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ABSTRACT Obesity is characterized by a dysregulated
immune system, which may causally associate with insulin
resistance and type 2 diabetes. Despite widespread use of
nonobese diabetic (NOD) mice, NOD with severe com-
bined immunodeficiency (scid)mutation (SCID)mice, and
SCID bearing a null mutation in the IL-2 common g chain
receptor (NSG) mice as animal models of human diseases
including type 1 diabetes, the underlyingmetabolic effects
of a genetically altered immune system are poorly un-
derstood. For this, we performed a comprehensive meta-
bolic characterization of thesemice fed chow or after 6 wk
of a high-fat diet. We found that NOD mice had ∼50%
less fat mass and were 2-fold more insulin sensitive, as
measured by hyperinsulinemic-euglycemic clamp, than
C57BL/6 wild-type mice. SCID mice were also more in-
sulin sensitive with increased muscle glucose metabolism
and resistant to diet-induced obesity due to increased en-
ergy expenditure (∼10%) and physical activity (∼40%) as
measured by metabolic cages. NSG mice were completely
protected from diet-induced obesity and insulin resistance
with significant increases in glucose metabolism in pe-
ripheral organs. Our findings demonstrate an important
role of genetic background, lymphocytes, and cytokine
signaling in diet-induced obesity and insulin resistance.—
Friedline, R. H., Ko, H. J., Jung, D. Y., Lee, Y., Bortell,
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The nonobese diabetic (NOD)mouse is an inbred mouse
strainfirst reported in1980 andhas beenwidely usedas the
favored model to study the pathogenesis of autoimmune,
T-cell–mediated type 1 diabetes in humans for .30 yr (1,
2). Mice homozygous for the severe combined immuno-
deficiency (scid) mutation are severely deficient in func-
tionalTandB lymphocytes (3), andNOD-scid (SCID)mice
have been primarily used as recipients of diabetogenic
NOD cells (4, 5) or as a mouse xenograft model to study
multiple human diseases (6–8). The significance of these
mouse models has recently amplified with their applica-
tion in the development of humanized mice for the study
of type1and type2diabetes (9).Despite suchan important
role and extensive and historical use of NOD and SCID
mice by the diabetes research community, little is known
about their metabolic states and their response to diet-
inducedobesity, a commonlyusedmodelof type2diabetes.

Obesity is a major cause of insulin resistance and type 2
diabetes (10), and recent studies have shown an important
role of a dysregulated immune system in obesity-mediated
insulin resistance (11–13). Obesity is characterized by al-
tered levels of circulating cytokines, and adipose tissue
macrophage infiltration and inflammation are causally
associated with insulin resistance (14–16). Obesity-
associated inflammation develops in multiple organs in-
cluding skeletalmuscle, amajor organ of glucose disposal,
and cytokine-mediated suppression of local inflammation
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has been shown to ameliorate skeletal muscle insulin re-
sistance (17,18). Furthermore,mice lackingmacrophages,
cytokines, or lymphocytes have all been shown to exhibit
alterations inglucose and lipidmetabolism(19–21).Taken
together, there is overwhelming evidence to support a
primary and causal role of an altered immune system in
obesity, insulin resistance, and type 2 diabetes.

Recently, SCID bearing a null mutation in the IL-2 com-
mong chain receptor (NSG;NOD-scid IL2Rgnull)micewere
generated and found to be a more appropriate animal re-
cipient for xenograft transplantation studies (22, 23). NSG
mice are deficient inmature lymphocytes andNK cells, and
a recent study has found that NSG mice become obese in
response to high-fat feeding but remain glucose tolerant
(24). In our current study, we have carefully performed
energy balance and metabolic studies in NOD, SCID, and
NSG mice following a chow or high-fat diet (HFD) for var-
ious periods of time to determine the effects of underlying
alterations in the immune system on glucose homeostasis.

