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Central nervous system neuropeptide Y regulates
mediators of hepatic phospholipid remodeling
and very low-density lipoprotein triglyceride
secretion via sympathetic innervation
Jennifer M. Rojas 2,7, Eveline Bruinstroop 4, Richard L. Printz 2, Aldijana Alijagic-Boers 5, Ewout Foppen 4,
Maxine K. Turney 3, Leena George 3, Annette G. Beck-Sickinger 6, Andries Kalsbeek 4,5,
Kevin D. Niswender 1,2,3,*
ABSTRACT

Objective: Elevated very low-density lipoprotein (VLDL)-triglyceride (TG) secretion from the liver contributes to an atherogenic dyslipidemia that
is associated with obesity, diabetes and the metabolic syndrome. Numerous models of obesity and diabetes are characterized by increased
central nervous system (CNS) neuropeptide Y (NPY); in fact, a single intracerebroventricular (icv) administration of NPY in lean fasted rats elevates
hepatic VLDL-TG secretion and does so, in large part, via signaling through the CNS NPY Y1 receptor. Thus, our overarching hypothesis is that
elevated CNS NPY action contributes to dyslipidemia by activating central circuits that modulate liver lipid metabolism.
Methods: Chow-fed Zucker fatty (ZF) rats were pair-fed by matching their caloric intake to that of lean controls and effects on body weight,
plasma TG, and liver content of TG and phospholipid (PL) were compared to ad-libitum (ad-lib) fed ZF rats. Additionally, lean 4-h fasted rats with
intact or disrupted hepatic sympathetic innervation were treated with icv NPY or NPY Y1 receptor agonist to identify novel hepatic mechanisms by
which NPY promotes VLDL particle maturation and secretion.
Results: Manipulation of plasma TG levels in obese ZF rats, through pair-feeding had no effect on liver TG content; however, hepatic PL content
was substantially reduced and was tightly correlated with plasma TG levels. Treatment with icv NPY or a selective NPY Y1 receptor agonist in lean
fasted rats robustly activated key hepatic regulatory proteins, stearoyl-CoA desaturase-1 (SCD-1), ADP-ribosylation factor-1 (ARF-1), and lipin-1,
known to be involved in remodeling liver PL into TG for VLDL maturation and secretion. Lastly, we show that the effects of CNS NPY on key
liporegulatory proteins are attenuated by hepatic sympathetic denervation.
Conclusions: These data support a model in which CNS NPY modulates mediators of hepatic PL remodeling and VLDL maturation to stimulate
VLDL-TG secretion that is dependent on the Y1 receptor and sympathetic signaling to the liver.
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1. INTRODUCTION

