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The hormone leptin regulates fat storage and metabolism by
signaling through the brain and peripheral tissues. Lipids deliv-
ered to peripheral tissues originate mostly from the intestine
and liver via synthesis and secretion of apolipoprotein B (apoB)-
containing lipoproteins. An intracellular chaperone, micro-
somal triglyceride transfer protein (MTP), is required for the
biosynthesis of these lipoproteins, and its regulation determines
fat mobilization to different tissues. Using cell culture and ani-
mal models, here we sought to identify the effects of leptin on
MTP expression in the intestine and liver. Leptin decreased
MTP expression in differentiated intestinal Caco-2 cells, but
increased expression in hepatic Huh7 cells. Similarly, acute and
chronic leptin treatment of chow diet-fed WT mice decreased
MTP expression in the intestine, increased it in the liver, and low-
ered plasma triglyceride levels. These leptin effects required the
presence of leptin receptors (LEPRs). Further experiments also
suggested that leptin interacted with long-form LEPR (ObRb),
highly expressed in the intestine, to down-regulate MTP. In
contrast, in the liver, leptin interacted with short-form LEPR
(ObRa) to increase MTP expression. Mechanistic experiments
disclosed that leptin activates signal transducer and activator of
transcription 3 (STAT3) and mitogen-activated protein kinase
(MAPK) signaling pathways in intestinal and hepatic cells,
respectively, and thereby regulates divergent MTP expression.
Our results also indicated that leptin-mediated MTP regulation
in the intestine affects plasma lipid levels. In summary, our find-
ings suggest that leptin regulates MTP expression differentially
by engaging with different LEPR types and activating distinct
signaling pathways in intestinal and hepatic cells.
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Assimilation and redistribution of fat, a major source of
energy, in the body requires assembly of apolipoprotein B
(apoB)3-containing lipoproteins by the intestine and liver that,
in turn, is critically dependent on the activity of microsomal
triglyceride transfer protein (MTP) that mainly resides in the
endoplasmic reticulum lumen. Regulation of MTP expression
at the transcriptional and post-transcriptional levels is a major
determinant of hepatic and intestinal fat mobilization (1, 2).
Evidence indicates that MTP expression is differentially regu-
lated in the liver (3) and intestine (4, 5). For example, hepatic,
but not intestinal, MTP is increased by peroxisome prolifera-
tor-activated receptor « agonists (3). We have previously
shown that in the intestine, but not in the liver, inositol-requir-
ing enzyme 18 post-transcriptionally degrades MTP mRNA
(4). Lin et al. (6) showed that a high-fat diet increases MTP
expression in the liver and intestine, but a high-sucrose diet
increases MTP expression only in the liver and not in the intes-
tine. Oleoylethanolamide has been shown to increase MTP in
the intestine and decrease in the liver (5). Specific intestinal
inhibition of MTP is considered a viable therapeutic approach
to lower plasma lipids (7), as hepatic MTP inhibition promotes
hepatosteatosis and increases plasma transaminases (8, 9).
Identification of novel tissue-specific regulatory mechanisms
might be beneficial in targeting intestinal MTP to lower plasma
lipids and avoid unwanted hepatic side effects associated with
its inhibition.

Leptin is released by the adipose tissue into the circulation in
proportion to the amount of lipids stored (10 -12), and plays an
important role in the control of metabolism. Besides adipose
tissue, leptin is also produced by other tissues (13, 14) and has a
wide repertoire of peripheral effects, mediated indirectly

3 The abbreviations used are: apoB, apolipoprotein B; AGRP, agouti gene-
related peptide; apoA1, apolipoprotein A1; ERK, extracellular signal-regu-
lated kinase; hObRb, human long-form leptin receptor; IRS-1, insulin
receptor substrate 1; JAK2, Janus kinase 2; LEPR, leptin receptors; MAPK,
mitogen-activated protein kinase; MTP, microsomal triglyceride transfer
protein; ObRa, short-form leptin receptor; ObRb, long-form leptin recep-
tor; ObRe, secreted isoform of lepr; PI3K, phosphatidylinositol 3-kinase;
POMC, proopiomelanocortin; STAT, signal transducer and activator of
transcription; 5/15-DPP, 5,15-diphenylporphyrin; HDL, high density lipo-
protein; CMV, cytomegalovirus.
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Differential regulation of MTP by leptin

