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SUMMARY

Phospholipids are important determinants of mem-
brane biophysical properties, but the impact of mem-
brane acyl chain composition on dietary-lipid ab-
sorption is unknown. Here we demonstrate that the
LXR-responsive phospholipid-remodeling enzyme
Lpcat3 modulates intestinal fatty acid and choles-
terol absorption and is required for survival on a
high-fat diet. Mice lacking Lpcat3 in the intestine
thrive on carbohydrate-based chow but lose body
weight rapidly and become moribund on a triglycer-
ide-rich diet. Lpcat3-dependent incorporation of
polyunsaturated fatty acids into phospholipids is
required for the efficient transport of dietary lipids
into enterocytes. Furthermore, loss of Lpcat3 am-
plifies the production of gut hormones, including
GLP-1 and oleoylethanolamide, in response to
high-fat feeding, contributing to the paradoxical
cessation of food intake in the setting of starvation.
These results reveal that membrane phospholipid
composition is a gating factor in passive lipid ab-
sorption and implicate LXR-Lpcat3 signaling in a
gut-brain feedback loop that couples absorption to
food intake.

INTRODUCTION

Phospholipid composition is an important determinant of mem-
brane biophysical properties. It is therefore reasonable to
hypothesize that changes in the incorporation of polyunsatu-
rated acyl chains into phospholipids might impact lipid trans-
port across cellular membranes. However, it has heretofore
been difficult to test this idea, as experimental systems that
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would allow selective alteration of phospholipid abundance in
living animals have not been available. It has been speculated
that reduced abundance of the essential fatty acid (EFA)
linoleate in intestinal membranes may be linked to malabsorp-
tion (Clark et al., 1973; Werner et al., 2002). EFA deficiency
was reported to be associated with fat malabsorption in the
1940s (Barnes et al.,, 1941), but the underlying mechanisms
have remained obscure. Studies have suggested that defects
in one or more intracellular events, including fatty acid (FA)
uptake, triglyceride (TG) re-esterification, and chylomicron
secretion, may contribute to reduced fat absorption in EFA
deficiency (Clark et al., 1973; Levy et al., 1992; Werner et al.,
2002). But how the loss of EFAs may affect these processes
is unknown. To date, the hypothesis that altered membrane
composition could affect lipid absorption in vivo has not been
tested.

It has long been debated whether FAs are transported across
the enterocyte apical membrane via passive diffusion or by car-
rier-mediated processes (Tso et al., 2004). Several candidate FA
transporters have been characterized, including FATP4 and
CD36 (Harmon et al., 1992; Stahl et al., 1999; Tso et al., 2004).
Although conflicting results have been reported, deletion of
either CD36 or FATP4 alone in mouse intestine does not appear
to dramatically alter FA uptake (Goudriaan et al., 2002; Nauli
et al., 2006; Shim et al., 2009). Studies utilizing cultured cell sys-
tems have supported a passive diffusion model by showing that
the rate of FA uptake is linear, protease resistant, and tempera-
ture independent (Chow and Hollander, 1979; Ling et al., 1989;
Trotter et al., 1996). By contrast, others have pointed to a car-
rier-mediated model based on observations that FA uptake is
saturable and competitive with other FAs (Ho and Storch,
2001; Murota and Storch, 2005). While the preponderance of
in vitro data supports a principal role for diffusion, testing the
contribution of passive diffusion in vivo has been difficult due
to the lack of an appropriate model system. No genetic mutation
has been reported that directly affects passive FA uptake in
animals.
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We recently identified a nuclear receptor pathway for dynamic
modulation of membrane phospholipid composition in response
to changes in cellular lipid metabolism (Rong et al., 2013). Ligand
activation of liver X receptors (LXRs) preferentially drives the
incorporation of polyunsaturated FAs into phospholipids through
induction of the remodeling enzyme lysophosphatidylcholine
acyltransferase 3 (Lpcat3). Loss of Lpcat3 in liver selectively re-
duces arachidonoyl phosphatidylcholine (PC) in liver mem-
branes, leading to decreased membrane fluidity and curvature
and impaired VLDL secretion (Rong et al., 2015; Hashidate-
Yoshida et al., 2015). The ability to regulate Lpcat3 activity has
provided an unprecedented opportunity to test the physiologic
consequences of changing membrane phospholipid composi-
tion in vivo.

Here we demonstrate that Lpcat3 deficiency in the intestine
leads to a selective defect in the ability to incorporate the EFAs
linoleate and arachidonate into phospholipids. We further show
that this deficiency leads to marked changes in the biophysical
properties of intestinal membranes and impairs passive FA
transport into enterocytes and chylomicron production. Lpcat3
deficiency in the setting of a TG-rich diet leads to the exacer-
bated production of gut hormones and the cessation of food
intake despite starvation. These data provide direct evidence
for the critical importance of membrane phospholipid acyl chain
composition in gating passive dietary-lipid uptake and deter-
mining feedback responses to ingestion of a lipid-rich diet.

RESULTS

Loss of Lpcat3 in Intestine Decreases Plasma-TG and
Cholesterol Levels

We previously reported that mice deficient in Lpcat3 expression
in the intestine (herein referred to as Lpcat3 IKO or IKO mice)
showed severe post-natal growth retardation and failure to thrive
(Rong et al., 2015). Surprisingly, however, we found that a minor-
ity of the pups could survive until weaning. Furthermore, once
the surviving pups were weaned onto chow diet (13.5% calories
from fat, 0.02% cholesterol) at 4 weeks of age, they grew rapidly
and ultimately reached a similar size as their littermates
(Figure 1A). Analysis of plasma lipid levels revealed lower
serum TG and total cholesterol levels in Lpcat3 IKO mice
compared to Lpcat3-floxed, Cre-negative controls (Figure 1B).
There was no difference in plasma nonesterified free fatty acid
(NEFA) levels between groups. Blood glucose levels were slightly
lower in the knockout (KO) mice. Fractionation of plasma lipopro-
teins showed lower levels of TG in the very-low-density lipopro-
tein (VLDL) fraction, and cholesterol in high-density lipoprotein
(HDL) fraction, in Lpcat3 IKO mice (Figure 1C).

