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ABSTRACT -- In many comparative trials examining the effects of adult obesity on pharmacokinetics of drugs,
conclusions were made based on values that were either not adjusted to total body weight or adjusted to non-obese
body mass (e.g., ideal or lean body weight). In many cases these values were higher in the obese subjects. We
have reviewed the data from comparative human trials, and it is apparent that in examining clearance normalization
to total body weight (as typically done in studies involving pediatric obese patients), the clearances are often
reduced in the obese. We have also reviewed the results of experimental obese versus non-obese rodent models.
Those studies have mostly found that the systemic exposures to the same dose per body weight are increased, with
obesity-related decreases in clearance. Furthermore, the expression of a number of important drug metabolizing
enzymes are reduced in the experimental obese state. There is also evidence that obesity causes increases in the
measured mass of eliminating organs such as liver and kidney. Human clearance normalized to total body weight
appears to better reflect the underlying changes reported in the expression of protein and functional activity of
drug clearance mechanisms.

INTRODUCTION actively treated for the excess weight. A study of UK
general practices showed that, over an 18-month
Since the 1970’s there has been a steady rise in the period alone, 46% of obese patients received drug
global incidence of obesity, largely attributable to therapy with central nervous system agents, 42%
changes in lifestyle (1). These factors include received antimicrobials, 36% received
adoption of an excess of sugars and fats in the human cardiovascular drugs and 30% received agents for
diet, and a reduction in societal levels of physical musculoskeletal disease (8). Even with the
activity. These lifestyle changes have occurred in availability of highly effective surgical treatments for
countries around the globe and have led to serious morbid obesity (gastric bypass), in Canada wait
public health concerns because obesity is associated times are up to two years or more (9). Thus, patients
with increased mortality and morbidity. Serious are likely to be receiving these multiple medications
comorbidities of obesity include Type 2 diabetes for affiliated conditions for a significant duration of
mellitus, hyperlipidemia, atherosclerosis, time, even once it is deemed that gastric bypass
hypertension, heart failure, serious acute surgery is warranted. In using medications to treat
cardiovascular events such as stroke and myocardial obese patients, it is cogent to take into account the
infarction, depression, arthritis, and cancer. Obesity possible influence of the pathophysiological
is a serious risk factor for increased hospitalization condition posed by obesity on the effectiveness or
and mortality in the face of certain infectious adverse effects of those medications.
diseases, such as influenza, and notably, Covid-19 Besides the increases in body mass and
(2-5). This being said, obesity unto itself does not adiposity, a number of other biochemical changes
indicate a state of ill-health in all people, wherein it may afflict the obese. Adipose possesses
has a variable impact on the health of the individual characteristics of an endocrine organ and can secrete
(6, 7). not only hormones (adipokines) (10), but also pro-
It is common for the obese to be receiving and anti-inflammatory  cytokines (11). The
numerous medications for treatment of the adipokines include leptin (involved in regulation of
comorbidities, even while the patient is being the hypothalamic hunger response, energy
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consumption, sodium reabsorption and blood
pressure (12, 13) and adiponectin. Adiponectin is the
most abundant protein in adipocytes and is involved
in oxidation of fatty acids and glucose synthesis (12).
Studies in volunteers given recombinant human
leptin have shown that its CL is lower in patients with
higher BMI (14). Unlike leptin, for which plasma
concentrations increase, adiponectin tends to decline
in obesity.

In obesity the increase in adipocytes is
accompanied by an infiltration of macrophages (15,
16). Macrophages are key to the immune response
due to their ability to secrete a number of pro- and
anti-inflammatory  cytokines. These cytokines
include tumor necrosis factor o (TNFa), interleukin
(IL) 6 and C-reactive protein (12, 17). In obese mice,
up to 40% of adipose mass may consist of
macrophages (18, 19). Adipokines are perhaps more
specific for obesity than cytokines, which are linked
to many inflammatory disorders. However, their
effects are not mutually exclusive. For example,
adiponectin has both pro- and anti-inflammatory
properties (12, 13). Because adipose can secrete
significant amounts of cytokines, obesity can be
considered to be a chronic form of low-grade
inflammatory disease.

Pharmacokinetics is intricately linked to
measures of drug response and toxicity, as it dictates
the concentrations of drug that can come into contact
with the receptors for drug action. The possible
changes that obesity can have on pharmacokinetics
of drugs is important to consider in devising optimal
dosage regimens. Pharmacokinetics includes
components of drug absorption, distribution,
metabolism, and excretion, some of which are also
dependent on drug transport proteins.

In this article, the known effects of obesity on
pharmacokinetics is reviewed in humans, with a
focus on drug clearance (CL). This is followed by an
overview of the effects of experimental obesity on
the metabolism of drugs in animals, and the models
used to study obesity in rodent species.

METHODS

In searching the literature, PubMed was primarily
used to collate data on three main topics pertinent to
the review as follows: a. Human data on
pharmacokinetics. Search terms included obesity,
human, pharmacokinetics, CL and area under the
concentration vs. time curve (AUC); b. Rodent
models of obesity: Obesity, rodents, rat, mice, and
animal model; c¢. Drug metabolism and

pharmacokinetic studies in rodents: Obesity,
pharmacokinetics, drug metabolism, cytochrome
P450, rodent, rat, and mice.

In some cases, the papers obtained from this
search were used to find other relevant references.
The human data was selected if the paper included a
clearly defined obese and non-obese comparison. We
restricted the selected papers to adult comparisons.
Data was collected for subjects, weight, and BMI,
and for CL, volume of distribution (Vd) and terminal
phase half-life (t%2). Both weight-adjusted and
unadjusted estimates of CL and Vd (both divided by
bioavailability, F) were sought. In some cases, both
weight and height were shown, and if the BMI was
not calculated, this was calculated here. In other
cases, the standard error of the mean was shown. The
corresponding standard deviation (SD) was then
calculated as the product of SE and the square root of
the number of subjects.

While most papers reported both the total body
weight-normalized and non-normalized values of the
Vd, many only showed the weight-unadjusted CL.
Hence if the mean and the variance were disclosed of
the non-weight adjusted CL or Vd values, the weight
adjusted values of mean and SD were estimated using
the equations outlined by Blumenfield for the
quotient of two independent variables (20). To
calculate the mean and variance (var) of the weight
normalized pharmacokinetic parameter (PKP), the
following calculations were applied to the non-
weight adjusted PKP:

PKP mean PKP
Mean (—) = X (1

var wt )
wt )

mean wt mean wt?

(PKP) mean PKP ( var PKP
var|— | =

y var wt )
mean PKP?

wt mean wt mean wt?

After these calculations were made, var was
converted to the SD (square root of var). This
provided estimates of mean and SD of most of the
weight-normalized values. In turn this allowed for
application of the Student’s t-test for independent
samples and assessment of the significance of the
differences between the weight-normalized PKP of
the obese and non-obese subjects. The p value was
set to <0.05. We performed this for all available data
sets, even if it was done in the original paper for the
weight-normalized data. In Table 1 we show the
original results presented in the paper where they did
report the weight normalized values. Where they did
not, we show the results of our calculations and
results showing significance based on our application
of the t-test.
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Table 1. Human pharmacokinetic data from studies comparing obese (OB) and non-obese (non-OB) groups of subjects. Where both intravenous (iv) and oral (po) doses
are given, the pharmacokinetic parameters from the iv dose are shown, along with the absolute bioavailability (F) obtained using the oral (po) and intravenous (iv) doses.
The volume of distribution (Vd) shown is that of steady-state (Vdss) if more than one is presented in the paper, or that of the terminal phase (Vdarea) if Vdss not presented.
The clearance (CL) and terminal phase half-lives (t%2) are also shown. If the body mass index is unspecified but weight and height are, the BMI is estimated using the
mean weight and height. Sex is denoted as M or F. Primary CL routes, determined primarily from manufacturer literature, are denoted as Met (metabolism) or Ren (renal).

