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Hepatic steatosis is common in obesity and insulin
resistance and results from a net retention of lipids in
the liver. A key mechanism to prevent steatosis is to
increase secretion of triglycerides (TG) packaged as
VLDLs. Insulin controls nutrient partitioning via signaling
through its cognate receptor in peripheral target or-
gans such as liver, muscle, and adipose tissue and via
signaling in the central nervous system (CNS) to or-
chestrate organ cross talk. While hepatic insulin signal-
ing is known to suppress VLDL production from the
liver, it is unknown whether brain insulin signaling
independently regulates hepatic VLDL secretion. Here,
we show that in conscious, unrestrained male Sprague
Dawley rats the infusion of insulin into the third ventricle
acutely increased hepatic TG secretion. Chronic infu-
sion of insulin into the CNS via osmotic minipumps
reduced the hepatic lipid content as assessed by non-
invasive 1H-MRS and lipid profiling independent of
changes in hepatic de novo lipogenesis and food intake.
In mice that lack the insulin receptor in the brain, hepatic
TG secretion was reduced compared with wild-type lit-
termate controls. These studies identify brain insulin as
an important permissive factor in hepatic VLDL secretion
that protects against hepatic steatosis.

Nonalcoholic fatty liver disease (NAFLD) is a major health
burden in both developed and developing countries due to its
potential progression to cirrhosis and end-stage liver failure.

NAFLD is common in obesity and represents the hepatic
manifestation of the metabolic syndrome (1). Increased he-
patic triglyceride (TG) synthesis can be the result of 1) in-
creased de novo lipogenesis in the liver (2), 2) increased
delivery of fatty acid (FA) to the liver due to excessive dietary
lipid intake and/or unrestrained lipolysis in white adipose
tissue (WAT) (3), and 3) decreased hepatic lipid oxidation
(4). In the insulin resistant state, hepatic de novo lipogenesis
and lipolysis in WAT are increased, while hepatic lipid oxida-
tion declines, which is reflected in decreased hepatic ATP levels
and turnover (5–7). While mitochondrial dysfunction in the
liver can result in steatohepatitis (8), humans with simple
NAFLD initially exhibit increased oxidative activity in hepatic
mitochondria, which likely represents a compensatory adapta-
tion to the increased lipid flux to the liver (9,10). However,
when NAFLD progresses to steatohepatitis, mitochondrial
function declines owing to excessive oxidative stress (10).

An important contributor to hepatic fat accumulation
is the insufficient hepatic export of lipids in the form of
VLDL particles. This is demonstrated in genetic diseases
of impaired VLDL particle secretion such as abetalipopro-
teinemia or hypobetalipoproteinemia (11) and in mice
that lack hepatic microsomal TG transfer protein (MTP),
the rate-limiting enzyme in VLDL assembly (12). Obese
subjects with moderate NAFLD partially compensate for
the excess supply of lipids to the liver by increased TG
export (13), but with disease progression, hepatic VLDL
secretion reaches a plateau and this failure of the liver to
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further increase TG export results in greater net retention
of lipids (14).

The principal mechanism through which the liver
mobilizes and disposes of lipids is assembly of TGs with
apolipoprotein (apo)B to VLDL particles that are secreted
into circulation. In insulin-sensitive individuals, insulin
acutely reduces VLDL appearance in the blood stream
(15), which facilitates chylomicron clearance, but also
causes transient postprandial steatosis that likely resolves
during fasting (16). In agreement with this notion, hyper-
insulinemia leads to transient mild hepatic steatosis, suggest-
ing that the acute decrease in VLDL secretion translates into
measureable lipid accumulation (17,18). Thus, it is conceiv-
able that in insulin-resistant individuals, relative hyperinsu-
linemia in the fasting state contributes to steatosis.

