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POPULAR SCIENCE SUMMARY OF THE THESIS 
Sex and gender differences in the uptake and elimination of drugs, have been known for 
centuries. Women have been regarded as different- a 70 kg male has been the norm in 
medicine. In the context of clinical studies, fertile women and elderly are referred to as 
special populations, while palliative patients are referred to as a vulnerable population.  
 
The purpose of the studies in this thesis was to contribute to an increased knowledge of these 
populations, with focus on women’s health. Accordingly, we set out to investigate lipid-
lowering treatment with statins in fertile women and palliative cancer patients. In addition, 
the menstrual cycle variability in novel lipid biomarkers, in the activity of drug metabolizing 
enzyme CYP3A and in microbiota TMAO was explored.  
 
In study І, we investigated the effect of treatment with lipid-lowering statins on drug 
metabolizing enzymes and drug transporting proteins in the liver. Patients with gallstones 
planned for an operation, were treated with statin or placebo once daily for four weeks. Statin 
treatment resulted in an increase in proteins transporting statins in and out of the liver cells. In 
addition, as shown in previous investigations, women had a higher expression of the CYP3A 
enzyme in the liver, than males.  
 
Next, sex differences in the discontinuation of lipid lowering treatment with statins in 
palliative cancer patients, were examined in study ІІ. While females had their statin 
treatment terminated on average 10 months prior to death, males had their treatment ended on 
average 4 months prior to death. 79 % of the females treated with statin did not have 
cardiovascular disease, as opposed to 52% of males.  
 
In study ІІІ & ІV, the menstrual cycle variability of three new lipid biomarkers for 
cardiovascular disease were investigated. In addition, the ratio between the hormone cortisol 
found naturally in the body and its metabolite, was used as a marker for the CYP3A activity. 
Finally, the menstrual cycle variability in TMAO, a substance created by the bacteria in the 
intestines, was examined. The relationships between TMAO and the biomarkers were 
determined. 
 
In study ІІІ, two of the novel biomarkers- ApoB and non-HDL-cholesterol/HDL, were 
higher during the early phases of the menstrual cycle. Remnant-cholesterol, the cholesterol 
found in blood lipids rich in triglycerides, was higher during the latter half of the menstrual 
cycle. Thus, taking a blood sample to evaluate these markers, could ideally be done at the 
beginning of the menstrual cycle and possibly also at the end, to capture all new markers at 
their highest. There was no menstrual cycle variability in TMAO. 
 
 



 

 

 
 
In study ІV, there was no menstrual cycle variability in the marker of CYP3A activity. A 
relationship between the marker and microbiota TMAO, was shown. This association was 
significant for the middle and end of the menstrual cycle. There was also an association 
between the CYP3A marker and the sex hormone progesterone.  
 
Finally, in study V, we assessed CYP3A activity in End-of-Life palliative cancer patients 
during the last two months prior to death. This was done by estimating the ratio between 
cholesterol and one of its metabolites as a marker. The average CYP3A activity, was higher 
in female and male cancer patients, than in the young and elderly controls. This suggests that 
the CYP3A enzyme activity is maintained until the end of life.  
 

 

  



ABSTRACT 
Sex and gender differences in the pharmacokinetics-and dynamics of drugs, have been known 
for centuries. Women have been regarded as different- a 70 kg male has been the norm in 
medicine. In the context of clinical studies, fertile women and elderly are referred to as  
special populations, while palliative patients are referred to as a vulnerable population.  
 

The purpose of the studies in this thesis, was to contribute to an increased knowledge of these 
populations, with focus on women’s health. Accordingly, we set out to investigate lipid-
lowering treatment with statins in fertile women and palliative cancer patients. In addition, 
the menstrual cycle variability in novel lipid biomarkers, in the activity in Cytochrome p-450 
3A enzyme (CYP3A) and in microbiota TMAO was explored.  
 

In study І, we investigated the effect of treatment with lipid-lowering statins on drug 
metabolizing CYPs and transporters in hepatic tissue. Patients with gallstones planned for 
elective cholecystectomy, were subjected to four weeks of statins or placebo treatment. 
Atorvastatin treatment resulted in an induction of the mRNA expression in uptake and efflux 
transporters in hepatocytes. In addition, the previously shown higher expression of mRNA of 
hepatic CYP3A enzyme in fertile women, was confirmed. 
 

Next, sex differences in the discontinuation of lipid lowering treatment with statins in 
palliative cancer patients, were examined in study ІІ. While females had their statin 
treatment terminated on average 10 months prior to death, males had their treatment ended on 
average 4 months prior to death. 79 % of the females treated with statin did not have 
cardiovascular disease, as opposed to 52% of males.  
 

In study ІІІ & ІV, the menstrual cycle variability in novel lipid biomarkers for CVD, non-
HDL-C, ApoB and remnant-C and the endogenous marker of CYP3A activity 6β-
hydroxycortisol/cortisol (6β-OHC/C) in urine were evaluated in the same cohort. In addition, 
the menstrual variability of and associations between, gut microbiota metabolite TMAO in 
blood and the biomarkers, were determined. 
 

In study ІІІ, ApoB and HDL ratio of non-HDL-cholesterol were higher during the follicular 
phase. Triglyceride rich lipoprotein remnant-cholesterol, was higher during the luteal phase, 
compared to the ovulatory phase. Sampling of pro atherogenic ApoB and non-HDL-C could 
ideally be performed in the follicular phase. For patients with Metabolic Syndrome and 
dyslipidemia, sampling during the luteal phase, may be considered. There was no menstrual 
cycle variability in TMAO.  
 

A significant association between 6β-OHC/C and microbiota TMAO, was shown for the 
ovulatory and luteal phase in study ІV. In addition, there was a relationship between 6β-
OHC/C and sex hormone progesterone. Finally, there was no menstrual cycle variability in 
6β-OHC/C.   
 

Finally, in study V, we assessed CYP3A activity measured as 4β-
hydroxycholesterol/cholesterol (4β-OHC/C) in blood, in End-of-Life palliative cancer 
patients. The median 4β-OHC/C was higher in female and male patients, than in the young 
and elderly controls, suggesting that CYP3A activity is maintained until the end of life.  
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1 INTRODUCTION 
 

According to a definition by National Institute of Health (NIH), sex refers to “biological 
differences between females and males, including chromosomes, sex organs, and endogenous 
hormonal profiles” (1). Sex is described as female or male. Gender, described as women and 
men, refers to “socially constructed and enacted roles and behaviors which occur in a 
historical and cultural context and vary across societies and over time”. However, in society 
at large and in the scientific community, these terms are used interchangeably. Sex and 
gender interact continuously, and health is determined by both.  
 

In 1999, NIH and FDA Office of Women´s Health sponsored a workshop entitled “Biologic 
and Molecular Mechanisms for Sex Differences in Pharmacokinetics, Pharmacodynamics 
and Pharmacogenetics” (2, 3). An increase of studies in physiological processes unique to 
females/women, such as menstrual cycle phases and their effects on pharmacokinetics (PK) 
and pharmacodynamics (PD) was advocated.  
 

Several studies on menstrual cycle variability in drug metabolism have been performed (4). 
However, due to shortcomings in methods i.e., failure to objectively establish the exact 
menstrual phase and underpowered studies, results are often not reproducible and thus non-
conclusive (5, 6). This also applies to studies on the effect of menstrual cycle on drug 
metabolizing enzyme Cytochrome p-450 3A (CYP3A) (7, 8) and in biomarkers of 
atherosclerosis & cardiovascular disease (CVD) (9).  
 

Sadly, women and elderly patients (age>75 years) are still underrepresented in clinical trials 
(10). According to FDA, women (pregnant and non-pregnant), and elderly are termed  special 
populations as they demand special consideration in clinical research (10, 11). The reason for 
this is that their physiology differs from to the norm- that in a 70 kg male in mid-life. 
Moreover, subjects who are ill and who cannot always fend for themselves e.g., palliative 
patients, are known as a vulnerable population. 
  

There is a high need to study sex-and gender differences (SGD) in these populations, to 
optimize drug treatment, and to minimize the risks for adverse effects. Thus, the scope of this 
review is to summarize current knowledge and knowledge gaps in SGD in statin treatment, in 
biomarkers of CVD and in CYP3A metabolism.  
 

First, sex differences in the effect of statin treatment on hepatic cytochrome P450 drug 
metabolizing enzymes and transporters, is discussed. Second, sex differences in 
discontinuation of statins in terminally ill cancer patients, is reviewed. Third, the menstrual 
cycle variability in biomarkers of cardiovascular risk- non-HDL, ApoB, remnant cholesterol 
and in microbiota TMAO are evaluated. Four, the menstrual cycle fluctuations in CYP3A 
activity measured as 6β-hydroxycortisol/cortisol, is considered. Finally, the changes in 
CYP3A activity in End-of-Life palliative cancer patients is explored.
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2 LITERATURE REVIEW 
2.1 SEX-AND GENDER DIFFERENCES IN DRUG TREATMENT 

The influence of sex on disease and response to treatment has been known since the days of 
Hippocrates, when he noticed that “a woman does not take the gout, unless her menses has 
stopped” (12). Nevertheless, in research on pharmacokinetics and pharmacodynamics in 
CVD, sex-and gender differences have to a great extent been neglected (13, 14). Starting 
from cell culture (15) to preclinical animal models (16), up to guidelines for diagnosis and 
treatment of CVD (17, 18), studies have mostly been performed on males.  
 
Lower gastric secretion and longer GI transit times affecting absorption, are examples of sex 
differences in PK in women. Lower body weight, less muscle tissue and more fat tissue in 
women may influence the distribution of drugs. In addition, sex has a major impact on the 
drug metabolizing enzyme CYP3A expression and activity in the liver (19). Finally, renal 
elimination rates are lower in women (20).  
 
The involvement of gender in drug PK/PD is even less investigated. Social characteristics 
e.g., socioeconomic status, social context, access to health care systems and medication 
adherence are examples of factors that may create gender bias (21). However, there is 
currently no validated tool for assessing gender i.e., in clinical trials (22). A welcome 
development in recent years, are the editorial policies on SGD reporting implemented in 
medical journals i.e., the Lancet in 2016 (23), and in British Journal of Pharmacology in 2019 
(24). Reporting on the method for the sex-and gender analyses and for the analyses of the 
association between sex, gender and outcome, are advisable. In addition, whether results are 
applicable to both sexes should also be considered  according to these guidelines (23). 

 

2.2 SEX-AND GENDER DIFFERENCES IN STATIN TREATMENT 

2.2.1 Sex differences 

Studies indicate that statin adverse effects are associated to SGD in PK/PD, 
genetics/epigenetics and sex hormones (13, 20). In addition, SGD in the underlying 
mechanisms for the pathophysiology for CVD, may play an important role (25). It has been 
suggested that genes on the Y-chromosome regulate the immunological activation 
contributing to atherosclerotic plaque development (13). This could explain parts of the 
differences in the distribution of atherosclerosis between female and males- diffuse versus 
more localized (13). Furthermore, estrogen has a pivotal role for CVD risk factors like lipids 
and microbiota in the gut (26). 
 
Statins differ in tissue distribution, lipophilicity and extrahepatic effects (13). As a result, 
interactions between statin, sex hormones and the metabolism in the liver, are dependent of 
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the specific statin being used (27). CYP3A4 metabolizes lipophilic simvastatin, atorvastatin, 
and lovastatin (27, 28). In addition, polymorphic CYP3A5 contributes to up to 30% of 
hepatic CYP3A in one third of Caucasians (29). CYP2C9 metabolizes fluvastatin, while 
hydrophilic pravastatin and rosuvastatin have renal excretion (27). In study І, the mRNA 
expression of CYP2C9 and CYP3A4 has been investigated in relation to statins and gender.   
 
