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Abstract

Lipocalin-2 (LCN2) has been previously characterized as an adipokine regulating 

thermogenic activation of brown adipose tissue and retinoic acid (RA)-induced 

thermogenesis in mice. The objective of this study was to explore the role and mechanism 

for LCN2 in the recruitment and retinoic acid-induced activation of brown-like or ‘beige’ 

adipocytes. We found LCN2 deficiency reduces key markers of thermogenesis including 

uncoupling protein-1 (UCP1) and peroxisome proliferator-activated receptor gamma 

coactivator 1α (PGC-1α) in inguinal white adipose tissue (iWAT) and inguinal adipocytes 

derived from Lcn2−/− mice. Lcn2−/− inguinal adipocytes have attenuated insulin-induced 

upregulation of thermogenic gene expression and p38 mitogen-activated protein 

kinase (p38MAPK) signaling pathway activation. This is accompanied by a lower basal 

and maximal oxidative capacity in Lcn2−/− inguinal adipocytes, indicating mitochondrial 

dysfunction. Recombinant LCN2 was able to restore insulin-induced p38MAPK 

phosphorylation in both WT and Lcn2−/− inguinal adipocytes. Rosiglitazone treatment 

during differentiation of Lcn2−/− adipocytes is able to recruit beige adipocytes at a normal 

level, however, further activation of beige adipocytes by insulin and RA is impaired 

in the absence of LCN2. Further, the synergistic effect of insulin and RA on UCP1 and 

PGC-1α expression is markedly reduced in Lcn2−/− inguinal adipocytes. Most intriguingly, 

LCN2 and the retinoic acid receptor-alpha (RAR-α) are concurrently translocated to the 

plasma membrane of adipocytes in response to insulin, and this insulin-induced RAR-α 

translocation is absent in adipocytes deficient in LCN2. Our data suggest a novel LCN2-

mediated pathway by which RA and insulin synergistically regulates activation of beige 

adipocytes via a non-genomic pathway of RA action.

Introduction

Obesity prevalence continues to increase along 
with escalating rates of metabolic diseases including 
diabetes and cardiovascular disease (Flegal  et  al. 2016). 
Thermogenic activity in adipose tissue is associated with 
a decreased BMI and improved metabolic health (van 

Marken Lichtenbelt  et  al. 2009, Harms & Seale 2013). 
Although the presence of brown adipose tissue (BAT) in 
adult humans has been confirmed, the BAT established in 
infancy dramatically decreases with age (Saito et al. 2009). 
Therefore, the conversion of energy-storing white adipose 
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tissue (WAT) to energy expending BAT holds therapeutic 
potential. White adipocytes can take on a brown-like, or 
‘beige’ phenotype, characterized by increased number 
of mitochondria, a multilocular appearance, expression 
of uncoupling protein-1 (UCP1)-positive cells and a 
functional increase in energy expenditure (Ohno  et  al. 
2012, Harms & Seale 2013).

Several factors are known to promote beiging of WAT, 
including cold, dietary factors, exercise, pharmaceuticals 
and circulating factors including adipokines (Harms & 
Seale 2013). Thermogenesis is classically activated by 
catecholamines released during cold exposure, which bind 
to β-adrenergic receptors on the surface of adipocytes. This 
activates a protein kinase A, p38 mitogen-activated protein 
kinase (p38MAPK), activating transcription factor-2 
(ATF2) signaling cascade, which concurrently upregulates 
mitochondrial biogenesis, the expression of thermogenic 
genes and lipolysis to provide fatty acids to support 
uncoupling of the electron transport chain (Cao et al. 2001, 
2004). However, alternative, non-adrenergic pathways 
have also been identified as promoting beiging of WAT.

The anti-diabetic drug rosiglitazone acts as a 
peroxisome proliferator-activated receptor γ (PPARγ) 
agonist and upregulates transcription of mitochondrial 
and thermogenic genes including Ucp1 (Petrovic  et  al. 
2008, 2010, Ohno et al. 2012). Chronic treatment of WAT 
with rosiglitazone recruits beige adipocytes, but is not 
by itself able to activate thermogenesis without further 
stimulation by norepinephrine (Nedergaard & Cannon 
2014). It is unclear whether there are endogenous factors 
that act in a similar manner to rosiglitazone, as well as 
whether non-adrenergic beiging activators require or 
influence PPARγ-mediated recruitment of beige adipocytes.

RA, a known activator of BAT thermogenesis, binds to 
and promotes nuclear translocation of transcription factors 
that upregulate Ucp1 gene expression (Alvarez et al. 1995, 
Rabelo et al. 1996, Bonet et al. 1997, Kumar et al. 1999). 
RA is also reported to increase p38MAPK phosphorylation, 
which was found necessary for the RA-induced 
upregulation of Ucp1 gene expression (Teruel et al. 2003, 
Mercader  et  al. 2010). Therefore, it is possible that RA 
regulates thermogenesis through multiple pathways, 
although the exact mechanism is unknown.

