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Abstract. The objective of this research was to assess the effects of type 2 diabetes mellitus (T2DM) and
diabetic nephropathy (DN) on the pharmacokinetics of human IgG (hIgG), an antibody isotype, in
Zucker diabetic fatty (ZDF) rats. Furthermore, the specific role of T2DM in the altered disposition of
hIgG was evaluated by treating diabetic rats with pioglitazone, while the role of chronic kidney disease
(CKD) was assessed using 5/6 nephrectomized Sprague Dawley rats. ZDF male (lean non-diabetic
control and obese diabetic) and pioglitazone-treated ZDF rats were studied at ages 12–13 weeks (only
DM was present), and at ages 29–30 weeks (progression to DN). All animals were dosed with 1 mg/kg of
hIgG intravenously (IV) or subcutaneously (SC). ZDF rats had significantly higher blood glucose
concentrations and urinary albumin excretion compared to control rats. Significant increases in total
clearance (2.5-fold) and renal clearance (100-fold) of hIgG were observed; however the major increase in
total clearance was due to increased non-renal clearance. Greater changes in urinary albumin excretion
and total and renal clearances of IgG (3.5-fold and 300-fold, respectively) were observed with
progression to DN. SC bioavailability of hIgG in all animal groups was similar (>84%). With
pioglitazone-treatment, diabetic animals remained euglycemic and treatment was able to reverse the
clearance changes, although incompletely. In the CKD group, no difference in hIgG clearance was
observed when compared with controls. In conclusion, the increased clearance of hIgG in ZDF diabetic
animals, reversal by pioglitazone treatment and lack of effect of CKD, demonstrate the influence of
T2DM on hIgG pharmacokinetics.

KEY WORDS: antibody; chronic kidney disease; renal clearance; urinary albumin excretion; Zucker
diabetic fatty rat.

INTRODUCTION

Diabetes mellitus is one of the most common endocrine
metabolic disorders. As of 2010, around 285 million people
were affected globally with diabetes, with type 2 diabetes
mellitus (T2DM) making up about 90% of the cases. The
prevalence of T2DM is further estimated to reach around 500
million people worldwide by 2030 (1,2). Approximately one
third to one fourth of T2DM patients develop diabetic
nephropathy (DN) (3,4). As DN progresses, there is an increase
in urinary albumin excretion, observed asmicroalbuminuria and
progressing to macroalbuminuria (4,5). Furthermore, after
onset of DN, about 20% of individuals will progress to end-
stage renal diseases (ESRD) (6,7).

Significant effects of DM/DN on small molecules have
been reported, but there are only a few studies that have
evaluated the impact of DM/DN on the pharmacokinetics
(PK) of antibodies (8). Although the prevalence of

microalbuminuria and macroalbuminuria is significant with
T2DM, only a limited number of studies have evaluated the
alteration in renal elimination and urinary concentrations of
proteins and macromolecules such as IgG (9,10). In one study,
Pima Indians with T2DM and DN demonstrated a greater than
twofold increase in urinary IgG concentrations compared to
individuals without significant microalbuminuria (10). In anoth-
er study, changes in the total clearance of adalimumab in
patients with focal segmental glomerulosclerosis (n=7) was
reported to be two- to fivefold higher, with non-renal clearance
contributing more to the change in total clearance than renal
clearance (11). Additionally, diabetic co-morbidity in psoriatic
patients resulted in a 28.7% higher clearance (CL/F) (12).
Significant increases in the clearance of 8C2 (a murine
monoclonal antibody) have been observed with type 1 DM in
streptozotocin-treated mice. These changes were positively
correlated with changes in urinary albumin excretion and
glomerular filtration rates (13).

Given that DM and chronic kidney disease (CKD)
represent common co-morbidities, through the development
of DN, our aim in this study was to assess the effects of
T2DM and CKD, alone and concomitantly, on human IgG
(hIgG) PK. IgG is the most abundant antibody isotype found
in the circulation, and therefore is used in the current studies
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as representative of monoclonal antibodies (14). Studies were
performed in Zucker diabetic fatty (ZDF) rats at different
stages of T2DM: early (ages 12–13 weeks) without evidence
of DN, and at later times (ages 29–30 weeks) in the presence
of DN. We evaluated the progressive changes in blood
glucose, urinary function, and hIgG pharmacokinetics and
subcutaneous bioavailability after the administration of IV
and SC doses of hIgG. Given the reported changes in the
disposition of small molecules with diabetes progression, we
hypothesize that diabetes will also lead to alterations in the
pharmacokinetics of human IgG in ZDF rats. Furthermore,
we hypothesize that diabetic nephropathy may also contrib-
ute to the alterations in the PK of hIgG in diabetes.

