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Supplemental Methodology 

Methodology for protein denaturation, reduction, alkylation, enrichment and 

trypsin digestion 

The human liver cytosol (HLC) samples and purified SULT1A1 and SULT2A1 were 

digested using trypsin, as described in our previous publication (Bhatt et al., 2017). 

Briefly, 80 μL of HLC samples (2 mg/L) and serially diluted purified protein standards 

(SULT1A1 and SULT2A1) were incubated with 10 μL dithiothreitol (250 mM), 40 μL 

ammonium bicarbonate buffer (100 mM, pH 7.8) and 10 μL bovine serum albumin (2 

mg/mL) at 95 °C for 10 min. 20 μL iodoacetamide (500 mM) was added to the incubate 

after cooling to the room temperature and so prepared solution was further incubated 

in the dark for 30 min at the same temperature. Sequentially, ice-cold methanol (500 

μL), ice-cold chloroform (100 μL) and ice-cold deionized water (400 μL) were added. 

The samples were mixed, centrifuged at 16,000 g (4°C) for 5 min, and the upper and 

lower layers were discarded. The pellets were dried at room temperature for 10 min, 

followed by washing with ice-cold methanol (500 μL) and subsequent centrifugation at 

8000 g (4°C) for 5 min. The supernatant layer was removed and the pellets were left 

to dry at room temperature for 30 minutes. These were then resuspended in a mixture 

of 60 μL ammonium bicarbonate buffer (50 mM, pH 7.8) and 20 μL trypsin (0.16 

μg/μL). The samples were incubated at 37°C for 16 h (300 rpm). The reaction was 

quenched by placing samples in dry ice and adding heavy peptide internal standards, 

viz., 20 μL prepared in acetonitrile:water, 80:20 (v/v) containing 0.5% formic acid, and 

separately 10 μL prepared in acetonitrile:water (80:20 (v/v) containing 0.1% formic 

acid). The samples were mixed, centrifuged at 4000 g for 5 min (4°C), and transferred 

to LC-MS vials. 

Fractional contribution of individual metabolic pathways and fractional 

contribution of UGT, SULT and CYP isoforms in acetaminophen metabolism in 

adults 

Fractional contribution of individual metabolic pathways of acetaminophen metabolism 

in adults (i.e., fm,UGT, fm,SULT and fm,CYP) were derived from urinary recovery data (De 

Morais et al., 1992; Chen et al., 1998; Court et al., 2001; Mutlib et al., 2006; Adjei et 

al., 2008; Laine et al., 2009; Miners et al., 2011; Navarro et al., 2011; Jiang et al., 
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2013). Isoform specific percent (%) contribution of UGT and CYP in acetaminophen 

metabolism in adults was derived from the literature data (De Morais et al., 1992; Chen 

et al., 1998; Court et al., 2001; Mutlib et al., 2006; Adjei et al., 2008; Laine et al., 2009; 

Miners et al., 2011; Navarro et al., 2011; Jiang et al., 2013). In case of CYPs, eqs. 1 

and 2 were used for calculating the percent contribution of individual CYP isoforms. 

                                       CLint,CYPj
= CLint,rhCYPj

× CYPj abundance × ISEFCYPj
                      (1)   

                                            % Contribution of CYP =
CLint,CYPj

∑ CLint,CYPj

 × 100                                          (2) 

where CLint,CYPj is intrinsic unbound clearance (µL/min/mg protein) of a drug by 

individual isoform of CYPs in human microsomes; CLint,rhCYPj is intrinsic unbound 

clearance of a drug by individual recombinant human CYP isoform (µL/min/pmol 

rhCYPj) obtained from literature (De Morais et al., 1992; Chen et al., 1998; Court et 

al., 2001; Mutlib et al., 2006; Adjei et al., 2008; Laine et al., 2009; Miners et al., 2011; 

Navarro et al., 2011; Jiang et al., 2013); CYPj abundance is the default GastroPlus 

value of protein abundance of individual CYP enzyme in liver microsomes, and 

ISEFCYPj is the inter-system extrapolation factor integrated to correct for differences in 

activity per unit enzyme between rhCYP and human microsomes (assumed as 1, a 

default value in GastroPlus).  

In case of SULTs, eqs. 3 and 4 were employed for the determination of % contribution 

of individual SULT isoforms. 