Lipocalin-2 (LCN2) is a 25 kDa secreted protein 
expressed highly in adipose tissue depots in response 
to cold and inflammatory stimulation (Guo  et  al. 2010, 
Zhang et al. 2014a). Solution structures of LCN2 indicate 
it has an anti-parallel β-barrel structure, which surrounds 
a hydrophobic-binding pocket (Coles  et  al. 1999). This 
structure is conserved among the lipocalin family and 

allows them to bind to a variety of small, hydrophobic 
molecules such as fatty acids, retinoids and steroids (Flower 
1996). We have previously been shown that Lcn2−/− 
mice are not able to maintain their body temperature 
when exposed to cold (Guo et  al. 2010). Lcn2−/− mice 
developed significantly increased body fat mass, adipocyte 
hypertrophy and adipose inflammation compared to 
WT mice upon a high-fat diet (HFD) feeding (Guo et al. 
2010). Subsequent examination of BAT in Lcn2−/− mice 
found deficiencies in induction of thermogenic genes 
and mitochondrial biogenesis following cold exposure 
(Zhang  et  al. 2014b). Conversely, catecholamine levels 
and the response to β-adrenergic activators are normal 
in Lcn2−/− mice and brown adipocytes, suggesting LCN2 
regulates thermogenesis through a non-adrenergic 
mechanism (Zhang et  al. 2014b). Lcn2−/− mice have 
decreased expression of PPARγ in brown and WAT depots 
and chronic treatment with rosiglitazone has been shown 
to improve insulin sensitivity and cold intolerance in 
these mice (Jin  et  al. 2011). Further studies have found 
LCN2 regulates RA metabolism and action in adipose 
tissue (Guo et al. 2016). These previous studies suggest that 
LCN2 may regulate RA-induced thermogenesis in adipose 
tissue. However, the exact pathway by which LCN2 
regulates adipose tissue, especially beige adipose tissue, 
thermogenesis remains unknown. Therefore, the objective 
of this study was to determine the role of LCN2 in the 
regulation of beiging of white adipocytes and to identify 
a non-adrenergic pathway that is responsible for LCN2 
regulation of RA-induced activation of beige adipocytes.

Materials and methods

Animals

LCN2-deficient mice were kindly provided by Dr. 
Alan Aderem, Institute for Systems Biology, Seattle, 
Washington, USA. Heterozygous mating scheme was 
used to generate WT and Lcn2−/− mice as previously 
described (Guo et  al. 2010). Animals were housed at 
22°C in a specific pathogen-free facility at the University 
of Minnesota. Animal studies were conducted with the 
approval of the University of Minnesota Animal Care and 
Use Committee and conformed to the National Institute 
of Health guidelines for laboratory animal care.

For in vivo studies with RA treatment, WT and 
Lcn2−/− mice from the same litter were housed at 22°C in 
a 12:12-h light-darkness cycle with free access to water. 
Male mice were fed a HFD (60% of calories from fat, Bio-
serv F3282, New Brunswick, NJ, USA) at 4 weeks of age for 
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12 weeks. At 16 weeks of age, three male WT and five male 
Lcn2−/− mice were treated with 50 mg/kg body weight all-
trans RA (ATRA, Sigma) via oral gavage daily for 24 days. 
Control mice were treated with 1% ethanol vehicle. HFD 
was continued during the 24-day treatment period. After 
24-day treatment, tissues were collected and immediately 
frozen in liquid nitrogen and stored at −80°C for use.

Cell culture and differentiation of primary  
stromal-vascular cells

Stromal-vascular (SV) cell fraction containing pre-
adipocytes were isolated from inguinal WAT of WT and 
Lcn2−/− male mice as previously described (Zhang et  al. 
2014b). Cells were grown to confluence in Dulbecco’s 
Modified Eagle Medium (DMEM; Invitrogen) containing 
l-glutamine and 25 mM glucose, 10% FBS (Atlanta Biological, 
Lawrenceville, GA, USA) and 100 units/mL penicillin/
streptomycin (Invitrogen). After reaching confluence, 
pre-adipocytes were treated with a differentiation cocktail 
for 2  days containing DMEM, 10% FBS, penicillin/
streptomycin, 0.25 mM isobutylmethylxanthine (Sigma), 
0.5 µM dexamethasone (Sigma) and 0.85 µM insulin. 
The cells were then maintained in culture media with 
0.85 µM insulin until fully differentiated. For rosiglitazone 
experiments, 1 µM rosiglitazone (Sigma) was added to the 
culture media from day 0 of differentiation until fully 
differentiated. For insulin stimulation, differentiated 
adipocytes were serum starved in DMEM containing 0.5% 
FBS for 3–6 h prior to addition of insulin. Recombinant 
Lcn2 was commercially obtained from R&D Systems.

Plasma membrane isolation

For the preparation of crude plasma membrane fractions, 
a previously described method was followed (Chen et al. 
2003). Briefly, differentiated primary adipocytes were 
harvested and homogenized in TES buffer containing 
20 mM Tris, 1 mM EDTA and sucrose. Homogenates 
were layered onto a sucrose cushion and centrifuged at 
100,000 g for 20 minutes in a SW60 Ti swinging bucket 
rotor. Interface was collected and centrifuged at 130,000 g 
for 10 min in a TLA120.2 rotor to obtain the final pellet 
containing the plasma membrane fraction.

Statistical analysis

Values are reported as mean ±  s.e.m.. Statistical significance 
was determined by two-tailed Student’s t test, where a P 
value less than 0.05 was considered significant.

Results

LCN2 deficiency impairs beiging and mitochondrial 
function in Lcn2−/− inguinal adipose tissue

Lcn2 gene expression and protein levels in inguinal 
WAT (iWAT) are increased in response to thermogenic 
stimuli, including cold exposure and treatment with the 
β-adrenergic agonist norepinephrine (NE) (Guo et al. 2010, 
Zhang et al. 2014a). We therefore sought to determine a 
role for LCN2 in WAT beiging. We found Ucp1 expression 
was significantly attenuated in iWAT from Lcn2−/− mice, 
signifying possible impairments in beiging in the absence 
of LCN2 (Fig. 1A). This effect was not seen in epididymal 
WAT (eWAT), which has previously been reported to have 
less thermogenic capacity than iWAT (Walden et al. 2012). 
Further, primary adipocytes isolated from iWAT from 
Lcn2−/− mice showed significantly attenuated expression 
of thermogenic genes Ucp1 and peroxisome proliferator-
activated receptor gamma coactivator 1α (Pgc1a) compared 
to those from WT mice (Fig. 1B), suggesting impairment 
in beiging capacity. 