The organic anion transporting polypeptide (OATP1B1) is a transporter involved in hepatic 
influx of statins (27). SLCO1B1 is the polymorphic gene encoding for OATP1B1. Female 
sex has been associated with increased risk of statin-associated symptoms (SAMS) (30), 
especially in in those carrying the most investigated single nucleotide polymorphisms (SNP) 
in SLOCO1B1, c.521T>C (p.Val 174Ala; rs4149056). Interestingly, estrogen and its sulfate-
and glucuronide metabolites, are also a substrates for OATP1B1 (27). It has been suggested 
that statin-estrogen competitive interaction for this transporter, could contribute to the 
increased risk for SAMS in females (13).  
 
In a study of postmenopausal females, the effect of hormone replacement therapy (HRT) was 
associated with the levels of sulfated estrogens and to the genetic variations in SLCO1B1 
(31). However, no association between three different SNPs in SLCO1B1 and lipid lowering 
effect, was found in another study of 386 adults (36% females, 63% male) treated with 
atorvastatin or simvastatin (32). Unfortunately, no sex-specific analysis on the effect of 
genetic variations in SLCO1B1 and the response to statin treatment was performed. At the 
same time, atorvastatin, pravastatin, rosuvastatin and simvastatin have been recommended as 
substrates for transporters OATP1B1 and OATP1B3 in drug-drug interaction studies (DDIs) 
during drug development (33). However, there could be a risk of misinterpretation if the 
results are not analyzed by sex (34).  
 
Finally, SNPs in ABCG2 efflux transporter was reported to be associated to SAMS in a 
genome-wide associated study (GWAS) (35). In fact, variations in ABCG2 have also been 
associated with dose-dependent adverse effects of atorvastatin-and rosuvastatin (36). In study 
І, the hepatic mRNA levels of efflux and influx transporters has been studied in relation to 
atorvastatin and fluvastatin.  
 
The effect of statins on primary and secondary prevention of CVD in women is the-never 
ending debate (37). According to a review of sex-specific meta-analysis of the effect of statin 
as primary prevention in 57 177 women, there was no significant effect on neither CVD nor 
all-cause mortality (13). For secondary prevention, there was a reduction of CVD, but no 
significant effect on all-cause mortality.  
 
There are presently no sex-specific guidelines for statin treatment as primary or secondary 
prevention of CVD (18, 20). However, it has been stated that if evidence of a sex-dependent 
effect of statins in primary prevention is not generally accepted, individual risk must be 
assessed, and treatment given according to current guidelines (37). 
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To summarize sex and statin treatment: 

Polymorphisms (SNPs) in CYPs and transporters, induction/inhibition mediated by other 
endogenous substances (e.g., steroid hormones including hormonal status) and exogenous 
substances (e.g., dietary habits, other drugs, exposure to toxins), contribute to a variability in 
statin response and the risk of adverse effects (13). However, whether an interaction between 
sex and genetic variation may affect statin response and adverse effects in females and males, 
is not clear (13). Current evidence may be insufficient to recommend statin treatment as 
primary prevention for women.  

 

2.2.2 Gender differences  

There are gender differences in prescription rates and utilization of drugs in general and for 
statins in particular (38). Patients with little education, low income and female sex, were 
dispensed fewer statin prescriptions one year after ischemic stroke/TIA (39). In fact, in a 
study of patients hospitalized for heart failure, female sex was associated with lower statin 
prescription rates compared to males (25.7 vs 35.3 %, p>0.0001) and a higher probability of 
inadequate dosing (32.6 vs 42.3 %, p<0.0001) (40). 

 

2.3 STATIN TREATMENT IN PALLIATIVE CANCER PATIENTS 

Patients with life-limiting cancer disease>80 years appear to be more susceptible to statin 
induced myalgia and pain (41), indicating that in these patients, statins may do more harm 
than good. In addition, as previously mentioned, females may be at increased risk of statin-
induced myopathy (30, 42). Thus, considering terminating statin therapy could be important 
in patients with advanced cancer disease or life-limiting illness (43). 
 
There are currently two RCTs, Statins in the Elderly (SITE) and Statin therapy for Reducing 
Events in the Elderly (STAREE), investigating statin discontinuation and therapy in the 
elderly >75 years. This is a step forward as studies on statin treatment in the elderly 
population are scarce (44, 45). However, there are no current guidelines for the palliative 
setting, to support physician and patient in the decision to discontinue statins (46). 
Nonetheless, according to a European Expert Consensus panel consisting of 40 experts in 
geriatrics, clinical pharmacology and palliative medicine, prescribing of lipid-lowering 
treatment to older adults aged 75 years or older, with an estimated life expectancy of <3 
months, is considered inadequate (47).  
 
Recently, a screening tools to support clinicians performing medication reviews, and in 
identifying potentially inappropriate medications (PIMs) in older patients was introduced (48, 
49). In a single center trial, the tools STOPP “Screening tool of Older Persons’ Prescriptions” 
and START “Screening Tool to Alert to Right Treatment”  were used in a multi-morbid, 
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older population, The results were reduced polypharmacy, a decrease in falls and adverse 
drug reactions (49).  
 
Still, epidemiological studies indicate that statin prescribing is substantial within nursing 
home residents, also in patients who are classified as frail (50). This is also the case for 
cancer patients with limited life expectancy (51). Furthermore, statin treatment is often 
continued until the very end of life, regardless of whether treatment is primary or secondary 
prevention (43, 52).   
 
Observational studies on statin discontinuation in palliative patients has yielded variable 
results (43) and most participants have been male (53, 54). However, in the first and only, 
unblinded, pragmatic clinical trial, there was an equal proportion of male to females in the 
381 participants (43). There was no statistical difference in deaths within 60 days (overall 
mortality) between patients who continued statin and those who discontinued (23.8% vs 20.3 
90% CI -3.5 to 10.5 %, p=0.39). Moreover, total Quality of Life (QoL) was significantly 
higher amongst patients discontinuing statin and their use of non-statin medication was 
reduced.  
 
Finally, there was no difference in statin associated muscular symptoms (SAMS) (35) 
between the two groups. The authors concluded that stopping statin appears to be safe, as 
there were no differences in overall survival. However, the generalizability of the study 
results was affected by the fact that more than 50 % of eligible patients were unwilling to 
enroll, and that patients with current symptomatic or high risk of CVD were excluded (43). In 
addition, 32% of the participants allocated to continue statin, discontinued statin at some time 
during the study .  
 
Critics against statin prescribing in the palliative setting, argue that patients with limited 
lifespan, will not benefit from the long-term, preventive effects of statins related to lipid-
lowering (43). However, based on preclinical studies, it has been suggested that loss of anti-
inflammatory and immunomodulatory effects of statins on the vascular endothelium, may 
increase the risk of CVD events also short term (46, 55, 56).  
 
This finding has been confirmed in a small number of observational studies, where statin 
discontinuation in connection with acute ischemic stroke or major vascular surgery enhanced 
the risk of a more severe outcome (56, 57). Also, in a RCT of statin discontinuation or 
continuation after acute ischemic stroke in 43 and 46 chronic statin users, there was a 4.7-fold 
increase for death or dependency in patients who did not continue their treatment (58). 
However, in patients with stable coronary heart disease (CHD) who discontinued their statin 
treatment, there was no increase in adverse outcomes (56).  
 
Finally, there are in vitro and animal studies suggesting a role for statins in cancer prevention 
and treatment (59, 60). Modulation of cell proliferation, cell differentiation and apoptosis by 
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statins have been suggested as possible mechanisms. Interestingly, a recently published 
registry study, suggest that lipophilic statins may protect patients with chronic hepatitis B or 
C, from hepatocellular carcinoma (61).  
 
On the other hand, the findings described above may not be applicable to patients with 
advanced cancer disease. When the time in life is limited, the focus for the patient in 
palliative care is “the best possible QoL for the remaining life and to live a full life until you 
die” (62). To accomplish this, there is a need to study discontinuation of preventive 
medicines-how, when and who? In study ІІ, the cessation of statins in palliative patients was 
studied in males and females.  
 
To conclude- at present, potential risks and benefits of discontinuing statins in patients with 
life-limiting illness are unclear. The optimal study design for deprescribing trials in a 
palliative cohort, and minimizing the risks of bias, remains to be determined (63).  
 

2.4 PHARMACOLOGICAL MARKERS OF CYP3A ACTIVITY 

There are several reasons why evaluations of drug metabolism may be useful. 
Pharmacokinetic investigations are key components in drug development: from preclinical in-
vitro studies, animal studies, to clinical studies. In addition, Drug-Drug Interactions (DDIs), 
effects of age, ethnicity, sex and kidney/liver function are to be investigated.  
 
Phenotyping with an exogenous probe drug is central in drug-drug interaction studies (DDIs), 
between the new drug candidate and other drugs that share similar pathways in P450 CYPs or 
transporters, or that are concomitantly used in the disease to be treated (64). Phenotyping is 
also used in academic and clinical settings, to investigate side effects of drugs or to optimize 
and increase the knowledge about drug treatment.  
 
Furthermore, assessment of CYP activity or transporters can also be achieved with 
genotyping (64). However, the connection between genotype and enzyme function is quite 
often poor. The net expressive effect of SNPs in enzymes and transporters may vary with 
concomitant drug treatment, disease activity, diet, race and sex (65-67). Phenoconversion is a 
recently invented term to describe the mismatch between genotype-based predictions of drug-
metabolism and the true ability to metabolize a drug-the phenotype (66).  
 
 

2.4.1 Exogenous and endogenous biomarkers of CYP3A activity 

Midazolam clearance after oral or intravenous administration, is the golden standard for 
phenotyping for CYP3A activity by an exogenous marker (68). Other substrates are 
alprazolam and nifedipine (7, 69). 6β-hydroxycortisol to cortisol ratio in urine (6β-OH-C/C) 
and 4β-OH-cholesterol (4β-OH-C) in plasma are further examples of endogenous markers 
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currently used to evaluate CYP3A-activity (68, 70).  
 
Comparing the two endogenous markers, 6β-OH-C/C show a rapid response to changes in 
metabolism while 4β-OH-C is effective in revealing an induction in CYP3A activity. 
However, as 4β-OH-C has an half-life of 17 days, the marker is less appropriate to detect 
rapid changes in CYP3A activity (71, 72). Recently, sex specific reference intervals for 
cortisol and 6β-OH-cortisol in urine were established, based on 24 h-urine collections and 
serum sampling (73). Most urinary steroid metabolites showed an age dependence, but the 
6β-OH-cortisol metabolite did not. However, to reduce the influence of other sources of 
variability e.g., diurnal, urinary pH or renal clearance, the urinary metabolic ratio (UMR) 6β-
OH-C/C is usually preferred as a pharmacological marker of CYP3A activity (92). Using 
UMR will also allow for a spot sample to be used, according to studies (92). 
 
The benefits of using endogenous markers are several (64). There is no need for intake of 
probe drugs to be administered for several days until steady state is reached. Furthermore, the 
safety of administering a probe drug to special populations e.g., fertile women of child-
bearing potential, elderly, children or terminally ill patients is questionable (33). Using 
endogenous markers will hopefully increase the number of fertile women enrolled in DDI 
studies. Indeed, in a review of 156 DDI studies, altogether 124 publications, only eight 
investigations compared the outcome between females and males (34). Less than 8% of the 
studies had an equal proportion of both sexes and in four studies, sex was not specified. 
 
Unfortunately, the results of comparative studies between exogenous and endogenous 
CYP3A activity biomarkers, are discordant (8, 74). The lack of consensus particularly applies 
to sex- and ethnic differences in CYP3A activity (7, 75). Consequently, endogenous markers 
6β-OHC/C and 4β-OHC/C are not yet validated to be used in formal DDI studies. 
Nevertheless, they do have a role in the early stages of drug development (33, 76). 
 

