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Blockade of receptor activator of nuclear factor-xB
(RANKL) signaling improves hepatic insulin resistance
and prevents development of diabetes mellitus
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Hepatic insulin resistance is a driving force in the pathogenesis

of type 2 diabetes mellitus (T2DM) and is tightly coupled with
excessive storage of fat and the ensuing inflammation within

the liver!-3. There is compelling evidence that activation of the
transcription factor nuclear factor-«B (NF-kB) and downstream
inflammatory signaling pathways systemically and in the liver

are key events in the etiology of hepatic insulin resistance and
B-cell dysfunction, although the molecular mechanisms involved
are incompletely understood3-6. We here test the hypothesis

that receptor activator of NF-kB ligand (RANKL), a prototypic
activator of NF-kB, contributes to this process using both an
epidemiological and experimental approach. In the prospective
population-based Bruneck Study, a high serum concentration

of soluble RANKL emerged as a significant (P < 0.001) and
independent risk predictor of T2DM manifestation. In close
agreement, systemic or hepatic blockage of RANKL signaling

in genetic and nutritional mouse models of T2DM resulted in a
marked improvement of hepatic insulin sensitivity and amelioration
or even normalization of plasma glucose concentrations and
glucose tolerance. Overall, this study provides evidence for a role of
RANKL signaling in the pathogenesis of T2DM. If so, translation to
the clinic may be feasible given current pharmacological strategies
to lower RANKL activity to treat osteoporosis.

RANKL (also known as TNFSF11) is a member of the tumor necrosis
factor superfamily and, after ligation with its cognate receptor RANK

(also known as TNFRSF11a), is a potent stimulator of NF-kB. Notably,
both RANKL and RANK are expressed in human liver tissue and
pancreatic B-cells?, and concentrations of the soluble decoy receptor
osteoprotegerin (OPG), considered to be a reliable surrogate for the
overall activity of this cytokine network, are elevated in patients with
T2DM, especially in those with poor glycemic control and compli-
cated disease course®~11. RANKL exists in both membrane-bound
and biologically active soluble forms, with the latter originating from
secretion and cleavage®!2. Concentrations of soluble RANKL are ele-
vated in or predictive of various human diseases, including cardiovas-
cular disease, nontraumatic fractures, multiple myeloma, rheumatoid
arthritis and inflammatory bowel disease8-11:13-18. We determined
the distribution of serum concentrations of RANKL and OPG in our
study population (n = 844) (Supplementary Fig. 1a). Soluble RANKL
concentrations showed associations with insulin resistance assessed
by homeostasis model (HOMA-IR) and Gutt Index values and with
the number of metabolic syndrome components clustering in an indi-
vidual (Supplementary Data) but were not related to most standard
population characteristics (Supplementary Table 1).

Between 1990 and 2005, 78 of the 844 individuals in the study
population (9.2%) developed T2DM (incidence rate, 7.2 per 1,000
person years (95% confidence interval (CI) 5.7-8.9)). We determined
the baseline characteristics of subjects with and without incident
T2DM (Supplementary Table 2) and found that the concentrations
of soluble RANKL differed considerably between the two groups. In
a pooled logistic regression analysis adjusted for age, sex and period
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Table 1 Risk of incident T2DM according to concentration of soluble RANKL in the prospective Bruneck Study.

LETTERS

Tertile group for RANKL

Low Medium High
Median 0.60 1.00 1.60
Range 0.10-0.80 0.85-1.25 1.30-16.95
Number of events (incident T2DM) 19 29 30
Person years of follow up 3,664.4 3,476.3 3,752.3
Incidence rate per 1,000 person years (95% 5.2(3.1-8.1) 8.3(5.6-12.0) 8.0 (5.4-11.4)
Cl) based on baseline RANKL concentration
Incidence rate per 1,000 person years (95% 2.7 (1.3-5.0) 8.0 (5.4-11.5) 10.9 (7.8-14.9)
Cl) based on updated RANKL concentration?
OR (95% Cl) of incident T2DM Piend  OR (95% CI) for a 1 s.d. higher P
concentration of RANKL
Pooled logistic regression, 1990-2005 (n = 2,278)P
Adjusted for age, sex and period 1.00 3.37(1.63-6.97) 4.06 (2.01-8.20) <0.001 1.96 (1.54-2.49) <0.001
Multivariate adjustment (model 1)¢ 1.00 3.41(1.64-7.07) 4.19(2.07-8.48) <0.001 1.94 (1.52-2.46) <0.001
Multivariate adjustment (model 2)¢ 1.00 3.13(1.50-6.53) 4.04(1.98-8.22) <0.001 1.86 (1.45-2.38) <0.001
Multivariate adjustment (model 3)¢ 1.00 3.01(1.40-6.47) 4.23(2.03-8.81) 0.001 1.91(1.47-2.49) <0.001
Multivariate adjustment (model 4)¢ 1.00 3.05(1.41-6.59) 4.26 (2.04-8.92) 0.001 1.94 (1.48-2.54) <0.001
HbAlc-based definition of T2DMd 1.00 3.28(1.58-6.82) 4.02(1.97-8.20) <0.001 1.82(1.41-2.34) <0.001
Extended follow up, 1990-2010 (n = 2,852)¢
Adjusted for age, sex and period 1.00 3.78 (1.90-7.52) 5.17 (2.69-9.94) <0.001 1.91 (1.55-2.36) <0.001
Multivariate adjustment (model 1)¢ 1.00 3.84 (1.93-7.63) 5.29(2.75-10.2) <0.001 1.90 (1.54-2.35) <0.001
Multivariate adjustment (model 2)¢ 1.00 3.65(1.77-7.08)  5.15(2.66-9.97) <0.001 1.85(1.49-2.29) <0.001
Multivariate adjustment (model 3)¢ 1.00 3.49(1.70-7.14)  5.97 (3.01-11.8) <0.001 1.93(1.54-2.43) <0.001

