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SUMMARY

Maternal overnutrition increases inflammatory and metabolic disease risk in postnatal offspring. 

This constitutes a major public health concern due to increasing prevalence of these diseases, 

yet mechanisms remain unclear. Here, using nonhuman primate models, we show that maternal 

Western-style diet (mWSD) exposure is associated with persistent pro-inflammatory phenotypes 

at the transcriptional, metabolic, and functional levels in bone marrow-derived macrophages 

(BMDMs) from 3-year-old juvenile offspring and in hematopoietic stem and progenitor cells 

(HSPCs) from fetal and juvenile bone marrow and fetal liver. mWSD exposure is also associated 

with increased oleic acid in fetal and juvenile bone marrow and fetal liver. Assay for transposase-

accessible chromatin with sequencing (ATAC-seq) profiling of HSPCs and BMDMs from mWSD-

exposed juveniles supports a model in which HSPCs transmit pro-inflammatory memory to 

myeloid cells beginning in utero. These findings show that maternal diet alters long-term immune 

cell developmental programming in HSPCs with proposed consequences for chronic diseases 

featuring altered immune/inflammatory activation across the lifespan.

Graphical abstract

In brief

Using nonhuman primate models, Nash et al. show that maternal Western-style diet provokes 

reprogramming of fetal hematopoietic stem and progenitor cells to transmit pro-inflammatory 
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memory to myeloid cells for years after weaning, even when offspring are fed a conventional diet, 

predisposing these offspring to inflammatory disease across the lifespan.

INTRODUCTION

Maternal stressors and other environmental factors affect the developing embryo and fetus 

in ways that lead to increased susceptibility for chronic disease in later life. Maternal 

obesity and Western-style diet (WSD) exposure are linked with increased risk for a 

number of childhood and adult inflammation-related disorders, including obesity, diabetes, 

thyroid disorders, cardiovascular disease, and nonalcoholic fatty liver disease (NAFLD), 

independent of genetic and lifestyle determinants.1–10 Developmental programming of 

chronic low-grade inflammation plays an important role in the onset and progression of 

these diseases.11,12

Emerging evidence suggests a link between maternal obesogenic environment and fetal 

immune cell reprogramming.13,14 Innate immune cells, including macrophages and 

monocytes, can form an immune “memory” of previous stimuli, which is associated with 

higher baseline pro-inflammatory activity and/or response to secondary insults for the 

lifespan of the cell.15,16 The establishment of innate immune cell memory involves increased 

glycolysis, reduced oxidative phosphorylation, and expression of transcription factors, 

including FOS/JUN and CCAAT/enhancer binding protein β (C/EBPβ), which primes 

for pro-inflammatory activity.16,17 Furthermore, this memory relies on the propagation 

of epigenetic modifications that develop in hematopoietic stem and progenitor cells 

(HSPCs), which can be passed on to progeny immune cells (i.e., macrophages).16–19 

Fetal hematopoietic function is sensitive to maternal WSD (mWSD) exposure and mWSD 

decreases HSPC renewal while potentiating HSPC-based myeloid differentiation in the 

murine fetal liver.20 In addition, fetal peripheral blood mononuclear cells (MNCs) in a 

baboon model of maternal obesity showed transcriptional changes in immune cell function 

pathways.21 Further, in mice and a macaque model of mWSD, macrophages and splenocytes 

from offspring weaned to a control diet exhibited increased tumor necrosis factor 

alpha (TNFα) responses to lipopolysaccharide (LPS).22–24 In mice, prenatal exposure to 

inflammation triggered a transient increase in lymphoid-biased fetal HSPCs and functional 

changes in postnatal hematopoiesis and immune output.25 Likewise, in adult mice, obesity 

induced persistent epigenomic reprogramming of macrophages toward enhanced angiogenic 

and inflammatory responses.26 These studies suggest that immune cells are programmed 

by in utero exposure to mWSD via an as-yet characterized mechanism. It is also unclear 

whether HSPC or immune cell responses in association with mWSD exposure in utero 
represent transient effects, or whether they represent the early origins of developmentally 

programmed inflammation that persists later in life.

Here, we leveraged a well-characterized model of mWSD exposure in macaques,24,27–34 

which recapitulates complex features of immune cell development present in humans,35 

to test whether mWSD is associated with a pro-inflammatory macrophage phenotype 

in juvenile offspring at 3 years of age. We hypothesized that mWSD exposure would 

produce a pro-inflammatory phenotype in fetal HSPCs, which would persist in juvenile 
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HSPCs, leading to bone marrow-derived macrophage (BMDM) progeny cells that share 

this pro-inflammatory phenotype postnatally. Our data demonstrate that mWSD provokes 

reprogramming of the transcriptional and metabolic profile of offspring HSPCs in utero 
and myeloid cells show less oxidative phosphorylation and a shift to glycolysis, ultimately 

leading to pro-inflammatory cytokine transcription. These changes persist with altered 

epigenetic regulation for years after weaning, even when offspring are fed a conventional 

diet, thus predisposing these offspring to inflammatory disease across the lifespan.

RESULTS

Impact of WSD on maternal, fetal, and juvenile macaque metabolic phenotypes

Fetuses were studied in the early third trimester from rhesus macaque dams fed a chronic 

WSD or standard monkey chow control diet (CD) for 5.5 years prior to pregnancy as 

described previously.36,37 WSD-fed dams had higher percentage body fat than CD-fed dams 

but had normal insulin and glucose levels (Table S1). The areas under the curve for insulin 

and glucose from an intravenous glucose tolerance test (IVGTT) during pregnancy were not 

different in WSD-fed dams vs. CD-fed dams (Table S1). Fetuses exposed to mWSD had no 

differences in body weight, crown-rump length, liver weight, retroperitoneal white adipose 

tissue weight, or blood glucose concentrations compared with maternal CD (mCD)-exposed 

fetuses (Table S1).

Three-year-old juvenile offspring were studied from Japanese macaque dams fed a chronic 

WSD or CD as described previously.32 WSD-fed dams were obese prior to pregnancy but 

had normal glucose and insulin levels during pregnancy (Table S2). All juveniles were 

weaned to the CD at 7 months of age and fed the CD for about 2.5 years. Juveniles 

exposed to mWSD during gestation and lactation had increased body weight, lean mass, and 

retroperitoneal white adipose tissue mass but no change in percentage body fat (Table S2). 

No differences were observed in fasting glucose and insulin or the area under the curve for 

insulin and glucose during IVGTT between the two juvenile groups. No differences were 

observed between male and female offspring for these phenotypic data (p > 0.05) and thus, 

in all subsequent data, results are shown with a mix of both male and female offspring.

mWSD-exposed juvenile BMDMs have a pro-inflammatory phenotype

To determine long-term effects of mWSD exposure on the macrophage inflammatory 

phenotype in offspring, we isolated bone marrow cells from juveniles, differentiated 

the MNCs into BMDMs, and measured gene expression in BMDMs from mCD- vs. 

mWSD-exposed juveniles at baseline and following stimulation with LPS (Toll-like 

receptor [TLR]-4 agonist), LPS + interferon gamma (IFNγ) (polarizes macrophages 

to a pro-inflammatory phenotype),38 or interleukin (IL)-4 (polarizes macrophages to a 

reparative phenotype).38,39 At baseline (unstimulated), 66 differentially expressed genes 

(DEGs) in juvenile BMDMs from mWSD- vs. mCD-exposed offspring were observed, 

with 36 upregulated and 30 downregulated (Figure S1). Notably, we observed a baseline 

upregulation in the expression of genes associated with pro-inflammatory macrophage 

signaling pathways, including TLR1 and JAK1, and genes associated with the nuclear factor 

κB (NF-κB) pathway, including NFKB1, NFKB2, and RELB (Figure 1A). Conversely, the 
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expression of genes associated with an anti-inflammatory macrophage phenotype (CD209, 

CD163) was downregulated, whereas the demethylase EGR2, which links M2 polarization 

signals to the epigenome,40 was upregulated (Figure 1A).

Next, in response to stimulation with pro-inflammatory TLR agonists, we identified putative 

upstream regulators (as defined by ingenuity pathway analysis [IPA]) derived from DEGs in 

BMDMs from mWSD- vs. mCD-exposed juveniles. In response to LPS, upstream regulators 

predicted to be upregulated included IFNγ, LPS, NF-κB complex, STAT1, STAT3, TLR3, 

and TLR9 in mWSD- vs. mCD-exposed BMDMs, whereas upstream regulators associated 

with resolution of inflammation, including IL10, CD40LG, and IL4, were predicted to be 

downregulated (Figure 1B). In response to LPS + IFNγ, BMDMs from mWSD-exposed 

juveniles had further upregulation of pro-inflammatory regulators such as STAT1, STAT3, 

NF-κB, IFNγ, TNF, and IL1B compared with mCD-exposed BMDMs (Figure 1C).

To examine whether mWSD exposure compromised the anti-inflammatory response, 

BMDMs were stimulated with IL-4. The profile (identity) of predicted upstream regulators 

(as defined by IPA) with IL-4 stimulation was similar between mWSD and mCD groups. 

As expected, IL4 was the top predicted upstream regulator in both groups; however, 

compared with mCD, BMDMs from mWSD-exposed juveniles had less robust IL-4-

mediated downregulation of the pro-inflammatory regulators IL1B, TNF, LPS, and IFNγ 
(Figure 1D). Overall, BMDMs from mWSD-exposed juveniles demonstrated higher baseline 

pro-inflammatory gene expression, increased inflammatory response to TLR agonists, and 

blunted gene expression responses to anti-inflammatory IL-4 stimulation.

One signature of pro-inflammatory macrophages is a metabolic shift toward increased 

glycolysis and a concurrent reduction in oxidative phosphorylation.41 We used fluorescence 

lifetime imaging microscopy (FLIM) to measure glycolysis (glycolytic index) and 

oxidative phosphorylation (fluorescence lifetime redox ratio [FLIRR]).42–44 The intrinsic 

autofluorescence lifetimes of free and enzyme-bound NADH and flavin adenine 

dinucleotide (FAD) were measured as illustrated in Figure 1E. mWSD-exposed live 

BMDMs had increased glycolysis (maternal p < 0.05; Figure 1F) and reduced oxidative 

phosphorylation (maternal p < 0.01; Figure 1G) at baseline. In response to LPS, glycolysis 

was increased (treatment p < 0.05; Figure 1F) and oxidative phosphorylation was decreased 

(treatment p < 0.005; Figure 1G) across diet groups, consistent with a metabolic shift away 

from oxidative metabolism to glycolysis.

