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Maternal high-fat diet exaggerates diet-induced
insulin resistance in adult offspring by
enhancing inflammasome activation through
noncanonical pathway of caspase-11
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ABSTRACT

Objective: Maternal high-fat diet (HFD) has been shown to promote the development of insulin resistance (IR) in adult offspring; however, the
underlying mechanisms remain unclear.
Methods: Eight-week-old female wild-type mice (C57BL/6) were fed either an HFD or a normal diet (ND), one week prior to mating, and the diet
was continued throughout gestation and lactation. Eight-week-old male offspring of both groups were fed an HFD for 8 weeks.
Results: Offspring of HFD-fed dams (O-HFD) exhibited significantly impaired insulin sensitivity compared with the offspring of ND-fed dams (O-
ND). The adipocyte size of the eWAT increased significantly in O-HFD and was accompanied by abundant crown-like structures (CLSs), as well as
a higher concentration of interleukin 1b (IL-1b) in the eWAT. Treatment with an inflammasome inhibitor, MCC950, completely abrogated the
enhanced IR in O-HFD. However, ex vivo caspase-1 activity in eWAT revealed no difference between the two groups. In contrast, noncanonical
inflammasome activation of caspase-11 was significantly augmented in O-HFD compared with O-ND, suggesting that membrane pore formation,
but not cleavage of pro-IL-1b by caspase-1, is augmented in O-HFD. To examine the membrane pore formation, we performed metabolic
activation of bone marrow-derived macrophages (BMDMs). The percentage of pore formation assessed by ethidium bromide staining was
significantly higher in BMDMs of O-HFD, accompanied by an enhanced active caspase-11 expression. Consistently, the concentration of IL-1b in
culture supernatants was significantly higher in the BMDMs from O-HFD than those from O-ND.
Conclusions: These findings demonstrate that maternal HFD exaggerates diet-induced IR in adult offspring by enhancing noncanonical caspase-
11-mediated inflammasome activation.

� 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity is a worldwide epidemic [1,2] and intimately associated with
the development of metabolic disorders and type 2 diabetes, leading to
the development of cardiovascular diseases [3e5]. Despite extensive
efforts, the prevalence of obesity and metabolic disorders has been
strikingly increased; therefore, novel therapeutic approaches are
currently needed [6]. Maternal nutrition throughout pregnancy and
lactation has been well recognized to increase the offspring’s risk of
obesity and metabolic disorders across the life span [7e11]. Nutrient
status during fetal development has been shown to modulate gene
expressions in offspring adipose tissue without alterations in the DNA
sequence, which is referred to as “epigenetic programing” [12e15].
However, the underlying mechanism by which developmental
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modifications of adipose tissue promote insulin resistance (IR) in
offspring remains to be fully elucidated [16e19], and a potential
therapeutic strategy has not yet been established.
We have shown that maternal high-fat diet (HFD) exaggerates
atherosclerosis development in offspring through enhanced
macrophage-mediated inflammatory response [20]. Given that HFD-
induced IR is closely implicated with the augmented accumulation of
macrophages [21e23] and subsequent inflammatory response in
adipose tissue [24e26], it is likely that developmental modification of
monocytes/macrophages plays a critical role in HFD-induced IR in
offspring. Recently, a nucleotide-binding domain, leucine-rich repeat-
containing family, pyrin domain-containing-3- (NLRP3-) dependent
inflammasome activation has also been associated with the exag-
geration of IR [27e30]. However, underlying mechanisms of maternal
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HFD-induced inflammasome activation in the context of developmental
reprograming of monocytes/macrophages and their relevant contri-
bution to HFD-induced IR remained obscure.
Here, we examined phenotypic alterations in offspring macrophages by
maternal HFD and investigated their roles in IR development. Maternal
HFD exaggerated IR development in adult offspring, accompanied by
enhanced IL-1b release in epididymal white adipose tissue (eWAT).
Treatment with inflammasome inhibitor completely eliminated the
exaggerated IR development in offspring of HFD-fed dams to an extent
similar to that in the offspring of ND-fed dams. Moreover, augmented
pore formation by enhanced noncanonical activation pathway of
caspase-11, but not canonical activation pathway of caspase-1, may
contribute to the significant release of IL-1b in bone-marrow-derived
macrophages (BMDMs) of the offspring of HFD-fed dam. Our find-
ings suggest that maternal HFD-induced reprograming of the offspring
monocytes/macrophages contributes to IR development and that
therapeutic targeting of the phenotypic changes of monocytes/mac-
rophages could potentially remediate and prevent cardiovascular dis-
eases in adult offspring.

