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SUMMARY:  29 
The current article describes a detailed protocol for isocaloric 2:1 intermittent fasting to protect 30 
and treat against obesity and impaired glucose metabolism in wild-type and ob/ob mice. 31 
 32 
ABSTRACT:  33 
Intermittent fasting (IF), a dietary intervention involving periodic energy restriction, has been 34 
considered to provide numerous benefits and counteract metabolic abnormalities. So far, 35 
different types of IF models with varying durations of fasting and feeding periods have been 36 
documented. However, interpreting the outcomes is challenging, as many of these models 37 
involve multifactorial contributions from both time- and calorie-restriction strategies. For 38 
example, the alternate day fasting model, often used as a rodent IF regimen, can result in 39 
underfeeding, suggesting that health benefits from this intervention are likely mediated via 40 
both caloric restriction and fasting-refeeding cycles. Recently, it has been successfully 41 
demonstrated that 2:1 IF, comprising 1 day of fasting followed by 2 days of feeding, can provide 42 
protection against diet-induced obesity and metabolic improvements without a reduction in 43 
overall caloric intake. Presented here is a protocol of this isocaloric 2:1 IF intervention in mice. 44 
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Also described is a pair-feeding (PF) protocol required to examine a mouse model with altered 45 
eating behaviors, such as hyperphagia. Using the 2:1 IF regimen, it is demonstrated that 46 
isocaloric IF leads to reduced body weight gain, improved glucose homeostasis, and elevated 47 
energy expenditure. Thus, this regimen may be useful to investigate the health impacts of IF on 48 
various disease conditions. 49 
 50 
INTRODUCTION:  51 
Modern lifestyle is associated with longer daily food intake time and shorter fasting periods1. 52 
This contributes to the current global obesity epidemic, with metabolic disadvantages seen in 53 
humans. Fasting has been practiced throughout human history, and its diverse health benefits 54 
include prolonged lifespan, reduced oxidative damage, and optimized energy homeostasis2,3. 55 
Among several ways to practice fasting, periodic energy deprivation, termed intermittent 56 
fasting (IF), is a popular dietary method that is widely practiced by the general population due 57 
to its easy and simple regimen. Recent studies in preclinical and clinical models have 58 
demonstrated that IF can provide health benefits comparable to prolonged fasting and caloric 59 
restriction, suggesting that IF can be a potential therapeutic strategy for obesity and metabolic 60 
diseases2-5.  61 
 62 
IF regimens vary in terms of fasting duration and frequency. Alternate day fasting (i.e., 1 day 63 
feeding/1 day fasting; 1:1 IF) has been the most commonly used IF regimen in rodents to study 64 
its beneficial health impacts on obesity, cardiovascular diseases, neurodegenerative diseases, 65 
etc.2,3. However, as shown in previous studies6,7, and further mechanistically confirmed in our 66 
energy intake analysis8, 1:1 IF results in underfeeding (~80%) due to the lack of sufficient 67 
feeding time to compensate for energy loss. This makes it unclear whether the health benefits 68 
conferred by 1:1 IF are mediated by calorie restriction or modification of eating patterns. 69 
Therefore, a new IF regimen has been developed and is shown here, comprising of a 2 day 70 
feeding/1 day fasting (2:1 IF) pattern, which provides mice with sufficient time to compensate 71 
for food intake (~99%) and body weight. These mice are then compared to an ad libitum (AL) 72 
group. This regimen enables examination of the effects of isocaloric IF in the absence of caloric 73 
reduction in wild-type mice.  74 
 75 
In contrast, in a mouse model that exhibits altered feeding behavior, AL feeding may not be a 76 
proper control condition to compare and examine the effects of 2:1 IF. For example, since 77 
ob/ob mice (a commonly used genetic obese model) exhibit hyperphagia due to the lack of 78 
leptin regulating appetite and satiety, those with 2:1 IF exhibit ~20% reduced caloric intake 79 
compared to ob/ob mice with AL feeding. Thus, to properly examine and compare the effects of   80 
IF in ob/ob mice, a pair-feeding group as a suitable control needs to be employed.   81 
 82 
Overall, a comprehensive protocol is provided to perform isocaloric 2:1 IF, including use of a 83 
pair-feeding control. It is further demonstrated that isocaloric 2:1 IF protects mice from high fat 84 
diet-induced obesity and/or metabolic dysfunction in both wild-type and ob/ob mice. This 85 
protocol can be used to examine the beneficial health impacts of 2:1 IF on various pathological 86 
conditions including neurological disorders, cardiovascular diseases, and cancer.  87 
 88 



   

PROTOCOL:   89 
 90 
All methods and protocols here have been approved by Animal Care Committees in The Animal 91 
Care and Veterinary Service (ACVS) of the University of Ottawa and The Centre for 92 
Phenogenomics (TCP) and conformed to the standards of the Canadian Council on Animal Care. 93 
It should be noted that all procedures described here should be performed under institutional 94 
and governmental approval as well as by staff who are technically proficient. All mice were 95 
housed in standard vented cages in temperature- and humidity-controlled rooms with 12 h/12 96 
h light/dark cycles (21–22 °C, 30%–60% humidity for normal housing) and free access to water. 97 
Male C57BL/6J and ob/ob mice were obtained from the Jackson Laboratory.  98 
 99 
1. 2:1 isocaloric IF regimen  100 

