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SUMMARY

Dietary fat composition has changed substantially during the obesity epidemic. As adipocyte
hyperplasia is a major mechanism of adipose expansion, we aim to ascertain how dietary fats
affect adipogenesis during obesity. We employ an unbiased dietary screen to identify oleic acid
(OA) as the only dietary fatty acid that induces obesogenic hyperplasia at physiologic levels and
show that plasma monounsaturated fatty acids (MUFAS), which are mostly OA, are associated
with human obesity. OA stimulates adipogenesis in mouse and human adipocyte precursor cells
(APCs) by increasing AKT2 signaling, a hallmark of obesogenic hyperplasia, and reducing
LXR activity. High OA consumption decreases LXRa Ser196 phosphorylation in APCs, while
blocking LXRa phosphorylation results in APC hyperproliferation. As OA is increasingly being
incorporated into dietary fats due to purported health benefits, our finding that OA is a unique
physiologic regulator of adipose biology underscores the importance of understanding how high
OA consumption affects metabolic health.
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In brief

Wing et al. identify dietary oleic acid (OA) as a driver of adipogenesis during obesity through
AKT?2 signaling and decreased LXRa activity. This increased fat cell formation contributes to
long-term fat mass and highlights the importance of understanding the effects of high OA levels in
diet.

INTRODUCTION

The obesity epidemic is the result of a complex interplay between genetic and environmental
factors. While associations between obesity and positive energy balance have been
established,1-3 increased obesity rates have also coincided with significant changes in dietary
composition, whose effects on adipose biology require further understanding. While the
impact of dietary sugars on obesity and metabolic disease has been extensively studied,*

the effect of modern dietary fat composition has received less attention. Although overall

fat intake increased marginally during the onset of the obesity epidemic,? the dietary fat
source has been altered substantially,®’ which has even resulted in modification of the fatty
acid composition of triglycerides stored in human adipose.® Given the coincidence of these
changes in dietary fat with the onset of the obesity epidemic, we aimed to understand how
variations in dietary fat composition impact obesogenic adipose expansion and weight gain.

During obesity, adipose tissue expansion and weight gain are driven by an increase
in adipocyte number (hyperplasia) and an increase in adipocyte size (hypertrophy).2:10
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While changes in hypertrophy can occur relatively rapidly and are reversible,1112 adipose
hyperplasia is persistent due to the long lifespan of adipocytes!3:14 and, thus, may contribute
to interminable weight retention.14 We and others have shown that the mechanisms driving
adipocyte hyperplasia are distinct from the mechanisms that establish adipocyte number
during development.15.16 Therefore, elucidating the mechanisms that regulate obesogenic
adipocyte hyperplasia is important for understanding the factors that drive sustained
increases in fat mass during obesity.

Adipocytes form via the proliferation and subsequent differentiation of adipocyte precursor
cells (APCs).16:17 In mice, a high-fat diet (HFD) activates APCs, inducing a transient

burst of proliferation during the first week of HFD consumption. These activated APCs
differentiate and accumulate lipids to form mature adipocytes, contributing to increased

fat mass.18 This obesogenic hyperplasia requires AKT2 signaling, which distinguishes
HFD-induced adipogenesis from the establishment of adipose tissue during development.1>
However, the identity of the diet-derived signal that stimulates AKT2 signaling in

APCs remains unknown. Since certain fatty acids can function as bioactive signaling
molecules®20 and previous studies of obesogenic hyperplasia primarily utilized lard-based
HFDs, we sought to determine if dietary fatty acid composition affects obesogenic
hyperplasia. Here, we show that dietary oleic acid (OA) is a necessary dietary obesogenic
signal for driving HFD-induced adipogenesis. We further show that OA regulates liver

X receptor (LXR) activity during the initiation of obesogenic hyperplasia and that APC
proliferation is modulated by the phosphorylation at S196 of LXRa.

Dietary fat composition modulates obesogenic adipogenesis

HFD feeding results in increased caloric consumption?1:22 and altered circadian food intake,
which are both associated with obesity.23 To determine whether obesogenic activation of
APCs is due to increased caloric intake, mice were pair-fed HFD to calorically match

mice fed a standard diet (SD) for 1 week. APC proliferation was then quantified using

flow cytometry and previously established markers identifying APCs (Figure S1A).1° In
the pair-fed mice, the HFD significantly increased epididymal white adipose tissue (EWAT)
APC proliferation compared to the SD (Figure 1A), despite the pair-fed mice consuming
an equivalent number of calories as control mice. To determine if altered circadian feeding
impacts obesogenic APC activation, we assessed APC proliferation in mice that were fed
ad libitum or restricted to nighttime or daytime feeding only. The HFD increased EWAT
APC proliferation compared toSD in mice fed either ad /ibitum or with time-restricted
feeding regimens (Figure S1B). These results indicate that HFD-induced APC activation

is not driven by increased caloric intake or altered feeding patterns associated with HFDs,
suggesting that diet composition dictates APC activation upon high-fat feeding.

To assess if the dietary fat source determines APC proliferation, mice were fed
commercially available HFDs (Table S1) with different fat sources for 1 week, and APC
proliferation was quantified. Mice fed the 45% and 60% kcal lard and 43% kcal milkfat
HFDs demonstrated increased EWAT APC proliferation compared to mice fed the SD.
Mice fed the 58% coconut oil diets containing either cornstarch (CS) or sucrose (Suc)
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as the carbohydrate source did not have increased APC proliferation compared to mice

fed the SD, despite their substantial fat content (Figure 1B). Of note, there was no
significant difference in subcutaneous white adipose tissue (SWAT) APC proliferation on
any of the diets, consistent with the depot-specific patterning of obesogenic APC activation
in male mice (Figure 1C).15 To determine if diets that induce APC proliferation also
promote differentiation, we used the adiponectin-CreER mTmG (AdiER) mouse model

to quantify /7 vivo adipogenesis, as previously described.1® This system employs a dual-
color fluorescent reporter. Initially, all cells display red membrane fluorescence due to

the expression of membrane-targeted dTomato. Upon administration of tamoxifen, Cre
recombinase expression is induced in adipocytes. This Cre expression triggers an irreversible
genetic switch, causing these cells to switch from dTomato expression to GFP expression.
The result is a permanent transition from red to green fluorescence, specifically in the
mature adipocytes that express the tamoxifen-inducible Cre recombinase (Cre-ER [estrogen
receptor]) at the time of tamoxifen treatment. Mice were treated with tamoxifen, followed
by a recovery period, and then fed different diets. We observed significantly more EWAT
adipocyte formation in mice fed a lard-based HFD compared to the coconut-oil-based-HFD-
and SD-fed mice. In contrast, the coconut HFD did not increase adipocyte formation
compared to the SD, while SWAT adipogenesis was unchanged in all diets (Figures 1D

and 1E). To further quantify the effect of dietary fats on adipocyte formation, we performed
a BrdU pulse-chase experiment where mice were given BrdU in drinking water during the
first week of the diet, which labels proliferating APCs, followed by a 7-week chase in

the absence of BrdU. After 8 weeks of diet consumption, EWAT was examined for BrdU-
labeled adipocyte nuclei to score mature adipocytes that formed from cells that proliferated
during the first week of the diet switch. The lard HFD increased mature adipocyte formation
compared to SD- and coconut-HFD-fed mice, which were not different (Figure 1F). These
results suggest that the type of dietary fat is a critical determinant of obesogenic hyperplasia.

To evaluate how differences in adipose hyperplasia impact long-term fat mass, mice

were fed the SD, lard HFD, or coconut HFD for 20 weeks. Quantification of adipocyte
hypertrophy indicated that adipocyte size distribution was similar between mice consuming
the coconut-oil- and lard-based diets (Figure 1G). Despite similar adipocyte size
distributions, EWAT mass was significantly increased in mice on the lard diet, suggesting
that the adipocyte hyperplasia induced by the lard HFD resulted in long-term fat mass
accumulation (Figure 1H). These results demonstrate that adipose hyperplasia is modulated
by diets with different fat compositions, with significant impacts on long-term obesity.

