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Maternal diabetes and obesity in pregnancy are well-known risk factors for structural birth defects, including neural tube defects and congenital heart defects. Progeny from affected pregnancies are also predisposed to developing cardiometabolic disease in later life. Based upon in vitro embryo cultures of rat embryos, it was postulated that nutrient uptake by the yolk sac is deficient in diabetic pregnancies. In contrast, using two independent mouse models of maternal diabetes, and a high-fat diet-feeding model of maternal obesity, we observed excessive lipid accumulation at 8.5 days in the yolk sac. The numbers as well as sizes of intracellular lipid droplets were increased in yolk sacs of embryos from diabetic and obese pregnancies. Maternal metabolic disease did not affect expression of lipid transporter proteins, including ApoA1, ApoB and SR-B1, consistent with our earlier report that expression of glucose and fatty acid transporter genes was also unchanged in diabetic pregnancy-derived yolk sacs. Colocalization of lipid droplets with lysosomes was significantly reduced in the yolk sacs from diabetic and obese pregnancies compared to yolk sacs from normal pregnancies. We therefore conclude that processing of lipids is defective in pregnancies affected by maternal metabolic disease, which may lead to reduced availability of lipids to the developing embryo. The possible implications of insufficient supply of lipids -and potentially of other nutrients-to the embryos experiencing adverse pregnancy conditions are discussed.
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INTRODUCTION
Maternal diabetes and maternal obesity during pregnancy are known risk factors for structural birth defects, such as cardiovascular malformations and neural tube defects (NTDs) (Mills, 1982; Martinez-Frias, 1994; Martinez-Frias et al., 2005; Helle and Priest, 2020). The causative mechanisms underlying the elevated risk conferred in these pregnancies have not been identified, although it is generally accepted that nutrient excess, such as in hyperglycemia of the mother, plays a critical role.
During the formation of heart and neural tube, the embryo receives nutrients through the yolk sac, which serves as the ‘primitive placenta’ during the early post-implantation development (Zohn and Sarkar, 2010). The yolk sac tissues are comprised of the outer parietal yolk sac and the inner visceral yolk sac. The visceral yolk sac consists of a layer of endodermal cells facing the yolk sac cavity and underlying mesodermal cells that face the embryonic cavity. The visceral yolk sac thus functions as the site for the uptake and processing of nutrients by endocytic cells in the endodermal layer, while the transport of nutrients to the embryo is accomplished by vessels in the mesodermal layer that form from a common precursor of endothelial and hematopoietic progenitor cells (Zohn and Sarkar, 2010).
Prior studies on rat conceptuses cultured in vitro have provided evidence that exposure to high glucose concentrations was associated with yolk sac morphological abnormalities (Pinter et al., 1986b), reduced uptake of horseradish peroxidase (as an indicator for endocytosis) (Reece et al., 1989), reduced fatty acid uptake from the medium (Pinter et al., 1988) and decreased lipid droplet content (Reece et al., 1994). Several of these outcomes could be alleviated by the addition of arachidonic acid (Pinter et al., 1986a; Pinter et al., 1988). These authors also reported that vessel coverage of the yolk sac surface was reduced by excessive glucose in the culture medium (Pinter et al., 1986b). Culture of mouse conceptuses yielded confirming observations of vasculopathy (Pinter et al., 1999), which could be ameliorated by addition of an external nitric oxide donor (Nath et al., 2004). Although some similarities between yolk sacs freshly isolated from diabetic pregnant dams and cultured high-glucose-exposed specimens were observed in both the rat and mouse models (Reece et al., 1994; Pinter et al., 1999; Nath et al., 2004), the culture of post-implantation conceptuses in vitro is confounded by addition of adult serum, and an excessively high oxygen atmosphere. In contrast, implantation sites in vivo are in hypoxic conditions, which stimulate and are required for vasculogenesis (Ryan et al., 1998).
In the present study, we therefore sought to re-appraise the in vivo manifestation of yolk sac abnormalities in two mouse models of diabetic pregnancy, spontaneously occurring diabetes in the non-obese diabetic (NOD) mouse strain (Leiter, 1989; Atkinson and Leiter, 1999), and Streptozotocin-induced diabetes in the FVB/N mouse strain (Pani et al., 2002; Qi et al., 2005; Pavlinkova et al., 2009). In order to model the hyperlipidemia that is characteristically associated with diabetic pregnancy, we also investigated pregnancies in FVB/N mice fed a high-fat-high-sucrose diet for 4 weeks prior to mating (Salbaum and Kappen, 2012). The specific focus on yolk sac was prompted by our earlier findings of layer-specific expression of glucose and fatty acid transporters in visceral yolk sac endodermal and mesodermal cells (Kappen et al., 2022). Since expression of these transporters at the mRNA level was unaffected by exposure to maternal diabetes in decidua, embryos, and yolk sacs, we hypothesized that abnormalities in nutrient uptake, processing and/or transport caused by the exposure should be evident at the functional level.
MATERIALS AND METHODS
Animals
All animal experiments were performed with prior approval of the Pennington Biomedical Research Center Institutional Animal Care and Use Committee (IACUC) in accordance with the “Guide for the care and use of laboratory animals” of the United States National Institutes of Health. The experimental model consisted of female mice of the FVB strain and the Non-Obese Diabetic (NOD) strain. Mice of the FVB inbred strain were obtained from Charles River Laboratories at the age of 5–6 weeks, and NOD strain animals were obtained from The Jackson Laboratories at the age of 7–8 weeks. Mice were accommodated to the animal facility for 1 week before experimentation.
Two diabetic mouse models were used in our experimentation. Diabetes in FVB strain was induced by three i. p. Injections within a week of Streptozotocin at a dose of 100 mg/kg body weight, as previously described (Kappen et al., 2011, 2012). Females whose blood glucose levels exceeded 250 mg/dl were considered diabetic and were set up for mating no earlier than 7 days after the last STZ injection. The NOD strain of mice is an established model for human type I diabetes (Leiter, 1989; Leiter, 2005), in which individuals turn diabetic spontaneously. Approximately 60% of females of this strain exhibit profound hyperglycemia between 12–17 weeks of age, so that normoglycemic non-diabetic females of comparable age can be used as controls. When blood glucose levels exceeded 250 mg/dl, females were designated hyperglycemic and were mated to normoglycemic chow-fed males of the same strain, respectively.
