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Role of enterocyte stearoyl-Co-A desaturase-1 in

LDLR-null mice

Pallavi Mukherjee,* Greg Hough,* Arnab Chattopadhyay,* Victor Grijalva,* Ellen Ines O’Connor;
David Meriwether,” Alan Wagner,* James M. Ntambi,** Mohamad Navab,* Srinivasa T. Reddy,"*"''

and Alan M. Fogelman*

Departments of Medicine,* Molecular and Medical Pharmacology,§ and Obstetrics and Gynecology,TT and
Molecular Toxicology Interdepartmental Program,T David Geffen School of Medicine, University of
California-Los Angeles, Los Angeles, CA 90095; and Departments of Biochemistry and Nutritional
Sciences,** University of Wisconsin-Madison, Madison, WI 53706

Abstract After crossing floxed stearoyl-CoA desaturase-1
(SedI™™) mice with LDL receptor-null (Idlr~’ ) mice, and then
Villin Cre (VilCre) mice, enterocyte Scdl expression in Sed1" ﬂ/
ldlr™’”~ / VilCre mice was reduced 70%. On Western diet (WD),
Scd1""/1dlr™’” mice gained more weight than SedI""/
Idlr™'~ / VilCre mice (P< 0.0023). On WD, jejunum levels of ly-
sophosphatidylcholine (LysoPC) 18:1 and l)rsophosphaﬁdic
acid (LPA) 18:1 were significantly less in SedI™ /1dlr™"~ / VilCre
compared with Sed1™" /1dlr™’~ mice (P< 0.0004 and P< 0.026,
respectively). On WD, Scd1™" /1dlr'~ / VilCre mice compared
with ScdI™™ /1dlr™’~ mice had lower protein levels of lipopoly-
saccharide-binding protein (LBP), cluster of differentiation 14
(CD14), tolllike receptor 4 (TLR4), and myeloid differentia-
tion factor-88 (MyD88) in enterocytes and plasma, and less dys-
lipidemia and systemic inflammation. Adding a concentrate of
tomatoes transgenic for the apoA-I mimetic peptide 6F (Tg6F)
to WD resulted in reduced enterocyte protein levels of LBP,
CD14, TLR4, and MyD88 in ScdI”"/Idlr”'~ mice similar to
that seen in Sed1""/1dlr™’~ / VilCre mice. Adding LysoPC 18:1
to WD did not reverse the effects of enterocyte Scdl knock-
down. Adding LysoPC 18:1 (but not LysoPC 18:0) to chow in-
duced jejunum Scdl expression and increased dyslipidemia
and plasma serum amyloid A and interleukin 6 levels in Sed1™?/
dir’~ mice, but not in SedI™® /1dlr™’~ / VilCre mice ll We con-
clude that enterocyte Scdl is partially responsible for LysoPC
18:1- and WD-induced dyslipidemia and inflammation in
Idlr™’~ mice.—Mukherjee, P., G. Hough, A. Chattopadhyay,
V. Grijalva, E. I. O’Connor, D. Meriwether, A. Wagner, J. M.
Ntambi, M. Navab, S. T. Reddy, and A. M. Fogelman. Role of
enterocyte stearoyl-Co-A desaturase-1 in LDLR-null mice.
J- Lipid Res. 2018. 59: 1818-1840.
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Microarray analysis of the jejunum of LDL receptor-null
(ldlr’~) mice fed a Western diet (WD), a WD supplemented
with transgenic tomatoes expressing the apoA-I mimetic
peptide 6F (Tg6F), or a WD supplemented with control
transgenic tomatoes revealed stearoyl-CoA desaturase-1
(Scdl) as the gene with the greatest differential expression
(1). By quantitative real-time PCR, ScdI gene expression in
the jejunum of I/~ mice fed WD increased ~25-fold
compared with chow-fed ldr '~ mice, and the increase was
almost completely inhibited by addition of Tg6F to WD
(see supplemental Fig. SIC in Ref. 1).

Previously, we also reported (1, 2) that adding 1 mg of
lysophosphatidylcholine (LysoPC) 18:1 per gram of chow
or 1 pg of lysophosphatidic acid (LPA) 18:1 per gram of
chow to the chow diet of ldlr /™ mice resulted in dyslipid-
emia and systemic inflammation similar (but quantitatively
less) to that seen when the mice were fed WD. In contrast,
adding the same dose of LysoPC 18:0 or LPA 18:0 to chow
did not cause these changes (1, 2).

To our surprise, in a subsequent study, we found that
standard mouse chow contains dramatically higher levels
of oleic acid (C18:1)-containing phospholipids and higher
levels of LysoPC 18:1 compared with WD (3). Moreover,
WD contained almost no LysoPC 18:1, but WD dramatically
increased the content of LysoPC 18:1 in the tissue of the
jejunum (3). We hypothesized that fatty acids in enterocytes

Abbreviations: CD14, cluster of differentiation 14; CH25H, choles-
terol 25-hydroxylase; 6F, the peptide D-W-L-K-A-F-Y-D-K-F-F-E-K-F-K-E-F-F
without end blocking groups; fl1/1l, floxed; IFN-B, interferon-g; IL-6, in-
terleukin 6; LBP, lipopolysaccharide-binding protein; iy ’~, LDL re-
ceptor-null; LPA, lysophosphatidic acid; Lpcat3, lysophosphatidylcholine
acyltransferase 3; LPS, lipopolysaccharide; LysoPC, lysophosphatidylcho-
line; MD-2, lymphocyte antigen 96; MyD88, myeloid differentiation
factor-88; 25-OHC, 25-hydroxycholesterol; PC, phosphatidylcholine; SAA,
serum amyloid A; Scdl, stearoyl-Co-A desaturase-1; Tg6F, transgenic
tomatoes expressing the 6F peptide; TLR4, toll-like receptor 4; VilCre,
Villin Cre; WD, Western diet.
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are acted upon by enzymes, which are induced by WD, re-
sulting in the remodeling of LysoPC to oleic acid-contain-
ing species (3). The synthesis of oleic acid in mammals is
largely due to the action of Scdl. Therefore, we set out to
determine whether targeting the Scdl gene in enterocytes
would reduce levels of LysoPC 18:1 and LPA 18:1, and
would ameliorate dyslipidemia and systemic inflammation
in I/~ mice.

To target the Scdl gene in enterocytes, we crossed Scdl
floxed (ScdI™™) mice with I/~ mice, and then with Vil-
lin Cre (VilCre) mice. We report here that on WD, Sed1" ﬂ/
ldir '~ / VilCre mice were protected from dietinduced obe-
sity, as was the case for mice globally deficient in Scdl
(4, 5). The Sed1™"/1dly™'~ / VilCre mice had lower levels of
LysoPC 18:1 and LPA 18:1 in the tissue of the jejunum
compared with SedI""/ldly’~ mice. On WD, dyslipidemia
and systemic inflammation were significantly improved in
Sed 1"/ 1dlr™’~ / VilCre mice compared with Scd1™"/ldl"~
mice.

An important function of enterocytes is to provide a bar-
rier between gut bacteria and the tissues of the host. The
response of enterocytes to lipopolysaccharide (LPS) de-
rived from gut bacteria is via a series of proteins that in-
clude LPS-binding protein (LBP), cluster of differentiation
14 (CD14), and toll-like receptor 4 (TLR4), which interacts
with lymphocyte antigen 96 (MD-2) to initiate signaling
through myeloid differentiation factor-88 (MyD88). Kim et
al. (6) reported that a high-fat diet induced inflammation
in mice by increasing bacterial LPS levels in the intestinal
lumen as well as in the plasma by altering gut microbiota
composition and increasing intestinal permeability through
the induction of TLR4. The processing of LPS involves an
initial interaction with LBP that helps CD14 to extract LPS
from bacterial cell walls. CD14 then delivers LPS to TLR4-
MD2, which prompts the dimerization and activation of
TLR4 (7). TLR4 signals through multiple pathways, includ-
ing through MyD88 (8), causing increased intestinal per-
meability that results in intestinal inflammation (9). Here,
we report that enterocyte knockdown of Sedl in ldlr /™
mice on WD resulted in lower protein levels of LBP, CD14,
TLR4, and MyD88 in both enterocytes and plasma, and was
similar in magnitude to the decrease in these proteins ob-
served upon adding Tg6F to WD.

We also report that enterocyte knockdown of Scd! re-
sulted in a marked reduction in the ability of LysoPC 18:1
to cause dyslipidemia and increase plasma levels of serum
amyloid A (SAA) and interleukin 6 (IL-6) when added to
mouse chow. Together these studies demonstrate that Scdl
is partially responsible for LysoPC 18:1- and WD-induced
dyslipidemia and inflammation in I’ mice.

MATERIALS AND METHODS

Materials

Transgenic tomatoes expressing the 6F peptide (10) were
grown and freeze-dried at the University of California, Davis, and
shipped frozen to the University of California, Los Angeles, where

a concentrate of these tomatoes (Tg6F) was prepared as described
(3). Analysis revealed that the freeze-dried tomato powder from
Davis contained the same quantity of the 6F peptide as was found
in the tomatoes previously grown at the Donald Danforth Plant
Science Center in Saint Louis, MO (3) (data not shown). Studies
in ldlr’~ mice confirmed that concentrates prepared from toma-
toes grown at the two sites were biologically similar in their po-
tency (data not shown). In some experiments, as noted in the
figure legends, instead of removing the ethyl acetate/acetic acid
from the Tg6F mixture by sublimation with argon gas as described
previously (3), a machine (Genevac Rocket 4D Synergy RK0644;
SP Scientific Inc., UK) was used to rapidly remove the ethyl ace-
tate/acetic acid. This machine allows the processing of much
larger volumes (the machine allows processing of 5 liters versus
the argon method, which is limited to 50 ml per tube). Moreover,
the machine removes the ethyl acetate/acetic acid much more
rapidly (30-60 min versus many hours). The biologic activity of
Tg6F preparations made using either the argon method or the
machine, when added to WD and fed to ldlr * mice, was similar
(data not shown). Unless otherwise stated, all other materials
were from sources previously described (3).

Mice and diets

Scd1™" mice on a C57BL/ 6] background were obtained from
Dr. James M. Ntambi at the University of Wisconsin, Madison (5).
These mice were crossed with ldlr /™ mice originally purchased
from Jackson Laboratories on a C57BL/6] background that were
from the breeding colony of the Department of Laboratory and
Animal Medicine at the David Geffen School of Medicine at the
University of California, Los Angeles, to yield Scd1™"/1dlr"~
mice. Scd1™"/1dl7’~ mice were crossed with Villin Cre (VilCre)
mice on a C57BL/6] background that were purchased from
Jackson Laboratories (stock #004586) to yield Scd1™"/idlr"~/
VilCre mice. The gender and age of the mice are stated in the
legend to each figure. The mice were given unlimited access to
standard mouse chow (Ralston Purina) prior to the start of ex-
periments. To ensure that the mice ate all of their food during the
experiments, the mice were not allowed unlimited access to food,
as was the case prior to starting the experiment. During the ex-
periments, they were given a fixed amount of diet each night, and
any remaining food was removed each night and weighed to de-
termine the percent not eaten. Unless otherwise stated, the mice
were given precisely 4 g of diet per mouse each night (each cage
contained four mice that received 16 g of diet each night). When
the mice were switched to WD, it was from Teklad, Harlan (cata-
log #TD88137) or from Research Diets (catalog #D12079B). If the
source of WD is not stated, it was from Teklad, which was the
source for WD in our previous publications (1-3). When Tg6F was
added to the diets, it was added at 0.06% by weight of diet as de-
scribed (3).