Ratio obese to non-obese

Age, Weight, CLIF, CLIF, VdIF, VdIF,

Group y kg BMI Lh Lih/kg L L/kg Fabsotue
Drug (route and CL/F, CL/F, Vd/F, Vd/F, t¥
elimination L/h L/h/kg L L/kg
Acetaminophen OB, 7 M
po (21) Met 14F 363 103.7 NA 222 0.22 77.1% 0.74% 143 085 128 074 089 NA

Non-OB,

10MILF 329 62.6 NA 155 0.26 60.1 1.0 NA
Acetylsalicylic OB, 39+13 1134353 38.7 342403+  0033:00098% g5, 000 015120.044 112
acid, iv and po 11MO9F *

52 Mot A 120 076 119 071 104

o 42+16 67+2.2 21.9 2824024 0042400038 13070  0.194+0.012 118
é%);cll?(xr, Noos 54396 121157 45 19.4453%  0163+0.056% 31899  0204£0.089 NA

M 122 063 142 063 091

NoNOP'  530:163 61251 225 143454 0.235:0.000  25.9+104  0.43+0.17 NA
Alprazolam, - po OB, 24-67 112441 NA 3.98+145  0.036+0.014*  114+39.5* 1.140.24 NA
(24) Met 5M7F . . ) S,

A 075 043 55 09 06

oo 24-68 63.3+10 NA 528:201 00870036  73.1125 124014 NA
Atracurium  iv. OB, 2M7 M 15646 0.070+0.022
(25) Met F 543 F 121433 NA 2664522  0217+0.062%  8.6+2.1 x 107 053 101 048 101 NA

Non-OB, 5 M 66+12

M4F 356 F 5749 NA 24245 0.40+ 0.099 8.5+2.1 0.14+0.041 NA
Bisoprolol , iv OB, . -

o0 Ren o 2341 91+17 sgesy  148+14 0.17+0.034% 182426 2.040.3* 6 o s im i NA

Non-OB 196 : : ' : :

§omos. 25+3 51+4 o 12.8+2.2 0.25+0.047 135+14 2.740.40 NA
ngi')”ﬁ/’let OB 4 M 3 100+32  39+13 810£336  0081+0.04  69.9+236%  0.653:0.29 NA
P Nom.OB 121 071 160 094 131

flon-o8: 28+4 oarraze 22429 6.7435 0.11+0.06 436:134  0.72+0.26 NA
Carbamazepine,

o OB M onigp  323:104 1114199 388 124031  0011:0.003%  984:269% 0914029 NA

o 086 049 162 093 192

ponOB 308:89  632:83 22.4 1.440.28 0.022+0.004 61+8.5 0.98+0.18 NA
Cefoxitin, iv OB
(29) Ren Vo 52+8 126429 4310 11.8+258  0.099+0.029% 1845% 0.14+0.04* NA

076 041 164 074 133
'g'ﬁ;l‘ﬂ?' 28+12 60+10 2142 1444606  0247+0.11 1135 0.19+0.06 NA

Table 1. continues...
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Cimetidine, iv OB,

284 14024 59 69+16* 0.51+0.14 8224 0.60+0.20%* NA
(30) Ren D 180 080 099 044 063
o e 284 6247 20.4 38+6.8 0.62+0.13 8413 1.3740.26 NA
é‘f{‘,’&'gf“'”' voos 202475 111429 364+39  54+06* 05240.15%  260451.6%  2.50+0.79 NA
N 121 078 123 080 107
NomOB 250451 72409 233:24  446:723 063013 219+35.8 3.140.65 NA
gg)raésgate' o 33 105 NA 0.79 0.0075 150% 151 NA
MDA 099 063 252 161 270
o o 33 67 NA 0.80 0.0119 63 0.940 NA
Cyclosporine A OB,
i * *
iv(33) Met OM4F  4a7:136 807108 NA 4308215 0.48+0.24 2874762 255:085* (o0 oor 077 06 004 0.33
I5M20F  46.2+¢142  651+115  NA 49.3£22.2 0.76+0.34 206176 45442.7 031
(Dsj")’tg?g’c'”' Vo8 36.8+11  114.3+158 462455  082¢021 0007300021 454,504 009001 NA
e oB 112 059 131 069 112
o 201#12 oo 218:19  073:015  0011:00024  7.69+15 0.13+0.02 NA
OB,
Dexfenfluramine, S5 F 20+9 951 322429 439421 0.462 970+393* 10.243.2 e s e sm 1w 0.61
v and po (35) Non-OB, 27.5+6 59.2 20820  37.7411 0.751 669140 11.3+2.2 ' ' ' ' ' 0.69
Met 5MS5F T ! I T ' - I :
Dexmedetomidin OB, 29.8+7.8  125%10.4 454 58.6:10.66%  0.472+0.094*  310+63.08*  2.5+0.054 NA
e, iv (36) Met 8M4F
NP 131 073 190 104 142
ponOP 3854 6096l 238 44.9+9 06474014 1644191  2.36+0.63 NA
Digoxin iv OB
’ ' 34 100+36.8 NA 19.7+4.9 0.22+0.087 981+301 11,1447
(37) Ren ;4\12?1-155': 117 084 104 074 086 NA
rdipes 32 646-105  NA 16.745.2 0.27+0.091 937+397 14.9+6.6 NA
Ertapenem, iv OB, -
3y Mot o 359451  127+125 43 1914025  0.015+0.002 71811 oo 105 079 119 090 114 A
OB,
v MBS o0 334 182029  0019+0.003*  6.04t12 0063001 114 079 117  08L 103 A
Non-OB,
ponof 341184 667196 225 160027  0024:0004  5.15:05  0.078+0.008 NA
g'é‘)",f/'lgte po ?E/i - 535¢85  955+172  NA 2341 0.025+0.011 195+44  0.22+9.059 NA
115 100 113 098 096
2',‘2/’;'205' 57.8:117  80.8:9.9 NA 2,041 0.022+0.011 172443  0.19+0.052 NA
Glyburide, po OB,
(1) Mot e 553126 1004228 360401 326219  0.03+0.023 47.0+47 0.49+0.48 NA
Non-OB 105 077 083 06l 068
PONOP 608130  733:72 245820  31x198 0.043+0.27 5684603  0.78+0.83 NA

Table 1. continues...
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Ibuprofen, po OB,

*
vt oS 35+13  114+3648 386 o0 .o, 0048:0017 1495208  0.144+0.049 i e 1w o o NA
Non-OB, ’ ' ' ' '
peglars 36+13 61+9.9 207  355:0.815 00600018  10.8+232  0.181+0.048 NA
(fgo,\‘/’lre‘fe”' Voo e 57+14 9110 337 5224163 005740027  7.9245.19%  0087%0047 NA
M 131 094 060 043 043
Mgy 52415 65+7 238 398241 00610040  132+839  0.203+0.129 NA
Levonorgestrel, Morbid OB NA
Do (43) Met 10F 30 120.7 46.6 7.7+1.00% 0.0638° 466+39.6* 3.86° 172 078 28 131 156
OB
10F 2.4 93 34 851+3.71* 0.0915¢ 405+140.2 4.35° 190 112 250 147 138 NA
Non-OB NA
10F 263 549 22 4.48+0.07 0.0816 162454 6 2.95
Lithium, po (44
Lithium, po. (44) v 347457  110£286 389  2034+042* 00197400061  460:04p  O-41820.086
1.47 0.89 1.10 067 073 NA
'Z\'i/rl‘fg 33477 63166 219 138:0372  0022+0.0063  41.8+9.97  0.662+0.158 NA
'zl'golc\jl"":e' v (1)4BM 354112 124430 39 85.6:26.3  0.73140.268%  325+1085%  2.77+1.08 NA
(45) Me M 106 059 175 097 166
ren s 31487 69+4.4 2 80.8£22.5 1.17+0.334 1861523  2.70+0.777 NA
Lidocaine iv OB
' * 32+9.9 96+20 36 0.714022%  264+66.3*  2.89+0.90 NA
(45) Met 11F 65.3+16.51 0or o088 126 o078 142
’1\‘202'08' 306.9 50+6.9 21 69.7+17.45 1.01+0.26 209+51.9 3.04+0.78 NA
Lorazepam iv OB, 6M8
(46) F (23-66) 11174378  NA 6.1242.20%  0.0548+0.027 131431 125+037 162 091 169 102 111 NA
Non-OB, 5
MO F (23-66)  62.5+8.23 NA 3774121 00600016 7724123  1.23+0.15 NA
Lurasidone, po OB,
(47) Met 6M7F 3347 140432 49.3+9.6 330¢ 2.36¢ 37.1¢ 0.26¢ Los 050 050 028 116 NA
om0, . . . . .
6M5F 3448 67.9+01  23.1+18 3174 4679 63.3¢ 0.93¢ NA
yethy'pfﬁd{"so!o 0B,6M 275+41  116£10.1 34.1 161+41 1.40.37 46+9.4* 0.40+0.088 NA
:8 S,t’/lcct' ate, v Non-OB 1.44 0.99 1.49 103 0.63
(48) Me NOROB 247043 799:62 24.7 10843 1.36+0.55 31.4+118 040015 NA
Midazolam iv OB
' : 3564107 117434 NA 28.3+10.2 0.25:0.00%  311+120.7*  267+0.72*
and po (49) Met 13M7F 089 050 273 154 262 0.42
Non-OB, ’ ' ' ' '
NvOB 37548 657467 NA 31.849.1 0.48+0.12 114445 1.74+0.49 0.40
'\é'ga;/fptam' po ?E/i . 35415 107434 NA 6.06:2.8% 00560013  200+168*  2.62+0.64 NA
(50) Me VAR 152 087 212 118 140
on-08: 36+16 63+11.2 NA 40411 0.064+0.016 140+45 2.2240.71 NA

Table 1. continues...
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Oseltamivir, po OB,