2.4.2 miRNA as biomarkers and regulators of CYP3A activity 

Non-coding RNA (ncRNAs) are RNA molecules, that are not translated into proteins (77). 
Micro RNA (miRNA), an example of ncRNA, have been shown to modulate the expression 
of CYPs and transporters in vitro, by inhibition of translation or an increase in the messenger 
RNA (mRNA) degradation.  
 
Studies suggest that miR-27b modulate the gene expression of CYP3A4 and transporter 
ABCB1 (P-glycoprotein) (78). In a small clinical study, miRNA-27b expression correlated 
with plasma levels of 4β-hydroxycholesterol, strengthening an association between CYP3A 
and miR-27b in vivo (79). Additionally, in an investigation of 105 male patients treated with 
alprazolam, there was a significant association between UMR 6β-OH-C/C and miRNA-27b 
in plasma (80). Finally, there was a significant relationship between alprazolam levels and 
miR-27b. In study ІV, miRNA-27b was analyzed in relation to CYP3A activity determined as 
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6β-OHC/C ratio.  
 
There are studies suggesting that long-non-coding RNAs (lncRNAs), also may contribute to 
the regulation of drug metabolism by affecting miRNAs (77). Finally, exosomes (plasma-
derived extra cellular nanovesicles) and urinary ω- or (ω-1)-Hydroxylated Medium-Chain 
Acylcarnitine, have been suggested as novel biomarkers of CYP3A-activity (81, 82).   

 

2.5 LIPIDS AND MICROBIOTA AS BIOMARKERS OF CVD  

2.5.1 Current views on Lipids & Risk of cardiovascular disease 

The risk for CVD in women is, at any age, ⅓ to ½ of the risk relative to men (83). However, 
while the prevalence in acute myocardial infarction (AMI) has declined in men aged 35-54 
years during the past two decades, it has increased among similarly aged women (84-87). It 
has been suggested that the protective effects of estrogen against heart disease in women, is 
reduced by the increased prevalence of type 2 diabetes (T2DM) (88) and by the increased 
prevalence of a cluster of cardiometabolic risk factors known as metabolic syndrome (MetS) 
(89, 90). Based on body mass index (BMI), more females than males (>18 years) are 
considered obese on a global scale- 15% vs 11% (WHO 2018) (90). In addition, the age-
adjusted prevalence of obesity in adults in the US, based on National Health and Nutrition 
Examination Survey (NHANES) 2015-16, was 41,1% in women and 37,9% in men (91). 
 
Likewise, there are sex differences in the age-adjusted prevalence of MetS, being more 
common in women>60 years compared to men the same age (men 30,4% versus women 
40,3%) (90, 92). The combination of cardiometabolic risk factors leading to a diagnosis of 
MetS, also differ between the sexes (93), as abdominal obesity, low HDL-C (90) and 
impaired glucose tolerance (92) are more common in women, while elevated fasting glucose 
and hypertension is more common in men with MetS (90, 92).  
 
Furthermore, the consequences of individual risk factors differ, e.g., hypertriglyceridemia, a 
hallmark of dyslipidemia, has a stronger association to CVD and all-cause mortality in 
women, compared to men (83). The consequences of T2DM are also more severe in women, 
with a 44% higher relative risk of coronary heart disease and a 27% higher risk for stroke, 
compared to male T2DM patients (92). However, the absolute risk for these conditions is 
comparable between the sexes.   
Finally, the SGD in MetS is not only related to sex hormones and differential expression of 
genes located on sex chromosomes, but also to gender (92) (Fig 1).  
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Figure 1. Sex differences in metabolism are influenced by sex chromosomes and sex 
hormones. These two factors influenced by gut microbiota & environmental factors, results in 
differential effects on the metabolism in females and males (Copyright ©Annual Reviews; all 
rights reserved). 
 
Unfortunately, despite reducing the Low Density Lipoprotein (LDL-C) with high doses of 
statin, a high residual risk for CVD or recurrence of CVD events remains (94). One reason 
for this may be that the high TG values seen in MetS, interfere with the LDL calculation thus 
introducing an underestimation in the CVD risk (94). Thus, there is a need for additional 
biomarkers to access risk, particularly in patients with DMT2, MetS and dyslipidemia (95, 
96).  
 
To manage residual risk, it has been suggested that lipid sampling is performed in a non-
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fasting state (18, 95). In this manner, the sampling will better reflect the postprandial state 
dominating a diurnal 24h cycle in a patient’s life and be more relevant for an individual´s 
cardiovascular risk. This is particularly applicable for patients treated with statin and LDL-C 
< 1,8 mmol/L, and patients with T2DM, MetS and dyslipidemia (95, 96). 

 

2.5.2 Novel biomarkers of CVD risk 

Recently two biomarkers were added in the 2019 European Society of Cardiology/European 
Atherosclerosis guideline for the management of dyslipidemias (18). First is non-HDL-
cholesterol (non-HDL-C), reflecting the cholesterol content in all apolipoprotein B 
containing lipoproteins- Very High-Density Lipoproteins (VLDL), Intermediate Density 
Lipoproteins (IDL-C), Low Density Lipoprotein (LDL-C) and chylomicron remnants (CM 
remnant) (18, 94) (Fig 2). Consequently, Non-HDL-C is considered a better risk predictor for 
CVD risk by some, and the inclusion of this marker in the standard lipid profile has been 
recommended (18, 94). However, as non-HDL-C is a composite marker, it cannot be used to 
characterize dyslipidemias or for choosing treatment for lipid disorders. 
  
 
 

 
 
Figure 2. Lipoproteins in plasma separated according to density and size and their 
cholesterol- and apolipoprotein biomarkers in blood. (Copyright © Taylor & Francis.; all 
rights reserved). 
 
 
Furthermore, ApoB  reflects the number of atherogenic particles in the circulation. This is 
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important as standard LDL-C measurements, will not reveal the small, dense cholesterol 
depleted LDL particles in dyslipidemia (18, 94). ApoB100 is produced in the liver, while 
ApoB48 secreted from the intestine, is a part of chylomicrons (CM) and CM remnants (94). 
In healthy subjects, less than 1% of total ApoB in the circulation consist of ApoB48. In 
addition, ApoB100 carry the ligand that binds to the LDL receptor. This is the reason why 
ApoB100 is analyzed by immunoassay in routine clinical practice (96). ApoB48 is regarded 
as a biomarker of postprandial hyperlipidemia, however in a cohort of young female patients 
with MetS and Polycystic Ovary Syndrome (PCOS), fasting ApoB48 was elevated, while 
ApoB100 was not (97).  
 
Moreover, remnant-cholesterol (remnant-C), not to be confused with chylomicron remnant, 
was recently suggested as a marker of CVD (95). This biomarker corresponds to the 
cholesterol carried in the triglyceride-rich lipoproteins (TGRLs)-VLDL, IDL, and 
chylomicron remnant (Fig.2) (98). Triglycerides (TGs) are surrogate markers of the 
cholesterol content in the TGRLs, but as the composition of TGRLs particles vary, it is more 
relevant to estimate or measure the cholesterol content in the TGRLs- remnant-C (99, 100). 
As TGs are rapidly degraded in the circulation and there are no TGs in atherosclerotic 
plaques, they are not regarded as pro-atherogenic (100). An example on how the novel lipid 
biomarkers may contribute to improved estimations of CVD risk in three patients is presented 
in figure 3 (96).  

 
 
Figure 3. An example where all three patients have the same LDL-C levels, but the new 
biomarkers are discordant.  
Patient 1: all three novel biomarkers are at target. The LDL particles have normal size and 
numbers.  
Patient 2: Triglycerides are moderately increased and non-HDLC is above target (100 mg/dL; 
2.6 mmol/L) owing to an increase in remnant-cholesterol.  
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Patient 3: Triglycerides and remnant-cholesterol levels are similar to those in patients two, 
however as the apoB concentration is higher due to the high number of small, dense LDL 
particles, the total CVD risk may be higher in patient three.  
 

 
To summarize, this figure illustrates how non-HDL-C, ApoB and remnant-C  represents 
different features of dyslipidemia (Creative Commons Attribution License). 
 

 
Epidemiological studies and genetic studies using Mendelian randomization design, indicate 
that remnant-cholesterol is causally associated with an increased risk of CVD and all-cause 
mortality (99-102). Furthermore, in animal studies with radiolabeled lipoproteins, remnant-C 
contributed to the formation of atherosclerosis by entering the intima layer of the arterial wall 
and activating foam cells (100).  
 

 
Remnant-C is recommended as an optional marker in risk estimation, dyslipidemia 
characterization and as treatment target (95). Some researchers argue that directly measured 
LDL-C should be used in the calculation of remnant-C or that direct measurements of 
remnant-C should be used (96). However, in establishing age-and sex-specific reference 
values for remnant-cholesterol, calculations of LDL using the Friedewald equation for LDL-
C was used (103, 104). 
 

 
This difference in opinion may be the reason why remnant-C is not part of the primary lipid 
panel for estimation of CVD risk in the EAS/ESC (European Association of 
Atherosclerosis/European Society of Cardiology) guidelines on dyslipidemia (18). However, 
it is included in a consensus paper on lipid-lowering strategies from EAS and the European 
Federation of Clinical Chemistry and Laboratory Medicine (95) (Table 1)  
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Table 1. Recommendations for screening, diagnostic and monitoring of treatment with old 
and novel biomarkers of atherosclerotic cardiovascular disease.(Copyright©2019 Elsevier 
B.V., all rights reserved) 
 
Interestingly, in a study of 658 Framingham participants, untargeted lipidomics with liquid 
chromatography mass spectrometry (LC-MS/MS) was performed (105). Thirty-nine lipids 
associated with obesity and eight with dyslipidemia were identified. The future will 
determine whether this method for identifying new lipid biomarkers, is successful in 
producing biomarkers that are relevant in a clinical setting . 

Finally, the inclusion of the novel biomarkers in guidelines and consensus statements, is not 
uncontroversial and the discussion on what biomarkers that will solve the residual risk 
conundrum, will most likely continue for years to come (106, 107). 

 

2.5.3 Omega-3 Fatty Acids 

Omega 3-Fatty Acids (n3-FAs), more specifically Eicosapentaenoic (EPA) and 
Docosahexaenoic (DHA) acids, have been shown to be effective in reducing the levels of 
triglycerides  (TGs) (18, 108). The exact mechanism of action is not yet understood, but it 
may be related to the n3-FAs interacting with nuclear receptor Peroxisome Proliferator 
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Activated Receptor α (PPAR-α). This is also the mechanism of action in lipid lowering 
fibrates, that participate in the regulation of lipoprotein metabolism (18). Decreased secretion 
of ApoB lipoproteins from the liver and pleiotropic effects have also been suggested as 
mechanisms of action for n3-FAs (18, 109). 

In 2020, high purity EPA from fish-oil derived omega-3 FA, Icosapent Ethyl (IPE) was 
approved by FDA for the prevention of CVD in patients with high risk of CVD (110). This 
was based on results from the trial “Reduction of Cardiovascular Events with Icosapent Ethyl 
Intervention Trial” (REDUCE-IT). In this study, the addition of 2 g IPE twice daily to 
standard care, for 4.9 years in 8179 patients with high TG and high CVD risk, was 
investigated (111). Interestingly, although IPE reduced the composite of CVD event 
endpoints by 25% (male and female), the risk reduction was not associated to the level of TG 
lowering (109). Unfortunately, the composite endpoint was not tested for association to sex, 
so whether the outcome results from this study are applicable to women, is unclear (109).  

