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SUMMARY

Female mice display greater adipose angiogenesis and maintain healthier adi-
pose tissue than do males upon high-fat diet feeding. Through transcriptome
analysis of endothelial cells (EC) from the white adipose tissue of male and female
mice high-fat-fed for 7 weeks, we found that adipose EC exhibited pronouncedly
sex-distinct transcriptomes. Genes upregulated in female adipose EC were asso-
ciated with proliferation, oxidative phosphorylation, and chromatin remodeling
contrasting the dominant enrichment for genes related to inflammation and a
senescence-associated secretory of male EC. Similar sex-biased phenotypes of
adipose EC were detectable in a dataset of aged EC. The highly proliferative
phenotype of female EC was observed also in culture conditions. In turn, male
EC displayed greater inflammatory potential than female EC in culture, based
on basal and tumor necrosis factor alpha-stimulated patterns of gene expression.
Our study provides insights into molecular programs that distinguish male and
female EC responses to pathophysiological conditions.

INTRODUCTION

Endothelial cells (EC) form the contiguous inner lining of the entire circulatory system. Within this privileged
position as the interface between the bloodstream and all parenchymal cells, EC act as gatekeepers of
energy balance and tissue homeostasis by controlling nutrient and oxygen supply, coagulation and inflam-
mation."? EC provide additional support for tissue growth and metabolism by coordinating the growth of
new capillaries through angiogenesis.” During this process, they exit their usual state of quiescence and
adopt specialized transient phenotypes associated with proliferation and motility.”* Moreover, EC exhibit
organ-specific molecular signatures and functional specializations based on bidirectional paracrine inter-
actions with the tissue parenchyma and adjacent stromal cells.

Extensive evidence from animal and human studies concur that EC dysfunction and impaired angiogenesis
contribute to the development of obesity and its related complications.”® In white adipose tissue of males,
insufficient capillary growth compromises healthy tissue expansion to accommodate calorie excess, which
ultimately reflects in metabolic disturbances at the systemic level. Our group and others have reported that
promoting angiogenesis to increase adipose vascularization can prevent/reverse metabolic disorders
associated with excess adiposity.””"" Although this reinforces the paramount role of adipose EC in the
pathogenesis of obesity-related disease, the molecular profiles of adipose EC under conditions of obesity,
and the extent to which biological variables may regulate their vulnerability to dysfunction have not been
investigated.

Sex is a biological variable that accounts for differences in adipose tissue pathophysiology and clinical
manifestations of obesity.'> However, mechanisms underlying these differences are poorly defined partic-
ularly because sex is frequently overlooked in pre-clinical studies.”*'" We recently provided the first
evidence that female mice have greater adipose angiogenesis than males in response to high-fat diet
(HFD) feeding, indicating that sex is a modifier of vascular remodeling. Yet, the underlying mechanisms

for this difference remain unknown. Given that several recent studies have reported intrinsic sex differences
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that EC sex differences play a substantial role in establishing divergent angiogenic responses in the
expanding adipose tissue.

Thus, the present study aimed to analyze the transcriptome of adipose tissue EC of male and female
mice to identify molecular signatures that may determine the sex differences in vascular remodeling during
HFD-induced expansion of white adipose tissue.

RESULTS

Male and female adipose endothelial cells exhibit distinct molecular profiles under
obesogenic conditions

We recently reported that the expansion of the visceral adipose tissue of female mice is accompanied by a
concomitant growth of its vascular network that contrasts with the compromised adipose angiogenesis of
male mice following 16 weeks of HFD feeding.” Here, we sought to uncover predictive molecular mech-
anisms that may explain the disparate angiogenic capacity in adipose of female compared to male mice, by
focusing on EC gene expression during an earlier phase of adipose tissue remodeling. Thus, we condi-
tioned male and female FVB; B6 mice with a 7-week HFD intervention. Mouse body weight gain and plasma
glucose levels of these mice are provided in Table S1. The transcriptome of EC isolated from white adipose
tissue of these mice was analyzed by RNA-Sequencing (RNA-Seq). First, we examined the pattern of EC
hallmark genes (Figure S1). As expected, transcripts for EC marker genes Cdh5, Pecam1, and Ptprb
were abundant in both male and female EC. Capillary marker genes also were prominent whereas
transcripts of arterial and venous EC markers were present at lower levels.

Differential gene expression analysis displayed substantial sex-dependent transcriptional differences in
adipose EC, with 1,281 differentially expressed genes (DEGs) between the sexes when applying an
adjusted p value of 0.01 as a cut-off (Figure 1A). The majority of the DEGs (1,225 genes) were distributed
among autosomal chromosomes while 56 DEGs were detected on the X chromosome (Figure 1B). Genes
localized to the Y chromosome were not included in the analysis.

