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Abstract

Background—Obesity is associated with chronic low-grade inflammation leading to insulin
resistance and diabetes. Adiponectin is an adipokine that regulates inflammatory responses. The
aim of our study was to investigate whether any effects of adiponectin against obesity and insulin-
resistance may depend on the adaptive immune system.

Methods—We treated high-fat-diet fed Ragl—/— mice lacking mature lymphocytes with
adiponectin over 7 weeks and investigated alterations in their metabolic outcome and
inflammatory state.

Results—Adiponectin protects from weight gain despite a small compensatory stimulation of
energy intake in mice lacking an adaptive immune system. Additionally, adiponectin protects from
dysglycemia. Minor alterations in the macrophage phenotype, but not in the circulating cytokine
levels, may contribute to the protective role of adiponectin against hyperglycemia and diabetes.

Conclusion—Adiponectin or agents increasing adiponectin may be a promising therapeutic

option against obesity and hyperglycemia in immune-deficient populations.
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INTRODUCTION

Obesity is associated with chronic low-grade inflammation leading to insulin resistance,
diabetes and metabolic syndrome (1-4). The entire spectrum of immune cells participates in
systemic inflammatory reactions involving predominantly the adipose tissue (5). Secretion
of adipokines, cytokines and chemokines leads either to increased infiltration of adipose
tissue by macrophages or to their transition from anti-inflammatory M2 to pro-inflammatory
M1 phenotype (6). These actions among others are coordinated by the adaptive immune
system. CD8+ T cells recruit macrophages by secretion of chemokines, while they stimulate
M1 polarization through IFN-y. Similarly, CD4+ Th1 cells, which secrete pro-inflammatory
cytokines (e.g IFN-vy) in visceral adipose tissue, are activated either by macrophages or
directly by adipocytes in obesity, joining CD8+T cells as crucial effector lymphocytes (7, 8).
On the contrary, regulatory T cells (Tregs), that exert anti-inflammatory effects, are severely
reduced in the adipose tissue in the obese and in the insulin-resistant state. Finally, B
lymphocytes secrete more pro-inflammatory (e.g. IL-6, IFN-y) and less anti-inflammatory
(e.g. IL-10) cytokines in obesity, while they produce more 1gG2 antibodies promoting
insulin resistance (6, 9, 10). In this context, we have recently reported that Ragl-/- mice
lacking mature T- and B-lymphocytes and consequently adaptive immune response, gain
more weight and faster during exposure to high fat diet (HFD) than mice with an intact
immune system (11). However, Rag1-/- mice demonstrate only minor defects in their
glucose homeostasis after HFD. This supports the notion that the adaptive immune system is
a key mediator of the obesity-related glucose and metabolic imbalance.

Adiponectin is an adipocyte-derived hormone that plays a protective role in obesity, insulin
resistance, type 2 diabetes and metabolic syndrome (12-15). Administration of recombinant
adiponectin in mice fed a HFD leads to weight loss by stimulating fat oxidation and
regulating energy expenditure (14). Moreover, it improves the glucose profile primarily by
ameliorating insulin sensitivity and secondarily by increasing insulin secretion or by
affecting muscle and liver-mediated glucose metabolism (16-18). Many of these functions of
adiponectin are achieved by regulation of the inflammatory response during high-caloric diet
and obesity. Adiponectin has anti-inflammatory properties by suppressing the levels of
TNFa and IFN-vy, and by increasing the expression of IL-10 and IL-1Ra (19). Moreover, it
is involved in the accumulation and polarization of macrophages to the M2 anti-
inflammatory phenotype in adipose tissue.

Although many studies have demonstrated the anti-inflammatory properties of adiponectin
in obesity, it still remains unclear to which extend adiponectin depends on the adaptive
immune system to mediate its functions. The aim of this study was to investigate if
adiponectin can still exert its regulatory effects on weight and metabolic profile, as well as
on inflammatory cascades, in mice lacking an adaptive immune system. For this reason,
Ragl-/- mice fed with HFD for a longer period compared to our first study (14 vs 11
weeks) were treated with physiological doses of adiponectin over 7 weeks and alterations in
their metabolic outcome (e.g. weight, fat distribution, energy intake, glucose, insulin
secretion) and their inflammatory state (macrophage distribution and phenotype, cytokine
expression) were investigated.
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Male, 3-week-old, Rag1mIMom(Rag1-/-) mice were obtained from the Jackson Laboratory
(Bar Harbor, ME) and housed in individual cages with unlimited access to water in a room
maintained at 22°C on a 12:12-h light-dark cycle. All mice were acclimated to the facility
for 3 days while being fed a regular chow diet (Formulab diet 5008, Lab Diet, Richmond,
IN) which contains 16.7% calories from fat and water ad /ibitum. The HFD was a western
diet containing 42.2% of calorie from milk fat, 42.8% from carbohydrates and 15% from
protein (TD88137, Harlan Teklad, Madison, WI, USA). The macronutrient distribution
(saturated vs unsaturated fat) was representative of diets associated with a high-risk
cardiovascular disease in humans (Teklad Custom Research Diet data sheet). All animals
were handled in accordance with the principles and guidelines of the National Institutes of
Health. The animal facilities and protocols reported were approved by the BIDMC
Institutional Animal Care and Use Committee.