A prevailing paradigm is that hyperinsulinemia de-
creases hepatic VLDL secretion by inhibiting apoB synthesis
(19), promoting apoB degradation (20), and reducing fork-
head box O1–mediated MTP expression (21) through induc-
tion of insulin signaling within the hepatocyte. Failure of
insulin to inactivate forkhead box O1 (22) or insulin resis-
tance impairs the suppression of glucose-induced VLDL se-
cretion by insulin (23), which could also be interpreted as a
compensatory mechanism to promote TG export in order to
prevent steatosis. However, the moderate increase in hepatic
VLDL secretion is insufficient to prevent hepatic steatosis
induced by weight gain in obese individuals (13). This in-
sufficient VLDL secretion could be explained by an increase
of the direct effects of insulin on the liver in the setting of
obesity and hyperinsulinemia, while counteracting factors
that promote hepatic VLDL secretion seem to decline,
resulting in hepatic lipid accumulation and ultimately in
steatosis. Such counterbalancing signals that augment he-
patic VLDL secretion can be conveyed via the brain and
the autonomic nervous system (24–26). Interestingly, glu-
cose sensing in the central nervous system (CNS) can atten-
uate VLDL secretion, leading to a consecutive increase in
hepatic TGs (27). Here, we hypothesize that brain insulin
signaling augments hepatic TG mobilization, thereby
counterbalancing the effects of brain glucose and, vice
versa, that brain insulin resistance results in impaired he-
patic TG secretion leading to hepatic steatosis.

RESEARCH DESIGN AND METHODS

Animals
All infusion experiments were performed either in
10-week-old male Sprague Dawley (SD) rats fed with stan-
dard diet (Rodent Diet 5001, LabDiet, or ssniff R/M-H
Alleinfutter, ssniff Spezialdiaeten GmbH, Soest, Germany)
or high-fat diet (cat. no. D12492; Research Diets,
Brogaarden, Denmark) (60% of calories from fat) or in
mice. Rats were fitted with stereotaxic cannulae targeting
the third ventricle (intracerebroventricular) or the mediobasal
hypothalamus (MBH) and jugular venous and carotid
artery (clamped rats only) catheters as described else-
where (28). All animal protocols were approved by the
International Animal Care and Use Committee of Mount

Sinai School of Medicine, New York, NY, and the Austrian
Federal Ministry of Science, Research and Economy
(BMWFW-66.009/0246-WF/V/3b/2015). Experiments pre-
sented in Figs. 1–3 were performed in the U.S., whereas
the experiments shown in Fig. 4 were performed in Europe.

Nirko mice were generated as previously described (28)
and subjected to tyloxapol infusion studies at the age of
30 weeks after implanting of jugular venous catheters.
IRDPER and IRDWB mice, two mouse models of inducible
insulin receptor deletion, were generated pharmacologi-
cally, induced using tamoxifen and doxycycline, respec-
tively, and genotyped as previously described (29) and
implanted with jugular venous catheters.

Signaling studies were performed with a 10-mL bolus
of either vehicle (artificial cerebrospinal fluid [CSF]) or
insulin (30 mU). Fifteen minutes after the intracerebroven-
tricular (3rd ventricle) bolus, the arcuate nucleus (ARC) was
dissected using N.I.H. style neuro punches (Fine Science
Tools) and snap frozen in liquid nitrogen. Correct cannula
placement was verified by food dye infusion.