 

2.5.4 Lipid ratios 

Lipid ratios have been suggested to better reflect the balance between pro-and anti-
atherogenic components in serum, and therefore to be better tools in CVD risk assessment 
(112). Indeed, the lipid ratio TG/HDL-C has been proposed as a biomarker of MetS in men 
and women (113) , and non-HDL-C/HDL has been associated with non-alcoholic fatty liver 
disease (114). In addition, Non-HDL-C/total cholesterol was associated to MetS in a study of  
females with T2DM (p<0.0001) (115). However, as there are currently no reference values 
for the HDL-ratios of the novel biomarkers, repeated longitudinal sampling in an individual 
patient is required, and variations from baseline values must be considered.  
 
Even though there are known differences between females and males in levels of circulating 
biomarkers for cardiometabolic diseases e.g., ApoB in heart failure (116, 117), this is not 
always considered in investigations. Furthermore, the associations between biomarkers with 
CVD outcomes can be modified by sex, for both fertile and postmenopausal women (116).  
 
To summarize, the novel lipid biomarkers for residual risk, all have their strengths and 
weaknesses. In addition, the novel lipid biomarkers may vary in cholesterol content, which 
may affect their pro-atherogenic properties (94).The role of the HDL ratios in relation to the 
recently added lipid biomarkers, remain to be established.  
 
 

2.5.5 Microbiota as biomarkers of atherosclerotic cardiovascular disease 

Gut microbiota are the 10-100 trillion of more than 1000 bacterial species, living in the 
human gastrointestinal tract (118). There, through interaction with the diet, they contribute to 
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the regulation of physiological processes in the host e.g., energy balance, immune system and 
hormone levels (119). Microbiota may also influence the lipid (120) and glucose metabolism 
(119). In addition to diet (121), microbiota vary with sex (122), hormones (26), age (123) and 
diurnal rhythm (124)  
 
Dysbiosis, the imbalance or disturbance in the bacterial composition of the microbiota, has 
been implicated in pathological processes like atherosclerosis, hypertension, obesity and 
asthma (26, 125, 126). In addition, as previously mentioned, dysbiosis is suspected to 
contribute to the metabolic disturbances in obesity related conditions e.g., MetS and 
dyslipidemia (89). 
 
A decrease in estrogen metabolizing bacteria, the estrobolome, has been shown in dysbiosis. 
It has been suggested that this has an impact on the enterohepatic recirculation of estrogen 
(26). An increase in the levels of conjugated estrogen, and therefore a decrease in unbound, 
free estrogen, contribute to a hypoestrogenic state (Fig. 4). In fact, in female mice lacking gut 
microbiota, levels of testosterone were higher (92).  
 

 
 
Figure 4. The estrogen-gut microbiome interactions and effects on physiology and disease. 
Dysbiosis may affect the estrogen metabolizing bacteria (Copyright ©2017 Elsevier; all 
rights reserved). 
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Betaine, choline and carnitine from the diet, are metabolized by gut microbiota to the 
metabolite trimethylamine (TMA) (127) (Fig. 5) The sexually dimorphic enzyme flavin-
containing monooxygenase 3 (FMO3) in the liver, a non-CYP oxidative enzyme, converts 
TMA to the metabolite trimethylamine-N-Oxide (TMAO), which is most investigated 
microbiota in connection to CVD (121, 128). 
 

 
 

 
 
Figure 5. Illustrating the effects of gut microbiota trimethylamine N-oxide (TMAO) on 
atherosclerosis (Copyright © 2020 Creative Commons Attribution License ), 
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Furthermore, observational and experimental studies suggest an association between TMAO 
and atherosclerotic cardiovascular disease (ASCVD) and TMAO has been suggested as a 
biomarker of CVD (121). The creation of TMAO by FMO3 has been shown to activate pro-
atherogenic pathways in animals (121). TMAO cause an induction of macrophage scavenger 
receptors, and an increase in foams cells through increased uptake of oxidized LDL (127). 
The ensuing release of inflammatory cytokines induces endothelial cell injury and platelet 
hyperreactivity, contributing to atherosclerosis (127). In addition, FMO3 and TMAO 
decrease bile acid metabolism and macrophage reverse cholesterol transport. They also 
promote hepatic lipogenesis and gluconeogenesis (120). 
 
However, investigation on TMAO in healthy volunteers and patients with CVD show 
conflicting results (121, 127). One reason for this may be poor translation from animal 
models to humans, which in part could be due to sex differences in animal models of 
atherosclerosis (16, 129). Another possible explanation is that sex differences in the outcome 
of studies in humans, have not been considered (130). In study ІІІ the relationship between 
TMAO and female sex hormones was studied.  

Finally, in a review on RCT of fecal microbiota transplantations (FMT) from healthy donors 
to patient with obesity and MetS, there were no lasting effects on insulin sensitivity, fasting 
plasma glucose, lipid profiles or BMI in the subjects (131). Interestingly, although obesity is 
more common in women, none the 76 included participants were female. 

 

 

2.6 MENSTRUAL CYCLE VARIABILITY AND BIOMARKERS.  

2.6.1 The Menstrual cycle  

The menstrual cycle in humans consist of three different phases (Fig. 6) (132, 133). The 
terminology for describing the phases of the cycle, depended upon which organ is used as a 
reference, the ovaries or the endometrium in uterus. The changes in the ovaries are described 
as follicular, ovulatory and luteal phase, are preferably used in this thesis. 
The phases described as the changes in the endometrium over a cycle contain four phases: 
menstrual, proliferative, ovulatory and secretory phase. (133) 
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Figure 6. Describing the menstrual cycle phases based on changes in the ovary (top) and 
endometrium (bottom) (Copyright©Shutterstock)   
 
Changes in gonadotropins (FSH & LH) and sex hormones estrogen and progesterone during 
the cycle, are substantial. To summarize: estrogen levels are at its lowest during the 
beginning of the follicular phase, and there is a steep rise in late follicular phase, prior to 
ovulation. During the ovulatory phase, there is a peak in LH. The estrogen levels then 
gradually decrease during the luteal phase until menstruation occurs, however mean exposure 
of estrogen is higher during the luteal phase. Progesterone is significantly higher in the luteal 
phase to prepare the endometrium for implantation of a fertilized ovum, if such an event 
should occur (133). 
 
The duration of the menstrual cycle vary between individual women, from 26-35 days with 
an average cycle length of 28 days (133). However, in a recent investigation of 124 648 
women using the mobile app Natural Flo to register data on menstrual cycle, data on body 
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temperature, age, BMI and a LH self-test demonstrating the end of the follicular phase, were 
also registered (134). The analysis of 612 613 ovulatory cycles, revealed a mean cycle length 
of 29.3 days based on the method and the registered variables in the study. In this study, the 
menstrual cycles were 14% or 0.4 days longer in women with BMI>35 and the duration of 
the cycle was associated to age. However, in a global study of 1,5 million FLO app users and 
a similar design, the association between BMI and cycle length was valid only for women 
with a BMI >50 (135). 
 
Menstrual cycle hormonal fluctuations have been studied with different methodologies, using 
urine and/or blood sampling. In a study of variations of mammographic density in fertile 
women during the menstrual phases, urine morning samples of estrone glucuronide, were 
compared to serum curves of estradiol during the ovulatory and early luteal phase (136). In 
other studies including ours (study ІІІ and ІV), an algorithm based on measurements of 
estrogen, progesterone, FSH and LH in blood have been used (137-139). 
 
Fluctuation in disease severity and symptoms during the menstrual cycle have been described 
e.g., in asthma, epilepsy, migraine, autoimmune disease and even AMI (132, 140-142). 
Changes in the immune system (143), water and electrolyte balance, plasma lipids (144), 
heart rate and blood pressure are other examples of physiological changes during the 
menstrual cycle (132, 145). In study ІІІ the changes of plasma lipids during the menstrual 
cycle were studied.  

 

2.6.2 Menstrual cycle and drug metabolism 

Chronopharmacology is the study of how biological rhythms e.g., the diurnal rhythm, 
menstrual cycle and annual rhythms, impact the pharmacokinetics and pharmacodynamics of 
drugs and endogenous substrates (3, 14, 146, 147). Thus, the study of menstrual cycle 
variability is one way of investigating differences between females and males.  
 
Unfortunately, menstrual cycle investigations of drug metabolism have often had low power, 
with small sample sizes (4). Also, hormonal characterization of the menstrual cycle phases 
has been discordant, with some researchers establishing menstrual cycle phase based on 
patient narrative on menstrual bleeding (74, 148), or a single blood sample of progesterone 
(75). In addition, some investigators divide the cycle into five phases, others in two, and most 
studies include only one cycle. These discrepancies make interpretation of the results and the 
clinical significance of menstrual variability studies difficult.  
 
Similarly, investigations of absorption, distribution, metabolism and excretion (ADME) 
during the menstrual cycle, are sparse and have generated contradictory results (3, 4). Studies 
on the pharmacodynamic effects of drugs over the menstrual cycle phases in humans, are 
even more uncommon (132). Furthermore, the lack of concomitant pharmacodynamic data in 
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PK studies of menstrual cycle phases, makes the translation of the results complicated (4). 
This is unfortunate, considering the number of in vitro and animal studies investigating the 
modulatory effects of estrogen on pharmacological targets e.g., in pain research (149), when 
these results are not sufficiently considered in research and in drug development (150). 

 

2.6.3 Menstrual cycle and 6β-OHC/C 

There are several studies comparing the excretion of the 6β-hydroxycortisol metabolite 
between men and women, showing diverging, non-significant results (70). In 1983 it was 
found that using the ratio between the metabolite and cortisol, decreased the influence of 
diurnal rhythms and that there was a good correlation between 24 h urine sampling, and 
single morning spot sampling (151). However, not all researchers agreed to this conclusion 
(152). Another factor that may have contributed to disagreements over the years, is the wide 
range of methods for analysis that have been used, from calorimetry, to more recent gas-or 
liquid chromatography (GC or LC) followed by Mass Spectrometry (MS) simple or tandem 
(70, 153)  
  
In studies of urinary 6β-OHC/C ratio, the primary aim has commonly been to evaluate the 
validity of the marker by assessing intra-and interindividual variability. In some instances, the 
studies have been performed only in males (154-156). In two studies where males and 
females were compared, analysis of the ratio in relation to age and hormonal status were not 
considered (157, 158). However, in one study comparing endogenous markers between 
healthy females and males, menstrual phase was evaluated using single sampling of 
progesterone and the analyses were performed separately for fertile and elderly females (<45 
years) (75). In study ІV, CYP3A activity was monitored for two menstrual cycles in fertile 
women. 
 
6β-OH-C was investigated in four studies involving women only (n=79) (74, 148, 159, 160). 
Three of the studies were performed in the basal state, that is without induction or inhibition 
with other drugs. One study included 12 Asian women (74). and another compared 15 Asian 
and 16 Caucasian subjects (160).Yet another investigation compared 6β-OHC/C in 13 fertile 
and 13 postmenopausal women of different ethnicities (148). Finally, in a study of 10 
Caucasian women, nine were fertile, whereof three were using oral contraceptives, and one 
woman was postmenopausal using hormone replacement therapy (159). As sample size was 
small, confounding factors were several and outcome quite different between the studies, no 
generally applicable conclusions could be made.  
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2.6.4 Menstrual cycle and lipids 

Fluctuations in lipids during the menstrual cycle phases have been shown in several studies 
(144, 161). In addition, changes in other cardiometabolic biomarkers of oxidative stress, 
insulin sensitivity and markers of systemic inflammation during the cycle has been 
demonstrated (9). Concerning lipids, although there has been large variability in the results of 
the studies (83, 162-164), by and large, LDL is higher during the follicular phase, with a 
decline in the luteal phase when estrogen is higher. In addition, HDL reaches a peak in 
ovulatory phase, with higher levels in the luteal phase, compared to follicular phase (117). In 
study ІІІ, the menstrual cycle variability in the recently introduced lipid biomarkers non-
HDL-C, ApoB and remnant-C was further evaluated.  
 

