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Proper regulation of energy metabolism requires neurons in the central nervous system to respond
dynamically to signals that reflect the body’s energy reserve, and one such signal is leptin. Agoutirelated protein (AgRP) is a hypothalamic neuropeptide that is markedly upregulated in leptin
deficiency, a condition that is associated with severe obesity, diabetes, and hepatic steatosis. Because deleting AgRP in mice does not alter energy balance, we sought to determine whether AgRP
plays an indispensable role in regulating energy and hepatic lipid metabolism in the sensitized
background of leptin deficiency. We generated male mice that are deficient for both leptin and
AgRP [double-knockout (DKO)]. DKO mice and ob/ob littermates had similar body weights, food
intake, energy expenditure, and plasma insulin levels, although DKO mice surprisingly developed
heightened hyperglycemia with advancing age. Overall hepatic lipid content was reduced in young
prediabetic DKO mice, but not in the older diabetic counterparts. Intriguingly, however, both young
and older DKO mice had an altered zonal distribution of hepatic lipids with reduced periportal lipid
deposition. Moreover, leptin stimulated, whereas AgRP inhibited, hepatic sympathetic activity.
Ablating sympathetic nerves to the liver, which primarily innervate the portal regions, produced
periportal lipid accumulation in wild-type mice. Collectively, our results highlight AgRP as a regulator
of hepatic sympathetic activity and metabolic zonation. (Endocrinology 159: 2408–2420, 2018)

T

he high prevalence of obesity has increased the
burden of a number of associated metabolic conditions, including nonalcoholic fatty liver disease. Given
that nonalcoholic fatty liver disease is a key risk factor for
the development of nonalcoholic steatohepatitis and
consequent cirrhosis, these epidemiologic trends place
urgency on more precisely understanding what regulates
liver fat deposition.
Leptin is released from the white adipose tissues in
amounts that are proportional to the body’s fat mass,
thus conveying the abundance of the body’s energy stores
to the brain. Leptin not only regulates appetite and

energy expenditure, it also regulates glucose and lipid
homeostasis, blood pressure, bone mass, and reproduction via mechanisms independent of food intake and
body weight (1, 2). Leptin is transported across the
blood–brain barrier (BBB) and acts on a number of
distinct neuronal subgroups in hypothalamic and
extrahypothalamic regions that express leptin receptors
(LepRs). Among these, hypothalamic neurons expressing
Agouti-related protein (AgRP) express the long form of
the LepR (LepRb) and are negatively regulated by leptin
(3). AgRP mRNA expression is markedly upregulated in
leptin-deficient (Lepob/ob) mice, and it is suppressed by
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leptin treatment (4). Leptin also lowers the firing rates of
AgRP neurons and attenuates their release of AgRP
neuropeptide (4–6). We recently showed that AgRP
neurons are unique among hypothalamic neurons, in that
most of these neurons are situated outside the BBB (7, 8),
and that these neurons are more sensitive to dynamic
changes in circulating leptin levels (7).
Although these findings strongly suggest that AgRP
neurons are key downstream effectors of leptin, deleting
LepR specifically in AgRP neurons produces only transient
hyperphagia and modest weight gain (9). Moreover, targeted deletion of the Agrp gene in mice does not alter food
intake and body weight (10). Notably, AgRP neurons also
coexpress neuropeptide Y (NPY) and the neurotransmitter
g-aminobutyric acid (GABA), and recent evidence has
attributed most of the orexigenic effects of AgRP neurons
to these factors, rather than to AgRP (11–13). Intriguingly,
although deleting the Npy gene alone in mice also has no
effect on feeding or body weight, NPY deficiency in the
context of Lepob/ob reduces food intake, increases energy
expenditure, and partially normalizes obesity and hyperglycemia otherwise seen in such mice (14). In contrast, loss
of AgRP in female LepR-deficient mice rescues fertility but
not body weight (15, 16). Thus, three factors produced by
AgRP neurons, that is, AgRP, NPY, and GABA, may each
mediate functionally segregated aspects of leptin action,
however the physiological role of AgRP in particular requires further elucidation.
In addition to their roles in regulating energy balance,
leptin and the central melanocortinergic neurons also
regulate peripheral tissue metabolism via the autonomic
nervous system independently of food intake and body
weight (17–21). Specifically, leptin has been shown to act
in the arcuate nucleus of the hypothalamus to regulate the
firing rates of nerves innervating the liver (22). Moreover,
leptin reduces lipodystrophy-associated hepatic steatosis
by stimulating hepatic a1-adrenergic receptors and
AMP-activated protein kinase activity (23). Given that
hepatic steatosis is a hallmark of leptin deficiency and
that AgRP expression is markedly elevated in Lepob/ob
mice, we investigated the potential role of AgRP in
mediating leptin’s effects on hepatic lipid metabolism.
We show that AgRP acts in the brain to inhibit hepatic
sympathetic activity, and that the loss of AgRP in Lepob/ob
mice affects total hepatic lipid content and distribution in
an age-dependent manner.
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generate double mutant mice that lack leptin and AgRP,
Lepob/+ mice were crossed with AKO to create Lepob/+, Agrp+/2
breeders, which were further crossed with Lepob/+, Agrp+/2 or
Lepob/+, Agrp 2/2 to generate double mutants and littermate
controls. Mice were housed in a barrier facility with a
7:00 AM to 7:00 PM light/dark cycle and fed a standard
mouse chow (21.6% kcal from fat; Purina mouse diet no.
5058) unless indicated otherwise. All experiments were
carried out under a protocol approved by the University of
California, San Francisco Institutional Animal Care and Use
Committee.

