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Maternal obesity affects nearly one-third of pregnancies and is a major risk factor for nonalcoholic
fatty liver disease (NAFLD) in adolescent offspring, yet the mechanisms behind NAFLD remain
poorly understood. Here, we demonstrate that nonhuman primate fetuses exposed to maternal
Western-style diet (WSD) displayed increased fibrillar collagen deposition in the liver periportal
region, with increased ACTA2 and TIMP1 staining, indicating localized hepatic stellate cell (HSC) and
myofibroblast activation. This collagen deposition pattern persisted in 1-year-old offspring, despite
weaning to a control diet (CD). Maternal WSD exposure increased the frequency of DCs and reduced
memory CD4* T cells in fetal liver without affecting systemic or hepatic inflammatory cytokines.
Switching obese dams from WSD to CD before conception or supplementation of the WSD with
resveratrol decreased fetal hepatic collagen deposition and reduced markers of portal triad fibrosis,
oxidative stress, and fetal hypoxemia. These results demonstrate that HSCs and myofibroblasts
are sensitive to maternal WSD-associated oxidative stress in the fetal liver, which is accompanied
by increased periportal collagen deposition, indicative of early fibrogenesis beginning in utero.
Alleviating maternal WSD-driven oxidative stress in the fetal liver holds promise for halting
steatosis and fibrosis and preventing developmental programming of NAFLD.

Introduction
Obesity rates continue to increase and have reached epidemic proportions around the globe (1). Currently,
nearly 50% of women who are pregnant in the US are overweight or obese (2—4). Accompanying maternal
obesity is an increase in noncommunicable metabolic disorders in children, leading to a body of litera-
ture that suggests that metabolic disorders, including obesity, type 2 diabetes mellitus, cardiovascular dis-
ease, and nonalcoholic fatty liver disease (NAFLD), are often of intrauterine origin (4—6). Among these,
NAFLD is the most common liver disease worldwide; it affects nearly 40% of obese youth and up to 10%
of the general pediatric population (7). NAFLD is characterized by steatosis (excess liver fat) that over
time may progress to nonalcoholic steatohepatitis (NASH), with accompanying inflammation and fibrosis,
leading to cirrhosis and increased risk for hepatocellular carcinoma (8). NAFLD can progress rapidly in
children, leading to end-stage liver disease and liver transplantation in early adulthood or sooner (4, 9) for
reasons that remain poorly understood.

Despite advances in adults, major gaps remain in defining the pathways and mechanisms unique
to childhood-onset NAFLD pathology (4, 6). Cohort studies have described early life risk factors for
NAFLD, which include in utero exposure to maternal obesity and accelerated growth in childhood (10).
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In the NASH Clinical Research Network multicenter, cross-sectional study of children with NAFLD, chil-
dren with high birth weight had significantly greater odds of severe steatosis and NASH even after con-
trolling for childhood BMI, while those with low birth weight were more likely to have advanced fibrosis,
suggesting that early exposures play an important role in the disease (11). Additionally, pediatric patients
with NAFLD are more likely to have inflammation and fibrosis in the portal regions of the liver, rather
than the typical pericentral distribution observed in adults (12, 13). This is clinically significant because
periportal inflammation is associated with greater severity of liver disease (14). The factors that drive portal
injury and rapid progression from steatosis to fibrosis in pediatric NASH are unclear (9). Furthermore, few
studies have measured inflammation and fibrosis during the progression of NAFLD in pediatric patients.
Notably, the innate and adaptive immune systems and antioxidant responses are relatively immature in the
fetus (15-19), making the fetus more vulnerable to fuel overload and subsequent cellular damage. However,
mechanistic studies to examine early development and progression of NAFLD using models that closely
mimic the human condition are lacking.

Here, we leveraged our well-established nonhuman primate (NHP) model of chronic maternal
Western-style diet (WSD) consumption to investigate the cellular mechanisms promoting fibrosis begin-
ning in utero (20). We used second harmonic generation (SHG) imaging technology and RNAscope,
alongside flow cytometry, to identify fibrosis, hepatic stellate cell (HSC) activation, and immune cell
populations in livers from NHP fetuses exposed to maternal WSD compared with control diet (CD).
We also measured the persistence of collagen deposition in postnatal NHP 1-year-old (1YO) offspring
exposed to maternal WSD and investigated whether maternal dietary interventions could halt the
development of NHP fetal hepatic fibrosis.

Results

Chronic maternal WSD consumption increased maternal obesity and insulin resistance as well as fetal hypoxemia and
hepatic steatosis. NHP females fed a chronic WSD develop obesity with increased body weight and percent-
age of body fat compared with females of similar age consuming a relatively isocaloric CD, as previously
reported (20-23) (Table 1). WSD-fed dams also had increased insulin AUC during an i.v. glucose tolerance
test compared with CD-fed females, as previously observed (22) (Table 1), supporting development of
insulin resistance. Fetuses from mothers on WSD had a more than 2-fold increase in liver triglycerides com-
pared with CD-exposed fetuses, as previously reported (20, 22) (Table 1). No differences in body weights
between CD- and WSD-exposed fetuses were observed, as previously reported (22) (Table 1). Absolute
liver weight was 8% higher in WSD-exposed compared with CD-exposed fetuses, yet liver weight relative to
body weight was not different between the groups (Table 1). Umbilical artery serum pO, levels were lower
in the WSD group compared with the CD group, as previously reported (22) (Table 1).

Fetuses exposed to maternal WSD had increased periportal collagen deposition. We used SHG/2-photon
excitation fluorescence microscopy imaging, a highly sensitive technique used to detect collagen deposi-
tion in pediatric patients with NAFLD (24, 25), to quantify fibrillar collagen deposition directly without
staining. WSD-exposed fetuses, compared with CD-exposed fetuses, had a 22% (P < 0.0005) increase
in SHG signal intensity in the portal triad region of the liver (Figure 1, A and F) and a 43% (P < 0.005)
increase in SHG signal area around the portal triads (Figure 1, B and F). SHG signal intensity around the
central vein regions was increased by 28% (P < 0.0005) in livers from WSD-exposed fetuses compared
with CD-exposed fetuses (Figure 1, C and F), yet the area of collagen around central veins was similar
between the CD and WSD groups (Figure 1, D and F). SHG signal intensity in the portal triad and cen-
tral vein regions was positively correlated (Figure 1E).

We next sought to determine if increased hepatic portal collagen deposition persisted in 1YO offspring
from WSD-fed mothers after weaning onto a CD (WSD/CD). In WSD/CD-fed offspring, SHG signal
intensity around the portal triads was increased by 14.5% (P < 0.005; Figure 1, G and I) and SHG area was
increased by 31% (P < 0.05) compared with livers from CD/CD-fed offspring (Figure 1, H and I).