Unexpectedly, and in contrast to our observations in suckling
1-week-old pups (Rong et al., 2015), we did not observe lipid
accumulation in enterocytes of adult IKO mice (Figure 1D).
Rather, we observed hypertrophy of mucosal villi in the duo-
denum and jejunum. Each villus contained multiple distorted
branches, consistent with compensatory enlargement of the
absorptive surface (Skala and Konradova, 1969). In line with
the hypertrophy of villi, the small intestine was significantly
longer in Lpcat3 IKOs than in controls (Figure 1E). We previously
reported that Lpcat3 is an LXR target in liver and intestine (Rong
et al., 2015). We found that intestinal Lpcat3 expression is also

regulated by the FA sensor peroxisome proliferator-activated re-
ceptor & (PPARSJ). Administration of GW742 (a potent PPARS
agonist) to mice increased Lpcat3 expression in the intestine
(Figure 1F).

Lpcat3 Is Required for Survival on a HFD or Western Diet
Since Lpcat3 IKO pups showed severe growth retardation and
lethality when suckling on lipid-rich milk (Rong et al., 2015), we
tested how adult mice responded to diets rich in fat. We first
fed mice a high-fat diet (HFD; 60% calories from fat, 0.028%
cholesterol) starting at 8-10 weeks of age—a time at which
floxed control and Lpcat3 IKO mice were of similar body weight.
Surprisingly, Lpcat3 IKO mice lost ~20% of their body weight
within 10 days and became moribund, necessitating termination
of the study (Figure 2A). Similar rapid weight loss and failure to
thrive were also observed in Lpcat3 IKO mice on a western
diet (40% calories from fat, 0.2% cholesterol; Figure 2B). IKO
mice lost ~20% of their body weight after 1 week of feeding,
and one mouse died on day 4. Interestingly, the decline of Lpcat3
IKO mice on HFD or western diet was reversible. Lpcat3 IKO
mice fed HFD recovered their body weight within 2 days when
switched back to chow diet (Figure 2C). Furthermore, there
was no difference in weight loss between HFD- and western-
diet-fed IKO mice (Figure 2D), indicating that the TG, rather
than the cholesterol, content of the western diet is the primary
cause of weight loss. IKO mice actually gained slightly more
weight when fed a high-cholesterol diet (13.5% calories from
fat, 1.25% cholesterol) compared to controls (Figure S1A, avail-
able online).

MRI analysis of body composition showed that the weight
loss after HFD or western-diet feeding was primarily due to
loss of body fat (Figure 2E). Remarkably, blood glucose levels
in both HFD- and western-diet-fed Lpcat3 IKO mice were mark-
edly lower than those in control mice (Figure 2F). Intestinal
morphology in high-fat-fed IKO mice was similar to that of
chow-diet-fed Lpcat3 IKO mice, with hypertrophy of villi and
the absence of lipid accumulation in enterocytes (Figure 2G).
Compared to control mice, there was no difference in the infiltra-
tion of inflammatory cells into the intestine of IKO mice fed a
HFD. Moreover, there was no difference in the expression of in-
flammatory cytokines or chemokine receptors between control
and IKO intestine (Figure 2H). These findings suggest that the
weight loss is not due to acute induction of intestinal inflamma-
tion in response to HFD. Interestingly, the livers of Lpcat3 IKO
mice showed steatosis. Coupled with the finding of hypoglyce-
mia, this observation suggested that the Lpcat3 IKO mice were
starving. Gene expression analysis revealed significant reduc-
tion in the expression of Ppara and genes involved in FA
oxidation (Figure S1B), a finding consistent with reduced FA
availability in the liver.

Lpcat3 Deficiency Reduces Food Intake on HFD through
GLP-1 Induction

Next, we sought to understand the cause of the striking weight
loss in IKO mice fed HFD. We first monitored daily food con-
sumption in individually housed mice. Although Lpcat3 IKO
mice consumed a similar amount of food to that of controls
when fed chow diet (Figure 3A), they ate less than half as
much as controls upon switching to 60% HFD or western diet
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Figure 1. Reduced Plasma-TG and Cholesterol Levels in Intestine-Specific Lpcat3 Knockout Mice
(A) Growth curve of Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice on chow diet after weaning (n > 6/group).
(B) Plasma lipid and glucose levels in 8- to 10-week-old chow-diet-fed Lpcat3"" (F/F) and Lpcat3™" Villin-Cre (IKO) mice (n > 6/group). Mice were fasted for 6 hr

before blood collection.

(C) Lipoprotein profiles of Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice. Plasma from F/F and IKO mice was pooled (n = 5) and analyzed by fast protein liquid

chromatography (FPLC).

(D) Hematoxylin and eosin (H&E) staining of intestine sections from Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice.
(E) Small intestine length of Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice (n > 6/group).
(F) Induction of Lpcat3 mRNA expression in intestines of mice treated with 20 mg/kg/day GW742 by oral gavage for 5 days (n = 5/group). Gene expression was

measured by real-time PCR.

Values are means + SEM. Statistical analysis was performed with Student’s t test. “p < 0.05; **p < 0.01.

(Figures 3B and S2A). To determine if the reduced food intake
was the sole cause of weight loss in Lpcat3-deficient mice, we
performed a pair-feeding study. As shown in Figure 3C, control
mice limited to the same amount of HFD consumed by the IKO
mice lost ~7% of their body weight within 1 week, compared
to ~17% for the Lpcat3 IKO mice. Body-fat composition in
Lpcat3 IKO after 1 week was 5%, compared to 10% in pair-
fed controls (Figure S2B). These observations indicated that
reduced food intake was a contributor to, but not the only cause
of, weight loss in IKO mice. Blood glucose levels were compa-
rably reduced in Lpcat3 IKO and pair-fed controls (Figure 3D),
suggesting that the hypoglycemia of IKO mice was largely due
to starvation.

