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Lipocalin-2 Protects Against Diet-Induced

Nonalcoholic Fatty Liver Disease by
Targeting Hepatocytes

Yanyong Xu,! Yingdong Zhu,! Kavita Jadhav,1 Yuanyuan Li,! Huihui Sun,’ Liya Yin,! Takhar Kasumov, Xiaoli Chen,’ and
Yangqiao Zhang1

Hepatocytes are the major source of hepatic lipocalin-2 (LCN2), which is up-regulated in response to inflammation,
injury, or metabolic stress. So far, the role of hepatocyte-derived LCN2 in the development of nonalcoholic fatty
liver disease (NAFLD) remains unknown. Herein we show that overexpression of human LCN2 in hepatocytes pro-
tects against high fat/high cholesterol/high fructose (HFCF) diet-induced liver steatosis and nonalcoholic steato-
hepatitis by promoting lipolysis and fatty acid oxidation (FAO) and inhibiting de novo lipogenesis (DNL), lipid
peroxidation, and apoptosis. LCN2 fails to reduce triglyceride accumulation in hepatocytes lacking sterol regulatory
element-binding protein 1. In contrast, Lcn2”” mice have defective lipolysis, increased lipid peroxidation and apop-
tosis, and exacerbated NAFLD after being fed an HFCF diet. In primary hepatocytes, Lcn2 deficiency stimulates
de novo lipogenesis but inhibits FAO. Conclusion: The current study indicates that hepatocyte LCN2 protects against
diet-induced NAFLD by regulating lipolysis, FAO, DNL, lipid peroxidation, and apoptosis. Targeting hepatocyte

LCN2 may be useful for treatment of NAFLD. (Hepatology Communications 2019;3:763-775).

onalcoholic fatty liver disease (NAFLD) is

one of the most common chronic liver dis-

eases worldwide, which includes simple
steatosis and nonalcoholic steatohepatitis (NASH).
NASH may further progress to liver cirrhosis and
liver carcinoma. So far, no US Food and Drug
Administration—approved drugs are available for
treatment of NAFLD, in part because the mecha-
nisms underlying the pathogenesis of NAFLD have
not been elucidated. NAFLD is often associated with

obesity, diabetes and insulin resistance, which are
accompanied by increased de novo lipogenesis (DNL)
and inflammation. In addition, accumulating data
have indicated that defective lipolysis F))Iays a central
role in the pathogenesis of NAFLD.!

Lipocalin-2 (LCN2), also known as neutrophil
gelatinase—associated lipocalin, is a 25-kDa secretory
glycoprotein that was initially purified from neu-
trophil granules. In addition to neutrophils, LCN2

can also be secreted by a number of other cell types,
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such as hepatocytes, adipocytes, and endothelia.)
Hepatocytes are responsible for 25% of low basal
serum LCN2 levels and contribute to more than
90% of serum LCN proteins after bacterial infec-
tion due to activation of the IL-6-STAT3 signaling
pathway.(s) LCN2 plays a role in iron homeostasis by
forming a ternary complex with iron-containing sid-
erophores, and therefore plays a critical role in host
defense against bacterial infection.**®) Mice lacking
Lcn2 in hepatocytes are susceptible to infection from
K. pneumoniae or E. coli?

The promoter of LCN2 has a consensus site for
nuclear factor kB (NF-xB); therefore, it can be induced
by various cytokines (e.g., tumor necrosis factor o
[TNFa], interleukin [IL]-1p, 1L-6). In addition,
fasting, cold exposure, insulin, and nutrients (palmi-
tate, oleate) have been shown to up-regulate LCN2
expression.m Consistent with these findings, LCN2
levels in serum, liver, and adipose tissue are elevated in
dbl/db or high-fat diet—fed mice, obese individuals, or
NASH patients.“®

Two major membrane-bound receptors for LCN2,
24p3R (SLC22A17) and megalin (also known
as LRP2), have been identified.””) The binding of
LCN2 to its receptor may promote iron uptake
and regulate diverse signaling pathways.(4) Global
loss of Lcn2 is shown to aggravate methionine-
and choline-deficient (MCD) diet—induced steato-
sis and liver injury.(lo) In contrast, Ye et al. show
that global loss of Lcn2 in ﬂpoe% mice attenu-
ates high fat/high cholesterol (HFC) or MCD

diet—induced liver injury and inflammation.® The
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inconsistent observations may result in part from
different backgrounds used, as the latter study used
mice lacking Apoe. So far, the role of hepatocyte-
derived LCN2 in the development of NAFLD has
not been investigated.

