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Rapamycin prevents the onset of insulin-dependent
diabetes mellitus (IDDM) in NOD mice
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SUMMARY

The effect of the immunosuppressive agent rapamycin (RAPA) was assessed in the non-obese
diabetic (NOD) mouse which is an autoimmune model ofIDDM. RAPA was prepared in a vehicle of
8% cremophor EL/2% ethanol and investigated in two studies. NOD/MrK female mice (six per
group, study no. 1; 10 per group, study no. 2) were dosed three times per week p.o. by gavage from 56
to 170 days ofage (study no. 1) or from 64 to 176 days ofage (study no. 2). Mice treated with RAPA at
0-6 mg/kg, 6 mg/kg, or 12 mg/kg maintained normal plasma glucose through 170 or 176 days of age
with 10%, 0%, and 0% incidence of diabetes respectively. In contrast, naive, vehicle-treated, or
RAPA 0-06 mg/kg-treated mice exhibited elevated plasma glucose and disease incidence typical for
female NOD mice. Mice which became diabetic had elevated levels of f3-hydroxybutyrate,
triglycerides and cholesterol. These plasma lipid concentrations were positively correlated with the
duration of hyperglycaemia (r=0 85, 0-87 and 0-84 respectively). Outside of its ability to prevent
diabetes, RAPA itself did not affect the lipid profile ofthe mice. Intervention therapy with RAPA was
ineffective at reversing the course of disease after IDDM onset under these experimental conditions.
Finally, we report here that prophylactic treatment with RAPA was able to protect against IDDM
development in some RAPA-treated mice 41 weeks after cessation oftreatment. These data show that
orally administered RAPA is effective in preventing onset of disease in the NOD mouse, a relevant
model of autoimmune type I diabetes in man.
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INTRODUCTION suppressants cyclosporin A (CsA) and the macrolide FK506 [1 1]
(see review [12-14]). Rapamycin appears to affect both calcium-

ofthpenon-obeseediabeticamousei(NOD) an autoimmu
emod dependent and independent pathways ofT cell proliferation by

of type I IDDM, exhibits approximately 70% incidence of woknlaeinteclcye(Gphs)scmard ih
diabetes at 160 days ofage [1,2]. Genetic susceptibility involving FkingorCs which primarI act on ca mpedent
class II MHC genes plays a major role in this autoimmune pahwy in the erieG phase. acin unlikepeKdeno
disease for both humans and NOD mice [3-8]. The pancreatic ptwy nteerirG hs.Rpmcn nieF56o

disleasbeforebofithrhuan andh NOD icytes [ .T panceic CsA, has little effect on mRNA levels for IL-2, IL-2 production,islets become infiltrated with lymphocytes (insulitis) and insulin- or IL2 xrsin u oshaeteaiiyt nii
producing beta cells are destroyed. Adoptive transfer studies in proliferat ions by eoeshad oth.i cyto in

NOD mice [9] have shown that T cell-mediated events occur well sIL-4.
initially in IDDM while humoral abnormalities (cytoplasmic apamycinis ulp
islet cell, insulin, and 64-kD protein autoantibodies) contribute a ppresing ection andmprolongng survivlstimeto
lateduin th dies prgeso.seeiw[0 ation in suppressing rejection and prolonging survival time of

both skin [15] and organ allografts (see review [13]). Rapamycin
Rapamycin (RAPA) is a novel macrolide which appears to also demonstrates an immunosuppressive effect in murine T

have a different mechanism of action in vitro from the immuno- cell-mediated autoimmune models including collagen-induced
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Fig. 1. The effect of rapamycin (RAPA) on plasma glucose in non-obese diabetic (NOD) mice. (a) Study no. 1. 0, Naive; A, RAPA 6 mg/
kg; 0r, RAPA 12mg/kg. (b) Study no. 2. *, Naive; A, vehicle; 0, RAPA 006 mg/kg; 0, RAPA 06 mg/kg; A, RAPA 6mg/kg. *Elevated
plasma glucose observed in one of 10 mice from the RAPA 06 mg/kg group.