Harvesting of the jejunum and preparation of enterocytes. After
2 weeks of treatment, the mice were fasted overnight in cages with
clean bedding, and blood was removed under mild isoflurane an-
esthesia. The mice were euthanized with an overdose of isoflu-
rane and perfused to remove blood; the small intestine was
washed; the jejunum was harvested; and enterocytes were pre-
pared as previously described (11).

Assays

Determination of mRNA levels for Scdl. Enterocyte mRNA levels
were determined by quantitative real-time PCR for Sedl, as previ-
ously described (1, 11), and normalized to TATA-box binding
protein mRNA (12).

Role of enterocyte Scdl 1819



Immunohistochemistry. Immunohistochemistry was performed
as previously described (3) using an antibody to mouse ScdI pur-
chased from Cell Signaling Technology, Danvers, MA (catalog
#2794).

ELISA and immunoblots. ELISAs for LBP, CD14, TLR4, and
MyD88 were performed on enterocytes using the materials and
reagents described in the figure legends. Immunoblots for LBP,
CD14, TLR4, and MyD88 were performed on enterocytes and
plasma, as described (13), using the reagents described in the fig-
ure legends.

Other assays. Plasma lipids and SAA levels were determined as
described (3, 14, 15), and LysoPC and LPA species were deter-
mined by LC-MS/MS as described previously (3). IL-6 levels were
determined using a commercially available kit manufactured by
Life Technologies, Grand Island, NY, purchased from Thermo
Fisher Scientific (catalog #KMC0062), and used according to the
manufacturer’s instructions.

Statistical analysis

In comparing more than two groups, statistical analysis was ini-
tially performed by ANOVA. After determining that statistically
significant differences were present by ANOVA, further compari-
sons were made by unpaired two-tailed ttest or, where appropri-
ate, by paired #test. All statistical analyses were performed using
GraphPad Prism version 7.02 (GraphPad Software, San Diego,
CA). Statistical significance was considered achieved if P< 0.05.

RESULTS

Relative expression of Scdl in enterocytes

As shown in Fig. 1, by quantitative real-time PCR, the
relative expression of Scdl in enterocytes taken from the
jejunum decreased from 1 +0.07 in Scd]ﬂ/ﬂ/ ldlr’~ mice to
0.30 = 0.05 in Scd1™"/1dly'~ / VilCre mice. There was no
decrease in the relative expression of hepatic Scd! in the
Scd1""/1dly™’'~ / VilCre mice (data not shown). Figure 2
demonstrates that on WD, the Sed 1" ﬂ/ ldr'~ / VilCre mice
had dramatically reduced levels of Scdl grotein in entero-
cytes in the jejunum compared with Sed " /ldlr’~ mice.

Scd1YldIr-/VilCre

.5 P<0.0001
' I |

1.0
0.5

0.0

Relative Expression in Enterocytes

Fig. 1. Knockdown of enterocyte Scdl. Enteroc?/tes were prepared
from the jejunums of Sed1™"/1dly '~ and Sed1"™"/1dlyr’~ / VilCre fe-
male mice (age 4 months, n = 6 per group) on a chow diet. Entero-
cyte. mRNA was isolated and quantitative real-time PCR was
performed as described in the Materials and Methods. The results
shown are the mean + SEM.

Knockdown of Scdl in enterocytes protected against
weight gain on WD

In the first set of experiments, prior to starting WD,
Sed1™" /1l mice weighed 22.16 + 0.86 g (mean + SEM);
after 2 weeks on WD, they weighed 23.87 + 1.0 g (P <
0.0001). Prior to starting WD, Scd1™"/1dly™'~ / VilCre mice
weighed 22.46 + 0.76 g (mean = SEM); after 2 weeks on
WD, they weighed 22.66 + 0.84 g (P = 0.5191). Figure 3A
shows the weight change in grams after 2 weeks on WD.
Figure 3B shows the percent change in body weight deter-
mined by comparing the weight of each mouse just prior to
starting WD with its weight after 2 weeks on WD. WD con-
sumption was not different in Sed1"™"/Idlr™'~ mice com-
pared with Scd1""/1dly™'~ / VilCre mice. Both the ScdI1""/
ldlr '~ mice and the Scd1" ﬂ/ b/~ / VilCre mice ate =95%

Fig. 2. Scdl protein in enterocytes was determined
by immunohistochemistry. The jejunums of Sed1™"/
ldlr’~ and Scd]ﬂ/ﬂ/ldlf/f/ VilCre female mice (age 4
months, n = 6 per group) on WD were stained for
Scdl protein as described in the Materials and Meth-
ods. Representative sections from a Sed 1" ﬂ/ '~
mouse and a Sed1™"/1dlr /'~ / VilCre mouse are shown
in the figure.
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Fig. 3. A: Despite consuming the same amount of WD, Sed1™"/1dly’" / VilCre mice gained significantly less weight on WD compared with
Sed1™™/1dly’ mice. Sed1™" /1l and Sed 1™ /1dly'~ / VilCre female mice (age 4-6 months, n = 35-36 per group) were weighed and con-
tinued on chow or switched to WD. After 2 weeks, the mice were weighed again, and the difference in grams between the two weights for
each mouse was determined. The data shown are the mean + SEM. B: Despite consuming the same amount of WD, the percent body weight
gained in Scdlﬂ/ﬂ/ldlf/_/ VilCre mice was significantly less on WD compared with Sed 1" l/Zdlr_/_mice. The percent change in body weight
for the mice described in A was determined by comparing the weight of each mouse just prior to starting WD with its weight after 2 weeks on
WD. The data shown are the mean + SEM. C: LysoPC 18:1 levels in the tissue of the jejunum increased significantly less in Sed1™" /1™~ / VilCre
mice on WD compared with Scd]ﬂ/ﬂ/ldlr_/_ mice. After 2 weeks, LysoPC 18:1 was determined as described in the Materials and Methods in
the jejunums of the mice described in A. The results shown are the mean + SEM. D: LysoPC 18:1 levels in plasma increased on WD compared
with chow, but were not significantly less after knockdown of Scd1 in enterocytes. LysoPC 18:1 levels in the plasma of the mice described in
A were determined as described in the Materials and Methods. The results shown are the mean = SEM. E: LysoPC 18:0 levels in the tissue of
the jejunum of mice fed chow or WD were not different, and LysoPC 18:0 levels were not different after knockdown of Scd! in enterocytes.
LysoPC 18:0 levels were determined as described in the Materials and Methods in the jejunums of the mice described in A. The results shown
are the mean + SEM. F: LysoPC 18:0 levels in plasma increased on WD compared with chow, but were not less after knockdown of SedI in
enterocytes. LysoPC 18:0 levels in the plasma of the mice described in A were determined as described in the Materials and Methods. The
results shown are the mean + SEM. G: Plasma total cholesterol levels increased on WD compared with chow and increased significantly less
following SedI knockdown in enterocytes. Total cholesterol levels in plasma of the mice described in A were determined as described in the
Materials and Methods. The results shown are the mean + SEM. H: Plasma triglyceride levels increased on WD compared with chow, but did
not change following Scdl knockdown in enterocytes. Triglyceride levels in the plasma of the mice described in A were determined as de-
scribed in the Materials and Methods. The results shown are the mean + SEM. I: Plasma HDL-cholesterol levels decreased on WD compared
with chow in Sed1""/ldlr /™ mice, but not in SedI""/ldlr '~ / VilCre mice. HDL-cholesterol levels in the plasma of the mice described in A
were determined as described in the Materials and Methods. The results shown are the mean + SEM. J: Plasma SAA levels increased on WD
compared with chow and increased significantly less following ScdI knockdown in enterocytes. SAA levels in the plasma of the mice described
in A were determined as described in the Materials and Methods. The results shown are the mean + SEM.

of the WD each day, and there was no difference between significant increase in LysoPC 18:1 in plasma compared
the two genotypes. with chow, but the difference in plasma levels of LysoPC

18:1 in Sed 1" n, ™'~ mice compared with Sed 1" , '~ /
Knockdown of Scdl in enterocytes results in less LysoPC VilCre mice did not reach statistical significance (Fig. 3D).

18:1 in jejunum In this first set of experiments, the levels of LysoPC 18:0 in

As shown in Fig. 3C, LysoPC 18:1 levels in the tissue of  the jejunum were not significantly different in mice fed
the jejunum increased significantly less in Sed1™"/ 1"~/ chow compared with WD, and were not significantly differ-
VilCre mice on WD compared with Sed1""/ldly’~ mice on  entin SedI""/1dly’~ mice compared with Scd 1"/ idlr'~/
WD; the levels of LysoPC 18:1 in the jejunum were not dif- VilCre mice (Fig. 3E). LysoPC 18:0 levels in plasma signifi-
ferent on chow. On chow, there was no difference in cantly increased in mice fed WD compared with chow, but
plasma LysoPC 18:1 levels (Fig. 3D). On WD, there was a  there was no significant difference between Sed ™"/ 1y~
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mice compared with Sed 1" U/ 1dy™"" / VilCre mice on WD
(Fig. 3F).

Knockdown of Scdl in enterocytes reduced the
WD-mediated increase in plasma cholesterol and SAA
levels, and prevented the WD-mediated decrease in plasma
HDL-cholesterol levels

WD increased plasma total cholesterol levels compared
with chow; Sedl knockdown in enterocytes modestly, but
significantly, ameliorated the increase (Fig. 3G) without
altering plasma triglyceride levels in these experiments
(Fig. 3H). On WD, plasma HDIL-cholesterol levels signifi-
cantly decreased in Sed1™" /1~ mice, but not in SedI™"/
ldlr '~ / VilCre mice (Fig. 3I). Plasma SAA levels significantly
increased on WD compared with chow, but increased sig-
nificantly less in Sed1™" /1dly'~ / VilCre mice compared
with Sed1™"/1db~"~ mice (Fig. 3]).

Knockdown of enterocyte Scdl decreased levels of LPA
18:1 (but not LPA 18:0) in the jejunum

We previously reported that a significant source of LPA
18:1 in the small intestine was LysoPC 18:1 that was con-
verted to LPA 18:1 by lysophospholipase D (autotaxin) (2).
To determine whether knockdown of S¢dl in enterocytes
would lead to changes in LPA 18:1 levels, we performed a
second set of experiments. In the second set of experi-
ments, prior to starting WD, Scd 1" /1dl"~ mice weighed
21.61 + 0.25 g (mean = SEM); after 2 weeks on WD, they
weighed 22.27 + 0.33 g (P = 0.1298). Prior to starting WD,
Sch“/”/ldlr_/_/ VilCre mice weighed 21.58 + 0.25 g (mean +
SEM); after 2 weeks on WD, they weighed 20.8 + 0.31 g
(P=0.0669). WD consumption was not different in Scdlﬂ/ﬂ/
ldlr '~ mice compared with Sed1" i ldr’ ~/VilCre mice.
Both the Scd1™"/1dlr™’~ miceand the Scd1™"/ dly™'~ / VilCre
mice ate =95% of the WD each day, and there was no dif-
ference between the two genotypes. Figure 4A shows the
weight change in grams after 2 weeks on WD. Figure 4B
shows the percent change in body weight determined by
comparing the weight of each mouse just prior to starting
WD with its weight after 2 weeks on WD. Despite the fact
that WD consumption was not different in Sed 1" ﬂ/ '~
mice compared with Scd """/ ldly™’~ / VilCre mice, the Sed 1"/
ldly™"~ / VilCre mice lost 3.7 + 0.79% of their body weight
while the Scd1™"/1dlr™’~ mice gained 3.0 + 0.77% of their
body weight on WD.

