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Lipocalin-2 counteracts metabolic dysregulation in
obesity and diabetes

loanna Mosialou'*@®, Steven Shikhel'*, Na Luo?, Peristera loanna Petropoulou'@®, Konstantinos Panitsas'@®, Brygida Bisikirskal, Nyanza J. Rothman'@®,
Roxane Tenta!, Bertrand Cariou?®, Matthieu Wargny?, Elisabeth Sornay-Rendu3®, Thomas Nickolas*®, Mishaela Rubin®, Cyrille B. Confavreux*®, and
Stavroula Kousteni®

Regulation of food intake is a recently identified endocrine function of bone that is mediated by Lipocalin-2 (LCN2).
Osteoblast-secreted LCN2 suppresses appetite and decreases fat mass while improving glucose metabolism. We now show that
serum LCN2 levels correlate with insulin levels and B-cell function, indices of healthy glucose metabolism, in obese mice and
obese, prediabetic women. However, LCN2 serum levels also correlate with body mass index and insulin resistance in the same
individuals and are increased in obese mice. To dissect this apparent discrepancy, we modulated LCN2 levels in mice. Silencing
Len2 expression worsens metabolic dysfunction in genetic and diet-induced obese mice. Conversely, increasing circulating
LCN2 levels improves metabolic parameters and promotes B-cell function in mouse models of B-cell failure acting as a growth
factor necessary for B-cell adaptation to higher metabolic load. These results indicate that LCN2 up-regulation is a protective

mechanism to counteract obesity-induced glucose intolerance by decreasing food intake and promoting adaptive B-cell

proliferation.

Introduction

The discovery of the multiple endocrine functions of bone
established a new paradigm whereby bone is a regulator of
energy metabolism (Mera et al., 2018; Liu et al., 2018; Lee et al.,
2007; Mera et al., 2016; Wei et al., 2014; Ferron et al., 2010;
Yoshikawa et al., 2011). This subsequently raised the question
of whether multiple bone-derived hormones may exist that
contribute to glucose homeostatic functions such as glucose
tolerance, insulin sensitivity, and energy expenditure or elicit
unanticipated endocrine functions. In response to this ques-
tion, a known hormone with a previously unclarified action on
energy metabolism was found to mediate a new metabolic func-
tion of bone: regulation of food intake (Mosialou et al.,, 2017).
Lipocalin-2 (LCN2) is a hormone that is expressed by osteoblasts
in 210-fold higher levels than in other tissues at basal states, and
its osteoblast-specific inactivation in mice increases food intake,
fat mass, and body weight (BW). In parallel, osteoblast-specific
inactivation of Len2 in mice leads to glucose intolerance, insulin
resistance, and pancreatic B-cell dysfunction with a decrease in
islet number and size, B-cell mass, and B-cell proliferation that
results in reduced insulin secretion following glucose challenge. In

addition, chronic administration of exogenous LCN2 in lean and
obese mice decreases food intake, fat mass, and BW gain and
improves glucose metabolism, supporting a beneficial role for
LCN2 in energy metabolism.

Other studies have proposed that LCN2 has a beneficial role
in the regulation of various aspects of energy metabolism. Those
include protection from diet-induced obesity, fatty liver disease,
atherogenic dyslipidemia and insulin resistance, suppression of
hepatic gluconeogenesis, and promotion of adaptive thermo-
genesis, activation of brown adipose tissue, and fatty acid oxi-
dation (Guo et al., 2010, 2012, 2013; Paton et al., 2013; Zhang
et al,, 2014). In addition, normal-weight women whose LCN2
serum levels positively correlate with energy expenditure after a
high-fat meal have improved fatty acid oxidation (Paton et al.,
2013). Contrasting with this evidence, we note that elevated
LCN2 serum levels have been associated with obesity and insulin
resistance in mouse models and humans (Yan et al., 2007; Zhang
et al., 2008; Wang et al., 2007; Kanaka-Gantenbein et al., 2008;
Yoo et al., 2014; Rashad et al., 2017). Whether this increase in
LCN2 levels is a cause or result of the metabolic dysregulation

1Department of Physiology and Cellular Biophysics, Columbia University Medical Center, New York, NY; 2Université de Nantes, Centre Hospitalier Universitaire Nantes,
Centre national de la recherche scientifique, Institut national de la santé et de la recherche médicale, I'Institut du thorax, Nantes, France; 3Institut national de la santé et de
la recherche médicale Unités Mixtes de Recherche 1033, Université de Lyon, Hospices Civils de Lyon, Lyon, France; “Department of Medicine Nephrology, Columbia
University Medical Center, New York, NY; *Department of Medicine Endocrinology, Columbia University Medical Center, New York, NY.

*|. Mosialou and S. Shikhel contributed equally to this paper; Correspondence to Stavroula Kousteni: sk2836@columbia.edu; Cyrille B. Confavreux: cyrille.confavreux@
chu-lyon.fr.

© 2020 Mosialou et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Exp. Med. 2020 Vol. 217 No. 10

https://doi.org/10.1084/jem.20191261

W) Check for updates

€20191261

920z Aeniged 60 uo 1senb Aq ypd-L9zZ1610Z Wal/8.y818L/1921610Z8/0L/L1Z/pd-8onie/wal/Bio ssaidny//:dpy woy papeojumoq

1of16


https://orcid.org/0000-0003-0339-3316
https://orcid.org/0000-0001-7844-3010
https://orcid.org/0000-0002-6422-6346
https://orcid.org/0000-0002-9707-2283
https://orcid.org/0000-0002-1580-8040
https://orcid.org/0000-0002-2573-5316
https://orcid.org/0000-0001-8870-1896
https://orcid.org/0000-0002-9318-6785
https://orcid.org/0000-0001-5163-3551
mailto:sk2836@columbia.edu
mailto:cyrille.confavreux@chu-lyon.fr
mailto:cyrille.confavreux@chu-lyon.fr
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20191261
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20191261&domain=pdf

and whether it has an impact on disease progression have not
been examined. Moreover, although circulating LCN2 levels
increase in obesity and insulin resistance associated with hy-
perglycemia in humans, its levels are decreased in patients with
established type 2 diabetes (T2D) and are inversely correlated
with BW and glycated hemoglobin in diabetic patients (De la
Chesnaye et al., 2015; Mosialou et al., 2017; Wang et al., 2018).
These observations suggest that more complex than anticipated
mechanisms regulate LCN2 serum levels in lean or obese sub-
jects, with or without diabetes. Therefore, they prompt an in-
terrogation of what LCN2 serum levels may reflect in each
situation and whether LCN2 may fulfill an additional function
during the onset or progression of obesity and diabetes to its role
during homeostasis.

In addressing this question, we traced changes in circulating
LCN2 levels during the development of obesity and diabetes in
mice and humans. We found that circulating LCN2 levels cor-
relate with insulin levels and B-cell function, two indices of
healthy glucose metabolism, in genetic and diet-induced mouse
models of obesity and women with prediabetes. However, cir-
culating LCN2 levels also correlate with body mass index (BMI)
and insulin resistance in the same patients and are increased in
obese mice. Silencing Lcn2 expression in obese diabetic mice
worsened metabolic dysfunction while chronically increasing its
levels in healthy mice improves their metabolic profile. In ad-
dition, a beneficial effect of LCN2 on B-cell function was ob-
served in two mouse models of B-cell failure, suggesting a
distinct beneficial effect of LCN2 on adaptive B-cell proliferation
during toxicity or onset of obesity.

Results

LCN2 correlates with B-cell function and insulin resistance in
prediabetic women

To better understand the nature of the connection that exists
between circulating LCN2 levels and obesity in the develop-
ment of diabetes, we asked whether there was any correlation
between fasting serum LCN2 levels and markers of glucose
homeostasis in a 5-yr prospective study conducted in post-
menopausal women with prediabetes (n = 88). Baseline sub-
ject characteristics are summarized in Table 1. In this population,
there was no association between fasting plasma glucose and
LCN2. In contrast, there was a strong positive correlation
between serum LCN2 levels and BMI (r = 0.30; P = 0.004; Fig. 1
A), waist circumference (r = 0.29; P = 0.006; Fig. 1 B), serum
insulin levels (r = 0.39; P = 0.0004; Fig. 1 C), and homeostatic
model assessment of B-cell function (HOMA-B; r = 0.39; P =
0.0003; Fig. 1 D). Circulating LCN2 levels were also signifi-
cantly correlated with indices of insulin resistance, i.e., homeostatic
model assessment of insulin resistance (HOMA-IR; r = 0.37;
P = 0.0006; Fig. 1 E). The correlations between serum LCN2
levels and BMI, waist circumference, and HOMA-IR became
stronger when BMI was segregated into obese (BMI >30 kg/
mg? n = 39) and severely obese (BMI >35 kg/mg? n = 25)
groups (Table 2). There was also an inverse correlation be-
tween circulating LCN2 levels and serum adiponectin levels
(r = -0.29; P = 0.0096; Fig. 1 F).

