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An age-dependent alteration of the respiratory
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Hye-Min Choi
1,2

, Hae Rim Kim
1

, Eun-Kyoung Kim
1

, Yong Sub Byun
1

, Young-Suk Won
1

, Won-Ki Yoon
1

, 

Hyoung-Chin Kim
1

, Jong-Goo Kang
2

, Ki-Hoan Nam
1
*

1

Laboratory Animal Resource Center, KRIBB, Cheongju, Korea

2

Laboratory Animal Medicine, College of Veterinary Medicine, Chungbuk National University, Cheongju, Korea

The leptin receptor-deficient db/db mouse is a rodent model of type 2 diabetes and obesity. Diabetes in

db/db mice shows an age-dependent progression, with early insulin resistance followed by an insulin

secretory defect resulting in profound hyperglycemia. However, there is insufficient data on age-

dependent changes of energy metabolism in db/db mice. We demonstrated an age-dependent decrease in

the respiratory exchange ratio (RER), calculated by a ratio of VO
2

/VCO
2

, in db/db mice. The RER

determined by indirect calorimetry, was 1.03 in db/db mice under 6 weeks of age, which were similar to

those in heterozygote (db/+) and wild-type (+/+) mice. However, RER decreased from approximately 0.9

to 0.8 by 10 weeks of age and subsequently returned to approximately 0.9 at 22 weeks of age. The

changes in RER were concurrent with the alterations in body weight and blood glucose level. However,

other metabolic indicators such as glucose tolerance, changes in body fat mass, and urinary glucose

levels, did not change with age. The results suggested that the energy source utilized in db/db mice

changed with the age-related progression of diabetes.
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Diabetes is one of the most common metabolic

disorders in the world and the prevalence of diabetes in

adults has been increasing in the last few decades [1,2].

Diabetes is characterized by a relative or absolute lack of

insulin, leading to hyperglycemia. According to the

International Diabetes Federations’ recent report, 382

million people had diabetes in 2013, and this number is

expected to rise to 592 million by 2035 [2].

There are 2 types of diabetes: type 1 and type 2. Type

1 diabetes results from the autoimmune destruction of

the insulin-producing pancreatic beta cells, while type 2

diabetes is caused by insulin resistance combined with a

failure of the beta cells to compensate.

Animal models for type 1 diabetes range from animals

with spontaneously developing autoimmune diabetes, to

animals with chemical ablation of the pancreatic beta

cells. Type 2 diabetes is modeled in both, obese and non-

obese animal models, with varying degrees of insulin

resistance and beta cell failure [3]. Another characteristic

of type 2 diabetes is that metabolic disturbance in major

organs occurs at the same time [4]. For example, impaired

hepatic fatty acid metabolism including fatty acid oxidation,

synthesis, and storage is involved in the development of

type 2 diabetes [5]. The representative animal model for

type 2 diabetes is the db/db mouse, which was first

reported in 1966 [6]. Leptin sensing in the hypothalamic

nuclei is essential for normal regulation of satiety, as well

as multiple metabolic and neuroendocrine/reproduction

pathways. The db/db mouse has a spontaneously mutated

leptin receptor. Hence, the extreme leptin resistance

produced by the absence of an intracellular signaling

domain in the leptin receptor of the db/db mouse,
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produces hyperphagia and morbid obesity, reproductive

failure, and severe insulin resistance. Therefore the db/

db mouse has been widely used in the evaluation of

antiobesity and antidiabetic compounds and therapies.

On the other hand, ob/ob mice with leptin gene mutation

show abnormal secretion of leptin and increased rates of

obesity, but leptin administration can cure obesity [7].

The obesity and normal secretory function of leptin on

the other hand, are not cured even by leptin administration

and high serum leptin concentrations in db/db mice with

leptin receptor abnormalities [8]. ob/ob and db/db mouse

models have been used for studies of leptin signaling.

Leptin signaling deficiency induces a disturbance in

energy balance, resulting in obesity from hyperphagia

and decreased energy expenditure, leading to possible

spontaneous development of insulin resistance [9,10]. A

similar phenotype has been observed in humans with

very rare mutations in the leptin or leptin receptor genes

[5,11].

The balance between energy intake and consumption

is very important for the maintenance of homeostasis in

the body. Disturbance in the balance can cause a number

of metabolic diseases, such as obesity, diabetes and high

blood pressure.