CLint,SULTj
=

Vmax

Km
=  

 kcat× SULTj abundance 

Km
∝  

 SULTj abundanceadult

Km
                    (3)  

 % Contribution of SULT =
CLint,SULTj

∑ CLint,SULTj

  × 100                                                  (4)  

where CLint,SULTj
 is intrinsic clearance of a drug by individual isoform of SULTs; SULT 

abundanceadult is the corresponding default healthy adult abundance values (pmol/mg 
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protein) of individual isoforms in liver tissue model of GastroPlus; Km values were 

obtained from literature (De Morais et al., 1992; Chen et al., 1998; Court et al., 2001; 

Mutlib et al., 2006; Adjei et al., 2008; Laine et al., 2009; Miners et al., 2011; Navarro 

et al., 2011; Jiang et al., 2013), and kcat is catalytic activity of the enzymes, which was 

assumed constant across SULT isoforms. Although kcat can be different from one 

isoform to another, we assumed that protein abundance and Km are the main 

determinants of the differential activities of individual SULT enzymes.  
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Supplemental Figure 

 

Supplemental Fig. 1. Age-dependent abundance (continuous scale) of SULT1A1 (A), 

SULT1A3 (B), SULT1B1 (C) and SULT2A1 (D). A non-linear allosteric sigmoidal 

model was fitted to the continuous age-dependent protein abundance data. Because 

of the high biological variability and high abundance in children, relative to infants and 

adults, allosteric model could not be optimized for SULT1A1 and SULT2A1. 
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Supplemental Fig. 2. Association of ethnicity with human hepatic protein levels, viz., 

SULT1A3 of < 12 years (A), SULT1A3 of ≥ 12 years (B), SULT1B1 of < 12 years (C), 

and SULT1B1 of ≥ 12 years (D). Statistical analysis for inter-comparison of abundance 

among the two ethnic groups was performed through Mann-Whitney test. The number 

of samples in each ethnicity category is indicated in parentheses on the x-axis. * and 

** represent p-value <0.05 and <0.01, respectively. 
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Supplemental Fig. 3. Association of genotype with hepatic SULT1B1 protein 

abundance in adults. Statistical analysis was performed using Kruskal-Wallis test 

followed by Dunn's multiple comparison test. The number of samples in each genotype 

category is indicated in parentheses on the x-axis. 
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Supplemental Fig. 4. Association of SULT1A1 copy number variation (CNV) with 

hepatic SULT1A1 protein abundance in pediatric samples. Statistical analysis was 

performed using Kruskal-Wallis test followed by Dunn's multiple comparison test. The 

number of samples in each CNV is indicated in parentheses on the x-axis. 
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Supplemental Fig. 5. Association of sex with protein abundance of hepatic SULT1A1 

(A), SULT1A3 (B), SULT1B1 (C) and SULT2A1 (D). Statistical analysis was performed 

using Mann-Whitney test. The number of samples in each sex category is indicated in 

parentheses on the x-axis. 

Fem
al

e 
(7

5)

M
al

e 
(1

14
)

0

100

200

300

400

S
U

L
T

1
B

1
 p

ro
te

in
 a

b
u

n
d

a
n

c
e

(N
o

rm
a
li
z
e

d
)

A)

C)

B)

D)

Fem
al

e 
(7

3)

M
al

e 
(1

15
)

0

500

1000

1500

2000

S
U

L
T

1
A

1
 p

ro
te

in
 a

b
u

n
d

a
n

c
e

(p
m

o
l/
m

g
 c

yt
o

s
o

l 
p

ro
te

in
)

Fem
al

e 
(7

5)

M
al

e 
(1

13
)

0

200

400

600

S
U

L
T

1
A

3
 p

ro
te

in
 a

b
u

n
d

a
n

c
e

(n
o

rm
a
li
z
e

d
)

Fem
al

e 
(7

4)

M
al

e 
(1

07
)

0

1000

2000

3000

4000

5000

S
U

L
T

2
A

1
 p

ro
te

in
 a

b
u

n
d

a
n

c
e

(p
m

o
l/
m

g
 c

yt
o

s
o

l 
p

ro
te

in
)



DMD # 86462 
 

 

Supplemental Fig. 6. Correlation between protein abundances of SULT 

proteins. *** represents p-values <0.001. 
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Supplemental Fig. 7. Principal component analysis (PCA) of SULT protein 

abundance across various age groups. The plot shows absence of cluster on lower 

left side indicating robustness of sample handling and storage. Also, evidently the 

adult data for all SULT proteins have less variability than in pediatric populations of 

different ages.  
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Supplemental Table 
 

Supplemental Table 1. LC gradient program for analysis of surrogate peptides of 
SULTs. 
 

