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Caspase-1 deficiency in mice reduces intestinal triglyceride
absorption and hepatic triglyceride secretion®
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Abstract Caspase-1 is known to activate the proinflamma-
tory cytokines IL-1p and IL-18. Additionally, it can cleave
other substrates, including proteins involved in metabo-
lism. Recently, we showed that caspase-1 deficiency in mice
strongly reduces high-fat dietinduced weight gain, at least
partly caused by an increased energy production. Increased
feces secretion by caspase-1-deficient mice suggests that
lipid malabsorption possibly further reduces adipose tissue
mass. In this study we investigated whether caspase-1 plays a
role in triglyceride-(TG)-rich lipoprotein metabolism using
caspase-1-deficient and wild-type mice. Caspase-1 deficiency
reduced the postprandial TG response to an oral lipid load,
whereas TG-derived fatty acid (FA) uptake by peripheral tis-
sues was not affected, demonstrated by unaltered kinetics
of ["HITGabeled very low-demnsity lipoprotein (VLDL)-like
emulsion particles. An oral gavage of ["HITG-containing
olive oil revealed that caspase-1 deficiency reduced TG ab-
sorption and subsequent uptake of TG-derived FA in liver,
muscle, and adipose tissue. Similarly, despite an elevated
hepatic TG content, caspase-1 deficiency reduced hepatic
VLDLTG production. Intestinal and hepatic gene expression
analysis revealed that caspase-1 deficiency did not affect FA
oxidation or FA uptake but rather reduced intracellular FA
transport, thereby limiting lipid availability for the assembly
and secretion of TG-rich lipoproteins.Bll The current study
reveals a novel function for caspase-1, or caspase-1-cleaved
substrates, in controlling intestinal TG absorption and hepatic
TG secretion.—van Diepen, J. A., R. Stienstra, I. O. C. M.
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‘Obesity is accompanied by low-grade chronic systemic
inflammation characterized by increased circulating levels
of proinflammatory cytokines, including interleukin (IL)-
1B, tumor necrosis factor (TNF)-o, and IL-6 (1). Activation
of inflammatory pathways induces metabolic disturbances,
leading to insulin resistance, dyslipidemia, and cardio-
vascular diseases. Caspase-1 is a cysteine protease that is
known for its crucial role in the activation of the proinflam-
matory cytokines IL-18 and IL-1B. Additionally, caspase-1
has been shown to cleave other substrates, including pro-
teins involved in energy metabolism (2—4). Caspase-1 acti-
vation is controlled by the inflammasome, a multiprotein
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complex consisting of a member of the Nod-like receptor
family (e.g., NLRP3), and the inflammasome adaptor mole-
cule ASC (5). A close interaction has been described between
the innate immune system and lipoprotein metabolism in
general and in triglyceride (TG) metabolism in particular
(6). This interaction has largely been derived from stud-
ies that evaluated the effects of lipopolysaccharide (LPS),
a major component of the cell wall of gram-negative bacte-
ria, and individual cytokines on lipoprotein metabolism
(7-9).

Although inflammasome-mediated caspase-1 activity
has recently been linked to metabolic disturbances such as
steatohepatitis (10) and cardiovascular diseases (11), the
role of caspase-1 in lipoprotein metabolism has never
been elucidated. We recently showed that the absence of
caspase-1 in mice is accompanied by a profound decrease
in adipocyte size and total adipose tissue mass upon high-
fat-diet (HFD)-induced obesity (12). Inhibition of cas-
pase-1 in adipocytes in vitro does not limit adipocyte
differentiation (12), suggesting that the decrease in adi-
pose tissue mass in vivo is not due to a primary defect in
adipogenesis but may be the result of a lack of sufficient
lipid supply.

An increased energy expenditure may at least partly
explain the marked reduction in adipose tissue that was
observed in caspase-1-deficient (caspase-l_/ 7) mice (13).
Besides energy expenditure, dietary intake and subsequent
intestinal absorption of fat strongly contribute to the sup-
ply of lipids for storage in adipose tissue. Dietary fat is ex-
tremely efficiently absorbed in the small intestine and
incorporated into chylomicrons for distribution to other
tissues. Interestingly, caspase-1~/~ mice fed a HFD display
an increased feces weight (13), suggesting a decreased in-
testinal capacity for the absorption of dietary fat. We there-
fore hypothesized that caspase-1 might play a direct role in
the regulation of (postprandial) TG-rich lipoprotein me-
tabolism that could contribute to the reduction in adipose
tissue mass in caspase-1 /" mice.

In the current study, we investigate the role of caspase-1
in TG metabolism and show that caspase-1 deficiency in
mice markedly reduces intestinal TG absorption as well as
hepatic very low-density lipoprotein (VLDL)-TG produc-
tion, thereby limiting the availability of lipids for periph-
eral storage. :

MATERIALS AND METHODS
Animals

Caspase-1™"" mice (12) were backcrossed 10 generations to
C57Bl/6 mice, and age-matched wild-type (WT) C57B1/6] mice
were used as controls. Mice were housed under standard condi-
tions with a 12-h light-dark cycle and were fed a standard mouse
chow diet with free access to water. Experiments were performed
in 14- to 16-week-old animals. When indicated, mice were fasted
overnight (from 1800 h to 0800 h) or for 4 h (from 0800 h to
1200 h). All experiments were approved by the institutional ethi-
cal committee on animal care and experimentation of the
Leiden University Medical Center.

