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Abstract
Purpose  To evaluate how obesity affects the pharmacokinetics of human IgG following subcutaneous (SC) and intravenous 
(IV) administration to rats and the homeostasis of endogenous rat IgG.
Methods  Differences in body weight and size, body composition, and serum concentration of endogenous rat IgG in male 
Zucker obese (ZUC-FA/FA) and control (ZUC-LEAN) rats were measured from the age of 5 weeks up to 30 weeks. At 
the age of 23–24 weeks animals received a single IV or SC dose of human IgG (1 g/kg of total body weight), and serum 
pharmacokinetics was followed for 7 weeks. A mechanistic model linking obesity-related changes in pharmacokinetics with 
animal growth and changes in body composition was developed.
Results  Significant differences were observed in both endogenous and exogenous IgG pharmacokinetics between obese and control 
groups. The AUC for human IgG was lower in obese groups (57.6% of control after IV and 48.1% after SC dosing), and clearance 
was 1.75-fold higher in obese animals. The mechanistic population model successfully captured the data and included several major 
components: endogenous rat IgG homeostasis with age-dependent synthesis rate; competition of human IgG and endogenous rat 
IgG for FcRn binding and its effect on endogenous rat IgG concentrations following injection of a high dose of human IgG; and 
the effect of body size and composition (changing over time and dependent on the obesity status) on pharmacokinetic parameters.
Conclusions  We identified important obesity-induced changes in the pharmacokinetics of IgG. Results can potentially 
facilitate optimization of the dosing of IgG-based therapeutics in the obese population.
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Introduction

Obesity is a complex disorder with excessive adipose tissue 
triggered by positive energy imbalance [1]. Obesity may be 
caused by unhealthy eating, lack of physical activity, genetic 

predisposition, and can be induced by other diseases or medi-
cations [2]. According to the Centers for Disease Control and 
Prevention (CDC), in 2016, over 1.9 billion adults worldwide 
were overweight (25 ≤ body mass index (BMI) < 30) or obese 
(BMI ≥ 30) [3]. Patients with obesity have an increased risk of 
various comorbidities, such as cardiovascular diseases, diabetes, 
and certain cancers [4], and might receive multiple medications. 
The obese population has been under-represented in clinical 
trials, and medication dosing approaches for these individuals 
often have not been sufficiently studied [5].

The dosing strategy for protein therapeutics is often based 
on a body size descriptor in clinical trials. Body size-based 
dosing can minimize variability of pharmacokinetics and 
efficacy in patients with different physiological conditions 
[6]. More than 50% of approved monoclonal antibodies 
(mAbs) are dosed based on total body weight [7]. Most pro-
tein therapeutics are highly hydrophilic and preferentially 
distributed into aqueous compartments with minimal distri-
bution into adipose tissue [8, 9]. Therefore, dosing an obese 
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subject based on total body weight could lead to an overdose 
by generating disproportionally high drug concentration in 
systemic circulation and highly perfused tissues, leading 
to toxicity [10]. Other body size metrics used for dosing 
drugs include body surface area and lean, ideal, and adjusted 
body weights; however, a universal approach still needs to be 
developed. Many of these metrics do not accurately reflect a 
patient’s body composition [5, 11–13].

For anticancer biologics, conflicting results were 
reported when comparing (for over 30 biologics) body 
size-based dosing or fixed dosing to improve inter-subject 
variability of pharmacokinetic exposure in morbidly obese 
patients [14]. Fixed dosing is recommended for first-in-
human studies, while the effect of body size requires assess-
ment in Phase 3 studies [7, 14].

Intravenous immunoglobulin (IVIG) and subcutaneous 
immunoglobulins (SCIG) are a purified mixture of IgG extracted 
from the pooled plasma of  >1000 blood donors, which contains 
more than 95% unmodified IgG [15]. Since 1981, various IVIG 
and SCIG products have been approved to treat immunodefi-
ciency and autoimmune and infectious diseases [16]. A wide 
range of doses is used clinically, from 0.2 g/kg to as high as 2 g/
kg [17]. Obesity-related changes in IgG pharmacokinetics have 
yet to be adequately studied, but several theoretical factors were 
proposed [18]. The use of ideal body weight or adjusted body 
weight for dosing of IgG had been proposed based on low per-
fusion of adipose tissue [19], reduced blood volume in obesity 
[20], reduced expression of the FcRn receptor in adipose tissue 
compared to other tissues [21], and limited distribution of IgG 
into adipose due to its relative polarity [22, 23]. Potentially lower 
overall expression of FcRn in obesity can be significant as a high 
dose of IVIG might saturate FcRn-mediated recycling and lead 
to a shorter half-life of IgG (in turn requiring a higher dose or 
more frequent administration).

Obesity is often associated with a higher level of inflam-
mation, and some inflammatory factors are produced by the 
adipose tissue [18]. Enhanced inflammation status aggra-
vates immune dysregulation, which might require higher 
IVIG doses in obese, immunodeficient patients [24]. High 
levels of activated macrophages were shown to accumulate 
in the adipose tissue [24], and catabolism of IgG could be 
enhanced in obesity as the primary catabolism of IgG is 
via the macrophage-mediated reticuloendothelial system 
[25]. Subcutaneous (SC) administration of IgG has become 
more prevalent in recent years [26]. SC absorption is highly 
dependent on the structure of the SC tissue. The thickness 
of SC tissue increases with BMI [27]. Blood flow rate, capil-
lary density and lymph drainage in the SC tissue are much 
lower in obese subjects [27]. Therefore, SC absorption of 
IgG formulations could be affected in obesity.