Mosialou et al.
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Table 1. Baseline characteristics of prediabetic women (n = 88)

Parameter Mean + SEM
Age (yr) 56.2 + 10.8
BMI (kg/m?) 322+83
Waist circumference (cm) 97.4 +18.8
FBG (mmol/liter) 6.32+05
HbAIC (%) 6.0+ 0.4
Insulin (Ul/ml) 15.6 + 9.3
LCN2 (ng/ml) 819 +29.4
Adiponectin (ug/ml) 485+ 288
HOMA-IR 443 + 2.86
HOMA-B 111.7 + 63.4

FBG, fasting blood glucose.

Furthermore, a logistic regression analysis showed that the
increase of HOMA-IR is highly associated with the likelihood of
belonging to the group of patients with the highest quartile of
LCN2 levels (odds ratio [OR] = 2.81 per 1 SD increase [1.46-5.40];
P = 0.002). This remains even after adjustment on BMI (OR =
2.85 per 1 SD increase [1.32-6.16]; P = 0.008) or waist circum-
ference (OR = 2.44 per 1 SD increase [1.16-5.14]; P = 0.02). During
the 5-yr follow up, 33 patients (37.5%) developed T2D. Using a
Cox model, we examined whether baseline serum LCN2 levels
could predict such new-onset diabetes. Baseline fasting LCN2
levels were not associated with the risk of developing T2D
(hazard ratio [HR] = 1.06 per 1 SD increase [0.72-1.55]; P = 0.78),
whereas HOMA-IR was significantly associated with new-onset
diabetes (HR = 1.48 [1.09-2.02]; P = 0.01).

We also analyzed circulating LCN2 levels in a different cohort
of postmenopausal women with T2D (n = 54; Table 3) with an
average duration of the disease (11 + 1.3 yr) and similar age (59.4
+ 1.8 yr) and BMI (31.7 + 0.9 kg/m?) as the prediabetic group
(age, 56.2 + 0.8 yr; BMI, 32.2 + 8.3 kg/m?). We found that as
disease progresses, the association of LCN2 with serum insulin
levels and hemoglobin Alc (HbAlc) was reversed, showing a
statistically significant negative association (Bimuﬁn = -0.002,
P = 0.037 and By, = -0.069, P = 0.032, respectively; Table 4).
This was not due to a lack of an increase in LCN2 levels in the
diabetic state as LCN2 serum levels were similarly elevated in
diabetic (87.28 + 5.1 ng/ml), and prediabetic patients (819 =+
29.4 ng/ml; Fig. 1 G, Table 1, and Table 3). This increase was
independent of BMI, as LCN2 serum levels were equally ele-
vated among all three BMI groups as compared with lean
healthy subjects (58.58 + 7.61 ng/ml; Fig. 1 H). These results
are reminiscent of the decrease in HbAlc with increasing
LCN2 levels previously noted in men with T2D of similar age
(Table S1; Mosialou et al., 2017). Linear regression analysis did
not show any significant associations between circulating
LCN2 levels and the rest of the metabolic parameters in this
cohort of male T2D patients. This could be due to the small size
of the sample (n = 24), the absence of non-T2D subjects in this
group, or a possible gender-specific response for LCN2. However,
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Figure 1. Circulating LCN2 levels correlate with obesity, insulin resistance, and B-cell function in prediabetic women and are elevated in obese and
type 2 diabetic women. (A-F) Pearson correlations of morning fasting LCN2 serum levels with BMI (A), waist circumference (B), serum insulin levels (C),
HOMA-B (D), HOMA-IR (E), and adiponectin levels (F) after log transformation of variables in prediabetic women (n = 88). (G-1) Serum LCN2 levels in
postmenopausal women of varying BMI and diabetes status: (G) lean women with normal glucose tolerance (NGT; n = 11) versus lean T2D (n = 10) women, (H)
T2D women segregated by BMI (lean, n = 10; overweight, n = 11; and obese, n = 33), and (I) women with NGT segregated by BMI (lean, n = 11; overweight, n = 14;
and obese, n = 18). In G-, normality of the data distribution was determined by the Kolmogorov-Smirnov test, and data are presented as mean + SEM. *, P <

0.05, Mann-Whitney test (G) and one-way ANOVA (H and I).

a positive correlation between circulating LCN2 levels and im-
proved B-cell function was found, as measured by HOMA-B (r =
0.5443, P = 0.006; Fig. S1). Taken together, these results suggest
that while increased circulating LCN2 levels are indicative of a
metabolic deregulation at the onset of insulin resistance in the
prediabetic state, they become indicative of a better metabolic
regulation in the presence of insulin resistance in T2D. This
biphasic association between LCN2 and the progression of the
disease explains why LCN2 cannot be used to predict diabetes
onset. It also suggests that LCN2 is unlikely to be a causative
factor in disease progression. On the contrary, and in light of
our previous observations of a beneficial role for LCN2 in

Mosialou et al.
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obesity and glucose metabolism in mice, the increase in LCN2
levels with the onset of insulin resistance most probably re-
flects a compensatory protective response for LCN2, increasing
as glucose metabolism deteriorates to subsequently improve
B-cell function and decrease hyperglycemia.

Serum LCN2 levels are increased in mouse models of obesity

To better understand the role of LCN2, if any, on the patho-
physiology of diabetes, we next used genetic and diet-induced
mouse models of obesity and T2D. The observations presented
above and gathered in diabetic and obese prediabetic subjects
prompted us to first examine whether LCN2 serum levels are
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Table 2. Strengthening of the correlation coefficients between LCN2
and BMI, waist circumference, and HOMA-IR according to BMI cutoff

Table 4. Linear regression analysis for indexes of glucose metabolism in
postmenopausal NGT and T2D women

BMI  Waist circumference HOMA-IR  Coefficient Estimate SE t value Pr(>|t])
Whole population (n = 88)  0.30** 0.29* 0.37** (Intercept) 3.757338*** 0.377272 9.959 3.47e-16
BMI >30 kg/m? (n = 39) 0.49** 0.47** 0.41* Age (yr) 0.008894* 0.003903 2.279 0.0250
BMI >35 kg/m? (n = 25) 0.61** 0.52* 0.51* BMI (kg/m?) 0.014321* 0.006784 2111 0.0375
Diabetes 0.250008* 0.107071 2.335 0.0218

All variables were log transformed. *, P < 0.01; **, P < 0.005. HbALC (%) 0069224 0032201 22150 0.0343
Insulin -0.002203* 0.001041 -2.115 0.0372

elevated in leptin-deficient (Lepro/°b), leptin receptor-deficient HOMA-IR 0.055218 0.034550 1598 01135

(Leprd®/db) | melanocortin 4 receptor-deficient (Mc4r—/-), and
high-fat diet (HFD)-fed mice. We found that circulating LCN2
levels were twofold higher in 8-wk-old obese, insulin-resistant
Lepro®/°b female mice (Fig. 2 A), Lepr®/@ male mice (Fig. 2 B), and
12- to 16-wk-old obese insulin-resistant Mc4r~/~ mice (Fig. 2 C) as
compared with WT littermate controls. The increase in circu-
lating LCN2 levels was evident as early as 5 wk of age in Leprdt/d
mice (Fig. 2 E), whereas circulating LCN2 levels in Mc4r~/~ mice
became higher at 3 mo of age (Fig. 2 C). Circulating LCN2 levels
were also 25% higher in WT male mice fed an HFD for 16 wk
compared with littermate controls on regular chow diet (CD;
Fig. 2 D). In HFD-fed mice, LCN2 levels started increasing within
4 wk of the start of the diet and became significantly different
from those seen in mice fed a normal chow after 12 wk (Fig. 2 F).
We note that this difference in the kinetics of the increase in
circulating LCN2 levels in genetic and diet-induced models of
obesity coincides with the differential onset of insulin resistance
in each mouse model (Fig. 2, G-L), as determined by fed blood
glucose levels >200 mg/dl. These results echo our findings in
prediabetic subjects showing an increase in LCN2 serum levels
in response to the development of impaired glucose metabolism
and therefore indicate that mouse models could be used to fur-
ther investigate the correlation between circulating LCN2 levels
and obesity.

