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SUMMARY:
The current article describes a detailed protocol for isocaloric 2:1 intermittent fasting to protect
and treat against obesity and impaired glucose metabolism in wild-type and ob/ob mice.

ABSTRACT:

Intermittent fasting (IF), a dietary intervention involving periodic energy restriction, has been
considered to provide numerous benefits and counteract metabolic abnormalities. So far,
different types of IF models with varying durations of fasting and feeding periods have been
documented. However, interpreting the outcomes is challenging, as many of these models
involve multifactorial contributions from both time- and calorie-restriction strategies. For
example, the alternate day fasting model, often used as a rodent IF regimen, can result in
underfeeding, suggesting that health benefits from this intervention are likely mediated via
both caloric restriction and fasting-refeeding cycles. Recently, it has been successfully
demonstrated that 2:1 IF, comprising 1 day of fasting followed by 2 days of feeding, can provide
protection against diet-induced obesity and metabolic improvements without a reduction in
overall caloric intake. Presented here is a protocol of this isocaloric 2:1 IF intervention in mice.
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Also described is a pair-feeding (PF) protocol required to examine a mouse model with altered
eating behaviors, such as hyperphagia. Using the 2:1 IF regimen, it is demonstrated that
isocaloric IF leads to reduced body weight gain, improved glucose homeostasis, and elevated
energy expenditure. Thus, this regimen may be useful to investigate the health impacts of IF on
various disease conditions.

INTRODUCTION:

Modern lifestyle is associated with longer daily food intake time and shorter fasting periods®.
This contributes to the current global obesity epidemic, with metabolic disadvantages seen in
humans. Fasting has been practiced throughout human history, and its diverse health benefits
include prolonged lifespan, reduced oxidative damage, and optimized energy homeostasis®3.
Among several ways to practice fasting, periodic energy deprivation, termed intermittent
fasting (IF), is a popular dietary method that is widely practiced by the general population due
to its easy and simple regimen. Recent studies in preclinical and clinical models have
demonstrated that IF can provide health benefits comparable to prolonged fasting and caloric
restriction, suggesting that IF can be a potential therapeutic strategy for obesity and metabolic
diseases?™>.

IF regimens vary in terms of fasting duration and frequency. Alternate day fasting (i.e., 1 day
feeding/1 day fasting; 1:1 IF) has been the most commonly used IF regimen in rodents to study
its beneficial health impacts on obesity, cardiovascular diseases, neurodegenerative diseases,
etc.23. However, as shown in previous studies®’, and further mechanistically confirmed in our
energy intake analysis®, 1:1 IF results in underfeeding (~80%) due to the lack of sufficient
feeding time to compensate for energy loss. This makes it unclear whether the health benefits
conferred by 1:1 IF are mediated by calorie restriction or modification of eating patterns.
Therefore, a new IF regimen has been developed and is shown here, comprising of a 2 day
feeding/1 day fasting (2:1 IF) pattern, which provides mice with sufficient time to compensate
for food intake (~¥99%) and body weight. These mice are then compared to an ad libitum (AL)
group. This regimen enables examination of the effects of isocaloric IF in the absence of caloric
reduction in wild-type mice.

In contrast, in a mouse model that exhibits altered feeding behavior, AL feeding may not be a
proper control condition to compare and examine the effects of 2:1 IF. For example, since
ob/ob mice (a commonly used genetic obese model) exhibit hyperphagia due to the lack of
leptin regulating appetite and satiety, those with 2:1 IF exhibit ~20% reduced caloric intake
compared to ob/ob mice with AL feeding. Thus, to properly examine and compare the effects of
IF in ob/ob mice, a pair-feeding group as a suitable control needs to be employed.

Overall, a comprehensive protocol is provided to perform isocaloric 2:1 IF, including use of a
pair-feeding control. It is further demonstrated that isocaloric 2:1 IF protects mice from high fat
diet-induced obesity and/or metabolic dysfunction in both wild-type and ob/ob mice. This
protocol can be used to examine the beneficial health impacts of 2:1 IF on various pathological
conditions including neurological disorders, cardiovascular diseases, and cancer.
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PROTOCOL:

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

1. 2:1 isocaloric IF regimen

1.1. For lean and diet-induced obesity mouse models, prepare either a normal diet (17% fat,
ND) or high fat diet (45% fat, HFD).

NOTE: 60% HFD can be used to induce severe diet-induced obesity; yet, due to the softness of
the food pellet, it is relatively difficult to accurately measure daily food intake. An automated

continuous measurement system can improve versatility for multiple types of diets.

1.2. Measure baseline body weight and body composition of each mouse at 7 weeks of age
using a scale and EchoMRI, respectively.

NOTE: Refer to section 3 for body composition measurement.

1.3. Based on body weight and body composition results, randomly and equally divide 7 week-
old male C57BL/6J mice into two groups: ad libitum (AL) and intermittent fasting (IF) groups.

1.4. Place two to three mice per cage and ensure free access to drinking water.

NOTE: The number of mice per cage can affect food intake behavior. It is recommended to
maintain an equal number of mice per cage in all groups during the study.

1.5. Provide 1 week of acclimation to the new cage environment and diet before starting the IF
regimen.

1.6. Fasting period: move mice to a clean cage with fresh bedding at 12:00 PM. Do not add food
for the IF group, while providing a weighed amount of food to the AL group.