The maternal obesity model was set up by using the FVB strain: females were fed with high-fat-high-sucrose diet (D12331, Research Diets, New Brunswick, NJ) for 4 weeks prior to mating, a regimen that we previously showed produces about 25% adiposity while preserving fertility (Salbaum and Kappen, 2012). The diet consists of 16.4 kcal% protein, 25.5 kcal% carbohydrate (sucrose content is 18.4% of total weight), 58.0 kcal% fat, and is replete for minerals, Vitamins and micronutrients and was fed through pregnancy until sacrifice. Diabetic and high-fat-diet-fed females were bred to normoglycemic males of the respective strain that had been fed regular mouse chow diet (LabDiet 5001, LabDiet, St. Louis, MO). Vaginal plugs were checked in the morning after mating, and the day of detection of a plug was counted as day 0.5 of gestation.
Bodipy staining and three-dimensional image analysis
Conceptuses at E7.5 were isolated from normoglycemic and diabetic NOD pregnancies, and the parietal yolk sacs were removed. Staining with Bodipy was done as described below, with counterstain for Actin filaments (F-actin) by Phalloidin (Abcam, Waltham, MA). Conceptuses at E8.5 were recovered from normal pregnancies, diabetic pregnancies, and high-fat-diet (HFD) pregnancies, and those yolk sac tissues that could be dissected away from the embryo were freshly isolated. The developmental stage of cognate embryos was recorded based upon the. number of somite pairs, and somite stages were variable between individuals from a given litter, as expected. In the aggregate, the distribution of stages between the groups of normal samples was comparable to that of samples from diabetic and of high-fat diet-fed pregnancies within the same strain, respectively.
Following fixation in 4% PFA for 30 min, yolk sacs were washed 3 times in phosphate-buffered saline (PBS) for 10 min. Bodipy (Invitrogen, Waltham, MA, 1:1000) was diluted in PBS at a concentration of 1 mg/ml and applied to the yolk sacs at 37°C for 15 min, followed by the incubation of 4’,6-diamidino-2-phenylindole (DAPI; 1:1000 in PBS) at room temperature for 5 min. Serial Z-stack fluorescence images from each sample were obtained by a Leica SP5 spectral scanning confocal microscope (Leica, Wetzlar, Germany). Imaris software was employed to reconstruct three-dimensional images and quantify the individual three-dimensional lipid droplets and their volumes in yolk sac samples. Specifically, contour surfaces were created for both Bodipy and DAPI fluorescence, individual fluorescence particles were identified and their volumes calculated, respectively. Then the fluorescence intensities were quantified by summing up of all the particle volumes, as implemented in the Imaris package. The relative fluorescence volumes were calculated as the ratio of the Bodipy and DAPI total volumes.
Immunohistochemistry (IHC) staining
Paraffin embedded yolk sac sections were used for IHC staining. For deparaffinization, slides were heated for 60 min at 65°C, followed by three treatments with 100% xylene, then two times with 100% ethanol, one time with 95% ethanol and 70% ethanol, for 5 min per step. For antigen retrieval, slides were incubated with 0.01M citrate buffer (pH 6.0) at 90°C in a pressure cooker for 20 min. Then, the slides were treated with a 3% H2O2 solution for 15 min to saturate endogenous peroxidases. After blocking with horse serum for 1 h at room temperature, slides were incubated overnight at 4°C with primary rabbit antibodies against ApoA1 (Thermo Fisher Scientific, Waltham, MA, 1:200), or ApoB (Abcam, Cambridge, United Kingdom, 1:200), or SR-B1 (Abcam, Cambridge, United Kingdom, 1:100). On the second day, after washing three times with PBS, the slides were incubated with HRP micropolymer-conjugated horse anti-rabbit IgG (Vector Laboratories, Burlingame, CA) at room temperature for 1 h. Slides were then washed with PBS and incubated with DAB, an HRP substrate (Vector Laboratories, Burlingame, CA) for 2 min, followed by dehydration, including one time of 70% ethanol and 80% ethanol, two times of 95% ethanol and 100% ethanol, and 100% xylene for 10 min. The slides were coverslipped with permanent mounting medium (Vector Laboratories, Burlingame, CA) and imaged under bright field illumination on an optical microscope (Zeiss, Oberkochen, Germany).
Immunofluorescence (IF) staining and quantification
Paraffin embedded tissue sections were used for IF staining. After deparaffinization and antigen retrieval procedures (described in the IHC staining method above), slides were incubated in 5% donkey serum in 1% BSA for 60 min for blocking, then washed in PBS three times. Slides were incubated overnight at 4°C with primary rabbit antibodies against ApoA1 (Thermo Fisher Scientific, Waltham, MA, at 1:100 dilution), ApoB (Abcam, Cambridge, United Kingdom, at 1:100 dilution), SR-B1 (Abcam, Cambridge, United Kingdom, at 1:100 dilution) and Folate receptor α (Thermo Fisher Scientific, Waltham, MA, at 1:50 dilution). The following day, slides were washed three times with PBS and incubated at room temperature for 60 min with donkey anti-rabbit Alexa Fluor 488-conjugated (Thermo Fisher Scientific, Waltham, MA, 1:500) and donkey anti-sheep Alexa Fluor 555-conjugated secondary antibodies (Thermo Fisher Scientific, Waltham, MA, 1:200). Slides were then washed three times in PBS and covered with antifade mounting medium with DAPI (Vector Laboratories, Burlingame, CA). Slides were stored in the dark at 4°C until imaged with the Sp5 confocal microscope (Leica, Wetzlar, Germany). Total fluorescence intensities were quantified for lipid transporter proteins and DAPI by ImageJ. The relative fluorescence intensities were calculated as the ratio of total fluorescence intensity of these lipid transporter proteins over DAPI.
