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ABSTRACT

Normai maie and femaie C57Bl/KsJ (+/$1b) mice and diabetic (an/an)
R | ‘mice were sub jected to diet restriction and diet restriction plus
| exercise The exercise was conducted on a mouse treadmiii achieving 70% :
: maximum heart rate for twenty minutes per day for six days per week |
: 'Normai femaie mice showed no statisticai difference from normai

| maie mice in any of the physioio.gicai«parameters measured except females

R _had decreased average body weights throughout the study (p<0 05)

Diabetic maie mice were statisticaily compared to normal male -
_l | mice. Diabetic mice fed ad //o/z‘um drasticaiiy mcreased (p<001) their
body weight while diet- restriction and diet- restriction pius exercise
» groups normaiized their body weight to that of normal maie mice fed ad
_ /m/tum Diet-restriction and diet restriction pius exercise in diabetic
| mice caused a drastic decrease in food and water consumption compared to
| ,normai mice Fasting serum giucose and insuiin the Giucose/lnsuiin -
ratio and percent body fat were aii eievated in diabetic mice and there |
, was no additionai improvement with exercise However exercise reduced

the percent increase in body weight (p<o Oi) in diabetic mice equai to that



of normal mice. The metabolic efficiency to incorporate new body weight
from ingested food was lowered (p<0.05) in the diabetic to that of normal
mice fed o //b/tum Hepatic glycogen stores were depleted by exercise,
and hepatocytes were thinned with condensed nuclei. In addition to the
improved physiolc;gical parameters, the diabetic mice were active and
alert in diet-restriction and diet-restriction plus exercise groups.

It is concluded in this study that exercise plus diet-restriction
further reduced several parameters of the diabetic syndrome in diabetic

mice than diet-restriction ailone.
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~ INTRODUCTION

The diabetic mutant mouse (db/db) of the strain CS7BL/KsJ isa
mode! for type I diabetes meiiitus or nomnsulin dependent diabetes
~mellitus (NIDDM). In humans this disorder encompasses 80? of all diabetic

,peopie and usualiy manifests itself in adults 40 years oldor greater The

o mutant diabetes shows full penetrance as an autosomai recessive allele

(db), and it is located near the locus for misty coat color (m) to mark the
diabetic gene in the mouse stock. The homozygous diabetic mice (dbldh) ;,
are obtained as'the F i generation from a Cross betwee‘n two heterozygous
nondiabetic parents (m+/+db) in which + represents wild-type or normal
| phenotype. Approximatelv 15% of the,offspring are diabetic’mice from -
such a cross and tne. mutant diabetic mice are infertile (2).
| - The diabetic mouse (db) exhibits the following characteristics as
concurrent manif estations of the syndrome for diabetes obesity,
'nypergiycemia poiyphagia poiydipsia polyuria and giucosuria (1,2).
“Tissues have reduced insuiin sensitivity and responsiveness whicn resuit.
in hyperinsuiinemia and depieted pancreatic insuiin There is nephropathy

(3 due to increased glomerular filtration which is associated with the



| , ,elevated biood pressure Excessive adipose tissue accumuiates within the |
body cavity and subcutaneously with a predominance in the axiliary and
,inguinai areas (1,2). The diabetic mice are inactive and unaiert compared
totheir normai,heterozygous iittermates'and they have a shorten_ed life
span of under one year. | S | |
Thediabetic mice are -di,stinguishabie from their normal iittermates R
at four weeks of age by their excess weight gain, hypergi'ycemi'a, and
| hyperinsulinemia (2,3).- At five weeks of age the diabetic mice outweigh
the normal mice, averagin912 grams(g) to 10g, respectiveiy. The average
weight of diabetlc mice increases drasticaiiy w1th age compared to that
of normal mice. At eight weeks of ‘age diabetic mice outweigh normal
‘mice 30—349 to 19—209, respectiveiy (1,4). The difference continues to
: increase with age Normal mice stabilize their weights at three to five
months, while diabetic mice continue to gain weight to 40-50g (1,2,3, 4) ’_
Polyphagia in diabetic mice is illustrated by their two-fold increase |
in food consumption (5.7-8 g - day‘v‘ . mouse“) compared to that of the
normal mice (2.8-3.6g - day™" - mouse™") when fed ad /ibitum (3,4,5). In
addition, the diabetic animals exhibit greater water consumption than do-

“normal animals, averaging up to 100 ml -wk™1.m" versus 20-30 m1 -



; .wk"‘ : m',‘,‘respeothely ( 3). T-he »largest.lnerease in waler intake occurs_
| durlng thevearly'l stages of the 'dlabetlc-fs.ta'te which ls,assoc_lated with the
onset of glycosurla and polyurla (3) | |
| Hyperglycemla and hyperlnsullnemla in the dlabetlc mouse are well '
doéumented in the literature. However, serum glucose and lnsullnvalues -
vary depe'ndlng ovn-Whether‘ the mice had been f asted or not. Fastlng serum |
glucose levels in the normal mouse are stable at about 70-80 mg/dl from
four weeks of age onward The dlabetlc mouse, however already shows
elevated glucose levels of 130 mg/d] at f our weeks of age (3) and these
-levels continue lncreasmg to 400 500 mg/di (3 4,6) at 10 to 12 weeks.
- Serum lnsulln levels for normal mice are also stable at 20 S0 uU/ml from
four weeks of age onward (2,4,7). Diabetic mice have elevated lnsulln
levels of 150 pu/mi at 4 weeks of age (7) and durlng the first few months
~of life insulin may range from 150-215 pu/mi (2,4,7). The insulin levels
of diabetic animals decline to near normal levels at 20-25 weeks of age, a
response asssocfated with pancreatlc B-cell atrophy and degranullzation
o (2). ln»the pancreas, lnsulln levels are sllghtly lncreased at 4 weeks of
age; however, the levels decl‘lne to one half the normal amount at 8-12

weeks of age (4,6).



| Glgcagén, a Coun‘tér-fegmato»hy hOrmohe’df insulrin, is secreted b'yﬂthe
‘ p'anbreafic._alpha 'cellé. - lt.causeé the breakdoWn 'o‘f élycogen and the |
mobilization of "glucose into the blbodétream, and fs also eleQéted in th‘e :
diabetic mouse. ., The literature contai.ns conf Hcting. results of
immunoreactive glu_caQOn conce‘nt‘ll"\ét‘ions rangihg from not signif icantly !
elevated at 113% of nbrmé] yvalueﬁs in 7-9 week o’ld»diébettc mice (7) to |
- silgnif icanﬂy ihjcreased levels of 200% (8) or 300-400% (9) in adult
4d»iabe’t1c.‘m1ce. “The ele\)atéd glucagon levels contfibute to hyperglycemia H
- inthe diabetic mouse by doubling '»the. h'epativc 'glucose secretion (10).
: Glucagon stirﬁulates'somé insulin secretion which ‘f.acilitates uptake and
storage o<f glucose in hypergylycvemi‘c'-state_s. Howeveh, fnsulin resistance
overwhelms this regulatdry mechanism by hot‘f»acmtating the uptake of
serum giucose 'and‘thereby céusing h»ype‘rglycemia.. So‘matostiat’in isa
hormone produced by the pancreatic d cells and suppresses both insulin and
glucagon. It is decreased by one half the normal amount in the diabetic
‘mice which also contributes to the maintenance of the elevated levels of
these hormones (11).
| ‘Hormonél c_;ont:rol of cafbohydrate metabolism is most pronOuncéd in