The increase in circulating LCN2 levels, at least upon HFD, is
mainly contributed by bone, as the increase in serum LCN2
levels in these mice was lost following deletion of Len2 in os-
teoblasts (Lcn2,g, /- mice; Fig. 3 A). Lcn2 expression levels re-
mained mainly unaltered in bone and all other tissues examined
in all three mouse models of obesity (Fig. 3, B-D). A small

*, P < 0.05 *** P < 0.001. Residual SE, 0.3821 on 90 degrees of freedom.
Multiple R? = 0.1418, adjusted R? = 0.08456. F-statistic, 2.478 on 6 and 90
degrees of freedom; P = 0.02898.

increase in Len2 levels was observed in gonadal white adipose
tissue and kidney of Lepr°®/°® mice (Fig. 3 C) and liver and go-
nadal white adipose tissue of HFD-fed mice (Fig. 3 D). However,
the lack of LCN2 increase in the serum of HFD-fed Lcn2,4 /"
mice and the low Lcn2 expression levels in kidney and liver as
compared with marrow-free bone suggest that the contribution
of these tissues to the increase in LCN2 levels in obesity is low
(Fig. 3, C and D). Similarly, LCN2 protein levels were unde-
tectable in the liver of WT or obese mice, while they were de-
creased in the bone and adipose tissue of Leprd®/@® and Leprob/ob
mice (Fig. 3 E). This was despite the lack of changes at the
transcriptional level, suggesting that enhanced secretion from
osteoblasts and white adipose tissue rather than transcriptional
events may be involved in the elevation of serum LCN2 levels
with obesity and diabetes. In support of this notion, combined
treatment of osteoblasts with glucose and insulin induced the
secretion of LCN2 (Fig. 3 F).

The positive correlation observed between circulating LCN2
levels and insulin resistance in obese and diabetic mice or the
progression of diabetes suggests that the elevation in circulating
LCN2 levels could be either a compensatory or driving response
in the pathogenesis of insulin resistance. To examine this, we
generated transgenic mice overexpressing Lcn2 in osteoblasts
(Collal-Len2T9; Fig. S2 A). A 50% increase in circulating LCN2

Table 3. Baseline characteristics of the T2D (n = 54) and non-T2D (n = 43) study population

Non-T2D (n = 43) T2D (n = 54)

Parameter Lean (n = 11) Overweight (n = 14) Obese (n = 18) Lean (n = 10) Overweight (n = 11) Obese (n = 33)
Age (yr) 61.63 + 2.42 58.64 + 1.80 61.38 + 1.54 68.00 + 2.77 65.36 + 1.82 54.81 + 2.45
BW (kg) 59.18 + 1.90 69.48 + 1.86 86.88 + 2.26 5290 + 1.72 68.03 + 1.93 92.41 + 2.40
BMI (kg/mz) 22.87 + 0.64 27.07 + 0.33 3553+ 0.79 21.55 + 0.59 27.23 + 0.38 36.30 + 0.82
HbAIc (%) 5.68 + 0.07 5.65 + 0.08 590 + 0.08 735+ 0.26 831+ 0.64 790 + 0.35
FBG (mg/dl) 87.54 + 2.12 88.85 + 1.84 91.72 + 2.46 118.90 + 13.2 167.0 + 23.79 160.81 + 15.6
LCN2 (ng/ml) 58.58 + 7.61 85.84 + 7.09 79.88 + 3.83 82.88 + 8.84 89.21 + 12.09 87.97 + 7.04

Data are presented as means + SEM. FBG, fasting blood glucose; HbAlc, glycated hemoglobin.
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Figure 2. Circulating LCN2 levels are increased in mouse models of obesity and T2D. (A-F) Serum LCN2 levels in 8-wk-old female Lepro®°b (n = 5) and WT
littermates controls (n = 5; A); 8-wk-old male Leprd®’* (n = 3), Lepr®/® (n = 7), and WT littermates (n = 7; B); male Mc4r~/= (n = 9) and WT littermates (n = 5) at
2-4 mo of age (C); male mice fed on HFD (n = 7) or regular CD (n = 8) for 16 wk starting at 8 wk of age (D); Lepr®/® at 4-9 wk of age (n = 6; E); and HFD- (n = 7)
or CD-fed (n = 8) mice after 4, 7, and 12 wk on diet (F). (G-L) BW and fed blood glucose levels in male mice fed on HFD (n = 7) or CD (n = 8) shown in D and F (G
and H), male Lepr®/@ and littermate controls at 4-9 wk of age (n = 6) shown in E (I and J), and male Mc4r~~ (n = 9) and WT littermate controls (n = 5) at 2, 3,
and 4 mo of age shown in C (K and L). Data are representative of three independent experiments (A-L). Data are presented as mean + SEM. *, P < 0.05 by

Student’s t test.

levels was observed in Collal-Len2™9 mice as compared with WT
littermates (Figs. 4 A and S2 C). Collal-Lcn2™9 mice showed 12.5%
decrease in food intake, decreased fat mass and BW, lower fed
and fasting blood glucose levels, improved insulin sensitivity,
and increased energy expenditure (Fig. 4, B-K). Both 3- and 6-
mo-old Collal-Lcn2™9 mice showed increased expression of un-
coupling protein 1 (Ucpl) and peroxisome proliferator-activated
receptor gamma coactivator 1-a (Pgcla) in brown adipose tissue
compared with their WT littermates (Fig. 2, L and R), suggesting
that the increase in energy expenditure is maintained at 6 mo of
age. The fact that the improvement in metabolic parameters in the
transgenic mice was observed as long as the mice were monitored
(Fig. 4, M-Q) suggests that sustained elevated circulating LCN2
levels do not lead to obesity and insulin resistance but rather
chronically suppress appetite and improve glucose metabolism.
To further clarify whether Len2 overexpression is truly not
deleterious to mice, we generated mice overexpressing Lcn2 in

Mosialou et al.
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the liver (apoE-Len2™9; Fig. S2 B). These mice had eightfold increased
serum LCN2 levels as compared with WT littermates (Fig. S2 D).
Similar to Collal-Lcn2™9 mice, apoE-Len2T9 mice showed a decrease in
food intake, BW, and fat mass; lower fed and fasting blood glucose
levels; improved glucose tolerance and insulin sensitivity; and in-
creased energy expenditure (Fig. S2, E-O). No inflammation was
observed based on white blood cell counts and expression of in-
flammatory cytokines in white adipose tissue (Fig. S2, P and Q).
These results indicate that even higher sustained elevated circu-
lating LCN2 levels are beneficial for energy metabolism.

LCN2 silencing worsens hyperphagia, glucose intolerance, and
B-cell dysfunction of leptin receptor-deficient mice

Given the beneficial effects of LCN2 on food intake and [B-cell
function and the fact that elevated LCN2 levels in transgenic
mice do not have any overt deleterious effect, we asked whether
the increased circulating LCN2 levels are maintained in obese
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Figure 3. Enhanced LCN2 secretion from osteoblasts and adipocytes in mouse models of obesity and T2D. (A) Serum LCN2 levels in male Lcn2,4/~ (n = 8)
and Lcn2f (n = 7) littermate mice fed on HFD for 14 wk starting at 8 wk of age. (B-D) Real-time PCR analysis of Lcn2 expression levels in the indicated
tissues from 8-wk-old male WT mice (n = 8, apart from muscle [n = 5] and white blood cells [wbc; n = 3]), Lepr®/* (n = 8, apart from muscle [n = 7] and white
blood cells [n = 5]), and Leprd/d (n = 8, apart from muscle [n = 5] and white blood cells [n = 3]; B); 8-wk-old female WT mice (n = 5, apart from white blood
cells [n = 3]), Lepro®’* (n = 5, apart from white blood cells [n = 3]), and Lepro®/°® (n = 7, apart from muscle [n = 5] and white blood cells [n = 3]; C); and mice fed
on HFD (n = 7) or regular CD (n = 8) for 16 wk (D). (E) Western blot analysis of LCN2 levels in the indicated tissues from 8-wk-old WT, Leprd®/, [ eprdb/+,
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bat, brown adipose tissue; . Representative of three independent experiments (A-F). Data are presented as mean + SEM. *, P < 0.05, Student’s t test or two-
way ANOVA (B and C).

mice as a protective mechanism against weight gain, B-cell
failure, and glucose intolerance. For this purpose, Lcn2 expres-
sion was silenced in Leprd®/# mice by systemic delivery of Lcn2
siRNA every 2 d for 30 d. This regimen decreased Lcn2 expres-
sion levels in bone (30%), liver (50%), and adipose tissue (60%)
and normalized its serum levels (Fig. 5, A and B).