Experimental Design

Ragl-/- mice were randomly assigned to 3 treatment groups (n=8) as follows: Rag+HFD
+adiponectin (HFD-APN), Rag+HFD+Placebo (HFD-PL), Rag+Low fat diet (LFD). Mice
in these 3 groups were maintained in the study for 14 weeks. HFD-APN and HFD-PL
groups received 5ug of adiponectin per kg body weight per day or phosphate-buffered saline
(PBS) respectively from week 7 to the end of the experiment. This was administered
continuously via ALZET osmotic pump (Cupertino, CA), implanted under isoflurane
anesthesia (IsoFlo; Abbot Laboratories, North Chicago, IL) subcutaneously on the back of
the mice, slightly posterior to the scapulae. Recombinant full-length mouse adiponectin
(Biovendor, Candler, NC) was diluted in PBS, pH=7.2, one day before implantation of the
pump according to the manufacturer's instructions.

Experimental procedures

Physiological characterization—Individual body weights and total amount of food
intake were measured weekly on the same day between 8:00 and 10:00 A.M. with an
analytical balance. Total body fat mass, lean tissue mass, and water content were accessed
by magnetic resonance imaging techniques using Echo MRI (ECHO Medical Systems,
Houston, TX). For whole-body composition analysis, anaesthetized mice were placed in a
restraint tube and inserted into the nuclear magnetic resonance machine for determination of
body adiposity one day before ALZET osmotic pump implantation and one day before
sacrifice.

Glucose and insulin tolerance test—To investigate glucose tolerance and insulin
sensitivity, intraperitoneal glucose tolerance tests (IPGTTs) and insulin tolerance tests (ITT)
were performed. The IPGTTs were conducted in the morning after mice had been fasted
overnight and the ITTs were conducted after mice had been fasted for at least 8 hours. Mice
were then injected with a standard glucose bolus, as previously described (9). Intraperitoneal
insulin tolerance tests were performed by injecting 0.75 units of insulin per kg body weight
intraperitoneally.
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Tissue collection and biochemical analyses—Mice were fasted for at least 4 hours
prior to each blood draw. Blood was collected in chilled BD Microtainer (Becton, Dickinson
and Company, Franklin Lakes, NJ). Serum or plasma was isolated by centrifugation at 1,800
g for 15 min at 4°C and was stored at —80°C until measurements of hormones and markers
of inflammation were performed. Plasma adiponectin, leptin, and insulin were measured by
enzyme-linked immunosorbent assay (ELISA, Millipore, Billerica, MA; ALPCO
Diagnostics, Salem, NH). Blood glucose concentrations were measured using the LifeScan
One Touch Ultra glucose meter (Johnson & Johnson, New Brunswick, NJ). Markers of
inflammation, interferon-ry (IFN-vy), interleukin (IL)-1p, IL-2, IL-4, IL-5, keratinocyte-
derived chemokine/growth related oncogene (KC/GRO), IL-10, IL-12-total, and tumor
necrosis factor-a (TNF-a.), were determined using a mouse TH1/TH2 9-plex assay ultra-
sensitive kit (Meso Scale Discovery (MSD) multi-spot Assay System, Gaithersburg, MD)
according to manufacturer's instruction.

After 14 weeks, mice were anesthetized with isoflurane and sacrificed by exsanguination
(Figure 1). Tissues, including heart, liver, kidney, pancreas, spleen, intestine, hypothalamus,
muscle and epididymal, perirenal, mesenteric, subcutaneous and brown adipose tissue, were
collected, immediately frozen in liquid nitrogen, and stored at —80°C.

Total RNA was extracted from hypothalamus, liver, muscle, and five areas of adipose tissue
and measured using the same procedure/equipment described in our prior study (11).
Briefly, total RNA was extracted using TRIZOL (Invitrogen, Grand Island, NY) and
quantified spectrophotometrically at 260 nm. Integrity was confirmed by visualization of
18S and 28S rRNA on the Flash-Gel system (Lonza, Rockland, ME). cDNA was synthesized
using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA). Quantification of mMRNA expression was done in a 2-step Reverse Transcriptase-Real
Time PCR(RT-gPCR) using mouse-specific TagMan® Gene Expression Assays((Assay ID:
Adiponectin Receptorl (AdipoR1), Mm01291331_m1; Adiponectin Receptor2 (AdipoR1),
MmO00815950 _m1; uncoupling protein 1 (UCP1), Mm01244861 m1; uncoupling protein 2
(UCP2), Mm00627597_m1; uncoupling protein 3 (UPC3), Mm00494077_m1; TNF-a,
Mm99999068_m1; IL-1a, Mm99999060_m1; IL-1b, Mm01336189_m1; IL-4,
MmO00445259 m1; IL-17a, MmM00439618 m1; neuropeptide Y(NPY), Mm03048253 m1;
orexigenic agouti related protein(AgRP), Mm00475829_g1; anorexigenic pro-
opiomelanocortin (POMC), Mm00435874_m1; melanocortin receptor 4 (MC4R),
MmO00457483_s1; M1 marker (integrin alpha X), Mm00498698 m1; M2 marker (mannose
receptor, C type 1), Mm00485148_m1; Macrophage (F4/80), Mm00802529_m1; Applied
Biosystems, Foster City, CA) Applied Biosystems, Foster City, CA) in 7500 Fast Real-Time
PCR system using Standard real-time 7500 protocol. Data were analyzed using 7500 system
software (Applied Biosystems, Foster City, CA) and relative quantification was done using
AACt method. Flow cytometry data were acquired using BD FACScalibur (BD Biosciences)
and analyzed with FlowJo software 6.4 (Tree Star Inc., Ashland, OR). Of note, due to
limited sample size, for one mice in the LFD group and two in the HFD-APN group the
measurement of some parameters was not possible.
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Statistical Analyses