MATERIALS AND METHODS

Chemicals, Reagents, and Kits

Human IgG was purchased from Sigma-Aldrich (St.
Louis, Missouri). Ketamine and xylazine were obtained from
Henry Schein (Melville, New York). Pioglitazone (TEVA
Pharmaceuticals) was purchased commercially.

Animals

Male Zucker diabetic fatty (ZDF) rats (Charles River,
Wilmington, MA) were used for all experiments examining
DM and DM/DN. The animals consisted of ZDF male +/?
lean (non‐diabetic control rats, n=15) and ZDF male FA/FA
obese (obese diabetic rats, n=25). Animals were housed
under controlled temperature and humidity with an artificial
12-h light/dark cycle. Animals were allowed to acclimate to
their environment for one week prior to surgical implantation
of jugular vein cannulae under anesthesia with ketamine/
xylazine (75/10 mg/kg). Cannulae were flushed daily with
40 IU/mL heparinized saline to maintain patency. Animals
were allowed a minimum of 72 h for recovery from surgery
before drug administration. Sprague Dawley CD® rats [male,
10 weeks of age, 5 weeks after surgery] either with or without
(sham) 5/6 nephrectomy surgery (n=8) were used (Charles
River, Wilmington, MA) for the CKD study. These animals
were independently housed for 5 weeks before drug admin-
istration. All animal protocols were approved by the
Institutional Animal Care and Use Committee at the
University at Buffalo.

Study Design

Diabetes Studies. ZDF rats were chosen as our animal
model of type 2DM/DN as they exhibit the pertinent clinical
signs of this disease including initial DM and progression to
DN, allowing for the assessment of the effects of DM with
and without renal dysfunction, as well as with concomitant
obesity. Male obese ZDF rats become obese, insulin resistant,
and progress to non-insulin dependent diabetes around the
ages of 8–14 weeks due to a leptin receptor defect. These
animals develop progressive DN causally related to their DM
and represent a well-characterized animal model of DM/DN
(15,16). Non-diabetic Zucker rats were used as age‐matched
controls. At the age of 9 weeks, the ZDF male FA/FA obese
rats were divided into two further groups. One group was the

untreated diabetic group with free access to food. The second
group was the pioglitazone-treated group, treated with
10 mg/kg pioglitazone orally daily throughout the study to
normalize blood glucose levels (15). The average food
consumption of diabetic animals was calculated as amount
consumed per day, and the same amount of food was then
given to the pioglitazone-treated rats, so that food intake was
the same. Animals were weighted and blood (through
saphenous vein) and urine samples were collected throughout
the studies to characterize the hyperglycemia and renal
function of the animals. The disposition of hIgG was studied
at the age of 12–13 weeks (phase A; the observed age for the
development of diabetes in the ZDF obese diabetic model)
and then at the age of 29–30 weeks (phase B; when the ZDF
diabetic rats demonstrated nephropathy with progressive
albuminuria and rising urinary albumin to creatinine ratios
(ACR)) (15,17). Animals were dosed with 1 mg/kg of hIgG
IV (dissolved in 0.9% saline) through the jugular cannula or
penile vein or SC (in the flank region). Since the SC studies
resulted in lower plasma concentrations of hIgG, additional
phase A studies, with ZDF rats at 13 weeks of age, were
performed with a lower dose of hIgG (0.2 mg/kg) administered
IV in order to determine if the clearance of hIgGwas changed at
lower plasma concentrations. Additionally, in order to evaluate
the disposition of endogenous rat IgG (rIgG) in the non-diabetic
control, diabetic- and pioglitazone-treated diabetic rats, plasma
concentrations, and urinary excretion amounts of endogenous
rIgG were determined in all three groups of animals.

CKD Study. The control (sham surgery) and 5/6
nephrectomized rats were used in these studies. Between 5
and 12 weeks, the 5/6 nephrectomized rats demonstrated
increasing nephropathy with progressive albuminuria and
rising ACR (18,19). At 10 weeks of age (with surgery
performed at 5 weeks of age), the animals were dosed with
1 mg/kg of hIgG IV or SC (in the flank region).

Sample Collection

Baseline blood samples were analyzed for biomarkers of
disease progression including blood glucose, blood urea
nitrogen, and urinary albumin and creatinine. Post dosing
hIgG, blood (200 μL), and urine samples were obtained from
all animals every day for 4–5 half‐lives. Blood samples were
collected from the saphenous vein and urine was collected
using metabolic cages.

