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Supplementary Materials 1

1. PBPK typical tissue/organ values

Reference tissue volumes for an adult male (20 years old, 81 kg and 176.5 cm height) as
simulated by the Simcyp Simulator (V12, Release 2) are shown in Table S1.

Table S1 — The reference tissue volumes (L) for an adult male

Organ Tissue volume (L)
Blood volume 5.75
Red blood cells (erythrocytes) 2.25
Plasma 3.55
Skin 3.08
Heart 0.35
Spleen 0.15
Kidneys 0.33
Brain 1.34
Lungs 0.53
Adipose* 24.83
Skeletal muscle 30.58
Bone 2.32
Gl organs 1.19
Liver 1.61

* Adipose = Total Adipose — interstitial adipose — Yellow marrow

In the case of Adipose, interstitial adipose tissue and the yellow marrow are subtracted from
adipose tissue volume to give the necessary value for the partition coefficient calculations.
The venous blood volume is assumed to be 66% of the total blood volume assuming the
same ratio reported in rats [1].



Table S2 provides the specific density of different organs and tissues which can be used in

calculation of volume of distribution.

Table S2 — The organs and tissues density in adults

Organ or Tissue Density (g/cm3) Reference
Adipose 0.923 [2]
Blood 1.058 (Adult) [3] pp 34
Brain 1.04 [4] pp 209
Heart 1.04 [2] pp 481
Intestine (average of different segments) 1.042 [3] pp 144
Kidney 1.05 (Adult) [4] pp 149
Liver 1.08 [2] pp 482
Lung free of air but with blood 1.05 [4] pp 98-96
Muscle 1.04 [2] pp 479
Skin (Epidermis and Dermis) 1.1 [4] pp 201
Spleen 1.06 [4] pp 223
Wet Bone 1.85 (Adult) [2] pp 490
Yellow marrow 0.98 [2] pp 490




Table S3 provides tissue blood flow rates in male adults as fraction of cardiac output [4]. On
average the cardiac output (CO) is 356 (L/h).

Table S3 — Tissue blood flows as fraction of cardiac output in male adults

Organ or tissue Blood flow rate (fraction CO) [4] pp 21
Adipose 0.05
Bone 0.05
Brain 0.12
Heart 0.04
Gl tract 0.15
Kidney 0.19
Liver (arterial) 0.065
Liver (portal) 0.19
Lung 1
Muscle 0.17
Skin 0.05
Spleen 0.02
Villi 0.06

The gut flow rate in this table is the sum of the blood flow rate to stomach and oesophagus,
small intestine and large intestine which include the villous blood flow too.

The erythrocyte—to-plasma ratio (E:P) can be calculated based on the blood-to-plasma ratio
(B:P) and the individual level of haematocrit (Ht).

_ B:P-(1-Ht)
Ht

E:P (1)



2. Derivation of extracellular and intracellular unbound fraction
2.1.  Extracellular compartment
As described by Rodgers and co-workers [5], the plasma unbound concentration, Cusp, is the

sum of the ionised (BH") and unionised (B) species:
Cu, =[B]Ju, +[BH "]u, (2)

For a monoprotic base, these species are related to the pK, of the drug and the pH of the

environment using Henderson—Hasselbalch equation (3):

[B]
TBh ] 3)

pH = pK, +log

Hence, the unbound concentration of drug in the vascular space and the extracellular water

(Cugw), can be written as:
Cu, =[B]u, [L+107"" ) (4)
Clgy = [Blug, (1+10°7< v ) (5)
Respectively, where pH, and pHegw are the pH values of plasma and extracellular water.

Since the unbound unionised species are in equilibrium in the vascular space and

extracellular water:
[Blu, =[Blugy (6)
Combining the last three equations gives:

(L+10P<PHen )

CuEW :Cuij (7)

Equation (7) applies to a monoprotic base and it can be generalized for all compound charge
types as follows:

W
Cugy :Cupv (8)



where Y and W determine the ionisation ratio in plasma and extracellular water
respectively. For a monoprotic base Y= 1+10°"™ and W=1+10""?"= where pHgy and
pH, are the pH in the extracellular water and plasma respectively. The concentration of drug
in the extracellular water is the sum of the unbound concentration (Cugw) and concentration
associated with extracellular proteins (Cprew). In general, the dominant binding protein in
plasma for acids and albumin for very weak bases [6]. Thus, albumin is assumed to be the
dominant binding protein in tissues for these compound classes. Several binding sites have
been reported for albumin, two of the major ones being the benzodiazepine and warfarin
sites. Benzodiazepines are very weak bases that are predominately unionised at
physiological pH, whereas warfarin, being reasonably acidic (pK; 5.1), is essentially ionised.
This indicates that both ionised and unionised acids and very weak bases are capable of
interacting with albumin. Therefore, this assumption has been incorporated into the
equations. Regarding neutral drugs, lipoproteins are assumed to be the dominant binding

protein. The association constant for proteins (Kapgr) can be calculated using:

_ [PR_Drug]g,

Ka,, =
" [PRlay Cug,

(9)

where [PR_Druglew represents the protein-drug complex concentration in the extracellular
water space of the tissue, that is Cpr ew, and [PR]ew represent the concentration of sites still
available for binding on the protein. Assuming non-saturating conditions prevail, which
occurs when few of the binding sites are occupied, then [PR]gw can be approximated to be
the total concentration of binding protein in the tissue extracellular water. Rearranging (9)
and using (8) generates the following expression for Cpg gw.