intervals. In addition, a cross-sectional evaluation of plasma measuring total consumption (ml) for a 7-day period in a cage
lipids including triglyceride, cholesterol, and fl-hydroxybutyrate and dividing by the total number ofmice housed. This was done
was conducted. for each of the 2-3 cages per treatment group. A final weighted

mean per group was determined by using consumption data per
MATERIALS AND METHODS mouse in a cage as a value for each of the mice housed in that

Two studies (nos 1 and 2) were used to determine the effects of cage and then averaging these values for each of the mice in the
raayi in th NO oe. group. Although this method does lead to considerable varia-

tion by accounting for water consumption of both diabetic and
Treatmentprotocol ~~~~~non-diabetic mice and does not allow for calculation of

Female NOD/MrKTACfBR mice (Taconic), 8 weeks of age statistical differences between groups, it did serve as a valuable
(study no. 1) or 9 weeks of age (study no. 2), were housed 3- non-invasive indicator of new onset and as an indicator of
mice per cage in a barrier facility and given food and water ad osmotic diuresis due to glycouria.
libitum. Weight and water consumption were measured on a
weekly basis. In the initial study, six mice per group were Statistical analysis
randomly distributed into three groups including naive control, The data were expressed as mean + s.e. Fisher's exact test was
RAPA 6 mg/kg, and RAPA 12 mg/kg. Rapamycin was used for comparison of per cent incidence of diabetes between
dissolved in a vehicle containing 8% cremophor EL/2% ethanol the groups. Student's t-test was used for comparison of weight
and administered in a volume of 0 1 ml/10 g body weight. In the between groups and two-way analysis of variance was used to
second study, 10 mice per group were randomly distributed into determine significance between treatment groups for the plasma
six groups (A-F) as described below. The effects of vehicle (A) as lipid levels. All significance levels were set at P <005. Finally,
compared to naive control (B) were tested. A dose response to Pearson's correlation, set at the 95% confidence interval, was
rapamycin (0-06, 0-6 and 6 mg/kg (C-E)) was determined and used to compare lipid levels and the number of days of overt
the ability to reverse diabetes with RAPA 6 mg/kg immediately diabetes.
after onset (F) was assessed. Administration of drug began at 56
days (study no. 1) and 64 days (study no.2) and continued three RESULTS
times per week p.o. by gavage until mice were killed at 170 days
of age (study no. 1 only) and through 176 days (study no. 2). Incidence of diabetes
Non-diabetic rapamycin-treated mice from study no. 2 were In the initial study, rapamycin-treated mice at 170 days of age
then followed for an additional 41-week period after cessation had no incidence of diabetes (0/10) which was significantly lower
of rapamycin and analysed for incidence of IDDM. from control incidence (4/6, 67%) at P=0p008 by Fisher's exact

test. In the second study, six out of ten (60%) vehicle-treated
Biochemical analysis mice became diabetic by 176 days of age which was not
At regular intervals blood was collected from the tail vein into significantly different from naive control mice (6/10, 60%).
tubes containing sodium fluoride and plasma removed for Rapamycin treatmentagainprotectedagainst diabetesat6mg/
analysis of glucose using the Abbott Biochromatic Analyzer. A kg (0/10) and also at 0 6 mg/kg (1/10, 10%) which was
plasma glucose level consistently > 11 1 mmol/l was the criter- significantly lower than incidence for naive or vehicle control at
ion used to determine overt onset of diabetes. On day 176 of P= 0005 and P=0a029, respectively. A no effect concentration
study no. 2, blood was collected from the retroorbital sinus and of rapamycin was determined at 0l06 mg/kg (60% incidence).
plasma levels of triglyceride and cholesterol were investigated
using the above method. Plasma levels of n-hydroxybutyrate Plasma glucose kevels
were analysed enzymatically using the method of Williamson et Plasma glucose levels for all groups were below7a2 mmol/l
al [22]. (study no. 1) and belowr3 mmol/l (study no.2) at the beginning

of the studies as shown in Figs ia and b, respectively. Elevated
Water consumption determination plasma glucose levels for diabetic mice were first observed by
Mice were housed 3-4 in cages, and thus water consumption 129 days of age in study no. 1 for naive control and by 107 days
(millilitres of water consumed/mouse per day) was calculated by for naive control, vehicle, and RAPA 0 06 mg/kg in study no. 2.
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Table 1. Plasma levels of f3-hydroxybutyrate, triglyceride and cholesterol in non-obese diabetic (NOD) mice at 176 days ofage

fi-hydroxybutyrate (mmol/1) Triglyceride (mmol/l) Cholesterol (mmol/l)