Changes in body weight, energy intake, leptin, blood glucose, ipGTT glucose, ipITT glucose
were analyzed using on treatment linear mixed models (Figures 1,2). P values for treatment
(HFD-AP, HFD-PL, LFD), time (14 timepoints, 1/week) and treatment*time were calculated
initially among the three groups (HFD-AP vs HFD-PL vs LFD). The p value for treatment
was considered the p-overall and in the parameters where p for treatment was <0.05, we
performed post-hoc analysis between the groups with adjustment for multiple comparisons
with Bonferroni (SPSS version 24; IBM corporation, New York, USA) . Similarly,
circulating inflammation markers were assessed by repeated measurements followed by
post-hoc analysis with the least significance-differences technique, only when p overall was
<0.05. Tissue weight and body compositions, mRNAs of hypothalamic hormones, UCP in
muscle and brown adipose tissue, adiponectin receptors, macrophage and cytokines in
different tissues (Tables 1-4) were assessed by one-way analysis of variance followed by the
protected least significant-differences technique (SAS version 9.2; SAS Institute, Cary, NC).
All data are presented as means + standard error. P< 0.05 was considered statistically
significant.

RESULTS

Effect of adiponectin on body weight and body composition

Consistent with our previous study (11), HFD Ragl-/— mice weighed more than LFD
Ragl-/- mice at baseline (Week 7). HFD Ragl-/- mice treated with placebo (HFD-PL)
gained further weight, while HFD Rag1-/- mice treated with adiponectin (HFD-APN)
maintained stable body weight during the 7 weeks of treatment (week 7-14) (Figure 1B).
Body composition measured by MRI demonstrated that HFD-APN mice significantly
reduced their fat mass during treatment (Table 1). Regarding the different tissues, HFD-APN
mice had lower mass of subcutaneous and perirenal adipose tissue compared to HFD-PL
mice, while no differences were observed in epididymal, mesenteric and brown adipose
tissue (BAT), as well as in the mass of other organs (Table 1).

Effect of adiponectin on energy intake, appetite regulation and thermogenesis

In contrast to the observed significant weight gain and in line to our previous report (11),
HFD-PL mice had significantly lower energy intake compared to LFD mice (Figure 1C).
HFDAPN mice demonstrated a small increase in energy intake compared to HFD-PL but
had still significantly lower energy intake compared to LFD mice. The changes in energy
intake led us to investigate the expression of neuropeptides involved in appetite regulation.
The levels of the orexigenic Agouti-related peptide (AgRP), as we have previously reported,
were reduced in HFD-PL mice compared to LFD mice, but interestingly they were almost
completely restored in HFD-APN mice (Table 2). We did not observe any significant
difference between levels of other neuropeptides. Furthermore, HFD-APN mice
demonstrated significantly lower levels of the anorexigenic hormone leptin compared to
HFD-PL (Figure 2A). In conclusion, the reduced energy intake observed in Ragl-/- mice
fed HFD was increased approx.. 5% after adiponectin treatment. This increase in energy
intake was probably due to an increase in the secretion of the most important orexigenic
peptide (AgRP) and a decrease in the circulating levels of the anorexigenic hormone leptin.
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Since energy intake was rather increased than reduced despite maintaining body weight
under HFD after adiponectin treatment, we searched for increased energy expenditure by
thermogenesis. The expression of the thermogenic genes UCP1, UCP2 were neither elevated
in muscle nor in BAT and there was a trend of higher UCP3 expression levels in BAT
(p=0.08) (Table 2).

Effect of adiponectin on metabolic profile

Glucose levels were elevated in HFD-PL compared to LFD mice from the third week of
HFD, but a severe hyperglycemia was observed only at the last week of the study (week 14)
(Figure 2B). Interestingly, HFD-APN mice maintained their glucose levels stable after the
initiation of the adiponectin treatment and did not develop severe hyperglycemia at the last
week (Figure 2B). The ipGTT demonstrated significantly lower glucose levels in the
adiponectin-treated mice compared to placebo (Figure 2C). When corrected though for the
fasting glucose levels (baseline), this significant difference was reduced and achieved
significance only by one tailed statistical tests. The improved glucose profile in adiponectin
treated mice was achieved despite the similar level of insulin sensitivity between HFD-APN
and HFD-PL mice, as shown by ipITTs. (Figure 2D).

Effect of adiponectin on the expression of the adiponectin receptors R1 and R2

Since adiponectin protects from weight gain and hyperglycemia in an insulin-resistance-
independent manner, we searched for changes in the expression of adiponectin receptors in
the different organs, in order to identify the most probable adiponectin targets (Table 3).
HFD-PL mice demonstrated compared to LFD mice significantly lower expression of
adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2) in SAT, lower
AdipoR1 in the liver and a trend to lower AdipoR1 and AdipoR2 in epididymal tissue.
Finally, they demonstrated higher AdipoR1 in perirenal tissue. When compared to HFD-PL,
HFD-APN mice demonstrated compared to HFD-PL higher expression of AdipoR1 and
AdipoRz2 in the epididymal tissue, higher AdipoR1 in the liver and hypothalamus, and a
trend to higher AdipoR1 and AdipoR2 expression in the SAT. Taken together, the reduction
mainly of AdipoR1 and secondarily of AdipoR2 expression in the different tissues, which
was induced by HFD, was partially restored after adiponectin treatment (Table 3).