Macrophages engulf bacteria in association with elevated pro-inflammatory molecules and 

glycolysis.45 Here, we assessed the ability of BMDMs from mWSD- and mCD-exposed 

juveniles to phagocytose Escherichia coli bioparticles. At baseline, phagocytosis of E. coli 
bioparticles was increased by 45% in BMDMs from mWSD-exposed juveniles compared 

with mCD-exposed juveniles (p < 0.05, post-test; Figure 1H). In response to LPS, 

phagocytosis exhibited a similar trend, although levels were not significantly different 

between the groups (p = 0.16, post-test; Figure 1H), suggesting that the major effects of 

mWSD were on basal levels of phagocytosis, consistent with the measured gene expression 

patterns. Overall, mWSD caused a persistent increase in pro-inflammatory transcriptional, 

metabolic, and functional activities in BMDMs that persisted into juvenile life.
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HSPCs have a pro-inflammatory phenotype in juveniles exposed to mWSD during 
gestation and lactation

HSPCs are the long-term reservoir for short-lived immune cells, including macrophages. 

Therefore, we assessed whether HSPCs exhibit similar pro-inflammatory features to 

BMDMs that may be inherited by BMDMs. We performed bulk RNA sequencing 

(RNA-seq) in column-enriched bone marrow CD34+ cells (hereafter defined as HSPCs) 

from mWSD- and mCD-exposed juveniles. Principal-component analysis (PCA) separated 

mWSD- and mCD-exposed HSPCs (Figure S2). In total, we identified 1,508 DEGs 

between the two conditions, with the majority being upregulated (Figure 2A). Similar 

to mWSD-exposed BMDMs, we observed gene expression patterns consistent with a 

pro-inflammatory phenotype in mWSD-exposed HSPCs, including IL1B, TNF, NFKBIB, 

and NFKBIL1 (Figure 2A). Likewise, we observed upregulation in genes associated with 

glycolytic metabolism (GAPDH, HMGB1) (Figure 2A). We next determined the putative 

canonical pathways and upstream regulators enriched in these DEGs in juvenile HSPCs. Key 

upregulated pathways in HSPCs from mWSD-exposed juveniles included the inflammasome 

pathway (which relates to IL-1β signaling), sirtuin signaling, and EIF2, a major translational 

regulator (Figure 2B). The complete lists of canonical pathways and upstream regulators 

derived from IPA are presented in Tables S3 and S4, respectively. To corroborate these 

findings, we performed Gene Ontology (GO) analyses of the DEGs using DAVID. We 

identified a similar pattern of pathway enrichment (Figure 2C), including gene signatures 

for innate immunity, tricarboxylic acid (TCA) cycle, glycolysis, and host-virus interactions, 

which is a pathway composed of inflammation-associated genes. Other pathways related to 

DNA damage, protein synthesis, and ribosome assembly were also identified in both IPA 

and DAVID analyses (see Tables S3 and S4 for IPA analyses). To determine whether these 

transcriptional signatures were associated with functional differences in mWSD-exposed 

HSPCs, we used FLIM (Figure 2D) in HSPCs from mWSD-exposed juveniles, which 

showed a trending increase in glycolysis (p = 0.11) (Figure 2E) and a significant 25% 

reduction (p < 0.05) in oxidative phosphorylation compared with mCD-exposed HSPCs 

(Figure 2F). These metabolic effects on glycolysis and oxidative phosphorylation were 

consistent with the gene expression signatures and pro-inflammatory pathway activation in 

mWSD-exposed HSPCs and BMDMs from juveniles.

We next assessed whether mWSD exposure might exert latent effects on the differentiation 

potential of the bone marrow using colony-forming unit (CFU) assays with isolated bone 

marrow MNCs. Strikingly, in juveniles exposed to mWSD 2.5 years earlier, the number 

of burst forming unit-erythroid (BFU-E) colonies was decreased over 2-fold, whereas 

colony counts of CFU-granulocyte/monocyte (CFU-GM) and CFU-granulocyte/monocyte/

megakaryocyte/erythrocyte (CFU-GEMM) were unchanged (Figure 2G). In bone marrow 

MNCs from juveniles, no difference in the total number of colonies formed in mWSD-

exposed vs. mCD-exposed cells was observed (Figure 2H); however, the proportion of CFU-

GM was increased (Figure 2I). Despite these differences in bone marrow clonogenicity, 

no differences were seen in complete blood cell counts (CBCs) between mWSD- and 

mCD-exposed juveniles (Table S4). In the murine fetal liver, maternal obesity together 

with a maternal high-fat diet skewed HSPCs toward myeloid-biased differentiation that was 

niche dependent.20 This suggests that chronic high-fat diet biases the microenvironment 
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(associated with oxidative stress), favoring HSPCs toward myeloid differentiation at the 

expense of hematopoietic stem cell (HSC) self-renewal. Overall, these data support a shift in 

the output of bone marrow differentiation capacity toward increased myeloid production at 

the expense of the erythroid lineage output due to mWSD.

Given the shift in clonogenic potential, we used flow cytometry to determine whether 

mWSD exposure increased myeloid cell frequency in the juvenile bone marrow, as reported 

with postnatal WSD consumption.46 In line with our CFU assays, bone marrow MNCs 

from mWSD-exposed juveniles exhibited a significant reduction in the frequency of CD71+ 

erythroid progenitor cells compared with mCD-exposed offspring, whereas the frequency 

of CD20+ B cells was modestly but significantly increased (Figure 2J). On the other hand, 

no change in the frequencies of CD11b+ myeloid cells and CD3+, CD4+, and CD8+ T 

cells was observed (Figure 2K). We next characterized the immature bone marrow HSPC 

compartment in juveniles using flow cytometry. Gating strategies and representative flow 

cytometry plots are shown in Figure S3. With no change in CD34+CD38+ cells (Figure 

2L), we noted a 2-fold increase in phenotypic HSCs (CD34+CD38−CD45RA−CD90+) 

within the CD34+ HSPC compartment of mWSD-exposed juveniles compared with mCD-

exposed offspring but no change in the frequency of multipotent progenitor cells (MPPs; 

CD34+CD38−CD45RA−CD90−) (Figure 2M). Taken together, these results demonstrate 

that, similar to BMDMs, HSPCs from juveniles exposed to mWSD, even when weaned to 

CD for 2.5 years, have transcriptional, functional, and metabolic signatures consistent with 

pro-inflammatory activation.

Increased chromatin accessibility at pro-inflammatory genes in HSPCs and BMDMs from 
juveniles exposed to mWSD

Induction of innate immune cell memory promotes glycolysis and inflammation in 

HSPCs and their myeloid progeny, suggesting that the metabolic features of BMDMs are 

inherited from hematopoietic precursors via epigenetic remodeling.16,17,47 To test whether 

mWSD exposure during gestation and lactation was associated with changes in chromatin 

accessibility that would support a heritable pro-inflammatory phenotype, we assessed 

chromatin accessibility via assay for transposase-accessible chromatin with sequencing 

(ATAC-seq) in promoter regions (± 1,000 bp around the transcription start site) of genes 

in HSPCs and BMDMs from mWSD- and mCD-exposed juveniles. In HSPCs from mWSD-

exposed juveniles, we identified 179 differentially open gene regions (DORs) that had a 

negative fold change, indicating a less accessible chromatin state, and 381 loci that had a 

positive fold change, indicating a more accessible chromatin state (Figure 3A). Key DORs 

with increased accessibility mapped to the major pro-inflammatory cytokines IL6 and TNF, 

as well as CD40, which is involved in antigen presentation and activation of inflammatory 

signaling pathways,48 and HMGB1, GAPDH, and GPD2, which regulate glycolysis (Figure 

3A). Notable DORs with decreased accessibility included NDUFB8 and NDUFC2 (Figure 

3A), which encode key components of the electron transport chain, and this is in line with 

reduced oxidative phosphorylation in these cells. Gene set enrichment analysis (GSEA) 

of mWSD-exposed HSPCs (Figure 3B) showed enrichment of inflammatory pathways 

(IL2/STAT5 signaling); MYC, a well-characterized factor that controls the balance of 

self-renewal and proliferation, as well as glycolytic activity, of HSPCs49; and enrichment 
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of metabolic pathways such as MTORC1, oxidative phosphorylation, and fatty acid 

metabolism, supporting our metabolic findings in HSPCs.

Next, in mWSD-exposed BMDMs, we identified 470 DORs with less accessible chromatin 

and 537 DORs with more accessible chromatin (Figure 3C). Similar to HSPCs, DORs with 

increased accessibility in BMDMs from mWSD-exposed juveniles mapped to IL1B, TNF, 

NFKBIA, IL1A, TRAF1, and CD40, all major pro-inflammatory genes, as well as JUN and 

JUNB, which drive trained immunity in conjunction with FOS.17 Again, similar to mWSD-

exposed HSPCs, DORs with reduced accessibility included NDUFB10 and NDUFAB1 
(Figure 3C), which encode subunits of the mitochondrial electron transport chain, and 

MDH1, a key enzyme of the TCA cycle. Importantly, DORs with reduced accessibility 

also included IL10, an anti-inflammatory cytokine, as well as IDH1 and IDH2 (Figure 

3C), encoding TCA cycle enzymes, which have decreased activity during the inflammatory 

response of macrophages, an effect expected to promote glycolysis.50,51 We discovered 

increased chromatin accessibility for TNF and IL1B at the promoter region and then 

extended the analysis of TNF and IL1B across the whole gene body in mWSD-exposed 

BMDMs, which showed increased chromatin accessibility as well (Figures 3D and S4, 

respectively). We also discovered decreased chromatin accessibility for IL10 (Figure 3D), 

translating to both increased and decreased accessibility across broad regions of different 

individual genes. DORs in BMDMs were too numerous to analyze with GSEA, so we 

ran IPA analysis and identified upstream regulators (Figure 3E) promoting inflammation, 

including trichostatin A, a histone deacetylase inhibitor, as well as predicted downregulation 

of TGFB1, an anti-inflammatory regulator that also regulates HSC quiescence.52 Other 

pathways and upstream regulators predicted from DORs are shown in Tables S6 and S7.