Rat tyloxapol experiments were conducted as outlined in
Fig. 1A and previously described (27). The tyloxapol (Triton
WR-1339; Sigma-Aldrich) injection solution was prepared at
a concentration of 80 mg/mL by dissolution in PBS, shaking
overnight, and titration to a pH of 7.4 with HCl. Rats fit
with indwelling cannulae targeting the brain region of in-
terest and a jugular venous catheter for blood sampling were
placed into individual cages. Animals were fasted for 5–6 h
to exclude that chylomicron secretion from the gastrointes-
tinal tract contributes to TG appearance in plasma and
causes overestimation of hepatic VLDL flux. After fasting
animals were connected to the catheters and a continuous
infusion (time point 260 min; 0.083 mL/min i.c.v.; MBH
0.003 mL/min/side) was started and maintained for the
entire study (Fig. 1A). Rats received insulin (5 mU/h i.c.v.;
MBH 0.18 mU/h/side), vehicle (artificial CSF, Harvard Ap-
paratus: 5 mL/h i.c.v.; MBH 0.18 mL/h), glucose (2 mmol/L;
0.18 mL/h/side), or insulin-like growth factor I (IGF-I)
(0.77 mg over 4 h). We allowed animals to recover from
the potential stress experienced during the connecting of
catheter and stereotactic cannula for 1 h before we in-
jected a tyloxapol bolus (600 mg/kg body wt i.v.) at time
point 0 min. Blood samples were collected at time points
260, 0, 30, 60, 90, 120, 150, and 180 min for TG de-
termination, after which rats were killed by intravenous
injection of ketamine followed by decapitation.

Hyperinsulinemic-clamp studies were performed with
an insulin dose of 3 mU/kg/min, which induces moderate
hyperinsulinemia, as previously described (28). We simul-
taneously initiated the clamp and the tyloxapol study as
illustrated in Fig. 1A. To ensure that the potential stress
caused by the tyloxapol injection did not introduce a bias,
and to have a time course comparable with that of the
intracerebroventricular experiments, we extended the
clamp for a total of 3 h. We adjusted the glucose infusion
rate every 10 min based on arterial blood glucose mea-
surements (Supplementary Fig. 2A and B).
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VLDL secretion rate was calculated from the slope
(micrograms per microliter per minute) of the plasma TG
rise over time by linear regression analysis (24–27), under
the assumption that the average molecular weight (MW)
of TGs is 884 g/mol (MW oleic acid ;282 g/mol * 3; MW
glycerol-backbone ;38 g/mol) and the average volume of
distribution of VLDLs is 0.042 mL/g body wt (i.e., plasma
volume 4.2%) using the following formula:

VLDL secretion rate ¼ slope ∗ 0:042
884 ∗ 106

¼ slope ∗ 47:5
mmol
kg=min

Plasma samples for FA profiles of SD rats, which did not
receive tyloxapol (Fig. 2C), were derived from previously
described studies (28).

Mouse Tyloxapol Studies
Mice implanted with a jugular venous catheter were
fasted for 5–6 h. At time point 0 min, a baseline blood

sample was collected by tail vein sampling. Tyloxapol
(500 mg/kg body wt i.v.) was then injected. Mice were
restrained during the tyloxapol injection (2–3 mins) but
were able to move freely thereafter, except for during
rapid collection of additional blood samples (time points
1 and 2 h). After the final blood draw, mice were anes-
thetized with isoflurane and killed by cervical dislocation.

Chronic intracerebroventricular insulin infusion was
conducted as outlined in Fig. 4A. Rats were surgically equip-
ped with MRI-compatible brain infusion kits targeting
the third ventricle (PlasticsOne), which were connected to
subcutaneously implanted osmotic minipumps (pump
rate ;0.25 mL/h, model 2004; Durect) infusing insulin
(5 mU/h) or vehicle (artificial CSF with 5% BSA). Post-
surgery rats were single-housed, and food intake and body
weight were monitored. Hepatic lipid content was measured
noninvasively under isoflurane anesthesia using 1H-MRS as
described below (method validation in Supplementary Fig.
3A and B). Thirty days after pump implantation, rats were
killed and livers were harvested for FA profiling.