Time 
(minutes) 

Flow rate 
(mL/minute) 

Mobile phase A-Water with 
0.1% formic acid (%) 

Mobile phase B-Acetonitrile 
with 0.1% formic acid (%) 

0.0 0.3 97 3 

4 0.3 97 3 

8 0.3 87 13 

18 0.3 70 30 

20.5 0.3 65 35 

21.1 0.3 40 60 

23.1 0.3 20 80 

23.2 0.3 97 3 

27 0.3 97 3 
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Supplemental Table 2. Optimized mass instrument parameters for analysis of 
surrogate peptides of SULTs enzyme and bovine serum albumin (BSA). 
 

 Protein/peptide 
sequences 

Light/ 
Heavy 

Parent ion 
(m/z) 

Product ion 
(m/z) 

DP* 
(V) 

CE# 
(eV) 

SULT1A1 VHPEPGTWDSFLEK Light 547.94 237.14 71 27 

821.4 237.14 91 37 

821.4 703.34 91 37 

Heavy 550.61 237.14 71 27 

825.41 237.14 91 37 

ILEFVGR Light 417.25 607.32 80 23 

417.25 478.28 80 23 

417.25 356.21 80 23 

Heavy 422.25 617.32 80 23 

422.25 488.28 80 23 

SULT2A1 NHFTVAQAEDFDK Light 761.35 399.18 87 33 

761.35 1270.6 87 33 

761.35 1123.53 87 33 

Heavy 765.36 399.18 87 33 

765.36 1131.54 87 33 

TLEPEELNLILK Light 706.41 344.18 83 33 

706.41 1068.63 83 33 

706.41 260.2 83 33 

Heavy 710.41 344.18 83 33 

710.41 1076.64 83 33 

SULT1B1 NYFTVAQNEK Light 607.3 278.11 75 28 

607.3 425.18 75 28 

607.3 789.41 75 28 

Heavy 611.3 278.11 75 28 

611.3 425.18 75 28 

SULT1A3 AHPEPGTWDSFLEK Light 538.59 209.1 70 24 

538.59 345.66 70 24 

538.59 690.32 70 24 

538.59 738.37 70 24 

538.59 924.45 70 24 

Heavy 541.26 209.1 70 24 

541.26 746.38 70 24 

BSA LVNELTEFAK Light 582.32 595.31 70 31 

582.32 951.48 70 31 

582.32 218.15 70 31 

Heavy 586.33 603.32 70 31 

586.33 959.49 70 31 

586.33 226.16 70 31 
*DP, declustering potential; and #CE, collision energy. 
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Supplemental Table 3. Drug and system specific input parameters for acetaminophen 
model development. 

 

Properties Parameters Values/models 

Physiochemical  

Molecular weight (g/mol) 151.17a 

LogP 0.51b 

pKa 9.46b 

Solubility (mg/mL) 
(pH=8.94) 

13.65a 

B:P 1.58b 

fup 0.82b 

Absorption 

Absorption model ACATc 

Peff (10-4 cm/sec) 12a 

Diffusion coefficient  
(10-5cm2/sec) 

1.11c 

Dissolution model Johnsonc 

Particle size distribution Log-normalc 

Particle radius (µm) 25c 

Particle density (g/mL) 1.2c 

Dose volume (mL) 250c 

Precipitation model First orderc 

Precipitation time (sec) 900c 

Paracellular model Zhiminc 

Distribution 
Distribution Model Full PBPK-Lukacova methodc 

Vss (L/kg) 0.99d 

Elimination 

CLIV (L/h) 19.7b 

fCL,renal (CLR in L/h) 0.057e (1.12)f 

fCL,metabolism,H (CLH in L/h)  0.943e (18.58)g 

Metabolic 
clearance 

CLuint,H in L/h 26.32h 

fm,UGT  
(CLuint,UGT in L/h) 

0.54e (15.07)i 

fm,SULT  
(CLuint,SULT  in L/h) 

0.31e (8.65)i 

fm,CYP  
(CLuint,CYP  in L/h) 

0.093e (2.60)i 

Fraction unbound fumic 1b,c 

Adult enzyme 
expression 

(mg enzyme/g 
tissue) 

UGT1A1 0.052c 

UGT1A9 0.050c 

UGT2B15 0.265c 

SULT1A1 0.257c 

SULT1A3 0.038c 
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Abbreviations: LogP, partition coefficient; pKa, dissociation constant; B:P, blood to 

plasma concentration ratio; fup, unbound fraction in the plasma, fumic, unbound fraction 

in the microsomes, Peff, effective permeability; Vss, volume of distribution at steady 

state; CLIV, intravenous plasma clearance; CLH, hepatic plasma clearance, CLR, renal 

plasma clearance; fCL,renal, fraction of drug cleared unchanged renally; fCL,metabolism,H, 

fraction of drug cleared through hepatic metabolism (calculated as 1- fCL,renal) (Bohnert 

et al., 2016) and fm,DME, fraction of drug metabolized by a drug metabolizing enzyme. 