Measurements of body composition and parameters
of energy balance
Metabolic studies and body composition measurements in
mice were performed at the University of California, San
Francisco Mouse Metabolism Core. Briefly, body composition
(lean and fat mass) was measured by EchoMRI. Indirect calorimetry, locomotor activity, food intake, and energy expenditure
were measured using a 12-chamber comprehensive laboratory
animal monitor system (CLAMS) system (Columbus Instruments). Energy expenditure was calculated using the formula
energy expenditure = (3.815 + 1.232 3 respiratory exchange
ratio) 3 oxygen consumption. Data from the first day in the
CLAMS chambers, when mice acclimatized, were discarded.

Insulin and triglyceride measurements
Blood was collected in heparinized capillary tubes, kept on
ice, centrifuged at 3000 rpm for 15 minutes, and stored
at 280°C. Plasma insulin was measured using an ultrasensitive
mouse insulin ELISA kit (Crystal Chem, Elk Grove Village, IL;
catalog no. 90080) according to the manufacturer’s instructions.
Liver lysates were made by homogenization of 30 to 50 mg of
flash-frozen liver in ice-cold buffer [250 mM sucrose, 50 mM
Tris-HCl (pH 7.4)]. Triglycerides from both plasma and liver
lysates were measured colorimetrically using reagents and
instructions from the total triglyceride determination kit
(Sigma-Aldrich, St. Louis, MO; catalog no. TR0100).

Lipidomics
Liver tissues were weighed and flash frozen. Lipidomic
analyses were performed as previously described in the supplemental methods of Louie et al. (24).

Partial hepatic sympathectomy with
6-hydroxydopamine

Materials and Methods

C57BL/6N mice between 7 and 10 weeks of age were divided
into two weight-matched groups and the 6-hydroxydopamine
(6-OHDA) group was randomly assigned. 6-OHDA (100 mg/kg
in 0.9% NaCl and 1027 M ascorbic acid; Sigma-Aldrich) or
vehicle (0.9% NaCl and 1027 M ascorbic acid) was given by IP
injection every other day for a total of three injections. After 3 days
of recovery all mice were placed on a high-fat diet (60% kcal from
fat, D12492, Research Diets, New Brunswick, NJ) for 3 weeks,
after which mice were fasted for 6 hours before tissue harvesting.

Animals and diets

Immunofluorescence analysis

Lepob/+ mice were originally purchased from the The
Jackson Laboratory. Agrp2/2 mice (AKO) were provided by
Dr. Gregory Barsh at Stanford University (Stanford, CA),
and these mice were on mixed genetic background. To

Immunofluorescence analysis was performed similarly to
what was described previously (8, 25). Briefly, liver sections
were fixed with 4% paraformaldehyde for 10 minutes. After
blocking, the slides were incubated with a polyclonal antibody
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for NPY (1:1000; Peninsula Laboratories, San Carlos, CA;
RRID: AB_2314974) for 36 hours at 4°C, or with a rabbit
monoclonal antibody for fatty acid synthase (FAS; 1:250; Cell
Signaling Technology, Danvers, MA; RRID: AB_2100796) for
36 hours at 4°C. The sections were washed and incubated
with the secondary antibody donkey anti-rabbit Alexa Fluor
594 (1:200; Life Technologies, Grand Island, NY; RRID:
AB_141637) and 40 ,6-diamidino-2-phenylindole (1:2000) for
1 hour at room temperature. Another wash was done and the
slides were then incubated with BODIPY™ 493/503 (1:5000;
Invitrogen, Carlsbad, CA) for 40 minutes.

Analysis of hepatic lipid accumulation
Flash-frozen livers were cryosectioned at 15 mm in thickness. Oil Red O (ORO) staining was carried out according to a
procedure described in Mehlem et al. (26). Bright-field images
were collected at low magnification (35) to include multiple
portal triads and central veins in the same image. To avoid
sampling bias, five to six images were taken to cover different
regions of the same liver. In Lepob/ob mice or mice lacking both
leptin and AgRP (DKO), large ORO-positive lipid droplets
were predominantly and consistently found across the liver
lobule but absent in regions immediately adjacent to the portal
triads, and the extent of this periportal lipid sparing differed
between the two genotypes. To quantify the extent of this lipid
sparing surrounding the portal regions, ORO-stained sections
were analyzed by ImageJ (National Institutes of Health,
Bethesda, MD) according to the protocol described in Mehlem
et al. (26), and investigators were blinded to conceal the
corresponding genotypes. Briefly, RGB images were converted
to grayscale and the same intensity threshold was used to
define ORO positivity for every image. The percentage area
positive for ORO is the percentage of the entire image area that
was stained by ORO.
To quantify hepatic lipid accumulation in wild-type mice after
sympathetic nervous system (SNS) ablation, BODIPYTM 493/
503 staining was coupled to NPY immunofluorescence to simultaneously visualize neutral lipids and SNS fibers, respectively,
in liver lobules. We focused our analysis on the periportal regions
because hepatic NPY-positive SNS fibers are exclusively found
around the portal triads in mice, and because portal triads can be
identified anatomically, allowing us to categorize a given portal
triad as either “intact” or “ablated.” The region of interest was
defined as the area of hepatic parenchyma encircled by a radius of
four hepatocytes away from a given portal vein to ensure that the
region of interest always fell within zone 1 of any liver lobule
(27). BODIPY-positive area within the region of interest was
measured as for ORO. Because unequal numbers of intact and
ablated portal triads were observed in different mice, least square
means were computed and used to compare ablated (NPYnegative) regions with intact (NPY-positive) regions of the
same mice using two-way ANOVA.

