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Summary

Background—Inosine 5’-monophosphate dehydrogenase (IMPDH) is a target of the
immunosuppressive drug, mycophenolic acid (MPA). A twelve hour clinical pharmacokinetic and
pharmacodynamic study was conducted to study the effects of diabetes on IMPDH type | and -II
gene expression, protein level and enzymatic activity.

Methods—The effects were studied on nondiabetic (ND, n=11) and diabetic (D, n=9) kidney
transplant recipients as well as on non-transplant nondiabetic (n=10) and diabetic (n=10)
volunteers.

Results—Diabetes significantly reduced the gene expression using area under the effect curve of
IMPDH-I [ND: 22.1 (13.8-31.3) vs. D: 4.5 (2.3-6.5), P<0.001] and IMPDH-II [ND: 15.3
(11.0-21.7) vs. D: 6.1 (4.6-8.6), P<0.001], protein level [IMPDH-I, ND: 1.0 (0.5-1.3) vs. 0.5
(0.4-0.7), P=0.002; IMPDH-I1I, ND: 1.0 (0.6-1.6) vs. D: 0.7 (0.6-0.8) P<0.001] and enzymatic
activity [ND: 180 (105-245) vs. D: 29.9 (15.3-35.6) umol/s/mol adenosine monophosphate,
P<0.001] in transplant recipients. Similar results were observed in non-transplanted volunteers.
Kinetic studies of mycophenolic acid-mediated suppression of IMPDH activity in non-
transplanted individuals revealed an approximately 2.5-fold lower half-maximum effective
concentration (ECsg) for diabetic as compared with nondiabetic [ND: 50.2 (49.8-50.7) vs. D: 15.8
(15.6-16.3) nmol/l, P=0.004] volunteers. The lower IMPDH gene expression or activity in diabetic
patients could not be explained by the difference in IMPDH gene polymorphism.

Conclusions—This study clearly indicates a significant downregulation effect of IMPDH gene
expression, protein level as well as activity in diabetic patients. Further clinical studies in a larger
number of patients are warranted to verify whether MPA dosing require to be optimized for
kidney transplant recipients with diabetes mellitus.
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Introduction

Mycophenolic acid (MPA) is an antiproliferative agent that is widely used to prevent
rejection after organ transplantation [1]. It inhibits inosine 5’-monophosphate dehydrogenase
(IMPDH), an enzyme that is essential for cell proliferation [2]. Both IMPDH type |
(IMPDH-I) and type Il (IMPDH-I1) enzymes catalyze the nicotinamide adenine
dinucleotide-dependent oxidation of inosine 5-monophosphate (IMP) to xanthosine 5'-
monophosphate (XMP). This is the rate-limiting step in the de novo pathway for guanine
nucleotide biosynthesis in B and T lymphocytes [3]. In addition, IMPDH contributes to the
synthesis of membrane glycoproteins and adhesion molecules that are involved in the
recruitment and transendothelial infiltration of lymphocytes into a transplanted organ. The
inhibition of IMPDH activity by MPA leads to reduced proliferation and recruitment of
these cells to areas of inflammation, thus preventing allograft rejection [4].

Human IMPDH enzymes are encoded by IMPDH-I and -I1 genes, located on two different
chromosomes (chromosomes 3 and 7, respectively) with 85% of their amino acid sequence
conserved [4] [5]. The two enzymes are similar in size (56 kDa, 514 amino acids) but differ
with respect to inhibition rate constants and affinity. Some studies suggest that the IMPDH-I
enzyme is constitutive and dominant in most cell types [e.g., retina, spleen, resting
peripheral blood mononuclear cells (PBMCs)], whereas the IMPDH-11 enzyme is amplified
during proliferation and transformation [6, 7]. Mycophenolic acid has been shown to inhibit
the activities of both IMPDH enzymes in human lymphocyte [3]. However, IMPDH-II is
approximately five times more sensitive to inhibition by MPA, with an inhibition constant
(Ki) value of 33 nM for IMPDH-I versus 7 nM for IMPDH-I11 [2]. Moreover, the values of
IMPDH activity measured ex vivo, in peripheral blood mononuclear cells, have been shown
to associate with post transplant outcomes including biopsy proven acute rejection [8-11].