The experiments shown in Fig. 4C demonstrate that
knockdown of enterocyte Scdl reduced levels of both
LysoPC 18:1 and LPA 18:1 in the tissue of the jejunum.
Levels of LysoPC 18:0 and LPA 18:0 were not decreased in
the jejunum by enterocyte Scdl knockdown (Fig. 4D). In
this experiment, as shown in Fig. 4E, the decrease in plasma
levels of LysoPC 18:1 in Sed1™" /1dly '~ / VilCre mice com-
pared with Sed 1" i, ldlr '~ mice was highly significant. As
shown in Fig. 4F, there was a small, but significant, decrease
in plasma levels of LysoPC 18:0 in Scd 1" f, ldr’ ~/VilCre
mice compared with Scdlﬂ/ﬂ/ ldlr’~ mice.

In the mice described in Fig. 4A, plasma total cholesterol
levels in the Scdlﬂ/ﬂ/ ldlr '~ mice were 735 + 13 mg/dl com-
pared with 647 = 11 mg/dl in the Sed1™"/1dlr"" / VilCre

1822 Journal of Lipid Research Volume 59, 2018

mice (P<0.0001). Knockdown of Sedl in the enterocytes of
the mice described in Fig. 4A resulted in a modest, but sig-
nificant, decrease in plasma triglycerides (Fig. 4G). Plasma
SAA levels in Scd 1" f '~ / VilCre mice on WD were sig-
nificantly less than in Sed 1" i '~ mice; adding Tg6F to
WD at 0.06% of diet bty weight significantly reduced plasma
SAA levels in Sed1™"/ldl’" mice, but not in Sed1""/
ldly”'~ / VilCre mice (Fig. 4H).

A comparison of the knockdown of enterocyte Scdl in
male and female mice

To compare male and female mice with knockdown of
Scdl in enterocytes, we performed a third set of experi-
ments. In these experiments, as in the second set of experi-
ments, all of the mice consumed WD for 2 weeks. In this
third set of experiments, we compared males and females
in four groups: Scd]ﬂ/ﬂ/ ldlr '~ mice on WD alone; Scdlﬂ/ﬂ/
ldly”"~ mice on WD to which 0.06% by weight of Tg6F was
added; Scd1""/ldlr’" /VilCre mice on WD alone; and
Sed1"™"/1dlr™’~ / VilCre mice on WD to which 0.06% by
weight of Tg6F was added.

Figure 5A shows the weights of the males and females
just prior to receiving WD. The males in all groups were
heavier; the male ScdI"™"/ldlr’~ mice that received WD
without Tg6F were slightly, but significantly, heavier than
the other groups of males, which did not differ in weight.
There was no significant difference in the weights of the
females prior to WD (Fig. bA). Similar differences in weight
between males and females were seen after 2 weeks on WD
(Fig. 5B). Figure 5C demonstrates that male Scd I VA gy~
mice not receiving Tg6F gained weight on WD, but when
Tg6F was added to WD, the Scdlﬂ/ﬂ/ldlf/f mice did not
gain weight. Sed1" i /'~ /VilCre mice did not gain
weight on WD. Adding Tg6F to the WD that was fed to the
Sed1" ﬂ/ ldr’ ~/VilCre mice did not cause a significant
change. Figure 5D demonstrates similar results in females.
Despite the differences in body weight between males and
females, the percent change in body weight after 2 weeks
on WD was similar for males and females in each group
(Fig. bE). In this third set of experiments, as was the case in
the first two sets of experiments, the mice ate =95% of the
WD each day, and there was no difference between groups.
These results show that knockdown of enterocyte Scd!I pro-
duced changes in both males and females that were similar
to those achieved by adding Tg6F to WD in Sed1""/ldly/~
mice.

Unlike body wei§ht, LysoPC 18:1 content in the jejunum
was similar in Sed1™"/1db™’" males and females (Fig. 5F).
Moreover, the reduction in LysoPC 18:1 content in the je-
junum on adding Tg6F to WD or knockdown of enterocyte
Scd 1 was also similar (Fig. 5F). Sedl™ ™ / ldlr’~ male and fe-
male mice receiving WD + Tg6F had significantly lower lev-
els of LysoPC 18:1 compared with male or female Scdlﬂ/ﬂ/
ldbr’~ mice receiving WD alone. LysoPC 18:1 levels in
Sed 1" i, ldlr /~ female mice receiving WD + Tg6F were not
different from those of female Scd1" f, i/~ / VilCre mice
on WD without or with Tg6F. Male Sed 1" i iy’ / VilCre
mice on WD alone had modestly, but significantly, higher
levels compared with male Sed1" ﬂ/ ldlr’" mice receiving
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Fig. 4. A: Despite consuming the same amount of WD, the change in body weight in Sed 1" / ldr’~ / VilCre mice was significantly different

compared with Sed1™" /1l mice. Female mice (age 4-6 months, n = 40 per group) were weighed and switched from chow to WD. After
2 weeks, the mice were weighed again, and the difference in grams between the two weights for each mouse was determined. The data shown
are the mean + SEM. B: Despite consuming the same amount of WD, the percent change in body weight in Scdlﬂ/ﬂ/ldlr_/_/ VilCre mice was
significantly different compared with Sed "/1db’" mice. The mice described in A were weighed and switched from chow to WD. After
2 weeks, the mice were weighed again. The percent change in body weight for the mice was determined by comparing the weight of each
mouse just prior to starting WD with its weight after 2 weeks on WD. The data shown are the mean + SEM. C: Knockdown of enterocyte SedI
decreased LysoPC 18:1 and LPA 18:1 in the tissue of the jejunum. After 2 weeks, the jejunums from the mice described in A were harvested
and LysoPC 18:1 (left panel) and LPA 18:1 (right panel) were determined as described in the Materials and Methods. The results shown are
the mean + SEM. D: Knockdown of enterocyte SedI did not alter levels of LysoPC 18:0 or LPA 18:0 in the tissue of the jejunum. LysoPC 18:0
(left panel) and LPA 18:0 (right panel) in the jejunums of the mice described in A were determined as described in the Materials and Meth-
ods. The results shown are the mean + SEM. E: On WD, plasma levels of LysoPC 18:1 were significantly lower following knockdown of entero-
cyte Sedl. LysoPC 18:1 plasma levels were determined as described in the Materials and Methods in the Sed 1™ /1dl’"" and Sed1™"/
ldly~'~ / VilCre mice described in A. The results shown are the mean + SEM. F: On WD, plasma levels of LysoPC 18:0 were slightly, but signifi-
cantly, lower following knockdown of enterocyte Scdl. LysoPC 18:0 plasma levels were determined as described in the Materials and Methods
in the Scd1™" / b’ and Sed1™" / dr’~ / VilCre mice described in A. The results shown are the mean + SEM. G: Knockdown of enterocyte
Scdl resulted in a modest, but significant, decrease in }?lasma triglyceride levels. Plasma triglycerides were determined as described in the
Materials and Methods in the Scd]ﬂ/ﬂ/ldlf/f and Scdl l/“/lallf/f/ VilCre mice described in A. The results shown are the mean + SEM. H:
Knockdown of enterocyte Scdl resulted in a significant decrease in plasma SAA levels, and adding Tg6F to WD did not further decrease
plasma SAA levels. Tg6F was added at 0.06% by weight to WD for some of the mice described in A, and plasma SAA levels were determined
as described in the Materials and Methods. The results shown are mean + SEM.
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Fig. 5. A: Prior to the start of WD, male mice weighed more than female mice. Male Sed 1" ﬂ/ ldly™’" mice or ScdI" ﬂ/ '~ / VilCre mice
(age 6-8 months, n = 20 per group) or female Sed1™"/1dly™"™ or Sed1™"/1dlr™'” / VilCre mice (age 6-8 months, n = 10 per group) were
weighed prior to WD. The mice were then fed WD alone, or WD to which 0.06% by weight of Tg6F was added (+ Tg6F) as described in the
Materials and Methods. The Tg6F used in these experiments was prepared using the machine that rapidly removes ethyl acetate /acetic acid
from the Tg6F mixture as described in the Materials and Methods. The data shown are the weights prior to starting WD. The results are the
mean = SEM. B: After 2 weeks on WD, male mice weighed more than female mice. The mice described in A were weighed after 2 weeks on
WD. The results shown are the mean + SEM. C: Change in weight on WD for male mice. The weight of each male mouse shown in A prior
to starting WD was subtracted from its weight after 2 weeks on WD. The data shown are mean + SEM. D: Change in weight on WD for female
mice. The weight of each female mouse shown in A prior to starting WD was subtracted from its weight after 2 weeks on WD. The data shown
are mean + SEM. E: Despite the difference in body weights between males and females, the percent change in weight on WD compared with
the weight of each mouse prior to WD was similar in males and females. The percent change in body weight for the mice described in A was
determined by comparing the weight of each mouse just prior to starting WD with its weight after 2 weeks on WD. The results shown are the
mean = SEM. F: Knockdown of enterocyte ScdI lowered LysoPC 18:1 levels in the jejunum to the same or almost the same level as achieved
by adding Tg6F to WD. LysoPC 18:1 levels were determined in the jejunum as described in the Materials and Methods for the mice described
in A. The results shown are the mean + SEM. G: Knockdown of enterocyte Scdl lowered LysoPC 18:1 levels in plasma similar to Tg6F. Plasma
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WD + Tg6F or male Sed 1" i, lan’~ / VilCre mice on WD +
Tg6F (Fig. 5F). These results show that knockdown of Scd !
was either as effective or nearly as effective as adding Tg6F
to WD in lowering LysoPC 18:1 levels in the jejunum.

On WD without Tg6F, plasma LysoPC 18:1 levels were
modestly, but significantly, lower in female Sed 1™/ 1dty '~
mice (Fig. 5G). Adding Tg6F to WD significantly decreased
plasma LysoPC 18:1 levels in both males and females, as
was the case for enterocyte knockdown of Sedl. Adding
Tg6F to WD in Scd1™"/1dl™’~ / VilCre mice did not further
decrease plasma LysoPC 18:1 levels in either males or fe-
males (Fig. 5G).

In this experiment, adding Tg6F to WD or knockdown
of Scdl in enterocytes also significantly reduced levels of
LysoPC 18:0 in the jejunum of both males and females
(Fig. 5H). Adding Tg6F to WD did not further lower
LysoPC 18:0 levels in female Sed1""/ldlr"" / VilCre mice,
but modestly did so in male mice (Fig. 5H). Plasma LysoPC
18:0 levels were also significantly decreased by addition of
Tg6F to WD in both males and females. Knockdown of Scd1
in enterocytes significantly decreased plasma levels of
LysoPC 18:0 in males, but the decrease in females did not
reach statistical significance (Fig. bI).