In this report, we show that adeno-associated
virus 8 (AAV8)-mediated overexpression of human
LCN2 in hepatocytes protects against high fat/high
cholesterol/high fructose (HFCF)-induced hepa-
tosteatosis, inflammation, and fibrosis. In contrast,
Len2”” mice have deteriorated NAFLD after being
ted an HFCF or HFC diet. Mechanistically, we
show that LCN2 promotes triglyceride hydrolysis
(TGH; lipolysis) and fatty acid oxidation (FAO),
and inhibits DNL, lipid peroxidation, and apop-
tosis. We also show that LCN2 reduces triglycer-
ide (TG) levels in hepatocyte by reducing nuclear
levels of sterol regulatory element-binding protein
1 (nSREBP-1). Thus, hepatocyte-derived LCN2
plays a key role in protection against diet-induced
NAFLD by regulating lipid metabolism, lipid per-

oxidation, and apoptosis.

Materials and Methods

HUMAN LIVER TISSUES, MICE,
AND DIETS

C57BL/6 mice and Srebpl”” mice were pur-
chased from the Jackson Laboratories (Bar Harbor,
ME). Len2”” mice, which have been backcrossed
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with C57BL/6 mice for more than 10 generations,
have been described previously.(ll) The HFCF diet
contains 40% fat (including 12% saturated fat)/0.2%
cholesterol (AIN-76A; TestDiet, St. Louis, MO),
and 4.2% fructose (in drinking water). The HFC
diet, containing 42% fat and 0.2% cholesterol, was
purchased from Envigo (TD.88137; Huntingdon,
United Kingdom). Mice were fed an HFCF or HFC
diet for 16-20 weeks. Unless otherwise stated, male
mice were used and were fasted for 5-6 hours before
euthanization. Human liver samples were obtained
from the Liver Tissue Cell Distribution System at
the University of Minnesota.’” All animal exper-
iments were approved by the Institutional Animal
Care and Use Committee at Northeast Ohio Medical
University (NEOMED). The use of human tissue
samples was approved by the institutional review

board at NEOMED.

ADENO-ASSOCIATED VIRUSES
AND ADENOVIRUSES

The human LCN2 coding sequence was cloned
into an adeno-associated virus (AAV) vector under
the control of a mouse albumin promoter (AAV-
ALB-hLCN2). AAV8-ALB-hLCN2 or AAVS8-ALB-
null (control) was produced by packaging into sero-
type 8 and titrated by Vector Biolabs (Malvern, PA).
Each mouse was injected intravenously with 3 x 10"
gas chromatography AAV and then fed an HFCF
diet for 20 weeks. Adenoviruses expressing human
LCN2 were purchased from ViGene Biosciences
(VHS879687; Rockville, MD).

WESTERN BLOT ASSAYS

Western blot assays were performed using whole
liver lysates
ples,(M’lS) as described previously. LCN2 antibodies
were purchased from R&D Systems (AF1757 and
AF1857; Minneapolis, MN). SREBP-1 antibody
was purchased from Santa Cruz Biotechnology (SC-
8984; Dallas, TX). Acetyl-CoA carboxylase (ACC)
antibody (3662S) and caspase 3 (CASP3) antibod-
ies (cleaved and total (9661 or 9662) were purchased
from Cell Signaling Technology (Danvers, MA).
Carboxylesterase 1 (CES1; ab45957), carboxylesterase
2 (CES2; ab56528), and Tubulin (ab4074) antibod-
ies were purchased from Abcam (Cambridge, United
Kingdom).

or nuclear extracts of the liver sam-
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ANALYSIS OF PLASMA

OR HEPATIC LEVELS OF

LIPIDS, HYDROXYPROLINE,
MALONDIALDEHYDE, REACTIVE
OXYGEN SPECIES, ASPARTATE
AMINOTRANSFERASE, ALANINE
AMINOTRANSFERASE,
f-HYDROXYBUTYRATE, AND
APOPTOSIS

Approximately 100 mg of liver tissue was homog-
enized in methanol, and lipids were extracted in
chloroform/methanol (2:1 vol/vol) as described.®
Triglycerides (TGs) and cholesterol in the liver and
plasma alanine aminotransferase (ALT) or aspartate
aminotransferase (AST) levels were measured using
Infinity reagents from Thermo Scientific (Waltham,
MA). Hepatic hydroxyproline level was quantified
using a kit from Cell Biolabs (STA675; San Diego,
CA). Hepatic malondialdehyde (MDA) levels were
measured using a TBARS assay kit (STA-330), and
reactive oxygen species (ROS) was measured using an
OxiSelect in wvitro ROS/RNS Assay kit (STA-347)
from Cell Biolabs as described.'” Plasma -hydroxy-
butyrate (f-HB) level was determined using a kit from
Pointe Scientific (Canton, MI). Apoptosis was deter-
mined using a kit from Abcam (Cat # ab206386).