Approximately 30 - 40% of all kidney transplant recipients in the United States are diabetic
before transplantation [12]. In addition, between 15 - 20% of patients who were not diabetic
at the time of transplantation, develop diabetes shortly after the operation; a condition that is
known as New Onset Diabetes After Transplant (NoDAT) [1]. We have previously reported
significantly lower IMPDH activity in kidney transplant recipients with diabetes mellitus
[13]. However, it was not known, whether the reduced IMPDH activity in diabetic transplant
recipients is associated with a reduced IMPDH gene and/or protein expression or is present
in non-transplanted individuals who have diabetes mellitus. Thus, the aim of the present
study was to characterize IMPDH-I and -1l gene and protein expression and enzyme activity
in nondiabetic and diabetic kidney transplant recipients, as well as, non-transplanted
individuals.
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Demographic information for all subjects is given in Table 1. Subjects participated in this
study after providing written informed consent. The study was approved by the Institutional
Review Board of Rhode Island Hospital, Providence, RI, USA (CMT#209708) and the
University of Rhode Island (HU#0708-040). All subjects underwent physical examinations
and provided a medical history. Determination of serum biochemistry and Hba levels was
performed at LabCorp (Raritan, NJ, USA).

Transplant recipients included nondiabetic (TXND, n=11) and diabetic (TxD, n=9) kidney
allograft recipients >6 months post-transplant. All transplant recipients were on steady-state
treatment with MPA (Cellcept®, Roche Pharmaceuticals, Nutley, NJ, USA), sirolimus
(Rapamune®, Wyeth Pharmaceuticals, Philadelphia, PA, USA) and prednisone. For
determination of MPA concentration, blood samples (5 ml) were collected in EDTA
Vacutainer® (Becton Dickinson, Franklin Lakes, NJ, USA) before morning dose and at 0.25,
0.5,1,15,2,3,5,7,9,10 and 12 hours post-dose; plasma was separated and stored at
-80°C until analyzed. For determination of pharmacodynamic indices, blood samples (8 ml)
were obtained before the morning dose and at 1, 2, 4 and 12 hour after MPA dose using
Sodium Heparin Vacutainer® (Becton Dickinson). The PBMCs were isolated by
centrifugation at 1650xg for 25 min over Ficoll-paque gradient on BD Vacutainer®CPT,™
as recommended by the manufacturer. Isolated cells were washed with ice-cold phosphate
buffer saline (pH 7.4), resuspended and stored at -80°C as described previously [14]. No
significant change in the PBMC count was found between Vacutainer®CPT™ and the
classical Ficoll-Paque™ method involving Leucosep™ tubes with porous barriers (Greiner,
Frickenhausen, Germany).

Non-transplanted individuals included nondiabetic (ND, n=10) and diabetic (D, n=10)
subjects with normal kidney function that had never received an organ transplant or were
treated with MPA (MPA naive). A single sodium heparin anti-coagulated blood sample was
collected from each patient between 8:00 - 9:00 AM and PBMCs were isolated as described
above.

MPA measurement

Plasma concentration of total MPA, MPAG and AcMPAG was quantified by HPLC with
ultraviolet detection as described previously [14].

Gene expression of IMPDH

Total RNA was extracted from PBMCs using the High Pure RNA Isolation Kit (Roche
Diagnostics Corporation, Indianapolis, IN, USA), as recommended by the manufacturer
[15]. Amplification of IMPDH-I and -1I cDNA was performed on an ABI 7500 rtPCR
instrument (Applied Biosystems, Carlsbad, CA, USA) using the corresponding TagMan
Gene Expression Assay (IMPDH-I, Hs00265302_m1; IMPDH-11, Hs00168417_m1).
Relative mRNA levels were estimated using the 2"22CT method with ribosomal protein L13a
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(RPL13A, Hs00379921 m1) and pseudogene 17 polymerase (RNA) Il (DNA-directed)
polymerase A (POLR2A, Hs00172187_m1) as reference genes [16].

Western blot analysis

Relative amounts of IMPDH-I and -11 in PBMC lysate were determined by immunaoblot
analysis [17]. For each lane, 40 g of total protein was loaded on the gel. Expressed
IMPDH-I and -11 proteins (Novus Biologicals, LLC, Littleton, CO), were used as reference
standards. Rabbit anti-human IMPDH-1 and -1l was a generous gift from Vertex
Pharmaceuticals, Inc. (Cambridge, MA, USA). Antibodies used for IMPDH-I and -1l were
specific, with no cross-reactivity with each other, as described previously [18]. Beta-actin
was used as a housekeeping protein employing rabbit anti-human antibody (Abcam Inc.,
Cambridge, MA, USA).