 101 
1.1. For lean and diet-induced obesity mouse models, prepare either a normal diet (17% fat, 102 
ND) or high fat diet (45% fat, HFD). 103 
 104 
NOTE: 60% HFD can be used to induce severe diet-induced obesity; yet, due to the softness of 105 
the food pellet, it is relatively difficult to accurately measure daily food intake. An automated 106 
continuous measurement system can improve versatility for multiple types of diets.  107 
 108 
1.2. Measure baseline body weight and body composition of each mouse at 7 weeks of age 109 
using a scale and EchoMRI, respectively. 110 
 111 
NOTE: Refer to section 3 for body composition measurement. 112 
 113 
1.3. Based on body weight and body composition results, randomly and equally divide 7 week-114 
old male C57BL/6J mice into two groups: ad libitum (AL) and intermittent fasting (IF) groups. 115 
 116 
1.4. Place two to three mice per cage and ensure free access to drinking water. 117 
 118 
NOTE: The number of mice per cage can affect food intake behavior. It is recommended to 119 
maintain an equal number of mice per cage in all groups during the study. 120 
 121 
1.5. Provide 1 week of acclimation to the new cage environment and diet before starting the IF 122 
regimen.  123 
 124 
1.6. Fasting period: move mice to a clean cage with fresh bedding at 12:00 PM. Do not add food 125 
for the IF group, while providing a weighed amount of food to the AL group. 126 
 127 
NOTE: For each fasting cycle, it is important to change cages for both AL and IF groups to ensure 128 
that both groups are exposed to the same amount of handling time.  129 
 130 
1.7. After 24 h, measure the weights of mice in both groups and leftover food in AL cages. 131 
 132 



   

NOTE: Make sure to include the weight of food crumbs on the food hopper and bottom of the 133 
cage, especially when using HFD, as mice often remove small pellets or fragments of food from 134 
the hopper and keep them near nest sites. The average energy intake per mouse at the end of 135 
each 2:1 cycle (3 days) is around 35 kcal, equivalent to ~10 g for a normal diet (3.3 kcal/g) and 136 
~7 g for HFD (4.73 kcal/g). 137 
 138 
1.8. Feeding period: provide a weighed amount of food at 12:00 PM for both AL and IF groups. 139 
 140 
1.9. After 48 h of providing the food, measure the weight of leftover food and mice. 141 
 142 
1.10. Repeat steps 1.6–1.10 for the duration of the study (e.g., 16 weeks).  143 
 144 
2. Pair-feeding (PF) control group 145 
 146 
NOTE: For an IF experiment in which altered feeding behavior is observed in a mouse model 147 
(e.g., hyperphagia in ob/ob mice), it is necessary to have a pair-feeding group as a control for 148 
proper calorie-independent comparison to IF.  149 

 150 
2.1. For the PF control group, stagger the experiment schedule  such that the same amount of 151 
food consumed by IF group is offered to the PF group (Figure 2).  152 
 153 
2.2. Measure the amount of food consumed by the IF group over 2 days of refeeding period.  154 
 155 
2.3. Divide this amount of consumed food in the IF group evenly into three proportions and 156 
provide it daily to the PF group at 12:00 PM. 157 
 158 
NOTE: Providing equal amount of food daily is critical. In the case of mice with hyperphagia, if 159 
the pair-fed mice are provided with an amount of food less than their voluntary consumption at 160 
once, they will likely consume all provided food and become effectively fasted. This may then 161 
prevent proper comparison to IF-treated mice and confound the result.   162 
 163 
2.4. Repeat steps 2.1–2.3 for the duration of the study. 164 

 165 
3. Body composition analysis 166 
 167 
NOTE: Since long-term IF affects body weight in mice, body composition can be measured at 168 
appropriate cycles (e.g., every 3 or 4 cycles) using a body composition analyzer to quantify fat 169 
and lean mass in live, non-anesthetized mice. 170 

 171 
3.1. Turn on the body composition analyzer. 172 
 173 
NOTE: Before starting the program, leave the machine on for at least 2–3 h to warm up.  174 
 175 
3.2. Run a system test on the body composition analyzer to test its measurement accuracy. If 176 



   

necessary, calibrate the system using canola oil and water samples.  177 
 178 
3.3. Measure the body weight of each mouse. 179 
 180 
3.4. Place the mouse in a small animal cylindric holder.  181 
 182 
3.5. Place the holder into the body composition analyzer and insert a delimiter to constrain 183 
physical movement of the mouse during the measurement. 184 
 185 
3.6. Run the scanning program. 186 
 187 
NOTE: It takes approximately 90–120 s to analyze.  188 
 189 
3.7. After measurement, remove the holder from the equipment and bring the mouse back to 190 
the cage.  191 
 192 
NOTE: A more detailed protocol can be found in a previous publication9.  193 

 194 
4. Glucose and insulin tolerance tests 195 
 196 
4.1. For glucose tolerance test (GTT), measure body weight and body composition of each 197 
mouse before subjecting to fasting and mark the tail with a permanent marker for easy and 198 
rapid indexing. 199 
 200 
4.2. Place mice in new cages without food at 7:00 PM for overnight fasting. 201 
 202 
NOTE: Overnight fasting is the standard protocol, yet due to mouse physiology (e.g., increased 203 
glucose utilization after prolonged fasting10,11), shorter fasting (~6 h) can be used as described 204 
for ITT.  205 
 206 
4.3. After fasting 14–16 h (9:00 AM in the following morning), measure body weight and body 207 
composition of each mouse and calculate the amount of glucose dosage based on body weight. 208 
 209 
NOTE: To avoid overestimation of glucose intolerance in obese mice, lean mass obtained from 210 
the body composition analysis can be used to calculate glucose dosage12,13. 211 
 212 
4.4. For each mouse, cut the tip of the tail (0.5–1.0 mm) using clean surgical scissors. After 213 
wiping off the first drop of blood, draw a fresh drop of blood from the tail and measure baseline 214 
fasting blood glucose level with the glucometer. 215 
 216 
4.5. Subject mice to an intraperitoneal injection of glucose (1 mg/g of body weight).  217 
 218 
NOTE: Based on the objective of an experiment (e.g., examining incretin effects), oral 219 
administration of glucose can be performed by oral gavage. The protocol for oral GTT (OGTT) 220 