2. MATERIALS AND METHODS

2.1. Experimental animals
All experiments were performed with strict adherence to “Directive
2010/63/EU” of the European Parliament and to the Guidelines for
Animal Experiments of the Kyoto Prefectural University of Medicine,
following approval by the Institutional Animal Care and Use Committee
of the Kyoto Prefectural University of Medicine.
Wild-type mice (C57BL/6) were obtained from Shimizu Laboratory
Supplies Co., Ltd. (Kyoto, Japan). Eight-week-old female mice were
maintained on a normal diet (ND) (12.0% fat, 28.9% protein, and 59.1%
carbohydrate; Oriental Yeast Co., Tokyo, Japan) or HFD (energy content:
62.2% fat, 18.2% protein, and 19.6% carbohydrate; Oriental Yeast Co.)
one week before mating, as well as throughout pregnancy and lactation.
All offspring were weaned at 5 weeks of age and fed an ND until the age
of 8weeks; theywere then switched to an HFD until the age of 16weeks,
following which glucose tolerance and insulin sensitivity were evalu-
ated. For NLRP3 inflammasome inhibitor, MCC950 (AdipoGen Life
Sciences, San Diego, CA, USA) was intraperitoneally administered three
times every week (10 mg/kg) during the 8 weeks of HFD feeding, as
previously described [31]. For the bone marrow transplantation (BMT)
experiment, eight-week-old male recipient offspring of HFD-fed dam
(O-HFD) were lethally irradiated with 9 Gy using an X-ray source
(SOFTEX CO., Ltd. Tokyo, Japan) [32]. Bone marrow (BM) cells were
harvested from the femurs and tibias of eight-week-old donor male
offspring of O-ND-fed dam (O-ND) or O-HFD by flushing with RPMI-1640
medium (Thermo Fisher Scientific, Waltham, MA, USA), and recipients
received 5 � 106 BM cells per mouse in 0.2 mL of the medium by tail
vein injection. Five weeks after BMT, all mice were then switched to an
HFD until the age of 25 weeks, following which glucose tolerance and
insulin sensitivity were evaluated.
Animals were housed in a room maintained at 22 �C under a 12-hour
light/dark cycle and provided with drinking water ad libitum. After 8
weeks of HFD feeding, mice were euthanized by transcardial perfusion
under anesthesia induced by isoflurane (2%; 0.2 mL/min).

2.2. Experimental procedures

2.2.1. Assessment of body weight and food intake
Body weight was measured biweekly after starting HFD feeding. The
average food intake per cage was monitored during HFD feeding,
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including spillage, by measuring the weight of food pellets (g) in cages
with five similarly aged mice.

2.2.2. Glucose and insulin tolerance test
GTT was performed on 16-week-old mice after an overnight fast.
Blood glucose concentrations were measured at 0 min before and 15,
30, 60, 90, and 120 min after intraperitoneal injection of glucose (2 g/
kg body weight). For insulin tolerance test (ITT), insulin (1 U/kg body
weight in 0.1% distilled water; Humulin R-Insulin, Eli Lilly Japan K.K.
Kobe, Japan) was intraperitoneally injected after an overnight fast.
Blood glucose concentrations were measured 0 min before and 30, 60,
90, and 120 min after injection.

2.2.3. Serum lipids analysis
Measurements of triglyceride, free fatty acid (FFA), and total choles-
terol were outsourced to SRL, Tokyo, Japan.

2.2.4. Enzyme-linked immunosorbent assay (ELISA)
Blood was collected into tubes from the left ventricle. The serum was
separated by centrifugation at 2,000�g for 20 min and stored
at �80 �C. The concentrations of insulin, IL-1b, and TNF-a in serum,
eWAT, and culture supernatant were estimated using an ELISA Kit
(Mouse insulin ELISA KIT, MS303, Morinaga Institute of Biological
Science, Yokohama, Japan; Mouse IL-1 beta/IL-1F2 Quantikine ELISA
Kit, MLB00C, R&D Systems, Minneapolis, MN, USA; Mouse TNF-alpha
Quantikine ELISA Kit, MTA00B, R&D Systems) according to the man-
ufacturer’s instructions.

2.2.5. Quantitative real-time polymerase chain reaction (qPCR)
Total RNA was extracted from adipose tissue using the RNeasy Lipid
Tissue Mini Kit (74804; Qiagen, Hilden, Germany) and reverse tran-
scribed to prepare cDNA using the TAKARA PrimeScript RT Reagent Kit
with gDNA Eraser (RR047A; Takara Bio, Shiga, Japan). Real-time PCR
was performed using a Thermal Cycler Dice System (Takara Bio), with
the KAPA SYBR� FAST Universal qPCR Kit (KK4602; KAPA Biosystems,
Wilmington, MA, USA). Dissociation curves were examined for the
aberrant formation of primer dimers. The threshold cycle (CT) values
were normalized to GAPDH, and the relative expression was calculated
by the DDCT method. Data were expressed as gene expression levels
relative to those of controls. The following primer pairs were used
(Supplementary Table).

2.2.6. Flow cytometry
BM promonocytes and peripheral blood monocytes were identified
using FACS analysis. For staining BM promonocytes, antibodies against
anti-mouse APC-conjugated CD11b (clone M1/70; BD Biosciences, San
Jose, CA, USA) and FITC-conjugated Ly-6G (clone 1A8; BD Biosciences)
were used [32]. For staining of peripheral monocytes, anti-mouse FITC-
conjugated B220 (clone RA3-6B2; BD Biosciences), CD11c (clone HL;
BD Biosciences), NK1.1 (clone PK136; BD Biosciences), CD49b (clone
DX-5; BD Biosciences), CD90.2 (clone 53-2.1; BD Biosciences), Ly-6G
(clone 1A8; BD Biosciences), F4/80 (clone BM8; BioLegend, San Diego,
CA, USA), and I-Ab (clone 25-9-17, BioLegend) antibodies were used as
lineage markers. Blood cells were stained with APC-conjugated CD11b
(clone M1/70; BD Biosciences) and APC-Cy7-conjugated Ly-6C (clone
HK1.4; Biolegend) antibodies, as previously described [33]. For
epididymal white adipose tissue (eWAT) macrophages, stromal vascular
cells were stained with PerCP-Cy5.5-conjugated anti-CD45 (clone 30-
F11; BD Biosciences), PE-conjugated anti-F4/80 (clone BM8; eBio-
science, Wien, Austria), FITC-conjugated anti-CD11b (clone M1/70; BD
Biosciences), PE-Cy7-conjugated anti-CD11c (clone N418;
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eBioscience), and APC-conjugated anti-CD206 (clone C068C2; Bio-
Legend) antibodies, which identify discreteM1-like andM2-like adipose
tissue macrophage subsets in obese mice [34]. For caspase-1 activity,
cells were cultured and stimulated as stated below [35]. Green FLICA
Caspase-1 Assay Kit (FAM-FLICA� Caspase-1 Assay Kit; Immuno-
Chemistry Technologies, LLC, Bloomington, MN, USA) was used ac-
cording to the provided protocol. Cell counting was done with Sony
SH800 (Sony Biotechnology Inc. Tokyo, Japan). Data were processed
using FlowJo software (BD Biosciences).