Intracerebroventricular injection
Stereotaxic surgery was performed to place 2.5-mm-long
cannulas into the later ventricle at +1 mm lateral, 20.3 mm
anterior–posterior, 22.7 mm ventral–dorsal. Placement of
cannulas was tested by injection of 0.2 mg of angiotensin II to
induce water drinking. All mice were allowed to recover for a
minimum of 2 weeks before experiments began. To administer AgRP, mouse AgRP82–131 (Phoenix Pharmaceuticals, Inc., Burlingame, CA) or artificial cerebrospinal fluid
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(aCSF) at a volume of 2 mL was infused into the lateral
ventricle of the brain through a guide cannula. The amount
of AgRP injected is described in the figure legend of each
experiment.

Norepinephrine turnover assay
Nine-week-old male C57BL/6J mice were purchased from
the The Jackson Laboratory (JAX). These mice were divided
into three groups of equal body weights, designated as
baseline, PBS (vehicle), or leptin. On the morning of day 1,
mice in all three groups were fasted for a total of 24 hours to
lower endogenous leptin levels. The next morning (day 2),
mice in the baseline group were euthanized and their livers
were flash frozen. Mice in the vehicle and leptin groups were
given an IP injection of a-methyl-p-tyrosine (a-MPT; 250 mg/kg)
to block biosynthesis of norepinephrine. One hour later, mice in
the vehicle group were given an IP injection of PBS, and mice in
the leptin group were given an IP injection of leptin (5 mg/kg;
National Hormone and Peptide Program). Two to 2.5 hours
later (about 3 to 3.5 hours from the first a-MPT injection), a
second dose of a-MPT (125 mg/kg) was given IP One hour
later, mice in the vehicle group were given an IP injection of
PBS, and mice in the leptin group were given an IP injection of
leptin (5 mg/kg). Four hours later (about 8 hours from the
first a-MPT injection), mice in the vehicle and leptin groups
were euthanized and their livers were flash frozen. In a
separate experiment, 6-week-old male Lepob/ob mice were
purchased from The Jackson Laboratory (designated baseline, vehicle, and leptin group). Mice were subjected to the
same experimental protocol as described above except that
the initial 24-hour fasting was omitted. Instead, Lepob/ob
mice in the baseline group were fasted for 6 hours before
tissue harvesting, and mice in the vehicle and leptin (3 mg/kg)
groups were deprived of food at the start of the a-MPT
treatment until tissue harvesting. For examination of
the effects of AgRP administration, previously ad libitum
fed mice were deprived of food and received an intracerebroventricular (i.c.v.) injection of aCSF (2 mL) or mouse
AgRP82–131 (5 mg; Phoenix) 1 hour after the first IP a-MPT
injection. Three hours after this i.c.v. injection, a second dose
of a-MPT (125 mg/kg) was given IP Mice were euthanized
6 hours after i.c.v. injection. Hepatic norepinephrine content
was measured using a norepinephrine ELISA kit (ALPCO;
catalog no. 17-NORHU-E01-RES) according to the manufacturer’s protocol. Briefly, frozen liver tissues were cut,
weighed, and immediately homogenized. All samples were
run in duplicates on the same ELISA plate and read at 450 nm
using a microplate reader.

Statistical analysis
Data are expressed as means 6 SEM. Specific statistical
methods for specific experiments are described in figure
legends. A Student t test was used to test the difference
between two independent groups of mice. When four different genotypes were compared, one-way ANOVA with
multiple comparisons was used. In cases where the same
animals were analyzed over time, repeated-measures twoway ANOVA was used. Statistical analyses were assessed
using Prism software (GraphPad Software, La Jolla, CA) and
JMP (SAS Institute). All analyses were two-tailed. The
specific statistical method for each experiment is described in
the figure legends.