NOTE: For each fasting cycle, it is important to change cages for both AL and IF groups to ensure
that both groups are exposed to the same amount of handling time.

1.7. After 24 h, measure the weights of mice in both groups and leftover food in AL cages.
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NOTE: Make sure to include the weight of food crumbs on the food hopper and bottom of the
cage, especially when using HFD, as mice often remove small pellets or fragments of food from
the hopper and keep them near nest sites. The average energy intake per mouse at the end of
each 2:1 cycle (3 days) is around 35 kcal, equivalent to ~10 g for a normal diet (3.3 kcal/g) and
~7 g for HFD (4.73 kcal/g).

1.8. Feeding period: provide a weighed amount of food at 12:00 PM for both AL and IF groups.
1.9. After 48 h of providing the food, measure the weight of leftover food and mice.

1.10. Repeat steps 1.6-1.10 for the duration of the study (e.g., 16 weeks).

2. Pair-feeding (PF) control group

NOTE: For an IF experiment in which altered feeding behavior is observed in a mouse model
(e.g., hyperphagia in ob/ob mice), it is necessary to have a pair-feeding group as a control for

proper calorie-independent comparison to IF.

2.1. For the PF control group, stagger the experiment schedule such that the same amount of
food consumed by IF group is offered to the PF group (Figure 2).

2.2. Measure the amount of food consumed by the IF group over 2 days of refeeding period.

2.3. Divide this amount of consumed food in the IF group evenly into three proportions and
provide it daily to the PF group at 12:00 PM.

NOTE: Providing equal amount of food daily is critical. In the case of mice with hyperphagia, if
the pair-fed mice are provided with an amount of food less than their voluntary consumption at
once, they will likely consume all provided food and become effectively fasted. This may then
prevent proper comparison to IF-treated mice and confound the result.

2.4. Repeat steps 2.1-2.3 for the duration of the study.

3. Body composition analysis

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

3.1. Turn on the body composition analyzer.

NOTE: Before starting the program, leave the machine on for at least 2—3 h to warm up.

3.2. Run a system test on the body composition analyzer to test its measurement accuracy. If
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necessary, calibrate the system using canola oil and water samples.
3.3. Measure the body weight of each mouse.
3.4. Place the mouse in a small animal cylindric holder.

3.5. Place the holder into the body composition analyzer and insert a delimiter to constrain
physical movement of the mouse during the measurement.

3.6. Run the scanning program.
NOTE: It takes approximately 90-120 s to analyze.

3.7. After measurement, remove the holder from the equipment and bring the mouse back to
the cage.

NOTE: A more detailed protocol can be found in a previous publication®.

4. Glucose and insulin tolerance tests

4.1. For glucose tolerance test (GTT), measure body weight and body composition of each
mouse before subjecting to fasting and mark the tail with a permanent marker for easy and
rapid indexing.

4.2. Place mice in new cages without food at 7:00 PM for overnight fasting.

NOTE: Overnight fasting is the standard protocol, yet due to mouse physiology (e.g., increased
glucose utilization after prolonged fasting'®!), shorter fasting (~6 h) can be used as described

for ITT.

4.3. After fasting 14—16 h (9:00 AM in the following morning), measure body weight and body
composition of each mouse and calculate the amount of glucose dosage based on body weight.

NOTE: To avoid overestimation of glucose intolerance in obese mice, lean mass obtained from
the body composition analysis can be used to calculate glucose dosage!?13,

4.4, For each mouse, cut the tip of the tail (0.5—-1.0 mm) using clean surgical scissors. After
wiping off the first drop of blood, draw a fresh drop of blood from the tail and measure baseline
fasting blood glucose level with the glucometer.

4.5. Subject mice to an intraperitoneal injection of glucose (1 mg/g of body weight).

NOTE: Based on the objective of an experiment (e.g., examining incretin effects), oral
administration of glucose can be performed by oral gavage. The protocol for oral GTT (OGTT)



221  can be found in another study!#.

222

223 4.6. Measure blood glucose from the tail at 0, 5, 15, 30, 60, and 120 min post-glucose injection.
224

225  4.7. After finishing the GTT, provide a sufficient amount of food.

226

227  4.8. For the insulin tolerance test (ITT), remove food at 9:00 AM.

228

229  NOTE: Since both GTT and ITT are stress-inducing experiences for mice that can elevate blood
230 glucose levels and change physiology, it is recommended to perform ITT after providing at least
231  2-3 days of recovery after GTT experiment.

232

233 4.9. After fasting for 6 h (3:00 PM), measure baseline blood glucose from the tail as described in
234  step4.4.

235

236  4.10. Subject mice to i.p. injection of insulin (0.65 mU/g of body weight).

237

238  4.11. Measure blood glucose from the tail at 0, 15, 30, 60, 90, and 120 min post-insulin
239  injection.

240

241  4.12. After finishing ITT, provide a sufficient amount of food.
242

243 5. Indirect calorimetry

244

245  NOTE: Energy metabolism of IF-treated mice can be further evaluated through indirect

246  calorimetry over a single cycle of IF. This will measure oxygen consumption (VO2), carbon
247  dioxide production (VCO3), respiratory exchange ratio (RER), and heat (kcal/h).

248

249  5.1. Turn on the power of the indirect calorimeter system at least 2 h before running the
250 experiment.