MATERIALS AND METHODS

Animals and diet

Male NOD (NOD/LtJ), male lymphocyte-deficient SCID (bearing
the Prkdcscidmutation; NOD.CB17-Prkdcscid/J),male NSG (NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ), andmale wild-type (WT; C57BL/6J) mice
were obtained from The Jackson Laboratory (Bar Harbor, ME,
USA).WeusedmaleC57BL/6Jmice for comparisonbecause this
is the most commonly used background genetic strain for mice
with altered metabolism and for the diabetes research commu-
nity. Starting at 14 wk of age, mice were fed an HFD (TD 93075;
55% kcal from fat; Harlan Teklad, Indianapolis, IN, USA) ad
libitum for 5–12wk as indicated in the text (n = 6–15per group) or
remainedona standardchowdiet (n=5–11pergroup).All animal
studies were approved by the Institutional Animal Care and Use
Committee of the University of Massachusetts Medical School.

Body composition and energy balance

Whole-body fat and leanmass were noninvasively measured using
1H-MRS (Echo Medical Systems, Houston, TX, USA). Indirect
calorimetry and energy balance parameters including food/water
intake,energyexpenditure, respiratoryexchangeratio(RER),and
physical activitywerenoninvasively assessed for 3dusingmetabolic
cages (TSE Systems Inc., Chesterfield, MO, USA).

Hyperinsulinemic-euglycemic clamp

Following chow or an HFD, a survival surgery was performed at
5–6 d before clamp experiments to establish an indwelling cath-
eter in the jugular vein.On thedayof the clampexperiment,mice
were unfed overnight (;15 h), and a 2 h hyperinsulinemic-
euglycemicclampwas conducted inconsciousmicewithaprimed
and continuous infusion of human insulin [150 mU/kg body
weight priming followed by 2.5mU/kgperminute;Humulin (Eli
Lilly and Company, Indianapolis, IN, USA)] (25). To maintain
euglycemia, 20% glucose was infused at variable rates during
clamps. Whole-body glucose turnover was assessed with a con-
tinuous infusion of [3-3H]glucose (PerkinElmer, Waltham, MA,
USA), and 2-deoxy-D-[1-14C]glucose (2-[14C]DG) was adminis-
tered as a bolus (10 mCi) at 75 min after the start of clamps to
measure insulin-stimulated glucose uptake in individual organs.

At the end of the clamps, mice were anesthetized with pento-
barbital, and tissues were taken for biochemical analysis (25).

Biochemical analysis and calculation

Glucose concentrations during clamps were analyzed using 10ml
plasmaby aglucoseoxidasemethodon theAnaloxGM9Analyzer
(Analox Instruments Limited, Hammersmith, London, United
Kingdom). Plasma concentrations of [3-3H]glucose, 2-[14C]DG,
and 3H2Owere determined following deproteinization of plasma
samples as previously described (25). For the determination of tis-
sue 2-[14C]DG-6-phosphate content, tissue samples were homoge-
nized, and the supernatants were subjected to an ion-exchange
column to separate 2-[14C]DG-6-phosphate from 2-[14C]DG.
Plasma insulin levels were measured using an ELISA kit (Alpco
Diagnostics, Salem, NH, USA).

Rates of basal hepatic glucose production (HGP) and insulin-
stimulated whole-body glucose turnover were determined as pre-
viously described (25). The insulin-stimulated rate of HGP was
determined by subtracting the glucose infusion rate from whole-
body glucose turnover. Whole-body glycolysis and glycogen plus
lipid synthesis from glucose were calculated as previously de-
scribed (25). Insulin-stimulated glucose uptake in individual tis-
sues was assessed by determining the tissue (e.g., skeletal muscle)
content of 2-[14C]DG-6-phosphate and plasma 2-[14C]DGprofile.

Statistical analyses

Data are expressed asmean6 SE values, and differences between
groups were examined for statistical significance using the
ANOVA with Fisher’s exact test. A probability value of P , 0.05
was used as the criterion for statistical significance. All analyses
were performed using Statistical Analysis Software (SAS Institute
Inc., Cary, NC, USA). For metabolic experiments involving
hyperinsulinemic-euglycemic clamps and multigroup compari-
son, 10 mice provide sufficient power (90%) to determine the
changes in insulin sensitivity at .20% difference between the
groups (;30% SD) with statistical significance at P , 0.05 level
with 2-sided null hypothesis.