Lipid composition of feces

Mice were individually housed for 4 days to determine food
intake and collect feces quantitatively. Feces were weighed,
freeze-dried, and ground, and fecal fatty acids (FA) were deriva-
tized by methyl esterification. Therefore, 2 ml methanol/hexane
(4:1 v/v) containing 80 pg pentadecanoic acid (C15:0) as an in-
ternal standard (Fluka) was added to 15 mg of feces. Then, 200 pL
acetyl chloride (Merck) was added, and samples were incubated
at 95°C. After cooling to 4°C, 5 ml 6% KsCOj; (Sigma) was added,
and samples were centrifuged (10 min; 4,000 rpm, 4°C). The
upper hexane layer was isolated and used for GC analysis of FA
methyl esters (FAME). FAME were separated on a 50 m x 0.25 mm
capillary GC column (CP Sil 88; Agilent technologies) in a 3800 GC
gas chromatograph (Varian) equipped with a flame ionization
detector. The injector and flame ionization detector were kept
at 270°C. The column temperature was programmed from 170°C
to 210°C. FAME were introduced by split injection (split ratio
20:1). Quantification was based on the area ratio of the indi-
vidual FA to the internal standard.

To extract total cholesterol from feces, dried feces (10 mg)
were incubated in 1 ml alkaline methanol (CHsOH: 1 M NaOH =
3:1 [v/v])} for 2 h at 80°C in screw-capped tubes using 5a-
cholestane as internal standard. Tubes were cooled to room tem-
perature, and the cholesterol was extracted twice with 2 ml
petroleum ether. The combined petroleum ether layers were
evaporated to dryness, and the cholesterol was silylated by DMF-
Silprep (Alltech). Analysis was performed by GC using the 25
mx0.25 mm capillary GC column (CP Sil 5B; Chrompack Inter-
national) in a 3800 GC gas chromatograph (Varian) equipped
with a flame ionization detector. Quantitation was based on the
area ratio of the cholesterol to the internal standard 5a-cholestane.
Phospholipid concentration was determined after lipid extraction
using a commercially available enzymatic kit from Roche Molecular
Biochemicals (Indianapolis, IN).

Postprandial TG response

To measure the postprandial response overnightfasted mice
received an intragastric load of 200 pL olive oil (Carbonell, Cor-
doba, Spain). Blood samples were drawn before (t=0) and 1, 2,
4, and 8 h after the bolus into chilled capillaries coated with
paraoxon (Sigma, St. Louis, MO) to prevent ongoing lipolysis
(14). Plasma was assayed for TG with the commercially available
enzymatic kit from Roche Molecular Biochemicals (Indianapolis,
IN) and for free FA (FFA) using NEFA-C kit from Wako Diagnos-
tics (Instruchemie, Delfzijl, The Netheriands).

In vivo clearance of TG-rich emulsion particles

VLDL- hke TGrich emulsion particles (80 nm) labeled with
glycerol tri[ H] oleate [triolein (TO)] and & C]cholesteryl oleate
(CO) were prepared and characterized as described previously
(15). To study the in vivo clearance of the VLDL-like TGrich
particles, mice were fasted for 4 h and injected (t=0) via the tail
vein with 200 pL of emulsion particles (1.0 mg TG per mouse).
Blood samples were taken from the tail vein at 2, 5, 10 and
15 min after injection to determine the serum decay of H]TO
and [“C]CO Plasma volumes were calculated as 0.04706 x body
weight (g) as determined from 5L BSA clearance studies as
described previously (16). Afier taking the last blood sample,
the liver, hindlimb muscle, and brown adipose tissue (BAT)
and the gonadal (gWAT), subcutaneous (sWAT) and visceral
(vVWAT) white adipose tissues were collected. Organs were dis-
solved overnight at 60°C in Tissue Solublhzer (Amersham Bio-
sciences, Rosendaal, The Netherlands) and *H and *C activity
was quantified. Uptake of [ H]TO— and ["*C]CO-derived radio-
activity by the organs was- corrected for plasma radioactivity
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present in the respective tissues and expressed per mg wet tis-
sue weight. .

Intestinal TG absorption

To measure intestinal lipid absorption, overnight-fasted mice
received an intragastric load of [ ["H]TO (5 pCGi) (GE Health-
care, Little Chalfont, UK) in 200 pL olive oil {Carbonell, Cor-
doba, Spain). Blood samples were drawn before gavage (t=0)
and at 1 and 2 h after gavage, and serum 3H—activity was deter-
mined. Plasma volumes (ml) were calculated as 0.04706 x body
weight (g) (16). Two hours after the oral lipid load, liver, muscle,
BAT, gWAT, sWAT, and vWAT were collected. Organs were dis-
solved overnight at 60°C in Tissue Solubilizer (Amersham Biosci-
ences, Rosendaal, The Netherlands), and was determined. In
addition, the intestinal tract (i.e., duodenum, proximal jejunum,
distal jenunum, and ileum) was isolated and washed twice in
10 ml PBS. Both the intestinal tissue and the nonabsorbed luminal
content (in PBS) were examined for sH—activity to determine the
amount of absorbed versus nonabsorbed olive oil present in the
intestinal tract.

In vivo hepatic VLDL-TG and VLDL-apoB production

To measure VLDL production in vivo, mice were fasted for 4 h
and anesthetized by intraperitoneal injection of acepromazine
(6.25 mg/kg Neurotrang; Alfasan International BV, Weesp, The
Netherlands), midazolam (6.25 mg/kg Dormicum; Roche Diag-
nostics, Mijdrecht, The Netherlands), and fentanyl (0.31 mg/kg)
(Janssen Pharmaceuticals, Tilburg, The Netherlands). Mice were
injected intravenously with Tran[*S] label (150 pCi/mouse)
(MP Biomedicals, Eindhoven, The Netherlands) to label newly
produced apolipoprotein B (apoB). After 30 min at t = 0 min,
Triton WR-1339 (Sigma-Aldrich) was injected intravenously
(0.5 mg/g body weight, 10% solution in PBS) to block serum VLDL
clearance. Blood samples were drawn before (t=0) and at 15, 30,
60, and 90 min after injection and used for determination of
plasma TG concentration as described above. After 120 min,
mice were exsanguinated via the retro-orbital plexus. VLDL was
isolated from serum after density gradient ultracentrifugation at
d <1.006 g/ml by aspiration (17) and examined for incorporated
358—activity.