through the central nervous system as well as via direct actions
on target tissues. Leptin has been shown to be secreted by chief
epithelial cells in the lower half of the gastric mucosa fundus
and reaches the intestinal lumen (15). Food triggers a rapid
decline in the levels of gastric leptin (13, 16, 17) due to its release
into blood circulation. Feeding of high-fat diet to mice also
decrease the gastric leptin levels (18). Gastric leptin has been
shown to display a remarkable resistance to proteolytic condi-
tions in the gastric lumen (19) by binding to a high molecular
weight protein that protects it from proteolytic degradation
(20). The role of leptin in the direct regulation of intestinal
functions is further implicated due to the presence of leptin
receptors (LEPRs) in the enterocytes (21-23). Leptin exerts its
effects by binding to cell-surface LEPR and activating down-
stream signaling mediators (24 —26). Several different alterna-
tively spliced leptin receptor isoforms have been reported (27—
31) that have in common an extracellular leptin-binding
domain of 816 amino acids, a transmembrane domain of 34
amino acids, and a variable cytoplasmic domain that is charac-
teristic for each of the isoforms. These isoforms are classified
into short, long, and secreted LEPR. The short forms of the
receptor consist of 30—40 amino acids in their cytoplasmic
domain. The major short-form (ObRa) that is highly expressed
in the liver has a 34-residue cytoplasmic domain and contains
one Janus kinase 2 (JAK2)-binding site. The long-form (ObRb),
highly expressed in the intestine, has a 302-amino acid long
cytoplasmic domain containing both JAK2 and signal trans-
ducer and activator of transcription (STAT)-binding sites. The
secreted isoform (ObRe), which lacks the transmembrane and
cytoplasmic domains, represents an alternate splicing or pro-
teolytic cleavage product of membrane-bound LEPR. Leptin
binding to the extracellular domain of ObRb mediates the acti-
vation of the cytoplasmic, leptin receptor-associated JAK2
tyrosine kinase (32), resulting in JAK2 autophosphorylation as
well as the phosphorylation of tyrosine residues Tyr”®, Tyr'%"7,
and Tyr''?® present only on the cytoplasmic domain of ObRb
(33, 34). Phosphorylated Tyr'"*® residue recruits STAT3 and
phosphorylates it. Phosphorylated STAT3 dimerizes and trans-
locates to the nucleus to mediate transcriptional activation
(35-37). ObRa, which is ubiquitously expressed, lacks the cyto-
plasmic domain necessary for STAT signaling (29). However,
this receptor contains the conserved box 1 motif present in
cytokine receptors (38), which is required for the association of
JAK2 with cytokine receptor proteins (39) and has also been
shown to perform leptin signaling (35, 40, 41). Hence, binding
of leptin to ObRa results in activation of JAK2 but not STAT3.
ObRa signals through extracellular signal-regulated kinase
(ERK)/mitogen-activated protein kinase (MAPK) or phos-
phatidylinositol 3-kinase (PI3K) pathways by direct phosphor-
ylation of growth factor receptor-bound protein 2 or insulin
receptor substrate 1 by JAK2, respectively (42, 43).

We have previously shown that MTP expression is reduced
in the intestine of Lepr®®?® mice, but not in the liver (23). Fur-
thermore, we showed that gut-brain innervation is not required
for the down-regulation of intestinal MTP in these mice. This
led to the suggestion that there exist an intrinsic intestine-spe-
cific leptin-leptin receptor signaling pathway that modulates
intestinal MTP expression. Here, we explored molecular mech-
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anisms for differential regulation of MTP by leptin in the intes-
tine and liver. We show that leptin signals through STAT3 and
MAPK pathways in the intestinal and liver cells, respectively,
after binding to different types of LEPR expressed in these cells
to regulate differential MTP expression in these tissues.

Results

Leptin decreases MTP in intestine-derived cells but increases in
liver-derived cells

Previously we published that global ablation of leptin recep-
tors decreases the expression of MTP in the intestine but not in
the liver (23). Here, we aimed to explain mechanisms involved
in differential, tissue-specific regulation of MTP by leptin in the
intestine and liver. To test that leptin directly regulates MTP
expression in cells, we incubated human colon carcinoma
Caco-2 cells differentiated on a Transwell with 60 nm exoge-
nous leptin for 24 h on the apical side. Leptin treatment
decreased basolateral secretion of apoB by 33% in Caco-2 cells
(Fig. 1A) but had no effect on apoA1l secretion (Fig. 1B). Fur-
thermore, leptin treatment decreased the MTP activity and
mRNA levels by 30 and 44%, respectively (Fig. 1, C and D).

Next, we studied the effect of leptin in liver-derived cells.
Treatment of human hepatoma Huh7 cells with leptin
increased secretion of apoB by 70% (Fig. 1E) with no change in
apoAl levels (Fig. 1F). Moreover, it increased M TP activity and
mRNA levels by 26 and 64%, respectively, in Huh7 cells (Fig. 1,
G and H). These studies indicate a direct and differential effect
of leptin on MTP expression in intestinal and hepatic cells in
which leptin decreases intestinal MTP but increases hepatic
MTP expression.

Leptin injected in intestinal loops reduces intestinal MTP

To study further the effect of lumenal leptin on intestinal
MTP regulation, leptin was injected into intestinal loops (Fig.
2). This treatment significantly reduced intestinal M TP activity
and mRNA levels (Fig. 2, A and B), but had no effect on hepatic
MTP (Fig. 2, C and D). Lipid analysis in tissues showed that
leptin had no effect on intestinal triglycerides, but increased
intestinal cholesterol levels (Fig. 2, E and F). Hepatic tissue lip-
ids were unaltered in these mice (Fig. 2, G and H). Analysis of
plasma lipids showed that leptin had no effect on plasma trig-
lyceride (Fig. 2/) but reduced total cholesterol levels (Fig. 2]).
The reduction in cholesterol was due to decrease in plasma
HDL cholesterol and not in non-HDL cholesterol levels (Fig. 2,
Kand L). These studies show that lumenal leptin reduces intes-
tinal MTP expression. Surprisingly, it increased intestinal cho-
lesterol and decreased plasma HDL cholesterol levels.

Acute and chronic leptin treatments have differential effects
on intestinal and hepatic MTP in chow-fed mice

To study the effect of leptin in animals, we injected chow-fed
WT C57BL/6] mice intraperitoneally with 10 mg/kg body
weight of leptin (acute) and sacrificed them after 4 h of fasting.
Injection of leptin reduced plasma levels of triglycerides and
cholesterol by 36 and 16%, respectively (Fig. 3, A and B). There
was a decrease of 19% in the levels of HDL cholesterol with no
change in non-HDL cholesterol (Fig. 3, C and D). Next, we
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Figure 1. Effect of leptin on apoB secretion and MTP expression in Caco-2 and Huh7 cells. Differentiated Caco-2 cells (A-D) and Huh7 cells (E-H) were
incubated in triplicate with 60 nm leptin for 24 h in serum-free media. Conditioned media from these cells were used to measure the secreted levels of apoB (A
and E) and apoA1 (B and F) by ELISA. Cells were used to measure the activity (Cand G) and the mRNA (D and H) levels of MTP. Data are plotted as mean = S.D.
*,p < 0.05 and **, p < 0.01 were determined by Student’s t test. The data are representation of 3 independent experiments.