OA is a diet-derived driver of APC proliferation

While these results using commercially available HFDs suggest that the source of dietary
fat modulates APC proliferation, adipogenesis, and obesity, these diets were not matched in
fat quantity and contained variations in carbohydrate and protein composition, which could
affect adipogenesis. To isolate the role of dietary fats on adipose hyperplasia, we designed

a series of isocaloric 45% kcal fat diets, which are identical except for the source of fat
(Figure S1C and Table S1). Mice were fed these diets for 1 week along with drinking

water containing BrdU to quantify APC proliferation. After 1 week on the different diets,
EWAT APCs exhibited a range of proliferative responses to the HFDs, with some diets, such
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as fish and palm oil, inducing no significant change in APC proliferation, while soybean,
high-oleic (HO) sunflower, HO safflower, and peanut significantly increased proliferation
(Figure 2A). Consistent with previous findings in male mice, subcutaneous WAT (SWAT)
APC proliferation did not significantly increase on any of the diets. These data establish that,
when controlling for macronutrient contributions, carbohydrate sources, and caloric content,
the dietary fat source regulates APC proliferation.

To assess how the dietary fat source affects adipogenesis, diets were fed to the AdiER mouse
model for 8 weeks. In addition to increased APC proliferation, the lard, olive, soybean,

and HO safflower diets also significantly increased EWAT adipocyte formation compared

to the SD (Figures 2B and 2C). However, the HO sunflower and peanut diets, which

induced the highest APC proliferation, resulted in lower rates of adipogenesis and were not
significantly greater than the SD. Additionally, consistent with the APC proliferation data,
SWAT adipocyte formation was much lower than EWAT and displayed less variation in
response to the dietary fat source. These data suggest that dietary fat modulates both APC
proliferation and differentiation and potentially influences precursor fate.

One possible mechanism by which OA may influence obesogenic adipogenesis is via
insulin signaling, as insulin plays a direct role in adipogenesis.2> Furthermore, insulin
secretion is augmented by certain fatty acids,26:27 and insulin is a well-known driver of
AKT?2 phosphorylation,28:2% which is required for obesogenic adipogenesis.1® Therefore,
we next evaluated whether changes in circulating insulin are associated with diet-driven
adipogenesis. Mice were fed the complete diet screen for 3 days, which is the peak

of HFD-induced APC proliferation,1® and plasma insulin was quantified from non-fasted
mice. Fed plasma insulin in the different HFDs demonstrated no correlation to EWAT
APC proliferation (Figure S1D) or adipocyte hyperplasia (Figure S1E). In addition, HFD
feeding stimulates phosphorylation of AKT2 in SWAT APCs (Figure S1F), similar to
EWAT,1® despite the lack of adipogenic response to the HFD in male SWAT. Thus, while
AKT?2 signaling is a necessary component of obesogenic adipogenesis, it is not sufficient.
Therefore, it is unlikely that dietary fat composition regulates adipogenesis through changes
in insulin signaling alone.

To understand how dietary fat impacts adipose hyperplasia, fatty acid mass spectrometry
analysis was performed to quantify the fatty acid composition of each diet. Of the dietary
fatty acids, OA was the only fatty acid present in all diets that significantly correlated

with EWAT APC proliferation (Figure 2D; Table 1). This relationship contrasted with
other abundant dietary fatty acids, such as 16:0, 18:0, and 18:2n-6, which do not associate
with APC activation. We next tested the correlation of dietary OA to APC proliferation

via two different approaches. First, mice were fed an SD supplemented with triglyceride
containing only OA (tri-oleate) to 45% kcal fat, matching the custom diet series. When
mice were fed this diet for 1 week, the tri-oleate diet was sufficient to increase EWAT APC
proliferation (Figure 2E). Next, we fed mice an SD supplemented to 45% kcal with either
stearic acid (18:0), OA (18:1), or linoleic acid (18:2). Of these diets, only the OA-enriched
diet induced EWAT APC proliferation, while stearic and linoleic acid diets did not increase
APC proliferation (Figure 2F).
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We next determined how dietary fat composition affects plasma fatty acids. Total fatty

acids and OA were quantified in plasma over time as mice adapted to HFD consumption.
The plasma levels of total fatty acids and OA peaked on day 3 and decreased on day 7
(Figures 2G, 2H, and Table S2). This pattern mimics the previously determined pattern

of APC proliferation, which also peaks on day 3 of HFD consumption and subsides by

day 7,15 supporting an association between diet-derived OA and APC proliferation. In

the diet screen, the plasma levels of many fatty acids relate to their dietary levels. While

this includes essential fatty acids, as expected, it also includes non-essential fatty acids,
including palmitate and OA (Table S3). Furthermore, APC proliferation positively correlates
to plasma OA (Figure S1G and Table S4) and monounsaturated fatty acids (MUFAS), which
are mostly comprised of OA (Table S5). While APC proliferation also negatively correlates
to plasma 8:0 and 16:2, 8:0 was only present in one diet, and 16:2 was not detected in any of
the diets. These results show that APC proliferation is linked to plasma OA concentrations,
which are influenced by OA consumption.

To determine if increased plasma OA is sufficient to drive APC proliferation, OA was
administered directly into the blood stream via a jugular catheter. This method of OA
delivery significantly increased plasma OA (Figure S1H) and increased EWAT APC
proliferation (Figure 2I). These data establish that dietary OA increases plasma OA, thereby
stimulating APC proliferation /n vivo.

Finally, to determine whether plasma fatty acids are related to human obesity, we

consulted available data from the UK Biobank, which includes quantification of 249 plasma
biomarkers from 500,000 participants living in the UK.2430 In examining hazard ratios for
participants diagnosed as obese or overweight, we found that percent MUFA in plasma
exhibited the highest hazard ratio of the metabolites measured (Figure 2J). Given that OA is
the major MUFA in plasma and diet, these results suggest that OA consumption plays a role
in human obesity.

OA-driven adipogenesis requires AKT2 signaling

To determine if OA affects APCs directly, we established the effects of fatty acids on
primary APC differentiation /in vitro. Primary APCs were isolated from lean mice and
cultured /n vitro, followed by induction of adipogenesis using insulin alone, an adipogenic
cocktail of insulin, dexamethasone, and 3-isobutyl-1-methylxanthine (MDI), or insulin alone
supplemented with a panel of individual fatty acids. Of the fatty acids screened, only OA
(C18:1) and palmitoleic acid (C16:1) significantly increased lipid accumulation compared
to insulin-only controls (Figure 3A). Cells were treated with 100 uM of each fatty acid,
which is a physiologic level of OA but a hyperphysiologic level for plasma palmitoleic acid,
which is less than 10 pM3132 (Table S2). These data suggest that OA is the only fatty

acid that is a physiologic driver of adipogenesis. Finally, to determine whether OA also
increases adipogenesis in human APCs, primary APCs were harvested from human adipose
samples and differentiated with or without OA. OA robustly increased lipid accumulation in
human APCs compared to controls (Figure 3B). Taken together, these data suggest that OA
increases APC differentiation in both mice and humans.

Cell Rep. Author manuscript; available in PMC 2025 May 13.
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Next, we sought to identify the OA-stimulated pathways involved in obesogenic
adipogenesis. AKT2 signaling is a hallmark of obesogenic adipogenesis, distinguishing this
process from hyperplasia during the establishment of adipose during normal development.1®
First, flow cytometry on day 3 of diet treatment showed that a low-OA HFD (coconut oil)
does not stimulate AKT2 phosphorylation at Ser473 in EWAT APCs (Figure S2A), which
indicates that high dietary fat consumption is not sufficient to activate AKT2 signaling.

To determine if OA activates AKT2, we quantified AKT2 phosphorylation in OA-treated
primary APCs. After 3 h of differentiation, OA supplementation significantly increased
Ser473 phosphorylation compared to insulin alone (Figures 3C, 3D, and S2B-S2D).