The main goal of this work was to investigate how obe-
sity affects the pharmacokinetics of human IgG follow-
ing SC and IV administration to rats and the homeostasis 

of endogenous rat IgG. The second goal was to develop 
a mechanistic model linking obesity-related changes in 
pharmacokinetics with animal growth and changes in body 
composition.

Materials and Methods

Materials

Human Immune Globulin Intravenous (10% Liquid, Privi-
gen®) was purchased from CSL Behring UK Ltd. Meloxi-
cam, carprofen, and bupivacaine were obtained from the 
animal facility at Rutgers University. Jugular vein catheters 
were made from PE50 tubing (Braintree Scientific Inc, 
Braintree, MA, USA). DietGel 76A and HydroGel were 
purchased from ClearH2O Inc. (Portland, ME).

Animals

All animal experiments were conducted in accordance with 
a protocol approved by the Institutional Animal Care and 
Use Committee (IACUC) at Rutgers, The State University 
of New Jersey. Male Zucker rats (ZUC-LEAN (control) and 
ZUC-FA/FA (obese)) were purchased from Charles River 
(Wilmington, MA). Upon arrival, 5-week-old animals were 
housed in pairs in solid bottom cages on a 12/12 h dark/light 
cycle and provided with a standard rat diet (LabDiet 5012, 
PMI Nutrition International) and water ad libitum. Various 
measures of body size were performed throughout the study, 
as described below. In IV dosing groups, the right jugu-
lar vein was cannulated (under isoflurane anesthesia) using 
PE-50 tubing to allow IV infusion. After surgery, animals 
were housed individually in cages and allowed to recover for 
72 h; SC meloxicam/carprofen and intradermal bupivacaine 
analgesia were provided.

Measurement of body size and body composition

Each animal’s total body weight (TBW) was recorded 
weekly from arrival up to week 15 and then once a week 
from the dosing week until the end of the study (a meas-
urement gap was due to COVID-19-related restrictions). 
Body composition was measured using the EchoMRI™ 
body composition analyzer (EchoMRI LLC, Houston, TX), 
which allows to measure amount of fat, lean body weight, 
free water, and total water weight (http://​www.​echom​ri.​
com) in unanesthetized animals. An animal was restrained 
in a cylinder holder for a scan that took approximately 
2 min. Fat mass was reported as a mass of all the adipose 
tissues (canola oil was used for instrument calibration per 
manufacturer’s instructions. Lean mass was reported as a 
mass of all the water-containing tissues, excluding bone, 

http://www.echomri.com
http://www.echomri.com
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fat, and NMR silent components such as hair and claws. 
Other body weight (OBW) was calculated by subtracting the 
fat mass from TBW. Free water was reported as the water 
mass mainly in the bladder. Total water mass was defined 
as a sum of free water and the water contained in lean mass. 
Body composition was obtained for each animal biweekly 
from arrival to week 15, then on the dosing day and the last 
day of the study. Each animal's abdominal circumference 
and length were measured on the same days. On the dos-
ing day, the animals were 23–24 weeks old; the total body 
weight was approximately 440 g in control rats and 720 g 
in obese rats.

Experimental Design

A few days before the planned dosing of human IgG, the 
animals were randomly assigned to two obese and two con-
trol groups (n = 5–7 each), depending on the route of admin-
istration, IV or SC (to allow for jugular vein cannulation 
and animal recovery in IV groups before the dosing). Each 
animal received a single dose of human IgG at a dose level 
of 1 g per kg of total body weight (10% Liquid, Privigen®, 
CSL Behring) by IV infusion (IV lean, IV obese) or SC 
administration (SC lean, SC obese).

IV infusion was performed using an infusion pump (Har-
vard Apparatus 70–3005 PhD Ultra) at 2 mL/h. SC injection 
was administered in the back of animals (under isoflurane 
anesthesia). Lean and obese animals were dosed at the age 
of 23 and 24 weeks, respectively (18–19 weeks after arrival 
– a delay from the originally planned 15 weeks was due 
to COVID-19-related restrictions). Before dosing, blood 
samples (~ 100 μL) were collected from the saphenous vein 
biweekly from arrival up to week 15 in all the animals to 
measure endogenous rat IgG. For IV groups, blood sam-
ples were collected one week before the dose, then 1, 5, 8, 
24, and 72 h, and weekly up to 6 weeks post-dose. For SC 
groups, blood samples were collected one week before the 
dose, then 1, 5, 8, 12, 24, 48, 72, and 96 h, and weekly up to 
6 weeks post-dose. The blood samples were allowed to clot 
for 30–60 min at room temperature and centrifuged (3400 g 
for 7 min) to separate serum. Aliquots were stored at -80°C 
until analysis by ELISA.

Bioanalytics

The concentration of human IgG and endogenous rat IgG in 
rat serum was measured using a human IgG SimpleStep® 
ELISA kit (ab195215) and a rat IgG SimpleStep® ELISA 
kit (ab189578; Abcam, Cambridge, MA), respectively. The 
assays were performed according to manufacturer instruc-
tions. The working ranges of the human IgG and the rat IgG 
assay were 0.00023–150 mg/mL and 0.3125–20 mg/mL. The 

calibration curves were fitted with a 4-parameter logistic 
equation in GraphPad Prism 8. The precision and accuracy 
were within ± 20%.

Data Analysis and Mechanistic Population 
Pharmacokinetic Modeling

All body size and composition measurements and rat and 
human IgG serum concentration data were presented as 
mean ± standard deviation (SD). Standard noncompartmen-
tal analysis was performed for concentration-time data using 
Phoenix WinNonlin 8.3 (Certara, Princeton, NJ). Welch’s 
t-test (p < 0.05) was used to compare data between lean and 
obese groups statistically.