Overproduction of very low-density lipoprotein (VLDL)-triglyceride (TG)
from the liver contributes to an atherogenic dyslipidemia that is
associated with obesity, diabetes, and the metabolic syndrome [1e3],
and is an increasingly recognized component of cardiovascular risk [2].
While peripheral factors, such as visceral adiposity and insulin resis-
tance [4e6], clearly contribute to this disorder, mounting evidence
points to central mechanisms contributing to these endemic diseases.
We hypothesize, therefore, that regulation of hepatic lipid homeostasis
is normally subject to a degree of central nervous system (CNS) input,
and dyslipidemia may arise from defective CNS control.
Neuropeptide Y (NPY) expressing neurons are highly concentrated in
the mediobasal hypothalamus and have important effects on feeding
and energy homeostasis [7e11]. NPY neurons are increasingly
recognized to have an additional role in the regulation of hepatic lipid
[12e14] and glucose metabolism [12,15e18]. Elevated hypothalamic
NPY tone (with a concomitant reduction of proopiomelanocortin
(POMC) tone) is associated with obesity and diabetes in rodent models
[19,20] and humans [21e23] due to defects in inhibitory feedback
signaling to the CNS [24,25]. This elevated NPY tone within these
neural circuits may contribute to dyslipidemia independently of positive
energy balance and increased visceral adiposity. In fact, a single
intracerebroventricular (icv) injection of NPY directly to the third
ventricle of the brain rapidly doubles hepatic VLDL-TG secretion in lean
fasted rats, and does so, in large part, via the CNS NPY Y1 receptor
[13,14]. Bruinstroop and colleagues [12] recently demonstrated that
increases in hypothalamic NPY tone during fasting increases sympa-
thetic nervous system (SNS) outflow to the liver to promote hepatic
VLDL-TG secretion. Coupled with this observation, we [13,14] and
others [12] have shown that CNS NPY increases hepatic VLDL-TG
secretion independent of changes in levels of plasma free fatty acids
(FFAs) and glucoregulatory hormones that are known to modulate
VLDL production (reviewed in Ref. [26]). Thus, our overarching hy-
pothesis is that elevated CNS NPY action contributes to dyslipidemia by
activating central circuits that modulate liver lipid metabolism.
Therefore, we sought to identify novel hepatic mechanisms by which
NPY promotes VLDL particle maturation and secretion.
The assembly and secretion of TG-rich VLDL is a tightly regulated and
complex process (reviewed in Ref. [27,28]). First, a small quantity of
TG is assembled onto the structural protein apolipoprotein B (apoB) in
the rough endoplasmic reticulum (ER) through the action of micro-
somal triglyceride transfer protein [27]. This process is accompanied
by the acquisition of a phospholipid (PL) monolayer to encase the TG
core, which results in the formation of a smaller-sized, immature, pre-
VLDL lipoprotein. Next, via a less well characterized step, TG is added
to the apoB-containing pre-VLDL to form a mature VLDL particle
[27,29]. Increasing evidence suggests that TG utilized for VLDL as-
sembly and secretion can originate from sources other than hepatic de
novo fatty acid synthesis and extrahepatic FFAs [28,30]. Indeed, it has
been reported that a substantial proportion of TG that ends up in VLDL
particles is derived from a pool of intracellular PL [31]. The implication
is that the formation of the lipid core of VLDL, which is required for its
maturation and secretion, involves the remodeling of PL in the
microsomal membranes to TG [32,33].
The process of pre-VLDL maturation and transit to the Golgi apparatus
for secretion is dependent on the activity of ADP-ribosylation factor-1
(ARF-1), a member of the Ras superfamily of GTP binding proteins, that
is also known to activate phospholipase D (PLD) [32,34]. PLD, in turn,
catalyzes the formation of phosphatidic acid (PA) from phosphatidyl-
choline [32,34]. Indeed, agents that inhibit ARF-1 activity (e.g.,
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Brefeldin A) or block the formation of PA generated by PLD suppress
VLDL maturation and secretion [32,35]. The PA generated by PLD
action or formed by 1-acyl-glycerol-3-phosphate acyltransferase
(AGPAT) via the glycerol phosphate pathway (reviewed in Ref. [36]) is
then dephosphorylated by the rate-controlling enzyme phosphatidic
acid phosphatase (PAP-1), also known as lipin-1, producing the TG
precursor diacylglycerol (DAG) [37,38]. The addition of a third acyl
chain to DAG is catalyzed by diacylglycerol acyltransferase (DGAT),
which has been shown to interact with stearoyl-CoA desaturase-1
(SCD-1) in the ER membrane to channel monounsaturated fatty acids
(MUFA) to DGAT for the final step in TG formation [39]. Additionally, a
major product of SCD-1, oleic acid, controls the activity of lipin-1 by
promoting its translocation from the cytosol to the ER membrane, to
engage its PAP-1 activity [40,41]. Thus, lipin-1 generated DAG serves
as substrate for the synthesis and formation of TG and of PLs (phos-
phatidylcholine and phosphatidylethanolamine) that are required for
lipidation of the nascent VLDL particle resulting in the maturation and
secretion of a TG-rich VLDL particle [37,38].
Altogether, the aforementioned findings suggest the possibility that
CNS NPY signaling may modulate VLDL secretion via the control of key
regulatory steps involved in hepatic PL remodeling and VLDL matu-
ration. Therefore, we sought to test the hypothesis that elevated CNS
NPY signaling increases sympathetic tone to the liver, to modulate key
regulatory proteins for a coordinated and multifaceted response to
facilitate hepatic PL remodeling and VLDL maturation, thereby
increasing VLDL secretion. As a first step to determine whether liver PL
stores are related to plasma VLDL-TG concentration, we manipulated
plasma TG levels through pair-feeding obese Zucker fatty (ZF) rats
(characterized by elevated NPY tone and dyslipidemia [42e45]). Next,
we determined whether the rapid increase in plasma TG levels in
response to an acute modulation of CNS NPY signaling in lean fasted
rats corresponds to changes in liver PL stores and key regulatory
proteins involved in hepatic PL remodeling and VLDL maturation. Then
we determined whether this NPY effect could be recapitulated by acute
activation of the NPY Y1 receptor with a selective Y1 receptor agonist
([F7, P34]-NPY). Finally, we determined whether CNS NPY modulation
of regulatory proteins involved in liver lipid metabolism requires hepatic
sympathetic innervation.

2. MATERIAL AND METHODS

2.1. Experimental animals
Male rats, Long-Evans (HsdBlu:LE) weighing 250e274 g (Harlan;
Indianapolis, IN), Obese, Zucker fatty (ZF; fa/fa) and their lean Zucker
controls (fa/þ) weighing 300e340 g (Crl:ZUC-Leprfa; Charles River
laboratories; Wilmington, MA), and Wistar weighing 280e310 g
(Crl:WI; Charles River laboratories) were maintained with free access to
water and a standard rodent chow diet under temperature- and
humidity-controlled conditions with a 12-h lightedark cycle. Study
protocols were approved by the Institutional Animal Care and Use
Committee of the Tennessee Valley Veterans Affairs (VA) Healthcare
System (Vanderbilt University, Nashville, TN) and the Royal Netherlands
Academy of Arts and Sciences (Amsterdam, the Netherlands).

2.2. ZF rat pair-feeding study
To control for hyperphagia and positive energy balance in ad-libitum
(ad-lib) chow-fed obese, ZF rats (fa/fa), a group of ZF rats was pair-fed
(PF) to the caloric intake of the control lean Zucker rats (fa/þ). Body
weights were measured daily. At study termination, 30-h fasted rats
were euthanized followed by collection of trunk blood and liver
samples.
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2.3. Intracerebroventricular cannulation
The icv cannulations of Long-Evans rats were performed under inha-
lational isoflurane anesthesia. Buprenex (0.05 mg/kg body weight) was
administered postoperatively to mitigate pain and distress. Each ani-
mal received a 22 gauge guide cannula (Plastics One, Roanoke, VA)
that was implanted into the third cerebral ventricle at stereotaxic co-
ordinates: midline, 2.2 mm posterior to Bregma and 7.5 mm below the
skull surface based on the rat brain atlas of Paxinos and Watson [46].