aln this analysis, subjects were attributed to RANKL tertile groups according to RANKL concentrations measured in 1990, 1995 and 2000 (that is, individuals were allowed

to change RANKL tertile groups during follow up). The numbers of events in the three groups were 10, 29 and 39; the person years of follow up were 3,704.5, 3,613.9 and
3,574.7. PORs (95% Cl) were derived from pooled logistic regression analyses and calculated for a 1 s.d. unit higher loge-transformed soluble RANKL concentration (right
columns) and in separate models for RANKL tertile groups (left columns). The bottom tertile group served as the reference category. Base models were adjusted for age, sex and
period of follow up (1990-1995, 1995-2000 or 2000-2005). ORs reflect the risk of new-onset T2DM in a 5-year period. All covariates were updated every 5 years. ¢The analysis
was further adjusted for social status, cigarette smoking, alcohol consumption, physical activity and family history for diabetes (model 1), plus body mass index and waist-to-hip
ratio (model 2), plus fasting glucose and loge-transformed concentration of hsCRP (model 3), plus common types of medication (statins, B-blockers, diuretics, calcium channel
blockers, angiotensin-converting enzyme and angiotensin receptor inhibitors, corticosteroids, digitalis drugs, platelet inhibitors, oral anticoagulation and hormone replacement
therapy, each considered a separate variable) (model 4). 9Diabetes was defined by a physician- and record-confirmed disease status or HbAlc >6.5%. Analysis was performed

by pooled logistic regression and based on 2,273 observation periods and 78 cases of incident T2DM (model 2). As with the main analysis, subjects with diabetes at baseline
(according to these alternate criteria) were excluded. €These analyses focused on the extended follow up between 1990 and 2010 (n = 2,852 observation periods) and considered
100 cases of incident T2DM. Because RANKL concentration was not measured from the blood samples collected in 2005, RANKL concentrations assessed from the samples
collected in 2000 were used to predict T2DM risk both in the 2000-2005 and 2005-2010 periods of follow up.

of follow up, soluble RANKL concentration was significantly asso-
ciated with T2DM risk such that higher concentrations conferred
elevated risk (odds ratio (OR) = 3.37 (95% CI 1.63-6.97) and OR =
4.06 (95% CI 2.01-8.20) for a comparison between the middle and
top, respectively, compared to the bottom tertile group; P < 0.001)
(Table 1). In multivariable analyses, we progressively adjusted for life-
style factors (model 1) and measures of body composition (model 2).
The results did not change appreciably when using these two models
(Table 1). When interpreting this finding, it must be considered that
body weight and composition, although being well-established risk
factors for glucose abnormalities, explained only a minor propor-
tion of T2DM risk (~5%) in our population aged 40-100 years, as a
comparatively low (7.5%) proportion of these individuals were obese.
Details on the predictive accuracy of soluble RANKL are summarized
in the Supplementary Data.

We performed a number of ancillary analyses to further substanti-
ate our findings. Additional adjustments for fasting glucose (glycated
hemoglobin (HbAlc)) and log.-transformed high-sensitivity
C-reactive protein (hsCRP) (model 3) and for hormone replacement
therapy and standard cardiovascular drugs (model 4), some of which
had been shown to be related with RANKL activity®!%, had little effect
on the results (Table 1). The association between RANKL and T2DM
was internally consistent in the three periods of follow up and in
the subgroups (Supplementary Table 3). When using alternative

diagnostic criteria for T2DM or extending the follow up to 20 years
(1990-2010; incident T2DM, n = 100), the findings were similar
(Table 1). Unlike with most other markers of inflammation, the asso-
ciation between RANKL and T2DM was not attenuated by multivari-
able adjustment and maintained significance even after accounting
for the multiple comparisons performed (Supplementary Table 4). In
contrast to RANKL, the serum concentration of OPG was unrelated to
T2DM risk (Supplementary Table 5). However, we found an increase
in OPG concentration with or after occurrence of T2DM, which was
associated with a modest decline in free soluble RANKL concentra-
tion (Supplementary Fig. 1b).