Figure 1—Intracerebroventricular (ICV) insulin infusion increases TG secretion. A: Protocol. B: Plasma insulin concentration at baseline (260
min), at the end (180 min) of the intracerebroventricular insulin infusion, and after intravenous (IV) insulin infusion (n $ 5/group). C: Plasma TG
accumulation in intracerebroventricular or intravenous insulin– and tyloxapol–injected rats (n $ 5/group, except intravenous insulin group: n =
4). D: The calculated VLDL secretion rate combining two independent experimental cohorts (n $ 11/group, except intravenous insulin group:
n = 5). E: Plasma FA profiles as assessed by gas chromatography; depicted are the absolute changes from time point 0–180 min (n$ 6/group).
All error bars are SEM. *P< 0.05, **P< 0.01, ***P< 0.001 vs. intracerebroventricular vehicle group; §P< 0.05, §§P< 0.01, §§§P< 0.001 vs.
intracerebroventricular insulin group.
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Liver 1H-MRS
We measured hepatic lipid content using 1H-MRS trig-
gered to breath motion of the animals using a Medspec
3T MR system (Bruker, Karlsruhe, Germany) equipped
with a BGA-12 microgradient insert (200 mT/m) and us-
ing a 72-mm 1H tuned resonator. Animals were anesthe-
tized with isoflurane. Measurements of intrahepatic lipids
were performed by a short-echo time single-voxel MRS
sequence (stimulated echo acquisition mode, echo time
20 ms, repetition time 5 s, number of scans = 64) without
water signal suppression. The volume of interest (8 3
10 3 10 mm3) was selected within the liver parenchyma,
and data acquisition was synchronized with breath move-
ments of the animal. MRS data were later processed off-
line, and signal intensities of water (W) and methylene
groups of lipids (L) (CH2: 1.25 parts per million) were
used to quantify lipid content in the liver as intrahepatic
lipids = [L/(L+W)] and given as % of the total MRS signal.

Gene Expression Analysis
Total RNA was isolated from liver samples using QIAzol
(Qiagen) according to the manufacturer’s instructions.
cDNA was reverse transcribed with Superscript II from
0.5 mg RNA. Expression of de novo lipogenesis (DNL)
genes was determined by TaqMan real-time PCR (assays
by Applied Biosystems: Fasn, Rn00569117_m1; Scd1,

Rn00594894_g1; and Srebp1, Rn01495759_m1) and
normalization to TATA-binding protein mRNA (Tbp, for-
ward primer 59-ACTTCGTGCCAGAAATGCTGAATAT-39, re-
verse primer 59-CGTGGCTCTCTTATTCTCATGATGA-39,
probe context sequence 59-TCCCAAGCGGTTTGC-39).

Hepatic and plasma FA profiles were performed using
gas chromatography as previously described (30). Body
composition was measured in 20-week-old Nirko and lit-
termate control mice using EchoMRI-100 (EchoMRI,
LLC).

Analytic Procedures
Plasma TGs and free glycerol levels were measured with
a colorimetric assay (Sigma-Aldrich). Plasma free FA
levels were measured with a colorimetric assay (Wako
Chemicals, Neuss, Germany). Plasma insulin was mea-
sured by an ELISA kit (Mercodia, Uppsala, Sweden).
Blood glucose levels were measured with a strip-based
glucose meter.

Western blots were performed as previously described
(28). Primary antibodies against Acc, phospho-Acc Ser79,
Atpcl, phospho-Atpcl Ser455, phospho-Akt Ser473, phos-
pho-Hsl Ser563, and phospho–insulin receptor b (all Cell
Signaling Technology); GAPDH and b-actin (both Abcam);
insulin receptor b (Santa Cruz Biotechnology); and FA
synthase (BD Bioscience) were used.

Figure 2—MBH infusion of insulin or glucose did not increase plasma TG accumulation in tyloxapol-injected rats. A: Plasma TG accu-
mulation in MBH insulin– or MBH glucose–infused, tyloxapol-injected rats (n $ 5/group). B: Plasma FA profiles as assessed by gas
chromatography; depicted are the absolute changes from time point 0–180 min (n = 5/group). C: Changes from baseline (2120 min) of
the indicated FA species measured in plasma collected from rats that were infused with either intracerebroventricular (ICV) or MBH insulin
for 6 h while rats were subjected to a basal insulin or hyperinsulinemic-euglycemic clamp to control for circulating insulin and glucose
levels. The sum of fatty acids represents the sum of all measured lipid species (n $ 4/group). All error bars are SEM. *P < 0.05 vs.
intracerebroventricular vehicle group; §P < 0.05, §§P < 0.01 vs. intracerebroventricular insulin group. IV, intravenous.
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Statistics
Data are represented as mean 6 SEM. Comparisons
among groups were made with one-way ANOVA followed
by, as appropriate, one-sample or two-sample two-tailed
Student t tests. Differences were considered statistically
significant at P , 0.05.