the liver, an organ which serves as an immediate and vital source for

4



o 'nUtrient"stprage and mebili»Zat,ion (2_,4,7,8,l l.,vl 2). vaperinsu;l i.nemia in the
* diabetic mouse_causes increased in_sulin-dependent enzyme concentrations
‘and"ac'ti'vities within hepatic and adipose tissues. This_ f urther _cau‘se's |
-gceater glucose absorption and storage. insullin-dependent glycogenic
-enzymes (glucokinase glycogen synthetase) are elevated in 8-10 week old.
dfabetic mice (7,8). The activity of several insulin dependent glycoiytlc
enzymes (glucose 6- phosphate dehydrogenase citrate lyase,
acetyl COA- synthetase and pyruvate kmase) are also slightly elevated at
this early age (2,1 1, l2) The increased amounts of serum glucose plus
| | increased enzyme activnties cause increased lipid f ormatlon via hepatic
lipogenems Another contrlbutmg factor to the elevated serum glucose
levels of the diabetic mouse is the animals. characterlstic mactWIty
| (l 2,5) which reduces ltS need for. glucose as a metabolic fuel
Glucagon-sensitive enzymes are elevated in diabetic anlmals at 8-10
weeks of age (2,4, 7 8,10,11). GlycogenolySIS which is the breakdown of
glycogen, is also elevated causing greater glucose mobilization This is
'reported to be due to increases in glucose-G-phosphatase and -
phosphorylase enzyme actlvity levels (4,7,8). Gluconeogenesis utilizes

oncarbohydrate substrates such as: lactate glycerol and amino acids in



. iincreased .proportions as.metabolic'ierls'.(glucose sparing action)yfor‘ ‘the' | :
'- formation of glucose Hepatic concentrations of gluconeogenlc enzymes 8
such as glucose 6- phosphatase and fructose 1,6- diphosphatase are |
'increased in diabetic ammals This results in increased gluconeogenic
| - activity which in turn c-auses i:ncr"eased hepatic glucose secretion
contributing to nyperglycemia -4 |
At later ages glycogenic and glycogenolytic enzyme actiVities are
elevated in the diabetic mouse (2,4, 12) which suggests a fast turnover
rate of hepatic 'glycog‘ven deposits. Glycolytic enzymes are el,evate.d at9
weeks (4, lé)-but reduced below normal at18 weeks (4), possibly due to
Increased insulin reSIStance which hinders. glucose utllization In the
developlng diabetlc syndrome glucagon seems to override insulin since it
| | uses alternative fuel sources durmg the condition of hyperglycemia
(8,9,13). Diabetic animals nave‘a 1.5-fold increase in glucagon binding o
capacity compared- to normal animals w_hich may lead to greater glucagon -
sensitivity (9). o | | | | |
Relative rates of glycogenesis and glycoge»nolysis which build-up and :
breakdown glycogen stores, respectlvely, can be indirectly approximated

by measurmg hepatic glycogen levels This would provide an indirect



 measurement of hepatic cérbohydraie metabolism.A However, there is sonﬁé N
vdvisc'b‘epancy on the actual 'amouhis of 'glybi‘)genmntaihed in the livers of‘
vnormal and diabefic mice. l’n 8-9 week nofmal animals hepatic glycogen
content ié reported to vary from 22-30 mg/gram of wet weight of ‘Hver‘
(2,8,12) with uniform distribution throu'ghou‘t the liver. In diabetic mice
the levels are reportedly elevated to SQ—60 mg/g liver (2,1 2), although
Stearns (8) found the increase limited to only 30.1 mg/g liver. In the
diabetic mouse, glycogén.deposité were more massed near hépatic arteries
“and portal veins (2). Glycogen deposits are very dense with uneven
dispersal patterns in the hepatic periportal cells of diabetic mice livers
| (8,14). Inhepatic centrilobular cells, the deposits are larger and more
dispersed (14), However, glycogen storage patterns in hepatocytes of
diabetic mice vahy with age. At9 through 12 weeks of age glycogen
‘deposits show rosette alpha patterns but at 21 weeks they havé a granular
appeara‘ncé. It has been suggested that this may be due to a deterioration
in 'carbohydrate metabolism (8). | |
it abpears, .the‘n‘,» that hepatic glycogen sﬁores are elevated in the
diabetic mice due to hyperglycemia, hyperinsulinemia and the associated

| high glycogen synthetase activity observed early on in the diabetic state



(‘l 4). The diabetic mouse has an enlarged liver: 1.29g for é 20g normél
mouse to 4.5g for a 40g diabetic mouse (2). This is due to increased

- glycogen and fat deposits and is probably the result of the diabetic
mouse's hyperinsulinemia which leads to increased storage capabilities.
Simultaneously, insulin resistance in the diabetic mouse causes
insufficient blood glucose handling resulting in hyperglycemia.

Excess fat deposition is rather apparent in the diabetic mouse.
Lipogenesis is elevated in adipose and hepatic tissues (2,12,14,15,16) and
there are elevated serum levels of triglycerides, cholesterol (16,17), and
FFA (18). Chan (16) reports twice the normal amount of activity in
lipogenic enzymes which use lactate, glucose, acetate, and glycerol as fuel
sources (15,16). There is also a high esterification rate of fatty acids to
form fat deposits which is typical in NIDDM (12,15).

Studies of epididymal fat tissue by Steinmetz (18) indicate that
there is a decline in lipolysis due to a defective adeny! cyclase system.
This system normally produces intracellular cyclic-AMP and decreases the
activities of lipase enzymes. Cyclic-AMP is produced within the
cytoplasm of the adipocyte or hepatocyte in order to promote a cascade of

enzyme phosphorylation reactions to breakdown lipids and glycogen. These



enzymes perform their activmes at a much reduced rate in diabetic

- ammals when compared to those of normal ammais An additional study

utilizing in vitro epinephrine perfusion of diabetic animal adipose tissue
resulted in less lipid mobilization (18) suggesting a defective 1ipolysis
response. |

- Since carbohydrates and fats are proportionally less utilized as
| fuel sources in diabetic mice compared’to normal mice, amino acids are
the main sub'straie for gluconeogenesis. Thus, diabetic mice do not |
mobilize stored lipids or utililize serum glucose (12,19) but rather
accumulate fat stores and maintain high serum glucose concentrations.
Supplementing the diabetic mice ‘with a high protein-noncarbohydrate diet
has reduced wasting of muscle proteins and reduced»hypergi);cemia. There
is a subéequent increase in glucose tolerance in the diabetic mice and |
their life span is extended to one year (20). Hewever, this treatment was
limited because diabetic mice still retain a high fat proportion, have
delayed pancreatic 8 cell 'atrophy and hyperglycemia (20,21).

“In contrast to elevated insulin-stimulated lipogenesis in the diabetic
mouse, insulin-stimulated glucose utilization is reduced. There seern to

be two modes o‘f insulin resistance in the diabetic mouse. The first is



insulin insensitivity by the reductiOn_ of insuii_n receptohs on ti'ssue
membranes ‘wnich decrea'ses insuiin binding. Se’condiy,k insulin

cesiStance may be due to a post-receptor defect in which the response of
~ tissues to bdund insvuiin does not stimulate serum glucose uptake and
furtner'raises serum insulin levels. A major site of insulin insensitivity
in the diabetic mouse ie the liver cell (3,8,22). Peripheral tissue insulin
resistance is indicated in fibroblastic skin cultures from diabetic mice
which have a 30-50% reduction in '25i-Insulin binding with 45-48% fewer
receptor sites (23). Similarly, insulin resistance has been demonstrated
in obese humans by decreased insulin binding in their tiseues (24).