Determination of IMPDH activity

The IMPDH activity was measured using an assay described by previously with slight
modifications [19]. To improve the sensitivity of the XMP detection method, the
concentrations of XMP and intracellular AMP were measured using a LC-MS/MS method
in positive ionization mode [20, 21]. The system comprised of a binary pump and
autosampler (Shimadzu, Kyoto, Japan) coupled to an API 3200 triple quadruple mass
spectrometric detector (AB Sciex, Toronto, Ontario, Canada), equipped with Turbo V source
electrospray ionization (ESI) probe. The chromatographic data were collected and analyzed
using the Analyst® package (version 1.4.1., AB Sciex). The analytes were separated on a
Zorbax SB-Phenyl analytical column (Narrow Bore RR, 2.1x100 mm, 1.80 pm) from
Agilent Technologies (Forest City, CA, USA). Analysis was performed using HPLC-grade
water (solvent A) and HPLC-grade acetonitrile (solvent B). The mobile phase comprised of
the following mixtures (v/v): A:B 98:2 for 0.0-2.5 min; A:B 95:5 for 2.6-3.5 min; A:B 90:10
for 3.6-4.5 min; A:B 25:75 for 4.6-6.0 min; A:B 25:75 for 6.1-7.0 min; A:B 98:2 for 7.0-7.5
min; A:B 98:2 for 7.6-10.0 min. Flow rate was 100 pl/min as shown in the Supplementary
material (Figure S1), the retention times for XMP (365—153) and intracellular AMP
(348—136) were 3.53 and 4.35 min, respectively.

Before the start of the reaction, total protein concentrations in PBMC lysate were measured
using a bicinchoninic acid method (Pierce-Fisher, Rockford, IL, USA) and an aliquot
containing 50 pg/ml of total protein was used for each reaction. The rate of XMP production
by IMPDH was normalized to incubation time (90 min) and intracellular AMP concentration
as reported previously [19]. The calibration curves were linear and the coefficient of
determination (r2) was 0.9994 for XMP and 0.9981 for AMP. The lower limit of
quantitation (LLOQ) was 2.50 nmol/l for XMP and 1.00 nmol/l for AMP.

Estimation of IMPDH inhibition kinetics in vitro

The inhibition of IMPDH activity, in response to varying concentrations of MPA added to
PBMCs, was performed to compare the kinetics of IMPDH inhibition between ND and D
MPA naive individuals. Lysate of PBMCs containing 30 pug/ml of total protein were pre-
incubated for 10 min at 37 °C with MPA at eight different concentrations (0, 1, 5, 10, 50,
100, 250 and 1000 nmol/l) and were incubated for determination of enzyme activity as
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described in the previous section. Kinetic parameters were calculated using the empirical
maximum-effect model E = Eg-(Cppa X Emax)/(Cmpa + ECsg), where Ejg is the baseline
value for the biological response, Eqnax is the asymptotic effect and ECsg is the drug
concentration that results in 50% of the maximal effect.

Genotyping of IMPDH

Genomic DNA was extracted from peripheral blood mononuclear cells using QlAamp blood
kit (Qiagen, Valencia, CA, USA) and was stored at -80°C until analyzed. Genotyping of five
different polymorphisms was performed on an ABI 7500 Real-Time-PCR instrument
(Applied Biosystems, Toronto, Ontario, Canada) using a validated TagMan allelic
discrimination assay [IMPDH-I 106 G>A (rs2278294), IMPDH-I 125G>A (rs2278293),
IMPDH-1 1572C>T (rs2228075) and IMPDH-I1 3624 A>G (rs4974081), IMPDH-11 3757
T>C (rs11706052)].

Data analysis

Non-compartmental pharmacokinetic or pharmacodynamic analysis was performed by the
use of WinNonlin version 5.2 (Pharsight Co., Mountain View, CA, USA). The AUCy_;, for
MPA was calculated using the linear trapezoidal rule. Five samples were used to calculate
AUEC values for gene expression or IMPDH activity. As described previously [22],
individual pre-dose value for gene expression or activity was considered a baseline and then
area below the baseline was calculated as a measure of repression, whereas the area above
the baseline was considered a measure of induction.