Gene Ontology (GO) enrichment analysis of the RNA-Seq dataset was used to identify biological processes
(BP) over-represented within the sets of DEGs for each sex. Genes associated with chromatin organization,
epigenetic modifications, and transcriptional regulation were significantly enriched in the female EC DEGs
(Figure 1C), and suggestive of elevated cellular proliferative activity. Female EC also exhibited an enrich-
ment of the GO BP term “ossification,” which largely included genes that have known EC expression and
can influence mesenchymal cell behavior (i.e. Ptn and Bmp3). Conversely, the DEGs that were higher in
male EC were dominantly associated with GO BP terms related to inflammation. Interestingly, male EC
were enriched in genes belonging to the contrasting ontologies of “negative” and "“positive regulation
of angiogenesis,” which may imply a restriction on angiogenic signaling in these cells. Differing sets of
genes encoding extracellular matrix (ECM) and adhesion proteins were enriched in female and male EC,
respectively. Complete lists of the significantly enriched GO BPs for each sex are provided in Table S2.
In sum, these data demonstrate that male and female EC display substantially distinct transcriptional
profiles under high-fat feeding.

To verify that sex differences in gene expression detected in the RNA-Seq dataset were not limited only to
this mouse cohort or strain, we conducted the gPCR analysis of selected genes utilizing adipose EC iso-
lated from an independent cohort of 7-week HFD-fed male and female C57Bl6/J. Mouse body weight
gain, fasting glucose, and glucose tolerance tests of this mouse cohort were reported in Table S3. Overall,
a high level of consistency was observed between gene expression in this independent cohort compared
with the RNA-Seq dataset, with 12 of the 14 genes tested displaying the same patterns of gene expression
(Table S4).

Female adipose endothelial cells show a highly proliferative phenotype compared to male
counterparts

Angiogenesis requires the transient acquisition of the specialized phenotypes of proliferating stalk and
migratory tip cells,>" which is supported by metabolic reprogramming.?' Thus, we assessed within our
RNA-Seq dataset the molecular profiles involved in supporting distinct cellular phenotypes and metabolic
pathways. First, we conducted GSEA using gene sets comprising markers for proliferative and tip endothe-
lial phenotypes (Table S5), hypothesizing that both would be enriched in female EC. Indeed, female EC
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Figure 1. Transcriptome analysis of male and female adipose EC from HF-fed mice

(A) Volcano plot illustrating the expression profile of genes in female and male adipose EC, as determined by RNA-seq of
n =4 mice per sex. Negative logFC (red) = up in females; positive logFC (blue) = up in males. A total of 1,281 DEGs were
identified, with an adjusted p value < 0.01 (indicated by the dashed horizontal line). See also Figure S1.

(B) Chromosome distribution of DEGs in female and male adipose EC. The proportions of female and male-biased genes
are expressed as a % of the total number of genes on that chromosome.

(C) Dot plot illustrating selected “Biological Process” gene ontologies that were enriched in the DEG upregulated in
female and male adipose EC, respectively. The count represents the number of inputted DEGs as a percentage of the
total number of genes in that ontology. The Benjamini p value for each ontology is shown. All significant ontologies are
listed in Table S3.

displayed enriched expression of genes associated with proliferation (Figures 2A and 2B). However, enrich-
ment on tip cell genes was detected in male EC (Figures 2A and 2B). Despite the phenotype differences,
the transcript levels of genes involved in glycolysis, pentose phosphate pathway, tricarboxylic acid cycle, or
glutamine metabolism did not differ between male and female EC (Figure S2A). In vitro analysis of cultured
male and female EC also did not display sex differences in protein levels of glycolytic markers hexokinase 2
(HK2), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), and Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH) (Figures S2B-S2D). In contrast, we observed a substantial enrichment
of genes associated with oxidative phosphorylation in female EC (Figures 2A and 2B). This is notable
because mitochondrial respiration was reported to be critical to sustain EC proliferation.?

To substantiate the greater proliferative potential of female EC under HFD conditions, we used a third
cohort of mice that underwent a similar protocol of HF feeding for 7 weeks. Employing the nucleotide
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Figure 2. Female adipose EC exhibit elevated markers of proliferation and oxidative phosphorylation compared to male EC

(A and B) GSEA of endothelial cell proliferating, tip, and oxidative phosphorylation genes with corresponding heatmaps.
(A) GSEA plots of genes representing proliferating EC, mouse tip cell markers; and oxidative phosphorylation machinery.
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(B) Heatmaps corresponding to the genes found in the GSEA plots in (A), displaying average z-scores for each sex, calculated from the gene TPM for each

sample. Leading edge genes are indicated in red font. Full list in Table S5. See also Figure S2.

analogue EdU to mark cells in S-phase during the last week of the dietary intervention, coupled with ERG
staining to identify EC nuclei, we detected proliferating EC in the visceral adipose of both sexes (Figure 3A).
However, a significantly higher proportion of EC was EdU-positive in the white adipose of female mice,
corroborating the gene expression analyses (Figure 3B). Of note, we did not detect differences in mRNA
levels of key angiogenic factors Vegfa or Vegfb'”'" between male and female white adipose tissue either
in the cohort of mice used for the assessment of EAU incorporation (Figures 3C and 3D) or in those used for
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Figure 3. Female adipose EC exhibit elevated proliferation rates compared to male EC

(A and B) Female and male mice were fed an HFD for 7 weeks. EJU was injected two sequential days prior to tissue
extraction.