Next, we investigated the etiology of reduced food consump-
tion in Lpcat3-deficient mice. We fasted mice overnight, offered
them both HFD and chow diet, and monitored their food prefer-
ence for 24 hr. Interestingly, both control and IKO mice preferred
the HFD and consumed the same amount of HFD during the first
2 hr (Figure 3E). After 2 hr, control mice continued to eat almost
exclusively HFD and consumed only a minimal amount of chow.
By contrast, the IKO mice stopped eating after the first 2 hr and
consumed neither diet. No difference in food intake was
observed when the mice were refed with chow diet in a similar
experiment (Figure S2C). Surprisingly, the IKO mice actually
consumed slightly more food on high-cholesterol diet (Fig-
ure S2D). These observations suggested that dietary fat was
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Figure 2. Mice Lacking Lpcat3 Cannot Survive on HFD or Western Diet
(A and B) Growth curve of male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice placed on chow diet after weaning and then switched to 60% HFD (A)

n > 6/group) or western diet (B) (n > 4/group).

C) Growth curve of female Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice on 60% HFD for 7 days and switched back to chow diet (n > 4/group).

D) Body-weight change in 60% HFD- and western-diet-fed mice (n > 4/group).

F) Blood glucose levels in Lpcat3™ (F/F) and Lpcat3™" Villin-Cre (IKO) mice on 60% HFD and western diet as in (D).

(t
(
(
(E) Body composition of Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice on 60% HFD for 10 days (n > 6/group) and western diet for 8 days (n > 4/group).
(
(

G) H&E staining of intestine and liver sections from Lpcat3™" (F/F) and Lpcat3™ Villin-Cre (IKO) mice on 60% HFD for 10 days.
(H) Expression of inflammatory genes in fasting and 60% HFD-refed intestines measured by real-time PCR (n > 4/group).
Values are means + SEM. Statistical analysis was performed with two-way ANOVA (A-D) and Student’s t test (E, F, and H). *p < 0.05, **p < 0.01,

“*p < 0.001.

inhibiting total food intake in Lpcat3 IKO mice, regardless of the
type of food offered.

Previous studies have identified gut-derived hormones that
are induced by dietary fat, including GLP-1, PYY, and CCK
(Begg and Woods, 2013; Camilleri, 2015). To determine whether
any of these mediators were in play in Lpcat3-deficient mice, we
measured their levels in the plasma of high-fat-fed mice.
Remarkably, active GLP-1 levels were 6-fold higher, and PYY
levels were 3-fold higher in Lpcat3 IKO mice compared to
controls (Figure 3F). There was no difference in CCK levels. Inter-
estingly, GLP-1 levels were also increased by 3-fold in chow-
diet-refed IKO mice, while PYY levels were not changed
(Figure S2E). To test whether this induction of GLP-1 was
contributing to the reduction in food intake, we injected mice
with the GLP-1 receptor antagonist exendin-(9-39) (Ex-9) and

monitored food intake during fasting/refeeding. Compared to
vehicle treatment, Ex-9 treatment increased HFD consumption
in IKO mice to similar levels as control mice during the first 6 hr
(Figure S2F). Similarly, chronic Ex-9 treatment over the course
of 4 days partially rescued food intake and weight loss in HFD-
fed IKO mice (Figures 3G and S2G). These findings indicate
that excessive GLP-1 signaling contributes to the food intake
phenotype of Lpcat3-deficient mice.

The partial rescue of food intake by GLP-1 receptor antagonist
indicates that additional anorexic pathways are also involved.
N-acylphosphatidylethanolamine (NAPE) and oleoylethanola-
mide (OEA) are induced by fat digestion and inhibit food intake
through interactions with the CNS (Gillum et al., 2008; Fu et al.,
2003; Schwartz et al., 2008). The endocannabinoids, ananda-
mide (AEA) and 2-arachidonoyl glycerol (2-AG), increase food

Cell Metabolism 23, 492-504, March 8, 2016 ©2016 Elsevier Inc. 495
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Figure 3. TG-Rich Diets Inhibit Feeding in Lpcat3 IKO Mice

(A and B) Daily food intake in male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice on chow diet (A) and 60% HFD (B).
(C) Growth curve of male Lpcat3™" (F/F), Lpcat3™" Villin-Cre (IKO), and pair-feeding Lpcat3™" (F/F PF) mice (n > 5/group).

(D) Blood glucose levels in mice in (C).

(E) Food preference test in female Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) during fasting/refeeding. Mice were fasted overnight and provided with both 60%

HFD and chow diet. Food intake was monitored for 24 hr (n > 5/group).

(F) ELISA analysis of active GLP-1, PYY, and CCK in the plasma of Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice fasted overnight and refed 60% HFD for 2 hr

(n > 5/group).

(G) Food intake in Lpcat3™ (F/F) and Lpcat3"" Villin-Cre (IKO) mice treated with vehicle or GLP-1 receptor antagonist Ex-9 (n = 3/group). Mice were fed 60% HFD

and i.p. injected with Ex-9 (5 ng/25 g BW, twice/day) for 5 days.

(H) Mass spectrometry analysis of OEA in the serum and jejunum of mice fasted overnight and refed 60% HFD (n > 4/group). Results from two independent

experiments are shown.

Values are means + SEM. Statistical analysis was performed with two-way ANOVA (A-C, E, and G), one-way ANOVA (D), and Student’s t test (F and H). *p < 0.05,

**p < 0.01, **p < 0.001, not shown, not significant.

intake in fasted mice via activation of cannabinoid type-1 (CB1)
receptors (Soria-Gémez et al., 2014). Quantitation by mass
spectrometry revealed that OEA levels were significantly
increased in the serum and jejunum of HFD-refed IKO mice
compared to controls (Figure 3H), whereas total NAPE levels
were not significantly altered in the intestine and slightly
decreased in the serum (Figure S3A). HFD refeeding had no
effect on the levels of AEA in the intestine of IKO mice (Fig-
ure S3A). Levels of 2-AG were not consistently altered in the
serum or intestine of IKO mice (Figures S3A and S3B). These
data suggest that OEA may also contribute to the reduced
HFD consumption in IKO mice.