In this third set of experiments, plasma total cholesterol
levels were not signiﬁcantly different in males or females,
except in Sed1™" /1dly™’~ / VilCre mice where there was a
modest difference. Adding Tg6F to WD significantly re-
duced plasma total cholesterol levels (Fig. 5]). Enterocyte
knockdown of Sedl significantly decreased plasma total
cholesterol levels in both males and females and adding
Tg6F to WD modestly, but significantly, caused a further
decrease in males (Fig. 5]). Plasma triglyceride levels were
signiﬁcantly less in female Scd 1" fl/ ldlr '~ mice compared
with Scd1™"/1dlr™'~ male mice. Adding Tg6F to WD signifi-
cantly decreased plasma triglyceride levels in Sed 1"/
ldlr ' male mice, but the change in female mice did not
reach statistical significance. Knockdown of S¢dI in entero-
cytes significantly reduced plasma triglycerides in both
male and female mice, and adding Tg6F to WD after en-
terocyte knockdown of ScdI did not further reduce plasma
triglyceride levels (Fig. 5K).

Female ScdI™"/ldlr’~ mice on WD had significantly
lower levels of plasma SAA compared with male Sed1""/
ldlr’~ mice on WD (Fig. 5L). Both males and females had
significantly lower levels of plasma SAA when Tg6F was
added to WD (Fig. 5L). Male ScdI1""/1dlr"~ / VilCre mice
had significantly lower plasma SAA levels compared with

male Sed 1" f, ldr’~ mice, and when Tg6F was added to
WD, there was no further decrease in plasma SAA levels in
the male Scdlﬂ/ﬂ/ldlf/f/ VilCre mice (Fig. 5L). In this ex-
periment, female Sed 1" fl, '~ / VilCre mice did not have
lower plasma SAA levels compared with female Sed 1" “/
ldlr '~ mice. However, on addition of Tg6F to WD in the
female Scdlﬂ/ﬂ/ '~ / VilCre mice, plasma SAA levels sig-
nificantly decreased and were not different from female
Scd ™" /1dly”’"~ mice receiving Tg6F (Fig. 5L).

LBP, CD14, TLR4, and MyD88 protein levels in jejunum
and plasma

Kim et al. (6) reported that a high-fat diet increases bac-
terial LPS in the intestinal lumen and plasma by altering
the composition of the gut microbiome and increasing in-
testinal permeability through induction of TLR4. The
pathway leading to TLR4 activation and signaling involves
LPS first interacting with LBP and CD14, which deliver LPS
to TLR4 and its partner, MD-2. Subsequently, TLR-4 sig-
nals through MyD88 (7-9). We hypothesized that Tg6F
and/or enterocyte knockdown of Scd! might modulate this
pathway resulting in lower levels of these key proteins. As
shown in Fig. 6A, adding TgbF to WD or knockdown of
Scdl in enterocytes significantly decreased LBP protein lev-
els in enterocytes of female Sed 1" “/ ldly™’~ mice. Figure 6B
shows that, in male mice, adding Tg6F to WD significantly
decreased LBP protein levels in enterocytes, but the de-
crease in levels in male mice with enterocyte knockdown of
Scdl did not reach statistical significance. After adding
Tg6F to the male mice with enterocyte knockdown of Sed1,
the decrease was highly significant (Fig. 6B). On compar-
ing the values for female and male mice from Fig. 6A and
B, there was only a significant difference for mice with en-
terocyte knockdown of Sedl; and after adding Tg6F, this
difference was lost (Fig. 6C). As shown in Fig. 6D, combin-
ing the data from females with that of the males resulted in
highly significant decreases in enterocyte LBP protein lev-
els for both the addition of Tg6F to WD and for the knock-
down of enterocyte Scdl, which was further reduced on
addition of Tg6F. The ELISA results for LBP were con-
firmed with immunoblots for enterocytes (Fig. 6E) and
plasma (Fig. 6F).

A similar trend was seen for CD14 in female mice, but
the only value to reach statistical significance was for Scd 1" /
ldlr '~ / VilCre mice on WD supplemented with Tg6F (Fig.
7A). In male mice, statistical significance was achieved in

LysoPC 18:1 levels were determined as described in the Materials and Methods for the mice described in A. The results shown are the
mean = SEM. H: Knockdown of enterocyte Scdl decreased LysoPC 18:0 levels in the jejunum similar to Tg6F. LysoPC 18:0 levels in the jeju-
num were determined as described in the Materials and Methods for the mice described in A. The results shown are the mean + SEM. I:
LysoPC 18:0 levels in plasma were decreased by adding Tg6F to WD or knockdown of SedI in enterocytes. Plasma LysoPC 18:0 levels were
determined as described in the Materials and Methods for the mice described in A. The results shown are the mean + SEM. J: Plasma total
cholesterol levels were significantly less in mice receiving Tg6F or in mice with knockdown of enterocyte Sedl. Plasma total cholesterol levels
were measured as described in the Materials and Methods for the mice described in A. The results shown are the mean + SEM. K: Plasma
triglyceride levels were significantly less in mice with knockdown of enterocyte Scdl and in male mice receiving Tg6F. Plasma triglyceride
levels were measured as described in the Materials and Methods for the mice described in A. The results shown are the mean + SEM. L:

Female Scd1™"/1dly "~ mice had significantly lower levels of plasma SAA compared with male Sed1™"/ ldbr

/~ mice. Plasma SAA levels were

measured as described in the Materials and Methods for the mice described in A. The results shown are the mean + SEM.

Role of enterocyte Scdl 1825
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Fig. 6. A: Enterocyte LBP levels in female mice. Enterocytes were prepared from the 10 female mice described in Fig. 5A, and LBP levels
were determined by ELISA as described in the Materials and Methods using the primary antibody from Enzo Life Sciences (catalog #ALX-
804-502-C100) at a dilution of 1:500. The secondary antibody was rabbit anti-mouse antibody from Jackson ImmunoResearch (catalog #315-
035-003) and was used at a dilution of 1:2,000. The data shown are mean + SEM. B: Enterocyte LBP levels in male mice. The enterocyte lysate
from each pair of sequentially numbered male mice described in Fig. bA were pooled to yield 10 pools that were analyzed for LBP by ELISA
as described in A. The data shown are mean + SEM. C: The values from A and B were compared for each group. The data shown are mean +
SEM. The white bars represent female mice; the black bars represent male mice. D: The values from A and B were combined for each group
and the resulting four groups were compared. The data shown are mean + SEM. E: Immunoblot for enterocyte LBP confirms ELISA data.
An immunoblot was performed as described in the Materials and Methods using pooled lysate from three female mice randomly selected
from the mice described in Fig. 5A. The numbers on the left are molecular mass standards (in kilodaltons). F: Immunoblot for plasma LBP.
An immunoblot was performed as described in the Materials and Methods on pooled plasma from three female mice randomly selected
from the mice described in Fig. 5A. The numbers on the left are molecular mass standards (in kilodaltons).

the Scd1" , '~ / VilCremice, and was further decreased
upon addition of Tg6F (Fig. 7B). As shown in Fig. 7C, there
was no significant difference between female or male mice
in any group. When the data from the female and male
mice were combined, the decrease in CD14 protein levels
was statistically significant for all groups compared with
Sed1""/1dly”’~ mice (Fig. 7D). Enterocyte CD14 levels
were not different in SedI"™"/ldly”’~ mice on WD with
Tg6F added compared with Scd1""/ldlyr™'~ / VilCre mice on
WD without Tg6F. In this experiment, adding Tg6F to WD

1826 Journal of Lipid Research Volume 59, 2018

in Scd 1" ﬂ/ ldr’~ / VilCremice produced a further decrease
in enterocyte CD14 protein levels (Fig. 7D). The ELISA re-
sults (Fig. 7A-D) were confirmed with immunoblots for
enterocytes (Fig. 7E) and plasma (Fig. 7F).

Enterocf?/te TLR4 protein levels were decreased in fe-
male Scd1""/ldly”’~ mice with Tg6F added to WD com-
pared with Sed1™"/1dlr™’~ mice on WD without Tg6F
(Fig. 8A). Knockdown of Scd1 decreased enterocyte TLR4
protein levels to those seen in Sed 1" ﬂ/ ldlr '~ mice on WD
with Tg6F. Addition of Tg6F to WD in Sed 1"/ ldlyr™'~ / VilCre
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Fig. 7. A:Enterocyte CD14 levels in female mice. Enterocytes were prepared from the 10 female mice described in Fig. 5A, and the entero-

cyte lysates were combined into five pools that were each analyzed.

CD14 levels were determined using an ELISA kit from LifeSpan Biosci-

ences, Inc. (catalog #L.S-F2629-1, lot number 110023). The primary antibody was used at a dilution of 1:1,000. The secondary antibody was
rabbit anti-mouse antibody from Jackson ImmunoResearch (catalog #315-035-003) and was used at a dilution of 1:1,500. The data shown are
mean + SEM. B: Enterocyte CD14 levels in male mice. The enterocyte lysate from the first 10 male mice in Fig. 5A were combined to yield
five pools that were analyzed for CD14 by ELISA as described in A. The data shown are mean + SEM. C: The values from A and B were com-
pared for each group. The data shown are mean + SEM. The white bars represent female mice; the black bars represent male mice. D: The
values from A and B were combined for each group and the resulting four groups were compared. The data shown are mean + SEM. E: Im-
munoblot for enterocyte CD14 confirms ELISA data. An Immunoblot was performed as described in the Materials and Methods using
pooled lysate from three female mice randomly selected from the mice described in Fig. 5A. The numbers on the left are molecular mass
standards (in kilodaltons). F: Immunoblot for plasma CD14. An immunoblot was performed as described in the Materials and Methods on
pooled plasma from three female mice randomly selected from the mice described in Fig. 5A. The numbers on the left are molecular mass

standards (in kilodaltons).

mice further decreased enterocyte TLR4 protein levels
(Fig. 8A). Similar results were seen in male mice (Fig.
8B). The results obtained with ELISA were confirmed
with immunoblots for enterocytes (Fig. 8C) and plasma
(Fig. 8D).