To determine if the same genes were epigenetically regulated in progenitor (HSPC) 

and progeny (BMDM) cells in response to mWSD exposure, we compared the genes 

corresponding to DORs from the promoter regions and identified 76 genes with overlapping 

DORs (Figure 3F). Within this overlapping set of genes, using GSEA, we found enrichment 

of pathways TNFα/NF-κB signaling and IL2/STAT5 signaling from mWSD- vs. mCD-

exposed cells, as well as metabolic pathways including glycolysis and MTORC1 in addition 

to the MYC pathway (Figure 3G). IPA upstream regulator analysis produced similar 

results with enrichment of IL1B and TGFB1 in mWSD-exposed cells (Figure 3H). IPA 

pathways and other upstream regulators predicted from overlapping DORs are shown in 

Tables S8 and S9, respectively. Therefore, mWSD exposure is associated with overlapping 

epigenetic signatures supporting pro-inflammatory priming in both HSPCs and BMDMs 

from juveniles.

mWSD upregulates genes associated with inflammation and initiation of immune memory 
in fetal bone marrow HSPCs

We next asked whether gene signatures underlying pro-inflammatory priming in HSPCs 

from juveniles were present in HSPCs from early third-trimester fetuses, which would 

establish the intrauterine period as a critical window for pro-inflammatory priming of 

HSPCs.10 Thus, we compared gene expression in bone marrow HSPCs from mWSD- and 

mCD-exposed macaque fetuses using bulk RNA-seq. Like HSPCs from mWSD-exposed 
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juveniles, PCA cleanly separated HSPCs from mWSD- and mCD-exposed fetuses (Figure 

S5). We identified 199 DEGs (p < 0.05), of which 155 were upregulated and 44 

downregulated with mWSD exposure (Figure 4A). Like HSPCs and BMDMs from mWSD-

exposed juveniles, IPA analysis showed upregulation of inflammatory upstream regulators, 

including LPS, TNF, IFNG, IL2, and IL6 (Figure 4B). Additional upregulated upstream 

regulators included FOS, which is important for the establishment and recall of innate 

immune memory.17 Consistent with increased glycolysis in HSPCs and BMDMs from 

mWSD-exposed juveniles, upregulation of genes involved in shuttling of glucose through 

glycolysis (D-glucose pathway) was found. KLF3, a mediator of erythroid differentiation in 

HSPCs,53 was downregulated, potentially reflective of reduced erythroid activity in HSPCs 

from mWSD-exposed juveniles (Figure 4B). Other pathways and upstream regulators 

predicted from DEGs in fetal HSPCs are shown in Tables S10 and S11, respectively. 

GSEA showed enrichment of TNFα/NF-κB signaling, IL2/STAT5 signaling, and MTORC1 

signaling (Figure 4C).

Comparing the results from fetal and juvenile HSPCs, we identified 60 overlapping DEGs 

(Figure 4D). Within these DEGs, GSEA analysis showed enrichment of TNFα/NF-κB 

signaling, IL2/STAT5 signaling, and MYC and MTORC1 pathways (Figure 4E). Shared 

upstream regulators identified with IPA analysis included pro-inflammatory regulators LPS 

and IL1 (Figure 4F and Table S12).

To identify putative transcription factor interactions in DEGs from HSPCs from mWSD-

exposed fetuses and juveniles, we used potentially interacting transcription factor finder 

(PC-TraFF) analysis.54 We found predicted interactions in mWSD-exposed fetal HSPCs 

between EGR, ETS, MAX, and MYC with SP, FOS with JUN, and C/EBPB with STAT6 

(Table S13); some of these genes have been identified as pioneer factors promoting 

inflammation and immune memory.16,17 DEGs from HSPCs from mWSD-exposed juveniles 

were enriched for interactions between FOS with JUN, various C/EBP transcription factors 

with STAT6, ETS1 with NF-κB, and ETS1 with EGR1 (Table S13). These results suggest 

that increased pro-inflammatory gene expression and signatures of priming of inflammation 

in mWSD-exposed fetal HSPCs are also present in mWSD-exposed juvenile HSPCs.

Metabolism and functional potential of mWSD-exposed fetal HSPCs mirrors juvenile 
HSPCs

Given similar gene signatures supporting inflammation and increased glycolysis in fetal 

and juvenile HSPCs, we again utilized FLIM to measure glycolysis and oxidative 

phosphorylation in HSPCs from fetal bone marrow and liver. mWSD-exposed fetal bone 

marrow HSPCs had a 40% increase in glycolysis and a 25% decrease in oxidative 

phosphorylation compared with mCD-exposed HSPCs (Figures 5A–5C). Fetal liver HSPCs 

exposed to mWSD had a similar phenotype, with a 25% increase in glycolysis and a 

50% decrease in oxidative phosphorylation (Figures 5D–5F). To confirm whether mWSD 

imparted similar effects on the functional potential of the fetal bone marrow as it did 

in juvenile bone marrow, we performed CFU assays using fetal bone marrow MNCs. In 

fetal bone marrow MNCs, the number of BFU-E colonies was decreased nearly 8-fold by 

mWSD, whereas CFU-GM and CFU-GEMM colonies were unchanged (Figure 5G). While 
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this difference did not translate into a statistically significant change in the overall number 

of colonies formed by mWSD-exposed fetal bone marrow MNCs compared with mCD-

exposed MNCs (Figure 5H), the proportion of CFU-GM was significantly increased in bone 

marrow MNCs from mWSD-exposed fetuses (Figure 5I). Unlike mWSD-exposed juvenile 

bone marrow and despite the change in clonogenic potential, no change in the frequency 

of phenotypic CD71+ erythroid progenitors or CD20+ B cells was observed (Figure 5J). In 

mWSD-exposed fetal bone marrow MNCs, a trend toward decreased frequency of CD11b+ 

myeloid cells (p = 0.06) was found. Frequencies of CD3+, CD4+, and CD8+ T cells 

from mWSD-exposed fetal bone marrow MNCs were unchanged (Figure 5K). We also 

characterized the immature bone marrow CD34+ HSPC compartment in mWSD-exposed 

fetuses. Despite an overall decrease in CD34+CD38+ cells (Figure 5L), we found a nearly 

5-fold increase in phenotypic HSCs but no changes in MPPs in mWSD-exposed fetal 

bone marrow HSPCs (Figure 5M), similar to mWSD-exposed juvenile HSPCs. We also 

measured CBCs in mCD- and mWSD-exposed fetuses and found no changes in any of the 

measurements between groups (Table S14), similar to juveniles. Taken as a whole, these 

findings support shifts in metabolism toward glycolysis and distribution of fetal HSPC 

populations due to mWSD exposure.

mWSD is associated with metabolic shifts in fetal bone marrow and liver innate immune 
cells

To identify whether metabolic changes in fetal HSPCs were present in their innate immune 

progeny cells, we performed targeted metabolomics analyses on fetal bone marrow and liver 

MNCs using ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-

MS). PCA plots showed separation between mWSD and mCD groups in fetal bone marrow 

MNCs (Figure S6A) and liver MNCs (Figure S6B). Pathway analysis of the top 25 variable 

importance in projection (VIP) metabolites derived from fetal bone marrow MNCs (Figure 

S6C) showed enrichment for the TCA cycle and Warburg effect, as well as various amino 

acid metabolism pathways (Figure 6A), consistent with increased glycolysis and decreased 

oxidative phosphorylation. Further, the pathways associated with arginine metabolism, 

which accompanies a pathogenic M2 macrophage shift,55 were enriched in mWSD-exposed 

fetal bone marrow cells (Figure 6A). The abundance of malate, citrate, and fumarate was 

decreased (Figure 6B), potentially reflective of reduced TCA cycle activity. Phosphate 

metabolites were also decreased in mWSD-exposed fetal bone marrow MNCs (Figure S6C). 

Amino acid abundance was broadly increased following mWSD exposure (Figure 6C), 

suggesting either increased amino acid uptake or decreased catabolism of amino acids. In 

contrast, the branched-chain amino acid valine, indispensable for HSPC maintenance and 

proliferation,56 was decreased in mWSD-exposed fetal bone marrow MNCs (Figure 6C).

The top 25 VIP metabolites in mWSD-exposed fetal liver MNCs (Figure S6D) were 

enriched for pathways including the TCA cycle, β-oxidation of very-long-chain fatty acids, 

and transfer of acetyl groups onto mitochondria (Figure 6D). Pyruvate and citrate levels 

were increased, whereas fumarate was decreased (Figure 6E), potentially indicative of 

increased entry and removal of subsequent TCA cycle intermediates. mWSD-exposed fetal 

liver MNCs had increased free fatty acids (FFAs; oleic acid, capric acid, myristic acid, lauric 

acid, palmitoleic acid, and myristoleic acid), whereas propionylcarnitine, a metabolite of 
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fatty acid oxidation, was decreased (Figure 6F). Collectively, these data indicate MNCs in 

mWSD-exposed fetal liver exhibit reduced TCA cycle activity in the setting of increased 

FFA accumulation.

mWSD is associated with altered lipid profiles in fetal and juvenile hematopoietic tissues 
and increased adipocyte surface area in juvenile bone marrow

Increased oxidation, synthesis, or uptake of lipids by hematopoietic cells can induce 

inflammatory myeloid cell production and can modulate HSPC self-renewal and 

differentiation.57–60 Particularly, uptake and oxidation of FFAs are essential for HSPC 

differentiation59,61 and loss of FFA oxidation leads to a complete loss of HSCs,62 implying 

a major role for FFAs in modulating HSPC function. To test whether mWSD exposure 

resulted in increased FFAs and eicosanoids in major sites of hematopoiesis, we measured 

the content of FFAs and eicosanoids in fetal liver and bone marrow and in juvenile bone 

marrow. In mWSD-exposed fetal bone marrow and liver, oleic acid was increased and 

linolenic acid was decreased (Figures 7A and 7B), with no other changes in FFA species 

(Table S15). In mWSD-exposed juvenile bone marrow, both oleic acid and linolenic acid 

were increased (Figure 7C), with no other changes in FFAs (Table S15). For eicosanoids in 

fetal bone marrow, prostaglandin E2 (PGE2) was decreased with mWSD exposure, as was 

the eicosanoid precursor arachidonic acid (AA) and docosahexaenoic acid (DHA) (Table 

S16). In mWSD-exposed fetal livers, eicosapentaenoic acid (EPA) was decreased, with 

no differences in other eicosanoid species (Table S16). In mWSD-exposed juvenile bone 

marrow, thromboxane B2 (TXB2) was decreased, with no other eicosanoid changes (Table 

S16). Last, because contact between bone marrow adipocytes and HSPCs can skew HSPC 

differentiation toward the myeloid lineage and produce inflammatory myeloid cells,63,64 

we investigated adipocyte number and area in juvenile bone marrow. We found increased 

adipocyte mean cross-sectional area, but not abundance, in mWSD-exposed juvenile bone 

marrow (Figures 7D–7F). Thus, mWSD exposure increased oleic acid in fetal bone marrow 

and liver, and this increase persisted in the juvenile bone marrow, together with increased 

adipocyte cross-sectional area.