Since beiging capacity is positively correlated with 
mitochondrial function (Wu et al. 2012), we next looked 
at functional measurements of mitochondrial activity. 
Mitochondrial respiratory profile analysis by Seahorse XF 
Analyzers showed that oxygen consumption rates were 
significantly decreased in Lcn2−/− differentiated inguinal 
adipocytes under both basal and maximal respiration 
conditions, indicating a decrease in mitochondrial 
oxidative capacity (Fig.  1C and D). Consistent with 
decreased mitochondrial function, NAD/NADH+ ratio was 
decreased in Lcn2−/− inguinal adipocytes under both fed 
and starved conditions (Fig. 1E). Mitochondrial DNA copy 
number was similar between WT and Lcn2−/− inguinal 
adipocytes (Fig. 1F), suggesting that mitochondrial content 
may not be affected. However, further investigation 
would be needed in order to make a solid conclusion on 
the effect of Lcn2 KO on mitochondrial biogenesis and 
number. Taken together, these data suggest adipocytes 
deficient in LCN2 have reduced beiging capacity and 
impaired mitochondrial function.

LCN2 deficiency does not affect β-adrenergic 
signaling in inguinal adipocytes

To test the impact of LCN2 deficiency on β-adrenergic 
signaling in adipocytes, SV cells isolated from WT and 
Lcn2−/− iWAT were differentiated to mature adipocytes. We 
treated differentiated WT and Lcn2−/− inguinal adipocytes 
with norepinephrine (NE) for 1 h. Phosphorylation 
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of p38MAPK in response to acute NE treatment was 
similar between WT and Lcn2−/− adipocytes, indicating 
β-adrenergic signaling is intact in the absence of LCN2 
(Fig.  2A and B). Similarly, there was no significant 
difference in induction of Ucp1 gene expression by NE in 
Lcn2−/− differentiated inguinal adipocytes when compared 
to WT (Fig. 2F). As insulin-induced thermogenic signaling 
and gene expression is impaired in the absence of Lcn2, 
we also tested β-adrenergic signaling in the presence 
of insulin. However, NE-induced phosphorylation 
of p38MAPK remained higher in Lcn2−/− adipocytes 
despite the addition of insulin (Fig. 2A and B). Similar to 
p38MAPK, phosphorylation of hormone-sensitive lipase 
(HSL) in response to acute NE treatment was higher in 
Lcn2−/− inguinal adipocytes when compared to WT 
adipocytes (Fig. 2C and D). Next, we treated differentiated 
inguinal adipocytes with isoproterenol and measured 
glycerol release as an indicator of β-adrenergically 

activated lipolysis. Isoproterenol was able to induce 
glycerol release in Lcn2−/− inguinal adipocytes, although 
this was slightly decreased when compared to WT inguinal 
adipocytes (Fig.  2E). Together, these data points toward 
a non-adrenergic mechanism by which LCN2 regulates 
thermogenic signaling in inguinal WAT.

LCN2 regulates p38MAPK signaling pathway 
activation and thermogenic gene expression in 
inguinal adipocytes

As p38MAPK signaling is a major upstream pathway 
regulating thermogenic gene expression (Cao et al. 2001, 
2004), we next investigated whether LCN2 regulates 
this thermogenic pathway in inguinal adipocytes. 
First, we examined the effect of Lcn2 deficiency on the 
Ucp1 and Pgc1α expression in differentiated inguinal 
adipocytes. After 18-h culture in the presence or absence 
of insulin, the expression of Ucp1, Pgc1a and Cidea genes 
was increased by insulin stimulation in WT adipocytes 
(Fig. 3A). Interestingly, the stimulatory effect of insulin on 
thermogenic gene expression was significantly attenuated 
in Lcn2−/− adipocytes (Fig.  3A). Next, differentiated 
adipocytes were treated with recombinant LCN2 in 

Figure 1
Thermogenic gene expression and mitochondrial function in Lcn2−/− WAT 
and inguinal adipocytes. (A) Ucp1 gene expression in inguinal WAT 
(iWAT) and epididymal WAT (eWAT) from WT and Lcn2−/− mice on 
high-fat diet for 12 weeks, n = 3–5/group. (B) Thermogenic gene 
expression in primary inguinal adipocytes isolated from WT and 
Lcn2−/− mice, n = 3–5/group. (C and D) Oxygen consumption rate in 
differentiated inguinal adipocytes isolated from WT and Lcn2−/− mice, 
n = 8/treatment. (E) NAD+/NADH in differentiated inguinal adipocytes 
isolated from WT and Lcn2−/− mice, n = 3/treatment. (F) mtDNA relative to 
nuclear DNA in inguinal differentiated adipocytes from WT and 
Lcn2−/− mice, n = 3/treatment. The cell culture experiments were repeated 
2–3 times yielding similar results. The data are represented as 
mean ± s.e.m. *P < 0.05 vs WT; **P < 0.01 vs WT.