measured tissue lipid levels and found that intestinal triglycer-
ides were increased by 40% after leptin treatment without any
significant change in intestinal cholesterol levels (Fig. 3, E and
F). On the other hand, leptin treatment decreased the levels of
triglycerides by 24% in the hepatic cells (Fig. 3G). Similar to
intestinal cholesterol, we did not see any significant change in
the hepatic cholesterol levels after leptin treatment (Fig. 3H).
To determine whether the changes in lipid levels were associ-
ated with changes in MTP expression, we measured MTP activ-
ity and mRNA levels in the intestines and livers of these mice.
MTP activity and mRNA levels decreased in the intestine and
increased in the liver tissues after leptin injection (Fig. 3, I-L).
These data indicate that acute treatment of leptin has differen-
tial effects on MTP expression in the intestine and liver. More-
over, leptin reduces plasma and hepatic triglycerides, increases
intestinal triglycerides, and has no effect on tissue cholesterol.

To determine whether chronic treatment of leptin also dif-
ferentially affects MTP expression in the intestine and liver, we
treated chow-fed WT mice with a daily intraperitoneal injec-
tion of 0.05 mg/kg body weight of leptin for 2 months and
looked at the changes in lipids and MTP expression. Chronic
treatment of leptin decreased plasma triglycerides, total choles-
terol, HDL cholesterol, and non-HDL cholesterol (Fig. 4, A—C)
and increased intestinal triglycerides and cholesterol levels (Fig.
4E). Contrary to decreased hepatic triglycerides in acute treat-
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ment, we observed increased levels of triglycerides and choles-
terol in the livers of these mice after chronic leptin treatment
(Fig. 4, G and H). However, chronic leptin treatment had a
similar effect on the activity and mRNA levels of MTP in the
intestine and liver as we observed after acute treatment, i.e. the
MTP expression decreased in the intestine and increased in
the liver (Fig. 4, I-L). Thus, both acute and chronic leptin treat-
ments differentially affect expression of MTP in the liver and
intestine.

Chronic leptin treatment in Western diet-fed mice has no effect
on hepatic MTP expression

To determine whether chronic treatment of leptin in West-
ern diet-fed mice has a similar effect on lipid levels and MTP
expression as in chow-fed mice, Western diet-fed mice were
injected daily with 0.05 mg/kg body weight of leptin. Chronic
leptin injection in Western diet-fed mice reduced plasma total
triglyceride, total cholesterol, and non-HDL cholesterol with-
out affecting HDL cholesterol (Fig. 5, A—D). Hepatic and intes-
tinal lipids were not different in PBS- and leptin-injected
groups (Fig. 5, E-H). Intestinal MTP mRNA and activity were
reduced in leptin-treated mice (Fig. 5, I and /). In contrast, lep-
tin had no effect on hepatic MTP expression in Western diet-
fed mice (Fig. 5, K and L). These data suggest that the Western
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Figure 2. Effect of intestinal in situ loop leptin treatment on lipids and MTP expression in the intestine and liver of WT mice. /n situ loops were prepared
from 4-h fasted 10-week old-male C57BL/6J mice on chow diet (n = 3) and were injected with either PBS or 0.1 mg of leptin. Mice were sacrificed after 1 h.
Intestinal and hepatic tissues were also used to measure the activity (A and C) and the mRNA (B and D) levels of MTP. Triglycerides (E and G) and cholesterol (F
and H) were also measured in the intestines (E and F) and livers (G and H) of these mice. Plasma was used to measure the levels of triglycerides (/), total
cholesterol (J), HDL cholesterol (K), and non-HDL cholesterol (L). Data are plotted as mean = S.D. *, p < 0.05; **, p < 0.01; and ***, p < 0.001 were determined

by Student’s t test. The data are representative of 2 independent studies.

diet has no effect on intestinal regulation of MTP but it abro-
gates the hepatic regulation of MTP by leptin.

Modulation of MTP expression by leptin requires expression of
leptin receptors

To determine whether tissue-specific regulation of MTP by
leptin requires leptin receptors, we studied MTP expression in
various tissue-specific leptin receptor-deficient mouse models.
Ablation of LEPR in the intestine and liver of mice had no
effect on body weight and food intake (Fig. 6, A and B). Intes-
tine-specific ablation of LEPR increased, whereas liver-spe-
cific ablation of LEPR decreased plasma triglycerides, total
cholesterol, and HDL cholesterol levels compared with con-
trols (Fig. 6, C—E). No change was observed in plasma non-
HDL cholesterol levels (Fig. 6F). Intestinal triglycerides were
reduced, whereas cholesterol levels increased in 1—Lepr7/7
mice (Fig. 6, G and H). Intestine-specific ablation of LEPR
had no effect on hepatic triglyceride but reduced hepatic
cholesterol (Fig. 6, I and J). Liver-specific ablation of LEPR
had no effect on intestinal and hepatic triglyceride and cho-
lesterol (Fig. 6, G—J). Intestine-specific ablation of LEPR sig-
nificantly increased MTP activity and mRNA levels in the
intestine, but liver-specific LEPR ablation had no effect on

4104 J Biol. Chem. (2020) 295(13) 4101-4113

intestinal MTP (Fig. 6, K and L). Intestine-specific ablation
of LEPR had no effect on MTP activity and mRNA levels in
the liver; however, liver-specific ablation of LEPR reduced
hepatic MTP expression (Fig. 6, M and N). These studies
show that intestine-specific ablation of LEPR increases
intestinal MTP expression and plasma lipids. In contrast,
hepatic-specific ablation of LEPR reduces hepatic MTP
expression and plasma lipids. Thus, tissue-specific LEPR are
involved in differential regulation of MTP in the intestine
and liver and changes in plasma lipids follow changes in
intestinal MTP expression.