DISCUSSION

We demonstrate that mWSD exposure is associated with in utero developmental 

programming of HSPCs to a pro-inflammatory phenotype that persists in HSPCs and 

BMDMs in 3-year-old juvenile offspring, 2.5 years after weaning to a control diet. BMDMs 

from mWSD-exposed juvenile offspring had a robust pro-inflammatory transcriptional and 

functional phenotype at baseline and when stimulated with TLR agonists. Further, mWSD 

exposure increased glycolysis and decreased oxidative phosphorylation in fetal HSPCs 

and immune cells in bone marrow and liver, and in juvenile bone marrow HSPCs and 

BMDMs. These data suggest that exposure to mWSD epigenetically modified inflammatory 

and metabolic genes in progenitor cells during fetal development, which promoted a pro-

inflammatory phenotype that persisted after weaning to CD into juvenile life. This supports 

a model whereby HSPCs in juvenile animals act as a reservoir of parent cells with intrinsic 

epigenetic programming transmitted to myeloid cells with a pro-inflammatory phenotype 

with increased glycolysis that primes the offspring for inflammation across the lifespan.
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Our findings demonstrate pro-inflammatory inheritance from HSPCs to BMDMs, associated 

with mWSD exposure, as shown by the transcriptomics, metabolomics, FLIM, and ATAC-

seq data. Macrophage inflammatory responses can be regulated epigenetically, and enhanced 

accessibility of genes promoting glycolysis, inflammatory response, or antimicrobial 

responses in HSPCs can transmit to progeny cells such as BMDMs and affect their 

function.65–67 In juvenile HSPCs and BMDMs, mWSD exposure was associated with 

open chromatin around genes promoting glycolysis and less-open chromatin around genes 

promoting oxidative phosphorylation, indicating that a metabolic shift toward glycolysis is a 

key feature of mWSD-driven inflammatory priming. Notably, in earlier work using mWSD-

exposed fetal HSPCs, we also found that mWSD led to poor engraftment of fetal HSPCs 

in nonlethally irradiated immunodeficient NOD/SCID/IL2rγ−/− mice.68 This suggests that 

alterations in the maternal environment may exert long-lasting effects on offspring immunity 

by reprogramming HSPCs in the fetal bone marrow and the fetal liver via intrinsic effects on 

HSPCs (e.g., changes in HSPC transcriptome).

Several factors associated with mWSD exposure may initiate metabolomic reprogramming 

in the fetal HSPCs. We found increased chromatin accessibility of gene regulatory regions 

and RNA signatures supporting activation of factors with a major role in regulating 

macrophage inflammatory activation including FOS/JUN, NF-κB, C/EBPβ, and STAT6 

in juvenile BMDMs and HSPCs exposed to mWSD. Recent work has demonstrated that 

FOS/JUN17 and C/EBPβ16 are key for establishing and recalling inflammatory responses 

in progenitor and progeny cells. Our prior work also demonstrated a persistently altered 

histone code in liver tissue from juvenile animals exposed to mWSD during gestation and 

lactation,9,29 further supporting epigenetic programming in the fetal liver niche. In adult 

mice, recent data show that high-fat-diet-induced obesity triggered persistent epigenetic 

reprogramming in myeloid progenitor cells through stearic acid-induced Il1b expression.26 

Likewise, in adult mice, exposure to IL-1bβ or β-glucan triggered trained immunity and 

increased glycolysis via HSPCs.15,69 Using an in silico analysis of RNA-seq and ATAC-seq 

from juvenile mWSD BMDMs, we found that IL-1B could be an important upstream 

regulator. However, there were no increases in pro-inflammatory cytokines in mWSD-

exposed fetal serum or livers.70 Our previous work also showed that mWSD-exposed 

fetuses have increased hepatic oxidative stress, increased circulating lipid abundance, altered 

circulating lipid composition reflected by the WSD, and hypoxemia.28,33,70 The latter 

three represent systemic exposures that together could be expected to affect the HSPC 

niche during development in both the fetal liver and bone marrow.71 Specifically, these 

exposures associated with mWSD may shape the transcriptional and epigenetic landscape of 

HSPCs, thereby modulating HSPC differentiation, plasticity, and cellular identity.63,72 Given 

that hypoxia can promote glycolytic metabolism in both HSPCs73 and macrophages,74 

we speculate that mWSD-induced fetal hypoxemia and oxidative stress in utero are early 

stimuli leading to local inflammatory transcriptional and metabolic phenotypes in HSPCs 

and BMDMs.

Surprisingly, although offspring were neither obese nor consumed a WSD in postnatal life, 

mWSD exposure during gestation and lactation increased adipocyte cross-sectional area in 

juvenile bone marrow, indicating a potential role for increased bone marrow adiposity in 

driving inflammatory priming in HSPCs. Bone marrow adipocytes in mice were initially 
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described as negative regulators of hematopoiesis under regenerative stress.75 However, 

bone marrow adipocytes or FFAs can also have direct effects on HSPC differentiation, 

self-renewal, and may increase myeloid cell production.63,76 We found an increased 

concentration of oleic acid in mWSD-exposed fetal and juvenile hematopoietic tissues and 

fetal plasma.28 This is important because oleic acid can trigger production of inflammatory 

myeloid cells and potentiate HSPC expansion and increase HSPC proliferation in vitro.58 

Further, oxidation of FFAs is key for HSPC differentiation and inflammatory response.57,59 

Juvenile bone marrow (the site of central hematopoiesis postnatally) and fetal liver (the site 

of tissue resident macrophage production) exposed to mWSD had increased oleic acid and 

HSPCs, and MNCs from these tissues had evidence of increased glycolysis and decreased 

TCA cycle activity, consistent with sustained pro-inflammatory activation. Thus, maternal 

diet-supplied lipids, including oleic acid, in hematopoietic tissues may play an important 

role in priming inflammation and metabolism in fetal HSPCs and BMDMs with persistence 

postnatally.

Imprinting of the fetal immune system by the microbiota during the neonatal period has 

been demonstrated,77 and microbial products can alter hematopoiesis.78 We have shown that 

dysbiosis of the maternal gut microbiome in our WSD-fed Japanese macaque model persists 

in offspring 1 year after delivery,30 which could trigger epigenetic memory within offspring 

HSPCs.79 There are no reports directly linking the maternal transfer of dietary metabolites 

to neonatal hematopoietic and immune cells; however, dysbiosis in the mother could have 

indirect effects on the developing neonatal immune system either in utero or during lactation 

by altering microbial metabolites. Indeed, microorganisms are present in the placenta80 and 

in breast milk81,82 that play an important role in the development of the infant gut. mWSD 

exposure during lactation is known to contribute to development of metabolic diseases, 

particularly in rodent models.83–86 The striking changes in the fetal bone marrow and 

liver HSPCs observed here suggest that the primary driver for developmental programming 

of inflammation takes place in utero. However, we cannot rule out the possibility that 

exposure to mWSD during lactation triggers shifts in microbiome composition or function 

contributing to inflammation postnatally.

Previously, we demonstrated that diet reversal of obese dams to normal chow diet during 

pregnancy, or maternal supplementation of WSD with the antioxidant resveratrol, prevented 

oxidative stress and steatosis in mWSD-exposed fetal liver.33,70,87 Importantly, these results 

suggest that components of the maternal diet, rather than maternal obesity per se, are 

a modifiable risk factor with the potential to alter developmental programming of the 

immune system in offspring. Other studies have found that maternal glycemic index or blood 

lipids during obese pregnancy are associated with infant cord blood DNA methylation.88–90 

Further, we have characterized histone modifications sensitive to mWSD exposure in our 

macaque model.9,91,92 Given that myeloid-biased reprogramming of HSPCs contribute to 

pro-inflammatory macrophages in adipose tissue and liver, and that HSPCs are a continuous 

source of progeny monocytes/macrophages throughout life, it will be important to determine 

causal mechanism.

Interestingly, while the 3-year-old juveniles studied here were not obese, we previously 

found in these same offspring a significant increase in hepatic periportal collagen deposition, 
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a hallmark of pediatric nonalcoholic steatohepatitis, with transcriptional and metabolic 

pathways underlying hepatic oxidative stress, compromised mitochondrial lipid sensing, 

and decreased antioxidant response.93 Given that changes in mitochondrial bioenergetics in 

monocyte-derived macrophages are a critical determinant of fibrotic repair and resolution 

of tissue injury in nonalcoholic steatohepatitis and other diseases,94,95 we speculate 

that metabolically reprogrammed pro-inflammatory HSPCs play a critical role in either 

maladaptive repair or fibrosis underlying pediatric NAFLD.

Limitations of the study

The metabolic flexibility and multiplicity of functions in tissue macrophages, including 

their roles in the initiation/resolution of inflammation, require further clarification in our 

model.96 The WSD-fed offspring studied here show evidence of liver fibrosis and pre-

clinical NAFLD,93 suggesting macrophage polarization toward a non-restorative phenotype 

due to cellular factors within tissues that impair/activate this process. Spatial proteome and 

transcriptome studies with single-cell resolution need to be performed to explore the key 

processes and pathways specific to the bone marrow and different macrophage populations 

and regions in the liver or adipose tissue. Future studies can also confirm the contribution 

of oleic acid or IL-1β accumulation as a trigger for heritable pro-inflammatory priming of 

mWSD-exposed fetal HSPCs, and the extent to which other environmental triggers, such as 

hypoxemia or products from an altered maternal microbiome, participate in the process. 