LysoTracker staining and colocalization analysis
Fresh yolk sacs were collected from normal, diabetic and obese pregnancies at embryonic day 8.5 (E8.5). LysoTracker™ Deep Red (Thermo Fisher Scientific, Waltham, MA, 1:10,000) and Bodipy (Invitrogen, Waltham, MA, 1:1000) were diluted in Opti-MEM (Gibco, Waltham, MA) and applied to the yolk sacs at 37°C for 25 min. Following washing with Opti-MEM for 5 min three times, the yolk sacs were immobilized in 35 mm glass bottom dishes (Mattek, Ashland, MA) by a method modified from a previous study (Aoyama et al., 2012). 0.2% gellan gum (Sigma, St. Louis, MO) was mixed in 40% glycerol in PBS and microwaved for 30 s 500–1000 μl of hot gellan gum solution was poured into a 35 mm glass bottom dish (Mattek, Ashland, MA). The dishes were stored in the refrigerator to further harden after solidification. A small cut was made in the middle of the gellan gum gel using a syringe needle, and the yolk sacs were placed beneath the cut gel. Immobilized yolk sac tissue stained with Lysotracker and Bodipy was imaged by a Leica SP5 spectral scanning confocal microscope (Leica, Wetzlar, Germany). The ImageJ plugin “Colocalization Image Creator” was used for quantification of colocalization of both stains at default settings. Areas where Bodipy staining was colocalized with LysoTracker staining, and the individual lysosome areas were identified and quantified by ImageJ. A colocalization area fraction was calculated by the ratio of colocalized regions and the corresponding lysosome region.
Next-generation sequencing (RNAseq.)
The technical details of these experiments are described elsewhere (J.M. Salbaum, K. Stone, C. Kruger, and C. Kappen, manuscript submitted); the results have been deposited in the Gene Expression Omnibus database under accession number GSE197396. Briefly, yolk sacs were isolated from E8.5 pregnant dams of the NOD mouse strain that were either normoglycemic or diabetic. Individual samples were processed for RNAseq., sequence read counts were normalized to the size of each sequencing library, and analysis was performed using DESeq2. p-values for comparison of averages between control and experimental group were adjusted for multiple comparisons within the entire dataset, as implemented in DESeq2. For this manuscript, the gene ontology (GO) annotations of this dataset were queried with the search terms lipid, droplet, lipoprotein, lysosome, lipolysis, autophagy, Lrp, Snx, Perilipin, Cubilin, Enpp, and FolR1, and genes with low abundance (normalized read count below 50) were eliminated.
Statistical analysis
Data are representative of at least three independent experiments unless otherwise specified. Quantitative data are expressed as average ±SD; samples from the same pregnancy were first normalized to each pregnancy, before averages were tallied by experimental group. Student’s t-test was used to evaluate statistical significance between two groups, based upon two-tailed distributions and assumption of unequal variances. All statistical analyses were done using Graph Pad Prism software, and the criterion for significance was considered p < 0.05.
RESULTS
Morphometric parameters of the mouse models employed in these studies are depicted in Figure 1. Body weight was recorded at the time of inspection for a copulation plug (days 0.5 of gestation, Figure 1, Panel A, light bars), and at the time of sacrifice at 8.5 days of gestation (E8.5, filled bars). Diabetic FVB females started the pregnancy slightly lighter (compare open red bar to open black bar, p = 0.017), but gained weight to the extent that the difference was not statistically significant at the time of euthanasia. FVB females fed a high-fat-high-sucrose diet for 4 weeks gained more than 5 g body weight on average (compare dark to light turquoise bars; ranging from 2.7–9.3 g gained individually) up to the time of mating compared to the chow-fed FVB controls; they gained another 2 g on average during the pregnancy; no single individual lost weight. The NOD females also gained weight during pregnancy, and while the diabetic group started the pregnancy slightly heavier than the normoglycemic controls (p = 0.023), the differences were no longer statistically significant at the time of euthanasia.
[image: Figure 1]FIGURE 1 | Maternal parameters in two experimental models of diabetic pregnancy and a mouse model of obesity in pregnancy. Panel A: FVB females entered the experiments at the age of 10–12 weeks, after diabetes induction by STZ, whereas NOD females were used between the ages of 12–17 weeks, depending on development of diabetes. FVB females with high-fat diet feeding entered the feeding stage at ∼8 weeks of age, with matings performed at ∼12 weeks of age. Maternal body weights were recorded at entry into the feeding phase, at mating and at sacrifice at gestational day E8.5. Diabetic cohorts are labeled in red, FVB animals are represented by solid bars, NOD mice by striped bars. Panel B: Blood glucose levels were measured in FVB dams before and after STZ-induction, and at mating and sacrifice. In NOD females, blood glucose levels were monitored weekly after the age of 12 weeks. Females were declared diabetic and mated when their blood glucose levels exceeded 250 mg/dl; their glucose levels increased further throughout the pregnancy. Glucose measurements on HFD-fed females were taken at mating and sacrifice, and remained normal throughout the pregnancy. Panel C: Litter sizes were reduced in FVB diabetic females, and remained unaffected by HFD and in the NOD strain. Number of pregnant females/group: FVB normoglycemic n = 17; FVB diabetic n = 16; FVB HFD: n = 12; NOD normoglycemic n = 16; NOD diabetic n = 16.
Consistent with our definition of hyperglycemia beyond 250 mg/dl blood glucose content, both the FVB and NOD diabetic groups at E8.5 had high blood glucose levels that even exceeded the upper sensitivity of the glucometer in 3 NOD females (Figure 1, Panel B). High-fat diet-fed females were normoglycemic throughout the experiment. Diabetic FVB females had significantly smaller litter sizes compared to normoglycemic controls (p = 0.028), which was not observed in the NOD strain (Figure 1, Panel C), which had generally smaller litters. Notably, high-fat-diet-feeding had no effect on litter size.