%
(51) Met oM aE 39 125 46 840 6.80 2320 20.7 NA
145 079 139 078 111
Non-OB, NA
A 29 69 24 580 8.60 1670 26.7
Oxazepam po OB, 5M6
(46) Met F (23-66) 115413 NA 9.41+455%  0.083:0.034*  97.1+441*  0.84+027* 311 162 253 135 087 NA
Non-OB, 5
M6 F (23-66) 60+8.6 NA 3024119 0.049+0.016 38.4+15.6 0.62+0.17 NA
Phenytoin, iv OB, " . . 190 £*
(52) Mot IM3E 37415 124437.4 NA 3544224  0031+0.020  82.2+29.6 0.72+0.31 NA
NonOB 151 070 204 094 191
SMoE. 35495 67+9.5 NA 2.34+0.57 0.036+0.098 40.246.0 0.61+0.12 NA
Piperacillin, iv Morbid
(53) Ren 0B, 54+15 14334 55 0.138+0.068 NA NA 184 104 NA NA  NA NA
AMSF 19.748.6%
g& 6F 47412 90410 33 11.1#3 0.125+0.036 NA NA 104 093 NA NA  NA NA
Non-OB,
MoE 48+17 8111 27 10.745 0.135:0.064 NA NA NA
Posaconazole, po OB,
* b
(47) Met ﬁl g/rl] _70 |; 3347 140432 49.3t96  10.5+5.46 0.079+0.04 792 5.68 177 o84 291 141 169 NA
6M5F 3418 67.9+0.1  23.1+18  6.1+4.26 0.091+0.064 272 4.03 NA
?gjmse‘;'o”e' v gﬁ/i 2445 121420 37.8 11.1+1.9% 0.0940.022 441%106  0.3470.106 NA
Non.OB 135 08 120 069 091
am 2943 7247 238 8.25+0.92 0.116+0.017 36.7+47.9  0.514+0.120 NA
Procainamide, iv OB, 3347 100¢17.3 4338 5104917 0.53+0.13 158433 163+0.43% NA
(55) Met 2M 5 F 6" 123 084 105 257 081
Non-OB 227427 : : ' : :
Aviya 2743 68.4+11.5 3 41.9+13.6 0.63+0.22 15026 2.25£0.53 NA
Propofol OB,
(56) Mot SN 6 E 304475 1314272 47.848.0 519 4.36 11 0.85 231 119 152 076 542 NA
0B,
iMaE 304475 1244267  44.6:8.8 500 4.78 98.7 0.796 243 131 136 071  6.79 NA
Non-OB, 23.8+0.4
aM3F 30.4+108  65.3%3.1 s 247 3.63 72.6 112 NA
Propranolol, iv OB, 3346 1374358 46.2 46829  037+0002%  330+538* 264076 0.35
and po (57) Met 3M3F 1 17 7 167
Non.OB 00 050 73 08 6
AM3E 3316 66.8+11.3 225 4684146 0.721+0.121 198+21.2 3.040.59 0.27
E%r;'g‘i:‘e' v ?OB'F 345+51  104+10.4 NA 34.5+6.9 0.34+0.074*  833#21.9  0.81+0.23* NA
Non.OB 110 056 108 055 113
or 356458  54.8+45 NA 32.3+6.1 0.59+0.12 79.5+14 15+0.28 NA
Thiopental, iv OB, 2M5
(59) Met F 3347 137.9+41.3 489 25.0+14.9%  0.18+0.0812 64863 4.7£2.7% 211 086  810° 337 442 NA
Non-OB, 0
M8F 34.5+6.4 57.445 213 11.9+3.7 0.21+0.06 80.4+26 1.4+0.46 NA

Table 1. continues...
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Tramadol, po OB,

(60) Met 10M2F 5748 100417 33 120+40 12404 6204310 6.243.1 131 08 101 067 069 NA
OB/diabeti
c, 89+14 33 100 075 104 078 091 NA
TM2F 64210 125+45 1.4+05 6414267 7.2430
Overweigh
t, 082 088 077 08 072 NA
13M3F 63+11 84417 27 88+42 1.4+05 6304328 75439
Non-OB, NA
8M,4F 61+14 6748 22 107+47 16407 6164322 9.2+4.8
Trazodone iv OB
' ' 39+19 112434 383 876+2.88  0.08240.029%  162+71.9%  1.43+0.33* 0.84
and po (61) Met ilzo r':{lolé F 107 062 242 140 225
MILE 4019 65+9.6 222 8.162.3 0.13+0.037 67+19.18 1.04+0.33 0.81
(Tzrz'f)‘zl\o/l':tm' po gﬁ/i SF 24-67 120445 NA 20.447.83*  0.19+0.091*2 117+48 1.1140.54%* NA
Non-OB 067 039 101 061 161
EMAE. 24-67 64.2+3.9 NA 31.9+6.86 0.50+0.11 116435 1.81+0.56 NA
Vancomycin, iv. OB *
' ' 50.3+14.0 1064208 367464  4.70+13 0046+0015%  74.4+145*  0.73+0.19
(62) Ren ,1\130 r':’_'g; F 118 072 152 100 077 NA
saMi7F 596154 7104133  230:31  440:14 0.0630.023 50.449.3 0.72+0.18
v n i
ancomyein, v OB, 4147 165446 NA 11.8+4.62¢ 007240012 52413 0.3240.05*
(63) Ren 14M10F NA
Non.OB 2.56 105 113 047 046
1:n|v-| 10F 4148 686 NA 4.62+1.32 0.066+0.018 46+16 0.68+0.24 NA
Verapamil iv (64) Obese, 7 M
*a *
Met ij gn_()bese 39210 127427 417+12  80.3%37.4 0.72+0.37 713+333 6.443.4 107 o062 237 138 281 NA
TMA4F 3713 74413 243+3  75.0429.3 1.1140.44 301433 4.5+0.62 NA
Vortioxetine, po OB,
(65) Met 3M13F 3428 119+224  418+7.0  485£19.9 0.43+0.21 5480 46.20 NA
NoOM-OB 23,042, 090 051 132 075 148
6MS8F 28+10 67.7£9.7 0 54.2+27.0 0.80+0.40 4147° 61.3° NA

* p<0.05 from non-obese for corresponding CL and/or VVd measures. a. Based on the estimated mean and variance, assuming equal variances b: estimated from the stated given CL and the
half-life Insufficient data for estimation of variance or t-test. ¢: authors provided no information on this parameter, or insufficient data to allow for statistical analysis (variance not
provided) d. Estimated from dose, AUC and half-lives presented in the paper. Insufficient data for estimation of variance or t-test. e. Omitted in Figures 2 and 3 (high outlier). NA: Not
available
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Because the values of the individual study
subjects were not available, this approach makes the
assumption of equal variance in the obese and non-
obese groups. These data are highlighted with a
superscript symbol in summary Table 1. While this
this is an assumption, it was observed that in every
case where these estimates of mean and variance
were determined and t-test applied (for either weight-
adjusted or unadjusted PKP), the statistical results of
significance matched those that were reported in the
original paper for both weight adjusted and non-
adjusted PKP of CL and Vd.

Bar and whisker plots were constructed using
Microsoft Excel for Windows (Redmond, WA), and
show the minimum, maximum, median, quartiles and
mean, including outliers.

For animal studies, the relative expressions of
enzyme or transporter function were sought in obese
versus non-obese animals and restricted to
translational outcomes of immunoblots for protein
concentration or activity using chemical probes.

PHARMACOKINETICS OF
HUMAN OBESITY

DRUGS IN

General considerations
Amongst clinical pharmacologists, the effects of
obesity on pharmacokinetics have attracted attention
particularly since the 1970s. It is of note that many of
the important formative papers involving human
trials were authored by D.R. Abernethy, D.J.
Greenblatt and colleagues. Our search and summary
of comparative trials of obese vs. non-obese subjects
is shown in Table 1.
Volume of distribution. The Vd is dependent upon
factors such as relative affinities of drug binding to
proteins in both the blood and tissues, and degree of
lipophilicity of the drug within blood. For lipophilic
drugs it might be expected that the VVd would increase
with increased adiposity, whereas those with
hydrophilic propensity would not be expected to
change. Drugs that bind to lipoproteins might be
expected to have a reduced unbound fraction in
plasma (f,,,) or whole blood (f,) in obesity, because
hyperlipidemia is a known comorbidity. This could
tend to decrease the Vd of such lipoprotein-bound
drugs in obesity. The Vd if based on non-
intravascular data and unknown bioavailability (F) is
abbreviated as Vd/F; note for intravascular doses F is
assumed to be 1. Wherever possible the steady-state
Vd was sought (Vdss) from the retrieved literature.
In determining drug dosage, the Vd can have a
direct impact on loading dose calculations. Body

metrics, which could directly affect the VVd of a drug,

have been a main focus of changes in
pharmacokinetics in obesity.
Determinants of  drug clearance.  The

pharmacokinetic parameter of CL (for oral data,
CL/F) is the main indicator of the speed of
elimination of drug from the blood fluids, and it is a
key determinant of the dosing rate to be used to
achieve steady-state concentrations. It is a
summative value of all of the organs responsible for
drug removal from the blood fluids, and the two main
organs responsible are the liver and the kidney.
Hepatic CL according to the well-stirred model is
depicted as:

f u,b X CL,int

Qh + fu,b X CL’int
Where Qu is hepatic blood flow (portal vein + hepatic
arterial flows), CLinx is intrinsic clearance of
unbound drug, and fy, is the unbound fraction in
blood. The CL it of the drug is dependent on factors
such as the maximal rate of metabolism of the drug
by all of the responsible hepatic drug metabolizing
enzymes, the net affinity of the drug for those
enzymes, and the ability of the drug to reach those
enzymes, which is a function of diffusion and drug
transport protein function. Changes in any of these
factors can lead to a change in drug CL by the liver.