In addition, epigenetic regulation can be transmitted to offspring through the paternal 

germline97; however, in our study, we analyzed the maternal but not paternal phenotype.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Jed Friedman (jed-

friedman@ouhsc.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• Bulk RNA-seq and ATAC-seq data have been deposited to GEO and are publicly 

available as of the date of publication. Accession number is 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

Study approval—All animal procedures were conducted in accordance with the 

guidelines of the Institutional Animal Care and Use Committee (IACUC) of the Oregon 
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National Primate Research Center (ONPRC). The ONPRC abides by the Animal Welfare 

Act and Regulations enforced by the United States Department of Agriculture.

Nonhuman primate models—For fetal studies, rhesus macaque females were fed CD 

or WSD for 5.5 years prior to pregnancy, as reported previously.37,102,103 The CD (Fiber-

balanced monkey diet, no. 5000; Purina Mills, St. Louis, MO) contains 15% calories from 

fat, 27% from protein, and 58% from carbohydrates and the WSD (TAD primate diet, 

no. 5LOP, Purina Mills) contains 36% calories from fat, 18% from protein, and 46% 

from carbohydrates. At approximately 5.5 years of age, animals underwent timed-mated 

breeding and gestation day 130–135 fetuses (average gestational length is 165 days) 

were obtained via cesarean section. Maternal phenotypic measurements were collected as 

described previously.102,103 Fetuses were euthanized, weighed, and blood was drawn from 

the abdominal aorta post-pentobarbital for analysis of CBCs using a Horiba ABX Pentra 

60C + Hematology analyzer (Kyoto, Japan). Femurs, tibias, and livers were removed during 

necropsy and shipped overnight in PBS (bones) or Belzer UW solution (liver; Bridge to Life, 

Northbrook, IL) on ice. Liver pieces were flash frozen and shipped overnight on dry ice for 

future lipid analyses.

For studies of juvenile offspring, Japanese macaque females were fed CD or WSD for 1–8 

years prior to pregnancy, as reported previously.3,27,104 Sires were co-housed with dams in 

their respective maternal diet groups. The housing conditions and social status of the animals 

has been previously reported.27,29,30,104 Maternal phenotypic data collection included body 

fat composition, measured by dual-energy X-ray absorptiometry (DEXA; Hologic QDR 

Discovery A; Hologic, Inc., Bedford, MA), and body weight prior to pregnancy, and plasma 

insulin and glucose were obtained during pregnancy. IVGTTs were performed during the 

early third trimester of pregnancy. Juveniles were delivered naturally and kept with dams on 

their respective diets during lactation until weaning at 7–8 months of age, at which point 

all offspring were assigned to postweaning CD, regardless of maternal diet, and maintained 

on that diet until necropsy at 3 years of age. IVGTTs were performed within two months 

of necropsy as described.32,34 DEXA scans were performed to assess body composition 

within a month prior to necropsy.32 Juveniles were sacrificed and blood was drawn from 

the abdominal aorta post-pentobarbital for analysis of CBCs. During necropsy, sterna were 

collected for bone marrow adipocyte analyses and femurs and tibias were removed and 

shipped in PBS overnight on ice. Juvenile livers were studied previously,93 therefore were 

not included in the present study.

METHOD DETAILS

Bone marrow MNC isolations—On shipment arrival, fetal and juvenile tibia and femur 

bones were cut on both ends and flushed with a total of 50 mL of D-PBS into a 50 

mL conical tube. Bone marrow/D-PBS flushing was passed through a 100-micron cell 

strainer, aliquoted into 4–15 mL conical tubes, and centrifuged at 450 × g for 10 min at 

4°C. The bone marrow supernatant was collected and frozen in aliquots for future lipid 

analyses. The pellets were resuspended in D-PBS and then subjected to a Ficoll Paque Plus 

(Sigma-Aldrich, St. Louis, MO) gradient in 4–15 mL conical tubes using an equal volume 

of cells/D-PBS to Ficoll, with Ficoll carefully pipetted into the centrifuge tube underneath 
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the cells/D-PBS mixture. The gradient tubes were centrifuged at 450 × g for 10 min at 

4°C with brake turned off (set to zero). The cell layer at the Ficoll/D-PBS interface was 

carefully removed and transferred to a new centrifuge tube. D-PBS was added to the tube 

to dilute any Ficoll carried over and centrifuged at 450 × g for 10 min at 4°C. The pellet 

was resuspended in RBC lysis buffer and incubated for 5 min on ice. An equal volume of 

D-PBS was added to end the reaction and the cells were centrifuged at 450 × g for 10 min 

at 4°C. The pellet was resuspended in D-PBS, counted, and the cells were allocated using 

two preservation methods. One aliquot of bone marrow MNCs was cryopreserved in 45% 

IMDM, 45% FBS, and 10% DMSO at a concentration of 20,000,000 cells per tube, frozen 

in a freezing container at −80°C, and transferred to liquid nitrogen for long term storage. A 

second aliquot of 2–5 million cells for metabolomics was transferred to a microfuge tube, 

centrifuged at 10,000 × g for 5 min at 4°C and the pellet was stored −80°C.

Liver MNC isolation—Liver MNCs were obtained via perfusion and collagenase 

digestion of a portion of the right lobe of the liver from CD and WSD fetuses.24,70 

Hepatocytes were removed from the total mixture of digested cells by centrifugation at 100 

× g for 5 min. The supernatant was filtered and spun at 800 × g for 10 min at 4°C to pellet 

nonparenchymal cells. Cells were resuspended in 24% Histodenz (Sigma) and gradients 

were prepared and spun at 1500 × g for 20 min at 4°C with acceleration set to one and 

brake turned off (set to zero). Cells at the interface (liver MNCs) were collected, washed, 

and aliquots were cryopreserved in 90% FBS/10% DMSO, stored at −80°C, and used for 

enrichment of liver HSPCs or frozen for metabolomics after RBC lysis (as described for 

bone marrow MNCs).

BMDM production—Cryopreserved bone marrow MNCs from juveniles were thawed 

and plated in 50 mL macrophage media (DMEM [1 g/L glucose] supplemented with 100 

units/mL penicillin-streptomycin, 10% FBS, 100 units/mL MEM non-essential amino acid 

solution, and 25 ng/mL human M-CSF [Shenandoah Biotechnology, Warminster, PA]) for 

10 days in T75 flasks. Media was changed on the third, fifth, and eighth day and BMDMs 

were harvested on day 10.

BMDM NanoString gene expression analysis—BMDMs from juveniles were grown 

for 10 days, at which point they were plated onto a 6-well plate at a density of 500,000 

cells per well in macrophage media. Cells adhered overnight and were then treated with 100 

ng/mL LPS, 100 ng/mL LPS +10 ng/mL IFNγ, 100 ng/mL IL-4, or no treatment in fresh 

media for 4 h. Cells were then scraped, lysed, and RNA was isolated using an RNeasy mini 

kit (Qiagen, Germantown, MD). RNA was run on a nonhuman primate-specific nCounter 

NHP Immunology Panel (NanoString Technologies, Seattle, WA) at the University of 

Oklahoma Health Sciences Center Genomics Core Facility. Differentially regulated genes 

were defined as having an uncorrected p value less than 0.05, with a linear fold change of 

greater than or less than two.

Phagocytosis assay—After 10 days of growth/differentiation, BMDMs were seeded in 

macrophage media at a density of 50,000 cells per well in a black-walled, clear/flat bottom 

96-well plate (Greiner Bio-One, Monroe, NC) and allowed to adhere for 3 h at 37°C with 
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5% CO2. Media was then removed and LPS was added at 100 ng/mL in macrophage 

media and cells were incubated for 20 h. pHrodo Red E. coli bioparticles (Thermo Fisher 

Scientific, Waltham, MA) were resuspended in Live Cell Imaging Solution (Thermo) and 

diluted to a concentration of 0.25 mg/mL. Treatment media was removed and replaced 

with 100 μL of diluted bioparticle solution and the plates were transferred into the BioTek 

Cytation 5 cell imaging multi-mode reader (Agilent, Santa Clara, CA) set at 37°C and 

the gas controller set at 5% CO2. One image per well from two technical replicates was 

taken every 10 min for 1 h using a 4× objective lens with brightfield and RFP filter 

cube. After the live cell imaging assay, an end-point assay was run using a 20× objective 

lens. Fluorescence signal was analyzed using Gen5 Image Prime software (Agilent) and 

quantified after applying a mask to exclude background noise. After the phagocytosis assay, 

protein amount was quantified using sulforhodamine B normalization (adapted from105 

and106). Briefly, bioparticles were washed out with 1× PBS, cold 10% trichloroacetic acid 

was added, and the plate was incubated 1h at 4°C. After washing with water and air drying, 

0.1% sulforhodamine B in 1% acetic acid was added and incubated for 30 min at room 

temperature for normalization of protein content per well. The plate was then washed with 

1% acetic acid to remove excess sulforhodamine B, air-dried, and Tris base was added to 

solubilize protein-bound dye. The plate was read at 490 nm in the Cytation 5 and results 

were used to normalize the fluorescence signal.

Bone marrow and liver HSPC enrichment—HSPCs (CD34+ cells) were isolated from 

cryopreserved fetal or juvenile bone marrow MNCs or fetal liver MNCs via a MACS 

magnetic enrichment column (Miltenyi, Gaithersburg, MD). At least 10,000,000 viable bone 

marrow MNCs or 2,000,000 liver MNCs were incubated with anti-human CD34 antibody 

(BD Biosciences, clone 563) and human Fc block (Miltenyi) together using 3 μL and 

6 μL, respectively, per 1,000,000 cells for 20 min at room temperature. The rest of the 

MACS column protocol was followed according to manufacturer’s instructions (Miltenyi). 

The CD34-flow-through fraction was collected in addition to the CD34+ fraction. CD34 

enrichment efficiency was validated with flow cytometry. Enriched fractions yielded over 

90% HSPCs.

Colony forming unit assays—Bone marrow MNCs were thawed and plated at 10,000 

viable cells per 35 mm grid plate in 1 mL human methylcellulose complete media (R&D 

Systems, Minneapolis, MN) supplemented with 100 units/mL of penicillin-streptomycin. 

