
Physiologically Based Pharmacokinetic Modeling of

Salivary Concentrations for Noninvasive Biomonitoring

of 2,4-Dichlorophenoxyacetic Acid (2,4-D)
Alice A. Han,* Charles Timchalk,* Zana A. Carver,* Thomas J. Weber,*
Kimberly J. Tyrrell,* Ryan L. Sontag,* Teresa Gibbins,* William B. Chrisler,*
Karl K. Weitz,* Dan Du,† Yuehe Lin,† and Jordan N. Smith*,1

*Chemical Biology & Exposure Science, Pacific Northwest National Laboratory, Richland, Washington 99354;
and †School of Mechanical and Materials Engineering, Washington State University, Pullman, Washington
99164
1To whom correspondence should be addressed at Chemical Biology & Exposure Science, Pacific Northwest National Laboratory, PO Box 999, Richland, WA
99354. Fax: (509) 376-9064. Email: Jordan.Smith@pnnl.gov.

ABSTRACT

Saliva has become a favorable sample matrix for biomonitoring due to its noninvasive attributes and overall flexibility in
collection. To ensure measured salivary concentrations reflect the exposure, a solid understanding of the salivary transport
mechanism and relationships between salivary concentrations and other monitored matrices (ie, blood, urine) is needed.
Salivary transport of a commonly applied herbicide, 2,4-dichlorophenoxyacetic acid (2,4-D), was observed in vitro and in vivo
and a physiologically based pharmacokinetic (PBPK) model was developed to translate observations from the cell culture
model to those in animal models and further evaluate 2,4-D kinetics in humans. Although apparent differences in
experimental in vitro and in vivo saliva:plasma ratios (0.034 and 0.0079) were observed, simulations with the PBPK model
demonstrated dynamic time and dose-dependent saliva:plasma ratios, elucidating key mechanisms affecting salivary
transport. The model suggested that 2,4-D exhibited diffusion-limited transport to saliva and was additionally impacted by
protein binding saturation and permeability across the salivary gland. Consideration of sampling times post-exposure and
potential saturation of transport mechanisms are then critical aspects for interpreting salivary 2,4-D biomonitoring
observations. This work utilized PBPK modeling in in vitro to in vivo translation to explore benefits and limitations of salivary
analysis for occupational biomonitoring.

Key words: salivary biomonitoring; 2,4-dichlorophenoxyacetic acid; PBPK modeling.

Biomonitoring provides critical information for assessing envi-
ronmental and occupational risks by providing a snapshot of
chemical exposures in biological samples. Although physio-
chemical and pharmacokinetic properties of a chemical will dic-
tate which biological matrix is most appropriate for analysis,
blood and urine are typically preferred for their accessibility in
sample collection. Levels of chemicals measured in these bio-
logical matrices can offer valuable insight into the extent of ex-
posure as well as safe concentration ranges that can be further
used to develop safety guidelines and regulations (Aylward

et al., 2013; Zidek et al., 2017). Coupling biomonitoring informa-
tion with pharmacokinetic knowledge of a chemical and ac-
counting for physiological features (eg, body weight, blood flow)
allows for an informed estimation of the overall external expo-
sure and internal dose (U.S. EPA, 2006).

Although the biomonitoring community considers mea-
sured levels of a parent chemical in blood as the gold standard,
limitations can impede acquiring and interpreting biomarkers
measured in blood. Primarily, it may be difficult to capture the
presence of nonpersistent chemicals in blood that are quickly
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distributed and metabolized (Needham et al., 2007). In these
cases, metabolites can be targeted; however, robust under-
standing of metabolite pharmacokinetics and specificity of
metabolites to the parent compound can be limiting. Urine sam-
pling becomes favorable to monitor chemicals or metabolites
that are renally eliminated, but biomarker amounts in spot
urine samples can vary based on hydration level, diet, kidney
function, age, race/ethnicity, sex (Barr et al., 2005), and chemical
elimination kinetics (Aylward et al., 2012). Temporal differences
can be an obstacle for both blood and urine biomonitoring,
where variation in sampling time points and duration may yield
a wide range of measured values (Calafat, 2016). These discrep-
ancies may cause challenges in estimating exposure levels with
biomonitoring data and further comparing results within sam-
ple populations (Aylward et al., 2012).

Salivary biomonitoring is an emerging alternative with
advantages over analyzing other biological matrices. Although
peak concentrations measured in saliva are usually lower than
blood and urine levels, saliva offers advantages in sampling
convenience, capacity for increased sampling frequency,
shorter sampling interval, noninvasive nature, cost effective-
ness, minimal training required for sample collection, and a
greater appeal to subjects. A wide range of targets capable of be-
ing detected in saliva include exogenous sources (pesticides,
herbicides, drugs, and heavy metals) (Carver et al., 2018; Haeckel
and Hanecke, 1996; P’An, 1981; Smith et al., 2017), as well as en-
dogenous biomolecules (hormones, antibodies) (Kaufman and
Lamster, 2002). Associations between biomarker or analyte lev-
els found in saliva and other biological matrices are currently
ambiguous for many chemicals (Michalke et al., 2015), but eluci-
dating mechanisms driving transport into saliva may help deci-
pher sources of inconsistencies and validate saliva as a viable
biomonitoring matrix. Understanding salivary transport mecha-
nisms further provides direction to screen chemicals and pre-
dict the capacity and limitations of chemical detection in saliva.

2,4-Dichlorophenoxyacetic acid (2,4-D) is a herbicide of bio-
monitoring interest due to its prevalent use (30-40 million
pounds in the U.S., 2012) (U.S. EPA, 2017) and potential for ad-
verse effects following excessive exposure. Toxicity studies
have associated 2,4-D with neurotoxicity (Kim et al., 1994), neph-
rotoxicity (Tayeb et al., 2012), and carcinogenicity (Garabrant
and Philbert, 2002; von Stackelberg, 2013). Pharmacokinetic
studies demonstrate rapid elimination of unmetabolized 2,4-D
in urine (Kim et al., 1994; Sauerhoff et al., 1977), establishing
urine as a practical noninvasive biomonitoring matrix. Relating
biomonitoring observations to epidemiological results, how-
ever, is a challenge, particularly due to unavailable or unre-
ported information in biomonitoring studies (eg, extent of
exposure) (Burns and Swaen, 2012).

Our group recently pioneered an in vitro Transwell approach
to investigate the transport of small molecules via passive diffu-
sion across a monolayer of cultured salivary gland epithelial
cells acquired from Sprague Dawley rats (Carver et al., 2018;
Smith et al., 2017; Weber et al., 2017). These studies derived sig-
nificant transport parameters (eg, protein binding, permeability)
from in vitro systems to build models predicting the passage of
chemicals from plasma to saliva. Recently, Carver et al. exam-
ined salivary transport of 2,4-D as an alternative to circumvent
obstacles associated with urinary or blood biomonitoring and to
supplement existing biomonitoring data for better evaluation of
the exposure (Carver et al., 2018). Notably, the in vitro Transwell
cellular system highlighted permeability and protein binding
parameters as sensitive contributors driving 2,4-D transport
across the salivary gland barrier into the salivary compartment

(Carver et al., 2018). Carver et al. observed differences between
in vitro and in vivo saliva:plasma ratios, generating uncertainty
in in vitro to in vivo extrapolation of salivary transport (Carver
et al., 2018). It was hypothesized that this observation may be at-
tributed to the absence of physiological features (eg, blood flow)
under in vitro conditions and/or other pharmacokinetic pro-
cesses not present in conventional cell culture conditions
(Carver et al., 2018).