 

2.6.5 Menstrual cycle and microbiota 

In a study of 6 volunteers during the menstrual cycle, women were shown to excrete less 
TMAO in the urine during the ovulatory phase (3, 4). The males participating in the 30-day 
long study, did not show any variability in TMAO. A hormonal effect on a phase 1 N-
oxidizing enzyme was suggested as the explanation for this finding (4). There are no previous 
studies investigating the menstrual cycle variability of TMAO in blood.  
Interestingly, the vaginal microbiota was associated to the variations in progesterone levels 
throughout the menstrual cycle, in a study of monkeys (165). In study ІІІ, TMAO was studied 
in relation to the menstrual cycle for the first time in humans. 
 
Finally, in a cross-sectional study of 51 epidemiologists at NIH, a strong association was 
found between levels of estrogen metabolites in urine and the diversity in fecal microbiota, in 
male and postmenopausal women (166). However, in premenopausal women, the estrogen 
metabolite levels were highly variable and completely unrelated to microbiota. This could be 
due to sampling was performed without considering the different menstrual cycle phases in 
the fertile women.  
 

2.7 MICROBIOTA AND CYP3A 
 

Recently, research on how bacteria, archaea, fungi and viruses in the gut can affect the 
metabolism and effects of drugs has emerged (167). This phenomenon is sometimes referred 
to as the liver-gut-microbiome axis, where microbiome is the collection of genomes in the 
microbiota microorganisms (Fig. 7) (168).  
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Figure 7. Gut microbiota-host liver metabolic interactions contribute to variability in the 
pharmacokinetics and pharmacodynamics of drugs in humans (Creative Commons license) 
 



 

24 

Based mostly on in vitro and animal studies (168-170), it has been suggested that microbiota 
influence both phase 1 and phase 2 drug metabolizing enzymes. This implies that both CYPs 
e.g., CYP3A, and non-CYPs, e.g., FMOs, UGTs, SULTS and GSTs may be affected (77). In 
addition, transporters may be modulated by microbiota (171). The microbiota metabolizes 
bile acids and steroid hormones, and these in turn influence the expression and activity of 
drug metabolizing enzymes in the gut and liver. In this manner the liver and gut microbiota 
collaboratively metabolize exogenous and endogenous substrates. By doing so, microbiota 
may also decrease or increase the amount of drug available for absorption or for metabolism 
(168).  
 
Interestingly, healthy rats who were given fecal transplants from rats with ulcerative colitis, 
were found to have downregulated CYP3A and transporter PgP in the intestine (172). Still, 
whether bacteria in the gut affect intestinal CYP3A directly in humans, is unknown.  
 
A fair number of drugs are now known, where microbiota may play a role in metabolism and 
toxicity (173). In fact, in 1993, eighteen 18 Japanese cancer patients with herpes zoster, may 
have died due to a drug-drug interaction, in part caused by microbiota (167). The 
antiretroviral drug Sorivudine was transformed by microbiota to the metabolite 
bromovinyluracil, a potent inhibitor of the dihydropyrimidine dehydrogenase, responsible for 
detoxifying the cancer drug 5-fluorouracil. Thus, the levels of fluorouracil became toxic. 
 
Since then, advances in methodology e.g., mapping the diversity of the strains in the fecal 
microbiota using transcriptional profiling (16S rDNA) and metabolomics, has pushed the 
research field forward (167, 168, 174). Measurements of microbiota in the blood e.g., 
TMAO, have also become available (175). In study ІV, TMAO in blood and the association 
to CYP3A activity has been studied.  
 
In an investigation of germ-free (GF) mice without intestinal microbiota, many genes 
involved in drug metabolism were affected, compared to the gene expression in ordinary 
mice (176). In the GF mice, hepatic messenger RNA (mRNA) for nuclear receptor 
constitutive androstane receptor (CAR) decreased by nearly 60% and the mRNA expression 
for enzyme Cyp3a11, the murine variant to CYP3A in humans, decreased by 87% (176).  
 
Furthermore, in another study, GF mice were compared to pathogen free, healthy mice (SPF). 
The female SPF mice with microbiota, had 21 times higher CYP3a11 mRNA expression 
compared to male SPF mice (177). This sex difference was not seen in GF mice.  
 
Finally, in a study of CYP3A activity in the liver and plasma of  GF and SPF mice using 
midazolam injections, the CYP3A activity was significantly lower in the GF mice (169). In 
this study, there was no report on differences between male and female mice.  
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Although investigations on microbiota and CYP3A in humans are few, a recent prospective 
crossover study of CYPP450 activity in 14 healthy subjects (8 female, 6 male) before, and 
after a 7-day treatment with the antibiotic cefprozil was performed (178). The effect on CYPs 
was evaluated using a modified Cooperstown cocktail -caffeine for CYP1A2, omeprazole for 
CYP2C19, dextromethorphan for CYP2D6 and midazolam for CYP3A. Traditional PK 
analysis was performed in plasma/urine and targeted/untargeted metabolomics in plasma, 
urine and fecal samples. In addition, molecular networking linking similar chemical entities 
based on similar LC- MS/MS fragmentation patterns, was applied.  
 
The antibiotic treatment decreased the metabolizing activity in CYP3A, but also in CYP1A2 
and CYPC19. In addition, the number of different bacterial strains in the gut was altered, and 
the loss of α-diversity in microbiota was correlated to an increase in drug and drug 
metabolites in fecal samples (178). According to the author, the results was not explained by 
genetic polymorphisms in CYPs nor by sex differences.  
 
The exact mechanism for how microbiota affects CYP3A activity in animals and humans is 
unknown. It has been suggested that bile acids produced by microbiota, activate nuclear 
Pregnane X receptor (PXR) (179). Incidentally, PXR is also a transcription factor regulating 
the CYP3A gene (77). Furthermore, bile acids also activate Farnesoid X receptor (FXR) and 
thus influence lipid-and glucose metabolism. In this manner, microbiota could participate in 
the intricate cross-talks that takes place between nuclear receptors (179).  
 
Recently, microbial metabolite mimicry has been suggested as a new concept for drug 
discovery, and a FXR agonist and bile-acid modulator, is currently in clinical trials for 
treatment of metabolic associated fatty liver disease (180), a common feature of MetS (181). 
Finally, even though it has been suggested that differences in gut microbiota may explain the 
variability in CYP3A, the clinical relevance of microbiota associated drug metabolism in 
humans, remains to be elucidated (108).   
 

2.8 Cancer patients with limited life expectancy and CYP3A  

During the last 3 months in life, the end-of-life stage, patients with cancer often experience a 
rapid increase in disease severity as well as a decline in functionality in activities of daily 
living (ADL) (182). Concomitant with worsening in cancer disease, organ function 
impairment occurs , with potential effects on CYP3A activity and on drug metabolism in 
general.  
 

Little is known about if and how CYP3As capacity to metabolize drugs is affected during the 
last weeks and days of life, and this has been investigated in study V. To optimize drug 
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treatment and to avoid adverse effects or lack of effect, is particularly important in this 
vulnerable population. 

Previous studies on CYP3A activity in cancer patients, have been performed with 
erythromycin breath test (183, 184) or intravenous midazolam (185, 186). Oral administration 
of 10 ug micro doses of midazolam was also used in a study of palliative cancer patients 
(187). In addition, endogenous markers of CYP3A activity, 6β-OHC/C (188) and 4β-OHC/C 
have been employed (189-191). Studies have shown that phenotyping using endogenous 4-
OHC/C is comparable to using midazolam when investigating CYP3A activity (68). Also, the 
risk of causing the patient harm or discomfort, is less with one sample of 4-OHC/C compared 
to repeated sampling of midazolam. 4-OHC/C is therefore a suitable tool for investigating 
CYP3A activity in End-of-Life patients.  
 
Most studies have shown a decrease in CYP3A activity in cancer patients (183, 187, 192, 
193) but some studies have not (185). One explanation for this discordance could be, that 
investigations have been performed in different phases of the cancer trajectory, some early, 
and some late in the palliative phase. In addition, sex differences may not have been 
considered.  
 
Furthermore, different CYP3A genotypes may have had an impact on the results (194). In a 
study using midazolam as a probe in cancer patients, there was no correlation between 
CYP3A genotype and phenotype (186). However, in a study of cancer patients treated with 
fentanyl for pain, the 4β-OHC/C ratio was significantly lower in the CYP5*3/*3 group 
compared to patients carrying the *1 allele (191).  
 
Also, in a study using erythromycin breath test in 134 cancer patients (62 females, 72 male 
aged 26-83 years), there was no association between CYP3A genotype and activity (195). 
Moreover, there was no association between CYP3A activity and age, sex or body 
anthropometric measures. Nevertheless, multivariate analysis suggested that 20% of 
variability in CYP3A was explained by liver function tests, combined with levels of acute-
phase inflammatory reactant apha-1 acid glycoprotein.  
 
Cancer has been associated with inflammation (196) and inflammation has been shown to 
have a negative impact on drug metabolizing CYP P450 enzymes (197). Furthermore, it has 
been suggested that miRNAs have a dual role, in both inflammation and cancer (197). The 
exact mechanism for the decrease in CYP3A activity in cancer patients is not clear, but a 
study in mice with cancer show that pro-inflammatory cytokine interleukin-6 (IL-6) and 
tumor necrosis factor α (TNF-α), inhibit the transcription of the CYP3A gene (Fig. 8) (198) 
This would be in line with the activation of the immune system found in cancer (199). 
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Figure 8. Illustration of the relationship between a tumor, stromal cells in the tumor tissue 
and the liver (Copyright©Taylor&Francis, all right reserved)  
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3 RESEARCH AIMS 
The aim of the studies was:  
 
І: To determine the hepatic gene expression of P450 cytochrome enzyme CYP2C9 and 
CYP3A4 and transporters SLCO1B1,SLCO2B1, ABCB1 and ABCG2 in gallstone patients 
administered statin or placebo for 4 weeks  
 
ІІ: To investigate differences in the time of statin discontinuation in relation to death, between 
female and male palliative cancer patients. To review current literature regarding 
discontinuation of statins in terminally ill cancer patients. 
 
ІІІ: To study menstrual cycle variability in novel lipid biomarkers non-HDL-C, ApoB and 
remnant-C, and in gut microbiota TMAO, betaine and choline. To investigate possible 
correlations between the lipid markers and sex hormones and  microbiota.  
 
ІV: To study the variability of CYP3A activity during the menstrual cycle by evaluating 
repeated single-spot urine samples of 6β-OHC/C  during two menstrual cycles in healthy 
volunteers. To study the association between urinary 6β-OHC/C and factors in blood that 
may affect CYP3A activity- sex hormones, microbiota TMAO and miRNA-27b.   
 
V: To study if CYP3A activity measured as 4β-OHC/C in blood, is changed in End-of-Life 
Cancer patients, compared to young and elderly non-cancer controls. To study the association 
between 4β-OHC/C and survival time, albumin, CRP and 25-OH vitamin D in the patients.   
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4 MATERIALS AND METHODS 
4.1 OVERVIEW  

Table describing study І to V.  