A mechanistic model was developed to capture the 
pharmacokinetics of endogenous rat IgG, and human IgG 
administered IV and SC in control and obese rats. The 
model combined several major components: 1) absorption 
and pre-systemic degradation of human IgG injected SC; 
2) homeostasis of endogenous rat IgG through endosomal 
recycling and with synthesis rate being dependent on ani-
mal age; 3) competition of human IgG and endogenous rat 
IgG for FcRn binding in the endosomal compartment and 
its effect on endogenous rat IgG concentrations following 
injection of a high dose of human IgG; 4) and the effect of 
body size and composition (changing over time and depend-
ent on the obesity status) on pharmacokinetic parameters. 
The model was developed based on human IgG and rat IgG 
serum concentration–time data and literature data from pre-
vious publications on the binding of rat FcRn and IgG from 
multiple species [28–31]. The schematic of the final model 
is presented in Fig. 1.

The systemic disposition of IgG (human and rat) was 
described using a classical endosomal recycling model 
[32] with central (Cp and Vp) and endosomal (Ce and Ve) 
compartments, where subscripts “h” and “r” were used to 
designate human and rat. Human IgG was directly injected 
into the central distribution compartment for IV groups. 
For SC groups, human IgG was dosed into the absorption 
compartment (Abs), where it could be degraded (kdeg) or 
absorbed (ka) into the central distribution compartment 
(Eq. 1).

Homeostasis of endogenous rat IgG was maintained by 
endogenous production (kin), FcRn-mediated IgG recy-
cling (kup, kret, and FcRn binding processes), and lysosomal 
catabolism (kdeg2). It was observed that the production of 
endogenous IgG increased with age and gradually reached 
maximum levels at adulthood in humans [33]. We observed 
in rats that the concentration of endogenous IgG increased 
with age (Fig. 4). A maturation model (Eq. 2) was used to 
describe the age-related increase of endogenous IgG produc-
tion, where kin,base, kin,max, T50, and γ represented baseline 
(at birth) production rate, maximum production rate, the age 



1226	 Pharmaceutical Research (2023) 40:1223–1238

1 3

with 50% of the maximum rate, and steepness of the curve, 
similar to the modeling of metabolism maturation in pedi-
atric population [34]. For modeling purposes, the time scale 
was defined in days and time zero set when the first sample 
for endogenous IgG was taken (5 weeks of age – upon ani-
mal arrival); therefore, age was incorporated as time plus 
35 days in Eq. 2.

We also observed that following administration of human 
IgG, endogenous IgG increased to a higher level in IV groups 
than in rats assigned to SC groups, which might be related 
to jugular vein surgery (and potential surgery-related inflam-
mation processes) that was performed in animals assigned to 
IV groups. To capture this phenomenon, an additional IgG 
production rate constant stkin was added for all IV animals 
after the day of surgery; and ST was a switch variable that was 
set to 1 for this purpose and was equal to zero before surgery 
for IV groups and all the time for SC groups. During the final 
model run, the value of rate constants kin,base and kin,max were 
fixed to the values estimated in previous runs to facilitate con-
vergence and calculation of precision for parameters.

Human and rat endogenous IgG were transported from 
the central compartment to the endosomal compartment 
with a rate constant (kup) - Eqs. 3 and 4. In the endosomal 
compartment, human IgG and rat IgG competed for binding 
to rat FcRn receptor– Eqs. 5–8. Administration of human 
IgG can affect the homeostasis of endogenous rat IgG by 
saturating FcRn binding and leading to more unbound rat 
IgG being degraded by lysosomal catabolism [35].

Total FcRn receptor concentration (Rtot) in the endoso-
mal compartment was assumed to be constant, similar to 

previous models [29, 32]. IgG-FcRn complex (where Fh 
and Fr are the amounts of each complex, respectively) was 
recycled back to the central compartment (kret), and unbound 
IgG was degraded (kdeg2) via lysosomal catabolism. Full 
binding equations with species-specific rate constants for 
association (kon) and dissociation (koff) were used (which 
resolved the challenge of solving the equilibrium equation 
for two ligands). However, available data did not allow for 
estimating all binding parameters. The difference in binding 
affinity has been reported previously (KDh and KDr) [31]. The 
relationships between equilibrium dissociation constant KD, 
association rate constant kon, and dissociation rate constant 
koff were shown in Eqs. 9 and 10 for rat IgG and human IgG, 
respectively. In the final model, to facilitate performance, rat 
and human association rate constants (kon,r and kon,h) were 
constrained to be the same [31, 36], and the value was fixed 
to the previous model runs. Furthermore, a value for human 
KD was assumed to be 3.66-fold higher than rat KD based 
on previous studies [31, 36], and only a KDr was estimated.

In this study, we followed the changes in endogenous IgG 
and injected human IgG for many weeks to evaluate the effect of 
animal growth and the development of obesity on IgG biodispo-
sition. Different body size and composition metrics were evalu-
ated as time-varying covariates on various model parameters to 
allow for the simultaneous description of data in obese and lean 
animals. Relationships included in the final model provided the 
best description of the data and are described below.

