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Abstract Influences of methylprednisolone (MPL) and food consumption on body
weight (BW), and the effects of MPL on glycemic control including food con-
sumption and the dynamic interactions among glucose, insulin, and free fatty acids
(FFA) were evaluated in normal male Wistar rats. Six groups of animals received
either saline or MPL via subcutaneous infusions at the rate of 0.03, 0.1, 0.2, 0.3 and
0.4 mg/kg/h for different treatment periods. BW and food consumption were
measured twice a week. Plasma concentrations of MPL and corticosterone (CST)
were determined at animal sacrifice. Plasma glucose, insulin, and FFA were mea-
sured at various times after infusion. Plasma MPL concentrations were simulated by
a two-compartment model and used as the driving force in the pharmacodynamic
(PD) analysis. All data were modeled using ADAPT 5. The MPL treatments caused
reduction of food consumption and body weights in all dosing groups. The steroid
also caused changes in plasma glucose, insulin, and FFA concentrations. Hyper-
insulinemia was achieved rapidly at the first sampling time of 6 h; significant ele-
vations of FFA were observed in all drug treatment groups; whereas only modest
increases in plasma glucose were observed in the low dosing groups (0.03 and
0.1 mg/kg/h). Body weight changes were modeled by dual actions of MPL: inhi-
bition of food consumption and stimulation of weight loss, with food consumption
accounting for the input of energy for body weight. Dynamic models of glucose and
insulin feedback interactions were extended to capture the major metabolic effects
of FFA: stimulation of insulin secretion and inhibition of insulin-stimulated glucose
utilization. These models of body weight and glucose regulation adequately
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captured the experimental data and reflect significant physiological interactions
among glucose, insulin, and FFA. These mechanism-based PD models provide
further insights into the multi-factor control of this essential metabolic system.

Keywords Glucocorticoids - Methylprednisolone - Pharmacodynamics -
Food intake - Body weight - Glucose - Insulin - Free fatty acids

Introduction

Glucocorticoids (GC) are widely used in a variety of immunosuppressive and anti-
inflammatory therapies. Owing to their effects on carbohydrate metabolism,
synthetic GC often produce hyperglycemia, insulin resistance, and/or diabetes
mellitus. The systemic influences of GC on glucose homeostasis include stimulating
hepatic glucose output and inducing insulin resistance in peripheral tissues: two key
abnormalities involved in the pathogenesis of steroid diabetes [1]. Numerous studies
have examined the mechanisms by which GC alter glucose metabolism and induce
insulin resistance in animal models [1-4]. The vital role of GC in regulating glucose
homeostasis have been elucidated by either modulating the endogenous steroid
[5, 6] or assessing the effects of exogenous GC [2-4], However, the effect of
duration of GC treatment on the pathogenesis of metabolic alterations, and the
temporal and causal relationships between GC exposure and the extent of glucose/
insulin responses have not been well characterized. Clinically, chronic therapy with
GC often involves months or even years. The duration of GC exposure is greatly
dependent on the appearance of the metabolic side effects and appears to be
important in determining the degree of insulin resistance [7].

The GC-induced glucose dysregulation is a whole body metabolic syndrome
involving the interplay of multiple target organs. As indicated in a recent PKPD
modeling review on diabetes [8], to date most mathematical models focus on
glucose and insulin while ignoring most other relevant biomarkers. The role of
adipose tissue has become increasingly appreciated and is now recognized as a
complex metabolic and endocrine organ [9]. In addition to its function of lipid
storage, adipocytes release free fatty acids (FFA) and adipokines which act to
communicate with other organs. It has been suggested that GC stimulate lipolysis
from adipose tissue, resulting in increased plasma FFA, which serve as an important
communicator to other organs and play a critical role in the development of insulin
resistance [10]. Treatment with GC elevate circulating FFA in animals [11].
Increased FFA availability and utilization stimulates gluconeogenesis [12—14]. In
addition, elevated circulating FFA favor beta-oxidation, resulting in diminished
glucose uptake and utilization in peripheral tissues [15]. Moreover, FFA are thought
to promote insulin secretion during acute exposure while a long-term excess of FFA
lead to impaired pancreatic insulin secretion [10, 16].

Previously, acute bolus and one-week MPL infusion studies in rats were
performed to characterize the time course of metabolic alterations in systemic
glucose and insulin [17, 18]. The temporary systemic changes after acute dosing
were quantified by mechanistic PK/PD modeling. However, the metabolic effects of
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FFA were not included and the increase in insulin was only accounted for by
elevated glucose concentrations. The one-week study may not be long enough to
capture all dynamic changes.

In addition to regulating glucose metabolism, GC also modify food intake. The
relationship between GC use and change in food consumption has been studied in
animal models. Some studies suggested that GC treatment stimulates appetite and
increases food intake [19-21], and that this effect might be centrally mediated [19].
In contrast, other studies have reported a reduction in food consumed associated
with GC treatment. The reduction in food intake occurring in animals treated with
different doses of GC [22-24], has been attributed to induction of leptin expression
and reduced production of neuropeptide Y (NPY), a potent stimulator of food intake
[22]. The conflicting data indicate that complex factors might be involved in the
association between GC and energy intake. Previous studies [17, 18] assumed that
the weight loss observed during chronic MPL infusion was mainly catabolic.
Therefore, indirect response model IV (stimulation of output) was employed, which
did not consider the effect of chronic MPL dosing on food intake. Considering the
important role of energy intake in maintaining body weight, we carefully measured
body weights and food consumption in this study.

A mechanism-based PD model can provide better quantitative insights into the
MPL control of this complex metabolic system. In this report, we investigate food
consumption on body weight, explore the influences of FFA on glucose regulation,
and develop a model that can capture relationships among GC use and glucose,
insulin, and FFA concentrations.

Materials and methods
Animals

Thirty-two male Wistar Rats weighing 310-380 g were purchased from Harlan-
Sprague-Dawley Inc. (Indianapolis, IN). All animals were housed under constant
temperature (22°C) with free access to water and normal rat chow (Harlan Teklad
2018, Madison, WI), which had a metabolizable energy content of 3.1 kcal/g. Rats
were acclimatized to a 12 h/12 h light—dark cycle for at least 1 week before the start
of the study. This research adhered to the ‘Principles of Laboratory Animal Care’
and was approved by the University at Buffalo Institutional Animal Care and Use
Committee.