RESULTS

Basal metabolic phenotypes in chow-fed mice

At 5mo of age, body weights were comparable amongWT,
NOD, SCID, and NSG mice on a standard diet (Fig. 1A).
Body composition analysis using 1H-MRS showed that
whole-body leanmass was significantly higher inNSGmice
compared with WT mice (Fig. 1B). More striking was the
difference inwhole-body fatmass,whichwas50–70% lower
in NOD, SCID, andNSGmice compared withWT animals
(Fig. 1C). Basal glucose levels were all lower in NOD, SCID,
and NSG mice compared with WT mice, and SCID mice
showed a significantly lower glucose level than NOD mice
(P = 0.008 for SCID vs. NOD mice) (Table 1). In contrast,
basal insulin levelswerecomparableamongNOD,SCID,and
NSGmice (Table 1).

Increased insulin sensitivity in NOD, SCID, and NSGmice

Following overnight food withdrawal, a 2 h hyper-
insulinemic-euglycemic clamp was conducted to measure
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insulin sensitivity and glucose metabolism in awake mice.
During the clamp, plasma glucose levels were maintained
at;7 mM, and plasma insulin levels were raised to 2- to 3-
fold over basal (;180 pM) in all groups of mice (Table 1).
Steady-state glucose infusion rates to maintain euglycemia
during clamps were significantly higher in NOD, SCID,
andNSGmice comparedwithWTanimals, suggesting that
these mice are more insulin sensitive than C57BL/6J WT
mice (Fig. 2A). Basal HGP rates did not differ between
groups, and this is consistent with similar basal glucose
levels in thesemice (Fig. 2B). During clamp, insulin action
caused a partial (;40%) suppression of HGP inWTmice,
but insulin completely suppressed HGP in NOD, SCID,
and NSGmice (Fig. 2C, D). Insulin-stimulated whole-body
glucose turnover was measured using [3-3H]glucose in-
fusion during clamps and showed a 50% increase in SCID
mice and a 2-fold increase in NOD and NSG mice com-
pared with WT mice (Fig. 3A). Whole-body glycolysis and
glycogen synthesis rates were also elevated in NOD, SCID,
andNSGmice comparedwithWTmice (Fig. 3B,C). These
data demonstrate that NOD, SCID, and NSG mice are
more insulin sensitive than C57BL/6J WT animals.

Insulin-stimulated glucose uptake in individual organs
was measured using a bolus injection of 2-[14C]DG during

clamps. Insulin-stimulated glucose uptake in skeletal
muscle was increased by;60% inNODmice as compared
with WT mice (Fig. 4A). Despite being more insulin sen-
sitive, muscle glucose uptake in SCID and NSG mice did
not differ mice WT mice. In fact, muscle glucose uptake
tended to be lower in NSGmice compared with NODmice
(P = 0.054 vs. NOD mice; Fig. 4A). Insulin-stimulated glu-
cose uptake in white adipose tissue was significantly in-
creased in NOD, SCID, and NSGmice compared withWT
mice (Fig. 4B). Glucose uptake in brown adipose tissue was
significantly elevated in NOD and SCID mice, whereas
brown fat glucose uptake tended to be higher inNSGmice
compared with WT mice (Fig. 4C). Insulin-stimulated
glucose uptake in the heart was significantly elevated in
NODmice and tended tobehigher in SCIDandNSGmice
compared with WT mice (Fig. 4D).

