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ABSTRACT: Gender is an important risk factor for adverse drug
reactions. Women report significantly more adverse drug reactions
than men. There is a growing consensus that gender differences in
drug PK is a main contributor to higher drug toxicity in women.
These differences stem from physiological differences (body
composition, plasma protein concentrations, and liver and kidney
function), drug interactions, and comorbidities. Contrast agents
are widely used to enhance diagnostic performance in computed
tomography and magnetic resonance imaging. Despite their broad
use, these contrast agents can lead to important adverse reactions
including hypersensitivity reactions, nephropathy, and hyper-

thyroidism. Importantly, female gender is one of the main risk factors for contrast agent toxicity. As these adverse reactions may
be related to gender differences in PK, this perspective aims to describe distribution and elimination pathways of commonly used
contrast agents and to critically discuss gender differences in these processes.
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G ender is an important risk factor for adverse drug
reactions. When compared to men, women reported
10.2% more adverse drug reactions worldwide in 2019 and,
according to Eurostat, they were prescribed 9.1% more drugs
in all European countries. The higher medication use among
women has been explained with the higher rate of drug toxicity
in women, which require additional drugs to treat the adverse
reactions.”” Drug pharmacokinetics (PK) is a key factor of
gender differences of adverse drug reactions. In a retrospective
study of 86 drugs, 88% had higher drug exposure (area-under-
the-curve) and maximum plasma concentrations in women
than men, and 96% of these drugs induced a higher incidence
of adverse events in women.” Recently, gender differences in
PK has led to a dosing adjustment. The FDA approved
zolpidem dose is S mg in women and 5—10 mg in men because
of slower zolpidem metabolism and higher risk of morning
drowsiness in women.” This gender bias in the pharmaceutical
industry is partially attributable to the fact that, historically,
clinical trials had a higher enrollment of male subjects because
of higher potential risks for women (e.g, pregnancy, breast
feeding) and the potential impact of the menstrual cycle on
efficacy.”* The underrepresentation of women has raised
concern in drug agencies including the FDA, which
implemented the Safety and Innovation Act in 2012 to ensure
a better representation of gender, ethnicity, and age in drug
development. Despite those measures, gender differences in
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drug PK and pharmacodynamics remain underinvestigated,
and drug dosing is rarely adjusted to gender.

Contrast agents are a drug class where adverse reactions
show important gender differences (Table 1). Contrast agents
are chemical substances that enhance the differences between
tissues on images. They enhance the signal intensity of a
targeted tissue by altering the way that electromagnetic
radiation waves pass through the body. These substances can
be administered to the patient orally, rectally, or intra-
venously.”® Multiple studies demonstrate that the incidence

Table 1. Contrast Agent-Related Adverse Reactions with
Higher Incidence in Female Gender

X-ray/CT contrast agents MRI contrast

nonimmunologic anaphylaxis hypersensitivity reactions

contrast-induced nephropathy extravasation of contrast agents
extravasation of contrast agents

thyroid dysfunction
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C. Elimination

Kidneys

Glomerular filtration rate

GFR in living kidney donors
Women < men

Renal clearance of drugs
Women < men

¢ Potential risk of higher

B. Distribution

Plasma binding proteins
Serum albumin: women > men

* Potential risk of lower gadofosveset free plasma
concentration in women

Body weight
Percentage of body fat: women > men

¢ Potential risk of accumulation and longer retention
of iohexol & diatrizoate in women

Hepatic transporters

LIVER UPTAKE TRANSPORTER OATP1B1/3
No gender-related differences found

EFFLUX TRANSPORTER MRP2
Expression in rats: females > males
Gene polymorphism (4 activity): girls > boys

exposure to contrast
agents (CA) in women

« Potential risk of higher exposure to
gadoxetate in women

Figure 1. Contrast agent PK and physiological gender differences. After injection (A), contrast agents enter the bloodstream, bind to plasma
proteins, and distribute throughout the body (B). These processes may be impacted by gender differences in plasma protein concentrations and
body fat content. Contrast agents are eliminated by the kidney and the liver (C). Gender differences in glomerular filtration rate and hepatic uptake
and efflux transporter expression may influence the kinetics of elimination. Gender differences on contrast agent PK could alter the plasma
concentrations of contrast agents and their distribution in target tissues (e.g., liver-specific contrast agents), and thus influence the risk of adverse

reactions.