251

252  NOTE: This system warm-up is important for accurate measurement.

253

254  5.2. Prepare cages with clean bedding, fill water bottles, and add the pre-weighed amount of
255  chow to the food hoppers.

256

257  5.3. Check the condition of the Drierite and lime soda. If a color indicator of the Drierite
258  appears pink, which indicates that the Drierite has absorbed a high amount of moisture, it is
259  necessary to replace or top with fresh Drierite.

260

261  5.4. Calibrate the system using a gas with the specific composition (0.5% CO2, 20.5% O,).
262

263  5.5. Measure body weight and body composition of each mouse, which will be used to

264  normalize VO; and VCO; data.
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5.6. Gently place one mouse per cage.

5.7. Assemble metabolic cages, place them in the temperature-controlled environment
chamber, and connect to gas lines and activity sensor cable.

5.8. After setting up the experiment profile by adding appropriate experimental parameters
using the software, run the program for measurement. The purpose of the first day’s
measurement is to provide a period of acclimatization and measure a baseline energy
metabolism.

5.9. At 12:00 PM the following day, subject mice to 24 h of fasting by removing food and
crumbs from the hopper and bottom of the cage. If necessary, replace with clean bedding.

5.10. After 24 h, add the pre-weighed amount of chow to the food hopper for the refeeding
period.

5.11. Continue to measure for the next 48 h. Check regularly whether the system is running
without hardware or software interruption.

5.12. After completing measurement, terminate the program and bring mice back to their
original cages. Measure the amount of leftover food to examine food intake.

5.13. The detailed protocol for indirectly calorimetry can be found in a previous study?.
REPRESENTATIVE RESULTS:

Figure 1 shows the feeding analyses after 24 h fasting and the comparison between 1:1 and 2:1
intermittent fasting. A 24 h fasting period resulted in a ~¥10% reduction in body weight, which
was fully recovered after 2 days of refeeding (Figure 1A). A 24 h fasting period induced
hyperphagia during the subsequent 2 days of refeeding (Figure 1B). Nevertheless, the
comparison of energy intake between 1:1 alternative day fasting and 2:1 intermittent fasting
revealed that the 1 day of the refeeding period in 1:1 IF was not sufficient (~80%) to
compensate for the caloric loss by fasting, compared to the AL condition (Figure 1C). On the
other hand, 99% of energy intake was fully compensated during 2 days of refeeding in 2:1 IF.
This regimen enables examination of the effects of isocaloric IF that are independent of caloric
intake difference.

Figure 2 illustrates a schematic timeline for the isocaloric 2:1 IF and PF regimens. To minimize
the differences in caloric intake, an observation made in alternate day fasting®’, this protocol
established a new IF regimen comprising of 2 day feeding and 1 day fasting periods (2:1 IF)g,
which enabled the examination of the health effects of isocaloric IF in wild-type mice. However,
in ob/ob mice, which exhibited hyperphagic behavior, 2:1 IF-treated ob/ob mice showed a 21%
caloric intake reduction, compared to ob/ob AL mice®. Since this prevents a proper caloric-
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independent comparison, a PF control group that maintained the same caloric intake as IF-
treated ob/ob mice was used. Briefly, the total amount of food consumed during 2 days of
feeding in 2:1 IF mice were divided equally into three daily amounts, then provided to the PF

group.

For a comprehensive overview on the metabolic outcomes of 2:1 IF, we compared the effects
of AL, IF, and PF in body weight, food intake and body composition in wild-type and ob/ob mice
under normal diet (ND) and HFD. Compared to AL, IF treatment led to lower body weight
increase in ND-fed and HFD-fed WT mice without significant differences in food intake (Figure
3A,B). 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).
Therefore, to specifically examine the metabolic effect of IF in a caloric-independent manner, a
pair-feeding control group was employed. However, unlike wild-type mice®, Ob-PF mice were
indistinguishable compared to Ob-IF mice in body weights and body composition® (Figure 3l).
These results suggest that leptin is likely implicated in isocaloric IF-mediated body weight
reduction in mice.

The major metabolic benefit conferred by isocaloric IF is the improved glucose homeostasis. As
shown in Figure 4A,B,C,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.
Unexpectedly, despite the failures in IF-mediated weight reduction, Ob-IF animals exhibited
significantly improved glucose handling with smaller glucose excursions in GTT, compared to
Ob-PF mice (Figure 4E), whereas insulin sensitivity was indistinguishable between Ob-IF and
Ob-PF mice (Figure 4F). This improved glucose homeostasis in Ob-IF mice is likely mediated by
increases in plasma level of glucagon-like peptide-1 (GLP-1) and glucose-stimulated insulin
secretion (data not shown)*®. Overall, by using this 2:1 IF protocol and proper caloric-
independent PF control, we showed the metabolic benefits of isocaloric IF in wild-type and
ob/ob mice.

One of the metabolic effects of IF in wild-type mice is higher total O, consumption, used to
estimate the energy expenditure (Figure 5A,B). This elevation in O, 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)&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 O, consumption in ob/ob mice (Figure 5C-D), and
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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.

