Reversal of Diet-Induced Obesity and Diabetes in C57BL/6J Mice
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We have previously shown that C57BL/6J (B6) mice develop severe obesity and diabetes if weaned onto high-fat diets,
whereas A/J mice tend to be obesity and diabetes-resistant. The purpose of this study was to determine if obesity and
diabetes in the B6 mouse could be completely reversed by reducing dietary fat content. After 4 months, both strains consumed
more calories on a high-fat diet than on a low-fat diet, and both strains showed a higher feed efficiency (FE = weight
gained/calories consumed) on the high-fat diet versus the low-fat diet. However, relative to A/J mice, B6 mice demonstrated a
significantly higher FE on the high-fat diet. Hyperglycemia, hyperinsulinemia, and increased adiposity were apparent in B6
mice after 4 months on the high-fat diet regardless of whether the diet was begun at weaning or 4 months later. Correlational
analyses showed that adiposity was strongly related to both insulin and glucose levels in B6 mice, but only moderately related
to insulin levels in A/J mice. In obese B6 mice that were switched to a low-fat diet, obesity and diabetes were completely
reversed. Adiposity, fasting glucose, and fasting insulin values in these mice were equivalent to those in B6 mice of the same
age that had spent 8 months on the low-fat diet. In summary, our data show that in the B6 mouse the severity of diabetes is a

direct function of obesity and diabetes is completely reversible by reducing dietary fat.
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ONSUMPTION OF A DIET high in fat has been associ-
ated both with obesity and with diabetes mellitus (type 2
DM). An increase in dietary fat content has been shown to
produce obesity in various strains of mice' and rats.? In humans,
cross-sectional studies have demonstrated that the proportion of
fat in the diet positively correlates with percent body fat
independent of total energy intake,>> and a longitudinal study
found that increases in the proportion of fat in the diet predicted
subsequent increases in body mass.® In addition to promoting
obesity, high-fat diets have been associated with an increased
risk for developing type 2 DM in epidemiological studies, and
notably this association has been found independent of obe-
sity.” Since obesity has repeatedly been shown to be one of the
strongest risk markers for the development of diabetes,!0-13
high-fat diets may not only directly contribute to diabetes risk,
but may also do so indirectly through their potential to induce
obesity.

One animal model that is particularly susceptible to the
effects of dietary fat is the C57BL/6J (B6) mouse. This animal
will develop severe obesity, hyperglycemia, and hyperinsulin-
emia when weaned onto high-fat diets, but will remain lean and
euglycemic if the fat content of the diet is limited.!*1% As a
model of type 2 DM, B6 mice seem to closely resemble
common forms of the human disease in that they will only
manifest the disease after developing obesity.'* Also, diet-
induced obesity in the B6 mouse is characterized by selective
deposition of fat in the mesentery,'%!7 an observation consistent
with the finding that abdominal obesity is an independent risk
factor for diabetes.!’3 In summary, the B6 mouse represents a
model of type 2 DM in which the disease results from the
interaction between environmental factors and genetic predispo-
sition. 1415

While there is some consensus that high-fat diets contribute
to the development of obesity and diabetes in humans and
animals, it is currently not known whether diabetes can be
reversed by reducing dietary fat. In animals, reversal of obesity
through reduction of dietary fat has been reported,'®2! but there
is also evidence of persistent obesity on a low-fat diet,22-24
particularly in animals with obesity characterized by adipocyte
hyperplasia.?®?* In humans, ad libitum feeding of a low-fat diet
has been shown to produce weight loss,>>?6 which in patients
with type 2 DM has been associated with improvements in
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glycemic control and insulin secretory response.?’?8 Further-
more, low-fat diets acutely produce improvements in glycemic
control in type 2 DM even in the absence of weight loss,?3!
suggesting that obesity need not be reduced in order for a
low-fat diet to be beneficial in diabetes. While there is one
report of weight loss producing a complete remission of
diabetes,?? it is still not clear that the disease is entirely
reversible. We now report that dramatically reducing the
amount of fat in the diet can completely reverse diet-induced
diabetes and obesity in B/6 mice.

MATERIALS AND METHODS
Animals

Seventy A/J and 70 B6 male mice were obtained at the age of 4 weeks
from Jackson Laboratories (Bar Harbor, ME). The mice were housed
five per cage in a temperature-controlled room and maintained on a
12-hour light/dark cycle. All mice were given ad libitum access to water
and to food as described later.