HEPATIC DNL

Mice were fasted for 4 hours and then injected
intraperitoneally with 2HZO (30 ul/g). After 4 hours,
liver and plasma were snap-frozen in liquid nitro-
gen. The newly synthesized fatty acids or TGs were
measured by gas chromatography—mass spectrometry
(GC-MS) (Agilent 5977B Inert Plus MSC Turbo
EI/CI Bundle) as described."®

TGH ACTIVITY ASSAYS

Hepatic microsome proteins were isolated and
TGH activity was measured using *H-triolein as sub-
strate as described.!?

CELL CULTURE, TRANSIENT
TRANSFECTION, AND
LUCIFERASE ASSAYS

Mouse primary hepatocytes were isolated and cul-
tured as described.™? Four hours after plating, primary
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mouse hepatocytes were infected with adenoviruses for
48 hours before harvest. HepG2 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS). Transient
transfections were performed as described.?” Briefly,
pGL3-SREBP1 luciferase reporter constructs were
transfected into HepG2 cells together with plas-
mids expressing liver X receptor a (LXRa) and ret-
inoid X receptor (RXR), followed by treatment with
either vehicle or T0901317 (10 pM). After 48 hours,
luciferase activity was determined and normalized to
pB-galactosidase activity. To determine the effect of
overexpression of LCN2 on peroxisome prolifera-
tor—activated receptor o« (PPARa) activity, an LCN2
overexpression plasmid was co-transfected with the
pTK-3xPPRE-luc plasmid, and luciferase activity was

determined as described previously.

FATTY ACID OXIDATION

Primary hepatocytes were cultured in DMEM
containing 10% FBS in 12-well dishes. Some wild-
type primary hepatocytes were infected with either
Ad-empty or Ad-LCN2, or treated with phos-
phate-buffered saline or recombinant LCN2 protein
(500 ng/mL; R&D Systems). FAO was performed
using [*H]palmitate as substrate as described.1>?V

OIL RED O, HEMATOXYLIN AND
EOSIN, OR SIRIUS RED STAINING

Livers were fixed in 10% formalin and then embed-
ded in optimal cutting temperature or paraffin. Oil
Red O (ORO), hematoxylin and eosin (H&E), or sir-

ius red staining was performed as described.!”

MYELOPEROXIDASE OR F4/80
IMMUNOHISTOCHEMICAL
STAINING

Immunohistochemical staining of myeloperox-
idase (MPO) (PP023AA; Biocare Medical, LLC,
Concord, CA) or F4/80 (Abcam, ab6640) was
performed using Vectastain Elite ABC Staining
Kit and DAB Peroxidase Substrate Kit (Vector
Laboratories, Inc., Burlingame, CA) according to
the manufacturer’s instructions. The F4/80" area (%)

was quantified using ImagePro (Media Cybernetics,
Rockville, MD).
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FATTY ACID ANALYSIS

Hepatic total free fatty acids (FFAs) were measured
using a kit from Wako Chemicals USA (Richmond,
VA). Hepatic fatty acid composition was analyzed by
GC-MS as described.”

BODY FAT CONTENT
MEASUREMENT

Body fat content was determined using Echo-MRI
(Echo-MRI, LLC, Houston, TX) as described.??

STATISTICAL ANALYSIS

Statistical significance was analyzed using unpaired
Student # test or analysis of variance (GraphPad
Prism, CA). All values are expressed as mean + SEM.
Differences were considered statistically significant at
P<0.05.

Results

OVEREXPRESSION OF HUMAN
LCN2 IN HEPATOCYTES
PROTECTS AGAINST HFCF
DIET-INDUCED NAFLD

Previous studies have shown that LCN2 expression
and secretion are increased in response to infection,
injury, or metabolic stress.”” When mice were fed
an HFC diet or HFCF diet, hepatic Lcn2 messen-
ger (mRNA) levels were induced by more than 27
fold (Supporting Fig. S1A), and LCN2 protein lev-
els were increased by more than 5 fold (Supporting
Fig. S1B,C). In patients with simple steatosis (NAFL)
or NASH, hepatic LCN2 mRNA levels were increased
by more than 2 fold (Supporting Fig. S1D), and
LCN2 protein levels were increased by more than 1.7
fold (Supporting Fig. SIEF).