 Study І Study ІІ Study ІІІ Study ІV Study V 

Short 
title/running 
title 

Atorvastatin 
induces uptake 
and efflux 
transporters 
in human liver 

Sex differences in 
discontinuation of 
statin in palliative 
cancer patients 

Menstrual cycle 
variability in 
biomarkers of 
dyslipidemia 
and dysbiosis  

Menstrual cycle 
variability in 
CYP3A 
measured as 6β-
OHC/C  

CYP3A activity 
measured as 4β-
OHC/C in End-
of-Life cancer 
patients  

Design  Retrospective 
analysis of 
randomized 
placebo-
controlled study  

Retrospective 
observational 
cohort study 
 

Prospective 
cohort study 

Prospective 
cohort study 

Retrospective 
cohort study  

Study 
participants 

Patients with 
gallstones  

Deceased cancer 
patients 

Healthy 
volunteers 

Healthy 
volunteers 

Deceased cancer 
patients 

Primary 
aim 

Hepatic gene 
expression of 
CYPs and 
transporters after 
4 weeks of  statin 
treatment 

Sex differences in 
time of statin 
discontinuation in 
relation to death 

Variability in 
lipids and 
microbiota 
during the 
menstrual cycle 
phases 

CYP3A activity 
measured as 6β-
OHC/C during 
the menstrual 
cycle phases 

CYP3A activity 
measured as 4β-
OHC/C in End-
of Life cancer 
patients 
compared to 
non-cancer 
controls 

Secondary 
aim 

Sex differences in 
mRNA 
expression. 
Correlations 
between CYP and 
transporter mRNA 
expression 

Review of 
literature 
discontinuation of 
statin in palliative 
patients 

Correlation 
between lipids 
& TMAO, and 
between these 
biomarkers and 
gonadotropins 
/sex hormones 
respectively 

Correlation 
between 6β-
OHC/C and 
gonadotropins, 
/sex hormones, 
and 6β-OHC/C 
and 
TMAO/miRNA-
27b respectively 

Correlation 
between 4β-
OHC/C and 
survival time, 
albumin, CRP 
and vitamin D 
(25-OHD) 

Statistical 
method 

One-way 
ANOVA, 
Spearman’s rank 
test 

Student’s t-test, 
Fischer’s exact 
test 

Linear 
regression, 
association: 
linear 
regression 

Linear 
regression, 
association: 
linear regression 

Mann-Whitney 
U test, Fischer’s 
exact test, 
Spearman’s rank 
test, t-test 
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4.2 ETHICAL CONSIDERATIONS 

 
All studies were performed in accordance with the Declaration of Helsinki. 
 
Study І was approved by the Karolinska ethics committee as an amendment 2005-05-16 to 
the original study Dr Nr 9-287. All participants had signed informed consent prior to 
enrollment in the original study. Participants signed an additional informed consent 
containing information on the complementary analyses of data to be performed in study І.  
 
The analyses performed in study ІІ were included in the original regional ethics committee 
approval Dnr 2014/455 and 2015/776-31 and no additional ethical approval was necessary. 

 
Considering the patient perspective when discontinuing statin is important. Discontinuation 
may lead to feelings of abandonment and/or depression, and that previous statin treatment 
was a wasted endeavor. However, in a study of patient perception of statin discontinuation 
amongst patients with life-limiting disease, fewer than 5% felt abandoned by their physician, 
and 25% of the patients reported improved quality of life (200). 
 
Study ІІІ and ІV were approved by the regional ethics committee Dnr2018/481-31/2 with 
amendment 2020-00598 approved by the Ethical Review Authority. The informed consent 
signed by the subjects for the original study permitted the amendment without additional 
informed consent.  
 
Study V was approved by the local ethical authority 2017/403-31/1 and amendment 2021-
00323 approved by Ethical Review Authority, and 2017-203-31/4 approved by regional 
ethics committee and amendment 2019-03291 approved by Ethical Review Authority. As the 
subjects were diceased additional informed consent was waivered.  

 
Research in vulnerable populations like children and elderly patients, is a delicate matter. 
Research on palliative patients is particularly cumbersome, as the patients will not live long 
enough to have a direct benefit from the research. In addition, doing an intervention like 
taking a sample may contradict the palliative principle of not inflicting the patient 
unnecessary harm or discomfort. However, in our study samples for 4β-OHC were collected 
at the same times as routine samples necessary for the best possible care of the patient. In this 
manner, the risk of harm for to patient was considered low. Finally, the results of this 
research could be of importance for when drug treatment should be terminated, or doses 
changed. Impaired drug-metabolism could cause unwanted side-effects and or lack of effect 
and have a negative impact on quality of life in patients with advanced, life-limiting illness. 
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4.3 STUDY І  

4.3.1 Study design and participants 

This is a retrospective study of liver tissue collected during elective cholecystectomy in 
patients (n=37) with known gallstones. The purpose of the original randomized, placebo-
controlled study performed at Danderyd Hospital, was to investigate the effect of 4 weeks of 
cholesterol inhibition with two different statins or placebo, on lipoprotein-and cholesterol 
metabolism in hepatocytes, bile and serum (201). The rationale for using non-equipotent 
doses of statins, was to be able to correlate the effects on lipoprotein composition and 
expression, with the degree of lipid lowering.  
 
In our study, 11 males, 8 fertile and 10 postmenopausal women were eligible. Altogether 29 
mRNA samples were available-ten patients treated with fluvastatin (20 mg), ten with 
atorvastatin (80 mg) and nine patients with placebo. The study was designed to evaluate the 
relative changes after statin treatment in hepatic mRNA expression of CYP2C9, CYP3A4 
known to be involved in the metabolism of fluvastatin and atorvastatin respectively. 
Furthermore, the mRNA expression of transporters involved in the influx of statins to 
hepatocytes, SLCO1B1 and SLCO2B1 (Solute Carrier Organic Anion Transporter genes) 
were to be investigated. Finally, the expression of transporter ABCB1 and ABCG2 genes 
(ATP-binding cassette) involved in the efflux of statin from hepatocytes, was determined.  

 

4.3.2 Laboratory analyses  

The mRNA levels of CYP2C9, CYP3A4, SLCO1B1, SLCO2B1, ABCB1 and ABCG2 were 
determined in triplicate by real time polymerase chain reaction (PCR) using Taqman Gene 
Expression Assay. 18s rRNA was used as an endogenous control gene and a control sample 
from a subject given placebo was used as calibrator. The delta-Ct (ddCt) formula was applied 
to analyze the relative changes in gene expression from the PCR analyses (202). 

 

4.3.3 Statistical analyses  

We compared the mean differences in the relative mRNA expression of the mentioned CYPs 
and transporters using one-way analysis of variance (ANOVA), followed by Bonferroni test 
comparing the expression for each statin treatment with placebo. Furthermore, differences in 
the mRNA expression between fertile (n=8) and  postmenopausal women (n=10) and males 
(n=11) was investigated with the same method. Finally, the association between the mRNA 
expression and LDL-C reduction was analyzed using Spearman’s rank correlation test.  
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4.4  STUDY ІІ 

4.4.1 Study design and participants 

In this retrospective, observational cohort study, sex differences in discontinuation of statin 
were explored in patients with advanced cancer. The 195 deceased cancer patients had 
previously participated in studies on 25-hydroxyvitamin D status performed in a palliative 
care facility in Stockholm. Patients with advanced incurable cancer and who were expected to 
live more than 1 month after admission to the palliative care unit, were included in the 
previous studies. Also, the patient had to be able to participate in assessments of Quality of 
Life (QoL) using Edmonton Symptom Assessment System (ESAS) commonly used in 
palliative care (203). Data extraction from patients’ medical records included sex, statin dose, 
indication for treatment (primary or secondary prevention), cardiovascular disease, time for 
statin discontinuation in relation to death, reason for discontinuation if stated, and major 
cause of death were registered. In addition, available data representing surrogate markers of 
gender differences e.g., place of residence, education and profession were registered.  

 

4.4.2 Statistical analyses 

Student’s t was used to investigate differences between males and females in termination 
statin in relation to time of death, age, survival time and QoL measured by ESAS. The same 
method was used for exploring differences in CRP, albumin and 25-hydroxy vitamin D. To 
compare the proportion of females and males with statin for primary versus secondary 
prevention, Fischer’s exact test was used.  

 

4.5 STUDY ІІІ  

4.5.1 Study design and participants 

In this prospective, longitudinal cohort study of 17 healthy women, menstrual cycle 
variability in biomarkers of dyslipidemia and dysbiosis were explored. The volunteers 
recruited at the Karolinska University Hospital, were women aged 18-45 years with regular 
menses between 24-38 days. Blood samples were taken in a non-fasting state once weekly 
(usually on Fridays) for two whole menstrual cycles, while urine samples were collected 
three times a week (Fig. 9). Menstrual cycle phase was established using an algorithm 
involving gonadotropins and sex hormones in serum, to establish a more exact menstrual 
phase for each weekly visit (139). A bleeding diary on paper or the Flow app, was kept by the 
participants, as well as a weekly records of any over the counter or prescribed drugs. 
Depending on cycle length, each subject had between six to nine visits to the outpatient clinic 
at Department of Clinical Pharmacology, Karolinska Hospital. 
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Figure 9. Study design of the menstrual cycle study in healthy volunteers (HV). 

4.5.2 Laboratory analyses  

Gut microbiota TMAO, choline and betaine in blood were analyzed by liquid 
chromatography tandem mass spectrometry (LC-MS/MS). The protocol for this method was 
described by Missailidis et al in 2016 (175). Sex hormones were analyzed by radioimmune 
assay, LH and FSH by electrochemiluminescence immunoassay and TG, total cholesterol 
(TC) and HDL-C by enzymatic assay followed by photometry. Apo B was analyzed by 
immunochemistry and turbidimetry. LDL-C was calculated according Friedewald et al (104) 
and finally non-HDL-C and remnant-C were calculated in each subject according to Carr et al 
(94). 

 

4.5.3 Statistical analyses 

Initially, Friedman’s test followed by Wilcoxon signed ranked test was performed to compare 
differences between the menstrual cycle phases in lipids, non-HDL-C, ApoB, remnant-C, 
their HDL ratios and TMAO. Moreover, correlations between lipids and gonadotropins/sex 
hormones and TMAO were evaluated using Spearman’s rank order in GraphPad X9.   
 
In this study we had repeated measurements in the same subjects, with dependent data (159). 
In addition, we had duplicates, as 13 subjects had two whole menstrual cycles (n=78) with 
duplicate samples from each phase, while four subjects had only one sample for each phase-
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one complete cycle (n=12). Due to the intra-subject dependency and duplicate data, we 
decided to consult a statistician for advice whether we had chosen the best statistical method. 
We were recommended to use linear regression with clustered robust standard errors, to 
compensate for the dependency. The statistical model was set so that standard errors would 
not be artificially small, and that model would have the correct power. The linear regression 
was applied in STATA 15, comparing two phases at the time: follicular to ovulatory, 
follicular to luteal and ovulatory to luteal phase. Moreover, linear regression was also used 
for analysis of associations between the different biomarkers using data from all menstrual 
phases. Duplications were taken into consideration in the analysis by using clustered robust 
standard error estimator from the mean. This was done by calculating the residuals. Residuals 
can simply be described as the difference between an observed value and the mean value, that 
the statistical model predicts for that observation. 

 

4.6 STUDY ІV  

4.6.1 Study design and participants 

The design and participants of study ІV are analogous to that of study ІІІ, but in study ІІІ 
there were 90 blood samples matched for sex hormones, lipids, TMAO, betaine and choline. 
In study ІV, there were 78 analyzed samples of urinary 6β-OHC/C matched with blood 
samples of sex-hormones and TMAO, while there were in total 90 analyzed urine samples of 
6β-OHC/C. The reason for this discrepancy, was partially a failure of blood sampling 
capturing all three phases. When choosing which of the 6 urine samples to analyze for each 
subject, we did not have data on what menstrual cycle phase the subject was in according to 
blood sampling. Instead, we made the choice based on what phase the subject would most 
likely be in, according to study visits, so that samples would represent all phases for two 
whole menstrual cycles. Unfortunately, for some participants, blood sampling showed that 
the subject was not in the expected phase. In addition, for some subjects’ urine from only one 
cycle had been analyzed. Altogether we had 408 frozen urine samples to choose from. 
  
The aim was to investigate miRNA from the 17 subjects during one cycle (n=51). However, 
analysis of miRNA-27b succeeded only in 39 samples. Three volunteers who only had blood 
samples from two phases were excluded, thus making a total of 27 values in 9 subjects. 