Figure 2
β-adrenergic signaling in Lcn2−/− inguinal adipocytes. p38MAPK (A and B) 
and HSL (C and D) phosphorylation following treatment with 1 µM 
norepinephrine (NE) ± insulin (Ins). (E) Glycerol release into cell 
supernatant from differentiated inguinal adipocytes treated with 1 µM 
isoproterenol (Iso). (F) Gene expression in differentiated inguinal 
adipocytes treated with 1 µM norepinephrine (NE) for 18 h, n = 3/
treatment. Experiments were repeated two times yielding similar results. 
The data are represented as mean ± s.e.m. For B and D, *P < 0.05 vs Control 
of same genotype; **P < 0.01 vs Control of same genotype; #P < 0.01 vs WT 
of same group. For E and F, *P < 0.05 vs WT of same group.
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the absence or presence of insulin for 18 h to examine 
the effects of LCN2 on p38MAPK signaling. There was 
no statistically significant difference in basal levels of 
p38MAPK phosphorylation between WT and Lcn2−/− 
adipocytes (Fig. 3B and C). After 18-h treatment, insulin 
significantly increased p38MAPK phosphorylation in WT 

adipocytes, but the effect of insulin was blunted in Lcn2−/− 
adipocytes (Fig. 3B and C). Treatment with recombinant 
LCN2 for 18 h was able to restore phosphorylation of 
p38MAPK in Lcn2−/− adipocytes with insulin (Fig. 3B and 
C). Lastly, treatment with recombinant Lcn2 was able to 
increase Ucp1 gene expression in Lcn2−/− adipocytes but 
not WT adipocytes (Fig. 3F). Together, these data suggest 
that LCN2 is required for and can increase insulin-
stimulated p38MAPK phosphorylation and upregulation 
of Ucp1 gene expression.

To further provide the evidence supporting that Lcn2 
KO does not affect adrenergic signaling, we determined if 
blocking beta-adrenoreceptor signaling using propranolol 
would affect the effect of recombinant LCN2 on Ucp1 gene 
expression and p38MAPK phosphorylation. Differentiated 
inguinal adipocytes were treated with LCN2 or NE in 
the presence or absence of propranolol for 18 h. NE 
significantly upregulated Ucp1 gene expression (Fig. 3D and 
E) and p38MAPK phosphorylation (Fig. 3G and H) in both 
WT and Lcn2−/− adipocytes, and propranolol completely 
blocked the effect of NE on Ucp1 expression (Fig. 3D and 
E) and p38MAPK phosphorylation (Fig. 3G and H) in both 
types of cells. LCN2 had no effect on Ucp1 expression 
and p38MAPK phosphorylation in WT adipocytes, but 
significantly upregulated Ucp1 expression (Fig.  3F) and 
increased p38MAPK phosphorylation (Fig. 3G and H) in 
Lcn2−/− adipocytes. Interestingly, propranolol was unable 
to block LCN2 effect on Ucp1 expression (Fig.  3F) and 
p38MAPK phosphorylation (Fig. 3G and H) in both WT 
and Lcn2−/− adipocytes. On the contrary, propranolol 
enhanced LCN2 induction of Ucp1 expression in Lcn2−/− 
adipocytes (Fig.  3F). All these results suggest that LCN2 
affects Ucp1 expression through β-adrenergic receptor 
signaling-independent pathway.

LCN2 deficiency impairs retinoic acid-induced 
beiging and thermogenesis in Lcn2−/− 
inguinal adipocytes

RA has previously been shown to increase UCP1 
expression, lipolysis, mitochondrial function and brown-
like morphology of WAT adipocytes (Alvarez et al. 1995, 
Kumar et al. 1999, Mercader et al. 2006). RA is known to 
exert its effect on thermogenesis through binding and 
nuclear translocation of the retinoic acid receptor-alpha 
(RAR-α), which serves as a transcription factor for several 
genes including Ucp1 and Pgc1a (Alvarez et  al. 1995, 
Rabelo et  al. 1996, Teruel et  al. 2003). It has previously 
been reported that the lipocalin family of proteins bind to 
hydrophobic ligands including retinoids (Flower 1996), so 

Figure 3
Thermogenic gene expression and p38MAPK signaling by recombinant 
LCN2 in Lcn2−/− inguinal adipocytes. (A) Gene expression of Ucp1, Pgc1a, 
and Cidea following 18 h treatment with or without insulin (INS), n = 3/
group. (B) p38MAPK phosphorylation in differentiated inguinal 
adipocytes following 18 h of treatment with 500 ng/mL recombinant 
LCN2 ± insulin (INS). (C) Quantification of band intensity of 
phosphorylated p38MAPK normalized to total p38MAPK for 18 h 
treatment, n = 3 independent experiments. (D, E) Gene expression of Ucp1 
following 18 h treatment with or without 1 µM norepinephrine (NE) in 
the presence or absence of 100 µM Propranolol, n = 3/group. (F) Gene 
expression of Ucp1 following 18 h treatment with or without 500 ng/mL 
recombinant LCN2 in the presence or absence of 100 µM Propranolol, the 
data are mean from three independent experiments, n = 3/treatment for 
each experiment. (G) p38MAPK phosphorylation following 18 h treatment 
with or without 500 ng/mL recombinant LCN2 in the presence or absence 
of 100 µM Propranolol. (H) Quantification of band intensity of 
phosphorylated p38MAPK normalized to total p38MAPK for Western 
blots in G, n = 2 independent experiments. For A, B, C, D, E, F, G and H, 
the experiments were repeated 2–3 times yielding similar results. The 
data are represented as mean ± s.e.m. *P < 0.05 vs WT of same group; 
**P < 0.01 vs WT of same group; ***P < 0.001 vs WT of same group; 
#P < 0.05 vs Control of same genotype; ##P < 0.01 vs Control of same 
genotype; ###P < 0.001 vs Control of same genotype; $P < 0.05 vs WT 
control.
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we next sought to determine whether LCN2 is involved in 
RA-induced beiging of WAT. As shown in Fig. 4A, B and C, 
chronic treatment (24 days) of 12-week HFD-fed mice with 
RA resulted in a significant increase in UCP1 protein levels 
and thermogenic gene expression in iWAT of WT mice, 
but this effect was completely attenuated in inguinal WAT 
from Lcn2−/− mice. In in vitro studies with differentiated 
inguinal adipocytes, acute (24-h) treatment of WT inguinal 
adipocytes with RA resulted in an upregulation of Ucp1 
gene expression, but this was blunted in adipocytes from 
Lcn2−/− mice (Fig. 4D). When WT inguinal adipocytes were 
treated with RA in the presence of insulin, a synergistic 
effect was observed on Ucp1 and Pgc1a gene expression 
(Fig.  4D and E), suggesting that RA requires insulin for 
maximal activation of thermogenic gene expression in 
white adipocytes. The synergistic effect between RA and 
insulin on gene expression was significantly attenuated 
in Lcn2−/− inguinal adipocytes. Interestingly, RA was 
able to rapidly phosphorylate p38MAPK in WT inguinal 