2.2.7. Ex vivo caspase-1 activity
On experiment day, all animals were administered with 100 mL Red-
YVAD-FMK (Vergent Bioscience Inc., Minneapolis, MN, USA), via tail
vein injection. The Red-YVAD-FMK is targeted fluorescence imaging
tracers comprised of a caspase recognition sequence, a fluoromethyl
ketone (FMK) leaving group and a red fluorescent label. FMK-
derivatized peptides act as effective irreversible inhibitors with no
added cytotoxic effects. The probes will preferentially and irreversibly
bind to active caspases, causing apoptotic cells to fluoresce. Three
hours after injection, the liver and eWAT were harvested and then
ex vivo liver and eWAT imaging was immediately performed using an
in vivo imaging system (IVIS) Lumina Series III Optical Imaging Platform
(PerkinElmer Inc. Waltham, MA, USA) using the red filter sets (exci-
tation range, 660 nm; emission, 710 nm longpass filter). We manually
drew regions of interest (ROI) encompassing the whole organs, and the
resulting signal was computed in the units of scaled counts per sec-
ond. We carefully ensured that the size of the ROIs drawn across
animal samples was consistent.

2.2.8. In vitro activation of BMDMs
Primary cultures of BMDMs were obtained from femurs and tibias of 8-
week-old mice and cultured in the complete medium (DMEM sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin, 1 ng/mL Macrophage-Colony Stimulating Factor-1 (15%
L-929-conditioned medium)). Nonadherent cells were collected after
24 h and differentiated for seven days yielding 98% F4/80þ cells. For
classical and alternative BMDM polarization assay, BMDMs were
treated with either 100 U/mL IFN-g (M1-like) or 100 ng/mL IL-4 (M2-
like) [36]. For metabolic activation, differentiated bone-marrow-derived
macrophages were polarized with 200 ng/mL lipopolysaccharide (LPS,
SigmaeAldrich, St. Louis, MO, USA) for 3 h and 400 mM palmitate (PA)
(SigmaeAldrich)-bovine serum albumin (BSA), 10 nM insulin, and
30 mM glucose for 3 h [27].

2.2.9. Western blotting
BMDMs and eWAT were harvested and homogenized in Eppendorf
tubes in 100 mL of lysis buffer (50 mmol/L TriseHCl (pH 7.5),
150 mmol/L NaCl, 50 mmol/L EDTA, 1% Triton X-100, and proteasee
phosphatase inhibitor mixture). Protein samples were subjected to
SDS-PAGE and then transferred to membranes that were subsequently
incubated with primary antibodies against GSDMD (STJ112203; St
John’s Laboratory, London, UK), caspase-11 (ab180673, EPR18628;
Abcam, Cambridge, UK), caspase-1 (EPR16883, ab179515, Abcam),
a-tubulin (T5168, B-5-1-2, SigmaeAldrich, St. Louis, MO, USA), and
b-actin (A2228, AC-74; SigmaeAldrich). Immunoreactive proteins
were visualized with an ECL-enhanced chemiluminescence detection
system (GE Healthcare Life Sciences, Marlborough, MA, USA) followed
by exposure to ChemiDoc XRS þ imaging system (Bio-Rad Labora-
tories, Inc. Hercules, CA, USA). The bands were quantified by ImageJ
v1.50i software (https://imagej.nih.gov/ij/index.html). a-tubulin or b-
actin was as references.
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2.2.10. LDH assay
BMDMs were primed with LPS for 3 h and subsequently treated with
PA-BSA, insulin, and glucose for 3 h. Medium alone was used as the
negative control, and 2% Triton X was used as positive control. Su-
pernatants from controls and samples were reserved for the assay.
Percent of LDH release was assayed using the LDH Cytotoxicity
Detection Kit (MK401; Takara Bio). The assay was conducted as
recommended. The absorbance was measured using Bio-Rad iMark
(Bio-Rad Laboratories, Inc.) at 490 nm.

2.2.11. Pore formation assay
Pore formation was assayed by ethidium bromide (EtBr) (Invitrogen,
Carlsbad, CA, USA) staining as described previously [37]. In this assay,
1 � 106 BMDMs were added on a 6-well plate. After LPS priming for
3 h, cells were untreated or treated with PA-BSA, insulin, and glucose
containing 1:1000 Hoechst 33342 (AdipoGen Life Sciences) and
1:1000 EtBr. All cells were stained with Hoechst, whereas only cells
with membrane pores allowed diffusion of EtBr into the cell. Pore
formation activity was measured as the percentage of BMDMs that
stained positive with EtBr. Images were acquired using JuLi� Stage
automated imaging system (NanoEntek Inc., Seoul, South Korea).
Time-lapse images were captured every 30 min at 10X magnification.

2.3. Statistical analysis
We performed a KolmogoroveSmirnov test for the normality of all
continuous variables. A P value above 0.05 indicated that the data
were normally distributed, and data were expressed as the
mean � standard error of the mean (SEM). Mean values were
compared using analysis of variance (ANOVA) followed by a Tukeye
Kramer test to analyze significant differences between the groups. A
P value below 0.05 was considered statistically significant. Significant
differences among groups for dependent variables were detected
using two-way ANOVA: maternal diet (ND versus HFD) and LPS priming
(before priming versus after priming). A P value below 0.05 was
considered statistically significant.