Evidence for local HSC activation in portal triad regions of WSD-exposed fetal livers. We next measured the
expression of genes involved in collagen synthesis and HSC activation in livers from fetuses exposed to
maternal CD or WSD. Expression of collagen synthesis genes COLIAI and COL3A1 was widely variable
but was increased (COL1AI) or tended to be increased (COL341, P = 0.06) in WSD-exposed livers (Fig-
ure 2A and Supplemental Table 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.154093DS1). Expression of LGALS3, a marker of phagocytosis-induced HSC
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Table 1. Maternal and fetal characteristics

CcD WSD DR RESV Maternal diet effect

Maternal

Years on diet N/A 42+0.3" 91+08 6.8+08 P < 0.0001

Body fat, % 201 +£1.54 32.8 £14°¢ 40.3 +£1.8° 39.0 +2.8¢ P < 0.0001

Weight, kg 9.7 +0.3A 12.8 £ 0.4° 14.6 £ 0.6° 14.6 £1.0° P < 0.0001

Insulin, pU/mL 234 +43 514 +12.8 311+£7.0 22.6 +4.0 NS

Glucose, mg/dL 409+14 42.0+11 37.0 £ 41 40.8+2.2 NS

Insulin AUC 7730 + 1325~ 16516 + 2759°¢ 6983 + 2414~ ¢ 7723 +1968A¢ P < 0.0001

Glucose AUC 7439 + 210 7356 + 217 7216 £ 428 7573 + 353 NS
Fetal

n 31 45 5 7

Sex, female/male 14/17 18/27 1/4 3/4

Weight, g 342.0+6.75 348.8 + 6.69 367.2 +11.50 328.7 £ 21.35 NS

Liver weight, g 9.4 +0.2* 10.2+0.2¢ 1.1+ 0.5¢ 9.8 + 0.67¢ P<0.05

Liver weight 26 +1 26 +1 301 301 NS

(normalized), mg/g

Liver TGs 47 +0.3" 1.7 £1.2° 9.8 + 2.3AC 5.6 +0.8" P < 0.0001

UA serum pO2 14.88 +1.0224 11.09 + 0.70°¢ 12.80 +1.20~¢ 13.86 + 2.297¢ P < 0.05

Data represented as mean + SEM. One-way ANOVA with fixed effect for maternal diet is shown and when significant (P < 0.05), individual post test comparisons
are indicated. Numbers with different letters (*°) represent groups with significant (P < 0.05) differences from one another, and numbers sharing the same letter
are not different from one another. N/A, nonapplicable; TGs, triglycerides; UA, umbilical artery.

activation (26), and FAP, an HSC- and myofibroblast-derived marker of fibrosis (27), were also increased
in WSD-exposed livers (Figure 2A and Supplemental Table 1). Expression of ACTA2, TGFBI, PGDFA,
PDGFRB, and TNFSF12, additional genes expressed by activated HSCs and myofibroblasts, was not dif-
ferent between CD and WSD (Supplemental Table 1). No differences were detected in other biomarkers
of canonical fibrosis development or inflammation: AKAPI12, VEGFA, VCAMI, and ICAMI (well-known
markers of endothelial activation); WWTRI and EZH2 (key regulators of the YAP/TAZ [Hippo] pathway,
ref. 28), or TREM? (a myeloid cell-derived antiinflammatory marker, ref. 29) (Figure 2B). Together, these
data demonstrate variability in transcriptional activation of genes involved in collagen synthesis at the
whole-liver level, without evidence for endothelial dysfunction or myeloid cell-derived antiinflammatory
activation in WSD-exposed fetuses. Collagen synthesis and HSC activation genes were also not correlated
with SHG signal area (Supplemental Figure 1A). Further, while WSD-fed dams were on the diet ranging
from 1-9 years, SHG signal area in WSD-exposed fetuses was not increased in relation to length of mater-
nal WSD consumption (Supplemental Figure 1B).

Given the histologic evidence for increased collagen localized to the portal triad regions, we used RNA-
scope with probes directed to ACTA2 (30) and TIMPI, a marker of HSC activation induced by oxidative stress
(31, 32), to localize stellate cell gene expression around the portal triad regions (Figure 2C). The number of
ACTA2* cells (P< 0.005) and TIMPI* cells (P < 0.05) increased by approximately 2-fold in portal triad regions
in WSD- compared with CD-exposed fetal livers (Figure 2, D and E, respectively). In addition, the number of
cells that were positive for both ACTA2 and TIMPI in the portal triad regions were 4-fold (P < 0.005) higher
in WSD- compared with CD-exposed livers (Figure 2F). No difference in expression of S100A6, a marker of
bile duct reaction (33, 34), was observed in CD- compared with WSD-exposed livers (Supplemental Figure 2).

Shifts in immune cell populations in WSD-exposed fetal livers. To investigate if specific immune cell popu-
lations were shifted in response to maternal WSD exposure in the fetal liver, we utilized flow cytometry
with myeloid- and lymphoid-specific antibody panels to characterize these populations. In the myeloid
panel, nonlymphoid cells (CD3-CD20") were not different between groups (Figure 3A). WSD-exposed
fetal livers had a nearly 4-fold increase in total DCs (CD3/CD20/CD14 HLA-DR*; P < 0.05) and a
nearly 8-fold increase in myeloid DCs (mDC; CD11c*; P < 0.05) compared with CD-exposed livers,
while plasmocytoid DCs (pDC; CD123*) were nearly absent in both groups (Figure 3B). No differences
in the frequency of natural killer (NK; CD3/CD20/CD14CD8a") cells (Figure 3C) and their subsets
(based on CD16; Figure 3D), or those of total monocytes (CD3/CD20-CD14*; Figure 3C) and their
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Figure 1. Maternal WSD exposure increases fibrosis in NHP fetal and 1Y0 offspring liver. SHG signal intensity (A) and signal area (B) of CD (blue) and
WSD (yellow) portal triads (PT) in fetal livers; n = 24 C and n = 40 WSD PTs. SHG signal intensity (C) and signal area (D) of central veins (CV) in fetal
livers; n =18 CD and n = 37 WSD CVs. (E) Correlation between SHG signal intensity of PTs and SHG signal intensity of CVs in fetal livers. (F) Represen-
tative SHG images of PTs and CVs in fetal livers, with red indicating SHG signal. Scale bar: 100 um. SHG signal intensity (G) and signal area (H) of 1YO
offspring liver PTs; n =19 CD/CD and n = 14 WSD/CD PTs. (I) Representative SHG images of PTs in CD/CD and WSD/CD 1YO livers, with red indicating
SHG signal. Scale bar: 100 um. Unpaired 2-tailed Student’s t test was used to test significance. *P < 0.05, **P < 0.005, ****P < 0.0005.

subsets (based on CD16; Figure 3E), were detected between CD and WSD groups. In the lymphoid
panel, no differences in the frequency of CD4 and CD8* T cells or CD20* B cells were detected (Figure
3F). However, a near 60% decrease (P < 0.05) in transitional effector memory (TEM; CD28 CD95*C-
CR7%) CD4" T cells was found, in the absence of any changes in naive (CD28*CD95-CCR7"), central
memory (CD28*CD95*CCR7"), or effector memory (CD28 CD95*CCR7") CD4" T cells (Figure 3G).
No differences were found in CD20" B cell subpopulations, including naive (CD27IgD"), marginal
zone-like (CD27*IgD"), memory (CD27*IgD"), or other memory (CD271gD") B cells (Figure 3H). The
frequency of CD8* T cells was too small to examine naive and memory subsets (Figure 3F).
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Figure 2. Evidence for increased collagen synthesis and stellate cell activation in NHP WSD-exposed fetal liver. Expression of genes in CD (blue) and
WSD (yellow) fetal liver tissue associated with collagen synthesis and stellate cell activation (A). ANOVA with fixed effect for maternal diet is signif-
icant for all variables shown (P < 0.1). Individual post test comparisons were performed between CD and WSD; n = 20 CD and n = 26 WSD. *P < 0.05.