For method/references, details are as follows: a(Villiger et al., 2016);  b(Jiang et al., 

SULT1E1 0.027c 

SULT2A1 0.155c 

CYP1A2 0.115c 

CYP2C9 0.154c 

CYP2C19 0.030c 

CYP2D6 0.017c 

CYP2E1 0.132c 

CYP3A4 0.242c 

UGTs 

fm,UGTj
 

(% contribution 
of UGT) 

Km (µM) 
Vmax 

(pmol/min/mg 
microsomal protein)j 

CLuint (L/h)i 

UGT1A1 0.162k (30)b 5500l 6661.13 4.52 

UGT1A9 0.162k (30)b 9200l 11142.25 4.52 

UGT2B15 0.216k (40)b 23000l 37140.84 6.03 

SULTs 

fm,SULTj
 

(% contribution 
of SULT) 

Km (µM) 
Vmax 

(pmol/min/mg 
cytosolic protein)j 

CLuint (L/h)i 

SULT1A1 0.176k (57)m 2400n 1498.79 4.91 

SULT1A3 0.042k (13)m 1500n 221.70 1.16 

SULT1E1    0.024k (8)m 1900n 159.25 0.66 

SULT2A1 0.06k (22)m 3700n 905.52 1.92 

CYPs 

fm,CYPj
 

(% contribution 
of CYP) 

Km (µM) 
Vmax 

(pmol/min/mg 
microsomal protein)j 

CLuint (L/h)i 

CYP1A2 0.021k (22)o 220p 33.65 0.57 

CYP2C9    0.002k (2)o 660p 9.18 0.052 

CYP2C19    0.002k (2)o 2000p 27.81 0.052 

CYP2D6    0.002k (2)o 440p 6.12 0.052 

CYP2E1    0.003k (3)o 4020q 83.85 0.078 

CYP3A4 0.064k (69)o 130p 62.37 1.791 
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2013); cDefault value in GastroPlus; dOptimized according to literature reported (Jiang 

et al., 2013) value in adult by adjusting LogP value (1.33) with default tissue:plasma 

partition coefficient (Kp) methods (Lukacova for perfusion-limited and Poulin & Theil 

extracellular for permeability-limited tissues) using PBPKPlus module of GastroPlus. 

Similar approach was used for Vss calculation in children; e(Critchley et al., 1986); fCLR 

= fCL,renal × CLIV; gCLH = fCL,metabolism,H × CLIV or CLIV -  CLR; hCalculated using eq. 2, as 

described in the text; iCalculated using eq. 3; jCalculated using eq. 5, as described in 

the text; kfm,DMEj
= (fm,DME× % contribution of DME)/100; l(Laine et al., 2009); 

mcontribution values (%) of SULT isoforms were calculated from eq. 4,  as described 

in the Supplemental Methodology; n(Adjei et al., 2008); ocontribution values (%) of CYP 

isoforms were calculated from eq. 2, as described in the Supplemental Methodology; 

p(Laine et al., 2009), and q(Laine et al., 2009).  
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Supplemental Table 4. Input parameters for glucuronide metabolite PBPK model. 

 

For method/references, details are as follows: aDetermined using ADMET Predictor 

v9.0.; b(Morris and Levy, 1984), and cOptimized to achieve formation-rate limited 

kinetics as described in the text. 

 
 
 
 
 
 
 
 
 
 
 

Properties Parameters Values/models 

Physiochemical  Molecular weight (g/mol) 327.29a 

LogP -1.16a 

pKa 11.34 (acid)a 

3.92 (acid)a 

Solubility factor 8.23a 

Solubility (mg/mL) 
(pH=2.43) 

38.43a 

 

B:P 0.67a 

fup 0.92b 

fumic 1a 

Absorption Absorption model ACATa 

Peff (10-4 cm/ sec) 0.38a 

Diffusion coefficient  
(10-5cm2/sec) 

0.77a 

Dissolution model Johnsona 

Particle size distribution Log-normala 

Particle radius (µm) 25a 

Particle density (g/mL) 1.2a 

Dose volume (mL) 250a 

Precipitation model First ordera 

Precipitation time (sec) 900a 

Paracellular model Zhimina  

Distribution Distribution model Full PBPK-Lucakova methoda 

Vss (L) 20.797a 

Elimination CLH (L/h) 0a 

CLR (L/h) 35c 
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Supplemental Table 5. Input parameters for sulfate metabolite PBPK model. 