RESULTS

For assessment of the role of brain insulin signaling on
hepatic TG secretion, fasted and unrestrained male SD
rats received a stereotaxic infusion of insulin into the
third ventricle of the brain according to the protocol
depicted in Fig. 1A. Given that the volume of CSF in a
300-g rat is ;0.6 mL (31), the average CSF insulin con-
centration is 2.8 mU/mL in SD rats, (32) and the half-life
of insulin is 26 min (33), an insulin infusion rate of 5 mU/h
i.c.v. is estimated to approximately double CSF insulin,
which is comparable with the physiological increment of
insulin in CSF postprandially (34). Intracerebroventricular
insulin administration activated the insulin signaling cas-
cade in the brain (Supplementary Fig. 1A), while plasma
insulin levels during a 4-h intracerebroventricular infu-
sion of insulin or vehicle were similar, indicating that
the direct effects of systemic insulin on the liver and
other insulin sensitive organs were comparable (Fig. 1B).
This was further substantiated with signaling studies,
where no changes in liver Akt phosphorylation were noted
(Supplementary Fig. 1B).

To next compare the effects of selectively induced brain
insulin signaling with those of systemic hyperinsulinemia,
we subjected a cohort of rats to hyperinsulinemic-euglycemic
clamps, during which circulating insulin was raised by 60%.
The increase in systemic insulin levels induces insulin sig-
naling in the whole body including brain and liver (Fig. 1B
and Supplementary Fig. 2B).

Hepatic VLDL secretion was studied after administra-
tion of a tyloxapol bolus. Tyloxapol is an inhibitor of
VLDL hydrolysis and prevents clearance of VLDL parti-
cles, leading to accumulation of VLDL in plasma. This
VLDL accumulation in plasma allows for an estimation of
the hepatic VLDL secretion rate in the fasting state (35),
since chylomicrons originating from the gut are not a
significant source of plasma TGs (25). Compared with
vehicle infusions, intracerebroventricular insulin in-
creased hepatic VLDL secretion rate by 30%, indicating
that brain insulin mobilizes hepatic TGs, while systemic
hyperinsulinemia suppresses TG secretion (Fig. 1C and D),
consistent with prior reports (4).

The MBH has been identified as a region critical for
CNS-mediated insulin action on hepatic glucose produc-
tion and adipose tissue metabolism (28,36). Hence, we
examined whether insulin infused directly into the MBH
would replicate the effects of the intracerebroventricular
infusion experiments. To our surprise, MBH insulin in-
fusion did not alter VLDL secretion rates (Fig. 2A). Like-
wise, the infusion of glucose into the MBH failed to affect
hepatic VLDL secretion (Fig. 2B), although glucose infusion

into the third ventricle has been shown to lower hepatic TG
secretion and promote hepatic lipid accumulation (27).
These results argue against a critical role of the MBH in
CNS control of hepatic VLDL secretion. Consistent with
our previous observation that MBH insulin reduces the
activation state of hormone-sensitive lipase in adipose tis-
sue (28), we found that phosphorylation of hormone-
sensitive lipase at Ser563 was reduced in epigonadal fat after
hypothalamic insulin infusion (Supplementary Fig. 1C).