FIGURE AND TABLE LEGENDS:

Figure 1: Feeding analyses after 24 h fasting and comparison between 1:1 and 2:1 IF. (A) Daily
body weight changes of mice before and after 24 h fasting (n = 10). (B) Daily energy intake
before and after 24 h fasting (n = 5 cages; 2 mice per cage). (C) Comparison of energy intake
between alternate day fasting (i.e., 1 day feeding/1 day fasting, 1:1 IF) and 2:1 intermittent
fasting (i.e., 2 day feeding/1 day fasting). In the 1:1 IF regime, only ~80% of food intake was
compensated during the subsequent 1 day of refeeding compared to food intake over 2 days of
feeding. On the other hand, 99% of energy intake was achieved when 2 days of refeeding was
given, compared to that over 3 days of feeding. Data are expressed as mean + SEM. This figure
was reproduced with permission from Kim et al.2.

Figure 2: Schematic illustration of the isocaloric 2:1 IF regimen. For PF control, the amount of
food consumed during the 2 days of feeding by IF-treated mice is divided into three equal
portions, which is then provided daily to PF mice during the next cycle. AL = ad libitum; PF =
pair-feeding. Part of this figure was reproduced with permission from Kim et al.2.

Figure 3: Comparison of AL, IF, and PF effects on body weight, food intake, and body
composition between wild-type and ob/ob mice. (A,B,C) Body weight, food intake, and body
composition in AL or IF-treated wild-type mice under normal diet (ND) or high fat diet (HFD)
during 16 weeks of IF regimen. Data are expressed as mean + SEM. (ND-AL: n = 7; ND-IF: n = 8;
HFD-AL: n = 7; and HFD-IF: n = 8); one- or two-way ANOVA with Student-Newman-Keuls post-
hoc analysis; **p < 0.01 vs. HFD-AL. (D,E,F) Body weight, food intake, and body composition in
PF vs. IF mice fed with high fat diet (HFD) during 12 weeks of IF regimen. (PF:n=6and IF: n =
6); two-tailed unpaired Student’s t-test; *p < 0.05 vs. HFD-PF; NS = not significant. (G,H,l) Body
weight, food intake, and body composition in AL, PF, or IF-treated ob/ob mice fed with normal
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 <
0.05; Ob-PF vs. Ob-IF. Panels A—F were reproduced with permission from Kim et al.. Panels G-I
were reproduced with permission from Kim et al.>.

Figure 4: Improved glucose homeostasis by IF in both wild-type and ob/ob mice. (A,B)
Intraperitoneal GTT and ITT in HFD-AL and HFD-IF wild-type mice after 16 weeks of IF regimen.
The inset shows area under curve (AUC); *p < 0.05 vs. HFD-AL. (C,D) GTT and ITT in HFD-PF
compared to HFD-IF wild-type mice after 12 weeks of IF regimen. The inset shows AUC; *p <
0.05 vs. HFD-PF. (E,F) GTT and ITT in Ob-IF compared to Ob-PF mice after 16 weeks of IF
regimen. The inset shows AUC (*p < 0.05 vs. Ob-PF). Panels A—D were reproduced with
permission from Kim et al.8. Panels E and F were reproduced with permission from Kim et al.*.

Figure 5: Energy expenditure analysis in IF-treated wild-type and ob/ob mice. (A) Traces of O3
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consumption during one cycle of 2:1 IF in wild-type mice (i.e., 1 day fasting followed by 2 days
of feeding). (B) Average of O, consumption per hour during fasting, feeding, and one cycle of
2:1IF. Data are expressed as mean + SEM (HFD-AL: n = 6; and HFD-IF: n = 12); *p < 0.05 vs. HFD-
AL. (C) O2 consumption traces of ob/ob mice during one cycle of 2:1 IF. (D) Average of Oz
consumption per hour during fasting, feeding, and one cycle of 2:1 IF (Ob-PF: n=7; Ob-IF: n =
6); *p < 0.05 vs. Ob-PF. Panel B was reproduced with permission from Kim et al.8. Panels C and
D were reproduced with permission from Kim et al.®>.

DISCUSSION:

It has been well-documented that IF provides beneficial health effects on various diseases in
both humans and animals®*>1%, Its underlying mechanisms, such as autophagy and gut
microbiome, have recently been elucidated. The presented protocol describes an isocaloric 2:1
IF regimen in mice for investigating calorie-independent metabolic benefits of IF against diet-
induced obesity and associated metabolic dysfunction. Unlike the alternate day fasting (1:1 IF)
protocol that results in a reduction in overall caloric intake®”, providing 1 more day of refeeding
in the 2:1 IF regimen enables maintenance of an isocaloric condition in wild-type mice.

Additionally, compared to 1:1 IF, the 2:1 IF regimen may reduce possible fasting-mediated
stress or torpor in mice?® and is also comparable to a popular dietary method, the 5:2 diet?.
Although its effects have not been tested, the regimen can be modified by providing additional
days of refeeding (e.g., 3:1 or 4:1 IF). Moreover, this protocol presented can be easily adjusted
to an hourly-scale called time-restricted feeding (TRF), in which access to food is limited to 8 h
per day during the active phase??, which is known to achieve an isocaloric diet regimen and
provide metabolic benefits against HFD -induced obesity and diabetes!®?122,

As shown in the feeding analysis (Figure 1B), hyperphagic behavior immediately after 24 h of
fasting decreases gradually in wild-type mice, which enables isocaloric IF. However, this
isocaloric condition cannot be attained in ob/ob mice, as they lack leptin signaling-mediated
satiety and energy metabolism, leading to a continuous hyperphagic phenotype?324, Therefore,
before performing an IF experiment, it is recommended to examine feeding behavior of the
mouse model of interest. To examine the effects of IF using a hyperphagic mouse model (e.g.,
ob/ob, db/db, Sim1*/-, MC4R')**2¢, as described in this protocol, employment of a pair-feeding
group as an isocaloric experimental control is important for making proper comparisons. It also
requires careful planning when testing a mouse model with a hypophagic phenotype (e.g.,
melanin-containing hormone KO mice)?’.

