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Strain-specific Differences in the Effects of
Lymphocytes on the Development of Insulin
Resistance and Obesity in Mice

Elisavet Kodela,"* Maria Moysidou,'? Sevasti Karaliota," Yassemi Koutmani,' Panagiotis Tsakanikas,' Konstantia Kodella,
Eleni A Karavia,* Kyriakos E Kypreos,* Nikolaos Kostomitsopoulos,”” and Katia P Karalis'?

Obesity is characterized as a chronic, low-grade inflammatory disease owing to the infiltration of the adipose tissue by mac-
rophages. Although the role of macrophages in this process is well established, the role of lymphocytes in the development
of obesity and metabolism remains less well defined. In the current study, we fed WT and Rag1~~ male mice, of C57BL/6]
and BALB/c backgrounds, high-fat diet (HFD) or normal diet for 15 wk. Compared with WT mice, Rag1~~ mice of either of
the examined strains were found less prone to insulin resistance after HFD, had higher metabolic rates, and used lipids more
efficiently, as shown by the increased expression of genes related to fatty acid oxidation in epidydimal white adipose tissue.
Furthermore, Ragl~~ mice had increased Ucpl protein expression and associated phenotypic characteristics indicative of
beige adipose tissue in subcutaneous white adipose tissue and increased Ucp1l expression in brown adipose tissue. As with
inflammatory and other physiologic responses previously reported, the responses of mice to HFD show strain-specific dif-
ferences, with increased susceptibility of C57BL/6] as compared with BALB/c strain. Our findings unmask a crucial role for
lymphocytes in the development of obesity and insulin resistance, in that lymphocytes inhibit efficient dissipation of energy
by adipose tissue. These strain-associated differences highlight important metabolic factors that should be accommodated
in disease modeling and drug testing.

Abbreviations: BAT, brown adipose tissue; epiWAT, epididymal WAT; HFD, high-fat diet; ITT, insulin tolerance testing; ND,
normal diet; Ragl~/~, recombination-activating gene 1 knockout; scWAT, subcutaneous WAT; WAT, white adipose tissue; UCP1,

uncoupling protein 1

Obesity has been evolved to an epidemic with its incidence
among adults and children rising globally. Several of the
leading causes of death in developed countries, such as car-
diovascular diseases and cancer are included in the comor-
bidities of obesity and the associated development of insulin
resistance.’*2 Numerous studies have demonstrated that obe-
sity is a chronic, low-grade, inflammatory disease.'** It has
been well established that the hypertrophic white adipose tis-
sue (WAT) activates the resident immune cells to secrete che-
mokines that promote the infiltration of WAT by a plethora
of circulating immune cells such as macrophages, dendritic
cells, mast cells, neutrophils, eosinophils and type 2 innate
lymphoid cells. #2234 Recent evidence implicates the cells
of the adaptive immune system, particularly CD8*, CD4* T
cells and regulatory T cells, in the pathogenesis of obesity-
associated inflammation and insulin resistance.*'3%44 How-
ever, the exact contribution of lymphocytes in the cascade
of events leading to dysregulation of energy utilization in
obesity remains to be elucidated.!?"*! Emerging evidence
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demonstrates the critical role of the interaction between the
immune system and metabolism in disease development,**
making the characterization of the metabolic activity of the
different mouse strains used in research imperative for the
successful interpretation and translation of preclinical find-
ings to human studies.

In this study, we investigated the role of lymphocyte defi-
ciency in the strain-specific development of obesity. For this
reason, we compared BALB/c mice, one of the most com-
monly used strains for immunology and inflammation- related
studies, and C57BL/6] mice, the most widely used mouse
strain in disease modeling, strains. Furthermore, to assess the
role of lymphocytes in obesity, we used male WT mice and
a line that lacks mature B and T lymphocytes, Ragl~ mice,*
from both strains in a standard experimental manipulation for
inducing body weight gain, adipose tissue expansion, and the
development of insulin resistance due to the administration
of high-fat diet (HFD, 45% kcal fat) for 4 mo. Similar to the
well-described immune response,® metabolic activity shows
considerable strain-dependent variability, which most likely
underlies the discrepancies among the results of similarly
designed studies,'**’ that has not been addressed yet to our
knowledge. Our findings show that the C57BL/6] strain is
prone to diet-induced obesity and insulin resistance, whereas
BALB/c mice” are affected much less, thus demonstrating an-
other strain-specific difference in physiologic responses, which
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are important to consider in preclinical studies and drug
development.