Differential regulation of MTP expression through the short-
and long-forms of leptin receptors

Attempts were then made to address molecular mechanisms
in tissue-specific differential regulation of MTP by leptin. Intes-
tine expresses both ObRb and ObRa (44, 45), whereas hepato-
cytes mainly express ObRa (46). To test the hypothesis that
different isoforms of LEPR may be involved in the differen-
tial effects of leptin on MTP expression, we isolated entero-
cytes from overnight fasted mice expressing both long- and
short-form (WT Lepr'’* and Lepr?”™"), short-form
(Lepr?®’*), or no membrane bound (Lepr?*¥/*3) LEPR and

SASBMB
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Figure 3. Acute effect of leptin on lipids and MTP expression in the intestine and liver of WT mice. Ten-week-old male C57BL/6J mice on chow diet (n =
5) were injected intraperitoneally with 10 mg/kg body weight of leptin and fasted for 4 h after the injection. Plasma was used to measure the levels of
triglycerides (A), total cholesterol (B), HDL cholesterol (C), and non-HDL cholesterol (D). Triglycerides (E and G) and cholesterol (F and H) were also measured in
the intestines (E and F) and livers (G and H) of these mice. Intestinal and hepatic tissues were also used to measure the activity (/and K) and the mRNA (Jand L)
levels of MTP. Data are plotted as mean = S.D. *, p < 0.05 and **, p < 0.01 were determined by Student’s t test. The data are representative of 2 independent

studies.

incubated them for 3 h with PBS or 60 nM leptin. Leptin
treatment significantly decreased MTP mRNA levels in WT
and Lepr"lb/Jr enterocytes (Fig. 7, A and B). However, incu-
bation of enterocytes from Lepr?”’** mice that express ObRa
with leptin increased MTP expression by 71% compared
with PBS-treated Lepr?”?’ enterocytes (Fig. 7C). Con-
versely, incubation of enterocytes from Lepr?®¥/*3 mice
lacking all membrane-bound receptors with leptin had no
effect on MTP expression (Fig. 7D) indicating that mem-
brane-bound LEPR is required for leptin action. These
results suggest that leptin decreases intestinal MTP expres-
sion in enterocytes expressing both ObRb and ObRa but
increases MTP expression in Lepr?”?’ enterocytes that
express only ObRa.

Comparison of MTP mRNA in control PBS-treated entero-
cytes revealed that MTP mRNA levels were similar in Lepr*’™*
and Lepr®™’™" enterocytes (Fig. 7, A and B). In contrast, Lepr®/#*
and Lepr®*¥/#3% enterocytes (Fig. 7, C and D) that express
ObRD or no receptors had ~60% reduced levels of MTP mRNA
compared with controls (Fig. 7, A and B) suggesting that Lepr
does play a role in maintaining higher steady-state levels of
MTPD.

SASBMB

Leptin decreases MTP expression in Huh7 cells expressing
long-form LEPR

To test the hypothesis that the expression of ObRb will
decrease MTP expression, we overexpressed (~11-fold)
human ObRb (hObRb) in Huh7 cells that mostly express ObRa
(Fig. 84). Empty vector control and hObRb overexpressing cells
were incubated with or without 60 nm leptin for 24 h (Fig. 8,
B-D). As expected, incubation of Huh7 cells transfected with
empty vector (control) with leptin resulted in a significant 62%
increase in the expression of MTP mRNA levels. However,
when these cells were overexpressing hObRb, leptin signifi-
cantly decreased MTP mRNA levels by 44% (Fig. 8B). These
results suggest that ObRb signals to down-regulate MTP
expression. As biological output of changes in MTP mRNA, we
measured the secretion of apoB in the media of these cells (Fig.
8C). Treatment with leptin increased the secretion of apoB by
39% in control Huh7 cells transfected with empty vector. On
the other hand, overexpression of hObRb in these cells
decreased the secretion of apoB by 21% after leptin treatment.
Because MTP is involved only in the assembly and secretion of
apoB-containing lipoproteins, treatment with leptin did not
have any effect on the secretion of apoA1 (Fig. 8D). These gain-

J. Biol. Chem. (2020) 295(13) 4101-4113 4105
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Figure 4. Chronic effect of leptin on lipids and MTP expression in the intestine and liver of chow-fed WT mice for 2 months. C57BL/6J mice on chow diet
(n = 4) were injected daily with 0. 05 mg/kg body weight of leptin for 2 months. Mice were fasted for 4 h after the last injection. Plasma was used to measure
the levels of triglycerides (A), total cholesterol (B), HDL cholesterol (C), and non-HDL cholesterol (D). Triglycerides (E and G) and cholesterol (F and H) were also
measured in the intestines (E and F) and livers (G and H) of these mice. Intestinal and hepatic tissues were also used to measure the activity (/ and K) and the
mRNA (J and L) levels of MTP. Data are plotted as mean = S.D. *, p < 0.05; **, p < 0.01; and ***, p < 0.001 were determined by Student’s t test.

of-function studies show that leptin decreases MTP expression
and apoB secretion in Huh7 cells expressing ObRb. Thus, dif-
ferential regulation of MTP expression in intestinal and hepatic
cells is related to the presence of different leptin receptors in
these cells.

Leptin regulates MTP expression through STAT3 signaling in
intestinal cells and MAPK signaling in liver cells

To identify the signaling pathways responsible for differen-
tial MTP regulation, we used specific chemical inhibitors to
disrupt these signaling pathways in Caco-2 and Huh7 cells.
First, differentiated Caco-2 cells were incubated without or
with 60 nMm leptin in the presence or absence of 5 um 5,15-DPP
(STATS3 inhibitor), U0126 (MAPK inhibitor), or LY294002
(PI3K inhibitor) for 3 h (Fig. 9A4). Leptin significantly decreased
MTP mRNA levels in Caco-2 cells treated with vehicle, MAPK,
and PI3K inhibitor, but not in cells treated with STAT3 inhib-
itor (Fig. 94). None of these inhibitors had an effect on MTP
expression in cells not treated with leptin. Next, we studied the
signaling pathways involved in MTP regulation by leptin in
Huh?7 cells. Treatment of Huh7 cells with leptin increased MTP
expression (Fig. 9B) and this increase was prevented in the pres-
ence of MAPK inhibitor, but not in the presence of STAT3 or
PI3K signaling inhibitors. These results suggest that leptin
might be signaling through the STAT3 pathway in intestinal
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cells expressing predominantly ObRb and through the MAPK
pathway in liver cells that express mainly ObRa.