We found that this 50% reduction in circulating LCN2 levels
worsened the metabolic dysfunction in Leprd®/d® mice. Hyper-
phagia increased by 24%, leading to a 44% increase in gonadal
fat pad weight, 50% increase in BW gain, and 6% increase in
BW (Fig. 5, C-F). The size of these increases is in line with
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observations following the loss of MCA4R in Lepro®/°® mice
(Trevaskis and Butler, 2005). Importantly, other hypoglycemic
and insulinotropic agents induce changes similar to LCN2
(brain-derived neurotrophic factor) or even no changes at all
(such as exendin-4, the long-acting glucagon-like peptide-1
(GLP-1) derivative NN2211, the precursor of bilirubin biliver-
din, the GLP-1 receptor agonist ZP10A, or overexpression of the
antioxidant glutathione peroxidase) in BW when administered
to Leprd®/db mice (Ono et al., 1997; Nakagawa et al., 2000; Greig
etal., 1999; Ikeda et al., 2011; Rolin et al., 2002; Thorkildsen et al.,
2003; Harmon et al., 2009). Fed and fasting blood glucose levels
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Figure 4. Increased circulating LCN2 levels in mice overexpressing Lcn2 in osteoblasts decreases food intake and fat mass and improves glucose
metabolism. (A-L) Serum LCN2 levels (A), daily food intake (B), fat body mass (percentage of total body mass; C), fat body mass (grams; D), BW (E), fed (F) and
fasting (G) blood glucose levels, insulin sensitivity (H), O, consumption (1), CO, production (J), heat production (K), and relative expression levels of Ucpl and
Pgcla in brown adipose tissue of 10-wk-old Collal-Lcn2™ and WT littermate male mice (L). (M-R) Daily food intake (M), fat pad mass (N), BW (0), fed blood
glucose levels (P), insulin sensitivity (Q), and relative expression levels of Ucpl and Pgcla in brown adipose tissue of 6-mo-old Collal-Lcn2™9 and WT littermate
male mice (R). In A, WT, n = 11; Collal-Lcn279, n = 14.In B, n = 9/group. In C and D, WT, n = 7; Collal-Lcn2™, n = 10. In E-G, WT, n = 13; Collal-Lcn2"™, n = 14. In H,
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presented as mean + SEM. ¥, P < 0.05, Student’s t test.
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Figure 5. Decreased circulating LCN2 levels worsen hyperphagia, fat mass, BW gain, and glucose metabolism in genetically or diet-induced obese
mice. (A-K) Serum LCN2 levels (A), relative Lcn2 expression levels in the indicated tissues (B), daily food intake (C), BW gain (D), BW (E), gonadal fat pad weight
(F), fed (G) and fasting (H) blood glucose levels, pancreas insulin staining and islet histomorphometry (scale bars, 200 um; 1), fed blood insulin levels (J), and
glucose-stimulated insulin secretion (K) in 12-wk-old male Lepr®/4 mice treated with si-scrambled (si-scr) or si-LCN2 for 30 d (n = 5/group). In B and F-K, si-scr,
n = 4;si-LCN2, n = 5. (L-P) BW (L), fat pad mass (M), fed blood glucose levels (N), glucose tolerance (0), and insulin sensitivity (P) in 8-wk-old male Lcn2,q,7/~
(n = 8)and Lcn2f (n = 7) mice fed an HFD or CD (n = 7/group) for 14 wk. Data are representative of three independent experiments (A-P). Data are presented
as mean + SEM. *, P < 0.05, Student’s t test or two-way ANOVA for L-P (Lcn2,s~/~ HFD versus Len2f/fl HFD and Lcn2,4,/~ CD).

were increased by 50% while the compensatory hyperplasia of
the islet B-cells was compromised and islets were reduced in
number, area, and mass (Fig. 5, G-I). As a result, insulin levels
decreased by half and glucose-stimulated insulin secretion was
further impaired upon silencing of Len2 (Fig. 5, ] and K). Glucose
tolerance and insulin sensitivity could not be evaluated, because
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glucose concentrations following glucose infusion during the glu-
cose tolerance test (GTT) exceeded 600 mg/dl, the limit of detec-
tion by the glucometer, and all mice were unresponsive to insulin.

Similarly, placing Len2,g,~/~ mice, which have 64% less cir-
culating LCN2 levels, on HFD further worsened BW, fat pad
mass, blood glucose levels, glucose intolerance, and insulin

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20191261

920z Aeniged 60 uo 3senb Aq 4pd19z1610Z Wel/g.¥8181/L9Z161028/0L/L L Z/4Pd-8jonie/wal/Bio"sseidni//:dny woy pepeojumoq

80f16


https://doi.org/10.1084/jem.20191261

resistance compared with WT littermate controls or lean
Len2,g, '~ mice (Fig. 5, L-P). Circulating LCN2 levels increased by
30% with HFD in WT mice but remained the same in Len2,g ™/~
mice (Fig. 3 A). These results indicate that the increase in LCN2
levels with obesity is mainly contributed by osteoblasts and,
together with our previous data on Leprd®/d mice, substantiate
the protective role of LCN2 during obesity.

LCN2 promotes adaptive B-cell proliferation and function in
mouse models of diabetes and obesity

The positive association of serum LCN2 levels with insulin levels
and B-cell function in obese, prediabetic, or diabetic patients and
mouse models of obesity indicated that LCN2, in addition to
limiting appetite, may also improve glucose handling in obesity
by improving B-cell mass and function. To delineate whether
LCN2 independently regulates obesity and -cell phenotypes, we
pair-fed Len2,q,~/~ mice to their WT littermates. We found that
while pair-feeding normalized insulin sensitivity, BW, and fat
mass and restored the suppression of lipolytic gene expression
and the increase in the adipogenic gene expression program in
Lcn2,q~/~ mice, it did not rescue the impaired glucose-stimulated
insulin secretion and serum insulin levels in Lcn2,4,~/~ mice, and
as a result, their glucose intolerance persisted (Mosialou et al.,
2017; Fig. S3, A-D). Moreover, LCN2 was able to directly act on
mouse pancreatic islets and MIN6 pancreatic -cells to increase
insulin secretion (Mosialou et al., 2017) and promote B-cell
proliferation (Fig. S3, E-I). Combined, these data suggest that
there are two mechanisms involved in the protective role of
LCN2 against diabetes, one limiting hyperphagia and thus re-
ducing adiposity and BW and the other directly protecting
B-cells and promoting B-cell proliferation.

To directly test this hypothesis, we first examined whether
LCN2 acts as a growth factor for pancreatic -cells in situations
of extreme hyperglycemia. Mice were injected with a single high
dose of streptozotocin (STZ) to induce B-cell death, and LCN2
was administered at day 8 after STZ injection, a time point at
which blood glucose levels were >400 ng/ml (Fig. 6 A). This dose
doubled LCN2 serum levels (Fig. S4 A) and has been shown to
improve glucose metabolism and insulin sensitivity in healthy
WT mice (Mosialou et al., 2017). In spite of the massive de-
struction of B-cells, LCN2 prevented STZ-induced lethality (de-
fined as 20% BW loss, at which time point mice were moribund
and euthanized; Fig. 6 B). Indeed, all mice treated with LCN2
survived whereas only 20% of vehicle-treated mice were alive
two months after STZ treatment. In addition, LCN2 lowered fed
and fasting blood glucose levels by day 16 following LCN2
treatment and increased islet number, B-cell area, B-cell mass,
and serum insulin levels (Fig. 6, C-H; and Fig. S4 B). Similar to
the single high dose of STZ, treatment with LCN2 of mice ren-
dered diabetic with multiple low doses of STZ increased islet
number, B-cell area, and B-cell mass as compared with STZ/
vehicle-treated mice due to an increase in B-cell proliferation,
leading to enhanced insulin secretion and serum insulin levels
and improved blood glucose levels (Fig. 6, I-P). Interestingly,
LCN2 serum levels were twice as high following multiple low
doses of STZ as compared with a single high dose of STZ (Fig. S4
C). Different mechanisms in the two models (an immune cell
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response in the multiple low-dose STZ model as compared with
oxidative B-cell damage and apoptosis in the single high-dose
STZ model) may have differentially regulated LCN2 levels. It is,
however, possible that the smaller increase in circulating LCN2
levels with a single high dose of STZ as compared with multiple
low doses of STZ may have contributed to the more severe
phenotype developed following a single high dose of STZ.