adipocytes, indicating that RA may have a non-genomic 
effect on thermogenic signaling (Fig. 4F and G). This rapid 
effect of RA on p38MAPK phosphorylation was abolished 
in Lcn2−/− inguinal adipocytes. These data indicate that 
LCN2 is involved in RA induction of thermogenic gene 
expression and UCP1 protein levels in inguinal white 
adipocytes and may regulate this by promoting the rapid 
phosphorylation of p38MAPK by RA.

LCN2 deficiency impairs activation, but not 
recruitment, of beige adipocytes in Lcn2−/− 
inguinal adipocytes

While Lcn2−/− inguinal adipocytes have reduced 
thermogenic signaling and gene expression in response 
to insulin and RA, it is possible that impaired recruitment 
of UCP1+ beige adipocytes is driving the decrease in 
thermogenic activation induced by RA in Lcn2−/− mice. The 
transcription factor PPARγ has previously been shown to be 
involved in brown adipocyte differentiation and beiging of 
WAT (Petrovic et  al. 2010, Ohno et  al. 2012). In WT and 
Lcn2−/− inguinal adipocytes differentiated with or without 
rosiglitazone, we found similar levels of lipid accumulation, 
which indicates equivalent rates of differentiation (Fig. 5A). 
Further, expression of adipogenic genes and PPARγ protein 
levels were similar between WT and Lcn2−/− adipocytes 
(Fig.  5B, D and F). To test the effect of rosiglitazone on 
recruitment of beige adipocytes, we next treated WT and 
Lcn2−/− adipocytes with rosiglitazone during differentiation 
followed by an acute stimulation of the fully differentiated 
adipocytes with RA. Treatment of inguinal adipocytes with 
rosiglitazone during differentiation results in similar Ucp1 
gene expression in WT and Lcn2−/− inguinal adipocytes 
indicating normal recruitment of beige adipocytes 
in response to PPARγ activation (Fig.  5C). However, 
rosiglitazone during differentiation was not able to rescue 
the acute effect of RA on Ucp1 gene expression. Likewise, 
rosiglitazone during differentiation induces similar levels of 
UCP1 protein in WT and Lcn2−/− inguinal adipocytes, while 
the acute addition of RA for 24 h results in a further marked 
increase in UCP1 protein levels in WT, but this increase 
was attenuated in Lcn2−/− adipocytes (Fig. 5D and E). This 
indicates that while the recruitment of beige adipocytes and 
thermogenic capacity by rosiglitazone is intact, thermogenic 
activation of beige adipocytes by RA is impaired in Lcn2−/− 
inguinal adipocytes.

We saw a synergistic effect between RA and insulin 
on thermogenic gene expression, leading us to question 
whether the insulin signaling pathway is involved in 
regulation of thermogenic activation. Indeed, activation 

Figure 4
RA-induced thermogenesis in Lcn2−/− iWAT and adipocytes. (A, B and C) 
UCP1 protein levels (A and B) (n = 3–4 mice/group) and Ucp1 and Pgc1a 
gene expression (C) (n = 4–6 mice/group) in iWAT from WT and Lcn2−/− 
mice following oral gavage with RA for 14 days. *P < 0.05 vs WT; #P < 0.05 
vs WT RA. (D and E) Ucp1 (D) and Pgc1a (E) gene expression in 
differentiated inguinal adipocytes following 24 h treatment with insulin 
and 1 µM RA, n = 3/treatment. *P < 0.05 vs WT; #P < 0.05 vs WT-Con. (F and 
G) p38MAPK phosphorylation in differentiated inguinal adipocytes 
following 30 min treatment with 1 µM RA, n = 4 independent experiments. 
For cell culture studies, experiments were repeated 2–3 times yielding 
similar results. The data are represented as mean ± s.e.m. For B and C, 
*P < 0.05 vs RA; **P < 0.01 vs RA; #P < 0.05 vs WT of same group; ##P < 0.01 
vs WT of same group. For D, E, and G, *P < 0.05 vs WT; #P < 0.05 vs WT of 
same group.
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of mammalian target of rapamycin complex 1 (mTORC1) 
has recently been found necessary for β-adrenergic beiging 
of WAT (Liu  et  al. 2016). Therefore, we hypothesized 
mTORC1 activation by insulin may be required to fully 
activate RA-induced beiging and that defects in insulin 
signaling in Lcn2−/− inguinal adipocytes could explain 
the differences in response to insulin and RA in these 
cells. Inguinal SV cells from WT and Lcn2−/− mice were 
differentiated to adipocytes with rosiglitazone, followed 
by 30-min treatment with RA in the presence or absence 
of insulin. However, there were no differences in 
phosphorylation of Akt or ribosomal protein S6 kinase 
(S6K) between WT and Lcn2−/− rosiglitazone-recruited 
beige adipocytes in response to 30-min insulin stimulation 
(Fig. 5G). Further, 30-min RA treatment did not increase 
phosphorylation of S6K with or without the presence of 
insulin, suggesting mTORC1 activity does not mediate 
the effects of RA on beiging. This suggests LCN2 regulates 
the synergistic effect of insulin and RA on thermogenic 
gene expression through a mechanism independent from 
insulin-mTORC1 signaling activity.