Plates were kept at 37°C for 7 days, then manually counted for colony number and 

type on a brightfield microscope. Cell morphology was used to determine colony type. 

Cell colonies were defined as having at least 50 cells and were classified as either burst 

forming unit-erythroid (BFU-E), colony forming unit-granulocyte/monocyte (CFU-GM), 

or colony forming unit-granulocyte/monocyte/megakaryocyte/erythrocyte (CFU-GEMM). 

Counts were done in triplicate.

Bulk RNA sequencing—RNA from HSPCs enriched from cryopreserved bone marrow 

MNCs was isolated using a Quick-DNA/RNA microprep kit (Zymo Research, Irvine, CA). 

RNA integrity values and concentration were obtained using a Tapestation system (Agilent). 

PolyA-enriched RNAs were sequenced as 2×150 bp reads on the NovaSeq 6000 platform 
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(Illumina, San Diego, CA) at the University of Oklahoma Health Sciences Center Genomics 

Core Facility. Derived sequences were analyzed by applying a custom computational 

pipeline consisting of the open-source GSNAP, Cufflinks, and R for sequence alignment 

and ascertainment of DEGs.107 Reads generated were mapped to the rhesus macaque 

genome (mmul10) by GSNAP,98 expression (FPKM) derived by Cufflinks,99 and differential 

expression analyzed with ANOVA in R. DEGs (p < 0.05 and Q < 0.1) were generated 

by comparing each group of mWSD-exposed animals to mCD-exposed animals. Genes 

included in the final list of DEGs, which were analyzed through the methods outlined below, 

were subject to the following additional requirements. The mCD mean, mWSD mean, or 

absolute value of the mCD mean minus mWSD mean had to be greater than or equal to 5 

FPKM. The list of DEGs (p < 0.05) in mWSD-exposed fetal HSPCs and in mWSD-exposed 

juvenile HSPCs were analyzed with the free online potentially collaborating transcription 

factor finder (PC-TraFF) tool.54 The human hg19 genome was used as the reference 

database. The upstream region was set to 1000 bp, downstream was set to 0 bp, the minimal 

distance between pairs was 5, the maximum distance between pairs was 20, and the Z score 

cutoff was 4.5.

Gene set enrichment analysis (GSEA)—For GSEA analysis, we utilized the 

molecular signatures database (MSigDB) version 7.5.1.108 We input lists of DEGs generated 

from RNA-seq or ATAC-seq analysis and selected “human” as the species. We then queried 

the hallmark gene set database. GSEA allowed for a maximum of 500 inputs. We filtered 

pathway hits to being greater than −log(p value) = 2.25.

GO analysis—Gene ontology (GO) analysis was performed using DAVID v2022q1.109 

Genes were classified according to official gene ID and homo sapiens was used as the 

species. Pathways were generated by selecting “biological process” under “functional 

annotations”. Pathways with a p value <0.05 (−log(p) > 2.3) were reported.

Ingenuity pathway analysis of bulk RNA-seq and NanoString data—IPA 

software (Qiagen) was used in order to identify upstream regulators and canonical 

pathways enriched in DEGs generated from bulk RNA-seq analyses. Upstream regulators 

and canonical pathways each had a corresponding Z score, calculated by IPA, indicating 

predicted activation of the pathway (positive Z score), inactivation of the pathway (negative 

Z score), or neither activation nor inactivation of the pathway (Z score = 0). To analyze 

HSPC RNA expression, lists of DEGs (uncorrected p < 0.05) and their fold changes were 

input into IPA. One list corresponded to DEGs in mWSD-vs. mCD-exposed fetal bone 

marrow HSPCs and one corresponded to mWSD-vs. mCD-exposed juvenile bone marrow 

HSPCs. Due to the varying number of DEGs in HSPCs from fetuses and juvenile offspring, 

different cutoffs were applied to determine the significance for canonical pathways and 

upstream regulators. For fetal canonical pathways, pathways with a −log(p value) of 2.5 or 

higher were included and for juvenile canonical pathways, a cutoff of −log(p value) of 5.5 

or higher was applied. For upstream regulators, a p value cutoff of 1E-6 or lower for fetuses 

and a −log(p value) of 6.5 or higher for juvenile offspring was applied. For analysis of the 

60 overlapping DEGs in mWSD-exposed fetal and juvenile offspring HSPCs, a cutoff of p = 

1E-5 or lower was applied and canonical pathways were not reported.
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For BMDM gene expression in response to LPS + IFNγ or LPS, the expression of a large 

subset of DEGs was analyzed from the NanoString panel that were commonly differentially 

expressed (uncorrected p < 0.05) compared with each respective baseline (uncorrected p 

< 0.05) in both mCD and mWSD groups. These common DEGs and fold change vs. 

baseline were input into IPA to generate a list of predicted upstream regulators, using lists 

derived from BMDMs treated with LPS + IFNγ and from BMDMs treated with LPS. 

Due to the number of predicted upstream regulators, only regulators with a p value of 

less than 1E-75 for LPS + IFNγ and for LPS were reported, regardless of Z score of 

activation. To analyze gene expression in response to IL-4, upstream regulators from the 

full set of DEGs in mCD-exposed BMDMs in response to IL-4 were generated, regardless 

of expression in mWSD-exposed BMDMs. Upstream regulators were filtered from this set 

to have a p value of less than or equal to 1E-40. The same analysis for the gene set from 

mWSD-exposed BMDMs in response to IL-4 was performed, and IPA was used to generate 

a list of upstream regulators and corresponding Z-scores. Using these two lists, Z-scores 

of the same upstream regulators identified as p = <1E-40 in mCD-exposed BMDMs vs. 

the same upstream regulators in mWSD-exposed BMDMs (regardless of p value in mWSD 

group) were compared to assess if they were activated to a similar degree between mCD and 

mWSD groups.

Metabolomic analysis—Between 1,200,000 and 8,000,000 viable bone marrow MNCs 

and between 300,000 and 800,000 viable liver MNCs were used for metabolomics analyses. 

Cells were extracted in ice-cold lysis/extraction buffer (5:3:2 methanol:acetonitrile:water). 

Metabolite analysis was performed utilizing UHPLC-MS on a Vanquish UHPLC coupled 

online to a Q Exactive high resolution mass spectrometer (Thermo).33 Samples were 

resolved over a Kinetex C18 column (2.1 × 150 mm, 1.7 μm; Phenomenex, Torrance, CA) 

at 25°C using a 3 min isocratic condition of 5% acetonitrile, 95% water, and 0.1% formic 

acid flowing at 250 μL/min, or using a 9 min gradient at 400 μL/min from 5 to 95% B 

(A: water/0.1% formic acid; B: acetonitrile/0.1% formic acid). Metabolites with values of 

zero at greater frequencies than 50% of all values across diet groups were removed from 

further analysis. In cases where zero values made up less than 50% of all values, zeroes were 

replaced with ½ the value of the minimum reading across all samples for that metabolite. 

MetaboAnalyst 5.0 software was used for analysis of metabolic pathway enrichment. For 

bone marrow MNCs, data was normalized by sum with auto scaling, and for liver MNCs, 

data was normalized by median with auto scaling. Analysis was done in parallel for both 

cell types. In both bone marrow and liver MNCs, 130 metabolites were detected, with 

four more (5-phospho-alpha-D-ribose 1-diphosphate, (R)-S-lactoylglutathione, taurocholate, 

taurochenodeoxycholate) only detectable in liver MNCs. To analyze differences between 

mWSD and mCD groups, multivariate PCA was performed, and partial least squares 

discriminant analysis (PLS-DA) was used to identify the 25 metabolites with the highest 

VIP scores. These top 25 metabolites were input into a Pearson-Ward unsupervised heatmap 

generator in MetaboAnalyst. The lists of the top 25 VIP metabolites were also input into 

enrichment analysis through MetaboAnalyst, with a hypergeometric test, utilizing KEGG 

IDs to identify the compounds, and were mapped to the SMPDB database.
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Immunophenotypic analysis of bone marrow cells—Cryopreserved bone marrow 

MNCs were thawed and viable cells were counted. One million viable cells were stained 

with DAPI viability dye, anti-human CD71 (BD Biosciences, clone L01.1), anti-human 

CD3 (BD Biosciences, clone SP34–2), anti-human CD4 (BD Biosciences, clone L200), 

anti-CD8b (Thermo, clone 3B5), anti-CD34 (BD Biosciences, clone 563), anti-human 

CD20 (BioLegend, clone 2H7), anti-CD14 (Miltenyi, clone TUK4), and anti-human CD11b 

(BD Biosciences, clone ICRF44) for 20 min at room temperature with Human Fc Block 

(Miltenyi). Alternatively, 200,000 CD34-enriched viable cryopreserved cells were thawed 

and stained with anti-human CD38 (Caprico Biotechnologies, clone OKT10), CD45RA (BD 

Biosciences, clone 5H9), CD90 (BD Biosciences, clone 5E10), and DAPI viability dye. 

Cells were then passed through a 100-micron cell strainer into FACS sorting buffer, run on 

a FACSAria flow cytometer (BD Biosciences), and analyzed using FlowJo software (BD 

Biosciences). Compensation controls were run with UltraComp eBeads (Thermo) during 

each run and fluorescence minus one (FMO) controls were run for each fluorophore in the 

panel. MPPs were designated as CD34+CD38-CD90-cells and HSCs were designated as 

CD34+CD38-CD90+ cells, as published previously in macaques.110

Fluorescence lifetime imaging microscopy (FLIM)—HSPCs (30,000 CD34+ cells) 

and 50,000 CD34-cells were plated onto a 35 mm high μ-dish (Ibidi, Gräfelfing, Germany) 

in duplicate in DMEM (1 g/L glucose) supplemented with 20% FBS and 100 units/mL 

penicillin-streptomycin. Cells adhered for 24 h, media was changed on the second day, and 

cells were imaged on the third day with media changed to Ringer’s solution (122.5 mM 

NaCl, 5.4 mM KCl, 1.2 mM CaCl2, 0.8 mM MgCl2, 0.8 mM Na2HPO4, 0.2 mM NaH2PO4, 

5.5 mM glucose, and 10 mM HEPES, pH 7.4) immediately prior to imaging. For BMDM 

FLIM, bone marrow MNCs were grown into BMDMs in 35 mm high μ-dishes (Ibidi) in 

macrophage media with M-CSF for 10 days, using three dishes per animal. BMDMs were 

then treated with basal media, LPS, or IL-4 for 4 h, then media was removed and replaced 

with Ringer’s solution immediately prior to imaging.