of contrast media-related adverse reactions were higher in
women after the administration of iodinated contrast agents or
gadolinium-based.” For instance, compared to men, women are
140% more likely to develop non-immunologic anaphylaxis®
and 50% to 68.7% more likely to develop hypersensitivity
reactions”'® under iodinated and gadolinium-based contrast
agents, respectively. They are also 149% more likely to develop
contrast-induced nephropathy'' when administered iodixanol.
Additionally, the extravasation of contrast agents, defined by
the distribution of contrast agents out of blood vessels and in
unwanted tissues, causes side effects that are predominant in
women with 63% to 65% of reported extravasation-related
events.'”"? The risk of thyroid dysfunction after iodinated
contrast agent administration is increased 96% in women.'*
Indeed, female gender is one of the main risk factors for acute
adverse reactions to contrast agents.ls_17

Several studies highlight differences in PK of drugs between
men and women. These differences stem from physiological
differences in body composition, plasma protein concen-
trations, and liver and kidney function that affect the drug
distribution and elimination.”™'®'” Other factors leading to

gender-associated PK differences are differences in drug use
such as polypharmacy and hormone levels that increase the risk
of drug interactions, and comorbidities with effects of
elimination organ function.” These PK differences can impact
contrast agent toxicity. Prolonged exposure due to depot
formation in fat tissue or reduced elimination can lead to
toxicity, as observed with gadolinium-containing contrast
agents in patients with kidney failure (nephrogenic systemic
fibrosis).””*" In this report, we are listing distribution and
elimination pathways of the most widely used computed
tomography (CT) and magnetic resonance imaging (MRI)
contrast agents, and critically discuss gender differences in drug
distribution and elimination with a potential bearing on
contrast agent PK (Figure 1). To avoid ambiguity, the use of
the term gender in the article refers to cisgendered women and
men while the term sex to male or female animals.

1. DISTRIBUTION

After intravenous administration, contrast agents bind to
plasma proteins in the bloodstream and distribute into
different tissues at various degrees as seen in Tables 2 and 3.
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The extent of plasma protein binding and distribution within
the body influences the free plasma concentration and the
elimination rate of drugs.22 In this section, we are discussing
gender-related differences in protein binding and distribution,
and potential effects on contrast agents PK.

1.1. Body Weight and Composition. As discussed
previously, women and men differ in their body composition.
Women have a higher percentage of body fat than men.*'®"
The percentage of adipose tissue impacts the distribution of
lipophilic molecules. Contrast agents with a high volume of
distribution such as the intravenous contrast agents iohexol
(559 mL/kg) and diatrizoate (600 mL/kg) tend to extravasate
from blood vessels'>”’ to distribute into the fat tissue to a
greater extent. Such an extravasation reduces plasma
concentrations and increases their retention in the body.
Lower plasma concentrations generally lead to a lower signal-
to-noise ratio. The smaller vessel size in women’* and the
higher needle/vein size ratio may also contribute to a higher
risk of extravasation in women. Furthermore, the lower blood
volume in women”® will likely increase plasma contrast agent
levels. Interestingly, the dose for certain indications of iohexol
is adjusted to body weight to account for differences in body
composition but gender-adjusted dosing is not required.
Indeed, a correction for body weight or body surface area
only eliminates a minority of sex-dependent pharmacokinetic
differences.” Additionally, ethiodized oil has a very distinct PK
profile because of its lipophilicity. After intralymphatic
administration, the contrast agent enters the lymphatic system
and drains into the systemic compartment via the subclavian
vein.”® According to its monography, when administered in
lymphatic vessels, this contrast agent can be retained from
several weeks to months after its lipid droplets are broken
down in the pulmonary alveoli, the spleen, and adipose tissues.
Similarly to iohexol, ethiodized oil could have lower lymphatic
concentrations due to higher accumulation in fat tissue and
may be retained longer in women.