2.4. Intracerebroventricular infusions
Studies on Long-Evans rats were performed 5e7 days after surgery
when food intake and body weight curves returned to a pre-surgery
trajectory. NPY was purchased from GenScript (human; Piscataway,
NJ). A selective agonist for the NPY Y1 receptor, [F7, P34]-NPY, was
synthesized as described previously in Ref. [47]. Freshly prepared NPY,
the NPY Y1 receptor agonist, or vehicle (Veh) consisting of 0.9% normal
saline were administered using a (28 gauge) needle that extends 1 mm
beyond the tip of the icv guide cannula over a period of 60 s in a final
volume of 2 ml. We matched the icv dose of NPY (1 nmol) and the Y1
receptor agonist (1 nmol) for potency to stimulate feeding behavior in
ad-lib chow-fed rats to that of the food intake of Veh-treated rats after
a 12-h fast, which confirmed that we used physiologically relevant
doses in our lipid studies [13].

2.5. NPY and sympathetic denervation experiments
Wistar rats were implanted with a stainless steel guide cannula (22
gauge; Plastics One, Roanoke, VA) into the lateral cerebral ventricle
(Bregma: 0.8 mm posterior, 2.0 mm lateral, and 3.2 mm ventral) as
previously described in Ref. [15]. Subsequently, the animals received
either a control sham-denervation (Sham) or sympathetic denervation
(Sx) of the liver according to the methodology described in Ref. [12].
The effectiveness of the hepatic Sx was assessed by measuring
norepinephrine (NE) content [12]. A Sx rat was included in the analysis
only if the NE content was below 10% of the mean NE concentration in
Sham-operated controls. After recovery to pre-surgery body weight
and a day before the study, rats were connected and allowed to adapt
to the metal collar guiding the icv infusion tubing. The next morning at
8 AM, food was removed. At 12 PM, icv NPY (1 mg/ml, human, rat;
Bachem) or Veh (purified water; Milli-Q) was infused for 2-h (bolus
5 ml/5 min, followed by 5 ml/h). At study termination, animals were
euthanized and liver samples were collected.

2.6. Lipid assays
Lipids were assayed from plasma with enzymatic colorimetric assays
using the following reagent kits: TG and total cholesterol from Raichem
(San Diego, CA), non-esterified FFA from Wako Diagnostics (Richmond,
VA) and glycerol from SigmaeAldrich (St. Louis, MO).

2.7. Plasma hormones and metabolites
Plasma levels of insulin and glucagon were quantified by the Vanderbilt
Diabetes Center Hormone Assay & Analytical Services Core (Nashville,
TN) using radioimmunoassay kits from Millipore (Billerica, MA). Blood
glucose concentration was measured using a glucometer from Roche
Diagnostics (Accu-Chek Advantage, Indianapolis, IN) on trunk blood at
study termination.

2.8. Plasma and hepatic lipid content
Lipids were quantified from plasma and liver tissues as previously
described in Ref. [48], extracted using the method of Folch [49], fol-
lowed by separation by thin layer chromatography and methylated
using BF3/methanol as described by Morrison and Smith [50]. The
212 MOLECULAR METABOLISM 4 (2015) 210e221 Published by Elsevier GmbH. This is
methylated fatty acids were extracted and analyzed by gas chroma-
tography. The lipid profiles were performed in the lipid subcore of the
Vanderbilt Diabetes Center Hormone Assay & Analytical Services Core.

2.9. Western blot analysis
Western blots from liver homogenates were probed with the following
antibodies using the methodology described in Ref. [13]: from Cell
Signaling Technology (Danvers, MA), b-tubulin; from Enzo Life Sci-
ences (Farmingdale, NY), constitutive cytosolic Hsc70 (HSP73); and
from Santa Cruz Biotechnology (Dallas, TX), ARF-1, calnexin, glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH), histone deacetylase-1
(HDAC-1), and lipin-1. Nuclearecytoplasmic fractionation was con-
ducted using the NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific, Rockford, IL) according to the manufac-
turer’s protocol. Calnexin, HDAC-1, and b-tubulin were used as marker
proteins of ER membrane, nuclear, and cytoplasmic fractions,
respectively. Western blots were analyzed by densitometry utilizing
Image J Software (National Institutes of Health).

2.10. RNA isolation and quantitative real-time PCR (RT-PCR)
RT-PCR was performed with IQ SYBR Green Supermix, as previously
described in Ref. [13]. Quantification results of RNA of interest were
normalized to the housekeeping gene ribosomal protein L13a
(RPL13A); for comparative analysis, RNA ratios of the treatment group
were normalized to the Veh control group. PCR primer sequences are
available upon request.

2.11. Statistical analysis
Data are presented as mean � SEM. Two-group comparisons were
performed using Student’s t-test (unpaired, two-tailed) and three-
group (or more) comparisons by one-way ANOVA with Bonferroni’s
multiple comparisons post-test analysis. All analyses were performed
using GraphPad Prism, version 6 (GraphPad Software, San Diego, CA).
Differences with p < 0.05 were considered statistically significant.