FLIM was performed to detect local metabolic changes in 7–20 individual HSPCs/animal or 

20–30 BMDMs/animal using a Zeiss 780 laser-scanning confocal/multiphoton-excitation 

fluorescence microscope with a 34-channel GaAsP QUASAR detection unit and non-

descanned detectors for two-photon fluorescence (Zeiss, Thornwood, NY) equipped with 

an ISS A320 FastFLIM box and a titanium:sapphire Chameleon Ultra II (Coherent, Santa 

Clara, CA).111,112 Each cell was counted as n = 1. For the acquisition of FLIM images, 

fluorescence for the reduced form of nicotinamide adenine dinucleotide (NADH) and 

flavin adenine dinucleotide (FAD) was detected simultaneously by two photon-counting 

photomultiplier tube detectors (H7422p-40; Hamamatsu Photonics, Hamamatsu, Japan). 

Images of the cells were obtained with VistaVision software (ISS, Champaign, IL) in 256 

× 256 format with a pixel dwell time of 6.3 μs/pixel and averaging over 30 frames. The 

number of pixels covered with lifetimes for free and bound NADH and FAD were calculated 

in SimFCS software (Laboratory for Fluorescence Dynamics, University of California, 

Irvine, CA) and the values were normalized to the total number of pixels detected.111,112 

The glycolytic index was calculated for all experimental groups using the following 

equation: glycolytic index = free NADH fraction/bound to enzyme NADH fraction.44,112 
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To assess mitochondrial activity (oxidative phosphorylation), FLIM based optical redox ratio 

(fluorescent lifetime redox ratio = FLIRR) was calculated as follows: FLIRR = bound to 

enzyme NADH fraction/bound to enzyme FAD fraction.44,112

ATAC-seq—BMDMs and cryopreserved HSPCs (between 8,000 and 40,000 cells) were 

used for DNA isolation with an ATAC-seq kit (Active Motif, Carlsbad, CA). DNA integrity 

was assessed with NanoDrop (Thermo) and DNA was considered pure if it achieved a 

260/280 ratio of 1.5 or higher. The ATAC template libraries were sequenced as 2×150 bp 

reads on the NovaSeq 6000 platform at the University of Oklahoma Health Sciences Center 

Genomics Core Facility. Derived sequences were analyzed using the PEPATAC pipeline.113 

Within the PEPATAC pipeline, reads generated were mapped to the rhesus macaque genome 

(mmul10) by Bowtie2,100 with ATAC loci called using MACS2.101 Differential chromatin 

availability was analyzed with ANOVA in R. Differentially expressed peaks (p < 0.05) 

within 1000 bp of transcription start sites (TSS) of DEGs from the RNA-seq were compared 

using ANOVA in R. Hits in each list were defined as p < 0.05. Regions were mapped to the 

respective gene, and gene symbols were used to generate differentially open region (DOR) 

lists. All regions and fold change were input as corresponding to the respective associated 

gene symbol. Therefore, it was possible for DOR lists to have multiple values corresponding 

to different regions associated with the same gene symbol, and duplicates were not removed 

for our lists.

Ingenuity pathway analysis of ATAC-seq data—DORs from mWSD-vs. mCD-

exposed juvenile HSPCs were analyzed, DORs from mWSD-vs. mCD-exposed juvenile 

BMDMs were analyzed, and DORs present in both mWSD-exposed HSPCs and BMDMs 

were analyzed. Loci were mapped to each corresponding gene symbol and each gene 

symbol and fold change of its loci were input into IPA. For genes with more than one 

differentially expressed loci, IPA automatically determined the highest magnitude of fold 

change for the gene and used that single gene input and corresponding fold change for 

pathway analysis. Therefore, multiple DORs per gene did not translate to input of the same 

gene into IPA analysis multiple times. Z-scores and p values were calculated for canonical 

pathways and upstream regulators in both comparisons by IPA software. For HSPC and 

BMDM canonical pathways, a cutoff of higher than −log(p) = 3 and −log(p) = 4 was 

chosen, respectively. For HSPC upstream regulators, due to a lower number of DORs used 

as input and more extraneous hits in IPA, regulators were filtered to p < 5E-6. For BMDM 

upstream regulators, a cutoff of p < 5E-12 was selected. For DORs overlapping between 

mWSD-exposed HSPCs and BMDMs, a cutoff of −log(p) = 1.7 was selected for canonical 

pathways and p < 5E-5 was selected for upstream regulators.

Free fatty acid/eicosanoid analysis—Free fatty acid analysis was performed by gas 

chromatography-mass spectrometry (GC/MS).114 The sample was acidified with HCl (70 

mM final concentration), and stable isotope-labeled fatty acid standards [13C4]palmitic, 

[d3]stearic, [d2]oleic, and [d8]arachidonic acid were added. After vortexing, samples were 

extracted with 1 mL of isooctane. The extract was dried under N2 and derivatized by the 

addition of 25 mL each of 1% pentafluorobenzyl bromide and 1% diisopropylethylamine. 

The vials were incubated at room temperature for 20 min, dried under N2, and reconstituted 
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in 100 mL of isooctane. Analysis of the samples was performed by negative ion chemical 

ionization GC/MS on a Finnigan DSQ GC/MS system (Thermo Finnigan, Thousand Oaks, 

CA). The mass spectrometer was operated in the negative ion chemical ionization mode 

using methane as reagent gas. Data were acquired by selected ion monitoring of the 

following fatty acids: lauric (m/z 199), myristic (m/z 227), palmitic (m/z 255), stearic (m/z 

283), linolenic (m/z 277), linoleic (m/z 279), oleic (m/z 281), eicosapentaenoic (m/z 301), 

arachidonic (m/z 303), and docosahexaenoic acid (m/z 327). The ions at m/z 259, 286, 

283, and 311 were monitored for [13C4]palmitic, [d3]stearic, [d2]oleic, and [d8]arachidonic 

acids, respectively. Concentration was determined using stable isotope dilution with standard 

curves generated for each free fatty acid.

Adipocyte imaging—Juvenile sterna were fixed in 4% PFA for 24 h at 4°C, decalcified in 

0.5 M EDTA for 4–7 days, and embedded in paraffin. Adjacent 5-mm paraffin sections were 

stained with hematoxylin and eosin to evaluate adipocyte morphology. Whole slide scan 

images were captured using the Leica AT2 System (Leica Biosystems, Deer Park, IL). Bone 

marrow adipocytes were outlined manually and the mean cross-sectional adipocyte area and 

the adipocyte number per sternal bone marrow area were calculated using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed by unpaired two-tailed Student’s t test or by unpaired two-tailed Mann-

Whitney test with Grubbs test for outliers using Graphpad Prism (version 9). The statistical 

test used is included in the figure legends and table footnotes. Metabolic phenotypes and 

blood cell count readings were analyzed by ANOVA with fixed effects of maternal diet 

(mWSD, mCD), sex, and interaction (SAS software, version 9.4). Sex effects in fetuses 

and juveniles were evaluated using a two-way ANOVA with fixed effects of diet and 

offspring sex. No significant effects of sex were found and because of the small sample 

size for some variables, sex was not included in the final analyses and data from female 

and male offspring were combined. For FLIM analyses, data was log-transformed and a 

repeated measures ANOVA with a fixed effect of maternal diet, or fixed effect of treatment, 

maternal diet, and interaction was used to determine significance. For phagocytosis, a 

repeated measures ANOVA with a fixed effect of treatment, maternal diet, and interaction 

was used to determine significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Maternal Western-style diet (mWSD) produces pro-inflammatory 

macrophages in juvenile non-human primates

• Metabolism/functional potential of mWSD-exposed fetal HSPCs mirrors 

juvenile HSPCs

• mWSD increases chromatin accessibility in juvenile HSPC and BMDM 

inflammatory genes

• Oleic acid increases in bone marrow of mWSD-exposed fetuses and juveniles
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Figure 1. Juveniles exposed to mWSD have BMDMs with increased functional pro-inflammatory 
gene expression profiles
(A) Heatmap of DEGs from NanoString analysis classified as inflammatory, NF-κB-related, 

and anti-inflammatory pathways in unstimulated BMDMs. All genes shown are significantly 

different vs. mCD. Heatmap with genes grouped by functional category. One offspring per 

column.

(B and C) Activation Z scores for upstream regulators derived from comparison of mCD- 

vs. mWSD-exposed BMDM gene expression response to LPS (B) and LPS + IFNγ (C). 

Orange bars indicate positive Z score and upregulation; green bars, negative Z score and 

downregulation. Pathways shown are significantly different between mCD vs. mWSD.

(D) Activation Z-scores for predicted upstream regulators comparing unstimulated gene 

expression vs. IL-4-stimulated gene expression in mCD-exposed (blue) and mWSD-exposed 

(yellow) BMDMs. Upstream regulators shown are different (p < 0.05) in both mCD- and 

mWSD-exposed BMDMs.
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(E–G) FLIM maps of juvenile BMDMs (E). For FLIM intensity maps, red and yellow 

indicate higher intensity of fluorescence lifetimes and blue and green indicate lower 

intensity of fluorescence lifetimes. For NADH maps, yellow indicates free NADH and pink 

indicates bound NADH. For FAD maps, yellow indicates bound FAD and pink indicates 

free FAD. Glycolysis (F) and oxidative phosphorylation (G) in mCD- and mWSD-exposed 

BMDMs at baseline and in response to LPS stimulation. (F and G) Each dot represents one 

cell; 20–30 cells used per animal.

(H) Phagocytosis of E. coli biospheres in BMDMs at baseline and in response to LPS. 