Infusion study

Methylprednisolone sodium succinate (Solu-Medrol®, Pharmacia & Upjohn
Company, Kalamazoo, MI) was reconstituted with supplied diluent. Rats were
randomly divided into 6 sub-groups which received saline infusion (n = 11) or
MPL infusions at the rate of 0.03 (n = 4),0.1 (n = 5),0.2(n = 4),0.3 (n = 3) or 0.4
(n = 5) mg/kg/h via Alzet osmotic mini-pumps (Model 2ML4, flow-rate 2.5 pl/h,
DURECT Corp., Cupertino, CA). Rats were sacrificed at various times: 21 days
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for low dose groups (0.03 and 0.1 mg/kg/h), 10 days for medium dose group
(0.2 mg/kg/h), and 7 days for high dose groups (0.3 and 0.4 mg/kg/h). Control rats
were also sacrificed at various time points throughout the 21-day period. Complete
data could not be obtained from one rat in the control group and one in the 0.1 mg/
kg/h dose group, which died before sacrifice. The glucose data from one rat in the
medium dose group and insulin data from one rat in the 0.1 mg/kg/h group reached
much higher values than others, and were not included in the analysis since
inclusion resulted in biased fittings. The MPL concentrations for the pump solution
were prepared based on the predose body weight for each rat. After overnight
equilibration in saline at 37°C, the pumps were subcutaneously implanted between
the shoulder blades at time zero (9:00 a.m.) under phenobarbital anesthesia (50 mg/
kg, intraperitoneal injection). All rats were sacrificed by aortic exsanguinations. The
body weight of each rat was recorded before pump implantation and daily for the
first week and twice a week thereafter. Food intake was measured before pump
implantation and twice a week afterwards as the difference between the preweighed
amount of rat chow and that remaining. Blood samples were taken from lateral
saphenous vein puncture of alternate legs. Blood was drawn into a micro-capillary
tubes (44 pl) using EDTA as the anticoagulant. Blood was sampled at predose, 6 h
and 1, 2, 3,4, 5, 6,7 days for 1 week and twice a week thereafter (10, 14, 17 and 21
days) up to sacrifice time. Blood samples were immediately centrifuged at
2,000xg for 15 min at 4°C, and the plasma samples were frozen at —80°C until
analysis.

Assays

Plasma MPL and CST concentrations were quantified simultaneously using a
normal-phase high-performance liquid chromatography (HPLC) method with a
quantitation limit of 10 ng/ml each [25].

Plasma insulin was measured using the Rat/Mouse Insulin ELISA kit (Millipore
Corporation, Billerica, MA). This assay was carried out according to manufacturer’s
directions with experimental samples run in triplicate and standards run in duplicate.
The CV% were less than 10% and the limit of sensitivity for this assay is 0.2 ng/ml.

Blood glucose was measured using BD Logic Blood Glucose Monitor (BD,
Franklin Lakes, NJ), which is a glucose oxidase biosensor. The recommended
blood/plasma glucose conversion: Plasma Glucose = 1.11 - Blood Glucose [26]
was used.

Plasma free fatty acids were measured using a commercial enzymatic colori-
metric assay (Roche Applied Sciences, Indianapolis, IN) adapted to a 96-well plate
format. Standards were prepared from a commercial standard solution (WAKO
NEFA, WAKO Chemicals, Richmond, VA) with assay linearity range of
0.05-1 mM. This assay involves the formation of hydrogen peroxide (H,O,) by
converting FFA to acyl CoA in the presence of acyl CoA synthetase and ATP,
followed by subsequent colorimetric detection of H,O,. For the microtiter plate
assay, 200 pl Reagent A and 10 pl samples or standards were added to plate wells
and incubated for 10 min at room temperature. Thereafter 10 ul Reagent 3 was
added to each well to obtain reading 1 (R1), with absorbance read at 546 nm. Then
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10 pl Reagent B was added to each well, and after incubation for 60 min at room
temperature, the absorbance was measured at 546 nm to obtain R2. FFA
concentrations were calculated as R2-R1. Linear regression analysis of all standard
curves yielded r* values of greater than 0.99, and the CV% obtained were less than
15%.

Pharmacokinetic/pharmacodynamic model

The pharmacokinetics of MPL was described by a two-compartment model with
zero-order input into the central compartment (Fig. 1) where MPL,, is the plasma
methylprednisolone concentration, MPL, is drug in the tissue compartment, CL is
drug clearance, V), is central volume of distribution, and k;, and k,; are distribution
rate constants. The pharmacokinetic parameters were fixed (Table 1) from our
previous study [17] and plasma drug concentrations were used as the driving force
in the dynamic analysis.

Pharmacodynamic modeling
Food intake and body weight

The model for effects of MPL on food intake and the total body weight of rats is
depicted in Fig. 1. An indirect response model was used to describe the daily food
consumption (kilocalories per day) with the inhibition function applied to the input
rate for food (k;, r.0q)- The initial conditions of the differential equations for daily
food consumption were fixed to the mean baseline values at study day zero for each
dose group. Significant reductions in food consumption after MPL treatments were
found, hence the drug-specific parameters 7529 and ICL5°? were used to represent
the maximum inhibition of k;,, g,.s and the plasma MPL concentration required for
half-maximal inhibition. We observed an initial decreased food intake in the first
week of the study with a gradual increase thereafter in control rats. This may be
attributed to a stress effect since blood samples were taken daily for the first week
with less frequent blood sampling and animal handling subsequently. The stress

F FB —¢
kin_Food Food kcut_Food
o (keal/day]

EF

Fig. 1 Schematic representation of the PK/PD model of MPL effects on food consumption and body
weight. The dotted lines and rectangles indicate inhibition (closed bar) and stimulation (open bar) of the
various processes by MPL. Symbols are defined in the text and Table 2
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Table 1 Pharmacokinetic parameters of methylprednisolone