   

can be found in another study14. 221 
 222 
4.6. Measure blood glucose from the tail at 0, 5, 15, 30, 60, and 120 min post-glucose injection. 223 
 224 
4.7. After finishing the GTT, provide a sufficient amount of food. 225 
 226 
4.8. For the insulin tolerance test (ITT), remove food at 9:00 AM. 227 
 228 
NOTE: Since both GTT and ITT are stress-inducing experiences for mice that can elevate blood 229 
glucose levels and change physiology, it is recommended to perform ITT after providing at least 230 
2–3 days of recovery after GTT experiment.  231 
 232 
4.9. After fasting for 6 h (3:00 PM), measure baseline blood glucose from the tail as described in 233 
step 4.4. 234 
 235 
4.10. Subject mice to i.p. injection of insulin (0.65 mU/g of body weight). 236 
 237 
4.11. Measure blood glucose from the tail at 0, 15, 30, 60, 90, and 120 min post-insulin 238 
injection.  239 
 240 
4.12. After finishing ITT, provide a sufficient amount of food. 241 

 242 
5. Indirect calorimetry 243 
 244 
NOTE: Energy metabolism of IF-treated mice can be further evaluated through indirect 245 
calorimetry over a single cycle of IF. This will measure oxygen consumption (VO2), carbon 246 
dioxide production (VCO2), respiratory exchange ratio (RER), and heat (kcal/h). 247 
 248 
5.1. Turn on the power of the indirect calorimeter system at least 2 h before running the 249 
experiment. 250 
 251 
NOTE: This system warm-up is important for accurate measurement.  252 
 253 
5.2. Prepare cages with clean bedding, fill water bottles, and add the pre-weighed amount of 254 
chow to the food hoppers.  255 
 256 
5.3. Check the condition of the Drierite and lime soda. If a color indicator of the Drierite 257 
appears pink, which indicates that the Drierite has absorbed a high amount of moisture, it is 258 
necessary to replace or top with fresh Drierite. 259 
 260 
5.4. Calibrate the system using a gas with the specific composition (0.5% CO2, 20.5% O2).  261 
 262 
5.5. Measure body weight and body composition of each mouse, which will be used to 263 
normalize VO2 and VCO2 data. 264 



   

 265 
5.6. Gently place one mouse per cage. 266 
 267 
5.7. Assemble metabolic cages, place them in the temperature-controlled environment 268 
chamber, and connect to gas lines and activity sensor cable.  269 
 270 
5.8. After setting up the experiment profile by adding appropriate experimental parameters 271 
using the software, run the program for measurement. The purpose of the first day’s 272 
measurement is to provide a period of acclimatization and measure a baseline energy 273 
metabolism. 274 
 275 
5.9. At 12:00 PM the following day, subject mice to 24 h of fasting by removing food and 276 
crumbs from the hopper and bottom of the cage. If necessary, replace with clean bedding.  277 
 278 
5.10. After 24 h, add the pre-weighed amount of chow to the food hopper for the refeeding 279 
period.  280 
 281 
5.11. Continue to measure for the next 48 h. Check regularly whether the system is running 282 
without hardware or software interruption.  283 
 284 
5.12. After completing measurement, terminate the program and bring mice back to their 285 
original cages. Measure the amount of leftover food to examine food intake. 286 
 287 
5.13. The detailed protocol for indirectly calorimetry can be found in a previous study9. 288 
 289 
REPRESENTATIVE RESULTS:  290 
 291 
Figure 1 shows the feeding analyses after 24 h fasting and the comparison between 1:1 and 2:1 292 
intermittent fasting. A 24 h fasting period resulted in a ~10% reduction in body weight, which 293 
was fully recovered after 2 days of refeeding (Figure 1A). A 24 h fasting period induced 294 
hyperphagia during the subsequent 2 days of refeeding (Figure 1B). Nevertheless, the 295 
comparison of energy intake between 1:1 alternative day fasting and 2:1 intermittent fasting 296 
revealed that the 1 day of the refeeding period in 1:1 IF was not sufficient (~80%) to 297 
compensate for the caloric loss by fasting, compared to the AL condition (Figure 1C). On the 298 
other hand, 99% of energy intake was fully compensated during 2 days of refeeding in 2:1 IF. 299 
This regimen enables examination of the effects of isocaloric IF that are independent of caloric 300 
intake difference.  301 
 302 
Figure 2 illustrates a schematic timeline for the isocaloric 2:1 IF and PF regimens. To minimize 303 
the differences in caloric intake, an observation made in alternate day fasting6,7, this protocol 304 
established a new IF regimen comprising of 2 day feeding and 1 day fasting periods (2:1 IF)8, 305 
which enabled the examination of the health effects of isocaloric IF in wild-type mice. However, 306 
in ob/ob mice, which exhibited hyperphagic behavior, 2:1 IF-treated ob/ob mice showed a 21% 307 
caloric intake reduction, compared to ob/ob AL mice15. Since this prevents a proper caloric-308 



   