In search of the mechanistic link between RANKL and T2DM,
we hypothesized that the liver is the key target organ of RANKL
signaling in this context. We engineered hepatocyte-specific Rank
knockout (Rank 0) mice and compared them with floxed-allele
littermate controls (RankWT mice) (Fig. 1). Whereas RankWT mice
developed insulin resistance after 4 weeks of a high-fat diet (HFD),
RankKO mice did not, and Rank O mice showed fasting glucose
and insulin concentrations that were similar to those of Rank"'T mice
fed a normal-fat diet (NFD) (Fig. 1a). We obtained similar results
when liver expression of Rank was downregulated by hydrodynamic
injection of Rank shRNA (RANKi) lentiviral vectors (Fig. 1b; for
vector details see Supplementary Fig. 2)20-23. Of note, RANKi vector
administration achieved tissue-specific blockade of Rank expression
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comparable to that resulting from hepatocyte-specific genetic deletion
of Rank (Supplementary Fig. 3). We also performed glucose toler-
ance tests on the two groups of mice (Fig. 1¢). Insulin tolerance tests
showed significantly higher insulin sensitivity in Rank"XO compared
to Rank™WT mice fed an HFD (P = 0.019; Fig. 1¢). Body and epididymal
fat pad weight, as well as weight gain under HFD, were similar in
RankWT and RankXO mice (Fig. 1d). Mice with a specific deletion
of Rank in the skeletal muscle (Msk-Cre; Rankflox) or in pancreatic
B-cells (RIP-Cre; Rankf1¥) did not show improved insulin sensitivity
compared to littermate controls when fed an HFD (data not shown).

In addition, we crossbred leptin-deficient (0b/ob) mice, another
animal model of insulin resistance and hyperglycemia, with RankKO
mice, and the resulting RankXO 0b/ob mice had significantly lower
fasting glucose concentrations (P = 0.027) and HOMA-IR values
(P =0.023) than RankWT ob/ob mice (Supplementary Fig. 4a). We
achieved similar effects by hydrodynamic injection of RANKi vectors
in ob/ob mice, which reduced fasting glucose and insulin concentra-
tions and ameliorated insulin resistance (P = 0.004) (Supplementary
Fig. 4b). In line with this, blockade of RANKL signaling by systemic
application of its decoy receptor Opg improved glucose metabolism
in ob/ob mice (Supplementary Fig. 4c).

We used euglycemic-hyperinsulinemic clamp studies to further
scrutinize the effects of RANKL signaling on hepatic insulin resist-
ance. In Rank O and RankWT mice fed an NFD, insulin infusion
effectively decreased hepatic glucose production (Fig. 2a). This insulin
effect was significantly impaired in RankVT mice fed an HFD but was
restored in Rank™ O mice on an HFD (P = 0.012; Fig. 2a). We obtained

similar findings when blocking Rank by RANKi vectors (Fig. 2b),
which extended to insulin signaling in liver tissue showing normal
phosphorylation of Akt in RankKO but not RankWT mice fed an HFD
(Fig. 2c). Moreover, Rank O mice had lower excess triglyceride and
cholesterol content than liver tissue from RankWT mice fed an HFD
(Supplementary Fig. 5a), and Rank blockade by RANKIi vectors
inhibited NF-xB activation. Accordingly, phosphorylation of IkB
kinases (IKKs), as well as of downstream RelA (also known as p65),
was abrogated by downregulation of Rank expression (Fig. 2d).

We then performed in vitro studies of cultured mouse hepatocytes
challenged with mouse RANKL. Hepatocytes stably expressed mRNA
encoding Rank, and stimulation of hepatocytes with RANKL resulted
in a prominent upregulation of NF-kB-inducible tumor necrosis fac-
tor oo (TNF-), interleukin-1 (IL-1) and chemokine (C-X-C motif)
ligand 1 (CXCL1) (Supplementary Fig. 5b). RANKL-mediated
upregulation of proinflammatory genes was completely dependent
on NF-xB activation and was blocked by pretreatment of hepato-
cytes with the IKK-B-specific inhibitor AS602868 (Supplementary
Fig. 5¢). We also tested whether RANKL stimulation of hepatocytes
could induce activation of Kupffer cells?*, RANKL induced TNF-o
expression and release in hepatocytes isolated from RankWT but not
RankKO mice (Fig. 3a). When incubating Kupffer cells with the
supernatants of RANKL-stimulated hepatocytes from RankV T mice,
expression of mRNA encoding TNF-a, IL-1, IL-6 and IL-10 in Kupffer
cells was amplified (Fig. 3b). In contrast, supernatant from unstimu-
lated hepatocytes and RANKL-stimulated hepatocytes from RankKO
mice did not induce cytokine expression by Kupffer cells.
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Figure 2 Effects of inhibition of Rank on hepatic glucose production, insulin signaling and NF-xB activation. (a) Euglycemic-hyperinsulinemic
clamp procedure in 12-week-old control RankWT (white) and littermate Rank X0 (black) mice fed an NFD or HFD diet (n =5 for all groups).

(b) Euglycemic-hyperinsulinemic clamp procedure in 12-week-old wild-type mice treated with CTRLi vector (n = 5; white) or RANKi vector (n = 5;
black) after 4 weeks of HFD. Gray bars indicate wild-type mice receiving NFD. Data (a,b) are shown as the means £s.e.m. *P< 0.05, **P< 0.01
compared to controls calculated using the Mann Whitney U test. (c) Western blots showing Akt phosphorylation (insulin signaling) (pAkt) in hepatic
tissue taken from 12-week-old control Rank"T and Rank KO mice fed an HFD. (d) Western blots showing expression of phosphorylated RelA (p-RelA),
total RelA, phosphorylated IKK-o. and IKK-B (plKKo/B), total IKK-a, total IKK-B and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; loading
control) in hepatic tissue of 12-week-old wild-type mice treated with CTRLi or RANKIi vector and receiving HFD for 4 weeks.

