyotome (McKinnell et al., 2008). Myf5 has been reported to be directly regulated by Pax7 in the differentiation of satellite cell-derived myoblasts (McKinnell et al., 2008).

Using chicken embryos, our previous studies have revealed the effects of caffeine exposure on the development of the fetal nervous system, eye, and angiogenesis (Ma et al., 2012, 2014, 2016; Wang et al., 2019). Since there were no reports about caffeine influence on the process of myogenesis and somitogenesis, we set out to explore the effects and underlying biological mechanisms of caffeine on the critical time period of myogenesis during the early embryo development using the chicken embryo as a model system.



MATERIALS AND METHODS


Experimental Chicken Embryos

Fertilized Leghorn eggs were obtained from the Avian Farm of the South China Agriculture University (Guangzhou, China) and incubated until reaching the required developmental stage (Hambuger and Hamilton) in a humidified incubator (Hamburger and Hamilton, 1951). For the caffeine-treated early stage embryos, the HH4 chicken embryos (about 12-h incubation) in early chick (EC) culture were treated with 300 μM of caffeine (Nacalai, Japan), 300 μM of caffeine + 10−5 M of AGN (AGN, an active RA receptor antagonist AGN193109), or same the amount of phosphate-buffered saline (PBS) until the experimentally required developmental stage. Moreover, the antibiotics penicillin/streptomycin were added to the EC culture (Chapman et al., 2001). For the elder stage embryos, HH10 (about 1.5-day incubation) pre-incubated chicken embryos were exposed to 5, 10, 15, 30 μmol/egg caffeine, or same the amount of avian saline through injection into windowed eggs in vivo (Ma et al., 2012, 2014, 2016; Wang et al., 2019). The surviving embryos were harvested for further analyses.



Explant Culture

The somites and presomitic mesoderm (PSM) absence of the neural tube were separated from HH10 chicken embryos as previously reported (Wang et al., 2015). The explant were incubated in DMEM–F12 culture medium (Gibco, Grand Island, NY) or 300 μM of caffeine DMEM–F12 inside an incubator (Galaxy S; RS Biotech, Scotland, UK) at 37°C and 5% CO2 for 24 h.



Cell Culture and Scratch Wound Migration Assay

C2C12 cells were purchased from Guangzhou Jennio Biotech Co., Ltd, China, and cultured in culture medium (DMEM–F12 GIBCO). A “scratch wound” was created by scraping a monolayer culture of C2C12 cells using a sterile 10-μl pipette tip; the images were taken using an inverted microscope (Nikon Eclipse TiU, Japan). The length of the wound gap was measured using Image pro-Plus software. The assays were performed three times using triplicate culture well.



Histology

E6 (HH28) and E9 (HH35) chicken embryos were fixed in 4% paraformaldehyde at 4°C for 24 h. The specimens were then dehydrated, cleared in xylene, and embedded in paraffin wax before being serially sectioned at 5 μm using a rotary microtome (Leica RM2126RT, Germany). The sections were stained with hematoxylin and eosin (H&E) (Sigma-Aldrich, USA), Safranin O (Sigma-Aldrich, USA), and Masson (Sigma-Aldrich, USA) following standardized protocols. The frozen sections were prepared by sectioning at thickness of 15–20 μm on a cryotome (Leica CM1900, Bensheim, Germany).



Immunofluorescence Staining

The harvested HH10 and E2.5 (HH17) chicken embryos were fixed in 4% paraformaldehyde overnight at 4°C. Whole-mount embryo immunostaining was performed using the following antibodies: c-Caspase3 (cleaved Caspase3, 1:200, Cell Signaling Technology, Danvers, MA), Pax7 (1:200, DSHB, Iowa City, IA), phospho-Histone H3 (PH3, 1:200, Cell Signaling Technology, USA), and MF-20 (1:200, DSHB, Iowa City, IA). Briefly, the fixed embryos were incubated with primary antibody overnight at 4°C on a shaker. After extensive washing, the embryos were incubated with either anti-mouse IgG conjugated to Alexa Fluor 555 or anti-rabbit IgG conjugated to Alexa Fluor 488 (1:1,000; Invitrogen, Waltham, MA, USA) overnight at 4°C on a shaker. All the embryos were later counterstained with DAPI (1:1,000; Invitrogen, Waltham, MA, USA) at room temperature for 1 h.



In situ Hybridization

Whole-mount in situ hybridization of chicken embryos was performed according to a standard in situ hybridization protocol (Henrique et al., 1995). Briefly, digoxigenin-labeled probes were synthesized again BMP4 (Chapman et al., 2004), Wnt3a (Chapman et al., 2004), Shh (Chapman et al., 2004), Myf5, and RALDH2. RNA antisense Myf5 and RALDH2 probes used were obtained by reverse transcription polymerase chain reaction (RT-PCR) technique as described by Bales et al. (1993). Specific primers are described in Supplementary Table 1. Total RNAs were isolated from HH10 chicken embryos.