Data are mean ± SEM (F–H). p values for effect of mWSD, effect of LPS treatment, and 

interaction between mWSD and treatment were calculated by repeated measures two-way 

ANOVA with log-transformed data (F–H) and *p < 0.05, Fisher’s least significant difference 

(LSD) post-test comparison (H). n = 4–6 mCD, n = 3–7 mWSD.
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Figure 2. Bone marrow HSPCs from juveniles exposed to mWSD have a pro-inflammatory 
metabolic and transcriptional phenotype
(A) Volcano plot of –Log(p value) and fold change (FC) of DEGs in mWSD- vs. mCD-

exposed juvenile HSPCs. Key upregulated genes are highlighted in red. Gray circles indicate 

genes with p > 0.05. Black circles indicate genes with p < 0.05 in mWSD vs. mCD, 

regardless of whether they passed quality check measures and thus regardless of whether 

they featured in the 1,508 DEGs used for subsequent analyses. All genes highlighted in red 

passed quality check measures and were included in the 1,508 DEGs. n = 6 mCD, n = 6 

mWSD.

(B) Plot of IPA-derived canonical pathways from juvenile HSPC DEGs. Red dots indicate 

pathways of interest and gray dots indicate other pathways described in Table S3.

(C) Highlighted pathways from DAVID analysis from juvenile HSPC DEGs.

(D–F) FLIM map of juvenile bone marrow HSPCs (D). For FLIM intensity maps, red and 

yellow indicate higher intensity of fluorescence lifetimes and blue and green indicate lower 
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intensity of fluorescence lifetimes. For NADH maps, yellow indicates free NADH and pink 

indicates bound NADH. For FAD maps, yellow indicates bound FAD and pink indicates free 

FAD. Glycolysis (E) and oxidative phosphorylation (F) in mCD- and mWSD-exposed bone 

marrow HSPCs. (E and F) Each dot represents one HSPC; 7–20 cells used per animal.

(G–I) CFU assays of juvenile bone marrow MNCs. Colony count from mCD- and mWSD-

exposed bone marrow MNCs (G). Total number of colonies grown from mCD- and mWSD-

exposed bone marrow MNCs (H). Proportion of CFU-GEMM, CFU-GM, and BFU-E 

colonies (I). Proportion of colonies was calculated by dividing the total count for each 

colony type per animal by the total colony number per animal. These calculations were input 

as n = 1. n = 4 mCD, n = 5 mWSD.

(J–M) Flow cytometry analysis of juvenile bone marrow MNCs. Juvenile CD71+ cells 

and CD20+ B cells as a percentage of total viable cells (J). Overall bone marrow 

CD11b+ myeloid cells and CD3+, CD4+, and CD8+ T cells as a percentage of total 

viable cells (K). CD38+ cells (L) and HSCs (CD34+CD38−CD45RA−CD90+) and MPPs 

(CD34+CD38−CD45RA−CD90−) (M) as a percentage of total viable CD34+ cells in mCD 

(blue) and mWSD (yellow) juveniles. n = 5–6 mCD, n = 5–7 mWSD. Data are mean ± SEM 

(E–M). *p < 0.05, **p < 0.01, ***p < 0.001, mWSD effect from repeated measures ANOVA 

with log-transformed data (E–F), unpaired Student’s t test (G–I), or Mann-Whitney U test 

(J–M).
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Figure 3. Exposure to mWSD is associated with differentially accessible chromatin architecture 
in juvenile offspring, with bias toward expression pathways regulating inflammation and 
oxidative phosphorylation
(A) Volcano plot showing –Log(p value) and FC of DORs in mWSD- vs. mCD-exposed 

juvenile HSPCs. Key open (red) and closed (blue) loci are labeled.

(B) GSEA of juvenile HSPC DORs. GSEA terms are shown, with select pathways bolded.

(C) Volcano plot showing –Log(p value) and FC of DORs in mWSD- vs. mCD-exposed 

juvenile BMDMs. Key open (red) and closed (blue) loci are labeled.

(D) Chromatin read maps of TNF and IL10. The y axis indicates ATAC-seq signal intensity 

(open chromatin). The entire gene body, including promotor region, for TNF and IL10 is 

shown. Transcription start site (TSS) is denoted by blue arrow. Length of promotor and 

gene is shown in kilobases (kb). Average reads for n = 5 juvenile mCDs and n = 5 juvenile 

mWSDs are shown.
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(E) IPA upstream regulator analysis from juvenile BMDM DORs. Red indicates a positive 

Z score and upregulation. Blue indicates a negative Z score and downregulation. Other 

pathways (gray) are described in Table S7.

(F) Venn diagram showing distinct and overlapping DORs in juvenile mWSD- vs. mCD-

exposed HSPCs and BMDMs.

(G) GSEA pathway analysis of overlapping DORs. GSEA terms are shown, with select 

pathways bolded.

(H) IPA analysis of overlapping DORs, with select upstream regulators bolded. n = 5 

juvenile mCDs, n = 5 juvenile mWSDs.
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Figure 4. RNA-seq analysis of fetal bone marrow HSPCs
(A) Volcano plot of –Log(p value) and FC of DEGs in mWSD- vs. mCD-exposed fetal 

HSPCs. Gray circles indicate genes with p > 0.05. Black circles indicate genes with p < 

0.05 in mWSD vs. mCD, regardless of whether they passed quality check measures and thus 

regardless of whether they featured in the 199 DEGs used for subsequent analyses.

(B) IPA upstream regulator analysis of DEGs in fetal HSPCs. Red indicates upstream 

regulators with a positive Z score and upregulation. Blue indicates upstream regulators with 

a negative Z score and downregulation. Other pathways (gray) are described in Table S11.

(C) GSEA analysis of DEGs in fetal HSPCs. GSEA terms are shown, with select pathways 

bolded.

(D) Venn diagram showing distinct and overlapping DEGs in fetal and juvenile bone marrow 

HSPCs.
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(E) GSEA pathway analysis of overlapping DEGs in HSPCs in mWSD-exposed fetuses and 

juveniles. GSEA terms are shown, with select pathways bolded.

(F) IPA upstream regulator analysis of overlapping DEGs in HSPCs in mWSD-exposed 

fetuses and juveniles. Select upstream regulators are bolded. n = 5 fetal mCDs, n = 5 fetal 

mWSDs; n = 5 juvenile mCDs, n = 6 juvenile mWSDs.
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Figure 5. Analysis of metabolic phenotype of fetal HSPCs and composition of bone marrow
(A–F) FLIM map of fetal HSPCs. FLIM map of fetal bone marrow HSPCs (A). For intensity 

in FLIM maps, red and yellow indicate higher intensity and blue and green indicate lower 

intensity of fluorescence lifetimes. For NADH maps, yellow indicates free NADH and pink 

indicates bound NADH. For FAD maps, yellow indicates bound FAD and pink indicates free 

FAD. Glycolytic index (B) and FLIRR (C) in mCD- and mWSD-exposed fetal bone marrow 

HSPCs. FLIM map of fetal liver HSPCs (D). Glycolytic index (E) and FLIRR (F) in mCD- 

and mWSD-exposed fetal liver HSPCs. (B, C, E, and F) Each dot represents one HSPC; 

7–20 cells used per animal.

(G–I) CFU assays of fetal bone marrow MNCs. Colony count from mCD- and mWSD-

exposed fetal bone marrow MNCs (G). Total number of colonies grown from mCD and 

mWSD bone marrow MNCs (H). Proportion of CFU-GEMM, CFU-GM, and BFU-E 

colonies (I). Proportion of colonies was calculated by dividing the total count for each 
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colony type per animal by the total colony number per animal. These calculations were input 

as n = 1. n = 4 mCDs, n = 3 mWSDs.

(J–M) Flow cytometry analysis of fetal bone marrow MNCs. Fetal CD71+ cells and CD20+ 

B cells as a percentage of total viable cells (J). Overall CD11b+ myeloid cells and CD3+, 

CD4+, and CD8+ T cells as a percentage of total viable cells (K). CD38+ cells (L) and 

HSCs (CD34+CD38−CD45RA−CD90+) and MPPs (CD34+CD38−CD45RA−CD90−) (M) 

as a percentage of total viable CD34+ cells in mCD and mWSD. n = 5–9 mCDs, n = 5 

mWSDs. Data are mean ± SEM (B, C, and E–M). *p < 0.05, **p < 0.01 mWSD effect from 

repeated measures ANOVA with log-transformed data (B, C, E, and F), unpaired Student’s t 

test (G–I), or Mann-Whitney U test (J–M).
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Figure 6. Fetal bone marrow and liver MNCs from WSD-fed dams are associated with altered 
TCA small molecular and metabolic intermediates
(A) Enriched metabolic pathways from fetal bone marrow MNC top 25 VIP score 

metabolites. Red dots indicate pathways of interest and gray dots indicate other pathways. 

PE, phosphatidylethanolamine; PC, phosphatidylcholine.

(B) Heatmap of metabolites associated with TCA cycle activity and glycolysis in mCD- vs. 

mWSD-exposed fetal bone marrow MNCs.

(C) Heatmap of amino acids in mCD- vs. mWSD-exposed fetal bone marrow MNCs.

(D) Enriched pathways from the top 25 VIP metabolites in fetal liver MNCs, red dots 

indicate pathways of interest, and gray dot indicates another pathway.

(E) Heatmap of metabolites associated with TCA cycle activity, glycolysis, and amino acid 

metabolism in mCD- vs. mWSD-exposed fetal liver MNCs.
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(F) Heatmap of metabolites associated with β-oxidation in mCD- vs. mWSD-exposed fetal 

liver MNCs. One offspring per column (B, C, E, and F). n = 5 mCD, n = 5 mWSD bone 

marrow MNCs; n = 3 mCD, n = 4 mWSD liver MNCs.
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Figure 7. mWSD exposure is associated with increased oleic acid concentration in offspring bone 
marrow and liver
(A) Concentration of oleic acid and linolenic acid in fetal bone marrow.

(B) Concentration of oleic acid and linolenic acid in fetal liver.

(C) Concentration of oleic acid and linolenic acid in juvenile bone marrow.

(D) Mean cross-sectional surface area of adipocytes in juvenile bone marrow.

(E) Adipocyte number per micrometer squared in juvenile bone marrow.

(F) Representative images of juvenile bone marrow adipocytes. Asterisk (*) indicates 

adipocyte. Data are mean ± SEM. *p < 0.05, **p < 0.01, unpaired Student’s t test (A–E). n = 

6–7 fetal mCDs, n = 4–5 fetal mWSDs; n = 8 juvenile mCDs, n = 7 juvenile mWSDs (A–C). 

n = 4 juvenile mCDs, n = 4 juvenile mWSDs (D and E).
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