In this study, we developed a physiologically based pharma-
cokinetic (PBPK) model to examine time- and dose-dependent
2,4-D kinetics in various biological matrices to further explore
discrepancies in observed in vitro and in vivo saliva:plasma ra-
tios. Existing PBPK models were modified to incorporate 2,4-D
salivary transport. Accordingly, this work is the first to contrib-
ute a salivary component of 2,4-D PBPK modeling that will be
able to predict salivary concentrations and offer insight into
interpreting biomonitoring observations across sampling
matrices.

MATERIALS AND METHODS

Chemicals. 2,4-Dichlorophenoxyacetic acid (2,4-D) (CAS no. 94-
75-7), triclopyr (CAS no. 55335-06-3), trimethylsilyldiazome-
thane (TMSD) (CAS no. 18107-18-1), and other general laboratory
chemicals were purchased from Sigma-Aldrich (St Louis,
Missouri).

Biological samples. Blood collected from male Sprague Dawley
rats was centrifuged at 1600� g for 10 min to separate plasma
and subsequently stored in �70�C. Human plasma
(BioReclamation, Westbury, New York, catalog no. HMPLNAHP)
was purchased.

2,4-D protein binding. 2,4-D protein binding was measured in rat
and human plasma. In these experiments, dilution of plasma
in phosphate buffered saline (PBS) was necessary to decrease
protein concentration and allow protein binding saturation.
2,4-D was spiked into approximately 2% diluted rat plasma
resulting in final concentrations ranging from 7 to 360 mM and
into approximately 2% diluted human plasma resulting in fi-
nal concentrations ranging from 7 to 420 mM. After incubating
in 37�C for 1 h, 500 ml aliquots of the spiked plasma were placed
in Amicon Ultra Centrifugal Filters (10 kDa cutoff) and centri-
fuged at 14 000 RFC� g for 20 min. Filtered (unbound concen-
tration fraction) and unfiltered (total concentration) samples
were analyzed for 2,4-D (method detailed in “2,4-D
quantification” section). Bound 2,4-D concentrations were de-
termined by taking the difference of total and unbound con-
centrations (total¼unboundþbound). Protein binding was
described with a 1 (equation 1) or 2 (equation 2) apparent bind-
ing site model, where Bmax is the maximum number of binding
sites and kd is the affinity constant. Models were optimized us-
ing a maximum likelihood objective and the Bayesian infor-
mation criterion (BIC) was used to compare fits. Bmax values
were scaled to total protein concentrations in undiluted
plasma. Protein concentrations were determined using the
bicinchoninic acid assay with bovine serum albumin as an ex-
ternal standard.

Cb ¼
Bmax � Cu

kd þ Cu
(1)

Cb ¼
Bmax1 � Cu

kd1 þ Cu
þ Bmax2 � Cu

kd2 þ Cu
: (2)
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2,4-D quantification. All samples were analyzed with negative ion
chemical ionization by GC-MS, as previously performed (Carver
et al., 2018). Triclopyr was used as an internal standard for all
2,4-D quantification in this study. Samples were first acidified
with 3 M HCl saturated with NaCl and extracted twice with ethyl
acetate. Na2SO4 was used to dry sample solutions and the
remaining solvent was evaporated under nitrogen stream.
Samples were reconstituted in 120 ml of toluene and 80 ml of
methanol and derivatized with 20 ml of dimethylsilydiazome-
thane (TMSD) to produce methyl esters of 2,4-D and triclopyr.
Derivatized samples were analyzed with an Rtx-1701
30 m� 0.25 mm id� 0.25 mm df column (Bellefonte,
Pennsylvania), Hewlett-Packard (Palo Alto, California) 5973
mass selective detector, and ChemStation data analysis
(6890N). Helium was used as the carrier gas at a constant pres-
sure of 24 psi. Initial oven and inlet temperatures were set at
100�C and 210�C, respectively. The oven temperature was
ramped 20�C/min to 120�C, then ramped 10�C/min to 260�C, and
held for 10 min. 2,4-D and triclopyr derivatives were detected
with selective ion monitoring of the quantifiable ions 234 and
273 m/z, respectively. 2,4-D concentrations were quantified with
external 2,4-D standard curves prepared in plasma.

Model description. Existing 2,4-D PBPK models simulate 2,4-D ki-
netics for a wide range of applications. Models are tailored to be
suitable for different species (rat, rabbit, human) (Durkin et al.,
2004; Kim et al., 1994, 1995), life stage (fetus vs adult) (Kim et al.,
1996), or other biological conditions (eg, pregnancy) (Kim et al.,
1996) and processes, such as the effect of pH driving protonated
and deprotonated species) (Durkin et al., 2004). For the purposes
of this work in using PBPK modeling to evaluate noninvasive
2,4-D biomonitoring, a model developed by Kim et al. (1994) was
modified to incorporate protein binding dependent transport of
2,4-D. The model described by Kim et al. addresses the potential
neurotoxicity of 2,4-D and accordingly incorporates central ner-
vous system (CNS) compartments such as the brain and cere-
bral spinal fluid. The model proposed in this paper omitted CNS
components, but retained the basic frame of the original model,
yielding an 8 compartment model (Figure 1) comprised of arte-
rial and venous blood (protein bound and unbound 2,4-D), body,
deep compartment, kidney, blood in salivary gland, salivary
glands, and saliva. Differential equations describing the rate of
2,4-D concentration change in each compartment are described
in this section. 2,4-D amounts were calculated by taking the in-
tegral of the differential equations and concentrations were
obtained by dividing 2,4-D amount by compartment volume.

Exposure route. Oral and intravenous (IV) routes of exposure
were incorporated in the model with 2,4-D being delivered to
the unbound blood compartment. Oral absorption was modeled
by a first order rate constant and was optimized for each study
as needed. IV exposure was supplied by a bolus dose.

Protein binding. Due to high levels of 2,4-D protein binding
(Carver et al., 2018), formation of bound and unbound species in
blood was a key component of the model, with only unbound
species traversing among compartments. Differential equations
describing ligand-protein formation and dissociation were in-
corporated into the model (equations 3–5). Amount (A) and con-
centration (C) of unbound 2,4-D (u), bound 2,4-D (b), and
unoccupied binding sites (bs) were determined. kon is the sec-
ond order rate constant of ligand-protein formation, koff is the
first order ligand-protein dissociation rate constant, and Vx is

the volume of the compartment. The affinity constant (kd) mea-
sured in protein binding experiments was used to calculate koff,

where the ratio of koff/kon is equal to kd. The maximum binding
capacity (Bmax), reported as amount per mg protein (nmol/mg)
in Table 1, was scaled to plasma protein concentration. The
maximum number of binding sites (umol) was determined by
normalizing to plasma volume.

dAu

dt
¼ �kon � Cu � Cbs þ koff � Cbð Þ� Vx (3)

dAb

dt
¼ kon � Cu � Cbs � koff � Cbð Þ� Vx (4)

dAbs

dt
¼ �kon � Cu � Cbs þ koff � Cbð Þ� Vx (5)

Blood compartment. Bound and unbound 2,4-D concentrations in
blood were defined with protein binding kinetics described in

Figure 1. A modified physiologically based pharmacokinetic (PBPK) model of 2,4-

dichlorophenoxyacetic acid (2,4-D) consisting of 8 compartments: bound 2,4-D

in blood, unbound 2,4-D in blood, blood in salivary gland, salivary gland, saliva,

rest of body, deep compartment, and kidney. Salivary transport and protein

binding processing were incorporated into a previously published 2,4-D model

(Kim et al., 1994).
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the Protein binding section. The rate of change in the blood (un-
bound) compartment is expressed as:

dBLu

dt
¼ QC �ðCV � CAÞ þ

dAu

dt
; (6)

where QC is cardiac output (l/h), CV is unbound 2,4-D concentra-
tion in venous blood, and CA is unbound 2,4-D concentration in
arterial blood (equation 6).