(A) Whole-mount confocal imaging of white visceral adipose tissue to detect proliferating EC. Green (Griffonia
simplicifolia-FITC), capillaries; Blue (DAPI), nuclei; Red (ERG), Endothelial cell nuclei; Yellow (EdU), proliferating cells.
Arrows point to EdU-positive endothelial cell nuclei. Scale bar = 25 pm.

(B) Quantification of EdU-positive EC (ERG+) relative to the total number of EC per field of view. Data points represent
individual fields of view from 4 female and 3 male mice. Bars represent mean + SEM **p = 0.0037, two-tailed unpaired
Student's t test.

(C and D) RNA was extracted from visceral white adipose tissue of the EJU cohort of female and male mice (n = 4 and 3
respectively). Expression levels of Vegfa (C) and Vegfb (D) relative to Hprt1 were quantified by gPCR. Also, refer to
Figure S3.

(E) Adipose EC from young, healthy female and male mice were isolated and cultured under growth conditions.
Proliferation was assessed by EdU incorporation. EdU-positive cells were quantified as a percentage of total EC number.
n =7 independent experiments/sex; *p = 0.015, two-tailed unpaired Student's t test.

EC RNA-Seq analysis (Figure S3A). Transcript levels of leptin, which also exerts pro-angiogenic effects,”
were higher in the adipose of males compared to females (Figure S3B). This suggests that the augmented
proliferation of female EC may be independent of differential levels of angiogenic factors present in the
microenvironment. In vitro studies employing primary cultures of EC (isolated from the adipose tissue of
matched sets of young, healthy male and female mice) also demonstrated a greater proliferative capacity
of female EC as detected by EdU incorporation (Figure 3E). Altogether, these experiments reinforce the
idea that sex differences in EC proliferation may reflect cell-autonomous differences rather than
distinctions in the adipose microenvironment.

Sex-biased inflammatory state under obesogenic conditions may reflect distinct sensitivity of
male and female adipose endothelial cells to an inflammatory stimulus

Further characterization was also conducted on the predominant transcriptional phenotype detected in
adipose male EC under HFD conditions. In association with their pro-inflammatory profile, male EC
displayed significant enrichment of genes belonging to inflammasome and inflammasome assembly
gene ontologies (Figures 4A and S4). Considering that the pronounced pro-inflammatory profile of adi-
pose EC from male HF-fed mice can be an indicator of cellular senescence,” > we assessed if hallmark
genes associated with senescent cellular behavior were enriched in male versus female EC. Notably, we
found that senescence-associated secretory phenotype (SASP)-related genes were enriched in the male
adipose EC (Figure 4A and Table S5).
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Figure 4. Male adipose EC display an inflammatory profile in vivo and in vitro
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(A) GSEA plots of genes represented in the Inflammasome Complex (GO:0061702) and NLRP3 Inflammasome Complex Assembly (GO:0044546) gene
ontologies and SASP-related genes. Corresponding heatmaps are in Figure S4. See also Figure S5. (B-E) TNFa treatment (5 ng/mL; 20 h) of cultured adipose
EC from female and male young, healthy mice. mRNA levels of target genes were assessed by gPCR and expressed relative to housekeeping gene Tbp. Data
were assessed by 2-way paired ANOVA (Sex x Treatment) with Sidak’s post-hoc comparisons; n = 6 independent experiments for female and male EC.

(B) Icam1 mRNA ***p = 0.0006 vs. 0 ng/mL; ****p < 0.0001 vs. 0 ng/mL; ### Interaction Male vs. Female, 5 ng/mL, p = 0.0003.

(C) Cclé mRNA **p = 0.0071 vs. 0 ng/mL; ## Interaction Male vs. Female, 5 ng/mL, p = 0.0014.
(D) Tyrobp mRNA ####p < 0.0001 Male vs. Female, for both 0 and 5 ng/mL.
(E) Spi1 mRNA #Main effect of sex, p = 0.045 Male vs. Female. Analyses of additional genes are in Figure Sé.

)
)