Effect of adiponectin on inflammation

In order to evaluate if adiponectin treatment can affect inflammatory markers in HFD
Ragl-/- mice lacking adaptive immune system, we have investigated for changes in
macrophage infiltration and expression of important cytokines in tissues. HFD-PL mice
showed higher mMRNA levels of F4/80 (marker of macrophages) in perirenal adipose tissue
and a trend to higher levels in SAT, BAT and mesenteric adipose tissue compared to LFD
mice (Table 4). The levels of F4/80-mRNA were similar in HFD-APN mice compared to
HFD-PL mice, with the exception of SAT, where they were increased (Table 4). To further
evaluate this result, we investigated the expression of M1 and M2 macrophages in SAT and
epididymal adipose tissue, which were the two tissues that restored their adiponectin
receptor expression during adiponectin treatment. Consistent with our previous results,
HFD-PL mice showed significantly (37,7%) lower M2 macrophage expression levels in the
SAT compared to LFD mice. This was however completely restored in mice treated with
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adiponectin (HFD-APN), which demonstrated similar M1 (84,3%) and M2 (95,4%)
infiltration with the LFD mice (Relative expression of M1 macrophages adjusted to LFD,
LFD 1+0.18 vs HFD-PL 1.24+0.3 vs HFD-AP 0.73%0.11, p-overall > 0.05, Relative
expression of M2 macrophages adjusted to LFD, LFD 1+0.26 vs HFD-PL 0.62+0.29 vs
HFD-AP 0.95+0.38, p-overall=0.04, HFD-PL vs HFD-AP and HFD-PL vs LFD, p< 0.05).
The same was also observed in epididymal tissue, although the differences in M1 and M2
infiltration between LFD, HFD-PL and HFD-APN were much less pronounced and non-
significant in this tissue (data not shown). Finally, regarding the different cytokines, we
confirm the higher expression of TNFa, IFN-vy, IL-1a and IL-1p in the perirenal adipose
tissue of HFD-PL mice compared to LFD mice shown in our first study (11) (Table 4).
However, treatment of the HFD mice with adiponectin did not significantly affect the
expression of these cytokines in the perirenal adipose tissue. On the contrary, HFD-APN
mice demonstrate significantly higher levels of IL-1a and IL-1 in epididymal tissue
compared to HFD-PL mice.

Finally, in order to investigate the effect of adiponectin on systemic inflammation in Rag1-/
- mice fed HFD, plasma cytokines were also measured at different time points during
treatment with adiponectin vs placebo (Supplementary Figure 1). Adiponectin treatment did
not affect the levels of circulating cytokines over the time-period of this experiment.

DISCUSSION

We demonstrate herein that adiponectin can prevent HFD-induced weight gain and improve
glucose profile independently of any deficiencies in the adaptive immune system, only in
part, by regulating inflammation through innate immunity in the adipose tissue.

In our prior study, we showed that Ragl—/- mice, which lack mature lymphocytes and
therefore have a defect in their adaptive immune response, gain weight faster during HFD
than C57 wild type mice (WT mice) with an intact immune system (11). Body composition
analysis demonstrated that this weight gain was due to adipocyte hypertrophy observed
predominantly in epididymal and SAT (11). Here we show that treatment of Rag1—/— mice
fed HFD with a physiological dose of adiponectin limits weight gain, while it restores body
composition by reducing SAT and perirenal adipose tissue. Previous studies in rodents
having an intact immune system have reported contradictory results regarding the effect of
adiponectin on weight, ranging from significant weight loss (in most of the cases) to no
effect at all (rarely) (12, 14, 20-23). These discrepancies may be explained by the variations
in the experimental settings used, since the dose and duration of adiponectin treatment as
well as the metabolic status of the animals at treatment-initiation significantly differed
among the studies. Additionally, results from studies concentrating on knocking out
adiponectin cannot be easily compared with findings from studies focusing on increasing
adiponectin levels. Regarding fat distribution, most reports agree that transgenic
overexpression or application of adiponectin reduces visceral, SAT and consequently whole
body fat (14, 20, 24, 25). Based on our results, adiponectin can regulate body weight and
adipose tissue mass without the support of the adaptive immune system.
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In order to clarify how the adiponectin-treated Rag1-/— mice manage to maintain their
weight despite HFD, we investigated for changes in energy intake, appetite and
thermogenesis during adiponectin treatment. Interestingly, instead of a reduction, we
observed an approx. 4-5% increase in energy intake in the Ragl—/- mice fed HFD during
adiponectin treatment, which apparently represented a compensatory increase. Additionally,
we measured an increased secretion of the orexigenic peptide AgRP accompanied with an
increased expression of the AdipoR1 in hypothalamus. Moreover, we observed a reduction
in the levels of the anorexigenic hormone leptin. Previous studies have demonstrated that
circulating adiponectin levels and expression of AdipoR1 are elevated in the fasting state and
decline after feeding (26, 27). Moreover, leptin stimulates satiety by activating the
anorexigenic peptides POMC and CART and inhibiting the orexigenic AgRP and
neuropeptide Y (28, 29). In our study, the increase of AgRP and reduction of leptin, both of
which would be expected to induce appetite, were probably responsible for this small
increase in energy intake.