Excessive lipid accumulation in yolk sacs of pregnancies affected by type I diabetes
Upon dissection of E7.5 conceptuses under the microscope (for other experiments), we observed greater deflection of light and reduced translucency when the samples came from a diabetic pregnancy. This prompted us to stain whole conceptuses for lipids by using Bodipy, and for actin as a general marker for cells by using Phalloidin, after removal of the parietal yolk sac. In the examples shown in Figure 2, greater intensity of Bodipy fluorescence was evident in the sample from a diabetic NOD pregnancy when compared to a sample from a normal NOD female at E7.5, suggesting that there was excessive accumulation of lipids in the yolk sac in the diabetic condition.
[image: Figure 2]FIGURE 2 | Accumulation of lipid droplets in yolk sac of diabetes-exposed embryos. Conceptuses were isolated from normoglycemic and diabetic pregnant NOD dams at gestational day E7.5, and dissected free of the parietal yolk sac. They were stained with Phalloidin and Bodipy. The conceptus from a diabetic pregnancy displays more lipid droplets in the visceral yolk sac.
In order to quantify lipid abundance, we chose to investigate conceptuses at the E8.5 time point, which facilitates dissection and provides larger tissue samples. Visceral yolk sacs were isolated by microdissection, and stained with Bodipy (lipid droplets) and DAPI (nuclei). Three-dimensional renderings were created by Imaris software from serial Z-stack fluorescence images of each sample. The individual fluorescence particles from both Bodipy and DAPI staining were identified and quantified in volume. The total fluorescence volume was calculated by summing up of all particle volumes for a given fluorescence channel. The fraction of total fluorescence volume of Bodipy over that of DAPI represents the lipid accumulation in each sample. Fluorescence images are shown in Figure 3 Panel A, and quantification data in Figure 3 Panel B. There was significantly increased lipid accumulation in yolk sacs from FVB-STZ diabetic pregnancies, compared to yolk sacs from normal FVB pregnancies. In addition, there was a greater number of lipid droplets, and the sizes of lipid droplets were larger in diabetic conditions, as shown in Figure 3 Panel C, where the size of lipid droplets is color-coded along the spectrum shown at the bottom of each image. Frequencies of occurrence of each droplet size range were quantified, and droplets of larger sizes than normal were more abundant in diabetic pregnancies (Figure 3 Panel D). Similarly, we found elevated lipid accumulation in NOD-diabetic pregnancies, again with increased droplet size and number (Figure 3 Panels E–H). The results demonstrate, in two mouse models of diabetic pregnancy, that in diabetic conditions the conceptus contains excess accumulation of lipids in the visceral yolk sac, characterized by increased number and volume of lipid droplets.
[image: Figure 3]FIGURE 3 | Excess lipid accumulation in yolk sacs from diabetic and obese pregnancies. Confocal imaging was performed on E8.5 yolk sacs stained with Bodipy (lipids) and DAPI (DNA) for all three experimental models. Panels A, E, and I: Three-dimensional renderings of signals for lipids and DNA. Panels B, F, and J: Voxels detected in each channel were quantified, and the ratio of lipid over DAPI voxels was calculated. This ratio was significantly higher in visceral yolk sac from diabetic FVB and NOD pregnancies, and in pregnancies where the dam was fed high-fat diet. Panels C, G and K: Volumes of lipid droplets were pseudo-colored for imaging according to size, following the scale at the right bottom of each image, purple-blue = smaller, yellow-red = larger volume. Yolk sacs from diabetic pregnancies and from dams fed HFD display appreciably more droplets with colors representing larger volume ranges. Panels D, H and L: Quantification of the numbers of lipid droplets within a given size range; note that the scale of the X-axis is logarithmic (log2), and that X and Y axis scales differ when comparing D to H and L. Frequencies of occurrence are shifted towards lipid droplets of larger volumes in yolk sacs from diabetic FVB and NOD dams, and HFD pregnancies. Sample size: FVB Normal = 25 samples representing 14 yolk sacs from 4 pregnancies, FVB diabetic = 43 samples representing 21 yolk sacs from 7 pregnancies; NOD Normal = 26 samples representing 14 yolk sacs from 5 pregnancies, NOD diabetic = 36 samples representing 25 yolk sacs from 9 pregnancies; FVB Normal = 42 samples representing 14 yolk sacs from 4 pregnancies, FVB-HFD = 68 samples representing 24 yolk sacs from 7 pregnancies. Data were averaged for each yolk sac (where multiple fragments were analyzed), and then averaged over all yolk sacs from a given pregnancy, after which averages were calculated for all pregnancies in the respective experimental group; Averages are presented as mean ± SD. Asterisks indicate p < 0.05, when comparing experimental and control groups using two-tailed t-tests.
Excessive lipid accumulation in yolk sacs of pregnancies affected by obesity
Applying the same experimental approach, we also observed increased lipid accumulation in yolk sacs from FVB pregnancies where the dam was fed a high-fat-high-sucrose diet for 4 weeks prior to mating, and through gestation day E8.5. In these pregnancies as well, numbers of lipid droplets and their sizes were significantly elevated compared to normal FVB pregnancies (Figure 3, Panels I–L). Taken together, our results revealed excessive lipid accumulation in visceral yolk sac under conditions of diabetic pregnancy, and upon HFD feeding.
Expression of lipid transporter proteins in yolk sacs from pregnancies affected by maternal diabetes and obesity
We then investigated whether lipid accumulation could be caused by aberrant expression of lipid transport proteins. We focused on ApoA1, ApoB and SR-B1, based upon prior reports of yolk sac expression, and the appearance of neural tube defects in mouse mutants for ApoB and SR-B1, which is a major transporter of cholesterol. The cellular localization of lipid transport proteins was revealed by immunohistochemistry staining for ApoA1, ApoB and SR-B1, on serial sections of entire paraffin-embedded decidua. Figure 4 Panel A depicts immunohistochemical staining for ApoA1 and ApoB, which are widely expressed in the decidua, as well as embryonic tissues and the yolk sac. Within the visceral yolk sac, ApoA1 was found expressed in endoderm as well as mesodermal cells (see magnification), whereas more intense ApoB signal was observed at the mesodermal yolk sac surface. SR-B1 was not broadly expressed in decidua, but exhibited prominent staining in trophoblasts; within the visceral yolk sac, a moderate signal was observed, which was specifically localized to the endodermal layer of the yolk sac (see magnification).