We considered that the greater pro-inflammatory state of the male EC could result from differences in
the local adipose microenvironment. However, we did not detect sex differences in the mRNA levels
of key inflammatory cytokines Tnfa and I/1b within the white adipose samples that were used for the
EC RNA-Seq analysis (Figure S5). This suggests that the greater pro-inflammatory state of male EC
may not be triggered by the differential levels of these cytokines in the white adipose microenvironment.
We sought further insight by assessing if sex differences in genes associated with inflammatory respon-
siveness remained detectable in primary cultures of adipose EC following TNFa stimulation. We exam-
ined the transcripts of multiple inflammation or immune-related genes detected as DEGs in our dataset
that have also been previously reported to be expressed in mouse microvascular ECs from multiple or-
gans.”® Multiple acute-response inflammatory genes displayed a sex bias in responsiveness to TNFa.
Icam1 mRNA increased in both sexes with TNFa exposure, but this effect was significantly higher in
male versus female EC (interaction between sex and treatment) (Figure 4B). This concurs with a report
that ICAM1 expression and leukocyte adherence were lower in mesenteric microvessels of females
compared to male mice.”” Transcript levels of the cytokines Cclé and Tnf also displayed an interaction
between sex and treatment, increasing in male but not female EC in response to TNFa (Figures 4C
and S6). Multiple immune-related genes displayed a significantly greater expression in the male
compared to female EC, but no responsiveness to TNFa treatment. This pattern was observed for Ty-
robp, an immune-modulatory adaptor protein, the transcriptional regulator Spil (Figures 4B and 4C)
as well as inflammatory markers Cdé8, Ptprc, and [tgax (Figure Sé). Together, these data indicate that
male adipose ECs display a slightly pro-inflammatory profile under basal conditions and they have
greater sensitivity to an inflammatory stimulus.
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Figure 5. Predicted transcription factors associated with dominant female and male enriched ontologies
iRegulon was used to predict putative transcriptional regulators of female DEGs related to nucleosome assembly and
positive regulation of transcription and male DEGs related to the immune system process, inflammatory response,
phagocytosis, neutrophil chemotaxis, and antigen processing and presentation. Scatterplots of resultant analyses are
shown for female (A) and male (B), in which the X axis indicates the normalized enrichment score (NES) for a given
transcription factor and the Y axis shows the ratio of the genes associated with that factor relative to all inputted genes.
Red font indicates transcription factors that were also significantly upregulated in that sex.

Transcriptional regulators involved in the proliferative and pro-inflammatory profiles of
endothelial cells

Having established the distinct cellular phenotypes of male and female adipose EC, we considered
putative transcription factors that might predict the sex-dimorphic endothelial profiles under HFD feeding.
The analysis identified several enriched motifs (NES>3) associated with transcription factors and
revealed Zbtb14; E2f6/E2f1; Sox4 and Foxo1/3 as the top predicted regulators of the DEGs associated
with ontologies “chromatin/transcription” in female EC. Of these transcription factors, gene expression
of Sox4, Foxol, and Foxo3 mRNA were significantly higher in EC from female HF-fed mice (—1.83,
—0.63, and —0.77 logFC, respectively; Figure 5A). Interestingly, estrogen receptor binding sites were
not identified amongst the top enriched transcription factor motifs for these transcripts. This corroborates
a previous report that estrogen signaling accounts for only a portion of sex differences in gene

expression.”®

Conversely, putative transcriptional regulators that may regulate the male DEGs belonging to “immune
response/inflammation” related gene ontologies included Spi1; Gata2; Fli1; Nfkb1 (Figure 5B). Of these
transcription factors, Spil and Gata2 mRNA were significantly higher in the EC from male HF-fed mice
(1.58 and 0.9 logFC, respectively, vs. female EC). Spi1 and Gata2 were recently described as putative
regulators of an immune response program in EC.?” Notably, Spi1, which has been associated with cellular
senescence,’” was elevated in male compared to female EC from the validation cohort of mice (Table S4)
and in cultured cells (Figure 4E).

The sex differences observed in adipose endothelial cells under high-fat diet conditions are
also detectable in aged endothelial cells

We sought to corroborate and extend the sex-biased transcriptional profiles revealed in our analysis of EC
from HF-fed mice by comparing to an independent transcriptional profile of EC in a different pathophys-
iological context. Considering the SASP phenotype observed in the male EC, we chose to compare our
findings to the transcriptomic signature of EC from several organs (including fat) from aged male and
female mice, which was generated utilizing Tabula Muris senis single-cell sequencing data from
18-month-old mice. Overall, males and females exhibit differential patterns of aging.’’ Although it is
well-documented that microvascular disease and EC dysfunction increase substantially with aging,®” sex
differences in aging EC and the impact on capillary content remain poorly characterized. We used
GSEA to first identify GO BPs associated with the sex-biased gene sets in each dataset independently.
The male-biased BPs (220 and 141 in the HFD and aged EC datasets, respectively) were dominantly clus-
tered in ontologies related to “Immune regulation,” "
(Table S6). There were 35 identical ontologies displaying male-biased expression in both datasets.
Selected ontologies (and their core enrichment genes) that were common between the HFD and aged

migration/chemotaxis,” and “Interleukin production”
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Figure 6. Sex-biased Biological Process ontologies and constituent genes in common between EC from HFD-fed
and aged mice

GSEA was used to identify sex-biased GO BPs enriched in EC from both HFD-fed and aged mice. The full analysis is in
Table Sé. Selected genes belonging to the core enrichment of BPs higher in male EC (A) and in female EC (B) are
illustrated by chord plot. For individual genes, the outer ring (blue) represents the adjusted p value of that gene in the
HFD RNA-seq dataset and inner ring (green) represents log FC of the gene in the aged mouse dataset (Huang et al., 2021).