Hepatocytes are an important source of plasma
LCN2 levels. We therefore generated an AAVS-
expressing human LCN2 under the control of the
albumin promoter (AAV8-ALB-hLLCN2) and the
control AAV8 (AA8-ALB-null). These AAVs were
injected into C57BL/6 mice, which were then fed an
HFCEF diet for 20 weeks. Overexpression of human
LCN2 in hepatocytes had no effect on body fat
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content (Supporting Fig. S2A), but reduced plasma
ALT and AST levels (Fig. 1A) as well as hepatic
levels of TGs (Fig. 1B), FFAs (Fig. 1C), and MDA
(Fig. 1D). MDA is an important end product of

XUETAL.

reduced C16:0 and C18:1 fatty acids by about 50%
(Table 1).

In addition, H&E or ORO staining shows that
overexpression of human LCN2 improved liver his-

lipid peroxidation by ROS. Analysis of hepatic fatty
acid composition by GC-MS shows that LCN2

tology and reduced hepatic neutral lipid accumu-

lation (Fig. 1E, left panels). LCN2 overexpression
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FIG. 1. AAV-mediated overexpression of human LCN2 in hepatocytes protects against HFCF diet-induced steatohepatitis. C57BL/6
mice were intravenously injected with AAV8-ALB-null or AAV8-ALB-hLCN2 (n = 8). The mice were then fed an HFCF diet for
20 weeks. (A) Plasma ALT and AST levels. (B) Hepatic TG levels. (C) Hepatic FFA levels. (D) Hepatic MDA levels. (E) Liver
sections were used for H&E staining (left top panel), ORO (left bottom panel), sirius red staining (right top panel) or immunostaining
with an antibody against F4/80 (right bottom panel) (arrows point to fibrosis [sirius red staining] or macrophages [F4/80 staining]).
(F) Hepatic hydroxyproline levels (top panel) or F4/80 staining—positive area (%) (bottom panel) were quantified. In (E). *P < 0.05,
**P < 0.01.

TABLE 1. HEPATIC FATTY ACID COMPOSITION (pG/MG)

AAV-ALB-Null AAV-ALB-LCN2 Len2t Len2?-

C14:0 0.09 +0.01 0.06+0.01 0.09 001 0.13+0.02
C16:.0 30.45+719 1451 +1.83* 5191 +5.36 70.43 + 5.76*
Cl16:1 0.79 +0.06 0.71+0.18 0.89+0.13 1.23+0.20
C18:0 1.38 +0.32 112+0.24 317+0.24 4.81 +0.48*
C18:1 62.82 +14.29 31.50 + 2.49* 146.76 + 13.95 19496 + 16.33*
C18:2 4.48 +0.72 4.15+0.89 13.15+0.97 15.39+1.18
20:4 0.01 +0.00 0.01 +0.00 0.01 +0.00 0.02 +0.00
C20:6 0.08 +0.01 0.06 +0.01 0.15+0.02 0.36 +0.09

Note: C57BL/6 mice were infected with AAV-ALB-null or AAV-ALB-hLCN2 and fed an HFCF diet for 20 weeks (n = 8). Len2**
mice or Len2”” mice were fed an HFCF diet for 16 weeks (n = 8) (AAV-ALB-null versus AAV-ALB-LCN?2 [n = 8], or Len2"* versus
Len2” [n = 8]). Hepatic fatty acid composition was analyzed by GC-MS.

*P < 0.05.
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also reduced liver fibrosis or macrophage infiltration
(Fig. 1E, right panels). Consistent with the latter
data, LCN2 overexpression significantly reduced
hepatic levels of hydroxyproline (Fig. 1F, top panel)
and F4/80 protein (Fig. 1F, bottom panel). Taken
together, the data of Fig. 1 demonstrate that over-
expression of human LCN2 in hepatocytes protects
against diet-induced NAFLD.

OVEREXPRESSION OF HUMAN
LCN2 IN HEPATOCYTES
REGULATES GENES INVOLVED
IN LIPID METABOLISM AND
INFLAMMATION

To understand the mechanisms by which human
LCN2 improves steatohepatitis, we analyzed hepatic