Parameter (units) Definition Value
CL (I/h/kg) Clearance 491
V, (/kg) Central volume 1.17
kip (A7h Distribution rate constant 0.39
koy (h7h Distribution rate constant 0.78

effect on food intake was modeled as an exponential decline of k;, r,oq from
kin_Foodo to a new steady-state k;, rooqss- Further, a feedback step (FB) was needed
to model the tolerance effect of the slowly increasing food intake observed in
control rats. The ratio of baseline food intake (F oodo) and the daily food
consumption (Food) was used to account for the negative feedback, with a first-
order rate constant k describing the delayed effect on k;, r,0q- Similarly, we used
indirect response model IV (stimulation of output) to model the catabolic effect of
MPL on BW [17]. The pharmacodynamic equations are:

kin_Food = kin_FoodSS + (kin_FoodO - kin_FoodSS) . CXP(—kd : t) (1)

0
dFB (Food > _4.FB 2)

7 k-
dt Food

dFood [Food . prpL
= kinvFoud -FB - (1 - mi);—p> - koutvFoad - Food (3)
dr ICE? + MPL,
dBW SBY . MPL
——=EF -Food —k§" - [ 1+ S —"_|.BW (4)
dt SCBY + MPL,

where ki, roodo = Kour_Fooa * F00dma.x. Parameters k;, r,oq (kilocalories per day
squared) and K., Food (day_l) are used to describe the input and loss rate for food
intake. The Food,,,, indicates hypothetical maximal food consumption at steady-
state that would be reached in the absence of MPL and the negative feedback. The
initial condition of Eq. 2 is 1, and Food® is the initial condition of food intake,
which was fixed to the average food consumption at study day zero for each dose
group.

Sigmoidal E,,, functions depict either the inhibitory effect of MPL on the input
rate of food intake or the stimulatory effect of MPL on body weight loss. The 1£9%¢
and IC5FgOd represent the maximum inhibition of k;, r,,s and the plasma drug
concentration required at half of 7£9%¢. The body weight is controlled by the energy
input [27] and the first-order loss rate constant kgW. The efficiency factor (EF)
describes the efficiency of converting energy that is needed for metabolism to body
weight (grams per kilocalorie). Parameters S5% and SC%" describe the maximum
stimulation of k5" and the plasma MPL concentration required for half-maximal
stimulation. The baseline body weight BW® was fixed as the mean body weight of
animals at study day zero for each dose group. The system is not at steady-state at

time zero since rats will keep growing. Once the steady-state body weight has been

@ Springer



J Pharmacokinet Pharmacodyn (2011) 38:293-316 299

achieved, the system will produce the relationship: EF - Foodss = k5" - BWgg,
where Foodgs and BWgg represent food intake and BW at steady-state in the system.

Glucose—insulin—-FFA dynamics

A mechanistic PD model incorporating GC stimulation of glucose and FFA
production, glucose—insulin feedback, FFA stimulation of insulin secretion along
with an antilipolytic effect of insulin as well as the negative feedback of FFA on
insulin stimulation of glucose utilization was developed (Fig. 2). Our previous study
in normal rats [17] showed the high potency of MPL for inhibition of CST secretion
and low potency of endogenous CST on glucose production, with the potency
estimate of 6506 ng/ml which is well above the concentration range in our study
(data obtained at animal sacrifice). Therefore, it is reasonable to assume that the
major metabolic effects were mediated by MPL. The following equations were used
to simultaneously fit glucose, insulin and FFA data from all treatments:

dG S¢ - MPL
== kY1 + Spopa - Food] - [ 1 +—max —— P ) _ G 11 4 8,5 (F°/F)-
i s [1 4 Skooa - Food| <+SC%+MPLP) 4 1+ S (F/F) (5)

I1-1]-G
%Zkﬁ-[H-SG,-(G—G°)+SF,-(F—FO)-exp(—kp,-t)}—k{,-l (6)

7:]{17. max

dF | SF o - MPL,
da SCE, + MPL,

)kj.[1+SIF-(11°)}-F (7)

where G, I, and F represent glucose, insulin, and FFA plasma concentrations.
Indirect response models were used to describe the turnover of these biomarkers.
Glucose is constantly produced with a zero-order rate constant kS. Considering
exogenous glucose input from food intake, a linear efficiency constant Sg,,, is used
to drive the food effect on rate of glucose synthesis. A first-order rate constant kg
describes net removal of glucose by tissue uptake and utilization. MPL acts on
glucose presumably via stimulating the production process. The S¢_ describes the
maximum achievable stimulation of k9. The sensitivity parameter SCg) represents
the plasma MPL concentration which produces half-maximal stimulation. Insulin is
assumed to control glucose concentration by stimulating its disposition with a linear
efficiency constant (S;;). The change of insulin from its baseline value at time zero
(I°) was used to drive this stimulation effect. The ratio of F%/F depicts a negative
feedback of FFA on this stimulation effect of insulin on glucose utilization, using a
time dependent function to describe the impaired glucose disposition rate under
hyperglycemic conditions [17].

In Eq. 6, insulin is produced with a zero-order rate constant k’ and degraded with
a first-order rate constant k. The glucose change from its baseline (G®) stimulates
insulin production with a linear efficiency constant Sg;. The difference between
plasma FFA and its baseline (F°) stimulates insulin secretion, along with an
empirical function exp(—kg; - ) indicating the time-dependent impaired stimulation
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Fig. 2 PK/PD model of MPL Input (Infusion)

effects on glucose regulation.

Differential equations for the kn

model are defined in Eqgs. 5-10. CL

The dotted lines and rectangles _N]PLp K, ].V.[PL
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effect of FFA on insulin secretion. In Eq. 7, FFA is constantly produced with a zero-
order rate constant kF and utilized with a first-order rate constant kg . MPL alters

FFA production presumably via stimulating lipolysis. S&_  describes the maximum

achievable stimulation of k7. The sensitivity parameter SCL; represents the plasma
MPL concentration which produces half-maximal st1mulat10n Insulin is assumed to
control FFA concentrations by stimulating disposition. The change of insulin
concentration from its baseline at time zero (I°) was used to drive this stimulation
effect with a linear efficiency constant (S;z). Lower limits of zero were included in
Eqs. 5-7 for [1 + Sy - (F%F) - (I — )], [1 + Sg; - (G — G°) + Sg - (F — F) -
exp(—kg; - Hland [1 + S - (I — r )] in order to assure a mathematically plausible
relationship in these models.