An important factor to consider 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 temperature?®. In contrast, in
thermoneutral conditions (30 °C) under which heat gain is balanced by heat loss, reductions in
food consumption is markedly reduced?®. With respect to metabolic outcomes, cold exposure
induces adipose thermogenesis, which is hampered by thermoneutral condition. Therefore, it
is expected that housing temperature influences the metabolic phenotypes of IF and
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appropriate feeding:fasting ratio to achieve isocaloric IF.

Indeed, it has been previously demonstrated that isocaloric 2:1 IF can be achieved in
thermoneutral conditions, leading to improved metabolic health in diet-induced obesity and
metabolic dysfunction without differences in food intake between IF and AL groups®. However,
isocaloric IF may not be achievable with 2:1 ratio at cold temperatures because mice under cold
exposure will show a hyperphagic phenotype, which leads to underfeeding in the IF group.
Since cold exposure and IF display comparable metabolic outcomes and mechanisms (i.e.,
adipose thermogenesis and improved glucose homeostasis) that help fight obesity, there is
interest in combining these two interventions to maximize metabolic impact. Therefore, to
properly test this, performing the feeding analysis before running an IF experiment and utilizing
a pair-feeding control group under cold exposure are recommended.

Other factors that may potentially affect the outcomes of IF studies include housing density.
Similar to the previous study, which showed reduced food consumption in more densely
housed mice?®, mice from a cage of five consumed significantly less food than those from a cage
of two (unpublished results). In addition, it has been demonstrated that housing density
significantly affects ambient temperature, as the temperature inside cages that house five mice
is 1-2 °C higher than the ambient temperature3°. Although this study concluded that housing
density did not significantly affect food intake (examined for 5 weeks), in an IF study lasting 12—
16 weeks, temperature inside the cage affected by housing density may still influence food
intake and energy metabolism. Together, it is important to keep the same number of mice
housed in a cage and minimize changing the number per cage over the course of a study.

In summary, this report shows a simple and reproducible protocol for testing isocaloric 2:1 IF in
mice. Although the current study is focused on metabolic benefits of IF in diet-induced obesity
and metabolic dysfunction, it can be easily adapted to investigate the protective and
therapeutic effects of isocaloric IF against other conditions, such as cardiovascular and
neurological diseases.

ACKNOWLEDGMENTS:

K.-H.K was supported by the Heart and Stroke Foundation of Canada Grant-in-Aid (G-18-
0022213), J. P. Bickell Foundation and the University of Ottawa Heart Institute Start-up fund;
H.-K.S. was supported by grants from the Canadian Institutes of Health Research (PJT-162083),
Reuben and Helene Dennis Scholar and Sun Life Financial New Investigator Award for Diabetes
Research from Banting & Best Diabetes Centre (BBDC) and Natural Sciences and Engineering
Research Council (NSERC) of Canada (RGPIN-2016-06610). R.Y.K. was supported by a fellowship
from the University of Ottawa Cardiology Research Endowment Fund. J.H.L. was supported by
the NSERC Doctoral Scholarship and Ontario Graduate Scholarship.

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES:



485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528

10

11

12

13

14

15

16

17

18

19

Gill, S., Panda, S. A Smartphone App Reveals Erratic Diurnal Eating Patterns in Humans
that Can Be Modulated for Health Benefits. Cell Metabolism. 22 (5), 789-798 (2015).
Longo, V. D., Panda, S. Fasting, Circadian Rhythms, and Time-Restricted Feeding in
Healthy Lifespan. Cell Metabolism. 23 (6), 1048-1059 (2016).

Longo, V. D., Mattson, M. P. Fasting: molecular mechanisms and clinical applications.
Cell Metabolism. 19 (2), 181-192 (2014).

Patterson, R. E. et al. Intermittent Fasting and Human Metabolic Health. Journal of the
Academy of Nutrition and Dietetics. 115 (8), 1203-1212 (2015).

Fontana, L., Partridge, L. Promoting health and longevity through diet: from model
organisms to humans. Cell. 161 (1), 106-118 (2015).

Boutant, M. et al. SIRT1 Gain of Function Does Not Mimic or Enhance the Adaptations to
Intermittent Fasting. Cell Reports. 14 (9), 2068-2075 (2016).

Gotthardt, J. D. et al. Intermittent Fasting Promotes Fat Loss With Lean Mass Retention,
Increased Hypothalamic Norepinephrine Content, and Increased Neuropeptide Y Gene
Expression in Diet-Induced Obese Male Mice. Endocrinology. 157 (2), 679-691 (2016).
Kim, K. H. et al. Intermittent fasting promotes adipose thermogenesis and metabolic
homeostasis via VEGF-mediated alternative activation of macrophage. Cell Research. 27
(11), 1309-1326 (2017).