Experimental Design

Ten mice from each strain were bled and killed for baseline
measurements. The remaining animals were divided into the following
four groups: 10 mice from each strain were weaned onto a low-fat diet
and remained on this diet for 8 months (L.8); 10 mice from each strain
were fed a high-fat diet for 8 months (H8); 20 animals from each strain
were fed the low-fat diet for 4 months, at which time 10 mice from each
strain were killed and the remaining 10 mice were switched to the
high-fat diet for 4 months (L4H4); and 20 animals from each strain were
fed the high-fat diet for 4 months, at which time half the mice were
killed and the remaining half were switched to the low-fat diet for 4
months (H4L4). The diets were manufactured by Research Diets (New
Brunswick, NJ) and their composition is listed in Table 1.

The A/J mice that were switched from the high-fat diet to the low-fat
diet would not eat the low-fat diet, preferentially consuming their own
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Table 1. Composition of the Diets
Low-Fat High-Fat
Variable Diet Diet
kcal/g 4,07 5,65
Macronutrients {as % of total calories)
Fat 11% 58%
Carbohydrate 73% 26%
Protein 16% 16%
Ingredients {(g/kg)
Casein 167.0 167.0
pL-Methionine 15 1.5
Maltodextrin 10 124.0 124.0
Corn starch 611.0 0.0
Sucrose 0.0 128.0
Soybean oil 18.3 18.3
Coconut oil, hydrogenated 29.3 244.0
Salt mix 29.3 29.3
Sodium bicarbaonate, 27.4% Na 7.7 7.7
Potassium citrate, 1H,0, 36.2% K 2.9 2.9
Vitamin mix 7.3 7.3
Choline bitartrate 1.5 1.5
Yellow dye FD&C no. 5 0.07 0.00
Blue dye FD&C no. 1 0.00 0.00
Red dye FD&C no. 40 0.00 0.07

Abbreviation: FD&C, Food, Drug and Cosmetic.

feces and the cage bedding to keep from starving, so after 4 weeks, the
low-fat diet was replaced with Purina rodent chow (Purina Mills, St
Louis, MO). Chow is also low in fat, although it contains a greater
percentage of indigestible fiber than the experimental low-fat diet. The
caloric content of chow is 3.30 kcal/g and it derives 4.5% of its calories
from fat and 23% from protein.

Body Weight, Food Intake, and Feed Efficiency

The body weight of each animal was measured weekly throughout
the study. Food intake was assessed by weighing the food in each cage’s
dispenser daily to determine how much had been eaten. Food that
spilled onto the floor of the cage was not measured, but since the diets
were pelleted, spillage was minimal. Food intake was measured on a per
cage basis rather than for each animal, to avoid the stress of individual
housing. Feed efficiency (FE) was calculated as follows: grams of body
weight gain per cage/kilocalories of food consumed per cage.

Fat-Pad Weights

The mice were killed at baseline, at 4 months, and at 8 months for
determining the weight of four fat pads: inguinal (ING), retroperitoneal
(RP), epidydimal (EPI), and mesenteric (MES). The fat pads were
dissected from each animal according to defined anatomic landmarks.
All subcutaneous fat between the lower part of the rib cage and
mid-thigh was considered ING fat, whereas all fat found along the
mesentery starting at the lesser curvature of the stomach and ending at
the sigmoid colon was considered MES fat. The weight of fat pads was
expressed in relative terms (ING%, RP%, EP1%, and MES%) by
dividing the individual fat pad weight (in grams) by eviscerated body
weight (in grams). An adiposity index was calculated as follows:
(IING + RP + EPI + MES fat pad weights in grams]/eviscerated body
weight in grams) X 100.

Fasting Plasma Glucose and Insulin

Blood was obtained from the 4-week-old baseline mice and from all
of the other animals at 4 months and 8 months for glucose and insulin
measurements. Blood was drawn after an 8-hour fast via retroorbital
sinus puncture in nonanesthetized mice. Plasma glucose concentration
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was determined using a Beckman Glucose Analyzer 2 (Palo Alto, CA).
Plasma insulin was measured with a double-antibody radioimmunoas-
say kit based on a rat standard (Linco Research, St Louis, MO).