For method/references, details are as follows: aDetermined using ADMET Predictor 

v9.0.; b(Morris and Levy, 1984), and cOptimized to achieve formation-rate limited 

kinetics as described in the text. 

 

Properties Parameters  Values/models 

Physiochemical  Molecular weight (g/mol) 231.23a 

LogP -0.0973a 

pKa 11.42 (acid)a 

0.21 (acid)a 

Solubility factor 175.8a 

Solubility (mg/mL) 
(pH=1.72) 

4.54a 

B:P 0.77a 

fup 0.46b 

fumic 1a 

Absorption Absorption model ACATa 

Peff (10-4 cm/sec) 2.89a 

Diffusion coefficient  
(10-5cm2/sec) 

0.93a 

Dissolution model Johnsona 

Particle size distribution Log-normala 

Particle radius (µm) 25a 

Particle density (g/mL) 1.2a 

Dose volume (mL) 250a 

Precipitation model First ordera 

Precipitation time (sec) 900a 

Paracellular model Zhimina  

Distribution Distribution model Full PBPK-Lucakova methoda 

Vss (L) 15.399a 

Elimination CLH (L/h) 0a 

CLR (L/h) 14.291c 
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Supplemental Table 6. Scaling factors (SF) for mean, lower and higher 95% CI UGT and SULT abundances for individual 
age groups and various SFMPPGL values. 
 

Age groups (range) SFUGT1A1 SFUGT1A9 SFUGT2B15 SFSULT1A1 SFSULT1A3 SFSULT1E1 SFSULT2A1 SFMPPGL 

Mean 

Neonatal# 
(0 to 27 days) 

0.12 0.03 0.39 0.24 0.47 2.66 0.38 0.64 

Infancy# 
(28 to 364 days) 

0.43 0.24 0.60 0.80 0.76 1.64 1.11 0.65 

Infancy* 
(29 to <2 years) 

0.39 0.24 0.54 0.97 0.79 1.56 1.15 0.65 

Toddler/early childhood# 
(1 to <6 years) 

0.69 0.38 0.64 1.57 1.14 1.20 1.63 0.70 

Middle childhood# 
(6 to <12 years) 

0.64 0.43 0.67 1.25 0.99 1.15 1.30 0.75 

Children* 
(2 to <12 years) 

0.69 0.40 0.67 1.36 1.06 1.20 1.46 0.72 

Adolescence* 
(12 to 16 years) 

0.46 0.38 0.81 0.90 0.86 1.15 0.89 0.92 

Adolescence# 
(12 to 18 years) 

0.46 0.39 0.83 0.98 0.88 1.00 0.97 0.92 

Adulthood# 
 (>18 years) 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Lower 95% CI 

Neonatal# 
 (0 to 27 days) 

0.05 0.02 0.005 0.12 0.11 1.23 0.10 0.64 

Infancy* 
(28 to 364 days) 

0.28 0.15 0.47 0.47 0.38 1.42 0.66 0.65 

Infancy* 
(29 to <2 years) 

0.27 0.16 0.42 0.62 0.47 1.36 0.75 0.65 

Toddler/early childhood# 
(1 to <6 years) 

0.47 0.29 0.51 1.26 0.86 0.94 1.29 0.70 

Middle childhood# 
(6 to <12 years) 

0.46 0.33 0.57 1.01 0.81 0.87 1.01 0.75 
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Children* 
(2 to <12 years) 

0.55 0.34 0.60 1.17 0.90 0.99 1.23 0.72 

Adolescence* 
(12 to 16 years) 

0.32 0.29 0.72 0.64 0.55 0.64 0.64 0.92 

Adolescence# 
(12 to 18 years) 

0.35 0.32 0.74 0.76 0.65 0.70 0.76 0.92 

Adulthood# 
 (> 18 years) 

0.79 0.86 0.84 0.89 0.95 0.70 0.91 1.00 

Higher 95% CI 

Neonatal# 
 (0 to 27 days) 