Previously, we reported that incorporating the growth of 
rats into the pharmacokinetic model (by setting the volume of 
distribution to be proportional to total body weight) facilitated 

Fig. 1   Schematic of the mecha-
nistic model used to describe 
the pharmacokinetics of IVIG 
following intravenous and sub-
cutaneous administration to lean 
and obese rats. Model param-
eters are described in the Meth-
ods and Table II (hIgG - human 
IgG, rIgG - rat IgG).
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the description of rituximab pharmacokinetics [37]. Simi-
larly, in this study, logistic growth function (implemented in 
GraphPad Prism v8) was used to describe individual increase 
of TBW and OBW of each animal (Eqs. 11 and 12), where 
TBW0, OBW0 and TBWmax, OBWmax were initial (5-week-old) 
and final (end of the study) individual weights and kgr, and 
kgr2 are growth rate constants (and these estimated individual 
parameters were included as covariates in NONMEM). In 
humans, FcRn receptors were shown to have a lower expres-
sion level in adipose tissue than in other tissues [38]. Vp and 
Ve were set to be proportional to TBW and OBW, respectively, 
with volume coefficients A_Vp and A_Ve (Eqs. 9 and 10). SC 
absorption could be potentially slower in the obese population 
because blood flow rate and capillary density in their SC tissue 
are lower [27]. The absorption rate constant ka was set to be 
proportional to the fraction of OBW (OBW/TBW) with the 
absorption rate coefficient (A_ka) (Eq. 15).

Obese patients often have chronic inflammation, and high 
levels of activated macrophages accumulate in the adipose 
tissue [24]. Catabolism of IgG is possibly increased in obese 
patients as the primary catabolism of IgG is via the mac-
rophage-mediated reticuloendothelial system [25]. Therefore, 
kdeg2 was set to be proportional to a fat fraction with endoso-
mal catabolism rate coefficient A_kdeg2 (Eq. 16). The rate con-
stant for endosomal recycling (kret) was set to be proportional 
to an inverse of fat fraction with recycling rate coefficient 
A_kret to reduce the FcRn recycling in obese animals (Eq. 17).

(1)
dAbs

dt
= −ka ⋅ Abs − kdeg ⋅ Abs

(2)kin = kin,base + kin,max ⋅
age�

age� + T50
�
+ ST ⋅ stkin

(3)
dCp,h

dt
= ka ⋅

Abs

Vp

− kup ⋅ Cp,h + kret ⋅
Fh

Vp

(4)
dCp,r

dt
=

kin

Vp

− kup ⋅ Cp,r + kret ⋅
Fr

Vp

(5)

dCe,h

dt
= kup ⋅

Cp,h ⋅ Vp

Ve

− kdeg2 ⋅ Ce,h − kon,h

⋅ Ce,h ⋅
Rtot ⋅ Ve − Fh − Fr

Ve

+ koff ,h ⋅
Fh

Ve

The initial conditions for human IgG-related compart-
ments (Cp,h(0), Abs(0), Ce,h(0), and Fh(0)) were set equal to 
0. For rat IgG-related compartments, the initial conditions 
(Cp,r(0), Ce,r(0), and Fr(0)) were expressed using the system 
parameters (assuming the system was at equilibrium and 
using values at time zero for kin, kret, kdeg2, Vp and Ve) as 
showed in Eqs. 18–20.

(6)

dCe,r

dt
= kup ⋅

Cp,r ⋅ Vp

Ve

− kdeg2 ⋅ Ce,r − kon,r

⋅ Ce,r ⋅
Rtot ⋅ Ve − Fh − Fr

Ve

+ koff ,r ⋅
Fr

Ve

(7)

dFh

dt
= kon,h ⋅ Ce,h ⋅

(

Rtot ⋅ Ve − Fh − Fr
)

−
(

koff ,h + kret
)

⋅ Fh

(8)

dFr

dt
= kon,r ⋅ Ce,r ⋅

(

Rtot ⋅ Ve − Fh − Fr
)

−
(

koff ,r + kret
)

⋅ Fr

(9)KDr =
koff ,r

kon,r

(10)KDh =
koff ,h

kon,h

(11)

TBW = TBWmax ⋅
TBW0

(

TBWmax − TBW0

)(−kgr ⋅Time)
+ TBW0

(12)

OBW = OBWmax ⋅
OBW0

(

OBWmax − OBW0

)(−kgr2⋅Time)
+ OBW0

(13)Vp = A_Vp ⋅ TBW

(14)Ve = A_Ve ⋅ OBW

(15)ka = A_ka ⋅
OBW

TBW

(16)kret = A_kret ⋅
TBW

TBW − OBW

(17)kdeg2 = A_kdeg2 ⋅
TBW − OBW

TBW

(18)
Cp,r(0) =

kret(0) ⋅ kon,r ⋅ kin(0) ⋅ Rtot

kdeg2(0) ⋅ Vp(0) ⋅ kup ⋅
(

koff ,r + kret(0) +
kon,r ⋅kin(0)

kdeg2(0)⋅Ve(0)

) +
kin(0)

Vp(0) ⋅ kup
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A mixed-effect modeling approach was used in this work, 
and model parameters were estimated by simultaneously fit-
ting individual serum human and rat IgG concentration-time 
data for all groups using first‐order conditional estimation 
with interaction (FOCE-I) implemented in NONMEM 7.4.3 
(ICON plc, Hanover, MD, USA). The final structural model 
was chosen based on the precision of parameter estimates 
and goodness-of-fit criteria, including objective function 

(19)Ce,r(0) =
kin(0)

kdeg2(0)

(20)Fr(0) =
kon,r ⋅ kin(0) ⋅ Rtot

kdeg2(0) ⋅
(

koff ,r + kret(0) +
kon,r ⋅kin(0)

kdeg2(0)⋅Ve(0)

)

value, visual inspection of fitted curves, and diagnostic plots. 
In addition, a visual predictive check (VPC) was performed 
by simulating 1000 data sets using the final parameter esti-
mates. The observed concentration data were then compared 
with the simulated concentrations. An exponential model 
was used to describe inter-subject variability (IIV). Initially, 
IIV was included for all system parameters and was retained 
in the final model based on the precision of parameter esti-
mates, shrinkage, and goodness-of-fit criteria. A propor-
tional residual error model was used.