Data Analysis

For comparisons of the baseline measures of body weight, adiposity,
glucose, and insulin in the 4-week-old mice, unpaired two-tailed ¢ tests
were used. For individual fat pads, adiposity index, glucose, and insulin
measurements, a 2 X 2 X 2 ANOVA (strain X diet X time on diet) was
used to assess differences between the low- and high-fat diets in both
strains at both time points (4 and 8 months) and a 2 X 4 ANOVA with
strain and diet (I8, H8, L4H4, H4L4) as the factors was used to assess
differences at 8 months. Post-hoc Scheffé’s tests were used for means
comparisons. Body weight was assessed at 4 and 8 months with
two-way ANOVAs (strain X diet). The relationship of adiposity index
with glucose and insulin at 8 months was assessed with Pearson’s
correlation coefficients. Cumulative food intake was determined for the
first 4 months of the study and FE was calculated for this period. Both
food intake and FE were assessed with a two-way ANOVA
(strain X diet). Since FE and food intake were measured per cage,
statistics could only be performed on the data from the first 4 months,
since after that point, only two cages per group remained.

RESULTS
Baseline Measures

Baseline measurements are listed in Table 2. A/J mice had
significantly higher fasting plasma glucose (r = 2.836, P = .011)
and adiposity (¢t = 6.472, P = .000004) measures than B6 mice
at the age of 4 weeks.

Body Weight
At 4 Months

Table 2 lists body weights at 4 months. There were significant
main effects for strain (F; ;6 = 112.96, P < .000001) and diet
(F1,116 = 543.93, P <.000001), and a significant interaction
between strain and diet (F 116 = 166.84, P < .000001). Post-
hoc tests showed that both strains were heavier on the high-fat
diet versus the low-fat diet (P << .000001 for both strains). Also,
B6 mice on the high-fat diet were heavier than the A/J mice on
the same diet (P < .000001).

At 8 Months

Body weights after 8 months are shown in Fig 1. There were
significant main effects for strain (Fy 71 = 56.75, P < .000001)

Table 2. Plasma Glucose and Insulin, Adiposity, and Body Weight of
A/J and B6 Mice at Baseline and After 4 Months on the Diets

Plasma Glucose  Plasma Insulin Adiposity Body

Strain {mg/dL) {(uU/mL} Index Weight (g)
Al

Baseline 177 * 4% 30.2 + 5,6 6.9 = 0.4* 18.0 = 0.6*

L4 145 = 3{29) 25.0 + 1.8(29) 9.9 = 0.4* 27.9 + 0.4t

H4 148 + 2t 34.8 = 3.0t 18.6 = 1.1* 33.5 + 0.67
B6

Baseline 156 * 6% 31.1 = 5.7* 4.1+ 0.2* 16.6 + 0.4*

L4 122 = 3t 20.1+4.2(28) 7.4+*0.2% 26.7 0.3

H4 221 * 4t 106.1 = 8.0t 21.2 * 0.7* 46.1 = 0.77

NOTE. Values are means + SEM. Significance levels are shown in
text.
*n = 10, tn = 30; otherwise n is shown in parentheses.
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Fig 1. Body weight in A/J and B6 mice after 8 months on 4 diets.
Values are means = SEM (n = 9 for B6 mice on L4H4 diet; n = 10 for
all other groups). Significance levels are given in the text.

and for diet (F37; = 106.17, P < .000001), and a significant
interaction between strain and diet (F5 7; = 42.09, P < .000001).
Post-hoc tests showed that in A/J mice, the L4H4 group was
heavier than the H4L4 group (P < .04). Within B6 mice, the
two groups ending with the high-fat diet were heavier than the
two groups ending with the low-fat diet (H§ and L4H4 v L8 and
H4L4, P < .000001 for all comparisons). Also in B6 mice, the
group which was on the high-fat diet for 8 months (L8) weighed
more than the group of mice switched from the low-fat diet to
the high-fat diet (L4H4) (P < .002). Between strains, B6 mice
were heavier than A/J mice in both the groups ending with the
high-fat diet (H8, P < .000001; L4H4, P < .00006).

Food Intake
Food intake is shown in Fig 2. There were main effects for
strain (Fyy = 21.67, P <.001) and diet (F;, = 168.08,
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Fig 2. Cumulative food intake in A/J and B6 mice after 4 months
on the low- and high-fat diets. Values are means = SEM (n = 6 cages,
5 animals per cage, for all 4 groups). Significance levels are given in
the text.
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P <.000001), as well as a significant interaction of strain and
diet (Fy 5 = 5.64, P < .03) for cumulative food intake during
the first 4 months of the study. Post-hoc tests showed that both
A/ and B6 strains consumed more kilocalories on the high-fat
diet (P <.00001 and P <<.000001, respectively) than on the
low-fat diet. Also, B6 mice consumed more kilocalories on the
high-fat diet than A/J mice (P < .001).