Entero?fte MyD88 protein levels trended lower in fe-
male Scd1™"/ldl™~ mice on WD with Tg6F and in female
Sed 1"/ 1dly™'~ / VilCre mice with or without Tg6F added to
WD, but none of these values reached statistical significance

(Fig. 9A). Similar trends were seen in male mice (Fig. 9B),
but only the addition of Tg6F to WD in Sed1™"/ldl’~
males reached statistical significance. Comparing females
to males for the various groups revealed no significant dif-
ferences (Fig. 9C); therefore, the data from females and
males were combined (Fig. 9D). Upon combining the data
from females and males, there was a significant reduction
in MyD88 protein (as judged by optical density) in Scd1""/
ldlr"~ mice on WD with Tg6F and in Sed 1"/ ldlr'~ / VilCre

Role of enterocyte Scdl 1827
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Fig. 8. A: Enterocyte TLR4 levels in female mice. Enterocytes were prepared from female mice (aged 4-6
months, n = 20 per group), some of which were used in the experiments described in Fig. 4A. The enterocyte
lysates were diluted 1:10, and TLR4 levels were determined using sandwich ELISA kit material from LifeSpan
BioSciences (catalog #1.S-C180173-100) with primary antibody from Novus (catalog #76B357.1) used ata dilu-
tion of 1:500. The secondary antibody was goat anti-mouse IgG HRP conjugate from Invitrogen (catalog
#31430) and was used at a dilution of 1:10,000. The data shown are mean + SEM. B: Enterocyte TLR4 levels
in male mice. Enterocytes were prepared from male mice (aged 6-8 months, n = 10 per group), some of
which were used in the experiments described in Fig. 5A. The enterocyte lysates were diluted 1:10, and TLR4
levels were determined using sandwich ELISA kit material from LifeSpan BioSciences (catalog #1.S-C180173-
100) with primary antibody from Novus (catalog #76B357.1) used at a dilution of 1:500. The secondary anti-
body was goat anti-mouse IgG HRP conjugate from Invitrogen (catalog #31430), and was used at a dilution of
1:10,000. The data shown are mean + SEM. C: Immunoblot for enterocyte TLR4 confirms ELISA data. An
immunoblot was performed as described in the Materials and Methods using pooled lysate from three female
mice randomly selected from the mice described in Fig. 5A. The numbers on the left are molecular mass
standards (in kilodaltons). D: Immunoblot for plasma TLR4. An immunoblot was performed as described in
the Materials and Methods on pooled plasma from three female mice randomly selected from the mice de-

scribed in Fig. 5A. The numbers on the left are molecular mass standards (in kilodaltons).

mice; there was no further decrease on adding Tg6F to WD
in Scd1""/ldly™'~ / VilCre mice (Fig. 9D). The ELISA results
were confirmed with immunoblots in enterocytes (Fig. 9E)
and in plasma (Fig. 9F).

The ELISA results in Figs. 6, 7, and 9 frequently required
the combination of data from females and males in order
to achieve statistical significance. The ELISA experiments
described in Figs. 6, 7, and 9 were conducted with limited
volumes of enterocyte lysates, which in some cases required
the pooling of samples. As a result, tests of statistical signifi-
cance were limited by the relative small number of data
points, which was overcome by combining the data from
females and males. That was not the case for Fig. 8, where
statistical significance was achieved without the need to
pool samples or combine data from females and males. In
order to confirm the ELISA results for Figs. 6, 7, and 9
(LBP, CD14, and MyD88, respectively), we repeated these
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experiments using ample enterocyte lysates available from
the mice described in Fig. 8A. As shown in Fig. 10A, there
was a significant reduction in enterocyte LBP protein in
Sed1™"/1dly’~ mice on WD with Tg6F and also in Sed1""/
ldly'~ / VilCre mice with a further significant decrease on
adding Tg6F to WD in ScdI""/ldly™’~ / VilCre mice. As
shown in Fig. 10B, there was a significant reduction in en-
terocyte CD14 protein in Sed1™"/ldl™"'~ mice on WD with
Tg6F and also in Sed1™" /1dly™"~ / VilCre mice; there was
no further decrease on adding Tg6F to WD in Scd]ﬂ/ﬂ/
ldlr_/_/ VilCre mice. As shown in Fig. 10C, there was a
significant reduction in enterocyte MyD88 protein in
Scdlﬂ/ﬂ/ldlr_/_ mice on WD with Tg6F and also in
Scdl“/“/ldlr_/_/ VilCre mice; there was no further de-
crease on adding Tg6F to WD in Sodlﬂ/“/ ldby™"" / VilCre
mice. Thus, the data in Fig. 10 confirm the findings in
Figs. 6, 7, and 9.
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Fig. 9. A: Enterocyte MyD88 levels in female mice. Enterocytes were prepared from the 10 female mice
described in Fig. 5A, and enterocyte lysates were pooled into three pools that were each analyzed. MyD88
levels were determined using an ELISA as described in the Materials and Methods. The primary antibody was
from LifeSpan Biosciences, Inc. (catalog #1.8-384717-100), which was used at a dilution of 1:1,000. The sec-
ondary antibody was donkey anti-rabbit from Jackson ImmunoResearch (catalog #711-035-152) and was used
at a dilution of 1:4,000. The data shown are mean + SEM. B: Enterocyte MyD88 levels in male mice. The en-
terocyte lysate from the first 10 male mice in Fig. 5A were pooled to yield three pools that were analyzed for
MyD88 by ELISA as described in A. The data shown are mean + SEM. C: The values from A and B were com-
pared for each group. The data shown are mean + SEM. The white bars represent female mice; the black bars
represent male mice. D: The values from A and B were combined for each group and the resulting four
groups were compared. The data shown are mean + SEM. E: Immunoblot for enterocyte MyD88. An immu-
noblot was performed as described in the Materials and Methods using pooled lysate from three female mice
randomly selected from the mice described in Fig. 5A. The numbers on the left are molecular mass standards
(in kilodaltons). F: Immunoblot for plasma MyD88 gives similar results to enterocyte MyD88. An immunoblot
was performed as described in the Materials and Methods on pooled plasma from three female mice ran-
domly selected from the mice described in Fig. 5A. The numbers on the left are molecular mass standards (in

kilodaltons).

Adding LysoPC 18:1 to WD fails to worsen dyslipidemia
and inflammation in mice with enterocyte knockdown of
Scdl

The data in Figs. 1-10 suggest that one explanation for
the favorable effects of knockdown of enterocyte Scdl is a
decrease in LysoPC 18:1 and LPA 18:1 levels that amelio-
rates dyslipidemia and systemic inflammation. If that were
the case, one could expect that adding LysoPC 18:1 to WD
in mice with knockdown of enterocyte Scdl might increase
dyslipidemia and systemic inflammation above that seen in
mice with enterocyte knockdown of Sedl on WD. The ex-
periments in Fig. 11 tested this hypothesis with the WD
used in Figs. 1-10 (Teklad WD; catalog #TD88137), a diet
that is low in the essential fatty acid, linoleic acid (16).

Additionally, we also tested the hypothesis using a WD that
is rich in linoleic acid (Research Diets WD; catalog
#D12079B). The primary difference between these two di-
ets is that 1% butter fat in the former diet is replaced by 1%
corn oil in the latter diet. Figure 11A demonstrates that the
mice in the different groups were of similar weight prior to
starting the WD. Figure 11B demonstrates that there was
no significant difference in the weights of the mice after
2 weeks on the diets. Figure 11C shows that the change in
weight for individual mice in grams was not different be-
tween groups. The mice ate >95% of the diet each day and
there was no significant difference between the two diets
(Fig. 11D). Figure 11E demonstrates that total plasma cho-
lesterol levels did not vary significantly between groups.

Role of enterocyte Scdl 1829
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Fig. 10. A: Enterocyte LBP levels in female mice. Enterocytes were prepared from the female mice (aged
4-6 months, n = 10 per group) described in Fig. 8A. LBP levels were determined by ELISA as described in the
Materials and Methods using the primary antibody from Enzo Life Sciences (catalog #ALLX-804-502-C100) at
a dilution of 1:1,000. The secondary antibody was rabbit anti-mouse antibody from Jackson ImmunoResearch
(catalog #315-035-003), and was used at a dilution of 1:2,000. The data shown are mean + SEM. B: Enterocyte
CD14 levels in female mice. Enterocytes were prepared from the 10 female mice described in A, and CD14
levels were determined by ELISA. The primary antibody was from Thermo Fisher Scientific (catalog #12-0149-
82), and was used at a dilution of 1:1,000. The secondary antibody was from Jackson ImmunoResearch (cata-
log #315-035-003), and was used at a dilution of 1:2,500. The data shown are mean + SEM. C: Enterocyte
MyD88 levels in female mice. Enterocytes were prepared from the 10 female mice described in A, and ELISA
was performed as described in the Materials and Methods. The primary antibody was from LifeSpan Biosci-
ences, Inc. (catalog #1.S-384717-100), which was used at a dilution of 1:1,000. The secondary antibody was
donkey anti-rabbit from Jackson ImmunoResearch (catalog #711-035-152), and was used at a dilution of

1:8,000. The data shown are mean = SEM.

Figure 11F shows that plasma triglyceride levels were not
significantly different between groups. Figure 11G demon-
strates that plasma HDL-cholesterol levels were higher on
the linoleic acid-rich diet, but there was no significant dif-
ference in mice receiving LysoPC 18:1 and those that did
not receive LysoPC 18:1. Figure 11H shows that there was
no significant difference in plasma SAA levels between
groups.

Adding LysoPC 18:1 to chow 1nduced Scdl, dysllpldemla,
and systemfllyﬂmﬂammatlon in Sed 1" / ldir’ mice, but
not in Sedl " /Ildlr ' /VilCre mice

The failure to increase dyshpldemla and inflammation
after adding LysoPC 18:1 to WD in ldlr /'~ mice with knock-
down of enterocyte Scdl might indicate that the dyslipid-
emia and systemic inflammation induced by LysoPC 18:1
requires induction of Sedl. To determine whether LysoPC
18:1 requires the induction of Sed! to cause dyslipidemia
and systemic inflammation, we added LysoPC 18:1 or
LysoPC 18:0 to the chow of mice with and without knock-
down of enterocyte Scdl. As shown in Fig. 12A, addition of
LysoPC 18:1 to chow induced Scdl expression in the jeju-
num from Sed1" ﬂ/ ldlr /" mice. In contrast, addition of
LysoPC 18:0 to chow did not induce Scdl expression in
these mice. As expected, addition of either LysoPC 18:1 or
LysoPC 18:0 did not induce Sedl expression in SedI""/
ldly'~ / VilCre mice (Fig. 12B). As demonstrated in Fig.
12C, addition of LysoPC 18:1 to chow modestly, but signifi-
cantly, increased plasma total cholesterol levels in Sed1" ﬂ/
ldlr /" mice, but not in Sed " ﬂ/ldl ~/VilCre mice. SAA
plasma levels were modestly, but s1gn1ﬁcant?/ 1ncreased on
addition to chow of LysoPC 18:1 in Sed 1" / ldr’~ mice,
but not in Scdlﬂ/ﬂ/ldlr /- / VilCremice (Fig. 12D). Addition
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of LysoPC 18:1 to chow also significantly increased another
marker of systemlc inflammation, plasma IL-6 levels, in
Sed1"™"/1dly'" mice, but not in Sed1""/1dlyr™’" / VilCre
mice (Fig. 12E). Measurement of LysoPC 18:1 levels in the
jejunum (Fig. 12F) and plasma (Fig. 12G) revealed that
after addition of LysoPC 18:1 to chow, the content of
LysoPC 18:1 significantly increased in the jejunum and
plasma of ScdI™"/1db'" mice, but not in ScdI1"™"/
ldly”'~ / VilCre mice. Addition of LysoPC 18:1 to chow did
not alter levels of LysoPC 18:0 in the jejunum (Fig. 12H) or
plasma (Fig. 12I) in either Sed """/ ldlr’~ mice orin Sed1™"/
ldlr'~ / VilCre mice.