Analysis of Human and Rat IgG, Blood Glucose, BUN,
Albumin, and Creatinine

Blood glucose and BUN were determined using a
VetScan Analyzer. hIgG plasma and urine concentrations
were measured using an anti-human IgG ELISA kit (Bethyl
Labs Inc. Montgomery, TX). No cross-reactivity of the
ELISA for rIgG has been reported by the manufacturer,
nor did we find cross-reactivity when analyzing standards in
various rat matrices. Rat plasma and urine were diluted
(1:100 to 1:10 and 1:2, respectively) by sample diluent and
an ELISA assay was performed following the manufacturer’s
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instructions (GenWay, San Diego, CA). Standard curves were
created in the individual matrices and were in range of 3.91–
250 ng/mL. These were fitted to a four-parameter logistic model.
Quality control samples (250 and 50 ng/mL) of hIgG in blank
matrices were run simultaneously to test for between-assay
variability. To be certain that the ELISA method was sensitive
toward intact hIgG only, the urine samples were micro-
centrifuged (with 100 kDa filters) so that the smaller molecular
weight fragments of hIgG (<100 kDa) would be filtered out. Our
studies demonstrated that greater than 90% of the hIgG
concentration determined by the ELISAwas intact hIgG; thus,
breakdown fragments of hIgGwere not confounding the results.
Similarly, rat albumin and creatinine ELISAs (GenWay, San
Diego, CA) were used for plasma and urine analysis with the
specific kits used according to the manufacturer’s instructions.

Pharmacokinetic Model

Human IgG (1 mg/kg) concentration-time profiles were
best described by a 2-compartment model (2CM) (Fig. 1). A
2CM was chosen over other models based on the Akaike
Information Criterion (AIC). Goodness-of-fit was assessed by
the objective functions and by visual inspection of various
diagnostic plots. Furthermore, a 2CM has been commonly
used to describe and fit hIgG data in animals (20). The
equations for the final two-compartment model (with addi-
tional absorption compartment for SC dose) are provided
below:
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where CLt is the hIgG elimination clearance (assumed to
occur solely from the central compartment), CLD is the
distribution clearance (that occurs between the central and
peripheral tissue compartments), Vc and Vp represent the
volumes of distribution of the central and peripheral tissue
compartments, respectively. Ax is the amount of hIgG at the
absorption site while Ac and Ap are the amounts in the central
and peripheral compartments, respectively. IC represents the
initial condition.

Noncompartmental analysis was initially performed
using WinNonlin 5.0 (Pharsight Corporation) to determine
the initial estimates. Model fittings were performed by
nonlinear regression analysis using the maximum likelihood
algorithm in ADAPT 5. All PK data was naïve pooled before
analysis. In the model setup, Vc and CLd were modeled to be
same for all the three groups, in phases A and B simulta-
neously. Different models were created with individual Vc

and/or CLd and the models were compared among each other
(data not shown) based on AIC and goodness-of-fit (objective
functions and visual inspection of various diagnostic plots).
Based on these parameters, simultaneous fitting of Vc and CLd

was found to be the most appropriate. Furthermore, under
linear conditions, hIgG is primarily distributed into the central
plasma compartment and the extravascular fluid (21), thus
physiologically, Vc would be constant among all the animal
groups. Similarly, CLd should not be affected by disease or the
treatment. All the other model parameters were either fitted or
fixed. Renal clearance was calculated as urinary amount 0-t/
AUC0-t, where t represented at least five half-lives.

Statistical Analysis

Statistical significance was determined by one-way anal-
ysis of variance (ANOVA) with Tukey’s test for post hoc
analysis, using the GraphPad Prism 5 software. P values <0.05
were considered statistically significant.

RESULTS

Diabetic Study

Body Weight and Blood Glucose Levels

Significantly higher blood glucose concentrations were
observed in the diabetic group at around 13 weeks of age
(phase A, Fig. 2a), demonstrating diabetic progression in this
group, and lack of disease in the lean control group. The
pioglitazone-treated ZDF diabetic rats had significantly
decreased blood glucose levels, similar to the non-diabetic

Fig. 1. A schematic representation of the two-compartment pharma-
cokinetic model for hIgG disposition. Human IgG was dosed IV or
SC into the specific compartments. Linear antibody elimination
clearance (CLT) is assumed to occur solely from the central
compartment. Linear distribution clearance (CLd) occurs between
the central and peripheral tissue compartments. Vc and Vp represent
the volumes of distribution of the central and peripheral tissue
compartments, respectively. Ax is the amount of hIgG at the
absorption site while Ac and Ap are the amounts in central and
peripheral compartments, respectively
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control group, and the blood glucose levels were significantly
lower than the diabetic group throughout the study. At 13 weeks
of age, ZDF diabetic rats exhibited significantly greater body
weight than the non-diabetic control rats (Fig. 2b). However, at
29–30 weeks (phase B), the diabetic rats exhibited decreased
body weight compared to the non-diabetic control rats.
Pioglitazone-treated rats weighed significantly more than the
diabetic and non-diabetic rats. An increase in body weight is a
known side-effect of pioglitazone treatment (15). The weight
gain occurred despite the fact that the pioglitazone-treated rats
were pair fed with the diabetic rats.