We then determined if AKT2 is required for OA-induced differentiation using Akz2/~
primary APCs differentiated with MDI, insulin, or insulin supplemented with OA. While
there was no difference in adipogenesis between wild-type (WT) and Akz2~ APCs when
treated with insulin alone or MDI, Akz2~ APCs showed decreased differentiation relative
to WT when treated with OA, indicating that OA-enhanced adipogenesis occurs through
AKT?2 signaling (Figure 3E). In addition, OA treatment induced adipocyte markers, such

as Ppary, Cebpa, Adipog, Fabp4, and Plin, in WT APCs but not in Akz2~ APCs (Figure
3F), further supporting that OA-stimulated adipogenesis requires AKT2. Finally, to quantify
the /n vivoimpact of AKT2 signaling on diet-induced APC proliferation, WT and Akz2”

~ mice were fed either an SD or an SD supplemented with OA to 45% kcal fat. The
OA-supplemented diet stimulated EWAT APC proliferation in WT mice but not in Akz2/~
mice (Figure 3G). There was no difference in SWAT APC proliferation in either WT or
Akt2"~ mice fed the OA-supplemented diet (Figure S2E). These data show that OA-induced
proliferation and differentiation are dependent on AKT2 signaling in APCs, linking OA to
the known mechanism of obesogenic hyperplasia /n vivo.

LXR signaling and phosphorylation inhibit diet-driven APC proliferation

One potential mechanism of OA-enhanced APC proliferation is signaling through free

fatty acid receptors. Gprl20 and Gpr40 bind to medium- and long-chain fatty acids, and
Gpr120 has been implicated in adipose hyperplasia.33-35 To establish whether either of these
receptors is responsible for OA-induced APC proliferation, Gpr120 knockout (Gpr120K0)36
and Gpr40KO37 mice were fed a 60% lard HFD for 1 week with BrdU treatment. Both

KO models demonstrated a significant increase in APC proliferation in response to HFD
compared to SD controls (Figure S3A), indicating that these receptors are not required for
OA stimulation of APC proliferation.

To assess how dietary OA activates APCs, we performed RNA sequencing (RNA-seq) on
APCs sorted from mice fed a 60% kcal lard HFD for 3 days, when APC proliferation
peaks.1® To identify pathways related to diet-induced hyperplasia, we took advantage of the
fact that APCs of female mice proliferate in both in both EWAT and SWAT in response

to HFD.18 Thus, we scrutinized pathways that were common between the hyperplastic
tissues (female SWAT and EWAT and male EWAT) and not affected in male SWAT. Of
these pathways, the downregulation of LXR/retinoid X receptor (RXR) activation was of
particular interest given its ability to regulate cell proliferation38 and the role of LXR in
lipogenesis and adipogenesis3? (Figure 4A). While Lxra is highly expressed in APCs, there
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was no significant change in Lxra expression in the APCs of HFD-fed mice (Figure S3B).
However, an analysis of LXR activity in 3T3L1 cells transfected with a luciferase LXR
reporter construct demonstrated that OA downregulates LXR transcriptional activity, while
the LXR agonist T0901317 (TO) increased activity (Figure 4B). Given that LXRa, and not
LXRB, interacts with fatty acids,*0 these data support that OA acts via LXRa in adipogenic
cells.

To examine how LXR activation impacts adipogenesis, 3T3-L1 cells were differentiated
with MDI or MDI supplemented with OA or OA and TO. OA induced differential expression
of 195 genes relative to MDI control (Figure 4C). Consistent with its role in APC activation,
the top pathways affected by OA treatment included cell-cycle- and checkpoint-regulated
pathways (Figure S3C). Importantly, LXR agonist TO restored most OA-regulated genes
and pathways (Figures 4C and S3D), which supports that LXR is a major effector of OA

in adipogenesis. As LXRa. is a central regulator of lipogenesis,*! we further analyzed

the effect of OA on lipogenic genes involved in OA synthesis. OA treatment dramatically
decreased two stearoyl-coenzyme A desaturases (Sca), Scdl and Sca2 expression (Figure
4D), with no effect on the expression of Srebp1 or the other lipogenic genes, E/ovl6, Fasn,
or Accl (Figure S3E). This downregulation of the stearoyl desaturases was reversed with the
addition of TO. As Scdl and Scd? catalyze the rate-limiting step in OA synthesis, 2 these
data suggest that OA feedback does not generally affect lipogenesis but rather specifically
targets its own synthesis via the downregulation of LXRa-mediated expression of stearoyl
desaturases.

To determine how LXR activity impacts adipogenesis, primary APCs were treated /17 vitro
with insulin or insulin supplemented with OA or OA and T0. While OA increased lipid
accumulation during differentiation, the addition of TO decreased adipogenesis relative to
OA treatment alone (Figure 4E). Finally, to assess how LXR activation impacts diet-induced
APC activation /n vivo, mice were fed a 60% lard HFD for 3 days and treated with

vehicle or TO. While the HFD increased EWAT APC proliferation, TO treatment inhibited
this activation (Figure 4F), suggesting that downregulation of LXR activity is required for
HFD-induced APC proliferation.

Modulation of LXRa by phosphorylation at Ser196 influences metabolic disease and gene
expression programs.*3 To determine if LXRa phosphorylation in APCs is altered by

the high-OA HFD, immunohistochemistry was performed on EWAT sections from mice
fed a 60% lard HFD for 3 days. Sections were co-stained for Scal to identify APCs

and phospho-Ser196-LXRa. HFD feeding decreased the proportion of Scal* APCs with
phosphorylated LXRa (Figures 4G and 4H). We then further characterized the role of
LXRa phosphorylation on APC proliferation using mice harboring a point mutation of
Ser196 to alanine (S196A) to block this site of LXRa. phosphorylation.** Upon being

fed a 60% lard HFD, these mice showed increased EWAT APC proliferation compared

to the APCs of WT mice (Figure 41). Thus, blocking LXRa phosphorylation results in
APC hyperproliferation in response to an HFD. Taken together, these data suggest that OA
induces APC proliferation by decreasing LXRa phosphorylation at Ser196.
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Lxra is expressed in a wide variety of tissues and other cell types within adipose tissue, 4546
and therefore, the APC hyperproliferation in the point mutation mice could be due to
effects from other cells or tissues. To determine whether increased APC activation is due
to the regulation of LXRa phosphorylation within APCs, we performed an APC transplant
experiment, as described previously.1847 In brief, dTomato+ APCs were harvested from
either WT mTmG mice or mTmG mice possessing the S196A point mutation. The donor
APCs were transplanted into the EWAT of a WT recipient mouse, which then received

3 days of a 60% lard HFD and BrdU (Figures 4J and S3F). From these mice, APC
proliferation was compared between endogenous, non-fluorescent cells and transplanted,
RFP+ cells (Figure 4K). Similar to whole-body point mutation mice, transplanted S196A
APCs had significantly greater APC proliferation compared to endogenous cells and
transplanted WT cells, indicating that the inhibition of high-OA-HFD-induced APC
proliferation by LXRa phosphorylation is cell autonomous.

DISCUSSION

While the molecular mechanisms of adipogenesis are well characterized 7 vitro,48-50
obesogenic adipogenesis is a distinct process'® whose /7 vivo molecular regulators have

not been defined. We developed an unbiased screen to assess the role of dietary fatty acids
as physiologic drivers of adipogenesis. Dietary OA is the only fatty acid that positively
associates with obesogenic adipogenesis and induces obesogenic APC proliferation /n

vivo and differentiation at physiologically relevant levels. Furthermore, we show that OA
regulates obesogenic hyperplasia via altered phosphorylation and regulation of LXRa
function in APCs. Broadly, this study supports the concept that dietary fat composition
impacts physiology by regulating specific signaling pathways. Moreover, it demonstrates
that even highly abundant dietary fatty acids, often viewed solely as sources of energy,

can act as bioactive compounds. The results show that our HFD screen is an effective,
well-controlled tool with sufficient power to deconvolute the complex effects of dietary fatty
acids on physiology, and the interactions discovered can be leveraged to identify underlying
cellular and molecular mechanisms.