Metabolic phenotypes in HFD-fed mice

To examine the effects of diet-induced obesity on glucose
metabolism, separate cohorts of mice at 14 wk of age were
fed an HFD for 6 wk. Following the HFD, WT and NOD
mice became obese with comparable body weights and fat

Figure 1. Metabolic profiles in
20-wk-old WT, NOD, SCID, and
NSG mice fed a standard chow
diet (n = 5–11 mice per group,
left) or after 6 wk of an HFD
(n = 6–15 mice per group, right).
A) Body weights. B, C) Whole-
body lean mass (B) and fat mass
(C) measured using 1H-MRS.
*P , 0.05 vs. WT mice fed a
respective diet.
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mass (Fig. 1A,C). In contrast, SCID andNSGmice showed
significantly lower body weights compared with WT mice
after 6 wk of an HFD (Fig. 1A). This difference in diet-
induced weight gain was largely due to 40–60% decreases
in fatmass in SCIDandNSGmice comparedwithWTmice
(Fig. 1C). When compared to NOD mice, SCID and NSG
mice also showed significantly lower fat mass after 6 wk of
an HFD (Fig. 1C). Strikingly, NSG mice showed no differ-
ence in body weights before and after an HFD, demon-
strating an impressive resistance to diet-induced obesity in
these mice. Whole-body lean mass did not differ between
groups (Fig. 1B).

After 6 wk of an HFD, WT mice developed fasting hy-
perglycemia (;10 mM), suggesting the onset of type 2
diabetes phenotypes inWTmice. Basal glucose levels were
significantly lower in NOD, SCID, and NSG mice com-
pared with WT mice, and in fact, NOD, SCID, and NSG
mice showed euglycemia (5–6 mM) after 6 wk of an HFD
(Table 1). Basal insulin levels also remained normal after
6 wk of an HFD and did not significantly differ from the
chow-fed state in NOD, SCID, and NSG mice (Table 1).
During clamp, plasma glucose levels were maintained at
6–7 mM, and plasma insulin levels were elevated to
;230 pM in all groups of mice (Table 1).

Protection from HFD-induced insulin resistance in
NOD, SCID, and NSG mice

Following 6 wk of an HFD, WT mice developed insulin
resistance with an;20% decrease in the glucose infusion
rate compared with chow-fedmice. Glucose infusion rates
were significantly increased by 3- to 4-fold in HFD-fed
NOD, SCID, and NSG mice compared with HFD-fed WT
mice (Fig. 2A). In fact, the glucose infusion rates in the
HFD-fedNSGmice were significantly increased compared
with HFD-fed NOD mice. Despite differences in basal
glucose levels, basal HGP rates did not differ between
groups (Fig. 2B). Insulin caused a partial-to-complete
suppression of HGP in all groups of mice, resulting in
60–90%suppressionofHGPduring insulin clamp(Fig. 2C,
D). In contrast to comparable insulin action in the liver,
insulin-stimulated whole-body glucose turnover was sig-
nificantly increased by 2- to 3-fold inHFD-fedNOD, SCID,
andNSGmice comparedwithHFD-fedWTmice (Fig. 3A).

This effect of increased insulin sensitivity was most impres-
sive in NSG mice because glucose turnover tended to be
higher in HFD-fed NSG mice compared with HFD-fed
NODmice (Fig. 3A). In fact, an HFD did not affect whole-
bodyglucose turnover inNSGmice(287616mmol/kgper
minute in HFD-fed NSG mice vs. 291 6 22 mmol/kg per
minute in chow-fed NSGmice). Whole-body glycolysis and
glycogen synthesis rates were also significantly elevated in
HFD-fed NOD, SCID, and NSGmice compared with HFD-
fedWTmice (Fig. 3B, C). Altogether, these results indicate
that increased insulin sensitivity in HFD-fed NOD, SCID,
and NSGmice was largely attributed to profound increases
in whole-body glucose turnover and metabolic fluxes.

Insulin-stimulated glucose uptake in skeletal muscle was
significantly increased in HFD-fed SCID and NSG mice
comparedwithHFD-fedWTmice (Fig. 4A).Glucoseuptake
inwhiteadipose tissuewasalso significantly elevated inHFD-
fed SCID and NSGmice compared with HFD-fedWTmice
(Fig. 4B). Glucose uptake in brown adipose tissue was only
increased significantly in HFD-fed NSG mice compared
withHFD-fedWTmice (Fig. 4C). Insulin-stimulated glucose
uptake in the heart was elevated in HFD-fed NOD, SCID,
andNSGmice compared withHFD-fedWTmice (Fig. 4D).