Materials and Methods

The study was performed in the laboratory animal facility of
the Biomedical Research Foundation of the Academy of Athens
(Athens, Greece). The facility is registered as a ‘breeding’ and
‘user’ establishment according to the Greek Presidential Decree
56/2013, which harmonizes Greek national legislation on ani-
mal experimentation with the European Community Directive
2010/63 on the Protection of Animals Used for Experimental
and Other Scientific Purposes.

Animals. Male mice of Ragl~~ genotype on a C57BL/6 or
BALB/c background were purchased from Jackson Laborato-
ries (Bar Harbor, ME). WT C57BL/6] and BALB/c mice were
provided by the animal facilities at the Biomedical Research
Foundation of the Academy of Athens. Mice were allocated
randomly into experimental groups for each genotype. All an-
imals were group-housed in IVC (1284L, Blue Line Sealsafe,
Tecniplast, Buguggiate, Italy) in the same animal room, which
was supplied with HEPA-filtered air at 15 air-changes hourly
at a temperature of 22 * 2 °C, relative humidity of 55% + 10%, a
12:12-h light:dark cycle (lights on, 0700), light intensity of 300 Ix
at 1 m above the floor in the middle of the room, and positive air
pressure of 0.6 Pa within the room. Room conditions were moni-
tored continuously through the central Building Management
System of the animal facility. The mice had unrestricted access
to water and either HFD, consisting of 45% of calories from fat
(D12451, Research Diets, New Brunswick, NJ), or normal diet
(ND; 4RF21, Mucedola, Milan, Italy) for 15 or 16 wk, respec-
tively. All mice in the animal facility were screened regularly by
using a health-monitoring program, in accordance to the Fed-
eration of European Laboratory Animal Science Association and
were free from a wide range of pathogens.” At the end of the
experiment, mice were euthanized by cervical dislocation. All
experimental procedures reported here were approved by the
competent veterinary authority of the Prefectures of Athens in
accordance with the National Registration (Presidential Decree
56/2013) in harmonization to the European Directive 63/2010.

Histologic analysis. Tissues were dissected and fixed in 4%
paraformaldehyde and processed for routine paraffin histology.
Paraffin-embedded tissues were sectioned at 5 um and stained
with hematoxylin and eosin, according to standard protocol.
Adipocyte cell size was measured by using automated Mat-
Lab-based software developed in our lab. For immunohisto-
chemistry, the tissues were incubated with 0.1% w/v Pronase
(Sigma-Aldrich, St Louis, MO) at 37 °C for 8 min, washed, and
blocked with PBS containing 10% normal goat serum and 0.1%
Triton X-100 (Sigma-Aldrich), followed by overnight incuba-
tion at 4 °C with the primary antibodies. UCP1 was detected by
using rabbit antiUCP1 antibody (dilution, 1:500; ab10983, Ab-
cam, Cambridge, United Kingdom). After several washes with
PBS, the tissue was incubated for 2 h with the secondary anti-
body, AlexaFluor 488-labeled donkey antirabbit IgG (Thermo
Fisher Scientific, Braintree, MA). Another washing step was fol-
lowed by incubation in 4,6-diamidin-2-phenylindol and further
washes before the sections were mounted by using Vectashield
mounting medium (Vector Labs, Burlingame, CA).

Indirect calorimetry. Metabolic measurement was performed
by using an indirect calorimetry system (Oxymax, Columbus
Instruments, Columbus, OH). In short, mice were singly housed
for 2 d for acclimation, weighed, and then housed individually in
specifically designed calorimeter chambers with unrestricted ac-
cess to diet and water for 72 h under a 12:12-h light:dark cycle and
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ambient temperature of 22 °C. Metabolic parameters (VO,, VCO,,
and rates) were determined at system settings of an air flow of 0.6
L/min and sample flow rate of 0.5 L/min. The system was cali-
brated against a standard gas mixture to measure O, consumed
(that is, VO,, mL/kg/h) and CO, generated (VCO,, mL/kg/h).
Metabolic rate, respiratory quotient (ratio of VCO,/VO,, RER),
and activity (counts) were evaluated over a 48-h period.

