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Abstract
Mechanisms related to the adverse effects of corticosteroids on glucose homeostasis were studied.
Five groups of adrenalectomized (ADX) rats were given methylprednisolone (MPL) intravenously
at 10 and 50 mg/kg, or a continuous 7 day infusion at rates of 0, 0.1, 0.3 mg/kg/h via
subcutaneously implanted Alzet mini-pumps. Plasma concentrations of MPL, glucose and insulin
were determined at various time points up to 72 h after injection or 336 h after infusion. The
pharmacokinetics of MPL was captured with a two-compartment model. The Adapt II software
was used in modeling. Injection of MPL caused a temporary glucose increase over 6 h by
stimulating gluconeogenesis. The glucose changes stimulated pancreatic β-cell secretion yielding
a later insulin peak at around 10 h. In turn, insulin can stimulate glucose disposition. However,
long-term MPL treatment caused continuous hyperglycemia during and after infusion. Insulin was
increased during infusion, and immediately returned to baseline after the infusion was terminated,
despite the almost doubled glucose concentration. A disease progression model incorporating the
reduced endogenous glucose disposition was included to capture glucose homeostasis under
different treatments. The results exemplify the importance of the steroid dosing regimen in
mediating pharmacological and adverse metabolic effects. This mechanistic pharmacokinetic/
pharmacodynamic (PK/PD) model quantitatively describes the induction of hyperglycemia and
provides additional insights into metabolic disorders such as diabetes.
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Introduction
Synthetic corticosteroids (CS) are used widely for their antiinflammatory and
immunosuppressive effects. Intensive short-term therapy of high-dose CS is of considerable
value in the treatment of respiratory failure, acute asthma and anaphylactic shock. The CS
are among the most important drugs for diseases such as lupus erythematosus, rheumatoid
arthritis and organ transplantation [1]. For continuous relief of clinical symptoms, some
patients require chronic therapy for months or even years. The appearance of adverse drug
effects in metabolic systems is considerably dependent on the duration of CS treatment.
Alteration of glucose tolerance represents one of the most serious side effects associated
with CS treatment.
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Glucocorticoids were named for their glucose-regulating properties and have diverse effects
on carbohydrate, lipid, protein and nucleic acid metabolism [2]. Although endogenous
steroids are secondary to insulin in regulating glucose metabolism, they influence
gluconeogenesis and play a protective role against glucose deprivation, especially under
stress and starvation.

Excess CS increase hepatic glucose production and decrease glucose uptake/utilization in
peripheral tissues [2]. Thus hyperglycemia and decreased carbohydrate tolerance may be
observed with CS treatment. The extent of these effects depends on insulin, which opposes
many CS actions. Insulin secretion from pancreatic β-cells increases in response to the
steroid-induced blood glucose. Therefore, in a nondiabetic individual receiving short-term
CS, elevated insulin concentrations counterbalance the CS effect so that the fasting blood
glucose concentration is maintained within the normal range. In a patient with impaired
glucose tolerance or insulin insufficiency, CS in excess exacerbate the system abnormalities,
resulting in possible steroid-diabetes [3].

In spite of the rich literature concerning CS effects on glucose regulation, limited
information is available regarding the complete time profile and reversibility of dynamic
changes. This is of special importance because of the nature of diabetes as a progressive
disease.

The development of mechanistic PK/PD models for CS effects is essential for quantitative
understanding of its action. The principal controlling factors for glucose homeostasis are
glucose stimulatory effects on β-cell secretion, insulin stimulatory effects on glucose
utilization and insulin inhibitory effects on glucose production. Estimating system
parameters that describe glucose and insulin signaling as well as drug-specific parameters
that describe CS potency is crucial for understanding the control mechanisms of the
metabolic system.

In this study, the time courses and reversibility of the metabolic alterations in glucose and
insulin following acute and chronic administrations of MPL were investigated in rats. Rat
body weights were also monitored due to the catabolic effect of MPL observed previously
[7]. Rats were adrenalectomized to eliminate the complexity of endogenous corticosterone
effects on glucose regulation. The major goal was to develop a mechanism-based PK/PD
model that can quantitatively describe CS effects on glucose/insulin metabolism, provide
insights on their mechanisms of action, and understand the internal controls of this
biological system. The results illustrate the development of steroid-diabetes and could assist
in understanding the mechanisms underlying CS-induced adverse effects.