There are 3 energy resources utilized in the body, i.e.,

carbohydrates, proteins and lipids. The energy source

utilized in the body can be determined by indirect calorie

measurement, in which oxygen consumed (VO
2
) and

carbon dioxide produced (VCO
2
) are measured [12,13].

Respiratory exchange ratio (RER) which is calculated by

the ratio of VO
2
/VCO

2
, reflects the usage of 3 major

nutrients during constant breathing [14,15].

Diabetes is progressively accompanied by an abnormal

metabolism. Accordingly, the usage of energy resources

may be similarly altered in the db/db mouse. Several

studies have determined RER values in a short experimental

period [16]. However, there is insufficient data on

changes in energy metabolism with age, in the db/db

mouse. We aimed to elucidate the age-dependent energy

metabolism from the early phase to the late phase of

diabetes in db/db mice.

Materials and Methods

Experimental animals

Fifteen female mice aged 4 weeks were used for each

group of db/db, db/+, and +/+ mice. All the animals

were obtained from the Laboratory Animal Resource

Center, Korea Research Institute of Bioscience and

Biotechnology (KRIBB) (Cheongju, Korea). Mice were

bred and maintained in the SPF facility under a 12 h

light-dark cycle (lights on 6:00; lights off 18:00),

22±0.5
o

C�and 40-60% humidity, and they were allowed

free access to chow (2018S, Harlan Laboratories Inc.,

Wisconsin USA) and water. All experiments were

performed after approval by the Institutional Animal

Care and Use Committee (IACUC) of KRIBB (approval

No: KRIBB-AEC-14086).

Experimental design

Indirect calorimetry, measurement of blood glucose

level, intraperitoneal glucose tolerance test (IPGTT),

urine analysis and body fat mass measurements were

performed at the points depicted in Figure 1.

Indirect calorimetry

Indirect calorimetry was performed using a computer-

controlled, open-circuit system (Oxymax; Comprehensive

Lab Animal Monitoring System; Columbus Instruments,

Columbus, OH). Mice were tested in individual clear

chambers (20×10×12.5 cm) with a stainless steel elevated

wire floor. Each chamber contained a sipper tube delivering

water, a food tray connected to a balance, and 16

photobeams at 1.3-cm intervals situated in rows 3.3 and

7.3 cm above the floor to detect motor activity along the

x-, y-, and z-axes, respectively. Flow rate of room air

through the chambers was 0.4 L/min. The chamber exhaust

was sampled for 1 min (at 8-min intervals) and passed

Figure 1. Experimental design. Three mouse groups with genotypes of homozygotes (db/db), heterozygotes (db/+) and wild (+/+)

type were housed under specific pathogen free conditions (n=5 for each group). The mice were subjected to various experiments at

the indicated age. Lined arrow; indirect calorimetry, dotted arrow; urine analysis, intraperitoneal glucose tolerance test and

measurement of blood glucose level, arrow heads; body fat measurement.
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through O
2
 and CO

2
 sensors for the estimation of oxygen

consumption and carbon dioxide production. Outdoor air

reference values were sampled every 8 measurements.

Gas sensors were calibrated before experiments with gas

standards containing known concentrations of O
2,
 CO

2
,

and N
2
 (Sinyoung, Seoul, Republic of Korea). The RER

was calculated as the ratio of VCO
2
 to VO

2
. Energy

expenditure (heat formation [(3.815+1.232×RER)×VO
2

(in liters)]) was corrected for estimated metabolic mass

per Kleiber’s power function (Kleiber, 1975). Indirect

calorimetry module had standard measurements that began

to work at 5 h before lights off (lights off=T0) and finished

at T16 (i.e., 4 h after lights on the next morning). Mice

were acclimated for 1 day before the trial.

IPGTT

IPGTT was performed after an 18 h fast. Briefly, after

fasting for 18 h, blood was collected from the tail vein

of mice (0 min). Immediately after blood collection, the

mice received an intraperitoneal injection of glucose (2

g/kg body weight). Blood samples were successively

collected at appropriate time intervals (15, 30, 60, and

120 min), and blood glucose concentrations from the tail

vein blood were measured using a One touch Basic

glucose measurement system (Life Scan, Milpitas, CA).

Urinalysis

Urine analysis was performed with urine test strips

(UriScan 10 SGL strips) and UriScan Optima II (YD

Diagnostics, Seoul, Korea). Parameters in urine such as

occult blood, bilirubin, urobilirubin, ketones, proteins,

nitrites, glucose, pH, specific gravity and leukocytes

were determined.