HEPATOLOGY COMMUNICATIONS, June 2019

gene expression. Overexpression of human LCN2
in hepatocytes significantly reduced hepatic mRNA
levels of genes implicated in lipogenesis (Srebp-Ic,
Scd1, Fasn, Acc, Lxra, Lxrf) (Fig. 2A, left panel), but
induced genes involved in lipolysis (Ces, Ces2)>1”
or FAO (Ppara, Carnitine palmitoyltransferase 1
[Cpr1], Carnitine palmitoyltransferase 2 [Cpr2],
Pdk4) (Fig. 2A, right panel). We have previously
shown that CES1 and CES2 have TGH activ-
ity, which can hydrolyze TG to release FFAs.1>1”
In addition, human LCN2 inhibited a number of
genes involved in inflammation (7Tnfx, I1/-6, I/-1f,
Mcp1 [monocyte chemoattractant protein 1], Cxc/10
[chemokine (C-X-C motif) ligand 10], F4/80, Cd68)
(Fig. 2B, left panel) or fibrogenesis (7g/p [trans-
forming growth factor B], a-Sma [ smooth muscle
actin], TimpI [tissue inhibitor of metalloproteinase],
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FIG. 2. Overexpression of human LCN2 in hepatocytes regulates the hepatic genes implicated in lipogenesis, lipolysis, FAO,
inflammation, and fibrogenesis. Mice have been described in the legend of Fig. 1 (n = 8). Real-time quantitative polymerase chain
reaction (PCR) was used to quantify hepatic genes involved in lipogenesis, lipolysis, FAO (A), inflammation, or fibrogenesis (B).
(C) Hepatic proteins were detected by western blotting (left panel) and then quantified (right panel). (D) Plasma proteins were analyzed
by western blotting (left panel) and then quantified (right panel). (E) Plasma p-HB levels. *P < 0.05, **P < 0.01. Abbreviations: BPZc,

Srebp-Ic.
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Collal [collagen type 1 alpha 1], Co/la2 [collagen
type 1 alpha 2]) (Fig. 2B, right panel).

The data of Fig. 2C (left and right panels) show
that AAV-mediated overexpression of human
LCN2 led to an approximate 2-fold increase in
hepatic LCN2 protein levels. The extent of increase
in hepatic LCN2 protein levels was similar to that
found in NAFL or NASH patients (Supporting Fig.
S1E,F). Human LCN2 also significantly reduced
hepatic protein levels of nuclear/mature SREBP-1
(nSREBP-1) and ACC, but increased hepatic CES1
and CES2 protein levels (Fig. 2C, left and right pan-
els). In the plasma, overexpression of human LCN2
increased LCN2 protein levels by approximately 2
fold (Fig. 2D, left and right panels) and raised plasma
B-HB levels (Fig. 2E). Plasma p-HB is an indicator
of hepatic FAO. The relative low induction of LCN2
expression by AAVs in the liver or plasma may be
explained by the fact that LCN2 protein is already
highly abundant in the liver or plasma. These data
suggest that hepatocyte-derived LCN2 may play an

important role in lipid metabolism and inflammation.

XUETAL.

HUMAN LCN2 PROMOTES
LIPOLYSIS AND FAO BUT
INHIBITS DNL

So far, little is known about how LCN2 regu-
lates lipid metabolism. The finding that LCN2 regu-
lates hepatic CES1 and CES2 expression (Fig. 2) led
us to investigate whether LCN2 regulates lipolysis.
Indeed, overexpression of human LCN2 in hepato-
cytes significantly increased hydrolysis of *H-triolein
(Fig. 3A), indicating that LCN2 promotes lipoly-
sis. Freshly released FFAs from TGH may serve
as ligands for PPARa to activate FAO"') and/or
antagonize LXR activity to suppress lipogenesis. >
Overexpression of human LCN2 significantly increased
PPAR« activity in transient transfection assays (Fig.
3B) and FAO in primary hepatocytes (Fig. 3C), but
inhibited the Srebp-Ic promoter activity in the presence
or absence of the LXR agonist T-0901317 (Fig. 3D).

To investigate the role of SREBP-1 in LCN2-
regulated TG metabolism, we isolated primary hepato-