Covariate analysis was conducted to evaluate the effect 
of various body size metrics on different model parameters. 
Covariates were selected based on physiological plausi-
bility and observed trends in the data. Initially, the effect 
of body composition on the volume of compartments was 
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Fig. 2   Time course of various metrics of body size and composition of lean and obese Zucker rats from 5 week of age till the end of study. Data 
are shown as mean ± SD (n = 5–8). Obese and control rats were randomly assigned to IV and SC dose groups (for human IgG administration) a 
few days before the dosing (lean and obese animals were dosed at the age of 23 and 24 weeks, respectively).
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tested using all rat IgG data and only IV data for human 
IgG. Significant covariates were retained, and human IgG 
SC data were added to evaluate body composition’s effect 
on SC absorption. The model was further improved by 
including body composition metrics as covariates on rate 
constants. At each step, covariate selection was driven by 
a significant decrease (p < 0.05) in the objective function 
value, visual inspection of fitted curves, and diagnostic 
plots. In addition, stepwise covariate modeling (SCM) was 
conducted to assess a potential effect of fat percentage, 
TBW, abdominal circumference, and length on the dos-
ing day on T50, kup, kin,max, and stkin. Stepwise covariate 
search was performed using forward selection at p = 0.05 
and backward elimination at p = 0.01. None of these covari-
ate relationships was found to be significant.

Following establishing the final model, simulations were 
performed to illustrate the effect of obesity on human IgG 

kinetics and rat IgG homeostasis under different dosing sce-
narios (0.5–2 g/kg commonly used for clinical dosing of 
human IgG). Mean body composition data for each group 
were used, and stkin factor in IV groups was not included.

Results

Rat body weight and body composition profiles from the age 
of 5 weeks until the end of the study are shown in Fig. 2. 
While data are shown separately for each group, animals 
were randomly assigned to IV and SC administration routes 
approximately 1 week before the dosing. As illustrated in 
Fig. 2, there was no significant difference in body metrics 
between the two obese groups and no difference between the 
two lean groups throughout the study period. TBW was sig-
nificantly different between obese and control animals at the 
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Fig. 3   Observed serum pharmacokinetic profiles of endogenous rat IgG in obese and lean (control) rats before and after IV and SC single-dose 
administration of human IgG 1 g/kg. Data are shown as mean ± SD (n = 4–7). Time zero corresponds to 5 weeks of age. Control and obese ani-
mals were dosed with human IgG one week apart: day 126 for control groups and day 133 for obese groups. Rats were randomly assigned to IV 
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Fig. 4   Observed serum 
pharmacokinetic profiles of 
human IgG in obese and lean 
(control) rats following IV and 
SC single-dose administration 
of 1 g/kg. Data are shown as 
mean ± SD (n = 4–7). For better 
visualization, the time scale was 
shifted in this figure to show 
time zero as time of injection 
(during the experiment lean and 
obese animals were dosed one 
week apart: day 126 for control 
groups and day 133 for obese 
groups).
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age of 5 weeks (Welch’s t-test, p < 0.05) (Fig. 2a). Lean body 
weight and OBW were comparable between obese and lean 
rats, approximately 400 g and 420 g at the end of the study 
(Fig. 2b and d). Total and free water mass were also com-
parable between obese and lean rats (Fig. 2e and f). Lean 
and obese animals had significantly different fat mass and 
abdominal circumference starting from the age of 5 weeks 
(Fig. 2c and g). The fat percentage at the time of dosing of 
human IgG was 41 ± 3.8% in obese rats and 7.2 ± 1.56% in 
control rats. The length was comparable initially and became 
slightly larger in obese animals than in lean animals at the 
age of 15 weeks (Fig. 2H). Observed differences in some 
of body size and composition metrics were associated with 
alterations in pharmacokinetics, as described below.

Serum rat IgG profiles in lean and obese rats starting 
from the age of 5 weeks are shown in Fig. 3. Initially, rat IgG 
serum concentration was higher in lean rats than in obese 
rats (Welch’s t-test, p < 0.05). Rat IgG serum concentration 
increased with animal age and reached an apparent plateau at 
approximately the age of 22-to-23 weeks. No significant differ-
ence existed between rats assigned to IV and SC groups before 
human IgG dosing. After IV infusion of 1 g /kg of human IgG, 
a rapid drop in rat IgG concentration was observed in both 
obese and control animals during the first few days (probably 
due to a saturation of FcRn-mediated recycling); the concen-
trations of rat IgG returned to pre-infusion levels at approxi-
mately 14 days post-dose. Furthermore, in some animals from 
the IV groups, the concentration of endogenous IgG continued 
to rise to significantly higher values than pre-infusion. Serum 
rat IgG profiles in obese and lean animals showed no signifi-
cant drop following SC injection of human IgG.

Human IgG pharmacokinetics profiles in the serum of 
lean and obese rats following 1 g/kg dose are shown in 

Fig. 4. Pharmacokinetic parameters calculated using a non-
compartmental approach are shown in Table I. During the 
first few days post-dose, no difference was observed for IV 
groups in the human IgG serum concentrations between 
obese and lean animals. Then the serum profiles diverged 
as obese animals exhibited a faster concentration decline 
than lean animals (Fig. 4a). In SC animals, higher human 
IgG Cmax was observed in lean animals. Then the serum 
concentrations declined at an approximately similar rate, 
and human IgG concentration was consistently higher in 
lean animals resulting in a twofold higher AUC (Fig. 4b). 
SC bioavailability was similar in obese and lean groups, 
approximately 19%.