There is strong evidence in previous literature that NF-xB acti-
vation is an initial and crucial step in the evolution of T2DM con-
tributing to both hepatic insulin resistance and [3-cell apoptosis, and
providing a link between overnutrition, metabolic inflammation and
impaired autophagy in the hypothalamus and the development of
obesity!-3>6:25.26_Under resting conditions, NF-kB forms a complex
with the inhibitory subunit IxB. Phosphorylation and proteasome-
mediated degradation of IxB by IKKs releases NF-kB for transloca-
tion into the nucleus and promotes transcription of genes encoding
inflammatory mediators. Activation of NF-kB is elicited by a broad
spectrum of conditions featuring the diabetic milieu, including hyper-
glycemia, oxidative stress and high concentrations of fatty acids!.
Transgenic LIKK mice characterized by a twofold upregulation of
NEF-KB as a result of selective overexpression of IKK-f in the liver
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develop a T2DM phenotype in the absence of the aforementioned
conditions®. Conversely, genetic disruption of NF-kB signaling
effectively protects diabetes-prone mice from the development of
metabolic abnormalities®, and pharmacological inhibition of IKK-3
improves insulin resistance in mice and patients with T2DM?7.
Apart from canonical IKK-NF-kB pathways, the noncanonical
NF-kB-inducing kinase-NF-kB pathway has been implicated in glu-
cose intolerance of obese mice28, and direct involvement of NF-xB in
the control of energy sensing and homeostasis (mitochondrial respira-
tion) has been proposed?®.

Here the concentration of soluble RANKL, a prototypic activator
of NF-kB, emerged as a significant risk predictor of T2DM in the
general community (P < 0.001). The association was independent of
age, sex and other determinants of T2DM, was internally consistent
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Figure 3 Effects of RANKL-stimulated hepatocytes on Kupffer cell activation. (a) TNF-oo mRNA expression (real-time PCR analysis; left) and protein
amounts (ELISA; right) in hepatocytes of 12-week-old control RankWT (WT HC) and Rank KO (Mut HC) mice either unstimulated or stimulated with
RANKL (50 ng mi=1) (n = 5 for all groups). (b) Real-time PCR analysis of TNF-a,, IL-1, IL-6 and IL-10 mRNA expression in cultured Kupffer cells of
wild-type mice after exposure to supernatants from unstimulated and RANKL-stimulated (50 ng mI=1) WT HC or Mut HC mice (n = 5 for all groups).
Data are shown as the means + s.e.m. NS, not significant, *P < 0.05, **P < 0.01 compared to control calculated using the Mann Whitney U test.
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within subgroups and showed a dose-response pattern. Whereas
previous prospective studies on the association of soluble RANKL
concentration and T2DM are lacking, a number of evaluations have
yielded evidence of higher OPG concentrations among patients with
prevalent T2DM3-!1. Our study indicates that elevation of OPG con-
centration does not precede T2DM but rather emerges with or after
disease occurrence, which is consistent with observations in mice
after induction of diabetes with streptozotocin3?. Our epidemio-
logical findings are corroborated by a large number of mouse and
in vitro studies. We use five different in vivo approaches to downregu-
late RANKL signaling in nutritional (HFD) and genetic (0b/ob) mouse
models of insulin resistance and T2DM, which consistently revealed a
marked improvement in hepatic insulin sensitivity and amelioration
or even normalization of glucose concentrations and tolerance and
insulin signaling. Notably, it is sufficient to block Rank, the cognate
receptor of RANKL, in hepatocytes and liver tissue to elicit antidi-
abetic effects, as demonstrated by either hepatocyte-specific knockout
of Rank (RankM 0) or liver-specific blockade of Rank expression by
hydrodynamic injection of RANKi vectors, a technique that is highly
effective in expressing or silencing proteins in the liver?0-23,

Our data establish the liver as a RANKL-responsive organ. Binding
of RANKL to its cognate receptor RANK activates NK-xB signaling
in hepatocytes, leading to cytokine production, Kupffer cell activa-
tion, excess storage of fat and manifestation of insulin resistance. The
skeletal and immune systems are considered key sources of RANKL
in humans and have both been linked to T2DM?31-35,

The crosstalk between bone and glucose metabolism involves
osteocalcin and RANKL. The former is a product of mature osteo-
blasts and improves insulin resistance, while also protecting against
the development of diabetes mellitus31:32. The latter is a product of
immature osteoblast-lineage cells and osteocytes and impairs glucose
tolerance (this study). In accordance with this concept, markers of
bone resorption correlate with insulin resistance in gestational dia-
betes, and glucocorticoid therapy, with its well-known diabetogenic
effects, blocks osteoblast maturation, osteocalcin expression and
simultaneously enhances RANKL expression®3. It can be hypothesized
that the opposing functions of RANKL and osteocalcin in bone extend
to glucose homeostasis.