RNA Isolation and Quantitative PCR

Total RNA was extracted using a TRIzol kit (Invitrogen, Waltham, MA, USA), from the whole HH10 chicken embryos, somites and PSM explants, C2C12 cells, or the E6 and E9 embryos after removing the head, viscera, and cartilage. First-strand cDNA was synthesized to a final volume of 20 μl using a SuperScript RIII first-strand kit (Invitrogen, USA). Following RT, PCR amplification of the cDNA was performed using chicken specific primers. Specific primers are described in Supplementary Table 1. The PCRs were performed in a Bio-Rad S1000™ Thermal cycler (Bio-Rad, Hercules, CA, USA) as the manufacturer described. The final reaction volume of 50 μl is composed of 1 μl of first-strand cDNA, 25 μM of forward primer, 25 μM of reverse primer, 10 μl of PrimeSTAR™ Buffer (Mg2+ plus), 4 μl of dNTPs Mixture (Takara, Tokyo, Japan), and 0.5 μl of PrimeSTAR™ HS DNA Polymerase (2.5 U/μl; Takara, Japan) in RNase-free water. The cDNAs were amplified for 30 cycles. One round of amplification was performed at 94°C for 30 s, at 58°C for 30 s, and at 72°C for 30 s. The PCR products (20 μl) were resolved in 1% agarose gels (Biowest, Hong Kong, China) in 1× TAE buffer (0.04 M of triacetate and 0.001 M of EDTA), and 10,000× GeneGreen Nucleic Acid Dye (Tiangen, Beijing, China) solution. The resolved products were visualized in a transilluminator (Syngene, Cambridge, UK), and photographs were captured using a computer-assisted gel documentation system (Syngene). The expression of genes was normalized to GAPDH. At least 15 HH10 embryos or explants were mixed for one sample; at least three E6 or E9 embryos were mixed for one sample. The quantitative PCR results shown are representative of three independent experiments.



Western Blot

Chest wall tissues (removed cartilage) were collected from E9 control of 300 μM caffeine-treated chicken embryos. Western blot analysis was performed in accordance with the standard procedure using the c-Caspase3 (cleaved Caspase3, 1:500, Cell Signaling Technology, Danvers, MA). The protein was isolated using a radioimmunoprecipitation assay (Sigma-Aldrich) buffer supplemented with protease inhibitor. Protein concentrations were quantified with the bicinchoninic acid assay. The loading control was a β-actin antibody (1:3,000; Proteintech, Rosemont, IL). Quantity One (Bio-Rad) was used to capture the chemiluminescent signals and analyze the data. All samples were performed in triplicate.



Enzyme-Linked Immunosorbent Assay

ELISA kits (Meibiao Biol Tech, Jiangsu, China) were used to measure RA from HH10 chicken embryos according to the manufacturer's instructions. The results were calculated using interpolation from a standard curve created by a series of RA concentrations.



Protein–Protein Interaction Network Analysis

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins, https://string-db.org) was used for the protein–protein interaction (PPI) network analysis.



Photography

Following immunofluorescence staining or in situ hybridization, whole-mount embryos were photographed using a stereo-fluorescent microscope (Olympus MVX10) and associated Olympus software package Image-Pro Plus 7.0. The embryos were sectioned into 14-μm-thick slices using a cryostat microtome (Leica CM1900), and sections were photographed using an epifluorescence microscope (Olympus LX51, Leica DM 4000B) with the CN4000 FISH Olympus software package.



Data Analysis

Data analyses and construction of statistical charts were performed using the GraphPad software (La Jolla, CA, USA). All data were expressed as the mean value (mean ± SEM). Statistical evaluation was performed using ANOVA with Tukey's pairwise comparisons or independent samples t-test. Statistical significance was defined as P < 0.05. The data are indicated with * for P < 0.05, ** for P < 0.01, and *** for P < 0.001. All the details on statistics are summarized in the Supplementary Material.




RESULTS


Excess Caffeine Exposure Causes Chest Wall Deformities in Chicken Embryos

In our previous study on the effects of caffeine on the monoamine neurotransmitter system, we have investigated the effect of low doses of caffeine (i.e., 2.5, 5, and 10 μmol/egg) on the development of chicken embryos (Li et al., 2012). To obtain the adequate numbers of alive embryos with significant phenotype, we exposed HH10 (E1.5) chicken embryos with 5, 10, 15, and 30 μmol/egg caffeine every 48 h, and the embryos were harvested on the 9th day (Supplementary Figure 1A). The results manifested that caffeine exposure increased embryo mortality in a dose-dependent manner (Supplementary Figure 1B). The death rate of embryos increased to around 50% when the caffeine concentration reached 15 μmol/egg. The harvested chicken embryos were treated with 15 μmol/egg caffeine and PBS (control) for further investigations.