3. RESULTS

3.1. Liver PL levels are tightly associated with plasma TG in ZF rats
As a first step to investigating the hypothesis that liver PL stores may
provide the lipid source for hepatic VLDL-TG secretion, we pair-fed one
cohort of ZF rats (ZF PF) by carefully matching their caloric intake to
that of the lean (fa/þ) rats to control for hyperphagia and positive
energy balance. Ad-lib fed ZF rats (ZF ad-lib) rapidly developed obesity
(Figure 1A; final body weights, 426 � 8.5 g for ZF ad-lib vs.
390 � 5.7 g for Control; p < 0.05), whereas pair-feeding (i.e. caloric
restriction) successfully matched the body weight of the ZF PF rats to
that of lean control animals (Figure 1A; final body weights, ZF PF,
396 � 2.5 g vs. Control, p ¼ ns). At the end of the study (day 38),
ad-lib fed ZF rats developed severe hypertriglyceridemia
(456 � 55 mg/dl), whereas pair-fed ZF rats had plasma TG levels
reduced by 84% (Figure 1B). Despite being calorically matched to
controls and having the same body weight, TG levels in ZF PF rats
remainedw2.6-fold higher compared with controls (72.2� 9.3 mg/dl
for ZF PF vs. 28.2 � 3.8 mg/dl for Control; p < 0.01), suggesting this
modest elevation in TG levels in ZF PF rats (relative to lean controls) is
independent of positive energy balance and visceral adiposity. These
effects were specific to plasma TG since plasma cholesterol levels
were not reduced by pair-feeding (Control, 77.8 � 5.4 mg/dl; ZF
ad-lib, 198 � 8.5 mg/dl; ZF PF, 245 � 8.9 mg/dl). Although pair-
feeding substantially reduced plasma TG concentrations in ZF rats
(Figure 1B), it had no effect on liver TG content (Figure 1C), while liver
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: PL and not TG levels in liver are tightly associated with plasma TGs in ZF rats. (A) Chow-fed ZF rats were pair-fed (ZF PF, black triangles) by matching their caloric intake
to that of lean controls (Control, white circles) and an effect on daily body weight (n ¼ 5/group) is illustrated in comparison to ad-lib fed ZF rats (ZF ad-lib, black squares). (BeD)
Plasma and liver samples were collected from 30-h fasted ad-lib fed ZF (black bars), PF ZF (hatched bars), and lean control (white bars) rats to measure plasma TG (B), liver TG (C)
and liver PL (D). Data are presented as mean � SEM and were analyzed by one way ANOVA; *indicates a significant difference (p < 0.05) between ZF ad-lib or ZF PF vs. Control;
#indicates a significant difference (p < 0.05) between ZF ad-lib and ZF PF. Correlational analyses are illustrated for ZF PF rats of plasma TG vs. liver TG levels (E) and of plasma TG
vs. liver PL levels (F).
PL content fell to below control levels (Figure 1D; 15.3 � 0.6 mg/mg
liver in ZF PF vs. 26.5 � 0.8 mg/mg liver in Control, p < 0.001). Thus,
hepatic PL (r¼ 0.95; p¼ 0.0125; Figure 1F) and not TG (r¼�0.088;
p ¼ ns; Figure 1E) content tightly correlated with plasma TG levels in
ZF PF rats. This observation of a tight correlation between hepatic PL
content and plasma TG concentration led us to the hypothesis that liver
PL may be an important determinant in VLDL secretion. We next sought
to determine whether the hypertriglyceridemia induced by an acute
modulation of CNS NPY signaling in lean fasted rats may also corre-
spond to changes in liver PL stores and/or key regulatory proteins
involved in hepatic PL remodeling.

3.2. Acute elevation of CNS NPY via Y1 receptor signaling
increases both plasma TG and PL levels without a significant change
in total liver TG, FFA or PL content
Previously, we demonstrated that icv administration of NPY or a se-
lective NPY Y1 receptor agonist into the third ventricle of lean rats
rapidly increases hepatic VLDL-TG secretion independently of feeding
and energy balance [13,14]. To test the hypothesis that liver PL stores
MOLECULAR METABOLISM 4 (2015) 210e221 Published by Elsevier GmbH. This is an open access article
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may be tightly associated with plasma TG levels in response to an
acute modulation of CNS NPY signaling via the NPY Y1 receptor, lean
4-h fasted rats were given an icv injection of either NPY (1 nmol), a
selective Y1 receptor agonist ([F7, P34]-NPY; 1 nmol), or Veh (saline),
and at 60 min post-injection, trunk blood and liver samples were
collected. Of note, NPY and the Y1 receptor agonist were tested in a
separate cohort of animals, and each cohort was compared to its
corresponding Veh control group. Both NPY and the Y1 receptor agonist
treatment increased plasma TG levels by 2.0- and 1.6-fold, respec-
tively (Figure 2A,B). When FFA composition of plasma TG was analyzed
for changes in individual FFA concentration after icv treatment with NPY
(Figure 2C) or its Y1 receptor agonist (Figure 2D), most individual FFA
concentrations increased, further confirming an increase in plasma TG.
In addition, plasma PL increased with NPY and the Y1 receptor agonist
treatment (Figure 2A,B), while there was no change in plasma FFA
(Figure 2A,B). While we did not detect increases in plasma FFA levels,
we did not specifically assess FFA flux. Moreover, consistent with our
previous findings [13], this increase in plasma TG in response to icv
NPY treatment did not alter blood glucose, plasma insulin or glucagon
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 213

http://creativecommons.org/licenses/by-nc-nd/4.�0/
http://www.molecularmetabolism.com


TG FFA PL
0

50
100

500

1000

1500

* *

0
50

100

500

1000

1500
Pl

as
m

a 
lip

id
 fr

ac
tio

n 
(µ

g/
m

l)

Pl
as

m
a 

lip
id

 fr
ac

tio
n 

(µ
g/

m
l)

p=0.09

*

TG FFA PL

A

C

B

Veh-60 min NPY-60 min Y1 Agonist-60 min

TG FFA PL
0
1
2
3
4
5

10
20
30
40

Li
ve

r l
ip

id
 fr

ac
tio

n
 (µ

g/
m

g)

14:0 16:0 16:1 18:0 18:1 18:2
0

20

100

200

300

Pl
as

m
a 

TG
 (µ

g/
m

l)