Salivary compartment
The salivary component of the model was divided into 3 sub-
compartments: blood in salivary gland, salivary gland, and sa-
liva. Previous studies simulated small organic acid transport
from plasma to saliva via passive diffusion through the salivary
gland (Carver et al., 2018; Smith et al., 2017; Weber et al., 2017)
and this mechanism was also adopted for this current model.
Differential equations depicting Fick’s Law of diffusion were
used, where A is the amount (mmol), t is time (h), PA is the per-
meability coefficient (cm/h), SASG is the surface area of salivary
gland cells (cm2), C is the concentration (mmol/l), PSGBL is the sal-
ivary gland/blood partition coefficient, and PSGSL is the salivary
gland: saliva partition coefficient (equations 7–9). 2,4-D concen-
trations in the salivary gland and saliva were dependent on dif-
fusion. Levels in salivary gland blood were also regulated by
cardiac flow to the salivary tissue (QSG) and unbound 2,4-D con-
centration in the arterial (CA) and venous blood (CVSGBL). 2,4-D
was cleared from the saliva compartment as a function of the
salivary flow rate (QSAL) and concentration in saliva (CSAL)
(equation 10).

dASGBL

dt
¼ QSG � ðCA � CVSGBL Þ

� PA x SASG � CVSGBL �
CSG

PSGB

� � (7)

dASG

dt
¼ PA x SASG � CVSGBL �

CSG

PSG

� �

þ PA x SASG � CSAL �
CSG

PSGSL

� � (8)

dASAL

dt
¼ �PA x SASG � CSAL �

CSG

PSGSL

� �
� dASE

dt
(9)

dASE

dt
¼ QSAL � CSAL (10)

The pKa of 2,4-D is 2.73, indicating that 2,4-D will primarily exist
in the ionized form in physiological conditions. It was assumed
that the population of ionized 2,4-D will remain constant as the pH
of the compartments involved in modeling salivary transport
(blood, saliva, salivary gland) should not be acidic enough to pro-
duce nonionized 2,4-D. The Henderson-Hasselbalch equation con-
firms that the fraction of ionized 2,4-D does not significantly

change across a wide pH range. At pH 5, 7, and 9, the fraction of
ionized 2,4-D is 0.9947, 0.9999, and 0.9999, respectively. Instead of
treating ionized 2,4-D as incapable of crossing the salivary gland
barrier, this model considers ionized species to be able to diffuse,
but at significantly slower rates (Smith et al., 2010). A previous
in vitro study observed 2,4-D diffusion across tightly formed junc-
tions in cultured salivary glands, which prevented the passage of a
control chemical (Lucifer Yellow). The absence of active transport-
ers was additionally observed (confirmed with competitive incuba-
tion with an active transporter substrate, para-aminohippuric
acid), further indicating diffusion as the mode of salivary transport
(Carver et al., 2018).

Kidney compartment. A kidney compartment was incorporated in
the model to facilitate 2,4-D elimination, where the rate of
change is directed by the cardiac flow to the kidney (QK), arterial
blood concentration (CA), concentration leaving the kidney in
venous blood (CVKF), and rate of elimination (equation 11). The
rate of saturable elimination via the kidney (equation 12) is de-
fined by 2,4-D concentration in venous blood leaving the kidney
and Michaelis-Menten parameters, Vmax (maximum elimination
rate) and km (venous 2,4-D concentration leaving kidney at 50%
of maximum elimination rate). Urinary 2,4-D concentration
(mmol/l) (equation 13) was estimated by dividing the rate of
elimination (mmol/h) (equation 12) by the rate of daily urine pro-
duction (l/h) (equation 14).

dK
dt
¼ QK � ðCA � CVKF Þ �

dE
dt

(11)

dE
dt
¼ Vmax � CVKF = Km þ CVKFð Þ (12)

dCE
dt
¼ dE=dt

dUvol=dt
(13)

dUvol

dt
¼

Vurine; 24h

24 h
(14)

Body and deep compartment. Body and deep compartments were
necessary to capture the terminal clearance phase, as proposed
by previous models (Kim et al., 1994, 1995, 1996). First order rate
constants were used to describe transport of 2,4-D between the
body and deep compartment (equations 15 and 16). The overall
rate of change in the body compartment was dictated by cardiac
flow to the body (QB), influx of 2,4-D from the arterial blood (CA),
efflux of 2,4-D leaving the body in venous blood (CVB), and the
interchange between body and deep compartments via transfer
constants (k12 ; k21 ).

dB
dt
¼ QB � ðCA � CVB Þ � k12 � AB þ k21 � ADC (15)

Table 1. Protein Binding Parameters

Parameter Rat Human Reference

Maximum amount of binding sites (nmol/mg) no. 1 BMAX1 42.6 13.9 Measured; scaled to protein concentration
Maximum amount of binding sites (nmol/mg) no. 2 BMAX2 NA 103.4 Measured; scaled to protein concentration
Binding affinity constant (mM) no. 1 kd1 94.2 18.4 Measured
Binding affinity constant (mM) no. 2 kd2 NA 857.0 Measured
Second order rate constant of protein binding (1/M/s) kon 1 E06 1 E06 Estimated (Smith et al., 2017)
Protein concentration (plasma) (mg/ml) 50.7 61.3 Measured
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dDC
dt
¼ k12 �AB � k21 �ADC (16)

Model parameters. Model parameters included physiological and
chemical-specific values that were experimentally measured,
computationally optimized, extrapolated from previously pub-
lished data, or derived from PBPK parameter estimation algo-
rithms (Tables 1–4). Physiological features (eg, body
compartment volumes, blood flow) of adult rats and humans
were acquired from published literature (Brown et al., 1997;
Davy and Seals, 1994; Hiramatsu et al., 1994; ICRP, 2002; Johns
Hopkins University ACUC, 2019; Lee and Blaufox, 1985; Smith
et al., 2017; van Haarst et al., 2004; Wells et al., 1959). Cardiac out-
put was allometrically scaled: 14� (BW)0.75 (rat), 15.6� (BW)0.75

(human).
Pharmacokinetic parameters specific to 2,4-D consisted of

partition coefficients, permeability, elimination rates, transfer
rates, and protein binding. Partition coefficients were deter-
mined with a tissue: blood predicting algorithm for organic
chemicals utilizing the Ko/w and tissue lipid contents (Poulin
and Krishnan, 1995). A logKo/w of 0.177 (pH 7) (NPIC, 2019) was
used to predict partition coefficients. Partitioning occurring be-
tween the body and blood was estimated with muscle tissue
representing the body compartment. Partition coefficients re-
lated to salivary transport were estimated from previously pub-
lished in vitro Transwell experiments (Carver et al., 2018). Briefly,
2,4-D transport from a basolateral “plasma” chamber to an api-
cal “saliva” chamber across a cultured monolayer of salivary
gland epithelial cells was allowed to transpire to equilibrium for
up to 24 h. Quantified 2,4-D concentrations in cells and in media
from basolateral and apical chambers were used to determine
salivary partition coefficients. As the formation of unbound 2,4-
D species is important for salivary transport, the salivary gland:
plasma coefficient was adjusted to reflect unbound 2,4-D parti-
tioning occurring between salivary gland and blood. Flanagan
et al., found 2,4-D plasma: whole blood distribution ratios of ap-
proximately 2 (Flanagan and Ruprah, 1989), indicating 2,4-D par-
titioning is primarily distributed into plasma. Assuming all of
2,4-D partitions into plasma instead of red blood cells, the

maximum plasma:blood ratio is in fact 1.8 (where RBC:
plasma¼ 45:55). Accordingly, the salivary gland: plasma coeffi-
cient was adjusted by 1.8 to describe tissue: blood partitioning.
Permeability was optimized in a previous study (Carver et al.,
2018) and the same value was used in this model, with no fur-
ther optimization required. Protein binding parameters (Bmax

and kd) were acquired from protein binding studies, as described
in the Protein binding section.