LysoPC 16:0 acts like LysoPC 18:0 and not like
LysoPC 18:1

The experiments in Fig. 12 compared the addition of
LysoPC 18:1 to that of LysoPC 18:0. LysoPC 16:0 is a pre-
ferred substrate for lysophosphatidylcholine acyltransfer-
ase 3 (Lpcat3) (17-19). Therefore, we compared adding
LysoPC 18:1, LysoPC 18:0, or LysoPC 16:0 to chow. As
shown in Fig. 13, there was no difference between adding
LysoPC 18:0 or LysoPC 16:0 to chow; neither was different
from no addition, and each was significantly different
from adding LysoPC 18:1. Only adding LysoPC 18:1 to
chow elevated plasma total cholesterol levels (Fig. 13A),
plasma triglyceride levels (Fig. 13B), and plasma SAA levels
(Fig. 13C).

LPA 18:1 induces Scdl expression

We previously reported that LPA 18:2 (but not LPA 18:0)
induced Scdl expression (see supplementary Fig. S5HC in
Ref. 1), but we had not previously determined whether
LPA 18:1 similarly induces Scdl expression. Because the
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Fig. 11. A: Body weights prior to the start of the experiment to test whether adding LysoPC 18:1 to WD would worsen dyslipidemia and
inflammation in SedI" “/ldlf’/f/ VilCre mice. Male Sc(llll/“/ldlf’/f/ VilCre mice (age 10-12 months, n = 10 per group) that had been main-
tained on a chow diet were weighed just prior to being switched to Teklad WD (catalog #TD88137) or WD from Research Diets (RD) (catalog
#D12079B) with or without LysoPC 18:1 added at 1 mg per gram of diet. The data shown are mean + SEM. B: Body weights
2 weeks after the mice described in A were switched to 3 g per mouse per day of Teklad WD (catalog #TD88137) with or without LysoPC 18:1

added at 1 mg per gram of diet or 3 g per mouse per day of WD from Research Diets (RD) (catalog #D12079B) with or without LysoPC 18:1
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focus of this work has been on Scdl and LysoPC 18:1, and
because we hypothesize that the conversion of LysoPC 18:1
to LPA 18:1 is responsible for many of the observed effects
of LysoPC 18:1, we thought it was important to directly de-
termine whether LPA 18:1 induces Scdl expression. Prior
to the start of this experiment, the mice destined to receive
LPA 18:1 added to their chow at 1 pg per gram of chow
weighed 37.98 + 1.6 g (mean + SEM), and the mice that
were not to receive LPA 18:1 weighed 35.59 + 0.69 g (P=
0.1964). Two weeks after starting the experiment, the mice
receiving LPA 18:1 weighed 38.21 + 1.4 g and the mice that
did not receive LPA 18:1 weighed 34.16 + 0.73 g (P =
0.0169). As shown in Fig. 14A and B, the mice receiving
LPA 18:1 gained a small, but significant, amount of weight
during the 2 week experiment, while the mice not receiv-
ing LPA 18:1 lost ~4% of their body weight. Why would the
mice continued on the same chow that they had eaten
prior to the start of the experiment lose weight? The most
likely explanation is that the mice had unlimited access to
chow prior to the start of the experiment, and the fixed
amount administered during the experiment was less than
they had been eating. As stated in the Materials and Meth-
ods, to ensure that the mice ate all of their food during the
experiments, the mice were not allowed unlimited access
to food during the experimental period. During the exper-
iments, they were given a fixed amount of diet each night.
During the experiments, any remaining food was removed
each night and weighed to determine the percent not
eaten. As noted in the Materials and Methods, unless oth-
erwise stated, the mice were given precisely 4 g of diet per
mouse each night. In this experiment, the diet was chow
without or with added LPA 18:1. These mice ate 4-5 g of
chow per mouse per day when they were given unlimited
access to chow. The 4 g per mouse per day administered
during the experiment for this group of mice likely was a
little below what they were eating prior to the start of the
experiment. Consequently, they lost some weight over the
course of the 2 weeks. Remarkably, the mice receiving LPA
18:1 administered in the same amount of chow given to
those not receiving LPA, actually gained a small amount of
weight. There was no chow left each night in either group
during the experiment described in Fig. 14, so the amount
of diet eaten was the same in each group. As shown in Fig.
14C, the mice receiving chow supplemented with LPA 18:1
demonstrated a highly significant increase in Sedl expres-
sion in the jejunum compared with the mice not receiving
LPA 18:1. Accompanying the increase in Sed! expression in
the mice receiving LPA 18:1, there were also increases in
plasma total cholesterol levels (Fig. 14D) and plasma tri-
glyceride levels (Fig. 14E). Plasma HDIL-cholesterol levels

were significantly decreased in the mice receiving LPA 18:1
(Fig. 14F), and plasma SAA levels were significantly in-
creased (Fig. 14G). Thus, the mice receiving chow supple-
mented with LPA 18:1 acted similarly to mice that received
WD, although the magnitudes of the changes were less,
particularly for SAA.

DISCUSSION

To our knowledge, this is the first report of an entero-
cyte-specific knockdown of Sedl. Despite normal expres-
sion of Sedl in liver and elsewhere in the body, we show
that enterocyte Scdl plays a significant role in a portion of
the dyslipidemia and systemic inflammation that occurs
when ldlr '~ mice are fed WD. Our previous reports (1-3,
10, 11) suggested that tissue levels of LysoPC 18:1 and LPA
18:1 in the small intestine play a significant role in a por-
tion of WD-mediated dyslipidemia and systemic inflamma-
tion in /i’ mice. The data in Fig. 12 strongly suggest
that the ability of LysoPC 18:1 to contribute to dyslipidemia
and systemic inflammation requires the induction of Scdl.
The data in Fig. 14 are consistent with our previous work
(1, 2), indicating that the conversion of LysoPC 18:1 to
LPA 18:1 is responsible for many of the changes induced by
LysoPC 18:1. Adding one-thousandth the dose of LPA 18:1
to chow (Fig. 14) compared with LysoPC 18:1 (Figs. 12, 13)
produced similar biologic effects. Additionally, the data
show that the ability of Tg6F to ameliorate dyslipidemia
and systemic inflammation on WD is also dependent to a
significant extent on enterocyte Sedl.

What are the similarities and differences in phenotype
between mouse models with knockdown of ScdI by
different methods and in different tissues?

Mice globally deficient in Sed! were found to be resistant
to diet-induced weight gain (4). Mice globally deficient in
Scdl because of a naturally occurring mutation were pro-
tected from obesity and insulin resistance when fed WD,
but surprisingly had increased plasma SAA levels and in-
creased aortic atherosclerosis, despite improvement in
plasma total cholesterol and triglycerides (20).

Brown et al. (21) treated ldlr * mice transgenic for hu-
man apoB100 with antisense oligonucleotides to Scdl. This
virtually abolished Scd1 protein in liver and adipose tissue,
but not in skeletal muscle and skin (21). Similar to the find-
ings of MacDonald et al. (20), the ScdI-deficient mice were
protected from insulin resistance and obesity, but had in-
creased aortic atherosclerosis (21).

Miyazaki et al. (5) reported that global knockout of Scd1
in mice protected them from diet-induced obesity. Despite

added at 1 mg per gram of diet. The data shown are mean + SEM. C: The difference in body weights was determined by subtracting the
weight of each mouse in A from its weight in B. The data shown are mean + SEM. D: The percent of WD not eaten each day for the mice
described in B was determined by weighing the WD remaining the next morning and calculating this weight as a percent of the 3 g provided
per mouse per day. The data shown are mean + SEM. E: Plasma total cholesterol levels were determined as described in the Materials and
Methods for the mice described in B. The data shown are mean + SEM. F: Plasma triglyceride levels were determined as described in the
Materials and Methods for the mice described in B. The data shown are mean + SEM. G: Plasma HDL-cholesterol levels were determined as
described in the Materials and Methods for the mice described in B. The data shown are mean + SEM. H: Plasma SAA levels were determined
as described in the Materials and Methods for the mice described in B. The data shown are mean + SEM.
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Fig. 12. A: Adding LysoPC 18:1 (but not LysoPC 18:0) to chow induces the expression of Scdl in Scd1""/1dly™’~ mice. Male Sed 1" /idly™'~
mice or male SedI" 1/ ldlr_/_/ VilCre mice (4-5 months of age, n = 20 per group) were fed chow without or with LysoPC 18:1 or LysoPC 18:0
added at 1 mg per gram of chow. After 2 weeks, the mice were euthanized, the jejunum was harvested, and the expression of Scdl was deter-
mined by quantitative real-time PCR as described in the Materials and Methods. The data shown are mean + SEM for Sed1™"/1dly"~ mice.
B: The expression of Scdl in Sﬂdlﬂ/ﬂ/ ldlr_/_/ VilCre mice was not altered by the addition of either LysoPC 18:1 or LysoPC 18:0 to chow. The
expression of Scdl in the jejunum of the Sed1™"/1dly™’~ / VilCre mice in A was determined by quantitative real-time PCR as described in the
Materials and Methods. The data shown are mean + SEM. C: Adding LysoPC 18:1 to chow increases plasma total cholesterol in Sed1™" /1dlr '~
mice, but not in Sed ™"/ ldlr'~ / VilCre mice. The mice described in A were fed chow without or with LysoPC 18:1 added at 1 mg per gram of
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higher food intake, these mice showed enhanced glucose
tolerance, lower fasting plasma glucose, and improved in-
sulin sensitivity on both high-carbohydrate and high-fat di-
ets (b). In contrast, mice with liver-specific Scdl knockout
were protected from high-carbohydrate dietinduced
weight gain and adiposity, but there was no difference in
plasma glucose, insulin levels, glucose clearance, or insulin
sensitivity (5). Liver-specific Scd! knockout mice were pro-
tected against liver steatosis and plasma triglyceride levels
were significantly lower (5). However, on the high-fat diet,
the Sedl liver-specific knockout mice were not protected
against weight gain and adiposity (5). Plasma triglycerides
modestly decreased without any improvement in glucose
clearance and insulin sensitivity (5). Plasma cholesterol lev-
els and fast-protein LC cholesterol profiles were not af-
fected on either diet (5).

A skin-specific knockout of Scd1 resulted in increased en-
ergy expenditure because of loss of insulating factors in the
skin resulting in upregulation of thermogenic processes
for temperature maintenance and protection from high-fat
diet-induced obesity (22).

Hyun et al. (23) found that adipose-specific knockout of
Scdl resulted in a significant decrease in adiponectin, in-
creased expression of GLUT1 in adipose tissue, and a mod-
est, but significant, increase in TNF-a expression without
any significant change in insulin sensitivity.

Combined deletion of ScdI from adipose tissue and liver
did not protect mice from obesity (24). Thus, tissue-spe-
cific deletion of Scdl in mice has given different results
from the global knockout, and deletion of Scd! from differ-
ent tissues has resulted in different phenotypes.