Kidney Function

All three groups of animals had similar BUN levels during
phase A of the study (Fig. 2c). However, after 17 weeks of age,
the diabetic rats had significantly elevated BUN levels as

compared to the non-diabetic rats and pioglitazone-treated
ZDF diabetic rats. This trend remained constant throughout the
study. ZDF diabetic rats had significantly higher ACR and
urinary albumin concentrations (Fig. 2d, e, respectively). These
values rose consistently with age until 30 weeks of age. The
trends associated with ACR and urinary albumin is similar to
those reported in the literature for ZDF rats (15). The increasing
concentrations of urinary albumin demonstrate diabetic disease
progression along with compromised renal function. The
pioglitazone-treated rats had significantly lower ACR and
urinary albumin amounts than the diabetic rats, but still
significantly higher values than the non-diabetic rats.

Pharmacokinetic Studies

After IVand SC dosing of 1 mg/kg hIgG, plasma samples
were collected for four to five half-lives and analyzed using

Fig. 2. Profiles for blood glucose (a), weight (b), blood urea nitrogen (c), urinary albumin (d), urinary
albumin/creatinine ratios (e) of control (green circles), diabetic (red triangles), and pioglitazone-treated
(blue diamonds) ZDF rats. Statistical analysis was performed by one-way ANOVA followed by Tukey’s
test. Results presented as means±SD (n=6–8). Dashed line separates phase A from phase B
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ELISA. Analysis of the mean hIgG concentrations was done
by fitting the data to the two-compartmental model (Fig. 1).
Model fittings of the PK profiles are presented (phase A,
Fig. 3a; phase B, Fig. 3b) and parameter estimates are shown
in Tables I and II. Almost complete bioavailability was
observed for all the groups in both the phases. Renal
clearance and total clearance of hIgG increased significantly
(∼100-fold and ∼2.5-fold, respectively) in the diabetic ani-
mals, and these differences were more pronounced in phase B
when the disease had significantly progressed. With pioglita-
zone treatment in phases A and B, both the total and renal
clearances significantly decreased, but the clearance values
were still significantly higher than the non-diabetic control
rats. The estimated peripheral volume of distribution was
significantly lower is the diabetic rats compared with the
control rats. After SC administration, the rate constant for
absorption (ka) was similar among the three groups in phase
A (Table I). However, in phase B, the pioglitazone-treated
rats had a significantly decreased value for ka compared with
the diabetic rats (Table II).

Linear Pharmacokinetics in ZDF Rats

Since the plasma concentrations of hIgG obtained after
the SC dose were about twofold lower than after the IV dose,
it was necessary to assess whether hIgG followed linear
kinetics over this plasma concentration range. The PK
parameters of hIgG following the administration of a
lower dose (0.2 mg/kg IV) determined in ZDF control
and diabetic rats (age 13 weeks) were similar to that after
the higher 1 mg/kg dose; the dose-normalized concentra-
tions were similar for both the doses (Fig. 4). These
findings suggest that hIgG exhibits linear PK over the plasma
concentration range observed after IVand SC administration in
this study.

Endogenous Rat IgG in ZDF Rats

Plasma concentrations and urinary excretion amounts of
endogenous rIgG were determined in order to evaluate the
disposition of endogenous rIgG in the non-diabetic control
and diabetic rats. The steady-state plasma concentrations of
rat IgG were similar for both groups (Table III). On the other
hand, the urinary excretion of IgG between the two groups

Fig. 3. Plasma concentrations of human IgG (hIgG) after IV (red triangles) and SC (blue circles)
administration to ZDF diabetic, non-diabetic control rats and pioglitazone-treated ZDF diabetic
rats (a phase A, age 12–13 weeks; n=6–8; and b Phase B, age 29–30 weeks; n=6–8). Symbols
represent data collected and lines represent model fittings. Data presented as mean±SD

Table I. PK Parameters for Human IgG (hIgG) After IV and SC
Administration to ZDF Non-diabetic Control, Diabetic and
Pioglitazone-Treated Diabetic Rats (Phase A; 12–13 Weeks of Age)

Parameter
(units)

Phase A Estimates (%CV)

Control
Pioglitazone-

treated Diabetic

Vc (mL/kg)a 53.2 (8.28) 53.2 (8.28) 53.2 (8.28)
Vp (mL/kg) 96.7 (11.8) 111 (10.0)# 46.2 (10.3)*
CLd (mL/d/kg)a 12.9 (9.43) 12.9 (9.43) 12.9 (9.43)
CLT (mL/d/kg) 5.83 (6.38) 5.89 (8.15) 13.1 (4.25)*
ka (1/d) 0.0982 (11.8) 0.113 (11.6) 0.116 (5.23)
F 0.924 (6.78) 1.00 (6.42) 0.808 (5.95)
t1/2 (d)

b 17.6 8.69 5.29
CLR (mL/d)c 9.47E-03

(±5.72E-03)
2.30E-01
(±8.43E-02)