The CL of drug by the kidney is dependent on
three main processes, filtration CL, CL by tubular
secretion (Clsecretion), and the fraction of drug
reabsorbed from the tubules (freansorved). Most drugs
are freely filtered by the glomerulus and the CL of
drugs by glomerular filtration is dependent upon the
following:

CLp = QnXE=0QpX

CLrenal = [(fu,p X GFR) + CLsecretion]
X (1 - freabsorbed)

Where filtration CL is the product of the glomerular
filtration rate (GFR) by the f,p,. The other main
mechanism leading to an increase in CLrena IS
ClLsecretion, Which is highly dependent on transport
proteins on the basolateral and brush border
membranes of tubular epithelial cells. This represents
an entry point for drug from the blood to the forming
urine. A process that works against CLenal IS tubular
reabsorption, which is thought to be mostly a reverse
diffusional process of drug returning to the tubular
capillary blood from the tubular lumen (although
transporters are implicated for some drugs). Renal
tubular metabolism can also contribute to CLenal,
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although this is typically insignificant compared to
the other processes. Thus, any obesity-related
changes in plasma protein binding, renal blood flow,
expression and affinities of drug transport proteins,
urine pH and expression and affinity of drug for
metabolizing enzymes could change CLyena. All of
these mechanisms are potentially alterable in the face
of a medical condition such as obesity.

The terminal phase half-life (t¥2) of a drug is
dependent upon both the Vd and the CL of the drug,
and thus can be changed in response to changes in
CL or Vd. It is of use in determining the dosing
interval with repeated doses and for determining
when blood samples are likely to represent steady-
state concentrations.

Observed effects of human obesity

Influence on volume of distribution. Our search for
human trials examining the comparative effects of
obesity on pharmacokinetics in adults is shown in
Table 1 (22-24, 26-45, 47-58, 60-63, 65). Figure 1
shows the relationships between the Vd/F and the
LogP of the drugs presented in Table 1. While there
is a suggestion of an increase in Vd/F when based on
both weight adjusted and unadjusted values, it is not
a consistent finding. This underscores that the Vd is
not simply a function of lipophilicity, but more
importantly, elements of plasma and tissue protein
binding. If the body weight-unadjusted values are
examined, the Vd/F in obesity appears generally
elevated (Table 1, Figure 2). However, when viewed
on a total-weight-adjusted basis, Vd/F appears
mostly lower in the obese. It might be expected that
increased VVd/F is more likely to occur when the drug
is more lipophilic and possesses a higher oil to water
coefficient (LogP).

Our analysis (Figure 1) differed somewhat
from that reported in another recent paper (66),
which reported that over a narrower range of logP (0
to 2.5) there was a more consistent increase in the
total and unbound Vd/F in obese compared to non-
obese; only Vd/F unadjusted for body weight was
assessed.

In some cases, specific attention to the effects
of body weight and BMI have been described for
specific drugs. One example involved the Vd of
ethanol in subjects over a spectrum of BMI from low
to obese, where the weight-normalized VVd was found
in a sex-specific manner to change according to
weight. Two regression equations were determined,
which showed that as the BMI increased, there was a
linear decrease in the Vd (67).
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Figure 1. Relationship between the physicochemical
property of LogP and the Vd/F ratios of mean obese to
respective mean non-obese values from the studies shown
in Table 1. The dashed horizontal lines depict a ratio of
one.
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Figure 2. Relative Vd/F and CL/F of drugs in human
obese compared to non-obese subjects. The obese to non-
obese ratios are shown as both the total body weight
unadjusted and adjusted parameters. Data is based on
mean values from the summary provided of comparative
studies shown in Table 1. The dashed horizontal lines
depict a ratio of one.

On drug clearance in humans. Expectations of
effect of obesity on drug clearance. Obesity-related
alterations in drug CL might be expectedly less
predictable than that of Vd, because of the
involvements of transporter protein and drug
metabolizing enzymes in drug elimination. The
infiltration of adipose tissue by macrophages (15, 16)
leads to higher plasma concentrations of pro- and
anti-inflammatory cytokines. It is known that some
of these elevated cytokine concentrations coincide
with  decreased expressions of some drug
metabolizing enzymes and drug transport proteins.
For example, inflammation in rats was associated
with suppression in hepatic P-glycoprotein (P-gp)
and gastrointestinal segments (69, 70). Some of the
pro-inflammatory cytokines secreted by adipose,
including TNFa and IL6, may also selectively
decrease hepatic CYP, including CYP3A4 and 2C8
(71). After exposing human hepatocytes to TNFa and
IL6, reductions were seen in several drug transporter
(72). This decrease in expression increased with
higher cytokine concentrations. The exposure to IL6
also led to reduced expression of some ABC
transporters (72). These findings were largely in line
in rat livers after with exposure to exposed to
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bacterial lipopolysaccharide (73). Mild inflammation
induced by dosing of bacterial lipopolysaccharide to
healthy volunteers likewise was associated with
decreases in CL of antipyrine, hexobarbital and
theophylline (74), probably due to a decrease in CYP
expression. Increases in circulating tumor necrosis
factor (TNFa), interleukin 6 (IL6), C reactive protein
and ol acid glycoprotein were all seen. Thus, given
that adiposity is a form of chronic inflammation, and
that inflammation is prone to cause decreases in the
expression of some drug metabolizing enzymes, one
might expect a decrease in CL in the obese.

Findings from review of comparative trials. From
Table 1 the data of CL/F were compiled in different
ways. In terms of the overall CL/F, most studies
reported and performed statistical testing for only the
values unadjusted for body weight. When the total
body weight-normalized values of CL/F are
compared, however, there is a general reduction in
the value in the obese vs. the non-obese. In many of
these cases, the difference is significant (Table 1).
The relative values of the obese to non-obese CL/F
ratios were mostly well above one for the unadjusted
values, but less than one for the adjusted values
(Table 1, Figure 2).

Drugs vary in their fraction of CL attributable
to metabolism and renal excretion. To see how this
compares for metabolized and renally excreted
drugs, the data were summarized in Figure 3 for the
pharmacokinetic parameter ratios of obese to non-
obese subjects, stratified by the relative contributions
of renal and metabolic processes towards CL. Both
weight-adjusted and unadjusted parameters of Vd/F
and CL/F overlapped for high and low levels of
metabolism.

Drugs with higher rates of CL are typically
more dependent on organ blood flows than other
factors, such as CL'ix or f,, of the drug. When
stratified by relative rates of CL/F (based on non-
obese subjects), there seemed to be no effect on the
ratios of obese to non-obese for weight adjusted or
unadjusted CL/F (Figure 4).

Some authors have included in their
comparative studies an assessment of the relative
unbound fractions of the study drugs in their obese
and non-obese study subjects. Most of these studies
found no significant difference in blood fluid
unbound fraction between the obese and non-obese.
These included acetylsalicylic acid (22), phenytoin
(52). Clorazepate (32), ciprofloxacin (31),
alprazolam (24), triazolam (24), prednisolone (54),
ibuprofen (41), midazolam (49), thiopental (59),

lorazepam (46), and verapamil (64) (Table 1). Only
nitrazepam (50) and oxazepam (46) had a
significantly different (increased) unbound fraction
in obesity.

Obesity is associated in many patients with
hyperlipidemia, = which  leads to elevated
concentrations of lipoproteins in the blood (68).
Some drugs are known to have a high degree of
binding to lipoproteins, which could be associated
with higher measures of total (sum of plasma protein-
bound and unbound) drug concentrations. This in
turn could influence the estimated Vd and/or CL of
the drug. Most of the drugs that have been
comparatively studied for the effects of obesity on
pharmacokinetics in humans (Table 1, Figure 1) are
not extremely lipophilic, or known to be highly
bound to lipoproteins. For those in which the plasma
unbound fraction was assessed, most were not likely
to be significantly bound to lipoproteins. For drugs
that are ligands for binding to lipoproteins, it would
be the unbound concentration in plasma and the
unbound drug CL that would be a more appropriate
judge of the clinical relevance of the changes caused
by obesity.

To adjust or not adjust clearance to body weight?
Despite expectations, some authors have concluded
that in the obese patient there are increases in drug
CL (75, 76). In making these conclusions, the focus
was on the body-weight unadjusted CL. Others,
however, such as Harskamp-van Ginkel et al (77) in
their examination of children, found that for most of
the drugs examined, the CL was decreased. Of note,
they focused on the CL normalized to the body
weight of the children.