3. RESULTS

3.1. Maternal HFD accelerates the development of HFD-induced IR
in adult offspring
After 8 weeks of HFD feeding, the ITT showed significant impairment of
insulin sensitivity in male O-HFD, whereas a glucose tolerance test did
not show any difference between the two groups (Figure 1A,B).
Consistently, serum insulin levels and homeostasis model assess-
ment- (HOMA-) IR were significantly higher in O-HFD than those in O-
ND (Figure 1C). The mean body weight (BW) and eWAT weight/BW
were significantly increased after HFD feeding; however, there was no
difference between the two groups (Supplementary Figure 1). Further,
glucose tolerance and insulin sensitivity before HFD feeding and after 8
weeks of ND feeding were comparable between the two groups
(Supplementary Figures 2A,B). These findings suggest that maternal-
associated IR is independent of food intake and BW gain in offspring
and is exhibited in HFD-fed offspring. Maternal-associated IR was also
observed in HFD-fed female offspring (Supplementary Figure 3). To
further examine the substantial role of BM cells to impaired insulin
sensitivity in O-HFD, BMT experiment was performed. Glucose toler-
ance and insulin tolerance in O-HFD transplanted with BM cells from
O-HFD were significantly impaired compared with those in O-HFD
transplanted with BM cells from O-ND (Supplementary Figure 4),
suggesting that BM cells substantially contribute to the exaggerated
development of IR in O-HFD. Percentages of BM promonocytes were
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Maternal HFD accelerates the development of HFD-induced insulin resistance. (A and B) Glucose and insulin tolerance tests after 8 weeks of HFD. Values
represent the mean � SEM for 9 O-ND and 9e10 O-HFD mice. **P < 0.01 versus O-ND. O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam; GTT, glucose
tolerance test; ITT, insulin tolerance test; AUC, area under the curve. (C) Serum concentrations of fasting blood glucose and insulin, and homeostatic model assessment- (HOMA-)
IR before and after 8 weeks of HFD. Values represent the mean � SEM for 7 O-ND and 10 O-HFD mice before HFD, as well as 8 O-ND and 8 O-HFD mice after 8 weeks of HFD.
**P < 0.01 versus O-ND before HFD. ##P < 0.01 versus O-HFD before HFD. {P < 0.05 versus O-ND after HFD. O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam.
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comparable between the two groups before and after HFD feeding
(Supplementary Figure 5). Likewise, the percentages of circulating
inflammatory monocytes were equivalent between the two groups
after HFD feeding (Supplementary Figure 6). These findings suggest
that maternal HFD does not affect BM monocytosis and subsequent
mobilization to the peripheral blood.

3.2. Maternal HFD augments proinflammatory response in eWAT
Epididymal adipose tissue weight was significantly increased after HFD
feeding in both groups of mice (Supplementary Figure 1); however, the
size of adipocyte and the number of crown-like structures (CLSs) were
markedly increased in O-HFD compared with those in O-ND
(Figure 2AeC). Consistently, mRNA expression levels of F4/80, MCP-1,
and ICAM-1 were significantly higher in O-HFD than those in O-ND
(Figure 2D). We next examined the fractions of eWAT macrophages by
flow cytometric analysis. M1-like macrophage fraction in O-HFD was
significantly increased while M2-like macrophage fraction was com-
parable between the two groups (Figure 2E,F). Further, eWAT con-
centration of IL-1b in O-HFD was markedly increased after HFD
feeding and much higher than O-ND (Figure 2G), whereas eWAT
concentration of TNF-a after HFD feeding was comparable between
the two groups (Supplementary Figure 7). This finding tempts us to
hypothesize that inflammasome activation is augmented in eWAT of O-
HFD.

3.3. Inflammasome inhibitor treatment completely abolishes the
augmented IR development in offspring of HFD-fed dam
To examine the involvement of inflammasome activation in exag-
gerated IR in O-HFD, NLRP3 inflammasome inhibitor, MCC950, was
administered during HFD feeding. Treatment with MCC950 signifi-
cantly attenuated HFD-induced increase in BW; however, there was
no difference between the O-ND and O-HFD. In contrast, eWAT/BW
ratio was not affected by MCC950 treatment in both O-ND and O-
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HFD (Supplementary Figure 8). MCC950-treated offspring showed a
significant improvement in insulin tolerance, and no significant
difference could be observed between the two groups (Figure 3A).
Consistently, the adipocyte size and the number of CLSs were
markedly decreased in MCC950-treated O-HFD compared with
those in PBS-treated O-HFD, resulting in no apparent difference
between the two groups of MCC950-treated offspring (Figure 3B,C).
Likewise, IL-1b concentration in eWAT was significantly decreased
in MCC950-treated O-HFD to a similar extent as O-ND (Figure 3D).
These findings support the notion that augmented inflammasome
activation in O-HFD substantially contributes to the augmented IR
development in O-HFD.