Next, we examined whether LCN2 is necessary for B-cell
adaptation to higher metabolic load by placing mice on HFD
for 7 d. This has previously been shown to induce B-cell prolif-
eration before any changes in insulin resistance and can be used
to identify early drivers of B-cell proliferation (Stamateris et al.,
2013). Len27/~ and WT control mice were placed on HFD for 7 d,
and subsequently, pancreata were collected and processed for
histological analysis. BW and blood glucose levels increased
comparably in both WT and Lcn2~/~ mice (Fig. 6, Q and R).
However, whereas serum insulin levels increased by almost
twofold in the WT mice, Len2~/~ mice failed to increase insulin
production to meet increased metabolic demands (Fig. 6 S). As a
result, glucose tolerance was significantly impaired in Lcn2~/~ as
compared with WT mice by day 7 on HFD (Fig. 6 T). Histological
analysis of the pancreas indicated that in Len27/~ mice B-cell
proliferation was decreased by half (Fig. 6 U and Fig. S4 D),
indicating a potential lack of ability for hyperplasia. These re-
sults suggest that LCN2 is required to mount the early protective
response that drives the proliferation of replication-refractory
[B-cells in mice fed on HFD to suppress hyperglycemia.

Discussion

We have shown before that LCN2 is secreted by osteoblasts to
suppress food intake and improve glucose metabolism in lean
and obese mice (Mosialou et al., 2017). Herein, we have identi-
fied an additional role for LCN2 in obesity: circulating LCN2
levels increase as a protective mechanism to maintain B-cell
function and counteract metabolic dysregulation and the ad-
verse effects of obesity and insulin resistance, at least at the
early stages of the disease (i.e., prediabetes).

This type of compensatory homeostatic response most
probably accounts for the elevated circulating LCN2 levels that
have been reported in obese and insulin-resistant states in mice
and humans (De la Chesnaye et al., 2015; Wang et al., 2007, 2018;
Zhang et al.,, 2008; Yan et al., 2007; Rashad et al., 2017; Garbacz
etal., 2017). Indeed, we found elevated circulating LCN2 levels in
obese, prediabetic patients that correlate with BMI and insulin
resistance but also B-cell function, indices of healthy glucose
metabolism. Interestingly, in patients with established T2D,
elevated LCN2 levels are negatively associated with glycated
hemoglobin, while there is no association with insulin resistance
in nondiabetic, healthy men and women in our studies or in
previous observations (Liu et al, 2011; Wang et al, 2018;
Wallenius et al., 2011). These results strongly suggest that in-
creased LCN2 levels are a consequence of diabetes in response to
the development of insulin resistance at the early stage of the
disease and contribute to enhance insulin secretion and limit
hyperglycemia. In this compensatory homeostatic role, LCN2
counteracts insulin resistance progression, prevents obesity, and
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Figure 6. LCN2 promotes B-cell function in STZ-induced diabetic mice and the early adaptive B-cell proliferation response upon HFD feeding. (A) Fed
blood glucose levels in 9-wk-old WT male mice at the indicated days following vehicle or a single high dose of STZ (150 mg/kg of BW). (B-H) Survival (B),
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fasting blood glucose levels (16 d following LCN2 treatment; C), serum insulin levels (D), pancreas insulin content (E), B-cell area (F), islet number (G), and B-cell
mass (H) of vehicle (n = 7) or STZ-treated mice following treatment with vehicle (n = 5) or rLCN2 (150 ng/g/d; n = 7) for 2 mo assessed at the time of sacrifice
when mice were moribund or at the end of the treatment period for surviving animals. (I-P) B-cell area (I), islet number (J), B-cell mass (K), percentage of
proliferating B-cells (L), glucose stimulated insulin secretion (M), serum insulin levels (N), fasting (0) and fed (P) blood glucose levels of mice treated with
vehicle (Veh) or rLCN2 (150 ng/g/d) for 2 mo following administration of multiple low doses of STZ (50 mg/kg of BW; n = 10/group). (Q-U) BW (Q), blood
glucose levels (R), serum insulin levels (S), glucose tolerance (T), and percentage of proliferating B-cells (U) in 12-wk-old female Lcn2-/~ and WT littermates fed
an HFD for 1 wk (n = 5/group; arrows indicate BrdU*Ins* cells; scale bars, 100 um). Data are representative of three independent experiments (A-U). Data are
presented as mean + SEM. *, P < 0.05, Student’s t test. In B, P = 0.0039 (log-rank test). (V) Graphical abstract illustrating the endogenous compensatory
homeostatic role of LCN2 to face insulin resistance increase, prevent obesity, and avoid diabetes. Once this mechanism is overwhelmed, obesity and diabetes

increased sharply. Red box highlights the area where this protective mechanism is overwhelmed by insulin resistance and diabetes starts to rise.

eschews diabetes. Once this mechanism is overwhelmed, obesity
increases and diabetes develops (Fig. 6 V).

In accordance with this hypothesis, in all mouse models of
obesity and diabetes tested, the increase in circulating LCN2
levels coincides with the onset of insulin resistance. The in-
crease in circulating LCN2 levels is mainly contributed by bone
as it was lost in Len2,g, /- mice placed on HFD. As a result,
metabolic dysregulation was more pronounced in HFD-fed
Len2,4~/~ mice than in CD-fed Len2,4,/~ mice or HFD-fed WT
mice. These observations further substantiate the protective role
of LCN2 up-regulation during obesity. Intracellular LCN2 pro-
tein levels were decreased in bone and white adipose tissue of
obese mice, without measurable changes at the transcriptional
level, suggesting enhanced secretion from these tissues as the
main mechanism driving the increase in circulating LCN2 levels.
An increase in Len2 expression by liver has been reported in
obese mice (Zhang et al., 2008), but our data indicate that both
Lcen2 mRNA and protein levels are negligible in liver as compared
with bone and therefore unlikely to significantly contribute to
elevated circulating LCN2 levels. Although Lcn2 expression in
white adipose tissue is 10-fold lower than in bone, the massive
expansion of adipose tissue in Leprd®/d® and Lep°®/°® mice in-
creased the contribution of fat-derived circulating LCN2 levels.
It is known that Lcn2 expression is up-regulated by pro- and
anti-inflammatory cytokines (Zhang et al., 2008; Guo et al.,
2014; Auguet et al., 2011); therefore, it is possible that the un-
derlying chronic low-grade inflammation in obesity may be the
trigger for LCN2 up-regulation.

Cross-sectional studies in humans have suggested an asso-
ciation between LCN2 and obesity or T2D but had not estab-
lished causality. To address this point, we manipulated LCN2
levels in mice so as to mimic elevated levels during obesity or
normalized LCN2 elevated levels during obesity and explored
whether these changes could drive diabetes onset or improve-
ment of the metabolic abnormalities, respectively. We found that
normalizing serum LCN2 levels in Lepr?/@® mice or decreasing
LCN2 levels in mice fed on HFD worsened their metabolic phe-
notype by increasing hyperphagia, BW gain, and fat body mass
and impairing compensatory islet B-cell hyperplasia. This re-
sulted in decreased insulin secretion and exacerbated hyper-
glycemia. Accordingly, early B-cell proliferation upon HFD was
decreased in the absence of LCN2, resulting in glucose intoler-
ance by day 7. In contrast, elevated LCN2 circulating levels in
transgenic mice did not lead to development of obesity and in-
sulin resistance but instead improved their glucose metabolism,
fat mass, and food intake and enhanced energy expenditure.
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To delineate whether LCN2 independently regulates obesity
and B-cell phenotypes, we had previously pair-fed Len2yg™/"
mice to their WT littermates (Mosialou et al., 2017). Pair-feeding
normalized BW, fat mass, and insulin sensitivity in Len2yg™/"
mice. However, it did not rescue the impaired glucose-
stimulated insulin secretion and serum insulin levels in
Lcn2,g,~/~ mice, and as a result, their glucose intolerance per-
sisted. Therefore, we concluded that whereas the anorexigenic
function of LCN2 influences fat mass, BW, and insulin sensi-
tivity, its ability to improve glucose tolerance reflects a direct
action on pancreatic islets. Mechanistically, we now show that
pair-feeding restores the suppression of lipolytic gene expres-
sion and the increase in the adipogenic gene expression pro-
gram in Lcn2,4~/~ mice. Moreover, treatment of primary pancreatic
islets and MIN6 pancreatic B-cells with LCN2 dose-dependently
stimulates insulin secretion and B-cell proliferation (Mosialou
et al., 2017). Combined, these data suggest that there are two
mechanisms involved in the protective role of LCN2 against
diabetes, one limiting hyperphagia and thus reducing adiposity
and BW and the other directly protecting B-cells and promoting
B-cell proliferation. To prove the existence of these two inde-
pendent mechanisms of action, in this paper, we explored the
direct effect of LCN2 on B-cell function using the STZ mouse
model of diabetes and the short-term HFD model. The first
shows that following B-cell destruction, LCN2 can increase
B-cell numbers. The second model shows that within 1 wk of
HFD, a time period during which fat mass and BW are not yet
increased, LCN2 promotes insulin sensitivity by maintaining
B-cell numbers and normal insulin levels.