Plasma FA profiles from these tyloxapol studies
revealed that intracerebroventricular insulin infusion in-
creased major TG-associated FAs such as palmitic, stearic,
and oleic acid, while hyperinsulinemia reduced these same
FA species (Fig. 1E). MBH insulin infusion did not alter
FA composition (Fig. 2B). In the absence of tyloxapol,
intracerebroventricular insulin infusion increased, whereas
systemic hyperinsulinemia decreased major TG-associated
plasma FA species, while MBH insulin infusions did not
change FA profiles (Fig. 2C). The results suggest that the
major effect of brain insulin in altering hepatic lipid han-
dling was due to the regulation of VLDL secretion, not
through increased DNL, which was further supported by
our finding that the protein expression and activation state
of major DNL enzymes such as FA synthase, ATP citrate
lyase, and acetyl-CoA carboxylase was not altered in the
liver after intracerebroventricular insulin administration
(Supplementary Fig. 1D).

Since insulin can also signal through the IGF-I receptor
and intracerebroventricular administration of IGF-I has
been shown to affect hepatic glucose production (37), we
tested whether intracerebroventricular infusion of IGF-I
would similarly increase hepatic TG secretion using the
protocol in Fig. 1A. Intracerebroventricular IGF-I infusion
at a dose of 0.77 mg over 4 h did not alter hepatic TG
secretion (Supplementary Fig. 1E), suggesting that the
effects of brain insulin are mediated through the insulin
and not the IGF receptor.

We next used genetic approaches to assess whether
brain insulin resistance alters hepatic TG secretion. To
this end, mice that lack the insulin receptor in neurons
(Nirko) (38) received a tyloxapol bolus via a preimplanted
jugular catheter. We sampled blood after 1 and 2 h via the
tail vein to measure TG concentration (Fig. 3A). Nirko
mice exhibited a reduced rate of hepatic TG secretion
(Fig. 3D and E), which was independent of changes in
body weight, blood glucose levels, and body composition
(Fig. 3B and C and Supplementary Fig. 2C and D) and
consistent with a role of brain insulin signaling as a per-
missive factor in hepatic VLDL secretion.

Since the observed metabolic phenotype in the Nirko
mice may be due to developmental impairments and/or
the activation of compensatory pathways in this lifelong
insulin receptor deletion model, we studied two mouse
models of inducible insulin receptor deletion (29) that
lack the insulin receptor either in the whole body
(IRΔWB) or in peripheral tissues only but not in the brain
(IRΔPER). Upon doxycycline administration, IRΔWB mice
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express a short hairpin RNA that inhibits translation of
the insulin receptor mRNA in peripheral and central tis-
sues. In contrast, IRΔPER mice express an inducible Cre
deleter in peripheral tissues, but only at low levels in the
brain, that is activated by tamoxifen. Due to the low
blood-brain barrier penetration of tamoxifen and the
low brain Cre expression, deletion of the insulin receptor
is minimal or absent in the CNS but is complete in pe-
ripheral tissues such as liver, adipose tissue, and muscle
(29). Both mouse models developed comparable hypergly-
cemia and hyperinsulinemia (60-fold increased insulin
levels) upon induction of the insulin receptor deletions
(data not shown).

During tyloxapol studies, the IRΔWB mice demon-
strated no change in hepatic TG secretion, whereas
IRΔPER mice exhibited a markedly increased TG secretion
rate, which is likely due to the enhanced brain insulin
action resulting from hyperinsulinemia in the presence
of functional CNS insulin receptors (Fig. 3F and G).

Having demonstrated that intracerebroventricular in-
sulin acutely enhanced hepatic TG secretion, we next
examined whether prolonged low-dose insulin infusion
into the third ventricle of SD rats would reduce hepatic
TG levels (Fig. 4A). Indeed, after 4 weeks of intracerebro-
ventricular insulin infusion via osmotic pumps, rats
exhibited a 40% reduction of hepatic TG content as
assessed by noninvasive liver 1H-MRS (Fig. 4B and Sup-
plementary Fig. 3A). This noninvasive method allows the
longitudinal assessment of liver lipids in a single rat and
compares well with conventional liver TG measurements
using Folch extraction (Supplementary Fig. 3B). FA pro-
filing of hepatic TGs revealed reductions in almost every
FA species indicating that chronic induction of brain in-
sulin signaling reduces steatosis (Fig. 4C). Importantly,
the reduction in hepatic lipid content was not accompa-
nied by any changes in food intake, body weight (Fig. 4D
and E), or circulating insulin levels (Supplementary Fig.
3C). Plasma TG, free FA, and glycerol levels were also