Statistical analysis

Results

Statistical analysis was carried out with SPSS software (version 19, IBM SPSS, Chicago, IL,
USA). Kolmogorov-Smirnov's method was used to test for normal distribution. The
differences between nondiabetic and diabetic groups were determined by using the Mann-
Whitney U-test, P values <0.05 were considered statistically significant. Normally
distributed data are expressed as mean * standard deviation (SD); non-normally distributed
data are expressed as median and interquartile range.

Table 1 summarizes the demographics of the transplant recipients (part 1) and non-
transplanted individuals (part 2). Kidney function, as judged by serum creatinine
concentrations, was comparable between TxND and TxD and all non-transplanted
individuals had an adequate kidney function. However, for both populations, the levels of
serum glucose and glycated hemoglobin (Hba1c) were higher in diabetic individuals. The
doses of immunosuppressive agents were not significantly different between TXND and TxD
with a trend toward lower MPA or sirolimus doses in the TxD group. Seven out of nine TxD
and all non-transplanted individuals with diabetes (D) were on insulin therapy.

MPA pharmacokinetics in transplant recipients

The values of MPA area under the concentration-time curve (AUCy.12) were comparable
between TXND and TxD groups (Table 2). Partial AUC values for MPA (AUC_g or
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AUCg.15) as well as AUC values for MPA-glucuronide and MPA-acyl glucuronide
metabolites were also comparable (data are not presented).

IMPDH gene expression

The gene expression profiles of IMPDH-I and -11, determined in PBMCs, are presented in
Figure 1A-1C. High variability in IMPDH-1 and -1l gene expression was observed in all four
groups. Nevertheless, a significant downregulation in IMPDH-I (Figure 1A) and -11 (Figure
1B) genes was observed in TxD as compared with TXND subjects. Similarly, in the D group,
the expression of both IMPDH I and 11 genes were significantly lower as compared with ND
controls (Figure 1C and Table 2). The values of area under the effect-time curve (AUEC) for
IMPDH-I and -11, representing gene expression versus time curves, are summarized in Table
2. As shown in Figures 1A and 1B, the repression and induction patterns for IMPDH-I and -
I1 genes pronouncedly differed between TXND and TxD groups. Area of repression is a
measure of reduction in the pharmacodynamic parameters as compared to the baseline/pre-
dose levels. Area of induction is a measure of the increase in the pharmacodynamic
parameters above the baseline/pre-dose levels. In TXND, IMPDH-I and -1l genes were
minimally repressed but both genes were pronouncedly induced after the morning dose of
MPA. In contrast, in the TxD, IMPDH-1 gene was repressed with a minimal degree of
induction, whereas the IMPDH-II gene was slightly repressed and then induced at later time
points.

IMPDH protein level

Immunoquantitation of IMPDH protein content in PBMC lysate revealed significantly lower
IMPDH-I and -1 protein levels in TxD as compared with protein levels from TXND
[(IMPDH-I, P=0.002) (Figure 1D) and (IMPDH-11, P<0.001) (Figure 1E)]. Moreover, both
IMPDH-I (Figure 1D) and -1 (Figure 1E) proteins were significantly lower in D versus ND
individuals.

IMPDH activity

The concentration of XMP generated and intracellular adenosine 5’-monophosphate (AMP)
were measured using a new, highly sensitive LC-MS/MS method (Figure S1) and IMPDH
activity was expressed as pmol XMP/s/mol AMP. Figure 2A depicts median IMPDH
activity for TXND and TxD over a 12-hour dosing interval and Figure 2B shows individual
profiles for IMPDH activity in transplant recipients. In TxD group, the median values of
IMPDH activity were significantly lower in all time points studied (Figure 2A). In addition,
the values of IMPDH activity measured in a single sample collected from D non-
transplanted individuals were significantly lower than ND individuals (Figure 2C).