At time zero, the system was assumed to be at physiological steady-state
according to:

. A (8)
S 1+ Srooa - Food®

K=kl 10 )

K=k F° (10)

where initial values of GO, P , and F° were fixed as the mean values from animals at

time zero for each dose group. This was necessary to avert overparameterization of
this complex system.
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Data analysis

Repeated measures analysis of variance was used to test for statistically significant
differences in the plasma glucose, insulin, and FFA time courses among treatment
groups. This was implemented with the SAS 9.1 procedure MIXED. Differences
among treatment means were determined with the least significant difference (LSD)
at the 5% significance level. All data are reported as mean £ SD.

The food consumption and body weight data from all dosing groups were fitted
simultaneously to Eqs. 1-4, and a piecewise approach was then used for fitting the
glucose, insulin and FFA data as parameters were fixed for MPL effects on food
consumption. ADAPT 5 software [28] was used for all model fittings with the
maximum likelihood method. The variance model was defined as V(o0,0,1;) =
(61 + Y(0,1,) - 65)%, where V(s,0,1;) is the variance for the ith point, Y(6,t,) is the ith
model-predicted value, 0 represents the estimated structural parameters, and o}, g,
are the variance parameters which were estimated. Proposed PD models for body
weight and glucose—insulin—-FFA dynamics were fitted and compared. Models were
selected based on visual inspection of curve fittings, precision of parameters, Akaike
Information Criterion (AIC), Schwarz Criterion (SC) and examination of the
residuals.

Results
Pharmacokinetics

The simulated and actual plasma MPL concentration—-time profiles are shown in
Fig. 3. Due to the short elimination half life (~1 h), infusions quickly produced
constant MPL concentrations by the first sampling time point (6 h). Model
simulations yielded steady-state concentrations of 6.11, 20.4, 40.7, 61.1, 81.5 ng/ml
during 0.03, 0.1, 0.2, 0.3 and 0.4 mg/kg’/h MPL infusions, which are in good
agreement with the measured plasma MPL concentrations at different sacrifice
times.

Pharmacodynamics
Food intake and body weight

The observed food consumption and BW changes after various doses of MPL are
shown in Figs. 4 and 5. In control rats, food consumption was reduced dramatically
(about 40%), which may be attributed to the stress of surgery and frequent blood
sampling in the first few days [29]. In agreement with this, we observed that food
consumption started to increase slowly by day 4. Further, in the control rats, BW
initially decreased and then rats slowly regained weight by day 4, which agrees with
their pattern of food consumption. The drug caused further reductions of food intake
and BW at all dose levels. There were significant dose and time effects on food
consumption and BW (P < 0.05). In comparison with the control group, only
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Fig. 3 Steady-state pharmacokinetics of MPL for 0.03 (open circle), 0.1 (filled inverse triangle), 0.2
(open triangle), 0.3 (filled square) and 0.4 (open square) mg/kg/h subcutaneous infusion groups. Symbols
are observed drug concentrations. Lines are simulation results using established parameters for 0.03 (light
long dash line), 0.1 (heavy long dash line), 0.2 (short dash line), 0.3 (light solid line) and 0.4 (heavy solid
line) mg/kg/h infusion groups. The PK parameters are listed in Table 1

transitory decreases in food consumption were observed in the low dose groups
(0.03 and 0.1 mg/kg/h) and the reductions were not significant. There were
significant BW changes in the low dose groups on day 3 and later (P < 0.05). By
day 7, there was about 14% BW loss in the 0.03 mg/kg/h dose group and about 21%
loss in the 0.1 mg/kg/h group. This is similar to previous results in animals
receiving 0.1 mg/kg/h MPL (~ 19.1%) [17]. In the medium dose group (0.2 mg/kg/h),
daily food intake and BW decreased significantly compared to control (P < 0.05).
By day 10, about 25% BW loss was observed. Significant reductions were also
observed for food intake and BW in the high dose groups (0.3 and 0.4 mg/kg/h). By
day 7, there was about 25% BW loss in 0.4 mg/kg/h dose group and 24% loss in
0.3 mg/kg/h dose group, which is consistent with our previous study for rats receiving
this dose of MPL (~28%) [17].

The dynamic model (Fig. 1) well captured the changes of food intake (Fig. 4)
and BW (Fig. 5) after various MPL dosing regimens using Eqgs. 1-4. The estimated
parameters are listed in Table 2. The factor EF depicts the efficiency of converting
energy needed for metabolism to body weight and the estimate of 0.510 g/kcal is
similar to the value in normal WKY rats (0.302 g/kcal) [27]. The reduction of food
consumption in control rats was described by an exponential decay function for the
input rate k;, r.oq for food intake. The estimated rate constant k,; of 1.21 day7l
indicates that it will take 2—-3 days for the input rate k;, r,,q to decrease to a new
steady-state, which agrees with our experimental observations. The feedback
transduction rate k of 0.0531 day ' indicates a slow adaptation to the reduced food
consumption. The 1£9%4 of 0.618 suggests that MPL treatment may reduce food
consumption to as low as 38.2% of predose intake, assuming there are no stress and
adaptive feedback influences. The IC‘SV(‘,’”d of 7.32 ng/ml indicates a high potency of
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Fig. 4 The time course of changes in food intake (kilocalories per day) for saline (filled circle), and 0.03
(open circle), 0.1 (filled inverse triangle), 0.2 (open triangle), 0.3 (filled square) and 0.4 (open square)
mg/kg/h MPL infusions. Lines depict the simultaneous fitting results for the saline (dotted line), 0.03
(light long dash line), 0.1 (heavy long dash line), 0.2 (short dash line), 0.3 (light solid line) and 0.4 (heavy
solid line) mg/kg/h infusion groups with Eqs. 1-4. The PD parameters are listed in Table 2