FE

FE is shown in Fig 3. There were main effects for strain
(Fra0=23.67, P <.0001) and diet (F;y = 309.85,
P <.000001), and a significant interaction between strain and
diet (F 50 = 122.20, P < .000001) for FE. Post-hoc compari-
sons showed that both strains had a higher FE on the high-fat
diet than on the low-fat diet (P < .01 for A/J and P < .000001
for B6). B6 mice had a significantly higher FE on the high-fat
diet than A/J mice (P < .000001) and A/J mice had a higher FE
on the low-fat diet as compared with B6 mice (P < .01).

Regional Fat Distribution

ING Fat Pad

Low- versus high-fat diets. See Table 3. There were main
effects for diet (Fy 7, = 457.47, P < .000001) and time on diet
(F172 = 22.36, P < .0001), as well as significant interactions
between strain and diet (F 7, = 49.25, P < .000001) and strain
by diet by time on diet (Fy 7, = 8.67, P < .005). Within both A/J
and B6 mice, ING% was greater on the high-fat diet versus the
low-fat diet at 4 months (both strains, P <<.000001) and 8
months (A/], P = .0001; B6, P < .000001). In B6 mice, ING%
was greater after 8 months on the high-fat diet as compared with
4 months on the high-fat diet (P = .007). Between strains, AJ
mice had a greater ING% than B6 mice after 8 months on the
low-fat diet (P = .002), while B6 mice had a greater ING% than
A/J mice after 8 months on the high-fat diet (P = .003).

All four diet groups at 8-month end point. See Table 3.
There was a main effect for diet (F5 79 = 151.13, P < .000001)
and an interaction between strain and diet (Fj3;0 = 18.82,
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Fig 3. FE in A/J and B6 mice after 4 months on the low- and
high-fat diets. Values are means + SEM (n = 6 cages, 5 animals per
cage, for all 4 groups). Significance levels are given in the text.
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Table 3. Relative Weight of Four Fat Pads in A/J and B6 Mice After 4
Months and After 8 Months on the Diets

Strain ING (g} RP {g) EPI (g} MES (g)
AlJ
4 months
L4 3.5+0.2 0.9 0.1 3.1+02 2.3 *+0.1
H4 6.9 + 05 1.7 = 0.1 7.0 +0.3 3.0+0.2
8 months
L8 48 0.2 1.4 = 0.1 4.5+ 0.1 2.8 = 0.1
H4l4 3.4 +0.2 1.0 = 0.1 3.4 +0.2 2.3+ 0.1
H8 7.2+05 1.6 = 0.1 5.4 + 0.3 3.4x03
L4H4 69+04 1.8 £ 0.1 6.3+0.2 3.5+0.2
B6
4 months
L4 2.2 +0.1 0.6 = 0.0 2.9+ 0.1 1.7 £ 01
H4 7.3+0.3 1.8 + 0.1 83+ 0.4 3902
8 months
L8 2.7 + 0.1 0.8 = 0.1 3.7+0.2 1.9 = 0.1
H4L4 25+0.2(9) 07=0.1{9) 3.6+0.3(9 13=0.11(9)
H8 9.2 +0.2 2.0 = 0.1 6.8 = 0.3 3.9 £ 0.1

L4H4  7.9x0.3(9) 20x0.1(9) 86*0.3(9 4.1+0.3(9)

NOTE. Relative weight calculated as (fat pad weight in grams/
eviscerated body weight in grams). Values are means = SEM.
Significance levels are shown in text. n = 10 unless indicated
otherwise in parentheses.

P <.000001). In both A/J and B6 mice, both diet groups that
ended with the high-fat diet showed a greater ING% than both
groups that ended with the low-fat diet (A/J: H8 v L8
P =.0002, H8 v H4L4 P < .000001, L4H4 v L8 P = .002,
L4H4 v H4L4 P < .000001; B6: P < .000001 for all compari-
sons). Between strains, A/J mice showed a higher ING% than
B6 mice after 8 months on the low-fat diet (P = .003), while B6
mice had a greater ING% than A/J mice after 8 months on the
high-fat diet (P = .005).