Body fat measurement

Body fat mass were measured by dual-energy X-ray

absorptiometry (DEXA) using a Lunar PIXImus II (GE,

Madison, WI). The measurement was performed after

anesthetization with avertin (0.2 mL/10 g body weight,

intraperitoneal injection).

Statistical analysis

Data of each experiment are presented as mean±

standard deviation (SD). To evaluate the significance of

each group, one-way ANOVA and Tukey’s test was

performed using the Prism Graph Pad (v5.0; Graph Pad

Software, San Diego, CA). P<0.05 was considered as

significant.

Results

Body weight changes

The body weight changes with age of the 3 experimental

groups of mice were monitored from 5 to 30 weeks

(Figure 2).The db/db mouse group had a significantly

greater body weight than those in +/+ or db/+ mice, even

at 5 weeks of age, the starting point of experiment

(Figure 2A). The body weights of db/db mice increased

continuously until the peak body weight at 10 weeks of

age. Subsequently, the body weight reduced to the same

level as +/+ or db/+ mice by 18 weeks of age and no

significant difference in body weight between the 3

groups was observed during the entire experimental

period.

Food and water consumptions

Although there was no difference in food consumption

between the 3 groups, the db/db mice consumed a

significantly higher volume of water, as compared with

those in the db/+ or +/+ group mice from 8 weeks of age

(Figure 2B). The water consumption in the db/db mice

increased until 12 weeks of age, and the increased level

of water consumption was maintained throughout the

experimental period. However, there was no significant

difference in food consumption between the 3 groups

(data not shown).

RER, heat production and moving activity

Indirect calorimetry measures of VO
2
 and VCO

2

resulted in an RER between 0.98 and 1.03, at 5 weeks

of age in all the 3 groups (db/db 1.03±0.02; db/+ 0.98

±0.09; and +/+ 0.98±0.09, respectively). However, the

level in db/db mice began to decline and reached the

lowest level by 10 weeks of age (RER=0.80±0.03)

(Figure 3A). The decreased levels of RER in db/db mice

maintained a steady state level until around 20 weeks of

age. Subsequently, the level in db/db mice increased

slightly by 24 weeks of age, and then stabilized until the

end of the observation period.

Heat production was also calculated from parameters

obtained by indirect calorimetry. There was no significant

difference between the 3 animal groups (Figure 3B).

The moving activity detected during the measurement

of indirect calorimetry was significantly different between

db/db mice and db/+ or +/+ mice (Figure 3C). The

differences were detected throughout the observational

period.
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Figure 2. Body weight change and water consumption. Three mouse groups with genotypes of homozygotes (db/db),

heterozygotes (db/+) and wild (+/+) type were housed under specific pathogen free conditions (n=5 for each group). The body

weight changes (A) and water consumptions (B) in the mouse groups were determined from 5- to 30-weeks of age. � means

significant difference (P<0.05). Data are presented as mean±SD. �; db/db mice, �; db /+ mice, �; +/+ mice.

Figure 3. The changes of respiratory exchange ratio (RER) and related parameters in db/db mice. Indirect calorimetry were performed

with 3 mouse groups of homozygotes (db/db), heterozygotes (db/+) and wild (+/+) type (n=5 for each group). Mice were tested in

individual clear chambers with a stainless steel elevated wire floor. Each chamber contained a sipper tube delivering water, a food tray

connected to a balance and photobeams to detect activities. The RER (A) and heat production were calculated using carbon dioxide

produced and oxygen consumed and the activity (C) was expressed as the number of beams cut during the measurement period. �;

db/db mice, �; db /+ mice, �; +/+ mice, � means significant difference (P<0.05). Data are presented as mean±SD.
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Blood glucose levels

Fasting blood glucose levels were measured using

blood collected from the tail vein. The fasting blood

glucose level at 4 weeks of age was similar in the db/db,

db/+ or +/+ groups (Figure 4). However, the level in the

db/db mice showed an abrupt increase and became

significant when compared to those in db/+ or +/+ mice

by 7 weeks of age. The increased blood glucose level

peaked at 15 weeks age. The levels were then maintained

throughout the experimental period.

However, db/db mice showed clear glucose intolerance

even at the age of 4 weeks, as demonstrated by IPGTT

(Figure 4B). Glucose tolerance did not return in db/db

mice throughout the observation period (data not

shown).