doi: 10.1210/en.2018-00040

Results
Leptin stimulates hepatic sympathetic activity,
whereas AgRP inhibits it
We first investigated the effects of leptin and AgRP on
hepatic SNS activity. Hepatic SNS activity was evaluated
by measuring tissue norepinephrine content over time
after blocking norepinephrine synthesis with a tyrosine
hydroxylase inhibitor (a-MPT) (28, 29). In this assay, a
greater a-MPT–induced decline in hepatic norepinephrine levels is indicative of greater norepinephrine turnover and hence higher SNS activity.
To analyze leptin’s effects on hepatic SNS activity,
9-week-old male wild-type C57BL/6J mice were divided
into three weight-matched groups, which we termed
baseline, PBS (vehicle), or leptin, respectively. Mice in all
three groups were fasted for 24 hours to markedly lower
endogenous leptin levels. At the end of the fast, livers
were harvested from the baseline group and flash frozen.
Mice in the vehicle and leptin groups were instead given
IP injections of a-MPT (250 mg/kg) to block norepinephrine biosynthesis, followed by IP injections of PBS
(vehicle group) or leptin (5 mg/kg, leptin group). The fast
was continued following these treatments to avoid any
potential confounding effects of feeding in the context of
leptin treatment. The livers of these mice from both the
vehicle and leptin groups were harvested 8 hours after
a-MPT treatment. Consistent with the hypothesis, leptin
administration led to a greater decline of hepatic norepinephrine content following blockade of norepinephrine biosynthesis, indicative of increased hepatic SNS
activity (Fig. 1A, C57BL/6 mice).
Additionally, a parallel experiment was carried out in
6-week-old male Lepob/ob mice. Mice were subjected to
the same protocol as were wild-type mice, except that the
Lepob/ob mice in the baseline group were fasted for
6 hours before tissue harvesting, and the mice in the vehicle and leptin (3 mg/kg) groups were deprived of food at
the start of the a-MPT treatment until tissue harvesting.
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Notably, leptin treatment exerted a similar effect in
Lepob/ob mice as in wild-type mice (Fig. 1A, ob/ob mice),
supporting the notion that leptin stimulates hepatic SNS
activity.
We next tested the effect of i.c.v. administration of
AgRP on hepatic SNS activity. We first validated the
biological effects of AgRP by measuring food intake and
body weight after a single i.c.v. injection of an active
AgRP peptide (82–131 amide) into the lateral ventricle
through a guide cannula. The effectiveness of this AgRP
peptide was confirmed by its potent capacity to increase
both food intake and body weight (Supplemental Fig. 1).
To evaluate the effects of AgRP on hepatic SNS activity,
AKO were divided into weight-matched groups, injected
IP with a-MPT, deprived of food, and subsequently injected i.c.v. with either AgRP (82–131 amide) or aCSF
1 hour after a-MPT injection. The livers of these mice
were harvested 7 hours after a-MPT administration.
When compared with aCSF, central AgRP administration resulted in a slower decline of hepatic norepinephrine levels following a-MPT treatment, suggesting that
AgRP acts in the brain to inhibit hepatic SNS activity
(Fig. 1B). In contrast, we did not observe differences in
hepatic norepinephrine contents upon i.c.v. injection of
AgRP or aCSF into 9-week-old wild-type C57BL/6J mice
(aCSF, 22.4 6 4.2 ng/g tissue; AgRP, 20.6 6 5.0 ng/g
tissue; n = 7 per group). One potential explanation may
be that endogenous AgRP in wild-type mice increases
during the 7 to 8 hours of fasting time, which may reduce
sensitivity to exogenous AgRP.
Loss of AgRP does not affect food intake, energy
expenditure, or body weight in leptin-deficient mice
To examine the role of AgRP in mediating leptin
actions more broadly, we generated mice that were
doubly deficient for leptin and AgRP (DKO: Lepob/ob,
Agrp2/2) and compared these mice with littermate
controls that only lacked leptin (ObOb: Lepob/ob, Agrp+/+
or Lepob/ob, Agrp+/2). Both DKO and ObOb mice