1.07
(±3.02E-01)

Vc volume (central) of distribution, Vp volume (peripheral) of
distribution, CLT total clearance, CLd distribution clearance, ka rate
constant for absorption, F bioavailability
a Vc and CLd were modeled to be same for all the three groups, in
phases A and B simultaneously
b t1/2 was calculated as (0.693)/(CLt/Vc + Vp)
cCLR = renal clearance was calculated as urinary amount0-t/AUC0-t
where t=5 half-lives of hIgG, presented as mean ± SD.
*Statistically significant from control group
# Statistically significant from diabetic group at P≤0.05 [one-way
ANOVA with Tukey’s test]; (n=6-8)
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was similar to that seen with albumin and hIgG (Fig. 5).
Although the urinary amounts were significantly different
between the two groups, they were less than 1% of the
estimated rat endogenous IgG amounts, resulting in no
change in the observed plasma concentration.

CKD Study

Body Weight

The weight of both the sham control and the 5/6
nephrectomized rats were similar throughout the study (Fig. 6a).

Table II. PK Parameters for Human IgG (hIgG) After IV and SC
Administration to ZDF Non-diabetic Control, Diabetic and
Pioglitazone-treated Diabetic Rats (Phase B; 29–30 Weeks of Age)

Parameter
(Units)

Phase B Estimates (%CV)

Control
Pioglitazone-

treated Diabetic

Vc (mL/kg)a 53.2 (8.28) 53.2 (8.28) 53.2 (8.28)
Vp (mL/kg) 98.7 (9.59) 95.7 (11.0) # 26.8 (9.99)*
CLd (mL/d/kg)a 12.9 (9.43) 12.9 (9.43) 12.9 (9.43)
CLT (mL/d/kg) 5.63 (7.80) 6.85 (5.51)# 20.9 (4.80)*
ka (1/d) 0.136 (11.5) 0.107 (13.0)# 0.167 (4.13)*
F 0.998 (5.72) 0.849 (6.79) 0.879 (6.24)
t1/2 (d)

b 18.7 15.1 2.65
CLR (mL/d)c 1.11E-02

(±6.49E-03)
3.83E-01
(±1.01E-01)

3.07
(±2.75E-01)

Vc volume (central) of distribution, Vp volume (peripheral) of
distribution, CLT total clearance, CLd distribution clearance, ka rate
constant for absorption, F bioavailability
a Vc and CLd were modeled to be same for all the three groups, in
phases A and B simultaneously
b t1/2 was calculated as (0.693)/(CLt/Vc + Vp)
cCLR = renal clearance was calculated as urinary amount0-t/AUC0-t
where t=5 half-lives of hIgG, presented as mean ± SD.
*Statistically significant from control group
# Statistically significant from diabetic group at P≤0.05 [one-way
ANOVA with Tukey’s test]; (n=6-8)

Fig. 4. Comparison of the pharmacokinetic parameters for 0.2 and 1 mg/kg human IgG (hIgG)
doses. Parameters were determined by noncompartmental analysis using WinNonlin 5.0 (Pharsight
Corporation). Statistical analysis was performed using Student’s t test (mean±SD; n=4)

Table III. Comparison of Changes in Rat Endogenous IgG (rIgG)
Plasma Concentrations (mg/mL) with Age, in Control and Diabetic

Groups (Mean±SD; n=4)

Rat endogenous IgG plasma concentrations (mg/mL)

Week Control Diabetic

13 5.15 (2.17) 4.49 (0.713)
17 6.54 (2.88) 5.32 (0.615)
20 5.02 (1.35) 5.09 (1.21)
24 5.14 (0.674) 4.92 (1.38)
30 5.78 (2.03) 4.53 (1.62)
34 6.95 (2.79) 5.70 (1.54)
38 5.03 (0.909) 5.71 (1.56)
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Kidney Function

BUN, ACR, and urinary albumin concentrations for the
5/6 nephrectomized rats were significantly higher, compared
to the control animals, and remained higher throughout the
study (Fig. 6b–d, respectively).

Pharmacokinetic Study

Analysis of the mean plasma hIgG concentration was
done by fitting the data to a two-compartmental model
(Fig. 1). Parameter estimates are shown in Table IV.
Following IV as well as SC dosing, there was no difference
in the parameter estimates of total clearance and volume of
distribution between control and 5/6 nephrectomized rats.
However, the renal clearance of hIgG in 5/6 nephrectomized
rats was significantly greater as compared to the control rats.