~ The bost-receptor defect which causes ‘a decline in insulin response

in NIDDM and in the diabetic mouse is still unknown; however, some
mechanisms have been p’ostulated. Insulin ncrmaliy decreases cytoplasmic
cyclic-AMP levels (i3)‘ to stop glycogen breakdown and this mechanism
may be defective in tne diabetic mouse. Alternately, insulin’s second
rnessenger, which has not as yet been determined, may be defective or
secreted in inadequate amounts (25). Thus a decreased insulin response
| leads to hyberglycemia which leads to hyp‘erinsuiinemia (23,26). Asa

result of the hyperinsulinemia the cells reduce the number of insulin

10



| receptors on their sQrface (26).
V'Diet4restrictfion studies on diabetic rhice have yielded encouraging‘
‘results by reneving some diabetic symptoms. Diébetjc mice on diet-
restriction in which food is availa‘ble for only two-threé hours daily, or
fed to maintain body weights similar to that of normal mice (match-pair
feeding) only slightly 0utgained normal mice with the same treatmént.
They reduced their body weight to that of normal mice fe»d aa 1ibitum
(3,5,19). Sefum g‘lucose' levels were still nearly double that of normal
- _mice, but they Stabﬂized at 180mg/dl at twelve weeks of age.
fmmunoreactive- sérum insulin levels of /diet-restric»ted diabetic mice
dropped from levels observed in diabetic mice fed a7 _//b/‘wm, 150uU/mi
to 30uU/ml, respectively (3). Normal mice had less than SuU/mi serum
1nsulin illustrating the persistent hyperinsulinemic state of the diabetic |
mice. Fasting and high protein-noncarbohydrate diets did not normalize
1insulin secretion th did increase pancreatic insulin levels (4,20,21) and
decreased pancreatic islet atrophy.
Diét—restfictfon in diabetic animals resulted in the absence of |
nephropathy (3). _ln the iiver, gluconeogénic enzyme concentrations wére

not elevated as drastically, and glycolytic enzyme concentrations were

R



el‘evated»‘due‘ to.inbréased insulin sensitivity (4). .HOWevé'r, high protein¥ i
noncarbohydrate 'd_li‘ets‘ did n_ot'change gluconeogenic enzyme l.evels (2).
. Leiter ('21:) réports thét hepatic glycogen levels were halved dUe to
enhanced mobilization. | o

~ Diabetic mice retaih about a five-fold increase in excess carcass
Iibid covmp’ared to hormal mice (19) dué to aécelerat,ed lipogenesis (3,14).
Cox (19) and vLei‘ter (21) have reported only slight d‘ecreases in percent
‘body fat from high protein-noncarbohydrate and diet-restricted diets by
match-paifing. Even though they have demonstrated a reduction in the
incorporation of f at és new body weight, diabetic mice still reduce
skeletal and muscular growth in favor of fat déposition (19). They are
able to incorporate more new body fat from ingested food than normal
mice (3,5). Finally, Lee (3) observed that diet-restricted diab»etic mice
were more active and alert which showed improved behavioral changes.
Hdmans studies have displayed similar results (24,27,28).

By placing chemically-induced diabetic rats and NIDDM hu_mans on an
exercise regime, researchers have produced a partial reversal of diabetic
pathology.‘ Ih ‘obese micé, exerci‘se alone does not-feduce body weight whén

the animals are fed ad /ibrtum (29,30). Similar results have been

12



‘obserVed in vhuman s‘tudi'es (3 l) although there 1s some _indicaﬁon that kb‘ody
fat may bé reduced (31,32,33). vaef‘cise lowers serum gm;ose

(29,31 ;34,35) by increasing muscle glucose uptake in the presence or
absence of insun.n‘ (36,37). Storage capacities for glycogen are also
enhanced by exercise'although these deposits are depléted duringan
exercise bout (31). Serum FFA l»evels are increased in humans during and |
shortly after exercise because of their utilization as a metabolic fuel
,(38)' Serum tri‘giyceride and cholesterol levels are decreased due to
utilization and packaging into high density Hpoproteins thus reducing the
chance of atherosclerotic vascular disease (33,39)‘. For these reasons,
exercise is recommended in the treatmént of diabetes mellitus.

Most important to the treatment of diabetic patients is the finding
that exerciSe increvases insulin sensitivity of peripheral tissues. This
~apparently occurs by increasing the number of insulin receptors as
indicated by studies using liver membranes and monocytes (31 ,32,34,35;
'39-42)., Insulin responsiveness may also be enhanced by increasing
: receptor affinity (41 ,43). |
~ The pres‘evnt s’t'udy uses a combl'néd'diet-,restrictlon and exefpisé

~program on normal (+/db) and diabetic (db/db) mice to determine if diet |

13



plus exercise reduces the diabétic syndrome of the diabetic mice more
' fhan that of diet alohe. Exércise‘ should enhance the metabolic need of the |

mice and deplete glytogen stores thus reducing their métabolic eff ictehcy
~ to Incorporate more ﬁ‘ew body Weight from ingested food. The diabetic
imice should» become’more fnsulin—sensitive or insulin-responsive as
indicated by‘the glu¢ose/ insulin ratid. The inf Iuencé of diet-restriction
and exercise on body weights, percent increase In body weight, food and
Water consumption, serum glucose, serum insulin, percent body fat, and

hépatic glycogen levels are investigated.

14



MATERIALS AND METHODS

Experimental Animals

Experimental animals were obtained from a breeding stock of
C57BL/KsJ (db/m) mice which originated at the Jackson Laboratories
(Bar Harbor, Maine). Diabetic males and heterozygous littermates
(normal) were retained for experimentation. Eight db males were also
obtained direétly from the Jackson Laboratories.

Animals were housed in a Scherer environmental chamber at 23.5°C,
on a light.dark cyéle of 14:10 hours. Three or four mice where housed per
. stainless steel cage. Cages were equipped with raised wire mesh floors
with collection pans for retrieval of crumbs from waste products. Glass
water bottles with metal tips were attached to the cage fronts and mice
were handled through sliding tops so as not to disturb the bottles.
Experimental Design

Treatments were started on animals at five weeks of age and
continued to age 8 weeks (three weeks total). This regimen was selected
because the diabetic syndrome develops rapivdly at these ages. Animals

were assigned to one of three experimental groups: 1) Control (C)



2) Diet-restrictéd (D) 3) Dietéféstrict_ed plus exercise (DE). Each gr‘oup-
consisted of three +/dh females, thrée -+/dn males, and three db/db -
diabet‘ic males. Mice at five weeks of age exhibit a wide range of
weights (44); thus animalé w’ere‘aSSigne‘d to groups by distributing'
heavy, moderate, and light individuals to each group to insure similar
beginning weight ranges. |
Micé were fed Purina Rat Chow according to each 'treatment protocol

(see below). Tap water was provided a¢ /)b/’tum. Food and water |
intakes Wére measured weekly by weighing the difference between the
initial and residual food and water amounts per cage. Fallen crurr;bs
were collected from the bottom of the cages to more accurately measure