Figure 1. Leptin stimulates and AgRP inhibits hepatic sympathetic activity. (A) Nine-wk-old male C57BL6/J mice were treated with leptin or PBS
(vehicle) and subjected to norepinephrine turnover assay (n = 10 to 12 per group as indicated on the graphs). In a separate experiment, 6-wkold male Lepob/ob mice were injected with PBS or leptin and subjected to norepinephrine assay (n = 5 to 6 per group as indicated on the graphs).
(B) AKO were infused i.c.v. with 5 mg of AgRP peptide (82–131 amide) or aCSF (vehicle) and subjected to norepinephrine turnover assay (n = 10
per group for aCSF and AgRP, n = 3 for baseline). P values and the groups being compared are indicated on the graphs. A Student t test was
used to compare two independent groups.
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developed severe obesity and to the same extent, as
revealed by similar fat mass and lean mass assessed at
several different ages (Fig. 2A). These data were corroborated by the finding that both DKO and ObOb
controls had similar food intake and total energy expenditure when assessed in a CLAMS (Fig. 2B–2D).
Thus, AgRP deficiency does not reverse the impact of
leptin deficiency on global energy balance.
Loss of AgRP does not improve glycemic control in
leptin-deficient mice
At 4 weeks of age, both male ObOb and DKO mice
remained euglycemic despite having similar degrees of
hyperinsulinemia, when compared with lean wild-type
mice or AKO (Fig. 2E and 2F). Soon afterward, a subset
of ObOb and DKO mice developed hyperglycemia.
Surprisingly, adult DKO mice, when examined at 14 to
17 weeks of age, had higher blood glucose levels than did
age-matched ObOb mice, and this phenotype was
more pronounced under fed conditions than after a
6-hour fast (Fig. 2G and 2H). Plasma insulin levels
after a 6-hour fast were not significantly different
(Fig. 2I). Thus, in contrast to the commonly held idea,
the absence of AgRP does not improve glucose homeostasis in leptin-deficient male mice.
AgRP deficiency reduces hepatic lipid content in
young prediabetic leptin-deficient mice
Sympathetic input to the liver is a regulator of hepatic
lipid metabolism. Given that we found that leptin increases hepatic SNS and that AgRP reduces it, and because leptin deficiency is associated with severe hepatic
steatosis, we next evaluated whether AgRP deficiency
would reduce hepatic steatosis. To circumvent the confounding effects of hyperglycemia on lipid accumulation,
as might be present in older mice, we examined hepatic
lipid composition in 4-week-old prediabetic ObOb and
DKO mice, along with their leptin-expressing nonobese
controls [Agrp +/+ and Agrp +/2 mice (designated as
CTRL), and Agrp2/2 mice (designated as AKO)]. Hepatic lipids were analyzed using a lipidomics platform.
The complete lipidomics data sets are provided in Supplemental Table 1.
Of the 111 different lipid species examined, levels of 4
lipid species, that is, C16:0/C18:1 diacylglycerol (DAG),
C18:0/C18:1 DAG, C16:0/C18:1/C16:0 triacylglycerol
(TAG), and C16:0 ceramide (red data points in Fig. 3A),
were significantly different in the livers of ObOb vs
CTRL, and also DKO vs ObOb mice. Specifically, the
hepatic levels of each of these four lipid species were
similar in CTRL and AKO mice, elevated in ObOb mice,
and partially normalized in DKO mice (Fig. 3B–3E).
Taken together, these data suggest that the increased
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abundance of these particular lipid species in leptin deficiency is at least partially mediated by AgRP.
Five other less abundant TAG species (C16:0/C16:
0/C16:0 TAG, C16:0/C20:4/C16:0 TAG, C18:0/C18:
1/C18:0 TAG, C18:0/C18:0/C18:0 TAG, and C18:
0/C20:4/C18:0 TAG) were not different between ObOb
and DKO mice. However, the combined hepatic TAG
mass (all six species measured by lipidomics) was reduced
in DKO mice compared with ObOb mice (Fig. 3F), and
this effect was independent of plasma insulin levels
(Fig. 3G). In total, these data indicate that AgRP mediates
the increased hepatic lipid content seen in young prediabetic leptin-deficient mice, primarily by increasing
levels of specific neutral lipid species (TAG), and that
AgRP also regulates the hepatic levels of less abundant
lipid species with signaling capabilities (e.g., specific DAGs
and ceramides).
AgRP deficiency in older leptin-deficient mice does
not alter overall abundance but shifts the zonal
distribution of hepatic neutral lipids
We next examined the role of AgRP on hepatic lipid
content in older (14- to 17-week-old) ObOb and DKO
mice, an age at which DKO mice had higher blood
glucose levels than did ObOb mice (Fig. 2G). In conjunction with this relative rise in blood glucose, total
hepatic TAG levels in these older DKO mice rose to a
point that was now comparable to that seen in ObOb
mice (Fig. 4A). Total cholesterol and free cholesterol
contents were also similar between ObOb and DKO mice
at this age (Fig. 4B and 4C).
In contrast, staining liver sections from these mice with
ORO, which visualizes neutral lipids, including DAG,
TAG, and cholesteryl esters, revealed differences between
the two genotypes. Whereas large lipid droplets were
found in hepatocytes surrounding the central veins in
both ObOb and DKO mice, DKO mice showed a marked
reduction in lipid abundance in the periportal region,
representing zone 1 of liver lobules (Fig. 4D and 4E). Of
note, 4-week-old DKO mice also had less lipid deposition in the periportal hepatocytes compared with agematched ObOb mice (Supplemental Fig. 2). Given the
absence of obesity, few ORO signals were present in the
livers of CTRL and AKO mice, and as such we could not
discern any differences in zonation patterns between the
two groups (Supplemental Fig. 3). Taken together, these
results indicate that the absence of AgRP leads to reduced
lipid deposition specifically in the periportal regions
under the condition of leptin deficiency.
Hepatic steatosis in Lepob/ob mice is associated with
increased expression of genes involved in de novo lipogenesis, such as FAS (30). To explore a potential
mechanism by which AgRP might mediate hepatic
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Figure 2. Loss of AgRP function in leptin-deficient mice does not affect food intake, energy expenditure, and body weight, and it does not
improve glycemic control. (A) Mice that were doubly deficient for leptin and AgRP (DKO: Lepob/ob, Agrp2/2) had similar lean and fat mass
compared with mice deficient in leptin (ObOb: Lepob/ob, Agrp+/+ or Lepob/ob, Agrp+/2) at several ages as indicated (n = 7 to 10 per group). (B–D)
Ad libitum–fed 8- to 10-wk-old DKO and ObOb mice were measured by CLAMS. Food intake was not different between the two genotypes.
Energy expenditure, per animal or normalized with lean mass, was also similar. A Student t test was used to compare two independent groups.
(E and F) Six-hour fasting blood glucose and plasma insulin levels for male CTRL (Agrp+/+ and Agrp+/2), AKO (Agrp2/2), ObOb (Lepob/ob, Agrp+/+;
or Lepob/ob, Agrp+/2), and DKO (Lepob/ob, Agrp2/2) mice at 4 wks of age. Each dot represents one mouse. (G–I) Fed and 6-hr fasting insulin and
blood glucose for male CTRL, AKO, ObOb, and DKO mice at 14 to 17 wk of age. Data are shown as mean 6 SD. *P , 0.05; **P , 0.01. For
(E), (F), and (G), a one-way ANOVA with multiple comparisons was used to compare the four genotypes under either fed or fasted condition. For
(H) and (I), a Student t test was used to compare two independent groups under a specific condition (fed or fasted). For (H), a Student paired t
test was used to compare fed and fasting glucose of the same mice in each genotype. ns, not significant.
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Figure 3. Lack of AgRP function leads to reduced hepatic lipids in young prediabetic leptin-deficient mice. (A) Lipidomics analysis of liver tissues
from 4-wk-old male CTRL (Agrp+/+ and Agrp+/2), AKO (Agrp2/2), ObOb (Lepob/ob, Agrp+/+ or Lepob/ob, Agrp+/2), and DKO (Lepob/ob, Agrp2/2)
mice. Liver tissues were harvested after a 6-hr fast. (B–F) Neutral lipids and ceramide that are reduced in DKO compared with ObOb mice. (G)
Hepatic triglyceride levels in 4-wk-old ObOb and DKO mice do not appear to have a linear relationship with plasma insulin (6 hr fasting). Data
are shown as mean 6 SD. In (B)–(F), *P , 0.05; **P , 0.01 (by one-way ANOVA with multiple comparisons). ns, not significant.