[image: Figure 4]FIGURE 4 | Lipid transporter protein expression in yolk sacs is unaffected by maternal metabolic disease or high fat diet-feeding. Expression of lipid transporter proteins was detected by immunohistochemistry and immunofluorescence on serial sections from paraffin-embedded whole decidua isolated at E8.5. The apical surface of the endodermal layer of the yolk sac is facing towards the right in all images. Panel A: Immunohistochemical staining for ApoA1, ApoB, and SR-B1 in specimen from a normal FVB pregnancy. Areas of magnification (lower images) are indicated by frames in the upper images. Abbreviations: hf = head fold of embryo; d = deciduum; t = trophoblast layer; vys = visceral yolk sac; mes = mesodermal layer of visceral yolk sac; endo = endodermal layer of visceral yolk sac. Panel B: Positive identification of the endodermal layer of the visceral yolk sac by immunofluorescence staining for Cubilin and Folate Receptor 1 (here detected with an antibody against FRα). Cubilin is very selectively located only on the apical surface of the visceral endoderm, whereas Folate Receptor 1 staining detects the entire endoderm layer and was therefore used in all immunofluorescence assays. Panel C: Immunofluorescence detection of ApoA1 expression in yolk sac from FVB pregnant mice. ApoA1 expression is present in endodermal, Folate Receptor 1-positive cells as well as FolR1-negative cells of mesodermal origin. Panel D: Quantification of fluorescence for each lipid transporter relative to the DAPI signal intensity in cells expressing the respective protein. No significant differences were found for lipid transporter expression between yolk sacs from diabetic compared to normoglycemic FVB dams. N = six to eight samples from 3 normoglycemic FVB pregnancies, n = seven to nine samples from 2 diabetic FVB pregnancies, sample numbers varied depending on protein investigated. Panel E: Immunofluorescence detection of ApoB in yolk sac from NOD pregnant mice. Panel F: Quantification of relative expression levels did not reveal statistically significant differences in yolk sac lipid transporter expression between diabetic and normoglycemic NOD pregnancies. N = 7–20 samples from 3 normoglycemic NOD pregnancies, n = 3–16 samples from 2 diabetic NOD pregnancies. Panel G: Immunofluorescence detection of SR-B1 expression in yolk sac from FVB dams where one group had been fed a high fat diet for 4 weeks prior to mating and until sacrifice. SR-B1 signal is predominantly located at the apical surface of the endodermal cells layer, coincident with enriched Folate Receptor 1 localization. An apparently stronger signal for SR-B1 in the HFD condition was only detected in this sample, and was not consistent after quantification of multiple specimen (see Panel H). N = 12–15 samples from chow-fed FVB pregnancies, n = 8–17 samples from high-fat-diet-fed FVB pregnancies. Panel H: Quantification of relative expression levels did not reveal statistically significant differences in yolk sac lipid transporter expression between high-fat-diet-fed and chow-diet-fed dams. Results were first averaged over each pregnancy and then the respective experimental group, presented as mean ± SD, and statistical significance at p < 0.05 would be indicated by asterisks if detected.
To identify positively the endodermal layer upon fluorescence staining, we used antibodies against Folate receptor 1, which we had previously shown to be exclusively expressed in visceral endoderm cells at this developmental stage (Salbaum et al., 2009). Figure 4 Panel B depicts Folate Receptor 1 staining in endodermal cells, in which expression of the Vitamin B12 receptor Cubilin is selectively localized only at the apical surface; we therefore continued to use Folate Receptor 1 to visualize the whole endodermal cell layer. While all three lipid and both vitamin transporters were examined in the three experimental models, Figure 4 Panels C, E, and G depict representative staining images for just one each of the lipid transporters in either of the experimental models, with quantification of all transporters in all the experimental models depicted in Panels D, F, and H. We did not observe altered cellular localization under conditions of exposure to maternal metabolic disease when compared to normal pregnancies, indicating that the cell-type specificity of expression was preserved for all examined nutrient transporters. Quantification was achieved by determining fluorescence intensities of lipid transporter staining, and for cells expressing the transporters, the intensities of DAPI staining were also determined, employing NIH ImageJ. Relative fluorescence intensities were calculated as the ratio of total fluorescence intensity of these lipid transporter proteins over DAPI intensity in those cells expressing the respective protein. No significant differences of expression levels were observed for ApoA1, ApoB, SR-B1 and Cubilin in the yolk sacs from normal, diabetic and HFD pregnancies (Figure 4 Panels D, F, and H, respectively). Taken together, these results indicate that metabolic status or high-fat-diet-feeding of the dam did not affect lipid transporter expression in the yolk sac at E8.5 days of gestation.
These results are consistent with expression at the RNA level, as represented in an RNAseq. dataset derived from yolk sacs of NOD diabetic and normoglycemic pregnancies at E8.5 (Table 1) that was queried for lipid transporters, and other genes involved in lipid droplet formation and processing. None of the 77 genes in this list exhibit statistically significant differences between metabolic conditions on the basis of adjusted p-values. When raw p-values were considered, only the first 9 genes (including Cideb) displayed significance, but their fold-changes were moderate at best, and expression levels low. Notably, among the highly expressed genes were ApoE, ApoA1, ApoA2, ApoA4, ApoB, ApoM, HDL binding protein, Cubilin and Megalin (Lrp2), Sortin nexins 1, 3, 5 and 6, and Microsomal triglyceride transfer protein. Yet, their expression did not significantly differ between metabolic conditions. When interrogated for all genes with Slc (solute carrier) nomenclature, this dataset also did not reveal significant differences for over 200 nutrient transporter genes expressed at this stage (Kappen et al., 2022). Taking together our quantitative and qualitative data, they do not provide evidence that altered gene expression in lipid-related pathways could be invoked as causes for the excess lipid accumulation in any of our three experimental models.