independent comparison, a PF control group that maintained the same caloric intake as IF-309 
treated ob/ob mice was used. Briefly, the total amount of food consumed during 2 days of 310 
feeding in 2:1 IF mice were divided equally into three daily amounts, then provided to the PF 311 
group. 312 
 313 
For a comprehensive overview on the metabolic outcomes of 2:1 IF, we compared the effects 314 
of AL, IF, and PF in body weight, food intake and body composition in wild-type and ob/ob mice 315 
under normal diet (ND) and HFD. Compared to AL, IF treatment led to lower body weight 316 
increase in ND-fed and HFD-fed WT mice without significant differences in food intake (Figure 317 
3A,B). Body composition analysis revealed that IF specifically reduced fat mass without changes 318 
in lean mass in wild-type mice (Figure 3C). It is possible that a slightly, albeit not significantly, 319 
lower accumulated energy intake over 16 weeks of the IF program could result in reduced body 320 
weight gain of IF animals. However, IF experiment with the pair-feeding regimen confirmed that 321 
the decreased body weight gain by IF was not due to altered energy intake (Figure 3D,E). Unlike 322 
wild-type animals, body weight of ob/ob mice subjected to IF (Ob-IF) was lower than that of Ob-323 
AL mice (Figure 3G). This is due to hyperphagia (excessive eating) of ob/ob mice, leading to 324 
mildly higher (21%) food intake in AL mice, compared to IF-treated animals (Figure 3H). 325 
Therefore, to specifically examine the metabolic effect of IF in a caloric-independent manner, a 326 
pair-feeding control group was employed. However, unlike wild-type mice8, Ob-PF mice were 327 
indistinguishable compared to Ob-IF mice in body weights and body composition15 (Figure 3I). 328 
These results suggest that leptin is likely implicated in isocaloric IF-mediated body weight 329 
reduction in mice.  330 
 331 
The major metabolic benefit conferred by isocaloric IF is the improved glucose homeostasis. As 332 
shown in Figure 4A,B,C,D, HFD-IF mice exhibited a significant improvement in glucose 333 
homeostasis. GTT showed that blood glucose is more rapidly cleared in IF-treated mice, while 334 
ITT revealed higher insulin sensitivity in HFD-IF mice, compared to HFD-AL or HFD-PF mice. 335 
Unexpectedly, despite the failures in IF-mediated weight reduction, Ob-IF animals exhibited 336 
significantly improved glucose handling with smaller glucose excursions in GTT, compared to 337 
Ob-PF mice (Figure 4E), whereas insulin sensitivity was indistinguishable between Ob-IF and 338 
Ob-PF mice (Figure 4F). This improved glucose homeostasis in Ob-IF mice is likely mediated by 339 
increases in plasma level of glucagon-like peptide-1 (GLP-1) and glucose-stimulated insulin 340 
secretion (data not shown)15. Overall, by using this 2:1 IF protocol and proper caloric-341 
independent PF control, we showed the metabolic benefits of isocaloric IF in wild-type and 342 
ob/ob mice.   343 
 344 
One of the metabolic effects of IF in wild-type mice is higher total O2 consumption, used to 345 
estimate the energy expenditure (Figure 5A,B). This elevation in O2 consumption was found 346 
only during feeding period in IF mice, but not fasting period, compared to AL mice. The 347 
increased energy expenditure was largely mediated by adipose thermogenesis, such as 348 
browning of white adipose tissues and activation of brown adipose tissue (data not shown)8,16. 349 
IF-mediated adipose thermogenesis would presumably explain how wild-type mice subjected to 350 
IF exhibited the reduced body weight gain with no difference in food intake, compared to AL 351 
mice. On the other hand, IF failed to increase O2 consumption in ob/ob mice (Figure 5C-D), and 352 



   

even led to a reduction in energy expenditure during fasting period. Consistently, IF-induced 353 
adipose thermogenesis was completely abolished in ob/ob mice (data not shown). These data 354 
suggest a possible limitation of IF as it may work differently for individuals with different 355 
genetic and environmental backgrounds.  356 
 357 
FIGURE AND TABLE LEGENDS:  358 
 359 
Figure 1: Feeding analyses after 24 h fasting and comparison between 1:1 and 2:1 IF. (A) Daily 360 
body weight changes of mice before and after 24 h fasting (n = 10). (B) Daily energy intake 361 
before and after 24 h fasting (n = 5 cages; 2 mice per cage). (C) Comparison of energy intake 362 
between alternate day fasting (i.e., 1 day feeding/1 day fasting, 1:1 IF) and 2:1 intermittent 363 
fasting (i.e., 2 day feeding/1 day fasting). In the 1:1 IF regime, only ~80% of food intake was 364 
compensated during the subsequent 1 day of refeeding compared to food intake over 2 days of 365 
feeding. On the other hand, 99% of energy intake was achieved when 2 days of refeeding was 366 
given, compared to that over 3 days of feeding. Data are expressed as mean ± SEM. This figure 367 
was reproduced with permission from Kim et al.8. 368 
 369 
Figure 2: Schematic illustration of the isocaloric 2:1 IF regimen. For PF control, the amount of 370 
food consumed during the 2 days of feeding by IF-treated mice is divided into three equal 371 
portions, which is then provided daily to PF mice during the next cycle. AL = ad libitum; PF = 372 
pair-feeding. Part of this figure was reproduced with permission from Kim et al.8. 373 
 374 
Figure 3: Comparison of AL, IF, and PF effects on body weight, food intake, and body 375 
composition between wild-type and ob/ob mice. (A,B,C) Body weight, food intake, and body 376 
composition in AL or IF-treated wild-type mice under normal diet (ND) or high fat diet (HFD) 377 
during 16 weeks of IF regimen. Data are expressed as mean ± SEM. (ND-AL: n = 7; ND-IF: n = 8; 378 
HFD-AL: n = 7; and HFD-IF: n = 8); one- or two-way ANOVA with Student-Newman-Keuls post-379 
hoc analysis; **p < 0.01 vs. HFD-AL. (D,E,F) Body weight, food intake, and body composition in 380 
PF vs. IF mice fed with high fat diet (HFD) during 12 weeks of IF regimen. (PF: n = 6 and IF: n = 381 
6); two-tailed unpaired Student’s t-test; *p < 0.05 vs. HFD-PF; NS = not significant. (G,H,I) Body 382 
weight, food intake, and body composition in AL, PF, or IF-treated ob/ob mice fed with normal 383 
chow (Ob-AL: n = 4; Ob-PF: n = 7; Ob-IF: n = 6); Ob-AL vs. Ob-PF: *p < 0.05; Ob-AL vs. Ob-IF: *p < 384 
0.05; Ob-PF vs. Ob-IF. Panels A–F were reproduced with permission from Kim et al.8. Panels G–I 385 
were reproduced with permission from Kim et al.15. 386 
 387 
Figure 4: Improved glucose homeostasis by IF in both wild-type and ob/ob mice. (A,B) 388 
Intraperitoneal GTT and ITT in HFD-AL and HFD-IF wild-type mice after 16 weeks of IF regimen. 389 
The inset shows area under curve (AUC); *p < 0.05 vs. HFD-AL. (C,D) GTT and ITT in HFD-PF 390 
compared to HFD-IF wild-type mice after 12 weeks of IF regimen. The inset shows AUC; *p < 391 
0.05 vs. HFD-PF. (E,F) GTT and ITT in Ob-IF compared to Ob-PF mice after 16 weeks of IF 392 
regimen. The inset shows AUC (*p < 0.05 vs. Ob-PF). Panels A–D were reproduced with 393 
permission from Kim et al.8. Panels E and F were reproduced with permission from Kim et al.15. 394 
 395 
Figure 5: Energy expenditure analysis in IF-treated wild-type and ob/ob mice. (A) Traces of O2 396 