*

* *
*

*
*

14:0 16:0 16:1 18:0 18:1 18:2
0

20

100

200

300

Pl
as

m
a 

TG
 (µ

g/
m

l) *

*

* *D

E

14:0 16:0 16:1 18:0 18:1 18:2
0.0

0.2

0.5

1.0

1.5

Li
ve

r T
G

 (µ
g/

m
g)

F

H

14:0 16:0 16:1 18:0 18:1 18:2
0.00

0.05

0.1

0.2

0.3

Li
ve

r F
FA

 (µ
g/

m
g)

*

14:0 16:0 16:1 18:0 18:1 18:2
0

1

2

4

6

8

10

Li
ve

r P
L 

(µ
g/

m
g)

*

G

*

Figure 2: Changes in plasma and liver lipid content in response to CNS NPY and Y1 receptor agonist signaling. Plasma and liver samples from lean 4-h fasted rats (n ¼ 5e6/
group) were collected 60 min post-icv injection of either NPY (1 nmol; black bars) or the Y1 receptor agonist [F7, P34]-NPY (1 nmol; gray bars) or Veh (white bars) and were used to
measure the following: plasma TG, FFA, and PL content in icv NPY- (A) or Y1 receptor agonist- (B) or Veh-treated rats. FFA composition of plasma TG was analyzed for changes in
individual FFA levels of myristic acid (14:0), palmitic acid (16:0), palmitoleic acid (16:1), stearic acid (18:0), oleic acid (18:1), and linoleic acid (18:2) after icv treatment with NPY (C)
or the Y1 receptor agonist (D). Levels of total TG, FFA, and PL fractions in liver (E) were measured from icv NPY- or Veh-treated rats. FFA composition of liver TG (F), FFA (G), or PL
(H) were analyzed for changes in individual FFA levels of 14:0, 16:0, 16:1, 18:0, 18:1, and 18:2 after icv treatment with NPY. Data are presented as mean � SEM and were
analyzed by Student’s t-test (unpaired, two-tailed); *indicates a significant difference (p < 0.05) between icv treatment vs. Veh.
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concentrations (Table 1). Although icv Y1 receptor agonist treatment
did not alter plasma glucagon and blood glucose levels, plasma insulin
levels were moderately increased (Table 1), suggesting that even in the
face of a modest increase in insulin levels, increased central Y1 re-
ceptor tone can increase hepatic VLDL-TG secretion.
We then determined the liver content of TG, FFA and PL and found no
detectable changes in intrahepatic content of these lipid fractions in icv
NPY treated rats relative to Veh controls (Figure 2E). We also measured
the abundance of several individual FFAs derived from these hepatic
lipid fractions (Figure 2FeH). We found that at 60 min after icv NPY
214 MOLECULAR METABOLISM 4 (2015) 210e221 Published by Elsevier GmbH. This is
treatment in lean 4-h fasted rats, there was an increase in oleic acid
(18:1) within the liver FFA and PL pools (Figure 2G,H) but no detectable
increase in the TG pool (Figure 2F). Oleic acid has been shown to
promote the final steps in the assembly of VLDL particles in hepato-
cytes [51].

3.3. An acute increase in CNS NPY signaling via the Y1 receptor
modulates SCD-1 expression and activity
SCD-1 desaturates palmitic (16:0) and stearic (18:0) acids to palmi-
toleic (16:1) and oleic (18:1) acids, respectively, which are the major
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Effects of NPY or the Y1 receptor agonist on glucoregulatory
hormones and blood glucose at 60 min post-icv injection.

NPY Y1 agonist

Veh NPY Veh Y1

Insulin (ng/ml) 0.80 � 0.2 1.18 � 0.2 2.99 � 0.5 5.45 � 0.4*
Glucagon (pg/ml) 101 � 13 120 � 13 100 � 10 117 � 10
Blood glucose (mg/dl) 127 � 6.0 130 � 9.2 153 � 2.6 152 � 4.0

Data are presented as mean� SEM (n¼ 6e7/group) and were analyzed by Student’s
t-test (unpaired, two-tailed); *p < 0.01 for icv treatment vs. Veh comparison.
MUFAs of PLs, TGs, and cholesteryl esters that serve as constituents
for the synthesis of lipoproteins [52,53]. We have previously shown
that CNS NPY treatment robustly induces liver SCD-1 mRNA levels at
60 min post-icv injection, an effect that is recapitulated by NPY Y1
receptor activation [13]. A corresponding increase in SCD-1 activity
should accompany the observed increase in expression. That being
said, a good estimate of in vivo hepatic SCD-1 activity is the desatu-
ration index, which calculates the ratio of SCD-1 products to its pre-
cursors [51,53]. Indeed, icv NPY treatment significantly increased the
desaturation index of liver TG, FFA, and PL fractions within 60 min
post-injection (Figure 3A) as well as increasing the desaturation index
in both plasma TG and PL pools (Figure 3B). Similarly, icv Y1 receptor
agonist treatment increased the desaturation index in plasma TGs but
no increase was detected in plasma PLs (Figure 3C). As expected,
neither icv NPY treatment nor icv Y1 receptor agonist treatment altered
the plasma FFA desaturation index (Figure 3B,C). Altogether, these
data suggest that an acute increase in CNS NPY signaling increases the
enrichment of the liver lipid pools with MUFA through the modulation of
SCD-1 expression and activity that would facilitate an increase in
VLDL-TG secretion.