0.19 0.04 0.77 0.35 0.83 4.10 0.65 0.64 

Infancy# 
(28 to 364 days) 

0.57 0.33 0.73 1.12 1.14 1.87 1.57 0.65 

Infancy* 
(29 to <2 years) 

0.51 0.31 0.66 1.32 1.11 1.77 1.55 0.65 

Toddler/early childhood# 
(1 to <6 years) 

0.92 0.46 0.76 1.89 1.41 1.46 1.98 0.70 

Middle childhood# 
(6 to <12 years) 

0.81 0.53 0.78 1.48 1.17 1.42 1.60 0.75 

Children* 
(2 to <12 years) 

0.83 0.46 0.75 1.56 1.22 1.41 1.69 0.72 

Adolescence* 
(12 to 16 years) 

0.60 0.47 0.90 1.15 1.17 1.67 1.14 0.92 

Adolescence# 
(12 to 18 years) 

0.57 0.46 0.91 1.20 1.12 1.30 1.17 0.92 

Adulthood# 
(>18 years) 

1.20 1.14 1.16 1.11 1.05 1.30 1.09 1.00 

#Age classification based on NICHD/NIH; *Age classification based on the USFDA. 
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Supplemental Table 7. Key ontogeny parameters describing abundance-based 
developmental trajectories of SULT enzymes. 
 

  Abirth Amax Age50 h 

SULT1A3 Mean 85.26 96.83 0.9094 166.5 

SE 12.52 4.78 0.1198 4767 

95% CI 60.73 to 109.8 87.46 to 106.2 0.6746 to 1.144 0.0 to 9509 

SULT1B1 Mean 37.75 116.8 0.9092 166 
SE 4.868 4.899 0.01347 656.6 

95% CI 28.21 to 47.29 107.2 to 126.4 0.8828 to 0.9356 0.0 to 1453 

Abbreviations: Abirth, enzyme abundance at birth; Amax, maximum average enzyme 

abundance; Age50, age in years at which 50% enzyme abundance is reached; h, Hill 

coefficient; SE, standard error; and CI, confidence intervals. 
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Supplemental Table 8. Multiple linear regression analysis of predictors associated with 
interindividual variability of SULTs protein abundance.  

 

Dependent 
variable 

Independent 
variable 

Effect size β 
(Coefficient) 

Standard error 
(SE) 

t value p-value 

SULT1A1 
abundance 

(Intercept) 400.405 203.247 1.970 0.050430 

Adulthood -7.621 90.141 -0.085 0.932718 

Toddler/early 
childhood 

211.573 59.108 3.579 0.000447*** 

Infancy 22.004 73.468 0.300 0.764910 

Middle childhood 64.842 55.113 1.177 0.240997 

Neonatal -207.744 127.341 -1.631 0.104625 

Female 347.756 177.3 1.961 0.051437 

Male 348.202 176.668 1.971 0.050326 

African 
American 

-333.657 63.832 -5.227 4.92E-07*** 

Caucasian -286.810 49.476 -5.797 3.13E-08*** 

CNV1 -353.545 142.155 -2.487   0.013829* 

CNV2 -152.472 96.044 -1.588 0.114220 

CNV3 -82.061 101.312 -0.810 0.419063 

CNV4 -77.626 131.343 -0.591 0.555280 

rs9282861A/A -78.8 111.475 -0.707 0.480588 

rs9282861A/G -69.266 88.255 -0.785 0.433621 

rs9282861G/G -37.338 92.542 -0.403 0.687098 

SULT1A3 
abundance 

(Intercept) 64.56 40.85 1.58 0.1158 

Adulthood 22.37 11.64 1.922 0.0562 

Toddler/early 
childhood 

24.11 13.34 1.807 0.0724 

Infancy 9.89 16.56 0.597 0.5512 

Middle childhood 8.36 12.41 0.674 0.5013 

Neonatal -15.44 29.48 -0.524 0.6011 

Female 61.64 40.86 1.509 0.1332 

Male 64.69 40.66 1.591 0.1134 

African 
American 

-81.98 14.49 -5.659 5.91E-08*** 

Caucasian -47.52 11.17 -4.256 3.35E-05*** 

SULT1B1 
abundance 

(Intercept) 90.7278 41.2704 2.198 0.0292* 

Adulthood 7.8164 18.7774 0.416 0.6777 

Toddler/early 
childhood 

13.7968 13.3653 1.032 0.3034 

Infancy -41.5382 16.8152 -2.470 0.0145* 

Middle childhood -0.7525 12.6489 -0.059 0.9526 

Neonatal -58.3861 34.293 -1.703 0.0904 

Female 69.2022 41.3422 1.674 0.0959 

Male 72.32 41.1171 1.759 0.0803 

African 
American 

-90.0892 14.8453 -6.069 7.78E-09*** 
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Caucasian -66.5892 11.4187 -5.832 2.59E-08*** 