Treatment Non-diabetic Diabetic Non-diabetic Diabetic Non-diabetic Diabetic

Naive 061 +038 (4) 152+56 (4)* 124+022 506+ 1.14* 255+025 585+ 1.30*
Vehiclet 0-66+0 13 (4) 12 8+5 4 (4)* 0 92+0 06 4 06+ 1 00* 2-60+0 10 4-75+0 85*
RAPA 0-06 mg/kgt 0 45±+003 (4) 7 6+5 4 (2)* 0 84+0 08 5 04+2 76* 2-65±+005 4-85+0 50*
RAPA 0-6 mg/kgt 0-58±+012 (9) 0 74+0 04 2 50+0 05
RAPA 6 mg/kgt 0 52±+008 (10) 1 30+0 06 2 90+0 10

* P < 0 05 when compared to vehicle non-diabetic.
t Administered at 64 days of age and continued three times per week p.o.
Values are mean + s.e.m.
Numbers in parentheses are n values.

Table 2. Profile of rapamycin-protected mice after cessation of treatment

Weeks RAPA 6 mg/kg, glucose (mmol/l) RAPA 0 6 mg/kg, glucose (mmol/l)
after
cessation Incidence (%) Non-diabetic Diabetic Water Status Incidence (0/) Non-diabetic Diabetic Water Status

I 0/10 (0) 5 2+0 0/9 (0) 4 7+0 2
3 0/10 (0) 78±+0 3 (10) 4 8+0 0/9 (0) 6 8+0 3 (9) 4 4+0 2
6 0/10(0) 68+03(10) 5 1+0 1 1/9(11) 68+02(8) 139+0(1) 47+02
9 0/10 (0) 7 4+0 2 (10) 1/9 (11) 7 2+0 4 (8) 29 4+0 (1)
14 4 0+0±1 t 9 4+2 6
15 0/10(0) 68+04(9) 443+01 t 1/9(11) 74+03(8) 411±+0(1) 89+23
20 51+0±2 t - 53+04 $
21 0/10(0) 76+04(7) 50+02 2/9(22) 73+05(7) 173+0(1) 47+02
24 5-4+0 t 55+0 3
26 0/10 (0)* 10.I + 16 (7)* 5 3+0 4 2/9 (22) 9-9+0 8 (7) 36 6+0 (1) 79±+ 1 5
29 -- 55+03 - 108+25 $
31 - - 53+04 -- 53+0 6
33 0/10 (0)* 5-57+05 3/9 (33) 80+ 18
35 46+03 t 4-43+02 t
37 0/10 (0)* 80+ 13 (5)* 447+03 3/9 (33) 85+05 (6) 42+02
39 - 45+06 t 4-43+02
41 0/10(0)* 9.7±+18(4)* 46+07 3/9(33) 86+05(6) - 42+02

* One mouse had a slightly elevated plasma glucose level from 361 to 466 days of age with no other clinical signs ofIDDM including loss of weight
or increased water consumption.

t Death not due to hyperglycaemia.
t Death as a result of diabetes.
Values are mean + s.e.m.
Numbers in parentheses are n values of surviving mice.
Water consumption values are millilitres of water consumed/mouse per day.

These initial hyperglycaemic levels increased further with concomitantly with elevated glucose (Figs la, b) for naive
duration of disease for diabetic mice in the above groups at 170 control ( x 4-6 increase), vehicle control ( x 5 2), and RAPA 0-06
and 176 days of age, respectively. In addition, one mouse in the mg/kg (x 4 6) treated mice. A slightly elevated consumption
RAPA 0-6 mg/kg group (study no. 2) became diabetic by 135 level reaching 8-8+2-2 ml consumed/mouse per day was