(B) Expression of genes associated with endothelial dysfunction, the YAP/TAZ pathway, and myeloid cell inflammation; n = 20 CD and n = 26 WSD. (C)
Representative images and zooms of portal triads of CD- and WSD-exposed fetal livers via RNAscope. Red arrows indicate ACTA2* cells; blue arrows
indicate TIMP7* cells; purple arrows indicate ACTA2 and TIMP1 double-positive cells. Scale bar: 60 um (boxed areas are enlarged and cropped on the
right). Average numbers of ACTAZ2* cells (D), TIMPT* cells (E), and ACTA2 and TIMP1 double-positive cells (F) per portal triad (PT) via RNAscope; n = 6 CD
and n =5 WSD. Unpaired 2-tailed Student’s t test was used to test significance. *P < 0.05, **P < 0.005, ****P < 0.0005.

Lack of systemic or hepatic inflammation in WSD-exposed fetuses. Given the increase in DCs in WSD-
exposed fetal livers, we further characterized inflammation in cells and tissues from fetal livers and fetal
serum. The number of CD68* macrophage cells around the portal triads (35) was not different between
CD and WSD groups (Figure 4, A and B). We then isolated macrophages from WSD- and CD-exposed
fetal livers and measured baseline gene expression and the response to LPS treatment. No differences
were found in baseline gene expression of cytokines (ILIB, TNF, MCPI, TLR4, CCR2, IL6, SOCS3, IL10,
IL12B, TGFBI, and NFKBIA)between CD- and WSD-exposed fetal macrophages (Figure 4, C and D, and
Supplemental Figure 3). Treatment with LPS induced a robust inflammatory response (P < 0.05 for LPS
treatment effect), with increased expression of IL/B and TNF (Figure 4, C and D, respectively), MCPI,
TLR4, IL6, SOCS3, IL12B, and NFKBIA (Supplemental Figure 3) in both CD- and WSD-exposed liver
macrophages, and no increases in CCR2, IL10, or TGFBI (P > 0.1 for treatment effect; Supplemental Fig-
ure 3). In response to LPS, IL1B (P = 0.07) and TNF (P = 0.15) gene expression was lower (37% and 34%
decreased, respectively) in fetal liver macrophages from WSD- compared with CD-exposed fetuses (Fig-
ure 4, C and D, respectively). No differences in other inflammatory gene expression were found between
CD- and WSD-exposed liver macrophages when stimulated with LPS (MCPI, TLR4, CCR2, IL6, SOCS3,
IL10, IL12B, TGFBI, and NFKBI1A4; Supplemental Figure 3).

‘We next measured proinflammatory cytokines, chemokines, and growth factors in fetal serum and
gene expression of inflammatory markers in liver tissue. No differences were identified between vein
and artery samples from the same fetus (Supplemental Table 2). Sixteen of 29 cytokines were below the
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Figure 3. Flow cytometry of NHP fetal liver immune cells. Nonlymphoid myeloid cells and lymphoid cells in CD (blue) and WSD (yellow) fetal liver mono-
nuclear cells, as a proportion of total viable cells or cell subsets by flow cytometry; n = 4 CD and n = 7 WSD. (A) Nonlymphoid cells, defined as CD3-CD20",
as a proportion of total viable cells. (B) DCs (DC), myeloid DCs (mDC), and plasmacytoid DCs (pDC) as a proportion of total viable cells. (C) Monocytes

and natural killer (NK) cells as a proportion of nonlymphoid cells. NK cell subsets as a proportion of NK cells (D) and monocyte subsets as a proportion

of monocytes (E) characterized by presence (16+) or absence (16-) of CD16. (F) CD4* T cells, CD8* T cells, and CD20* B cells as a proportion of total viable
cells. (G) CD4* T cell subsets as a proportion of CD4* T cells, corresponding to naive (Na), central memory (CM), transitional effector memory (TEM), and
effector memory (EM) T cells. (H) CD20* B cell subsets as a proportion of CD20* B cells, corresponding to other (Other), memory (MEM), marginal zone-like
(Mz-like), and naive B cells. Unpaired 2-tailed Student’s t test was used to test significance for all cell types other than mDCs, which had values of 0 in the
CD group, so an unpaired 1-tailed t test was performed with Welch’s correction. *P < 0.05.

limit of detection (IL-1p, IL-2, IL-4, IL-5, IL-6, IL-10, IL-15, IL-17, G-CSF, GM-CSF, IP-10, TNF-o,
1L-8, MIG, MIP-1a, and VEGF). No differences in serum levels of FGF-basic, IL-12, RANTES, eotaxin,
MIP-1B, MCP-1, EGF, HGF, IFN-y, MDC, I-TAC, MIF, or IL-1RA were observed in the averaged vein
and artery concentrations (Figure 5A). Similarly, no differences in expression of cytokines or immune
response genes, including CCR2, IL1B, TLR4, and CD11B, in whole-liver tissue were observed (Figure 5B).
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Figure 4. NHP fetal liver macrophage count and function. (A) Representative images of CD68-stained portal triad (PT) regions in CD- and WSD-ex-
posed fetal liver tissue. Scale bar: 100 um (boxed area is enlarged and cropped on the right). (B) CD68 staining quantification showing numbers of
periportal CD68* macrophages in CD (blue) and WSD (yellow) exposed fetal livers; n = 8 CD and n = 6 WSD. Unpaired 2-tailed Student’s t test was
used to test significance. Liver macrophage gene expression of /L1B (C) and TNF (D) at baseline and in response to LPS; n =7 CD and n =10 WSD. A
mixed model 2-way ANOVA was used to test effect of maternal diet and LPS treatment. Maternal effect and treatment effect P values are shown,
and LPS x maternal diet interaction effect P values are shown above WSD bars.

In WSD-exposed livers, the ratio of phosphorylated (active) to total NF-kB or STAT3, both signaling
proteins activated during inflammation (36, 37), was unchanged compared with CD-exposed livers (Fig-
ure 5, C and D). In addition, no differences in protein expression of IKKa, phosphorylated IKKa/p,
phosphorylated IKKa/f/total IKKa ratio, and IkBa, all secondary NF-kB signaling proteins, were found
between groups (Supplemental Figure 4). Together, these data suggest an absence of systemic or hepatic
inflammation in fetuses exposed to maternal WSD- compared with CD-exposed fetuses.