Liver lipids

Lipids were extracted from livers of mice that were in a fed
state and after 4 h fasting according to a modified protocol from
Bligh and Dyer (18). Briefly, a small piece of liver was homoge-
nized in ice-cold methanol. After centrifugation, lipids were ex-
tracted by addition of 1800 uL CH;OH:CHCl; (3:1 v/v) to 45 pL
homogenate. The CHCl; phase was dried and dissolved in 2%
Triton X-100. Hepatic TG, total cholesterol (TC), and phospho-
lipid concentrations were measured using commercial kits from
Roche Molecular Biochemicals (Indianapolis, IN). Liver lipids
were expressed per mg protein, which was determined using the
BCA protein assay kit.

RNA isolation and gPCR analysis

Total RNA was obtained from the epithelial layer of the duo-
denum, jejunum, and ileum 2 h after an oral lipid bolus and
from 4 h-fasted livers. RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA), followed by DNase treatment and
column purification using the RNeasy mini kit (Qiagen, Hilden,
Germany). The RNA concentration was determined using a Nan-
odrop ND-1000 spectrophotometer, and cDNA analysis was done
using iScript reagent (Biorad). PCR analysis was carried out on
a Bio-Rad MyIQ). 36B4 was used as housekeeping genes and PCR
primer sequences were taken from the PrimerBank and ordered

450 Journal of Lipid Research Volume 54, 2013

from Eurogentec (Seraing, Belgium). Sequences of the primers
used are available upon request.

Plasma -hydroxybutyrate
Plasma @-hydroxybutyrate was measured in 4 h-fasted plasma
samples using the B-HB Assay Kit from Abcam (Cambridge, UK).

Western blot analysis

Tissues were homogenized by Ultraturrax (22,000 rpm; 2 x 5 5)
in an ice-cold buffer (pH 7.4) containing 30 mM Tris HCI, 150 mM
NaCl, 10 mM NaF, 1 mM EDTA, 1 mM NagVO,, 0.5% (v/v) Tri-
ton X-100, 1% (v/v) SDS, and protease inhibitors (Complete,
Roche, Mijdrecht, The Netherlands) ata 1:10 (w/v) ratio. Homo-
genates were centrifuged (13,000 rpm for 15 min at 4°C), and
the protein content of the supernatant was determined using the
BCA protein assay kit (Pierce, Rockford, IL). Proteins (20-50 pg)
were separated by 7-10% SDS-PAGE followed by transfer to a
polyvinylidene fluoride membrane. Membranes were blocked
for 1 h at room temperature in TBS with Tween-20 with 5% non-
fat dry milk followed by incubation overnight with the following
antibodies: Actin (Sigma-Aldrich), MTP (BD Biosciences), and
DGAT1 and SREBP1c (both from Novus Biologicals). Blots were
then incubated with HRP-conjugated secondary antibodies for
1 h at room temperature. Bands were visualized by ECL and quan-
tified using Image Lab.

Statistical analysis

Data are presented as means + SD. Statistical significant differ-
ences were calculated using a Student’s #test (SPSS Inc., Chicago,
IL). P<0.05 was regarded statistically significant.

RESULTS

Absence of caspase-1 in mice reduces white adipose
tissue mass

Caspase-l_/ " and WT mice were evaluated for body
weight and adipose tissue mass. In line with results from
our previous study (12), caspase-1 deficiency markedly re-
duced white adipose tissue (WAT) mass, whereas body
weight was similar between caspase-1 /'~ versus WT mice
(30.0 £ 3.2 vs. 30.8 + 2.5 g). The reduction in WAT was re-
flected by a reduction in the amount of gWAT (—69%; P<
0.001) and sWAT (—34%; P < 0.01) and a trend toward

reduction in the amount of VWAT (—17%; P= 0.16). We

have previously shown that caspase-1 ~/~ mice have 62%
increased bone mineral content, which likely explains why
caspase-1 deficiency does not affect total body weight de-
spite the reduced adipose tissue mass (12). No difference
was observed for total lean weight (—3%; P = 0.51), liver
weight (—7%; P=0.12), or muscle weight (—9%; P=0.27)
between capase-1 =/~ and WT mice.

Absence of caspase-1 in mice reduces the postprandial
response to an oral lipid load

Because intestinal absorption of fat strongly contributes
to the supply of lipids for storage in adipose tissue, we in-
vestigated whether the reduction in adipose tissue mass
and the resistance to obesity upon high-fat feeding in
caspase-1 /" mice (12, 13) reflects impaired postprandial
lipid handling. Overnightfasted WT and caspase-1”/~
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mice received an intragastric olive oil bolus (200 pL), and
the appearance of TG and FFA in plasma was determined
(Fig. 1). Basal plasma TG levels were reduced in caspase-1~"~
mice compared with WT mice (0.53 = 0.12 vs. 0.82 +
0.24 mM; P < 0.01). Moreover, in caspase-f/_ mice, the
postprandial increase in TG levels was markedly reduced
(peak TG level ~59% at t= 2 h; P<0.01) (Fig. 1A), which
was paralleled by a postprandial drop in serum FFA levels
(peak FFA level —38% at t =4 h; P<0.05) (Fig. 1B).