A mechanistic model was successfully developed to 
describe serum pharmacokinetics of human IgG and changes 
in serum endogenous IgG concentrations after IV and SC 
administration of 1 g/kg human IgG in lean and obese rats 
(Fig. 1). Observed data were described well by the model. 
Population and individual fitted profiles were shown in 
Fig. 5a (human IgG) and 5B (rat IgG). VPC plots based on 
final model estimates were in agreement with the observed 
data (Fig. 6). All system parameters were estimated with 
sufficient precision (Table II); however, some parameters 
were fixed to published or previously estimated values. 
Between-subject variability was successfully estimated for 

Table I   Pharmacokinetic 
Parameters Calculated using 
Noncompartmental Approach 
for Human IgG Following IV 
and SC Dose of 1 g/kg of TBW 
in Zucker Obese and Lean Rats

Data was shown as mean ± SD (n = 4–7); for Tmax, median and range are provided
+  significant difference between IV groups using (Welch’s t-test, p < 0.05)
*  significant difference between SC groups using (Welch’s t-test, p < 0.05)
Cmax - the maximal serum concentration; Tmax - time to reach the Cmax; AUC​inf - area under the serum 
concentration–time curve from time 0 to infinity; T1/2 - terminal half-life; Vz - volume of distribution in the 
terminal phase for IV groups; Vz/F - volume of distribution (normalized to bioavailability) in the terminal 
phase for SC groups; CL - clearance for IV groups; CL/F - clearance (normalized to bioavailability) for SC 
groups

Intravenous Subcutaneous
Parameter Obese Lean Obese Lean

Cmax (µM) - - 8.7 ± 1.3* 16.0 ± 4.7*
Tmax (day) - - 2.75 (2, 4) 2.5 (2, 4)
AUC​inf (µM∙day) 466.7 ± 49.3+ 810.7 ± 73.3+ 82.7 ± 26.0 172.0 ± 93.3
T1/2 (day) 4.7 ± 0.9 6.0 ± 1.4 6.5 ± 1.8 6.9 ± 3.4
CL or CL/F (mL/day/kg) 14.5 ± 1.5+ 8.3 ± 0.8+ 82.7 ± 25.9 49.2 ± 25.1
Vz or Vz/F (mL/kg) 98.3 ± 19.9+ 71.4 ± 12.0+ 729.3 ± 153.5* 428.8 ± 171.0*
Bioavailability (%) - - 17.8 ± 4.9 21.2 ± 11.4

Fig. 5   Individual observed and population model fitted serum con-
centration-time profiles of human IgG (Panel a) following IV and SC 
dosing (1 g/kg TBW)  and endogenous rat IgG (Panel b) in Zucker 
lean and obese rats. Symbols are observed data, solid red lines are 
individual model fits and dashed blue lines are population model fits. 
Time zero corresponds to 5 weeks of age. Lean (control) and obese 
animals were dosed with human IgG one week apart: day 126 for 
control groups and day 133 for obese groups.
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several parameters, except for stkin, which might be related 
to a small number of animals. TBW and OBW growth of all 
animals were successfully described by a logistic growth 
function (Fig. 7).Fig. 5   Individual observed and population model 
fitted serum concentration-time profiles of human IgG (Panel a) fol-
lowing IV and SC dosing (1 g/kg TBW) and endogenous rat IgG (Panel 
b) in Zucker lean and obese rats. Symbols are observed data, solid red 
lines are individual model fits and dashed blue lines are population 
model fits. Time zero corresponds to 5 weeks of age. Lean (control) and 
obese animals were dosed with human IgG one week apart: day 126 for 
control groups and day 133 for obese groups.

Different combinations of TBW, OBW, lean mass, and 
abdominal circumference were added to Vp and Ve for com-
parison in the base model for data of IV groups. TBW on 
Vp and OBW on Ve were chosen based on objective function 
value (Supplementary Table 1). Then percentage of OBW 

or lean mass percentages were added to ka for comparison 
in the model with data from all groups. The base model that 
included TBW as a covariate on Vp, OBW as a covariate to Ve, 
and OBW/TBW as a covariate to ka provided the lowest objec-
tion function value and the best fit. To describe significantly 
faster lysosomal catabolism of human IgG in obese groups, 
adding FW/TBW to kdeg2 decreased the objection function. 
Faster lysosomal degradation of human IgG in obese animals 
did not generate enough separation for human IgG serum pro-
files between obese and lean groups. Therefore, TBW/FW was 
added to kret to further reduce the FcRn recycling rate in obese 
animals. The final model generated the lowest objection value, 
good fits, and parameter estimates with sufficient precision.

Fig. 6   Visual predictive check 
using final parameter estimates 
based on 1000 subjects per 
group. Simulated human IgG 
(panel a) and rat IgG (panel b) 
concentration–time profiles in 
Zucker obese and lean control 
rats. The solid line represents 
the median prediction, the 
dashed lines represent the 5th 
and 95th prediction interval, and 
circles are observed data.
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Discussion

Human IgG (in the form of IVIG and SCIG) is an important 
treatment modality for various immune and infectious diseases, 
and a wide range of doses is used for different indications. The 
effect of obesity on the biodistribution of antibodies has not 
been studied sufficiently, and the best body size metric for opti-
mization of dosing is currently unknown. This animal study 
provides important mechanistic insights into the effects of obe-
sity on the pharmacokinetics of both endogenous rat IgG and 
exogenous human IgG (after IV and SC administration).