Effects of an HFD on energy balance

Todetermine the potentialmechanismof altered weight
gain in response to an HFD in NOD, SCID, and NSG
mice, we performed a longitudinal analysis of body
composition and energy balance using TSE Systems
Incorporated metabolic cages. During 5 wk of an HFD,
NOD mice became obese with a 2.5-fold increase in
whole-body fat mass (3.26 0.2 g at baseline vs. 7.36 0.7 g
after 5 wk) (Fig. 5A, B). In contrast, diet-induced weight
gain was noticeably blunted in SCID andNSGmice, and
whole-body fat mass remained profoundly lower in
SCID andNSGmice compared with NODmice over the
course of 5 wk of an HFD (Fig. 5B). Consistent with
previous observations, the most impressive effect of re-
sistance to diet-induced obesity was shown by NSGmice
whose fatmass wasminimally affected by 5 wk of anHFD
(2.36 0.2 g at baseline versus 3.66 0.2 g after 5 wk) (Fig.
5B). To further evaluate these mice, we followed the
changes in body composition during 12 wk of an HFD

TABLE 1. Metabolic parameters at basal state and during hyperinsulinemic-euglycemic clamp in conscious mice

Basal state Clamp period

Diet and genotype Number Plasma glucose (mM) Plasma insulin (pM) Plasma glucose (mM) Plasma insulin (pM)

Chow
WT 6 8.2 6 0.3 ND 7.4 6 0.4 ND
NOD 5 5.9 6 0.2* 64 6 5 7.0 6 0.4 168 6 7
SCID 11 5.0 6 0.2* 89 6 15 6.7 6 0.2 215 6 27
NSG 6 5.2 6 0.4* 73 6 2 7.0 6 0.4 164 6 10

HFD
WT 6 10.8 6 0.7 ND 6.4 6 0.5 ND
NOD 6 6.4 6 0.8* 103 6 17 6.4 6 0.3 240 6 22
SCID 15 5.2 6 0.2* 109 6 9 7.2 6 0.4 255 6 15
NSG 8 5.3 6 0.4* 79 6 2 7.3 6 0.4 197 6 11

ND, not determined. *P , 0.05 vs. WT.
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and found that NSG mice were remarkably resistant
to diet-induced obesity even during the chronic HFD
feeding (2.56 0.2 g at baseline, 5.16 0.6 g after 8 wk of
anHFD, and 5.86 0.6 g after 12wk of anHFD) (Fig. 5C).

To determine the mechanism of resistance to diet-
induced obesity, we performed a 3 d analysis of energy
balance inNOD,SCID, andNSGmice fed chowor anHFD
using metabolic cages. Daily food intake was not signifi-
cantly different in any of the groups on either diet (Fig.
5D). On chow diet, oxygen consumption (Vo2,) was sig-
nificantly reduced inNSGmice compared withNODmice
(Fig. 5E). After 6 wk of an HFD, Vo2, was significantly

higher in SCID mice compared with NOD mice. In-
terestingly, the HFD caused a significant increase in Vo2 in
SCIDandNSGmice comparedwith the chow-fed state, but
this HFD effect was not shown in NOD mice (Fig. 5E).
Carbon dioxide production (Vco2) during the chow-fed
state was significantly lower in NSG mice compared with
NOD mice (Fig. 5F). After an HFD, the Vco2 rate was sig-
nificantly higher in SCIDmice compared with NODmice.
In contrast to the effect on Vo2 an HFD significantly re-
duced Vco2 selectively in NODmice, whereas an HFD did
not affect Vco2 in SCID or NSGmice (Fig. 5F). RERs were
significantly elevated in SCID mice compared with NOD