Caspase-1 deficiency in mice does not affect TG-rich
particle clearance

The postprandial TG response is determined by the bal-
ance between intestinal TG production and the rate of
plasma TG clearance. To determine whether the decreased
postprandial response in caspase-1~’~ mice was caused by
an increased clearance of TGrich particles, we evaluated
plasma clearance and organ distribution of [*HITO and
[14C] CO-double-labeled TGrich emulsion particles in
WT and caspase-1~/~ mice (Fig. 2). Caspase-1 deficiency
slightly delayed clearance of [’H]TG from plasma (Fig. 2A).
However, at 15 min after the injection, WT and caspase-1~/"~
mice had equally cleared the [SH]TG from the circula-
tion. Caspase-1 deficiency did not affect ’H uptake per g of
tissue by the liver, muscle, BAT, and vWAT, whereas *H
uptake in gWAT and sSWAT was increased in caspase-1""~
mice (Fig. 2B). This observation implies that the reduc-
tion in adiposity observed in caspase-1 ™/~ mice cannot be
explained bz a defect in clearance and/or uptake of
TG-derived ["TH]FA by WAT. Similarly, caspase-1 deficiency
did not affect ['*C]CO clearance (Fig. 2C) or ['*C]CO
uptake by the various organs (Fig. 2D), indicatin/g that
TGerich particle turnover was similar in caspase-1"’'~ and
WT mice.

Absence of caspase-1 in mice reduces intestinal TG
absorption and increases fecal FA content

Because the markedly decreased postprandial TG re-
sponse in caspase-17’~ mice was not explained by in-
creased plasma TG clearance, we evaluated intestinal lipid
absorption in caspase-1~/~ and WT mice after an overnight
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Fig. 1. Caspase-1 deficiency in mice reduces the postprandial
lipid response. Overnightfasted WT and caspase-1~'~ mice re-
ceived an intragastric olive oil gavage, and blood samples were
drawn 4t the indicated time points. Plasma TG (A) and FFA (B)
concentrations were determined in WT mice (open circles) and
caspase-1 ~/~ mice (closed circles). Values are means + SD (n = 8).
*P< 0.05; **P< 0.01.
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Fig. 2. Caspase-1 ~/~ mice have normal clearance of VLDL-like
TGrich particles. WT and caspase-1™~ mice were fasted for 4 h
and received an intravenous bolus of [3H] TO and [14C] CO-double
labeled TG-rich emulsion particles (1 mg TG per mouse) (n =7-8).
Blood was collected at the indicated time points, and *H (A)
and C (G) activities were determined in plasma of WT mice
(open circles) and caspase—l_/ " mice (closed circles). At 15 min
after injection, organs were isolated, and uptake of *H (B) and el
(D) activity by the organs was measured. Values are means + SD.
*P< 0.05.

fast. Mice were challenged with an oral lipid load contain-
ing 5 pGi of glycerol tri[*H] oleate in 200 pL olive oil fol-
lowed by assessment of the appearance of 3H-activity in
plasma and uptake of 3H—activity by tissues (Fig. 3). Two
hours after the gavage, the appearance of ‘H activity
in plasma of caspase-1 ™/~ mice was significantly reduced
(—37%; P< 0.001) (Fig. 3A), suggesting a reduction in
chylomicron-TG production. In line with this finding,
a decreased amount of *H activity was retrieved in the
liver (—44%), muscle (—45%), BAT (—72%), and gWAT
(—65%) of caspase-l_/ " mice (Fig. 3B). Because we ob-
served that caspase-1 deficiency does not affect clearance
of TGrich particles per se, these data confirm that cas-
pase-1 deficiency reduces the intestinal TG absorption af
ter an oral lipid load and as a consequence reduces uptake
and incorporation of intestinally derived TG into periph-
eral lipid stores.

To determine whether the reduced intestinal TG ab-
sorption resulted in an increased amount of lipids remain-
ing within the intestinal tract, we isolated the intestinal
tract 2 h after the gavage and determined the amount of
’H that was present in the intestinal tissue and the nonab-
sorbed amount of *H that was still present in the lumen of
the intestinal tract. Caspase-1 deficiency did not affect the
presence of ["H]}TG-derived tissue-bound *H activity in
the different parts of the intestinal tract (Fig. 3C), sug-
gesting sufficient intracellular lipid availability, which was
confirmed by Oil red O staining (supplementary Fig. I}.
Instead, caspase-1 deficiency resulted in the accumulation
of nonabsorbed [*H]TG in the lumen of the distal part of
the intestinal tract (Fig. 3D}, indicating malabsorption of

Caspase-1 deficiency reduces TGrich lipoprotein secretion 451

€10z ‘el Aenige uo ‘Ateiar) yn usbBuiusbep je B1o 1l mmm woly pepeojumoq



JOURNAL OF LIPID RESEARCH

I

Supplemental Material can be found at:
http:/fwww.jlr.org/content/suppl/2012/11/17/jir. M031963.DC1

html
- ‘6;2’0 o WT _
> a - -+ 2
3 -8 15 Caspi §¢’§
T3 £s
w S 10 g5
s s
8 o 0.5 e X
o =
0.0 ol
0 50 100 150 Liver Muscle BAT WATv WATg WATs
c Time (min)
50 D
: 3 sz -
@ = 840 2 a
°2 = -8 EEto
=22 287
=530 =3
- CR-E
£ 9% £0566
v 20 = 20
wTo DTS
7 <10 g+ S 10
e & E =2 :
0 - 0
nY
& 2 & & & &
&S &FHF S &HF
o & & & &
‘\)“o & & 5&\‘)
o 50\
P w 100 b
k=3 -y
S §4° [ g 80y —
z<30 22 e
E2 s 2
b 220 =3 40
(4
g 310 S5
w o w ™
WT  Casp1™

8 s
Fig. 3. Caspase-1 deficiency in mice reduces intestinal TG pro-
duction. Overnight-fasted WT and caspase-1~/~ mice received an
intragastric load of 200 pL olive oil containing [*H]triolein ([3H]
TO) (n = 6-7). Blood samples were drawn at the indicated time
points, and *H activity was determined in plasma of WT mice (open
circles) and caspase~l_/ " mice (closed circles) (A). At 2 h after the
oral lipid load, organs were collected, and uptake of *H activity was
measured (B). Intestine was isolated and washed twice to remove
intestinal luminal nonabsorbed olive oil. *H activity in the intesti-
nal tissue (C) and the nonabsorbed *H activity in the lumen (D)
were determined. Feces was collected from individual housed WT
and caspase-1~"" mice (n = 8), and fecal fatty acids were derivatized
and extracted followed by fatty acid separation and quantification
using gas chromatography. Individual fatty acids were determined
(E), and total fatty acid content (pmol/g feces) was calculated
from the sum of all individual fatty acids (F). Values are means +
SD. *P< 0.05; ***P< 0.001.