Maternal interventions prevented fetal collagen deposition and oxidative stress. To determine if maternal
diet interventions in the periconception period could prevent fetal hepatic fibrosis, we tested the effect
of switching obese dams on the WSD to a CD approximately 2 months prior to conception (diet rever-
sal [DR]) (22) and the effect of giving resveratrol supplementation to obese, WSD-fed females prior to
and throughout pregnancy (RESV) (38) (Table 1). Collagen (SHG) signal intensity around the portal
triad regions in DR and RESV fetuses was decreased (20% and 24%, respectively; P < 0.05 for both)
compared with WSD-exposed fetuses and normalized to the CD group (Figure 6A and Supplemental
Figure 5). SHG area was decreased in the DR group compared with the WSD group, but was not dif-
ferent in the RESV group compared with CD or WSD groups (Figure 6B and Supplemental Figure 5).
We next sought to determine if reduced periportal collagen deposition was associated with reduced
myofibroblast activation and reduced oxidative stress. The numbers of ACTA2* cells were decreased in
both DR and RESV livers (49% and 57%, respectively; P < 0.05; Figure 6C). In RESV livers, TIMPI*
cell counts were trending decreased (P < 0.15) compared with WSD-exposed livers and not differ-
ent than CD-exposed livers (Figure 6D). DR livers had increased TIMPI* cell counts compared with
CD-exposed livers and were not significantly different than WSD-exposed livers (Figure 6D). The
number of double-positive (ACTA2 and TIMPI) cells was significantly decreased by 67% (P < 0.05) in
RESYV fetuses compared with WSD-exposed fetuses; however, the number of double-positive cells in
the DR group remained increased compared with the CD group (Figure 6E).

Gene expression of COLIAI and COL343 in DR and RESV fetal livers was decreased compared
with that in WSD-exposed livers, whereas expression of HSC activation genes (LGALS3, FAP) was
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Figure 5. Systemic and hepatic cytokines and lack of inflammation in NHP WSD-exposed fetuses. (A) Cytokines, chemokines, and growth factors mea-

sured in paired umbilical vein and a
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11-28 WSD. Representative Wester|

rtery serum samples of CD (blue) and WSD (yellow) fetuses. Concentrations were averaged and expressed relative to
=13 WSD. (B) Liver tissue expression of inflammatory markers and hypoxia-related genes/targets; n=11-20 CD and n =
n blots (C) and analysis (D) of the ratios of phosphorylated to total NFB and STAT3 protein expression in fetal livers (p/t

ratio); n = 7-8 CD and n = 9-10 WSD. Unpaired 2-tailed Student’s t test was used to test significance.
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not different than in CD- or WSD-exposed livers, indicating partial resolution (Figure 6, F-I, and Sup-
plemental Table 1). No difference in expression of ACTA2 and TGFBI was observed in DR or RESV
livers compared with CD- or WSD-exposed livers, but expression of PDGFA and PDGFRB in DR
or RESV livers was significantly lower than in the CD or WSD groups, and expression of TNFSFI12
was significantly lower than the WSD group (Supplemental Table 1). WSD-exposed fetal livers had a
4-fold increase in TBARS, a marker of oxidative stress, compared with CD-exposed livers; in DR liv-
ers, TBARS decreased 76% compared with WSD-exposed livers (22) (Figure 6J). In RESV livers, fetal
hepatic TBARS was decreased 80% (P < 0.05) relative to WSD-exposed livers (Figure 6J). The serum
glutamate to serine + glycine ratio (Glu/[Ser+Gly]), a biomarker for fibrosis and oxidative stress in
adult human NAFLD (39), was increased in the umbilical artery in WSD-exposed fetuses compared
with CD-exposed fetuses, but was normalized in the DR and RESV groups (Figure 6K). Finally, fetal
liver triglyceride levels were lower in the DR group, as previously reported (22), and in the RESV group
(38), compared with the WSD group, and approached similar levels to the CD group (Table 1).

Since resveratrol reduced oxidative stress and collagen deposition in the fetal liver even in the pres-
ence of WSD exposure, we further investigated oxidative stress pathways in livers of fetuses from RESV
mothers compared with CD and WSD. Protein levels of the oxidative stress marker manganese superoxide
dismutase (MnSOD) were increased by 21% (P < 0.05) in WSD-exposed livers compared with CD-ex-
posed livers (Figure 7, A and B). Expression of acetylated MnSOD (Ac-MnSOD), the prooxidant form of
MnSOD (40, 41), was also increased (P = 0.05; Figure 7, A and B). The ratio of acetylated/total MnSOD
was not different between CD- and WSD-exposed livers (Figure 7A). In livers of RESV fetuses, Ac-Mn-
SOD was decreased by 30% (P < 0.05) compared with WSD-exposed livers (Figure 7, A and B), yet total
MnSOD protein abundance was not different. The ratio of acetylated/total MnSOD was decreased 22%
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Figure 6. Effects of maternal diet interventions on NHP fetal hepatic collagen deposition. SHG signal intensity (A) and area (B) in portal triad regions from
diet reversal (DR; green) and resveratrol (RESV; purple) fetal livers compared with mean of CD (blue dashed line) and WSD (yellow dashed line) groups; n =
4-5 DR and n = 5 RESV. RNAscope quantification of ACTA2* (C) and TIMPT* cells (D), and ACTAZ2 and TIMP1 double-positive cells (E) per portal triads in DR
and RESV fetuses, compared with mean of CD (blue dashed line) and WSD (yellow dashed line) groups; n = 4 DR and n = 3 RESV. Expression of COL1AT (F),
COL3AT1(G), LGALS3 (H), and FAP (1) in DR and RESV fetal liver tissue, compared with mean of CD (blue dashed line) and WSD (yellow dashed line) groups; n
=20CD,n=26WSD, n=5DR, and n=7RESV. tP < 0.05 vs. WSD and NS vs. CD; $P < 0.05 vs. CD and NS vs. WSD (by ANOVA with fixed effect for maternal
diet is shown and is significant for all variables shown (P < 0.05), unless noted otherwise. Individual post-test comparisons are indicated as different sym-
bols). Unmarked bars indicate NS P values for CD and WSD comparison. (J) TBARS of CD (blue), WSD (yellow), DR, and RESV livers; n=5CD, n=7 WSD, n =
5DR, and n = 6 RESV. (K) Glutamate to serine + glycine (Glu/[Ser+Gly]) ratio of CD, WSD, DR, and RESV livers; n =5 CD, n = 6 WSD, n = 5DR, and n = 3 RESV.
() and K) ANOVA with fixed effect for maternal diet is shown and is significant for all variables shown (P < 0.05), unless noted otherwise. Individual post
test comparisons are indicated as different letters. Bars with different symbols or letters represent groups with significant (P < 0.05) differences from one
another, and bars sharing the same letter are not different from one another.