DISCUSSION

Approximately 25 million Americans have been diag-
nosed with T2DM and approximately 26 million with CKD
(22,23). Considering the high incidence rate of these diseases
(∼10% of the American population), and their high associ-
ation with co-morbidities (heart disease, retinopathy, neurop-
athy), the use of mAbs in these populations is increasing (24–
26). There is little published literature evaluating the effects
of DM on antibody PK; however, considering the physiologic
changes in this disease, potential effects on PK are likely,
even in the absence of renal dysfunction. One of the primary
complications of DM is an alteration in the vasculature and
renal function, leading to the many long-term manifestations
associated with this disease (25). Although urinary excretion
is not a significant route of mAb elimination in healthy
subjects, renal excretion of therapeutic mAbs may occur, as it
does for endogenous proteins in DM, leading to increased

Fig. 5. Comparison of changes in rat endogenous IgG (rIgG)
urinary amounts with age in control (green circles), diabetic (red
triangles), and pioglitazone-treated diabetic (blue diamonds)
groups *Statistically significant from control group. #Statistically
significant from diabetic group at P<0.05 [One-way ANOVA with
Tukey’s Test]; (mean±SD; n=4). Dashed line separates phase A
from phase B

Fig. 6. Profiles for weight (a), blood urea nitrogen (b), urinary albumin (c), and urinary albumin/creatinine
ratios (d) of control (green circles) and 5/6 nephrectomized rats (blue diamonds). *Statistically significant
from control group at P<0.05 [Student’s t test]; (mean±SD; n=4)
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mAb clearance. Micro- and macroalbuminuria are common
in diabetes and renal diseases, and a limited number of
studies have reported the increased renal elimination and
urinary concentrations of IgG with DM/DN (9,10).

It is known that moderate CKD leads to the urinary
excretion of endogenous proteins, such as albumin, that are
normally conserved (27). Furthermore, larger proteins, such
as IgG (mol radius 5.5 nm) or IgM (mol radius 12 nm) that
have limited renal elimination, are known to have higher
transport across the glomerular filter with compromised renal
function and DN (9). The increased size and density of larger
pores, along with increased density of shunts in the glomer-
ular capillary wall, leads to increased concentrations of larger
molecules in the urine. Therefore, in patients with moderate
CKD/DN (with some degree of urinary output), renal
excretion of therapeutic mAbs would occur, leading to
increased mAb clearance, compared to that in healthy
subjects or in patients with end-stage renal disease.

In the current study, we examined the clearance and SC
bioavailability of hIgG, an antibody isotype, in an animal
model of type 2 diabetes (Zucker diabetic fatty rats) and in an
animal model of chronic renal failure (5/6 nephrectomized
rats). Our studies with ZDF diabetic rats have shown that
there is significant hyperglycemia at 12–13 weeks of age,
associated with microalbuminuria and no change in BUN; at
28–30 weeks of age there is decreased renal function as
demonstrated by macroalbuminuria and increased BUN.
Therefore, we can distinguish between the effects due to
DM, and those associated with DM/DN by studying adult
animals at different ages (i.e., phases A and B, respectively).
We observed a significant difference in the clearance of hIgG
in ZDF rats, compared to control animals, in the initial
hyperglycemic phase, as well as with onset of DN. The total
clearance in diabetic animals increased by 2.5- and 3.5-fold
(phases A and B, respectively), while the renal clearance
increased by 100-and 300-fold, respectively. Although in-
creases in the renal clearance were highly significant, the
overall increase represented only a small portion (14.5% in
phase A and 20.1% in phase B) of the observed changes in
total clearance. Therefore, our studies demonstrate significant
changes in the non-renal clearance of hIgG, in addition to the

changes in renal clearance. The 2CM estimated significantly
lower peripheral volume for diabetic animals (∼2-fold in
phase A and 4-fold in phase B). On the other hand, the Vp

was similar for control and pioglitazone-treated animals.
Although a 2CM estimates Vc and CLt similar to physiolog-
ically relevant volumes (28), there is the assumption that the
clearance is only from the central compartment. Thus, Vp

values are limited in identifiability, and as such the signifi-
cance of Vp changes may not be physiologically relevant (29).

With pioglitazone treatment, we have observed that
there is reversal of the hyperglycemia (glucose levels become
similar to the non-diabetic control rats), resulting in a
pronounced reduction in the total and renal clearances of
hIgG; these studies suggest the significance of hyperglycemia
and effects related to the hyperglycemia in the alterations in
clearance of hIgG. However, the renal and total clearances
following pioglitazone treatment were still slightly but signif-
icantly higher than the non-diabetic control rats. This trend
was also observed with the urinary excretion of albumin and
endogenous rIgG where pioglitazone treatment showed a
significant but incomplete reversal of the diabetic-induced
changes in the renal and total clearance of these endogenous
proteins.