LCN2 is required for insulin-induced RAR-a 
translocation to the plasma membrane

As we saw rapid phosphorylation of p38MAPK by RA, we 
next pursued non-genomic mechanisms by which RA and 

insulin could synergistically regulate thermogenesis. A pool 
of RAR-α in plasma membrane lipid rafts has previously 
been reported to facilitate RA action on p38MAPK in 
mouse embryonic fibroblasts (Piskunov & Rochette-
Egly 2012, Al Tanoury  et  al. 2013). LCN2 is a secreted 
protein, which has been shown to localize to the plasma 
membrane and has been speculated to be involved in 
lipid raft rearrangement (Lingwood 2014, Watanabe et al. 
2014). Additionally, our group has previously shown 
normal translocation of RAR-α to the nucleus and normal 
induction of RA-responsive non-thermogenic genes in 
Lcn2−/− adipocytes (Guo et al. 2016), further suggesting a 
non-genomic regulation of RA signaling by LCN2. Thus, 
we hypothesized that LCN2 may localize to the plasma 
membrane and regulate RAR-α translocation to the plasma 
membrane. Differentiated brown and inguinal adipocytes 
were treated with insulin or insulin plus RA for 45 min, 
followed by isolation of the plasma membrane fraction. As 
expected, we found abundant LCN2 in plasma membrane 
fractions isolated from brown and inguinal adipocytes 
from WT mice, and insulin treatment enhanced plasma 
membrane abundance of LCN2 (Fig.  6A). Interestingly, 
RAR-α translocation to the plasma membrane was also 
significantly increased in response to insulin stimulation 
in WT inguinal and brown adipocytes (Fig. 6A, B and D). 
Insulin-stimulated RAR-α translocation was not significant 
in Lcn2−/− inguinal adipocytes, suggesting LCN2 mediates 

Figure 5
Effect of rosiglitazone on thermogenesis in 
Lcn2−/− inguinal adipocytes. (A) Oil red O Staining 
in differentiated inguinal adipocytes treated with 
or without 1 µM rosiglitazone (Rosi-7d) during 
the 7 days of differentiation to mature 
adipocytes. (B) Adipogenic gene expression in 
differentiated inguinal adipocytes treated with or 
without 1 µM rosiglitazone (Rosi-7d) during the 
7 days of differentiation to mature adipocytes, 
n = 3/treatment. (C and D) Ucp1 gene expression 
(C) and protein levels (D) in differentiated 
inguinal adipocytes treated with 7 days of 1 µM 
rosiglitazone (Rosi) during differentiation 
followed by 24 h treatment with 1 µM RA, n = 3/
treatment. (E) Quantification of band intensity of 
UCP1 protein for western blots in D. (F) 
Quantification of band intensity of PPARγ for 
western blots in D. (G) Levels of proteins involved 
in insulin signaling in differentiated inguinal 
adipocytes treated with 1 µM rosiglitazone (Rosi) 
during the 7 day differentiation to adipocytes 
followed by 1 µM RA or insulin for 30 min. 
Experiments were repeated 2–3 times yielding 
similar results. The data are represented as 
mean ± s.e.m. **P < 0.01 vs WT from similar 
treatment group; #P < 0.05 vs no rosi treatment; 
##P < 0.01 vs no rosi treatment. A full color version 
of this figure is available at https://doi.
org/10.1530/JME-18-0017.
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this effect (Fig. 6B and D). Interestingly, addition of RA 
to insulin led to a reduction in plasma membrane RAR-
α in inguinal adipocytes (Fig. 6B). To understand if this 
RA-induced reduction in plasma membrane RAR-α is 
related to changes in overall RAR-α protein levels and 
also if LCN2 deficiency affects overall levels of RAR-α 
protein expression, we looked at the effect of RA on the 
mRNA and protein expression levels of RAR-α in WT and 
Lcn2−/− inguinal adipocytes with or without rosiglitazone 
induction during differentiation. As shown in Fig. 6C and 
E, mRNA and protein expression levels of RAR-α were not 
significantly different between WT and Lcn2−/− inguinal 
adipocytes under the basal and RA-treated conditions. 
RA treatment for 24 h resulted in a similar reduction 
in RAR-α protein levels in WT and Lcn2−/− inguinal 
adipocytes (Fig.  6E and F). Together, these data suggest 
that RA-induced decrease in plasma membrane RAR-α 
likely results from decreased total RAR-α protein levels.