   

consumption during one cycle of 2:1 IF in wild-type mice (i.e., 1 day fasting followed by 2 days 397 
of feeding). (B) Average of O2 consumption per hour during fasting, feeding, and one cycle of 398 
2:1 IF. Data are expressed as mean ± SEM (HFD-AL: n = 6; and HFD-IF: n = 12); *p < 0.05 vs. HFD-399 
AL. (C) O2 consumption traces of ob/ob mice during one cycle of 2:1 IF. (D) Average of O2 400 
consumption per hour during fasting, feeding, and one cycle of 2:1 IF (Ob-PF: n = 7; Ob-IF: n = 401 
6); *p < 0.05 vs. Ob-PF. Panel B was reproduced with permission from Kim et al.8. Panels C and 402 
D were reproduced with permission from Kim et al.15. 403 
 404 
DISCUSSION:  405 
 406 
It has been well-documented that IF provides beneficial health effects on various diseases in 407 
both humans and animals8,15-19. Its underlying mechanisms, such as autophagy and gut 408 
microbiome, have recently been elucidated. The presented protocol describes an isocaloric 2:1 409 
IF regimen in mice for investigating calorie-independent metabolic benefits of IF against diet-410 
induced obesity and associated metabolic dysfunction. Unlike the alternate day fasting (1:1 IF) 411 
protocol that results in a reduction in overall caloric intake6,7, providing 1 more day of refeeding 412 
in the 2:1 IF regimen enables maintenance of an isocaloric condition in wild-type mice.  413 
 414 
Additionally, compared to 1:1 IF, the 2:1 IF regimen may reduce possible fasting-mediated 415 
stress or torpor in mice20 and is also comparable to a popular dietary method, the 5:2 diet2. 416 
Although its effects have not been tested, the regimen can be modified by providing additional 417 
days of refeeding (e.g., 3:1 or 4:1 IF). Moreover, this protocol presented can be easily adjusted 418 
to an hourly-scale called time-restricted feeding (TRF), in which access to food is limited to 8 h 419 
per day during the active phase21, which is known to achieve an isocaloric diet regimen and 420 
provide metabolic benefits against HFD -induced obesity and diabetes19,21,22.  421 
 422 
As shown in the feeding analysis (Figure 1B), hyperphagic behavior immediately after 24 h of 423 
fasting decreases gradually in wild-type mice, which enables isocaloric IF. However, this 424 
isocaloric condition cannot be attained in ob/ob mice, as they lack leptin signaling-mediated 425 
satiety and energy metabolism, leading to a continuous hyperphagic phenotype23,24. Therefore, 426 
before performing an IF experiment, it is recommended to examine feeding behavior of the 427 
mouse model of interest. To examine the effects of IF using a hyperphagic mouse model (e.g., 428 
ob/ob, db/db, Sim1+/-, MC4R-/-)24-26, as described in this protocol, employment of a pair-feeding 429 
group as an isocaloric experimental control is important for making proper comparisons. It also 430 
requires careful planning when testing a mouse model with a hypophagic phenotype (e.g., 431 
melanin-containing hormone KO mice)27.   432 
 433 
An important factor to consider for IF studies is housing temperature, which affects various 434 
physiological and behavioral parameters in mice. Particularly, cold exposure (4–6 °C) 435 
significantly increases energy intake to maintain core body temperature28. In contrast, in 436 
thermoneutral conditions (30 °C) under which heat gain is balanced by heat loss, reductions in 437 
food consumption is markedly reduced8. With respect to metabolic outcomes, cold exposure 438 
induces adipose thermogenesis, which is hampered by thermoneutral condition.  Therefore, it 439 
is expected that housing temperature influences the metabolic phenotypes of IF and 440 



   

appropriate feeding:fasting ratio to achieve isocaloric IF.  441 
 442 
Indeed, it has been previously demonstrated that isocaloric 2:1 IF can be achieved in 443 
thermoneutral conditions, leading to improved metabolic health in diet-induced obesity and 444 
metabolic dysfunction without differences in food intake between IF and AL groups8. However, 445 
isocaloric IF may not be achievable with 2:1 ratio at cold temperatures because mice under cold 446 
exposure will show a hyperphagic phenotype, which leads to underfeeding in the IF group. 447 
Since cold exposure and IF display comparable metabolic outcomes and mechanisms (i.e., 448 
adipose thermogenesis and improved glucose homeostasis) that help fight obesity, there is 449 
interest in combining these two interventions to maximize metabolic impact. Therefore, to 450 
properly test this, performing the feeding analysis before running an IF experiment and utilizing 451 
a pair-feeding control group under cold exposure are recommended.  452 
 453 
Other factors that may potentially affect the outcomes of IF studies include housing density. 454 
Similar to the previous study, which showed reduced food consumption in more densely 455 
housed mice29, mice from a cage of five consumed significantly less food than those from a cage 456 
of two (unpublished results). In addition, it has been demonstrated that housing density 457 
significantly affects ambient temperature, as the temperature inside cages that house five mice 458 
is 1–2 °C higher than the ambient temperature30. Although this study concluded that housing 459 
density did not significantly affect food intake (examined for 5 weeks), in an IF study lasting 12–460 
16 weeks, temperature inside the cage affected by housing density may still influence food 461 
intake and energy metabolism. Together, it is important to keep the same number of mice 462 
housed in a cage and minimize changing the number per cage over the course of a study. 463 
 464 
In summary, this report shows a simple and reproducible protocol for testing isocaloric 2:1 IF in 465 
mice. Although the current study is focused on metabolic benefits of IF in diet-induced obesity 466 
and metabolic dysfunction, it can be easily adapted to investigate the protective and 467 
therapeutic effects of isocaloric IF against other conditions, such as cardiovascular and 468 
neurological diseases.  469 
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States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 



ARTICLE AND VIDEO LICENSE AGREEMENT 
 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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We thank the editor and two reviewers for the helpful comments to improve our 
manuscript. As described in the detailed point-by-point rebuttal below, we have carefully 
addressed all the concerns and suggestions raised by the reviewers in the revised 
manuscript. 
 