The values of AUEC |mppH activity @mong TXND and TxD representing areas of repression
and induction of IMPDH activity are shown in Table 2. The inhibition of IMPDH activity in
transplant recipients after MPA dose was followed by a phase of increased enzyme activity
(rebound) but only in TXND. This pattern of repression and induction, in the IMPDH
activity, more closely resembled the pattern of IMPDH-I gene expression than IMPDH-II.
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IMPDH activity and MPA plasma concentrations

The median values of MPA concentrations over 12-hour after an oral dose is depicted for
TXND (Figure 3A) and TxD (Figure 3B) groups. A slight delay in the MPA maximum
concentration was observed in the MPA concentration-time profile of diabetic patients. The
inverse relationship between IMPDH activity and MPA levels was an expected finding, with
the maximal inhibition of IMPDH activity occurring slightly after the peak concentration of
MPA. However, the differing levels of IMPDH activity in TXND and TxD were independent
of the MPA concentration.

Inhibition of IMPDH activity by MPA in PBMCs

Association

Mycophenolic acid potently inhibited IMPDH activity when added ex vivo to PBMC lysate
of non-transplanted MPA-naive individuals (Figure 4). The values of baseline IMPDH
activity (Eg) and maximum drug effect (Enax) Were almost 50% higher in ND as compared
with D individuals but the difference did not reach statistical (P>0.05). In addition, MPA
half-maximum effective concentration (ECsp) values were significantly higher (P=0.004) in
ND subjects, indicating more MPA is needed to suppress IMPDH activity in these
individuals. Approximately 50% lower Eg and Eqax Values between the two groups is in
parallel with 44% lower expression of IMPDH-1 protein and 29% lower expression of
IMPDH-II protein in D as compared with ND non-transplanted individuals (Figures 2D,
2E). However, ~2.5-fold lower average MPA ECs in the diabetic group possibly is an
indication of altered binding affinity between MPA and IMPDH enzymes in individuals
with diabetes mellitus.

between IMPDH-I and -Il gene polymorphism and IMPDH regulation or activity

Table 3 represents the average IMPDH-1 or -1l gene expression and IMPDH activity in
diabetic and nondiabetic transplant recipients as a function of gene polymorphism of
IMPDH-I or -1I genes. Among the three IMPDH-I polymorphisms studied (106 G>A, 125
G>A, 1572 C>T), the IMPDH activity was significantly higher in subjects with a variant
form of IMPDH-I gene but only in patients without diabetes (TxND). Furthermore, IMPDH-
I mRNA levels were significantly higher in diabetic kidney transplant recipients with 125
G>A variant allele (GA+AA) than wild type allele (GG). Between the two IMPDH-I1 gene
polymorphisms characterized (3624 A>G and 3757 T>C), only diabetic patients with a
variant form of IMPDH-I1 3624 A>G (TxD AG+GG) had significantly higher IMPDH-II
mRNA levels. Overall, despite the small sample size, classification of the data according to
several clinically important IMPDH-I and IMPDH-I1 gene polymorphisms showed that the
reduced level of IMPDH gene expression or activity in diabetic kidney transplant recipients
is independent of the IMPDH polymorphism.

Discussion

In the present study, despite the small sample size, we demonstrated that decreased IMPDH
activity in PBMCs of diabetic kidney transplant recipients is consistent with reduced
IMPDH-I and -11 gene expression and protein levels that is independent of genetic
polymorphism of IMPDH. We have also observed significantly lower IMPDH gene and
protein expression as well as enzyme activity in non-transplanted individuals with diabetes

Ther Drug Monit. Author manuscript; available in PMC 2014 July 24.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dostalek et al.

Page 8

mellitus when compared to nondiabetic controls (hone of these non-transplant subjects have
ever received MPA treatment). Whereas, considerable variability in IMPDH-I and -11 gene
expression, protein level and enzyme activity was observed in the non-transplant subjects,
thus MPA treatment after transplantation appear to reduce the variability in the IMPDH gene
expression or activity.

Patients with diabetes mellitus have greater susceptibility to infections and lower cell
mediated immunity [23, 24]. Using data from United States Renal Data System on 29,966
kidney transplant recipients, Lansang et al. [12] compared the incidence of infectious
episodes requiring hospitalization between nondiabetic and diabetic patients. The analysis
showed the risk of developing such episodes was 43% higher in pre-transplant diabetics and
77% higher in NoDAT patients. The aspects of the immune system that may be impaired by
diabetes include reduced leukocyte count, mast cell degranulation and lymph node retention
capacity [25]. Furthermore, monocytes from type 2 diabetic patients have significantly lower
phagocytotic activity and are less responsive to Toll-like receptor ligands [26]. The IMPDH-
I and -1 play an important role in the de novo biosynthesis of guanine nucleotides in B and
T lymphocytes and downregulation of their activity may potentially lead to a higher rate of
infection related morbidity [27]. Although, a clear relationship between increased infections
related morbidity and downregulation of IMPDH has not been reported, the present
investigation provides novel observations that may partially explain the increased
susceptibility to infections in diabetic patients.