Figure 2. A 2 h hyperinsuli-
nemic-euglycemic clamp was
performed in 20-wk-old WT,
NOD, SCID, and NSG mice
fed a standard chow diet
(n = 5–11 mice per group,
left) or after 6 wk of an HFD
(n = 6–15 mice per group,
right). A) Steady-state glu-
cose infusion rates during
clamps. B, C) HGP at basal
state and (B) during insulin-
stimulated state (clamp) (C).
D) Hepatic insulin action
expressed as insulin-mediated
percent suppression of basal
HGP. *P , 0.05 vs. WT mice
fed a respective diet.
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mice fed chow or an HFD (Fig. 5G). RER tended to in-
crease in HFD-fed NSG mice compared with HFD-fed
NOD mice, but this difference did not reach statistical
significance (P = 0.088). As expected, high-fat feeding
lowered RERs toward 0.78 in all groups of mice, indicating
HFD-mediated utilization of fatty acids (Fig. 5G). Consis-
tent with the changes in energy expenditure, physical ac-
tivity was only increased significantly in SCID mice mice
compared with NODmice fed chow or an HFD (Fig. 5H).

Because SCID mice showed the most impressive and
consistent changes in energy expenditure and physical
activity, we performed an additional metabolic cage study
in a separate cohort of SCID and C57BL/6J WT mice fed
chow or an HFD for 6 wk. Compared withWTmice, SCID
mice showed significant increases in daily food intake
during chow or HFD feeding (Fig. 6A). Interestingly, Vo2
rates were significantly reduced in SCID mice during the
chow diet, but these rates were significantly increased in
SCIDmice during the HFD compared with WTmice (Fig.
6B, C). Energy expenditure rates were also reduced in

chow-fed SCID mice but were increased in HFD-fed SCID
mice compared with WT mice fed respective diets (Fig.
6D). Physical activity was also significantly lower in chow-
fed SCID mice but tended to remain higher in HFD-fed
SCIDmice compared with WTmice fed respective diets
(Fig. 6E).

DISCUSSION

Despite widespread use of NOD and NOD-SCID mice as
models of type 1 diabetes and islet graft transplantation,
the metabolic states of these mice have not been fully
characterized. This is important because underlying
changes in glucose and lipid metabolism may affect the
application and utility of these mouse models. Also, un-
derstanding their basalmetabolic states and their response
to diet-induced obesity will enhance data interpretation
following subsequent experimental manipulations. Our
results indicate that NODmice are inherently leaner than

Figure 3. Insulin-stimulated whole-body glucose turnover (A), glycolysis (B), and glycogen synthesis (C) during a 2 h
hyperinsulinemic-euglycemic clamp in 20-wk-old WT, NOD, SCID, and NSG mice fed a standard chow diet (n = 5–11 mice per
group, left) or after 6 wk of an HFD (n = 6–15 mice per group, right). *P , 0.05 vs. WT mice fed a respective diet.
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C57BL/6JWTmice, and this was mostly due to;50% less
whole-body fat mass in NODmice. NODmice also showed
lower fasting glucose levels, and these mice were pro-
foundly more insulin sensitive than WT mice. Because
whole-body adiposity is inversely correlated with insulin
sensitivity, lower fat mass in NODmice may partly explain

2- to 3-fold increases in whole-body glucose turnover and
hepatic insulin action in these mice compared with WT
mice. All insulin-responsive organs were more insulin
sensitive because insulin-stimulatedglucoseuptake rates in
skeletal muscle, white and brown adipose tissue, and the
heart were significantly increased in NODmice compared

Figure 4. Insulin-stimulated glucose uptake in individual organs was measured using a bolus injection of 2-[14C]DG during
hyperinsulinemic-euglycemic clamp in 20-wk-old WT, NOD, SCID, and NSG mice fed a standard chow diet (n = 5–11 mice per
group, left) or after 6 wk of an HFD (n = 6–15 mice per group, right). A) Skeletal muscle glucose uptake (gastrocnemius). B)
Glucose uptake in epidydimal white adipose tissue (WAT). C) Glucose uptake in intrascapular brown adipose tissue (BAT). D)
Myocardial glucose uptake. *P , 0.05 vs. WT mice fed a respective diet.
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withWTmice. It is important to note that NODmice were
leaner despite a 10-fold increase in glucose uptake into
white adipose tissue compared with WT mice, suggesting
that de novo lipogenesis was likely not increased in these
mice. These metabolic effects of NOD mice are a stark
contrast to what we had previously found in NOD-Ins2Akita

mice, an insulin-deficient model of type 1 diabetes (26).
Despite a modest reduction in whole-body fat mass,