This issue is illustrated by the report of
Mahmood (78), who collected CL values for a
number of drugs from obese and non-obese subjects.
In viewing the data as the CL unadjusted for body
weight (volume per time), one would conclude that
the CL of 10 of the 12 drugs was increased by
obesity, in some cases strikingly so. However, by
dividing each of the mean CL values by the
respective mean total body weight, it becomes
apparent that the body-weight adjusted CL is
decreased for 8 of the 12 drugs.

While in many cases the weight-unadjusted CL
is higher in obesity, does this truly indicate that the
mechanisms involved in facilitating CL are
accentuated in rate or magnitude? Total body CL is a
function of the sum of individual organ CL, not
simply lean body mass. In their commentary, Han et
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Figure 4. Obese to non-obese measures of CL/F for drugs with relatively higher and relatively lower values.

al (76) proposed that the metabolic processes are
related to lean tissues, and extrapolated that lean
body mass can be used to estimate the CL of a drug
in obesity and be used for dosing the obese patient.
This simplistic assumption neglects to consider the
intrinsic levels of metabolizing efficiency. Further if
blood flows to the tissues increase and/or eliminating
organ tissue mass increases in obesity, this would
invalidate the belief that lean tissue mass is
maintained across the spectrum of BMI. The use of
enoxaparin as an example (76) is problematic
because it is not typically measured as unchanged
parent drug, rather its effect being measured
indirectly as anti-factor Xa in the plasma. This
activity is not just dependent on parent drug, but also
the activity of metabolites (79).

Similar to the findings of Mahmood (78) our
search of comparative studies clearly shows that
conclusions drawn of the effects of obesity on drug
CL depends on whether the total weight-unadjusted
or adjusted measures of CL are considered (Table 1).
One would conclude based on body weight-
unadjusted CL values that there is either an increase
or no change in CL. Figure 2 shows the disparity
more clearly, where the mean ratios of obese to non-
obese values from each study are summarized as box
and whisker plots.

Clinically, drug CL is most of benefit tailoring
the maintenance dose rate of a drug. In obesity
considering that the relative CL of obese vs. non-
obese are different for body-weight unadjusted or
adjusted values, any changes in dosing are dependent
on the point of view of the CL values used. In cases
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where the weight-unadjusted clearances show
increases or no change, the natural conclusion would
be that to attain a specified steady-state target
concentration, one would use the same or a higher
daily weight-unadjusted dose rate in the obese.
However, if the weight-adjusted CL are lower, then
one would conclude that the daily dose rate per kg
would need to be reduced. Neither conclusion would
be incorrect. However, use of the weight-normalized
CL and normalizing the daily dose rate to body
weight are both means of taking into account the
individual demographic variable of body weight.
Regardless, given that two conclusions can be
reached depending on the metric used, a question is
left unanswered as to whether the mechanisms
involved in CL of a drug are decreased, unchanged,
or increased in obesity.

Is human clearance of drugs increased or
decreased? As is clear from Table 1 and Figure 1,
the answer depends on which metric one chooses to
view. A clear answer could be derived from
examination of human expression of CYP isoforms,
or other measures of functional activity at the level
of the protein. However, practical limitations are
inherent in obtaining microsomal proteins from
human subjects. Examining metabolite to drug ratios
may also be confounded by obesity-related
downstream changes in drug and/or metabolite
CLenat Or sequential metabolism (80) of the formed
metabolites. While probes selective for specific
isoenzymes can provide insight, one needs to
consider that few probes are entirely isoform-
specific. Data from animals becomes particularly
insightful for understanding the mechanistic effects
of obesity on metabolism or drug CL. Accordingly,
in the next section we review the outcomes of
preclinical studies involving obesity in laboratory
rodents, and what is known of more detailed changes
in drug elimination in humans. This data is then
placed in context with the review of the CL in
humans observed in pharmacokinetic studies.

Rodent models used to assess the effect of obesity.
Most preclinical research into the effects of obesity
have involved the use of rodents, notably mice and
rats. Obesity in humans is linked to lifestyle and
genetic factors. These can be mimicked in laboratory
animal models to understand, amongst other things,
the effects of obesity on pharmacokinetics, including
drug metabolism.

Genetic rodent models of obesity. There are several
genetically-linked experimental models of obesity
available. Some of these have been nicely
summarized in the review by Panchel and Brown
(81). The models that are associated with obesity are
for mice, the C57BL/6-0b/ob and (C57BL/KsJ-db/db
mouse models, and for rats, the Zucker obese and
Otsuka Long-Evans Tokushima fatty rat models.
Another model not mentioned in the review is the
JCR:LA-corpulent rat (82). Each of these models is
associated with increases in body mass, and some can
selectively serve as models for some of the associated
cardiometabolic comorbidities of obesity such as
hypertension, dyslipidemia, cardiovascular disease
and glucose intolerance.

Dietary-induced obesity. In most cases of human
obesity, diet is undoubtedly the major causative
factor. While a clear definition of what constitutes
“obesity” in rodents is not available, it is known that
otherwise normal rodents can be made significantly
overweight compared to animals given a standard
diet by providing diets rich in sugars and/or fats for
several weeks. Many studies have been published
using mice and rats with high fat compositions with
feedings typically ranging from 4 to at least 18 weeks
before final assessments. In humans, obesity is
caused by a combination of not just fats, but also
diets rich in carbohydrates (notable fructose). The
use of high carbohydrate-laden diets, such as high
sucrose or fructose in combination with standard or
high fat rat chow may also be used as a means of
inducing overweight/obesity in rodents. Although
not a typical dietary model, obesity and related
metabolic changes have been uniquely induced by
administration ~ of  monosodium  glutamate
subcutaneously during the first week after birth of
mice (83).

The survey of studies undertaken indicates that
the range of increase in weight is between 5 to over
60% (Supplementary Table 1) (83-116). In
evaluating the results of studies involving rodents, it
is important to consider the species, the diet or model
used, the duration of feeding the high calorie diet,
and the gender of the animals. Although there is no
well-defined metric such as BMI for rats to help
categorize the magnitude of overweight/obesity,
these diets are very effective in increasing weight.
For example, it has been noticed that female rats
appear to be more resistant to weight gain than are
males of the same species when fed the same high
calorie containing meals (96, 103). It is possible that
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female rodents offer a unique insight into the effects
of overweight rather than morbid obesity.

Another consideration in examining drug
metabolism-related data from studies involving
rodents obtained from examination of the serum
biochemistry analysis. Pertinent factors include
glucose, adipokines, liver function enzymes, and
lipids. Each of these could potentially explain
differences between studies. For example, an
elevation in liver function enzymes may occur with
some models using very high concentrations of
dietary fat and would lend towards changes
associated with nonalcoholic fatty liver disease
(NAFLD), which can occur in obese people; this is
associated with fatty infiltration and progression to
fibrosis (117), each of which could hinder metabolic
capacity by the liver. Other models using less fat
might not cause elevations in liver function enzymes.
In  pharmacokinetic studies involving in vivo
administration of drug, elevation in lipids and
lipoproteins could lead to changes in the plasma
protein binding of some lipophilic drugs (68), which
could play a role in altering the CL of the drug by
itself, even without changes in drug metabolizing
enzymes.

Studies into the effects of obesity on in vitro
enzyme expression and drug metabolism

Studies involving rodents. A number of
investigations have been performed in rodents (mice,
rats, and guinea pigs) to examine the effects of
overweight/obesity on drug metabolizing enzymes.
In Table 2, a summary of the data is shown from
studies measuring protein  concentration by
immunoblot techniques or by activity using specific
chemical probes (83, 85, 87, 89, 96, 97, 99, 100, 104,
105, 108, 116, 118-128). Because mRNA is not the
final determinant of the protein present, and because
changes in mMRNA do not always follow those of
translation to protein or enzyme activity, those data
are not included in this review.

Most studies employed high calorie dietary
feedings (usually HFD) in otherwise normal rodents
to achieve an overweight state, with fewer using
genetically-based models of obesity (Table 2). Males
were the most studied sex. Direct measurement of
protein levels by Western blot was mostly used, with
fewer using chemical probes to assess for the effects
of obesity on metabolism. While liver was the main
focus, in some studies enzyme expressions in other
organs such as kidney or intestine were examined.
There were approximately equal numbers of studies

examining mice and rats. CYP was the most studied
class of drug metabolizing enzyme.

There is some conflicting data regarding the
effects of high calorie diets on total CYP. While
Matsumoto et al. (129) found an increase in total
CYP in rats given HFD for 40 weeks, Irizar et al.
(123) found a 43% lower total CYP in obese vs. lean
Zucker rats. In rats given HFD for 14 weeks, total
CYP content was 44% that of Sprague-Dawley rats
fed standard diet (98). On the other hand, in rats
given high fructose diet alone or in combination with
HFD, there were no changes in total CYP (98).