~food intake. Food consumption per mouse was calculatéd by using the
proportion (each mouse's body wéight per total body weight of all mice in
th‘at cage) to calculate each mousé’s food consurﬁption pér »total weekly

f dod consurnplion per cage. »Water ‘cons'umption was calculatéd by

~ dividing the weekly total water consumed per cage by the number of

mice. |

Ad ‘//‘b/'tum fed mice served as controls (C). Diet-restrjcted

mice (D) were Iimited to four hours of feeding per day; from 8:00 am to

16



12:00 pm. daily. Thé diet—restrﬁcted, exercise.group (DE) was limited ﬁo ,
the same four hour feeding ‘schedule and was also sUb jected to an |
exercise regimen as described belbw.
Exercise Protocol

The (DE) groﬁb was exercised at 2:30 pm. daily. This schedule
allowed proper digestion (45) and ensured the ndrmal elevation of serum
glucose Ievel‘s. Weights of éll mice were taken just prior to an exercise
| bout. The exercise protocol was modified from a recommended protocol |
for moderately-conditioned adult diabetic humans (46) which suggests
twent'y‘minutes of eXercising per day at 70% of the maximal heart rate
~ for six days a week. wDuring the first week thé (DE) mice were only
exercised for three days, every othef day, to prevent muscle soreness and
fatigue. In subsequent weeks they were exercised daily. The mice were
run for twenty minutés on a customized trea‘dmill» (Figure 1) at arate of
_6.8 meters/minute. A five minute warm up and cool down period at SS%
maximél heért rate (60% dial reading) was included at the beginning and
end of each session. The treadmill consisted of a ROLL-A-CELL (New
Brunswick Scientific Corp.) equipped with an inverted sandpaper belt as

a running surface (47) and an elevated partitioned box capable of holding
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FIGURE 1. Mouse treadmill made from a ROLL-A-CELL (New Brunswick
Scientific Co.) with an inverted sandpaper belt as a
running surface. | \

FIGURE 2. Experimental set-up for recording mouse ECGs. In the ‘
foreground is a Gilson 5/6 Polygraph Recorder, and in the
background is the treadmill mounted with a partitioned box
‘capable of running ten mice simultaneously.
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ten mice (48,49). A calibration curve for the speed indicator was
derived by counting revolutions for five minutes at various speeds to
determine the velocity at eéch speed [velocity = perimeter (m)/time
(min)]. No grade was incorporated into the protocol because of the
‘negligible increase in metabolic rate of a mouse moving on an incline
plane (50).

Electrocardiograms (ECG) were performed on three 5-6 week old
+/db males and three females to determine heart rates at various
treadmill speeds. Mice were shaved on their medial forelimb surfaces to
allow for attachment of two ECG electrodes and a third was slipped on
the base of the tail. Heart rates were recorded on a Gilson 5/6H recorder
on the multipurpose galvanometer module (Figure 2). Heart rates were
determined at resting, 70%, and 98% (dial reading) running speeds and
after one minute of hazing. Hazing was performed by hérmlessly chasing
the mice around their cage to achieve maximal heart rate. Calculation of
the 70% maximum heart rate is determined by the formula given in the

| 1980 guidelines for graded exercise testing and exercise prescription
(51):

(maximum ECG - resting ECG) x .70 + resting ECG = target heart rate

20



The target 'heart 'rat-e;was'742 b'eats per minute which 'closely cOrrelated
wlth the heart rate of +/db totals at the 98% dlal Speed 738167 |
heartbeats/mlnute (F lgure 3)
All mlce w_ere sacrlflced"a,t 8‘weel<_s of age between 9:00 and 10;30 |
' .arn to avoid fluctuatlon. in clrcardlan cycles. 'Anlmals were fasted for B
approx1mately 18 hours prior to blood collection Blood was collected by
~ cardiac puncture usmg a 25 gauge needle on a 1 0 ml syrlnge Samples
| were placed ina refrlgerator at 4C to clot, At T .00 a.m. blood samples :
" were centrlf,uged at l700 r.p.m. (800 x gl for 20 »mlnutes at 4°C.
: ReCentrlf uging was done on samples when ,necese'ary. Twenty
microllters"( 1) of serum were ploetted into 1.5 Em Eppendorf centrifuge
tubes for serurn glucose ‘determlnatlon and 200 pl into ‘the‘same tybe N
tubes for insulin radlolmmunoas‘say.(RlA)., Samples were stored at -20°C
until assayed‘. | | | - .
Serum glucoSe was assayed by a commercial kit (Sigma Dlagnootlcs) |
using acolorlmelrlc'detemllnation involving enzy-matlc degradation by |
- hexoklnase and glucose-s—dehydrogenaee (32). Percent transmittance

‘was read at 520 nm or_l a"spectrophOtOmeter.» |
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FIGURE 3. Representative electrocardiograms of CS7BL/KsJ (+/db)
normal mice at resting (A), 70% treadmill speed (B), 98%
treadmill speed (C), and at maximal heart rate following
hazing (D).
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Serum insulin was assayed by RIA (Radioassay System Labora»tories,
Inc.). |
Percent Body Fat

Immediately following cardiac puncture each animal was sacrificed
be cervical dislocation. Body weights of animals were measured in air
and under water using a Mettler beam balance (:0.01g). Mice were
suspended from an alligator clip for weighing while submerged ina 1L
b»eaker for under water measurement. Temperature of the water was

recorded for water density corrections.

The density of the mouse body (D,) is calculated from the Sirt

equation (53):
M, XM,
D, =
M,-M, ~(RV- D,)
where: W density of the water (corrected for temperature)

M, =mass of mouse in air

M, = mass of mouse in water
RV =residual lung volume

Since no values were available in the literature for the RV of mice,

RV was estimated by extrapolating the RV for a human. A 1501b.
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I

(68.2kg) human haé'é us_ulal‘R’Vv of 1.2L (1 3,53) which is proportional to
0352 m1 for a mouse. This ivsvalso twice the tidal volum_’e of the mouse
(54,55) a condittén élso ‘observed in humans.' Since not all the trabped
air bubbles in the fur can b_e worked out by hand massage this allsoh

increases the amount of residual air. Therefore the RV estimation was

increased to 0.5 ml. Percent body fat is calculated as (53).

% body fat = 495(g/m1)/D, - 450

~Sections of liver were extfacted from the léf t-middle lobe and were
fixed in 10% phophate buffered formalin overnight. Livers were
embedded in soft pahaf fin wax (m.p. = 53-55°C) and cut on a microtome
at Sum. Ribbons webe separated while lying on a warm water bath
(SO’C) and adjacent sections placed on separate élbumin-coated slides
for comparison. The f irst section was stained with Schiff reagent (PAS)
for glycogen (56) and counterstained with methylene blue. The second
was stained with Hematoxylin-Eosin (57) to examine general cell
- features. The cell nucléi were measured with a stage micrometer

photographed at the same magnification.
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Data Analysis

Data were evaluated by analysis of variance (ANOVA).
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RESULTS

Ireadmill running protocol

The heart rates of normal and diabetic animals subjected to various
levels of activity are Hsted inTable 1. Adial ‘settlng of 98% was
determined to provide a sufficient workload to bring mice to 70% maximal
heart rate (see Materials and Methods). This value was therefore used for
the DE treatment group.
Body Weights |

Body weights of male animals in each treatment group are illustrated
in Figure 4. Data for +/db (normal) female animals are not shown because
they. were significantly less than their male counterparts throughout most
of the study and were not used in statistical éomparison to diabetic male
mice. Normal male animals fed ¢ lzb/tum{(:) showed a gradual increase
in body weight throUghout the study, while the diet (D) and diet plus
exercise (DE) groups lost weight during the first half of the program, but
returned to near normal weights by day 21 (22.01 £0.22 g, 19,92 £1.27g,
19.33 £1.07¢, respectively). There were no sighificant diffefences in final

body weights of normal male animals in any treatment group. Diabetic



TABLE 1. Heart rates of normal(+/db) and diabetic{db/db)
mice at rest, subjected to treadmill exercise at
70% and 987% dial settings, and at maximal

activity *
Heart Rates (Beats/min.)
Activity
Resting_ 10% 98% Maximum

db/db male 5621164 638183 647196 811142
+/db female 5781128 636187 7261199 7881176
+/db male 569 £104 72774  749%138 835153

+/db total 574113 679 +92 738 £167 814161

* Yalues represent mean + standard deviation (n=3).
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FIGURE 4.