The study showed that endogenous rat IgG concentra-
tions increased with age in both strains of Zucker rats (obese 
and lean) and reached an apparent plateau at approximately 

22 weeks (Fig. 3). These data were captured using a matura-
tion function for the synthesis rate for rat IgG (kin - Eq. 2). 
We previously reported a similar age-dependent trend in 
Sprague Dawley rats when endogenous rat IgG increased 
from 0.67 µM at 7 weeks to 2.7 µM at 20 weeks [37]. This 
observation is important because animals of different ages 
are used in pharmacokinetic studies, and endogenous IgG 
concentration is a central parameter in FcRn-mediated endo-
somal recycling models (due to the competition between IgG-
based therapeutics and endogenous IgG for FcRn binding). 
This parameter is often fixed to previously published values 
and is not directly measured during pharmacokinetic studies 
[28, 32, 39]. Furthermore, we observed that rat IgG concen-
tration in Zucker lean animals was statistically significantly 

Table II   Pharmacokinetic Parameters Estimated using the Mechanistic Model

*  relative standard error
**  inter-individual variability
***  fixed to the value in the previous runs
NA not applicable

Parameters Definition Mean %RSE* IIV%** %Shrinkage

A_Vp (L/kg) Coefficient for volume of central compartment 2.7·10–2 0.2 NA NA
A_Ve (L/kg) Coefficient for volume of endosomal compartment 4.72·10–3 12.4 NA NA
A_ka (day−1) Coefficient for SC absorption rate constant 3.31·10–2 13.1 34.8 29.6
kdeg (day−1) Rate constant for human IgG degradation at absorption site 2.64·10–1 6.2 NA NA
KDr (µM) Binding affinity between rat FcRn and rat IgG 4.75·10–3 1.4 NA NA
kon (µM−1·day−1) Human/rat IgG-rat FcRn association rate constant*** 2.29·10–1 NA NA NA
kin,base (µmol·day−1) Baseline endogenous IgG production rate at birth*** 1.79·10–3 NA NA NA
kin,max (μmol·day−1) Maximum production rate of endogenous IgG *** 1.56·10–2 NA 59.1 2.8
T50 (day) The time at reach 50% of maturation of endogenous IgG production 8.14·101 5.2 24.8 7.9
Rtot (µM) Concentration of FcRn in endosomal compartment 6.05·101 2.8 NA NA
stkin (µM·day−1) Additional IgG production rate in IV groups 3.09·10–2 13.2 123 37.3
A_kdeg2 (day−1) Coefficient for degradation rate of unbound IgG in endosomal compartment 8.62·101 8.5 NA NA
A_kret (day−1) Coefficient for return rate constant of IgG from endosomal compartment to 

central compartment
6.81·10–2 5 NA NA

kup (day−1) Rate constant for uptake rate of IgG from central compartment to endosomal 
compartment

4.29·10–1 13.1 55.9 0.1

γ Shape factor for kin *** 5 NA NA NA
EPS (1) Proportional residual error 1.03·10–1 7 NA 5.1

Fig. 7   Individual total body 
weight (a) and other body 
weight (b) data were fitted using 
a logistic function (Eqs. 11 and 
12). Symbols are observed data 
and lines are individual animal 
fits.
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higher than in Zucker obese animals from the beginning of 
the study.

During the first few days following IV infusion of human 
IgG (1 g/kg of TBW), a rapid drop was observed in rat IgG 
concentration in both obese and lean animals, likely result-
ing from saturation of FcRn binding sites by exogenous 
IgG. There was no significant decrease in rat IgG following 
the SC dose of human IgG (as systemic concentrations of 
human IgG were at least tenfold lower than after IV dosing). 
The effect of high dose of human IgG on the clearance of 
endogenous IgG was reported before in mice [35], and sev-
eral mechanistic models simulating this process in humans 
[40] and rodents [29, 32, 35] were published.

Rat IgG rebounded to pre-infusion (or higher) levels 
at approximately 14 days post-IV dose. While there is no 
consensus, data from wild-type and FcRn knockout mice 
support the hypothesis that no immunoregulatory feedback 
mechanism stimulates IgG synthesis after partial deple-
tion [41]. Although a sterile surgery technique was used 
in this study to introduce jugular vein catheters needed 
for delivering the IV infusion, the procedure itself might 
have stimulated rat IgG synthesis; and this was reflected in 
the model by introducing an additional synthesis rate con-
stant (stkin in Eq. 2). This higher than pre-dose rebound 
concentration phenomenon will need further evaluation 
in future studies.

Obesity substantially affected the pharmacokinetics of 
human IgG after IV and SC delivery, with lower concentra-
tions in obese animals, faster elimination, and lower Cmax after 
SC delivery (Fig. 4 and Table I). These changes are consistent 

with previous findings of a relatively lower FcRn expression 
in adipose tissue [38]; and therefore, relatively less FcRn-
mediated protection for IgG in obese subjects. Obesity is asso-
ciated with changes in other organs, not only an increase in 
adipose tissues. For example, in humans, obesity is associated 
with increased weight of the intestines, liver, spleen, kidneys, 
and heart, but not the lungs [42]. To capture these differences 
between lean and obese rats, various body size metrics were 
used as covariates on different model compartments (Fig. 1).

A mechanistic model was successfully developed to cap-
ture all observed data (Figs. 1, 5, 6, 7, and Table II). The final 
model included various body composition metrics as covari-
ates on several model parameters, which allowed for a good 
simultaneous description of pharmacokinetic profiles in lean 
and obese animals. As a partial model qualification, some 
of the model parameter estimates were compared to previ-
ously published data [31, 36, 40, 41, 43–46]. Endogenous 
rat IgG production was studied in mice [41] and estimated 
as zero-order synthesis in several studies [28, 29, 32, 43]. In 
our study, rat endogenous IgG concentration increased with 
animal age, which allowed for capturing the maturation of 
IgG production rate (kin). The value of kin was estimated 
to increase from 0.0018 to 0.0156 µmol/day from birth to 
adulthood, which was similar to 0.013 µmol/day reported in 
mice [41] (production rate data in rats could not be identified 
in the literature). Total endosomal FcRn concentration (Rtot) 
was estimated to be 60.5 µM, similar to 33–50 µM estimated 
using PBPK models of rat data before [43, 44]. In-vitro kon,h 
and kon,r were reported as 0.01 and 0.08 µM−1·day−1 [31], 
lower than our estimated value of 0.229 µM−1·day−1, which 