1.2. Protein Binding. Most contrast agents listed in Table
2 exhibit low plasma protein binding except for the
extracellular gadolinium-containing MRI contrast agent
gadofosveset whose plasma protein binding is about 80%
according to the monography. For drugs with high plasma
protein binding, plasma protein concentrations strongly
influence free drug concentrations in plasma, the volume of
distribution, and the elimination halflife.>* As serum albumin
is the most important plasma protein, its concentration may
impact the PK of gadofosveset. Serum albumin was higher in
women than men in an age range of 16 to 75”7 This gender
difference may increase the plasma protein concentrations of
gadofosveset and prolong its half-life in women. Serum
albumin also has important effects on the relaxivity of
gadolinium-containing contrast agents, and differences in
albumin levels may change the signal-to-noise ratio of all
gadolinium-containing contrast agents.”**” Of note is that
gadofosveset is currently withdrawn in the United States and
Europe but continues to be used in research.”*™*

Furthermore, drugs with high plasma protein binding
compete for binding sites on plasma proteins.”* These drug
interactions could increase free gadofosveset concentrations,
and lead to stronger drug effects and toxicity, and faster
elimination.”* Examples of drugs that could potentially
introduce such interactions with gadofosveset include proton
pump inhibitors, antidepressants, and nonsteroidal anti-
inflammatory drugs (NSAIDs), all of which are more

frequently prescribed to women.’*** Most proton pumps
inhibitors and antidepressants are bound to plasma protein at
more than 80%.%”** According to their respective monographs,
ibuprofen, celecoxib, and naproxen are also highly bound to
plasma proteins, ranging from 90% to 99%. As these
interactions could increase the free concentrations and
accelerate the elimination of gadofosveset or proton pumps
inhibitors, antidepressants, and NSAIDs, more studies are
warranted that investigate potential differences in contrast
agent PK in patients under these treatments.

Comorbidities may also impact contrast agent PK. Diseases
such as obesity may alter drug distribution for lipophilic
contrast agents iohexol and diatrizoate, and hypoalbuminemia
for the highly plasma protein bound contrast agent
gadofosveset. From 1999 to 2018, a cross-sectional survey
made by the National Center for Health Statistics established
that the age-adjusted prevalence of obesity in adults was not
statistically different between men and women.”” However,
gender differences were established when race is taken into
consideration. In non-Hispanic black adults, the prevalence of
obesity was significantly higher in women than men.” In these
adults, the plasma concentrations of iohexol and diatrizoate
may be lower. Hypoalbuminemia is another comorbidity
plausible of influencing gadofosveset’s PK. It occurs in
pregnancy and liver disease such as primary biliary cirrhosis,
which has a higher occurrence in women.” Hence, more
studies on gadofosveset PK in pregnancy and liver disease are
warranted.

2. ELIMINATION

2.1. Renal Pathway. The prevailing elimination pathway
of contrast agents is the renal pathway. Growing clinical
evidence suggests that drugs which are mainly or exclusively
eliminated unchanged by renal elimination were cleared faster
These drugs include digoxine, aminoglycosides,
cephalosporins, and fluoroquinolones.”’ A decreased renal
clearance in women has also been reported for antibiotics that
are mainly renally excreted such as vancomycin, ceftazidime,
and cefepime.”” Therefore, it is likely that renally eliminated
contrast agents are cleared less rapidly in women than in men.
As studies on gender differences on the PK of renally cleared
contrast agents could not be retrieved from the literature, more
clinical studies on potential differences in contrast agent
clearance between men and women are warranted.

Gender differences in drug clearance may be related to
physiological differences between men and women. A
retrospective multicenter study was conducted on a total of
2974 living kidney donors. The results showed that males had
higher GFR than females (92.0 vs 88.1 mL/min/1.73m? P <
0.0001) and the linear decline of measured GFR (mGFR) was
faster in females compared to males over a period of up to 12
years.”> Women have higher renal vascular resistance and
lower renal plasma flow, which contribute to their reduced
GFR."** A hypothesis for these results was that the loss of
estrogen during aging can impact the renal hemodynamics and
structure,”® due to the hormone’s effects on the glomerular
mesangial cells including direct antigrowth and inhibition of
extracellular matrix accumulation.*® Tt was also hypothesized
that, in women, the GFR is masked by scaling to their body
surface area which increases more rapidly over time than in
men.