rs11731028A/A -19.3662 68.0525 -0.285 0.7763 

rs11731028A/G -13.3737 63.615 -0.21 0.8337 

rs11731028G/G -11.6572 59.1593 -0.197 0.844 

rs1604741C/C 45.0067 63.9997 0.703 0.4828 

rs1604741C/T 15.8329 59.8326 0.265 0.7916 

rs1604741T/T 17.3327 59.0353 0.294 0.7694 

SULT2A1 
abundance 

(Intercept) 465.97 547.23 0.852 0.39569 

Adulthood -40.45 261.52 -0.155 0.87728 

Toddler/early 
childhood 

752.07 182.27 4.126 5.77E-05*** 

Infancy 417.36 224.63 1.858 0.06490 

Middle childhood 316.38 171.99 1.84 0.06758 

Neonatal -368.16 395.61 -0.931 0.35337 

Female 1109.81 547.39 2.027 0.04418* 

Male 1090.45 545.08 2.001 0.04703* 

African 
American 

-934.13 199.34 -4.686 5.68E-06*** 

Caucasian -611.08 156.03 -3.916 0.00013*** 

rs296365C/C 291.32 250.73 1.162 0.24691 

rs296365C/G 149.28 278.3 0.536 0.59239 

rs296365G/G 72.8 492.93 0.148 0.88276 

*, ** and *** represents p-values <0.05, <0.01 and <0.001, respectively. 
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Supplemental Table 9. Summary of Jonckheere-Terpstra (JT) test results (alternative 
hypothesis: two-sided).  

 

 
Covariate 

JT 
Statistic 

p-value 
p-value 

(with nperm 
= 1000) 

SULT1A1 
abundance 

Age groups 
(neonatal-infancy-toddler/early childhood-
middle childhood-adolescence-adulthood) 

6784 0.5249 0.528 

rs982861 (AA-AG-GG) 550 0.4536 NA 

CNV (1-2-3-4) 2099 0.03078* 0.036* 

SULT1A3 
abundance 

Age groups 
(neonatal-infancy-toddler/early childhood-
middle childhood-adolescence-adulthood) 

7785 0.08674 0.092 

SULT1B1 
abundance 

Age groups 
(neonatal-infancy-toddler/early childhood-
middle childhood-adolescence-adulthood) 

8375 0.00332* 0.006* 

rs11569731 (CT-TT) 256 0.08281 0.094 

rs11249460 (CC-CT-TT) 342.5 0.03348* 0.03* 

rs11731028 (AA-AG-GG) 440.5 0.1403 0.142 

rs1604741 (CC-CT-TT) 423.5 0.1257 0.102 

SULT2A1 
abundance 

Age groups 
(neonatal-infancy-toddler/early childhood-
middle childhood-adolescence-adulthood) 

3856 0.7663 0.744 

rs296365 (CC-CG-GG) 282 0.065 0.058 

*Significant associations (p-value < 0.05). 
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Supplemental Table 10. Predicted exposure parameters for intravenous administration of 
acetaminophen according to modified dosing regimen by the USFDA in neonates and 
infants. 

 

Clinical PK 
studies 

Details 
(mean age) 

Predicted (P) 
AUC0-6 h 

(µg٠h/mL) 
Results 

Observed (O) 
AUC0-6 h 

(µg٠h/mL) 

P/O 
ratio 

Acetaminophen 
injection 

Neonatal  
(14 days) 

34.18 Comparable with 
children 

38 0.90 

Acetaminophen 
injection 

Infancy 
(1 year) 

26.58 Comparable with 
children 

38 0.70 

Acetaminophen 
injection 

(OFIRMEV) 

Neonatal 
(14 days) 

57.14 Comparable with 
adult 

43 1.33 

Acetaminophen injection for intravenous use, 7.5 mg/kg dose (CDER, 2010), and 
acetaminophen injection (OFIRMEV), 12.5 mg/kg dose (CDER, 2015). 