TABLE 1 | Expression levels of genes with relevance to lipid transport and processing.
[image: Table 1]Decreased colocalization of lipid droplets and lysosomes in yolk sacs of diabetic pregnancies and with high-fat diet feeding
We then considered the possibility that lipid processing could be altered in yolk sacs with excessive lipid accumulation. Lipid mobilization from droplets involves the autophagosome and lysosomes (Brent et al., 1990; Zohn and Sarkar, 2010). To investigate lipid processing in lysosomes, fresh visceral yolk sacs were isolated at E8.5 days of gestation from normal, diabetic and HFD pregnancies. Lysosomes were stained with LysoTracker dye, and lipids with Bodipy, respectively. Figure 5 Panel A shows that in normoglycemic pregnancy, many lipid droplets are colocalized with the lumen of lysosomes in visceral yolk sac cells. In yolk sac from FVB-diabetic pregnancies, however, more lipid droplets are present, often clustering together, and fewer of them are associated with lysosomes. A corresponding situation is detected in NOD diabetic pregnancies (Figure 5 Panel C). The areas of colocalization, and the corresponding individual lysosome areas were identified and quantified, by using the NIH ImageJ plugin Colocalization Image Creator, and then we calculated the ratio of colocalized lipids relative to the corresponding individual lysosome area size. The fraction of colocalization was significantly decreased in yolk sacs from FVB-diabetic pregnancies compared to normal pregnancies (Figure 5 Panel B). Likewise, there was significantly decreased colocalization of lipid droplets with lysosomes in yolk sacs from NOD-diabetic pregnancies (Figure 5 Panel D). These results are consistent with a lower rate of incorporation of lipid droplets into lysosomes, suggesting that lipid accumulation could be due to abnormal lipid processing in yolk sac cells.
[image: Figure 5]FIGURE 5 | Decreased colocalization of lipid droplets and lysosomes in yolk sacs from diabetic and obese pregnancies. Live yolk sac tissue was stained with LysoTracker dye and Bodipy. Panel A: Yolk sac from normoglycemic and diabetic FVB pregnancies; bigger lipid droplets were observed in the lumen of lysosomes in the normal yolk sac. Panel B: The areas depicting lipid droplets colocalized with lysosomes were identified and quantified, and the areas of the corresponding individual lysosomes were measured. The ratios of the areas occupied by colocalized lipid droplets over the corresponding individual lysosome areas were calculated (depicted in %). Lipid droplet colocalization with lysosomes was significantly decreased in yolk sacs from diabetic FVB dams. Sample size: N = 18 yolk sacs from 5 normoglycemic FVB dam pregnancies, n = 16 yolk sacs from 6 diabetic FVB dam pregnancies. Panel C: Yolk sacs from normoglycemic and diabetic NOD pregnancies were analyzed for lipid droplet colocalization with lysosomes (smaller magnification than Panel A). Panel D: Quantification reveals that lipid droplet colocalization with lysosomes was significantly decreased in yolk sacs from diabetic NOD dams (n = 18 yolk sacs from 6 diabetic NOD pregnancies) when compared to normoglycemic NOD pregnancies (n = 21 yolk sacs from 5 pregnancies). Panel E: Lipid droplet colocalization with lysosomes analyzed in yolk sacs from chow- and high-fat-diet-fed FVB pregnant dams. Panel F: Lipid droplet colocalization with lysosomes was significantly decreased in yolk sacs from HFD-fed pregnant FVB dams (n = 14 yolk sacs from 4 pregnancies) when compared to yolk sacs from chow-fed FVB pregnancies (n = 18 yolk sacs from 5 pregnancies). Data presented as mean ± SD, first averaged over each pregnancy, then for each respective experimental group; asterisks indicate p < 0.05, when comparing experimental and control groups using two-tailed t-tests.
Notably, in FVB diabetic pregnancies, the lysosomes appeared to be larger, and more uniformly stained when compared to normal yolk sac (Figure 5 Panel A, lower middle). The number of lysosomes also seemed to be reduced in NOD diabetes-exposed yolk sacs (Figure 5 Panel C lower middle), although we were unable to quantify these observations due to the lack of a reference for normalization to cell size or number when staining live tissue. In contrast, in yolk sac from dams fed high-fat diet, the size and number of lysosomes, as well as their staining appearance is indistinguishable from control yolk sac cells (Figure 5 Panel E, middle images), with appreciable but -albeit reduced-colocalization of lipid droplets compared to control (Figure 5, Panel F). Thus, even though appreciable numbers of lysosomes are present, they contain fewer lipid droplets. Taken together, our results are indicative of a reduced rate of lipid processing in yolk sacs with excess lipid accumulation, which conceivably would be exacerbated by a lower number of lysosomes in yolk sacs from diabetic pregnancies.
DISCUSSION
Our study reveals excessive lipid accumulation in pregnancies affected by both maternal diabetes and obesity, using in vivo-derived visceral yolk sacs isolated at gestational day E8.5. A particular strength of our approach were the large sample numbers, which allowed us to balance the biological variability inherent in mouse pregnancies. Furthermore, in addition to microscopic identification of structures and cells, we quantified lipid droplets based upon volumetric rendering from consecutive (Z-stack) confocal images. These data revealed both increased quantity and larger sizes of lipid droplets in yolk sac cells that were exposed to maternal metabolic disease. The use of two different mouse strains and of two independent models of diabetic pregnancy make our findings particularly compelling. We acknowledge as weaknesses of the present study the lack of functional measurements of nutrient transport, as well as the limited information on relevance of lipid accumulations for cellular metabolism in the yolk sac itself, and on consequences for nutrient metabolism in the embryo.