Figure 3—Deletion of neuronal insulin receptor signaling reduces TG secretion, while the targeted knockout of insulin receptors restricted
to the periphery increases TG secretion rates. A: Experimental protocol. B: Body weights of Nirko mice and littermate controls (n $ 9/
group). C: Blood glucose levels of Nirko and littermate controls at baseline of the tyloxapol infusion experiment (n$ 9/group). D: Plasma TG
levels at baseline (0) and 1 and 2 h after a tyloxapol injection in Nirko vs. littermate control mice (n$ 9/group). E–G: VLDL secretion rates as
assessed after tyloxapol infusion experiments in Nirko, IRΔPER (n = 5/group), and IRΔWB (n $ 6/group) mice vs. their respective controls.
All error bars are SEM. *P < 0.05 vs. controls. hrs, hours; N.S., not significant.
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unchanged in intracerebroventricular insulin–infused rats
(Supplementary Fig. 3D). Similarly to the short-term
intracerebroventricular insulin infusions, the mRNA ex-
pression of key DNL enzymes and of sterol regulatory
element–binding protein 1 (Srebp1) was not altered by
brain insulin (Fig. 4F).

DISCUSSION

Here, we demonstrate that CNS insulin signaling aug-
ments TG export from the liver and reduces liver lipid

content independent of peripheral and, in particular, hepatic
insulin signaling. These findings suggest that brain insulin is
an important permissive regulator of hepatic VLDL secre-
tion that balances the effect of direct hepatic insulin
signaling, which enhances hepatic lipogenesis and acutely
reduces VLDL secretion. Conversely, the experimental in-
duction of brain insulin resistance resulted in lower hepatic
VLDL secretion. Since overnutrition rapidly induces brain
insulin resistance in humans and rodents (39), and obesity
and type 2 diabetes can be associated with brain insulin

Figure 4—Chronic brain insulin infusion reduces liver TG content independent of changes in body weight and food intake. A: Study
protocol. MRT I–III indicate the time points where 1H-MRS measurements were performed. B: Liver fat content measured using 1H-MRS in
anesthetized rats on days 23, 8, and 28. C: FA profiles from liver tissue harvested on day 30. Data are depicted as % change vs. vehicle-
infused animals. D: Body weight. E: Food intake. F: Comparison of mRNA copy numbers of DNL genes in liver tissue samples from
intracerebroventricular (ICV) insulin– or vehicle–treated rats. All error bars are SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. respective
control group. n = 8/group.
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resistance (40,41), these findings provide a potential new
mechanism that might in part explain the high incidence of
steatohepatosis in obesity and diabetes. Our study also dem-
onstrates that brain insulin balances the effects of brain
glucose sensing that suppresses VLDL secretion and in-
creases hepatic TG content (27).

Of note, we did not observe hypertriglyceridemia during
intracerebroventricular insulin administration (Supplemen-
tary Fig. 3D), despite increased hepatic VLDL secretion
rates. This is likely explained by the finding that brain in-
sulin signaling also increases FA uptake into WAT, at least
in C57Bl/6J mice (42). An additional mechanism by which
brain insulin protects from NAFLD is the suppression of
lipolysis in adipose tissue, which restricts lipid flux to the
liver (28,43).