496 Cell Metabolism 23, 492-504, March 8, 2016 ©2016 Elsevier Inc.

Loss of Intestinal Lpcat3 Protects from Diet-Induced
Obesity

Since Lpcat3 IKO mice thrive on chow (13.5% fat) but cannot
tolerate the standard 60% or 40% fat-content diets commonly
used to induce obesity in mice, we tested their ability to survive
on a moderate-fat diet (30% calories from fat, 0.02% choles-
terol). Although IKO mice initially consumed less food than
controls when switched to this diet, they appeared to adapt, as
their food intake was comparable to controls after several
weeks of feeding (Figure 4A). Despite similar food consumption,
however, Lpcat3 IKO mice gained much less body weight
after 17 weeks of feeding (Figure 4B). Diet-induced obesity is
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Figure 4. Lpcat3 IKO Mice Are Protected from Diet-Induced Obesity

(A) Average food intake in male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice after week 1 and week 8 of 30% fat diet feeding (n > 5/group).

(B) Growth curve of Lpcat3™" (F/F) and Lpcat3™ Villin-Cre (IKO) mice on 30% fat diet.

(C and D) Glucose tolerance tests (GTT) performed on Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice before 30% fat feeding (chow diet) (C) and after feeding
30% fat diet for 17 weeks (D).

(E) Fecal production in Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice during week 8 of 30% fat diet feeding.

(F) Fecal lipid levels and lipid-absorption coefficient in Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice during week 8 of 30% fat diet feeding.

(G and H) Total biliary bile acid (BA) levels and species composition in chow-diet-fed Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) (n > 6/group).

Values are means + SEM. Statistical analysis was performed with Student’s t test (A, E, and F) and two-way ANOVA (C and D). *p < 0.05;,p < 0.01.

frequently accompanied by glucose intolerance. There was no
difference in glucose tolerance between control and Lpcat3
IKO mice maintained on chow diet (Figure 4C), but Lpcat3 IKO
mice showed improved glucose tolerance compared to controls
when maintained on moderate-fat (30%) diet (Figure 4D).

To investigate potential mechanisms underlying the protection
from diet-induced obesity in Lpcat3 IKO mice, we assessed lipid
absorption by measuring fecal lipid content. IKO mice produced
35% more feces per gram of food intake than controls (Fig-
ure 4E). Furthermore, fecal NEFA and cholesterol levels were
4- to 5-fold higher in IKO mice (Figure 4F). Absorption coeffi-
cients for NEFA and cholesterol in Lpcat3 IKO mice were
reduced compared to control mice, suggesting malabsorption
of NEFA and cholesterol. By contrast, fecal TG levels were negli-
gible in both groups, and no difference in the TG absorption co-
efficient was observed, indicating that loss of Lpcat3 does not
impair hydrolysis of ingested TG. Consistent with this observa-

tion, there was no difference in biliary-bile acid levels or bile-
acid composition between control and IKO mice (Figures 4G
and 4H). Fecal lipid content was also higher in the IKO mice
fed western diet (Figure S4).

Lpcat3 Deficiency in Intestine Impairs Fat Absorption
and Chylomicron Secretion

To directly test if Lpcat3 activity was required for transport of di-
etary fat absorption into the circulation, we performed postpran-
dial TG response assays. Serum-TG levels were dramatically
reduced in IKO mice following an intragastric olive-oil load (Fig-
ure 5A). We also measured plasma lipid levels in mice fasted
overnight and then refed with 60% HFD for 2 hr. This challenge
revealed 70% and 25% decreases in serum TG and cholesterol,
respectively, in IKO compared to control mice (Figure 5B). In
contrast, serum NEFA levels were 2-fold higher in IKO mice. His-
tological analysis of refed intestines showed an almost complete
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(A) Postprandial TG response in male Lpcat3™" (F/F) and Lpcat3™ Villin-Cre (IKO) mice after oral gavage with olive il (10 pl/g BW) (n = 6/group).
(B) Plasma lipid levels in chow-diet-fed male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice after fasting overnight and refeeding 60% HFD for 2 hr

(n > 4/group).

(C) H&E staining of intestine sections from Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice shown in (B).
(D) Fluorescence images of small intestines of Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice, and wild-type C57BL/6 and Cd36 /~ mice after oral gavage with

olive oil containing BODIPY-labeled FA for 2 hr.

(E) Distribution of radioactivity in intestinal segments of male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice after an oral challenge of olive oil containing

14C-trioleoylglycerol for 2 hr (n = 3/group).

(F) Ex vivo glucose uptake assay in Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) intestines (n = 3/group).
(G) In vivo cholesterol absorption measured by fecal dual-isotope ratio method (n = 4/group).
Values are means + SEM. Statistical analysis was performed with two-way ANOVA (A and F) and Student’s t test (B and G). *p < 0.05, **p < 0.01.

absence of lipid accumulation in enterocytes of Lpcat3 IKO
duodenum and jejunum, whereas controls contained many lipid
droplets (Figure 5C). A similar phenomenon was observed in in-
testines of IKO mice gavaged with olive oil (Figure S5). These
findings suggested that FA uptake, TG synthesis, and/or chylo-
micron secretion was markedly reduced in Lpcat3-deficient
enterocytes.

To directly visualize FA uptake into enterocytes, we gavaged
mice with BODIPY-labeled FA together with olive oil and exam-
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ined enterocytes by microscopy. Abundant fluorescently labeled
lipid droplets were observed in control intestines, while almost
no fluorescence was present in IKOs (Figure 5D), indicative of
a major defect in FA absorption. We also assessed FA uptake
in mice deficient in Cd36 (Chen et al., 2001; Nassir et al.,
2007). Although there was a subtle decrease in fluorescence
signal in Cd36 KO enterocytes compared to wild-type controls,
loss of Lpcat3 had a much more severe impact (Figure 5D).
Furthermore, analysis of intestinal uptake of radiolabeled FA in
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Figure 6. Loss of Lpcat3 in Intestine Impairs Chylomicron Lipidation and Secretion
(A) Plasma-chylomicron particle size in Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice. Mice were fasted overnight and refed 60% HFD for 2 hr. Chylomicrons
were isolated and pooled from five mice/group. Chylomicrons were stained with 2.0% uranyl acetate and visualized by electron microscopy.

(B) Quantification of chylomicron particle size in (A).