EC datasets are displayed in Figure 6A. Conversely, 73 and 40 BPs were female-biased in HFD and aged EC
datasets, respectively. Of these, the two major clusters shared between both datasets were associated with
DNA organization/conformation and chromatin remodeling (Figure 6B).
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Figure 7. Summary Schematic

Visual representation of key sex-biased BPs identified by the analysis of genes that were differentially expressed in female versus male adipose ECs under
obesogenic conditions. These transcriptional signatures may underlie the divergent angiogenic capacities previously reported within white adipose tissue
of male and female high-fat diet-fed mice and sex disparities in pathophysiological responses to obesity.

We further tested if the transcriptomes of young healthy EC from 3-month-old mice®** display similar sex-
biases as seen in the EC from HFD-fed mice. However, biological pathways enriched in DEG higher in
young male (vs female) EC clustered substantially with “vasculogenesis” rather than inflammation
(Table S6), consistent with a healthy EC phenotype. Notably, EC from young female mice were enriched
in ontologies related to ATP synthesis (oxidative phosphorylation) and ribosomal processes, which more
closely paralleled the gene sets enriched in EC of HFD-fed female mice. In sum, these comparisons suggest
that HFD and aging evoke similar detrimental effects on male EC whereas EC from female mice appear to
resist these deleterious alterations.

DISCUSSION

Herein, we revealed distinct molecular signatures in male and female EC from white adipose tissue of mice
upon 7 weeks of HFD feeding (Figure 7). Female adipose EC exhibit a transcriptomic signature associated
with a predominantly proliferative state, which manifests as a greater proliferative capacity when compared
to male EC. Conversely, EC from male counterparts show enrichment in gene sets involved in a pro-inflam-
matory phenotype, which seems to be triggered in response to the diet but also affected by differential
sensitivity to inflammatory stimuli when compared to female EC. These findings suggest that molecular dis-
parities in EC account, at least in part, for the sex-biased adipose tissue angiogenesis under obesogenic
conditions.

The enrichment in proliferation-related genes and elevated EdU incorporation in female EC compared to
male counterparts demonstrate that female EC retain the capacity to undergo angiogenesis and expand
the local vasculature to meet physiological tissue demands even after several weeks of HFD. This is
coherent with the prior observation that adipose vascularization is greater in female compared to male
mice after 16 weeks of HFD.?" In the current study, the similar adipose tissue levels of growth factors
(i.e. VEGFA, VEGFB) in both sexes and the proliferative advantage detected in cultured female EC imply
that this is a cell-autonomous phenotype. Enrichment of transcripts associated with chromatin modifiers
was observed in female adipose EC, suggesting that epigenetic regulatory mechanisms maintain the
increased proliferation rate in female EC. These findings fit with a growing body of data documenting a
higher proliferation of HUVEC and pulmonary artery EC isolated from female compared to male do-
nors.'®** The contrasting ontologies representing both positive and negative regulation of angiogenesis
enriched in the male adipose EC suggests that the inhibition of angiogenic signaling in males may lower
the proliferative potential of male EC under HFD conditions. The elevated levels of typical “tip cell” marker
genes in the male EC appear to concur with this outcome, as proliferation is repressed in tip cells.*® Inter-
estingly, elevated proliferative activity EC was reported in male mice fed an HFD for just two weeks (but not
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after five or fifteen weeks),”’ indicating that HFD may elicit an initial angiogenic response in adipose male
EC but that sustained HFD suppresses their proliferative capacity.

Previous studies have established the paradigm that sustained HFD dysregulates critical EC cellular
signaling pathways, inducing oxidative stress, inflammation, and senescence.** %’ The overt inflamma-
tory signature prevalent in the male adipose EC in our study provides evidence of EC dysfunction,' agreeing
with this established paradigm. The development of inflammation may underlie the enrichment of negative
regulators of angiogenesis and the senescence-associated signature (SASP) displayed by the male adipose
EC. In turn, these molecular signatures likely contribute to the poor angiogenic response observed in the
adipose of male mice during long-term HFD. Of note, SASP is a hallmark of aged or damaged cells that
can exert deleterious effects on surrounding cells®® and may contribute to the sex-biased development
of adipose tissue dysfunction with obesity. Considering that higher levels of inflammatory cytokines similar
to the ones observed in our work were recently reported in male EC from obese compared to lean mice
following 18 weeks of HFD, it is probable that the inflammatory profile of male EC in our study is largely
induced by the diet.*” The pro-inflammatory signature in the transcriptome of adipose EC from male
HFD-fed mice also was in common with those detected in EC from aged male mice, which concurs with re-

ports that EC dysfunction and inflammation generally manifests at an earlier age in males than females.*'*?