Our results indicate that LXRa is central to the physiologic response to OA. LXRa is

a fatty-acid-responsive nuclear receptor4? that regulates the expression of lipid-regulatory
genes, including those involved in cholesterol transport,®! cholesterol metabolism,>2 and
initiation of lipogenesis.>3 The regulation of LXRa transcriptional activity is complex.
LXRs have several endogenous ligands, which induce disparate functional responses.>* Diet
is an additional regulatory mechanism, with a high-cholesterol diet changing the availability
of LXR ligands,>2:55:56 leading to changes in the gene expression program of LXR.%7 In
addition, the phosphorylation status of LXRa. selectively regulates transcription activity.*3
These selective regulatory mechanisms could explain the contradictory results from previous
studies on the role of LXRa in adipogenesis,39:58-60 as the contribution of LXRa to
adipogenesis likely depends on the specific adipogenic conditions, whether in culture or

in vivo. Our data identify OA as an important diet-derived adipogenic mediator, which is
facilitated by LXRa dephosphorylation rather than LXRa expression. Given the intricacy of
LXRa signaling,®” blocking LXRa phosphorylation via the S196A mouse model provides
a more targeted approach and reveals more about the underlying signaling mechanisms
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compared to an LXRa knockdown model. However, further work is needed to define the
mechanisms by which OA affects LXRa activity.

We identify OA as the sole dietary driver of APC proliferation through the association of
dietary fatty acid composition in the HFD screen, direct infusion into the bloodstream via
catheter, and directed dietary supplementation. This identification of OA as a physiologic
regulator is consistent with previous work showing interactions between LXRa and OA. OA
downregulates LXRa activity in HEK293 cells in culture?®:61 and during acute respiratory
distress in the lung.52 LXRa also mediates the physiologic effects of OA in hepatic
lipogenesis, with broad induction of lipogenic genes, including Sca and Scd2.%3 However,
regulation of gene expression by LXR in adipose tissue is highly divergent from that of
liver,54.65 and we show that in the adipogenic lineage, OA selectively downregulates stearoyl
desaturases (Figure 4D), which are the enzymes required to generate OA /n vivo. As LXRa
directly regulates the expression of stearoyl-coenzyme A desaturases (SCDs),56 these data
indicate that OA serves as a classic metabolic feedback inhibitor of its own production in
APCs via modulation of LXR function through regulating LXRa phosphorylation.

Despite the clear effect of OA on LXR function, how OA influences LXRa activity remains
unknown, including whether its impact depends on OA uptake. Free OA can bind to
LXRa,%! indicating that direct regulation is possible, potentially by affecting ligand binding,
coregulator interaction, or recognition by kinases or phosphatases. OA could also affect
LXR indirectly by regulating pathways responsible for LXRa phosphorylation, such as

the kinases creatine kinase 2 (CK2),%3 protein kinase A (PKA),%” and PCKa..58 OA may
also affect APC function via incorporation into other bioactive lipid species. For example,
phospholipid composition is highly responsive to dietary lipid content,6% and LXR facilitates
fatty acid incorporation into phospholipids.’® As alterations in membrane composition can
modulate cell proliferation,”1.72 OA incorporation into membrane lipids could also influence
obesogenic adipogenesis. While dietary OA is clearly associated with hyperplastic adipose
expansion in obesity, further work is needed to define the molecular mechanisms involved.

We link LXRa to obesogenic adipocyte hyperplasia, which we have previously shown
requires AKT215 and ERa signaling.1847 In females, obesogenic hyperplasia occurs in
both visceral and subcutaneous adipose.18 In males, this process is normally restricted to
EWAT, but SWAT APC proliferation is stimulated when estrogen treatment is combined
with an HFD.18 Here, we show that a high-OA HFD increases AKT2 signaling in male
SWAT APCs, despite this depot lacking APC proliferation, but that a low-OA HFD does
not stimulate AKT2 phosphorylation in EWAT. These data indicate that OA stimulates
AKT?2 activation along with modulation of LXRa function, but AKT2 activation alone is
not sufficient to drive hyperplasia. Thus, for effective adipocyte hyperplasia in females and
male SWAT, OA modulation of LXRa and AKT?2 likely requires estrogen signaling via
ERa. Given that male visceral adipose can also produce estrogen,’374 it is possible that
estrogen signaling is also required in normal male adipocyte hyperplasia. Notably, these
three pathways also interact in breast cancer,”>-"8 with ERa acting both upstream and
downstream of AKT2.7% Further work is required to determine how these three signaling
mechanisms interact to control adipocyte hyperplasia in obesity.
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While we demonstrate that OA produces signaling effects that lead to adipocyte hyperplasia
and increased fat mass, the impact of adipocyte hyperplasia on metabolic health remains
unclear. Several genetic and pharmacologic mouse models with high levels of adipogenesis
are metabolically healthy.89-84 Thus, increased adipose hyperplasia may safely expand
storage capacity in the adipose tissue, limiting lipid spillover into liver and muscle, thereby
reducing insulin resistance and glucose intolerance.82-84 In this framework, the associations
of dietary OA with improvements in health85-87 may be linked to OA-induced adipogenesis.
However, excess OA is associated with increased mortality and cardiovascular risk.88:89 In
this case, long-term OA-driven obesogenic hyperplasia may contribute to increased fat mass
and ultimately be detrimental to metabolic health. These contradictions are also observed

in humans, where relatively short-term studies show an improvement in lipoprotein profiles
with a HO diet compared to control diets despite increased visceral adipose mass.?0 This
effect on fat mass is consistent with our data showing that OA increases adipogenesis in
human and mouse APCs and with the finding that plasma MUFAs have a high hazard ratio
for obesity in humans.

The contrasting effects of OA on health could be due to the dietary dose of OA. Studies
using relatively low levels of dietary OA show beneficial effects, while higher levels of

OA consumption have been shown to have detrimental effects on cardiovascular health

and mortality.% This point is important to consider, as many factors have led to drastic
changes in the fat composition of the food supply over the last several decades.?2 These
include the development of technologies to produce palatable oils from plant sources®3 and
efforts to reduce dietary saturated and frans fats in diets.%* More recently, plant oils with
high levels of OA are being developed and introduced into foods for numerous reasons,
including the premise that dietary OA is healthy.9596 However, the efficacy of any beneficial
agent depends on its appropriate dosage. Our work indicates that at high levels, dietary OA
functions as a unique signaling molecule relative to other fatty acids and drives long-term
effects on fat mass via a dose-dependent promotion of adipogenesis. Recent FDA guidelines
uphold high levels of dietary OA as beneficial,?” and several common food oils, such as
soybean and canola, that have been modified to increase OA levels above 70% are now
becoming more prevalent in the food supply.®8 As our findings show that high levels of
dietary OA stimulate adipogenesis and that plasma MUFA levels are associated with human
obesity, it is important that future work deconvolute the role of OA and other dietary fatty
acids in weight management, metabolic signaling, health, and disease.

Limitations of the study

Dietary OA will signal in tissues throughout the body, making it difficult to isolate

the metabolic consequences of diet-induced adipogenesis. Currently, genetic models that
accurately and specifically target APCs are not available99; therefore, our ability to
determine the effect of obesogenic adipogenesis on systemic metabolism is currently
limited. While the whole-body point mutation demonstrated a robust increase in APC
proliferation during HFD feeding, this mutant is known to have effects in other tissues

and cells types, and even the adoptive transfer of LXRa-S196A hematopoietic cells ina WT
background has been shown to indirectly impact adipose mass.1%0 While our APC transplant
model presents a well-controlled opportunity to observe the effects of APC-intrinsic LXRa
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phosphorylation on APC proliferation, the relatively small quantity of transplanted cells that
are commonly generated in tissue progenitor cell transplant studies precludes analysis of the
effects on systemic metabolism in this model.