RP Fat Pad

Low- versus high-fat diets. See Table 3. There were main
effects for strain (Fy 7, = 4.33, P < .05), diet (Fy;, = 311.67,
P <.000001), and time on diet (Fy 7, = 18.34, P < .00006), as
well as significant interactions between strain and diet
(F17, = 43.38, P <.000001), diet and time on diet
(F172 = 12.03, P < .001), and strain by diet by time on diet
(F172 = 7.49, P < .008). Post-hoc tests show that in A/J and B6
mice, RP% is greater on the high-fat diet versus the low-fat diet
at 4 months (P < .000001 for both strains) and at 8 months in
B6 mice only (P < .000001). In A/T mice, RP% is higher after 8
months versus 4 months on the low-fat diet (P < .002).
Between strains, A/J mice have a greater RP% than B6 mice
after 8 months on the low-fat diet (P < .0004).

All four diet groups at S8-month end point. See Table 3.
There was a main effect for diet (F3;, = 97.35, P < .000001)
and an interaction between strain and diet (Fsy = 16.5,
P <.000001). In A/J mice, the group that switched from the
high to the low-fat diet (H4L4) had a smaller RP% than all three
of the other diet groups (H4L4 v L8, P < .04; H4L4 v HS,
P <.00004; HAL4 v L4H4, P < .000001). Also in A/J mice, the
L4H4 group had a larger RP% than the L8 group (P < .05). In
B6 mice, both diet groups ending with the high-fat diet showed
a greater RP% compared with both diet groups ending with the
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low-fat diet (P << .000001 for all comparisons). Between strains,
A/J mice had a greater RP% than B6 mice after 8 months on the
low-fat diet (P < .001).

EPI Fat Pad

Low- versus high-fat diets. See Table 3. There were main
effects for strain (F; 7, = 4.20, P < .05) and diet (F, 5, = 318.72,
P <.000001), as well as significant interactions between strain
and diet (F; 7, = 25.03, P < .00001) and between diet and time
on diet (Fy 7, = 49.22, P < .000001). In both A/J and B6 mice,
EPI% was greater on the high-fat diet versus the low-fat diet at 4
months (P < .000001 for both strains) and at 8 months in B6
mice only (P < .000001). Also, both A/J and B6 mice showed a
smaller EPI% after 8 months on the high-fat diet versus after 4
months on the high-fat diet (A/J, P < .03; B6, P < .05).

All four diet groups at 8-month end point. See Table 3.
There were main effects for strain (F; 70 = 17.73, P < .00008)
and diet (F5 7 = 108.74, P < .000001), and a significant inter-
action between strain and diet (F3 75 = 16.06, P << .000001). In
A/] mice, the group on the low-fat diet for 8 months had a
higher EP1% compared with the H4L4 group (P < .0002),
while the L4AH4 group had a higher EPI1% versus both the L8
group (P < .002) and the H4L4 group (P < .000001). In B6
mice, both groups ending with the high-fat diet showed a higher
EPI% versus both groups ending with the low-fat diet
(P <.000001 for all comparisons). Between strains, B6 mice
showed a greater EPI% than A/J mice in both the groups ending
with the high-fat diet (HS, P < .04; L4H4, P < .00002).

MES Fat Pad

Low- versus high-fat diets. See Table 3. There were main
effects for diet (Fy 5, = 116.26, P < .000001) and time on diet
(Fr72 =545, P<.03), as well as a significant interaction
between strain and diet (Fy 7, = 37.60, P < .000001). Within
B6 mice, MES% was greater on the high-fat diet versus the
low-fat diet at 4 and 8 months (both comparisons, P < .000001).
Across strains, A/J mice had a larger MES% than B6 mice after
8 months on the low-fat diet (P < .05).

All four diet groups at 8-month end point. See Table 3.
There was a main effect for diet (F3 7 = 46.96, P < .000001)
and an interaction between strain and diet (F3, = 9.52,
P < .00003). Within A/J mice, the L4H4 group had a higher
MES% versus the H4L4 group (P < .02). In B6 mice, both
groups ending with the high-fat diet showed a greater MES%
than both groups ending with the low-fat diet (P < .000001 for
all comparisons).

Adiposity Index
Low- Versus High-Fat Diets

There were main effects for diet (F, 7, = 478.39, P < .000001)
and time on diet (Fy 7, = 7.82, P < .007), as well as significant
interactions between strain and diet (Fy,, = 58.08,
P <.000001), diet and time on diet (F17, = 9.79, P < .003),
and strain by diet by time on diet (Fy7, = 4.13, P <.05). In
both strains, after 4 months, adiposity was greater on the
high-fat diet versus the low-fat diet (A/J, P < .000001; B6,
P < .000001; Table 2), demonstrating the development of
obesity. Adiposity in both strains was also higher on the high-fat
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diet versus the low-fat diet at 8 months (A/J, P < .009; B6,
P <.000001), although it was not significantly different from
adiposity after 4 months on the high-fat diet for either strain.
Between strains, B6 mice had greater adiposity on the high-fat
diet after § months compared with A/J mice (P < .006), while
A/] mice had greater adiposity on the low-fat diet compared
with B6 mice at § months (P << .004).