compared with CD in RESV fetuses (Figure 7A). In addition, in WSD-exposed livers, protein expression
of SIRT3, a deacetylase for MnSOD that promotes resolution of oxidative stress, was decreased by 27%
(P <0.05) (42, 43). SIRT3 protein expression in the RESV group was not different compared with CD- or
WSD-exposed livers (Figure 7, A and B). Acetylated p53 (Ac-p53), another target of SIRT3 that mediates
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apoptosis and oxidative stress (44), was also decreased in the WSD-exposed fetal liver and improved to CD
levels in RESV livers (Figure 7, A and B). Phosphorylated JNK (pJNK) protein expression was increased
in WSD-exposed livers (20), and its expression in the RESV group was not different compared with the CD
or WSD groups (Figure 7, A and B). Total JNK and the ratio of pJNK/total JNK was similar to levels of
CD in RESV fetuses (Figure 7A).

Factors associated with increased fetal liver SHG collagen deposition. We next measured the association
between SHG signal area and umbilical artery measurements that we previously reported in CD and WSD
fetuses (22), including blood lactate concentrations, partial pressure of carbon dioxide (pCO,), partial
pressure of oxygen (pO,), oxygen saturation (SO,), oxygen content (O,), and pH. SHG area was posi-
tively correlated with pCO, and lactate and inversely associated with pH (Figure 7C). SHG area also was
inversely correlated with pO,, SO,, and O,, which are measures of fetal oxygenation (Figure 7C). Impor-
tantly, umbilical arterial pO, was increased in both the DR group, as previously reported (22), and the
RESV group compared with the WSD group (Table 1). Further, umbilical arterial pO, in CD, WSD, DR,
and RESYV fetuses was inversely correlated with SHG area (Figure 7D), supporting a relationship between
hypoxemia and fibrosis.

Discussion

Here, we demonstrate that maternal WSD exposure is associated with fibrillar collagen deposition and
classic HSC and myofibroblast activation markers in the portal zone in NHP fetal liver. This pattern of col-
lagen deposition occurred without hepatic or systemic inflammation and persisted in the periportal zone in
maternal WSD-exposed offspring at 1 year of age. Our data further demonstrate that preventing WSD-in-
duced oxidative stress in obese mothers either by diet switching or resveratrol treatment reduced collagen
deposition and triglyceride content and attenuated markers of HSC activation in the fetal liver.

Clinically, children with zone 1 (periportal) distribution of fibrosis have an important subphenotype
of pediatric NAFLD; they are characterized by increased periportal-based (vs. pericentral) inflamma-
tion relative to similarly affected adults (12, 45). SHG imaging is a highly sensitive technique that
detects fibrillar collagens quantitatively, compared with more standard histological techniques, and has
been efficacious in detecting subtle changes in periportal collagen deposition in pediatric NAFLD (24,
25, 46). SHG signal intensity represents the amount of collagen present; if the intensity is higher, it
suggests that more collagen is present, possibly due to increased collagen density, while increased SHG
area suggests that the extent of collagen spread is greater. Here, we found increased periportal fibrillar
collagen intensity and area in the WSD-exposed fetal liver compared with CD-exposed livers. This pat-
tern suggests that exposure to maternal WSD initiates spreading of collagen outward from the portal
triads, which is associated with progression of NAFLD (8, 47). We also detected increased central vein
SHG signal intensity, but not area, in the fetal liver, suggesting an increase in central vein collagen den-
sity. Overall, these observations suggest that exposure to maternal WSD increases collagen formation
in discrete regions of the liver indicative of early fibrogenesis beginning in utero, much earlier than
previously believed in the evolution of pediatric NAFLD (9, 48).

Upon liver injury, HSCs transform into myofibroblasts that express ACTA2 (49). WSD-exposed fetus-
es had increased ACTA2" and TIMPI* cells in the portal triad regions, as well as increased ACTA2 and
TIMPI double-positive cells. TIMPI is induced and secreted by HSCs activated by macrophages and oxi-
dative stress (31, 32, 50). In addition, TIMPI suppresses apoptosis of HSCs, which may lead to continued
activation of HSCs to drive fibrosis (49, 51). While expression of collagen synthesis and HSC activation
genes was significantly higher in whole-liver tissue from the WSD group compared with the CD group,
we did not detect maternal WSD-driven increases in whole-liver expression of ACTA2, TGFBI, and other
HSC activation-associated genes. This suggests that maternal WSD is associated with a highly localized
pattern of collagen deposition that is difficult to detect when analyzing total liver RNA, because portal
triad HSCs/myofibroblasts only represent a small portion of total liver cells. Interestingly, we found that
switching WSD females to CD prior to and during pregnancy normalized SHG collagen intensity and area
and expression of ACTA2, but not TIMPI, in DR fetal livers. This suggests that a subset of profibrogenic
HSCs is sensitive to diet (52, 53), rather than a single homogenous cluster of activated HSCs, as described
previously in mouse models of NASH (54-56). In another NHP model of maternal high-fat diet/obesity,
baboon fetuses showed downregulation of Wnt-associated miR-199a-5p and miR-182-5p, a pattern asso-
ciated with fibrogenesis (57, 58). Together, these results suggest that in utero exposure to maternal WSD is

JCl Insight 2021;6(24):e154093 https://doi.org/10.1172/jci.insight.154093 10


https://doi.org/10.1172/jci.insight.154093

RESEARCH ARTICLE

A
2.5
a
(5]
c 2.0 b b b
% a o a 0o Aa, b b
o 154 °,ab a o8 a % .
13 8 ° ° b ab 2 b ° o 8 o
° ° |5 o o o |o
£ 10+ 5+ e e ° -
< o 8 ol[® LG
* o054 ]|° .
0.0 T T T T
Q B\ g
O S e
S & S <€~ § N 5 N
@Q OO\ .\\o\v ) 'b° Q &O
& & <
N\ o S
& &
&
B C
CcD WSD RESV
pCO,+
MnSOD | - ——l I---| ‘—‘-“‘_25 kDa
25 kD Lactate
-, a
Ac-MnSOD | - - "| .— --| "" _—— ‘
PO,
SRT3 || |28k SO,
acpss [ [ | [ o o [B3kDa 0,
—54 kDa
PINK - —46 kDa PR
¥ ) B9 |54 kDa ! ! ! ! ! !
JNK - - - “f ! l -0.6 -04 -02 0.0 0.2 04 06
- - b —46 kDa : -
Correlation coefficient of SHG area
in portal triads
Maternal WSD Fetal liver
D
5 Hypoxia
(2]}
®
Eg °o
— O 44 o .. g " Increased
S € ) Oxidative stress dendritic cells
8.% 3] © ocp @ T l Fibrosis
£ o e © Diet reversal Portal zone
T = Resveratrol aA .
85 o -
= o Y §
0 < 29 R=0.135 ° e o W@l > **
73 P=0.025 ) _ .
Stellat Il Fibroblast
1 T T T 1 (Quiescent)  (resting) steatecol Myofirablst
0 5 10 15 20 25 !
Umbilical artery PO,, mm Hg T, TpT
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from one another, and bars sharing the same letter are not different from one another. (C) Correlation coefficients for portal triad SHG signal area vs.
umbilical artery cord blood measurements, using Pearson correlation coefficient to obtain the P values listed. *P < 0.05, **P < 0.005. (D) SHG area
vs. umbilical artery pO, measurements in CD (blue), WSD (yellow), DR (green), and RESV (purple) groups. (E) Maternal WSD increases hypoxia, fetal
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temporally and spatially associated with an increase in activation of profibrotic pathways in the fetus and
may explain earlier-onset severe disease noted in some children with NASH (4, 9).