Fig. 8   Model simulated human 
IgG and rat IgG profiles follow-
ing IV and SC administration 
of 0.5, 1, and 2 g/kg human 
IgG. Mean body composition 
data for each group was used 
and stkin factor in IV groups 
was not included. For rat IgG 
figures, time zero corresponds 
to 5 weeks of age. Control and 
obese animals were dosed with 
human IgG one week apart: 
day 126 for control groups and 
day 133 for obese groups. For 
human IgG, the time scale was 
shifted in this figure to show 
time zero as time of injection 
for better visualization.
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might reflect the difference between in-vitro and in-vivo con-
ditions. Different approaches are used in modeling literature 
regarding endosomal return and uptake rate constants (kret 
and kup), where they are either constrained to be equal [29, 
32, 43] or estimated separately [45, 46]. In our study, kret and 
kup were estimated separately (and kret was also depended 
on body composition). The estimates from our model were 
consistent with previous studies: 0.5–1 day−1 for kret and 
0.18–1.96 day−1 for kup [40, 45, 46]. Binding affinity in-
vitro between rat FcRn and rat and human IgG was previ-
ously reported (KDr = 4.1–8.2 nM and KDh = 15–30 nM at 
37°C) [31, 36]. To facilitate model performance, we only 
estimated KDr (and the estimate was 4.75 nM), and KDh was 
constrained to be 3.66-fold higher (17.8 nM effective value).

Multiple models and covariates combinations were 
tested during the development process. A model with TBW 
as covariates to both Vp and Ve was compared with other 
models (with multiple combinations of TBW, OBW, lean 
body weight, and abdominal circumference as covariates to 
Vp and Ve). The model with TBW on Vp and OBW on Ve 
better described the data from obese and lean cohorts. Dif-
ferent covariates were also explored for the SC absorption 
process (including lean body weight and OBW percentages). 
The model with the percentage of OBW as a covariate on ka 
yielded the best model performance and was consistent with 
the observed data and reported changes in SC tissue in obe-
sity [27]. A more complex saturable absorption model (pre-
viously reported for describing dose-dependent absorption 
of rituximab in rats [47]) did not improve model fits, which 
might be related to the fact that only a single dose level was 

tested in this study. Dissociation rate constants for human 
and rat IgG and rat FcRn (koffr and koffh) were reported to be 
comparable in-vitro [31, 43]. However, a model with koffr 
and koffh constrained to be equal did not provide a satisfac-
tory fit (Supplementary Table 1).

One limitation of this study is that only a single dose level 
was tested (1 g/kg). To overcome this limitation, simulations 
were performed using the final model estimates to generate 
human and rat IgG profiles under three human IgG differ-
ent dose level scenarios for comparison (Fig. 8). All three 
dose levels resulted in a similar general trend in the data; 
however, the extent of the decrease in rat IgG depended on 
the dose. An interesting finding from the simulation (and 
observed phenomenon in some rats in this study) is an appar-
ent slight drop in endogenous IgG in the first few weeks (at 
approximately 6-to-7 weeks of age). It may be related to a 
relatively slow increase in IgG production rate in compari-
son to faster growth of the body size. These results should 
be further evaluated in future studies.

In the clinic, human IgG is administered intravenously or 
subcutaneously in cycles at different dose levels (depending 
on the indication) [17]. Although there is no consensus, a 
trough concentration in the range of 500-to-1000 mg/dL has 
been suggested for maintaining efficacy, and often dosing is 
adjusted based on patients’ response [48–53]. A series of 
simulations was conducted to illustrate how the difference 
in IgG pharmacokinetics between obese and lean individu-
als might affect the dose level and/or frequency of admin-
istration requirements (Fig. 9). Although the simulation is 
performed in rats, a trough level of 33 µM (500 mg/dL) was 

Fig. 9   Simulations illustrat-
ing the need to use a higher 
dose level or a higher dosing 
frequency for human IgG in 
obese rats compared to lean rats 
in order to achieve a trough con-
centration of 33 µM (500 mg/
dL). Mean body composition 
data for each group was used 
and stkin factor in IV groups 
was not included. Time zero 
corresponds to the age and 
body composition at the time of 
human IgG dosing in this study.
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used as a hypothetical therapeutic threshold. Simulations 
showed that IV administration of 1 g/kg once weekly was 
sufficient to maintain human IgG concentration above the 
threshold in lean rats. However, increasing the IV dose to 
2.4 g/kg once weekly or administering 1 g/kg every 4 days 
would be required in obese rats. Following SC dosing, the 
threshold was not achieved in either lean nor obese rats after 
a single SC dose, and a multiple-dose schedule was required 
to achieve the goal. Similar to IV dosing, a higher SC dose 
level or higher dosing frequency was required in obese rats 
than in lean rats to reach the set steady-state trough thresh-
old. Model simulations should be verified in future studies.

In conclusion, important obesity-induced differences in 
the pharmacokinetics of endogenous and exogenous IgG 
were observed, and a mechanism-based model describing 
the observed data was developed. The model combined sev-
eral major components: endogenous rat IgG homeostasis 
with age-dependent synthesis rate; competition of human 
IgG and endogenous rat IgG for FcRn binding and its effect 
on endogenous rat IgG concentrations following injection 
of a high dose of human IgG; and the effect of body size 
and composition (changing over time and dependent on the 
obesity status) on pharmacokinetic parameters. These results 
can potentially facilitate optimization of the dosing of IgG-
based therapeutics in the obese population.
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