All Four Diet Groups at 8-Month End Point

There was a significant main effect of diet (F57, = 161.38,
P < .000001) and an interaction between strain and diet
(F370 = 23.20, P < .000001) (Fig 4). Post-hoc tests showed
that in the A/J mice and the B6 mice, both groups that ended
with the high-fat diet had higher adiposity than both groups that
ended with the low-fat diet (A/J: H8 v L8 P < .009, H8 v H4L4
P <.000001, L4H4 v L8 P <.0005, L4H4 v H4L4
P <.000001; B6: P < .000001 for all comparisons). Note that
in both A/J and B6 mice, the adiposity that developed after 4
months on the high-fat diet was reversed in animals that were
then switched to the low-fat diet for 4 months (H4L4 and L8
groups are not statistically different for either strain). Also, in
both strains, adiposity occurred to the same extent regardless of
when the diet was started (L4H4 and H8 groups are the same
within both strains). Across strains, B6 mice had greater
adiposity than A/J mice in both the diet groups that ended with
high-fat (H8, P < .006; L4H4, P < .02), while A/J mice had
greater adiposity than B6 mice in the L8 group (P < .004).

Fasting Plasma Glucose
Low- Versus High-Fat Diets

There were significant main effects for strain (15, = 37.92,
P <.000001), diet (Fy,15; = 195.40, P < .000001), and time on
diet (Fy 15 = 14.49, P < .0003), as well as significant interac-
tions between strain and diet (Fy;s5; = 220.96, P < .000001),
strain and time on diet (Fy;5; = 5.09, P < .03), and diet and
time on diet (F) ;5 = 10.58, P < .002). A/J mice showed no
differences in glucose levels regardless of diet or time on the
diet. However, in B6 mice, glucose was elevated on the high-fat
diet as compared with the low-fat diet at 4 months, demonstrat-
ing the development of hyperglycemia (P << .000001; Table 2.)

35
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Fig 4. Adiposity index in A/J and B6 mice after 8 months on 4
diets. Values are means = SEM (n = 9 for B6 mice on L4H4 diet;
n = 10 for all other groups}. Significance levels are given in the text.
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Fig 5. Fasting plasma glucose in A/J and B6 mice after 8 months
on 4 diets. Values are means = SEM (n = 9 for B6 mice on H4L4 and
L4H4 diets, n = 10 for all other groups). Significance levels are given
in the text.

While glucose remained elevated in B6 mice after 8 months on
the high-fat diet as compared with the low-fat diet (P < .000001),
it was lower than the glucose level after 4 months on the
high-fat diet (P < .0003). Comparing strains, at both 4 and 8
months on the high-fat diet, B6 mice had significantly higher
glucose levels than A/] mice (P < .000001 for both time
points), while on the low-fat diet A/J mice had higher glucose
levels than B6 mice at both 4 months (P < .0002) and 8 months
(P < .05).

All Four Diet Groups at 8-Month End Point

Fasting plasma glucose values after 8 months are shown in
Fig 5. There were significant main effects for diet (F3 79 = 36.16,
P <.000001) and strain (F;7 = 3.98, P <.05), but, more
importantly, there was a highly significant interaction between
diet and strain (F3;0 = 37.81, P < .000001). While glucose
levels in A/J mice were not significantly different from each
other regardless of diet, B6 mice demonstrated increased
glucose levels in both groups that ended with the high-fat diet,
H8 and L4H4, as compared with both groups that ended with
the low-fat diet, L8 and H4LA4 (P < .000001 for all compari-
sons). Note that in B6 mice, the hyperglycemia that developed
after 4 months on the high-fat diet was completely reversed
when the animals were subsequently switched to the low-fat
diet (H41.4 and L8 groups are not statistically different). Also,
hyperglycemia occurred to an equal extent in the B6 mouse,
regardless of whether the diet was introduced at weaning or 4
months later (H8 and L4AH4 groups are not different). Between
strains, B6 mice had a higher glucose level than A/J mice in
both groups that ended with the high-fat diet (H8, P < .000006;
L4H4, P < .0002) while A/T mice had a higher glucose level
than B6 mice on the H4L4 diet (P < .0002).