Quantitative real-time RT-PCR analysis. Total RNA was isolated
from tissues by using TRI reagent (Sigma-Aldrich) and was treated
with DNase (DNA-free kit, Ambion, Austin, TX). cDNA was made
from 2 ug total RNA by using MMLYV reverse transcriptase (Invi-
trogen, Carlsbad, CA) and was initiated from random hexamer
primers (Life Technologies, Waltham, MA). Quantitative real-time
PCR analysis was performed using RT? SYBR Green qPCR Master
Mix (SA Biosciences, Frederick, MD) in a Prism 7000 Sequence De-
tection System (Applied Biosystems, Carlsbad, CA). Primers used
for real-time PCR analysis were: actin (forward, 5 CCC AGG CAT
TGC TGA CAG G 3; reverse, 5 TGG AAG GTG GAC AGT GAG
GC 3'); Pgcla (forward, 5 TCA CCC TCT GGC CTG ACA AAT
CTT 3’; reverse, 5 TTT GAT GGG CTA CCC ACA GTG TCT 3);
Lipe (forward, 5 AAG GAC TTG AGC AAC TCA GA 3’; reverse, 5
TTG ACT ATG GCT GAC GTG TA 3'); Ucpl (forward, 5 TCT TCT
CAGCCG GAGTTIT CAGCTT 3’; reverse, 5 ACC TTG GAT CTG
AAG GCG GAC TTT 3'); Cidea (forward, 5* ATC ACA ACT GGC
CTG GTT ACG 3; reverse, 5’ TACTACCCGGTGTCCATTTCT 3');
Prdm16 (forward, 5 CAG CAC GGT GAA GCC ATT C 3’; reverse,
5" GCG TGC ATC CGC TTG TG 3); Dgat (forward, 5 TCA TGG
GTG TCT GTG GGT TA 3’; reverse, 5 CAG AGT GAA ACC AGC
CAA CA 3); Cptlo (forward, 5 GTC AAG CCA GAC GAAGAA
CA 3’; reverse, 5 CGA GAA GAC CTT GAC CAT AG 3'); Adipoq
(forward, 5 GGA GAT GCA GGT CTT CTT G 3; reverse, 5" TTC
TCC AGG CTC TCC TTT 3'); Tnfa. (forward, 5 TCT CAT GCA
CCACCATCAAGGACT 3; reverse, 5 ACC ACT CTC CCT TTG
CAG AACTCA3),iNOS (forward, 5 CAG AGG ACC CAG AGA
CAA GC 3’; reverse, 5" CCT GGC CAG ATG TTC CTC TA 3');
and IL6 (forward, 5 TCC AGT TGC CTT CTT GGG ACT GA 3/
reverse, 5* TAA GCC TCC GAC TTG TGA AGT GGT 3’). Gene
expression levels were normalized to actin and calculated
according to the 2°AA“ method.

Glucose tolerance testing. For glucose tolerance testing, mice
were fasted overnight. The next morning, glucose levels in tail
blood were measured by using a standard glucometer (Contour
XT, Bayer, IN) before and at timed intervals (0, 15, 30, 60 and 120
min) after intraperitoneal injection of p-glucose (2 g/kg; Gibco,
Grand Island, NY).

Insulin tolerance testing. After a 5-h fast, mice were injected
with insulin (1U/kg IP; Sanofi Aventis, Somerset, NJ). Glucose
concentrations in blood collected from the tail vein at 0, 15, 30,
60 and 120 min after insulin injection were measured by using a
handheld glucometer (Contour XT, Bayer, IN).

Measurement of plasma total cholesterol and triglyceride con-
tents. Mice were fasted for 16 h, after which the cholesterol and
triglyceride contents in serum collected from all mice were mea-
sured as described previously.”

Statistical Analysis. Data are presented as mean + SEM. Dif-
ferences were analyzed by using unpaired 2-tailed ¢t tests (for
single comparisons) or 2-way ANOVA with repeated measures
followed by post hoc Bonferroni multiple-comparison tests by
using Prism (version 5.00, GraphPad Software, La Jolla, CA). A
P value less than 0.05 was considered significant.