Some parameters from previous modeling efforts were not
applicable to this model due to changes in model structure and
corresponding mathematical descriptions. Additionally, we
were unable to measure some parameters directly (eg, deep
compartment transfer rate constants). As such, we optimized
those parameters using 2,4-D concentration time course data.
Elimination parameters, Michaelis-Menten saturable maximum
elimination rate (Vmax) and Michaelis-Menten constant for satu-
rable elimination (km), were optimized using 2,4-D concentra-
tions in plasma and amounts excreted in urine following oral
exposure in rats. Initial parameter values were estimated from
rat pharmacokinetic data acquired from previous publications
(Durkin et al., 2004). Transfer rates between body and deep com-
partments (k12, k21) were optimized using 2,4-D concentrations
in rat plasma following oral exposure (Durkin et al., 2004).
Parameters were optimized with a maximum log likelihood ob-
jective using the Quasi-Newton algorithm and a heteroscedas-
ticity value of 1.0. Deep compartment transfer rates and Vmax

were allometrically scaled: Vmax� (BW)0.75, k12� (BW)�0.25,
k21� (BW)�0.25.

Parameter sensitivity analysis. Sensitivity analyses were con-
ducted to evaluate parameter importance in predicting 2,4-D
concentrations using the human PBPK model following a single
oral RfD of 0.005 mg/kg. For each parameter, sensitivity coeffi-
cients were calculated for a 1% change, while holding all other
parameters constant. Parameter sensitivity was analyzed in
simulating 2,4-D kinetics in plasma, urine, and saliva, as well as
the saliva:plasma ratio. Human parameter sensitivity was eval-
uated as performed by Teeguarden et al. (2005). Briefly, sensitiv-
ity coefficients were characterized as having low, medium, and
high sensitivity: low (values between 0.1 and 0.15), medium

Table 2. Physiological Parameters

Parameter Rat Human Reference

Blood flow
Cardiac output (l/h/kg^0.75) QC 14 15.6 Brown et al. (1997) and ICRP (2002)
Blood flow to kidney (fraction of cardiac
output)

QK 0.141 0.19 Brown et al. (1997) and ICRP (2002)

Blood flow to salivary tissue (fraction of
cardiac output)

QS 0.002 0.002 Hiramatsu et al. (1994)

Blood flow to rest of body (fraction of
cardiac output)

QB 1�
P

(QOTHER FRACTIONS) 1�
P

(QOTHER FRACTIONS)

Volume
Body weight (kg) BW 0.3 73
Blood (fraction of BW) VBL 0.064 0.0767 Lee and Blaufox (1985) and ICRP (2002)
Salivary gland blood (fraction of BW) VSGBL 0.0005 0.0005 Smith et al. (2017)
Salivary gland tissue (fraction of BW) VSG 0.0021 0.00116 Wells et al. (1959) and ICRP (2002)
Kidney (fraction of BW) VK 0.0073 0.00425 Brown et al. (1997) and ICRP (2002)
Plasma (fraction of BW) VPL 0.042 0.042 Lee and Blaufox (1985) and Davy and

Seals (1994)
Rest of Body (fraction of BW) VB 1�

P
(VOTHER TISSUES) 1�

P
(VOTHER TISSUES)

Urine (L) produced in 24 h Vu 3.3 ml/100 g day 1.7 L (adult male) Johns Hopkins University ACUC, (2019)
and Van Haarst et al. (2004)

334 | NONINVASIVE BIOMONITORING OF 2,4-DICHLOROPHENOXYACETIC ACID (2,4-D)

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article-abstract/172/2/330/5573128 by N

C
IPC

 user on 09 June 2020



(values between 0.15 and 0.5), and high (values 0.5 and higher).
Although all parameters were analyzed, only those in the me-
dium and high groups were reported in figures. Authors may be
contacted for additional information regarding unreported sen-
sitivity coefficients. Parameters were additionally characterized
as having low, medium, and high uncertainty using criteria out-
lined by Teeguarden et al. (2005). Low uncertainty requires ex-
trapolation of the parameter from the correct species, a
coefficient of variation < 0.5, or verification in previously pub-
lished PBPK models. Medium uncertainty is defined as using the
correct species, a coefficient of variation > 0.5, or scaled from
parameters of a different species. Parameters derived with any
other method are considered to have high uncertainty.

Software. The model was coded in acslXtreme 3.0.2.1 (Aegis
Technology, Huntsville, Alabama). Model parameters were also
optimized with acslXtreme. For easy dissemination, the model
was translated to be compatible with a publically available soft-
ware for mathematical modeling and simulation, Magnolia,
Version 1.2.2 (Magnolia Sciences, LLC, Orlando, Florida). The
model code in docx file is available in Supplementary Material.
The model in csl file is also available for distribution (please
contact authors). R: A language and environment for statistical
computing, version 3.4.4 (R Foundation for Statistical
Computing, Vienna, Austria) was used for protein binding
analysis.

RESULTS

2,4-D Protein Binding in Rat and Human Plasma
Significant protein binding was observed in rat and human
plasma. Protein binding saturation in rat plasma occurred over
the concentration range of 7–360mM 2,4-D, where the protein
content in PBS diluted rat plasma was approximately 1.01 mg/
ml (total—50.7 mg/ml) (Supplementary Figure 1). Unbound 2,4-
D fractions under these conditions ranged from 0.64 to 0.91.
The 1-binding site model provided a better fit than the 2-bind-
ing site model (BIC¼ 52.4 vs. 56.8). Although protein binding

parameters associated with rat plasma were derived in vitro,
as specified previously, the protein binding model (Equation 1)
was superimposed on top of bound and unbound 2,4-D mea-
sured in plasma, in vivo (Carver et al., 2018 and additional
unpublished data provided by authors) (Figure 2A). The protein
binding model generated from in vitro derived parameters fit
well with in vivo data, offering confidence in in vitro to in vivo
extrapolation. Final 2,4-D concentrations of 7–420 mM spiked
into diluted human plasma (protein concentration—1.22 mg/
ml; total—61.3 mg/ml) yielded a higher degree of protein bind-
ing compared to rat plasma with unbound fractions ranging
from 0.51 to 0.87 (Figure 2B). The 2-binding site model was
used to describe protein binding in human plasma per BIC
comparison (43.2 [2 site] vs. 45.2 [1 site]). Protein binding
parameters are reported in Table 1. Binding affinity appeared
to be higher in human plasma, with an affinity constant (kd1)
of 18.4 mM (in the high affinity binding site), compared to
94.2 mM in rat plasma.

2,4-D PBPK Model Development and Validation
The 2,4-D PBPK model described in Materials and Methods sec-
tion was parameterized and optimized with previously pub-
lished rat pharmacokinetic data (Durkin et al., 2004). Parameters
specific to rat species (Tables 1–4) were incorporated in the
model. Simulations of 2,4-D concentration in plasma and
amount excreted in urine at 3 oral doses (10, 50, and 150 mg/kg)
were obtained and overlaid on top of experimental data
(Figure 3). The model was validated with another rat pharmaco-
kinetic dataset (Kim et al., 1994) investigating both bolus oral
and intravenous exposures (Supplementary Figure 2).