In the present study, we have observed that lower IMPDH activity is associated with a
decrease in the gene and protein expression of IMPDH-I and -11. Our data demonstrate that
reduced IMPDH activity occurs at pre-translational level, which is consistent with
previously published data reporting regulation of IMPDH enzymes by altering the gene
expression or stability of mMRNA [18]. It has also been demonstrated that the regulation of
IMPDH does not occur in cytoplasm [28]. Thus, diabetes-mediated downregulation of
IMPDH activity may result from a lower level of IMPDH gene expression in the nucleus,
probably because of altered RNA processing and/or RNA stability [18]. However, because
of the relatively small amount of nuclear RNA, some other regulatory mechanisms may be
involved.

To the best of our knowledge, this is the first report showing significantly different
regulation of IMPDH by diabetes mellitus. An in vitro study in different cell lines has
reported that insulin treatment did not change IMPDH activity [29]. Thus, it is essential to
identify and understand the molecular mechanism of the regulation of IMPDH activity as
well as the pathophysiological significance of diabetes-mediated downregulation of this
activity. Further understanding of these processes may help to explain the higher incidence
of infectious diseases, cancer and metabolic disorders in diabetic patients. Significant
differences in the MPA ECsq values, in nondiabetic and diabetic non-transplant individuals,
suggests that factors other than reduced IMPDH gene/protein expression may have an effect
on the activity of IMPDH enzymes e.g. affinity between MPA and active site of the
enzymes.
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Our study revealed large interindividual variability for both pharmacokinetic and
pharmacodynamic parameters that is consistent with previously published studies [16, 30].
This large variation could be attributed to genetic (e.g. polymorphism) and/or non-genetic
factors (e.g. infections which can enhance lymphocyte activation) [31]. MPA free fraction
was shown to be pharmacologically active portion of mycophenolate mofetil (MMF) or
enteric-coated mycophenolate sodium (EC-MPS). Hematological factors such as albumin
concentration, hematocrit or composition of blood cell fraction may significantly affect the
concentration of unbound fraction of MPA. Thus, unbound fraction could theoretically
decrease IMPDH activity in diabetic patients. However, we have previously reported
comparable unbound MPA fraction between nondiabetic and diabetic kidney transplant
recipients [13].

An inverse correlation has been observed between IMPDH activity and MPA plasma
concentration. However, in some transplant recipients, the maximal inhibition of IMPDH
activity was observed only at peak MPA concentration, whereas others exhibited longer and
more persistent inhibition of the activity. In addition, complete inhibition of IMPDH activity
was observed only for a short time, followed by a rebound phenomenon after four hours.
This pattern of induction is in agreement with previously published data from Sanquer et al.
[16, 22]. Conversely, a greater and more rapid degree of inhibition of IMPDH activity,
persisting up to 8 hours, was reported by other researchers [32]. The inhibition of IMPDH
activity indicates that MPA effect is retained significantly longer than might be expected
from its concentration profile. Several possible explanations for the discrepancy between
previously published data could be (i) small numbers of patients enrolled in these studies (ii)
differences in the study design and (iii) the different assays used for a quantification of
IMPDH enzyme activity. Due to the technical difficulties of the assay, several techniques to
characterize IMPDH activity ex vivo have been developed and validated [33]. Thus, high
variability in different assays may limit the comparison of results between laboratories. To
date, several techniques have been validated and used to measure IMPDH enzyme activity
(i) UV-VIS spectrophotometry [34], (ii) radiometric detection [22], (iii) HPLC using total
protein level [35], cell count [36] or intracellular AMP concentration [19] to normalize
generated XMP. A validated nonradioactive method by Glander et al. [19] was used in our
experimental work to measure enzyme activity of IMPDH in PBMCs.