Our findings that female EC did not develop the same extent of inflammation as seen in the male adipose
EC, and instead retained proliferative capacity, suggests a higher resistance of female EC to the stress
associated with prolonged HFD. This corroborates several reports showing that cultured female EC
exhibited higher viability than male EC when challenged with serum starvation, hyperoxia, shear stress,
or oxidative stress.'®'” One plausible contributor to their stress tolerance is the enrichment in genes
involved in the electron transport chain in female compared to male adipose EC. This sex-biased pattern
of gene expression, also detected in the EC from healthy young mice, has been reported across numerous
cell types and species.”®**** Indeed, higher oxidative phosphorylation gene content is linked with greater
stress resistance and longevity*>*® whereas the lower mitochondrial content in the adipose of males has
been associated with a greater risk of developing metabolic dysfunction.*®

There is growing awareness that EC express immune-related transcripts and can play tissue-specific
immune-modulatory roles.”” In addition to the diet effect on inflammatory genes, we found that male ad-
ipose EC in culture exhibited higher basal levels of some immune response-related genes than female EC
and greater responsiveness to TNFa-stimulated conditions. This suggests a sustained distinction between
male and female EC that is not dependent on immediate cues from the environment, which is in line with
recent work demonstrating that epigenetic encoding of chromatin accessibility plays a critical role in estab-
lishing immune response potential.”’ Therefore, it is likely that the EC dysfunction of male adipose ECs
results not only from lower resistance to stress but also because of a greater inherent responsiveness to
an inflammatory stimulus, which may divert these cells from an angiogenic response under obesogenic
conditions. We propose that epigenetic mechanisms support the underlying sex differences in the EC
phenotype of both male and female EC and that these sex differences are amplified by the obesogenic
conditions triggered by HFD.

Overall, the distinctive molecular signatures of male and female EC under HFD conditions provide strong
support for the concept that sex differences in EC behavior and angiogenesis contribute to the well-
described sex disparities in the development of obesity and its related complications. This indicates
that the male overrepresentation in prior studies has generated an incomplete understanding of the factors
impacting vascular remodeling during adipose tissue expansion. Our results suggest that female EC have a
better capacity to cope with the stress imposed by HFD. These phenotypic differences may also apply to
other conditions such as aging. Thus, this study opens new perspectives on the influence of sex in the path-
ophysiology of EC in obesity and emphasizes the importance of considering sex as a significant variable in
the regulation of vascular remodeling and the contribution of EC in disease states.

Limitations of the study

This study was designed to understand molecular mechanisms underlying the greater adipose angiogen-
esis observed in HFD-fed female versus male mice rather than to study how HFD-feeding alters the
transcriptome of male and female adipose EC. Comparison with publicly available datasets from standard
diet-fed mice combined with the gene expression analysis of cultured EC allowed us to infer that the extent
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of inflammation in the male EC was in part induced by HFD. However, future studies should extend this
observation by directly assessing the impact of diet on the EC molecular signatures in both sexes. The rela-
tive contributions of the gonadal hormones and genes localized to the Y chromosome to the observed sex-
biased EC phenotypes remain undefined, requiring further investigation. Our study relied on the tissue
dissociation and isolation of EC using a magnetic bead-based enrichment protocol. While in vitro
approaches employed in our study alongside the comparison of other publicly available EC databases pro-
vide the support that the major molecular signatures presented in this article reflect those of EC, we cannot
completely exclude the possibility of low-level contamination of the RNA by other cell types as well as the
loss of EC during isolation. Future studies combining spatially resolved transcriptional profiling with single-
cell RNA sequencing can provide greater insight into distinct EC sub-populations that might be altered by
sex or by diet. Exploration of these EC sex differences within human adipose will be important in advancing
the health-related implications of our study.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Tara L Haas (thaas@yorku.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® RNA sequencing data generated in this publication have been deposited in NCBI's Gene Expression
Omnibus and are publicly available as of the date of publication. Accession numbers are listed in the
key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Mouse protocols were approved by the York University Animal Care Committee and all experiments con-
formed to the standards of the Canadian Council on Animal Care. All mice were maintained in a 12:12
light:dark cycled, temperature-controlled environment with water and diet ad libitum. The first two cohorts
of mice utilized genetically matched (FVB;Bé) littermates that were bred in-house at York University and fed
a high-fat diet (Surwit Diet, 58% kcal from fat, Research Diets) for a total of 7 weeks, starting at 7 weeks of
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age. In the first cohort (n = 4 female and n = 4 male), subcutaneous and perigonadal white adipose tissues
were harvested for whole tissue RNA analysis and EC isolation for RNA sequencing (RNA-Seq). In the sec-
ond cohort, (n = 4 female, n = 3 male), mice were injected with EJU (i.p. 1.5 mgin 100 puL sterile PBS) on two
sequential days prior to sacrifice and the perigonadal adipose tissue was used for whole-mount
imaging analysis to detect proliferating cells. A third validation cohort of age-matched male and female
C57BI6/J mice (purchased from Jackson Laboratories) were fed a high fat diet for 7 weeks starting at
6 weeks of age (n = 6 males; 12 females). Perigonadal white adipose from this cohort of mice was used
to isolate EC for gPCR validation of selected genes from the RNA-Seq dataset. C57Bl6/J mice were
used to extend the validity of the RNAseq molecular signatures by testing in a difference mouse strain.
To increase sample yield from the C57BI6/J cohort, perigonadal adipose tissue from 2 females was pooled
together for each EC isolation, yielding 6 independent RNA isolations for both females and males. Despite
this strategy, the small amount of RNA yielded limited sample sizes for some gene expression analyses may
show different sample sizes due to the small amount of starting material for RNA.