It was of interest that even though Matsumoto
et al. (129) kept the rats for an extended 40-week
period using a diet composed of one of the highest fat
contents reported (80% by kcal), there were rats that
failed to become obese according to their definition
of 125% weight increase over controls. Those rats
were removed from analysis. The authors kept their
rats in groups of four to six in wire bottom cages for
the entire period, and did not mention any monitoring
of calorie intake in their rats, which might have
explained why they did not increase in weight. One
factor that might need to be considered in comparing
variances in outcomes includes age of the rats at the
conclusion of the study. Nevertheless, total CYP
measures do not inform about the individual CYP
isoforms involved in drug metabolism.

In many studies, there were changes in protein
expression and/or functional activities of the
important drug metabolizing enzymes. It is not
possible to make an overarching conclusion about the
effects of obesity on proteins affecting drug
disposition, because the direction of any change
depends on the protein involved. There are some
differences in outcomes between studies, but there
does appear to be a preponderance of consensus in
looking at specific isoforms of enzymes.

This is highlighted in Table 3, wherein the
effects of obesity on specific CYP isoforms (drawn
from Table 2 data) are summarized. Of the CYP
isoforms examined in the rodent studies, CYP3A was
the most commonly assessed enzyme (Table 2),
which is in accordance with the importance of
CYP3A4 in human drug metabolism. Most of the
available studies indicated that there was a decrease
in the expression at the level of protein or in its
activity. A similar observation is seen with CYP1A2
and CYP2C isoforms. The only isoform that appears
to have a general increase in obesity in rodents is
CYP2EL, where most investigators found either an
increase or no change in expression. CYP2D has
mostly been found to be unchanged.
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Table 2. Studies examining the effects of obesity on protein expression by Western blot (WB) or microsomal enzymatic
activity by chemical probe (CP) of obese versus non-obese controls. |decreased in obesity vs. control, 1 increase in activity
vs. control, <> no change in obesity vs. control. Liver shown unless specified.

Species Sex Model Method Findings
Rat, Sprague-Dawley (96, 97, 99) Male 14 weeks HFD WB CYP1A1
CYP1A2 |
CYP2C11 |
CYP2DI |
CYP2E1 [J
CYP3Al |
CYP3A2 |
Matel |
Mdrl
Octl [
Rat, Sprague-Dawley (99, 118) Male 14 weeks HFCS WB CYP1Al1 [
CYP2C11
CYP2DI 1
CYP3Al1 [1
CYP3A2
Matel
Mdrl [
OCT1
Rat, Sprague-Dawley (99, 119) Male 14 weeks combined WB CYP1A1
HFD+HFCS CYP2CI1 |
CYP2DI 1
CYP3Al |
CYP3A2 |
Matel |
Mdrl
OCT1 |
Rat, Sprague-Dawley (120) Male 28 weeks HFD WB and CP CYP2Cll &
CYP3A &
Rat, Sprague-Dawley (96) Female 14 weeks HFD WB CYP1A2 |
CYP2C12 |
CYP2D1 «
CYP2E1 []
CYP3A1 |
Rat, Sprague-Dawley (104) Female 13 weeks HFD WB CYP3A2 1
Rat, Sprague-Dawley (99) Male 14 weeks HFD WB Kidney
Mate ™
Mdrl [
OCT1
OCT2 |
Rat, Sprague-Dawley (99) Male 14 weeks HFCS wB Kidney
Mate ™
Mdrl
OCT1 ]
OCT2 (]
Rat, Sprague-Dawley (99) Male 14 weeks combined WB Kidney
HFD+HFCS Mate L
Mdrl [
OCT1 |
OCT2 |
Rat, Sprague-Dawley (100) Male 52 weeks HFD CP CYP2E1 1t
Rat, Sprague-Dawley (105) Male 52 weeks HFD WB, CP CYP1A2 |
CYP2B1 |
CYP2CI1 |
CYP2D (]
CYP2E1 ]
CYP3Al | WB/LICP
UGTIAI |
UGT1A3 |
UGTIAS |
UGTI1A9 |
UGT2B7 |
Rat, Wistar (116) Male 8 weeks HFD WB CYP3A |
P-gp |
Rat, Wistar (116) Male 8 weeks HFD WB Intestine
CYP3A L
P-gp |
Table 2. continues...
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Rat, Wistar (121)

Rat, Zucker obese (122)

Rat, Zucker lean and obese (123)

Rat, Zucker obese (108)

Rat, Zucker lean (108)

Mouse, C57BL/6J (96)

Mouse, C57BL/6J (96)

Mouse, C57BL/6J (124)

Mouse, C57BL/6 (125)

Mouse, C57BL/6J (85)
Mouse, Tg-CYP2D6 (87)
Mouse, NMRI (83)

Mouse, CD1 (89)

Mouse, Tsumura Suzuki, obese, diabetic, and non
obese (126)

Mouse, Tsumura Suzuki, obese, diabetic, and non
obese (126)

Mouse, obese and non obese ob/ob (127)

Guinea pig, Harley (128)

Male

Male

Male

Male

Male

Male

Female

Male

Male

Male
Male
Male

Male

Male

Male

Male

Male

20 weeks 20% fructose in
drinking water

Lean vs obese rats

16-18 weeks

20 weeks

12 weeks HFD

10 weeks HFD

10 weeks HFD

9 weeks HFD

HFD duration unspecified

14 wk HFD
18 weeks HFD
Monosodium glutamate

14 weeks 60% HFD

7-month-old
8-month-old

12 weeks old

Control vs. combined HFD
and high sucrose/fructose
diets; age and feeding
duration undisclosed

CpP

WB

CP

WB, CP

WB, CP

WwB

WwB

CP

CP

WwB
WwB
WwB

WwB

WwB
CP

CP

WB

CYP1Al
CYP1A2 [
CYP2B1 ]
CYP3A
UGT 1
Cyp3a2 |
P-gp [
CYP total |
CYP1Al [
CYP1A2[0
CYP2B [
CYP2E [
CYP3A
CYP4A [
Liver
CYP2E1 1
UGT N
Kidney
CYP2EL [
UGT 1
Adipose
CYP2ElL 1
Liver
CYP2EI 1
UGT U
Kidney
CYP2E1 [
UGT 1
Adipose
CYP2EI 1
Cypla2 |
Cyp2el 1
Cyp3adl |
Cypla2 |
Cyp2el 1
Cyp3adl |
Cyp2b |
Cyp2c |
Cyp2d 11}
Cyp2el 1
Cyp2j5 |
Cyp3all |
Cyp2c |
Cyp2d 1
Cyp3a |
Octl 1
Cyp2d6 >
CyplAl/2 [
Cyp2a5 [
Cyp2c [J
Cyp2d [

Ugtlal |
Sulflal |
PXR |
CAR |
RXRL |
Intestine
Cyp3a |
Cyp3a |

Cyplal [J
Cyp2bl 1
Cyp 2el |
Cyp 4a [
CYP3A |
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Table 3. Summary of change in hepatic CYP in rodent
studies shown in Table 2 (plus recent ref 158).

CYP Decreased Unchanged Increased
1A1 0 7 0
1A2 6 4 0
2B 3 2 1
2C 6 2 0
2D 2 6 3
2E 2 3 7
2] 1 0 0
3A 16 6 1
4A 0 2 0

Most studies did not employ more than a single
high calorie diet arm, or have used both male and
female animals in the same study. Our group
examined the effects of 3 test diets, one high in fat,
high in fructose, or a combination of both fat and
fructose. High fructose by itself caused less weight
gain that those diets including fats. Except for
triglycerides which were higher in the HFCS alone
group, other biochemical data in serum were similar
in the test diet groups. The animals given diets rich
in fats had more changes in CYP than did those
animals receiving HFCS without excess fats. It was
of interest that the inclusion of HFCS in the diets led
to an increase in CYP2D1, something not associated
with an excess of fats in the diet. In another study
where both sexes were examined, female rats given a
HFD for 14 weeks experiences similar changes in
several CYP as males compared to control rats given
a standard diet (decreases in CYP1A2, 2C and 3A1l)
although in females CYP2D1 did not change whereas
it decreased in males. Chlorzoxazone is a CYP2E
substrate, and the results of increased CL is
consistent with the general observation of an increase
of CYP2EL in obese rats (Tables 3 and 4).

In a very recent report, birth weight did not
appear to influence the effects of a high
fructose/HFD (3.5 months) on CYP activities in
guinea pigs (158). The obese male and female rats
both had decreases in CYP3A, no changes in 2D6,
but only obese males had decreases in 1A2 activities.

Phase 2 metabolism was much less studied
than CYP, and in some cases specific isoforms were
not examined.  One study reported the decreased
expression of several UGT isoforms in rats fed HFD
(105). One study in mice examined sulfatase activity
and Ugtlal activity and found obesity-related
decreases in both (89). Some of the data from humans
for highly glucuronidated and/or sulfated drugs such
as propofol (56), oxazepam (46) and levonorgesterol

(43) suggested a possible increase in UGT activity,
given that for both the body-weight and unadjusted
CL the mean ratios of obese to non-obese subjects
were more than 1 (Table 1).