The other major source of RANKL is the immune system involv-
ing activated T cells®* and other cell lines capable of adopting a
proinflammatory phenotype, for example, endothelial cells®> or
adipocytes, which express not only TNF-o. but also RANKL*® and
enhance RANKL production as a result of stimulation with TNF-o..
Of note, systemic inflammation and endothelial cell activation, as well
as obesity and adipose tissue inflammation, are common features and
precursors of T2DM. It is still unknown to what extent the skeleton
and the immune systems may contribute to hepatic insulin resistance;
however, both sources of RANKL are connected in that immune acti-
vation triggers bone resorption and inhibits bone formation, as well
as osteocalcin expression?’.

Overall, our epidemiological and experimental data support the
conclusion that RANKL signaling has a role in the pathogenesis of
hepatic insulin resistance and T2DM and provides a link between
inflammation and disrupted glucose homeostasis. These findings hold
promise for the future development of new therapeutic and preven-
tive approaches. Notably, thiazolidinediones and angiotensin-receptor
blockers, which have been reported to lower the incidence of T2DM?38,
are known to lower RANKL activity. Moreover, metformin, the most
commonly used antidiabetic drug worldwide, effectively downregu-
lates RANKL expression in bone tissue3*40. Interventions specifically

targeting RANKL to prevent or treat T2DM are currently restricted
to mice, but studies in humans are a next logical step to pursue. The
currently available knowledge on RANKL antagonism in the treat-
ment of osteoporosis may help to design pharmacological strategies
suitable for improving hepatic insulin sensitivity in the liver.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Study population. The Bruneck Study is a prospective population-based
survey on the epidemiology and pathogenesis of atherosclerosis and related
traits! 14154142 The study protocol was approved by the ethics committees
of Bolzano and Verona, and all study subjects gave their written informed
consent. At the study baseline in 1990, we recruited the study population as a
random sample of all inhabitants of Bruneck stratified according to sex and age
(between age 40 and 79 years, with 125 women and 125 men in each decade of
age; n = 1,000 total). The participation rate was 93.6%, with data assessment
completed in 919 subjects and measurements of soluble RANKL concentra-
tions available in 909 subjects! 1415, We excluded 65 subjects with a baseline
diagnosis of T2DM, leaving a study population of 844 for the current analysis.
Follow-up examinations were performed every 5 years, with participation
rates exceeding 90%. Of all subjects, including those who did not participate
in or died during follow up, full medical records were available for review
(100% follow up for clinical endpoints).

Clinical history and examination. We assessed risk factors by validated stand-
ard procedures described previously!b141541:42, Body mass index was calcu-
lated as weight divided by height squared. Waist and hip circumferences were
measured by a plastic tape meter at the level of the umbilicus and the greater
trochanters. The activity score was composed of the scores for work (three
categories) and sports or leisure activities (0, <2 or >2 h per week). We defined
socioeconomic status on a three-category scale (low, medium or high) on the
basis of information about occupational status and educational level of the
person with the highest income in the household. High socioeconomic status
was assumed if the participant had >12 years of education or an occupation
with an average monthly income >$2,000 (1990 salary). Low socioeconomic
status was defined by <8 years of education or an average monthly income
<$1,000. Family history of T2DM refers to first-degree relatives.

We established the diagnosis of T2DM according to American Diabetes
Association criteria (fasting glucose 2126 mg dl~! (7 mmol 1!) or when the
subjects had a clinical diagnosis of T2DM and received antidiabetic treatment
(diet or drugs)). Self-reported T2DM status was confirmed by reviewing the
medical records of the subject’s general practitioners and Bruneck Hospital.
A major strength of the Bruneck Study is that virtually all participants living
in the survey area were referred to the same hospital and the network existing
between hospital and practitioners allowed the retrieval of full medical informa-
tion. In ancillary analyses, we applied HbAlc-based diagnostic criteria of T2DM
(HbA1c >6.5%)*3. There were no cases of type 1 diabetes in this cohort.

We estimated the degree of insulin sensitivity by homeostasis model assess-
ment (HOMA)*. In particular, we computed an insulin resistance score
(HOMA-IR) with the formula fasting plasma glucose (mmol1~!) x fasting serum
insulin (mU 17!) x 22.571. High HOMA-IR values indicate insulin resistance.
Gutt insulin sensitivity index at 0 and 120 min (ISIj ;5) was calculated as detailed
previously®>. This index measures insulin sensitivity, so for the present analysis,
we used the inverse (ISI"!). We estimated the -cell secretory response to oral
glucose load using baseline GTT data as described by Sluiter and coworkers*®
and assessed metabolic syndrome and its components according to National
Cholesterol Education Program Adult Treatment Panel I criteria.

Serum OPG and soluble RANKL. Blood samples were drawn after an over-
night fast and 12 h of abstinence from smoking and immediately processed
or frozen and stored at =70 °C. All samples were handled in exactly the same
way and assayed in a random sequence. The technician who performed the
measurement of soluble RANKL concentration was not aware of the subject
characteristics, including diabetes status. Samples taken in 1990 and 1995
were analyzed in 2000 after 10 and 5 years of storage, respectively (without
any thawing-freezing cycle), and samples taken in 2000 were immediately pro-
cessed! L1415 High consistency in the absolute concentrations of RANKL and
OPG in the three assessments indicated long-term stability of these molecules
under the storage conditions applied! 1415, We measured OPG concentration
using a sandwich enzyme immunoassay!!. This assay detects both monomeric
and dimeric forms of OPG, including OPG bound to its ligand, and has a lower
detection limit of 0.14 pmol 1! and intra- and inter-assay variability of <10%.
We measured serum concentrations of soluble uncomplexed RANKL with