W
Con,ew = Kags [PR]ey CU, - (10)



Now, the total concentration in the extracellular water space (Cew) is:
W
Ceay =Clgy +Cpray =CU, 7(1+ Kan[PR]y ) = Cugy (1+ Ka[PR]., ) (11)

Since [PR]gw is calculated by dividing the concentration of binding protein (albumin or

lipoprotein) in the liver ([PR].y) by few, then we can write:

W/(, Kan[PR],;
Cew =Cu, — 1+M (12)
Y fow
Ceaw =CuEW(1+@j (13)
EW

Hence, the unbound fraction of drug in the extracellular water becomes:

fu.. - Clgy 1
" Ca (1+ KapR[PR]uV] (14)
fEW

For strong bases (pKa >7.0) usually Kapg is assumed to be zero, hence fugyw becomes 1.
This can also be used to obtain the ratio between the total extracellular water concentration
and the total blood concentration in the tissue vascular space (Vys) which mean two

differential equations are enough to determine all three liver concentrations (Cys, Cew and

Ciw).

w [1+ KapR[PR]uV]
fEW

K. = (15)
P Chvs B:P/fu




2.2. Intracellular Compartment

The concentration of the drug in the intracellular water space can be determined similarly.
The mass (A) of drug in the intracellular water space can be determined using the
intracellular water concentration (C,w) and its volume (Vw):

AIW = C|wV|vv (16)
As per [6] , it is assumed that the drug can distribute into the tissue constituents (neutral
lipids (NL), neutral phospholipids (NP) and acidic phospholipids (AP), for drugs with pKa>=
7); therefore:

C - Aw Cuyy Viw +Con Ve +Cone Ve +Co ap Vi rem
w =y T v (17)
W W

where both unbound and bound drug are considered. In order to use the liver composition
fractions (fy, fnp and frem, see [6]) we can rearrange equation (17) as follows:

— CuIWVIW +CB,NLVNL + CB,NPVNP + CB,APVB,REM ﬁ

18
y - v (18)
_ Cu IWVIW +CB,NLVNL +CB,NPVNP + CB,APVB,REM VT (19)
w
VT VIW
1
Cw= f_(CU |Wf|w + CB,NLfNL + CB,NPfNP + CB,APfREM) (20)

[\
Distribution of drug into neutral lipids is assumed to equate to the partitioning of unbound
unionised drug between intracellular water and neutral lipids. Then the affinity for neutral
lipids equals the partition coefficient, where the in vitro surrogates for intracellular water
and neutral lipid are assumed to be ‘pure’ water and n-octanol respectively, for all tissues
except adipose. In adipose, vegetable oil was determined to be a better surrogate than n-
octanol for neutral lipid as suggested in [7]. Partitioning into tissue neutral lipids can

therefore be calculated using equation (21):



[Blx. =PI[BJuy (21)
where [B]y. represents the concentration of unionised drug in the neutral lipid of tissue cells
and P is the n-octanol:water partition coefficient of all tissues except adipose, where it
represents vegetable oil:water partition coefficient. As suggested in [7] the neutral
phospholipids can be represented by a mixture of 30% neutral lipid and 70% water the
concentration of unionised drug in neutral phospholipids ([B]np) can therefore be calculated
as follows:

[B],» =0.3[B],, +0.7[B]u,, =0.3P[B]u,, +0.7[B]u,, (22)
As it is discussed in [6] [BH'Juw preferentially interacts with the acidic phospholipids which
are located within cell membranes with the ionised head groups predominantly protruding
into the intracellular tissue water. Such an orientation suggests that the electrostatic
interactions between unbound intracellular [BH'Juw and the charged head groups of the
acidic phospholipids occur at cell membrane—cytosol interfaces. The association constant
(Kaap) of strong bases (pKa >7.0) with these acidic phospholipids (AP’) is given by:

ka, = AP BH Joce
[BH Tuyy [AP Toey

(23)

where [APBH']g rem represents the ionised base-acidic phospholipid complex concentration,
that is, Cgap, and [AP]gem is the concentration of available binding sties on the acidic
phospholipids. It Kasp is not known it can be determined as explained in [5, 6]. For weak

bases (pKa <7.0), acids and neutral drugs Kapp is zero.



Assuming all acidic phospholipids are totally ionised and non-saturation conditions prevail,
such that few of the total AP sites are occupied, [AP]rem is taken to be the total AP
concentration (which is taken to be the sum of the acidic phospholipids concentrations in
the residual tissue matter, fgem). Rearranging equation (23) we obtain the drug
concentration bound to acidic phospholipids.
Conr =Kay [APlgem [Blu\y o (24)

Where o for a monoprotic base is: 10°**P"w and for other charge types can be defined
similarly based on the compound charge type using the Henderson—Hasselbalch equations.

For a monoprotic based compound, the unbound drug concentration in the intracellular

water can be written as:
Cu,, =[Blu,y (1+10pKﬂ”’H'W) (25)
where pHy is the intracellular water pH. Hence:

Cu,,
[BNMr—a+a) (26)

Putting all these together we can obtain:

o _Cuw (e Phu +(03P+07)fy +Kap[AP Jpen frenct ,
w =g Iw It (27)
\W%
c _Cuwm(; Py +(0.3P +0.7)f, + Ka [AP ], 0 ”
w = Iw 1+ (28)
w
And finally:
fu,, = Fow

[f L PR (0.3P+0.7)f,, + Ka [AP‘]TOL] (29)
w
l+a
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