Results
Effect of lymphocyte deficiency on HFD-induced adipos-
ity. Age-matched C57BL/6] WT and Ragl~~ male mice were
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Figure 1. Effects of lymphocyte deficiency on HFD-induced obesity. (A) Body weights of WT and Rag1~~ mice fed ND or HFD for 15 wk. (B)
Food intake as measured by indirect calorimetry over 72 h. (C) Epididymal fat pad weight adjusted to body weight of WT and Rag1~/~ mice fed
ND or HFD for 15 wk. (D) Representative histology (hematoxylin and eosin stain; scale bar, 100 pm) and (E) relative cell size of epiWAT of WT
and Rag1~~ male mice fed HFD. Circulating levels of (F) fasting cholesterol and (G) triglycerides. (H) Expression of Adipoq gene in epiWAT. (I)
Expression of inflammatory cytokine genes in the epiWAT. Data were analyzed by repeated-measures ANOVA and posthoc multiple compari-
son tests or f tests. Data are expressed as mean + SEM; *, P < 0.05; 1, P <0.01; §, P <0.001; n = 3 to 5 mice per group.

maintained on HFD for 15 wk. The patterns of the body weight
gain were indistinguishable between the 2 genotypes during the
first 6 wk of HFD feeding (Figure 1 A) but began to lag there-
after in the Rag1~~ mice despite their similar food intake (Fig-
ure 1 B) as measured by indirect calorimetry. The differences
in body weight between the 2 genotypes became significant (P
< 0.001) after 3 mo of HFD (Figure 1 A). The weight gain of the
respective (control) groups on ND was comparable between the
2 genotypes throughout the study (Figure 1 A). As suggested
by the differences in body weight, the ratio of epididymal WAT
(epiWAT) to body weight was lower (P < 0.001) in the Ragl~~
mice as compared with their WT counterparts at the end of the
experiment (Figure 1 C). The decreased mass of the epiWAT
depot together with the smaller adipocyte size in Rag1~~ mice (P
<0.001; Figure 1 D and E) indicate compromised energy storage

in the WAT. This result might be due to more efficient utilization
of excess energy, unmasked by the hypercaloric diet (Figure 1
C through E). In line with this hypothesis, fasting cholesterol
and triglyceride levels in the circulation showed a trend toward
lower values in Ragl~~ mice (P = 0.08 and P = 0.12, respectively;
Figure 1 F and G), whereas the adiponectin expression in their
epiWAT was significantly higher (P < 0.001) than in WT con-
trols (Figure 1 H). As expected, the expression of inflammatory
cytokines was significantly lower (P < 0.05) in the epiWAT of
Rag1~~ mice than in WT controls (Figure 1 I), in further support
of the protective Ragl~~ phenotype against the development of
HFD-induced obesity and associated endpoints.

Effects of lymphocyte deficiency on insulin sensitivity. To as-
sess insulin sensitivity, we conducted glucose tolerance testing
at experimental week 8. Whereas C57BL/6] WT mice exhibited
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Figure 2. Effects of lymphocyte deficiency on insulin sensitivity and metabolic parameters. (A) Glucose tolerance test of WT and Rag1~~ mice
fed a ND or HFD for 8 wk. (B) Insulin tolerance test of WT and Rag1~~ mice fed a ND or HFD for 14 wk. Data were analyzed by repeated meas-
ures ANOVA and posthoc multiple comparison tests. Data are expressed as mean + SEM; *, P < 0.05; 1, P < 0.01; , P < 0.001; n = 3 or 4 mice per
group. (C through G) Measurement of metabolic characteristics over 48 h in WT and Rag1~~ mice fed HFD. (C), VO,. (D) VCO,. (E) Respiratory
quotient (RER). (F) Metabolic rate. (G) Total activity (G). Data were analyzed by t test and are expressed as mean + SEM; *, P < 0.05; 1, P < 0.01;

1, P <0.001; n = 6 to 8 mice per group.

elevated blood glucose levels at 2 h after glucose administra-
tion, Ragl~/~ mice had much better (P < 0.001) tolerance to the
glucose challenge (Figure 2 A). In the same manner, Rag1~- HFD
fed mice exhibited a much better (P < 0.05) response to insulin
over the course of insulin tolerance testing (ITT) than their WT
counterparts (Figure 2 B).