a commercial sandwich-type assay (Biomedica)!4!°. In this assay, chimeric
OPG-Fc protein was coated on microtiter plates and used to bind free RANKL
in the samples. In a second step, RANKL captured by OPG was detected
with a specific affinity-purified and biotinylated rabbit antibody followed by
incubation with streptavidin peroxidase and visualization with tetramethyl-
benzidine. Biosynthetic soluble RANKL diluted in human serum was used as
standard material. We used signal amplification to achieve a lower detection
limit of 0.08 pmol 171, allowing for the measurement of RANKL in virtually
all subjects. The intra- and inter-assay coefficients of variation were 5% and
8%, respectively.

Statistical analyses of epidemiological data. Statistical calculations were
performed using SPSS 18.0 (SPSS) and Stata 12 (Stata) and adhered to prede-
fined protocols. Person years of follow up for each participant were accrued
from the baseline in 1990 until diagnosis of T2DM, death or October 1, 2005,
whichever came first. We divided the participants into three approximately
equally sized groups according to tertiles of RANKL concentration and used
the bottom tertile group as the reference category. Separate models treated
RANKL concentration as a continuous variable. Given its skewed distribution,
log.-transformed concentrations of soluble RANKL were used throughout the
manuscript to minimize the effect of extreme observations. When additionally
excluding outliers (RANKL concentrations >3 s.d. above or below the mean or
>95th (<5th) percentile), the results were very similar. We assessed the associa-
tion between RANKL concentration and incident T2DM by pooled logistic
regression analysis*’. This technique treated each observation period (1990
1995, 1995-2000 and 2000-2005) as a mini follow-up study in which updated
risk factor measurements were used to predict T2DM risk. Observations over
the various periods were pooled into a single sample. Subjects who developed
T2DM were censored with respect to subsequent follow up. This approach has
been shown to be asymptotically equivalent to a Cox regression analysis with
time-dependent covariates in the case of short intervals between re-evaluations
and low rates of events?’. We performed sensitivity analyses for a 20-year
follow up using 2000 RANKL concentrations to predict T2DM risk between
2005 and 2010. Base models were adjusted for age, sex and follow-up period.
Multivariate models were additionally adjusted for social status, cigarette
smoking, alcohol consumption, physical activity and family history of diabetes
(model 1), plus body mass index and waist-to-hip ratio (model 2), plus fasting
glucose (or HbAlc) and log.-transformed hsCRP (model 3), plus common
types of medication (model 4). All reported P values were two sided.

Cloning of RANKIi expression vectors. We designed shRNAs against
mouse Rank (GenBank accession NM_009399) and cloned them accord-
ing to the procedures of the RNAi consortium (http://www.broadinstitute.
org/rnai/trc). In brief, the lentiviral vector pLKO.1 (ref. 48) was digested
with the restriction enzymes Agel and EcoRI (New England Biolabs) and
gel purified (gel extraction kit, QTAGEN). Single-stranded oligonucleotides
encompassing future RANKi were ordered (Invitrogen) and annealed to form
double-stranded DNA molecules with Agel- and EcoRI-compatible over-
hangs. Correct clones were identified by restriction digests and confirmed
by sequencing analysis (Seqlab).

Cloning of a mouse RANKi 3xFlag-tagged expression vector. We isolated
total RNA from splenic mouse cells (RNeasy kit, QTAGEN) and used 2 ug for
the generation of complementary DNA (cDNA) (RevertAid Premium First
Strand cDNA Synthesis Kit, Fermentas). The 1.9-kb mouse Rank (mRank)
transcript was amplified with the primers mRank real-time PCR forward (5"-G
AGCTAGCACCATGGCCCCGCGCGCCCGG-3’) and mRank real-time PCR
reverse (5-GAAAGCTTTTCTGCACATTGTCCGGACCC-3'; all primers
from Invitrogen), digested with restriction enzymes Nhel and HindIII (NEB)
and cloned into a modified eukaryotic expression vector pcDNA3 (Invitrogen)
containing a triple Flag tag downstream of the multiple cloning site to yield
C-terminal Flag-tagged mouse Rank proteins. We identified correct clones by
sequencing the complete mRank insert (Seqlab).

Testing of RANKi knockdown efficiency. We seeded 10> HEK293 cells in
24-well plates in 1 ml DMEM supplemented with 10% FCS (both from
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Invitrogen) and maintained them at 37 °C and 7.5% CO, in a humidified
incubator. After 24 h, we transfected cells with FuGeneHD transfection rea-
gent (Roche Applied Science) according to the manufacturer’s instructions.
For each well, 50 ng RANKi 3xFlag expression vector, 400 ng of the differ-
ent RANKi vectors and 50 ng of a modified peGFP-C1 plasmid (Clontech)
encoding an enhanced GFP (eGFP) fusion protein of 65 kDa to demonstrate
that equal transfection efficiencies were used. Twenty-four hours after trans-
fection, cells were washed twice in PBS and lysed in Laemmli sample buffer.
Proteins were separated by 12.5% SDS-PAGE, blotted onto a nitrocellulose
membrane (Whatman Schleicher and Schuell) by semi-dry blotting, and the
membrane was stained with Ponceau $ to check for transfer efficiency and
assess loading of equal protein amounts. After blocking the membrane in
5% milk in Tris-buffered saline with 0.1% Tween-20 (TBST), the membranes
were stained stepwise with mouse antibody to Flag (1:1,000 dilution in TBST,
catalog number F3165, Sigma) and mouse antibody to GFP (1:1,000 dilution
in TBST, catalog number 11814460001, Roche Applied Science) and developed
with a horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary
antibody (1:20,000 dilution in TBST with 5% milk, catalog number 172-1011,
Bio-Rad) and the enhanced chemiluminescence method.