MPL to reduce food consumption. The body weight loss rate k5" of 0.0765 day'is

in good accordance with our previous study (0.0792 day ') [17]. We noticed that in
Figs. 4 and 5, BW returns to the basal level at the end of study while food intake
still remains much lower than the predose value in control rats. This could be mainly
explained by the influences of k5" and the dynamic changes of food intake. The
smaller kdBW, the larger BW,, that would be achieved and the sooner BW would
return to baseline. Our model estimates of Foodss = 65.5 kcal/day and
BWgs = 437 g in control rats further confirm the observations. The Sﬁ‘;‘; of 0.118
is lower than found previously (1.04) [17], suggesting that reductions of BW may be
related to the ability of GC to act directly or indirectly on various processes. The
SCBY was fixed to a value of 20.5 ng/ml according to the best model fitting results
which is in good agreement with our previous value (16.4 ng/ml) [17].

Glucose—insulin—-FFA dynamics

Figures 6, 7 and 8 present the time course of plasma glucose, insulin, and FFA
concentrations throughout the study period. A trend of slight decrease in plasma
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Fig. 5 The time course of changes in body weight (grams per day) for saline (filled circle), and 0.03
(open circle), 0.1 (filled inverse triangle), 0.2 (open triangle), 0.3 (filled square) and 0.4 (open square)
mg/kg/h MPL infusions. Lines depict the simultaneous fitting results with Eqs. 1—4. Lines are defined as
in Fig. 4. The PD parameters are listed in Table 2

glucose and increase in plasma FFA at early time points was observed in control
rats, and a more pronounced decrease in insulin was observed relative to the
baseline insulin level in control rats. The drop in plasma glucose concentration
could be mainly explained by the reduced food intake in controls, considering the
exogenous source of glucose and significant feedback mechanisms among glucose,
insulin, and FFA. The decrease in plasma insulin and increase in plasma FFA could
be due to the negative effects on insulin production and FFA disposition when
plasma glucose and insulin fall below the baseline as indicated in Eqs. 6 and 7. In
the low dosing groups, no significant differences in plasma glucose were seen at all
time points in comparison with control, although we observed a marginal increase in
glucose concentrations. During drug administration, plasma glucose continuously
rose from 174 £ 29.3 to 215 4+ 25.4 mg/dl in the medium dose group by day 10,
from 192 + 21.4 to 248 &+ 33.4 mg/dl with the 0.3 mg/kg/h infusion, and from
211 £ 224 to 313 £ 114 mg/dl with the 0.4 mg/kg/h infusion by day 7.
Furthermore, the plasma glucose-time profiles for high doses were significantly
different from controls (P < 0.05), while the medium dose group only showed a
significant difference at the end of study. As shown in Fig. 7, insulin concentrations
were markedly increased for all dose groups. For medium and high dose groups,
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Table 2 Pharmacodynamic parameters for MPL effects on food intake and body weight

Parameter (units) Definition Value (CV%)
Food intake
Kin_Foodo (kcal/dayz) Initial food input rate 171 (71.3)
Kin_Foodss (kcal/dayz) Steady-state food input rate 147 (47.9)
Food,,x (kcal/day) Maximal food intake 54.4 (30.4)
I‘f]‘;id Maximal inhibition of MPL on k;, roea 0.618 (11.2)
ICEgod (ng/ml) Inhibition constant of MPL on k;,, rood 7.32 (16.1)
k (day_l) Transduction rate constant 0.0531 (61.7)
ky (day_l) Loss rate constant for food input 1.21 (-7
Food® (kcal/day) Food intake at start of study 91.7/80.3%/88.1°/88.5%/94.9°
88.6" (fixed)
Body weight
KB (day™") Weight loss rate constant 0.0765 (12.6)
SBW Maximal stimulation 0.118 (80.9)
SCEY (ng/ml) Stimulation constant 20.5 (-1
EF (g/kcal) Efficiency to convert energy to BW 0.510 (11.9)
BW° (g) Predose body weight 379%/382°/386/357%/401¢/

390" (fixed)

 Saline infusion
® 0.03 mg/kg/h
¢ 0.1 mg/kg/h
90.2 mg/kg/h

¢ 0.3 mg/kg/h
f04 mg/kg/h

" Not estimated

significant differences were seen as early as at the first sampling time point of 6 h
(P < 0.05). Insulin profiles showed an early peak at 6 h, declining thereafter but still
remaining higher than in control. Dramatic changes were observed in FFA after
various MPL treatments (Fig. 8). During drug administration, plasma FFA increased
by three- to tenfold starting at the first sampling time of 6 h for all dosing groups,
and declined around 1-2 days after treatments.

Model fittings of the plasma glucose, insulin, and FFA concentrations are also
shown in Figs. 6, 7 and 8 based on Eqs. 5-10, and the estimated parameters are
listed in Table 3. This model represents an extension of previous models
incorporating food consumption effects and FFA interactions with glucose and
insulin [17]. All data were modeled simultaneously and the fittings adequately
captured the time courses of the three biomarkers for various drug doses. In control
rats, a slight drop in plasma glucose and insulin, as well as an increase in FFA were
captured when the food effect on glucose input was taken into account. Parameter
Srooq reflects the efficiency of food consumption in controlling the input rate of
glucose. The estimate of 0.00832 day/kcal indicates a 100% increase in k¢ when
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Fig. 6 Plasma glucose versus time profiles during infusions of saline (filled circle), and 0.03 (open
circle), 0.1 (filled inverse triangle), 0.2 (open triangle), 0.3 (filled square) and 0.4 (open square) mg/kg/h
MPL. Lines depict simultaneous fittings of glucose, insulin, and FFA with Eqs. 5-10. Lines are defined as
in Fig. 4. The PD parameters are listed in Table 3

food consumption is 120 kcal/day. Similarly, when food consumption decreases, the
exogenous glucose production would decrease. Parameters S¢ ., SCS), and SE_ |
SCF characterize direct drug effects on glucose and FFA regulation. The estimated

8¢ . of 1.14 and SC&, of 16.6 ng/ml are higher than previous estimates (0.21 and
1.05 ng/ml), indicating that the maximum achievable stimulation of the glucose
production rate is 2.14-fold and a relatively lower potency of direct MPL effects on
glucose production. Parameters & of 26.9 and SCZ, of 43.5 ng/ml represent the
ability of MPL to achieve maximal stimulation of FFA production as 27.9-fold,
indicating that more pronounced FFA changes could be achieved with higher MPL
doses.