Materials and Methods
Animals

Six male ADX Wistar rats weighing 225–275 g and 12 rats weighing 325–375 g were
purchased from Harlan-Sprague Dawley Inc. (Indianapolis, IN). All animals were housed in
a 12 h light/dark cycle and acclimatized in a constant temperature environment of 22°C for
at least 1 week. Rats had free access to rat chow and 0.9% NaCl drinking water. One day
prior to the study, all rats underwent right external jugular vein cannulation under ketamine/
xylazine anesthesia. Cannula patency was maintained with sterile 0.9% saline. This research
adhered to the ‘Principles of Laboratory Animal Care’ (NIH publication 85–23, revised
1985) and was approved by the University at Buffalo Institutional Animal Care and Use
Committee.
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Experimental
Methylprednisolone sodium succinate (Solu-Medrol®, Pharmacia & Upjohn Company,
Kalamazoo, MI) was reconstituted with the supplied diluents. Rats weighing 225–275 g
were divided into two groups to receive a single injection of 10 or 50 mg/kg MPL via the
cannula over 30 s. Rats weighing 325–375 g were divided into three groups to receive a
continuous infusion of MPL (0.1 or 0.3 mg/kg/h) or saline via Alzet osmotic mini-pumps
(Model 2001, flow-rate 1 μl/h, Alza Corp., Palo Alto, CA). For each rat, the MPL
concentration of the pump solution was prepared based on its predose body weight. After
overnight equilibration in saline at 37°C, the pumps were implanted subcutaneously between
the rat shoulder blades at time 0 and removed at 168 h under halothane anesthesia (<5 min)
to ensure a 7 day infusion. The body weights of each rat were recorded before pump
implantation and on a daily basis up to 336 h.

Blood samples were taken from the cannula into heparinized syringes at pretreatment and at
0.5, 1, 2, 4, 5, 6, 8, 10, 12, 24, 36, 48, 72 h for injected animals, or at 3, 6, 12, 24, 48, 72, 96,
144, 168 (before pump removal), 172, 180, 192, 216, 264, 336 h for infused animals.
Sampling times were selected based on previous studies of MPL PK and dynamic effects.
The MPL PK were only measured at selected time points to minimize blood sample volumes
and for confirmation purposes in relation to published results from our laboratory in which
the same drug, dose and type of animal were used [5–7]. Plasma was harvested from blood
and stored at –20°C until analysed. The blood volume taken was less than 0.9% of body
weight.

Assays
Plasma MPL concentrations were measured by a normal-phase high-performance liquid
chromatography method with a quantitation limit of 10 ng/ml [4].

A modified enzymatic assay kit (Sigma Diagnostics, St Louis, MO) was used to determine
plasma glucose. In brief, 10 μl double distilled water (as blank), glucose standards, quality
control and plasma samples were added in duplicate to a 96-well microplate containing 90
μl double distilled water in each well. Then, 50 μl 0.3N barium hydroxide and 50 μl 0.3N

zinc sulfate were added to each well for deproteinization. The plate was centrifuged at 3400
rpm for 15 min, and 20 μl supernatant was then transferred to another 96-well plate.
Subsequently, 200 μl reaction solution containing 4.92 unit/ml glucose oxidase, 0.98
purpurogalin unit/ml peroxidase and 0.039 mg/ml o-dianisidine dihydrochloride was added
and the plate was incubated for 30 min at 37°C. Glucose oxidase mediates the production of
gluconic acid and H2O2 from glucose oxidation. The o-dianisidine is then oxidized by H2O2
and peroxidase yielding a brown color. The optical density was read at 450 nm using a
microplate reader and the sample concentration was calculated based on the standard curve.
The assay has a sensitivity of 25 mg/dl.

Plasma insulin concentrations were measured using a rat-specific enzyme-linked
immunosorbent assay kit (1-2-3 Rat Insulin ELISA, ALPCO Diagnostics, Windham, NH).
In this assay, rat insulin in the sample reacted with peroxidase-conjugated mouse
monoclonal anti-insulin antibody solution and the mouse monoclonal anti-insulin antibodies
coated on the microplate. Plates were then washed to remove the unbound enzyme labeled
anti-insulin antibody. The bound conjugate was detected by reaction with 3,3′,5,5′-
tetramethylbenzidine. The generated yellow color was read spectrophotometrically at 450
nm and the sample concentration was calculated according to the standard curve. The
analysis was performed in duplicate and controlled by Mammalian/Rat Insulin Two-Level
Control (ALPCO Diagnostics, Windham, NH). The limit of quantitation for this assay is
0.07 ng/ml.
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Pharmacokinetic/pharmacodynamic model
Pharmacokinetics—The MPL pharmacokinetics was described by a two-compartment
model with bolus input (injection study) or zero-order input (infusion study) into the central
compartment (Figure 1):

(1)

(2)

(3)

where Ap and At represent the amount of drug in the plasma and tissue compartments. MPLp
is the plasma methylprednisolone concentration, CL is the drug clearance, Vp is the central
volume of distribution, and k12 and k21 are the distribution rate constants. For the infusion
study, k0 is the zero-order rate constant of drug input into the plasma.