Another limitation in studies of dietary fats is that it is currently not possible to selectively
remove an individual fatty acid from a fat source. Also, as dietary fat sources are a complex
mixture of fatty acids mostly contained at varying positions in triglycerides, the generation
of a synthetic dietary fat source that accurately reconstitutes an available fat source, such as
lard, is not feasible. Thus, a synthetic diet approach to produce dietary fat sources that lack
an individual fatty acid is not a viable approach. Thus, our conclusions on the role of dietary
OA in vivorely on the association of OA to APC proliferation from the HFD screen and
specific effects of OA when it is added to the diet.

STARXMETHODS
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice: All experiments using animals were conducted according to guidelines by Yale
University’s Institutional Animal Care and Use Committee (IACUC). Mice were group-
housed in temperature and humidity-controlled rooms with a 12h light/dark cycle. All mice
were on a C57BL/6J background, with the exception of Gpr120~~, which were C57BL/6N.
Wild-type animals purchased from Jackson Laboratories. Adiponectin-CreER/mTmG mice
were bred in in the Yale Animal Resource Center from Adiponectin-CreER mice gifted

by E. Rosen (RRID:IMSR_JAX:024671; Beth Israel Deaconess Medical Center, Boston,
MA, USA) and mTmG B6.129 (Cg)-Gt(ROSA) 26Sortm4(ACTB-tdTomato,-EGFP)Luo/J
purchased from Jackson Laboratories (RRID: IMSR_JAX007676). Atk2™~ mice were a
kind gift from William Sessa (RRID: IMSR_0006966; Yale University, New Haven, CT,
USA). LXRa S196A mice for the three-day HFD experiment were housed at New York
University, and fixed cells were kindly provided by Michael Garabedian. LXRa S196A/
mTmG mice were bred at Yale University. Gpr40~~ were provided by Vincent Poitout
(RRID: MGI:3713765; University of Montreal, Montreal, Quebec, Canada), and Gpr120~/
~ mice were provided by Jan Oscarsson (AstraZeneca, Gothenburg, Sweden). Unless
otherwise noted, experiments were started using mice aged 6-8 weeks old. These studies
focus on male mice, as adipocyte hyperplasia is known to have different depot patterning

in the sexes and is affected by endogenous estrogen levels in females.1847 Experimental
groups were randomly selected based on male littermates, if they were bred in house, or by
cage, if they were purchased by Jackson Laboratory. We use the terms EWAT to refer to the
perigonadal visceral adipose tissue and SWAT to refer to the inguinal subcutaneous adipose
tissue.

Standard diet (SD) was purchased from Harlan Laboratories (2018S). The 60% lard-based
diet and 58% kcal Coconut-based diet were purchased from Research Diets, Inc. Tri-oleate
or fatty acids were added to SD to 45% kcal fat. For /n vivo infusion experiments, jugular
catheters were implanted into the right vein when mice were 8 weeks old. Oleic acid (20
mM) or vehicle (0.5% fatty acid free BSA in saline) were infused just before the dark cycle
for 5 days. The 45% kcal HFDs were purchased from Research Diets, Inc. For the pair
feeding experiment, SD and HFD groups were offset by one day. The kcal of SD consumed
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on the previous day was calculated and the HFD pair-fed mice were then restricted to an
equivalent kcal of SD from the previous day.

For /n vivo BrdU experiments lasting one week, mice were given 0.8 mg/mL BrdU in
drinking water with fresh solution made every other day. For BrdU pulse-chase experiments,
BrdU was administered at 0.4 mg/mL in drinking water for one week and then removed and
normal water provided.

To treat mice with T0901317, mice were given conditioning injections using medium chain
triglycerides (MCT) daily for 4 days. Mice were then given MCT or 50 mg/kg of T0901317
daily for 3 days along with HFD before being sacrificed and processed for BrdU analysis.

Cells: All cells were cultured at 37°C with 5% CO, and saturating humidity and

were maintained in growth media consisting of DMEM supplemented with 1% penicillin/
streptomycin and 10% fetal bovine serum. 3T3-L1 (RRID: CVCL-0123) cells are derived
from fibroblasts of a male mouse embryo. They were purchased from ATCC and tested
negative for mycoplasma but were not authenticated. 3T3-L1 cells were passaged every 2-3
days. Primary APCs were harvested from SWAT of male mice and maintained under the
same culture conditions.

Human subjects: Consent and experimental protocols to isolate human APCs were
reviewed and approved by the Yale Internal Review board (HIC protocol number
1109009063). Samples were subcutaneous and abdominal adipose tissue regarded as waste
materials from bariatric surgeries or elective abdominoplasties. Samples were stored in
sterile saline solution until processing. APCs were isolated from five samples and were
divided between treatments depending on cell yield.

METHOD DETAILS

Adiponectin-CreER/mTmG pulse-chase experiment: This experiment was
performed as previously described.1® At 8 weeks of age, Adiponectin-CreER/mTmG mice
were given daily injections of tamoxifen in vegetable oil at 50 mg/kg for 5 days. The mice
were then given a week to recover and then were fed the indicated diet for 8 weeks. At

the end of 8 weeks, the mice were sacrificed, and their SWAT and EWAT were mounted
on slides. The tissues were imaged using confocal microscopy, and the percentage of red
adipocytes was quantified.

Microscopy: For the BrdU pulse-chase and adipocyte sizing experiments, adipose tissue
was dissected and prepared for paraffin embedding as described.10° Tissues were dissected
and fixed in zinc formalin for 24-48 h. The tissues were then washed twice in PBS

and incubated overnight in 70% ethanol. The tissues were then incubated in 75%, 95%,
and 100% ethanol, and Citrisolv. The tissues incubated in melted paraffin before being
embedded. Paraffin blocks were sectioned by Yale Pathology Tissue Services.

To quantify BrdU during the pulse-chase experiment, tissue sections were deparaffinized,
and antigens were retrieved under pressure in a citrate solution. Samples were incubated
in 2% BSA block solution for 1 h. They were then incubated in rat anti-BrdU and rabbit
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anti-caveolin antibody at 4°C overnight and washed. Sections were incubated in anti-rat
Alexa Fluor 488 and anti-rabbit Rhodamine-X-Red for 2 h and washed. Finally, sections
were mounted using DAPI mounting media and imaged. Adipocyte nuclei were identified by
their location within the adipocyte membrane.

For adipocyte sizing, tissue sections were stained with Masson’s Trichrome stain or
caveolin and imaged using a Zeiss microscope. To quantify adipocytes sizes, sections were
systemically imaged and processed using a CellProfilerl92 pipeline adapted from a previous
publication.105 At least 300 adipocytes were quantified from each mouse.

To quantify phospho-LXRa in APCs, sections were deparaffinized as described. After
blocking with 2% BSA in PBS, cells were incubated overnight with rat anti-Scal and rabbit
anti-phospho- LXRa at 4°C. Sections were washed and incubated with donkey anti-rat
Alexa Fluor 647 for 2 h at room temperature. Sections were then washed three times in PBS.
Tyramide SuperBoost Kit Alex Fluor 594 was used to augment the phospho-LXRa signal.
Sections were incubated with poly-HRP-conjugated secondary antibody at room temperature
for 1 h. They were then washed three times with PBS and incubated with tyramide working
solution for 5 min at room temperature. Sections were washed three times with PBS when
incubated at room temperature with DAPI for 15 min. They were then washed three times
with PBS and mounted for imaging.

Plasma insulin quantification: Mice were fed the HFD series for 3 days. In the
morning, whole blood was collected from fed mice via tail nick using heparinized capillary
tubes and was centrifuged at 8000 g for 8 min at 4°C to collect plasma. Samples were stored
at —20°C until analysis. Insulin was quantified by ELISA according to the manufacturer
instructions (ALPCO).

Flow cytometry: Flow cytometry for analysis, isolation of APCs, and BrdU quantification
were performed as previously described.15106 Adipose tissue was dissected, minced, and
digested using a 0.8 mg/mL collagenase 11 dissolved in 3% BSA in Hank’s Balanced Salt
Solution (HBSS). Cells were sequentially filtered 40 um filter, with a prior 100 um filtration
step if the cells were being sorted. If cells were being analyzed or sorted, they were stained
using antibodies for CD45, CD31, CD29, CD34, Scal, and CD24 (concentrations in key
resources table). Cells were analyzed using a BD LSRII analyser and BD FACS Diva
software.