Discussion

Here we show that leptin differentially regulates MTP
expression in the intestine and liver. In the intestinal cells, lep-
tin down-regulates MTP expression and apoB secretion;
whereas in the liver cells, leptin up-regulates MTP expression
and apoB secretion (Fig. 1). These effects require the presence
of LEPR in these tissues, as ablation of LEPR in the intestine
increases intestinal MTP expression and plasma triglyceride;
and hepatic ablation of LEPR decreases hepatic MTP expres-
sion (Fig. 6). We provide evidence that differential tissue-spe-
cific regulation of MTP in the intestine and liver is due to
expression of different types of LEPR in these tissues and
engagement of two different signaling pathways by these recep-
tors (Figs. 8 and 9). Our data indicate that leptin reduces MTP
expression in enterocytes expressing LEPR with long intracel-
lular domain (ObRb), whereas it increases MTP expression in
enterocytes expressing ObRa (Fig. 7). Leptin has no effect on
MTP expression in enterocytes if both ObRb and ObRa are
absent (Fig. 7). Thus, cells expressing ObRb respond to leptin by
down-regulating MTP expression. This was substantiated fur-
ther by overexpressing ObRb in liver cells that usually express
ObRa (Fig. 8). Hepatic cells express ObRa and leptin increases
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Figure 5. Chronic effect of leptin on lipids and MTP expression in the intestine and liver of WT mice fed a Western diet for 2 months. C57BL/6J mice on
a Western diet (n = 4) were injected daily with 0.05 mg/kg body weight of leptin for 2 months. Mice were fasted for 4 h after the last injection. Plasma was used
to measure the levels of triglycerides (A), total cholesterol (B), HDL cholesterol (C), and non-HDL cholesterol (D). Triglycerides (E and G) and cholesterol (F and
H) were also measured in the intestines (E and F) and livers (G and H) of these mice. Intestinal and hepatic tissues were also used to measure the activity (/and
K) and the mRNA (J and L) levels of MTP. Data are plotted as mean = S.D.*, p < 0.05; **, p < 0.01; and ***, p < 0.001 were determined by Student’s t test.

MTP expression in these cells. Overexpression of ObRb in
these cells reduced MTP expression after leptin treatment. We
further show that leptin interacts with ObRa and elicits signal-
ing through the MAPK pathway to increase MTP expression
(Fig. 9). In contrast, leptin engages with ObRb in intestinal cells
to induce the STAT3 signaling pathway leading to reduced
MTP expression. Thus, we provide evidence for novel molecu-
lar mechanisms involved in differential tissue-specific regula-
tion of MTP by leptin involving different types of leptin recep-
tors and different signaling pathways.

Leptin is secreted by the stomach and adipose tissue to mod-
ulate function through LEPRs (15). We tried to address which
of these two sources of leptin might be regulating intestinal and
hepatic MTP. Acute injection of leptin in the lumen of the
intestine reduced MTP expression (Fig. 2). Similarly, leptin
provided apically to differentiated Caco-2 cells reduced MTP
expression. Thus, leptin can interact with apically expressed
LEPR (45) to modulate MTP expression in enterocytes. Sur-
prisingly, acute and chronic intraperitoneal leptin injections
also reduced intestinal MTP. It is unlikely that intraperitoneally
injected leptin reaches intestinal lumen. There is evidence that
LEPR is also present on the basolateral side of enterocytes (15,
21). We speculate that intraperitoneally injected leptin might
interact with LEPR expressed on the basolateral side of entero-
cytes. Thus, leptin originating from adipose tissue may also reg-
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ulate intestinal MTP. We speculate that gastric leptin may be
involved in short-term regulation of intestinal MTP after a
meal, whereas adipocyte leptin may exert long-term control
over intestinal MTP expression.

Leptin is a satiety hormone. Leptin regulates food intake via
neuronal signaling in the hypothalamus involving, among many
neuron types, proopiomelanocortin (POMC) and agouti gene-
related peptide (AGRP) neurons (48). We showed previously
that loss of leptin signaling in global ObRb-deficient Lepr?”®*
mice resulted in reduced MTP expression in the intestine (23).
Our current studies (Fig. 7) are consistent with these studies.
Furthermore, ablation of LEPR in POMC and AGRP neurons
reduced intestinal MTP (23). These previous studies provided
evidence for the regulation of intestinal MTP involving neuro-
nal signaling. In the current study, leptin decreased intestinal
MTP expression ix situ in intestinal loops. Furthermore, leptin
reduced MTP expression and apoB secretion in differentiated
Caco-2 cells. These studies point to local effects of leptin at the
cellular level. Thus, leptin may use both central and cellular
mechanisms to reduce MTP expression and lipid transport in
enterocytes.