Lancaster, G. |, Henstridge, D. C. Body Composition and Metabolic Caging Analysis in
High Fat Fed Mice. Journal of Visualized Experiments. 10.3791/57280 (135) (2018).
Avyala, J. E. et al. Standard operating procedures for describing and performing
metabolic tests of glucose homeostasis in mice. Disease Models & Mechanisms. 3 (9-10),
525-534 (2010).

Heijboer, A. C. et al. Sixteen h of fasting differentially affects hepatic and muscle insulin
sensitivity in mice. Journal of Lipid Research. 46 (3), 582-588 (2005).

McGuinness, O. P., Ayala, J. E., Laughlin, M. R., Wasserman, D. H. NIH experiment in
centralized mouse phenotyping: the Vanderbilt experience and recommendations for
evaluating glucose homeostasis in the mouse. American Journal of Physiology:
Endocrinology and Metabolism. 297 (4), E849-855 (2009).

Jorgensen, M. S., Tornqvist, K. S., Hvid, H. Calculation of Glucose Dose for
Intraperitoneal Glucose Tolerance Tests in Lean and Obese Mice. Journal of the
American Association for Laboratory Animal Science. 56 (1), 95-97 (2017).

Nagy, C., Einwallner, E. Study of In Vivo Glucose Metabolism in High-fat Diet-fed Mice
Using Oral Glucose Tolerance Test (OGTT) and Insulin Tolerance Test (ITT). Journal of
Visualized Experiments. 10.3791/56672 (131), (2018).

Kim, Y. H. et al. Thermogenesis-independent metabolic benefits conferred by isocaloric
intermittent fasting in ob/ob mice. Scientific Reports. 9 (1), 2479 (2019).

Li, G. et al. Intermittent Fasting Promotes White Adipose Browning and Decreases
Obesity by Shaping the Gut Microbiota. Cell Metabolism. 26 (4), 672-685, e674 (2017).
Mitchell, S. J. et al. Daily Fasting Improves Health and Survival in Male Mice Independent
of Diet Composition and Calories. Cell Metabolism. 29 (1), 221-228, €223 (2019).
Cignarella, F. et al. Intermittent Fasting Confers Protection in CNS Autoimmunity by
Altering the Gut Microbiota. Cell Metabolism. 27 (6), 1222-1235, e1226 (2018).
Martinez-Lopez, N. et al. System-wide Benefits of Intermeal Fasting by Autophagy. Cell



529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562

20

21

22

23

24

25

26

27

28

29

30

Metabolism. 26 (6), 856-871, e855 (2017).

Lo Martire, V. et al. Changes in blood glucose as a function of body temperature in
laboratory mice: implications for daily torpor. American Journal of Physiology:
Endocrinology and Metabolism. 315 (4), E662-E670 (2018).

Chaix, A., Zarrinpar, A., Miu, P., Panda, S. Time-restricted feeding is a preventative and
therapeutic intervention against diverse nutritional challenges. Cell Metabolism. 20 (6),
991-1005 (2014).

Chaix, A., Lin, T., Le, H. D., Chang, M. W., Panda, S. Time-Restricted Feeding Prevents
Obesity and Metabolic Syndrome in Mice Lacking a Circadian Clock. Cell Metabolism. 29
(2), 303-319, €304 (2019).

Wang, B., Chandrasekera, P. C., Pippin, J. J. Leptin- and leptin receptor-deficient rodent
models: relevance for human type 2 diabetes. Current Diabetes Reviews. 10 (2), 131-145
(2014).

Pan, W. W., Myers, M. G., Jr. Leptin and the maintenance of elevated body weight.
Nature Reviews: Neuroscience. 19 (2), 95-105 (2018).

Jackson, D. S., Ramachandrappa, S., Clark, A. J., Chan, L. F. Melanocortin receptor
accessory proteins in adrenal disease and obesity. Frontiers in Neuroscience. 9, 213
(2015).

Tolson, K. P. et al. Postnatal Sim1 deficiency causes hyperphagic obesity and reduced
Mc4r and oxytocin expression. Journal of Neuroscience. 30 (10), 3803-3812 (2010).
Shimada, M., Tritos, N. A., Lowell, B. B., Flier, J. S., Maratos-Flier, E. Mice lacking
melanin-concentrating hormone are hypophagic and lean. Nature. 396 (6712), 670-674
(1998).

Reitman, M. L. Of mice and men - environmental temperature, body temperature, and
treatment of obesity. FEBS Letters. 592 (12), 2098-2107 (2018).

Chvedoff, M., Clarke, M. R., Irisarri, E., Faccini, J. M., Monro, A. M. Effects of housing
conditions on food intake, body weight and spontaneous lesions in mice. A review of the
literature and results of an 18-month study. Food and Cosmetics Toxicology. 18 (5), 517-
522 (1980).

Toth, L. A., Trammell, R. A,, lIsley-Woods, M. Interactions Between Housing Density and
Ambient Temperature in the Cage Environment: Effects on Mouse Physiology and
Behavior. Journal of the American Association for Laboratory Animal Science. 54 (6),
708-717 (2015).