2,4-D Simulation in Rat Model
Approximately 1 h following oral exposure to 5 different doses
of 2,4-D (30–150 mg/kg), plasma and saliva samples from rats
were analyzed to explore the processes of salivary transport
(Carver et al., 2018). PBPK simulations of 2,4-D concentration in
plasma and saliva were estimated over 72 h, accounting for con-
ditions of the in vivo study (eg, dose, body weight, sample

Table 3. 2,4-D Pharmacokinetic Parameters (for Both Rat and Human Model)

Parameter Value Reference

Body: blood partition coefficient (unitless) PB 0.912 Derived with algorithm (Poulin and Krishnan, 1995)
Kidney: blood partition coefficient (unitless) PK 1 Derived with algorithm (Poulin and Krishnan, 1995)
Michaelis-Menten saturable maximum elimination

rate (mmol/h/kg0.75)
VMAX 30.8 Extrapolated from data Durkin et al. (2004)

Michaelis-Menten constant for saturable elimination (mM) km 20 Extrapolated from data Durkin et al. (2004)
First order rate of absorption (1/h) ka 0.8 (rat); 0.3085

(human)
Kim et al. (1994) and Sauerhoff et al. (1977)

Transfer rate between body and deep compartment (1/h/kg�0.25) k12 0.009 Extrapolated from data Durkin et al. (2004)
Transfer rate between deep compartment and body (1/h/kg�0.25) k21 0.001 Extrapolated from data Durkin et al. (2004)

Table 4. Salivary Transport Parameters

Parameter Rat Human Reference

Permeation coefficient (cm/h) P 0.033 0.033 Carver et al. (2018)
Salivary gland: blood (unbound) partition coefficient (unitless) PSGB 6.14 6.14 Estimated from data Carver et al. (2018)
Salivary gland: saliva partition coefficient (unitless) PSGSL 4.51 4.51 Optimized from data Carver et al. (2018)
Capillary surface area in salivary tissues (cm2/g tissue) SASG 512 512 Clough and Smaje (1984)
Salivary flow (l/h) QSAL 3.58 E-03 0.0336 Funegard et al. (1997) and Rudney et al. (1995)
Saliva (fraction of BW) VSAL 6.57 E-06 6.57 E-06 Rudney et al. (1995)
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Figure 2. Concentrations of 2,4-dichlorophenoxyacetic acid (2,4-D) bound and unbound to protein in plasma collected from rats following oral exposure (A) and phos-

phate buffered saline (PBS) diluted human (B) plasma. Lines represent resulting fits to a 1-binding site model (equation 1) in rat plasma (derived from in vitro protein

binding experiments, as seen in Supplementary Figure 1) and a 2-binding site model (equation 2) in human plasma. Protein binding parameters are reported in Table 1.

(a) (b)

0 10 20 30 40 50 60 70

Time (h)

0.001

0.01

0.1

1

10

100

1000

10000

2,
4-

D
 C

on
ce

nt
ra

tio
n 

(µ
M

)

0 10 20 30 40 50 60 70

Time (h)

1

10

100

1000

2,
4-

D
 A

m
ou

nt
 E

xc
re

te
d 

in
 U

ri
ne

 (
µm

ol
)

Figure 3. Physiologically based pharmacokinetic (PBPK) model simulations of plasma 2,4-dichlorophenoxyacetic acid (2,4-D) concentration (mM) (A) and amount (mmol)

excreted in urine (B) following oral exposure in rats for 72 h and displayed with pharmacokinetic data published in Durkin et al. (2004); 10, 50, and 150 mg/kg exposures

are represented by square, circle, and triangle markers, respectively.
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Figure 4. 2,4-Dichlorophenoxyacetic acid (2,4-D) concentration (mM) in plasma (A) and saliva (B) were measured following oral gavage (30–150 mg/kg) in rats 1 h post-ad-

ministration (N¼3 per dose). Data from Carver et al. (2018). Resulting 2,4-D concentrations are represented by squares, circles, triangles, x’s, and diamonds in order of

ascending dose. Lines represent physiologically based pharmacokinetic (PBPK) simulations of 2,4-D concentration in plasma, saliva, and urine (C) from 0 to 72 h.

Physiological parameters were adjusted and optimized to mimic specific experimental conditions: increased salivary flow due to pilocarpine (QS¼0.00501 l/h; mea-

sured), decreased cardiac output due to anesthesia (QC¼9.24 l/h; estimated based on heart rate decrease after anesthesia administration; Olson et al., 1994), oral ab-

sorption (ka¼0.3085; optimized).
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collection time points). Simulations and experimental data
demonstrated a dose-response relationship in both saliva and
plasma (Figs. 4A and 4B). 2,4-D distribution and clearance in sa-
liva was prominently delayed, compared to 2,4-D kinetics in
plasma. Although 2,4-D excretion in urine was not measured,
we used the model to predict 2,4-D concentrations in urine
(Figure 4C). Estimated urinary concentrations also displayed a
dose-dependent response.

The model was used to compare 2,4-D saliva: plasma over
time and explore how ratios could be used to interpret biomoni-
toring observations (Figure 5A). The model predicted dose and
time dependent saliva:plasma ratios ranging from 0 to 0.11,
peaking around 3–4 h post-exposure. The ratio stabilized at ap-
proximately 0.026 for all doses after approximately 30 h postex-
posure during the terminal elimination phase when protein
binding saturation no longer impacts the ratio. Predicted differ-
ences in saliva:plasma ratios were driven by protein binding, as
fractions of unbound 2,4-D were also dose and time dependent
(Figure 5B) and reflected saliva:plasma ratios at the correspond-
ing oral exposures. The contribution of protein binding to sali-
va:plasma ratios was further demonstrated by the simulation of
saliva:plasma ratios and unbound fraction at lower doses, more
relevant to human exposures, where protein binding saturation
is not a factor (Supplementary Figure 3). Simulations of oral
doses at low doses (0.01, 0.1, 1 mg/kg) show dynamic saliva:-
plasma ratios over time, ranging from 0 to 0.036, but are consis-
tent among these low doses (Supplementary Figure 3A).
Unbound 2,4-D fractions (approximately 0.066) were accordingly
consistent at the lower doses (Supplementary Figure 3B). With
increasing dose, (> 10 mg/kg), a shift in saliva:plasma ratios
develops due to corresponding increases in unbound 2,4-D frac-
tion (Supplementary Figure 3B), as a result of 2,4-D protein bind-
ing saturation.

To explore other pharmacokinetic impacts on saliva:plasma
ratios, clearance processes (renal elimination, salivary clear-
ance, deep compartment transfer) were shut off in the model.
2,4-D concentrations in saliva and plasma rapidly reached equi-
librium under these conditions and saliva:plasma ratios and un-
bound 2,4-D fraction in plasma maintained dose and time
dependence (Figs. 5C and 5D), illustrating the significance of
protein binding in 2,4-D salivary transport. At equilibrium, sali-
va:plasma ratios and unbound 2,4-D fraction were slightly
higher than the maximum values under normal physiological
conditions (Figs. 5A and 5B) due to differences in renal and sali-
vary elimination rates.

A previous publication reported an in vitro saliva:plasma ra-
tio of 0.034, whereas the in vivo saliva: ratio was observed to be
0.0079 (Carver et al., 2018). To explore this discrepancy, the PBPK
model was used to simulate conditions of the in vitro experi-
ment. Under physiological in vitro conditions the plasma con-
centration was approximately 190 mM at the time of equilibrium
(32 h) (Figure 6B, Carver et al., 2018). An unbound concentration
of approximately 3.62 mM in plasma was estimated using the rat
protein binding model and parameters reported by Carver et al.
The PBPK model further predicted a rat oral exposure dose of
1.66 mg/kg that would result in an unbound 2,4-D concentration
in plasma of 3.62 mM when clearance processes were shut off to
mimic the static conditions of an in vitro system (Figure 6B).
Following an oral dose of 1.66 mg/kg in a rat model, the saliva:-
plasma ratio was simulated to be approximately 0.026, compa-
rable to the in vitro saliva:plasma ratio of 0.034 6 0.009
(Figure 6C).