Single nucleotide polymorphisms (SNPs) in IMPDH-I and -1 genes have been
independently correlated with acute rejection. In this paper, we reported genotyping results
from three IMPDH-I SNPs: 106 G>A, 125 G>A and 1572 C>T and two IMPDH-II SNPs:
3624 A>G and 3757 T>C; all of which were previously reported for their potential
involvement in the outcomes of MPA treatment [37]. Another study in 456 kidney transplant
recipients has only identified the variant form of IMPDH-| (rs2278294, 125G>A\) to be
associated with a lower risk of rejection and a higher risk of leucopenia [38]. In our study,
when the MRNA gene expression and activity was divided into different groups based on the
gene polymorphisms, the difference between diabetic and nondiabetic groups was still large
and independent of genetic polymorphism. However, within diabetic or nondiabetic groups,
some markers were significantly different including IMPDH activity in the TXND group
with a variant form of IMPDH-I gene.
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In summary, although our study is limited by a small number of patients, we have clearly
demonstrated significantly lower IMPDH gene expression, protein level and enzyme activity
in diabetic kidney transplant recipients, despite comparable MPA concentrations. Moreover,
significantly lower expression and enzyme activity of IMPDH was observed in diabetic non-
transplanted individuals who have never received MPA treatment. Although the
pathophysiological factors that lead to the development of diabetes-mediated changes in
IMPDH activity have not been identified, we believe the findings of this study require
further consideration to elucidate the mechanism of diabetes induced IMPDH
downregulation. Although measurement of pharmacodynamic effects may provide a more
direct insight onto the activity of MPA therapy and may increase the efficacy whereas
decrease the side effects of MPA treatment, significant evaluation with a large number of
diabetic patients is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The IMPDH-I and -1 gene and protein expression was significantly lower in diabetic kidney
transplant recipients or non-transplanted individuals as compared with nondiabetic
counterparts. (A) IMPDH-I gene expression in nondiabetic (solid line) and diabetic (dashed
line) transplant recipients. (B) IMPDH-II gene expression in nondiabetic (solid line) and
diabetic (dashed line) transplant recipients. (C) IMPDH-I and -1l gene expression in
nondiabetic and diabetic non-transplanted individuals. The values of gene expression are
relative to the baseline level in nondiabetic controls. (D) IMPDH-I protein levels in
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nondiabetic (nondiabetic, ND) and diabetic (diabetic, D) non-transplanted individuals and
nondiabetic (nondiabetic, ND) and diabetic (diabetic, D) transplant recipients. (E) IMPDH-1I
protein levels in nondiabetic (nondiabetic, ND) and diabetic (diabetic, D) non-transplanted
individuals and nondiabetic (nondiabetic, ND) and diabetic (diabetic, D) transplant
recipients. All data are expressed as median and interquartile range and statistical
significance reflects comparison between two different groups (*** P<0.001, ** P<0.01, *
P<0.05).
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Figure 2.
Reduced IMPDH enzyme activity in diabetic kidney transplant recipients or non-

transplanted individuals. (A) Median and interquartile range of IMPDH activity in
nondiabetic (solid line) and diabetic (dashed line) transplant recipients over a 12-hour
dosing interval; level of statistical significance reflects comparison between diabetic and
nondiabetic at the same time point. (B) Individual IMPDH activity-time profile in
nondiabetic (solid lines) and diabetic (dashed lines) transplant recipients. (C) Median and
interquartile range of IMPDH activity in nondiabetic and diabetic non-transplanted
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individuals. Level of statistical significance reflects comparison to control (** P<0.01, *
P<0.05).
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Figure 3.
Plasma concentration of mycophenolic acid (MPA) and inosine 5’-monophosphate

dehydrogenase (IMPDH) activity (A) MPA plasma levels (solid line) and IMPDH activity
(dashed line) in nondiabetic and (B) diabetic transplant recipients. All data are expressed as
median and interquartile range.
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Figure 4.
Significantly lower MPA concentration is required to inhibit IMPDH activity in peripheral

blood mononuclear cell lysate of non-transplanted diabetic (D, dashed line) than in non-
diabetic (ND, solid line) individuals. All data are expressed as median and interquartile
range.
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Demographic characteristic of kidney transplant recipients (part 1) or non-transplanted

individuals (part 2)

Clinical details of nondiabetic and diabetic kidney transplant recipients

Nondiabetic, TXND (n=11) Diabetic, TxD (n=9)