days and expired at 166 days of age (Fig. I b). Mice treated with observed for the RAPA 0-6 mg/kg group concomitant with the
either 6 mg/kg or 12 mg/kg RAPA (study no. 1), 0-6 mg/kg or 6 10% incidence of diabetes. This decreased to baseline levels by
mg/kg RAPA (study no. 2), maintained normal plasma glucose 166 days after this mouse expired. In contrast, rapamycin (6 mg/
throughout the experiment. kg or 12 mg/kg, study no. 1; 0-6 mg/kg or 6mg/kg, study no. 2)

treated mice exhibited only a slight increase in water consump-
Water consumption tion at the end of the studies ( x 1 4, x [-7, x 1-2, and x 1 0,
Waterconsumption in study nosl1and 2increased from baseline respectively) over baseline levels, concomitant with normal
(4 3 ml to 4-8 ml water consumed/mouse per day) to peak levels weight gain in the mice.
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Body weight growth present in the chest cavity which contained 'pus' and
Body weights at 8 weeks of age for naive control (20 8 + 0 5 g), infiltrated the trachea and lungs. The remaining mice which
RAPA 6 mg/kg (20 6+0 3 g), RAPA 12 mg/kg (21 1+0 7 g), expired at weeks 35 (425 days of age) and 39 (449 days of age)
and at 9 weeks for naive control (22-2 + 0-4 g), vehicle control after cessation of treatment had no visually apparent signs of
(22 2 + 0 4 g), RAPA 6 mg/kg (22 1 + 0-4 g), RAPA 0-6 mg/kg disease and probably died of natural causes.
(22-0+ 0-4 g), and RAPA 0-06 mg/kg (22-2 + 0 5 g) were similar.
The non-diabetic mice in all groups gained weight normally and DISCUSSION
by the end of the study there were no significant differences in
per cent change of body weight between rapamycin-treated mice The present studies show that intermittent oral dosing (three
and control mice (study no. 1, 170 days) or between rapamycin- times per week) of rapamycin at concentrations ranging from
treated mice and vehicle control mice (study no. 2, 176 days). All 0-6 to 12 mg/kg, p.o., prevents the onset of diabetes in NOD
diabetic mice in the naive, vehicle and RAPA 0-06 mg/kg mice. Rapamycin-treated mice maintained normal glucose
groups, as well as the single mouse in the RAPA 0-6 mg/kg levels throughout the duration of the study and the drug
group, lost weight which varied with the duration of hypergly- significantly inhibited the progressive water consumption
caemia (data not shown). observed in this model. Since water consumption reflects water

excreted, the observed normal water consumption of the
Lipid analysis RAPA-treated mice indicates no osmotic diuresis due to
In study no. 2, plasma levels of triglyceride, cholesterol, and glucosuria. Thus the normal plasma glucose levels observed
fl-hydroxybutyrate were analysed from the mice at 176 days of with RAPA treatment are due to the prevention of diabetes and
age. Although all mice were the same age, their treatment and not due to the elimination of glucose through the urine as is the
duration of overt diabetes varied. As is evident from the group case for a compound such as phlorizin which lowers plasma
means in Table 1, all mice that developed diabetes had elevated glucose by inducing glucosuria [23].
levels of plasma triglyceride, cholesterol, and fl-hydroxybuty- No significant differences in per cent change of body weight
rate. Rapamycin treatment at 0-6 mg/kg and 6 mg/kg in addition were observed in non-diabetic treated mice. In the NOD mice
to preventing hyperglycaemia (Figs 1 a, b) also prevented the that did become hyperglycaemic, the progression of diabetes
associated hyperlipidaemia (Table 1). Furthermore, administra- followed a typical course ofa severe IDDM, i.e. weight loss, and
tion of rapamycin from 0-06 mg/kg to 6 mg/kg did not a rise in plasma ketone bodies, triglycerides, and cholesterol
significantly affect the lipid levels of either the non-diabetic or [24,25]. The degree of hyperlipidaemia and ketosis was corre-
diabetic mice as compared with the non-diabetic vehicle and lated with the duration of uncontrolled hyperglycaemia. Rapa-
diabetic vehicle group, respectively. An examination of indi- mycin-treated mice at both 0-6 mg/kg and 6 mg/kg maintained
vidual mice revealed that the plasma levels of ,B-hydroxybuty- normal non-diabetic levels of the three plasma lipids. Outside of
rate, triglyceride, and cholesterol were positively correlated this ability to prevent diabetes, rapamycin itself did not affect
(P <005) with the duration of hyperglycaemia (r= 0 85, 0 87 the plasma lipid profile of the mice.
and 0 84 respectively). Intervention therapy with 6 mg/kg rapamycin, three times