In the experiments reported here, enterocyte-specific
knockdown largely prevented WD-induced weight gain. In
some cases, enterocyte-specific knockdown of Sedl in-
duced a modest, but significant, weight loss on WD associ-
ated with a modest, but significant, decrease in plasma
total cholesterol levels and amelioration of the WD-
induced decrease in HDL-cholesterol levels. Enterocyte
knockdown of Scd! significantly decreased plasma triglyc-
eride levels in some experiments, but not in others. Knock-
down of enterocyte Scdl resulted in decreased SAA levels

on WD, except in one of the three experiments with fe-
male mice. In two of the three experiments in female mice
and in the experiment with male mice, plasma SAA levels
on WD in Scdlﬂ/ﬂ/ldlf/f/ VilCre mice were significantly
lower than in Sed1" i ldlr’~ mice. These results are dif-
ferent from the global knockout in ldlr’~ mice on WD in
which diet-induced obesity was improved and plasma lip-
ids were improved, but SAA levels and aortic atherosclero-
sis increased (20). Our results are also different from the
studies achieving Scdl knockdown in liver and adipose tis-
sue using antisense oligonucleotides (21). However, our
studies are similar with respect to weight gain to those pre-
viously reported in global knockout mice in which food
intake was carefully monitored. MacDonald et al. (25)
fed the same WD as used in most of our studies (Teklad,
Harlan, catalog #TD88137) to ldlr '~ mice with a sponta-
neously occurring mutation resulting in global knockout
of Sedl. Despite a trend in the global knockout mice to eat
more WD each day, they gained significantly less weight
(25), as was the case for the mice with enterocyte knock-
down of Scdl in our studies. Also in our studies, Scdlﬂ/ﬂ/
ldlr”’~ mice receiving LPA 18:1 added to chow gained a
small, but significant, amount of weight, while mice not
receiving LPA 18:1, but consuming the same amount of
chow each day, lost weight (Fig. 14A, B). This may indicate
that enterocyte LPA 18:1 levels are important in determin-
ing nutrient absorption from the same amount of food.
The datain Fig. 4Cshow that,on WD, Scdlﬂ/ﬂ/ldlf/f/ VilCre
mice had lower levels of LPA 18:1 in the jejunum and lost
weight on WD (Fig. 4A, B). In contrast, on WD, Scd]“/ﬂ/
ldlr '~ mice had higher enterocyte LPA 18:1 levels and
gained weight. These observations are consistent with the
hypothesis that enterocyte LPA 18:1 levels may influence
nutrient absorption. Future research is required to deter-
mine whether this is the case.

What might be the mechanisms involved in explaining the
phenotype of the enterocyte Scdl knockdown?

Enterocyte knockdown of Scd I partially protected against
WD-mediated elevation of plasma SAA levels and was quan-
titatively similar to adding Tg6F to WD. The major source

chow. After 2 weeks, plasma total cholesterol levels were determined as described in the Materials and Methods. The data shown are mean +
SEM. D: Adding LysoPC 18:1 to chow increases plasma SAA levels in Scdlﬂ/ﬂ/ ldnr’~ mice, but not in Scdlﬂ/ﬂ/ ldlf/f/ VilCre mice. The mice
described in A were fed chow without or with LysoPC 18:1 added at 1 mg per gram of chow. After 2 weeks, plasma SAA levels were determined
as described in the Materials and Methods. The data shown are mean + SEM. E: Adding LysoPC 18:1 to chow increases plasma IL-6 levels in
Scdlﬂ/ﬂ/ ™ mice, but not in Scd]ﬂ/“/ ldlf/f/ VilCre mice. The mice described in A were fed chow without or with LysoPC 18:1 added at 1
mg per gram of chow. After 2 weeks, plasma IL-6 levels were determined as described in the Materials and Methods. The data shown are
mean + SEM. F: Adding LysoPC 18:1 to chow increases the levels of LysoPC 18:1 in the jejunum of Sed1™" /1l mice, but not in Sed1"
/1dlr’" / VilCre mice. The mice described in A were fed chow without or with LysoPC 18:1 added at 1 mg per gram of chow. After 2 weeks,
the jejunum was harvested from the mice and LysoPC 18:1 levels were determined as described in the Materials and Methods. The data
shown are mean + SEM. G: Adding LysoPC 18:1 to chow increases the levels of LysoPC 18:1 in the plasma of Sed1™" /1l mice, but not in
Sed1™"/1dly '~ / VilCremice. The mice described in A were fed chow without or with LysoPC 18:1 added at 1 mg per gram chow. After 2 weeks,
plasma LysoPC 18:1 levels were determined as described in the Materials and Methods. The data shown are mean + SEM. H: Addition of
LysoPC 18:1 to chow did not alter levels of LysoPC 18:0 in the jejunum of Scd1""/ldl™'~ mice or in the jejunum of Sed ™"/ idly™'~ / VilCre
mice. The mice described in A were fed chow without or with LysoPC 18:1 added at 1 mg per gram of chow. After 2 weeks, the jejunum was
harvested from the mice and LysoPC 18:0 levels were determined as described in the Materials and Methods. The data shown are mean +
SEM. I: Addition of LysoPC 18:1 to chow did not alter levels of LysoPC 18:0 in the plasma of Sed1""/ldl’~ mice or in the plasma of Scd1""/
ldlr '~ / VilCre mice. The mice described in A were fed chow without or with LysoPC 18:1 added at 1 mg per gram of chow. After 2 weeks,
LysoPC 18:0 levels were determined in the plasma as described in the Materials and Methods. The data shown are mean + SEM.
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Fig. 13. A: LysoPC 18:1 (but not LysoPC 18:0 or LysoPC 16:0) increases plasma total cholesterol in I~ mice. Female ldlr’~ mice (age
7-8 months, n = 15 per group) were fed chow or chow to which LysoPC 18:1, LysoPC 18:0, or LysoPC 16:0 was added (at 1 mg per gram of
chow). After 2 weeks, plasma total cholesterol was determined as described in the Materials and Methods. The data shown are mean + SEM.
B: LysoPC 18:1 (but not LysoPC 18:0 or LysoPC 16:0) increases plasma triglycerides in ldly’~ mice. Plasma triglycerides were determined as
described in the Materials and Methods for the mice described in A. The data shown are mean + SEM. C: LysoPC 18:1 (but not LysoPC 18:0
or LysoPC 16:0) increases plasma SAA levels in ldl’" mice. Plasma SAA levels were determined as described in the Materials and Methods

for the mice described in A. The data shown are mean + SEM.

of plasma SAA is derived from the liver. How could knocking
down enterocyte Scdl alter the production of SAA by the
liver? An important function of enterocytes is to provide a
barrier between gut bacteria and the tissues of the host. A
high-fat diet induces inflammation in mice by increasing
bacterial LPS levels in the intestinal lumen and plasma
and increasing intestinal permeability through the in-
duction of TLR4 (6). The processing of LPS involves an
initial interaction with LBP that helps CD14 to extract
LPS from bacteria. CD14 then delivers LPS to TLR4-
MD-2 prompting dimerization and activation of TLR4
(7). TLR4 signals through multiple pathways, including
through MyD88 (8), to cause increased intestinal perme-
ability and intestinal inflammation (9). As shown in Figs.
6-10, enterocyte knockdown of Sedl in ldlr’'~ mice on
WD resulted in lower protein levels of LBP, CD14, TLR4,
and MyD88 in both enterocytes and plasma, and was sim-
ilar in magnitude to the decrease in these proteins upon
adding Tgb6F to WD. Based on these experiments, we hy-
pothesize that hepatic production of SAA is decreased in
part by a reduction of LPS reaching the liver or by a re-
duction in cytokine production in the intestine leading
to lower levels of cytokines reaching the liver through the
portal circulation. Future research will be required to
test this hypothesis.

According to the manufacturer’s specifications, oleic
acid accounts for 20.9% of the fatty acids in the WD used
in most of our studies (Teklad, Harlan). With such an
abundance of oleic acid in the diet, why would Scd! ex-
pression influence the formation of LysoPC 18:1 or LPA
18:1? We think that the findings of Miyazaki et al. (26) may
provide the answer. They (26) reported that mice with a
naturally occurring null mutation for Scdl were deficient
in hepatic cholesterol esters and triglycerides despite the

presence of normal activities of acyl-CoA:cholesterol acyl-
transferase and glycerol phosphate acyltransferase. Feed-
ing diets supplemented with triolein or tripalmitolein to
the Scdl-deficient mice resulted in increased levels of oleic
and palmitoleic fatty acids in liver, but failed to restore the
levels of these fatty acids in cholesteryl esters or triglycer-
ides (26). Using confocal microscopy and fluorescence
resonance energy transfer, it was determined that acyl-
CoA:diacylglycerol acyltransferase 2 (DGATZ2) and SCD1
were colocalized in the endoplasmic reticulum. SCD1 was
also present in the mitochondria-associated membrane
(27). Based on these findings, they concluded that the
subcellular localization of SCDI relative to DGAT2 ac-
counted for the preference for endogenous monounsatu-
rated fatty acids in triglyceride synthesis and the use of
endogenously generated monounsaturated fatty acids for
incorporation into cholesterol esters in lipoproteins (27).

We believe that a similar explanation may apply as to why
enterocyte Scdl determines the levels of LysoPC 18:1 and
LPA 18:1 in the jejunum. We hypothesize that, in entero-
cytes, when the enzymes involved in the conversion of
LysoPC to phosphatidylcholine (PC) incorporate oleic
acid, they preferentially use endogenously synthesized
oleic acid.