Since limited PK data at only two time points were collected for confirmation purposes in
the injection study, all PK parameters were fixed based on published results from our
laboratory in which the same drug, dose and type of animal were used [5,6]. Due to
experimental limitations, PK samples could not be collected immediately after implantation
and removal of the infusion pump. Therefore, the ascending part of the PK curve after
infusion started which contains information regarding drug absorption, and the descending
part of the PK curve after infusion finished, which contains information regarding the drug
distribution and elimination, were unavailable. Only the apparent CL for the infusion study
was estimated by fitting the data and other PK parameters were fixed according to a
previous infusion study [7]. Once the pharmacokinetic parameters were obtained, they were
fixed in the following dynamic analysis.

Body weight—The catabolic effects of MPL on whole body weights upon long-term
dosing were described by indirect response model IV [7,8] with the stimulation function
applied to the degradation rate (Figure 3):

(4)

where Bwt0 represents the predose body weight at time zero and %Bwt represents the rat
body weight expressed as the percentage of its predose body weight Bwt0 (i.e. %Bwt = Bwt/
Bwt0*100%). Without drug treatment, body weight is controlled by the zero-order

production rate constant  and the first-order degradation rate constant . The  and

 are drug-specific parameters representing the maximum possible stimulation of 
and the plasma MPL concentration required for half-maximal stimulation. Rats kept
growing without drug treatment, hence the system was not at steady-state at time zero. Once
the steady-state body weight (%Bwtss = Bwtss/Bwt0) was achieved, the system would
produce the following relationship:

(5)
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Body weights of the three rat groups receiving 7 day infusions were fitted simultaneously
using the proposed model. The initial condition for Equation (4) was fixed as 100%. The
predose body weight Bwt0 was fixed as the mean body weight of 3–4 animals at time zero
for each dose group.

Glucose-insulin dynamics—Blood glucose has both exogenous sources such as food
intake and endogenous sources such as gluconeogenesis and glycogen breakdown. It can be
consumed for energy or stored as glycogen or fat in peripheral tissues. The major hormonal
regulators for glucose are insulin and glucagon. Once glucose concentrations rise, it will be
transported into pancreatic β-cells, activate a series of signal transductions, and stimulate
insulin synthesis and release. Insulin has broad glucose-lowering effects by inhibiting its
input such as gluconeogenesis and glycogenolysis, as well as by stimulating its output such
as glucose uptake into peripheral tissues, glycogen synthesis, triglyceride synthesis and
storage [9]. This metabolic system is maintained in balance in normal physiological states. If
glucose is induced continuously by exogenous compounds, saturation and/or desensitization
of transporters/enzymes/receptors may occur [28]. The balance will be disturbed and the
system may progress into a pathological state without proper internal control.
Hyperglycemia, insulin resistance and/or diabetes may evolve [30].

The CS can affect glucose metabolism by increasing hepatic gluconeogenesis and
decreasing glucose uptake and utilization in peripheral tissues [1]. These influences may
result in hyperglycemia and eventually lead to steroid-diabetes. Treatment with CS can also
cause increased insulin concentrations and even pancreatic β-cell hyperplasia upon long-
term dosing. However, these elevations are secondary to the CS-induced hyperglycemia,
because CS do not have direct effects on insulin secretion [2].

Based on the above mechanisms, a PD model incorporating glucose/insulin inter-
regulations, MPL effect on glucose, and disease progression was developed as depicted in
Figure 1. The following equations were fitted to glucose and insulin data from all treatments
simultaneously:

(6)

(7)

where G and I represent glucose and insulin plasma concentrations. Glucose is constantly

produced with a zero-order rate constant  and utilized with a first-order rate constant

. The CS effect on glucose was described by MPLp-dependent sigmoidal stimulation

of  presumably via simulating gluconeogenesis. The  and  are drug-specific

parameters representing the maximum possible stimulation of  and the plasma MPL
concentration required for half-maximal stimulation. Insulin controls glucose concentrations
by stimulating its disposition with a linear efficiency constant (SI). The change of insulin
from its baseline value at time zero (I0) was used to drive this stimulatory effect.

In hyperglycemic disease states, the glucose disposition rate decreases with time and is
defined as:
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(8)

(9)

where T0 is a time-dependent variable describing the duration of glucose concentration
above its baseline value at time zero (G0), i.e. T0 = 0 when G≤G0 at baseline; once G>G0,

T0 = T. Before treatment, the first-order rate is at its baseline value , which represents the
combination of endogenous glucose utilization and storage. At high glucose concentrations,

the inhibition of  is dependent on the length of hyperglycemic duration T0 and is

characterized by the maximum achievable inhibition , the hyperglycemic duration

required for 50% maximal inhibition , and the Hill factor γG. This time-dependent

decrease of  could be explained by the possible saturation, desensitization or down-
regulation of transporters/enzymes/receptors in glucose uptake, utilization and storage
pathways.