Body Weights of normal (+/db) male and diabetic (db/db)
male mice through the three week study started with five
week old mice. O - normal mice fed ad //bitum, O-

" normal mice on diet-restriction, v- normal mice on

diet-restriction and exercise, M - diabetic mice fed a¢

libitum, @- diabetic mice ondiet-restriction, ¥ -

diabetic mice on diet-restriction and exercise. * represents
differences (p<0.05) between normal and diabetic mice given
the same type of treatment. ¥ represents the difference
(p<0.0S) between g /ibitum fed groups and
diet-restricted and diet-restricted plus exercise groups of
the same phenotype.
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mice in group C steadily 1ncreased their body weights (p<0.01) from their
original body weights while diabetic mice in D and DE groups similarly
increased their body weights only slightly by day 21. Body weights on day
21 for diabetic mice groups C, D and DE are: 35.12 £1.31¢g, 25.12 't0.84g,
25.01 £0.50, respectively. Initially the diabetic mice groups D and DE
were 3-4g (p<0.05) heavier than the group C normal male mice, however
the growth rates for all three groups were similar throughout the
program. At day 21 the diabetic groups were still 2-3 grams heavier
(p<0.05). Comparisons between similar treatment groups illustrated that
the diabetic mice were always heavier than their nondiabetic counterparts
(C, p<0.05; D and DE, p<0.01). Within the diabetic animals the body weight
of group C was greater than that of D or DE groups (p<0.01), and there was
no difference between groups D and DE.
Percent Increase in Body Weight

The percent increase in body weight o.f each animal was calculated
from the difference in weight from day 1 to day 21 divided by the original
weight on day 1 (Table 2). Normal male animals showed no significan}t.
differences between treatments probably due to the large range of initial

weights. However, there was a reduction in the percent increase in body
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TABLE 2. Percent increase in body weight® of normal (+/db) and
diabetic (db/db) mice fed @ //b7tum (group C),
subjected to diet-restriction (group D) and those
subjected to diet- restriction and exercise (group DE).

Treatment
Group _Cc D __DE _pbvalues
+/db female 16.8 +850 5.9 +4.1 -2.3 151 NSD
+/db male 143 +98° 3312410 48 8.8 NSD

do/db male  49.8 +3.40¢ 10.9 :4.4 5.3 6.4 X x: p<0.01

p values a,b,c. p<0.01 d p<0.01 NSD

a Values represent means + standard deviation (n=3).

b,c,d p values of comparisons of various groups with the same treatment.

X p values of comparisons of treatments within the same phenotype group.
NSD  (no significant difference)
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weight in groups D and DE COmpare'd to group C( 3314 1 %; 48 ':8.»8%, 143
£9.8%, refspectiveiy)‘ .H | | |
The diabetic animais showed a steady reduction (p<0 Oi) in percent
increase in body weight from Cto D to DE groups Diabetic animals had a.
greater percent increase in body weight compared to normal male mice in
each treatment group with CandD groups bei ng Signif icant (p<0 Oi)

Exercise in addition to diet- restriction (DE group) normaiized the percent

_ increase in body weight of diabetic animais to normal male mice (4.8 £8.8,

5 326.4, respectively) Group D of diabetic mice normalized its percent
increase in body weight to that of normai male mice of group C.
Food and Water consumption

Food consumption measured in the first week of the study was 75?

 less than that measured in the third week. This was most iikeiy due to the/i .

. | imposed ad justment of the feeding time frame as they were not
. accustomed to eating in the morning Normal maie and femaie mice in both
D and DE groups ate ~657 of the amount of group C mice with no difference |
between D and DE groups (Figure 5) The diabetic mice reduced food
consumption to 50% of the amount of group C mice when on the diet (D

grdup) and to 40% by: dieting and exercising (DE group).
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FIGURE 5.

Food consumption in gramé per day per mouse of female
normal (FE +/db), male normal (MA +/db), and male
diabetic mice (MA db/db). The different treatment groups
for each phenotype mouse are grouped together for
comparison: ad //brtum(group C), diet (group D), diet and
exercise (group DE). Values represent the mean value *
standard deviation over the three week program.
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FIGURE 6.

Water consumption of normal mice, +/db (sexes combined),
and male diabetics (db/db) in milliliters per day per mouse.
The different treatment groups for each mouse phenotype
are grouped together for comparison. Values represent
means + standard deviation over the three week period.
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Water consum}p:‘tioh‘ fof énimalé in each group is shown in Figure 6.
Polydipsia occurred in diabetic animals com‘pared to normal animals
(sexes combined) in group C (8.0 £1.7vs.53 0.7 ml - ¢! - m”!
respecti\)ely). | Normal D and DE mice groups reduced water intake
compared to group C about 1.0-1.5 m1 with no difference betwéen groups D
and DE. Among diabetic mice the water consumption was lowered in
~groups D and DE by about 5 ml from grdup C; again there was no difference
between groups D and DE. |

Metabolic efficiency (Table 3) is the change in body weight divided by
- thef ood consumed per mouse over the three week experimental period.
Normal male mice demonstrated a decreased métabolic efficiency (p<0.05)
from groups C to D and DE (35 £26, 13 16, 16 £29, reSpectively), showing
no difference between values for groups D and DE. Diabetic animals
showed a significant decline in metabolic eff idiency (p<0.05) from groups
CtoDto DE (1 19 4, 51 £23, 30 £37, respectively).

Comparisonsvbetween normal male and diabetic mice show gréater

' metabollc efficiency among the diabetic mice in groups C and D; p<0.01,

p<0.05, respectlvely 'DE groups were not statistically dlfferent and the
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TABLE 3. Metabolic efficiency? over the three week program. .
ValuesP are given for normal (+/db) female and male
mice and diabetic (db/db) mice fed ad //b7tum(group C),
subjected to diet-restriction (group D) and those
subjected to diet-restriction and exercise (group DE).

Treatment
Group _c D E __pvalues
+/db female 43121°¢ 25125  -9120 NSD
+/db male 35 +26 X 13:16% 16 229X x: p<0.05
db/db male 119 24 51:23%  30:37Y y: p<0.05
p values c,d p<0.01 e p<0.05 NSD

3 metabolic efﬁcien%/ is derived from the increased change in body weight (g) per food
consumed (g) x10°,
Values represent means = standard deviation (n=3).

¢,.d.8 p values of comparisons of various groups with the same treatment.

XY p values of comparisons of treatments within the same phenotype group.