Leptin treatment increased hepatic MTP expression in
chow-fed mice but not in Western diet-fed mice (Figs. 3 and 4).
In contrast, leptin reduced intestinal MTP in both chow- and
Western diet-fed mice. These data suggest that Western diet
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Figure 6. Tissue-specific deletion of leptin receptors has differential effect on lipids and MTP expression in chow-fed mice. Body weight (A) and average
daily food intake (B) of 10-week-old male C57BL/6J Lepr” (n = 6), I-Lepr™’~ (n = 3), and L-Lepr /™ (n = 3) mice on a chow diet were recorded. Mice were
sacrificed after 4 h of fasting. Plasma was used to measure the levels of triglycerides (C), total cholesterol (D), HDL cholesterol (E), and non-HDL cholesterol (F).
Triglycerides (G and /) and cholesterol (H and J) were also measured in the intestines (G and H) and livers (/ and J) of these mice. Intestinal and hepatic tissues
were also used to measure the activity (Kand M) and the mRNA (L and N) levels of MTP. Data are plotted as mean = S.D. *, p < 0.05; **, p < 0.01; and ***, p <
0.001 were determined by Student’s t test.
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Figure 7. Differential regulation of MTP expression by leptin in enterocytes from Lepr*/*, Lepr?®’*, Lepr?®’?®, and Lepr?®/%3 mice. Enterocytes were
isolated from either WT Lepr™™ (A), Lepr™’* (B), Lepr?®@® (C), or Lepr?®¥/?°3 mice (D) (n = 3) and incubated without (PBS) or with leptin (60 nm) for 3 h and used
for MTP mRNA quantification. All the expression values were normalized to the related values of Lepr*/* PBS-treated enterocytes. Data are plotted as mean +
S.D.*, p < 0.05 were determined by Student’s t test. The data are representative of 2 independent experiments.

feeding interferes with hepatic leptin signaling and regulation
of MTP expression but has no effect on intestinal MTP
regulation.

It is likely that leptin secreted by adipocytes is the major
determinant of hepatic MTP regulation for the following rea-
sons. When injected into intestinal loops, leptin had no effect
on hepatic MTP. Acute and chronic leptin injections in chow-
fed mice increased hepatic MTP. Similar increases in MTP
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expression were observed when Huh7 cells were treated with
leptin.

Acute and chronic leptin injections consistently reduced
intestinal MTP and increased hepatic MTP in chow-fed mice.
These acute and chronic treatments reduced plasma triglycer-
ide. In the absence of intestinal LEPR, plasma triglyceride levels
increased. Thus, plasma triglyceride levels correlate with
changes in intestinal MTP and not with changes in hepatic
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Figure 8. Leptin decreases MTP expression and apoB secretion in Huh7 cells overexpressing the long-form of leptin receptor. Human long-form of
leptin receptor (hObRb) was overexpressed in Huh7 cells for 48 h (A) and then incubated in triplicate with 60 nm leptin for 24 h in serum-free media. Cells were
used to measure the mRNA levels of MTP (B). Conditioned media from these cells were used to measure the secreted levels of apoB (C) and apoA1 (D) by ELISA.
Data are plotted as mean =+ S.D.*, p < 0.05 and ***, p < 0.001 were determined by Student’s t test. The data are representative of 2 independent experiments.
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Figure 9. Leptin differentially regulates MTP expression through STAT3
and MAPK pathways in Caco-2 and Huh?7 cells, respectively. Differenti-
ated Caco-2 cells and Huh7 cells were treated in triplicate with 5 um 5,15-DPP
(STAT3 inhibitor), U0126 (MAPK inhibitor), and LY294002 (PI3K inhibitor) for
3 hinthe absence and presence of 60 nm leptin. Caco-2 (A) and Huh7 (B) cells
were used to measure the mRNA levels of MTP. Data are plotted as mean *
S.D. *, p < 0.05 and ***, p < 0.001 were determined by Student’s t test. The
data are representative of 2 independent experiments.

MTP. Therefore, leptin appears to modulate plasma triglycer-
ide levels via intestinal MTP.

The effect of leptin on plasma cholesterol levels was variable
and appeared independent of changes in MTP expression.
Acute lumenal injections of leptin in intestinal loops increased
intestinal cholesterol but decreased plasma cholesterol levels
(Fig. 2). Acute and chronic injections of leptin in chow-fed mice
reduced plasma cholesterol levels (Figs. 3 and 4). We observed
that changes in plasma cholesterol after acute leptin injections
were mainly due to a decrease in HDL cholesterol. However,
chronic leptin injection decreased both HDL and non-HDL
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cholesterol. Plasma cholesterol levels increased in intestine-
specific LEPR-deficient mice but they were reduced in liver-
specific LEPR-deficient mice (Fig. 6). These changes were again
due to changes in HDL cholesterol only. These studies point to
a complex effect of leptin on HDL cholesterol metabolism and
require further investigations.

It is well-known that global deficiency of LEPR in Lepr®”*
mice increases body weight gain and food intake (49 —51). How-
ever, in the present study, tissue-specific loss of LEPR in the
intestine or liver was not associated with changes in body
weight and food intake. Our data are consistent with the study
by Huynh et al. (52), in which they showed that liver-specific
deletion of LEPR does not affect the body weight gain on both
chow- and high-fat diets. In their study, Huynh et al. (52) fur-
ther showed that circulating plasma leptin levels were not dif-
ferent in either group in both male and female mice.

Studies in enterocytes lacking LEPR point to the importance
of these receptors in leptin modulation of MTP. Studies in
intestine- and liver-specific LEPR mice corroborate the impor-
tance of these receptors in tissue-specific regulation of MTP.
Overexpression of human ObRb in Huh7 cells resulted in
reduced expression of MTP after leptin exposure as is seen in
enterocytes. These studies suggest that the presence of different
forms of LEPR is critical in determining the leptin effects on
cellular expression of MTP.