 

4.6.2 Laboratory analyses 

Cortisol and 6β-OHC/C in urine were analyzed by LC-MS/MS (204). MiRNA in blood were 
analyzed using TaqMan advances miRNA cDNA Synthesis Kit followed by real-time PCR. 
The relative miRNA expression was calculated using the ddCT formula as previously 
described in study І, with miRNA-26b as control. Analyses of TMAO was performed as 
described in study ІІІ.  
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4.6.3 Statistical analyses 

D’Agostino & Pearson normality test was conducted to test for Gaussian distribution of 
data. None of the variables 6β-OCH/C, TMAO or miRNA-27b had normal distribution. 
Median, maximum, minimum and interquartile range (IQR) were calculated for all 
investigated variables. Furthermore, we also discussed doing what many other researchers 
do when data are not normally distributed- using the logarithm of a biomarkers to 
normalize data (157). However, we decided against doing this, as differences in and 
associations of logarithms, does not bring the same clinical value as the real sample results.  
 
The inter-individual differences in 6β-OHC/C were evaluated with Kruskal-Wallis test, 
while the intra-individual difference was investigated by calculating the coefficient of 
variation, inter quartile range (IQR) and the median in the ratio.  
 
For 6β-OHC/C, Friedman’s test followed by Wilcoxon signed ranked test was performed 
to compare differences in 6β-OHC/C between the menstrual cycle phases. Moreover, 
correlations between 6β-OH/C and gonadotropins/sex hormones and TMAO were 
evaluated using Spearman’s rank order. All analyses were performed using Graph Pad X9.   
 
 In this study, we also had an imbalance in the samples with duplicates. We had 11 subjects 
with two urine and blood samples representing each phase (n=6 per subject), from different 
cycles (n=66 values) and four subjects with only one sample for each phase, that is 
altogether one cycle only (n=12 values). Again., linear regression in Stata 15 was utilized to 
compare the differences in 6β-HC/C between the three menstrual cycle phases. To 
investigate the associations between the different biomarkers, all values all phases (n=78) 
linear regression was also performed. 
 
Again, the result of the linear regression analyses was somewhat different from the initial 
statistical evaluations, as an example the statistical significance between 6β-OHC/C and 
estrogen for ovulatory phase was lost. Furthermore, after the first review round after 
submission, we received a suggestion from a reviewer that we perform all association 
analyses between biomarkers, one menstrual phase at the time. These analyses performed 
with linear regression, revealed new associations compared to assessing all values.  
 
Finally, a cluster robust covariance estimator provided information on the variations in the 
estimates for each performed linear regression analysis (menstrual phase variability and 
associations). To feel confident in the validity of our results, we investigated the normality 
of the residuals from the regression analyses. The residuals describe the distance between 
expected values based on the statistical model, and the observed values (Fig. 10 ).  
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Figure 10. A quantile-quantile plot of each phase, to determine the normality of residuals 
for the association analysis of 6β-OH/C and TMAO. These results support the robustness of 
the chosen statistical method, for our data.  
 
For miRNA-27b there were only samples from one menstrual cycle and Wilcoxon sign-
rank test could be used to test for differences between the phases. Finally, the association 
between all values of 6β-OHC/C and miRNA-27b was tested with Spearman’s rank order 
test.  
 

4.7 STUDY V 

4.7.1 Study design and participants 

In this retrospective cross-sectional study, we investigated CYP3A activity in a cohort of 
deceased cancer patients (n=137), compared to non-cancer young controls (n=280) and 
elderly (n=30) controls. The ratio between cholesterol and its metabolite 4β-
hydroxycholesterol (4β-OHC/C) measured in plasma was used as a biomarker of CYP3A 
activity. In addition, we wanted to investigate sex differences in biomarkers used to estimate 
prognosis of survival in cancer patients and the association between these biomarkers and the 
4βOHC/C ratio. 
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Our study cohort were patients included in two previous studies performed in three palliative 
care units in Stockholm- the Palliative D study and the Immune study. Palliative D was a 
randomized, placebo-controlled double-blind study on the effect of 25-hydroxyvitamin D 
(25-OHD) on opioid use in palliative care (205), while the Immune study was an 
observational cross-sectional study of the immune system in End-of Life patients (206). None 
of the patients from the Palliative D study had been randomized at the time of sampling for 
our study.  

Based on clinical experience and knowledge from the literature (207), we choose to define 
End-of-Life as the last two months in life in this study. Thus, an eligibility criterion was that 
the patient had a blood sample taken ≤60 days prior to death. Finally, 100 patients from 
Palliative D study (female n=50, male n=50) and 37 patients from the immune study were 
included (female n=18, male n=19). 
 
Data extraction from medical records included clinical data on sex, age, diagnosis, survival 
time, CRP, albumin, creatinine and 25-OHD. In addition, prescribed drugs the day of 
sampling were recorded.  

 

4.7.2 Laboratory analyses 

For subjects in the immune study cohort and for the controls, cholesterol was determined by a 
commercial enzymatic method, used at the Laboratory of Clinical Chemistry, Karolinska 
University Hospital. For the palliative D study cohort, cholesterol was determined using gas 
chromatography mass spectrometry (GC-MS) as this method demanded smaller volumes of 
plasma. Internal controls found these methods comparable. Finally, the metabolite 4β-
hydroxycholesterol was also determined by GC-MS.(208, 209). 

 

4.7.3 Statistical analyses 

Mann-Whitney was used to test for significant differences in continuous variables (CRP, 
albumin, creatinine, cholesterol, 25-OHD, survival time and 4β-OHC/C) and Fischer’s exact 
test for binary variables. To test for difference in 4β-OHC/C in patients treated with  
betamethasone compared to those who were not, students t test was used.  
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5 RESULTS AND DISCUSSION  
5.1 Vulnerable population: palliative patients  

5.1.1 Statins 

In study ІІ we demonstrated that nearly 50 % of the male palliative patients were treated with 
preventive statin until death. While the average time for statin cessation in males prior to 
death was 4 months, females had their statin discontinued in average 10 months prior to 
death. Recently, these results have been verified in another cohort of 1535 palliative cancer 
patients (210). 
 
Although evidence confirming effects on morbidity and mortality for primary prevention 
with statin in women is lacking (13), 79% of the women were on primary prevention, that is- 
they did not have cardiovascular disease. Considering that females seem to be at increased 
risk of statin -associated muscle symptoms (SAMS), this is unfortunate (30).  
 
Interestingly, certain SNPs in the transporter SLCO1B1 investigated in study І, have been 
identified as risk genes for the susceptibility to SAMS (30). However, as for many genetic 
markers of an effect, the clinical utility of genotyping SLCO1B1 to predict the risk of SAMS 
has been shown to be limited (35). Instead, an algorithm of several genetic markers in 
combination age, sex , BMI, kidney and hepatic function, has been suggested (35).  
 
Studies on the effects on hepatic mRNA expression of transporters after statin treatment and 
its association to sex and genotype, are scarce (27). Although the association between 
polymorphisms in SLCO1B1 and the risk of SAMS has been extensively investigated, the 
impact of sex is lacking, even in recent publications (211)  
 
Regrettably, due to the low sample size, were not able to perform an analysis of sex 
differences in the mRNA expression of transporter SLCO1B1 in study І. However, although 
not significant, the graph suggests a decrease in the mRNA expression of SLCO1B1 after 
statin treatment. A reduced influx of statin would increase the levels of statin in the 
circulation, possibly contributing to muscular adverse effects. Gallstone disease in the 
subjects is another limitation in study І. As much as 86% of gallstones are cholesterol-rich 
stones, therefore it cannot be excluded that disturbances in cholesterol and bile acid 
hemostasis may have contributed to the study results (77). However, one mitigating factor is 
that patients in the placebo group also had gallstones.  
 
Our findings in study ІІ may not seem important in the long run, but they confirm a few 
things. First, it substantiates the importance of including sex and gender analyses in all 
studies, because although we think we are treating men and women equally, most times we 
are not. Sex-and gender differences are complex and multifaceted, from differences in sex 
entailing physiology e.g., metabolism, hormones and organ function to gender differences in 
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diet, access to health care & medicines and socioeconomic status. This means, that until we 
have performed a study powered to detect SGD- we do not actually know whether there is a 
difference between males and females.  
 
Secondly, it acknowledges the further need of studies of drug treatment in palliative patients. 
When are the risk higher than the benefits (212)? Today, through recent innovations in cancer 
treatment like check point inhibitors, the life span of patients with palliative diagnoses has 
increased- some patients live many years with a palliative diagnosis. Also, as longevity 
increases, so does the number of drugs, the risk of drug-drug interactions and the risk of 
adverse effects.  
 
To plan the advanced care for severely ill patients, encompasses drug treatment and the 
participation of the patient and his or her family. In a situation when a person is dying, there 
are many feelings involved and the subjective perception of drug discontinuation amongst 
patients and next of kin is an important factor to consider (213). Implementing screening 
tools like STOPP (Screening Tool of Older Persons’ Prescriptions) and  START 
(Screening Tools to Alert to Right Treatment) in primary and hospital health care, could 
facilitate medication review in the palliative cohort (49). In this manner, there is a foundation 
for discussion on what drugs to keep, and what drugs that may be harmful for the patient.  

 

5.1.2  CYP3A 

Contrary to our expectations, the results from study V suggest that drug metabolism by 
CYP3A in End-Of Life is increased, compared to controls. In fact, the results may be 
compatible with an induction of CYP3A. The upregulation of CYP3A could be the final 
attempt to protect the organism from cancer and from death.  
 
There are other possible mechanisms for this finding. An exhaustion in the immune system is 
one possibility, causing a cessation of the inflammatory response to cancer (199). In this 
manner the transcriptional inhibition of the CYP3A gene would be reduced or disappear. 
However, if this was the case, the CYP3A activity in our patients would be comparable to 
that in the controls, which it is not. 
 
Another possibility is that tumorigenesis itself affect CYP3A (214). It has been suggested that 
epigenetic changes e.g., DNA methylation and histone modification affects CYP3A in 
disease states. The gene expression of CYP3A in tissue from hepatocellular cancer (HCC) 
(214) and prostate cancer (215), has been shown to be decreased. This could in turn, cause a 
decrease in the inactivation of harmful exogenous and endogenous substances. However, 
other drug metabolizing enzymes were increased in HCC., e.g., CYP1B1. Taken together, 
this phenomenon does not currently explain our findings with an increase in CYP3A. 
Interestingly, certain SNPs in CYP3A and other xenobiotic-metabolizing enzymes have been 
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associated with ageing and longevity (216). 
 
Lately, an association between cancer and lipids has been suggested (217). Lipids may act as 
signaling molecules in the cancer-immunity crosstalk (218, 219), so called “lipid metabolic 
reprogramming”. Therefore, it cannot be excluded that the cancer disease itself may have 
affected the endogenous marker 4β-OHC/C in our patients, by affecting lipids. As a 
comparison, lipid lowering treatment with 80 mg of atorvastatin for 4 weeks in the healthy 
participants in study І (in another publication), increased the 4β-OHC/C ratio only slightly by 
12% (p<0.05) while total cholesterol decreased by 44 % (0<0.001) (220). In addition, our 
patients did not have abnormally high or low lipid values and none of the patients were 
treated with statin. Finally, the lack of significant sex differences in 4β-OHC/C ratio in our 
study, is in line with a previous study in cancer patients (191).   
 
Even though the results of this study need to be confirmed in a larger study cohort, they still 
may be useful in the clinical setting. Physicians may assume, that the drug metabolizing 
capacity in CYP3A is severely reduced in end of life, due to loss of function in hepatic 
function. Our results support that this may not be the case.  
 