3.4. CNS NPY signaling via the Y1 receptor modulates ARF-1 and
lipin-1 expression
We next sought to investigate changes in expression of two key reg-
ulatory proteins, ARF-1 [32,34] and lipin-1 [38], involved in liver PL
remodeling as well as VLDL maturation and secretion. We measured
mRNA levels at 60 min and protein levels at 120 min post-injection.
This later time point (120 min) was included to facilitate the detection
by Western blot analysis of any change in ARF-1 or lipin-1 protein
levels, since 120 min post-icv injection of NPY and Y1 receptor agonist
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also elevated plasma TG levels 2-fold above control values [13]. When
compared to Veh, icv NPY or Y1 receptor agonist treatment resulted in
an approximate 1.7-fold increase in ARF-1 mRNA levels at 60 min
post-treatment (Figure 4A). By 120 min, compared to Veh, NPY
treatment resulted in a 3.1-fold increase in ARF-1 protein levels
(Figure 4B,C). Lipin-1 mRNA levels were induced 3.8-fold, relative to
Veh levels, by icv NPY treatment at 60 min post-injection (Figure 4D),
and a 2.3-fold increase in protein levels was detected at 120 min
(Figure 4E,F). Lipin-1 protein levels were induced 2.2-fold relative to
Veh by 120 min post-icv Y1 receptor agonist treatment (Figure 4E,F).
Collectively, these data raise the possibility that increased CNS NPY
signaling via the Y1 receptor may promote liver PL remodeling and
VLDL maturation to enhance VLDL-TG secretion through the modula-
tion of ARF-1 and lipin-1 expression.

3.5. CNS NPY signaling alters hepatic lipin-1 subcellular
localization
The association of lipin-1 with the ER membrane governs the avail-
ability of substrate (PA) for its PAP-1 activity [38], generating DAG for
the synthesis of the lipid substrates (TG and PLs) required for VLDL
maturation and secretion; therefore, we determined lipin-1 protein
content in subcellular fractions of livers from rats treated with either icv
NPY (or Veh) at 60 or 120 min post-injection. Since we found that the
ER-membrane protein, calnexin, was enriched only in the nuclear (Nuc)
and not the cytoplasmic (Cyto) fraction, we denoted the ER fraction as
Nuc/ER fraction (Figure 5A). Icv NPY treatment increased lipin-1 protein
content by 1.7- and 1.9-fold in the Nuc/ER fraction at 60 and 120 min
post-injection, respectively, with a detectable drop in cytoplasmic
levels observed at 60 min (Figure 5A,B). The fall in cytoplasmic levels
with a corresponding rise in Nuc/ER levels at 60 min suggests the
possibility that CNS NPY signaling promotes the translocation and
association of lipin-1 with the ER membranes, and, thus, allows for
lipin-1 directed remodeling of liver PL for VLDL maturation and
secretion.
Intriguingly, our finding that lipin-1 protein levels are elevated in the
Nuc/ER membrane fraction, raises the possibility that nuclear localized
lipin-1 may also be present, which would allow it to act as a tran-
scriptional co-activator with peroxisome proliferator activated recep-
tor-ɣ-coactivator-1a (PGC-1a) and peroxisome proliferator activated
receptor-alpha (PPARa) to upregulate genes involved in b-oxidation
[54,55]; this would oppose its function as a glycerolipid biosynthetic
enzyme. However, we found that after a 60 min treatment with either
Y1 Agonist-60 min
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icv NPY or Y1 receptor agonist (Figure 5C), mRNA levels of carnitine
palmitoyltransferase-1 alpha (CPT-1a), a regulatory protein of FFA
oxidation [56], were reduced by 50 or 58%, respectively, suggesting a
decrease in b-oxidation that is consistent with previous studies
[12,57]. The mRNA levels of other proteins involved in FFA oxidation,
such as PPARa and acyl-CoA oxidase-1, were unaltered with icv NPY
treatment (data not shown), which lessens the possibility that nuclear
localized lipin-1 was present to promote b-oxidation. Finally, we found
that icv NPY treatment did not alter mRNA expression of key hepatic
enzymes (data not shown) involved in the glycerol phosphate pathway
(DGAT-1, DGAT-2, AGPAT, and GPAT [36]) and the hepatic uptake of
fatty acids, Cluster of Differentiation 36 (CD36) [58].

3.6. Hepatic sympathetic denervation attenuates the stimulatory
effect of CNS NPY on key liporegulatory proteins
To test our hypothesis that CNS NPY rapidly modulates key lip-
oregulatory proteins via sympathetic inputs to liver, we combined a 2-h
icv NPY (or Veh) infusion with either a selective sympathetic dener-
vation (Sx) or Sham denervation of liver in lean 4-h fasted rats. A
marked reduction of NE levels in liver confirmed the effectiveness of Sx
(Figure 6A). An icv NPY infusion in Sham rats robustly elevated SCD-1
mRNA (Figure 6B) and lipin-1 protein expression (Figure 6C) by 2.6-
and 3.4-fold, respectively. These NPY induced levels of SCD-1 and
lipin-1 are substantially reduced in livers of Sx rats (Figure 6B,C).
Finally, given that the association of lipin-1 with the ER membrane is
crucial to engage in its PAP-1 activity, we measured the ER membrane
marker calnexin by Western blot and found that sympathetic dener-
vation did not alter protein levels (data not shown). Altogether, these
216 MOLECULAR METABOLISM 4 (2015) 210e221 Published by Elsevier GmbH. This is
data suggest that CNS NPY stimulates hepatic VLDL-TG secretion at
least in part by increasing sympathetic outflow to the liver to rapidly
modulate key hepatic liporegulatory proteins.