Metabolic activity in lymphocyte-deficient mice. Next, we
used indirect calorimetry to assess differences in the met-
abolic phenotypes of C57BL/6] WT and Ragl~~ mice. In
agreement with the earlier-described findings, Ragl~~ mice
showed increased (P < 0.05) oxygen consumption (Figure 2 C)
and carbon dioxide production (Figure 2 D) despite their sim-
ilar food intake (Figure 1 B) and motor behaviors (Figure 2 G)
to those of the WT mice. In addition, RER tended to be slightly
lower in the Rag1~~ mice (P = 0.08; Figure 2 E), indicating the
preferential use of fatty acids instead of carbohydrates as the
primary energy source. In addition, the metabolic rate was
higher (P < 0.05) in Rag1~- mice than WT mice (Figure 2 F).

Effects of lymphocyte deficiency on lipid storage in WAT and
dissipation of energy. To gain insight into why Rag1~~ mice on
HFD are protected from the development of insulin resistance
and obesity, we first assessed lipid metabolism in their various
WAT depots. Gene expression profiling identified increased (P <
0.05) expression of genes involved in lipid oxidation and lipoly-
sis in the Rag1~~ epiWAT depot compared with the WT tissue
(Figure 3 A). Furthermore, the reduced (P < 0.05) expression of
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diglyceride acyltransferase in Rag1~~ mice (Figure 3 A) might be
directly linked to their resistance to the development of obesity.

We then examined the subcutaneous WAT (scWAT) depot
of the Rag1~~ mice, a fat depot that demonstrates plasticity, in
that it shifts from energy storage to energy dissipation through
the development of areas of ‘beige fat,” which is rich in mito-
chondria.>"** Histologic analysis of scWAT revealed smaller
adipocytes that stained strongly positive with a specific an-
tiUCP1 antibody, in the Rag1”~ but not in the WT tissue (Figure
3 B1iand ii). This staining pattern characterizes the induction of
beige adipogenesis, indicative of the increased tissue content in
adipocytes capable of increased energy utilization.?”* The up-
regulation (P < 0.05) of genes that are highly expressed in beige
adipocytes, such as cell death-inducing DFFA-like effector o
(Cidea) and peroxisome proliferator-activated receptor y coactivator
1-o. (Pgcla), in Ragl~~ compared with WT scWAT (Figure 3 C)
was in line with the histologic findings.

Lastly, we analyzed the BAT depot, because changes in BAT
activity can profoundly affect body weight and alter glucose
homeostasis.® As anticipated, lipid droplets were smaller
(P <0.05) in Ragl~~ adipocytes than in WT cells (Figure 3 D).
In agreement with this phenotype, Ucpl expression was up-
regulated (P < 0.05) in the BAT of Rag1~~ HFD-fed mice, in line
with increased thermogenic capacity, compared with thatin WT
controls (Figure 3 E).
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Figure 3. Lymphocyte deficiency favors the dissipation of energy in the various adipose depots. (A) Expression of genes associated with fatty
acid oxidation, lipogenesis, and lipolysis in the epiWAT of WT and Rag1~- male mice fed HFD. Data were analyzed by ¢ test. (B) Representative
hematoxylin and eosin (j; scale bar, 100 pm) and UCP1 staining (ii; scale bar, 50 um) of scWAT of WT and Rag1~~ male mice fed HFD. (C) Expres-
sion of beige genes in the scWAT of WT and Rag1~~ male mice placed on HFD. (D) Representative hematoxylin and eosin staining (scale bar, 100
pm) of brown adipose tissue (BAT) in WT and Ragl~- male mice fed HFD. (E) Expression of Ucp1 in the BAT of WT and Ragl~~ male mice fed
HEFD. Data were analyzed by t test and are expressed as mean + SEM; *, P < 0.05; n = 3 to 5 mice per group.

Strain-associated differences in the responses of Rag7~~ mice
to HFD. As discussed earlier, Rag1~~ mice are primarily used in
modeling autoimmune and specific infectious or inflammatory
processes. For these purposes, the BALB/c strain is selected,
due to its demonstrated sensitivity to immune challenge and
its Th2-biased responses.*® A prime example of this bias comes
from studies on asthma and other allergic responses.®'? In addi-
tion, BALB/c mice are relatively resistant to the development of
HFD-induced obesity.”** Given our findings from the C57BL/6]
Ragl1~~ mice, we decided to compare their responses to HFD
with those of BALB/c Ragl~~ mice and assess whether the pre-
viously shown differing sensitivity to immune challenges ex-
tends to their responses to HFD (Figure 4).