Mouse diabetes models. The animal studies were approved by the Animal
Ethics Committee of the University of Erlangen-Nuremberg. We obtained
female 8-week-old leptin-deficient (0b/ob) mice* from Jackson Laboratories.
To block RANKL signaling, we treated the mice with recombinant mouse
Opg (Amgen) at a dose of 10 mg per kg body weight three times per week or
vehicle (PBS) for 6 weeks (n = 8 per group). Alternatively, mice were treated
with the aforementioned RANKi vector (20 ug) or the respective CTRLI vector
(20 ng) by hydrodynamic injection of a volume of 2 ml into the tail vein (rate,
0.4 mls7!) at days 1 and 14. Mice were analyzed 28 d after the first injection.
The technique of hydrodynamic injection, which allows vector-based regula-
tion of gene expression, has been described previously?°-23. Hydrodynamic
injection was also applied to an alternative well-established animal model of
insulin resistance and diabetes®?, which is based on HED. The same shRNA
vectors and protocols were used. HFD D12331 was derived from Research
Diets (New Brunswick). In addition, two genetic models to selectively block
Rank in hepatocytes were established. Conditional Rank knockout mice
(RankKO) were interbred with another transgenic mouse expressing the Cre
recombinase under the hepatocyte-specific albumin promoter. We subjected
the resulting Rank" O mice to NFD or HFD or crossed them with ob/ob mice
to obtain Rank"XO ob/ob mice.

Euglycemic-hyperinsulinemic clamp technique. We performed clamp pro-
cedures in (i) RankXXO and RankWT mice fed an NFD or HFD and (ii) wild-
type mice fed an NFD or HFD and receiving treatment with either CTRLi
vector or RANKi vector. For the clamp procedure, we anesthetized mice
3-5 d before the test using an intraperitoneal (i.p.) injection of xylazine and
ketamine, inserted an indwelling catheter into the right internal jugular vein
and extended it to the level of the right atrium. The catheter was filled with
heparin and saline, sealed and tunneled subcutaneously around the side of
the neck to the back of the head. The catheter was externalized through a skin
incision. Immediately after surgery, mice were housed in individual cages
and subjected to a standard light (6 a.m. to 6 p.m.) and dark (6 p.m. to 6 a.m.)
cycle31-33, Mice were studied after a 6-h fast in an awake and unrestrained
state using the euglycemic-hyperinsulinemic clamp technique. To determine
basal and insulin-stimulated rates of endogenous glucose production (rate
of glucose appearance, R,), a prime continuous infusion of HPLC-purified
[3-3H]glucose (10 UCi bolus; 0.1 uCi min~!) was started at -60 min and main-
tained throughout the 90-min insulin clamp study. At time 0, a primed con-
tinuous (4.0 mU per kg body weight per min) infusion of human insulin was
started simultaneously with a variable infusion of 20% dextrose to maintain
the plasma glucose concentration constant at its basal level. Plasma samples
for determination of [3-3H]glucose-specific activity were obtained at times
-20, -10 and 0 min during the basal period and at 60, 70, 80 and 90 min during
the insulin-clamp period. Data for total-body glucose uptake and endogenous
glucose production (R,) represent the mean values during the last 20 min
of the basal period and during the last 30 min of the insulin-clamp period

when the steady-state plateau of [3-3H]glucose radioactivity was achieved.
Under steady-state conditions, the rate of total-body glucose disappearance
(Rq) equals the rate of glucose appearance (R,) and is calculated by dividing
the infusion rate of [3-3H]glucose (dpm per kg body weight per min) by the
steady-state plateau of [3-3H]glucose-specific activity (dpm mg™'). The rate
of endogenous glucose production is calculated by subtracting the exogenous
glucose infusion rate from the rate of total-body glucose appearance (R,)%.
Our clamp procedure was designed to reveal hepatic differences. For a focus
on skeletal muscle differences, a clamp procedure with higher insulin infusion
rates and complete suppression of endogenous glucose production would be
the method of choice.

GTT and ITT. Mice fed an NFD or HFD were fasted for 16-18 h before receiv-
ing 1 mg glucose per g body weight by i.p. injection. Blood was collected from
the tail vein at 0, 30, 60 and 120 min after the glucose load. For testing insulin
tolerance, mice were fasted for 4 h before applying 5.5 IU human insulin per kg
body weight i.p. (Eli Lilly). We calculated the rate constant for plasma glucose
disappearance (Kypp) with the formula 0.693 x t,,71. The plasma glucose t,/,
was calculated from the slope of least-square analysis of the plasma glucose
concentrations during the first 15 min after insulin injection, when the plasma
glucose concentration declines linearly>>.