The proliferative response of B-cells to LCN2 involves
regulation of cell cycle components important for B-cell mass
expansion. LCN2 acts directly on B-cells to up-regulate the
expression of genes promoting cell cycle progression and sup-
press expression of cell cycle inhibitors. This transcriptional
regulation could be secondary to the ability of LCN2 to directly
stimulate insulin secretion from B-cells that could in turn en-
hance glucose and insulin signaling, two key trophic factors
during insulin resistance (Jiang et al., 2018; Sachdeva and
Stoffers, 2009). Additional effects of LCN2, independent of
insulin action, through activation of MC4R signaling (the re-
ceptor mediating the appetite suppressing effects of LCN2 in
the hypothalamus) or other melanocortin receptors (MCIR,
MC3R, and MC5R) that are present in the pancreas (Mansour
et al., 2010; Chagnon et al., 1997; Mosialou et al., 2017) and to
which we have previously shown that LCN2 can bind (Mosialou
et al., 2017) could also be involved and remain to be determined.
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Indeed, signaling through melanocortin receptors has been shown
to increase cAMP production (Gantz et al., 1993), promote accu-
mulation of intracellular calcium (Newman et al., 2006; Mountjoy
et al., 2001), and stimulate PI3K (Ramirez et al., 2015; Vongs et al.,
2004) and ERK1/2 activity (Sutton et al., 2005; Daniels et al.,
2003). All these pathways are known to promote B-cell prolifer-
ation (Linnemann et al., 2014; Jiang et al., 2018).

Besides metabolism, the increase in LCN2 levels with obesity
and diabetes could serve as a protective mechanism for bone itself.
It is increasingly becoming apparent that excess BW is detrimental
to bone mass, strength, and quality, as shown by studies in obese
humans and mice on HFD (Goulding et al., 2000; Cao et al., 2009;
Hsu et al., 2006). The up-regulation of LCN2 under these states so as
to decrease feeding and BW will help prevent undue loading and
subsequent fractures of the skeleton. Moreover, the amelioration of
diabetes by LCN2 would positively affect the bone fragility reported
in T2D patients. Beneficial effects of LCN2 on bone mass have been
described before (Capulli et al., 2018; Kim et al., 2015, 2016).

Similar to our studies, others have shown that Lcn2 expres-
sion is up-regulated in the obese state to counteract the impact
of increased adiposity/inflammation on fat accumulation and
insulin resistance and exert a beneficial role in energy metab-
olism (Guo et al., 2010, 2012, 2013; Paton et al., 2013; Zhang et al.,
2014). In contrast, Law et al. (2010) reported that Lcn2 knockout
mice had decreased obesity. Using the exact same mice, others
have shown increased appetite and BW in these mice (Capulli
et al,, 2018). Similar to these observations and our previous
findings, global deletion of Lcn2 using yet another two mouse
models (Paragas et al., 2014; Flo et al., 2004) increased appetite
and BW (Fig. S5, A-C). These results provide proof of evidence
across all mouse models reported that LCN2 suppresses food
intake and BW and improves glucose metabolism.

In summary, we show here a distinct beneficial effect of
LCN2 on B-cell function in obese prediabetic and diabetic pa-
tients and mouse models of B-cell failure due to toxicity or HFD.
At this time, it is not clear whether the initial increase in p-cell
hyperplasia to counteract hyperglycemia is protective in the
long run, as the model of short-term HFD-induced (-cell hy-
perplasia is not designed to address the protective contribution
of the initial increase in B-cell hyperplasia to the development of
insulin resistance. Nevertheless, our experiments show that
treatment of obese mice with LCN2 has a maintained, chronic
effect in increasing B-cell numbers and improving insulin sen-
sitivity. In addition, the absence of Len2 in Len2,g,™/~ mice placed
on HFD for long-term (14 wk) deteriorated insulin resistance. The
fact that insulin sensitivity is improved in the obesity setting could
suggest that LCN2-induced B-cell hyperplasia is beneficial even in
states of established insulin resistance. Taken collectively, our
observations identify LCN2 as an endogenous compensatory sig-
nal to counteract metabolic dysregulation in obesity through its
anorexigenic action and by promoting B-cell function.

Materials and methods

Human subjects

Women with prediabetes are part of the Therapeutic Innovation
in Type 2 Diabetes (IT-DIAB) prospective cohort conducted by
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the Endocrinology Department of the University Research Hos-
pital of Nantes, France (clinicaltrial.gov identifier NCT01218061).
This cohort received approval from local Ethic Committee of
Nantes, France. Before enrollment, all patients have been
clearly and fairly informed and provided written consent. The
research has been conducted according to Declaration of
Helsinki principles. Inclusion criteria were adults with a
prediabetes status corresponding to an impaired fasting blood
glucose between 110 mg/dl (6.0 mmol/liter) and 126 mg/dl (7.0
mmol/liter). Exclusion criteria were other endocrine dis-
orders. Patients have been followed annually over 5 yr. Fast-
ing blood glucose and HbAlc were assessed immediately on
routine process. Remaining serum and plasma was stored at
-80°C. Plasma insulin levels (Cobas automated clinical ana-
lyzer system; Roche Diagnostic), plasma high-molecular-
weight adiponectin (Fujirebio; electrochemiluminescent enzyme
immunoassay on an automated clinical analyzer system, Lumi-
pulse G600) and serum LCN2 (R&D; ELISA kit) were assessed
simultaneously for all samples. Homeostatic model assessment is
a method to quantify insulin resistance (HOMA-IR) and B-cell
function (HOMA-B) using glucose and insulin measurements
(molar units). HOMA-IR was calculated as previously described
as follows: glucose x insulin/22.5. The formula for HOMA-B
(Matthews et al., 1985) is (20 x insulin)/(glucose - 3.5). Primary
endpoint was T2D diabetes onset defined as a fasting blood
glucose =1.26 g/liter or a World Health Organization oral GTT
=2 g/liter after 2 h of ingestion.

T2D men and women and non-T2D postmenopausal women
were recruited through advertisement flyers. Menopause was
defined as no menses for =3 yr. T2D was defined as HbAlc 26.5%
(according to the International Diabetes Federation Diabetes
Atlas 2015; http://www.diabetesatlas.org). Duration of diabetes
was available for 34 out of 54 T2D postmenopausal women.
Subjects were excluded if they had a history of disorders asso-
ciated with altered skeletal structure or function such as chronic
kidney disease, chronic liver disease, active malignancy, acro-
megaly, Cushing’s syndrome, thyroid disease, hyper- or hypo-
parathyroidism, or organ transplant. Additionally, subjects were
excluded if they were currently using teriparatide, estrogen
replacement therapy, loop diuretics, anticonvulsive therapies,
corticosteroids (>3 wk over the past 3 yr), thiazolidinediones,
SGLT2 inhibitors, or anticoagulants. Bisphosphonate and/or
denosumab use within the past 12 mo was also an exclusion
criterion. Fasting morning blood samples were collected for
measurement of LCN2, glucose, insulin, and HbAlc levels. The
study was approved by the Columbia University Medical Center
Institutional Review Board, and informed written consent was
obtained from all participants.