By the end of the experiment, WT ND mice had gained 0.1%
1% and Rag1~~ ND mice 4.3% % 4.0% in body weight (Figure

+

4 A), whereas WT HFD mice gained 19.8% * 3.2% and Ragl~~
HFD 12.0% + 2.0% (Figure 4 B). The slight decrease in body
weight at the end of the experiment likely is related to ITT, a
stressor for all mice, performed just a few days earlier. Regard-
ing interstrain differences in WT mice of the same genotype,
body weight gain was more pronounced in C57BL/6] mice
(28.0% + 2.8% increase) than in BALB/c mice (19.8% £ 3.2%; P <
0.05; Figures 1 A and 4 A). Notably, circulating cholesterol (P <
0.05) and triglyceride levels were lower in BALB/c Ragl~~ mice
(Figure 4 G and H), whereas the expression of adiponectin in
epiWAT was significantly (P < 0.01) increased (Figure 4 I). In
addition, expression of inflammatory cytokines in the epiWAT
of Rag1~~ mice of the BALB/c strain was significantly (P < 0.01)
lower than in WT controls (Figure 4 J), similar to our findings
from studying C57BL/6] mice (Figures 1 I and 5).
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Figure 4. Effects of lymphocyte deficiency on HFD-induced obesity in the BALB/c strain. (A) Body weights of WT and Rag1~~ mice fed ND or
HEFD for 16 wk. (B) Body weight gain at the end of the experiment. (C) Food intake over 72 h as measured by indirect calorimetry. (D) Epididy-
mal fat pad weight adjusted to body weight of WT and Rag1~~ mice placed on ND or HFD for 16 wk. (E) Representative hematoxylin and eosin
staining (scale bar, 100 pm) and (F) relative cell size of epiWAT of WT and Rag1~- male mice fed HFD. (G and H) Circulating levels of (G) fasting
cholesterol and (H) triglycerides. (I) Expression of Adipog in the epiWAT. (J) Expression of inflammatory cytokine genes in the epiWAT. Data
were analyzed by repeated-measures ANOVA and posthoc multiple comparison tests or f test and are expressed as mean + SEM*, P < 0.05; t, P

<0.01; {, P <0.001; n = 3 to 5 mice per group.

Along these lines, BALB/c WT mice on HFD were less prone
than HFD-fed C57BL/6] WT mice to developing insulin re-
sistance, as shown by the results of glucose tolerance testing (P
< 0.01; Figures 2 Aand 5 A), and ITT (P < 0.05; Figures 2 B and
5 B). Similar to our findings in the C57BL/6] strain, BALB/c
Rag1~- mice were less prone to the metabolic effects of HFD, as
shown by their body weight gain, adiposity, and insulin sensi-
tivity, compared with their WT counterparts.

Regarding metabolic activity as measured by indirect calo-
rimetry, Rag1~ mice showed increased oxygen consumption
(P < 0.05; Figure 5 C) and carbon dioxide production (P < 0.05;
Figure 5 D), as compared with WT mice, despite the similar food
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intake (Figure 4 C) and motor behavior (Figure 5 G) in the 2
groups. Furthermore, RER did not differ between groups (Fig-
ure 5 E), despite the higher metabolic rate of the Ragl~~ mice
(P < 0.05; Figure 5 F). These findings were similar to those in
the C57BL/6] mice (Figure 2 C through G) demonstrating that
genotype-related differences remain consistent between the 2
mouse strains used (Figure 6).

This response is further highlighted by the increased energy
dissipation via the adipose tissue, demonstrated by the induced
fatty acid oxidation in the epiWAT (P < 0.01; Figure 6 A) and the
activation of thermogenic factors such as Ucp1 in the scWAT
(P <0.01; Figure 6 B and C) and BAT depots (P <0.01; Figure 6 D
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Figure 5. Effects of lymphocyte deficiency on insulin sensitivity and metabolic parameters in the BALB/c strain. (A) Glucose tolerance test of
WT and Rag1” mice fed a ND or HFD for 14 wk. (B) Insulin tolerance test of WT and Rag1~~ mice fed a ND or HFD for 15 wk. (C through G)
Measurement of metabolic characteristics over 48 h by using indirect calorimetry. (C) VO,, (D) VCO,, (E) RER, (F) metabolic rate, and (G) total
activity in WT and Rag1~~ mice placed on HFD. Data were analyzed by repeated-measures ANOVA and posthoc multiple-comparison tests and
are expressed as mean + SEM *,P < 0.05; t, P <0.01; , P <0.001; n = 3 to 5 mice per group.

and E) in the BALB/c Rag1~~ mice. These findings are similar to
those from the C57BL /6] mice studies (Figure 3).