(C) Representative pictures of plasma collected from Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice as in (A).

(D) ApoB western blot in chylomicron, whole serum, and duodenum of Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice as in (A).

(E and F) Gene expression in jejunum of Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice during fasting (E) and 60% HFD-refeeding (F) mice (n > 4/group).
Values are means + SEM. Statistical analysis was performed with Student’s t test. *p < 0.05, **p < 0.01.

response to oral dosing of '“C-trioleoylglycerol revealed mark-
edly reduced absorption in the proximal intestine of IKO mice
and a compensatory shift in uptake to more distal segments (Fig-
ure 5E). To determine if absorption defect in IKO mice was spe-
cific for FAs, we assessed in vivo cholesterol uptake and ex vivo
glucose uptake. There was no difference in labeled glucose up-
take between control and IKO intestines (Figure 5F). Cholesterol
absorption measured by the fecal dual-isotope ratio method re-
vealed a trend toward decreased uptake in IKO mice (Figure 5G).
These observations indicate that not all metabolite transport
pathways are compromised in the IKO mice and that the uptake
of FAs, and to a lesser degree cholesterol, into enterocytes is
preferentially affected.

We next investigated if intestinal Lpcat3 deficiency affects
chylomicron assembly and secretion. Negative staining of plasma
chylomicron fractions by electron microscopy (EM) revealed
markedly smaller chylomicron particles in Lpcat3 IKO mice

compared to controls (Figures 6A and 6B), suggesting poor
apoB lipidation. Consistent with reduced plasma TG levels and
smaller chylomicron particle size, the plasma collected from
Lpcat3-deficient mice was transparent, while control plasma
was milky after HFD refeeding (Figure 6C). ApoB in the chylomi-
cron fraction was decreased in Lpcat3 IKO mice, whereas total
serum apoB was similar (Figure 6D). Together with increased
apoB-48inthe duodenum of IKO mice (Figure 6D), these data indi-
cate that chylomicron secretionis impaired in the setting of Lpcat3
deficiency (Figure 6D). Similar results were obtained in HFD-fed
mice (Figure S6). These findings are consistent with the reduced
serum levels of TG and cholesterol in IKO mice (Figure 1).

Regulation of Intestinal-Membrane Fluidity Gates FA
Uptake

To begin to explore mechanisms underlying defective lipid up-
take and chylomicron production, we analyzed the expression
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of genes involved in FA uptake, TG synthesis, lipoprotein pro-
duction, and intracellular FA transport. mRNA levels of most
genes implicated in these processes were not reduced, and
levels of some were actually increased in Lpcat3 IKO mice
compared to controls in both the fasting and refed states (Fig-
ures 6E and 6F). Thus, defects in lipid metabolic gene expression
could not explain the phenotypes of IKO mice.

To gain insight into how the enzymatic activity of Lpcat3 was
linked to these phenotypes, we performed lipidomic analyses.
Previous studies have shown that Lpcat3 is uniquely required
for the incorporation of arachidonate into phospholipids in liver
but that its loss does not affect the total abundance of PC
(Rong et al., 2015). There was no difference in total levels of
PC in enterocytes isolated from Lpcat3 IKO and control mice
(Figure S7A). However, mass spectrometry analysis of individual
PC species in chow-diet-fed enterocytes revealed a selective
decrease in 34:2 PC (predominantly species containing 16:0
and 18:2 acyl chains) abundance (Figure 7A). There was also a
compensatory increase in the abundance of several PC species
containing monounsaturated 18:1 chains. In contrast to prior re-
sults with the liver-specific Lpcat3 knockouts (Rong et al., 2015),
there was only a small decrease in 38:4 PC (predominantly spe-
cies containing 18:0 and 20:4 chains) abundance, perhaps re-
flecting the low abundance of arachidonoyl PC in enterocytes.
Feeding the IKO and control mice a 60% HFD for 5 days uncov-
ered more dramatic differences in the abundance linoleoyl and
arachidonoyl PC species (Figure S7B). Total PC levels were
again not different between groups (Figure S7C).

Next, we tested whether loss of Lpcat3 would alter the phos-
pholipid composition of chylomicrons secreted from the intes-
tine. Indeed, analysis of PC species in pooled chylomicron
fractions isolated from mice gavaged with an olive oil bolus re-
vealed a selective reduction in 34:2 PC (predominantly species
containing 16:0 and 18:2 acyl chains) abundance in IKO chylomi-
crons (Figure S7D). Interestingly, the abundance of individual PC
species in the livers of HFD-fed IKO mice also resembled their
abundance in the enterocytes, even though Lpcat3 activity
was intact in these livers (Figures S7E and S7F). These findings
suggest that the PC composition of the liver is at least in part
dependent on intestinal Lpcat3 activity.

To further address whether changes in enterocyte FA content
or phospholipid composition were linked to the weight-loss
phenotype, we administered soy PC (63% 18:2-containing PC)
or hydro soy PC (88.6% 18:0-containing PC) to IKO mice by
oral gavage and monitored food intake and body weight. These
diets would be expected to deliver increased levels of either 18:2
or 18:0 FAs to the intestinal epithelium, as PC is hydrolyzed by
pancreatic phospholipase A2 to liberate FAs and lysoPC. How-
ever, once liberated, the 18:2 would be unable to be reincorpo-
rated into PC in mice lacking Lpcat3. Neither diet was able to
rescue body weight or food intake in the IKO mice (Figures
S7G and S7H), consistent with the hypothesis that the change
in phospholipids, rather than loss of polyunsaturated FAs, is
the cause of the phenotype.

To understand how changes in enterocyte-membrane phos-
pholipid composition might lead to reduced lipid uptake, we per-
formed biophysical studies of lipid movement in intestinal tissue
ex vivo using live-cell imaging and laurdan staining. Laurdan is a
fluorescent lipophilic molecule that can incorporate into mem-
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branes, sense the polarity of the membrane environment, and
thus detect changes in membrane dynamics (Golfetto et al.,
2013; Parasassi and Gratton, 1995). Changes in membrane dy-
namics shift the laurdan emission spectrum, which can be quan-
tified by the generalized polarization (GP). The striking increase
in GP (yellow/orange pseudocolor) in enterocytes lacking Lpcat3
is indicative of membranes with strongly reduced lipid mobility
(Figure 7C). Thus, membranes are less dynamic, and their
component lipids move less readily, in the absence of Lpcat3.
In contrast, we did not find obvious differences in the ultrastruc-
ture of intestinal microvilli between control and IKO enterocytes
by electron microscopy, suggesting that these changes in mem-
brane composition do not grossly deform membrane structure
(Figure 7B).