Primary murine endothelial cell cultures

EC were isolated from perigonadal white adipose tissue of male or female mice and purified with Strepta-
vidin-magnetic beads coupled to biotinylated rat anti-mouse CD31 antibody.” Cells were used in experi-
ments between passages 2 and 5.

METHOD DETAILS
Adipose EC isolation for RNA seq

Perigonadal and inguinal subcutaneous white adipose depots from each mouse were harvested, minced
and digested with Type | collagenase (0.5% m/v) in DMEM for 30 min at 37°C (or until a single cell slurry
was obtained). The resulting stromal vascular fraction was passed through a cell strainer (100 um) and
ECs were selected by incubation with Dynabeads conjugated to rat anti-mouse VE-cadherin antibody
and Streptavidin-magnetic beads coupled to biotinylated rat anti-mouse CD31 antibody.’

Bulk RNA seq

RNA was extracted from freshly EC isolated from adipose tissues (pooled perigonadal and inguinal pads)
using RNeasy Mini Kit and its quality was assessed using the RNA 6000 Nano chip on the 2100 Bioanalyzer
automated electrophoresis system (Agilent Technologies Inc.). Samples with an RNA Integrity Number
(RIN) > 6 (n = 4/group) were processed for RNA sequencing by The Centre for Applied Genomics, The
Hospital of Sick Children, Toronto. PolyA-enriched cDNA-libraries were generated and sequenced using
aNovaseq SP flowcell (paired end 2x50 bp), generating ~60 million reads per sample. After mapping reads
to the mouse genome from Ensembl Mus_musculus.GRCm38.cdna.all.fa, expression levels were normal-
ized as Transcripts Per Kilobase Per Million (TPKM) by dividing the read count of each transcript model
with its length and scaling the total per sample to one million using Kalisto V0.4.4. Quality control of raw
and mapped reads was done using FastQC version 0.11.8. Transcripts with <20 raw counts per library
were deemed unexpressed and were discarded from analysis. Differential expression analysis was per-
formed using the R package EdgeR version 3.34,” with the formula log2CPM = 0 + +Sex, correcting for
common, trended and tagwise disparity. The analysis rendered two-base logarithmic fold change (log2FC)
differences and false discovery rate (FDR) values, where FDR of <1% was considered significant.

Gene ontology and set enrichment analyses

Gene ontology analysis was performed using Database for Annotation, Visualization and Integrated Dis-
covery (DAVID) v6.8°"*° to identify enriched Biological Processes (BPs) within the genes significantly upre-
gulated in male and female EC. Ontologies with a Benjamini p value < 0.05 were considered significant.
Enrichplot (R)*® was used to generate the dotplot based on the GO output. Gene set enrichment analysis
(GSEA)** was used to test our RNA-Seq dataset for the enrichment of custom gene sets generated
from literature. Customized gene sets included: endothelial tip cell markers® *% proliferating EC
markers®® % oxidative phosphorylation®?; inflammasome complex/NLRP3 inflammasome complex assem-
bly (GO:0061702 and GO:0044546) and EC senescence associated secretory phenotype (SASP).**“° A .gmt
file was created including all generated gene sets as mouse gene symbols, requiring no collapse or
remapping in GSEA. The 14501 genes in our dataset were pre-ranked based on log fold change (positive
values for genes upregulated in female, negative for those upregulated in males; zero cross at 7445).
Gene sets with an FDR g-value<0.05 were considered significantly enriched.
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Bioinformatic inference of transcriptional regulators

iRegulon,*® accessed via Cytoscape,™ was used to predict transcriptional regulators of the DEGs repre-
sented in the male-biased inflammatory ontologies (Immune System Process GO: 0002376; Positive Regu-
lation of Phagocytosis GO: 0050766; Inflammatory Response GO: 0006954; Neutrophil Chemotaxis GO:
0030593; Antigen Processing and Presentation of Exogenous Peptide Antigen via MHC Class Il GO:
0019886) and in the female-biased transcription and nucleosome assembly ontologies (Positive Regulation
of Transcription GO:0045893; Nucleosome Assembly GO: 0006334). Transcription factor binding motifs
were identified 10kB around the transcription start site.