Validation of PBPK Model With Human Exposures
2,4-D levels in plasma and urine resulting from oral exposures
in humans were simulated using parameters associated with
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Figure 5. Saliva:plasma ratios (A) and corresponding unbound 2,4-dichlorophenoxyacetic acid (2,4-D) fraction in plasma (B) following oral administration of 2,4-D (30–

150 mg/kg) in rats were calculated based on simulated 2,4-D kinetics under normal physiological conditions. Saliva:plasma ratios (C) and corresponding unbound 2,4-D

fraction in plasma (D) were also determined in the absence of elimination to evaluate 2,4-D kinetics at equilibrium.
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human physiology, as reported in Tables 1–4. To validate the
model, predicted values were compared to pharmacokinetic
data collected following a 5 mg/kg 2,4-D oral exposure in human
subjects (n¼ 5) (Sauerhoff et al., 1977). The model simulates 2,4-
D concentrations in plasma and amounts excreted in urine
144 h post-exposure reasonably well (Figure 7).

Simulating 2,4-D Kinetics Following Chronic Exposures in Humans
The PBPK model was used to predict 2,4-D concentrations in sa-
liva, plasma, and urine resulting from chronic exposures in
humans. Chronic exposure at the RfD of 0.005 mg/kg/day were
simulated for 28 days to allow comparison with currently avail-
able biomonitoring equivalents (BE), where BE values were de-
rived from chronic bolus exposure studies in rats (Aylward and
Hays, 2008). BE in humans following chronic doses at the RfD
are reported as approximately 22.6 nM in plasma and approxi-
mately 905 nM in urine Table 10 in Aylward and Hays, 2008.
PBPK simulations of 2,4-D concentration in urine were predicted
to range between 287 and 1547 nM at steady state, which fit well
with the reported urine BERfD of 905 nM, indicated by the upper
dashed line in Figure 8A. PBPK simulations of 2,4-D concentra-
tion in plasma were predicted to range between 46 and 248 nM
at steady state, significantly higher than the reported BERfD of
22.6 nM (Figure 8A). 2,4-D concentrations in saliva were

estimated to be between 1.16 and 5.28 nM, under the same RfD
chronic dosing condition (Figure 8A), indicating that exposures
at the RfD would be detectable with current field-deployable
sensor technology with a detection limit of 1 ppb (approxi-
mately 4.5 nM) (Wang et al., 2017) in saliva approximately 4 h
post-exposure.

To gain insight into biomonitoring occupational exposures,
the model was used to assess urinary 2,4-D levels measured in
samples provided by backpack applicators (Zhang et al., 2011) to
estimate exposure doses and further offer predictions and de-
tection capabilities of salivary 2,4-D. The work by Zhang et al.
reports 2,4-D amounts in 24 h collections of urine following
6 days of applying 2,4-D during a 7–8.5 h workday. The daily
quantities of applied 2,4-D were consistent except on days 1
and 6, where workers only applied two-third of what was ap-
plied on days 2–5 (Table 2 in Zhang et al., 2011). The PBPK model
was used to estimate daily exposure doses of 0.008 mg/kg/day
(days 1 and 6) and 0.012 mg/kg/day (days 2–5) based on an aver-
age urinary concentration of approximately 2410 nM (assuming
daily urine production of 1.7 l) on days 2–5 (Table 6 in Zhang
et al., 2011). 2,4-D concentration in urine, plasma, and saliva
were simulated by implementing an infusion rate over an ap-
proximately 8-h period, followed by approximately 16 h of no
exposure (Figure 8B) over 6 days. Predicted 2,4-D concentrations
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Figure 6. Unbound 2,4-dichlorophenoxyacetic acid (2,4-D) concentration in plasma corresponding to an in vitro salivary transport experiment (Carver et al., 2018) was

estimated using protein binding parameters and conditions reported by Carver et al. (Bmax¼51.5 nmol/mg, kd¼67mM, protein concentration¼70.6 mg/ml) (A). The PBPK

model was used to estimate an in vivo rat oral exposure dose of approximately 1.66 mg/kg that resulted in approximately 3.62mM unbound 2,4-D in the absence of sali-

vary and urinary clearance to mimic in vitro conditions (B). Simulations predicted a saliva:plasma ratio of approximately 0.026 in a rat model (C), comparable to an

in vitro saliva:plasma ratio of approximately 0.034 6 0.009 (Carver et al., 2018).
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Figure 7. Parameters specific for a human model (Table 1) were applied to the physiologically based pharmacokinetic (PBPK) model and simulations of plasma 2,4-

dichlorophenoxyacetic acid (2,4-D) concentration (mM) (A) and amount (mmol) excreted in urine (B) following oral exposure (5 mg/kg) in humans were run from 0 to

144 h. Simulations were validated with pharmacokinetic data collected by Sauerhoff et al. (1977) (N¼3 plasma; N¼5 urine). Subjects were given 1 oral dose of 5 mg/kg.

Two subjects ingested 2,4-D in a milk slurry and 3 subjects swallowed 2,4-D with water. Subjects were not fasted prior to the study.
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in urine, plasma, and saliva are substantial enough to be
detected with available field-deployable sensor technology with
a detection limit of 1 ppb (Wang et al., 2017), indicated by the
lower dashed line in Figure 8B.

The saliva:plasma ratio resulting from RfD simulations fluc-
tuated between 0.012 and 0.025 (dashed line), whereas the occu-
pational exposure saliva:plasma ratio ranged from 0.016 to
0.025 (solid line) (Figure 8C). The 2 ratios vary temporally and in
range due to differences in exposure, where the RfD exposure
was simulated as a bolus dose and occupational simulations
employed a constant exposure over an 8-h period. In both cases,
the exposure dose was low enough not to saturate protein bind-
ing processes, producing an upper saliva:plasma ratio limit of
0.025. In other words, if protein binding was saturated (increas-
ing unbound 2,4-D), more 2,4-D would be available for salivary
transport, yielding a higher saliva:plasma ratio, as seen in
Figure 5A.

Parameter Sensitivity Analysis
Parameter sensitivity was assessed in simulating plasma, sa-
liva, and urine 2,4-D levels in humans and the resulting plas-
ma:saliva ratio, following a single bolus oral RfD (0.005 mg/kg).
Only parameters characterized with high and medium sensitiv-
ity are discussed. It is important to note that parameter sensi-
tivity is dependent on factors such as dose, route of exposure,
conditions of exposure (bolus vs. infusion) and may be different
than parameter sensitivity resulting from a single bolus expo-
sure at a relatively low dose. Simulated 2,4-D concentrations in
plasma indicated the parameters shown in Figure 9A were
found to be highly sensitive, while all other parameters (not
shown) had a low impact. The most sensitive parameters were
associated with protein binding and elimination. There is me-
dium uncertainty associated with these parameters in provid-
ing accurate estimations of 2,4-D concentration, qualified by
criteria described in Parameter Sensitivity Analysis section.
Partitioning between the body and blood, cardiac output, and
the first order rate of oral absorption (ka) were additionally con-
tributing parameters throughout the simulation. Although car-
diac output is a well-established parameter, there is low
certainty with body: blood partitioning because the parameter
was derived with a tissue: blood predicting algorithm.

Additionally, the rate of absorption can vary widely, affected by
factors such as food (Li et al., 2018), dissolution of the chemical,
diffusion, permeability, and stability in the gastrointestinal (GI)
environment (Darwich et al., 2010; Martinez and Amidon, 2002)
and needs to be tailored accordingly.