Evidence from isolated cells suggests that a passive transport
dominates when the luminal FA concentration is high, but direct
tests of this idea in living intestines are lacking. Thus, we
reasoned that decreased membrane dynamics due to altered
composition in the absence of Lpcat3 might be associated
with impaired FA uptake into enterocytes. Supporting this
notion, ex vivo fluorescent-FA uptake into enterocytes was
50% lower in IKO intestines compared to controls (Figure 7D).
Moreover, administration of 16:0, 20:4 PC to IKO intestines
30 min prior to label administration increased FA uptake to a level
comparable to control intestines (Figure 7E). The time frame of
this rescue experiment strongly suggests that changes in enter-
ocyte gene and protein expression are not required. In contrast,
PC treatment had no effect on glucose uptake (Figure 7F). To
further support our hypothesis that Lpcat3 was affecting passive
transport, we performed additional ex vivo FA uptake assays at
4°C on ice, a condition under which active transport is inhibited.
Compared to floxed intestines, IKO intestines showed a similar
reduction in FA uptake at 4°C on ice as that observed at room
temperature (Figure 7G). Furthermore, the administration of
16:0, 20:4 PC, but not 16:0,18:0 PC, also increased FA uptake
at 4°C (Figure 7H), indicating that polyunsaturated PC promotes
passive FA uptake into cells.

Collectively, these results demonstrate that loss of Lpcat3 ac-
tivity in the intestine leads to a selective defect in the ability to
incorporate linoleate and arachidonate into phospholipids. This
defect leads to marked biophysical changes in the membrane
and is associated with impaired passive FA transport into
enterocytes.

DISCUSSION

Dietary-lipid absorption is a complex process that involves
several steps: intraluminal hydrolysis of dTG, FA and monoacyl-
glycerol uptake, resynthesis of TG, and chylomicron assembly
and secretion (Abumrad and Davidson, 2012). Defects in several
steps have been shown to affect fat absorption. Poor solubiliza-
tion of dietary fat in bile-diverted animals greatly reduces fat
absorption (Clark and Holt, 1968; Tso et al., 1978). Deficiency
of acyl CoA:monoacylglycerol acyltransferase-2, an enzyme
involved in TG resynthesis, delays fat absorption (Yen et al.,
2009). Loss of microsomal TG transfer protein (Mttp), which is
required for chylomicron assembly, also leads to malabsorption
(Xie et al., 2006). In addition, PC has long been recognized to
facilitate dietary-lipid uptake, and studies in rats with bile fistulas
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Figure 7. Lpcat3 Deficiency Impairs Linoleate Incorporation and Reduces Enterocyte Membrane Dynamics

(A) ESI-MS/MS analysis of the abundance of PC species in enterocytes from male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice fed chow diet (n > 5/group).
(B) Electron microscopy analysis of microvilli of enterocytes from Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice.

(C) Laurdan imaging of enterocyte membrane dynamics. Duodenum from male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice was stained with laurdan. The
laurdan emission spectrum was captured by a 2-photon laser-scan microscope. Generalized polarization (GP) was calculated from the emission intensities
obtained from images. Higher GP value indicates that membranes are more ordered and less dynamic. The GP value of each pixel was used to generate a
pseudocolor GP image. The binary histograms of the GP distribution of the GP images were quantified at the bottom (n = 4).

(D) Ex vivo FA uptake in duodenum of male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice at room temperature. Mice were fasted for 4 hr followed by FA

uptake assay as described in the Experimental Procedures (n = 5/group).

(E) Ex vivo FA uptake in duodenum treated with 16:0; 18:0 PC (control) and 16:0, 20:4 PC at room temperature (n = 4/group).

(F) Ex vivo glucose uptake in duodenum of male Lpcat3™" (F/F) and Lpcat3™" Villin-Cre (IKO) mice treated with 16:0; 18:0 PC (control) and 16:0, 20:4 PC
(

(

n = 4/group) at room temperature (n = 5/group).

G) Ex vivo FA uptake in duodenum of female Lpcat3™" (F/F) and Lpcat3"" Villin-Cre (IKO) mice at 4°C on ice (n = 3/group).
(H) Ex vivo FA uptake in duodenum treated with 16:0; 18:0 PC (control) and 16:0, 20:4 PC at 4°C on ice (n = 3/group).
Values are means + SEM. Statistical analysis was performed with Student’s t test (A and G), one-way ANOVA (E and H), and two-way ANOVA (D and F). *p < 0.05,

**p < 0.01, **p < 0.001.

showed that infusion of PC restored the lymphatic output of
TG (Tso et al.,, 1977, 1981). However, beyond the obvious
role of biliary PC in fat solubilization, it is unknown whether spe-
cific PC species also impact other steps of fat absorption. We
have shown here that loss of Lpcat3 in intestine reduces the
abundance of PC containing linoleate and arachidonate and
causes severe fat malabsorption. These findings implicate intes-
tinal PC composition as a major determinant of dietary-lipid
uptake.

Our biophysical studies revealed that a reduction in linoleoyl
and arachidonoyl PC in Lpcat3 IKO intestinal membranes,
possibly together with an increase in saturated or monosatu-
rated PC, results in a striking decrease in membrane fluidity.
Membrane dynamics influence a variety of cellular processes,
including transmembrane transport and intracellular vesicle traf-
ficking (Spector and Yorek, 1985). Several steps during fat ab-
sorption could potentially be affected by changes in membrane
dynamics, including FA transport across the apical membrane
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of enterocytes, chylomicron transport from ER to Golgi, and
secretion into lymphatic circulation. We find that these steps
are indeed profoundly altered in Lpcat3-deficient intestine. We
observed a reduction in FA and cholesterol uptake, along with
reduced chylomicron secretion, manifested by decreased chylo-
micron apoB and increased intestinal apoB levels. It seems likely
that changes in membrane fluidity and dynamics in IKO entero-
cytes contribute to these defects, but further studies will be
needed to establish a causal relationship.