Fasting Plasma Insulin
Low- Versus High-Fat Diets

There were significant main effects for strain (F; 143 = 36.72,
P <C.000001), diet (Fy 145 = 79.41, P <.000001), and time on
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diet (Fy,145 = 6.72, P < .02), as well as significant interaction
between strain and diet (Fy 145 = 52.49, P <.000001). In A/J
mice, there were no significant differences in insulin across
diets. In B6 mice, insulin was higher after 4 months on the
high-fat diet as compared with the low-fat diet, demonstrating
the development of hyperinsulinemia (P < .000001; Table 2).
Insulin remained elevated in B6 mice after 8§ months on the
high-fat diet versus the low-fat diet (P < .00001), but was not
significantly different from insulin after 4 months on the
high-fat diet. Between strains, B6 mice had higher insulin levels
than A/J mice on the high-fat diet at both 4 months (P < .000001)
and 8 months (P < .0002).

All Four Diet Groups at 8-Month End Point

There were significant main effects of diet (F3g = 11.58,
P <.000004) and strain (F; g9 = 21.36, P < .00002), as well as
a significant interaction between diet and strain (F3 g9 = 6.00,
P < .002) (Fig 6). A/J mice showed no differences in insulin
among the four diet groups. Among B6 mice, insulin was higher
in both groups that ended with the high-fat diet as compared
with both groups that ended with the low-fat diet (H8 v LS,
P < .002; HS vH4L4, P < .005;14H4 v18, P < .003;14H4 v
H41A4, P < .007). Note that in B6 mice, the hyperinsulinemia
present after 4 months on the high-fat diet was completely
reversed after mice subsequently spent 4 months on the low-fat
diet (H4L4 and L8 groups are not different). Also, hyperinsulin-
emia occurred to the same extent in B6 mice regardless of
whether the high-fat diet was started at weaning or 4 months
later (H8 and L4H4 groups are not different). Between strains,
B6 mice had higher insulin than A/J mice in the two groups that
ended on the high-fat diet (HS, P < .02; L4H4, P < .02).

Relationship of Adiposity With Glucose and Insulin at 8
Months

In A/J mice, there was no significant correlation between
glucose and adiposity and a significant positive correlation

175
Diet
aLs
1504 BH4L4A

ke

insulin (MU/mI)

Strain

Fig6. Fasting plasma insulin in A/J and B6 mice after 8 months on
4 diets. Values are means = SEM (n = 9 for B6 mice on L8, H4L4, and
L4H4 diets; n = 10 for all other groups). Significance levels are given
in the text.

PAREKH ET AL

between insulin and adiposity (r = .45, P < .05,n = 40). In B6
mice, there was a significant positive correlation between
glucose and adiposity (r = .92, P < .05, n = 38) and also a
significant positive correlation between insulin and adiposity
(r=.72,P<.05,n=137).

DISCUSSION

Our results demonstrate the complete reversal of diet-induced
obesity and diabetes in B6 mice when obese animals were
switched to a low-fat diet. This is notable given that B6 mice
show adipocyte hyperplasia on high-fat diets,'®!” and other
reports have suggested that hyperplastic obesity in rodents
cannot be reversed.?>?* However, our study is in part consistent
with a report by Hill et al,? who found that in rats a 17-week
period of high-fat feeding induced hyperplastic obesity that
could be reversed with ad libitum feeding of a low-fat diet, but
that when high-fat feeding was extended to 30 weeks, obesity
was not reversible. This suggests that the longer duration of the
obesity or of the high-fat feeding resulted in a more permanent
alteration in body composition. In the present study, we found
that with a longer period of fat feeding (4 months v 8 months),
neither diabetes nor obesity (as measured by adiposity index)
became more severe. It is also notable that adiposity and
diabetes occurred regardless of whether B6 mice were weaned
onto the high-fat diet or began the high-fat diet 4 months later.
This suggests that diabetes in B6 mice is tightly linked to
dietary variables, a conclusion supported by the strong positive
correlations found between adiposity and both fasting plasma
glucose and insulin levels in B6 mice. In contrast, A/J mice, like
normal humans,?®3* only showed a moderate correlation be-
tween adiposity and insulin and no relationship between obesity
and glucose. This is consistent with a previous study in which
we demonstrated that insulin resistance and hyperglycemia are
controlled by different genetic factors, both of which are needed
in order for diabetes to appear.!> However, one limitation of our
study is that we failed to include body growth parameters other
than body weight. Since our experimental diets were introduced
at weaning, the possibility that body growth may have been
differentially influenced by the diets cannot be ruled out.