Discussion

In summary, the findings of our study suggest that metabolic
activity is greater in Rag1~~ mice than WT mice and that this
difference is maintained in 2 of the most commonly used mouse
strains. As a result, Rag1~~ mice exhibit resistance to HFD-mediated
changes in body weight, adiposity, and insulin sensitivity. Intra-
strain differences in body weight, adiposity, and insulin resis-
tance were identified in the current study, as has been shown
with other physiologic responses, such as immune activation."”
These data suggest that lymphocyte deficiency confers prophy-
laxis against HFD-induced obesity even in mice with associated
activation of the innate immune system, such as Ragl~~ mice.>®

In the current study, we applied the model of high-fat diet-in-
duced obesity to assess the effects of lymphocyte deficiency on
adiposity in 2 mouse strains. For this reason, we compared the
metabolic responses of 2 most commonly used Ragl~~ mouse
strains, C57BL/6] and BALB/c. Our findings demonstrate the
importance of the adaptive immune system in the regulation
of the dissipation of energy and the corresponding develop-
ment of obesity and insulin resistance after a hypercaloric diet in
these mouse strains. In addition, we confirmed that WT BALB/c
mice are more resistant than the WT C57BL /6] mice to the diet-
induced obesity, consistent with the literature.”

Previous studies have sought to reveal the relationship
between HFD and the adaptive immune response in the

development of obesity but have yielded diverse conclusions.
In one study,*! C57BL/6 Ragl~~ mice fed a 60% fat diet for 14
wk gained more body weight and were less sensitive to insulin
than their WT counterparts. Using the same mouse line, other
researchers who maintained C57BL/6] mice for 11 wk on a diet
containing 42.2% fat showed that Ragl~ gained more weight
than WT mice, although insulin resistance did not differ be-
tween groups. In another study,” C57BL/6] Rag2~- and WT mice
maintained on a 45% fat diet for 12 wk had similar body weight
and insulin resistance. Furthermore, compared with their WT
counterparts, B6.129S7 Rag1~~ mice fed a 30% fructose solution
for 12 wk gained less body weight and retained insulin sensitiv-
ity.! Overall, the differences among the studies cited might be
due to variability between the applied diets or to differences
in the genetic background or age of the mice used. Our current
results were obtained from age-matched C57BL/6] and BALB/c
male mice and provide strong evidence of the protective pheno-
type of Ragl~~ mice against HFD -induced adiposity and insulin
resistance. Importantly, the characterization of both strains has
confirmed their suitability for obesity studies and demonstrated
that experiments with both strains are unnecessary, leading to
use of reduced numbers of mice.

In this context, we have shown that, over a 15-wk period on
a hypercaloric diet, Ragl~~ mice, which are unable to mount
adaptive immune responses, do not gain as much weight as
their WT counterparts, despite their similar food intake. The
difference in body weight between the 2 genotypes was associ-
ated with decreased epiWAT mass and adipocytes of smaller
size. Furthermore, the hypercaloric diet used rendered the WT
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Figure 6. Lymphocyte deficiency alters lipid metabolism in WAT and favors dissipation of energy. (A) Expression of genes associated with
fatty acid oxidation, lipogenesis, and lipolysis in the epiWAT of WT and Rag1~~ male mice fed HFD. (B) Representative hematoxylin and eosin
staining (i; scale bar, 100 pum) and UCP1 staining (ii; scale bar, 50 um) of scWAT of WT and Rag1~~ male mice fed HFD. (C) Expression of genes
associated with beige adipose tissue in the scWAT of WT and Rag1~"~ male mice fed HFD. (D) Representative hematoxylin and eosin staining
(scale bar, 100 pm) of BAT of WT and Rag1~~ male mice fed HFD. (E) Production of Ucp1 in the BAT of WT and Rag1~- male mice fed HFD. Data
were analyzed by f test and are expressed as mean + SEM; *, P < 0.05; +, P <0.01; {, P < 0.001; n = 3 or 4 mice per group.