Since energy intake was rather increased than reduced, the preserved weight despite HFD in
the Rag1-/- mice treated with adiponectin in our study may be explained by an increase in
energy expenditure. Of note, as shown in our first report, Ragl—/— mice demonstrate
generally lower energy expenditure compared to WT mice due to reduced thermogenesis
and locomotor activity (11). In the current study, treatment with adiponectin did not increase
the expression of UCP1, UCPZ, and there was only a trend (p=0.08 by two tailed test and
p=0.04 on the basis of a one tailed test based on our a priori hypothesis of expected
increased UCP3) towards higher UCP3in BAT in the Rag1l-/- mice fed HFD. Despite the
lack of major changes in the expression of thermogenic genes in BAT and muscle, we cannot
exclude an increased thermogenesis from the SAT or visceral adipose tissue in the
adiponectin treated Rag1-/- mice fed HFD. Finally, we cannot exclude a possible recovery
of the reduced locomotor activity after adiponectin treatment, which could have also
contributed to increased energy expenditure and could have prevented further weight gain.
Although energy expenditure and locomotor activity were not directly assessed herein, it is
known that adiponectin promotes free fatty acid oxidation in mitochondria and increases
energy expenditure (30). Especially in muscle, adiponectin stimulates mitochondrial
biogenesis and palmitate oxidation by activation of AMPK and PGC-1a signaling pathways
(31, 32). Moreover, peripheral adiponectin administration increases body energy expenditure
leading to weight loss without affecting energy intake.

Another aim of our study was to investigate the importance of the adaptive immune system
in the adiponectin-mediated effects on glucose homeostasis, insulin sensitivity and
inflammation in the Ragl-/- mice. We have demonstrated in our first report that Ragl-/-
mice, which lack mature lymphocytes, do not develop diabetes after 11 weeks of HFD. In
contrast, WT mice, which have an intact immune system, are diabetic after an 11-week HFD
despite their lower weight compared to Ragl—/— mice. This shows that the lack of adaptive
immune system in Ragl-/- mice may protect them from inflammatory reactions mediated
by lymphocytes that lead to hyperglycemia. Similarly, in the current study, we did not
observe after 11 weeks of HFD elevated glucose levels in the Ragl—/— mice. However, after
14 weeks of HFD, the Rag1—-/— mice become diabetic. Taking into consideration the results
of both of our studies, the lack of innate immune system may delay but not completely
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abolish the development of hyperglycemia in Ragl-/- mice. In other words, lymphocytes
accelerate the inflammatory reactions which are primarily controlled by innate immune
system in obesity, but at the end the presence of lymphocytes is probably not decisive for the
development of hyperglycemia and diabetes.

Treatment of the Rag1-/- mice fed HFD with physiological low dose of adiponectin in our
study prevented severe hyperglycemia, although it did not affect insulin sensitivity. Previous
reports have demonstrated that overexpression of the adiponectin gene or direct
administration of adiponectin protein significantly reduces glucose levels in obese mouse
models with intact immune system and this is primarily achieved by increasing insulin
sensitivity (14, 18, 20-22). Here, we did not observe a change in insulin sensitivity, possibly
due to the lack of CD4+ T cells that are crucial for the reduction of the inflammatory-
mediated insulin resistance in obesity (33). Therapy with aCD3 and F(ab'2) can restore
CD4+Foxp3+T cell pools in VAT and lead to a severe enhancement of insulin-sensitivity and
improvement of glucose homeostasis (33).

Since adiponectin did not significantly affect insulin sensitivity in Ragl—/— mice, we
propose that it probably protects them from diabetes through insulin-resistance-independent
pathways and/or increased insulin secretion from pancreas. According to previous reports,
adiponectin decreases hepatic glucose output in the liver, while it stimulates glucose uptake
in muscle (17). In order to mediate these glucose-regulatory-effects, adiponectin binds to the
AdipoR1 and AdipoR2 receptors in the different organs. Disruption of the adiponectin
receptors leads to increased triglyceride content, inflammation, oxidative stress and diabetes
(27). In our study, we did not observe a significant change in the expression of adiponectin
receptors in the muscle of the Rag1-/— mice fed HFD after treatment with adiponectin,
which speaks against an increased function of adiponectin in this organ. On the contrary, in
the liver we observed a significant upregulation of AdipoR1 expression, which may indicate
an increased function of adiponectin in this organ with consequent reduction of glucose
output and amelioration of glucose profile.

Furthermore, adiponectin can regulate glucose homeostasis by inhibiting both the systemic
and the adipose-tissue related chronic low inflammation in obesity. According to previous
reports, adiponectin reduces the secretion of pro-inflammatory and stimulates the secretion
of anti-inflammatory cytokines, and also induces the polarization of macrophages from pro-
inflammatory (M1) to an anti-inflammatory (M2) phenotype in rodents with intact immune
system (5, 17, 19, 27). In our study, the plasma levels of the pro- and anti-inflammatory
cytokines remained stable. Similarly, with the exception of an increase of IL-1a and IL-1f
mMRNA in the epididymal adipose tissue, the levels of all the other pro- and anti-
inflammatory cytokines in the visceral adipose tissue as well as in SAT and BAT did not
change after treatment of the Ragl—/— mice fed HFD with adiponectin.

Regarding macrophage infiltration and phenotype, we searched for changes in the SAT and
epididymal adipose tissue of the Rag1l—/— mice fed HFD, since these tissues demonstrated
an upregulation of AdipoR1 and AdipoR2 expression after adiponectin treatment. We
observed increased levels of macrophages in SAT and a trend to higher levels in the
epididymal adipose tissue after adiponectin treatment. However, the phenotype of
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macrophages changed from pro-inflammatory-M1 to anti-inflammatory-M2 state, consistent
to the findings from previous studies on mice with intact immune system. Such changes can
significantly reduce obesity-induced inflammation and the development of insulin
resistance. Depletion of M1 macrophages in humans and mice has been associated with
improvement of insulin resistance and glucose profile (34). In conclusion, adiponectin can
still exert anti-inflammatory actions to macrophages independently of lymphocyte status and
despite minor changes in cytokine profile.