We first checked the weight of the 9-day-old embryos. The embryo weight of chicken embryos in the caffeine-treated group was about 20% lower than that in the control group (Supplementary Figure 1C). Actually, the embryo weight decreased from Day 6 (Supplementary Figure 3A). The morphological phenotypes of the embryos harvested on Day 9 were examined; and more than 75% of the embryos in the caffeine-treated group showed varying degrees of chest wall deformities (Supplementary Figures 1D,E). H&E, Safranin O, and Masson staining were performed on the transverse serial sections of both control and caffeine-treated embryos with mild chest wall deformities. Cartilage territorial matrix (keratan sulfate and chondroitin sulfate) is much basophilic on H&E staining. Safranin O is a basic dye that stains cartilage (proteoglycans, chondrocytes, and type II collagen) in varying shades of red. Cartilage and collagenous fiber are colored in blue, while muscle tissue is colored in red on Masson staining. The results demonstrated a significant suppression of cartilage fusion (red arrows in Supplementary Figures 2J1,N,P) and muscle tissue anomaly (Masson staining, blue arrow in Supplementary Figure 2P), indicating that chest wall development is affected by directly exposing the developing chicken embryos to high doses of caffeine.

Among the tissues affected by the deformity, muscles were particularly reduced in size. We therefore chose to examine the expression of the key genes involved in the myogenesis. Quantitative PCR data indicated that the mRNA expressions of MYH7B (a myosin heavy chain essential for the thick filaments of striated muscle), MEF2A [a myocyte enhancer factor (MEF) significant in muscle differentiation], myogenin (controlling the terminal differentiation of myoblasts into myocytes), Myod1 (muscle regulatory factor), and Pax7 (marking myogenic progenitor cells and regulating their entry into the program of skeletal muscle differentiation) were reduced in the presence of caffeine (Supplementary Figure 2Q). We further examined the expression of these genes in E6 chicken embryos, and we found a similar decreasing trend (Supplementary Figure 3B). These results are consistent with the reduction in muscle size observed by histology.



Caffeine Treatment Suppressed the Somitogenesis of Chicken Embryos During Embryogenesis

Since the majority of the musculoskeletal system derives originally from the somites, we then investigated the effect of caffeine on somitogenesis. The HH4 chicken embryos (normally pre-incubated for about 12 h) were incubated in EC culture with or without 300 μM of caffeine (300 μM in vitro corresponds to 15 μmol/egg as one egg is equal to 50 g) and then harvested until stage HH10 (Figure 1A). The embryo mortality (up to around 40%) was increased with time in response to caffeine exposure (Figures 1B,C). The length of the caffeine-treated embryos was generally shorter compared with the corresponding control group after 18- and 34-h incubation (Figures 1B,D). Most of the control embryos reached HH10 (10 pairs of somite stage) after 34 h of incubation, whereas the caffeine-treated embryos did not. Moreover, at 34 h, caffeine-treated embryos exhibited a reduced number of somite pairs as compared with the control group (Figure 1E).
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FIGURE 1. Assessment of chicken somitogenesis following caffeine treatment. (A) The sketch illustrates the development of chicken embryos in early chick (EC) culture with or without caffeine. Caffeine was applied to the embryos at HH4 (12-h incubation). (B) Representative images of whole chicken embryos from the control and caffeine-treated groups, taken after 12, 18, and 34 h of incubation. (C) The curve chart showing the comparisons of mortality of chicken embryos from the control and caffeine-treated groups. (D,E) The bar charts showing the comparisons of length and somite pairs of chicken embryos between the control and caffeine-treated groups. (F–K, G1–K1) Immunofluorescence staining of Pax7 in the chicken embryos from the control (F) and caffeine-treated (I) groups, and the corresponding transverse sections for Pax7 and merge with DAPI staining (G,H,J,K,G1,H1,J1,K1). Panels (G/J) and (H/K) are from the seventh somites and presomitic mesoderm (PSM) of somites, respectively. (L) Quantitative RT-PCR data showing the mRNA expression of Pax7 from the control and caffeine-treated groups. Scale bars = 500 μm in panel (B); 100 μm in panels (F, I); 50 μm in panels (G,H,J,K,G1,H1,J1,K1). *P < 0.05, **P < 0.01, ***P < 0.001.


Embryos of the caffeine-treated group were further incubated until stage HH10 and then compared with the HH10 embryos in the control group. Immunofluorescence staining of Pax7 indicated the abnormal somite formation induced by caffeine treatment (Figures 1F–K,G1,H1,J1,K1; n = 6 embryos in the control group and n = 12/18 embryos in the caffeine-treated group). The mRNA levels of Pax7 were clearly decreased in the somites in the presence of caffeine compared with controls (Figure 1L). These results indicated that caffeine treatment had an early effect by interfering with somitogenesis of chicken embryos.