3.4. Noncanonical inflammasome activation pathway of caspase-
11 is enhanced in eWAT of offspring of HFD-fed dam
In the canonical inflammasome activation pathway, active caspase-1
cleaves gasdermin D (GSDMD) as well as pro-IL-1b to mature IL-1b
[38]. An n-terminal portion of cleaved GSDMD moves to the cell
membrane to make pore formation, which promotes the extravasation
of mature IL-1b [39e42]. We, therefore, examined ex vivo caspase-1
activity in eWAT by a fluorescent image of IVIS. But unexpectedly,
caspase-1 activity was equivalent between the two groups of eWAT
(Figure 4A,B). We also examined the caspase-1 activation in the liver
and serum level of FFA; however, there was no difference between the
two groups (Supplementary Figure 9A,B). We next examined the
noncanonical inflammasome activation pathway of caspase-11, which
has been shown to cleave GSDMD, but not pro-IL-1b, and promote
membrane pore formation [43e45]. We observed a trend toward a
higher expression level of cleaved GSDMD and markedly higher
expression of activated caspase-11 in eWAT of O-HFD (Figure 4C,D).
These findings suggest that extracellular release of mature IL-1b is
augmented in O-HFD by enhancement of activated caspase-11-
mediated pore formation in eWAT.
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Figure 2: Maternal HFD enhances adipocyte size and the number of crown-like structures in eWAT. (A) Representative images of a hematoxylin-and-eosin-stained
eWAT from O-ND (a, c) and O-HFD (b, d) mice before and after 8 weeks of HFD, respectively. The arrow shows CLS. Scale bar ¼ 50 mm. O-ND, offspring of ND-fed dam; O-
HFD, offspring of HFD-fed dam. (B and C) Quantitative analysis of adipocyte size and the number of CLSs. Values represent the mean � SEM for 4 O-ND and 3 O-HFD mice
before HFD, as well as 5 O-ND and 5 O-HFD mice after 8 weeks of HFD. **P < 0.01 versus O-ND before HFD. ##P < 0.01 versus O-HFD before HFD. {{P < 0.01 versus O-ND
after HFD. O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam. (D) Quantitative PCR analysis of mRNA expression levels in eWAT. Values represent the
mean � SEM relative to O-ND. Each group consisted of 6e9 O-ND and 8e9 O-HFD samples. *P < 0.05 versus O-ND. O-ND, offspring of ND-fed dam; O-HFD, offspring of
HFD-fed dam. (E and F) Flow cytometric analysis of F4/80, CD11b, CD206, and CD11c expressions in eWAT from O-ND and O-HFD mice after 8 weeks of HCD. Quantitative
analysis shows a significant increase in macrophages and M1-like macrophages in O-HFD mice. Values are mean � SEM for 7 O-ND and 6 O-HFD mice. *P < 0.05 versus O-
ND. O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam. (G) eWAT concentration of IL-1b after 8 weeks of HCD. Values are the mean � SEM for 5 O-ND and 5
O-HFD mice before HFD, as well as 5 O-ND and 5 O-HFD mice after 8 weeks of HFD. *P < 0.05 versus O-HFD before HFD. #P < 0.05 versus O-ND after HFD. O-ND, offspring
of ND-fed dam; O-HFD, offspring of HFD-fed dam.
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3.5. Membrane pore formation is augmented in BMDMs of
offspring of HFD-fed dam
To further examine the augmented extracellular secretion of IL-1b via
membrane pore formation, metabolic activation of BMDMs was per-
formed by palmitate (PA) stimulation following lipopolysaccharide (LPS)
priming [27]. After membrane pore formation, an increase in cyto-
plasmic osmolality results in the cell expansion and rupture, which are
referred to as pyroptosis [39e42]. To examine the critical time points
when the IL-1b release occurred in the living cells via membrane pore,
we first performed LDH release assay. Consistent with the previously
reported findings [37], LDH concentration in the supernatant was
extremely low until 2-hour stimulation with PA in both two groups;
however, it was markedly increased at 3 h after PA stimulation
(Figure 5A). This finding suggests that membrane integrity was
maintained within 2 h after PA stimulation. We then performed EtBr
staining to examine pore formation without membrane destruction.
Hoechst blue-stained macrophages show total cells in each field, and
EtBr red-stained macrophages, as shown by the arrow, indicate per-
meabilized macrophages (Figure 5B). After PA stimulation following
LPS priming, the percentage of EtBr-positive-staining cells is signifi-
cantly increased in a time-dependent manner in both groups; however,
their extent was significantly enhanced in O-HFD BMDMs (Figure 5C).
This finding suggests that pore formation after metabolic stimulation
was augmented in BMDMs of O-HFD.

3.6. Caspase-11 activity is enhanced in BMDMs of offspring of
HFD-fed dam
Polarization to classically M1-like macrophage upon IFN-g stimulation
was almost equivalent between the two groups (Supplementary
Figure 10A). Likewise, M2-like macrophage polarization upon IL-4
stimulation did not differ between the two groups (Supplementary
Figure 10B). These findings are consistent with the finding that TNF-
a concentration in the eWAT did not differ between O-ND and O-HFD.
We next examined the noncanonical inflammasome activation pathway
of caspase-11 in BMDMs upon metabolic activation. The expression
level of procaspase-11 (p38) was significantly increased after LPS
priming, which was much higher in O-HFD than that in O-ND
(Figure 6A,B). Consistently, active caspase-11 (p26) was also signifi-
cantly increased in BMDMs of O-HFD. In contrast, activation of
caspase-1 by flow cytometric analysis did not show any difference
between the two groups (Figure 6C,D). We further performed western
blotting of caspase-1 in BMDMs. As shown in Figure 6E,F, the protein
expression level of cleaved caspase-1, as well as procaspase-1, did
not differ between the two groups before and after LPS priming,
suggesting that the effect of LPS priming on procaspase-1 expression
was compatible between the two groups. However, unexpectedly, the
protein expression level of cleaved caspase-1 after metabolic activa-
tion tended to be higher in O-HFD than that in O-ND, although this did
not reach statistical significance (Figure 6G,H). These results prompted
us to examine whether the caspase-1 expression is indirectly
enhanced by maternal HFD through the activation of caspase-11,
because active caspase-11 in LPS-primed BMDMs has been shown
to induce NLRP3 inflammasome activation by reducing intracellular
potassium levels, resulting in the activation of caspase-1 [46].