Parameters kg, Sar. kfz’ Si> SiF, kg , and Sp; characterize the glucose—insulin—FFA
interactions. Rapidly increasing FFA regulates insulin secretion with a simulation
efficiency factor Sy; of 20.1 mM ™", implying that insulin production would be
induced by 100% initially when FFA increase by 0.0497 mM. In addition, the rate
constant kg of 4.41 day~' suggests that the stimulation effect of FFA on insulin
secretion will be diminished within 1 day during drug treatments. Elevated glucose
concentrations stimulate insulin secretion, which is represented by the parameter S¢;
of 0.0178 dl/mg, much lower than a previous estimate of 0.17 dl/mg when the
stimulation effect of FFA on insulin secretion was not considered [17]. This
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Fig. 7 Plasma insulin versus time profiles during infusions of saline (filled circle), and 0.03 (open
circle), 0.1 (filled inverse triangle), 0.2 (open triangle), 0.3 (filled square) and 0.4 (open square) mg/kg/h
MPL. Lines are simultaneous fittings of insulin concentrations with Eqs. 5-10. Lines are defined as in
Fig. 4. The PD parameters are listed in Table 3

indicates that more pronounced changes in glucose are needed to exert the same
magnitude increase of insulin production. Elevated insulin secretion from pancreatic
p-cells counterbalances the increased plasma glucose with a major effect of
increasing peripheral glucose utilization. The ability of insulin to stimulate glucose
utilization is represented by the S;; of 0.0399 ml/ng, higher than our previous result
0.011 ml/ng [17], which could be explained by the negative feedback of FFA on this
stimulation effect. The antilipolytic effect of insulin is described by a stimulation
efficiency factor S;z of 0.315 ml/ng, indicating that the rate of disappearance of
plasma FFA would increase 100% when plasma insulin increases by 3.17 ng/ml.
The current glucose dynamic model was chosen based on physiology, previous
modeling results [17, 18], and selection after considering alternative model
components. These included: direct input of glucose from food into the plasma
glucose pool; increased FFA stimulating gluconeogenesis and enhancing glucose
production; prolonged hyperglycemia stimulating FFA production from adipose
tissue; and relationships between food consumption, glucose, insulin, and FFA.
Owing to model complexity, we were not able to incorporate any of these factors.
However, the final model structure is consistent with literature results, and the
various mechanistic processes included in the model indicate the major interactions
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Fig. 8 Plasma FFA versus time profiles during infusion of saline (filled circle), and 0.03 (open circle),
0.1 (filled inverse triangle), 0.2 (open triangle), 0.3 (filled square) and 0.4 (open square) mg/kg/h MPL.
Lines represent simultaneous fitting results with Eqs. 5-10. Lines are defined as in Fig. 4. The PD
parameters are listed in Table 3

among those biomarkers and provide improved insights into GC actions on glucose
regulation.

Discussion

Glucocorticoids are key regulators of both stress and energy balance [29]. In this
study, reduced food intake in MPL treated rats was observed, in agreement with
some literature reports [22—24]. Thus the nutritional influence of food on BW was
included in this modeling analysis. Reduction of food consumption observed in the
control group might be associated with stress due to pump implantation and frequent
blood sampling. Increased CST secretion in response to both acute and chronic
stressors can modify feeding behavior in rodents [19]. Elevated CST observed
previously indicated such stress effects [17]. The biphasic food consumption
profile in control rats suggested that adaptation is occurring which was described by
a negative feedback mechanism acting on the food input process. The loss rate
for food input to a new steady-state was fixed according to the best fitting
results, indicating insufficient information in the first few days to estimate
this parameter with good precision. Our estimates for food intake turnover
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Table 3 Pharmacodynamic parameters for MPL effects on glucose regulation

Parameter (units)

Definition

Value (CV%)

Glucose dynamics

kS (day™") Glucose utilization rate constant 0.378 (19.8)
Scr (dl/mg) Glucose sensitivity 0.0178 (9.27)
SC Maximal stimulation 1.14 (13.5)
SC§{) (ng/ml) Stimulation constant 16.6 (18.0)
Srooa (day/kcal) Food sensitivity 0.00832 (16.9)
G° (mg/dl) Baseline glucose 197/184°/183°

Insulin dynamics

1744192°211F (fixed)

KL (day™") Insulin degradation rate constant 538 (-1
Sic (ml/ng) Insulin sensitivity 0.0399 (-"
S;r (ml/ng) Insulin sensitivity 0.315 (9.65)

I° (ng/ml)

FFA dynamics

Baseline insulin

3.73%/3.45°/3.57°
3.9794.90%/3.89" (fixed)

kg (day’l) FFA degradation rate constant 225 (=M

Spy (mM)™! FFA sensitivity 20.1 (33.3)

key (dayfl) Degradation rate constant 4.41 (27.2)

Sk Maximal stimulation 26.9 (17.9)

SCE; (ng/ml) Stimulation constant 43.5 (27.1)

F° (mM) Baseline FFA 0.053%0.052%/0.071¢

0.041%0.053%0.062" (fixed)