4. DISCUSSION

Increasing evidence implicates CNS NPY as a regulator of hepatic
lipoprotein metabolism [12e14] beyond its effects on feeding, energy
homeostasis [7e11] and glucose metabolism [12,15e18]. Specif-
ically, acute modulation of CNS NPY and NPY Y1 receptor signaling
rapidly increases hepatic VLDL-TG secretion in lean, fasted rats, while
not altering peripheral factors, glucoregulatory hormones and adipo-
cyte lipolysis [12e14] that can affect VLDL secretion by liver (reviewed
in Ref. [26]). Recent evidence from Bruinstroop and colleagues [12]
revealed that central infusion of NPY under postprandial conditions
(characterized by low endogenous NPY tone and nearly undetectable
chylomicrons in plasma [14]) cannot increase hepatic VLDL-TG
secretion in Sx rats. Furthermore, VLDL-TG secretion decreased in
overnight fasted Sx rats characterized by a physiologic elevation in
hypothalamic NPY tone, whereas parasympathetic denervation had no
effect on VLDL-TG secretion [12]. Clearly, this work demonstrates a
neural-hepatic circuit mediated by the SNS to control liver lipid
metabolism under fasting conditions characterized by elevated CNS
NPY tone [12]. We, therefore, sought to identify novel hepatic mech-
anisms by which CNS NPY promotes VLDL particle maturation and
secretion.
VLDL is the chief carrier of TG in the postabsorptive state [30]. The TG
utilized for VLDL assembly and secretion can be derived either from
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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fatty acids produced by hepatic de novo lipogenesis (DNL), by the
uptake and re-esterification of plasma FFAs, or by the uptake of
chylomicron and VLDL lipoprotein remnants by the liver [30]. Using a
combination of stable isotope-labeled tracer and indirect calorimetry,
Diraison et al. [30] estimated in normal human subjects in the post-
absorptive state, that hepatic re-esterification of plasma FFA
accounted for 50e55% of TG secretion, whereas DNL was a minor
contributor. The remaining lipids were presumed to be provided by
stored lipids (TG and PL) or lipoprotein remnants taken up by the liver.
Although, the method used by Diraison et al. [30] was semi-
quantitative and did not allow for the determination of the overall
contribution of these potential lipid sources to TG secretion, it provides
suggestive evidence that TGs for VLDL secretion may additionally be
derived from PL stores. Furthermore, it has been reported that up to
70% of secreted VLDL-TG by the liver is attributable to the hydrolysis
and re-esterification of pre-existing PL and cytosolic TG [31]. This and
our current work increase the likelihood that some of the TG which
ends up in VLDL is derived from a pool of intracellular PL, a novel
concept given the common view that intracellular membrane PL plays
mostly a structural role for the assembly of VLDL particles.
Our initial findings that the reduction in plasma TGs that occurred via
pair-feeding (i.e. caloric restriction) obese, hyperlipidemic ZF rats
correlated with substantially reduced liver PLs (while not altering he-
patic TG content), and raised the possibility that liver PLs are a readily
mobilized lipid pool for hepatic VLDL-TG secretion. While peripheral
MOLECULAR METABOLISM 4 (2015) 210e221 Published by Elsevier GmbH. This is an open access article
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factors may be involved, based collectively upon these findings, we
hypothesized that elevated CNS NPY tone induces hepatic PL
remodeling, generating a local pool of DAG for the generation of TG, as
well as PL, both required for the maturation and rapid secretion of
VLDL-TG by the liver. We further hypothesized that this process is
sustained by hepatic sympathetic innervation.
Although the acute modulation of CNS NPY and NPY Y1 receptor
signaling in lean 4-h fasted rats doubled plasma TGs in the absence of
changes in intrahepatic lipid (PL, TG, FFA) stores, we found that oleic
acid (18:1), a MUFA known to enhance VLDL secretion [38,51], was
not only enriched in secreted TGs but in liver FFA and PL fractions as
well. Moreover, the enrichment of MUFA in liver and plasma lipids in
icv NPY and Y1 receptor agonist treated rats was attributed, in part, to
the rapid induction of liver SCD-1 expression and activity and the
concomitant attenuation of CPT-1a expression (the key protein
involved in hepatic fat oxidation). Clearly, this NPY effect on liver is
contrary to the normal effects of fasting, in which MUFAs are prefer-
entially oxidized [59,60]. In support of our observation, Zhang et al.
[57] found that Y1 receptor null mice had greater utilization of lipid as
an oxidative fuel source. This most likely involved increases in liver and
muscle CPT-1 protein levels as well as increases in the activity of
enzymes involved in b-oxidation, suggesting that Y1-receptor-
signaling might control mitochondrial capacity for FFA transport and
oxidation. Lastly, icv NPY and the Y1 receptor agonist treatment rapidly
increases the expression and/or activity of proteins (ARF-1, lipin-1)
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 217
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involved in PL remodeling as well as VLDL-TG maturation and
secretion [32,34,38]. All of these findings support a coordinated and
multifaceted CNS NPY modulated mechanism to increase VLDL-TG
secretion that is dependent on Y1 receptor signaling and would not
necessarily require the utilization of hepatic TG stores. Future studies
aimed at specifically manipulating PL remodeling pathways will be
required to cement this hypothesis.
SCD-1 catalyzes the rate limiting step of the synthesis of MUFAs and is
an important mediator of lipoprotein metabolism [51,52,61]. Mice with
genetic deletion of liver SCD-1 have impaired hepatic TG synthesis and
VLDL-TG secretion [52]. Indeed, we observed a robust induction of
hepatic SCD-1 expression and activity (as measured by the desatu-
ration index [51,53]) in response to CNS NPY treatment and this effect