The same parameters sensitive in predicting plasma concen-
tration (ka, protein binding, elimination, cardiac output, body:
blood partitioning) also had high sensitivity for simulating sali-
vary concentration (sensitivity coefficients not shown). Other
parameters specifically related to salivary transport were highly
sensitive in determining salivary 2,4-D (Figure 9B). As expected
with low doses, such as the RfD, where salivary transport is pri-
marily limited by diffusion, partitioning between the salivary
gland: blood and salivary gland: saliva were sensitive parame-
ters throughout the simulation. Other parameters related to sal-
ivary transport (salivary gland tissue surface area, permeability,
blood flow to salivary gland, salivary gland volume, gland blood
volume) were mostly important in the early phase of the simu-
lation (up to 10 h), which appears to correspond to peak salivary
concentrations. There is high confidence with physiological
parameters (salivary gland tissue surface area, blood flow to sal-
ivary gland, salivary gland volume, gland blood volume) that
are specific to humans and have been used in published PBPK
models (Smith et al., 2017). There is low certainty with partition
and permeation coefficients, which were experimentally mea-
sured with rat tissue culture or computationally optimized and
requires further investigation to validate.

Similar to parameter sensitivity for simulating 2,4-D in
plasma, prediction of amount excreted in urine was driven by
ka, elimination parameters, protein binding parameters, cardiac
output, and partitioning between the body and blood. These
parameters were sensitive up to the point where the majority of
2,4-D should be eliminated (approximately 40 h post-exposure)
(Figure 9C). Cardiac output and partitioning were characterized
with medium sensitivity, while ka, elimination, and protein
binding were considered highly sensitive.

Estimations of saliva:plasma ratios were highly driven by
protein binding, cardiac output, salivary gland: blood, and sali-
vary gland: saliva partitioning. Additional physiological param-
eters related to the salivary gland (salivary gland tissue surface
area, salivary gland volume, gland blood volume) and the
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Figure 8. 2,4-Dichlorophenoxyacetic acid (2,4-D) concentrations in saliva, plasma, and urine were simulated in humans following 2,4-D chronic exposure for 28 consec-

utive days at the RfD (0.005 mg/kg/day). The dashed lines represent urine and plasma biomonitoring equivalents reported by (Aylward and Hays, 2008) (A). Simulations

were also run for a 6-day chronic exposure at doses (days 1 and 6: 0.008 mg/kg/day; days 2–5: 0.012 mg/kg/day) predicted from urinary levels (Zhang et al., 2011), where

backpack applicators were exposed to 2,4-D over an 8-h workday. The dashed line represents a detection limit of 1 ppb or approximately 4.5 nM of a field-deployable

2,4-D sensor device developed by Wang et al. (2017). Data points represent 24 h urinary concentrations 6SD estimated from Zhang et al. (2011) (B). Saliva:plasma ratios

resulting from both dosing conditions (Figs. 8a and 8b) were determined. The dashed line corresponds to the 28-day RfD exposure and the solid line corresponds to the

6 days—8 h exposure simulation (C).
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computationally optimized permeation coefficient were identi-
fied to have medium sensitivity (Figure 9D). All other parame-
ters had low significance in simulating saliva:plasma ratios. As
described previously, confidence in these parameters are high
for physiological parameters and low for parameters extrapo-
lated from rat data.

DISCUSSION

Exposure assessments, particularly in occupational settings, re-
quire regular biomonitoring to prevent excessive contact with
hazardous chemicals. Several critical pieces of information are
needed to appropriately interpret biomarker levels in the con-
text of the extent of exposure and potential toxicity.
Toxicological studies identify hazards, analyze dose-response,
and allow regulatory bodies to establish exposure limits [eg, ref-
erence doses (RfD) and occupational exposure limits].
Pharmacokinetic knowledge is concurrently needed to estimate
detection and temporal limitations of biomonitoring and addi-
tionally offers insight into target analytes (parent compound vs
metabolite) and suitable biological samples based on the distri-
bution of the chemical within the body. PBPK modeling can as-
semble these pieces of information together to not only predict
internal dosimetry after known administered doses, but further
reconstruct external exposures with biomonitoring data (Bartels
et al., 2012; Tan et al., 2006).

In the case of 2,4-D exposure, the PBPK model predicted sali-
vary concentrations driven by diffusion-limited transport pro-
cesses (Figure 4B) and also demonstrated dose and time
dependent responses in plasma and urine (Figs. 4A and 4C).
2,4-D is known to have a high affinity for protein (Carver et al.,
2018; Rosso et al., 1998) and the model demonstrated the key
role of protein binding in dictating the availability and rate of
unbound 2,4-D to be transported into saliva (Figure 5B).
Consideration of protein binding was especially important for
evaluation of high doses (30–150 mg/kg) in animals where pro-
tein binding saturation occurred. In human chronic exposure

simulations, relevant exposures (0.005–0.012 mg/kg/day) did not
encounter protein binding saturation, but should still be exam-
ined. Elimination rates were also important in the availability of
unbound 2,4-D, demonstrated by the differences in unbound
fraction with and without elimination (Figs. 5B and 5D). Then,
saturation of elimination rates at higher doses can also impact
salivary transport rates. Dynamic transport rates may cause
challenges in relating salivary concentrations to other mea-
sured biological matrices and further estimate external dose,
but understanding the mechanisms that cause dose and time
dependent differences in salivary transport can bring more pre-
cision to exposure assessments.

The model also predicted variation in 2,4-D saliva:plasma ra-
tios over time in rats (Figure 5A) and humans (Figure 8C) regard-
less of dose. The relative differences in rates of diffusion-
limited transport into saliva and rates of urinary elimination (ie,
saliva transport is the rate limiting clearance) drive the tempo-
ral variation of the saliva:plasma ratio. In contrast with salivary
transport of trichloropyridinol (TCPy), rates of TCPy transport
into saliva were faster than rates of urinary elimination (ie, sa-
liva is not the rate limiting clearance), leading to consistent
TCPy saliva:blood concentration ratios over the duration of sim-
ulations (Smith et al., 2017). Consistent with these results, we
observed 2,4-D transport was slower than TCPy transport in the
Transwell assay (0.033 vs 0.41 cm/h, respectively) (Carver et al.,
2018; Smith et al., 2017). Carver et al. measured a higher saliva:-
plasma ratio in vitro using the Transwell assay (0.034 6 0.009)
compared to observed ratio in rats 0.0079 6 0.0044 (Carver et al.,
2018). The discrepancy between the 2 ratios can be explained by
a number of processes: (1) The absence of elimination processes
in an in vitro system, where the in vitro saliva:plasma ratio is a
representation of a system at equilibrium. (2) Dynamic saliva:-
plasma ratios over time due to differences in renal clearance
rates versus salivary diffusion transport rates. (3) Protein bind-
ing differences in vivo and in vitro. In fact, when the conditions
and estimated dose used Carver’s in vitro system were repro-
duced with PBPK simulations (Figure 6), the saliva:plasma ratio
was estimated to be 0.026, comparable to Carver’s 0.034 6 0.009

0 10 20 30 40 50 60 70

0

50

100

150

200

250

Time (h)

2,
4-

)
Mn( a

ms al
P ni noitartn ecno

C 
D

0 10 20 30 40 50 60 70

0

1

2

3

4

5

Time (h)

2,
4-

D
 C

on
ce

nt
ra

tio
n 

in
 S

al
iv

a 
(n

M
)

0 10 20 30 40 50 60 70

0.0

0.5

1.0

1.5

2.0

Time (h)

2,
4-

D
 A

m
ou

nt
 in

 u
ri

ne
 (

um
ol

)

0 10 20 30 40 50 60 70

0.00

0.01

0.02

0.03

0.04

0.05

Time (h)

Sa
liv

a:
Pl

as
m

a 
R

at
io

Cardiac output

PB

ka

0 10 20 30 40 50 60 70

-6

-4

-2

0

2

4

6

Time (h)

tneiciffeo
C yt ivitisne

S

Protein 
binding

Elimination

Elimination

Cardiac output

0 10 20 30 40 50 60 70

-1.0

-0.5

0.0

0.5

1.0

Time (h)

Se
ns

iti
vi

ty
 C

oe
ff

ic
ie

nt

ka

PB

Protein binding

0 10 20 30 40 50 60 70

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Time (h)