steatosis in these mice, we carried out immunohistochemistry to analyze FAS expression in liver sections
from ObOb and DKO mice. We first carried out a pilot
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experiment in wild-type mice acutely fed a high-fat diet,
which is known to inhibit de novo lipogenesis, as well as
in mice fasted and then refed with a high-carbohydrate,
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Figure 4. Absence of AgRP function in adult leptin-deficient mice does not affect the abundance of hepatic neutral lipids but alters their zonal
distribution in the liver lobules. (A–C) Liver triglyceride, total cholesterol, and free cholesterol levels of male ObOb (Lepob/ob, Agrp+/+ or Lepob/ob,
Agrp+/2) and DKO (Lepob/ob, Agrp2/2) mice at 14 to 17 wk of age. (D) Representative ORO staining of frozen liver sections (10 mm thick) from
ObOb and DKO mice at 14 to 17 wk of age showing lipid sparing around the periportal regions. One most diabetic DKO mouse had little ORO
signal in the liver and was excluded from the analysis. Scale bar, 200 mm. (E) Quantification of percentage surface areas that contained OROpositive lipid droplets in liver sections (10 mm) from ObOb and DKO mice at 14 to 17 wk of age showing lipid sparing around the periportal
regions. Data are shown as mean 6 SD. **P , 0.01 comparing ObOb and DKO mice by a Student t test. PV, portal vein.

low-fat diet, a condition known to markedly stimulate
lipogenesis (31). As expected, hepatic FAS expression
was suppressed in mice acutely fed a high-fat diet, and
markedly induced by refeeding fasted mice with the highcarbohydrate, low-fat diet (Fig. 5A), indicating that we
Downloaded from https://academic.oup.com/endo/article-abstract/159/6/2408/4993922
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could use immunofluorescence to measure dynamic
changes in hepatic FAS expression. With this in mind, we
noted, interestingly, that DKO mice had far less hepatic
FAS expression, specifically in periportal hepatocytes,
than did ObOb mice. These data suggest that the shifts
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Figure 5. Expression of FAS is reduced in periportal hepatocytes in adult leptin-deficient mice lacking AgRP function. (A) Examination of FAS
expression in wild-type mice that were ad libitum fed with a high-fat diet, or fasted and refed with a high-carbohydrate diet for 24 hr.
(B) FAS expression in livers of male ObOb (Lepob/ob, Agrp+/+ or Lepob/ob, Agrp+/2) and DKO (Lepob/ob, Agrp2/2) mice at 14 to 17 wk of age.
FAS expression is specifically reduced in periportal hepatocytes in DKO mice compared with ObOb mice. Scale bar, 200 mm. CV, central vein;
DAPI, 40 ,6-diamidino-2-phenylindole; PV, portal vein; WT, wild-type.