TG. Microscopic analysis of the intestinal tract (duode-
num, jejunum, and ileum) did not reveal any abnormali-
ties (supplementary Fig. II).

To investigate whether the decrease in postprandial in-
testinal TG absorption results in long-term reduction of
intestinal lipid absorption, feces were collected from indi-
vidually housed mice over a 4-day period, and the fecal FA
content was evaluated. Although food intake was similar
between caspase-1~'~ and WT mice (4.8 + 0.5 vs. 5.1 + 0.6
g/day), the feces of caspase-1”’~ mice displayed an in-
creased amount of C14:0, C16:0, C18:1, C18:2, and C18:3
compared with WT mice (Fig. 3E), resulting in an increase
of the total fecal FA content (85.7 + 9.4 vs. 69.4 + 7.3
pmol/g feces; P < 0.01) (Fig. 3F). Fecal cholesterol and
phospholipid levels were similar between caspase-1~~ and
WT mice; therefore, caspase-1 deficiency speciﬁcallyreduced
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the uptake of fatty acids because fecal cholesterol and
phospholipid levels were similar between caspase-1 /" and
WT mice (supplementary Fig. IIT).

Caspase-1 deficiency in mice decreases VLDL-TG
production without affecting VL.DL-apoB production
despite increased hepatic lipid content

In fasting conditions, the availability of lipids for periph-
eral organs is determined by the production of VLDL-TG
by the liver through mechanisms similar to intestinal chy-
lomicron synthesis. Because caspase-1 deficiency reduces
postprandial chylomicron-TG production, we hypothe-
sized that caspase-1 deficiency could similarly affect he-
patic VLDL-TG production. VLDL-TG production was
measured in 4 h-fasted mice by determining plasma TG
levels after Triton WR1339 injection (Fig. 4). Caspase-1 /=
mice showed a strong reduction of TG accumulation in
plasma compared with WT mice (Fig. 4A). The VLDL-TG
production rate, as determined from the slope of the curve
from all individual mice, was decreased by —42% (3.6 +
0.5 vs. 6.3 £ 0.7 mM/h; P<0.001), whereas the rate of
VLDL-apoB production did not change significantly
(Fig. 4B). Because the reduced rate of VLDL-TG produc-
tion could be caused by a decreased hepatic lipid substrate
availability in the liver, we evaluated the hepatic TG (Fig. 4C)
and TC (Fig. 4D) content in livers from fed and 4 h-fasted
WT and caspase-1~~ mice. In the fed state, hepatic lipid
content was not affected by caspase-1 deficiency. Surpris-
ingly, 4 h of fasting strongly increased hepatic TG content
in caspase-1~’~ compared with WT mice (+64%; P< 0.05).
This may be the result of an increased FA influx from the
plasma because plasma FFA levels were similarly increased
after 4 h of fasting in caspase—l_/ ~ compared with WT
mice. These data suggest that caspase-1 deficiency is asso-
ciated with reduced hepatic VLDL-TG secretion despite
adequate availability of lipids from plasma and liver, sug-
gesting a primary role of caspase-1 in the VLDL-TG
secretion. In addition, the increased plasma FFA levels
exclude a reduction in lipolytic response of adipose tissue
as the underlying cause of the reduction in VLDL-TG
production. Caspase-1 deficiency is thus associated with
a reduction of intestinal chylomicron TG and hepatic
VLDL-TG production, which may point toward a general
role of caspase-1 in the assembly and/or secretion of TG-
rich lipoprotein particles.

Caspase-1 deficiency in mice reduces hepatic and
intestinal expression of genes involved in lipogenesis

The secretion of intestinal chylomicron-TG in the post-
prandial state and hepatic VLDL-TG in the fasted state are
regulated by similar pathways (19). Therefore, we further
analyzed a selection of genes that are involved in the he-
patic and intestinal secretion of TG (FA uptake, FA oxida-
tion, lipogenesis, and VLDL/chylomicron secretion) in
caspase-1 ~/~ and WT mice by qPCR (Table 1). Liver sam-
ples were collected after 4 h of fasting, and intestinal sam-
ples were collected 2 h postprandial after an oral lipid
load. Caspase-l_/ ~ mice had normal expression levels of
hepatic and intestinal apoB and microsomal TG transfer
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Fig. 4. Caspase-1 deficiency in mice decreases VLDL-TG produc-
tion without affecting VLDL-apoB production and increases he-
patic steatosis. WT and caspase- 17" mice were fasted for 4 h and
received injections of Tran™$ to label newly synthesized protein
and Triton WR1339 to block lipolysis (n = 8). Blood samples were
drawn at the indicated time points, and TG concentrations were
determined in plasma of WT mice (open circles) and caspase-1 /=
mice (closed circles) and plotted as the increase in plasma TG rela-
tive to t = 0 (A). TG production rates were determined by linear
regression analysis, At 120 min, mlce were exsanguinated, and
VLDL was isolated and assayed for “’S-apoB (B). Livers were ob-
tained from fed and 4 h-fasted WT and caspase-1"~ mice, and lip-
ids were extracted (n = 3). Triglycerides (TG) (C) and total
cholesterol (TC) (D) were measured and expressed per mg pro-
tein. Plasma FFA levels (E) were measured in plasma from fed and
4 hfasted WT and caspase-1~/~ mice. Values are means + SD. *P<
0.05; ***+P < 0.001.

protein, which are involved in the assembly and secretion
of chylomicrons and VLDL. Hepatic protein levels of MTP
were not affected by caspase- -1 deficiency (supplementary
Fig. IV).