Discussion

Thermogenic adaptation in BAT in response to cold is 
correlated with decreased BMI and improved metabolic 
health (Saito et  al. 2009, van Marken Lichtenbelt et  al. 
2009, Harms & Seale 2013). In response to thermogenic 
stimuli, WAT additionally recruits brown-like, ‘beige’ 
adipocytes that are multilocular, have more mitochondria 
and express higher levels of UCP1 (Wu et al. 2012, Harms 
& Seale 2013). Our lab has previously found that LCN2 
regulates thermogenesis in BAT via a non-adrenergic 
mechanism (Guo et al. 2010, Zhang et al. 2014b). In this 
study, we sought to determine whether and how LCN2 
regulates beiging of WAT including beige adipocyte 
recruitment and activation.

Although β-adrenergic signaling facilitated by 
catecholamines binding to adrenergic receptors on the 
surface of adipocytes is the primary pathway regulating 
adipose tissue thermogenesis (Cao et al. 2001, 2004, Harms 
& Seale 2013), alternative mechanisms independent of 
β-adrenergic stimulation have been reported. Insulin 
upregulates Ucp1 gene expression through activation of 
P13K/Akt signaling in brown adipocytes and is known 
to have a permissive role in mediating diet-induced 
thermogenesis (Rothwell & Stock 1981, Valverde  et  al. 
2003). Mice lacking insulin receptors in adipose tissue 
cannot maintain their body temperature (Boucher  et  al. 
2012). In an early study of insulin role in BAT, knocking 
out insulin receptor specifically in BAT profoundly impairs 
brown fat adipogenesis, leading to an age-dependent 
loss of interscapular brown fat in mice (Guerra  et  al. 
2001). These studies indicate insulin action is necessary 
for the development of thermogenic adipose tissue and 
thermogenesis. Additionally, insulin has been shown to 
play a critical role in mitochondrial function by regulating 
mitochondrial protein synthesis, oxidative capacity 
and PGC-1α (McKee & Grier 1990, Stump  et  al. 2003, 
Cunningham et al. 2007). However, the role of insulin in 
adipocyte thermogenesis, particularly with regard to the 
signaling pathway and mechanism that mediates insulin 
action, remains largely unexplored. LCN2 expression 
is highly inducible in response to insulin (Zhang et  al. 
2014a); nonetheless, the role of LCN2 in thermogenesis 
under these conditions is not well elucidated. We found 
LCN2 deficiency impairs p38MAPK signaling, thermogenic 
gene expression, and mitochondrial function in Lcn2−/− 
adipocytes. On the other hand, recombinant LCN2 can 
increase p38MAPK phosphorylation and upregulate Ucp1 
gene expression in a β-adrenergic-independent pathway 
as β-adrenergic receptor blocker failed to inhibit the 

Figure 6
Plasma membrane localization of RAR-α in Lcn2−/− brown and inguinal 
adipocytes. (A) Levels of RAR-α and LCN2 in plasma membrane isolated 
from WT brown adipocytes and WT inguinal adipocytes following 45 min 
treatment with insulin. (B) Levels of RAR-α and LCN2 in plasma 
membrane isolated from WT and Lcn2−/− inguinal adipocytes following 
45 min treatment with insulin ± 1 µM RA. (C) Rara gene expression in 
differentiated inguinal adipocytes treated with 24 h of 1 µM RA, n = 3/
treatment. (D) Quantification of basal and insulin-stimulated levels of 
RAR-α in plasma membrane isolated from WT and Lcn2−/− adipocytes 
following 45 min treatment ± insulin, n = 4–5 independent experiments. (E) 
RAR-α protein levels in differentiated inguinal adipocytes treated with 
1 µM rosiglitazone during the differentiation to adipocytes followed by 
24 h treatment with 1 µM RA (F). The data are represented as mean ± s.e.m. 
*P < 0.05 vs control.
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effect of LCN2. This suggests that in response to insulin 
stimulation, LCN2 is increased and may in turn mediate 
insulin-permissive action on thermogenic signaling and 
gene expression.

Chronic activation of PPARγ by rosiglitazone is 
known to recruit UCP1+ adipocytes, particularly in 
iWAT (Petrovic et  al. 2008, 2010, Ohno et  al. 2012). 
Insulin is known to positively regulate PPARγ through 
increasing Akt-mTORC1 pathway activity and mTORC1 
activation has been reported as necessary for beiging 
(Kim & Chen 2004, Liu et  al. 2016). Together this 
suggests that insulin pathway activation might regulate 
WAT thermogenesis in WT mice in part by promoting 
PPARγ activity. Our lab has previously demonstrated a 
decrease in insulin-stimulated Akt phosphorylation in 
Lcn2−/− adipocytes (Guo et  al. 2010), suggesting LCN2 
promotes insulin pathway activation. However, it is not 
known whether LCN2 is necessary for insulin signaling 
following rosiglitazone treatment. Our results from the 
present study are consistent with our published studies 
showing that rosiglitazone treatment was able to rescue 
cold intolerance and UCP1 expression in BAT in Lcn2−/− 
mice (Jin et al. 2011). Interestingly, Lcn2−/− rosiglitazone-
differentiated inguinal adipocytes remained 
unresponsive to acute treatment with insulin plus RA 
in regards to thermogenic gene expression, indicating 
that PPARγ is not involved in the acute regulation of 
thermogenic signaling by LCN2. Moreover, we did not 
observe induction of Akt and S6K phosphorylation in 
response to RA in both WT and Lcn2−/− rosiglitazone-
differentiated inguinal adipocytes. This further supports 
insulin-stimulated LCN2 secretion may regulate 
thermogenic signaling through mTORC1-independent 
mechanisms.