we saw in zonal lipid distribution induced by AgRP
deficiency may be a function of a region-specific reduction in FAS expression and associated de novo lipogenesis (Fig. 5B).
Ablating hepatic sympathetic input alters the zonal
distribution of neutral lipids
The liver is heavily innervated by the SNS, and SNS
fibers mainly surround the portal triads in rodents (32, 33).
In light of our findings indicating that AgRP deficiency
influences hepatic lipid zonal distribution, and that AgRP
suppressed hepatic SNS activity, we sought to determine the
impact of hepatic innervation by the SNS on the zonation of
hepatic lipids. Specific and effective denervation of hepatic
sympathetic nerves is technically challenging in small animals such as mice. Thus, chemical sympathectomy using 6OHDA is widely used owing to its established efficacy and
technical feasibility (34). However, a major caveat regarding the use of systemic 6-OHDA administration to
produce a pervasive hepatic sympathectomy is the potential
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confounding effect due to ablation of SNS fibers innervating extrahepatic tissues, which may indirectly affect
hepatic lipid metabolism via altered hormonal milieu.
To avoid this effect, we produced a partial hepatic
sympathectomy in wild-type mice by injecting a moderate amount of 6-OHDA. These mice were subsequently
fed a high-fat diet for 3 weeks, after which their livers
were harvested and cryosectioned. There were no significant differences in body weight, fat pad weights,
blood glucose, or insulin levels between the two groups
(Supplemental Fig. 4). Neutral lipids and sympathetic
nerve fibers in the livers were simultaneously visualized
by BODIPY staining and NPY immunoreactivity, respectively. In vehicle-treated mice, virtually all of the
portal triads displayed strong immunoreactivity to NPY.
However, in 6-OHDA–treated mice, some of the portal triads displayed a strong NPY signal, whereas others
were devoid of any NPY signal (Fig. 6A). To this
end, we quantified BODIPY signals from periportal regions with a strong presence of NPY-positive fibers and
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compared these with BODIPY signals from other periportal regions within the same liver where there was
no NPY immunoreactivity, indicative of sympathetic
ablation. The partial sympathectomy and intrahepatic
comparison were performed to minimize potential
influence of circulating factors that may result from
sympathetic ablation in extrahepatic tissues. This comparison revealed that ablating hepatic SNS fibers
innervating a given portal triad increases the corresponding local periportal BODIPY signal (Fig. 6B and
6C), suggesting that hepatic SNS activity preferentially
limits hepatic lipid deposition in periportal hepatocytes.
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Discussion
Proper regulation of whole-body energy metabolism
requires precise coordination between the brain and
peripheral tissues. In this regard, leptin acts as an adiposity signal to convey the body’s energy status to central
nervous system neurons, which in turn regulate appetite,
energy expenditure, and storage and utilization of metabolic fuels such as glucose and lipids. In times of energy
excess, the liver stores glucose in the form of glycogen and assembles and exports lipids within lipoproteins. During food deprivation, the liver is essential in