Studies were performed to distinguish the effects of DM
and DN from those associated with CKD. The 5/6
nephrectomized Sprague Dawley rat model mimics the
progressive renal failure after loss of renal mass (19).
Animals develop proteinuria and early glomerular hypertro-
phy during the acute phase (after 4 weeks), with increases in
BUN. These rats demonstrated significantly altered renal
biomarkers including increased BUN, urinary albumin
amounts, and ACR in this study. These changes in renal
function were accompanied by an increase in the renal
clearance of hIgG; however, there was no effect on the
plasma concentrations and total clearance of hIgG, compared
with sham controls. Overall, the findings of this study, along
with those of the pioglitazone treatment study, suggest that
hyperglycemia and other changes directly related to diabetes
may play a role in the increased clearance of hIgG observed
in the ZDF rats. However, there were some differences in
renal function between the 5/6 nephrectomized rats and our
ZDF rats studied at ages of 26 weeks and higher (when they
exhibited DN). Although BUN was similar between both
groups of animals, the urinary albumin excretion and ACR
was five- to tenfold lower for the 5/6 nephrectomized rats.
Whether the differences in urinary albumin excretion are
directly related to diabetes, or reflect characteristics of the rat
strain or animal disease models are unknown.

The mechanisms underlying the changes in renal and
non-renal clearance of IgG in diabetes are currently un-
known. One potential mechanism that may alter clearance is
the increased glycosylation of IgG. Chronic hyperglycemia in
DM leads to non-enzymatic glycation of proteins or advanced
protein glycosylation. This process involves the non-
enzymatic modification of proteins by physiologic sugars and
plays a significant role in the pathogenesis of diabetic
complications (30). Hemoglobin undergoes glycosylation
during early phases of DM. Other proteins too undergo this
process in DM and studies have shown IgG, IgM, IgA, and
albumin to undergo glycosylation. A positive correlation has
been observed between glycosylated hemoglobin and

Table IV. PK Parameters for Human IgG (hIgG) after IV and SC
Administration to Control and 5/6 Nephrectomized Rats

Estimates (%CV)

Parameter (Units) Control 5/6 Nephrectomized

CLT (mL/d/kg) 4.37 (1.74) 3.86 (3.10)
Vc (mL/kg) 37.0 (6.74) 39.3 (19.2)
CLd (mL/d/kg) 13.7 (15.8) 11.3 (24.0)
Vp (mL/kg) 32.4 (5.77) 32.6 (16.4)
ka (1/d) 0.723 (27.1) 1.06 (27.0)
F 0.660 (6.25) 0.743 (4.15)
t1/2 (d)

a 11.0 12.9
CLR (mL/d)b 1.86E-02 (±3.85E-03) 5.60E-02* (±2.75E-02)

a t1/2 was calculated as (0.693)/(Clt/Vc + Vp)
bClR = renal clearance was calculated as urinary amount0-t/AUC0-t)
where t=5 half-lives of hIgG, presented as mean ± SD.
*Statistically significant from control group at p≤0.05 [Student’s t
test]; (n=4)
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glycosylated IgG (31,32). Significantly increased vascular
clearance rate of glycated IgG, compared to unglycated
IgG, has been reported (33). Many other studies have
observed glycation to cause structural and functional changes
in IgG, such as decreasing the ability of IgG to fix
complement and impairing binding to Protein A (34,35).
Cross-linking of proteins also occurs, which leads to the
formation of advanced glycosylation end-products (AGE).
Macrophages possess receptors with a high affinity for AGE-
proteins, and thus lead to high non-renal clearance of these
proteins (33,36). Furthermore, glycosylation also plays an
important role in glomerular basement membrane (GBM)
and podocyte damage, during progression to diabetic ne-
phropathy (37).