The high urine glucose levels in db/db mice were

observed from 7 weeks age, in accordance with the

results described above (data not shown). The increased

urine glucose level was not lowered during the entire

experimental period.

Discussion

We determined the long term changes in the RER

ranging from 5 weeks to 30 weeks of age, in female db/

db mice. The abrupt decline in RER of db/db mice

between 5 and 8 weeks of age indicated that there was

an abrupt change in the energy source from carbohydrates

to proteins and lipids in the mice. This result was

consistent with the previous report that RER values

indicated that db/db mice aged 10 weeks used proteins

as energy substrates, in contrast to carbohydrates in +/+

mice [17]. The RER values of around 0.8 suggested that

protein and lipid are used as the main energy source in

db/db mice [18]. The RER in db/db mice slightly

increased around 22 weeks of age, which coincided with

their body weight reduction. Our study further corroborated

earlier reports that db/db mice show dramatically reduced

activity levels, as compared with +/+ mice [19,20].

The db/db mice became obese as early as 5 weeks of

age in this study. The body weight reached a peak at 12

weeks of age and gradually decreased, which was

consistent with the results of previous studies [21,22].

However, no correlation between body weight reduction

and blood glucose levels was observed in db/db mice.

The usage of glucose as an energy source increased

after 22 weeks of age, as indicated by slightly increased

RER, although there were no changes in the blood and

urine glucose levels. The drink intake in db/db mice aged

over 10 weeks was more than double those in the db/+

and +/+ mice, although the food consumptions were not

different between the experimental groups. The loss of

glucose by urine was clear in db/db mice at 7 weeks of

age. This was suggestive of glucose not utilized for

energy but instead excreted in the urine, which was

consistent with the decrease in RER in db/db mice as

described above.

The histological observation also indicated clear

pancreatic islet degenerative changes in db/db mice (data

not shown). These degenerative changes included nuclear

fragmentation and cytoplasmic vacuolation in db/db

mice aged over 9 weeks, indicating the selective destruction

of insulin-producing beta cells [23].

In conclusion, the energy source used in db/db mice

changed with the age-related progression of diabetes and

the changes of RER in db/db mice were closely related

with the advance of diabetes. These data would be very

helpful for proper interpretation of further data obtained

from db/db mice.

Figure 4. The blood glucose change and glucose tolerance in

db/db mice. Fasting blood glucose levels were determined for

the homozygote (db/db), heterozygote (db/+) and wild-type (+/

+) mice from 4 to 31 weeks of age (n=5 for each group). To

determine the glucose tolerance ability, after abdominal

challenge of 2 g of glucose/ kg body weight, the blood glucose

levels were determined at 15, 30, 60 and 120 min. The IPGTT

results measured at 4 weeks of age were shown (B). �; db/db

mice, �; db /+ mice, �; +/+ mice, � means significant

difference (P<0.05). Data are presented as means±SD. Note

that 600 mg/dL of glucose is the detection limit for the

glucometer used in this study.



6 Hye-Min Choi et al.

Lab Anim Res | March, 2015 | Vol. 31, No. 1

Acknowledgments

This work were supported by a grant from Korea

Research Institute of Bioscience and Biotechnology

(KRIBB) Research Initiative Program, and the National

Research Foundation of Korea (NRF) grant (2013M3

A9D5072559) (KMPC grant) funded by the Korea

government (MFPS).

Conflict of interests The authors declare that there is

no financial conflict of interests to publish these results.

References

1. Shaw JE, Sicree RA, Zimmet PZ. Global estimates of the

prevalence of diabetes for 2010 and 2030. Diabetes Res Clin Pract

2010; 87(1): 4-14.

2. Guariguata L, Whiting DR, Hambleton I, Beagley J, Linnenkamp

U, Shaw JE. Global estimates of diabetes prevalence for 2013 and

projections for 2035. Diabetes Res Clin Pract 2014; 103(2): 137-

149.

3. King AJ. The use of animal models in diabetes research. Br J

Pharmacol 2012; 166(3): 877-894.

4. Cohran VC, Bates MD. Leptin signaling and obesity: weight and

see. Gastroenterology 2003; 124(5): 1546-1548.

5. Lewis GF, Carpentier A, Adeli K, Giacca A. Disordered fat

storage and mobilization in the pathogenesis of insulin resistance

and type 2 diabetes. Endocr Rev 2002; 23(2): 201-229.