Caffeine Treatment Interfered With the Expressions of Crucial Genes Modulating Apoptosis, Proliferation, and Cell Differentiation in Somites

To investigate whether caffeine treatment affects the apoptosis, we used immunofluorescence c-Caspase3 staining to determine the presence of apoptotic cells in the whole embryo following caffeine treatment. The apoptosis was generalized, and the numbers of c-Caspase3-positive cells were significantly increased in the somites of the caffeine-treated group compared with the control (Figures 2A–E,B1,D1). These data indicated that caffeine treatment promoted cell apoptosis in somites. To further prove that the increased apoptosis is linked to the chest wall defect, we determined the c-Caspase3 expression using western blot in the sample from the chest wall without cartilage in E9 chicken embryos. The results indicated that c-Caspase3 expression in the chest wall from caffeine-treated embryos was much higher than the one from the control (Figure 2F). The similar results were also obtained in the mouse C2C12 cells treated with 300 μM of caffeine and lower doges of 100 and 200 μM (Figure 2G). Quantitative PCR data indicated that the Caspase3 mRNA was increased in a dose-dependent manner (Figure 2G). To investigate whether or not caffeine could directly cause the cell apoptosis of somites, we determined c-Caspase3 expression in the cultured explants composed of somite and PSM in vitro. The quantitative PCR data indicated that the Caspase3 mRNA levels were increased following 300 μM caffeine treatment (Supplementary Figures 4A,B). These results suggest that caffeine treatment can directly lead to cell apoptosis in somite.
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FIGURE 2. Determination of cell apoptosis in the developing somites of HH10 embryos and C2C12 cells following caffeine treatment. (A–D) Immunofluorescence staining of c-Caspase3 in the chicken embryos from control (A) and caffeine-treated (C) groups, and the corresponding transverse sections for c-Caspase3 and merge with DAPI staining (B,D). Panels (B/D) is from the fifth pair of somites. (B1,D1) High-magnification images from the sites indicated by (B,D), respectively. (E) The bar chart showing the proportion of c-Caspase3-positive cell numbers in somite from the control and caffeine-treated groups. c-Caspase3, cleaved Caspase3. (F) Western blotting showing c-Caspase3 expressions in chicken embryos without the head, viscera, and cartilage from the control and caffeine-treated groups. (G) Quantitative RT-PCR data showing the mRNA expression of c-Caspase3 in C2C12 cells after caffeine treatment. Scale bars = 100 μm in panels (A,C); 50 μm in panels (B,D); 10 μm in panels (B1,D1). *P < 0.05, **P < 0.01, ***P < 0.001.


In order to explore what caused the reduction of tissue size, cell proliferation was also detected on the HH10 embryos and C2C12 cells, as well as somite and PSM explants. Interestingly, the number of PH3-positive cells was significantly increased in the somites of the caffeine-treated group compared with the control (note: the red arrows indicate the PH3-positive cells in the somites) (Supplementary Figures 5A–E). Quantitative PCR data demonstrated that the Cyclin D1 mRNA levels were also increased in somite and PSM explants (Supplementary Figure 4C). The increase was observed in a dose-dependent manner in C2C12 cells (Supplementary Figure 5F). These results show that the reduced size does not result from a reduced proliferation rate, as it is unexpectedly associated with an increase in proliferation in somites.

We then determined the expression of Myf5 in the somite, which is a myogenic precursor marker. The whole-mount in situ hybridization (Figures 3A,C), and the corresponding sections (Figures 3B,D) showed that caffeine treatment dramatically inhibited the expression of Myf5 during somite differentiation of chicken embryos. Quantitative PCR data indicated that the mRNA expression of Myf5 was also reduced in the presence of caffeine (Figure 3E and Supplementary Figures 4C, 5D).


[image: Figure 3]
FIGURE 3. Determination of cell differentiation in the developing somites following caffeine treatment. (A–D) Whole-mount in situ hybridization for Myf5 in the chicken embryos from control (A) and caffeine-treated (C) groups, and the corresponding transverse sections (B,D). Panels (B/D) is from the fifth pair of somites. (E) Quantitative RT-PCR data showing the mRNA expression of Myf5 from the control and caffeine-treated groups. (F–K) Whole-mount in situ hybridization for BMP4, Wnt3a, and Shh in the chicken embryos from control (F,H,J) and caffeine-treated (G,I,K) groups. (L–N) Quantitative RT-PCR data showing the mRNA expression of BMP4, Wnt3a, and Shh from the control and caffeine-treated groups. Scale bars = 100 μm in panels (A,C); 50 μm in panels (B,D); 200 μm in panels (F–K). *P < 0.05, **P < 0.01, ***P < 0.001.