WSD-exposed fetuses showed an increase in classic markers of oxidative stress in the liver, including
increases in TBARS content, 4-HNE labeling, and JNK activation (20, 22, 59). Lipid peroxidation products
(such as 4-HNE) and free radicals produced by oxidative stress cause activation of HSCs and myofibro-
blasts (60, 61), which can lead to collagen deposition and fibrosis. Here, we demonstrated that supplemen-
tation of WSD-fed mothers with resveratrol reduced fetal hepatic oxidative stress, decreased periportal
collagen deposition, and decreased ACTA2* and ACTA2 and TIMPI double-positive portal triad HSCs/
myofibroblasts to levels comparable to CD fetuses. Activation of oxidative stress in WSD-exposed fetuses
may result from decreased umbilical artery oxygenation (22) and impaired placental function (22, 62, 63).
Importantly, we found that SHG area correlated positively with markers of fetal hypoxemia, suggesting
that fetal stress and hypoxemia might be drivers of liver fibrosis in utero. Children who were born with low
birth weight have a 2-fold increased risk for severe fibrosis (11), which may result from hypoxemia in asso-
ciation with growth restriction. Interestingly, experimental hypoxia-induced growth-restricted guinea pigs
have increased fetal liver expression of Tgfbl and Mmp2 as well as a trend for increased periportal collagen
via trichrome staining (64). This suggests that fetal hypoxemia, in addition to lower antioxidant activity in
the fetal liver (17-19), drives some aspects of early fibrosis development in WSD-exposed fetuses. Of note,
resveratrol increases uterine artery blood flow in our model (38), likely increasing fetal O, delivery, and
crosses the placenta (38, 65, 66). This may confer a protective effect on fetal livers via direct effects in the
liver or improved oxygen supply to the fetus. However, the therapeutic utility of resveratrol is limited by
potential adverse effects in other developing fetal organs (38). As previously reported, maternal diet reversal
reduced TBARS, improved fetal oxygenation, and normalized triglyceride levels (22); we show here that it
normalized expression of collagen synthesis genes and a subset of HSC activation genes in whole liver and
partially normalized RNA markers of HSC activation in portal triads. We note that SHG signal area in the
RESV group is not different compared with that in the WSD group. However, both SHG signal area and
SHG signal intensity were decreased in the DR group compared with the WSD group. Additionally, SHG
area did not correlate with the length of time mothers were on the WSD. Collectively, this demonstrates
that maternal diet, rather than obesity per se or length of time on WSD prior to pregnancy, is an important
modifiable risk factor for fetal collagen deposition and steatosis.

One of the unique findings in the present study is the increase in DCs coupled with a decrease in TEM
CD4* T cells in the third trimester fetus in response to maternal WSD. This increase in DCs could be
mediated by either increased recruitment into or production by the fetal liver in response to WSD exposure.
DCs in healthy livers are largely immature and carry out tolerogenic responses to damage but change their
function as liver damage progresses and may drive proinflammatory cytokine production and worsen liver
damage in later stages of NAFLD (67). Despite an increase in DCs, we found no evidence for increased
recruitment of CD68* macrophages to the portal triad regions and no increase in inflammatory cytokines
or NF-«kB activation in WSD-exposed fetal liver or serum. Notably, inflammation is an adaptive response to
tissue injury and a critical process for restoration of tissue functionality and homeostasis. During the third
trimester, the primitive innate immune system, sourced by hematopoietic stem cells in the fetal liver, is in a
developmental stage associated with a transition to postnatal hematopoiesis (68). Whether the persistence
of fibrosis and lack of inflammation in utero is due to delayed maturation of the fetal innate immune sys-
tem, lack of factors that stimulate production of inflammatory mediators, or lack of signals necessary for
attracting macrophages to the site of liver injury, e.g., damage-associated molecular patterns, remains to be
investigated. However, in livers from 1YO offspring of WSD-fed mothers with insulin resistance, we found
an increase in macrophage recruitment and markers of inflammation, including ILIB, CD68, and CDI11B in
whole-liver tissue, and isolated hepatic macrophages were hyperresponsive to LPS (21). This suggests that,
postnatally, macrophage recruitment and activation play a role in fibrosis development and liver inflamma-
tion in our model, similar to that observed in human NAFLD (6). These findings were observed in mater-
nal WSD-exposed 1YO offspring regardless of postnatal diet, thus maternal WSD exposure may prime the
offspring liver for inflammation later in life, potentially via oxidative stress in utero.

The increase in DCs coupled with a decrease in TEM CD4" T cells could indicate an impaired ability
to activate T cells in WSD-exposed fetal livers. CD4* T cell expansion and activation, driven by DC-medi-
ated antigen presentation, is key for initiating and worsening inflammation and fibrosis in NAFLD in some
cases and stages of the disease, but evidence also exists for a role for CD4" T cells in promoting resolution
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of inflammation and fibrosis (69, 70). Isolated liver macrophages from the WSD group demonstrated a
blunted /L1B and TNF response to bacterial LPS, suggesting a functional dysregulation in fetal myeloid
cells. These observations are consistent with those of a study of cord blood from babies born to obese
mothers, showing dampened monocyte and DC response to TLR ligands and shifts in the proportions of
CD4" T cells (71). We speculate that this blunting of macrophage activity is a result of immune tolerance
as a compensatory mechanism in response to challenges associated with WSD exposure. The net effect of
these changes may set the stage for immune cell dysfunction and altered microbiome community structure
and function postnatally (72-74). Future studies will identify if epigenetic reprogramming takes place in
liver-derived macrophages that control inflammation, both in utero and postnatally.