As shown in Equation (7), insulin is also produced at a zero-order rate  and degraded at a

first-order rate . Change of glucose from its steady-state value (Gss) can stimulate insulin
production with a linear efficiency constant SG. The Gss represents the steady-state glucose
concentration without MPL and insulin action, and is defined as:

(10)

At time zero, the system was assumed to be at its physiological steady-state and Equations
(6) and (7) yielded the following baseline equations:

(11)

(12)

where initial values G0 and I0 were fixed as the mean glucose and insulin concentrations of
3–4 animals at time zero for each dose group.

Other PD models containing MPL-induced temporary glucose production (sigmoidal

stimulation of  by MPL within limited time duration), MPL inhibition of glucose

utilization (sigmoidal inhibition of  by MPL), or insulin inhibition of glucose production

(sigmoidal inhibition of  by I) were also tested.

Data analysis—Differences in the plasma glucose and insulin time profiles between
different treatment groups for both injection and infusion studies were tested for statistical
significance using a two-way, repeated measures ANOVA. Statistical analyses were
performed using SAS 8.0 (SAS Institute Inc., Cary, NC), and the level of significance for
each test was α = 0.05.
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Naive-pooled data from the 3–4 animals in each dose group were used to fit the PK/PD
models using ADAPT II software [10]. The maximum likelihood method was used with
variance model specified as V(σ,θ,-ti) = σ2●Y(θ,ti)σ2, where V(σ,θ,ti) is the variance for
the ith point, Y(θ,ti) is the ith predicted value from the PK/PD model, θ represents the
estimated structural parameters, and σ1, σ2 are the variance parameters which were
estimated. Various proposed PD models for glucose-insulin dynamics were fitted and
compared. The final model was selected based on visual inspection of curve fitting,
estimator criterion value, sum of squared residuals, Akaike information criterion, Schwartz
criterion and confidence of parameter estimations. Only results of the final model fitting is
presented in this paper due to the extensive model comparisons conducted.

Results
Pharmacokinetics

The plasma MPL concentration-time profiles are shown in Figure 2 and Table 1 lists the PK
parameters. Because of the major purpose of investigating dynamic regulations in this study
and the rich PK information from our previous studies [5,6], MPL concentrations were
measured at only two time points after injection to reduce total blood loss. Simulations using
established parameters well captured the current single-dose results. Subcutaneous infusion
using osmotic pumps produced constant MPL exposure for 7 days. Because of its short
elimination half-life (~30 min), MPL concentrations had reached steady-state by the first
sampling point after pump implantation (3 h) and diminished below the detection limit by
the first sampling point after pump removal (172 h). The ascending part of the MPL
concentration profile which reflects the absorption rate of the drug was unavailable. With
high lipophilicity, MPL should easily diffuse in the subcutaneous space. Therefore, it was
assumed that the bioavailability was complete and the absorption rate was much faster than
the rate of drug release from the pump. Model fitting yielded the drug clearance of 3.15 l/h/
kg, and predicted steady-state concentrations of 31.7 and 95.2 ng/ml during low- and high-
dose infusions.

Body weights
Animals receiving the saline infusion showed continuously increasing body weights over the
2 week time period (Figure 3). This differed from the constant weights found previously
[7,8], which may be attributed to the longer experimental time frame in the current study (2
vs 1 week). The 7 day infusion of MPL caused pronounced losses in rat body weights, and
this alteration was reversible with weights increasing faster than natural growth once MPL
infusion was terminated at 168 h. Weights in the low- and high-dose groups fell to
87.8±6.1% and 83.8±1.6% of predose values by 168 h. The lower weight at 192 h, which
appeared also in the control group, was possibly due to the effect of surgery (pump removal
under halothane) at the end of infusion.

The model captured the body weight changes in all groups simultaneously. The PD
parameters are listed in Table 2. The estimated %Bwtss of 106% implies that the rats will
have a maximum achievable body weight of 340–359 g with the body weight Bwt0 of 320–

338 g before treatment. The capacity parameter  of 0.60 suggests that rats may lose
weight to as low as 66.4% of predose weights with maximum drug toxicity, assuming it is
not lethal. The drug sensitivity of 14.5 ng/ml indicates that the MPL concentration was
maintained above its SC50 value during both low- and high-dose infusions. The model
predicted that rats could lose weights to as low as 75.3% and 69.9% with continuous low
and high infusions, but this was not achieved at the end of 7 days.
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Glucose-insulin dynamics
The preliminary studies showed that ketamine/xylazine anesthesia causes an immediate
increase in plasma glucose and a decline in plasma insulin, and this alteration was reversible
within 12 h (data not shown). This finding is consistent with published results in animals
[11,12]. Prolonged exposure to halothane (1.5% for 1 h) is associated with changes in
carbohydrate metabolism in rat muscle [13]. Hence, pump implantation and removal were
performed under short halothane anesthesia (<5 min), which produced no changes in plasma
glucose and insulin (data not shown).