NSD (no significant difference)
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S DE dlabetie mlee »group normalized tnelr metabollc eff lclency to that of:
| normal male mice fed ad //b/wm (30 +37 35 +26, respectwely) }
- Normal female mice had lower levels of"serum:glucose'(p‘<o.05) |
b following ,dlet'-restriketion (group“D)' and dlet—restriCtlon p‘lus exerci'se' .
o (group DE) in comparlson to group C levels ( 84 +13 mg/dl 98 +8 mg/dl, |
| 192 +40 mg/dl respectlvely, ln Table 4), However no sigmf fcant
differences in fastmg glucose levels_ were observed between normal -male
~and diabetic mice in any of the treatment groups. There was, however, an
, apparent gradual decllne from groups CtoDto DE in normal male mlce |
\ (157 +4S mg/dl 111 +42 mg/dl 84 +3l mg/dl respectlvely) Diabetic
mlce showed a decrease ins serum glucose from group c to both groups D
and DE (276 £102 mg/dl 2l5 +35 mg/dl 215 +43 mg/dl respectlvely)
Dlabetlc mlce had an approxlmate two fold increase in fastlng
glucose levels from normal male mice in all treatment groups Groups D
and DE were signlflcantly‘ elevated (p<0.01) while group C was not, |

possibly due to the'large variances observed in the diabetic mice group C.



TABLE 4, Fasting serum glucose (mg/dl) of normal (+/db) female
i - and male mice and diabetic (db/db) mice at 8 weeks of
age fed ad /ibrtum (group C), subjected to diet-
restriction (group D), and those subjected to
diet-restriction and exercise (group DE).2

Treatment
+/db female 19240 X 84413 X 988 X X: p<0.05
+/db male 157 +45 111420 84131 ¢ NSD
db/db male 276 £102 215350 215243 NSD
p value NSD b: p<0.01 ¢ p<0.01d

8 values represent means + standard deviation (n=3).

b p values of comparisons of various groups with the same treatment.

X pvalues of comparisons of treatments within the same phenotype group.
significantly different by Student's t-test.

NSD (no significant difference)
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~ No slgnlf_lcant dift"erences:were found,in any group comparison}s'bf_} e

 fasting serumlnsul,ln levels (Table 5). However, control diabetic animals

hadan apparent two"to"'three?fOld 'elevatlon-of.sérum fnsulin levels

_ compared to group C normal mlce In group D dlabetlc ammals there was a
33% hlgher msulln concentratlon compared to normal male animals (98
:46 vs. 6576 »u.U/ml, respectwely). Dlabetlc animals in group DE showed B
| greater serum insulin'i (:oncentra'tlons compared to group DE normal mice .
| (8551vs.33 432 uu/n_il, respectively). -
H The Glucose/ lnsulm ratio was calculated to compare the relatlonshlp
~ between serum glucose and insulin levels (Table 6) There was no

; dif ference withln each phenotype. -However lt was noted that within'each E
| phenotype the C and DE groups had SImllar ratios whlle the ratlos |
decreased in the D groups Serum glucose and insulln levels were lower ln
the DE groups than in the C groups ln all mlce phenotypes (Table 4 and 5)

- but the relatlve proportlons of each are the same for both groups. Group D
serum lnsultn levels are elevated in all mlce groups causlng decreases in

the Glu./lns. ra‘tlo cornpared to the DEngOUps‘ L Emel g

a2



| TABLE 5. o Fasttng serum msanf’(uU/ml)of normal (+/dh) female
- andmale mice and diabetic (db/db) mice at 8 weeks of

- age fed aa /ibitum (group C), subjected diet- restriction -

o (group D), and those to diet- restrictmn and exercise L
(group DE). ' . . Sl

] » _Treatment

C/dpfemale 3232 56%23 _19:11
/domale 54357 6576 3332

db/dbmale  111:88 98246 8515]

} a Values represent means + standard deviatlon which show no sigmﬁcant dlfference by all
comparisons (n 3)
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TABLE6.  Ratio of serum glucose/serum insulin of each mouse®to
x g determine glucose-insulin relationships between normal
. (+/db) female and male mice and diabetic (db/db) mice
fed ad /ibrtum (group C), subjected to diet-restriction

(group D), or subjected to diet- restrlction plus exercise

(groupDE)
Treatment
s/gh female  6.1£17%  17:08%  64:34Y  x:p0.05
| T | S _ : |  y:p<0.05
+/db male 49:28° 3625 4837 NS
db/domale 31120 26216 33120 NSD
pvalle  bip<0OS - N NSD

8 vyalues represent means + standard deviation (n=3).
p values of comparisons of various groups with the same treatment.
XY p values of comparisons or treatments within the same phenotype group.
‘NSD (no signiﬁmnt differenee) »



- TABLE7. 'Percent body fat® of normat (+/dn) female and male '
. mice,and diabetic (db/db) mice fed a¢ libitum
h (group C), subjected to diet- restrictton (group D) and
B "those sub ]ected to dtet restrtctton and exercise (group
*DE) | . .- , . '

Treatment -

'+/dn_'femate : :20.1 246 129 +2.7 103 151 ND
+/gh male _19.014;'5#11 135_4 £23° 110389 NsD

 dudbmale  472:50°  372:37°  4035:21¢ N

Cpviws b0l mp0Ol  €pc00s

8 Values repreeent méans + standard devietton(n 3) o
cd * p values of camparisons of various groups with the same treatment.
p values of compar isons of treatments wtthtn the same phenotype group.
NSD (no significant dtfferenee) ‘ ,
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Diabetic mice had‘ lower Glucose/l nsulin réiioé ih each treatment
group compared to normal ‘male' ﬁwice with a signif iéant‘ reduction in group
C (p<0.05) bUt not in groups D and DE. ’T'he decreaSed .ra_t“ios are due to the
increased serun'i insulin levels of diabetic mice compared to normal mice.

Percent Body Fat
| There was an apparent gradual decline in percent body fat from groups
Cto D to DE in all mice phenotypes except group DE of diabetic mice had a
slightly greater amount than group D (Table 7). Diabetic mice retained
elevated amounts of body fat over normal male mice in each group (C: 47.2
+5.0% vs. 19.0 +45%, p<0.01: D: 37.2 +3.7% vs. 13.4 +2.3%, p<0.01: DE:
40.35 +2.1% vs. 11.0 £3.8%, p<0.05, respectively).
Liver Histology
Livers from normal female and vmale mice shoWed no difference in
their histology so only male tissues are compared against the tissues of
male diabetic mice. Normal control male mice group C show expanded
| hepatocytes (Figure 7a) with densely filled cytoplasm and enlarged cell
nuclei (10.4 £2.1 um). The nuclear contents are dispersed signifying
cellular activity. Fat depo_sits are small and dispersed throughout the

USSUé. There is a moderate presence of lacunae (black arbows) which

46



- 3 appear as irregular elongated cross sections of veslcles Group C dlabetlc . -

mlce have enlarged hepatocytes (Figure 7b) with large fat deposlts (black |

s 'arrow) and condensed nuclel (7 6 +0 9 um) Lacunae are contracted due to

) the enlarged cells Dlet restrlcted normal male mice (group D) have ‘ |

3 thlnned hepatocytes Awlthsllght_ly enlarged nuclei (8.0 ~:2.l ‘um),(Flgur'e-.»
~ 8a). Lacunae "are of moderate size “an'd hepatic cytoplasm fs fairly dense.