3.7. Enhanced IL-1b release in BMDMs of offspring of HFD-fed
dam is dependent on LPS priming
Finally, to examine the distinct relevance of the noncanonical inflam-
masome activation pathway of caspase-11 on extracellular IL-1b
release, we analyzed supernatant IL-1b concentration with or without
LPS priming because caspase-11 is activated by intracellular LPS but
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not PA (47e50). Without LPS priming, supernatant IL-1b concentration
after PA stimulation was equivalent between the two groups. In
contrast, with LPS priming, it was markedly increased in both groups
of BMDMs; however, it was much higher in O-HFD than that in O-ND
(Figure 7). These findings suggest that LPS priming plays a substantial
role in the extravasation of mature IL-1b through membrane pore and
supports the notion that noncanonical inflammasome activation
pathway of caspase-11 by LPS priming primarily contributes to the
augmented IL-1b release in BMDMs of O-HFD.

4. DISCUSSION

In this study, we showed for the first time that maternal high-fat diet
increases the vulnerability to HFD-induced IR accompanied by
augmented inflammasome activity in eWAT. Treatment with an
inflammasome inhibitor completely abrogated HFD-induced IR in
offspring of HFD-fed dam, suggesting that inflammasome activity plays
a crucial role in enhancing HFD-induced IR resulting from maternal
HFD feeding. Furthermore, in vitro IL-1b release from BMDMs upon
stimulation with PA following LPS priming is significantly increased
through the enhancement of GSDMD-mediated cell membrane pore
formation via noncanonical inflammasome activation pathway of
caspase-11, but not the canonical pathway of caspase-1. Our findings
provide new insights into the causal association between maternal
HFD and development of HFD-induced-IR in offspring, in which the
noncanonical pathway of caspase-11 may contribute to HFD-evoked
inflammasome activation in eWAT.
Inflammasome activation has been shown to play a crucial role in the
development of HFD-induced IR through NLRP3-dependent activation
of caspase-1, which cleaves pro-IL-1b into mature IL-1b [27e30].
However, previous studies have shown the contrary findings in the role
of caspase-1 in HFD-induced obesity and insulin resistance [51,52].
Kimura H. et al. showed that caspase-1 deficiency promotes HFD-
induced obesity and proinflammatory response in the adipose tissue
[51], which was consistent with the findings by Wang et al. [52]. In
contrast, Stienstra et al. demonstrated that caspase-1 deficiency
eliminates HFD-induced BW gain [28]. We did not observe any dif-
ference in HFD-induced BW gain between O-ND and O-HFD, sug-
gesting that active caspase-1 was less implicated in our experimental
setting. On the other hand, CCL2 mRNA expression and subsequent
accumulation of macrophages were significantly augmented in the
eWAT of O-HFD compared with those of O-ND. Recently, Xu et al.
investigated the role of GSDMD in the proinflammatory response using
diet-induced nonalcoholic fatty liver disease model mice [53]. They
showed that GSDMD was associated with the persistent activation of
the NF-B signaling pathway and subsequent macrophage recruitment
via CCL2 secretion. Furthermore, Unamuno et al. demonstrated that
inhibition of NLRP3 in human visceral adipocytes significantly blocked
LPS-induced upregulation of CCL2 [54]. Considering that protein
expression levels of GSDMD and active caspase-11, which synergis-
tically augment NLRP3 activation [55], were significantly enhanced in
BMDMs from O-HFD, it is likely that enhanced accumulation of
proinflammatory macrophages in the eWAT of O-HFD is attributed to
the increased activation of caspase-11. Stienstra et al. also reported
that caspase-1-deficient mice showed attenuated progression of HFD-
induced IR, in which adipocytes are more contributable to caspase-1-
mediated IL-1b secretion than macrophages in adipose tissue [56].
However, we examined caspase-1 activity in eWAT using ex vivo IVIS
imaging and found that caspase-1 activity was equivalent between the
offspring of ND-fed and HFD-fed dam, suggesting that caspase-1
activity in adipocytes, as well as macrophages, is not affected by
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Inflammasome inhibitor treatment diminishes the accelerated insulin resistance development in O-HFD mice. (A) Glucose and insulin tolerance tests after 8
weeks of HFD. Values represent the mean � SEM for 11 O-ND and 11 O-HFD mice treated with PBS, as well as 11 O-ND and 11 O-HFD mice treated with MCC950. *P < 0.05 and
**P < 0.01 versus O-ND treated with PBS. #P < 0.05 and ##P < 0.01 versus O-HFD treated with PBS. O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam; GTT,
glucose tolerance test; ITT, insulin tolerance test, AUC, area under the curve. (B) Representative images of a hematoxylin-and-eosin-stained eWAT from O-ND and O-HFD mice,
respectively. The arrow shows CLS. Scale bar ¼ 50 mm. O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam. (C) Quantitative analysis of adipocyte size and the