If the cells were being analyzed for BrdU quantification, they were pre-stained with
antibodies for CD45, CD31, CD29, and Scal. Cells were then washed, fixed, and
permeabilized according to the instructions for Phosflow Lyse/Fix and Perm Buffer Il1. Cells
were then treated with Dnase in PBS and washed with 3% BSA in HBSS. The cells were
incubated with the BrdU antibody overnight, washed, then stained a mixture of antibodies
for CD45, CD31, CD29, CD34, Scal, and CD24. They were analyzed using a BD LSYII
analyser and BD FACS Diva software.

Mean fluorescent intensity of phosphorylated AKT was measured as previously described.1®
APCs were harvested, lysed and fixed as described for the above but with all buffers
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containing Roche PhosStop phosphatase inhibitor cocktail and 15 uM wortmannin. APCs
were incubated at 4°C with phospho-AKT S473 antibody overnight.

To quantify proliferation in LXRa S196A mice, Ki67 was used as a marker of proliferation.
To quantify Ki67 in APCs, WAT was digested and incubated in Phosflow Lyse/Fix as
discussed for the BrdU quantification. Cells were then washed twice in Intracellular Staining
Permeabilization Wash Buffer. After washing, cells were incubated with Anti-Ki67 FITC.
Cells were washed twice again in Permeabilization Wash buffer and resuspended in 3% BSA
in HBSS for analysis.

Isolation of human APCs: Tissues were washed with Krebs Ringer Phosphate (KRP)
solution containing 0.8 mM ZnCl,, 1 mM MgCl,, and 1.2 mM CaCl,. Tissues were minced,
washed in KRP solution, and centrifuged to separate red blood cells. Samples were then
digested in KRP solution with 3% FBS and collagenase type 11 for 75 min in a shaking
water bath at 37°C. Samples were then filtered and washed with KRP and 3% chelexed fetal
calf serum (FCS). The floating layer of adipocytes was removed. Stromal vascular fraction
was then incubated with GP38-PE antibody for 15 min. Cells were then washed with buffer
(KRP with 3% chelexed FCS) and incubated with EasySep PE Selection Cocktail and

then with EasySep Magnetic Nanoparticles. The tube was then placed in a magnet, and
supernatant was poured off. Captured cells were then resuspended in buffer.

Biomarker associations: Association plot was accessed from the Biomarker-Wide
Association Plots available from Nightingale Health.24 Methods of sample processing

and association have been previously described.20 In brief, plasma was harvested at

baseline from 500,000 participants of the UK Biobank (as of date of access). 249 plasma
biomarkers were quantified by nuclear magnetic resonance as performed by Nightingale
Health laboratories. Biomarkers associations were identified via logistic regression and were
adjusted for sex, assessment center, and age.

Cell transplant assay: Cell transplants were performed as previously described.18 SWAT
and EWAT APCs were harvested and pooled from several mice as detailed above. APCs
were rinsed and resuspended in PBS. Recipient mice were anesthetized with Isothesia when
aged 4 weeks old. At least 0.5 million APCs were injected into the tip of one recipient
EWAT depot. Recipient mice were allowed to recover for 2 weeks and then placed on HFD
for 1 week. They were then sacrificed and analyzed for BrdU incorporation into APCs.

In vitro adipogenesis assay and Oil Red O staining: To differentiate primary APCs,
upon reaching confluence, media was not changed for 48 h. Media was then supplemented
with 0.1 ug/mL insulin and maintained in this solution for 7 days with media changings
every other day. If cells were being differentiated in the presence of a fatty acid, the fatty
acid was conjugated to fatty acid free BSA and added to the differentiation media at 100 uM.

3T3-L1 cells were differentiated with an adipocyte cocktail (MDI) consisting of 0.1 ug/mL
insulin, 30 pg/mL 3-isobutyl-1methylxantine, and 0.1 ug/mL dexamethasone. After 48 h,
media was maintained in 0.1 pg/mL insulin and changed every other day for 7 days.
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To quantify accumulated lipid, cells were washed twice with PBS and fixed in a solution
containing 0.2% glutaraldehyde and 2% formaldehyde in PBS. The cells were then washed
twice with PBS, twice with water, and briefly with 60% isopropanol. After the washes,

the cells were stained with a mixture of 60% Oil Red O and 40% water and then washed
briefly with 60% isopropanol and twice with water. The cells were imaged and left in
water overnight. The next day, the cells were dried for several hours and then the stain was
extracted using a solution of 4% NP40 in isopropanol. The absorbance of the extraction
solution was then analyzed on a spectrophotometer at 500 nm.

Transfection and luciferase reporter assay: 3T3-L1 cells were cultured in a 48 well
plate to nearly confluent before transfection. Cells were transfected using Lipofectamine
2000 Transfection Reagent in OptiMEM. Cells were transfected with Cignal LXR Reporter
Kit (500 ng) for 24 h. Media was then changed to treatment media.

LXR activity was quantified using the Luciferase Assay System according to the protocol.
Cells were lysed and spun at 12,000 g for 2 min at 4°C. Sample was then mixed with
luciferase assay substrate, and luminescence was quantified over 10 s.

Real time qPCR: If analyzing tissue expression, tissues were dissected and frozen in
liquid nitrogen and stored at —80°C. The tissues were then homogenized in Trizol. If
analyzing cells, cells were washed in PBS and then suspended in Trizol Reagent. If not
being processed immediately, the cells were frozen in Trizol at -80°C.

RNA from both tissues and cells was harvested using a Direct-zol RNA Miniprep Kits
and quantified using a nanodrop spectrophotometer. RNA was converted to cDNA using
a reverse transcription kit. gPCR was performed with SYBR Green | Mastermix on a
LightCycler 480 Real-Time PCR system. Genes were normalized to p-actin or Ubc as
indicated, with primer sequences in Table S6.

Immunoblots: Primary APCs were lysed using 1% IGEPAL with protease and PhosStop
phosphatase inhibitors. Protein was quantified using Pierce BCA protein assay Kit. Protein

was incubated with NuPage 2X Sample Buffer and Sample Reducing Agent. Western blots
were run on 10% Bis-Tris gels. Protein was then transferred to PVDF membranes using the
Invitrogen NuPage system.

Membranes were stained with rabbit anti-Akt2 or rabbit anti-phospho-Akt2 in tris-buffered
saline with 0.1% Tween 20 (TBST). Membranes were then incubated with goat anti-rabbit-
HRP secondary antibody and developed with SuperSignal West Pico Chemiluminescent
Substrate.

Fatty acid mass spectrometry: Individual stable isotope fatty acid (FA) stock solutions
were made in isooctane/ethyl acetate 3:1 v/v, for which a mixture containing 1.0 pg/pL

of each FA was made. The isotope stock solution was further diluted to 50 ng/uL,for use

as internal reference standards for each acyl chain length and saturation. FA regression
curves were prepared, and GC/MS was conducted according to.107:108 Briefly, plasma was
collected at 0, 3, or 7 days or 12 weeks of diet consumption, and 10 uL was analyzed for
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total FA composition. For plasma and rodent diets, 500 ng of the blended internal reference
standard was added to 200 uL and 50 pL of total lipid extract, respectively, and samples
were taken to dryness under N, gas. Dried samples were immediately resuspended in 500 pL
of 100% ethanol, saponified with 500 L of 1M NaOH at 90°C for 45 min in Teflon capped
tubes and then acidified by addition of 525 uL pf 1M HCI. Saponified FA were re-extracted
twice using 1 mL of isooctane, dried under N, gas, and were derivatized by sequential
addition of 1% pentafluorobenzyl bromine and 1% diisopropylethylamine (in acetonitrile
v/v) at RT for 30 min. The resulting pentafluorobenzyl FA esters were resuspended in 200
UL of isooctane and diluted 1:10 into isooctane into GC/MS autosampler vials for injection.
Analyte data were acquired in NICI full scan, the FA-analyte peak area ratio to that of

its corresponding stable isotope reference FA was calculated for each analyte, and ratios
were converted to absolute amounts relative to regression curves for each chain length and
saturation.107.108 Quantitative FA data were normalized to the volume of plasma, total serum
protein as determined by BCA assay, or the total mass of rodent diet, input to the lipid
extraction.