Because of their negative impact on renal function, some of
the drugs that are more commonly used by women such as

. 41
I men.

https://doi.org/10.1021/acsptsci.3c00116
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NSAIDs, oral contraceptives, and oral estrogen therapy might
alter the elimination rate of renally cleared contrast
agents.”>***” While the risk of consuming anti-inflammatory
and antirheumatic drugs is 27% higher in women than in men,
these drugs have also been shown to increase the risk of
nephrotoxicity.”® The administration of NSAIDs is associated
with papillary necrosis and intrarenal vasoconstriction, due to
the inhibition of prostaglandin synthesis, which lowers the
GFR.* As for contraceptives, while proof of their protective
outcome on the renal pathway had been demonstrated in
former studies,”® new evidence established the deleterious
effects of contracelptives on renal function. These include a
decrease in GFR’' as well as an increase in renal vascular
resistance,”> which also leads to reduced GFR in healthy
subjects.*” Similarly, findings on the effect of hormonal therapy
on kidney functions show conflicting results. While some
studies found no change in GFR,>® others found an association
between hormonal therapy in postmenopausal women and the
loss of kidney function as well as a decline in GFR.>*
Exogenous estrogen increases the activity of the renin-
angiotensin system>> which negatively impacts renal func-
tion.”* The administration of contraceptives, hormonal therapy
or NSAIDs might therefore decrease the renal elimination of
contrast agents. More studies are needed to determine the
clinical relevance of these potential interactions.

Renal diseases may also alter the renal elimination of
contrast agents. For instance, women have a higher prevalence
for predialysis chronic kidney disease than men."' Complica-
tions of diabetes, including chronic kidney disease as well as
end-stage kidney disease, are more severe in women.’’
Contrast agent administration can also lead to kidney disease,
especially with iodinated contrast agents.'> Women are at
higher risk for acute renal failure, contrast-induced nephrop-
athy,'' as well as develo<ping overall renal complications after
contrast agent exposure.”” These diseases may increase plasma
contrast agent levels and prolong their half-life, which could
lead to a higher risk of contrast agent toxicity.

2.2. Hepatic Pathway. While the renal pathway is the
most common elimination pathway of iodinated and
gadolinium-based contrast agents, the hepatic pathway is an
important elimination route for the liver-specific MRI contrast
agents gadoxetate and gadobenate. Ethiodized oil is also
eliminated by the liver as it is cleared by the macrophage
phagocytic system. Changes in the expression of contrast agent
uptake and/or efflux transporters, liver pathologies with
hepatocyte loss, drug interactions, and diet can impact the
pharmacokinetics and biodistribution of these contrast agents.

Gadoxetate and gadobenate are taken up by organic anion
transporter peptides OATPIB1 and OATPI1B3 into hepato-
cytes and subsequently excreted into bile by the multidru%
resistance-associated protein efflux transporter MRP2.°
Potential sex and gender differences in OATP expression are
poorly understood, and may impact the uptake of gadoxetate
and gadobenate into the liver. This could influence the
pharmacokinetics of gadoxetate particularly due to its high
uptake by hepatocytes (about 50% of gadoxetate dose and 3—
3% of gadobenate dose are taken up by hepatocytes™). In
preclinical studies with rats, differences in mRNA expression
were not observed for liver OATP1.°%®" A retrospective
clinical study analyzed the PK of an endogenous substrate of
OATPI1B (Coproporphyrin I) in men and women and did not
find differences between genders.”> A prospective clinical study
of 356 healthy volunteers analyzed the endogenous OATP1B1

substrates glycochenodeoxycholate and glycodeoxycholate 3-
O-glucuronides (GCDCA-3G and GDCA-3G). These sub-
strats showed lower plasma concentrations in women,
suggesting a higher OATPIBI1 activity in women compared
to men. This conclusion is however most likely due to
differences in bile acid synthesis rate resulting in quantitively
different GCDCA-3G and GDCA-3G synthesis between
genders, and thus in lower plasma concentrations for these
substrates in women rather than higher OATP activity.”’
Other clinical data established that OATP expression had no
direct relationship with gender®* and that liver accumulation of
gadoxetate did not differ between genders.65 Moreover, neither
genetic variant of OATP1B (SCLO1B1 521T > C), associated
with impaired uptake activity of numerous drug substrates,’® or
any other OATP1B1 genotypes’” differ between women and
men. It is thus unlikely that OATP expression is different
between genders and impacts the PK profile of gadoxetate and
gadobenate in women.