In situ hybridization and quantitative PCR were carried out to determine the expression change of diffusible factors that are involved in regulating cell survival positively or negatively during development. Whole-mount in situ hybridization of BMP4, Wnt3a, and Shh showed that caffeine treatment significantly inhibited the expression of BMP4 (n = 6 embryos in the control group and n = 5/6 embryos in the caffeine-treated group) and Wnt3a (n = 6 embryos in the control group and n = 5/6 embryos in the caffeine-treated group) but increased the expression of Shh (n = 6 embryos in the control group and n = 4/6 embryos in the caffeine-treated group) at the posterior level in HH10 chicken embryos (red arrowheads in Figures 3G,I,J indicated the lower expression compared with the arrows in Figures 3F,H,K, indicating expressions). Quantitative PCR results verified the alteration on these gene (Figures 3L–N).



Caffeine Treatment Leads to Dramatic Alteration of Retinoic Acid Signaling During Somite Differentiation

The asymmetries of somite pairs in caffeine-treated chicken embryos (Figures 1J,K) are reminiscent of the published research findings, which demonstrated that RALDH2 was required to ensure the symmetric production of somite pairs during somitogenesis (Kawakami et al., 2005; Vermot et al., 2005; Sirbu and Duester, 2006). Moreover, RALDH2 could influence somitogenesis and myogenesis by means of acting on Shh and BMP4 (Power et al., 1999; Mic and Duester, 2003; Pourquié, 2018). Therefore, it is reasonable to infer that caffeine treatment-suppressed somite development was achieved by interfering with RA pathway.

Consistently with the link highlighted above (somite/RALDH2), these abnormalities in somite development are associated with an increase in RALDH2 levels. These findings are further corroborated by the observation by ELISA. The ELISA data showed that the RA concentration (RA synthesis being ensured by RALDH2) was increased in caffeine-treated HH10 chicken embryos (Figure 4A). Accordingly, the mRNA levels of RALDH2 in chicken embryos, C2C12 cells, as well as somite and PSM explants, were significantly enhanced (Figures 4B,B1 and Supplementary Figures 4D, 5F). The caffeine-induced increase of RALDH2 expression in chicken embryos was verified by RALDH2 whole-mount in situ hybridization and corresponding transverse sections (Figures 4C,D,C1–D3). RALDH2 expression was significantly increased on somites at C1/D1 and C2/D2 levels in the caffeine-treated group compared with the control group (n = 5 embryos in the control group and n = 5/7 embryos in the caffeine-treated group). However, the RALDH2 expression at C3/D3 level seemed to get weaker in some of the embryos in the caffeine-treated group (n = 5 embryos in the control group and n = 3/7 embryos in the caffeine-treated group). These results revealed that the total mRNA level of RALDH2 in chicken embryos was promoted in the presence of caffeine, especially obvious after the somite formation.
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FIGURE 4. Assessment of the somitogenesis-related gene expressions following caffeine treatment. (A) ELISA data showing the concentration of retinoic acid (RA) in the control and caffeine-treated groups of HH10 chicken embryos. (B,B1) Quantitative RT-PCR data showing the mRNA expression of RALDH2 from the control and caffeine-treated groups of HH10 chicken embryos (B) and C2C12 cells (B1). (C,D,C1–C3,D1–D3) Whole-mount in situ hybridization for RALDH2 in the chicken embryos from the control (C) and caffeine-treated (D) groups, and the corresponding transverse sections. Panels (C1/D1,C2/D2,C3/D3) are from the third, sixth, and ninth pairs of somites, respectively. (E–G,E1–G1,E2–G2) Immunofluorescence staining of MF-20 in the E2.5 chicken embryos from the control (E), caffeine-treated (F), and RA-treated (G) groups, and the corresponding transverse sections (fifth pair of somites) for MF-20 and merge with DAPI staining (E1–G1,E2–G2). (H) Quantitative data showing the areas of MF-20 immunofluorescence staining in E1, F1, and G1. (I) The protein–protein interactions from the STRING database showing the network of ADORA2A, AChE, c-Caspase3, RALDH2, Shh, BMP4, Pax7, Wnt3a, and Myf5. Scale bars = 100 μm in panels (C,D); 50 μm in panels (C1–C3,D1–D3); 200 μm in panels (E–G); 50 μm in panels (E1–G1,E2–G2). *P < 0.05, **P < 0.01, ***P < 0.001.