Mechanistically, our data indicate that the reciprocal effect
of leptin on MTP expression in the intestine and liver may be
due to differential signaling through STAT3 and MAPK path-
ways, respectively (Fig. 10). We speculate that two different
sources of leptin, gut and adipocytes, may be activating these
signaling pathways through different isoforms of LEPR in the
intestine and liver to regulate MTP expression and lipid levels.
It is possible that the gut leptin regulates MTP expression and
lipid absorption in the intestine via the STAT3 signaling path-
way through the activation of ObRb (Fig. 104). However, in the
hepatic cells, adipocyte-derived leptin may be activating the
MAPK signaling pathway through ObRa to regulate MTP
expression (Fig. 10B). Differential regulation of MTP expres-
sion by leptin in the intestine and liver may contribute to lipid
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Figure 10. Schematic diagram of leptin-mediated MTP regulation
through long- (ObRb) and short- (ObRa) forms of leptin receptors. Leptin
exerts its effects by binding to cell-surface receptors and activating its down-
stream signaling mediators. Upon binding to the long-form of leptin receptor
(panel A), which is abundantly expressed in the enterocytes, leptin activates
thereceptor-associated JAK2 tyrosine kinase resulting in JAK2 autophosphor-
ylation as well as the phosphorylation of tyrosine residue Tyr' 38 of the recep-
tor. pY1138 recruits STAT3, phosphorylates it resulting in the dimerization of
phosphorylated STAT3 and translocation to the nucleus to mediate transcrip-
tional events that result in decreased expression of MTP by unknown mech-
anisms. The short-form leptin receptor, which is ubiquitously expressed, lacks
the cytoplasmic domain necessary for STAT3 signaling (panel B). Short-form
leptin receptor in the liver may signal through the ERK-MAPK pathway to
activate downstream signaling transcription factors that increase the expres-
sion of MTP.

metabolism in the postprandial and fasting conditions. It is
well-known that intestine increases chylomicron production in
the postprandial state, whereas liver increases VLDL produc-
tion in fasting conditions. Food intake leads to rapid depletion
of gastric leptin levels (13, 16, 17), which is exacerbated in the
presence of a high-fat diet (18). This decline in leptin levels may
trigger an increase in the activity of intestinal MTP during the
postprandial state leading to the formation of lipid-rich lipo-
protein particles (Fig. 11A4). On the other hand, there is a several
hour delay in the release of leptin from adipose tissues after the
meal (15). The delayed release of leptin from the adipose tissues
may be an important factor in increasing the activity of hepatic
MTP during the late postprandial state to maintain the steady-
state levels of plasma lipids (Fig. 11B).

It is likely that MAPK and STAT3 signaling pathways are
affecting MTP expression at the transcriptional level. It has
been shown that insulin reduces MTP expression in HepG2
cells via the MAPK pathway (53). In addition, suppression of
FOXOL1 has been implicated in the hepatic suppression of MTP
expression (2). Thus, it remains to be determined how leptin

4110 J Biol. Chem. (2020) 295(13) 4101-4113

can increase hepatic MTP expression via MAPK pathway. To
our knowledge, the regulation of intestinal MTP by STAT3
pathway has not been studied. Thus, tissue-specific regulation
of MTP by leptin involves novel unexplained molecular
mechanisms.

In summary, we show for the first time that leptin regulates
lipid homeostasis by differentially modulating the expression of
MTP in the intestine and liver via signaling through STAT3 and
MAPK pathways, respectively, involving different isoforms of
LEPR. We speculate that gastric leptin may be involved in
short-term regulation of lipid absorption in the intestine,
whereas adipocyte leptin may control long-term lipid homeo-
stasis by modulating the hepatic MTP activity. De-regulation of
intestinal leptin signaling may increase MTP expression and
lipid absorption and contribute to obesity associated with lep-
tin deficiency.

Experimental procedures
Materials

Recombinant human leptin was purchased from PeproTech
(Rocky Hill, NJ, catalogue number 300-27). Human long-form
LEPR (hObRb) plasmid (pRP.ExBi-CMV-LeptinReceptorB-
T2A-Luc) was designed through VectorBuilder Inc. (Chicago,
IL) using the pRP.Des2d as vector backbone under the CMV
promoter. STAT3 inhibitor 5,15-DPP (catalogue number
16090) and PI3K inhibitor LY294002 (catalogue number
70920) were purchased from Cayman Chemicals (Ann Arbor,
MI). MAPK inhibitor U0126 was purchased from Sigma-Al-
drich (catalogue number 19-147). All other chemicals and sol-
vents were obtained from Fisher Scientific (Pittsburgh, PA).

Animals

We crossed Lepr” (exon 17 floxed) mice (54) with Vil-CRE
transgenic mice (55) to obtain heterozygous I-Lepr*’~. These
mice were crossed to generate homozygous I-Lepr '/~ mice.
We also crossed Lepr” mice with Alb-CRE mice (56) (Jackson
Lab) to generate liver-specific Lepr-deficient mice (L-Lepr ' ).
The Lep#” mice deleted with either Vil- or Alb-CRE have nei-
ther long- or short-form LEPRs and express a frameshift-mu-
tated membrane-bound LEPR from exon 16 transmembrane
domain with no signaling capacity (54). Lepr®/#" (29, 49) and
Lepr®374b3/ (57) mice have been described previously. To avoid
any confounding effects of hormonal changes in female mice,
we only used male mice in this study. All studies were approved
by the Institutional Animal Care and Use Committee of the
State University of New York Downstate Medical Center.

Cell culture studies

Caco-2 (human colon carcinoma) cells obtained from the
American Type Culture Collection (ATCC, Manassas, VA, cat-
alogue number HTB-37) were cultured (75-cm? flasks, Corning
Glassworks, Corning, NY, catalogue number 3276) in Dulbec-
co’s modified Eagle’s medium containing high glucose supple-
mented with L-glutamine and antibiotic/antimycotic mixture
(Dulbecco’s modified Eagle’s medium) and 20% fetal bovine
serum. For experiments, cells from 70 to 80% confluent flasks
were seeded on polycarbonate micropore membrane inserts
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Figure 11. Schematic diagram of leptin regulation of plasma lipids during immediate and late postprandial states. Intake of food depletes the gastric
leptin levels (panel A). During this state, the levels of adipose tissue-secreted leptin is also low. A decline in the gastric leptin levels may lead to increased
synthesis and secretion of chylomicron-rich lipoproteins due to increased intestinal MTP expression. During the late postprandial state, there is an increase in
secretion of leptin by the adipose tissues that may activate the hepatic MTP levels to increase the synthesis and secretion of VLDL particles (panel B).