As shown in Figure 4, plasma glucose temporarily increased from 110±5 to 131±5 mg/dl
after 10 mg/kg MPL injection, and from 107±4 to 124±10 mg/dl after 50 mg/kg injection.
Glucose concentrations peaked at around 6 h and quickly returned to baseline after 12 h.
Significant differences between the glucose profiles of the two injection groups were found
(p = 0.02). As shown in Figure 5, plasma insulin markedly increased from 0.15±0.10 to
1.21±0.09 ng/ml after the 10 mg/kg MPL injection, and from 0.24±0.14 to 2.21±0.07 ng/ml
after the 50 mg/kg injection. Insulin profiles showed a delayed increase to a maximum at
around 10 h followed by a slow return to baseline by 72 h. This insulin induction was highly
dose-dependent in regard to the time courses with p = 0.0008. Both glucose and insulin
showed reversible changes after single dose MPL, suggesting that homeostasis of the system
was maintained.

In control animals, glucose and insulin time courses showed no significant changes during
and after saline infusion. This suggests that performance of surgery (pump implantation and
removal) under halothane had no effect on the PD markers. During drug infusions, plasma
glucose continuously increased from 66±14 to 120±16 mg/dl with 0.1 mg/kg/h MPL
infusion, and from 65±5 to 142±12 mg/dl with 0.3 mg/kg/h infusion. Glucose concentrations
rose fast in the first 48 h and approached a pseudo plateau in the following 5 days. Once the
pump was removed, glucose exhibited a small decrease and then stayed elevated at levels of
107±18 (low-dose) and 111±1 mg/dl (high-dose) until the end of the study (336 h). Both
drug-treated groups showed significantly different time profiles from the control group
(p<0.001). There were no significant differences between the two dose groups (p = 0.88).
Insulin concentrations showed continuous increases from 0.62±0.28 to 4.16±0.73 ng/ml with
low-dose MPL 7-day infusion, and from 0.26±0.11 to 7.37±0.72 ng/ml with high-dose
infusion. However, once drug input was stopped at 168 h, plasma insulin immediately
returned to baseline in both dose groups. Both treated groups showed significantly different
time profiles from the control group (p<0.001). Insulin induction during MPL infusion was
dose-dependent with p = 0.0001. The continuous hyperglycemia during and after long-term
MPL treatment suggests that irreversible changes had occurred in the system. The fast
insulin return to baseline after infusion despite the almost doubled glucose concentration
implies possible dysfunctions in glucose-induced insulin secretion.

Figures 4 and 5 show the fittings of the naive-pooled data using the PD model for glucose-
insulin dynamics (Equations (6–12)), and Table 3 lists the parameter estimates. This model
represented the final selection after comparing several other mechanistic models. Our model
nicely captured the temporary glucose and insulin increases after short-term MPL treatment,
and adequately predicted the continuous hyperglycemia and reversible insulin induction
with long-term dosing.

Baseline parameters G0 and I0 were fixed for each study and each dose group separately to
account for the high variability of glucose and insulin concentrations. Animals in the
infusion study appeared to have lower baseline glucose and higher baseline insulin than
animals in the infusion study. This was due to the different characteristics of rats used in
each study. Heavier and older rats were used in the infusion study for better toleration of the
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adverse events caused by long term MPL administration. This resulted in differing glucose
and insulin production rate constants, but otherwise the profiles were fitted with a universal
set of parameters.

Physiological parameters , SG,  and SI describe the glucose-insulin regulation system in
the normal status. The efficiency of glucose in stimulating insulin secretion, reflected by the
SG value of 1.41 (mg/dl)–1 implies that insulin production rate would increase 1-fold when
glucose concentrations increase 0.7 mg/dl. Similarly, SI reflects the ability of insulin to
stimulate glucose utilization. The fast return phase of plasma glucose after short-term

induction was governed partly by its endogenous degradation rate constant , and partly by
the effect of insulin. The slow return phase of plasma insulin was controlled by its natural

degradation rate constant . The calculated glucose production rate  agrees with the
hepatic glucose production rate of 1 mg/kg/min in the literature [14] assuming the volume of
distribution of glucose is 2.9 dl/kg in rats [15].

The  and  are drug-specific parameters characterizing MPL effects on glucose

regulation. The low  estimate of 9.31 ng/ml indicates the relatively high sensitivity of
MPL for regulating glucose. Plasma MPL concentrations were maintained above its SC50
for 5–6 h after injection, and during the entire 7 day infusion.