Alterations in the neonatal Fc receptor (FcRn), that
plays a pivotal role for the recycling and clearance of
antibodies, may contribute to the increases in the renal and
non-renal clearances of IgG (38). FcRn is present in liver,
spleen, kidney, intestine, endothelial cells, skin, muscle, and
adipose tissue and is known to be very important in the
catabolism of IgG and antibodies (39,40). Moreover, hyper-
catabolism of IgG has been observed in mice with lupus-like
syndrome, by disease-induced impairment of FcRn function
(41). FcRn expression in intestinal epithelial cells,
macrophage-like THP-1, and primary human monocytes can
be induced by inflammatory markers such as TNF-α and IL-
1β (42). Additionally, biodistribution studies with FcRn
knockout animals have reported altered PK and distribution
of IgG. (40). Changes in the expression of other transcytosis
proteins including megalin/cubilin may also contribute to the
changes in renal and non-renal clearance of proteins. Megalin
and cubilin are multi-ligand, endocytic receptors with signif-
icant physiological functions. These are co-expressed in
several absorptive epithelia, small intestine and renal proxi-
mal tubule. Megalin is more widely distributed than cubilin
and is expressed in glomerular podocytes as well (43).
Megalin and cubilin function together in the reabsorption of
proteins, including IgG and albumin, in the proximal tubule
(43,44). Impairment of megalin function in diabetes has been
suggested, even in the early stages of diabetes in animal
models and in patients (45). Megalin expression can be
severely downregulated due to protein over-load in diabe-
tes, via activation of the renin-angiotensin system and
increased TGF-β and TNF-α signaling in the lumen of the
proximal tubular cells (46). Pioglitazone at low doses, even
without glycemic control, normalizes the renal levels of
TNF-α and megalin (47). Thus, impaired renal expression
of megalin may not only inhibit the clearance of IgG
antibodies from glomerular podocytes (thus causing local
inflammation and glomerular damage), but also prevent the
uptake and catabolism of IgG through the proximal tubule
cells (43). During protein overload in diseases like T2DM,
these receptors would mediate uptake of surplus protein
for accumulation in lysosomes. Thus, megalin and cubilin
may be regulated during nephrotic syndrome, either
through a decrease in expression to protect the proximal
tubule from toxic accumulation or through an increase to
fulfill their role as scavenger receptors (48).

Our study also examined the SC bioavailability of hIgG
in DM and DM/DN. The bioavailability of therapeutic

proteins is highly variable (50%–100%) and not only is it
dependent on the species involved, but also on the site of the
injection, as well as other determinants (49). We have used
the flank region for injecting hIgG in all groups of animals
and the bioavailability after SC administration was high
(>84%) and did not differ among diabetic, pioglitazone-
treated diabetic and control animals. However, the absorption
rate constant (ka) after the SC administration of hIgG was
significantly different among the groups in the phase B
studies. Whereas the obese pioglitazone-treated animals had
a significantly smaller ka, the diabetic animals had greater ka
values compared with the control and the pioglitazone-
treated diabetic groups. These ka values are inversely related
to body weight, with the diabetic animals having the lowest
body weight and the pioglitazone-treated diabetic rats, the
highest body weights. The pioglitazone-treated rats had
significantly higher body weight (with a significant increase
in subcutaneous and mesenteric fat) compared to both the
diabetic and control groups. On the other hand, the diabetic
rats lost significant weight during phase B (with loss of muscle
and subcutaneous fat) associated with disease progression.
Body weight and body mass index (BMI) are also known to
play an important role in SC administration in humans (50–
52). Obese subjects have lower fasting and post-prandial SC
abdominal adipose tissue blood flow and basal adipose tissue
blood flow is negatively correlated with BMI (53).
Microvascular dysfunction represents an early event in
obesity even in the absence of hypertension, hypercholester-
emia, and hyperglycemia (54,55). Clinically, obese subjects
have lower fasting and post-prandial SC abdominal adipose
tissue blood flow and basal adipose tissue blood flow is
negatively correlated with BMI (53). Obesity is associated
with decreased tissue perfusion due to endothelial dysfunc-
tion or decrease in capillary density (56). Adipose tissue
blood flow at the SC site has been measured in clinical studies
and found to be decreased; additionally, there are decreased
capillaries with an increase in adipose tissue (53,55).
Although the mechanism underlying the correlation between
obesity and absorption cannot be determined in this study,
based on the literature and our present results, obesity may
be playing a role in the changes observed in the rate of SC
absorption of hIgG in the present studies.

CONCLUSIONS

Overall, our studies demonstrate that diabetes signifi-
cantly impacts the renal and total clearance of hIgG in the
ZDF type 2 diabetic animal model. While renal clearance of
hIgG is increased by 100- to 300-fold, the major change is an
increase in non-renal clearance. With pioglitazone treatment,
the effects of diabetes on the PK of hIgG were significantly
reversed. However, the pioglitazone-treated diabetic animals
still demonstrated slightly, but significantly, elevated total and
renal clearances. Changes in renal and total clearances were
greater in the diabetic animals 29–30 weeks of age, with the
progression to diabetic nephropathy. No changes in the
clearance of hIgG were observed with 5/6 nephrectomized
rats. Our studies suggest that there may be increased
clearance of monoclonal antibodies in poorly controlled
diabetic subjects that demonstrate hyperglycemia. Future
studies are needed to investigate the clinical relevance of
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the current study results and the mechanism(s) underlying
potential changes in renal and non-renal clearance of
monoclonal antibodies in type 2 diabetes.
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