Our results differ from a previous report that observed fewer lipid droplets in yolk sacs from E10 rat conceptuses that were cultured in vitro for 2 days in medium containing high levels of glucose (Reece et al., 1994). This was associated with release of oleic acid into the medium, interpreted by the authors as evidence for potential lipid deficiency in the embryo (Pinter et al., 1988). Subsequently, it was suggested that the yolk sac in diabetic pregnancy may also be deficient in essential fatty acids (Pinter et al., 1986a; Reece et al., 1994). In contrast, our work demonstrates excessive lipid accumulation in yolk sac freshly isolated from diabetic pregnancies, albeit at earlier stages than investigated previously. Thus, lipids are either taken up from the maternal circulation, where they are in excess supply due to maternal hyperlipidemia in diabetic pregnancies, or they would have to be synthesized in visceral yolk sac from the excess msternal glucose under hyperglycemic conditions. We have previously shown that in addition to Glut3, the visceral yolk sac expresses the high-capacity glucose transporter Glut2, specifically in the endodermal cell layer (Kappen et al., 2022), lending plausibility to excessive glucose uptake. We here show that lipid transporters ApoA1, ApoB, SR-B1 and Cubilin are also expressed in the visceral yolk sac, with Cubilin and SR-B1 restricted to the endodermal layer, while ApoA1 and ApoB are also found in the mesodermal compartment of the visceral yolk sac, consistent with prior literature (Shi and Heath, 1984; Farese et al., 1996; Terasawa et al., 1999; Strope et al., 2004; Santander et al., 2013). Maternal diabetes did not affect expression of these lipid transporters, but this does not exclude the possibility that they could be importing lipids or fatty acids at a higher rate under conditions of hyperlipidemia. When dams had normal blood glucose levels but were fed a high-fat content diet, we also observed excess lipid accumulation in yolk sacs from these pregnancies. Our finding that excess lipid accumulation can occur with normoglycemia suggests that excess lipid supply might be associated with excess lipid supply, either through diet or maternal hyperlipidemia, with glucose playing only a minor role.
Taken together, these results argue against an endocytic deficit in the yolk sac, as was previously postulated for diabetic pregnancies, based upon reduced Horseradish peroxidase uptake (Reece et al., 1989) by yolk sac in rat conceptuses cultured in vitro in high concentrations of glucose. For mouse conceptuses at early somite stages, amino acid and protein uptake into the visceral yolk sac was found reduced only after prolonged exposure to high concentrations of glucose (Hunter and Sadler, 1992). Thus, we cannot rule out that the excess accumulation of lipids at the stages we investigated here could potentially lead to decreased nutrient yolk sac uptake at later stages; additional gestational time points would have to be investigated to address this possibility.
Lipids taken up by or synthesized by the yolk sac, or present in lipid droplets, require processing before they can be transported to the embryo (Zohn and Sarkar, 2010). Autophagy is required for lipid droplet turnover in yolk sac cells, as evidenced by increased lipid accumulation in yolk sacs of embryos lacking the essential autophagy gene, Atg7 (Singh et al., 2009). Lipophagy is a selective form of autophagy particularly of intracellular lipid droplets. The process of lipophagy begins with formation of double membraned autophagosomes that engulf the lipid droplets, and then merge with lysosomes to form the autolysosome for further degradation (Singh, 2010). For other cell types, it was shown that excessive size of lipid droplets inhibits uptake into the autophagosome (Singh et al., 2009) and prevents lipophagy (Schott et al., 2019). Thus, the larger lipid droplets accumulated in our models may also prevent proper lipid processing under conditions of maternal metabolic disease. Defective autophagy and lipophagy therefore result in excessive lipid accumulation (Singh, 2010), and excessive lipid loads -in a negative feedback-loop- then further inhibit lipophagy (Knaevelsrud and Simonsen, 2012). Our results, namely that fewer lipid droplets colocalize with lysosomes, are suggestive of similar defects in lysosomal lipid processing in yolk sac cells in conditions of maternal diabetes or obesity.
It is currently unknown to what extent the increased lipid accumulation is detrimental to the yolk sac endoderm cells themselves. As lipid droplets are enveloped by perilipins (Sztalryd and Brasaemle, 2017) and other lipid-droplet-associated proteins, yolk sac cells undergoing excess lipid accumulation most likely have to divert considerable resources to the synthesis of these proteins. Then, it is conceivable that yolk sac cells with excessive lipid accumulation -owing to defective lipid processing- experience an energy deficit, which may affect their capacity to transport nutrients to the embryo. Intriguingly, reduction of rough endoplasmic reticulum, ribosomes and mitochondria number have been observed in yolk sac cells of rat conceptuses cultured in high glucose (Pinter et al., 1986a), consistent with biosynthetic insufficiency. Additionally, the mesodermal compartment of the yolk sac is affected in diabetic pregnancies at later stages, in that vascularization was reported to be reduced in diabetic pregnancies of mice (Pinter et al., 1999; Pinter et al., 2004) and rats (Zabihi et al., 2007).
Lipids are required for membrane and organelle synthesis in normal embryo development, and in yolk sac cells. Nascent VLDL was found by ultrastructural analysis within the luminal spaces of the rough endoplasmic reticulum and Golgi apparatus in yolk sac visceral endoderm cells at E7.5 and E8.5, suggesting a vital role of yolk sac in providing lipids and lipid-soluble nutrients to embryos during the early phases of mouse development (Terasawa et al., 1999). Transport of lipids out of yolk sac cells involves ApoB and the microsomal triglyceride transfer protein (MTP), encoded by the mouse Mttp gene. MTP is required for assembly of ApoB-containing lipoprotein complexes, and Mttp-knockout mice exhibit embryonic lethality (Raabe et al., 1998), with marked lipid accumulation at the basolateral surfaces of yolk sac visceral endodermal cells at E9.5. Homozygous mutant embryos displayed retarded growth, and failure of anterior neural tube closure by E10.5, as well as exencephaly at E14.5. (Raabe et al., 1998). Likewise, ApoB is critical to lipoprotein assembly in visceral yolk sac endodermal cells (Farese et al., 1996), and deficiency of ApoB is associated with failure to close the neural tube, exencephaly, hydrocephaly, embryonic lethality, and embryo apoptosis and resorption, with the spectrum of phenotypes depending on the particular mouse model (Homanics et al., 1993; Farese et al., 1995; Huang et al., 1995). In the ApoB mutants, excessive lipid droplet accumulation in yolk sac endodermal cells was accompanied by deficiencies of Vitamin E and of cholesterol in the embryo (Farese et al., 1996), and embryonic defects could be ameliorated by alpha-tocopherol supplementation (Homanics et al., 1993; Farese et al., 1996). Mouse embryos deficient for the HDL transporter SR-B1 experience Vitamin E-deficiency, and are prone to develop neural tube defects (Santander et al., 2013; Santander et al., 2017). Shortage of maternal cholesterol also has been shown to result in multiple congenital birth defect in the offspring, including holoprosencephaly, neural tube defects, and heart and limb anomalies (Cooper et al., 1998). Based upon these findings, we expect that embryos whose yolk sacs undergo excessive lipid accumulation in diabetic pregnancies would also exhibit deficiencies of cholesterol and Vitamin E. The benefit of Vitamin E supplementation in reducing the incidence of developmental defects in such pregnancies (Sivan et al., 1996) provides strong support for this notion; cholesterol supplementation has not been reported in diabetic pregnancies to date.