Genetic mice models of either CNS, whole-body, or
peripherally restricted insulin receptor deletions further
support the novel paradigm of brain insulin being a
permissive factor of VLDL secretion. Lifelong deficiency of
the neuronal insulin receptor in the Nirko mice resulted
in a decrease in hepatic TG secretion (Fig. 3D and E),
while enhancing neuronal insulin signaling in the setting
of a peripheral loss of insulin receptors (IRΔPER) pro-
moted hepatic TG export (Fig. 3F). At first sight, these
results seem to be in conflict with reports from studies of
liver-specific insulin receptor knockout mice (LIRKO).
LIRKO mice are also hyperinsulinemic (10-fold) compared
with control subjects but show a decrease in TG accumu-
lation after tyloxapol infusion; yet, surprisingly, hepatic
TG content is unchanged. An explanation for this appar-
ent discrepancy may lie in the observation that serum
apoB levels are markedly increased in LIRKO mice, sug-
gesting that, actually, more VLDL particles with lower TG
content are secreted (44). The latter may be due to the
pronounced reduction of hepatic DNL in the LIRKO mice.
Conversely, the marked hyperinsulinemia that the LIRKO
mice develop in the setting of preserved brain insulin sig-
naling may lead to an enhancement of brain insulin action.
The latter may reduce hepatic steatosis by enhancing he-
patic VLDL secretion. Hence, we believe that the pheno-
type of the LIRKO mice does not contradict the concept of
brain insulin signaling enhancing VLDL secretion when
liver insulin receptors are lost.

A surprising finding of our studies is that insulin infu-
sion directly into the MBH did not alter VLDL secretion,
suggesting that insulin signaling in another, as of yet
unidentified brain region regulates VLDL secretion (Fig.
2A). In most studies that examined a role of neuropeptides,
hormones, or nutrients within the CNS in regulating hepatic
TG flux, brain delivery was accomplished by intracerebroven-
tricular injections (24–27). Bruinstroop et al. (24), on the
other hand, have argued that an intact ARC and a func-
tioning sympathetic nervous system are necessary for brain
neuropeptide Y to promote liver VLDL secretion in rats.
However, the ARC was not anatomically targeted in these
studies; instead, rats had been treated with monosodium
glutamate as a means to pharmacologically lesion the ARC.

This approach has limitations, since it is unspecific and the
lesion is not confined to the ARC, as it has been demon-
strated that monosodium glutamate also damages the
paraventricular nucleus (45) and affects cortical excit-
ability (46). Recent data suggest that the dorsal vagal
complex of the brainstem via the parasympathetic ner-
vous system might affect hepatic VLDL flux (47), and
future studies will have to identify such regions.

Our findings provide a possible explanation for the
recent observations in humans where intranasal insulin
administration (a delivery method that preferentially de-
livers insulin to the CNS) reduced hepatic lipid content
assessed by 1H-MRS, while intravenous insulin increased
hepatic lipid content (18). Hence, the opposing role of in-
sulin signaling in brain versus the liver in regulating hepatic
lipid flux is likely due to the differential regulation of he-
patic VLDL secretion. Hence, the physiology that we have
studied in rodents also seems to be applicable to humans.

Insulin transport across the blood-brain barrier is
saturable in humans (48). As insulin levels rise with ag-
gravating obesity and concomitant insulin resistance, the
brain is exposed to relative hypoinsulinemia. Simulta-
neously, the liver is exposed to high insulin levels disrupt-
ing the balance between CNS and liver insulin signaling,
promoting hepatic TG accumulation. Thus, enhancing
brain insulin signaling in selective neurons that remain
insulin sensitive may be effective in ameliorating NAFLD.

This study provides an explanation for why insulin
analogs that preferentially target the liver cause hepatic
steatosis and elevated liver function tests, as has been
seen with LY2605541 (49,50). The hope is that such liver-
specific insulins that appear to have lower hypoglycemia
rates also cause less weight gain. However, this seems to
come at the price of increased hepatic steatosis in the
setting of brain insulin resistance. Future studies should
carefully assess in humans whether indeed steatosis risk
is increased by these insulin analogs through noninvasive
assessments of hepatic lipid content, as was done in our
rodent studies.

In conclusion, insulin signaling in the brain protects
from ectopic lipid accumulation in the liver by stimulating
hepatic TG secretion without the induction of hyper-
triglyceridemia. Conversely, restoration of brain insulin
signaling should ameliorate the susceptibility to hepatic
steatosis in conditions such as obesity and diabetes.
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