cytes from Srebp1™”* or Srebp1™” mice. Overexpression
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FIG. 3. Human LCN2 induces lipolysis and FAO and inhibits DNL in an LXR-SREBP-1-dependent manner. (A) C57BL/6 mice
were infected with AAV8-ALB-null or AAV8-ALB-hLCN2 and then fed an HFCF diet for 20 weeks (n = 8). TGH activity was
determined using [PH]Triolein as substrate. (B) HepG2 cells were co-transfected with pTK-3 x PPRE-luc, pCMV-B-gal, pCMV-
hLCN2, or pPCMV-empty. Relative luciferase activity units (RLUs) were determined after 36 hours (n = 7). (C) Primary hepatocytes
were infected with Ad-Empty or Ad-hLCN2 for 36 hours. FAO was determined using [3H]palmitic acid as substrate (n = 6).
(D) HepG2 cells were co-transfected with pGL3-SREBP-1-luc, CMV-$-gal, CMV-hLCN2, or CM V-empty in the presence or absence
of the LXRa ligand T0901317 (10 pM). After 36 hours, RLUs were determined (n = 6). (E) Primary hepatocytes were isolated from
Sre/apf/+ or Srebp]’/f mice, and then infected with Ad-Empty or Ad-hLLCN2 for 48 hours. TG levels were quantified. (F) C57BL/6
mice were intravenously injected with AAV8-ALB-null (Null) or AAV8-ALB-hLCN2 (hLCN2) and then fed an HFCF diet for
20 weeks (n = 8). Four hours before euthanization, mice were intraperitoneally injected with 2HZO. Newly synthesized palmitate (PA)
(left panel) or TG (right panel) levels were quantified by GC-MS. *P < 0.05, **P < 0.01.
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of human LCN2 significantly reduced TG accu-
mulation, but such a reduction was abolished when
Srebpl was deleted (Fig. 3E). Finally, we investigated
whether LCN2 affected DNL by intraperitoneally
injecting mice with heavy water (*H,0), followed by
GC-MS analysis. Consistent with the data shown
previously, overexpression of human LCN2 reduced
newly synthesized levels of PA and TG by 35% and
59%, respectively (Fig. 3F, left and right panels). Thus,
the data of Fig. 3 suggest that human LCN2 reduces
hepatic fatty acid and TG levels by inducing lipolysis
and FAO and inhibiting DNL.

LOSS OF LCN2 EXACERBATES
DIET-INDUCED NAFLD

To investigate whether loss of LCN2 affected the
development of NAFLD, we fed Ln2”* mice and
Len2”” mice an HFCF diet for 16 weeks. These mice
have been backcrossed to the C57BL/6 background
for at least 10 generations.')) Len2”" mice had higher

body fat content (Supporting Fig. S2B) and plasma
levels of ALT and AST (Fig. 4A). Although there
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was no change in body weight, Lez2”” mice had an
increase in liver weight (Fig. 4B). In addition, Len2™””
mice had higher hepatic levels of total cholesterol and
TG (Fig. 4C) as well as MDA (Fig. 4D).

Data from histological staining show that loss
of Lcn2 increased hepatic neutral lipid accumula-
tion, fibrosis, and macrophage infiltration (Fig. 4E).
Consistent with these data, Lcn2”” mice had increased
hepatic levels of hydroxyproline (Fig. 4F, top panel)
and F4/80 protein (Fig. 4F, bottom panel).

In addition, we fed Lcn2”* mice and Len2”” mice
an HFC diet for 16 weeks, and similar results were
collected (Supporting Fig. S3A-F). Taken together,
our data demonstrate that loss of LCN2 exacerbates
diet-induced NAFLD.

LOSS OF LCN2 UP-REGULATES
GENES IMPLICATED

IN LIPOGENESIS AND
INFLAMMATION

In Len2”” mice, hepatic genes involved in lipogen-

esis (Srebp-Ic, Scdl, Fasn, Acc) (Fig. 5A) were induced,
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FIG. 5. Loss of LCN2 induces genes involved in lipogenesis, inflammation, and fibrogenesis. Len2™* or Len2”” mice were fed an
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or fibrogenesis (D) were quantified by real-time quantitative polymerase PCR. (E) Hepatic proteins were analyzed by western blotting
(left panel) and quantified (right panel). (F) Plasma p-HB levels (left panel) and hepatic FFA levels (right panel). *P < 0.05, **P < 0.01.

whereas those implicated in lipolysis (CesZ, Ces2) or
FAO (Pdk4) were repressed (Fig. 5B). Len2”” mice
also had higher levels of hepatic genes implicated in
inflammation (7nfa, I/-6, 1i-1p, Mcp1, Cxcl10, F4/80,
Cd68) (Fig. 5C) or fibrogenesis (7gfB, a-Sma, Timpl,
Collal, Col1a2) (Fig. 5D). Consistent with the changes
in mRNA levels, hepatic protein levels of nuclear
SREBP-1 and ACC were significantly increased (Fig.
5SE, left and right panels), whereas plasma $-HB lev-
els were significantly reduced (Fig. 5F, left panel).
Consistent with these data, hepatic FFA levels were
significantly increased (Fig. 5F, right panel). These loss-
of-function data support those collected from mice

overexpressing human LCN2 in hepatocytes (Fig. 2).