number of CLSs. Values represent the mean � SEM. Each group consisted of five mice. *P < 0.05 and **P < 0.01 versus O-ND treated with PBS. ##P < 0.01 versus O-HFD
treated with PBS. O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam. (D) eWAT concentrations of IL-1b after 8 weeks of HCD with or without MCC950. Values are
the mean � SEM for 10 O-ND and 11 O-HFD mice treated with PBS, as well as 10 O-ND and 11 O-HFD mice treated with MCC950. Data were expressed as protein concentration
levels relative to those of O-ND treated with PBS. **P < 0.01 versus O-ND treated with PBS. ##P < 0.01 versus O-HFD treated with PBS. O-ND, offspring of ND-fed dam; O-HFD,
offspring of HFD-fed dam.
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Figure 4: Noncanonical inflammasome activation pathway of caspase-11 is augmented in eWAT of O-HFD. (A and B) Representative ex vivo images of eWAT, as well as
quantitative measurement of radiant efficiency corresponding to caspase-1 activity. Values are the mean � SEM for 4 O-ND and 5 O-HFD mice. O-ND, offspring of ND-fed dam; O-
HFD, offspring of HFD-fed dam. (C and D) Representative western blot of GSDMD and caspase-11 in eWAT, as well as quantitative analysis of protein expression. Values are the
mean � SEM for 5 O-ND and 5 O-HFD mice. *P < 0.05 and **P < 0.01 versus O-ND. O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam; GSDMD-FL, full length of
gasdermin D; GSDMD-NT, N-terminal portion of gasdermin D.
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maternal HFD. Kotas et al. reported that caspase-1-deficient mice
showed a significant triglyceride clearance, which could affect HFD-
induced IR development [57]. We also observed no difference in
caspase-1 activity in liver, as well as serum FFA level, between the two
groups of the offspring, suggesting that caspase-1-mediated modifi-
cation of lipid metabolism is not likely to be responsible for the
vulnerability to HFD-induced IR in the offspring of HFD-fed dam.
The noncanonical inflammasome activation pathway of caspase-11
has been intensively investigated and emerged as a potential thera-
peutic target of inflammatory diseases such as infectious diseases
[58]. Although caspase-11, as well as caspase-1, cleaves GSDMD
[44,45], caspase-11 itself does not have the ability to cleave proIL-1b
and proIL-18. Therefore, the activation of NLRP3 is still needed for their
maturation [38,39,44]. This is consistent with our finding that NLRP3-
specific inhibitor completely abrogates HFD-induced IR in the offspring
of HFD-fed dam despite the equivalent activity of caspase-1 between
the two groups. NLRP3 inflammasome could be activated by various
NLRP3 activators; however, the underlying mechanism has not been
fully elucidated [59]. Perregaux et al. first reported that a reduction of
intracellular potassium concentration is necessary for the activation of
IL-1b upon ATP or nigericin stimulation in LPS-primed mouse peri-
toneal macrophages [60]. Recently, Muñoz-Planillo et al. showed that a
loss of intracellular potassium is indispensable for NLRP3 activation in
BMDMs [61]. Furthermore, Rühl et al. demonstrated that LPS-
transfected BMDMs showed an increase in activity of caspase-11,
which augmented potassium efflux, leading to NLRP3 inflammasome
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activation and subsequent IL-1b release [46]. Based on the results of
these studies [62], we hypothesized that augmented pore formation via
caspase-11-mediated cleavage of GSDMD could promote membrane
permeabilization, leading to the reduction of intracellular potassium,
thereby enhancing NLRP3 activation in O-HFD. We observed that the
activation of caspase-11 was enhanced in O-HFD in vivo and in vitro
experiments. Further, the percentage of membrane pore formation and
subsequent IL-1b release into the culture supernatant were signifi-
cantly increased in BMDMs of O-HFD upon PA stimulation following
LPS priming. Recent studies have shown that caspase-11, but not
caspase-1, is activated by directly binding to the intracellular LPS [47e
50]. Consistently, enhanced IL-1b release was completely eliminated
when BMDMs were activated by PA without LPS priming. Taken
together, augmented IL-1b release in BMDMs of O-HFD is more likely
to be attributed to the enhanced pore formation via caspase-11 acti-
vation upon LPS priming rather than the increased maturation of proIL-
1b via caspase-1 activation.
Skeldon et al. recently reported that HFD-fed caspase-11-deficient
mice (C57BL/6 strain) showed the equivalent BW gain and
glucose tolerance compared to wild-type control mice [63]. How-
ever, the results of ITT and serum insulin levels were not presented
in this experiment. The duration of HFD was much longer (16
weeks) in their experiment compared to our experiment (8 weeks).
During the early stage of HFD-induced IR, glucose tolerance could
be compensated by augmented insulin secretion [64,65]. Further,
two caspase-12-deficient strains were investigated in their
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