mice more insulin-resistant, whereas their Rag1~~ counterparts
remained more sensitive as shown by the results of glucose tol-
erance testing and ITT. These responses are in line with the resis-
tance of Rag1~~ mice to the development of obesity as compared
with their WT counterparts. The detailed assessment of their
increased metabolic rate and oxygen consumption, hallmarks of
catabolic phenotypes, yielded hints regarding why animals un-
able to mount adaptive immune responses bear this ‘protective’
phenotype. This finding is in agreement with their increased
expression of epiWAT Cptla, an early gene in the mitochondrial
fatty acid oxidation cascade.” In addition, we identified more
abundant UCP1 production, a protein that indicates increased
thermogenic capacity, in the sc(WAT of the Ragl~~ mice; this
finding is in line with their metabolic phenotype. Furthermore,
the increased expression of Cidea and Pgcla, characteristic of
beige adipose tissue and mitochondrial biogenesis, respectively,
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in the Ragl~~ scWAT provides evidence for activated energy
dissipation mechanism also in line with overall protection from
HFD-induced obesity. Finally, the Rag1~- BAT showed increased
Ucp1 expression and decreased lipid droplet size, compared
with the WT BAT.

According to our data, Ragl~~ mice are less prone to develop
obesity, despite their more activated innate immune system;
most likely this is an adaptive response for the lack of a func-
tional adaptive immune system." In particular, we found that
after 15 to 16 wk of feeding the HFD, the expression of proin-
flammatory cytokines in the epiWAT was significantly lower
in the Ragl~~ mice compared with the WT. This result is con-
sistent with the protected phenotype of Ragl~~ mice, which
are able to metabolize the increased lipids provided via the
diet and increase their energy expenditure; in contrast, in WT
mice, the increased lipids are stored in the expanding adipose



tissue, resulting in lipotoxic effects. One of the hallmarks of the
expanding adipose tissue in obesity is its infiltration by mac-
rophages.** This macrocytic infiltration likely is orchestrated
by CD8* T cells, given that their numbers in the adipose tissue
increase before macrophage infiltration occurs;* consequently
a futile cycle is established, leading to increased adiposity and
inflammation. This process indicates how lymphocytes are criti-
cal for macrophage activation in the expanded adipose tissue—
an observation in agreement with the compromised response
of the Rag1~~ mice to obesity and insulin resistance over time.
Together, these findings suggest that the contribution of the
adaptive immune system in the induction of adiposity may be
primarily due to altered lipid utilization within the various adi-
pose tissue depots.! 74!

Emerging evidence suggests ‘beige-ing” of scWAT as a poten-
tial therapeutic target for obesity and insulin resistance. Several
either gain- or loss-of-function mouse models for genes in-
volved in the development and activity of beige adipose tissue
are resistant to weight gain."* Recently, molecules such as IRISIN
and FGF21, which induce beige adipose tissue, are considered
as promising targets for the treatment of human obesity.>" Fur-
ther support on the therapeutic potential of beige adipocytes, is
provided by studies showing that the implantation of human
beige adipocytes in the scWAT of obese NOD-scid IL2rg™" mice
improved glucose tolerance.* Our findings suggest the possibil-
ity that lymphocytes act as a brake for beige adipogenesis, either
directly or through their effects on innate immune cells.

In summary, our results provide strong evidence of the ef-
fects of lymphocyte deficiency on the dissipation of energy and
the induction of beige adipogenesis in mice, independent of
the strain studied. Given the number of studies that involve
lymphocyte-deficient mouse models, consideration of the as-
sociated differences in metabolic activity may provide useful
insights for interpretation of findings and even for more infor-
mative experimental designs. Finally, these findings may con-
tribute to the design of new therapeutic approaches, including
immunomodulatory interventions,'®' for states of altered lym-
phocyte numbers, including not only obesity but also severe
wasting, a serious unmet medical need associated with chronic
devastating conditions including cancer, infectious disease,
heart failure, Alzheimer disease, and more.'®
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