Footnotes are defined as in Table 2

kin_Fooao (171 kcal/dayz) were higher than previously reported (~21 kcal/dayz)
[27]. This could be due to the different strains and considerably lighter animals
used previously (~52.3 g), and different experimental design. The relatively low
estimate of the hypothetical maximal food intake (54.4 kcal/day) is probably caused
by the chronic stress effect during the study. Repeated stressors usually decrease
chow intake in rodents [29] inevitably causing changes in body weights. The
pronounced BW losses suggest that part of these effects can be ascribed to the
increased energy expenditure. In our study, gastrocnemius (GAST) muscles were
excised and weighed at animal sacrifice. The GAST muscle weight/BW of
individual rats was calculated. Compared to the control group (0.99 £ 0.10%),
significant decreases in GAST/BW were observed at all dose groups: 0.84 +
0.057% for 0.03 mg/kg/h, 0.85 & 0.20% for 0.1 mg/kg/h, 0.70 £ 0.075% for
0.2 mg/kg/h, 0.69 &+ 0.017% for 0.3 mg/kg/h and 0.72 £ 0.10% for 0.4 mg/kg/h.
This is consistent with the major catabolic actions of corticosteroids [30] and agrees
with our previous findings [31]. Muscle wasting is one of the major adverse effects
of chronic steroid therapy and substantial muscle weight loss could be the major
cause of BW reduction. The direct catabolic effects of MPL on BW were described
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by indirect response model IV, with the drug stimulating the degradation rate
(Fig. 1). The SC&)" of 20.6 ng/ml indicates a high potency of MPL in reducing BW.
Our model adequately captured both food intake and BW changes in both control
and MPL groups (Figs. 4, 5). The estimated parameters for describing BW changes
were obtained with good precision and are in good agreement with previous reports
[17, 27]. By co-modeling food intake and BW data, we gained better understanding
of the quantitative relationship among food intake, body weight, and drug effects.

A physiologic feedback model describing the relationship between glucose and
insulin was applied by Lima et al. [32] and often used in the literature [8]. The basic
feature is that glucose stimulates production of insulin and insulin stimulates
utilization of glucose. The feedback model can be applied to evaluate other drug
effects such as describing MPL effects on glucose regulation [17]. Owing to the
complex and reciprocal interactions, parameter estimations in such a model can be
difficult. Our model was extended based on previous results [17, 18] by adding the
food effect and FFA dynamics, and the interactions among various processes
(Fig. 2).

It is well known that GC regulate glucose metabolism either by directly affecting
glucose production or by opposing the actions of insulin in peripheral tissues by
inducing insulin resistance [1-4]. With insulin resistance, the metabolism of
proteins, carbohydrates, and lipids are altered [33]. As diabetogenic agents, the risk
of developing or aggravating diabetes increases as GC doses or duration of
treatment increase. In our study, animals treated with low doses of MPL only
showed marginal elevated glucose concentrations. However, the high dosing groups
exhibited significantly higher glucose concentrations throughout most of the study
period, and dose-dependent drug effects on glucose regulation were observed. As
glucose homeostasis is maintained via functions of f-cells, liver, muscle and
adipose tissue, numerous factors could be involved in the adaptive responses during
GC treatments. Among these, ff-cell function appears to be a major contributor since
hyperinsulinemia often accompanies and could counteract the GC-induced glucose
disturbances. Thus, owing to the antagonistic effects of insulin and the large
functional reserve of f-cells, GC-induced hyperglycemia could be compensated by
appropriate elevations of insulin secretion. Consistent with this view, GC-treated
animals are often hyperinsulinemic [4, 22]. During prolonged GC treatments,
animals exhibit increased f-cell mass as well as degranulation of pancreatic f-cells
[2]. Depending on the dose and time of GC treatments, different degrees of insulin
resistance can occur [4]. Although moderate hyperinsulinemia is capable of
preventing any increases in plasma glucose after relatively low doses of GC
treatments [4, 22], significant higher insulin concentrations may not be sufficient to
maintain normal glucose with higher doses of GC [4]. Therefore, proper
coregulation of insulin sensitivity and insulin secretion represent the key features
of glucose homeostasis. With inappropriate metabolic adaptations, compensatory
failure results in full blown “steroid diabetes”. Other possible explanations for
such adaptations include modified insulin action via changing insulin binding [1]
and alterations in GC-induced insulin resistance such as down-regulation of
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glucocorticoid receptors [3] or altered plasma FFA [10, 16]. Among these, the role
of circulating FFA has gained particular attention.

As increased circulating FFA are often accompanied by hyperinsulinemia in
GC-treated animals [4, 22], evidence suggests that GC promote lipolysis by the
activation of hormone-sensitive lipase [34] and inhibition of lipoprotein lipase [35],
thus resulting in elevated blood FFA. In our study, this is also reflected by the fact
that various MPL doses produced marked elevations in circulating FFA. Significant
increases in plasma FFA were found very early and these elevations are consistent
with results from dexamethasone-treated rats [22]. In addition, the estimated
maximal stimulation factors of S% = (26.9) and S¢  (1.14) indicate the greater
potential of MPL to stimulate changes in FFA than of glucose.

The role of FFA on glucose regulation and insulin resistance has become
increasingly appreciated [9, 36]. The FFA play a critical role in modulating f-cell
function and insulin secretion [37], and are also important in mediating the
compensatory responses to GC-induced insulin resistance [22, 36]. Acute elevations
of plasma FFA stimulate insulin secretion [38, 39], whereas chronic effects of FFA
on insulin secretion were reported with less clear results [36]. In vitro studies using
isolated rat islets [40] or perfused rat pancreas [41] showed biphasic insulin
response profiles with FFA administration: initial near-maximal increase at 6 h
followed by a decrease in insulin secretion, with about 40% reduction in insulin
content in fatty acid-exposed rat islets after 6 h [40]. This is consistent with our
observations of biphasic patterns of plasma insulin (Fig. 7). In our dynamic model,
it was estimated that a 100% increase in insulin production would occur with a
0.049 mM increase in plasma FFA, corresponding to about a 100% increase from
the basal FFA level. In the literature, about a 150% increase in plasma insulin was
reported when endogenous plasma FFA was elevated by 100% [42], close to our
predictions. An empirical function exp(—kg; - ) was used to describe the time-
dependent stimulation action of FFA on insulin secretion. The estimated rate
constant kz; of 4.41 day™' and the high potential of FFA to stimulate insulin
secretion suggest that the initial spike of insulin may be driven by the increased
circulating FFA. On the other hand, animal studies also indicate that markedly
elevated FFA (> 1.5 mM) could be toxic to fi-cells and impair insulin secretion,
according to a lipotoxicity hypothesis proposed by Unger [43]. In our study, the
highest observed plasma FFA was 0.68 + 0.29 mM, thus the negative effect of FFA
on insulin secretion might not be relevant.