Finally, we recognize some limitations in our current work that need to be addressed in
future studies. First of all, we did not investigate for changes in body energy expenditure or
locomotor activity during adiponectin treatment, which could have explained the protective
effect of adiponectin against weight gain despite the small increase in energy intake.
Moreover, we did not investigate for stimulation of insulin secretion from pancreas or
increased glucose uptake in the liver during adiponectin treatment, that may participate in
the improved glucose profile of the adiponectin treated mice. Nevertheless, this study was
performed according to an established experimental protocol that we have previously fully
described (9) and the investigators were blinded to the type of treatment. Finally, the
continuous administration of adiponectin by a subcutaneous osmotic pump in a similar (to
other studies) dose helped so that the reported differences are robust despite performing the
measurements at the trough levels of adiponectin.

In summary, we demonstrated that adiponectin protects from weight gain despite a
compensatory stimulation of energy intake in mice lacking an adaptive immune system.
Additionally, adiponectin protects from glucose imbalance, although it does not improve
insulin sensitivity. Alterations in the phenotype of macrophages but not in secreted cytokines
may contribute to the protective role of adiponectin against hyperglycemia in the absence of
the adaptive immune system. Beyond the physiological implications of the data presented
herein in terms of adiponectin actions, these data point to the possibility that adiponectin or
agents that either increase adiponectin levels or mimic its actions could prove to be a
promising therapeutic option against obesity and diabetes in immune-deficient populations,
including but not limited to HIV positive individuals who develop insulin resistance and
central obesity (35-39).
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Figure 1.

Experimental timeline (A), body weight (B) and energy intake (C) in Ragl—/- mice
maintained on low fat diet (LFD) or high fat diet (HFD) and treated either with adiponectin
or placebo for 14 weeks. LFD= Rag1-/- mice maintained with LDF. HFD-PL= Ragl-/-
mice maintained with HFD treated with placebo. HFD-AP= Rag1l-/- mice maintained with
HFD treated with adiponectin. P treatment (Trt) was considered the p-overall. Post hoc tests
for body weight: HFD-AP vs HFD-PL p=0.039, HFD-AP vs LFD p<0.0001, HFD-PL vs
LFD p<0.0001. For energy intake: HFD-AP vs HFD-PL p=0.001, HFD-AP vs LFD
p<0.0001, HFD-PL vs LFD p<0.0001. Values are means *+ SE; n=7 for LFD, 8 HFD-PL and
6 HFD-APN.
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Figure 2.

Plasma concentration of leptin (A) and blood glucose (B) in Ragl-/- mice maintained on
low fat diet (LFD) or high fat diet (HFD) and treated either with adiponectin or placebo for
14 weeks, ipGTT (C), and ipITT (D) in all groups of Rag1-/- mice at week 12 and week 13
respectively. LFD= Ragl—/- mice maintained with LFD. HFD-PL= Ragl-/- mice
maintained with HFD treated with placebo. HFD-AP= Ragl-/- mice maintained with HFD
treated with adiponectin. P treatment (Trt) was considered p overall. Post-hoc tests for leptin
(A): HFD-AP vs HFD-PL p<0.0001, HFD-AP vs LFD p<0.0001, HFD-PL vs LFD
p<0.0001. For Glucose levels (B) : HFD-AP vs HFD-PL p<0.0001, HFD-AP vs LFD
p<0.0001, HFD-PL vs LFD p<0.0001. For ipGTT (C): HFD-AP vs HFD-PL p<0.0001,
HFD-AP vs LFD p<0.006, HFD-PL vs LFD p<0.0001. After adjustment for baseline
glucose (0 min), p treatment = 0.091. ipITT comparisons among the three groups, p
treatment p = 0.652. After adjustment for baseline glucose (0 min), p treatment <0.0001,
Post-hoc: HFD-AP vs HFD-PL, p=1, HFD-AP vs LFD p <0.0001, HFD-PL vs LFD p
<0.0001. Values are means + SE
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Tissue weight and body composition at week 7 before APN treatment, and at week 14 after APN treatment.
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Rag-/—
LFD HFD p-overall
(n=7) PL (n=8) APN (n=6)
Variable week Mean + SE Mean + SE Mean + SE
Fat Mass (g) ** 7 0.89+0.11b 525+0.72a 523+0.37a 0.006
14 1.55+0.24 6.01 +0.95 3.82+0.15 0.24
change 0.72+0.21a 114+064a -141+053b 0.005
Fat Mass (%) ** 7 348+041b 1805+20la 1800%12la 0.001
14 5.78+0.81 17.93 +2.20 12.34 +0.34 0.09
change 2.39+0.71a 097+150a -555+1.40b 0.0001
Lean Mass (g) ** 7 18.39+046a 17.86+0.32b 1855+0.23a 0.001
14 19.22 +0.51 19.86 + 0.37 20.28 +0.44 0.15
change 0.83+0.09 b 200+0.19a 1.73+0.30a 0.03
Lean Mass (%) o 7 7355+048a 6228+105b 6451+125b 0.0003
14 71.74+049a 60.89+1.69c 65.62+0.73b 0.03
change -1.81+061b -140+116b 110+1.65a 0.0004
Body Weight (g) 14 274+07b 31.8+09a  29.6+0.8ab 0.005
Heart (g) 14 0.12+0.01 0.13+0.01 0.13+0.00 0.99
(%) 14 0.44 +0.02 0.41+0.01 0.43 +0.02 0.98
Spleen (g) 14 0.02 +0.00 0.03 +0.00 0.05+0.01 0.08
(%) 14 0.09 +0.01 0.09 +0.01 0.17 £ 0.05 0.07
Pancreas (g) 14 0.39+£0.10 0.27 £0.04 0.24 £0.01 0.48
(%) 14 1.03 £0.07 0.86 +£0.13 0.79+0.03 0.42
Liver (g) 14 1.04 +0.04 1.35+0.06 1.14 +£0.02 0.06
(%) 14 3.79+0.12 4244011 3.86£0.11 0.06
Kidney (g) 14 1.21+0.04 1.14+0.04 1.26 +0.05 0.22
(%) 14 0.33+0.01 0.36 £ 0.01 0.37 £0.01 0.21
Intestine
Duodenum (g) 14 0.24 +0.01 0.23+0.02 0.20 £ 0.03 0.49
(%) 14 0.87 £ 0.05 0.73+0.07 0.68+0.11 0.43
Jejunum (g) 14 0.65 +0.06 0.59 +0.03 0.52+0.03 0.08
(%) 14 2.36 £0.20 1.85+0.11 1.76 £0.10 0.08
lleum (g) 14 0.19 +0.02 0.15+0.01 0.14 £ 0.01 0.19
(%) 14 0.71+£0.07 0.48 +£0.04 0.50 £ 0.05 0.17
Colon (g) 14 0.17+00la 012+00lb 012+001b 0.001
(%) 14 0.62+0.03a 0.39+0.02b 0.41+0.03b 0.001
Adipose Tissue
Epididymal (g) 14 0.49 +0.06 1.30 +0.16 0.94 +0.07 0.06
(%) 14 1.80+0.28b 4.05+0.37a 317+019a 0.02
Perirenal (g) 14 0.09 +0.01 0.37 £0.07 0.21+£0.02 0.18
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Rag-/—
LFD HFD p-overall