Western blot analysis. We collected liver, muscle and adipose tissue from
(i) wild-type mice receiving HFD and treatment with either CTRLi vector or
RANKIi vector and (ii) Rank™ O and RankWT mice fed an HFD. Tissue was
homogenized by 20 mM Tris-HCI, pH 7.4, 1% SDS and 1:10 of a protease inhibitor
cocktail (Sigma), and protein extracts were boiled and separated by SDS-PAGE
and then transferred onto nitrocellulose membrane after the removal of cell
debris by centrifugation. After blocking with Tris-buffered saline, 0.1% Tween
20 and 5% nonfat dry milk, membranes were incubated with primary antibodies
to RANKL (clone L300, 1:1,000, Cell Signaling), Rank (clone #4845, 1:1,000,
Cell Signaling), Opg (clone BTF3L1, 1:1,000, Novus Biologicals), pRelA (clone
93H1, 1:1,000), total RelA (clone C22B4, 1:1,000), pIKK-0/IKK-f3 (clone 16A6,
1:1,000) total IKK-o. (#2682, 1:1,000), total IKK-f (clone L570, 1:1,000) and
GAPDH (clone 14C10, 1:1,000) (all Cell Signaling, Beverly, MA). For detection
of insulin signaling, we analyzed liver tissues from Rank 0 and Rank"'™ mice fed
an NFD or HFD for Akt phosphorylation. Mice were anesthetized, the portal vein
was prepared and 10 IU human insulin per kg body weight (0.1 ml volume) was
injected. After 5 min, the liver was removed, snap frozen and digested according
to the protocol provided. Protein extracts were subjected to western blotting, and
the expression of pAkt (clone L32A4, 1:1,000) and total Akt (clone 40D4, 1:1,000)
were detected by the respective antibodies (Cell Signaling).

Hepatic triglycerides and cholesterol. We extracted lipids from liver tissues
of Rank0 and RankW™ mice as described previously®. Dried lipid extracts
were dissolved in 1% Triton X-100 in chloroform, exposed to liquid nitrogen
and dissolved in H,O as described®”. Enzymatic kits (Wako Chemicals) were
used for the determination of triglycerides and total cholesterol content.

RT-PCR of liver tissue. We extracted total RNA from liver tissue and hepato-
cytes using TRIzol reagent (Invitrogen) followed by DNase-I digestion. A total
of 1 pg of purified RNA was used for the synthesis of cDNA with a Reverse
Transcription System Kit (Applied Biosystems). Quantitative real-time PCR for
RANKL, Rank and Opg was performed using LightCycler technology (Roche
Diagnostics) and the Fast Start SYBR Green I kit for amplification and detec-
tion. The final amount of cDNA per reaction corresponded to 2.5 ng of total
RNA used for reverse transcription. The expression of the target molecule was
normalized to the expression of B-actin. Specific mRNA transcripts of TNF-c,
IL-1PB and CXCL1 were quantified with SYBR-Green and the ABI Prism 7000
Sequence Detection System (Applied Biosystems).

Hepatocyte isolation and stimulation. We isolated hepatocytes from
naive C57BL/6, RankWT and RankKO mice. After anesthesia and abdomi-
nal exploration, liver perfusion was performed through the vena cava with
50 ml perfusion buffer (8.3 g NaCl, 0.5 g KCI, 2.4 g 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 5.5 ml 1 M NaOH and 2 ml 0.5 M
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EGTA, pH 7.4). Then the liver was digested with 30 ml collagenase buffer (3.9 g
NaCl, 0.5 g KCl, 0.7 g CaCl, x H,0, 24 g HEPES and 50 ml 1 M NaOH, pH 7.4)
containing 1 mg liberase enzyme three (Roche Diagnostics, Basel, Switzerland).
The digested liver was mashed ex vivo, and the resulting suspension was fil-
tered through a 70-pum mesh and centrifuged on a Percoll density gradient
centrifugation (VWR International) at 1,400g for 10 min. Hepatocytes were
then plated on plastic plates (5 x 107 cells cm~! cm™!) and stimulated with
50 ng ml~! mouse RANKL (R&D Systems) with or without the IKK-B-specific
inhibitor AS602868 (10 g ml~!; kindly provided by Merck Serono). AS602868
is an anilinopyrimidine derivative and ATP competitor that selectively
inhibits IKK-.

Kupffer cell isolation. We perfused the livers of wild-type mice with calcium-
free solution for 5 min and then perfused them with collagenase (Sigma-
Aldrich). After centrifugation at 50g, the cell suspension was filtered through
a 70-um cell strainer (BD Biosciences). Then the solution was overlaid on
Histopaque 1083 (Sigma-Aldrich) and centrifuged at 1,000¢ to remove hepa-
tocytes. Phycoerythrin (PE)-conjugated antibody to F4/80 (clone BMS8, 1:100,
Biolegend) and anti-PE magnetic microbeads (Miltenyi) were then used for
Kupftfer cell isolation from the nonparenchymal cell fraction. Residual mono-
cytes and neutrophils were depleted using antibodies to Gr-1 (clone RB6-8C5,
1:100, BD Biosciences).
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