Concerning prognostic markers for survival in palliative patients, albumin and CRP are 
supported by grade A evidence, while higher levels of 25-OHD have been associated with 
improved survival in several cancers e.g., breast cancer (221) and lung cancer (222). In our 
study, there was no significant associations between 4β-OHC/C and albumin, CRP, 25-OHD 
or survival in females or males. Finally, although not the aim of this study, there was a 
significant correlation between albumin and survival in males, that was not shown in females 
(Fig.11) (unpublished data) (223). Whether this translates into any clinically relevant 
difference in the prognostic marker, remains to be elucidated.  
 
 

 
Figure 11. Sex differences in prognostic marker albumin.  
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5.2 Special population: Fertile women  

5.2.1 Menstrual cycle and lipids 

In study ІІІ, pro-atherogenic ApoB, was highest when estrogen was low ( follicular phase), 
while remnant-C was higher in luteal phase compared to ovulatory phase. In addition, ratios 
non-HDL-C/HDL and ApoB/HDL reflecting the atherogenic profile in a subject, were also 
higher in the follicular phase (Fig 12).  
 

 
 

 
 
Figure 12. The menstrual cycle variability in novel biomarkers of CVD  
 
These results suggest that for subjects with dyslipidemia, sampling should ideally be 
performed in the follicular phase when the pro-atherogenic lipoproteins are at their highest. 
What is interesting is that the worst case scenario for triglyceride rich lipoproteins i.e., 
remnant-C, could be during the luteal phase. Therefore, for individuals were the CVD risk 
assessment is particularly difficult, e.g., young patients with MetS and dyslipidemia, 
sampling during the luteal phase could be considered.  
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Recently, age- and sex-specific calculated refence values for non-HDL-C and remnant-C 
have been described (103). The samples were from a cross-sectional observational study in 
2004, the Nordic Reference Interval Biobank. A cohort of 1392 females and 1236 males with 
a median age of 46 years and 47.5 years respectively were included. 50% of the samples were 
taken in a fasting state. Males were found to have higher non-HDL-C compared to females, 
and non-HDL-C varied with age in both groups. In females, there were no differences in 
remnant-C between the different age groups (18 to <50 years), while the ULN (upper level 
normal) value varied with age in males.  

Translating the results from a multi-center, cross sectional, study in a cohort of 3000 patients, 
to a single-center, longitudinal trial in 17 women, is no easy task. In addition to sex, factors 
like diet, age, season of the year, infections may influence the biological variations in lipids. 
In addition, differences in analytical and statistical methods exist (224, 225). Therefore, the 
results cannot be compared.  
  
So how are we to use these new biomarkers? Asking a lipidologists, you may get the answer 
that non-HDL-C is a heterogenous marker were composition and content vary, making it an 
unprecise tool, unsuitable as target in lipid-lowering treatment (226). He or she will also 
argue that results from the large statin trials with LDL-lowering as a surrogate endpoint, are 
not straightforward transposed to non-HDL-C. Instead, measurements of ApoB will reveal 
the number of  LDL-C particles, including the small dense LDLs found in dyslipidemia, 
hypertriglyceridemia and MetS and is therefore a better measurement, than LDL-C or non-
HDL-C.  
 
Posing the question to a clinical chemist, the answer may be quite different. He or she may 
say that there is a lack of convincing evidence that therapies aimed at ApoB lowering, results 
in health-economic benefits in the population and that the cut off risk-points and targets for 
treatment are taken at random (96). Furthermore, he will tell you a little secret- that LDL-C 
goals can easily be converted to non-HDL-C goals by increasing the values by 0.8 mmol/L 
(94). Thus, non-HDL-C is the best marker.  
 
However, as a clinical chemist he/she will acknowledge that ApoB has better analytical 
accuracy, and that the analytical method is easier to standardize than non-HDL-C. In 
addition, the cost of the analysis is low, and it may be performed on common laboratory 
instruments that are easily accessible. Finally, he/she will admit that many clinical chemists 
dream of the day, when they are running multiplex apolipoprotein profiles on LC-MS/MS. 
 
One strength in our study, is that samples were collected in a non-fasting state thus including 
the cholesterol triglyceride rich lipoproteins. Considering that these particles are suspected to 
confer some of the residual risk for CVD and that they may be better predictors for CVD risk 
in MetS individuals, this is an advantage.  
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Previous studies on menstrual cycle variability in lipids were performed in a fasting state and 
they may therefore not be as relevant for CVD risk estimations today when MetS is more 
prevalent (144, 227). 
 
Studies reveal that the greatest variability in lipoproteins between fasting and non-fasting 
sampling, is in remnant-C and TG (94). Even in the fasting state, the intra-individual 
variability of TG is on average 28%, contributing to the variability in calculated LDL-C (96). 
One may suspect that the variability in remnant-C and TG may be even higher in the non-
fasting state, especially in the MetS population. Notably, these markers have also been shown 
to vary between Chinese and Caucasian subjects after a standardized high-fat meal (228). 
 
We did not estimate the inter-and intraindividual variability in the lipid biomarkers in our 
study, which is a limitation. In addition, as regular menses was an inclusion criterion, we did 
not estimate free androgen index (FAI) to rule out PCOS (108).  
 
In the future, a similar study to study ІІІ, should be performed in patients with MetS, males 
and females, fertile and postmenopausal both in the fasting and non-fasting state. Menstrual 
cycle phase should be considered, but unfortunately a high proportion of patients with MetS 
have irregular menses and Polycystic Ovary Syndrome (PCOS) (26). This is related to 
hormonal disturbances, to dysbiosis and other factors for CVD. In fact, 95% of patients with 
PCOS who are obese have MetS (229).  

So, why is this study ІІІ of any importance? Because evaluating CVD risk in a patient with 
the triad of dyslipidemia, using LDL-C, will not reveal the true risk for the patient. Because 
lipid disorders are still the most prevalent risk factor for cardiovascular disease (CVD) in 
women and because heart disease the leading cause of death in women (230-232). In 
addition, heart attacks are now striking younger women who have a higher degree of 
comorbidities, and a higher residual risk, compared to similarly aged males with AMI (86, 
233). 
 
Women have been and are, severely affected by the obesity pandemic and the prevalence 
metabolic syndrome and type 2 diabetes continue to rise, decade by decade (91, 234). This 
rise is especially pronounced in post-menopausal women, who have a higher prevalence of 
MetS and dyslipidemia, compared to similarly aged men (>60 years) (88). Therefore, we 
need more biomarkers, and we need to study biomarkers in men and women, both fertile and 
postmenopausal (235).  
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5.2.2 Menstrual cycle 6β-OHC/C and TMAO 

In study ІV, a significant association between CYP3A activity measured as 6β-OHC/C in 
urine and microbiota TMAO in blood, was found. Figure 13a reveals a significant association 
for the ovulatory and luteal phases, and a border significance for the follicular phase. 
Furthermore, when evaluating the correlation between 6β-OHC/C and TMAO all phases 
together, a strong statistical significance was evident (p=0.003). 
 

 
 
Figure 13a). The association between investigated CYP3A biomarker 6β-OHC/C and 
TMAO during the menstrual cycle phases. 
 
So how did this possible collaborative effort between gut microbiota and CYP3A metabolism 
come about? Is this a local initiative between intestinal CYP3A and gut bacteria, or is hepatic 
CYP3A also involved? Is this a recent phenomenon or is it originated from the days that 
archaea bacterium appeared?   
 
As the association varies throughout the menstrual cycle, the association may be indirect, 
caused by the estrogen metabolizing bacteria in the intestine, influencing the estrogen levels 
in the circulation (26). Albeit the only sex hormone displaying a significant relationship to 
6β-OHC/C was progesterone, during the follicular and ovulatory phases (Fig 13b). 
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Figure 13b).The association between  6β-OHC/C and progesterone during the menstrual 
cycle phases.  
  
Hydroxylation at the 6β-position of the steroid ring by CYP3A is a common trait in the 
metabolism of progesterone and cortisol (236). However, while progesterone vary over the 
menstrual cycle, cortisol does not appear to vary significantly (237).  
 
Interestingly, CYP3A has the capacity to bind multiple ligands at the same time, a 
phenomenon referred to as substrate promiscuity. In vitro studies suggest that progesterone is 
an allosteric modulator of CYP3A activity (238). The reason why there was no significant 
association between progesterone and TMAO during the luteal phase, is not clear. The sharp 
rise in progesterone during the short (12-48 h) ovulatory phase, going into the luteal phase, 
may affect the enzyme kinetics of CYP3A. One possible explanation is, that saturation of the 
progesterone allosteric binding site on CYP3A occurs.  
 
Lithocholic acid, a secondary bile acid (BA) produced by intestinal microbiota from 
chenodeoxycholic acid, is a ligand for the Pregnane X receptor (PXR), a DNA binding 
transcription factor for CYP3A (239). In this manner, microbiota may influence CYP3A 
activity (177, 178).  
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Moreover, sex differences have been found in bile acid synthesis (240) and although bile acid 
synthesis and metabolism differ significantly between human and animals, there are 
similarities. In fact, studies in mice suggest that CYP3A is a master regulator of BA 
metabolism (240). More recently, the ratio between BA deoxycholic acid and 1β-hydroxy 
deoxycholic acid has been suggested as an endogenous marker of CYP3A activity (239, 241, 
242). Finally, CYP3A initiate the first step in the hepatic metabolism of estrogen and CYP3A 
is involved in the conversion of cholesterol to BA (167). In this manner, cholesterol, 
estrogen, CYP3A and microbiota meet at the crossroads of metabolism.  
 
The strengths of our study are several, but above all the choice of method with microbiota 
sampling in blood is a step forward, that will facilitate further research. Most previous studies 
have been performed collecting fecal or urine samples, which may be cumbersome in 
longitudinal studies in an outpatient setting (243). Nevertheless, as samples from plasma, 
urine and feces illuminate different aspects of the drug metabolism and microbiota 
interactions, sampling of all three modalities would ideally be considered in future studies 
(178).   
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6 CONCLUSIONS 
In conclusion, the studies in this thesis: 

• Support that statins may affect the mRNA expression of hepatic transporters 
• Support that there are sex-and gender differences in the discontinuation of statins in 

palliative cancer patients 
• Suggest that there is menstrual cycle variability in novel lipid biomarkers of CVD, but 

not in TMAO.  
• Suggest that there there in no menstrual cycle variabililty in CYP3A activity, but an 

association between CYP3A activity and TMAO. 
• Suggest that CYP3A activity is preserved in End-of-Life palliative cancer patients 
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7 FUTURE PERSPECTIVES 
7.1 STATINS 

Are there sex differences in the association between genetic variants of transporter SCLO1B1 
and statin-associated muscle symptoms (SAMS)?  

 
Should males and females be screened for different genetic markers/SNPs to predict the risk 
for SAMS?  

 

7.2 PALLIATIVE PATIENTS 

Are the findings in the CYP3A activity in end-of-life study, reproduceable in a larger cohort?  
 
Do prognostic markers for survival in a palliative cohort differ between males and females?  

Are there sex-and gender differences in discontinuation of other CVD preventive drugs in 
palliative cancer patients? 

Does discontinuation of statin affect  

a) prognostic markers for survival in male and female cancer patients?  

b) lipid metabolism (levels and lipidomics) and biomarkers of tumor progression in tissue 
and/or serum (metabolomics) in male and female cancer patients (244)?  

c) If so, should statin treatment of palliative cancer patients continue if possible?  

 

7.3 WOMEN AND BIOMARKERS 

Are there differences between males and females (fertile and menopausal) in novel 
biomarkers for CVD risk?  
 
Can lipidomic profiling in males and females contribute to finding novel biomarkers of risk 
in patients with premature CVD?  
 
Are there differences between males and females in the association between CYP3A activity 
measured as 6β-OHC/C and microbiota in blood, urine and feces?  
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