Parameters ,  and γG describe the system abnormalities underlying progression of
hyperglycemia with long-term treatment. The dependent variable T0 describes the duration
of glucose concentration above its baseline value at time zero (G0). Due to the hypothesis of

glucose toxicity, glucose degradation rate  decrease with time during hyperglycemia, i.e.

inhibited by duration T0. The  of 0.42 suggests that glucose degradation rate could be
inhibited to as low as 0.86 h–1. The high γG estimate of 4.32 indicates a fast system

adaptation once  was achieved by 1 day of continuous MPL exposure. Without these
pathological parameters, glucose concentrations would be greatly under-predicted during
infusion and return to baseline after infusion (data not shown). Figure 6 shows the simulated
profiles for T0, kd(T0) and Gss after MPL treatment. After single-doses, glucose was only
temporarily induced (T0 small, limited duration) therefore causing very little change of the
system (kd(T0) and Gss almost remained constant). With long-term treatment, glucose was
continually induced during infusion and caused a reduced glucose disposition rate to a
minimum after 2 days, which could be explained by saturation/desensitization of
transporters or enzymes. This dysfunction in glucose utilization was irreversible, therefore
causing the extended hyperglycemia. Since maximum impairment was achieved, glucose
would stay at a new steady-state governed by the balance of its production and altered
disposition rates. This newly established steady-state controlled insulin secretion, therefore
no further insulin was induced after MPL administration was terminated.

Discussion
The clinical usage of CS can exacerbate existing diabetes and can precipitate ‘steroid-
diabetes’. In patients without diabetes, the risk for this complication is increased with a
family history of diabetes, aging, obesity and increasing dose [3]. Studies in renal transplant
recipients receiving chronic CS showed that steroid-induced diabetes develops in 6% to 48%
of patients [16,17]. In this study, ADX animals developed irreversible hyperglycemia with
continuous MPL infusion for 7 days. This mimicked the early phase of disease progression
in drug-induced diabetes. Pronounced body weight loss was observed in rats during the 7
day infusion, which was consistent with previous observations [7]. This dose and duration-
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dependent catabolic effect of MPL was well captured by our modeling of body weight. This
PK/PD model successfully characterized the glucose metabolic system at the normal state, in
the disease state, its response to drug treatment, and how the system homeostasis was
disturbed.

Increased glucose and insulin concentrations after various CS treatments have been
described in humans and animals [18,19]. Pellacani and coworkers reported that after acute
administration of 80 mg MPL to healthy volunteers, an alteration of glucose tolerance, as
expressed by the increased glycemic AUC and insulinemic AUC after oral glucose tolerance
test with 75 g glucose, occurred after 2 h. This glucose intolerance was completely
normalized at 24 h [20]. This prompt reversibility of the negative effect on glucose tolerance
is consistent with our results. Thomas et al. reported that hyperglycemia (1.5-fold) and
hyperinsulinemia (4-fold) evolved in mice treated with dexamethasone 2.5 mg/kg/day for 10
days [21], which was qualitatively comparable with our findings. However, little
information was available in the literature about system characteristics after chronic
treatment. It is of special importance to assess whether irreversible damage of the metabolic
system is produced by long-term therapy. Therefore, rats were monitored for a 1 week wash-
out period after the 7 day infusion in our study.

The exact mechanism responsible for the alteration of glucose metabolism and insulin action
following exogenous CS administration is still unclear. The CS can both increase glucose
production and decrease glucose disposition. Essentially every step in the gluconeogenic
pathway is enhanced by CS. These steroids up-regulate gluconeogenic enzymes such as
phosphoenolpyruvate carboxykinase and glucose-6-phosphatase [22,23]. They also induce
several transaminases, which produce gluconeogenic precursors. The CS decrease protein
synthesis and increase protein breakdown in several tissues, resulting in an increased release
of amino acids, which serve as gluconeogenic precursors. The CS also increase
gluconeogenic substrates by increasing glycerol release from fat cells [24]. A second major
effect of CS on carbohydrate metabolism results from their inhibition of glucose uptake and
metabolism in peripheral tissues. In adipose tissue, they can decrease the number of glucose
transporters by suppressing RNA and protein synthesis [24]. The CS also affect actions of
other hormones and second messengers. The CS inhibit cyclic AMP (cAMP)
phosphodiesterase which degrades cAMP [25,26]. Thus, tissue cAMP could rise and the
many actions of cAMP would be observed. The CS may also influence insulin action by
altering both insulin receptor and postreceptor functions [27]. There is no direct effect of CS
on insulin secretion.

All of the above mechanisms may contribute, at least in part, to the hyperglycemic/
hyperinsulinemic effect of MPL. Other PD models based on mechanisms of CS action on
either stimulating glucose production or inhibiting glucose disposition have been tested.
Although both mechanisms may be relevant, a model with CS actions on both processes
would result in overparameterization. A model with stimulation of production better
captures the data, and was consistent with the predominant role of CS in controlling
gluconeogenesis.