Se
ns

iti
vi

ty
 C

oe
ff

ic
ie

nt

Protein binding

Gland:gland blood partition

Cardiac output

Salivary gland surface area, 
permeability 

Salivary gland volume

Salivary gland blood volume

Gland:saliva partition

0 10 20 30 40 50 60 70

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Time (h)

Se
ns

iti
vi

ty
 C

oe
ff

ic
ie

nt

Blood flow to 
salivary gland

Gland:gland blood 
partition

Salivary gland surface area, 
permeability Salivary gland 

volume

Salivary gland 
blood volume

Gland:saliva partition

(a) (b) (c) (d)

Figure 9. Parameter sensitivity analyses in simulating 2,4-dichlorophenoxyacetic acid (2,4-D) in plasma (A), saliva (B), urine (C), and saliva:plasma ratio (D) in humans

following a single RfD (0.005 mg/kg/day) oral dose were conducted. Corresponding 2,4-D levels in plasma, saliva, urine, and saliva:plasma ratio are shown.
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ratio. These results further suggest that the dose (and the corre-
sponding unbound 2,4-D fraction) as well as the absence
of clearance in an in vitro system contributed to the varying sali-
va:plasma ratios, but can be elucidated with PBPK modeling.

Although consistent saliva:plasma ratios are ideal to back-
calculate concentrations in plasma or urine (and ultimately the
external dose) from concentrations measured in saliva, identify-
ing and modeling the processes contributing to dynamic ratios
can account for differences in experimental or sample collec-
tion design. Other studies also corroborate that ratios may vary
for a number of reasons, including but not limited to lipophilic-
ity of chemical, protein binding, salivary flow rate, or elimina-
tion kinetics (Haeckel, 1993; Michalke et al., 2015). Varying
saliva:plasma ratios do not necessarily disqualify a compound
for salivary biomonitoring. By understanding that ratios are
time- and dose-dependent, they can be used to estimate expo-
sure levels needed to assess potential toxicity and additionally
narrow in on an approximate time of exposure. Identifying the
underlying processes that can produce different saliva:plasma
ratios allow us to apply uncertainty bounds when interpreting
biomonitoring observations. For instance, if a certain concentra-
tion is detected in saliva, the concentration can be adjusted ac-
cordingly by the saliva:plasma ratio range (Figure 8C) to
approximate a concentration range in plasma and estimate
minimum and maximum exposure doses (assuming 2,4-D ex-
posure is below protein binding saturation concentration). It is
also important to note that the temporal profile and range of
the ratio can be impacted by dosing conditions (route, duration,
frequency), demonstrated by two different exposure condition
simulations in Figure 8C. It is then necessary to run an array of
simulations reflecting all of the different exposure conditions to
capture variability and produce saliva: plasma ranges relevant
to a specific exposure.

Different saliva:plasma ratios due to population variation
should also be addressed. For instance, if there are significant
differences in certain parameters, such the rate of elimination
within a population, then the ratio may shift as well. However,
parameter sensitivity analysis (Figure 9D) shows that highly
sensitive parameters for simulating saliva: plasma should not
vary considerably from person to person (ie, the fraction of sali-
vary gland volume per body weight should be consistent within
the population). The only sensitive parameter that may vary
substantially is cardiac output, which is different for men,
women, children, and can also be affected by exercise or digest-
ing food. Simulations were run with cardiac output increased by
3� to mimic increased physical activity or exercise, which pro-
duced ratios that are slightly changed, but not considerably:
from 0 to 24 h the ratio ranges were 0.0034–0.0025 and 0.0064–
0.0025 of simulations run with 1� and 3� cardiac output, re-
spectively (data not shown).

In occupational biomonitoring of humans, a range of maxi-
mum salivary concentrations allowed (based on chronic expo-
sure at the RfD) can be modeled to ensure workers are not being
exposed to amounts over a safe limit. For additional validation,
2,4-D concentration ranges in plasma and urine can also be pre-
dicted (Figure 8A). 2,4-D concentrations in urine simulated by
the model agreed well with biomonitoring equivalent (BE) val-
ues (following chronic exposure at the RfD), determined by
Aylward et al., but modeled concentrations in plasma were
higher than the reported plasma BE (dashed lines in Figure 8A)
(Aylward and Hays, 2008). Human urine BERfD was derived with
the assumption that the daily intake of 2,4-D at the RfD would
be excreted in the 24-h urinary volume. The PBPK model also

simulated relatively quick elimination within a 24 h period,
leading to agreement between model predictions and BE con-
centrations. However, human plasma BERfD was determined by
applying uncertainty factors (for intraspecies extrapolation and
database uncertainties) to an average rat plasma concentration
following administration of a NOAEL POD dose of 5 mg/kg/day
for 28 days (Saghir et al., 2006). Through the use of uncertainty
factors and extrapolating from animal measurements, the
plasma BERfD may have been underestimated. A PBPK model in-
corporating human physiology and mechanisms specific to 2,4-
D pharmacokinetics may provide a more accurate estimation
for biomonitoring assessments.

As the prospect of 2,4-D salivary biomonitoring becomes
more feasible and the advantages of its application to bring in-
sight into exposure conditions are identified, being able to mea-
sure real time salivary concentrations with field-deployable
sensors would be a significant advancement for occupational
2,4-D biomonitoring efforts. Current technology for rapid onsite
detection of 2,4-D has been developed and validated with bio-
logical samples, capable of capturing levels as low as 1 ppb (ap-
proximately 4.5 nM) (Wang et al., 2017). Based on a colorimetric
assay coupled to a smartphone readout platform, the sensor is
an accessible device where workers only need to supply a small
saliva sample and receive minimal instructions to quickly eval-
uate occupational exposures by comparing measured values to
safe ranges designated by the RfD and biomonitoring equiva-
lents. The detection capabilities of the sensor can easily quan-
tify 2,4-D in plasma and urine with RfD (0.005 mg/kg/day)
chronic oral exposures and allow salivary monitoring when
concentrations are at its peak (Figure 8A), indicating salivary
monitoring may be useful for occupational settings, where
exposures may exceed the RfD. In fact, biomonitoring data dem-
onstrate a significant level in 24 h urinary collections (Zhang
et al., 2011), which our PBPK model predicted an associated ex-
posure dose greater than the RfD (0.008–0.012 mg/kg/day)
(Figure 8B). Then, workers that are exposed to 2,4-D daily for a
typical 8-h working schedule may be in danger of being exposed
to doses exceeding the RfD. Although 2,4-D is rapidly elimi-
nated, caution must be taken when evaluating chronic expo-
sures that are often mixed with other chemicals in an
occupational setting, as well as consideration of overall human
health and profile (eg, age, pre-existing conditions). Our predic-
tive simulations also indicated that saliva is a promising sample
for occupational biomonitoring, as predicted salivary 2,4-D con-
centrations were above a respectable limit of detection of 1 ppb
(Figure 8B).

In conclusion, PBPK modeling was used to predict chemical
kinetics, particularly in saliva, and explore many different
aspects of biomonitoring, pharmacokinetics, in vitro to in vivo
extrapolation, and animal to human extrapolation. Model simu-
lations demonstrated the advantages and challenges of salivary
biomonitoring. Salivary transport processes of the model were
parameterized with in vitro methods and were successfully ex-
trapolated to model 2,4-D kinetics in rats and humans. The im-
portance of protein binding and 2,4-D permeability across the
salivary gland in predicting salivary concentrations was dis-
cussed. Exploring saliva:plasma ratios provided insight in using
biomonitoring observations to approximate time of exposure
and administered dose. Combining field-deployable sensor
technology with salivary biomonitoring, PBPK modeling, and
knowledge of safe exposure limits can generate rapid informa-
tion regarding critical exposure conditions needed to maintain
appropriate working environments.
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