Figure 6. Ablation of sympathetic nerves in liver lobules alters zonal distribution of neutral lipids. (A) Wild-type C57BL/6 mice were injected with
6-OHDA (100 mg/kg, 3 injections in 1 wk) or vehicle (0.1% w/v, ascorbic acid) and subsequently placed on a high-fat diet (60 kcal%, D12492,
Research Diets) for 3 wk. Livers were harvested after a 6-hr fast, flash frozen, and cryosectioned (10 mm). Immunofluorescence analysis was
carried out using a NPY polyclonal antibody to reveal sympathetic fibers innervating the portal triads of liver lobules. The number of portal triads
with strong, weak, and negative NPY signals was quantified in vehicle and 6-OHDA–treated mice. (B) Representative images showing lipid
accumulation (green, BODIPY signals) around a portal triad with strong NPY-positive SNS fibers (red signals) (left panel) and a portal triad from
the same liver without NPY-positive SNS fibers. Scale bar, 100 mm. CV, central vein; PV, portal vein. (C) Comparison of BODIPY signals in portal
regions with strong NPY signals with those without NPY signals from the same liver. *P , 0.05 by two-way ANOVA. DAPI, 40 ,6-diamidino-2phenylindole.
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producing both glucose and ketones to meet the energy
demands of the brain and other tissues. Thus, an
adipose–brain–liver regulatory circuit is needed to coordinate whole-body energy metabolism in response to
dynamic changes in nutritional status. Among hypothalamic neurons, AgRP neurons are uniquely positioned
outside the BBB, and they are able to sense and respond to
dynamic changes in circulating leptin levels compared
with other hypothalamic neurons that reside inside the
BBB (7). Expression of AgRP, the defining component
of AgRP neurons, is markedly upregulated in leptindeficient Lepob/ob mice (4). In this study, we provide
evidence that AgRP is not a necessary downstream effector of leptin with respect to food intake and energy
expenditure, but that it rather mediates hepatic steatosis
in the context of leptin deficiency. Thus, our study
highlights an adipose–brain–liver regulatory circuit, involving leptin, hypothalamic AgRP, and the SNS, in
regulation of hepatic lipid metabolism.
AgRP and NPY, common components of AgRP
neurons, have long been considered key downstream
targets of leptin. Interestingly, although mice lacking
NPY exhibit normal feeding and body weight, NPY
deficiency in Lepob/ob mice leads to reduced food intake,
increased energy expenditure, and lower body weight
(14). In direct contrast, we show that the loss of AgRP
in Lepob/ob mice has no effect on food intake, energy
expenditure, or body weight. Similarly, most of the
orexigenic effects from activating AgRP neurons are
attributed to NPY and GABA, but not to AgRP (11–13).
Taken together, these findings indicate that whereas NPY
is a key leptin-dependent regulator of energy balance,
AgRP mediates a distinct aspect of leptin’s actions.
In addition to regulating energy balance, leptin and the
central melanocortinergic neurons are known to affect
glucose metabolism independent of food intake and body
weight (35–37). For example, acute activation of AgRP
neurons impairs systemic insulin sensitivity by regulating
glucose uptake in brown adipose tissue, but this effect is
independent of melanocortin signaling (38). AgRP itself
has been implicated in mediating leptin’s antidiabetic
effects in LepR-deficient mice, although these effects vary
by sex (15, 16, 39). In the present study, we show that the
lack of AgRP in adult Lepob/ob mice does not improve but
instead worsens glycemic control. Although sex, genetic
backgrounds, and dietary conditions could influence the
effects of AgRP on glucose homeostasis, it is noted that
arcuate-specific proopiomelanocortin deficiency (with
normal pituitary proopiomelanocortin expression) improves glucose tolerance despite obesity and insulin resistance, and this is due to reduced renal SNS activity
leading to elevated glycosuria (40, 41). Moreover, wildtype mice centrally infused with AgRP also display
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improved glucose tolerance and elevated glycosuria
after a glucose load (40). Given this, our findings raise the
intriguing possibility that the relative hyperglycemia seen
in the present study in DKO mice could be due to increased renal SNS activity and reduced glycosuria when
compared with ObOb mice. Alternatively, a potential
increase in hepatic sympathetic activity may also contribute to the increase in glucose production. These
findings also highlight that AgRP may, by regulating SNS
activity across multiple peripheral tissues, coordinate
whole-body energy and glucose homeostasis in a complex manner. This notion is further supported by the
recent findings that leptin regulates sympathetic activities
in multiple tissues and organs, in part, by direct actions
on AgRP neurons (42).
A key finding of this study is the revelation that AgRP
acts via the hepatic SNS to promote hepatic lipid accumulation, but that the impact of this on overall hepatic
neutral lipid content diminishes with advancing age. The
liver receives dense autonomic innervation (32). In
humans and primates, SNS fibers invade deeply into the
liver parenchyma (43, 44). In rodents, SNS fibers mainly
surround the portal triads, and signals from these fibers
are propagated across the hepatic lobule via gap junctions (33). Emerging evidence implicates a role for hypothalamic regulation of the SNS in controlling hepatic
lipid metabolism. For example, leptin, acting in the brain,
stimulates hepatic a1-adrenergic receptors, leading to
the activation of AMP-activated protein kinase and the
consequent suppression of triglyceride synthesis (23). It
was further shown that perinatal exposure to a high-fat
diet leads to reduced hepatic SNS innervation in monkeys
(44), suggesting that metabolic dysregulation is associated with impaired SNS input to the liver. We show in the
present study that leptin stimulates hepatic sympathetic
inputs, whereas AgRP suppresses such inputs. These
findings corroborate recent work showing that leptin
stimulation of hepatic sympathetic activity is reduced in
mice lacking LepR specifically in AgRP neurons (42).
Collectively, our studies highlight AgRP as a downstream
effector of leptin in regulating the sympathetic control
over hepatic lipid metabolism.
Finally, our study reveals that hepatic sympathetic
inputs regulate the zonal distribution of lipids within liver
lobules. Because SNS fibers preferentially innervate the
portal regions of these lobules, the specific reduction of
periportal lipid deposition and FAS expression we saw
in DKO mice compared with ObOb controls strongly
supports the concept that stimulating sympathetic inputs
to the liver specifically limits periportal lipid synthesis
and accumulation. We point out again that overall hepatic TAG levels were no longer different between DKO
and ObOb mice by the time these mice reached 14 to

doi: 10.1210/en.2018-00040

17 weeks of age. The reasons behind the diminishing
effect of AgRP on hepatic lipid content in the context of
advancing age are not currently known. One possibility is
that the relative hyperglycemia also seen in these older
DKO mice may activate lipogenic programs via ChREBP
or through increased pulsatile release of insulin postprandially, which may exert lipogenic effects in the liver
through activation of SREBP1.
Hepatocytes have specialized functions according to
their position along the portocentral axis of the livercell plate, giving rise to the term “metabolic zonation.” Metabolic zonation allows opposing or competing
metabolic pathways to be carried out simultaneously in
hepatocytes within different zones, and these pathways
include those governing ammonia detoxification and
those involved in glucose, lipid, and xenobiotic metabolism (45). For example, gluconeogenesis mainly occurs in
periportal hepatocytes whereas glycolysis takes place in
pericentral hepatocytes; similarly, fatty acid oxidation and
ketogenesis occur at higher rates in periportal hepatocytes
(46, 47). Metabolic zonation can be dynamically influenced by changes of nutritional status and diets. A number
of factors are known to influence the zonal specialization of metabolic functions, including portal–central gradients of oxygen, nutrients, hormones, and other molecular
determinants such as Wnt/b-catenin signaling (27, 48–51).
In this study, we provide evidence highlighting a previously unrecognized role for AgRP-dependent regulation of
hepatic sympathetic activity in contributing to metabolic
zonation.
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