was recapitulated by NPY Y1 receptor activation [13]. Building upon
these findings, we speculate that increased CNS NPY tone may rapidly
induce SCD-1 activity to increase the availability of MUFAs, particularly
oleic acid, required for cellular PL synthesis, which, in turn, determines
218 MOLECULAR METABOLISM 4 (2015) 210e221 Published by Elsevier GmbH. This is
the rate of PL remodeling and generates the lipid substrate for VLDL-
TG maturation and secretion. In support of this notion, a study by Tran
et al. [33] using rat hepatoma (McA-RH7777) cells that stably express
human apoB found that treatment with oleic acid robustly stimulated
the turnover of [14C] oleate-labeled PL and the transfer into cytosolic
TGs which were subsequently incorporated into secreted VLDL.
Moreover, the fact that hepatic SCD-1 induction can be effectively
blocked by hepatic sympathetic denervation indicates that NPY in-
creases sympathetic outflow to the liver to modulate hepatic SCD-1
and VLDL-TG secretion. Clearly, the effect we observe would likely
be opposed by glucose [51] and glycine [62] metabolism possibly
within the same hypothalamic circuits engaged by NPY.
The expression of ARF-1 and lipin-1, key proteins involved in liver PL
remodeling were robustly elevated in the livers of icv NPY treated rats,
an effect recapitulated by the activation of NPY Y1 receptor. ARF-1 is
involved in the process of pre-VLDL maturation and transit to the Golgi
apparatus for secretion as well as the activation of PLD, which
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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catalyzes the production of PA from the liver PL pool [32,34]. Indeed,
overexpression of ARF-1 or PLD in cultured rat hepatocytes can in-
crease VLDL secretion, whereas hepatic overexpression of a dominant
negative ARF-1 results in a suppressive effect [34]. Lipin-1 performs
the critical step of converting PA generated by PLD or formed by AGPAT
via the glycerol phosphate pathway into DAG [36] that serves as
substrate for the synthesis of TG and PL for VLDL maturation and
secretion [37,38]. This model is in contrast to those suggesting that
mobilization and re-esterification of liver TG stores is the major
pathway involved in VLDL maturation [27].
The subcellular localization and compartmentalization of lipin-1 de-
termines its molecular function as either a glycerolipid biosynthetic
enzyme or a transcriptional co-activator (reviewed in Ref. [37]). Insulin
stimulates the phosphorylation of lipin-1 [63], sequestering it within the
cytosol and attenuating its intrinsic PAP-1 activity [64]. Dephosphory-
lation of lipin-1, which has been shown to occur in response to fatty
acids (i.e. oleic acid) or epinephrine, leads to its translocation from the
cytosol to ER membrane [40,41], where it engages in its PAP-1 activity,
generating the lipid substrates (DAGs derived from PAs) required for
VLDL maturation and secretion [38]. The observation that CNS NPY
increases liver oleic acid content strengthens the feasibility of our model
that NPY enhanced oleic acid production may promote lipin-1 trans-
location from the cytosol to the ER membrane to augment VLDL as-
sembly and secretion. Consistent with this observation, we found that
lipin-1 protein expression was robustly elevated in the isolated
cellular fraction that contained the ER membrane in response to NPY
treatment. In turn, we speculate that this translocation facilitates the
conversion of PA into DAG, which serves as a substrate for the synthesis
of TG, via DGAT, that is then assembled onto the nascent VLDL particle
leading to its maturation and secretion. Indeed, overexpression of lipin-1
in cultured rat hepatocytes, in the presence of oleic acid, markedly
increases TG synthesis and secretion, whereas siRNA mediated
knockdown of lipin-1 decreases VLDL assembly and secretion [38]. The
definitive demonstration that NPY-induced hypertriglyceridemia is
dependent on liver lipin-1, however, will require additional studies.
An additional novel finding of our study is that CNS NPY regulation of
hepatic lipin-1 is mediated by sympathetic inputs to the liver. Although
our study does not dissect the intracellular signaling mechanisms, it is
interesting to speculate that liver NE may modulate lipin-1 activity by
promoting lipin-1 dephosphorylation and translocation to the ER [40].
Indeed, NE may activate adrenergic signaling in rat liver via the a1-
adrenergic receptor which is robustly coupled to the activation of the
protein kinase C/cAMP-response-element binding protein (CREB)
pathway [65]. In turn, lipin-1 and (potentially SCD-1) expression are
targets of CREB mediated gene transcription [66,67].

4.1. Conclusions
Collectively, our findings reveal NPY signaling to be important in the
central regulation of hepatic lipoprotein metabolism. Although previous
work documented that the activation of the SNS is required for the
effect of increased hypothalamic NPY tone to modulate hepatic VLDL-
TG secretion [12], the novel liver-specific mechanisms leading to the
rapid maturation and secretion of TG-rich VLDL particles in response to
CNS NPY were not completely identified. Here, we provide the first
direct evidence that in lean fasted rats, CNS NPY signaling modulates
the expression and/or activity of key hepatic regulatory proteins (SCD-
1, ARF-1, and lipin-1) involved in remodeling of PL and VLDL matu-
ration to enhance VLDL-TG secretion. Moreover, we show that these
effects of central NPY are mediated by NPY Y1 receptor signaling and
sympathetic innervation of the liver. Altogether, this work has over-
arching implications in further understanding how obesity-related CNS
MOLECULAR METABOLISM 4 (2015) 210e221 Published by Elsevier GmbH. This is an open access article
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dysfunction contributes to the pathophysiology of atherogenic dysli-
pidemia associated with obesity, diabetes and the metabolic
syndrome.
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