In previous studies, supplementations of Arachidonic acid and its derivative prostaglandin E2 (PGE2) were shown to reduce the incidence of embryonic malformation caused by maternal diabetes in mouse and rat embryos in vivo, and in vitro cultures under high glucose high oxygen conditions (Goldman et al., 1985; Pinter et al., 1988; Baker et al., 1990; Goto et al., 1992). Lower levels of prostaglandin E2 were detected in rat embryos from diabetic pregnancies (Wentzel and Eriksson, 2005), and in rat embryos cultured in high glucose (Wentzel and Eriksson, 2005). Embryos contained less Arachidonic acid within the phospholipid fraction when conceptuses were cultured in high glucose (Pinter et al., 1988), but Arachidonic acid was increased in the yolk sacs under these conditions, indicating that it may also be captured in the accumulating lipid droplets, and possibly unavailable as a precursor for PGE2 production. In humans, significant reduction in yolk sac levels of PGE2 in early pregnancy of diabetic women has been reported (Schoenfeld et al., 1995). Consistent with this, single lipid species supplementation has been shown to reduce embryonic malformations (Reece et al., 1996; Wiznitzer et al., 1999; Wentzel and Eriksson, 2005; Reece et al., 2006) in animal models. Taking our results together with prior evidence, it appears that multiple lipid species could be of insufficient availability for optimal growth of embryos in diabetic pregnancies.
While our result indicate that lipid processing is defective in yolk sac endodermal cells under diabetic and obesity conditions, it remains to be determined to which extent the processing of other nutrients, such as proteins or glucose for examples, is also altered. For examples, in yolk sacs from mice with a targeted disruption of the gene encoding ADP-ribosylation factor-like 8B, the trafficking of lysosomes is defective, leading to accumulation of proteins in late endocytic organelles and reduced availability of free amino acids to the developing embryo (Oka et al., 2017). Impairment of transport function has also been described for yolk sac deficient in Pax-Interacting Protein 1-associated glutamate rich protein 1a (Pagr1a), due to an absence of apical vacuoles (Kumar et al., 2014). An excess number of apical vacuoles is also associated with defects in lysosomal processing in the yolk sac of mutants with ablation of both Sorting nexins 1 and 2 (Snx1, Snx2 double mutants), resulting in developmental delay and neural tube defects in the mutant embryos (Schwarz et al., 2002). Moreover, Autotaxin, an ectonucleotide pyrophosphatase/phosphodiesterase, encoded by the Enpp2 gene, is required for conversion of smaller lysosomes to larger size (Koike et al., 2009), which is essential for proper nutrient processing in yolk sac endodermal cells. Enpp2 germ-line mutant embryos suffer growth retardation, failure of turning and embryonic lethality (Koike et al., 2010), and embryos with disruption of Enpp2 in the neural tube (via Sox1-driven cre-mediated recombination) exhibit neural tube defects (van Meeteren et al., 2006). Taken together, these evidences underscore the importance of effective lysosome processing for supply of nutrients to the developing embryo. Furthermore, insofar the multiple mouse mutant models discussed here have demonstrated causal links between defective yolk sac lipid metabolism and neural tube closure, they provide support for our conclusion that defective lipid processing in yolk sac cells possibly underlies the risk for neural tube defects in pregnancies affected by maternal diabetes, and by inference, obesity.
Previous studies have observed developmental delay and growth retardation of the embryos from diabetic mice and rats (Eriksson et al., 1984; Zhao et al., 2017), which would be consistent with generalized nutrient deficit. If a wide variety of essential nutrients is in limited supply, this -conceivably- could be the cause of embryonic growth restrictions, and the reduced growth of placenta in diabetic pregnancies that we reported previously (Kappen et al., 2011; Salbaum et al., 2011). Interestingly, growth restriction in placenta and embryos was more pronounced when the diabetic pregnant dams were fed a diet with higher lipid content (Kappen et al., 2011, 2012), and associated with a higher rate of neural tube defects (Kappen et al., 2011). It remains to be determined whether the extent of lipid accumulation is even more excessive under these dietary conditions, and whether the very high-fat-diet we showed here to be sufficient for excessive lipid droplet accumulation in yolk sac in normoglycemic FVB dams would exacerbate the lysosomal dysfunction in diabetic pregnancies.
Finally, it is intriguing to speculate whether compounds can be identified that either stimulate lipid release from droplets, or promote lipid processing in the yolk sac, and as a consequence, might enhance lipid transport to the embryo. The expectation would be that restored supply of vital nutrients to embryos in diabetic pregnancies should also lower the incidence of neural tube defects. Considering that neural tube closure proceeds within a relatively short time frame, even short-term treatment might be effective if given just before the neural tube closure process commences.
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The GO annotations for an existing RNA seq. data set of E8.5 yolk sacs from normoglycemic and diabetic pregnancies of the NOD mouse strain were queried with search terms |
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table are sorted by adjusted p-value (from smallest to largest). The differences between controls and experimental samples were not significant.
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