Previously, we reported that Lpcat3 deficiency in liver leads to
reduced arachidonoyl PLs and impaired transfer of TG to VLDL
(Rong et al., 2015). Hashidate-Yoshida et al. observed an intes-
tinal TG transport defect in newborn Lpcat3 global KO pups
(Hashidate-Yoshida et al., 2015), which they attributed to severe
enterocyte damage, including the loss of microvilli. They pro-
posed that loss of PUFA in PLs changes membrane curvature,
impairs TG transport to lipoproteins, and leads to lipid-droplet
accumulation and cellular damage. One caveat of global Lpcat3
KO studies, however, is that the mice are moribund and die
within days after birth with multiple systemic defects (Rong
et al., 2015; Hashidate-Yoshida et al., 2015). By contrast, the ul-
trastructure of enterocytes in adult Lpcat3 IKO mice is preserved
and TG does not accumulate in enterocytes. Our data suggest
that malabsorption in IKO mice is mainly due to defective FA up-
take and impaired intracellular chylomicron metabolism.

Although putative transporters such as Cd36 and Fatp4 have
been reported to be dispensable for FA uptake into enterocytes
(Goudriaan et al., 2002; Nassir et al., 2007), the importance of
passive transport under physiological conditions has been diffi-
cult to test directly due to the inability to manipulate membrane
composition in living animals. Here we demonstrate that altering
the enterocyte membrane itself affects FA uptake in vivo. Our
data suggest that the increased membrane acyl-chain saturation
in IKO mice, and the consequent altered membrane dynamics,
impedes dietary FA uptake. Acute administration of polyunsatu-
rated PC increased passive FA uptake in Lpcat3-deficient intes-
tine without affecting the active transport of glucose, indicating
that altered membrane composition per se is the proximal cause
of the defect. Our data are most consistent with the hypothesis
that the increased abundance of polyunsaturated PC in the api-
cal membrane facilitates the flip-flop of FAs into the bilayer. Prior
in vitro studies have shown that FAs move across membranes
spontaneously and rapidly (Brunaldi et al., 2010; Kamp and
Hamilton, 1992). Whether or not membrane composition also
affects the downstream incorporation of FAs into TGs remains
to be determined, but the formation of TG droplets from dietary
FA was also severely impaired in the Lpcat3 IKO mice. Our re-
sults provide in vivo support for the hypothesis that passive
transport of FAs across a permissive enterocyte membrane pre-
dominates in the context of bolus lipid challenge in vivo.

Interestingly, the phospholipid profile of Lpcat3 KO entero-
cytes (decreased 18:2-containing PC, decreased 20:4-contain-
ing PC, and increased in 18:1- and 20:3-containing PC) is similar
to that previously observed in EFA-deficient mucosa (Christon
et al., 1989; Enser and Bartley, 1962; Yurkowski and Walker,
1971). EFA deficiency has been recognized to be associated
with fat malabsorption for decades (Clark et al., 1973; Hjelte
etal, 1990; Levy et al., 1992; Barnes et al., 1941), but the under-
lying mechanisms have never been defined. It had been sug-
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gested that changes in phospholipid profiles in EFA-deficient
intestine may be linked to malabsorption, but there has been
no in vivo system available to test this idea. Our study provides
aplausible explanation for why EFAs are important for fat absorp-
tion. It is important to note that Lpcat3 IKO mice are not globally
EFA-deficient; they only lack certain EFAs in phospholipids. Our
data suggest that loss of EFA-containing PC could be one
possible contributor to malabsorption in EFA deficiency, espe-
cially given that most alternative explanations have been ruled
out (Werner et al., 2002).

Another unexpected finding of this study was the requirement
of Lpcat3 activity for mice to survive on lipid-rich diets. This
unigue phenotype appears to result from the combination of inef-
fective lipid absorption and dramatically reduced food intake.
Once switched to a HFD or western diet, Lpcat3 IKO mice
stop eating. They continue to resist eating and rapidly lose
body weight, even though they exhibit signs of starvation. Inter-
estingly, the suppression of food intake is dependent on the
amount of fat present in the diet. There was no difference in
food consumption between IKO mice and controls on chow
diet, and they were able to adapt to tolerate a 30% fat diet after
several days. These observations suggest that the inability to
process dietary fat triggers one or more signals that inhibit
food intake in Lpcat3 IKO mice. The fact that the mice are able
to tolerate moderate-fat diet despite their severe FA-uptake
defect underscores the enormous absorptive capacity of the in-
testinal tract. The hyperplasia of the intestinal mucosa in IKO
mice also probably helps to partially compensate for the defect.

GLP-1 and PYY were highly induced upon HFD feeding in
Lpcat3 IKO mice. These hormones are secreted from enteroen-
docrine L-cells in the distal small intestine, most likely in
response to luminal FA. It is likely that reduced fat absorption
in the duodenum and jejunum of IKO mice results in more FA
reaching the ileum, where they trigger the secretion of gut hor-
mones. Our data suggest that the excessive GLP-1 secretion
contributes to anorexia in Lpcat3 KO mice, as a GLP-1 receptor
antagonist partially rescued food intake. However, additional
pathways must also be at play. High-fat feeding induces the
biosynthesis of intestinal NAPE and OEA, which inhibit food
intake by activating nuclei in the hypothalamus and peripheral
sensory fibers (Provensi et al., 2014; Rodriguez de Fonseca
et al.,, 2001). In this study, intestinal and serum OEA levels
were hyperinduced in HFD-refed IKO mice, suggesting a contri-
bution to the reduced food consumption. However, given the
severity of the anorexic response, we speculate that additional,
as yet unidentified mediators must also be involved.

In conclusion, these results highlight the critical importance of
membrane phospholipid composition and dynamics in deter-
mining dietary-lipid diffusion across the intestinal membrane,
thereby controlling food consumption during high-fat feeding.
Future studies will explore whether manipulating intestinal mem-
brane phospholipid composition could be used as a strategy to
modulate hyperlipidemia and diet-induced obesity.