Despite the robust link established between maternal obesity and offspring NAFLD, a key unanswered
question is what is the nature of the primary molecular mechanism(s) driving the pathogenesis of the disease.
Our results suggest that HSCs and myofibroblasts are sensitive to maternal WSD-associated oxidative stress
in the fetal liver, which is spatially and temporally accompanied by periportal fibrosis, prior to emergence of
inflammation (Figure 7E). The fetal liver receives approximately 80%—95% of oxygen- and nutrient-rich blood
from the portal triad from the placenta via the umbilical vein, with the remainder supplied by the hepatic
artery and little, if any, contribution from the portal vein, unlike in adults (75, 76). It is tempting to speculate
that the unique blood supply to the portal triad during development, combined with factors produced by
the WSD-exposed placenta (hypoxia, excess fatty acids), drives oxidative stress and HSC activation locally,
making the region uniquely susceptible to liver injury that persists postnatally in pediatric NAFLD. Crucially,
maternal diet intervention and resolution of fetal oxidative stress are capable of preventing these outcomes.
This has important clinical implications, as maternal diet is a modifiable risk factor in women prone to obesity
or excess weight gain, which could be leveraged to possibly prevent or delay onset of pediatric NAFLD and
metabolic disease in the next generation. Further follow-up studies are underway in tissues and cells from
juvenile NHP offspring to determine the molecular mechanisms unique to pediatric NAFLD progression.

Methods

Maternal WSD-induced obesity model. Adult female Japanese macaques were fed WSD (36.6% calories from
fat with 5.5% fructose and 8.8% sucrose) for 2-9 years prior to conception and throughout pregnancy to
produce chronic WSD-induced obese mothers or maintained on CD (14.6% calories from fat with 2.8%
sucrose and 0.2% fructose) as described previously (22, 77). Maternal body composition was measured by
dual-energy X-ray absorptiometry (Hologic QDR Discovery A; Hologic Inc.) before pregnancy. Mater-
nal body weight, plasma insulin, and glucose measurements were collected, and i.v. glucose tolerance tests
were performed during the early third trimester of pregnancy (20, 38, 62). The data herein include singleton
fetuses from CD- and WSD-fed mothers studied between 2008 and 2014 (23, 78). At approximately 130
days of gestation (gestation period is 165 days), fetuses were delivered by cesarean section while mothers
were under anesthesia. Before cutting the umbilical cord, umbilical artery and venous blood samples were
drawn from a section of cord that was clamped on each end (22). Umbilical artery serum samples were
immediately analyzed for blood pO,, and venous and arterial serum was stored at ~80°C for later analyses.
Fetal weights were measured, and liver tissue samples were flash frozen in liquid nitrogen and processed for
histology or stored at —80°C for subsequent analyses.

Two additional cohorts of fetal offspring were studied following maternal diet interventions. One cohort
of obese females fed a chronic WSD for 7 years (n = 7) was placed on WSD supplemented with resveratrol
to a final diet concentration of 0.37% (38) for 3 months prior to and throughout pregnancy. This produced
maternal and fetal concentrations of resveratrol at 0.21-1.01 ng/mL and 0.91-1.93 ng/mL, respectively
(38). Following cesarean section, these females were returned to WSD without resveratrol. Two years later,
5 of these same females were switched, as a group, to CD prior to the fall breeding season, allowed to breed
naturally, and maintained on CD throughout pregnancy (22). The maternal phenotype was measured, and
after cesarean section, fetal measurements and samples were collected as described earlier.

A cohort of offspring from CD- and WSD-fed mothers were born naturally and maintained with their
mothers on their respective diets until weaning at approximately 6 months of age (21). At weaning, both
CD- and WSD-fed offspring were placed on CD. At 1 year of age, the animals were sacrificed, and liver
tissue samples were collected (21).

Blood analyses. Umbilical arterial (systemic fetal) blood levels of glutamate, serine, and glycine were
measured in a previous metabolomic experiment (22) and are reported here as the ratio of glutamate to
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serine + glycine (Glu/[Ser+Gly]) (39). Fetal cytokines, chemokines, and growth factors were measured
using a 29-plex Luminex NHP-specific cytokine panel (Thermo Fisher Scientific) using paired umbilical
vein and artery serum samples collected at cesarean section. Serum levels were compared between vein
and artery samples from the same fetus for each cytokine. The average of the vein and artery samples was
calculated and used for each fetus and presented relative to the mean of the CD group for each cytokine.

Liver histology and IHC analysis. Liver tissue samples from the left lobe (fetal and 1YO offspring) were
fixed in 10% zinc/formalin for 24 hours followed by storage in 70% ethanol. Samples were paraffin-embed-
ded and 5 pm thick sections were prepared on slides. SHG signal was acquired from unstained paraffin
slides using a Zeiss 780 LSM laser-scanning confocal/multiphoton-excitation fluorescence microscope
with a 34-channel GaAsP QUASAR detection unit and nondescanned detectors for 2-photon fluores-
cence. The imaging settings were initially defined empirically with multiple samples to maximize the
signal-to-noise ratio and to avoid signal saturation. These settings were kept constant for all measure-
ments for comparative imaging and analysis. Six percent of a 2-photon Mai Tai laser (Spectra-Physics)
tuned to 800 nm was used for excitation and emission signals corresponding to the autofluorescence and
SHG signals, which were detected simultaneously through nondescanned detectors. Image processing
was performed using Zeiss ZEN 2012 software. Eight to 12 fields of view (FOVs) containing 1-2 portal
triads or 1-2 central veins were obtained for each liver sample using random blinded sampling, although
portal triads were selected to be roughly similar sizes between the diet groups. Images were analyzed and
quantified with ImageJ software (NIH) in order to obtain SHG signal intensity and area of SHG signal
per FOV. The average values for all portal triad regions and central vein regions per animal were obtained.

For THC detection of CD68" or SI00A6* cells, slides were dehydrated with xylene and ethanol, and antigen
retrieval was performed using citrate buffer (Advanced Cell Diagnostics [ACD]). Slides were immunolabeled
with mouse CD68 (Agilent) or mouse S100A6 (Thermo Fisher Scientific) (Supplemental Table 3) followed
by labeling with ImmPRESS anti-mouse IgG-HRP-conjugated secondaries antibody (Vector Laboratories).
Staining was developed with DAB standard protocol (Vector Laboratories), counterstained with Hematoxylin
QS (Vector Laboratories), and mounted with VectaMount solution (Vector Laboratories). Two sections per
sample and 9-11 FOVs within 1 of the sections surrounding 1 portal triad each were analyzed. CD68* cells
were counted by investigators without knowledge of treatment group. S100A6 signal was quantified in the
periportal regions with a custom-made Visiopharm application. Thresholding was applied to remove quantifi-
cation of nonspecific background staining, and size filtering was performed to exclude all DAB* signal with an
area below 35 pm? and above 1000 um? in order to quantify only bile duct cells expressing S100A6. The area of
the signal of cells meeting these criteria was calculated and expressed relative to total tissue area.