Moreover, we used immunohistochemistry to determine the expression levels of the myosin marker MF-20 in the control, caffeine-treated, and RA-treated E2.5 chicken embryos. The results showed that MF-20 expression was significantly decreased in both groups compared with the control (Figures 4E–H,E1–G1,E2–G2). All the data indicate that RA signaling could be involved in caffeine-induced inhibition of somitogenesis and subsequent compartment formation/differentiation of somite during the early chicken embryo development. These matched the finding from the bioinformatics approach through exploring the relationships in the context of pharmacological target proteins of caffeine [adenosine A2A receptor gene (ADORA2A) and acetylcholinesterase (AChE)], apoptosis, and somitogenesis/myogenesis proteins (Figure 4I).

To further confirm that the RA signaling plays an important role in caffeine disturbed somitogenesis and myogenesis, we detected whether or not the caffeine-induced abnormalities of somite development could be rescued by AGN (a potent RA receptor antagonist) (Bayha et al., 2009). We exposed the chicken embryos to caffeine and/or the AGN, and we found that blocking the RA signaling with AGN could significantly rescue the caffeine-induced reductions of embryo length and somite pairs (Figures 5A,B). The data from immunofluorescence staining and in situ hybridization manifested that the reduction of Pax7 and Myf5 expression caused by caffeine could be reversed by adding AGN (Pax7: n = 5 embryos in the control group, n = 4/5 embryos in the caffeine-treated group, and n = 5/6 embryos in the caffeine+AGN group; Myf5: n = 5 embryos in the control group, n = 5/5 embryos in the caffeine-treated group, and n = 6/6 embryos in the caffeine+AGN group), whereas the increased expression of c-Caspase3 caused by caffeine could be reversed by adding AGN (n = 5 embryos in the control group, n = 5/5 embryos in the caffeine-treated group, and n = 6/6 embryos in the caffeine+AGN group) (Figures 5C–H,C1–H1,I–K). Similar results were obtained on C2C12 cells after adding AGN (Supplementary Figures 4A–C,E). Taken together, these results indicated that RA signaling played an indispensable role in the negative effects of caffeine on somitogenesis and myogenesis (Grant et al., 2018).
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FIGURE 5. Determination of the expression of cell apoptosis and differentiation in the developing somites following caffeine treatment and blockage of retinoic acid (RA) signaling. (A) Representative images of the 12th-, 18th-, and 38th-h whole chicken embryos from the control, caffeine-treated, and caffeine+AGN-treated groups. (B) The bar charts showing the comparisons of somite pairs chicken embryo between the control, caffeine-treated, and caffeine+AGN-treated groups at 38 h. (C–H) Immunofluorescence staining of Pax7 or c-Caspase3 in the transverse sections from the control (C,C1,F,F1), caffeine-treated (D,D1,G,G1), and caffeine+AGN-treated (E,E1,H,H1) groups, and merge with DAPI staining. (I–K) The transverse sections of whole-mount in situ hybridization for Myf5 in the chicken embryos from the control (I), caffeine-treated (J), and caffeine+AGN-treated (K) groups. Panels (C/D/E,F/G/H,I/J/K) are from the seventh pairs of somites; (C1/D1/E1,F1/G1/H1) are from the presomitic mesoderm (PSM) of somites. Scale bars = 500 μm in panel (A); 50 μm in panels (C–K). ***P < 0.001.


In order to investigate whether the phenotypes and the mechanism involving RA signaling can be uncoupled from the lethality caused by toxic levels of caffeine, we determined the effect of caffeine at low doses on C2C12 cells after adding AGN. At 25 and 50 μM (which are equal to 1.25 and 2.5 μmol/egg, respectively), the increased RNA levels of Caspase3 and Cyclin D1 as well as the decreased levels of Myf5 and BMP4 can be reverted with the RA antagonist AGN (Figures 6A–D). The RALDH2 RNA levels were also increased after lower dosages of caffeine treatment (Figure 6E). These results suggest that the elevated RA levels have a probability of occurring as a cellular signaling response to caffeine exposure. These observed regulatory changes may not be directly caused by the caffeine toxicity.


[image: Figure 6]
FIGURE 6. Quantitative RT-PCR data of Caspase3 (A), Cyclin D1 (B), Myf5 (C), RALDH2 (D), and BMP4 (E) in C2C12 cells after caffeine treatment and blockage of retinoic acid (RA) signaling. *P < 0.05, **P < 0.01, ***P < 0.001.