Likewise, genes involved in FA oxidation, including per-
oxisome proliferator activated receptor o, PPAR-y coactiva-
tor 1, carnitine palmitoyltransferase 1, and mitochondrial
carnitine/acylcarnitine translocase, were not changed in
caspase-1 ~/~ mice. In line with this, caspase-1 deficiency
did not affect plasma B-hydroxybutyrate levels (supple-
mentary Fig. V), suggesting no change in hepatic FA oxi-
dation or ketogenesis. Genes involved in FA uptake, apart
from an increased intestinal expression of Cd36, were also
largely unaffected. Rather, caspase-1 deficiency reduced
expression of the main regulator of lipogenesis, sterol-
regulatory element binding protein 1 (SrebfI), in liver

(—80%; P< 0.05) and intestine (—50%; P < 0.05). A simi-
lar trend was observed for hepatic protein levels of
SREBP1c (supplementary Fig. IV). Furthermore, caspase-
17’ mice showed reduced expression of other genes in-
volved in lipogenesis in the intestine (Srebf2 and fatty acid
synthase [Fasn]). A reduction in de novo lipogenesis may
reduce the intracellular pool of newly synthesized lipids
that are available for secretion in triglyceride-rich lipopro-
teins. Moreover, intestinal expression of liver fatty acid-
binding protein (Fabpl) was reduced in caspase—l—/ ~ mice
(—34%; P< 0.05). Because L-FABP is involved in the intra-
cellular FA trafficking and secretion of chylomicrons in
the intestine (20, 21), a reduction in Fabpl expression may
reduce lipid provision to the endoplasmatic reticulum,
where lipidation of apoB occurs in the formation of TG-
rich lipoprotein. These data imply that caspase-1 defi-
ciency may reduce secretion of TGrich lipoproteins by
decreasing intracellular FA transport.

DISCUSSION

Caspase-1 activity has recently been established as an im-
portant mediator of obesity and obesity-related insulin re-
sistance because caspase-l1 * mice are protected against
HFD-induced obesity and associated insulin resistance
(12, 13). The observed increase in energy expenditure in
previous studies may at least partly underlie the reduction
in adipose tissue in caspase-1 * mice by negatively influenc-
ing the energy balance (12). When fed a HFD, caspase-1""~
mice display an increased feces production (13), suggest-
ing that an impaired postprandial lipid handling may con-
tribute to the reduction in adipose tissue. Therefore, with
the current study we set out to evaluate the role of cas-
pase-1 in (postprandial) lipid metabolism.

‘We have now established a role for caspase-1, either di-
rect or indirect, in the postprandial absorption of lipids by
the intestine and secretion of VLDL-TG by the liver. Mice
lacking caspase-1 showed reduced postprandial chylomi-
cron-TG secretion as well as fasting VLDL-TG secretion,
leading to a reduced availability of TG-derived FA for up-
take by peripheral organs and increased fat excretion in
the feces. These data provide an additional mechanistic
explanation besides an increased energy expenditure (13)
for the reduced adipose tissue mass observed in caspase-1~/
mice upon HFD feeding and suggest a novel function for
caspase-1 in controlling intestinal and hepatic intracellu-
lar FA transport and TGrich lipoprotein assembly and
secretion.

Our observations demonstrate that caspase-1 deficiency
in mice does not affect the uptake of TG-derived FA by adi-
pose tissue per se by showmg that adipose tissue is fully
capable of taking up [ H]FA derived from TG-rich parti-
cles that are administered directly into the circulation.
This, together with our observation that in vitro adipogen-
esis is enhanced rather than reduced in adipocytes in the
absence of caspase-1 (12), suggests that adipose tissue
mass in caspase-1" '~ mice is not reduced as a result of
an impaired adipose tissue functioning by means of FA
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TABLE 1. qPCR analysis of caspase-1/~ and wild-type fasted liver and postprandial intestinal samples reveals a global reduction in lipogenesis