Mice

Len2/~ and Len2! C57BL/6 mice have been generated by dele-
tion of a 1.9-kb genomic fragment comprising Lcn2 exons 3-6 as
previously described (Mosialou et al., 2017). C57BL/6 Lcn2qg /"
mice were generated by crossing Collal-Cre (Dacquin et al., 2002)
mice with Len2f mice. C57BL/6] (stock number 000664), ho-
mozygous and heterozygous leptin receptor-deficient mice
(B6.BKS(D)-Leprdb/J; stock number 000697), leptin-deficient
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mice (B6.Cg-Lepob/J; stock number 000632), mice lacking
Mcdr (B6;129S4-Mc4rtmiLowl/]. stock number 006414), and
Lcn27/~(J) mice generated by deletion of exons 2-5 (B6.129P2-
Lcn2tmiAade/ AliT: Flo et al., 2004; stock number 024630) were
purchased from The Jackson Laboratory. Lcn2~/-(B) mice
lacking exons 2-5 were kindly provided by Dr. Jonathan Bar-
asch (Columbia University, New York, NY). Transgenic Co-
l1alLcn2™9 mice were generated by pronuclei injection of the
pJ251.2-Len2 construct harboring full-length Len2 ¢DNA in fu-
sion with the osteoblast specific fragment of the mouse type I
collagen promoter into 129/B6 embryos. ColalLcn2™9 founder
mice were crossed with C57BL/6] WT mice and F1 generation
CollalLcn2™d were crossed with C57BL/6] WT mice to obtain
CollalLcn2™ and WT littermates (C57BL/6]: 75%; 129/B6:25%)
for analyses. apoELcn2™9 mice were generated by pronuclei
injection of the pLiv.7-Lcn2 construct harboring full-length Len2
cDNA in fusion with the hepatic control region of the human
apolipoprotein E3 gene into 129/B6 embryos. apoELcn2T9
founder mice were crossed with C57BL/6] WT mice, and F1
generation apoELcn2T9 mice were crossed with C57BL/6] WT
mice to obtain apoELcn2™9 and WT littermates (C57BL/6], 75%;
129/B6, 25%) for analyses. HFD-fed mice were given a 60% fat
diet (Research Diets; D12492) for 16 wk, 14 wk, or 7 d as indi-
cated. For the 7-d HFD, mice received BrdU (0.8 mg/ml; Sigma)
in drinking water on days 3-7. After the seventh day, mice
were euthanized and pancreata were processed for analyses.
For pair-feeding experiments, mice were individually housed
starting at 4 wk of age. Pair-feeding started at 5 wk of age and
continued for a period of 8 wk. Food intake was measured daily,
and Lcn2,q,~/~ mice were provided every day with the average
amount of food consumed by the Len2/f! littermates, which
were fed ad libitum on the previous day. To induce pB-cell death,
9-wk-old male C57BL6 mice were injected i.p. with a single high
dose of STZ (150 mg/kg of BW) or multiple low doses of STZ
(50 mg/kg of BW) starting at 6 wk of age daily for five
consecutive days. The latter mice were purchased from The
Jackson Laboratory. Mice were tested for the development
of diabetes (defined as blood glucose level >250 mg/dl), and
1wk later, they were injected daily i.p. with 150 ng/g mouse
recombinant LCN2 or vehicle for 60 d. Recombinant LCN2
was bacterially produced using the pGEX-4T-3 vector in
which the cDNA encoding mature mouse LCN2 (residues
83-625) was subcloned into the BamHI and Notl sites
(Mosialou et al., 2017). GST-LCN2 fusion protein was puri-
fied on glutathione-Sepharose 4B beads and cleaved out
from the GST moiety using thrombin, which was subse-
quently depleted using a HiTrap benzamidine column. Protein
purity was assessed by SDS-PAGE followed by Coomassie blue
staining. siRNA against LCN2 (sense: 5'-GCUACUGGAUCA-
GAACAUUJAAT-3’, antisense: 5-AAUGUUCUGAUCCAGUAG-
CdAdT-3’; Dharmacon) was delivered to Leprd/db mice as a
complex with a polymer-based reagent (JetPei; in vivo, Polyplus
Transfection SA 89129-962) every 2 d for 30 d by s.c. injections.
All mice were housed under standard laboratory conditions
(12 h on/off; lights on at 7:00) and temperature-controlled en-
vironment with food and water available ad libitum apart from
pair-feeding experiments. In each experiment, the mice used
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were of the same genetic background, as they were all litter-
mates. Mouse genotypes were determined by PCR. All animal
procedures were approved by the Columbia University Insti-
tutional Animal Care and Use Committee.

Metabolic tests

GTT was performed by i.p. administration of 2 g/kg BW glucose
(or 1 g/kg BW in Leprd®/db mice) after an overnight fast. Blood
glucose was monitored using glucose strips and the Accu-Check
Aviva Plus glucometer at 0, 15, 30, 60, and 120 min after glucose
injection. A glucose-stimulated insulin secretion test was per-
formed by administration of 3 g/kg BW glucose i.p. after an
overnight fast. Serum was collected from tails using heparinized
microcapillaries, and insulin was measured at 0, 2, 5, 15, and
30 min by the ultrasensitive mouse insulin ELISA kit (Crystal
Chem; 90080). An insulin tolerance test was performed by i.p.
administration of 0.5 U/kg BW insulin (or 2.5 U/kg BW in
Lepr®/d mice) in mice that were fasted for 4 h. Blood glucose
levels were measured with the glucometer 0, 15, 30, 60, 90, and
120 min after injection, and percentages of initial blood glucose
concentrations are presented. Circulating LCN2 levels were
measured by the LCN2 ELISA kit from R&D (MLCN20). TSE
Labmaster (TSE Systems) was used for indirect calorimetry and
food intake measurements. After =48 h acclimation to the
chambers, data collected over a 48-h period were analyzed as per
the manufacturer’s recommendations. Body composition was
determined using Bruker Minispec nuclear magnetic resonance
(Bruker Optics).

Western blotting

Tissue extracts from WT mice were analyzed on SDS-polyacrylamide
gel, transferred to a nitrocellulose membrane, and probed with
LCN2 (R&D; AF1857) and GAPDH (Cell Signaling Technology;
5174) antibodies following standard procedures. For bone
tissue analysis, bone marrow cells were removed completely
by flushing extensively the femurs with PBS.

RNA isolation

RNA isolation, cDNA preparation, and real-time PCR analyses
were performed following standard protocols. For bone tissue
analysis, bone marrow cells were removed completely by ex-
tensively flushing the femurs with PBS. Trizol reagent was used
for RNA extraction, a random hexamer cDNA synthesis kit
(Clontech Laboratories) was used for reverse transcription PCR,
and SYBR Green Master Mix (Bio-Rad Laboratories) was used
for quantitative PCR. Actb was used as an internal control. Data
are presented as fold change over control after normalization
with Actb levels. The following primer sequences were used:
Len2 forward: 5'-AGCTTTACGATGTACAGCACCAT-3/, reverse:
5'-GATACCTGTGCATATTTCCCAGA-3'; Actb forward: 5'-GAC
CTCTATGCCAACACAGT-3’, reverse: 5'-AGTACTTGCGCTCAG
GAGGA-3’; Ucpl forward: 5-GGGCCCTTGTAAACAACAAA-3,
reverse: 5'-GTCGGTCCTTCCTTGGTGTA-3'; Pgcla forward: 5'-
CACAAAGACGTCCCTGCTCAGA-3’, reverse: 5'-CCTTGGGGT
CATTTGGTGACTC-3'; TNFa forward: 5'-GAACTGGCAGAAGAG
GCACT-3’, reverse: 5'-AGGGTCTGGGCCATAGAACT-3'; IL-1a
forward: 5'-GCAACGGGAAGATTCTGAAG-3’, reverse: 5'-TGA
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CAAACTTCTGCCTGACG-3'; IL-1b forward: 5'-GCCATCCTCTGT
GACTCAT-3', reverse: 5'-AGGCCACAGGTATTTTGTCG-3'; IL6
forward: 5'-CTGCAAGAGACTTCCATCCAG-3’, reverse: 5 -AGT
GGTATAGACAGGTCTGTTGG-3’; C/EBPa forward: 5'-TGTGAG
TTAGCCATGTGGTAGG-3’, reverse: 5'-GTCATAACTCCAGTCCC
TCTGG-3'; PPARg forward: 5'-GAAACTGGCACCCTTGAAAA-3’,
reverse: 5'-CCCTGGCAAAGCATTTGTAT-3'; Lpl forward: 5'-G
GGCTATGAGATCAACAAGGTC-3', reverse: 5'-CACTGTGCCGTA
CAGAGAAATC-3; Tgl forward: 5'-TATCCGGTGGATGAAAGAGC-
3’, reverse: 5'-CAGTTCCACCTGCTCAGACA-3'; Cdknla forward:
5'-CTGTTTCTGTAACATCCTGGTCTG-3’, reverse: 5'-TCGAGA
AGTATTTATTGAGCACCA-3'; Cdknib forward: 5'-GCCTGTGTA
TGAGAAAAATTGG-3', reverse: 5'-CAACCTTTTAAGCACAGCTA
C-3’; Cdkn2a forward: 5'-AATCCCAAGAGCAGAGCTAATC-3/,
reverse: 5'-TTAAACAATCCAGCCATTTCC-3’; Cend2 forward: 5'-
GGCTAGAGGTCTGTGAGGAACAAA-3', reverse: 5'-TCACAGAGTTG
TCGGTGTAAATG-3'; and Cdk4 forward: 5'-TGGATTTTCTTCATG
CAAACTG-3', reverse: 5'-GAAGAACTTCAGGAGCTCGGTA-3'.