A B

C

Figure 5: Membrane pore formation is augmented in BMDMs of O-HFD. (A) Lactate-dehydrogenase- (LDH-) release-based cell death in BMDMs after PA stimulation following
LPS priming. Values are the mean � SE for 5 O-ND and 5 O-HFD mice. **P < 0.01 versus O-ND stimulated with PA (1 or 2 h). ##P < 0.01 versus O-HFD stimulated with PA (1 or
2 h). LPS, lipopolysaccharide; PA, palmitate; O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam. (B) Representative images of pore formation in BMDMs 2 h after PA
stimulation following LPS priming. Hoechst-stained BMDMs (blue) show total cells in each field, and EtBr (red) indicates permeabilized BMDMs. O-ND, offspring of ND-fed dam; O-
HFD, offspring of HFD-fed dam. (C) Quantitative analysis of influx of EtBr after PA stimulation following LPS priming. Values are the mean � SE for 3 O-ND and 3 O-HFD mice.
**P < 0.01 versus O-ND þ LPS. ##P < 0.01 versus O-HFD þ LPS. {P < 0.05 versus O-ND þ LPS þ PA. {{P < 0.01 versus O-ND þ LPS þ PA. O-ND, offspring of ND-fed dam;
O-HFD, offspring of HFD-fed dam.
experiment: caspase-12-deficient mice (129 strain) that have a
mutation in caspase-11- and caspase-12-deficient mice (C57BL/6
strain) that are sufficient for caspase-11. They observed a slight
difference in adipose tissue phenotype after HFD between these two
strains, suggesting that caspase-11 may contribute to the modu-
lation of adipose tissue phenotype even during the late stage of
HFD-induced IR. Likewise, caspase-1-deficient mice (129 strain)
which have been widely investigated are containing a mutation in
the caspase-11 locus that attenuates its expression [43]. It cannot
be ruled out that caspase-11 may be involved in the development of
HFD-induced IR observed in caspase-1-deficient mice. The relevant
contribution of caspase-11 during the early stage of HFD-induced IR
needs to be investigated using caspase-11-deficient mice (C57BL/6
strain) in future studies.
In contrast to caspase-1, intracellular LPS had initially been reported to
be a sole activator of caspase-11 [47e50], which may explain why the
role of caspase-11 in HFD-induced IR has been investigated less than
its role in infection-mediated diseases caused by gram-negative
MOLECULAR METABOLISM 37 (2020) 100988 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
bacteria. However, Cani et al. reported that a 4-week HFD chroni-
cally increased plasma LPS concentration [66]. Caesar et al. also
showed the molecular mechanism of IR development through crosstalk
between gut microbiota and adipose tissue inflammation via TRL
signaling [67]. These findings raise the intriguing possibility that
intracellular LPS, as well as extracellular LPS, elicits adipose tissue
inflammation in the pathogenesis of HFD-induced IR. Recently,
mechanistic insight into the activation of caspase-11 has been
extensively investigated. Chu et al. demonstrated that intracellular
oxidized phospholipid 1-palmitoyl-2-arachidonoyl-sn-glycero-3-
phosphorylcholine (oxPAPC) prevents the direct binding of intracel-
lular LPS to the CARD domain of caspase-11 in murine BMDMs [68].
oxPAPC has been reported to be present in the circulation and is
increased during inflammation and infection [69]. Indeed, Serbulea
et al. have recently shown that full-length oxPAPC increases in the
stromal vascular fraction of eWAT in HFD-fed obese mice, which was
significantly correlated with fat pad weight [70]. They also showed that
full-length oxPAPC promotes inflammatory gene expression in BMDMs;
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 6: Caspase-11 activity is enhanced in BMDMs of O-HFD. (A and B) Representative western blot of caspase-11 of BMDMs before and after LPS priming as well as
quantitative analysis of protein expressions. Values are the mean � SE for 3 O-ND and 3 O-HFD mice before LPS priming, as well as 3 O-ND and 3 O-HFD mice after LPS priming.
**P < 0.01 versus O-ND (before LPS priming). ##P < 0.01 versus O-HFD (before LPS priming). {P < 0.05 versus O-ND (after LPS priming). #P < 0.05 (O-ND versus O-HFD). LPS,
lipopolysaccharide; M0, BMDMs before LPS priming; O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam. (C and D) Flow cytometric analysis of the caspase-1
activity in BMDMs, as well as quantitative analysis of MFI, after 2 h of PA stimulation following LPS priming. Values are the mean � SEM for 5 O-ND and 5 O-HFD mice.
LPS, lipopolysaccharide; PA, palmitate; O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam. (E and F) Representative western blot of caspase-1 of BMDMs before
and after LPS priming as well as quantitative analysis of protein expressions. Values are the mean � SE for 3 O-ND and 3 O-HFD mice before LPS priming, as well as 3 O-ND and 3
O-HFD mice after LPS priming. LPS, lipopolysaccharide; M0, BMDMs before LPS priming; O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam. (G and H)
Representative western blot of caspase-1 of BMDMs after 2 h of PA stimulation following LPS priming as well as quantitative analysis of protein expressions. Values are the
mean � SE for 3 O-ND and 3 O-HFD mice. PA, palmitate; LPS, lipopolysaccharide; O-ND, offspring of ND-fed dam; O-HFD, offspring of HFD-fed dam.

Original Article
however, given that fat pad weight and proinflammatory gene
expression levels of eWAT were comparable between O-ND and O-
HFD, it is not likely that oxPAPC is implicated in the enhanced activity of
caspase-11 in the eWAT of O-HFD.
The maternal nutritional state has been demonstrated to be respon-
sible for the dysfunctional metabolic homeostasis in adult offspring
10 MOLECULAR METABOLISM 37 (2020) 100988 � 2020 The Author(s). Published by Elsevier GmbH. T
through epigenetic mechanisms, such as DNA methylation, post-
translational modifications to histone proteins, and noncoding RNA
without changing the underlying DNA sequence [12e15]. Numerous
studies have shown that epigenetic mechanisms regulate NLRP3-
mediated inflammasome via the canonical activation pathway of
caspase-1 by increasing the production of inflammasome components
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Figure 7: Mature IL-1b release is augmented in BMDMs of O-HFD after meta-
bolic activation. Protein concentrations of IL-1b in the supernatant of BMDMs after
metabolic activation. Values are the mean � SE for 5 O-ND and 5 O-HFD mice without
LPS priming, as well as 5 O-ND and 5 O-HFD mice with LPS priming. **P < 0.01
versus O-ND (PA). ##P < 0.01 versus O-HFD (PA). {P < 0.05 versus O-ND (LPS þ PA).
LPS, lipopolysaccharide; PA, palmitate; O-ND, offspring of ND-fed dam; O-HFD,
offspring of HFD-fed dam.
[71,72]; however, studies investigating epigenetic regulation of non-
canonical activation pathway of caspase-11 are sparse and need to be
elucidated in future studies.

5. CONCLUSION

Our study demonstrates that maternal HFD exhibits inflammasome
activation in eWAT of offspring and subsequently accelerates HFD-
induced IR. Furthermore, in vitro caspase-11 activation of BMDMs of
offspring of HFD-fed dam was significantly augmented and accom-
panied by the increased membrane pore formation and subsequent
release of IL-1b. These findings support the notion that caspase-11
activation plays a critical role in maternal HFD-mediated HFD-
induced IR development in offspring and sheds new insights into the
underlying mechanism of maternal HFD-related CVD development by
focusing on the modulation of macrophage function.
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