NOD-Ins2Akita mice are severely insulin resistant with
marked reductions in skeletal muscle glucose metabo-
lism and hepatic insulin action (26). The fact that lower
adiposity in both NOD and NOD-Ins2Akita mice, which
may be due to reduced insulin levels, is associated with
opposing effects on insulin action suggests that other
factors, possibly related to autoimmunity, may be re-
sponsible for enhanced insulin sensitivity in NOD mice.

Figure 5. Indirect calorimetry was performed using metabolic cages for 3 d in NOD, SCID, and NSG mice fed a chow diet or an
HFD (n = 5 per group). A) Body weights. B) Whole-body fat mass was measured using 1H-MRS during 5 wk of an HFD. C) Male
NSG mice were fed an HFD for 12 wk, and body weight, whole-body fat mass, and lean mass were measured weekly using 1H-MRS.
D) Average daily food intake in mice. E) Vo2, rates. F) Vco2 rates. G) RER based on Vo2 and Vco2 rates. H) Physical activity
measured as total beam break counts. *P , 0.05 vs. NOD mice fed a respective diet.
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After 6 wk of an HFD, NOD mice became obese, al-
though they tended to be less obese than WT mice. How-
ever, dramatic effects on insulin sensitivity were observed
because HFD-fed NOD mice remained significantly more
insulin sensitive than HFD-fed WT mice. This was largely
due to more than a 2-fold increase in whole-body glucose
turnover in HFD-fed NOD mice because hepatic insulin
action did not differ between NOD and WT mice after
high-fat feeding. Surprisingly, enhanced glucose turnover
in HFD-fed NOD mice did not result from increased
muscle glucose metabolism. In fact, the only organs
showing increased glucose uptake were the heart and
white adipose tissue. These data indicate that selective
organs remained insulin sensitive after anHFD, and such
effects were not dependent on adiposity changes inNOD
mice.

Ona standard chowdiet, SCIDmice are also leaner than
WT mice due to 30% less whole-body fat mass. SCID mice
also showed lower fasting glucose levels comparedwithWT

mice, and in fact, their plasma glucose levels were signifi-
cantly lower than theNODmice. The SCIDmice were also
more insulin sensitive than WT mice, and this was due to
increasedwhole-body glucose turnoverandhepatic insulin
action in SCID mice compared with WT mice. The SCID
mice also showed increased glucose metabolism in white
and brown adipose tissue as well as the heart, but their
effects were less pronounced than those observed in
NOD mice. These data indicate that lymphocyte de-
ficiency did not further enhance insulin action on the
NOD background.

On the other hand, lymphocyte deficiency from the
SCID mutation resulted in much more dramatic effects
on the NOD background after high-fat feeding. Following
6 wk of an HFD, SCID mice gained significantly less fat
mass than both WT and NOD mice. In fact, our longitu-
dinal assessment of changes in whole-body fat mass using
1H-MRS found that SCID mice gained significantly less fat
mass than NOD mice over the course of 5 wk of an HFD.