LOSS OF LCN2 INHIBITS
LIPOLYSIS AND FAO BUT INDUCES
LIPOGENESIS IN HEPATOCYTES

The data of Fig. 5 suggest that loss of LCN2
might regulate lipolysis, FAO, and lipogenesis.
Consistent with this hypothesis, loss of Lcz2 reduced
hepatic TGH activity by 45% (Fig. 6A). In primary
hepatocytes, loss of Lcn2 significantly inhibited FAO

(Fig. 6B), but induced mRNA levels of lipogenic genes
(Srebp-1c, Fasn, Acc, Lxra) (Fig. 6C). In line with
these data, loss of Lcn2 led to increased hepatic lev-
els of C16:0 and C18:1 fatty acids (Table 1). Because
hepatocytes are the principal cells that can hydrolyze
TG in the liver, the data of Fig. 6A-C suggest that
loss of LCN2 in hepatocytes can cause inhibition of
lipolysis and FAO and induction of lipogenesis.

RECOMBINANT LCN2

PROTEIN INDUCES LIPOLYSIS
AND FAO BUT INHIBITS
LIPOGENIC GENES IN PRIMARY
HEPATOCYTES

To further determine whether LCN2 functions
by directly targeting hepatocytes, we treated primary
hepatocytes with recombinant LCN2 protein. LCN2
treatment significantly induced TGH activity/lipolysis
(Fig. 6D) and FAO (Fig. 6E) in Len2"* hepatocytes, and
restored TGH activity and FAO in Len2”” hepatocytes
(Fig. 6D,E). In addition, LCN2 also repressed lipo-
genic genes (Srebplc, Acc), but induced genes involved
in lipolysis (CesZ, Ces2) or FAO (Pdk4, Cpr2) in Len2™*
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hepatocytes (Fig. 6F). Importantly, LCN2 completely
or partially restored the expression of these genes in
Len2”” hepatocytes (Fig. 6F). These data indicate that
LCN2 can directly target hepatocytes to regulate lip-
olysis, FAQ, and lipogenesis.

LCN2 REGULATES APOPTOSIS

Hepatocyte damage may be caused by lipid peroxi-
dation and apoptosis. We have shown that LCN2 reg-
ulates hepatic levels of MDA (Figs. 1D and 4D), an
end product of lipid peroxidation. Consistent with these
data, over-expression of LCN2 reduced whereas loss of
LCN2 increased ROS production (Fig. 7A). Therefore,
we determined whether LCN2 also regulated apopto-
sis. As shown in Fig. 7B,C, overexpression of human
LCN2 in hepatocytes reduced hepatic levels of cleaved/
activated CASP3 by 65%, whereas loss of Lcn2 increased
hepatic levels of cleaved/activated CASP3 by more
than 2 fold. Consistent with these data, TUNEL assays
showed that overexpression of human LCN2 inhibited
apoptosis, whereas loss of L¢n2 induced apoptosis in the
liver (Fig. 7D,E). The changes in the levels of MDA,
ROS and apoptosis may account, at least in part, for
LCN2-mediated pathogenesis of steatohepatitis.

Neutrophils are reported to play a role in LCN2-
mediated steatohepatitis in Apoe”” mice.’) When fed
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an HFCF diet, overexpression of human LCN2 in
hepatocytes increased hepatic mRNA levels of MPO
(Supporting Fig. S4A), whereas Len2”” mice had a
reduction in hepatic MPO mRNA levels (Supporting
Fig. S4B). However, the mRNA levels of MPO were
very low (Cr = 35) (Supporting Fig. S4A,B). Consistent
with the very low mRNA levels, there was little neutro-
phil infiltration in the liver (Supporting Fig. S4C,D).
Thus, neutrophils are unlikely to play an important
role in LCN2-mediated pathogenesis of NAFLD.

Discussion
We and others have shown that hepatic LCN2

levels are increased in mice or humans with obesity
or NAFLD. Therefore, it is intriguing to investigate
whether hepatic LCN2 regulates the development
of NAFLD. So far, the role of hepatocyte-derived
LCN2 in the development of NAFLD is completely
unknown. By using the AAV-mediated gain-of-function
approach, we provide evidence demonstrating that
low-to-moderate expression of human LCN2 in
hepatocytes protects against diet-induced NAFLD.
Mechanistically, we demonstrate that LCN2 promotes
lipolysis and FAO and inhibits DNL, lipid peroxida-

tion and apoptosis, thus preventing steatohepatitis
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FIG. 6. Loss of LCN2 or treatment with recombinant LCN2 protein regulates lipolysis, FAO, and lipogenesis in hepatocytes. (A)
Len2™* or Len2”” mice were fed an HFCF diet for 16 weeks. Hepatic TGH activity was determined (n = 7-8). (B) FAO was determined
using [SH]palmitic acid as substrate in primary hepatocytes isolated from Len2™* mice or Len2”” mice (n = 6). (C) mRNA levels were
quantified in primary hepatocytes isolated from Len2™" mice or Len2”” mice (n = 4). (D-F) Primary hepatocytes were isolated from
Len2”" or Len2”” mice and then treated with phosphate-buffered saline (control) or 500 ng/mL LCN2 for 30 hours (n = 4-5 per group).
TGH (D) and FAO (E) were determined. The mRNA levels of genes involved in lipogenesis, FAO, or lipolysis were determined.
*P < 0.05, **P < 0.01. Abbreviations: PBS, phosphate-buffered saline.
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Abbreviations: DCF, 2’,7’-dichlorofluorescein.