Intestine
Liver Duodenum Jejunum Tleum
Gene Protein Relative to WT liver Relative to WT duodenum
WT Casp-17/~ WT Casp17/~ WT Casp-17~ WT Casp-17~
Fatty acid uptake and transport
Sle27a4 FATP4 1.00+0.71  097+0.76 1.00+£0.62 042+0.19 1.05£0.65 0.71£0.31 0.31+£0.16 0.16+0.09
Cd36 CD36 1.00£0.74 032+0.28 1.00+0.41 2.07x1.00* 155:£090 3.37£2.07 0.03+0.06 0.06+0.06
Fabpl L-FABP 1.00£0.79  0.61+054 1.00x0.26 0.66+0.20* 0.75:031 0.60+0.43 0.01+0.00 0.01+0.01
Fabp2 I-FABP 1.00+£0.72 053 +0.40 1.00+£0.23 0.80+0.31 1.96+1.52 0.98+£0.53 0.37+0.37 0.21:0.10
Fatty acid oxidation
Ppara PPARa 1.00+0.85 1.05+0.59 100043 234+215 0.63+0.25 142176 0.31+0.17 034021
Ppargcla  PGCla 1.00£0.84 1.68+1.37 1.00+0.44 0.83+051 0.58+0.24 1.47+£0.78* 0.26+009 0.25x0.09
Sle25A50  CACT 1.00+0.96  1.09 +0.57 1.00+£0.32 0.94+0.29 0.72+0.35 0.59+0.35 077033 0612034
Cptl CPTI 1.00£0.79 1.35+1.15 1.00£0.37 1.28+047 0.39+0.10  0.31 +0.09 0.25+0.12 0.26+0.11
Lipogenesis
Srebf1 SREBPla/c  1.00x0.65 0.20+0.16* 1.00+0.48 050=+0.16* 1.11:x074 1.46:+0.79 0.07+£0.01 0.05+0.02
Srebf2 SREBP2 1.00+£098 1.13+1.03 1.00+0.36 052:0.11* 091+£030 057024 0.92+0.36 0.45x0.16*
Dgatl DGAT1 1.00+0.84 1.00+0.73 1.00+0.43 0.67+0.26 1.18+0.76  0.77£0.33 025+0.12 0.13+0.06
Dgai2 DGAT?2 1.00+ 098 0.63+0.46 1.00+£0.35 0.72:0.27 0.67+0.36 0.50+0.53 0.06+0.04 0.03+0.02
P Mogatl MGAT1 N.D. N.D. 1.00+0.62  0.83+0.30 124085 0.68+0.28 0.28+0.16 0.13+0.09
gg Fasn FAS 1.00+1.18 1542076 1.00£0.58 0.69+0.11 0.85+0.27 - 0.49x020* 0.71:017 0.75x040
Lipoprotein assembly
Miutp MTP 1.00+0.78 0.82+0.63 1.00£028 0.71:0.14 092+0.39 0.55+035 0.09+0.06 0.04+0.02
Apob ApoB 1.00£042 1.12+0.84 1.00+0.33 1.02+0.36 1.60+1.00 1.81£1.13 044+020 0.28+0.13

Livers (4 h fasted) and intestines (2 h postprandial) were isolated from wild-type (WT) and caspase—l_/ “mice. mRNA was isolated and mRNA
expression of the indicated genes was quantified by qPCR. Data are calculated as fold change as compared with livers or duodenum (for intestines)
of WT mice. Values are means = SD (n = 5-6). *P < 0.05 compared with WT. Apob, apolipoprotein B; Cd36, fatty acid translocase; Cptl, carnitine
palmitoyltransferase 1; Dgat, diglyceride acyltransferase; Fabpl, liver type fatty acid binding protein; Fabp2, intestinal fatty acid binding protein; Fasn,
fatty acid synthase; Mogat, monoacylglycerol O-acyltransferase 1; Mttp, microsomal triglyceride transfer protein; N.D., not determined; Ppara,
peroxisome proliferator activated receptor «; Sic27a4, fatty acid transport protein 4; Slc25A50, mitochondrial carnitine/ acylcarmtlne translocase;
Srebf, sterol-regulatory element binding proteln Bold values represent significantly different values between WT and Casp—l mice (marked
additionally with the star behind the expression value for caspase-1’ mice).
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uptake and adipogenesis; rather, data from the current
study show that caspase-1 deficiency reduces TG-derived
FA delivery to the adipose tissue secondary to a reduction
in TGrrich lipoprotein secretion.

It is interesting to speculate how caspase-1 deficiency re-
duces hepatic and intestinal TG secretion. The secretion of
TGerich lipoproteins is dependent on TG availability, which
can be derived from FA supply from the diet (intestine),
from plasma (liver), or from de novo lipogenesis. The re-
duction in intestinal TG secretion is not likely explained by
a reduction in the uptake of FA because caspase-1 defi-
ciency did not reduce intestinal or hepatic expression of
Cd36 and fatty acid transport protein, proteins involved in
FA transport; rather, intestinal expression of Cd36 was in-
creased in caspase-1"" "~ mice. This may be a compensatory
reaction to the reduced chylomicron secretion because
CD36 has shown to be essential for the production of chy-
lomicrons (22). Similar to the intestine, the reduction in
hepatic TG secretion does not seem to be the result of a
reduction in lipid uptake, based on the observation that
plasma FFA levels are increased in caspase-1~’~ mice and
hepatic genes involved in FA uptake are not changed.

It appears that caspase-1 deficiency is associated with re-
duced expression of the intestinal and hepatic lipogenic
genes such as Srebfl, Srebf2, and Fasn, which are involved in
the FA synthesis and intracellular resynthesis of TG for the
secretion of lipid-rich lipoproteins. This could suggest that
a reduction in de novo lipogenesis may underlie the re-
duced secretion of TG-rich lipoproteins in caspase-1~/~

454 Journal of Lipid Research Volume 54, 2013

mice. Within this scope, it is surprising that the reduction in
the de novo lipogenesis is not paralleled by a reduced intes-
tinal and hepatic lipid content. Tracer studies and Oil Red
o stammg of intestinal sections revealed that enterocytes of
caspase-1”’~ and WT mice contained similar amount of lip-
ids after an oral gavage of olive oil. Moreover, the hepatic
TG levels were increased rather than reduced in caspase-1~"~
mice. Within this context, the reduced expression of lipo-
genic genes that we observe may be a consequence rather
than a cause of the reduced TG secretion. Other studies
indeed observed a reduction in Srebfl as a response to ste-
atosis (23). Alternatively, the reduction in expression of
genes involved in de novo lipogenesis may be the result of
reduced plasma insulin levels in caspase-1 ~/~ mice (12) be-
cause insulin induces hepatic SrebfI expression (24).