(n=7) PL (n=8) APN (n=6)

Variable week Mean + SE Mean + SE Mean + SE
(%) 14 0.34+0.05¢ 115+0.16a 0.71+£0.04b 0.05
Mesenteric (g) 14 0.25 +0.06 0.38 £ 0.06 0.25+0.02 0.58
(%) 14 0.91+0.20 1.18+0.16 0.85+0.07 0.61
Subcutaneous (g) 14 0.25+0.02b 0.72+0.10a 0.39+0.02b 0.03
(%) 14 0.90+0.07b 224+0.23a 1.34+0.08b 0.01
Brown (g) 14 0.08 +£0.01 0.13+0.01 0.09 £0.01 0.32
(%) 14 0.28 +0.05 0.42+0.03 0.31+0.03 0.33

Page 17

Abbreviations: LFD, low fat diet; HFD, high fat diet; PL, placebo; APN, adiponectin; The p-overall refers to the p value after performing a one-
way analysis of variance for the investigated parameter. For the parameters showing a p-overall <0.05, a post-hoc analysis between the different
groups was performed (Means with different letters a,b,c are significantly different, p <0.05). P-overall values were adjusted for body weight.

A
The values measured by MRI.
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AgRP, POMC, NPY and MC4R mRNA expression in hypothalamus, UCP mRNA expression in muscle and
brown adipose tissue

LFD (n=7) HFD-PL (n=8) HFD-APN (n=6) p-overall

Variable Mean + SE Mean + SE Mean + SE
Hypothalamus

AgRP  055+0.06a 0.28+0.04b 0.46 £0.07 a 0.0094

POMC  0.68 +0.04 0.83+0.11 1.09+0.15 0.15

NPY 0.85+0.04 0.75+0.08 0.92 +0.09 0.35

MC4R 0.73+0.07 0.78 £ 0.09 0.81+0.09 0.88
Muscle

UCP1 1.01 +0.50 2.15+1.45 1.02+0.44 0.85

UCP2 0.67 +0.11 0.71+0.07 0.97+0.25 0.43

UCP3 1.36 +0.08 1.16 £0.12 1.39+0.16 0.15
Brown Adipose Tissue

UCP1 0.85+0.05 0.81 +0.05 0.86 + 0.05 0.89

UCP2 0.97+0.15 0.89+0.02 0.94 +0.03 0.82

UCP3 1.05 +0.04 0.86 + 0.05 0.94 +0.05 0.08

Abbreviations: LFD, low fat diet; HFD, high fat diet; PL, placebo; AP, adiponectin; UCP, Uncoupling protein; AgRP, agouti-related peptide;
POMC, proopiomelanocortin; NPY, neuropeptide Y; MC4R, melanocortin 4 receptor; The p-overall refers to the p value after performing a one-
way analysis of variance for the investigated parameter. For the parameters showing a p-overall <0.05, a post-hoc analysis between the different
groups was performed (Means with different letters a,b,c are significantly different, p <0.05). P-overall values were adjusted for body weight.
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Table 3

Adiponectin receptor R1 and R2 mRNA expression.