Evidence of sex and gender differences in MRP2 expression
has been established in both preclinical and clinical studies. In
a study on an MRP2 substrate (emodin) in rat liver, a
significantly higher MRP2 efflux transporter expression with a
lower hepatotoxicity of emodin was found in male rats
compared to females.”® In another rat study, MRP2 mRNA
levels were significantly lower and MRP2 substrate (a-
naphthylisothiocyanate) concentration significantly higher in
female livers than male livers under high-fat diet, while no
differences were observed in normal diet.”” Hence, nutritional
status may also significantly affect the PK of gadoxetate and
gadobenate. In a prospective clinical study in a pediatric
population, a gene polymorphism of MRP2 (C-24T) was
significantly more prevalent in girls and led to an increased
exposure of the MRP2 substrate (methotrexate) in those
subjects.”” Therefore, MRP2 activity seems to be reduced in
girls, and possibly in women, and may lead to increased
gadoxetate and gadobenate exposure.

Certain drugs and sex hormones predominantly used by
women are eliminated by OATP1B or MRP2 which could
impact the elimination of gadoxetate and gadobenate. For
instance, women are 76.5% more likely to be prescribed
thyroid hormones than men® and 84% of adverse events
related to levothyroxine, the most prescribed synthetic thyroid
hormone, are reported by women.”' Levothyroxine is mainly
degraded in the liver and is a substrate for both OATP1B1 and
OATPI1B3, potentially leading to lower liver uptake and slower
elimination of these contrast agents.””’> Hormonal therapy
may also impact the hepatic elimination of contrast agents.
Estrogens including estrone sulfate, 17f-estradiol, and estradiol
sulfate are among OATP1BIl’s known endogenous’® and
exogenous74 substrates, which, following their metabolism, are
transported out of hepatocytes by efflux transporters such as
MRP2.”® Although these substances may produce drug—drug
interactions with gadoxetate and gadobenate in women, there
are no studies that investigate potential increases in contrast
agents exposure in patients under thyroid or hormonal therapy.

Liver disease such as liver cirrhosis and failure decreases the
clearance of liver-specific MRI contrast agents.””*"7¢~7*
Therefore, gender differences in liver disease prevalence need
to be considered. For instance, autoimmune liver diseases,
benign liver tumors, advanced fibrosis, and graft loss in
hepatitis C virus-related disease and the hepatic form of
metabolic liver disease all display a higher prevalence in
women.”” Furthermore, primary biliary cirrhosis is ten times
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more likely to occur in women, which can impact the
enterohepatic cycle and thus the elimination of liver-cleared
contrast agents.79 Systemic lupus erythematosus,go the most
common type of lupus, is also more present in women. This
disease is characterized by decreased mRNA levels of
OATP1B1 and OATP1B3, and OATP1BI protein expression
in human hepatocytes due to increases in plasmatic TNF-a
and IL-6.°" Therefore, these differences in hepatic and
extrahepatic pathologies could impact the blood circulation
time of liver-specific contrast agents.

3. CONCLUSIONS

There are considerable gender differences in the risk of
contrast agent adverse reactions. In this perspective article, we
described distribution and elimination pathways of commonly
used CT and MRI contrast agents and critically discussed
gender differences in these processes. While data on gender
effects on contrast agent PK are scarce, the gender differences
in organ function, comorbidities, and drug interaction risk we
retrieved from the literature are likely to impact the blood
concentration and half-life of contrast agents. Further
preclinical and clinical studies are warranted in animal models
and cis, trans, and nonbinary individuals to elucidate the role of
gender in the processes (physiological differences, co-morbid-
ities, drug interactions) influencing contrast agent PK in order
to understand the impact of gender in contrast agent adverse
reactions. Such studies will inform possibly needed gender-
specific dosing adjustments in contrast agents. The findings
will contribute to reducing gender biases in contrast-enhanced
radiological evaluations.
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