In addition to enhancing mitochondrial function 
to maximize thermogenic potential (McKee & Grier 
1990, Cunningham et al. 2007), insulin has been shown 
to augment the action of other thermogenic factors, 
including RA (Chen  et  al. 2009). RA synergizes with 
insulin to dramatically induce UCP1 expression in brown 
adipocytes, as well as sterol regulatory element-binding 
protein target gene glucokinase (Gck) in hepatocytes 
(Chen et al. 2009, Hernandez  et al. 2011). However, the 
molecular mechanisms and signaling pathways that link 
the synergistic action of insulin and RA to thermogenesis 
remain largely unknown. We saw a synergistic effect 
on thermogenic gene expression when WT inguinal 
adipocytes were treated with a combination of insulin 
and RA, and this was intriguingly blunted in Lcn2−/− 
adipocytes.

RA has been reported to increase thermogenesis 
independently of β-adrenergic signaling. RA directly binds 
to and assists the formation of RARα/RXR heterodimers, 
which translocate to the nucleus and increase transcription 
of UCP1 (Alvarez et al. 1995, Rabelo et al. 1996, Bonet et al. 
1997, Mercader et  al. 2010). Further studies have found 
RA may activate thermogenesis upstream of transcription 
by activating non-genomic RARα signaling pathways, 
in particular p38MAPK (Teruel et  al. 2003, Mercader 
et al. 2010, Al Tanoury et al. 2013). In mouse embryonic 
fibroblasts, RA treatment has been shown to rapidly 
induce translocation of RAR-α to plasma membrane lipid 
rafts, enabling RAR-α interaction with G-coupled proteins 
and resulting in increased p38MAPK activity (Piskunov & 
Rochette-Egly 2012). Taken together, these studies suggest 
that RA enhances UCP1 levels through both genomic and 
non-genomic mechanisms. 

LCN2 shares structural similarity with the lipocalin 
family of proteins, members of which have been shown 
to bind ligands including retinoids in a hydrophobic-
binding pocket common to the family (Flower 1996, 
Coles et al. 1999). Previous studies in our lab have shown 
that LCN2 regulates RA metabolism in adipose tissue 
but poorly binds RA in vitro (Guo et al. 2016), suggesting 

Figure 7
A model for a potential mechanism of LCN2 role in the synergistic action 
of insulin and retinoic acid on beiging of inguinal adipocytes. A full color 
version of this figure is available at https://doi.org/10.1530/JME-18-0017.
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LCN2 does not regulate RA activities by directly binding 
to it. Increased transcription of thermogenic genes in 
response to RA is known to be mediated by translocation 
of the nuclear transcription factor RAR-α from the cytosol 
to the nucleus (Alvarez et  al. 1995, Rabelo et  al. 1996, 
Bonet et al. 1997, Teruel et al. 2003). However, we have 
previously shown RA-stimulated translocation of RAR-
α to the nucleus is normal in LCN2-deficient adipocytes 
and not all RA-responsive genes are downregulated 
in the absence of LCN2 (Guo et  al. 2016), suggesting a 
more specialized mechanism by which LCN2 regulates 
RA-induced thermogenic gene expression. In this study, 
we saw an increase in p38MAPK phosphorylation in 
response to a short, 30-minute treatment with RA in WT 
inguinal adipocytes, and this was significantly blunted in 
Lcn2−/− inguinal adipocytes. This indicates that LCN2 is 
required for RA’s ability to rapidly activate a non-genomic 
RAR-α–p38MAPK pathway. LCN2 has been shown to bind 
to the plasma membrane of sperm and facilitate lipid raft 
rearrangement (Watanabe et al. 2014). Strikingly, we found 
both LCN2 and RAR-α present on the plasma membrane 
in brown and inguinal adipocytes. Insulin increases RAR-α 
levels on the plasma membrane in WT, but not LCN2-
deficient adipocytes, suggesting that LCN2 is required for 
insulin-stimulated plasma membrane translocation of 
RAR-α. Interestingly, insulin treatment increased RAR-α 
levels to a greater extent than RA and insulin together in 
the plasma membrane of WT adipocytes. The reason for 
this is unknown, however, it may be related to degradation 
of RAR-α in response to RA-binding (Zhu  et  al. 1999). 
Indeed, we also showed that RA treatment reduces total 
cellular RAR-α protein levels in WT and Lcn2−/− inguinal 
adipocytes (Fig. 6E and F).

Based on our findings, we propose a novel model 
where in response to insulin, LCN2 levels are increased 
and localize to lipid rafts on the plasma membrane (Fig. 7). 
Under the insulin-stimulated condition, the presence of 
LCN2 on the plasma membrane promotes localization 
of RAR-α. This may be part of the mechanism by which 
RA and insulin synergistically facilitate phosphorylation 
of p38MAPK and Ucp1 expression. Future studies are 
needed to determine whether LCN2 binds intracellularly 
or extracellularly to the plasma membrane and how much 
this non-genomic RARα pathway contributes to the LCN2 
action on RA-induced p38MAPK pathway activation and 
thermogenesis. It is also unknown whether LCN2 directly 
regulates other unknown pathways that mediates RA 
effects on p38MAPK–UCP1 pathway activation. Taken 
together, these results show that LCN2 is a regulator of 
insulin and RA synergistic action on p38MAPK activation 

and Ucp1 gene expression by promoting localization of 
RAR-α to the plasma membrane.
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