We wish that you and the reviewers would be satisfied with our revision. Should you 
need additional information, please let us know.  
 
Thank you again for your kind consideration of our manuscript. 
 
Sincerely, 
 
 
Kyoung-Han Kim and Hoon-Ki Sung 
 
 
  
Editorial comments: 
General: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. 
 
Thank you. We carefully went through the manuscript for grammatical and spelling errors during 
this revision.  
 
 
2. Please ensure that the manuscript is formatted according to JoVE guidelines–letter (8.5” x 11”) 
page size, 1-inch margins, 12 pt Calibri font throughout, all text aligned to the left margin, single 
spacing within paragraphs, and spaces between all paragraphs and protocol steps/substeps. 
 
Thank you. We have formatted our revised manuscript based on the JoVE guidelines.  
 
 
3. Please revise lines 223-230 and 237-241 to avoid overlap with previous publications. 
 
Thank you for the comment and sorry the overlapping issue with our previous work. To address 
this, we have re-written the indicated lines to avoid the overlapping as follows:  
 
PREVIOUS VERSION (lines 223-230 of the original manuscript): Body composition analysis 
revealed that IF specifically reduced fat mass without changes in lean mass in wild-type mice 
(Figure 3C). We speculated that the lower body weight of IF animals might be attributed to the 
slight decrease in accumulated energy intake over 16 weeks of the IF program. However, IF 
experiment with the pair-feeding regimen revealed that IF-mediated decrease in body weight is 
not attributed to an energy intake difference (Figure 3D-E). Unlike wild-type animals, ob/ob 
mice subjected to IF exhibited lower body weight than Ob-AL mice (Figure 3G). This is due to 
hyperphagic behaviors of ob/ob mice, leading to mild (21%) increase in total food intake in AL 
mice, compared to IF-treated animals (Figure 3H). 
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à REVISED VERSION (lines 317-325 of the revised manuscript): Body composition analysis 
revealed that IF specifically reduced fat mass without changes in lean mass in wild-type mice 
(Figure 3C). It is possible that a slightly, albeit not significantly, lower accumulated energy 
intake over 16 weeks of the IF program could result in reduced body weight gain of IF animals. 
However, IF experiment with the pair-feeding regimen confirmed that the decreased body 
weight gain by IF was not due to altered energy intake (Figure 3D-E). Unlike wild-type animals, 
body weight of ob/ob mice subjected to IF (Ob-IF) was lower than that of Ob-AL mice (Figure 
3G). This is due to hyperphagia (excessive eating) of ob/ob mice, leading to mildly higher (21%) 
food intake in AL mice, compared to IF-treated animals (Figure 3H). 
 
 
PREVIOUS VERSION (lines 237-241 of the original manuscript): As shown in Figure 4A-D, 
HFD-IF mice showed improved glucose homeostasis with smaller glucose excursion in GTT, 
increased insulin sensitivity in ITT, compared to HFD-AL or HFD-PF mice.  
 
à REVISED VERSION (lines 331-335 of the revised manuscript): As shown in Figure 4A-D, 
HFD-IF mice exhibited a significant improvement in glucose homeostasis. GTT showed that 
blood glucose is more rapidly cleared in IF-treated mice, while ITT revealed higher insulin 
sensitivity in HFD-IF mice, compared to HFD-AL or HFD-PF mice.  
 
 
4. JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (™), registered symbols (®), and company names before an instrument or reagent. Please 
limit the use of commercial language from your manuscript and use generic terms instead. All 
commercial products should be sufficiently referenced in the Table of Materials and Reagents. 
For example: Harlan, Research Diets, Echo-MRI 
 
Thank you. We have removed commercial language, including Harlan and Research Diets and 
replaced them with generic terms.  
 
 
Protocol: 
1. For each protocol step, please ensure you answer the “how” question, i.e., how is the step 
performed? Alternatively, add references to published material specifying how to perform the 
protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per step, 
please split into separate steps or substeps. 
 
Thank you for the comment. We have revised our manuscript to address this comment.  
 
 
Figures: 
1. Please upload each Figure individually to your Editorial Manager account as a .png, .tiff, or .pdf 
file (4 in total). Please remove ‘Figure 1’ etc. from the figures themselves. 
 
We have made individual PDF files for each figure. ‘Figure X ’ labelling of each figure has been 
removed.  
 
 
2. Figure 1: Please define the error bars. Also, please use ‘day 1/2/3’ instead of ‘day1/2/3’ (include a 
space). 
 



Thank you for the comments. The definition of the error bars for Figure 1 has been added and 
the X-axis title, Day 1/2/3, has been modified.  
 
 
References: 
1. Please do not abbreviate journal titles. 
 
We have revised references with non-abbreviated journal titles.  
 
 
Table of Materials: 
1. Please ensure the Table of Materials has information on all materials and equipment used, 
especially those mentioned in the Protocol. 
 
Thank you. We have added all materials and equipment used in the protocol to the Tagble of 
Materials.  
 
 
Reviewers' comments: 
Reviewer #1: 
 
Manuscript Summary: 
This manuscript provides a valuable perspective on the appropriate methodology to apply to 
intermittent fasting as a nutritional intervention, particularly to ensure that the fasting effects can be 
isolated from additionally inadvertently underfeeding. The authors provide evidence describing the 
importance of applying a 2-day feeding to 1-day fasting interval, relative to a 1-day feeding:1-day 
fasting, to ensure that the protocol provides sufficient energy in the refeeding period to compensate 
for the energy deficit accrued in the fasting day. The authors also provide evidence for the 
application of pair-feeding in particular animal models or experimental approaches expected to alter 
feeding behavior. The authors provide a comprehensive description of the 2-day feeding:1-day 
fasting isocaloric intermittent fasting feeding regimen, the application of a Pair-feeding control group 
within this context, a description of the body composition analysis and description of the glucose and 
insulin tolerance tests and provide data representing the application of these feeding approaches. 
 