There is no apparent fat dep‘Oskits seen in 'the'ir hepatocytes. The diabetic

- ~mice group D stlll show densely filled hepatocytes (Flgure 8b) with dense

cytoplasm and small fat’ deposlts Lacunae are sparse and small and nuclell
- are condensed (7 410, 9 um) | B
Dlet-restrlcted and exerclsed; normal ma-le."m,ice' (group DE) exhibit '
,_fUrth:er reductlon lnthe dlameter:of‘hepatocytes‘_v (F lgure' 9a) and . ‘
,enlargement of" lacunae; No apparent fat dep'osits»were:obSerVed.' The
nuclel are slightly condensed (‘8’2 tO 1 um) Simllar to group D'normal} -
male mice. Dlabetlc exerclsed mice group DE also show thlnnlng of
hepatocytes wlth no apparent fat deposlts (Flgure 9b) Nuclel are further |

| (,condensed 6 0 +l 7 um and lacunae are enlarged due to hepatocyte

S shrlnkage

PAS stalned glycogen deposnts appear as dark granular dots located



L | withln hepatocyte cytoplasm Normal male mice group C have fairly dense_‘
B ,giycogen deposits (black arrows) dispersed throughout the liver section ‘; _ "

(Figure lOa) The hepatocytes of diabetic mice group C contain large .

e o | ~glycogen reserves (black arrows) associated with large fat deposits C

(Figure lOb)

S In hepatocytes of normal male mlce grou.p‘ D glycogen deposits were "
5 'scarce (black arrows) and evenly dispersed (Figure ] la) while diabetic i
- mice group D hepatocytes have moderate deposits (black arrow) in cells | |
; ' associated with hepatic veins and arteries (F igure l lb) Hepatocytes from

DE groups show very littie glycogen deposits in both normal and diabetic
4‘ '_’_male mice (Flgure l2a l2b respectively) however there are more small

. 'massed deposits in cells of the diabetic mice (black arrows in Figure l2b)



FIGURE 7a.  Liver section of a normal male (+/db) mouse fed ad
librtum (gr'oup C) showing compact hepatocytes with.
enlarged nuclei. Lacunae are small (black arrows). H&E
stain, X400. | |

FIGURE 7b.  Liver section of a diabetic male (db/db) mouse fed ad
/ibitum (group C) showing huge fat deposits with expanded
hepatocytes. Lacunae are very small. H&E stain, X400,
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FIGURE 8a.  Liver section of a diet-restricted normal (+/db) male mouse

(group D). Thinned hepatocytes, contracted small nuciei and f o

no apparent fat deposits are visible. Lacunae are of
" moderate size due to hepatocyte cell thinning H&E stain
o X400 | | L

FIGURE 8b. Liver section of a diet- ceStricted diabetic (nb/db) mouse
(group D). Compact hepatocytes have small fat deposits and
small contracted nuclei H&E stain, X400.

st






S FIGURE 9?{ B Liver section of 2 normal mouse (+/an) on diet restmctlon |

*and exercise (group DE). Notice even thinner hepatOCYtes i

~and slightly smailer, Tess dense nuclei than a

- diet- restricted normal mouse (group D mouse in Flgure 8a) '

) : l - Lacunae are large due to cell size shrmkage H&E staln
. X400 B . : :

FIGURE 9b.  Liver section of a diabetic (db/db) mouse on -diet—rést‘rictyion
; . and exercise (group DE). Hepatocytes are thinned with no.
v‘isib]e f a‘t deposits. H&E stain, X400.
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" FIGURE f,l,_O'a PAS staln for hepatlc glycogen ona normal male n mouse fed |
o S ad //on‘um (group ()] showing falrly dense glycogen L
deposits (black arrows) Methylene blue counterstaln X400.

~ FIGURE 10b. - PAS stain for hepatic glycogen on a diabetic male mouse fed -
: . ad libitum, (group C) with large glycogen deposits |
associated with large f at deposits (black arrow) Metnylene ,
blue counterstaln X400 ST






7."~FlGURE, lf_l'a PAS stain for hepattc glycogen on a normal male mouse on

“diet- restriction (group D). Small glycogen deposits (black
arrows) are scarce Methylene blue counterstaln X400

. FlGURE 1 lb PAS staln for hepatlc glycogen ona dlabetlc male mouse on. '-

~ diet- restriction (group D). Hepatocytes surroundlng the R

s "',hepatlc arteries contain moderate glycogen stores |
v Methylene blue counterstaln X400 | |






FIGURE 12a. PAS stain for hepatic glycdgen on a normal male mouse on
diet-restriction and exercise (group DE) illustrating very.
few glycogen deposits. Methylene blue counterstain, X400.

FIGURE 12b.  PAS stain for hepatic glycogen of a diabetic male mouse
on diet-restriction plus exercise (group DE). Only sparse
glycogen deposits exist (black arrows). Methylene
blue counterstain, X400. '
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Norm'il (+/db) remale mlce showed reductlons (p<0 05) ln body

welght comoared to hormal males lh alltreatmeht groups throughout the e

’three week study Allother physlologlcal parameters measured in thls ,

o study showed no slgntflcant dtfferences between hormal female and male

i " ‘rnlee Normel female mtce values were not used ln statlstlcal c

tombarlsohs wlth dtabetlc male mlce

Elody welqhts or ﬁOl mal male mlce ahd dlabetlc mlce (F lgure 4 show

- o dlffel ence between D ahd DE groups at the ehd of the three week ‘

orodram Humah studles have also shown no absolute reductlon ln body
: wetqht by the addltlon of exerclse (31 34 37). Thus wetght may be |
: controlled mostly by dlet restrlctton alone Dlabetlc mtce groups D and DE

| hormallzed thetr body welqhts to that of hormal mlce fed aa’ libitum as.

R "_they dlsplayed slmllar growth rates throuqhout the study They

- matntalned a2- 39 welght lncrease however dlabettc mlce had lnttlal

* body welghts greater (D<0 05) thah the normal males by 3- 4g which was

- hot correeteble by the dlet ahd exerelse treatmeht prescrtbed in thls |

study Startlhg mtce at l’our weeks of age could eombensate for this -



phenomenon | Exercise in the diabetic mice Iowered (p<u Oi) the percent
'increase in body weight but this effect due to exercise was not observed »’
in normal male mice Exercise reduced the percent increase in body weight_f .
: in diabetic mice more than that of normai males thus suggesting that the
| , weight gain in the diabetic m-ice is reduced whereas 'normal mice Wthh
‘ ate normai amounts of food are not effected by the prescribed treatments
gThis is consistent with the same type of treatment performed on obese |
‘(ob) mice (30) indicating that exercise prevents the accumuiation of
. vnutrient stores by increasing the need for metaboiic fuel in the body.
| The metabolic ef f iciency def ined in this study _as the percent
-increase in body weight’per amount of food‘ consumed wyas ‘reduced (p<0.0$) :
from treatment group C to D to DE of diabetic mice (Table 3. kkThe diabetic .
DE mice group normalized its metabonc'efi’iciency to that of normal maie‘f >
mice (NSD) while groups C and D‘.wve:re stili e]evated four—fold ( p_<O.Qii,_' ;
p<0 05 respectiveiy) |
Water consumption was reduced in groups D and DE from group C in
| normal male and diabetic mice (F igure 6) Diabetic mice iilustrated a
' vgreater decrease in water consumption whereas the control diabetic “

animals dispiayed significant polydipsia. Water-consumption is generaiiy MRS



L ’considered an indicator of serum glucose levels with consumption

; vincreasing in direct proportion to increasing serum glucose levels (3)