 

 

 

 

 

 

 

  



DMD # 86462 
 

References 

Adjei AA, Gaedigk A, Simon SD, Weinshilboum RM, and Leeder JS (2008) 
Interindividual variability in acetaminophen sulfation by human fetal liver: 

implications for pharmacogenetic investigations of drug‐induced birth defects. 
Birth Defects Res A Clin Mol Teratol 82:155-165. 

Bhatt DK, Gaedigk A, Pearce RE, Leeder JS, and Prasad B (2017) Age-dependent 
protein abundance of cytosolic alcohol and aldehyde dehydrogenases in 
human liver. Drug Metab Dispos 45:1044-1048. 

Bohnert T, Patel A, Templeton I, Chen Y, Lu C, Lai G, Leung L, Tse S, Einolf HJ, and 
Wang Y-H (2016) Evaluation of a new molecular entity as a victim of metabolic 
drug-drug interactions-an industry perspective. Drug Metab Dispos 44:1399-
1423. 

CDER (2010) Application number 022450. Clinical Pharmacology and 
Biopharmaceutics Review(s) 
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022450Orig1s000
ClinPharmR.pdf. 

CDER (2015) Application number 204767. Printed Labeling 
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/204767Orig1s000
TOC.cfm. 

Chen W, Koenigs LL, Thompson SJ, Peter RM, Rettie AE, Trager WF, and Nelson SD 
(1998) Oxidation of acetaminophen to its toxic quinone imine and nontoxic 
catechol metabolites by baculovirus-expressed and purified human 
cytochromes P450 2E1 and 2A6. Chem Res Toxicol 11:295-301. 

Court MH, Duan SX, von Moltke LL, Greenblatt DJ, Patten CJ, Miners JO, and 
Mackenzie PI (2001) Interindividual variability in acetaminophen 
glucuronidation by human liver microsomes: identification of relevant 
acetaminophen UDP-glucuronosyltransferase isoforms. J Pharmacol Exp Ther 
299:998-1006. 

Critchley J, Nimmo G, Gregson C, Woolhouse N, and Prescott L (1986) Inter‐subject 
and ethnic differences in paracetamol metabolism. Br J Clin Pharmacol 22:649-
657. 

De Morais SM, Uetrecht JP, and Wells PG (1992) Decreased glucuronidation and 
increased bioactivation of acetaminophen in Gilbert's syndrome. 
Gastroenterology 102:577-586. 

Jiang XL, Zhao P, Barrett J, Lesko L, and Schmidt S (2013) Application of 
physiologically based pharmacokinetic modeling to predict acetaminophen 
metabolism and pharmacokinetics in children. CPT Pharmacometrics Syst 
Pharmacol 2:1-9. 

Laine J, Auriola S, Pasanen M, and Juvonen R (2009) Acetaminophen bioactivation 
by human cytochrome P450 enzymes and animal microsomes. Xenobiotica 
39:11-21. 

Miners JO, Bowalgaha K, Elliot DJ, Baranczewski P, and Knights KM (2011) 
Characterization of niflumic acid as a selective inhibitor of human liver 
microsomal UDP-glucuronosyltransferase 1A9: application to the reaction 
phenotyping of acetaminophen glucuronidation. Drug Metab Dispos 39:644-
652. 

Morris ME and Levy G (1984) Renal clearance and serum protein binding of 
acetaminophen and its major conjugates in humans. J Pharm Sci 73:1038-
1041. 

https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022450Orig1s000ClinPharmR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022450Orig1s000ClinPharmR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/204767Orig1s000TOC.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/204767Orig1s000TOC.cfm


DMD # 86462 
 

Mutlib AE, Goosen TC, Bauman JN, Williams JA, Kulkarni S, and Kostrubsky S (2006) 
Kinetics of acetaminophen glucuronidation by UDP-glucuronosyltransferases 
1A1, 1A6, 1A9 and 2B15. Potential implications in acetaminophen-induced 
hepatotoxicity. Chem Res Toxicol 19:701-709. 

Navarro SL, Chen Y, Li L, Li SS, Chang J-L, Schwarz Y, King IB, Potter JD, Bigler J, 
and Lampe JW (2011) UGT1A6 and UGT2B15 polymorphisms and 
acetaminophen conjugation in response to a randomized, controlled diet of 
select fruits and vegetables. Drug Metab Dispos 39:1650-1657. 

Villiger A, Stillhart C, Parrott N, and Kuentz M (2016) Using physiologically based 
pharmacokinetic (PBPK) modelling to gain insights into the effect of 
physiological factors on oral absorption in paediatric populations. AAPS J 
18:933-947. 