The body can sense and respond to elevated blood glucose by secreting insulin. The change
of glucose instead of the absolute glucose concentration was used as a stimulator for insulin
secretion in the PD models. This worked better to prompt alterations in the homeostasis of
the system.

Insulin can both decrease hepatic glucose production and increase glucose disposition in
peripheral tissues. This hormone inhibits gluconeogenesis and glycogenolysis in the liver. It
has recently been suggested that insulin's hepatic action is secondary to its effects on
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peripheral tissues [9]. Insulin has long been known to increase glucose uptake in muscle and
fat via relocation of the GLUT-4 transporter. Insulin also promotes the disposition of
glucose within cells through effects on glycogen synthesis and glucose oxidation.

Glycemic control by insulin with inhibiting input or stimulating output were both tested in
model development. Stimulation of glucose utilization better captured the data and was in
agreement with insulin's major actions in peripheral tissues. Change of plasma insulin
instead of the absolute insulin concentration was used as a stimulator for glucose
disposition.

Chronic hyperglycemia is well known to cause insulin resistance [28]. Impairment of
insulin-mediated glucose uptake is one of the first manifestations of insulin resistance.
Glucose can induce desensitization of glucose transporters in adipose tissue, the so-called
‘glucose toxicity’ [29]. The synthesis of muscle glycogen accounts for most of the total body
glucose disposal. Under hyperglycemic-hyperinsulinemic conditions, defective muscle
glycogen synthesis via decreased hexokinase activity plays a major role in causing insulin
resistance [30]. Recent publications identified the role of the hexosamine pathway in
mediating hyperglycemia-induced insulin resistance [31]. Excessive glucose was transported
into muscle cells via the non-insulin-sensitive GLUT-1 transporter and phosphorylated via
the non-insulin-sensitive hexokinase isoform. Following a series of reactions, the end-
product UDP-N-acetylglucosamine may undergo O-linked glycosylation which may cause
alteration of insulin signaling in target cells and inhibit its function such as the translocation
of GLUT-4.

Since it was not clear whether the changes in glucose uptake and utilization were primary
drug effects or secondary system alterations during CS-induced long-term hyperglycemia, a
semi-mechanistic disease progression model incorporating reduced endogenous glucose
disposition with duration of hyperglycemia was used to capture the irreversible changes
observed in glucose homeostasis after chronic dosing. This modification provides the model
flexibility to predict disease progression with any hyperglycemic factor, such as high-fat
diet, poor living habits, aging and other drugs.

Many researchers have explored the modeling of the carbohydrate system. Several
mechanistic models had been developed for simulating glucose profiles and optimizing
insulin therapy in insulin-dependent diabetes [32]. Comprehensive models incorporating all
the major processes of glucose, insulin, glucagon dynamics and their interrelationships were
used to simulate carbohydrate regulation under various pathophysio-logical situations
[33,34]. These models, although mimicking the underlying mechanisms, were too complex
for fitting experimental data, and could only be used for simulation purposes.

The so-called ‘minimal models’ are widely used to analyse results from intravenous or oral
glucose tolerance tests, and then estimate metabolic indices of ‘glucose effectiveness’,
‘insulin sensitivity’ and ‘β-cell sensitivity’ [35–37]. These models are partly mechanism-
based and can be used to quantitate the glucose regulation system from routine clinical tests.
However, glucose and insulin profiles are not fitted simultaneously. Glucose kinetics are
described only when insulin concentrations are specified, and insulin kinetics are described
only when glucose concentrations are given as input [38]. Furthermore, drug effects on the
system are determined by comparing estimated metabolic indexes before and after
treatment. Although this would provide some indications about what process was affected
by the treatment, the nonlinear, time-dependent drug effect is not quantitatively described.

Although our model successfully described all glucose and insulin dynamics simultaneously,
it was limited by several factors. Some known mechanisms (such as the presence of insulin-
dependent and insulin-independent glucose utilization pathways, and insulin in tissue, not in
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plasma as the stimulator for glucose utilization) were overlooked to avoid
overparameterization. Plasma MPL concentration was used as the driving force for drug
action. However, it is well-appreciated that CS act by binding to their receptors, and then
affect message and proteins of the enzyme/receptor/transporter(s) involved in glucose
metabolism [39]. Studies involving intermediate receptor/gene/protein-mediated processes
would provide more insights into understanding CS effect on glucose. Model complexities
obliged the use of the linear stimulation coefficients SG and SI that limit prediction
capability. The rats were adrenalectomized to eliminate endogenous corticosterone effects,
which might have distorted the natural glucose homeostasis owing to the disturbed
endocrine system.