RNA-sequencing: For RNAseq from APCs, data from female samples were obtained
from Saavedra et al.,*” while samples from males were collected in a similar manner. APCs
were sorted from male and female mice fed SD or 60% lard HFD for 3 days as described
above. For females, 3 mice were pooled for each sample with a total of 5 samples. Cells
were lysed in TRIzol Reagent, and RNA was isolated. Samples were submitted to the

Yale Center for Genome Analysis (YCGA). The mRNA library was prepared (polyA), and
sequencing was conducted using HiSeq2500 single-end 1x75bp sequencing. Reads were
aligned to mm9 using TopHat192 and quantified using python module HTSeq%3 with preset
parameters. Genes with fewer than 20 reads across all samples were filtered out. DEGs
induced over SD were identified using DESeq2,194 and DEGs were defined as p < 0.01 with
absolute value of log-2-fold change >0.6.

For RNAseq from 3T3-L1 cells, cells were differentiated for 24 h with MDI, MDI with oleic
acid, or MDI with 5uM T0901317. RNA was harvested, submitted for sequencing at YCGA,
and analyzed as described above. DEGs were defined as p < 0.05 and absolute value of
log-2-fold change >1.5.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests for each experiment are described in associated figure legend. Data in graphs
are presented as mean + SEM, and sample number is indicated in each figure legend. The
value n indicates individual animals for /n vivo experiments and independent experiments
for in vitro experiments. A p-value <0.05 was considered statistically significant and was
indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Statistics
were analyzed using DESeq2, R, and Ingenuity Pathway Analysis for RNA-seq data, and
GraphPad Prism for all else.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Fat composition of HFD modulates adipose hyperplasia

Dietary OA is the sole fatty acid that drives adipogenesis at physiological
levels

OA-induced adipogenesis depends on AKT2 signaling and decreased LXR
activity

LXRa phosphorylation in APCs inhibits HFD-induced proliferation
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Figure 1. Dietary fat composition modulates obesogenic adipogenesis
(A) EWAT APC proliferation after 1 week of SD consumption or HFD (60% kcal lard fat)

pair-fed to SD (7= 5).

(B and C) EWAT (B) and SWAT (C) APC proliferation after 1 week of diet consumption (n
= 5-16).

(D and E) Representative images (D) and quantification (E) of traced adipocytes after
tamoxifen treatment and 8-week diet consumption. Scale bar: 100 pm (7= 3-5).

(F) Representative images and quantification of adipocyte nuclei after diet and 1-week BrdU
pulse and 7-week chase. Asterisks: adipocyte nuclei; arrows: nonadipocyte nuclei. Scale bar:
25 um (n=05).

(G and H) Distribution of EWAT adipocyte size (G) and fat depot mass (H) after 20-week
diet consumption (/7= 5-8).
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See also Figure S1. Data are represented as mean = SEM. Statistical significance was
identified by t test (A), one-way ANOVA multiple comparisons to SD (B, C, F, and G),

or two-way ANOVA multiple comparisons (E and H). Coconut diet containing sucrose was
used for (C)—(1). *p < 0.05, **p< 0.01, and ****p < 0.0001.
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Figure 2. Oleic acid is a diet-derived driver of APC proliferation
(A) Fold change of EWAT and SWAT APC proliferation normalized to EWAT SD. Mice

were fed diets for 1 week with BrdU water (n7=5-20).

(B and C) Fold change of new adipocytes in EWAT and SWAT normalized to EWAT SD (B)
and representative images (C). AdiER mice were treated with tamoxifen and then given a
diet for 8 weeks. Scale bar: 100 pm (n= 3-17).

(D) Correlation between dietary OA content and fold change diet average of EWAT APC
proliferation over SD (Spearman’s correlation).

(E) APC proliferation of mice given either SD or SD with 45% kcal tri-oleate for 7 days (7=
5).

(F) EWAT APC proliferation after 5 days consuming SD or SD with purified fatty acids
(45% kcal) (n=5).
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(G and H) Total plasma fatty acid (G) and plasma OA (H) after consuming HFD (60%
lard-based) (/7= 3-5).

(1) APC proliferation after 5-day jugular infusion of BSA vehicle or OA (20 mM) (n= 4-5).
(J) Hazard ratios of 249 plasma metabolic biomarkers for obesity and overweight status from
the UK Biobank. Solid dots indicate significant associations (p < 0.000005).24 The data
point for percent MUFA of total fatty acids in plasma is indicated.

See also Figure S1. Data are represented as mean = SEM or mean by diet for correlation
plots. Statistical significance was identified by one-way ANOVA multiple comparisons to
SD (A, B, and H), one-way ANOVA (E and F), or two-way ANOVA multiple comparisons
(Gand l). *p<0.05, **p<0.01, ***p< 0.001, and ****p < 0.0001.
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Figure 3. Oleic-acid-driven adipogenesis requires AKT2 signaling
(A) Lipid accumulation measured by oil red O extraction of primary APCs differentiated for

7 days with insulin, MDI, or insulin and 100 uM fatty acid (7= 3).

(B) Lipid accumulation measured by oil red O extraction in primary human APCs
differentiated for 7 days with MDI or MDI and OA (n= 3-5).

(C and D) Western blot (C) and quantification (D) for pAKT2(Ser473), AKT2, and B-actin
in primary APCs after insulin or insulin and OA for 3 h (n=3).

(E) Lipid accumulation in WT or Akz2/~ APCs after 7 days of insulin, MDI, or insulin and
OA (n=3).

(F) gPCR of primary APCs from WT or AkzZ”/~ mice after 7 days of differentiation with
insulin or insulin and OA (n=3).

(G) Proliferation of EWAT APCs from WT or AK727~ mice fed HFD (60% lard based) for
7 days with BrdU (n=4).

See also Figure S2. Cells were treated with 100 UM OA.. Data are represented as mean +
SEM. Statistical significance was identified by one-way ANOVA multiple comparisons to
insulin (A) or MDI (B), t test (B and C), or two-way ANOVA multiple comparisons (E-G).
*p<0.05, **p<0.01, ***p<0.001, and ****p < 0.0001.
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Figure 4. LXR signaling and phosphorylation inhibit diet-driven APC proliferation
(A) Heatmap of top pathway Zscores from RNA-seq of APCs from mice fed HFD (60%

lard based) for 3 days. Pathways were selected as differentially regulated in male EWAT and
female SWAT and EWAT but not male SWAT (n= 3-5).

(B) LXR activity quantified by a luciferase reporter assay in 3T3-L1 cells after 24 h
treatment with MDI, MDI with OA, or MDI with T0901317 (1= 6).

(C) Log fold change of differentially expressed genes from 3T3-L1 cells after 24 h treatment
with MDI supplemented with OA or with OA and T0901317.
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(D) Gene expression of 3T3-L1 cells differentiated for 48 h with MDI, MDI with OA, or
MDI with OA and TO (n= 3).

(E) Lipid accumulation in primary APCs differentiated with insulin, insulin and OA, or
insulin, OA, and T0901317 for 48 h (nn=3).

(F) Proliferation of APCs from mice treated with vehicle or T0901317 and fed HFD (60%
lard based) for 3 days (n7=5).

(G and H) Representative images (G) and quantification (H) of pLXRa+ APCs (Scal+) in
EWAT of mice fed 60% HFD for 3 days. Scale bar: 25 um(n = 4-5).

() Percentage of proliferative APCs in SWAT and EWAT of WT or S196A mice fed HFD
for 3 days (n=5-6).

(J) Schematic of transplant experiment.

(K) Percentage of proliferative endogenous or transplanted APCs in EWAT of mice fed 60%
HFD and treated with BrdU for 3 days (7= 4).