Cell culture and treatment

MGC3T3-E1 osteoblastic cells (obtained from ATCC CRL-2593)
were maintained in minimum essential medium, alpha modifi-
cation, supplemented with 10% FBS, 10% L-glutamine, 1% non-
essential amino acids, 100 U/ml penicillin, and 100 pg/ml
streptomycin and cultured at 37°C in a 5% CO, atmosphere.
Before treatment, cells were cultured for 4 h in Krebs-Ringer
Hepes buffer and then treated with insulin (10 nM) and/or
glucose (4.5 g/liter) for 15, 30, or 60 min. Supernatants were
collected for the measurement of LCN2 levels by ELISA (R&D;
MLCN20). Cells were authenticated by checking mineralization
and examining the expression of osteocalcin and bone sialo-
protein. MIN6 cells (obtained from ATCC; CRL-11506) were
maintained in DMEM (25 mM glucose) supplemented with
2 mM glutamine, 15% FBS, 70 pM B-mercaptoethanol, 100 U/ml
penicillin, and 100 pg/ml streptomycin and cultured at 37°C in a
5% CO, atmosphere. They were authenticated by examining the
expression of insulin and glucagon and testing insulin secretion
in response to glucose. For LCN2 treatment and gene expression
analysis, cells were cultured overnight in DMEM (5 mM glucose)
supplemented with 15% FBS. The next day, cells were starved for
4 h in DMEM (5 mM glucose) and 1% FBS before being treated
with various concentrations of LCN2 or vehicle for 4 h. Both cell
lines were tested and found to be free of mycoplasma.

Histological analysis

Pancreata were fixed in 10% neutral formalin, embedded in
paraffin, and sectioned at 5 pm. Immunohistochemistry was
performed using goat anti-insulin (Santa Cruz; SC7839), mouse
anti-BrdU (Sigma; B2531), Cy3 rabbit anti-goat IgG (Jackson
Immunoresearch Laboratories; 305-165-045), and Alexa Fluor
488 donkey anti-mouse IgG (Jackson Immunoresearch Labora-
tories; 715-545-150) antibodies. Zeiss fluorescence microscope
was used, and Ins*BrdU* cells were counted manually using
Image] software. For histomorphometric analysis, Osteomeasure
software and a Leica DM 5000B microscope outfitted with a
charge-coupled device camera (Sony) were used. Sections were
stained with mouse anti-insulin (Santa Cruz; SC8033) and
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Vectastain Elite ABC HRP kit (Vector Laboratories; peroxidase,
mouse IgG, PK6102).

Statistics

All experiments were repeated at least three times unless stated
in the figure legends. Statistical analyses were performed using
Prism8 software. Data are presented as mean + SEM. An un-
paired or paired two-tailed Student’s t test was performed for
comparison between two groups and one- or two-way ANOVA
for more than two groups comparisons as stated in the figure
legends. Normal distribution of the data was examined using the
Shapiro-Wilk test for normality. When appropriate, skewed
distributed data were log-transformed to meet essential as-
sumptions of inferential statistics. Pearson correlation coeffi-
cient was used to assess the association between LCN2 and other
studied parameters in prediabetic women after log transfor-
mation of the variables. Stepwise linear regression analysis was
performed to assess multivariate correlations in diabetic women
using the default direction argument. First, dependent variable
LCN2 was log-transformed to satisfy distributional assumptions
of linear regression. Age, BMI, glucose, insulin, HbAlc, HOMA-f,
HOMA-IR, HOMA-S, and dichotomous variable diabetes coded as
0 for individuals with no diabetes and 1 for those with diabetes
entered into the stepwise regression analysis. In the final model,
derived from stepwise regression and based on the Akaike in-
formation criterion, age, BMI, diabetes, HbAlc, insulin, and
HOMA-IR were selected as independent determinants of serum
LCN2. After fitting the regression model, statistical tests were
implemented for ensuring the validity of the estimates of the
coefficients obtained. Using the “gvlma” package in R, we per-
formed linear regression diagnostics for validating that our
model met the assumptions of normality, independence of
errors, linearity, and homoskedasticity. All statistical hypoth-
eses were acceptable. A separate Breusch-Pagan test was also
performed, providing strong evidence against heteroscedas-
ticity (Breusch-Pagan = 9.076, P value = 0.169). To ensure that
the assumption of no or little multicollinearity was met, variance
inflation factor scores were computed for each predictor, finding
no evidence of collinearity. Lastly, through graphical inspection
analysis, residual errors were found to be normally distributed. P
values < 0.05 were considered to be statistically significant.

Online supplemental material

Fig. S1 shows the positive correlation of LCN2 serum levels with
HOMA-B in men with T2D. Fig. S2 shows that increased circu-
lating LCN2 levels in mice overexpressing Lcn2 in the liver de-
creases food intake and fat mass and improves glucose
metabolism. Fig. S3 shows the normalization of adipogenic and
lipolytic gene expression with pair-feeding in Lcn2,g~/~ mice to
their WT littermates and the regulation of cell cycle regulators
by LCN2 in pancreatic MING6 cells. Fig. S4 shows LCN2 circu-
lating levels in STZ diabetic mice and representative images
from pancreas sections from HFD-fed Lcn2-/~ and WT litter-
mates indicating decreased proliferation of B-cells in the absence
of LCN2. Fig. S5 shows increased food intake and BW with Len2
deficiency in two different Lcn2-/~ mouse models. Table Sl
shows baseline characteristics of T2D men.
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Figure S1. Circulating LCN2 levels correlate with B-cell function in men with T2D. Spearman correlation of morning fasting LCN2 serum levels with
HOMA-B in men with T2D (n = 24).
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Figure S2. Increased circulating LCN2 levels in mice overexpressing Lcn2 in the liver decreases food intake and fat mass and improves glucose
metabolism. (A and B) Schematic illustration of the Collal-Lcn2 transgenic construct (A) and apoE-Len2 transgenic construct (B) used to generate Collal-
Lcn2' and apoE-Len2™ transgenic mice, respectively. Location of probes used for Southern blotting and primers used for PCR to detect the transgene are
indicated. (C) Tissue expression of Lcn2 in 10-wk-old Collal-Lcn2T (n = 5) and WT (n = 4) littermate male mice. In bone and liver, n = 7/group. Expression levels
are plotted relative to their expression levels in the liver of WT mice. (D) Serum LCN2 levels in 12-wk-old apoE-Lcn2™ and WT littermate male mice (n = 11/
group). (E-Q) Food intake (E), BW (F), fat body mass (percentage of total body mass; G), fat body mass (grams; H), fed (1) and fasting (J) blood glucose levels,
glucose tolerance (K), insulin sensitivity (L), O, consumption, CO, production (N), heat production (0), white blood cell counts (n = 8/group; P) and relative
expression levels of TNFa, IL1a, IL1b, and IL6 (Q) in white adipose tissue (n = 6/group) of 12-wk-old apoE-Lcn2T9 and WT littermate male mice. In E-O, WT, n = 8;
apoE-Lcn2™9, n = 7. Data are representative of three independent experiments (A-Q). Data are presented as mean + SEM. *, P < 0.05, Student’s t test.
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Figure S3. LCN2 indirectly regulates adiposity while it directly acts on pancreatic B-cells to regulate B-cell proliferation at the transcriptional level.
(A-D) Real-time PCR analysis of adipogenic (A and B) and lipolytic genes (C and D) in pair-fed (PF) male Lcn2,5,~/~ mice (n = 9) to their WT littermates (n = 11) as
compared with ad libitum-fed Lcn2,5,~/~ mice (n = 8) *, P < 0.05, one-way ANOVA. (E-1) Cell cycle expression genes in pancreatic MIN6 cells treated with
increasing doses of LCN2 for 4 h. Data are representative of three independent experiments (A-I). Data are presented as mean + SEM. *, P < 0.05, Student’s

t test.
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Figure S4. LCN2 increases with diabetes in STZ-induced diabetic mice and promotes the early adaptive B-cell proliferation response upon HFD
feeding. (A and B) Serum LCN2 levels (A) and fed blood glucose levels (B) of mice treated with rLCN2 (n = 7) or vehicle (n = 5) for 2 mo following a single high
dose of STZ or vehicle (n = 7). (C) Serum LCN2 levels in mice treated with rLCN2 or vehicle following multiple low doses of STZ (n = 10/group). (D) Rep-
resentative images from pancreas sections following insulin and BrdU immunostaining from 12-wk-old female Len2-/~ and WT littermates fed on HFD for 1 wk
(n = 5/group; scale bars, 100 pm). Data are representative of three independent experiments (A-D). Data are presented as mean + SEM. *, P < 0.05, two-way
ANOVA.
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Figure S5. Lcn2 deficiency increases food intake and BW in two different Lcn2-/~ mouse models. (A-C) BW (A and B) and daily food intake (C) of 12-wk-
old male Len2-/~®) (n = 6; A and C) and Len27/-0) (n = 5; B and C) mice and WT littermate controls (n = 6). Data are representative of three independent
experiments (A-C). Data are presented as mean + SEM. ¥, P < 0.05, Student’s t test.

Table S1 is provided online as a separate Word document and shows baseline characteristics of T2D men.
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