Comparison with publicly available EC data

We also compared our RNA-Seq dataset with the sex-biased EC transcriptional profile of young and aged
EC, compiled from multi-organ single cell sequencing analysis of 3- and 18-month-old mice from the Tab-
ula Muris Senis dataset,® as compiled by Huang and colleagues.** To do this, we conducted GSEA of
annotated Gene Ontology Biological Processes (GO BP) of each dataset, pre-ranking each dataset by
log fold change. Gene sets were considered significantly enriched using FDR g values of <0.05, 0.1 and
0.15 for our dataset and the Huang datasets for young and aged-mice, respectively. The less stringent
q value was utilized for the Huang dataset because this single cell sequencing dataset consisted of a
much smaller number of genes (6,656 total) compared to our RNA-seq dataset (14,501 total). A clustering
strategy was used to aid in describing similar ontologies comprised within each dataset. Biological net-
works were annotated using the “AutoAnnotate” function in Enrichment Map®’ (accessed via Cytoscape)
and clustered according to the Glay clustering algorithm®® based on ontology name. Only clusters con-
taining five or more ontologies are reported. Lastly, we identified specific gene ontologies that were
enriched in both datasets. The logFC and adjusted p values of selected genes comprising the leading
edges of these shared gene sets were compared and displayed by chord plot.*”

Whole-mount imaging of adipose tissue

Small pieces of formaldehyde-fixed perigonadal adipose tissue were stained to assess EC proliferation.®’
Proliferating endothelial cells (EdU+) were detected by pre-incubation in a solution containing 0.1 mM
Azide-fluor 545; 0.1 M Tris, T mM CuSO,, 0.1 M ascorbic acid prior to immunostaining. To visualize
EC nuclei, samples were blocked and permeabilized with 0.1% Triton X-100, 5% goat serum in PBS followed
by overnight incubation with rabbit anti-ERG (A7L1G) antibody (1:200), and 1 h incubation with Alexa
Fluor647 goat anti-rabbit (1:200). Samples were counterstained with DAPI (1:1000) to detect all nuclei
and Griffonia simplicifolia lectin | (GSL)-FITC (1:100) to detect capillaries. Single plane images were
captured with a Zeiss LSM700 inverted confocal microscope equipped with a 40%x/1.30 Oil EC PLAN-
Neofluar objective (York University YSciCore). Microvascular content, EC nuclei and EdU positive nuclei
were quantified from 4-5 fields of view per animal using ImageJ Analysis Software.

In vitro proliferation assays

Male and female adipose EC were plated in 96 well plates (8x10° cells per well). The following day, ECs were
incubated for 4 h with 10 uM EdU (Click-iT EdU Imaging Kit) then fixed and Click reaction using Alexa
Fluord88 Azide was performed according to the manufacturer’s instructions. Cell nuclei were counter-
stained with DAPI (1:1000). Imaging and counting were performed using Celllnsight CX7 High-Content
Screening Platform (Thermo Fisher Scientific, USA) to quantify the number of EJU-positive and number
of DAPI-positive cells, and the percentage of proliferating ECs was expressed as (#EdU*/ #DAPI™*) x 100.

In vitro TNFa stimulation

Male and female adipose EC were plated at 4 x10% cells per well in a 12-well plate. After 3 days, the media
was replaced with 10% FBS high-glucose DMEM and then cells remained untreated, or stimulated with
5 ng/mL recombinant human TNFa, for 20 h before RNA extraction and analysis by gPCR.

RNA analysis by qPCR

RNA extracted from EC or whole adipose tissue was reverse transcribed using M-MLV reverse transcriptase
and the cDNA was analyzed by real-time PCR on the Rotor-Gene Q platform (Qiagen Inc.) using Fast
TagMan Master Mix and TagMan primers. Transcript levels of each target gene were calculated relative
to an appropriate housekeeping gene (Hprt1, Actb or Thp) and expressed as 272,
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Western Blot analysis

Total protein extraction from cultured adipose EC was performed using lysis buffer containing 50 mM
Tris (pH 8.0), 150 mM sodium chloride, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate with phosphatase inhibitor and protease inhibitor. Following protein separation through a polyacryl-
amide gel underreducing conditions, western blots were performed using the following primary antibodies:
hexokinase 2 (HK2, 1:1,000), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3, 1:1,000),
and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH, 1:1,000), Beta-actin (1:5,000) and alpha/beta
Tubulin (1:1,000). Goat anti-rabbit or anti-mouse IgG-horseradish peroxidase secondary antibodies were
utilized. Membranes were developed using enhanced chemiluminescence and densitometry analysis was
performed with ImageJ Analysis Software (NIH).

QUANTIFICATION AND STATISTICAL ANALYSES

All data reported are from independent biological replicates with each mouse considered as one biolog-
ical replicate. Averaged values were used when technical replicates (analysis of the same sample in dupli-
cates) were performed. For in vitro assays, experiments were repeated at least six times with independent
biological samples. No statistical methods were used to predetermine sample size, the experiments were
not randomized and no outliers were excluded in our analyses. For 2-group comparisons, datasets with
sample sizes greater than 6 were analyzed by unpaired Student’s t test and those with samples sizes less
than 6 were assessed using the nonparametric Mann-Whitney U test. Gene expression data from TNFa
treatments of cultured cells were analyzed using 2-way repeated measures ANOVA (Sex x Treatment),
followed by Sidak’s multiple comparison post hoc tests when a significant main effect or interaction was
identified. A p value of <0.05 was considered significant for all analyses, except for the DEG analysis for
which a p value of <0.01 was the cut-off for significance. Statistical tests were performed using Prism ver.
5or7 (GraphPad Software Inc.). Data are shown as means + standard errors of the mean (SEM) and p values
are indicated in each Figure legend.
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