Figure 6. Indirect calorimetry was performed using metabolic cages for 3 d in an additional cohort of SCID and WT mice fed
chow or an HFD for 6 wk (n = 6 per group). A) Average daily food intake in mice. B) A 3 d average of instantaneous Vo2 rates
measured for 24 h in chow-fed mice. C) A 3 d average of instantaneous Vo2 rates measured for 24 h in HFD-fed mice. D) Energy
expenditure rates calculated as kilocaloriies per hour per kilogram body weight in mice. E) Physical activity measured as total
beam break counts. *P , 0.05 vs. WT mice fed a respective diet.
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Recombination activating gene 1 (Rag1), involved in so-
matic DNA rearrangement and V(D)J recombination,
plays an important role in thedevelopment of B- andT-cell
lymphocytes, and Rag1-deficient mice were shown to have
no mature B- and T-cell lymphocytes (27). In that regard,
Winer et al. (20) recently found that C57BL/6J-Rag1null

mice gained more body weight and fat mass and became
more glucose intolerant after an HFD. These metabolic
effects of RAG1 deficiency on a C57BL/6 strain are com-
pletelyopposite toourobservation inSCIDmiceon theNOD
strain despite both mouse strains lacking B- and T-cell lym-
phocytes. To that end, HFD-fed SCID mice remained more
insulin sensitive than HFD-fedWTmice, and this was due to
significant increases in muscle and adipose tissue glucose
metabolism in HFD-fed SCID mice. Thus, these findings in-
dicate that the NOD strain background is able to completely
reverse the metabolic effects of lymphocyte deficiency,
and further studies are needed todelineate the underlying
mechanism responsible for this interesting observation.

Our metabolic cage study showed that the effect of the
scid mutation on the NOD strain rendering mice partially
resistant to diet-induced obesity may be largely due to in-
creased energy expenditure and physical activity in SCID
mice. To that end, both Vo2 rate and Vco2 rate were in-
creased by ;15% in HFD-fed SCID mice compared with
HFD-fed NOD mice. These effects were consistent with a
36% increase in physical activity in HFD-fed SCID mice
compared withHFD-fedNODmice. Additionally, whereas
an HFD reduced the Vco2 rate in NOD mice, possibly
reflecting mitochondrial dysfunction in response to diet-
induced obesity (28), SCIDmice were completely resistant
to such effects of an HFD on the Vco2 rate. Thus, these
results suggest that the absence of B and T lymphocytes
may protect mitochondrial function from the deleterious
effects of diet-induced obesity in mice.

Although the SCID mice were partially resistant to diet-
inducedobesity and insulin resistance, themost impressive
metabolic effects in response to an HFD were shown by
NSGmice.Over the course of 5 and 12wk of anHFD,NSG
mice gained minimal fat mass and remained significantly
leaner than NOD or WT mice. In contrast to SCID mice,
such resistance to diet-induced weight gain in NSG mice
was not associated with any changes in energy expenditure
or physical activity compared with NOD mice. Daily food
intake also did not differ between NSG and NOD mice.
HFD-fed NSG mice also remained highly insulin sensitive
with glucose uptake rates in skeletal muscle, the heart, and
adipose tissue that rival those in chow-fed mice. Our find-
ings are in stark contrast to Behan et al. (24) who recently
showed that NSG mice became obese while remaining
glucose tolerant when these mice were weaned onto an
HFD. However, it is important to note that in the study by
Behan et al. (24), obesity effects weremore pronounced in
female NSG mice, whereas male NSG mice gained mini-
mal body weight at 12 wk of age. Thus, our discordant
findings on the effects of an HFD on obesity may reflect
gender-specific effects in NSG mice. In fact, their
findings of protective effects against diet-induced in-
sulin resistance in NSG mice are consistent with our
results. Additionally, our findings suggest that NSG
mice were protected from HFD-induced insulin re-
sistance due to their resistance to weight gain during
high-fat feeding. The mechanism by which NSG mice

do not become obese without changes in energy bal-
ance requires further studies.

Overall, we provide a comprehensive metabolic char-
acterization of NOD, SCID, and NSGmice fed chow or an
HFD.Our results indicate thatNODmice aremore insulin
sensitive than B6 WT mice, and the scid mutation on the
NOD strain rescues HFD-mediated decline in energy ex-
penditure resulting in less obesity after an HFD. Finally,
male NSG mice are completely resistant to diet-induced
obesity and insulin resistance. Thus, our findings support
an important role of genetic background, lymphocytes,
and cytokine signaling in the regulation of diet-induced
obesity and insulin resistance.
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