Gender (male/female) 6/5 5/4

Age (years) 55.0 (51.2-62.2) 56.0 (47.2-59.7)
Ethnicity C(7), AA(2), A(1), H(1) C(7), AA (0), A(1), H(1)
BMI (kg/m?) 29.9+58 304+41
Diabetes type (type 1/type 2) - 1/8

Insulin treatment - 7

Glycated hemoglobin, Hba;. (%) 5.2 (4.8-5.6) 7.1(6.0-10.2)
Fasting glucose (mg/dl) 87.0 (79.7-94.0) 128 (122-227)
Albumin (g/l) 42+03 41+03
Aspartate aminotransferase, AST (units/I) 23.0+89 34.0+14.7
Alanine aminotransferase, ALT (units/I) 17.8+6.3 222+8.0
Time post-kidney transplantation (<1 year/1-2 years/> 2 years)  2/1/8 0/1/8

Serum creatinine (mg/dl) 1.75+0.86 1.78 £0.49
MPA dose (mg/day) 1363 + 636 1191 + 467
Sirolimus daily dose (mg/day) 25+0.8 20+0.5
Prednisone dose (mg/day) 51+22 5025

P value

P=0.790

P=0.841

P<0.001
P=0.002
P=0.520
P=0.054
P=0.187
P=0.403
P=0.948
P=0.507
P=0.164
P=0.933

Clinical details of nondiabetic and diabetic non-transplanted individuals

Nondiabetic, ND (n=10)  Diabetic, D (n=10) P value

Gender (male/female) 4/6 5/5 -
Age (years) 60.3+5.3 57.2+6.5 P=0.256
Ethnicity C(10) C(10) -
BMI (kg/m?) 29.9+35 217446 P=0.246
Diabetes type (type 1/type 2) - 1/9 -
Glycated hemoglobin, Hbay. (%) 5.3 (5.1-5.8) 5.9 (5.6-6.3) P=0.014
Glucose (mg/dl) 121 (92.0-131) 149 (97.0-177) P=0.151
Serum creatinine (mg/dl) 0.95+0.15 1.04+0.25 P=0.671

A, Asian-American; AA, African-American; C, Caucasian; H, Hispanic. Plus-minus values are mean + standard deviation; non-normally

distributed data are expressed as median and interquartile range.
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Table 2
Comparison of mycophenolic acid (MPA) pharmacokinetics and Inosine Monophosphate
Dehydrogenase (IMPDH) gene expression and activity in nondiabetic and diabetic kidney

transplant recipients (part 1) and non-transplanted individuals (part 2)

MPA pharmacokinetic and pharmacodynamic parametersin kidney transplant recipients

Nondiabetic, TXND (n=11) Diabetic, TxD (n=9)

MPA AUCq., (mg*hr/l) 29.2 (18.6-54.0)

AUEC |MpDH-1 mRNA
Repression 0.10 (0.00, 0.41)
Induction 12.06 (5.79, 13.53)
AUEC |MPDH-Il mRNA
Repression 0.02 (0.00, 0.51)
Induction 4.49 (1.29, 8.68)
AUEC |MmppH activity (HMOIXMP/simol AMP*hr)
Repression 0.18 (0.00, 6.75)
Induction 61.6 (29.9, 101.5)

27.6 (16.8-38.3)

2.95 (1.69, 4.39)
0.00 (0.00, 0.21)

0.60 (0.07, 0.78)
0.58 (0.06, 1.62)

21.6 (14.1, 34.5)
0.00 (0.00, 0.00)

P value
P=0.640

P=0.001
P<0.001

P=0.180
P=0.012

P<0.001
P<0.001

Markers of IMPDH activity and gene expression in non-transplanted individuals

Nondiabetic, ND (n=10)
IMPDH-1 yzna 1.00 (0.19-2.40)
IMPDH-I1 yzna 1.00 (0.60-2.36)
IMPDH 4eqivity (MMOIXMP/s/mol AMP) 188 (66.3-244)

Diabetic, D (n=10) P value

0.14 (0.02-0.38) P=0.024
0.10 (0.03-1.75) P=0.046
60.0 (16.3-81.2) P=0.031

Page 21

All data are expressed as median and interquartile range AUC, area under the concentration-time curve; AUEC, area under the effect-time curve.
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