Major Concerns: 
This manuscript nicely describes the application of the intermittent fasting feeding regimen on body 
composition and glucose homeostasis and ensuring that energy intake is carefully matched. 
However, energy balance and therefore body composition depends not only on energy intake but 
also energy expenditure. While the described protocol very nicely controls for the energy intake, it 
would be worth providing representative data on how such an intervention can alter energy 
expenditure to provide readers further perspective on the phenotype that might be manifested under 
this type of regimen and its influence on energy balance. For example, the HFD-IF show a reduced 
increase in body weight relative to their HFD-PF, clearly showing that the fasting itself is eliciting an 
effect on body weight. Since energy intake is matched, presumably this difference in body weight 
gain is due to an increase in whole-body energy expenditure in the HFD-IF. In contrast, the Ob-PF 
show no difference in body weight relative to the Ob-IF, yet oxygen consumption is lower only in the 
fasted state in the Ob-IF (2nd attached manuscript). These are very interesting findings resulting 
from the fasting itself. 
 
We thank the reviewer for the positive comments and in particular, very constructive 
suggestions about energy expenditure data.  



 
We cannot agree more that one of main mechanisms of IF-mediated metabolic benefits is 
adipose thermogenesis thereby increasing energy expenditure without affecting food intake. 
Particularly, we have previously shown that energy expenditure was increased during refeeding 
period after fasting and it is largely mediated by adipose thermogenesis, including browning of 
white adipose tissue and activation of brown adipose tissue [Kim et al, Cell Res, 2017]. On the 
other hand, in our follow-up study, we have demonstrated that this elevated energy expenditure 
with increased adipose browning was not evident in IF-treated ob/ob mice, suggesting that the 
effect of IF on energy expenditure can be changed in different types of obesity [Kim et al., Sci 
Rep, 2019]. As the reviewer commented, data above would presumably explain why wild-type 
mice subjected to IF exhibited the reduced body weight gain without a difference in food intake, 
compared to AL mice. However, we respectively disagree that the body weight reduction effect 
by IF is mediated by IF because we have shown that adipose-specific VEGF KO (Ad-VEGF-KO) 
mice, which exhibited impaired IF-induced adipose thermogenesis, still showed reduced body 
weight gain compared to AL-treated Ad-VEGF-KO mice. This suggests the absence of effect in 
body weight gain observed in IF-treated ob/ob mice is not simply due to inhibited 
thermogenesis, but likely caused by lack of leptin’s metabolic functions. Nevertheless, we agree 
with the reviewer that the addition of energy expenditure data is beneficial to potential readers 
who would use this protocol.  
 
To address the Reviewer’s comment, thus, we have added new representative results of energy 
expenditure in IF-treated wild-type and ob/ob mice as Figure 5, and have demonstrated that as 
follows: 
 
(lines 343-354 of the revised manuscript) 
One of the metabolic effects of IF in wild-type mice is higher total O2 consumption, used to 
estimate the energy expenditure (Figure 5A-B). This elevation in O2 consumption was found 
only during feeding period in IF mice, but not fasting period, compared to AL mice. The 
increased energy expenditure was largely mediated by adipose thermogenesis, such as 
browning of white adipose tissues and activation of brown adipose tissue (data not shown)8,16. 
IF-mediated adipose thermogenesis would presumably explain how wild-type mice subjected to 
IF exhibited the reduced body weight gain with no difference in food intake, compared to AL 
mice. On the other hand, IF failed to increase O2 consumption in ob/ob mice (Figure 5C-D), and 
even led to a reduction in energy expenditure during fasting period. Consistently, IF-induced 
adipose thermogenesis was completely abolished in ob/ob mice (data not shown). These data 
suggest a possible limitation of IF as it may work differently for individuals with different genetic 
and environmental backgrounds.  
 
Minor Concerns: 
The Discussion describes two topics that are not particularly discussed in the Introduction or 
addressed in the Methods (housing density and temperature). I wonder whether it is worth 
describing how housing temperature can influence the phenotype and/or the fasting:feeding ratio - is 
it worth having more refeeding days if exposed to a colder environment? Can you run such a 
protocol in a cold environment? If so, how cold? Some animals struggle to survive in the cold when 
fasted for a prolonged period. This might be worth discussing as many groups are interested in 
combining these two metabolic stimuli. 
 
We appreciate the reviewer’s suggestion on housing temperature. It is indeed one of the most 
influential factors that largely affects feeding behaviour. For example, cold exposure around 4-
6°C significantly increases energy intake to maintain core body temperature, whereas 
thermoneutral condition (30°C), where heat gain is balanced by heat loss, results in marked 



reductions in food consumption. To address the reviewer’s suggestion and questions, we have 
added a new paragraph in the Discussion as shown below. In particular, we discussed about a 
current interest in combining two interventions, IF and cold exposure, to maximize the metabolic 
benefits. We are hoping this revision improves the quality of our manuscript. We deeply thank 
the reviewer again for the supports.  
 
(lines 471-488 of the revised manuscript) 
An important factor to be considered for IF studies is housing temperature, which affects various 
physiological and behavioral parameters in mice. Particularly, cold exposure (4-6°C) 
significantly increases energy intake to maintain core body temperature28, whereas under 
thermoneutral condition (30°C), where heat gain is balanced by heat loss, reductions in food 
consumption is markedly reduced8. With respect to metabolic outcomes, cold exposure induces 
adipose thermogenesis, which is hampered by thermoneutral condition.  Therefore, it is 
expected that housing temperature would influence the metabolic phenotype of IF and the 
appropriate feeding-fasting ratio to achieve isocaloric IF. Indeed, we have previously 
demonstrated that isocaloric 2:1 IF can be achieved in thermoneutral condition, leading to 
improved metabolic health against diet-induced obesity and metabolic dysfunction without a 
differences in food intake between IF and AL groups8. However, isocaloric IF might not be 
achievable with 2:1 ratio at cold temperature because mice under cold exposure would show a 
hyperphagic phenotype, which would lead to underfeeding in the IF group. Since cold exposure 
and IF display comparable metabolic outcomes and mechanisms, such as adipose 
thermogenesis and improved glucose homeostasis, against obesity, there are interests in 
combining these two interventions to maximize the metabolic impacts. To properly test this, 
therefore, performing the feeding analysis before running IF experiment and utilizing a pair-
feeding control group under cold exposure are recommended.  
 