See also Figure S3. Cells were treated with 100 uM OA.. Data are represented as mean

+ SEM. Statistical significance as identified by t test (C, E, and H) or two-way ANOVA
multiple comparisons (F, I, and K). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001.
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Table 1.

Correlation of fatty acids in diet and APC proliferation (averaged by diet)

Fatty acid No. of pairs pvalue  SpearmanR
8:0 1 N/A N/A
10:0 1 N/A N/A
12:0 1 N/A N/A
14:0 9 03853  -0.3333
1417 8" 0.0046" -0.9048 ™
16:0 12 0.1845  -0.4126
16:1n-7 11 01928  -0.4273
16:2 6 0.4944  -0.3479
18:0 12 05731  -0.1818
18:1n-9 (oleic)? 12 0.0078* 0.7413"
18:2 12 0.2097  0.3916
18:3n-6 12 06832  -0.1329
18:3n-3 12 0.097 -0.5064
20:0 4 03333 0.8

20:1 5 0.95 0.1

20:2 7 0.8397  0.1071
20:3n-6 9 01352  -0.5439
20:3n-3 3 >0.9999 -05
20:4 8 0.206 -0.5123
205 1 03893  -0.287
2211 12 05431  0.1958
22:4n-6 7 0.4444  -0.3571
22:5n-3 7 04563  -0.3424
22:6 4 03333 -0.8

*
a Significant correlation between fatty acid in diet and APC proliferation.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rat anti-BrdU, 1:300 Abcam 6326, RRID:AB_305426

Rabbit Caveolin-1, 1:400
Anti-rabbit Rhodamine-X-Red, 1:250
Anti-rat Alexa Fluor 488, 1:250

CD45 APC-eFluor780, 1:1000 for sorting, 1:500 for BrdU
analysis

CD31 PE-Cy7, 1:500

CD29 Alexa Fluor 700, 1:400
CD34 Alexa Fluor 647, 1:400
Scal Pacific Blue, 1:400

CD24 PerCP-Cynanine 5.5, 1:250
Scal V500, 1:500

CD34 Brilliant Violet 421, 1:400
Ki67 FITC, 1:50

Rat Scal, 1:50

Rabbit p-LXRa., 1:50

Anti-rat Alexa Fluor 647, 1:800
GP38 PE, 1:500

Rabbit Akt2, 1:1000

Rabbit phospho-Akt2, 1:500
Anti-rabbit HRP, 1:10,000

Cell Signaling Technology
Jackson ImmunoResearch
Jackson ImmunoResearch

Thermo Fisher Scientific

Thermo Fisher Scientific
BioLegend

Biolegend

BD Biosciences
eBioscience

BD Horizon

BioLegend

Thermo Fisher Scientific
BioLegend

Torra et al.*3

Jackson ImmunoResearch
Biolegend

Cell Signaling

Cell Signaling

Jackson ImmunoResearch

3238, RRID:AB_2072166
111-295-144, RRID:AB_2338028
112-545-167, RRID:AB_2338362
47-0451-80, RRID:AB_1548790

25-0311-82, RRID:AB_2716949
102218, RRID:AB_2716949
119314, RRID:AB_604089
560653, RRID:AB1727553
45-0242-80, RRID:AB_1210702
561228, RRID:AB_10584334
119321, RRID:AB_10900980
11-5698-80, RRID:AB_11151689
122501, RRID:AB_756186

https://doi.org/10.1128/MCB.01575-07

112-605,003, RRID: AB_2338393
337003, RRID:AB_1595554
3063, RRID:AB_2225186

8599, RRID:AB_2630347
211-032-171, RRID:AB_2339149

Phospho-AKT (S473) PE, 1:100 Cell Signaling 5315, RRID:AB_10694850
Phospho-AKT (T308) PE, 1:100 Cell Signaling 9088, RRID:AB_10891441
Chemicals, peptides, and recombinant proteins

Tri-oleate Millipore Sigma T7140

Oleic acid (18:1) Sigma 01008

Stearic acid (18:0) Cayman Chemical 10011298

Linoleic acid (18:2) Cayman Chemical 90150

Lauric acid (12:0) Cayman Chemical 10006626

Myristic acid (14:0) Cayman Chemical 13351

Palmitic acid (16:0) Cayman Chemical 10006627

Palmitoleic acid (16:1) Cayman Chemical 10009871

Linolenic acid (18:3) Cayman Chemical 90210

Dihomo-+y-linolenic acid (20:3) Cayman Chemical 90230

Arachidonic acid (20:4) Cayman Chemical 90010

Docosahexaenoic acid (22:6) Cayman Chemical 90310

T0901317 Cayman Chemical 71810

BrdU US Biological B2850

Tamoxifen Cayman 13258
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REAGENT or RESOURCE SOURCE IDENTIFIER
Citrisolv Decon Labs 1601

Fatty acid-free bovine serum albumin Sigma A8806
Bovine serum albumin AmericanBio AB01088
HBSS Gibco 14185-052
Collagenase Type Il Worthington Biochemical LS004174
Phosflow Lyse/Fix Buffer BD Biosciences 558049
DNase | Worthington Biochemical LS002007
Intracellular Staining Permeabilization Wash Buffer Biolegend 421002
Isoflurane Covetrus 11695067772
DMEM ATCC 30-2002
FBS ATCC 30-2020
Insulin Sigma 11882
IBMX Millipore Sigma 115879
Dexamethasone Millipore Sigma D4902

Oil Red O Electron Microscopy Services 26503-02
Lipofectamine 2000 Transfection Reagent LifeTechnologies 11668019
OptiMEM LifeTechnologies 31985070
Protease Inhibitor Millipore Sigma 11697498001
Phosphatase Inhibitor Millipore Sigma 4906845001
Sample Reducing Agent Thermo Fisher Scientific NP0009
NuPage 2x Sample Buffer Thermo Fisher Scientific NPO0007
TRIzol Reagent Thermo Fisher Scientific 15596018
DAPI Fluoromount-G Mounting Media Southern Biotech 0100-20
Wortmannin Cayman Chemical 10010591
60% Lard High-Fat Diet Research Diets D12492
58% Coconut High-Fat Diet (Sucrose) Research Diets D12331
58% Coconut High-Fat Diet (Cornstarch) Research Diets D12330
43% Milk RD Western Diet Research Diets D12079B
45% Lard High-Fat Diet Research Diets D12451
45% Olive Oil High-Fat Diet Research Diets D06022403
45% Coconut Oil High-Fat Diet Research Diets D05122301
45% Fish Oil High-Fat Diet Research Diets D07081501
45% Safflower Oil High-Fat Diet Research Diets D02062102
45% Butter High-Fat Diet Research Diets D06022405
45% Cocoa Butter High-Fat Diet Research Diets D11112703
45% High Oleic Sunflower Oil High-Fat Diet Research Diets D07062503
45% High Oleic Safflower Oil High-Fat Diet Research Diets D05122103
45% Soybean Oil High-Fat Diet Research Diets D05042003
45% Peanut Oil High-Fat Diet Research Diets D16010705
Chow Diet (SD) Harlan Laboratories 2018S
Critical commercial assays

Cignal LXR Reporter Kit Qiagen 336841
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REAGENT or RESOURCE SOURCE IDENTIFIER

,IAI(egxa Fluor 594 Tyramide SuperBooster Kit, goat anti-rabbit ThermoFisher B40944

g

Luciferase Assay System Promega E1500

Direct-zol RNA Miniprep Kit Zymo R2052

High Capacity Reverse Transcript Kit Thermo Fisher Scientific 4368813

SYBR FAST Quantitative PCR Kit Kapa Biosystems KK4611

Pierce BCA Protein Assay Kit Thermo Fisher Scientific NPO0007

SuperSignal West Pico Chemiluminescent Substrate Thermo Fisher Scientifc 34577

EasySep PE Positive Selection Kit Stem Cell Technologies 17684

Mouse Insulin ELISA kit ALPCO 80-INSMS-E01

Deposited data

Bulk RNA-seq of male and female APCs GEO Female APCs- GSE209663 Male
APCs- GSE273569
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