DISCUSSION

Caffeine is a widely consumed psychostimulant all around the world, and its intake by adults mainly comes from coffee, cola drinks, and tea (Nehlig, 2018). Growing data have shown that the daily consumed product implies negative affect on both central nervous system and cardiovascular system (Nehlig et al., 1992; Zulli et al., 2016; Grant et al., 2018). It has also been reported that caffeine can easily penetrate the mammalian placenta and can increase the risk of causes of teratogenesis in young fetuses (Santos and Lima, 2016; Yadegari et al., 2016). Caffeine consumption (>300 mg/day) during pregnancy was associated with an increased risk of fetal growth restriction, and this association continued throughout pregnancy. Interestingly, the assessment of the more physiologically relevant doses of caffeine on embryonic development and uterine receptivity in mice indicated that there was no effect at low doses (2 mg/g), but effects started at 5 mg/g (Qian et al., 2018). In rats, maternal coffee consumption could cause the higher accumulation of caffeine in fetal brain than in serum (Wilkinson and Pollard, 1993). Since 100–600 μM of caffeine could affect neurogenesis in the mouse model (Narod et al., 1991; Marret et al., 1997), we applied 15 μmol/egg of caffeine (each egg contains about 50 ml of albumen and yolk) or EC culture mixed with 300 μM of caffeine based on our previous study (Ma et al., 2012, 2014, 2016; Wang et al., 2019). We do not deny that the concentration of caffeine is hardly representative of the conditions of high caffeine exposure during pregnancy. But we speculate that the caffeine doses are within the acceptable range in acute toxicity studies (note: the chicken embryo develops and hatches in 20–21 days only).

In this study, by using the chicken embryo model, we found that caffeine exposure reduced the weight of developing chicken embryos and also induced a delay in somite formation and chest wall malformations (Supplementary Figures 1C–E and Figures 1D,E). In fact, the chest wall comprises fat, skin, muscles, and the thoracic skeleton (Clemens et al., 2011). Congenital chest wall deformities are considered to be anomalies in chest wall growth and can be seen with various anomalies of the musculoskeletal system and collagen fibers (Mak et al., 2016). Abnormal cartilage fusion and muscle tissue formation were very obvious in the caffeine-treated group with mild unclosed chest wall (Supplementary Figures 2J1,N,P).

Moreover, there was a significant reduction in mRNA expressions of myogenesis-related genes including MYH7B, MEF2A, Myod1, myogenin, and Pax7 (Supplementary Figure 2Q). MYH7B has been found to be expressed in a range of muscle tissues in Xenopus, chicken, and mouse embryos (Warkman et al., 2012). MEF2 genes (MEF2A, B, C, and D), which lack myogenic activity alone, interact with MRFs (Myf5, MRF4, Myod1, and myogenin) to synergistically activate muscle-specific genes and the myogenic differentiation program, and the two families directly regulate the expression of an extensive array of muscle structural genes (Molkentin and Olson, 1996; Blais et al., 2005). Pax7 marks myogenic progenitor cells and regulates their behavior and their the entrance program of skeletal muscle differentiation through networking with MRFs (Relaix et al., 2005; Buckingham and Relaix, 2007). All these results indicated that caffeine exposure impaired myogenesis of the early-stage embryos. It seems to correspond with the previous research on zebrafish that the caffeine exposure led to myofibril misalignment (da Costa and de Lemos Menezes, 2018).

Somites have been considered to be the precursors of the axial skeleton and skeletal muscles, and the majority of the musculoskeletal system derives originally from the somites. We then determined the effect of caffeine on somitogenesis. The HH4 embryos treated with caffeine to 18th and 34th hour (HH10) exhibited significant reduction in both length of embryos and pairs of somites (Figures 1D,E). The somite defects could also be easily observed by Pax7 immunofluorescence staining (Figures 1J,K). We had employed Pax7 to study the effects of caffeine exposure on neural crest cell migration, as Pax7 is also the one of the earliest markers of avian neural crest cells and expressed at the dorsal side of the neural tube and migratory neural crest cells (Ma et al., 2012). The diversity of Pax7 expression might be due to the different kinds of cells and/or the different stages of embryos. Moreover, we found some abnormalities caused by caffeine treatment on the regions of the head (Figure 5A). The somite and PSM explants, as well as the in vitro experiments of myoblast cells, suggest that caffeine could affect the somite development directly (Supplementary Figure 4). Also, the chicken embryos required longer time to reach HH10 stage (36 h) compared with the control (34 h). These results suggest that excessive caffeine exposure can cause the disturbance on somitogenesis in chicken embryonic development.

The next aim was to study the pathological mechanism of embryonic myogenesis disturbance by caffeine. First, caffeine exposure could promote cell apoptosis in the somites (Figures 2A–E,B1,D1), which might be partially responsible for caffeine-induced defects in somitogenesis and myogenesis. These might be generally similar to the finding that caffeine induces apoptosis through p53, Bax, and Caspase3 pathways (He et al., 2003). Accordingly, myogenic regulatory factor Myf5 in the developing chicken embryos in the presence of caffeine was observed to be down-regulated (Figures 3A–E).