 
Reviewer #2: 
 
Manuscript Summary: 
This metods article describes protocols for isocaloric 2:1 intermittent fasting (IF) and pair-feeding 
that would be useful for studies investigating the effects of IF on other disease conditions. Overall, it 
is well summarized methods article on the IF using a mouse model and I have a minor point: 
 
Minor Concerns: 
- Introduction (the 2nd paragraph): It is recommended that the explanations on Figures 1A and 1B 
need to be more specifically described. It is not clear that the sentence in lines 64-65 is related with 
Figure 1C or 1A/1B. 
 
We thank the reviewer for the positive comments. We also apologize if you felt that the 
paragraph in the Introduction was confusing. Our purpose was providing a brief introduction 
about 2:1 intermittent fasting (IF), compared to alternate day fasting, rather than specific 
description, since we provide the detail descriptions on results shown in Figure 1A-C in the 
sections of the REPRESENTATIVE RESULTS and FIGURE LEGENDS. To minimize a possible 
confusion, we have removed the indication to Figure 1 and we believe that in that way readers 
can easily find the detailed description below. We hope this change makes the revised 
manuscript improved and we thank the reviewer again for the support and comments.  
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Intermittent fasting promotes adipose thermogenesis and 
metabolic homeostasis via VEGF-mediated alternative 
activation of macrophage
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Intermittent fasting (IF), a periodic energy restriction, has been shown to provide health benefits equivalent to 
prolonged fasting or caloric restriction. However, our understanding of the underlying mechanisms of IF-mediated 
metabolic benefits is limited. Here we show that isocaloric IF improves metabolic homeostasis against diet-induced 
obesity and metabolic dysfunction primarily through adipose thermogenesis in mice. IF-induced metabolic benefits 
require fasting-mediated increases of vascular endothelial growth factor (VEGF) expression in white adipose tissue 
(WAT). Furthermore, periodic adipose-VEGF overexpression could recapitulate the metabolic improvement of IF 
in non-fasted animals. Importantly, fasting and adipose-VEGF induce alternative activation of adipose macrophage, 
which is critical for thermogenesis. Human adipose gene analysis further revealed a positive correlation of adipose 
VEGF-M2 macrophage-WAT browning axis. The present study uncovers the molecular mechanism of IF-mediated 
metabolic benefit and suggests that isocaloric IF can be a preventive and therapeutic approach against obesity and 
metabolic disorders.
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Introduction While fat (white adipose tissue, WAT) is often associ-
ated with development of obesity and type 2 diabetes, it 
is essential for energy homeostasis by storing excess en-
ergy and releasing lipids in response to energy deficits [1, 
2]. Recent studies have discovered that WAT also con-
tributes to whole-body metabolism by regulating thermo-
genic activity via the browning of WAT, which increases 
energy expenditure and improves insulin sensitivity [3]. 
In this regard, WAT browning has been suggested as a 
therapeutic approach for obesity and metabolic diseases. 
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Thermogenesis-independent 
metabolic benefits conferred by 
isocaloric intermittent fasting in 
ob/ob mice
Yun Hye Kim1, Ju Hee Lee   1,2, Joanna Lan-Hing Yeung1, Eashita Das1,3, Ri Youn Kim4,5, 
Yanqing Jiang1, Joon Ho Moon1, Hyerin Jeong1, Nikita Thakkar1, Joe Eun Son6, 
Natasha Trzaskalski4,7, Chi-chung Hui6,8, Kyung-Oh Doh9, Erin E. Mulvihill4,7, Jae-
Ryong Kim10, Kyoung-Han Kim4,5 & Hoon-Ki Sung1,2,11

Intermittent fasting (IF) is an effective dietary intervention to counteract obesity-associated metabolic 
abnormalities. Previously, we and others have highlighted white adipose tissue (WAT) browning as 
the main underlying mechanism of IF-mediated metabolic benefits. However, whether IF retains its 
efficacy in different models, such as genetically obese/diabetic animals, is unknown. Here, leptin-
deficient ob/ob mice were subjected to 16 weeks of isocaloric IF, and comprehensive metabolic 
phenotyping was conducted to assess the metabolic effects of IF. Unlike our previous study, isocaloric 
IF-subjected ob/ob animals failed to exhibit reduced body weight gain, lower fat mass, or decreased 
liver lipid accumulation. Moreover, isocaloric IF did not result in increased thermogenesis nor induce 
WAT browning in ob/ob mice. These findings indicate that isocaloric IF may not be an effective approach 
for regulating body weight in ob/ob animals, posing the possible limitations of IF to treat obesity. 
However, despite the lack of improvement in insulin sensitivity, isocaloric IF-subjected ob/ob animals 
displayed improved glucose tolerance as well as higher postprandial insulin level, with elevated 
incretin expression, suggesting that isocaloric IF is effective in improving nutrient-stimulated insulin 
secretion. Together, this study uncovers the insulinotropic effect of isocaloric IF, independent of adipose 
thermogenesis, which is potentially complementary for the treatment of type 2 diabetes.

Over the past few decades, the prevalence of obesity has dramatically increased across all genders and age groups, 
reaching a global epidemic level. As obesity is strongly associated with the development of other chronic health 
conditions, such as type 2 diabetes, hypertension, and non-alcoholic fatty liver disease (NAFLD), development 
of feasible and practical treatments to counteract obesity is urgently needed. A number of factors contribute to 
obesity, including genetic determinants, environmental and behavioural traits1–3. In particular, polymorphisms in 
various genes regulating appetite and metabolic rate were identified to predispose individuals to obesity.
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