6. Hummel KP, Dickie MM, Coleman DL. Diabetes, a new mutation

in the mouse. Science 1966; 153(3740): 1127-1128.

7. Ahima RS, Prabakaran D, Mantzoros C, Qu D, Lowell B,

Maratos-Flier E, Flier JS. Role of leptin in the neuroendocrine

response to fasting. Nature 1996; 382(6588): 250-252.

8. Chen H, Charlat O, Tartaglia LA, Woolf EA, Weng X, Ellis SJ,

Lakey ND, Culpepper J, Moore KJ, Breitbart RE, Duyk GM,

Tepper RI, Morgenstern JP. Evidence that the diabetes gene

encodes the leptin receptor: identification of a mutation in the

leptin receptor gene in db/db mice. Cell 1996; 84(3): 491-495.

9. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman

JM. Positional cloning of the mouse obese gene and its human

homologue. Nature 1994; 372(6505): 425-432.

10. Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D,

Boone T, Collins F. Effects of the obese gene product on body

weight regulation in ob/ob mice. Science 1995; 269(5223): 540-

543.

11. Heiman ML, Ahima RS, Craft LS, Schoner B, Stephens TW, Flier

JS. Leptin inhibition of the hypothalamic-pituitary-adrenal axis in

response to stress. Endocrinology 1997; 138(9): 3859-3863.

12. Brandi LS, Bertolini R, Calafa M. Indirect calorimetry in critically

ill patients: clinical applications and practical advice. Nutrition

1997; 13(4): 349-358.

13. Battezzati A, Viganò R. Indirect calorimetry and nutritional

problems in clinical practice. Acta Diabetol 2001; 38(1): 1-5.

14. Schwenk A, Meriläinen PT, Macallan DC. Indirect calorimetry in

patients with active respiratory infection--prevention of cross-

infection. Clin Nutr 2002; 21(5): 385-388.

15. G LK. Measurements in physical therapy by Jules M. Rothstein

Clinics in Physical Therapy Vol. 7. Churchill Livingstone, 1985.

£27.50. Clin Biomech (Bristol, Avon) 1987; 2(1): 61.

16. Osborn O, Sanchez-Alavez M, Brownell SE, Ross B, Klaus J,

Dubins J, Beutler B, Conti B, Bartfai T. Metabolic characterization

of a mouse deficient in all known leptin receptor isoforms. Cell

Mol Neurobiol 2010; 30(1): 23-33.

17. Li YY, Yu LF, Zhang LN, Qiu BY, Su MB, Wu F, Chen DK, Pang

T, Gu M, Zhang W, Ma WP, Jiang HW, Li JY, Nan FJ, Li J. Novel

small-molecule AMPK activator orally exerts beneficial effects on

diabetic db/db mice. Toxicol Appl Pharmacol 2013; 273(2): 325-

334.

18. Muoio DM, Lynis Dohm G. Peripheral metabolic actions of leptin.

Best Pract Res Clin Endocrinol Metab 2002; 16(4): 653-666.

19. Harris RB, Mitchell TD, Yan X, Simpson JS, Redmann SM Jr.

Metabolic responses to leptin in obese db/db mice are strain

dependent. Am J Physiol Regul Integr Comp Physiol 2001;

281(1): R115-132.

20. Trayhurn P, James WP. Thermoregulation and non-shivering

thermogenesis in the genetically obese (ob/ob) mouse. Pflugers

Arch 1978; 373(2): 189-193.

21. Lee SM, Bressler R. Prevention of diabetic nephropathy by diet

control in the db/db mouse. Diabetes 1981; 30(2): 106-111.

22. Edgel KA, McMillen TS, Wei H, Pamir N, Houston BA, Caldwell

MT, Mai PO, Oram JF, Tang C, Leboeuf RC. Obesity and weight

loss result in increased adipose tissue ABCG1 expression in db/db

mice. Biochim Biophys Acta 2012; 1821(3): 425-434.

23. Dittrich HM, Hahn von Dorsche H. [The anatomical and

histological investigation of the pancreas in the 19th century and

till the discovery of insulin (1921). 2. The pancreas research from

the discovery of islets (1869) till the discovery of pancreas-

diabetes (1889) (author’s transl)]. Anat Anz 1978; 143(3): 231-

241.