In situ mRNA hybridization. Dual chromogenic RNAscope detection was used to perform in situ mRNA
hybridization according the manufacturer’s protocol (ACD). Slides with 5 um sections were deparaffinized
in xylene, followed by rehydration in a series of ethanol/water washes. Following citrate buffer (ACD) anti-
gen retrieval, slides were rinsed in deionized water and immediately treated with protease (ACD) at 40°C
for 30 minutes in a HybEZII hybridization oven (ACD). Probes directed against a-smooth muscle actin
(ACTA2) and TIMP metallopeptidase inhibitor 1 (77MPI) mRNA and control probes were applied at 40°C
in the following order: target probes, preamplifier, amplifier, and label probe. After each hybridization step,
slides were washed 2 times at room temperature. mRNA chromogenic detection was performed followed
by counterstaining with Hematoxylin QS (Vector Laboratories). Staining was visualized using an Aperio
CS2 whole slide scanner with a x40 objective (Leica Biosystems). Images were analyzed in ImageScope
software (Leica Biosystems). Eight to 10 portal triads were imaged per sample, and ACTA2*, TIMPI*, and
ACTA2 and TIMPI double-positive cells were counted surrounding the portal triads.

Fetal liver tissue analyses. RNA was extracted from fetal liver (left lobe) samples, and gene expression was
measured for collagen synthesis genes (COL1A1, COL3A41, ACTA2, TGFBI, PGDFA, PDGFRB, TNFSF12,
LGALS3, FAP), markers of endothelial activation (AKAPI2, VEGFA, VCAMI, ICAMI), YAP/TAZ activa-
tion (WWTRI1, EZH?2), myeloid cell antiinflammatory function (TREM?2), and inflammation (CCR2, ILIB,
TLR4, CD11B) using real-time qPCR (LightCycler 480, Roche) as described previously (21). The geomet-
ric mean of ribosomal protein S15 (RPS15), B-2 microglobulin (B2M), and hydroxymethylbilane synthase
(HMBS) was used to normalize the data. See Supplemental Table 4 for primers. Data are presented relative
to the mean of the CD group.

Whole cell lysates were prepared from fetal liver tissue (left lobe), and Western blotting was performed
as previously described (79). Specificity of antibodies was verified by the presence of a single band at the
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expected molecular weight. Samples were run on 2 blots, with a loading control sample on each blot that
was used to normalize data and compare data across blots. Representative blots and samples for each pro-
tein of interest are shown. Primary antibodies (Supplemental Table 3) at 1:500 dilution and appropriate
secondary HRP-conjugated antibodies were used. Protein expression was quantified by densitometric anal-
ysis (22). Actin protein expression was measured to confirm equality of loading. Abundance of phosphor-
ylated or acetylated proteins is expressed relative to total protein abundance. Data are presented relative to
the mean of the CD group. TBARS and liver triglycerides were measured as previously described (22). CD,
WSD, and DR liver triglycerides and TBARS have been previously published (22).

Liver mononuclear cell isolation. Liver mononuclear cells were obtained via perfusion and collagenase
digestion of a portion of the right lobe of the liver from CD- and WSD-exposed fetuses (21). Briefly,
hepatocytes were removed from the total mixture of digested cells by centrifugation at 100g for 5 minutes.
The supernatant containing all nonparenchymal cells was filtered and spun at 800g for 10 minutes at 4°C
to pellet nonparenchymal cells. Cells were resuspended in 24% Histodenz (MilliporeSigma), and gradients
were prepared and spun at 1500g for 20 minutes at 4°C with brake turned off. Cells at the interface (referred
to as liver mononuclear cells) were collected and washed, and aliquots were either cryopreserved in 90%
FBS/10% DMSO, stored at —80°C, and used for flow analysis or used for isolating primary hepatic macro-
phages (described below).

Characterization of liver immune cell proportions. Cryopreserved liver mononuclear cells were thawed and
immunolabeled with various antibodies and run on a flow cytometer (LSRII, BD Biosciences) to charac-
terize liver immune cell proportions via fluorescence-activated cell sorting, with myeloid and lymphoid
panels similar to published panels (80). 100,000 live cells were analyzed in each experiment. The myeloid
panel included CD3, CD20, CD16, CD11c, CD14, CD123, CD8a, and HLA-DR and the lymphoid (T
and B cell) panel included CD20, CD8b, CD4, CD27, CCR7, CD28, CD95, and IgD-biotin paired with
Alexa Fluor 700 streptavidin (Supplemental Table 3). Subsets of CD8* T cells were not reported due to a
low overall cell count. Compensation controls were run with ultracomp ebeads (Thermo Fisher Scientific)
during each run, and fluorescence minus one control was run for each fluorophore in the panel.

Liver macrophages and LPS stimulation. Liver mononuclear cells were plated on tissue culture plates in
complete DMEM (with 2 mM L-glutamine, 1X pen/strep, 10 nM insulin, 100 nM dexamethasone, and
10% FBS) plus 55 uM 2-mercaptoethanol. After a 1- to 2-hour incubation, nonadherent cells were aspirated
and media were replaced on the adherent cells, representing hepatic macrophages (81). Hepatic macro-
phages were incubated in complete media plus 2-mercaptoethanol for 24 hours. Hepatic macrophages were
next incubated with serum-free media (DMEM with 2 mM L-glutamine, 1X pen/strep, and 0.1% BSA;
basal) or LPS (100 ng/mL) in serum-free media for 3 hours. Cells were harvested for RNA isolation and
gPCR analysis on IL1B, TNF, and SOCS3, as reported previously (21), as well as MCPI (CCL2), TLR4,
CCR2, IL6, IL10, IL12B, TGFBI, and NFKBIA. To normalize expression data across multiple sets of cDNA
synthesis and qPCR, the same 2 samples were run on each set and used to adjust data, and gene expression
was normalized to RPS15 and CD!1B to control for presence of RNA from nonmacrophage cells. Primers
are listed in Supplemental Table 4.

Statistics. Data were analyzed by 1-way ANOVA with fixed effect of maternal diet (CD, WSD, DR,
RESV) or 2-way ANOVA with treatment and maternal diet effects using Prism (Graphpad software v.
9). Individual post test comparisons (Fisher’s LSD test) were made when the overall ANOVA P value
was significant (P < 0.05 or P < 0.1 for 1-way ANOVA and P < 0.2 for 2-way ANOVA). For compari-
sons between CD and WSD groups alone, unpaired 2-tailed Student’s ¢ test was used, and significance
was determined as P < 0.05. When all values in the CD group were equal to 0 and variances were
significantly (P < 0.05) different between groups, in comparisons with the WSD group, an unpaired
1-tailed ¢ test was performed with Welch’s correction to account for inequality of variances. SHG imag-
ing, RNAscope, liver immune cell populations, serum cytokine concentrations, liver macrophage gene
expression, and liver protein expression, TBARS, and gene expression were measured in representative
subsets of fetuses, as indicated in figure legends. Outliers were detected with Grubb’s test and were
removed if P < 0.05.

Study approval. All animal procedures were conducted in accordance with the guidelines of the Insti-
tutional Animal Care and Use Committee of the Oregon National Primate Research Center and Oregon
Health & Science University. The Oregon National Primate Research Center abides by the Animal Welfare
Act and Regulations enforced by the United States Department of Agriculture.
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