In summary, hyperglycemia and hyperinsulinemia evolved after CS treatment of rats. This
systemic change was temporary after acute dosing. Chronic dosing was associated with
additional complexities which caused irreversible disturbance of system homeostasis.
Mechanistic PK/PD modeling not only allows quantitation of drug effects but also provides
additional insights on glucose-insulin relationships. In addition, the proposed model could
be applied to other drugs and diseases related to this metabolic system.
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Figure 1.
PK/PD model of MPL effects on glucose regulation. Parameters and differential equations
for the model are defined in Equations (1–3), (6–12). The dotted line and open rectangles
represent stimulation of the various processes via indirect mechanisms. Symbols are defined
in the tables.
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Figure 2.
Pharmacokinetics of MPL upon administration of 10 (●) and 50 (○) mg/kg intravenous
injection (top), or 0.1 (●) and 0.3 (○) mg/kg/h subcutaneous infusion for 7 days (bottom).
Symbols are observed drug concentrations. Lines in top graph are results of simulation using
established parameters. Lines in bottom graph are results of the simultaneous fitting with
Equations (1–3). The PK parameters are listed in Table 1.
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Figure 3.
Indirect response model for effects of MPL on body weight (top) and the time course of
changes in body weight for the saline (▲), 0.1 (●) and 0.3 (○) mg/kg/h infusion groups.
The open rectangle in the diagram represents stimulation of body weight loss by MPL
plasma concentration via indirect mechanisms. Lines in the bottom graph are results of the
simultaneous fittings with Equations (4) and (5). The symbols and PD parameters are listed
in Table 2.
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Figure 4.
Plasma glucose versus time profiles upon administration of 10 (●) and 50 (○) mg/kg MPL
injection (top), or saline (▲), 0.1 (●) and 0.3 (○) mg/kg/h MPL infusion for 7 days
(bottom). Lines are results of the simultaneous fittings of glucose and insulin with Equations
(6–12). The PD parameters are listed in Table 3.
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Figure 5.
Plasma insulin versus time profiles upon administration of 10 (●) and 50 (○) mg/kg MPL
injection (top), or saline (▲), 0.1 (●) and 0.3 (○) mg/kg/h MPL infusion for 7 days
(bottom). Lines are defined as in Figure 4.
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Figure 6.

Simulations of T0,  and Gss versus time profiles upon administration of 10 and 50
mg/kg MPL injection (left), or saline, 0.1 and 0.3 mg/kg/h MPL infusion for 7 days (right)
using Equations (6–12) with parameters fixed as in Table 3.
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Table 2

Pharmacodynamic parameters for body weight changes

Parameter Definition (doses) Estimate CV%

kd
Bwt(h−1) Weight loss rate constant 0.0030 23

Smax
Bwt Maximal stimulation 0.60 20

SC50
Bwt Stimulation constant 14.5 37

%Bwtss (%) Maximal percent weight 106.3 2

Bwt0 (g) Predose weight (0, 0.1, 0.3) 338, 333, 320 Fixed

ks
Bwt(g ∕ h) 

a Weight gain rate (0, 0.1, 0.3) 108, 106, 102 26

a
Secondary parameter.
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Table 3

Pharmacodynamic parameters for glycemic effects

Parameter Definition (doses) Estimate CV%

Glucose dynamics

kd
G(h−1) Glucose utilization rate constant 1.48 47

SG (mg/dl)–1 Glucose sensitivity 1.41 31

Smax
MPL Maximal stimulation 0.29 16

SC50
MPL(ng ∕ ml) Stimulation constant 9.31 52

Imax
T0 Maximal inhibition 0.42 5

I C50
T0(h) Inhibition constant 22.5 11

γ G Hill factor 4.32 51

G0,injection (mg/dl) Baseline glucose (10, 50) 110, 107 Fixed

G0,infusion (mg/dl) Baseline glucose (0, 0.1, 0.3) 74, 66, 65 Fixed

ks
G,injection(mg ∕ dl ∕ h) 

a Glucose production rate (10, 50) 162, 158 47

ks
G,infusion(mg ∕ dl ∕ h) 

a Glucose production rate (0, 0.1, 0.3) 109, 98, 96 47

Insulin dynamics

kd
I(h−1) Insulin degradation rate constant 0.038 37

SI (ng/ml)–1 Insulin sensitivity 0.014 71

I0,injection (ng/ml) Baseline insulin (10, 50) 0.15, 0.24 Fixed

I0,infusion (ng/ml) Baseline insulin (0, 0.1, 0.3) 0.78, 0.26, 0.26 Fixed

ks
I,injection(ng ∕ ml ∕ h) 

a Insulin secretion rate (10, 50) 0.0057, 0.0091 37

ks
I,infusion(ng ∕ ml ∕ h) 

a Insulin secretion rate (0, 0.1, 0.3) 0.03, 0.01, 0.01 37

a
Secondary parameter.
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