Before incorporation into TG-rich lipoproteins, lipids
need to be activated and transported toward the ER and
Golgi system. Because the reduction in intestinal TG secre-
tion in caspase- -1~/ mice cannot be explained by a reduc-
tion of lipid availability within the enterocytes, it may be
caused by a reduction in intracellular transport of lipids.
We observed a decreased intestinal expression of L-FABP
in caspase-1"’ " mice, a protein that is involved in the acti-
vation and transport of FA toward the ER, as well as bud-
ding of prechylomicron transport vesicles (21, 25). Because
L-FABP-deficient mice display a reduction in intestinal
lipid trafficking (20), it is conceivable that a reduced
L-FABP expression limits chylomicron secretion, pro-
vided that a reduced expression of L-FABP affected the
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FABP-mediated FA transport in our study. In the liver, we

observed that VLDL-TG secretion is reduced without -

changes in hepatic apoB secretion, suggesting that cas-
pase-1 deficiency indeed affects apoB lipidation and secre-
tion of the lipoprotein particle. Future studies may be
aimed at delineating the role of caspase-1 in absorption of
specific type of FAs. In contrast to long-chain FAs, dietary
medium-chain FAs are incorporated into chylomicrons
only to a limited extent but rather enter the portal vein as
FA (26). Because our current findings show that caspase-1
deficiency reduces lipidation of apoB and secretion of chy-
lomicrons, caspase-1 deficiency is expected to reduce ab-
sorption of long-chain, but not short-chain, FAs.

Our current observations regarding the role of caspase-1
deficiency in postprandial lipid metabolism are shown in
absence of acute or HFD-induced inflammation, processes
that are known to induce inflammasome-mediated cas-
pase-1 activity (10, 12). Besides absorption of nutrients,
the intestinal tract is the first barrier in the defense against
invading pathogens. Intestinal epithelial cells, including
enterocytes, sense microbial products that are able to acti-
vate inflammasome-mediated caspase-1 (27-29). In addi-
tion, accumulating evidence shows that dietary nutrients
can activate inflammatory pathways in the intestine (30).
Hence, intestinal caspase-1 could be directly activated by
lipids and other nutrients in the diet. Correspondingly,
hepatic caspase-1 may be activated by the FA influx upon
fasting, similarly to the increased FA influx upon high-fat
feeding that is known to activate the inflammasome (10).

It remains to be established how caspase-1 deficiency af-
fects intracellular FA metabolism within the enterocyte.
Caspase-1 is known to process a number of cytokines, in-
cluding pro-IL-1B and pro-1L-18, into the active form, and
the absence of caspase-1 is associated with reduced levels
of bioactive IL-1B and IL-18. To what extent these differ-
ences are involved in the reduced productlon of TG-rich
lipoprotein secretion in caspase-1~~ mice remains to be
determined. IL-1Ra”’~ mice, characterized by IL-1 over-
signaling, display reduced adiposity (31, 32). In line with
this, IL-1R™/~ mice, characterized by impaired IL-1 signal-
mg, display increased adiposity (33). These previous find-
ings suggest that a reduction in active IL-1B in caspase-1 "
mice would increase rather than reduce adipose tissue
mass, raising doubts about the role. of IL-18 in our observa-
tions. However, adiposity in IL- 1Ra~’" and IL-IR™’™ mice
is not only affected by changes in IL-1B but also by changes
in IL-1a and IL-1Ra signaling, which hampers interpreta-
tion on the direct role of IL-1B. An animal model specifi-
cally deficient for IL-1B may be more suitable to study the
role of IL-1B in adiposity and lipid metabolism. To our
knowledge, such studies have not been performed. An-
other p0551b111ty is that the effects of enhanced activity of
IL-18 (IL- 1Ra™/ mice) and the absence of IL-1@ activity
(caspase-1~/" mice) are similar. In other words, a narrow
window of IL-1B activity levels is apparently needed to ef-
ficiently control metabolism.

Injection of proinflammatory IL-1p in rats has long been
known to increase lipogenesis and hepatic secretion of
TG—containing lipoproteins (9), suggesting that the absence

of bicactive IL-1B in caspase-1 ~/~ mice could be responsible
for the reduction in secretion of TG-containing lipopro-
teins. Accordingly, a recent report revealed that IL-1B gene
polymorphisms affect the postprandial TG response in hu-
mans (34). Subjects with the polymorphism that conveys
higher IL-1B activity displayed an increased postprandial
TG response. Our data suggest that these observations may
thus be explained by an increased intestinal and/or he-
patic TG production rather than by reduced lipoprotein
lipase activity, which has been suggested as a possible mech-
anism for their observation (35). An IL-1B-mediated in-
crease in intestinal TG secretion may contribute to the
tendency toward higher abdominal obesity previously ob-
served in these subjects (36). Similar to IL-18, genetic vari-
ation in IL-18 has been associated with postprandial TG
levels (37), suggesting that the absence of caspase-1 may
reduce TGerich lipoprotein production indirectly via these
cytokines. Future studies may verify whether our current
observations are mediated via IL-18 or IL-18. Another pos-
sibility is that caspase-1 affects lipid metabolism indepen-
dent of IL-1B or IL-18 because, in addition to IL-1B and
I1-18, caspase-1 has been shown to be able to directly
cleave additional substrates (2, 38). These substrates include
several key metabolic proteins, such as SIRT1 and PPARy
(3, 4). It is reasonable to postulate that additional sub-
strates of caspase-1 play regulatory roles in intraceflular
lipid metabolism. Future studies will therefore need to
identify new potential cleavage sites in proteins involved
in intracellular FA transport and lipoprotein assembly
that may contribute to the reduction in TG secretion in
caspase-1~/~ mice.

In conclusion, we show that caspase- -1~ mice show an
attenuated intestinal chylomicron-TG production and he-
patic VLDL-TG production, both of which limit the avail-
ability of FA for uptake by adipose tissue. The current
study reveals a novel function for caspase-1, or caspase-1-
derived substrates, in controlling intestinal TG absorption
and TGerich lipoprotein assembly and secretion. We an-
ticipate that caspase-1 may be a novel therapeutic target
for the treatment of obesity and obesity-related disorders
such as cardiovascular disease Bl

The authors thank A.CM. Pronk, C. van der Bent, E]J.
Pieterman, and C.J.A. van der Wee-Pals for excellent technical
assistance.
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