(Transwells®, 12-well plates, 12-mm diameter, 3-um pore size,
Corning Costar Corp., Cambridge, MA, catalogue number
3462) at a density of 1 X 10° cells/cm®. To induce differentia-
tion of these cells, media were changed every other day for 21
days (58). Huh7 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
L-glutamine, and antibiotic/antimycotic mixture, and experi-
ments were done in 12-well-cell culture plates. Differentiated
Caco-2 cells and Huh7 cells were incubated with 60 nm recom-
binant human leptin for 24 h in serum-free media. Basolateral
conditioned media from Caco-2 cells or conditioned media
from Huh?7 cells was collected and used to determine apoB and
apolipoprotein A1 (apoA1l) levels by ELISA (59). Cells were also
collected and used to measure the activity and mRNA levels of
MTP as described below. In some experiments, differentiated
Caco-2 cells or Huh7 cells in a 12-well-plate were serum starved
for 16 h. Cells were then incubated without or with 60 nm leptin
in the presence or absence of 5 um of either STAT3 inhibitor
5,15-DPP, or MAPK inhibitor U0126, or PI3K inhibitor
LY294002 for 3 h in serum-free media. After the incubation,
cells were used to measure mRNA levels by quantitative PCR to
determine MTP expression. To study the effect of the long-
form of LEPR on MTP regulation, Huh7 cells were transfected
with either empty plasmid or a plasmid expressing human long-
form LEPR (hObRb) using Lipofectamine 2000 (Life Technol-
ogies, catalogue number 11668019) as per the manufacturer’s
instructions. After transfection, cells were incubated in the
presence or absence of 60 nM leptin for 24 h in serum-free
media.

Acute and chronic treatment of mice with leptin

Ten-week-old chow fed WT C57BL/6] mice were injected
intraperitoneally with 10 mg/kg body weight of leptin (acute)
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and sacrificed after 4 h of fasting. For chronic treatment, chow-
fed or Western diet-fed WT mice were intraperitoneally
injected daily with 0.05 mg/kg body weight of leptin for 2
months. Mice were fasted for 4 h after the last injection and
sacrificed. Plasma and tissues were collected and stored at
—80 °C for different measurements later.

In situ loop technique

In situ loops were prepared from 10-week-old male
C57BL/6] mice on chow diet fasted for 4 h. Briefly, proximal
small intestines were opened by making two small incisions at
both ends and flushed with PBS. A loop (5 cm) was made by
tying with strings (60). PBS (0.5 ml) with or without leptin (0.1
mg) was introduced into the loop with a microsyringe. After 1 h,
proximal intestinal loops, liver, and plasma were collected for
various biochemical measurements as described below.

Plasma and tissue lipid measurements

Total cholesterol and triglyceride levels in the plasma and
tissues were measured using commercially available kits from
Thermo Scientific (Middletown, VA) as described previously
(61). Cholesterol in HDL was measured after the precipitation
of apoB lipoproteins with sodium phosphate and magnesium
chloride (62).

Determination of MTP activity

Differentiated Caco-2 cells, Huh7 cells, small pieces (0.1 g) of
liver or proximal small intestine (~1 cm) were homogenized in
low salt buffer (1 mm Tris-HCI, pH 7.6, 1 mm EGTA, and 1 mm
MgCl,) and centrifuged, and supernatants were used for pro-
tein determination and MTP assay (63).
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mRNA quantification

Total RNA from tissues was isolated using TRIzol™ (Life
Technologies, catalogue number 15596018). The purity of RNA
was assessed by the A, /A,q, ratio. RNA preparations with
A,eo/Ayg ratios more than 1.7 were used for cDNA synthesis.
The first strand cDNA was synthesized using the OmniScript
RT (Qiagen, Germantown, MD, catalogue number 205113) kit.
Each reaction of quantitative PCR was carried out in a volume
of 20 ul, consisting of 5 ul of cDNA sample (1:100 dilution of
the first strand cDNA sample) and 15 ul of PCR master mix
solution containing 1X PCR buffer from the qPCR™ core kit
for SYBR Green I (Eurogentec, San Diego, CA, catalogue num-
ber 10-SN10-05). The PCR was carried out by incubating the
reaction mixture first for 10 min at 95 °C followed by 40 cycles
of 15-s incubations at 95 °C and 1 min at 60 °C in an ABI 7000
SDS PCR machine. Data were analyzed using the AAC,
method, according to the manufacturer’s instructions, and pre-
sented as arbitrary units that were normalized to ARPpO
mRNA.

Study of differential regulation of MTP by leptin in enterocytes

To study the differential effect of leptin on MTP regulation
through ObRb and ObRa, we isolated enterocytes as previously
described (47) from overnight fasted mice expressing either
both long- and short-form (WT Lepr™'* and Lepr™™) or
short-form (Lepr®@?) (29, 49) or no membrane-bound
(Lepr®®374%3)) (57) LEPR and incubated them for 3 h with 60 nm
leptin. At the end of the incubation, cells were washed and used
to determine the expression of MTP by real-time quantitative
PCR as described above.

Statistics

Data are presented as mean = S.D. Statistical significance
(p < 0.05) was determined using Student’s ¢ test (GraphPad
Prism 5).

Author contributions—]. 1. conceptualization; J. I. data curation; J. L.
and M. M. H. formal analysis; J. I. investigation; J. I. methodology;
J. L writing-original draft; E. M. and S. C. resources; E. M., S. C., and
M.M.H. writing-review and editing; M.M.H. supervision;
M. M. H. funding acquisition.
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