The chronically elevated circulating FFA, although counteracting insulin
resistance by enhancing insulin secretion from f-cells, could in parallel impair
peripheral insulin sensitivity. Increased concentrations of FFA promote insulin
resistance by inhibiting insulin-stimulated glucose uptake and glycogen synthesis in
muscle and also inhibit insulin-mediated suppression of glycogenolysis in liver
[10, 15, 44]. Preferential oxidation of FFA over glucose, defects in insulin signaling,
and impaired glucose transport have been suggested to be responsible for insulin
resistance [15]. The fact that many obese people with elevated plasma FFA do not
develop diabetes is intriguing [44]. FFA-mediated hyperinsulinemia was proposed
to compensate for FFA-induced insulin resistance [22, 36], and sufficient insulin
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secretion, together with appropriate ff-cell function are important in maintaining
glucose homeostasis. Similarly, it was suggested that elevations in circulating FFA
after GC treatment play an important role in both adaptive glucose regulation and
insulin resistance. A negative feedback of FFA on the stimulation efficiency of
insulin on glucose utilization was incorporated into the dynamic model, indicating
the other key abnormality of glucose regulation in GC-treated animals. In the
model, time course changes of F/F were used to modify the stimulation efficacy
factor S;;. As FFA increase, the ability of insulin to promote glucose utilization
decreases, leading to the development of insulin resistance.

In addition to serving as an important regulator of glucose metabolism, insulin
plays a major role in lipid metabolism: insulin stimulates utilization of plasma FFA
by promoting triglyceride synthesis in adipose tissue. A comprehensive dynamic
model was developed recently [45] which recognized the significant interactions
among glucose, insulin, and FFA and extended the original minimal model [46]
to include FFA dynamics. Three major metabolic effects were described and
captured in this model: glucose stimulating FFA production, insulin promoting
FFA utilization, and FFA impairing insulin action on glucose uptake. Due to the
complexity in the model structure, piecewise fitting was applied during a eugly-
cemic clamp study [47]. However, similar to the minimal model, the simultaneous
interactions between glucose and insulin were not taken into account and some
curve fittings were not shown. In our model, including glucose stimulation of FFA
production generated poor parameter estimates and fittings. In addition to the effects
of FFA on peripheral insulin actions, the antilipolytic effect of insulin on FFA was
modeled using a linear stimulation coefficient S;r to describe the efficiency of
change in plasma insulin in stimulating FFA utilization. Our model estimate of
S = 0.315 ml/ng, corresponds to a maximal 50% decrease in FFA when plasma
insulin increases to 3.17 ng/ml, assuming no influence of drug effects. The
published plasma FFA profiles showed similar patterns during an intraperitoneal
insulin tolerance test in DEX-treated and control animals [22]. A maximum 50%
decrease in plasma FFA observed in both groups was seen with insulin
administration, although there were about threefold differences in initial insulin
concentrations in these two groups.

Various indirect mechanisms, multiple component interactions, and variability in
experimental data posed challenges in our model fittings. Some parameters (k%, S;;
and k}) were fixed to the best current fitting results. These parameter values are
either similar to previous results in our lab [17] or close to literature reported values
of FFA turnover [48-50]. The average estimates for the k. parameter for loss of
FFA from plasma range from 0.06 to 0.30 min~' [48-50], close to our kL value
(225 day™' or 0.16 min~'). Assuming that plasma glucose is 200 mg/dl and
baseline food intake is 100 kcal/day, the calculated glucose production rate
kSG - (1 4+ Srooa - Foodo) is 0.096 mg/dl/min. This is near the literature value of
1 mg/kg/min for hepatic glucose output [51], assuming the volume of distribution of
glucose in rats is 2.9 dl/kg [52].

Some limitations of the proposed dynamic models exist. Appreciable variability
was seen in the various biomarker responses (Figs. 6, 7, 8). This may be attributed
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to different sensitivities of individual rats to MPL and to animal handing and stress.
Additional interactions among glucose, insulin, and FFA involved in glucose
regulation were left out of the final model to avoid overparameterization. Many
pathophysiological effects of GC are mediated by their transcriptional regulation of
target genes, with these effects primarily dependent on the interaction with their
receptors (GR) [53]. Extension of the current model could be achieved by
measuring receptor binding components and target gene mRNA in different organs
to fully account for the receptor/gene-mediated GC effects. Our previous study
measured CST in normal rats and incorporated the circadian rhythm of CST into the
final model in order to differentiate endogenous and exogenous GC effects [17].
From the measured CST at animal sacrifice (data not shown), MPL fully suppressed
CST secretion in the 0.1, 0.2, 0.3 and 0.4 mg/kg/h infusion groups. Similar CST
(within 100-600 ng/ml) were obtained at sacrifice in control and 0.03 mg/kg/h dose
groups which are well below the previously estimated potency of endogenous CST
on glucose regulation (6506 ng/ml) [17]. Thus, effects of endogenous CST on
glucose and body weights are likely negligible compared to exogenous MPL
exposures. However, higher CST are expected in control rats due to stress. Finally,
multiple organs are involved in GC-mediated glucose disturbances and the current
model only included several systemic biomarkers.

In summary, dynamic models were developed to describe MPL effects on body
weight and glucose regulation in rats. We integrated food intake and body weights
in a mechanism-based model. The steroid infusions caused marked reductions in
food intake and body weights, and joint modeling help differentiate direct and
indirect MPL actions on body weight. The classic glucose—insulin feedback model
was extended by incorporating food and FFA effects. Appreciable changes in
plasma FFA during MPL infusions reflect a critical role in regulating adaptive
glucose responses and the development of insulin resistance. Integrated modeling of
the physiological interactions among glucose, insulin, and FFA suggested the
important roles of these entities in both normal f-cell function and insulin
sensitivity.
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