In order to explore the underlying mechanism about the reduction of tissue size induced by caffeine treatment, we then determined the potential effect of caffeine on cell proliferation. Interestingly, the result implied that the caffeine exposure played a positive role in the cell proliferation of somites (Figure 6B and Supplementary Figures 4C, 5). This finding is similar to the previous reports that caffeine promoted the proliferation of rat neuronal cells, human lung adenocarcinoma cells, and small airway epithelial cells (Al-Wadei et al., 2006; Sahu et al., 2013). Physiological cell death in the somites has been reported to be the result of the interaction of nerve growth factor with its receptor, whereas Shh induces a decrease of nerve growth factor mRNA leading to trophic support for the survival of somite cells (Teillet et al., 1998; Borycki et al., 1999; Cotrina et al., 2000; Kruger et al., 2001). Shh works together with the RA pathway to ensure the robustness of somite formation (Resende et al., 2010). Our data indicate that caffeine treatment led to the increased expressions of Shh and RA (Figures 3N, 4A). It may explain the observation that the expressions of PH3 and Cyclin D1 at mRNA levels increased following caffeine treatment (Figure 6B and Supplementary Figures 4C, 5). Apart from Shh, members of the Wnt family are implicated in muscle development (Münsterberg et al., 1995). A previous finding has shown that the expression of BMP4 is increased with progression of myogenesis and that down-regulation of BMP signal components inhibits myotube differentiation and maturation (Umemoto et al., 2011). In this study, Wnt3a and BMP expressions were evidently suppressed following caffeine exposure (Figures 3L,M). It suggests that aberrant somitic differentiation induced by caffeine might partially derive from the abnormal expressions of these crucial genes and proteins involved in regulating somite differentiation. Conclusively, caffeine exposure could lead to increased Shh expression in the neural tube and notochord and then in turn activate the ectopic expression of Noggin, subsequently resulting in the blocking of BMP4 specification of the lateral somites. The blocking of BMP4 would negatively result in a reduction of Wnt3a expression.

We then determined the expression of RALDH2, which was identified as a major RA generating enzyme in the early embryo. Both RALDH2 and RA were increased significantly in the caffeine-treated group (Figures 4A–D,B1,C1–C3,D1–D3). Similar results were obtained on C2C12 cells and the isolated somites and PSM (Figure 6E and Supplementary Figure 4F). These findings correspond with the research that RA treatment induces extensive apoptosis and down-regulation of Wnt3a (Shum et al., 1999). BMP4 expression is proximally inhibited by RA signaling, and BMP signaling may be responsible for regulating the pattern of myogenic cell migration in Raldh2–/– forelimb buds (Mic and Duester, 2003). It may address the observation that the migration ability of C2C12 cells was inhibited following caffeine treatment in the scratch wound migration assay (Supplementary Figure 6).

Furthermore, the expression of myosin marker, MF-20, was observed to be reduced in caffeine and RA separately treated groups (Figures 4F–H,F1,F2,G1,G2). Caffeine and RA either separately or in combination impaired the skeleton development of mouse embryos (Lashein et al., 2016). All of these indicate that excessive RA may negatively mediate the somitogenesis and somite differentiation in the caffeine-treated group. To verify our hypothesis, a potent RA receptor antagonist, AGN, was added together with caffeine to the chicken embryos, which rescued the reduced embryo length and pairs of somites in the corresponding caffeine-treated group (Figures 5A,B). Moreover, the expressions of Pax7 and Myf5 increased and c-Caspase3 expression decreased (Figures 5C–K,C1–E1,F1–H1), which further confirmed the crucial role of RA signaling in the process. Similar results on mRNA levels of Caspase3, Cyclin D1, Myf5, and BMP4 were obtained on C2C12 cells following low doses of caffeine and AGN treatment (Figures 6A–D).

We have previously reported that caffeine exposure induced its cytotoxic effects by generating excess reactive oxygen species (ROS) that could adversely affect chicken embryo development including the suppression of neurogenesis (Ma et al., 2014), and the excess ROS generation interfered with the RA production during embryogenesis (Song et al., 2020). The underlying mechanism in this study might be that caffeine disturbed the RA production during embryogenesis by increasing the RALDH2 expression (Figure 7). Consequently, the turbulence of RA metabolism, which acts as the crucial signaling to modulate the biological clock on somitogenesis and somite differentiation via influencing BMP signaling, occurred when somites form and differentiate into dermomyotome (later will convert to myotome and dermatome) and sclerotome. On the other hand, the elevated RA promotes c-Caspase3 but suppressed Pax7 expressions. Furthermore, excess caffeine exposure could lead to generalized systemic toxicity. Whether or not there is a direct link between caffeine and RA pathway needs further investigation.


[image: Figure 7]
FIGURE 7. Proposed mechanism about excessive caffeine intake-disturbed differentiation of myogenic progenitors through retinoic acid (RA) signaling pathway.
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