Several differences in the metabolic response to fat feeding
between B6 and A/] mice may explain why fat causes diabetes
and severe obesity in the B6 strain. First of all, B6 mice
demonstrate depressed adenylyl cyclase activity in both white
and brown adipocytes in response to beta-adrenergic stimula-
tion when on a high-fat diet.35 The consequences of this type of
defect would likely include reduced lipolysis in white fat, as
well as reduced thermogenesis in brown fat, resulting in the
preservation of adipose tissue in B6 mice consuming a high-fat
diet. Also, we have shown that B6 mice have a significantly
smaller leptin response to the initiation of fat-feeding as
compared with A/J mice.3 Since leptin stimulates sympathetic
outflow to brown fat,’ B6 mice may be less able to dissipate
calories as heat via thermogenesis when a high-fat diet is begun.
Finally, we have recently identified a novel uncoupling protein3®
(UCP2) that is genetically linked to diabetes and obesity in B6
mice.3® UCP2 is upregulated in white adipocytes in A/J, but not
B6, mice in response to fat-feeding.’® Thus, the differential
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expression of this protein may partially explain the observed
interaction of dietary fat and the B6 genetic background.

In this study, we examined the effect of the diets on four
individual fat pads, expressed relative to the eviscerated carcass
weight. After 8 months on the high-fat diet, the ING and EPT fat
pads were relatively greater in B6 mice than in A/J mice, while
there was no significant difference in either the RP or MES fat
pad between strains. Interestingly, in B6 mice, all of the fat pads
increased on the high-fat diet versus the low-fat diet at 4
months, but in A/J mice, all fat pads except the MES fat pad
increased. This finding is consistent with our previous work
showing that, relative to A/J mice, B6 mice have a tendency to
deposit fat in the mesentery on high-fat diets.!6:17

Contrary to our prior reports,'®* we found that B6 mice
consumed more calories than A/J mice on the high-fat diet. In
the present study, food intake was measured on a daily basis,
which was a more accurate assessment than measuring food
intake for only one 24-hour period per week, as was done
previously.!¢4° However, our method for assessing food intake
in this study was still subject to error, since pellets that spilled
out of the cage’s food dispenser were not measured. It is
important to note that the difference in cumulative caloric intake
between the strains was relatively small (6,532 = 131 v
5,803 = 118 keal), and since B6 mice were significantly heavier
than A/J mice after 4 months on the high-fat diet (46.1 = .07 gv
33.5 = 0.6 g), B6 mice actually consumed fewer calories per
gram of body weight than A/J mice. This point is emphasized by
the finding of a much higher FE in B6 mice as compared with
A/T mice on the high-fat diet. Therefore, hyperphagia alone
does not account for the greater weight gain of B6 mice on the
high-fat diet. We have previously shown that the greater obesity
of B6 mice on the high-fat diet cannot be attributed to reduced
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spontaneous motor activity either, as B6 mice were actually
more active than A/J mice on both low- and high-fat diets,*
While the high-fat diet used in this study contained sucrose and
the low-fat diet did not, we have previously shown that sucrose
added to a low-fat diet did not produce diabetes or obesity in B6
mice.!6 Therefore it seems clear that in the present study the
critical difference between the two diets was fat content and not
sucrose content. In other studies we have shown that a
low-sucrose diet containing 35.8% of calories from fat in the
form of lard also induces diabetes and obesity in B6 mice.!4!7

‘While the development of diabetes in B6 mice is the outcome
of the interaction between both genetic and environmental
variables, we have shown that the manipulation of environment
alone can actually eliminate the manifestation of the disease in
this animal model. Our results demonstrate that the syndrome of
obesity and diabetes that occurs on a high-fat diet in B6 mice is
reversible simply by reducing the amount of fat in the diet. This
finding may have implications for the treatment of type 2 DM in
humans as well. Several studies have demonstrated that an
isocaloric low-fat diet taken acutely improves glycemic control
in persons with diabetes,?-3! but there is less literature available
on the effects of chronic treatment with a low-fat diet. While
one study has demonstrated the utility of long-term treatment
with a low-fat diet in patients with type 2 DM,* there is also
reason to believe that once glucose toxicity develops in type 2
DM, glucose metabolism is irreversibly compromised. In that
we did not observe pancreatic failure in B6 mice, our model
may not be comparable to some forms of human type 2 DM.
Nevertheless, our results suggest that dramatically restricting
dietary fat may prove to be an effective treatment for some
patients, particularly in the early stages of type 2 DM.
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