Figure 1 Click here to access/download;Figure;JoVE-IF-Figure

1.pdf
B Energy intake of AL animals
A B M Energy intake of IF animals
105 - Feeding Fasting Feeding o5 100%
g £
< = 20 4 c 80% A
© 100 A Il
2 g s
‘g 2 15 - 5 E 60% -
z 951 £ 23
g S 101 £ 0% -
2 2 i~ >
- [}
g % 5 5 - g 20% -
® &
85 T T T T T T T 1 0 = 0% = \
1 2 3 4 5 6 7 8 N % )
P 5O B B SHE
Day O P SIS
66\0 < &QQ &QQ &QQ» & (}\Q Q;\‘\ &
«@ é@e é@e é@o & @ b\é@


https://www.editorialmanager.com/jove/download.aspx?id=1076880&guid=e0f1480b-d26f-4f01-8529-397ad86d7a21&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1076880&guid=e0f1480b-d26f-4f01-8529-397ad86d7a21&scheme=1

Figure 2

Ad libitum
(AL)

Intermittent fasting
(IF)

Pair-feeding
(PF)

Click here to access/download;Figure;JoVE-IF-Figure

2.pdf

1 2 3 4 5 6 ---106 107 108

n
>

A

Feeding

Fasting Fasting Fasting
.2 3.5 6 ---.107108
< > < > A e 4

Feeding Feeding Feeding

l l l
v v v
A A A
f \ ( AT \

4 6 6 7 8 9 ---109 110 111

N

<

) Feeding S Feeding g Feeding g

L]


https://www.editorialmanager.com/jove/download.aspx?id=1076881&guid=30f4133c-416f-48f1-b432-1fc3aee5e5a7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1076881&guid=30f4133c-416f-48f1-b432-1fc3aee5e5a7&scheme=1

A

9)

Body weight (

O

Body weight (g)

@

Body weight (g)

50 -

N
o
L

30 -
20 A

10 -

ND-AL

ND-IF
—— HFD-AL
—— HFD-IF

0
1

50 -
40 -
30 -
20 -

10 -

0

15 29 43 57 71 85 99
Day

—— HFD-PF

HFD-IF

1 15 29 43 57 71 85
Day

(o)) (o] ~
o o o
1 1 1

N
o

—— Ob-AL
——Ob-PF
——ObdF

1112131415161718191101
Day

Click here to access/download;Figure;JoVE-IF-Figure 3.pdf %

2 50 C %
3 — ND-AL
2 40 1y AR 2 25 4 *k k% T ND-IF
g e, S S 20 4 W HFD-AL
¥ 30 & L L L g g W HFD-IF
o +.— 5000 a 154 |[°
S 20 - ND-AL 83 _ £ y
£ ND-IF 20500 I 8 101 'r'—l
2 10 4 —e—HFD-AL T < 8 54 -
5 —e—HFD-IF PE el
C
w0+ 0
PP R RE S AP PG Fat Lean
Day
= F m HFD-PF
[ - 30 -+
% 60 — HFD-IF
o 2 25 - T
° |f
— ] e —~ ’7"'7 LI g _
;3 40 1, A a -_;’___“'T;ﬁ..._u_ _g 20
;J 2% 5000 5 NS E‘ 151
S 20 - 5 ¢ 4000 {1 = 8 10 -
c @ ;3000 - _T_
= —s—HFD-PF 5 £ 2000 S 5]
2 HFD-IF  FE @
c 0 +rrrrrrrrrrrrrrrTm 0 -
L
DR PP DR A\ Fat Lean
Day Ob-AL
#,%
’ m Ob-PF
2 g0 - I 4. [ aooir
© T Iﬁl
© a *
(V) ~
< 60 S 30 A | le
@ k=
7 T
< 2 y
40 4 a 20 4
2 %= 2500 IS
s —=—Ob-AL  § 82000 )
£ 20 - S = 1500 > ]
<) —= ObdF BE 500 Q
fo) 0 [ = 0 o
C R EEEEEEEEEEEEEEEEREEEEEREEEEERE N O i
L
3 122130394857 66 75 84 93 Fat Lean

Day


https://www.editorialmanager.com/jove/download.aspx?id=1076882&guid=2e502b8b-09d0-4a2f-998c-03647610654a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1076882&guid=2e502b8b-09d0-4a2f-998c-03647610654a&scheme=1

Figure 4

Click here to access/download;Figure;JoVE-IF-Figure

4 .pdf
A 25 —aHFDAL B 120
—8—HFD-IF
=20 A ;\?100
- <
E 15 | % 80 T
< * 3 60 -
2 10 - * g
3] 3000 c 40 -
(T?) 5% S1s00 * * g
<l £
0
O T T T T 0
0 30 60 90 120 0
Time (min)
C 30 - —a—nropr D 120]
~ 25 - HFD-IF 9 100 -
S 20 A g 80 -
£ 8
Es 11 2 60 1
2 . 2
8 10 #% 3000 : £ 401
=] [S) - ; %
O 5 31500]‘ * w20 A
O ? T T 1 O
0 30 60 90 120 0
Time (min)
E 40 - —a—oppr F 1601
_ —=—ObAF < 140 -
= 30 - o 120 4
é 8 100
=20 3 80 -
2 2 60 -
3 3000 =
5 "0 Sl & 407
2 I a * 20 A
0 0I T T 1 0
0 30 60 90 120

Time (min)

1ol
©
o
—s—HFD-AL °
—s—HFD-IF o
30 60 90 120
Time (min)
—=— HFD-PF
HFD-IF
*
*

B xpy

*
., 10000 ] I
=]
<
0
30 60 90 120

Time (min)