per week p.o., immediately after IDDM was detected, was
Intervention therapy with rapamycin ineffective at reversing the course of the disease under these
Rapamycin administered 6 mg/kg, three times per week p.o., experimental conditions. Changes in experimental design are
therapeutically to eight NOD mice immediately after IDDM planned to investigate further this parameter as the combination
onset at 130-144 days of age was unable to reverse the course of of oral dosing and an intermittent dosing schedule may not have
the disease through 176 days of age (data not shown). raised rapamycin blood levels to a therapeutic range soon

enough to abrogate the attack by T lymphocytes on the
Incidence of diabetes after cessation of rapamycin treatment pancreatic beta cells. Insulin cotherapy at this stage may also
The 19 non-diabetic mice remaining after 176 days of age from help to 'rest' the remaining beta cells [10,26].
the RAPA 6 mg/kg and RAPA 0-6 mg/kg protected groups were We are encouraged by the level of protection against IDDM
followed for an additional 41-week period after cessation of demonstrated for both the RAPA 0-6 mg/kg and 6 mg/kg
rapamycin treatment. As shown in Table 2, three of nine mice groups in study no. 2, 41 weeks after the cessation of treatment.
(33% incidence) from the RAPA 0-6 mg/kg group exhibited Our observation of33% incidence for the RAPA 0-6 mg/kg mice
delayed onset ofIDDM by week 41. As described earlier, there was at reduced levels from expected incidence. Consistent with
was also a corresponding increase in the mean water consump- the findings of Formby et al. [2] who reported 25% new
tion for this treatment group which normalized after the three incidence of IDDM in NOD mice 5 months (20 weeks) after
diabetic mice expired. The RAPA 6 mg/kg group continued to cessation ofCsA treatment, continuous treatment of rapamycin
have no incidence of diabetes (0/10) with no dipsesis displayed. may be needed to prevent IDDM. In this situation, the
However, one mouse which had no other clinical signs ofIDDM effectiveness of rapamycin at lower doses using an intermittent
did have a slightly elevated plasma glucose level from 361 days dosing schedule may be advantageous in preventing possible
ofage through the end ofthe study at 466 days (Table 2). During complications due to overimmunosuppression. In addition, the
this 41-week period, six of the 10 mice previously treated with administration of insulin prophylactically has been reported to
RAPA (6 mg/kg) expired. Visible tail infections were observed reduce the incidence of development of IDDM in NOD mice
at this time in some mice requiring significant amputation of the [27] and cotherapy with rapamycin may reduce the levels of
remaining tissue. Four of these six deaths may be due to rapamycin required for prevention. Ahigher level ofrapamycin
bacterial or viral infection as a result of overimmunosuppres- at 6 mg/kg was able to abrogate the development of IDDM 41
sion. Necropsy in these mice showed ear infections or white weeks after cessation of treatment. However, since four of 10
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mice in this group may have died from complications as a result
of overimmunosuppression, we are uncertain whether IDDM
would have eventually developed. Our study was not designed
to demonstrate the immunological effects of this protection.
However, Calne et al. [28] and Collier et al. [29] have reported
that rapamycin induced a state of 'operational tolerance' more
than 6 months after treatment ended in three of nine pigs
receiving major histoincompatible renal allografts. Morris et al.
[30] also recently demonstrated that they could induce a state of
specific immune unresponsiveness in highly histoincompatible
rat heart allografts after cessation ofrapamycin treatment. They
suggested, among several prospects, the possibility of clonal
deletion in their rat model due to the observation of involuted
thymi during the rapamycin treatment period. Studies are
planned to address these questions.

In conclusion, since the onset of IDDM is becoming more
predictable [31], rapamycin may be useful for the prophylactic
treatment of autoimmune type I diabetes in man.
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