Besides binding of drug to lipoproteins, the
obesity-related comorbidity of hyperlipidemia has
also been shown to cause decreases in CYP
expressions and activities in rodents (68, 98, 130,
131).

Data from humans. While there are many articles
devoted to the expressions of proteins involved in
determining transport and metabolism in preclinical
species, there is little direct evidence from obese
human tissues. There have been some investigations
involving liver tissues or cells histologically
established as being from patients with NAFLD,
which is commonly associated with obesity (132-
134). Fisher et al studied the expressions of a number
of CYP in humans with varying degrees of NAFLD
at the mRNA and the protein levels (132). In their
protein analysis (Western blots), they found trends
towards decreases in CYP1A2, CYP2C8, CYP2C19,
CYP2D6, CYP2E1 and CYP3A4. They found no
apparent changes in CYP2B6 or 2C9, and a trend
towards an increase in 2A6 with the presence of the
liver disease. The use of chemical probes gave
mostly consistent results compared to observed in
protein content with the exception of CYP2C9 (trend
to increase) and CYP2EL (no trend to change). While
the changes were linked to severity of liver disease,
the data cannot be definitively linked to obesity
because the authors did or could not provide
information about the patient’s BMI or body weight.

In 2020, Zarezadeh et al reviewed the available
studies examining the effects of human obesity on
CYP drug metabolizing activities (135). Most of the
studies indicated a decrease in CYP1A2 and
CYP3A4/5. There were variable study results for
CYP2C and CYP2D6, but an increase in CYP2E1
activities. The authors did not state whether they used
body weight adjusted or non-adjusted CL values to
evaluate their data, although several of the summary
data are supported by liver enzyme activities in
NAFLD samples (132).

Pharmacokinetic studies in obese rodents

There have been only a limited number of studies
examining the pharmacokinetics of drugs in animal
models of obesity, aside from those involving
“specific” probes for CYP activity. Nevertheless, the
findings in those available usually match what was
found in assessments changes in the enzymes
responsible for their metabolism. These studies,
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unlike humans, tend to dose the animals on a mass
per total body weight basis. As is seen in Table 4,
obese rats tend to have higher levels of systemic
exposure based on AUC compared to their control
non-obese animals (97, 101, 108, 115, 116). Some of
the specific findings are discussed below.

Table 4. Systemic exposure of drugs in obese relative to
control non-obese rats given various drugs. All involve
administration of doses given the same mass per body

weight basis.

Drug Model Obese:non-
obese ratio of
plasma AUC

Acetaminophen ip Male Sprague-Dawley 1.48

(115) HFD

Amiodarone (97) Male Sprague-Dawley 151

HFCS+HFD
Atanazavir iv (101)  Male Wistar—Hannover 1.94
HFD

Atanazavir po  Male Wistar—Hannover 2.45

(101) HFD

Chlorzoxazone iv Male Zucker obese rat 0.76

(108)

Chlorzoxazone iv Male Zucker lean rat 0.89

(108) HFD

Nelfinavir iv (116) Male Wistar HFD 1.45

Nelfinavir id (116) Male Wistar HFD 1.70

Theophylline iv Male Sprague-Dawley 1.83

(103) HFD

Verapamil iv (136) Female lean and obese 2.10

Zucker rats
Verofylline (137) Male Sprague-Dawley 0.66
HFD
Khemawool et al examined  the

pharmacokinetics of intravenous chlorzoxazone (a
CYP2EL1 substrate) in lean Zucker rats after standard
or high fat diet, and genetically obese Zucker rats
(108). They also measured its 6-hydroxy metabolite
under these conditions after chlorzoxazone. The CL
in L/h/kg of parent drug was significantly higher in
the fa/fa rats and in the rats given HFD. They also
observed an increased AUC of the 6-hydroxy
metabolite in the obese rats. The Vdss was higher in
the obese and HFD groups of rats (reported as L/h,
but likely L/kg).

Decreases have been seen in the CL/F of
nelfinavir in rats fed HFD after both intravenous and
oral administration (116). The authors found that the
fu in plasma was decreased in the HFD rats leading to
a decrease in the AUC of unbound drug under those
conditions for both routes of administration. Even
though the rats were only 6% different in weight, the
HFD rats displayed significant increases in LDL,
liver function enzymes and glucose. There was no
change in CYP activity noted in this study, perhaps
because the weight increase was so modest, and the
PK changes can be largely attributed to differences

in plasma protein binding (likely increased
lipoprotein binding) brought on by the diet. The same
research group also found a similar effect of obesity
on the CL of the antiviral drug atanazavir with
significantly higher AUC being attained after HFD
with matching intravenous and oral doses per kg of
drug (101).

In obese Zucker female rats there was a
significantly higher AUC compared to lean Zucker
female rats after a single iv dose, which was
accompanied by a decrease in the total body weight
but not weight-unadjusted CL. The Vdaea adjusted
for total weight did not differ between the two
groups, nor was there a difference in the unbound
fraction in plasma (136).

The Phase 2 metabolism of acetaminophen
conjugation has been reported in obese rats after 287
mg/kg intraperitoneal (ip) doses (115). There was a
significant decrease in the CL of acetaminophen in
HFD rats. The formation CL of acetaminophen by
sulfation but not glucuronidation were found to be
significantly decreased in the obese rats. Another
group found that with higher doses of at least 710
mg/kg  acetaminophen renal excretion  of
acetaminophen and conjugated metabolites to be
decreased in obese rats, with greater liver damage
and lethality than standard control diets (106).

The CL of theophylline, a CYP1A2 substrate,
was significantly decreased in obese male rats given
20 mg/kg iv theophylline given as aminophylline
(103). They noted that the HFD was unable to induce
obesity in female rats, so they did not compare the
pharmacokinetics in female mice given HFD or
standard diet.

Rats fed a combination of high fat and fructose
experienced a significantly higher oral amiodarone
AUC when compared to those fed a standard diet for
14 weeks (97). The tissue concentrations were also
studied as well as concentrations of the main
dealkylated metabolite (formed from amiodarone by
multiple CYP isoforms (138) being measured. In
plasma the metabolite to drug ratio of AUC was
decreased in obesity. Higher exposure was seen in
the heart, but this was in accordance with the higher
concentrations in the plasma. The findings in those
rats were in line with the Kkinetics of
desethylamiodarone formation from in liver
microsomes, where the intrinsic formation CL was
lower in HFD, HFCS and combined HF+HFCS
dietary treated rats. Similarly, in rats fed HFD, the
intrinsic CL of lidocaine to its main dealkylated
metabolite was decreased (96). In surgical patients
given lidocaine as rectus sheath injection (139), the
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correlation of weight-unadjusted lidocaine plasma
CL was weak and not significant (r=-0.22, p>0.05).
However, when viewed as weight-normalized CL,
there was a significant negative correlation of plasma
CL with BMI (r =-0.85, p<0.05). Hence the weight
normalized CL was in line with the observations
from the rat liver microsomal study. The metabolism
of dronedarone to its main dealkylated metabolite
was complex in liver microsomes, but with high
calorie diets generally causing decreases in the rate
of metabolite formation (98).

Jang et al. (85) found that HFD in mice led to
increase in liver Octl expression and increases in
metformin exposure in liver and plasma, and the liver
to plasma concentration ratio after ip dosing. The
increase in the liver to plasma ratio was matched with
an increased expression of Octl in the liver tissue.
The increase in Octl in the mice may have been due
to the increases in leptin and insulin, given that in
HepG2 cells (human) their presence was also
associated with increases in OCT1 expression at the
transcription level. It did not appear to be related to
TNFa, since it had no effect on mMRNA expression in
HepG2 cells. Intraperitoneal administration of leptin
(source species not disclosed, but presumably
human) to obese mice caused decreases in Cyplal
and Cyp2b, increases in Cyp2el and no change in
CYP4a activities (127). Insulin infusions were
observed in dairy cows to lower mRNA expressions
of CYP2C and 3A in liver isolated by biopsy, in an
infusion rate-dependent fashion (140).

In a study involving male lean and genetically
obese Zucker rats given iv tacrolimus, it was found
that the body-weight unadjusted CL was not
significantly different between obese and lean rats
(122). While the rats were dosed on a mg/kg basis
and the authors expressed the Vds as weight
unadjusted and adjusted values, they only showed the
CL as unadjusted values. If adjusted for the total
weight given, the mean CL appears to be lower in the
obese than the lean rats (12.4 vs. 19.1 mL/min/kg,
respectively) matching the observed lower mean Vdss
(4.26 vs. 6.29 L/kg, respectively). Such a difference
in weight-normalized CL was consistent with the
authors finding of significant decreases in hepatic
CYP3AZ2 in the obese rats. The authors also studied
intestinal CYP3A2 and P-gp expressions at the
protein level in the rats and found no differences in
lean and obese in 3A2, but significant decreases in P-
gp expression in the upper regions of the intestinal
tract. After oral doses, the authors reported a
significantly higher CL/F for weight unadjusted
values (factor of 2.97 lower in obesity). If the body

weight adjusted CL are calculated the fold-difference
between lean and obese rats became even larger
(factor of 4.82 lower in obesity). The combined data
showed that both lower hepatic CYP3A2 and
intestinal P-gp expressions are fully compatible with
the higher lean to obese measurements of tacrolimus
CL/F, when expressed on a weight normalized basis,
for both iv and po routes.