EXPERIMENTAL PROCEDURES
Animal Studies

Lpcat3™" and Lpcat3™"; Villin-Cre mice have been described (Rong et al., 2015).
Cd36~'~ mice were obtained from Jackson Laboratory. All mice were housed



under pathogen-free conditions in a temperature-controlled room with a 12 hr
light/dark cycle. Mice were fed chow diet (LabDiet #5001), 60% fat
diet (Research Diets #D12492), 30% fat diet (Research Diets #D11072204),
western diet (Research Diets #D12079), or 1.25% cholesterol diet (Research
Diets #C12826). All experiments were performed with male mice unless other-
wise stated. Small intestines were excised and cut into three segments with
length ratios of 1:3:2 (corresponding to duodenum, jejunum, and ileum). Intes-
tine tissues were frozen in liquid nitrogen and stored at —80°C or fixed in 10%
formalin. Blood was collected by retro-orbital bleeding, and the plasma was
separated by centrifugation. Plasma lipids were measured with the Wako
L-Type TG M kit, the Wako Cholesterol E kit, and the Wako HR series NEFA-
HR(2) kit. Tissue and fecal lipids were extracted with Folch lipid extraction (Folch
et al., 1957) and measured with the same enzymatic kits. Plasma fast protein
liquid chromatography (FPLC) lipoprotein profiles were performed in the Lipo-
protein Analysis Laboratory at Wake Forest University. Animal experiments
were conducted in accordance with the UCLA Animal Research Committee.

Lipid Uptake

We assessed intestinal uptake of dietary fat as described (Yen et al., 2009).
Mice were fasted for 4 hr and gavaged with 1 uCi of "“C-trioleoylglycerol in
200 pl of olive oil. After 2 hr, we excised the small intestine (between the
base of the stomach and the cecal junction), flushed it with 0.5 mM sodium
taurocholate in PBS, and cut it into 2-cm segments. Segments were incubated
with 500 ul of 1 N NaOH at 65°C overnight and mixed with ScintiSafe (Fisher
Scientific), and scintillation was counted. In vivo cholesterol absorption was
determined by fecal dual-isotope ratio as described (Temel et al., 2005).
Absorption of dietary lipids was determined by subtracting the amount of
each lipid excreted in feces in 72 hr from the amount of lipid ingested (net
fat absorption). This quantity was subsequently expressed as a percentage
of the amount of total lipids ingested in 72 hr (coefficient of lipid absorption).

Imaging Studies

Mice were fasted for 4 hr and gavaged with BODIPY 500/510 C1, C12 FAs
(2 ng/g body weight; Molecular Probes #D3823), and olive oil (10 pl/g body
weight) for 2 hr. Small intestines were excised and frozen in optimum cutting
temperature (OCT). Ten-micrometer sections were cut, mounted with ProLong
Diamond Antifade Mountant with DAPI, and examined under fluorescence
microscope. For determination of chylomicron size by transmission electron
microscopy, mice were fasted overnight and refed 60% HFD for 2 hr. A total
of 200 pl pooled plasma from 5 Lpcat3™" and Lpcat3™": Villin-Cre mice was
overlaid with 600 pl saline and centrifuged at 50,000 rpm for 5 hr in a TLA
120.2 rotor, and the chylomicron layer was removed. For electron microscopy,
5 ul of the chylomicron fraction was applied to carbon-coated copper grids
and stained with 2.0% uranyl acetate for 15 min. Grids were visualized with
a JEOL 100CX transmission electron microscope. Particle diameter was
measured using ImagedJ.

Membrane Dynamics

Membrane dynamics were analyzed as described, with modifications (Golfetto
et al., 2013). Briefly, duodenum from Lpcat3" and Lpcat3™"; Villin-Cre mice
was excised, cut open, and incubated with 0.15 mM laurdan (6-dodecanoyl-
2-dimethylaminonaphthalene; Invitrogen) at 37°C for 30 min. Tissues were
rinsed with phosphate-buffered saline (PBS). Spectral data were acquired
with a Zeiss LSM 710 META laser scanning microscope coupled to a two-
photon Ti:Sapphire laser (Mai Tai, Spectra Physics) producing 80-fs pulses
at a repetition of 80 MHz with two different filters: 460/80 nm and 540/
50 nm. Spectral data were processed by the SImFCS software (Laboratory
for Fluorescence Dynamics). The GP value was calculated for each pixel using
the two laurdan intensity images (460/80 nm and 540/50 nm). The GP value of
each pixel was used to generate the pseudocolored GP image.

Ex Vivo FA Uptake Assay

Mice were fasted for 4 hr and euthanized with isoflurane. The small intestine
was rinsed in situ with PBS. The ends of the duodenal segment (~5 cm)
were clamped with hemostats forceps to make an intestine sac. The sac
was filled with QBT FA uptake-assay solution mixed with 10 mM sodium
taurocholate and 4 mM oleic acid. The sac was incubated with uptake-assay
solution for 1 and 2 min either at room temperature or at 4°C on ice. After in-

cubation, the sac was removed and immediately immersed in ice-cold
0.5 mM sodium taurocholate in PBS to stop the reaction. The sac was washed
twice with 0.5 mM sodium taurocholate in PBS and scraped with a glass slide
to obtain villi, which were further washed twice with 0.5 mM sodium taurocho-
late and homogenized with RIPA buffer. Fluorescence signal in the superna-
tant was read using a fluorescence plate reader with an excitation wavelength
of 485 nm and an emission wavelength of 515 nm. Fluorescence was normal-
ized to protein concentration. For PC treatment, intestinal sacs were filled with
25 uM 16:0; 18:0 control or 16:0; 20:4 PC liposomes and incubated in PBS for
30 min. After incubation, intestines were washed with PBS followed prior to
assessment of FA uptake.

Statistical Analysis

For all studies, results from quantitative experiments were expressed as
means + SEM. Where appropriate, significance was calculated by Student’s
t test or one- or two-way ANOVA using Bonferroni multiple comparison.
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