—=—Ob-PF

Time (min)


https://www.editorialmanager.com/jove/download.aspx?id=1076883&guid=8bdd563b-60f6-42ff-a5ab-01148b5c365c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1076883&guid=8bdd563b-60f6-42ff-a5ab-01148b5c365c&scheme=1

Figure 5 Click here to access/download;Figure;JoVE-IF-Figure :

5.pdf
A _Fasting period, Feeding period R B LFDAL
< > < > [
4000 4000 1 wHFD4F
c S _ 3000 - x
2 T 3000 ST u
€= €=
=1 1 P -
2 2 § o 2000
8 € 2000 3 £
© —s—HFDAL O ~ 1000 +
—=—HFD4F
1000 T T T T T T 1 0 -
12 24 12 24 12 24 Fast Fed Total
Time (hours)
Cc Fasting period Feeding period D m Ob-PF
3000 - e - 3000 - m Ob-IF
§ ~ S
=L 2000 = "L 2000 - *
g Lt e c
g ‘_'cn g ‘_c)
gx gx
Q Q
S E 1000 - S E 1000 -
o~ o~
—e—Ob-PF
—a—Ob-IF
0 T T T T T 1 O =
12 24 12 24 12 24 Fast Fed Total

Time (hours)


https://www.editorialmanager.com/jove/download.aspx?id=1076884&guid=ec02fd7a-67d7-4793-bf34-98b77764d268&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1076884&guid=ec02fd7a-67d7-4793-bf34-98b77764d268&scheme=1

Table of Materials

Name of Material/ Equipment

Comprehensive Lab Animal
Monitoring System (CLAMS)
D-(+)-Glucose solution
EchoMRI 3-in-1

Glucometer and strips

High Fat Diet (45% Kcal% fat)
High Fat Diet (60% Kcal% fat)
Insulin

Mouse Strain: B6.Cg-Lepob/J

Mouse Strain: C57BL/6)J
Normal chow (17% Kcal% fat)

Scale

Click here to access/download;Table of Materials;JoVE_Materials_Kim et
al_0429_JoVE_20190611.xIsx

Company

Columbus Instruments

Sigma-Aldrich G8769
EchoMRI EchoMRI 3-in-1
Bayer Contour NEXT
Research Diets Inc. #D12451
Research Diets Inc. #D12452

El Lilly Humulin R

The Jackson Laboratory #000632

The Jackson Laboratory #000664
Harlan #2918

Mettler Toledo

Catalog Number

Comments/Description

Indirect calorimeter

For GTT

Body composition analysis
These are for GTT and ITT
experiments

3.3 Kcal/g

4.73 Kcal/g

ForITT

Ob/Ob mouse

Body weight and food
intake measurement

L]


https://www.editorialmanager.com/jove/download.aspx?id=1079945&guid=f91c7ece-49a8-4056-8976-5911bb4a2823&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1079945&guid=f91c7ece-49a8-4056-8976-5911bb4a2823&scheme=1

jove

VISUALIZED F 1.'\ NTS

Click here to access/download;Author License Agreement
(ALA);Author_License_Agreement_Han_20190425.pdf

ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Assessment of the metabolic effects of isocaloric 2:1 intermittent fasting in mice

Author(s):

Ri Youn Kim, Ju Hee Lee, Yena Oh, Hoon-Ki Sung, Kyoung-Han Kim

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

QStandard Access

Item 2: Please select one of the following items:

D Open Access

QThe Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

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


https://www.editorialmanager.com/jove/download.aspx?id=1076905&guid=e19880e2-7d05-45e4-9b73-c8fa409640dd&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1076905&guid=e19880e2-7d05-45e4-9b73-c8fa409640dd&scheme=1

jove

VISUALIZED F 1.'\ NTS

4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
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

ARTICLE AND VIDEO LICENSE AGREEMENT

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 JoOVE 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
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11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
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Rebuttal Letter

Click here to access/download;Rebuttal Letter;20190703 -

Response to reviewers.pdf

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).

L]
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- 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.

- 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 O, consumption, used to
estimate the energy expenditure (Figure 5A-B). This elevation in O, 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)
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 O, 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.

8,16

Minor Concerns:

The Discussion describes two topics that are not particularly discussed in the Introduction or
addressed in the Methods (housing density and temperature). | 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 temperature®, whereas under
thermoneutral condition (30°C), where heat gain is balanced by heat loss, reductions in food
consumption is markedly reduced®. 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 groups®. 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 | 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.

Keywords: intermittent fasting; thermogenesis; vascular endothelial growth factor; adipose macrophage
Cell Research advance online publication 17 October 2017; doi:10.1038/cr.2017.126

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-
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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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SCIENTIFIC REPLIRTS

Thermogenesis-independent
metabolic benefits conferred by
“isocaloric intermittent fasting in
s obJobmice

Published online: 21 Feb 2019 . . . . .
ublistied ontine eoruary Yun Hye Kim?, Ju Hee Lee®?, Joanna Lan-Hing Yeung?, Eashita Das-3, RiYoun Kim*>,

Yanging Jiang?, Joon Ho Moon?, Hyerin Jeong?, Nikita Thakkar?, Joe Eun Son®,
Natasha Trzaskalski*’, Chi-chung Hui®8, Kyung-Oh Doh?®, Erin E. Mulvihill*7, Jae-
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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 traits' . In particular, polymorphisms in
© various genes regulating appetite and metabolic rate were identified to predispose individuals to obesity.
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