Not all drugs in rodents had increased AUC
after HFD. In male Sprague-Dawley rats fed HFD for
14 months, prednisolone was given at variable iv
doses and the pharmacokinetics studied (141). The
body-weight-normalized CL did not differ between
the normal and obese rats, suggesting the same AUC
in rats given the same dose on a weight-normalized
basis. The same gtoup also observed that verofylline
had a 52% increase in the weight-normalized CL
after 32 weeks of an 80% kcal HFD for 32 weeks
(137). Unfortunately, we could not find any
information on the fate of the drugs in the literature
that might help explain the result.

Does obesity affect blood flows to liver and
kidney, and/or organ weights?

Drug CL is dependent not just on enzyme and
excretory transport protein function, but also on the
rate at which it is delivered to the organ by the blood.
To permit adequate oxygenation and proper function
of the larger mass of tissues in obesity, blood volume
and cardiac output both increase in obese people in a
linear fashion (142). Some key review articles (143,
144) also concluded that renal blood flow and cardiac
output tend to increase in obesity across species,
including humans.

However, a different conclusion is reached if
those flow rates are normalized to total body weight.
For example, the blood volume and cardiac output
are both reduced by 45% and 40%, respectively, in
obesity (142). Likewise in the work of Carrol et al.
(145) the data showed increases in cardiac output and
in several organ blood flows in obese compared to
non-obese rabbits. However, if the flow per g of
tissue or flow divided by the mean body weights are
examined, there is no apparent difference between
obese and non-obese animals in liver or kidney blood
flow rates. They also observed increases in organ
sizes, including kidney and liver. In a veterinary
clinical study in dogs, obesity was associated with
abnormalities in portal vein hemodynamics,
including a decrease in portal blood flow volume
(146).

Increases in liver size have also been noted in
Sprague-Dawley and Wistar rats fed HFD of varying
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fat content for 8 to 40 weeks (96, 129, 141, 147-149).
The increases in liver weight in HFD rats vs. standard
diet rats ranged between 17 and 37% in each of these
studies. However, when the increases in liver weights
relative to total body weight was calculated, the
values became not significantly difference in all
cases. The mean+SD of the average increase in body
weights, liver weights, and liver weight per body
weights  were  28.3+14%, 26.5£7.9% and
0.99+0.11%, respectively in these studies (96, 129,
141, 147-149). Linear increases in liver, pancreas and
kidney in obesity were also more recently reported in
humans (applying weighted linear regression) (150).
In the study of Hall et al in dogs (151), although
increases in cardiac output, GFR and renal blood
flow were apparent in obese dogs, when divided by
body weight at the end of the study, the differences
in flows dissipated for cardiac output and renal blood
flow, and GFR seemed to be lower in obese dogs.
Hence it would appear that obesity changes
eliminating organ mass but retains the same blood
flow per organ weight. However, another
consideration in viewing blood flows is the
microcirculation within the organs. For liver, a
review of the topic has found that fatty liver is
associated with alterations in the sinusoidal blood
flow, which could potentially mean decreases in the
blood flow to the hepatocytes, with consequences in
hepatic CL of drugs with higher extraction ratios.
Perhaps this explains the observation in Figure 4
where for drugs with higher CL, there was a trend to
lower weight-normalized obese to non-obese CL.

In viewing metabolism, it may be tempting to
make conclusions that the changes in drug
metabolism expected can be estimated by calculating
the product of changes in enzyme expression by the
mass of the liver. This likely oversimplifies
expectations, and may lead to a false conclusion,
because the constitution of the liver, including
factors such as the proportion that is fat, number and
density of hepatocytes and functional activity at the
organ level, are all potentially changed in obesity
(152).

Drugs with high plasma CL in lean rats were
reported to have lower body weight-normalized CL
in obese rats than those with lower values of CL
(147). While this may suggest a reduction in hepatic
blood flow, it is noted that the values were based on
plasma and not blood and were not corrected for the
blood to plasma ratios (153). Underlying this caution
is that some of the plasma CL values exceeded those
of hepatic blood flow in the rat (55 mL/min/kg) (154)

which suggests extrahepatic CL occurring for those
drugs in the rat (assuming a blood to plasma ratio of
1). It would appear that fatty liver disease, which is a
comorbidity in some obese people, is associated with
decreases in hepatic blood flow and liver
microcirculatory flow (146, 155).

How reversible are changes in protein expression
caused by obesity?

In cases of effective weight loss due to management
of lifestyle or other therapeutic intervention, there is
information that a reversal of obesity-related
alterations in drug disposition can be achieved. It has
been shown that in HFD rats, after achieving a state
of obesity, normalization of the diet can lead to pre-
obesity changes even in the absence of significant
weight loss. This occurs at both the protein
expression and metabolizing enzyme activity levels
(96). Data not shown in that paper was information
that the liver weights became the same in the control
and HFD rats after the 4 weeks of feeding the rats in
the HFD group a standard diet. Another example has
been observed for metformin where after bariatric
surgery, pharmacokinetic changes in CL/F and
bioavailability became closer to those of the mostly
non-obese population after the surgery (156).

Concordance between human and animal data
There are few drugs where the pharmacokinetics in
obesity have been examined in both rats and humans.
Examples include acetaminophen and verapamil, and
in both cases, there were increases in the AUC after
giving the same dose per body weight to control and
those given HFD, and these were matched by lower
weight normalized CL values in humans (Table 1 and
Table 4). The combined data from human and animal
studies suggests that at the level of protein expression
and functional activity, there are general decreases in
expression and functional activities of intrinsic drug
CL mechanisms.

Nevertheless, some authors have suggested that in
humans, total-drug body CL usually increases in
obesity. The apparent disparity in these observations
can be attributed to the selection of the values used
to render those conclusions in  clinical
pharmacokinetic studies. It is apparent that using
body-weight  unadjusted values of human
comparative studies, CL generally appears to
increase. In some cases, authors have recommended
that dosing be based on CL adjusted to lean or ideal
body weight. This typically would lead to a
recommendation of the need for a larger dose in the
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obese patient. However, if the CL normalized to the
total body weight is examined, the CL tends to
decrease in obesity (Table 1); this would necessitate
a lower dose in mass per kg for the obese patient. In
both cases, the outcome in dosing is the same. An
implicit assumption of using CL unadjusted to
weight or adjusting to lean body weight is that liver
and kidney weights are unchanged in obesity. This
assumption is violated, however, because changes
occur in liver and kidney weights and blood flows in
obesity. Conclusions about the effects of obesity on
drug CL based on the use of CL values unadjusted to
total body weight tend to obscure mechanistic
changes in drug CL, including the obesity-related
decreases in the expressions and functions of several
important drug metabolizing enzymes including
CYP3A, CYP1A2 and CYP2C.

CONCLUSION

The CL and rates of metabolism of drugs appears to
be generally decreased in the presence of
experimental obesity, and from available enzyme
expression levels in humans. These findings match
calculations of CL normalized to total body weight,
but not unadjusted CL or CL adjusted for measures
of lean body mass. While body weight unadjusted CL
may still be used for dosing of the obese patient, it
should be recognized that it may be misleading to use
it to render conclusions about hoe obesity affects
intrinsic drug eliminating processes. Studies
involving assessment of CL in the obese patient
should consider not just the unadjusted CL, but also
take into account the weight-adjusted CL to gain full
insight into the effect of obesity on drug elimination.

Most of the studies examining the effects of
obesity on drug pharmacokinetics were not designed
to examine whether drug effectiveness or safety is
altered by the condition. Some authors have looked
at the pharmacokinetic-dynamic relationship. For
example, obese patients seem to require higher
steady-state atracurium concentrations in blood than
the non-obese to get the same level of effect (25).
Verapamil also appears to be associated with a
reduction in the affinity of the drug for its receptors
in the obese, as evidenced by a higher concentration
needed for attainment of 50% of maximal effect (PR
interval lengthening). This was despite a lack of
change in the unbound fraction in the plasma (64).
Similarly, the relative effectiveness in calcium
channel blockers in reducing systolic blood pressure
appears to be diminished in obese pediatric patients
(12).

Further study is needed to identify what factors
associated with obesity give rise to the reduced
expression and CL of drugs. These could assist in
completing our understanding of how the condition
can alter drug clearance and metabolism. An
increased understanding of the relationship between
the pharmacokinetics, concentrations achieved in the
blood fluids and the effect of the drug in obesity is
also needed to improve tailoring of drug dosing
requirements, safety, and efficacy.
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