Rag-/— p-overall
LFD HFD
(n=7) PL (n=8) APN (n=7)

Variable Mean + SE Mean + SE Mean + SE
Hypothalamus

AdipoR1 0.83+0.02a 0.88+0.02a 099+0.05b 0.01

AdipoR2 0.90 £ 0.05 0.95+0.09 1.16 +0.14 0.042
Liver

AdipoR1 1.01+0.05a 0.71+0.02b 0.87+0.06a 0.004

AdipoR2 1.23+0.17 124+0.05a 1.30%0.10 0.71
Muscle

AdipoR1 0.96 + 0.06 1.09+0.10 1.02+0.13 0.38

AdipoR2 1.44 +0.14 1.75+0.40 1.57 £0.37 0.79
Adipose Tissue
Epididymal

AdipoR1 1.00+0.36ab 045+0.28b 1.08+0.37a 0.03

AdipoR2 118+0.15ab 0.39+0.14b 167+055a 0.01
Mesenteric

AdipoR1 2.53+0.83 1.06 £0.15 217 +0.69 0.13

AdipoR2 2.12+0.40 1.46 £ 0.58 1.89 +0.68 0.56

AdipoR2/R1 10.31 + 1.66 8.72+0.74 8.68 +0.95 0.91
Perirenal

AdipoR1 0.74+0.10b 126+021a 119%0.13a 0.02

AdipoR2 0.89 £ 0.07 1.03+0.14 1.11+0.20 0.63

AdipoR2/R1 29.46 +0.85 26.16 +2.37 2462175 0.29
Subcutaneous

AdipoR1 490+099a 103+016b 283+125b 0.03

AdipoR2 362+06la 056+0.11b 1.73+0.89b 0.01
Brown

AdipoR1 0.79 £ 0.05 0.88+0.13a  0.87 £0.05 0.5

AdipoR2 0.73+0.04a 0.66+0.08b 0.73+0.06a 0.05

Abbreviations: LFD, low fat diet; HFD, high fat diet; PL, placebo; AP, adiponectin; AdipoR1, adiponectin receptor 1; AdipoR2, adiponectin
receptor 2. The p-overall refers to the p value after performing a one-way analysis of variance for the investigated parameter. For the parameters
showing a p-overall <0.05, a post-hoc analysis between the different groups was performed (Means with different letters a,b,c are significantly
different, p <0.05). P-overall values were adjusted for body weight
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Table 4

Adipose tissue macrophage and cytokine mRNA expression level

LFD (n=7) HFD-PL (n=8) HFD-APN (n=6) p-overall
Variable Mean + SE Mean + SE Mean + SE
Macrophage (F4/80)
Epididymal 0.67 £0.06 0.41 +0.08 0.86 £0.11 0.17
Mesenteric 0.80 +0.43 1.09+0.18 216 +0.31 0.37
Perirenal 0.77 £0.06 b 1.19+0.09a 1.11+0.08a 0.03
Subcutaneous 1.69+0.28 b 1.78+050b 3.06 £0.59 a 0.02
Brown 0.87 £ 0.04 1.31+0.13 1.29 +£0.03 0.65
TNFa
Epididymal 0.53+0.10 0.26 £ 0.06 0.80£0.24 0.08
Mesenteric 1.10+0.81 1.17 £0.51 1.92+0.74 0.34
Perirenal 0.57+0.11 1.17 £ 0.34 0.89+0.12 0.10
Subcutaneous 539 £1.52 1.13+0.46 3.44 £1.47 0.28
Brown 0.64+£0.07b 123+0.25a 0.79 £0.07 ab 0.05
IFNy
Epididymal 1.07+0.14 ab 0.87+0.13b 1.75+0.38a 0.09
Mesenteric 0.89 +0.15 1.29+0.48 418 +1.85 0.12
Perirenal 0.94+0.07b 134+0.16a 1.13+£0.08 ab 0.05
Subcutaneous 6.21+175a 0.67+0.12b 311+129ab 0.03
Brown 1.51+0.13 1.34+0.22 1.47 £0.30 0.10
IL-1a
Epididymal 0.51+0.19ab 0.18+0.03b 097+0.47a 0.05
Mesenteric 0.79 £ 0.55 1.47+£0.78 2.17+0.92
Perirenal 1.35+0.57b 12.71+4.73 a 18.21+12.83 a 0.04
Subcutaneous 475+1.26 0.75+0.28 3.40+1.48 0.06
Brown 0.51+0.10 0.79+0.30 0.51+0.09 0.33
IL-18
Epididymal 0.68 £0.06 b 051+0.07b 1.17+025a 0.02
Mesenteric 0.93+0.44 1.33+0.47 2.45+0.97 0.30
Perirenal 0.63+0.08 b 2.23+0.50a 260+0.70a 0.004
Subcutaneous 3.08£0.92ab 146+042b 6.25+1.83a 0.07
Brown 0.99+0.09 b 1.72+030a 205+0.38a 0.002
IL-4
Epididymal 0.26 +0.17 0.19+0.13 1.36 £0.78 0.83
Mesenteric 1.08 £ 0.53 0.83+0.20 4.38 £2.90 0.26
Perirenal 0.50 +0.50 0.89+0.39 0.67 +0.31 0.77
Subcutaneous 3.14+2.08 0.36 £0.13 3.05+1.14 0.26
Brown 2.30+0.89 2.64 +0.65 1.90+0.91 0.50
IL-17a
Epididymal 0.58 +0.58 0.24 +0.08 0.25+0.19 0.32
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LFD (n=7) HFD-PL (n=8) HFD-APN (n=6) p-overall

Variable Mean + SE Mean + SE Mean + SE
Mesenteric 1.08 +0.52 0.16 +£0.09 1.43+0.78 0.42
Perirenal Non-detectable
Subcutaneous Non-detectable
Brown Non-detectable

Abbreviations: LFD, low fat diet; HFD, high fat diet; PL, placebo; AP, adiponectin; TNFa, tumor necrosis factor alpha; IFN+y, interferon -y; The p-
overall refers to the p value after performing a one-way analysis of variance for the investigated parameter. For the parameters showing a p-overall
<0.05, a post-hoc analysis between the different groups was performed (Means with different letters a,b,c are significantly different, p <0.05). P-
overall values were adjusted for body weight
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