Hishikawa et al. (28) reported that Lpcat3 preferen-
tially utilizes linoleic acid. Wang et al. (18) reported that
in the absence of Lpcat3in the intestine, there was a com-
pensatory increase in phospholipids containing oleic
acid. The abundance of individual phospholipid species
in the livers of the high-fat-fed intestine-specific Lpcat3-
deficient mice resembled their abundance in the en-
terocytes, indicating that the phospholipid composition
of the liver is at least in part dependent on intestinal
Lpcat3 activity (18).
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Fig. 14. A: Change in weight after adding LPA 18:1 to mouse chow. Male Scd1™"/idl™'~ mice (age 10~
11 months, n = 10 per group) were fed chow or chow + LPA 18:1 added at 1 g per gram of chow as described in
the Materials and Methods. After 2 weeks, the change in weight for the mice was determined by subtracting the
weight for each mouse prior to the start of the experiment from its weight at the end of the experiment. The
data shown are mean + SEM. B: Percent change in weight after adding LPA 18:1 to mouse chow. The percent
change in weight for each mouse described in A was determined. The data shown are mean + SEM. C: LPA 18:1
induces Scdl expression in the jejunum. Scdl expression was determined as described in Materials and Meth-
ods in the mice described in A. The data shown are mean + SEM. D: LPA 18:1 induces an increase in plasma
total cholesterol levels. Plasma total cholesterol was determined as described in the Materials and Methods in
the mice described in A. The data shown are mean = SEM. E: LPA 18:1 induces an increase in plasma triglycer-
ide levels. Plasma triglyceride was determined as described in the Materials and Methods in the mice described
in A. The data shown are mean + SEM. F: LPA 18:1 induces a decrease in plasma HDL-cholesterol levels. Plasma
HDL-cholesterol was determined as described in the Materials and Methods in the mice described in A. The
data shown are mean + SEM. G: LPA 18:1 induces an increase in plasma SAA levels. Plasma SAA was deter-
mined as described in the Materials and Methods in the mice described in A. The data shown are mean + SEM.
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Fig. 15. A: A hypothesis to explain the role of enterocyte Scdl and Tg6F in WD-mediated dyslipidemia and
systemic inflammation in ldlr’~ mice. On a chow diet, the levels of IFN-, CH25H, and 25-OHC are low, as is
the level of Scdl expression in enterocytes. As a result, the levels of endogenously synthesized oleic acid
(C18:1) are also low in the enterocytes. In the lumen of the duodenum and jejunum, dietary PC containing
stearic acid (C18:0) at the sn-1 position with an unspecified fatty acid at the sn-2 position is acted upon by
phospholipase Ay group 1B (PLA2G1B) to yield LysoPC 18:0 with the acyl group at the sn-1 position. Subse-
quently, this LysoPC 18:0 enters the enterocytes and undergoes reacylation. On a chow diet, the levels of en-
dogenously synthesized C18:1 are low, but they are not absent. Consequently, small amounts of PC with C18:0
at the sn-1 position and C18:1 at the sn-2 position (PC18:0/18:1) are formed. In the example shown, phospho-
lipase A; (PLA;) acts on PC18:0/18:1 to yield LysoPC 18:1 with C18:1 at the sn-2 position. The sn-1 position is
thermodynamically more stable for accommodating an acyl group in lysophospholipids compared with the
sn-2 position (34, 35). Consequently, the C18:1 isomerizes to the sn-1 position, and the resulting LysoPC 18:1
is then acted upon by autotaxin to yield LPA 18:1. On a chow diet, the amount of LPA 18:1 formed is too low
to induce dyslipidemia and systemic inflammation. B: A hypothesis to ex/plaln the role of enterocyte Scdl and
Tg6F in WD-mediated dyslipidemia and systemic inflammation in ldlr © mice. On WD, the levels of IFN-3,
CH25H, and 25-OHC are high, as is the level of ScdI expression in enterocytes. As LysoPC 18:1 and LPA 18:1
levels rise, there is a positive feed-back loop further inducing Scd! expression. Tg6F partially ameliorates the
sequence that leads to dyslipidemia and systemic inflammation.
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We previously reported that LPA 18:2 (but not LPA 18:0)
was highly effective in causing dyslipidemia and sys-
temic inflammation (1). If there is robust remodeling of
phospholipids on WD, why would reducing levels of Ly-
soPC 18:1 by knockdown of enterocyte Scdl result in im-
provement of dyslipidemia and systemic inflammation?
Should we not expect linoleic acid-containing lysophos-
pholipids to compensate for the absence of the oleic acid
lysophospholipids? Why would we not expect LysoPC 18:2
and LPA 18:2 to be sufficient to induce WD-mediated dys-
lipidemia and systemic inflammation? Getz and Reardon
(16) noted that the Teklad WD used in our studies is low
in the essential fatty acid, linoleic acid. Indeed, according
to the manufacturer’s analysis, the levels of linoleic acid in
the WD used in these studies, and in all of our previous
studies (Teklad, Harlan, catalog #TD88137) are similar to
the levels of linoleic acid used by others in models of es-
sential fatty acid deficiency (29). Could it be that the low
linoleic acid levels in our WD impaired the ability to syn-
thesize LPA 18:2, thus exaggerating the importance of
LysoPC 18:1 and LPA 18:1? We think this is unlikely on the
Teklad WD, because in our previous studies, the levels of
LPA 18:2 in the jejunum, liver, and plasma of /dlr /~ mice
on the Teklad WD were significantly higher than the levels
on mouse chow, which is not deficient in essential fatty
acids (see Figs. 8-10 in Ref. 2). Moreover, the experiments
in Fig. 11 in this work yielded similar results whether we
used a WD rich in linoleic acid (Research Diets WD) or
one relatively deficient in linoleic acid (Teklad WD). Thus,
we are left with the possibility that LysoPC 18:1 and LPA
18:1 may play a special role in the induction of dyslipid-
emia and systemic inflammation that is dependent on en-
terocyte Scdl.

The data in Fig. 12 show that, when added to mouse
chow, the ability of LysoPC 18:1 to induce dyslipidemia and
systemic inflammation was dependent on the induction of
enterocyte Sedl. The data in Fig. 12F and G demonstrate
that, upon addition to mouse chow, the ability of LysoPC
18:1 to induce elevated levels of LysoPC 18:1 in the tissue of
the jejunum and plasma was also dependent on enterocyte
Scdl (i.e., following enterocyte knockdown of Sedl, adding
LysoPC 18:1 to chow did not increase LysoPC 18:1 levels in
either the tissue of the jejunum or the plasma). It may be
that with enterocyte knockdown of Scdl, absorption of
LysoPC in general is impaired. LysoPC 18:0 levels in the jeju-
num were not decreased by knockdown of enterocyte Scdl
in two experiments (Figs. 3E, 4D), but were in one (Fig.
5H), so we cannot exclude this possibility. Another possi-
bility is that dietary LysoPC 18:1 rapidly enters a recycling
pool, and with enterocyte knockdown of Scdl, LysoPC18:1
is not reformed, but when enterocyte Scdl is intact, there is
abundant synthesis of LysoPC 18:1. LysoPC 18:0 neither in-
duces Scdl expression (Fig. 12A) nor causes dyslipidemia
and systemic inflammation (2). Perhaps the failure of
LysoPC 18:0 to cause dyslipidemia and systemic inflamma-
tion is due to its inability to induce Sedl. One might also ques-
tion why, with knockdown of Scd1, levels of LysoPC 18:0 did
not increase? In addition to the possibility of impaired
absorption noted above, it is also possible that reacylation
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of LysoPC to PC was enhanced using fatty acid moieties
other than oleic acid. Future research will be needed to
determine which (if any) of these explanations is correct.
Because this work was limited to studies in /i’ mice,
future studies will also be needed to determine whether
these observations apply to wild-type mice.

Why does LysoPC 16:0 or LysoPC 18:0 fail to induce Scd1,
dyslipidemia, and systemic inflammation?

Figure 13 demonstrates that LysoPC 16:0 acts like LysoPC
18:0 in its inability to cause dyslipidemia and systemic
inflammation following addition to mouse chow. We previ-
ously reported that LysoPC 18:0 is not acted upon by auto-
taxin to form LPA 18:0; and yet upon feeding LysoPC 18:0,
there was abundant formation of LPA 18:0 (2). Because
others have shown that LysoPC 18:0 is a good substrate for
autotaxin, we concluded (2) that this might indicate that
LysoPC 18:0 is processed in a compartment different from
where LysoPC 18:1 is processed. If LysoPC 18:0 and LysoPC
18:1 are converted to their respective LPA species in differ-
ent cellular compartments, it might explain some of the
different biologic activities of the two LysoPC species. Fu-
ture research will be required to determine whether this is
indeed the case.

‘What might be the mechanism by which Tg6F decreases
protein levels of LBP, CD14, TLR4, and MyD88 in
enterocytes and plasma?

Waurfel et al. (30) reported that passage of plasma over
an anti-apoA-I column removed more than 99% of LBP de-
tectable by ELISA. Additionally, anti-LBP monoclonal anti-
body coprecipitated apoA-I (30). These data conclusively
established that LBP in plasma was associated with apoA-I.
This group also reported that LBP was associated with a
particle containing apoA-I, phospholipid, and factor H-re-
lated proteins (31). Tg6F is an apoA-I mimetic peptide in a
concentrate of tomato polyphenols. It seems likely that in
the intestinal lumen, the 6F peptide and the tomato poly-
phenols exist as a micelle. We hypothesize that enterocyte
LBP is sequestered into the 6F-tomato polyphenol micelles
in the lumen of the intestine. Because the 6F peptide is
found in the lumen of the intestine after oral administra-
tion, but it is not detected in plasma (10), we presume that
itis either not absorbed and/or it is degraded in the lumen
of the intestine. If LBP was sequestered in the lumen of the
intestine with the Tg6F, this would result in less bacterial
LPS entering the enterocyte and could account for the ob-
served decreased levels of enterocyte LBP, CD14, TLR4,
and MyD88. Future research will be required to determine
whether this hypothesis has merit.

What might be the mechanism by which Tg6F decreases
Scdl expression?

Kim, Miyazaki, and Ntambi (32) reported that choles-
terol is a potent inducer of Scdl expression. Indeed, they
found that feeding mice cholesterol overcame the ability of
polyunsaturated fatty acids to decrease the expression of
Scd1 and its protein and activity (32). We recently reported
that WD induced the expression of interferon-f (IFN-)



and cholesterol 25-hydroxylase (CH25H) with a resulting
increase in levels of 25-hydroxycholesterol (25-OHC) in
the jejunum that was ameliorated by Tg6F (11). Shibata
et al. (33) studied the effect of 25-OHC on mouse macro-
phages using MS. They quantified 569 lipid species in three
independent experiments and found that cholesteryl es-
ters containing oleic acid were quantitatively the most
abundant species to accumulate (33). These results are
consistent with 25-OHC inducing Sed! and Tg6F prevent-
ing Scdl induction by lowering levels of 25-OHC.

In the current studies, adding Tg6F to WD consumed by
Sed1" fl, ldr’~ / VilCre mice either did not further reduce
the measured parameters or only modestly did so. This sug-
gests that the mechanism of action of Tg6F in ameliorating
dyslipidemia and systemic inflammation may at least in
part be due to its ability to decrease the expression of en-
terocyte Scdl. Figure 15 presents a hypothesis to explain
the role of Scdl and Tg6F in WD-mediated dyslipidemia
and systemic inflammation in ldl’~ mice. Figure 15A de-
picts conditions on a chow diet where the levels of IFN-f3,
CH25H, and 25-OHC are low, as is the level of ScdI expres-
sion in enterocytes. As a result, the levels of endogenously
synthesized oleic acid (C18:1) are also low in the entero-
cytes. In the schematic representation of our hypothesis
shown in Fig. 15, dietary PC containing stearic acid (C18:0)
at the sn-1 position with an unspecified fatty acid at the sn-2
position is acted upon by phospholipase Ay group 1B
(PLA2GI1B) to yield LysoPC 18:0 with the acyl group at the
sn-1 position. Subsequently, it enters the enterocytes and
undergoes reacylation. On a chow diet, levels of endoge-
nously synthesized C18:1 are low, but they are not absent.
Consequently, small amounts of PC with C18:0 at the sn-1
position and C18:1 at the sn-2 position (PC18:0/18:1) are
formed. In the example shown, phospholipase A; (PLA;)
acts on PC18:0/18:1 to yield LysoPC 18:1 with C18:1 at the
sn-2 position. The sn-1 position is thermodynamically more
stable for accommodating an acyl group in lysophospho-
lipids compared with the sn-2 position (34, 35). Conse-
quently, the C18:1 isomerizes to the sn-1 position, and the
resulting LysoPC 18:1 is then acted upon by autotaxin to
yield LPA 18:1. On a chow diet, the amount of LPA 18:1
formed is too low to induce dyslipidemia and systemic in-
flammation. In contrast, Fig. 15B depicts conditions on
WD where the levels of IFN-B, CH25H, and 25-OHC are
high, as is the level of Scdl expression in enterocytes. As
LysoPC 18:1 and LPA 18:1 levels rise, we hypothesize that
there is a positive feed-back loop further inducing Scd! ex-
pression. Figure 15B also indicates that Tg6F ameliorates
this sequence that leads to dyslipidemia and systemic in-
flammation. This hypothesis provides a basis for future
research. Such research will require the use of labeled pre-
cursors and determination of lipid species in enterocyte
membranes and chylomicrons and studies of subcellular
compartments.

The data reported here add to our previous studies
(1-3, 10, 11) and the studies of Hui (36) showing that
lysophospholipid metabolism in the small intestine can
play an important role in dyslipidemia and systemic in-
flammation. Bl
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