Thus the reduced water consumption in diabetic D and DE animals would

| "'Vﬂ-indicate a greater decrease in non- fasting serum glucose levels than in

'untreated diabetic animals The therapy therefore seemed to be more

» benef icial among diabetic mice because of their greater reduction in water o

‘consumption than the controls

Fasting plasma glucose levels were increased in diabetic mice

| 'compared to normal male mice in all treatment groups (D and DE p<0. Oi

but C was NSD probably due to iarge standard deViations because of large |
’ ‘individual variances commonly seen in diabetic mice) Giucose levels in
ad libitum fed animals of both phenotypes were SImilar to those |

. reported by Coleman (2) Exercise caused no decrease in serum glucose
clevels in diabetic mice and only. slight decreases in normal male animals
(NSD) Since the mice were f asted for eighteen hours there seemed to be «
a reduction in serum glucose from fasting which could have masked the : |
proposed additfonal reduction of exercise In contrast human studies |

i showed reduced c1rcuiating concentrations of glucose by exercising

.because exercvise ‘s_timulates glucose uptake-and- its oxidative rate by the S
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o .'.muscles (37, 4i)

' The large standard deviations ‘of f asting serum lnsulin levels
reported in this study are common to this animal model However several .
observations may be: interpreted as indicators of hyperinsuiinemia in all
of the treatment groups of diabetic mice compared to normal male mice.

| Ekerc:ise apparently further reduced'_the insulin levels from D to DE groups
of normal male and diabetic mice {llustrating that exercise was slightly
~more effective than diet—reStri‘ction alone in increvas'ing insulin | |
sensitivity or'r‘esponsev'and in lowering serum glucose levels in normal
.male mice : | s
Exercise seems to have increased insulin sensitivity as indicated by' :
Glucose/insulin ratios (Figure 6) Apparently, the DE groups had an
~ increased amount of serum glucose to serum insulin levels compared to D -
| groups Similarly, a walking program on: obese men improved the R
- glucose/ insulin ratio by 156% (34) and exercise decreased the insuliny :
response curve over time_by glucose challenge (43). Aithough the serum &
K glucose levels were the same or slivgh‘tly reduced’indiabetic and normal”
male jmice, respectively, tne fall inl.‘serum i.nsulinievels mostly -

~ contributed to the increased Glu/Ins. ratio. Again, since the diabetlc mice
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" ':nuclel became smaller and more dense from groups CtoD to DE (Figure

- 7 12) This may be an indlcator that cellular actiVity is reduced as in the o

form of gluconeogenesls lipogenesis and glycogenesis

In this study, calculations of percent body fat utilized an estimated

| reSidual volume (RV) of 0 Sml. This RV estlmation conflicts with
Crosfill s suggestion (6l) that the RV of 2 mouse should be one- third of o
: vthe eupnoepic or true mouse tidal volume Wthh would be ~0 06ml

| However calculatlon with this value in the Siri equation yields values in
the 70 80? range for percent body fat Wthh is clearly inaccurate
Crosf i‘ll also used aneasthesized »mlce which show depressed'respiration'
and it:' s Tikely this resulted in lovVervalues. ;In'humans \the RV 'ls».twice :
the tidal volume, and this”is’more in agreement with the proposed RV
estimate of 0.5 ml for,th"e mouse (tidal volume ~1.8 m). Thus, the
calculations reported herein should more accurately'ref lect the true
= »percentage of body fat in the mouse | | |

Lastly, the diabetlc mice had large increases in percent body fat |

‘compared to normal males C and D groups p<0. 01; DE group, p<0 05 (Tablev |
7) Mice on exercise programs showed no dif ference in percent body fat |

when Compared‘ tOv diet-restrlctionalone in diabvetic _mlce, Wthh .suggestsv ; B
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 that elevated adipose tiéSue deposition is not reduced .by’ the addition of

“exercise to diet-restriction. Norma‘lv males had a slight decrease (NSD) in
percent‘body fat by exercising. This supports‘previous studies which |
reporf that lipolysis in adipoée tiésues secretes FFA into the 'blood stream
in increased amounts in order to fuel the increased metabolic demand |
(27,36,38,59). This is apparently not so in the diabetic animal.

The present study has shown that diet-restriction plus exerci‘se is

more effective than diet—restricti‘oyn alone af reducing pe‘rcent increases
in body weight; normalizivng metabolic eff iciencyk, ‘and reducing hepatic.
glycogen déposits in diabetic mice. These results occur from the

 Increased metabolic need for glucose and the resultant decrease in
availability of substrates for fats. There is evidenée of an increased
insulin sensitivity or response due to the exercise regime as evidenced by -
the decreased semm insulin levels and mcreased G]ucose/lhsunn ratios. |
However, the improvement by exercise is limited because most of the a
above parameters are only slightly reduced and are still elevated above
normal levels. Serum glucose, body weightv, ahd percent body fat yalues
were similar in both diet and diet plus exercise group? in all mice. The

latter set of findings suggest no effect on peripheral insulin resistance by -
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e 3 addition of exercise ln a similar study using the obese mouse model

E '»exercise and matched pair feeding still resulted ina two to three- fold

o increase of fat deposition in the obese animals (29) The diabetic mice in S

| this study apparently also reduced linear growth by depleting skeletal and o

| ’.,lean body weight below normal mouse levels at the expense of maintaining L

their increased amount of fat deposition

An improved treatment regimen which might further reduce the - 8
diabetic syndrome of the diabetic mouse would be to combine more intense"
| exercise With a smaller time interval of food availability or to combine
exercise with a high protein diet. Though these suggestions would likely
| improve the metabolic status of the diabetic mouse to a leve_l more like
| the normal mouse, it is not li:kely to prevent the diabetic-syndrome o '.

because of the limited success in this and in numerous other _studies."

. Bogardus (3 1) states the significance of dietand exercise on NIDDM human

~ subjects as follows

,Moderate physical therapy with a sharply restricted diet,
© would have no added effects in clinical parameters of body .
‘composition, fasting serum glucose and glucose response to
a mixed meal, but glucose storage capabilities would go up.
However, diet plus exercise turns diabetic sub]ects more ;
towards the normal state | |
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= :--oe‘smte» its iimi‘tations' ldivet' "and exerclse’pmv‘es to be the best B

- ‘practical treatment of NIDDM because of the partial reduction of the o

: :diabetic state to more effective utillzation of metabolic fuels and to ‘. .
.increase insulin sensitivity and response Behaviorally, the diabetic m.ice
“were observed to be more alert and active thus more closely resembling
' their normal littermat.e.s and suggesting a trend towards_ normalcy. |
Hopefully, this can be achieved in NlDDM patients |
It was noted in this study that large variances in individual , .
= physiological values are encountered with diabetic sub ]ects Theref ore,
: NIDDM patients should have a customized diet restriction and exercise
| program for their specific needs. Because .of the limited success of this.
| study in normalizing the diabetic animals by diet restriction plus |
exercise, it can be implied that this type of treatment program may also
be Iimited in NIDDM patients The genetic predispositlon of the diabetic :

| _syndrome is a powerful regulator of the abnormal physiological state of |

: “the mouse or human; however, it may be improved more towards theno_rm Lo

by ,trea_tm'ent designed to reverse the diabetic pathology.
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