(Fig. 7F). Importantly, our gain-of-function data are
strongly supported by loss-of-function studies that
use mice or primary hepatocytes lacking Lcn2.
Asimakopoulou et al. reported that global abla-
tion of Lcn2 in mice led to increases in hepatic lip-
ids and plasma ALT and AST levels after being fed
an MCD diet for 4 weeks."”) The authors also found
that hepatic Perilipin 5 (Plin5) was reduced in Len2™”"
mice. Because P/in5”" mice have lower hepatic TG
1evels,(25) the reduction in Plin5 cannot account for
the increased hepatic TG accumulation in Len2™””
mice. Interestingly, Ye et al. showed that ablation of
Len2 in Apoe”” mice reduced liver damage after being
fed an HFC or MCD diet, as a result of decreased
expression of C-X-C motif receptor 2 (CXCR2) and
neutrophil infiltration.® The latter study was per-
formed in mice lacking Apoe, which are known to
develop severe steatohepatitis after being fed a west-
ern diet. However, we have observed little neutrophil

infiltration in wild-type mice, Len2”” mice, or mice
overexpressing human LCN2 after they are chal-
lenged with an HFCF diet for 16-20 weeks. Thus,
the conclusion drawn by Ye et al. should be further
validated by independent groups.

Although Len2”” mice are reported to accumulate
more lipids in the liver, " neither the mechanism by
which LCN2 regulates lipid metabolism nor the role
of hepatocyte-derived LCN2 in the development of
NAFLD has been addressed before. We have provided
evidence demonstrating that LCN2 is a key regula-
tor of lipolysis, which releases FFAs from TGH. The
newly released FFAs can activate PPARa and FAO
but inhibit the LXR-SREBP-1c-DNL pathway. As a
result, hepatic TG and fatty acid levels are decreased.
In hepatocytes, fatty acid—induced lipotoxicity plays
an important role in the pathogenesis of NAFLD,
as FFAs (such as C16:0) induce apoptosis, endoplas-

mic reticulum stress, ROS, and inflammation. 26,27)
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In contrast, inhibition of lipolysis by abrogation of
adipose triglyceride lipase (ATGL) aggravates MCD
diet—induced steatohepatitis.(zg) In addition, loss of
hepatic comparative gene identification-58 (CGI-58),
a co-activator for ATGL, also inhibits lipolysis and
exacerbates the development of NAFLD. %) Indeed,
defective lipolysis has now been recognized as one
of the most important mechanisms contributing to
the pathogenesis of NAFLD."® We have shown
that overexpression of LCN2 in hepatocytes induces
lipolysis, leading to a reduction in hepatic levels of
fatty acids (C16:0 and C18:1), MDA and apopto-
sis, whereas loss of LCN2 has opposite effects. Thus,
LCN2 protects against steatohepatitis likely by induc-
ing lipolysis in the first place.

LCN2 is an acute protein that is induced in response
to bacterial infection, metabolic stress, or injury. Eleva-
ted plasma level of LCN2 is generally considered a
“help me” signal in response to inflammation or tissue
injury.®* Hepatocyte-derived LCN2 plays a critical
role in inhibiting bacterial infection and promoting
liver regeneration.(s) However, little is known about the
role of hepatocyte-derived LCN2 in lipid metabolism,
NASH development, or the underlying mechanism.
Our studies underscore a critical role of hepatocyte-
derived LCN2 in the pathogenesis of NAFLD, sug-
gesting that the induction of hepatic LCN2 in response
to metabolic stress is a protective mechanism.

In summary, our data illustrated a central role of
hepatocyte-derived LCN2 in the pathogenesis of
NAFLD. Importantly, we have also uncovered a
mechanism by which LCN2 regulates lipid metabo-
lism, inflammation, and fibrosis. Given that hepato-
cytes are enriched in LCN2 and are one of the major
sources of plasma LCN2, elevation of LCN2 expres-
sion in hepatocytes may be useful for treatment of

NAFLD.
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